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Dear Sir/Madam,  
 
It is my pleasure to recommend Andrew Morris as an excellent candidate for the postdoctoral 
researcher position in the LHCb Group at the Centre de Physique des Particules de 
Marseille (CPPM) and Aix-Marseille University (AMU). Based on my ten years of 
postdoctoral experience working with, and supervising, PhD students across Europe, I suggest 
that you seriously consider his application.  
 
I have been working closely with Andrew on his data analysis topic during the course of his 
PhD, the study of time-dependent CP-violation using B0->Dpipi decays at LHCb. The analysis 
team consists of six members, where Andrew should be considered as the lead analyst and 
future contact author for the forthcoming publication. The analysis is currently under internal 
review and we are pushing to reach publication by the end of the summer. This measurement 
is a complex and ambitious analysis that would have posed a significant learning curve and 
challenge for any student or postdoc, Andrew has faced this admirably. He is involved in most 
parts of the analysis, leading the data processing and selection studies, performing the 
invariant mass fits to select signal candidates, making contributions to the C++ based fitting 
framework Laura++ that are required to perform the multi-dimensional time-dependent 
analysis, and studying the variation of the signal efficiency and the impact of background 
processes.  
 
Andrew has made excellent progress during the course of his PhD such that for the last six to 
twelve months he is showing that he is ready to make the step to become a successful 
postdoctoral researcher. His attention to detail and ability to critique both his own work, and 
that of others, have improved significantly so that he is now able to work independently as 
efficiently as he is within a team. He is a strong communicator and has developed his 
presentation skills through numerous talks in LHCb meetings and at a conference (virtually, 
due to Covid-19). His programming skills in both C++ and python are strong and it is an area 
in which he is interested to continue learning and improving. In general, Andrew is a pleasure 
to work with as part of the analysis team. He has a strong work ethic and is self-motivated, 
with a willingness and interest to learn and understand new things. He presents his work at 
almost every biweekly analysis meeting, and is now happy to ask questions and make 
suggestions to other members of the group.  
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LHCb Original
• Hugely successful experiment, > 600 publications 
• Significant discoveries 
• CPV observed in new systems 
• Rare decays 
• 64 of 72 new hadrons discovered at the LHC 

• Broad physics programme 
• World leading for core topics, but also 
• Heavy ions 
• Fixed target 
• Electroweak 
• Dark Sector
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LHCb Upgrade I
• Major project achieved on budget 
• All sub detectors installed 
• Commissioning to detector and  

dataflow ongoing 
• Detector performance studies  

underway 
• 90% of channels upgraded 
• Replaced readout electronics 
• Operate at 30 MHz 
• Peak luminosity x5 w.r.t. Run 1
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LHCb Upgrade II

• European strategy Update 2020: 
• The full potential of the LHC and the HL-LHC, including  

the study of flavour physics, should be exploited 

• Approved March 2022
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European Strategy Update 2020 "The  full potential of the LHC and the HL-LHC, 
including the study of flavour physics, should be exploited”  

LHCC-2018-027LHCC-2017-003

Expression of Interest Physics case

CERN-ACC-2018-038

Accelerator study

CERN Research Board  
September 2019 

"The recommendation to prepare a framework TDR for the 
LHCb Upgrade-II was endorsed, noting that LHCb is 
expected to run throughout the HL-LHC era.” 

Approved March 2022
R&D programme, 
scoping document to
be prepared followed
by sub-system TDRs

Upgrade II: approval steps so far

Chris Parkes,  LHCb Upgrade II
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LHCC-2021-012

WHAT IS LHCb UPGRADE II?
• Upgrade II will involve changes to nearly 

all parts of experiment
• Vertexing: Pixel detector with timing
• Hadron PID: RICH with timing and improved 

resolution + TORCH for low-p
• Tracking: Magnet Side stations + (pixel) 

inner tracker
• Calorimeter: Timing + improved resolution
• Muon system: alternative technologies for 

high-rate regions

• Timing information will be crucial

3

See the talks of S. Gambetta on 

Wednesday and T. Szumlak on 

FridayarXiv:1808.08865
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LHCC-2021-012EOI Physics case Accelerator study FTDR

https://cds.cern.ch/record/2244311?ln=en
https://cds.cern.ch/record/2636441?ln=en
https://cds.cern.ch/record/2319258?ln=en
https://cds.cern.ch/record/2776420?ln=en
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LHCb Upgrade II
• Complete new detector required 
• Vertexing: Pixel detector with  

timing 
• Hadron PID: RICH with timing  

and better resolution, TORCH  
for low momentum tracks 

• Tracking: New magnet stations  
and pixel mighty tracker 

• Calorimeter: Better resolution  
and timing information 

• Muon system: New technologies  
for high occupancy regions
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LHCb Upgrade II
• LHCb physics programme not limited by the LHC 
• Ambitious future upgrades plan
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• Physics programme limited by detector, NOT by LHC
• Hence, clear case for an ambitious plan of upgrades

Upgrade IIUpgrade IUpgrade II
•Lpeak = 1.5x1034 cm-2 s-1

• Potentially the only general purpose flavour physics facility in world on this timescale

• Lint = ~300 fb-1 during 
Run 5 & 6, Install in LS4 
(2033)

• Some smaller detector 
consolidation and 
enhancements in LS3 
(2026)

schedule updated beginning of 2022

LHCb Upgrades

5Chris Parkes,  LHCb Upgrade II

Upgrade I Upgrade II

• Peak luminosity -  
• Integrated luminosity ~  

• For Run 5 + 6 

• Install during LS4 
• Smaller detector consolidation  

and enhancements during LS3

1.5 × 1034 cm−2s−1

300 fb−1
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Summary of golden modes

7

Table 10.1: Summary of prospects for future measurements of selected flavour 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 –
RK⇤ (1 < q2 < 6 GeV2c4) 0.1 [275] 0.031 0.032 0.008 –
R�, RpK , R⇡ – 0.08, 0.06, 0.18 – 0.02, 0.02, 0.05 –

CKM tests
�, with B0

s ! D+
s K� (+17

�22
)� [136] 4� – 1� –

�, all modes (+5.0
�5.8)

� [167] 1.5� 1.5� 0.35� –
sin 2�, with B0 ! J/ K0

S
0.04 [609] 0.011 0.005 0.003 –

�s, with B0
s ! J/ � 49 mrad [44] 14 mrad – 4 mrad 22 mrad [610]

�s, with B0
s ! D+

s D�
s 170 mrad [49] 35 mrad – 9 mrad –

�ss̄s
s , with B0

s ! �� 154 mrad [94] 39 mrad – 11 mrad Under study [611]
as

sl
33 ⇥ 10�4 [211] 10 ⇥ 10�4 – 3 ⇥ 10�4 –

|Vub|/|Vcb| 6% [201] 3% 1% 1% –

B0
s ,B

0!µ+µ�

B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) 90% [264] 34% – 10% 21% [612]

⌧B0
s!µ+µ� 22% [264] 8% – 2% –

Sµµ – – – 0.2 –

b ! c`�⌫̄l LUV studies
R(D⇤) 0.026 [215,217] 0.0072 0.005 0.002 –
R(J/ ) 0.24 [220] 0.071 – 0.02 –

Charm
�ACP (KK � ⇡⇡) 8.5 ⇥ 10�4 [613] 1.7 ⇥ 10�4 5.4 ⇥ 10�4 3.0 ⇥ 10�5 –
A� (⇡ x sin�) 2.8 ⇥ 10�4 [240] 4.3 ⇥ 10�5 3.5 ⇥ 10�4 1.0 ⇥ 10�5 –
x sin� from D0 ! K+⇡� 13 ⇥ 10�4 [228] 3.2 ⇥ 10�4 4.6 ⇥ 10�4 8.0 ⇥ 10�5 –
x sin� from multibody decays – (K3⇡) 4.0 ⇥ 10�5 (K0

S
⇡⇡) 1.2 ⇥ 10�4 (K3⇡) 8.0 ⇥ 10�6 –

112

Physics case

https://cds.cern.ch/record/2636441?ln=en
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Charm mixing and CPV
• Charm mixing observed and CPV in decay observed by LHCb original 
• How far can we go with LHCb Upgrade II? 
• CPV in mixing consistent with 0 at     level

8
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CP violating phase φs

• LHCb Upgrade II is the only 
planned facility with a realistic 
possibility to observe particle 
anti-particle difference in 
charm mixing (at >5! if present central values are assumed)

CP violation in charm

Potential observations

Chris Parkes,  LHCb Upgrade II

• Sensitive to new physics – small
and well predicted in SM

• Upgrade II sensitivity below SM
prediction in multiple channels

LHCb-CONF-2022-003

https://cds.cern.ch/record/2838029
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Unitarity triangle
• Picture remains consistent at the moment, need better precision 

• Many key observables have negligible theoretical uncertainties 
• Flavour physics still one of the more promising areas to find a paradigm shifting 

discovery at HL-LHC

9

6

Flavour Physics at the LHC

LHCb only, end of 2018 LHCb Upgrade II + LQCD improvement
LHCb will test the CKM paradigm with unprecedented accuracy 

Chris Parkes,  LHCb Upgrade II

Arguably the greatest likelihood of a further paradigm shifting discovery at the 
HL-LHC lies with flavour physics

• Sensitivity to mass scales several orders of magnitude above those within reach 
of direct production measurements at the energy frontier

• Numerous key observables have negligible theoretical uncertainty  

LHCb only, end of 2018 LHCb Upgrade II with LQCD improvement 

Physics caseCKM Fitter

https://cds.cern.ch/record/2636441?ln=en
http://ckmfitter.in2p3.fr/www/studies/plots_hllhc18/ckm_plots_hllhc18.html
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CKM angle 
• Already outperforming our estimates for LHCb original 
• Charm mixing parameters also determined simultaneously 
• In the SM, irreducible theory uncertainty  
• Expect to reach a  

precision of 
• Will be interesting  

to compare B meson 
species and decay  
modes to look for  
NP effects in tree- 
level decays! 
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Figure 4.1: Extrapolation of � sensitivity from the ADS/GLW analyses where disfavoured
ambiguities are ignored. The expected Belle II � precision at an integrated luminosity of 50
ab�1 is shown by the horizontal grey lines.

As in the case of B± ! D(⇤)0K± decays, these modes have no limiting systematic and they will
make competitive contributions with the LHCb Upgrade datasets.

Under the assumption that systematic uncertainties decrease in parallel with the statistical
uncertainties, that is / 1/

p
L, the future precision on � is predicted in Fig. 4.1. In isolation,

one ADS/GLW analysis su↵ers from the trigonometric ambiguities in Eq. 4.1, but the multiple
solutions are generally separated and resolved in combination with other B ! DK results. Fig. 4.1
uses central values and uncertainties in the published analyses of B± ! DK±, B± ! DK⇤±

and B0 ! DK⇤0 decays. For B± ! D⇤0K± both the partial and full reconstruction techniques
are used in this study albeit with unpublished central values and uncertainties.

4.1.2 B ! DK GGSZ

Measurements of � in which the D meson is reconstructed using the three-body, self-conjugate
D ! K0

S
⇡+⇡� and D ! K0

S
K+K� final states provide powerful input to the overall determi-

nation of �, as they select a single, narrow solution (see Fig. 4.5). Referred to as the GGSZ
method [149,150], sensitivity to � is obtained by comparing the distributions of D ! K0

S
h+h�

decays across the Dalitz plane for opposite-flavour initial-state B+ and B� mesons. The par-
tial decay rates as a function of Dalitz position depend mainly on the amplitudes of the D0

decay, with only small deviations introduced from interference and CP -violation. These devia-
tions are most conveniently probed through the measurement of the CP -violating observables
x± = rB cos(�B ± �) and y± = rB sin(�B ± �). For this it is necessary to have a good under-
standing of the magnitudes of the D0 and D0 decay amplitudes, as well as the strong-phase
di↵erences between them, �D.

The description of �D has historically been treated in two ways. One approach is to
use an amplitude model determined from flavour-tagged D ! K0

S
h+h� decays. This relies on

assumptions about the nature of the intermediate resonances that contribute to the D ! K0
S
h+h�

final state, and choices made about these contributions to the amplitude model lead to systematic
uncertainties which are not certain to scale with luminosity in the Upgrade II period. An
alternative method divides the data into bins according to the Dalitz plane coordinates, and
can then make use of direct measurements of the strong-phase di↵erences averaged over each
bin [149,150]. One such set of binning definitions for the D ! K0

S
⇡+⇡� decay mode, obtained

by optimising the sensitivity to �, is shown in Fig. 4.2.
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Figure 4.2: (Left) Bin definitions for D ! K0
S
⇡+⇡� as a function of m2

� and m2
+, the invariant

masses squared of the K0
S
h� and K0

S
h+. Figure from Ref [151]. (Right) Asymmetry between

yields for B± ! DK± decays, with D ! K0
S
⇡+⇡� in bin i (for B+) and �i (for B�). The

data points are obtained from simulation with the expected sample size at 300 fb�1, assuming
the current performance of the LHCb experiment. The black histogram shows the predicted
asymmetry based on the current world average values of � and relevant hadronic parameters, the
red dots show the result of a single pseudoexperiment, while the red bands show the expected
uncertainties from an ensemble. The green bands show the corresponding uncertainties with the
current LHCb data set.
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Figure 4.3: Expected evolution of � sensitivity with the GGSZ method with (red crosses) current
CLEO inputs and with (blue ⇥-marks)

p
N improvements on their uncertainty.

Specifically, the values of ci and si, which correspond to amplitude-weighted average values
of cos(�D) and sin(�D) in each Dalitz bin i, are required. These can be measured in a model-
independent manner by using quantum-correlated D0D0 pairs from  (3770) decays, as was done
previously with data taken at the CLEO-c experiment [152]. This allows the determination of �
to also be carried out in a completely model-independent fashion, the price for which is a small
loss in sensitivity from binning the data, and a systematic uncertainty which depends on the
precision with which the strong-phase measurements can be determined.

The model-independent method is therefore expected to be the baseline in Upgrade II ,
and its uncertainty is currently statistically dominated. Although systematic uncertainties will

35

|δγ /γ | ≤ 10−7

0.35∘

LHCb-CONF-2022-003

Physics case

https://cds.cern.ch/record/2838029
https://cds.cern.ch/record/2636441?ln=en
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mixing phase
• Complementary area for LHCb, ATLAS and CMS 
• World average                             is statistically limited 
• Will remain so even after LHCb  

Upgrade II, with precision of 

11

ϕsB0
s

Combination with all measurements

• �J/ KK
s = �0.050 ± 0.017 rad ! improved by 23%

• �cc̄s
s = �0.039 ± 0.016 rad ! improved by 15%

• Consistent with the prediction of Global fits assuming SM:3

�CKMfitter
s ⇡ (�0.0368+0.0006

�0.0009) rad, �
UTfitter
s = �0.0370 ± 0.0010 rad

3Ignoring penguin contribution.
V. Jevtic, P. Li sin 2� and �s June 13, 2023 39 / 44

Includes brand new preliminary result from LHCb

−0.039 ± 0.016 rad

< 3 mrad
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Figure 3.3: Left: Global HFLAV average of �s and ��s from a variety of experiments [25]. Right:
Scaling of the statistical precision on �s from several tree-dominated B0

s meson decay modes.

contributions to the decay can be neglected (see Sect. 3.3.3), then the experimentally observable
quantity is the phase, �cc̄s

s = �2�s, which has a precise SM prediction of �36.4 ± 1.2mrad
based upon global fits to experimental data [43]. Deviations from this value would be a clear
sign of physics beyond the SM, strongly motivating the need for more precise experimental
measurements.

The single most statistically sensitive measurement �cc̄s
s is given by the flavour-tagged decay-

time-dependent angular analysis of the B0
s ! J/ (µ+µ�)�(K+K�) decay [44]. This channel

has a relatively high branching fraction and the presence of two muons in the final state leads
to a high trigger e�ciency at hadron colliders. Moreover, particle-identification criteria can be
used in LHCb to suppress backgrounds e�ciently, resulting in high sample purity (signal to
background ratio of about 50 in the signal region of ±20 MeV/c2 around the nominal B0

s mass).
The LHCb detector has excellent time resolution (⇠ 45 fs) and good tagging power (⇠ 4%), both
of which are crucial for a precision measurement. Angular analysis is necessary to disentangle the
interfering CP -odd and CP -even components in the final state, which arise due to the relative
angular momentum between the two vector resonances. In addition, there is a small (⇠ 2%)
CP -odd K+K� S-wave contribution that must be accounted for. To do this correctly requires
detailed understanding of any variation of e�ciency with angular variables and K+K� invariant
mass.

Figure 3.3 (left) shows the current global average value of �cc̄s
s and ��s, which are determined

simultaneously from fits to B0
s ! J/ � and, in the case of LHCb, B0

s ! J/ ⇡+⇡� data. The
precision of the world average is dominated by the LHCb measurement which itself is dominated
by the result using B0

s ! J/ �. The averages are consistent with SM predictions [34,43], but
there remains space for new physics contributions of O(10%). As the experimental precision
improves it will be essential to have good control over possible hadronic e↵ects [45,46] that could
mimic the signature of beyond-the-SM physics (see Sect. 3.3.3).

Having multiple independent precision measurements is important since it allows not simply
to improve the precision of the average, but also to perform a powerful consistency check of
the SM. One important way in which this can be done is by allowing independent CP -violation
e↵ects for each polarisation state in the B0

s ! J/ �. This has been done as a cross-check in
the Run 1 analysis [44], but this strategy will become the default in Upgrade II. Additional
information can be obtained from B0

s ! J/ K+K� decays with K+K� invariant mass above
the �(1020) meson, where higher spin K+K� resonances such as f 0

2
(1525) meson contribute [47].

Among other channels, competitive precision can be obtained with B0
s ! J/ ⇡+⇡� decays [48],

which have been found to be dominated by the CP -odd component. The B0
s ! D+

s D�
s [49]

21

Physics case

https://cds.cern.ch/record/2636441?ln=en
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• Golden mode for NP searches, precise SM predictions 
• Current LHCb results 

• Current precision of the      mode is 15% 
• Expect to reach 1.8% with Upgrade II 
• Experimental systematics should scale 
• Hard to predict uncertainty of  
• Expect to reach 10% for the      mode  

• Effective lifetime (2%) and CPV (10-20%) also 
within reach

12
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(s) → μ+μ−
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s → μ+μ−) = (3.09+0.46

−0.43
+0.15
−0.11) × 10−9

ℬ(B0 → μ+μ−) = (1.2+0.8
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• Exhibits rich angular structure, including the famous     discrepancy 
• Expected >400k signal events with Upgrade II 
• Cleanly discriminate between NP scenarios and the SM 
• Need to understand charm loops and SM contributions!
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B0 → K*0μ+μ−

P′ 5

Figure 7.3: Experimental sensitivity to the P 0
5

angular observable in the SM, Scenarios I and
II for (left) the Runs 1–3 and (right) the Upgrade II data sets. The sensitivity is computed
assuming that the charm-loop contribution is determined from the data.
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Figure 7.4: Expected sensitivity for the Wilson coe�cients C 0
9

and C 0
10

from the analysis of the
decay B0 ! K⇤0µ+µ�. The ellipses correspond to 3� contours for the SM, Scenario III and
Scenario IV for (left) the Runs 1–3 and (right) the Upgrade II data sets.

The major challenge for B! V `+`� decays is to disentangle NP e↵ects from SM contributions.
With a large data set it will be possible to probe the SM contributions, under the premise
that a genuine NP contribution is expected to have no q2 dependence, while e.g. a charm
loop contribution is expected to grow approaching the pole of the charmonia resonances. A
measurement using Breit-Wigner functions to parametrise the resonances, and their interference
with the short-distance contributions to the decay, is proposed in Ref. [338]. A similar technique
has already been applied to the Run 1 data for the B+ ! K+µ+µ� decay [339]. An alternative
approach using additional phenomenological inputs has also been proposed [340]. A precise
knowledge of the charm loop contribution and a parametric determination of the form factors,
will come from a combination of phenomenological and experimental methods and will allow C9

and C10 to be determined with great precision in b ! sµ+µ� transitions.
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Table 7.1: Benchmark NP scenarios. The first scenario is inspired by the present discrepancies
in the rare decays, including the angular distributions of the decay B0 ! K⇤0µ+µ� and the
measurements of the branching fraction ratios RK and RK⇤ . The second scenario is inspired by
the possibility of explaining the rare decays discrepancies and those measured in the observables
R(D(⇤)). The third and fourth scenarios assume a small right-handed chirality coupling. The
Wilson coe�cients (Ci) are discussed in Sec. 7.3.2

scenario CNP

9
CNP

10
C 0

9
C 0

10

I �1.4 0 0 0
II �0.7 0.7 0 0
III 0 0 0.3 0.3
IV 0 0 0.3 �0.3

7.3 Flavour-changing b ! s`+`� and b ! d`+`� transitions

7.3.1 Introduction

Recent LHCb measurements of rare semileptonic decays show discrepancies with respect to SM
predictions. None of these deviations is by itself significant enough to be considered as evidence
for NP but global fits [310–312] show that they can be interpreted in a consistent picture, with
an O(1) NP contribution to the vector (and potentially axial-vector) coupling strength of the
decays. Regardless of whether these discrepancies are confirmed with additional data, the fact
that O(1) NP contributions are still allowed demonstrates the importance of making precise
measurements of b ! s`+`� and b ! d`+`� processes. The NP contribution can be associated
with new particles at mass scales well above the LHC energy reach, e.g. by a multi- TeV-scale Z 0

boson or a leptoquark. A precise determination of the e↵ective couplings, through measurements
of di↵erent b ! s`+`� and b ! d`+`� processes, is therefore critical to understand or constrain
the structure of any NP model.

In the rest of this section, a number of benchmark NP scenarios are considered (see Table 7.1).
Scenarios I and II are inspired by the current discrepancies. The first scenario is that which
best explains the present rare semileptonic decay data. The second scenario best explains
the rare semileptonic measurements if a purely left-handed coupling to quarks and leptons is
required for NP. This requirement is theoretically well motivated and arises in models designed
to simultaneously explain the discrepancies seen in both tree-level semitauonic and loop-level
semileptonic decays. The third and fourth scenarios assume that the current discrepancies are
not confirmed but there is instead a small contribution from right-handed currents that would
not be visible with the current level of experimental precision. These scenarios will serve to
illustrate the power of the large Upgrade II data set to distinguish between di↵erent NP models.
This power relies critically on the ability to exploit multiple related decay channels.

7.3.2 Theoretical framework

Flavour-changing neutral-current decays involving b ! s`+`� and b ! d`+`� transitions are
suppressed by the GIM mechanism in the SM and are therefore promising places to search for
e↵ects of NP. New particles that arise in extensions of the SM can contribute to the amplitude
of these decays with a similar strength to the SM processes. Feynman diagrams for SM and
possible NP extensions are shown in Fig. 7.2.
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Lepton Universality:
• Latest results from LHCb now consistent with the SM 
• Nevertheless these ratios remain interesting to follow-up in Upgrade II 
• If NP appears, will have sensitivity to distinguish between different options
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Figure 7.5: Projected sensitivity for the RK , RK⇤ and R� measurements in di↵erent NP scenarios
with the Upgrade II data set. The existing Run 1 measurements of RK and RK⇤ are shown for
comparison.

SM, all deviating from predictions at the level of 2.1–2.6 standard deviations. Assuming the
current detector performance, approximately 46 000 B+ ! K+e+e� and 20 000 B0 ! K⇤0e+e�

candidates are expected in the range 1.1 < q2 < 6.0GeV2/c4 in the Upgrade II data set. The
ultimate precision on RK and RK⇤ will be better than 1%. The importance of the Upgrade II
data set in distinguishing between di↵erent NP scenarios is highlighted in Fig. 7.5. With this
data set all four NP scenarios could be distinguished at more than 5� significance.

The Upgrade II data set will also enable the measurement of other RX ratios e.g. R�, RpK

and the ratios in CKM suppressed decays. For example, with 300 fb�1, it will be possible to
determine R⇡ = B(B+ ! ⇡+µ+µ�)/B(B+ ! ⇡+e+e�) with a few percent statistical precision.
A summary of the expected performance for a number of di↵erent RX ratios is indicated in
Table 7.2.

In addition to improvements in the RX measurements, the enlarged Upgrade II data set will
give access to new observables. For example, the data will allow precise comparisons of the angular
distribution of dielectron and dimuon final-states. Di↵erences between angular observables in
B! Xµ+µ� and B! Xe+e� decays are theoretically pristine [349, 350] and are sensitive to
di↵erent combinations of Wilson coe�cients compared to the RX measurements. Figure 7.6 shows
that an upgraded LHCb detector will enable such decays to be used to discriminate between
di↵erent NP models, for example separating between Scenarios I and II [351]. Excellent NP
sensitivity can be achieved irrespective of the assumptions made about the hadronic contributions
to the decays.

In the present LHCb detector, electron modes have an approximately factor five lower
e�ciency than the corresponding muon modes, owing to the tendency for the electrons to lose a
significant fraction of their energy through bremsstrahlung in the detector. This loss impacts
on the ability to reconstruct, trigger and select the electron modes. The precision with which
observables can be extracted therefore depends primarily on the electron modes and not the
muon modes. In order for RX measurements to benefit from the large Upgrade II data samples,
it will be necessary to reduce systematic uncertainties to the percent level. These uncertainties
can be controlled by taking a double ratio between RX and the decays B! J/ X, where the

77

Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-of-mass energy and unchanged
Run 1 detector performance are assumed. Where modes have yet to be observed, a scaled
estimate from the corresponding muon mode is used.

Yield Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

B+ ! K+e+e� 254 ± 29 [274] 1 120 3 300 7 500 46 000
B0 ! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+ ! ⇡+e+e� – 20 70 150 900
RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
denote the corresponding constraints for the Upgrade II data set.

J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant backgrounds) and by the energy
resolution. A reduced amount of material before the magnet would reduce the amount of
bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the
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Lepton Universality:
• Latest results still in about      tension with SM predictions 
• Two new results from LHCb in the  

last year didn’t change the picture
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• Including this result, the world average becomes

R(D⇤) = 0.284 ± 0.013; R(D) = 0.356 ± 0.029 [HFLAV]

• The deviation w.r.t. the SM is at 3.2� for the combination of R(D)-R(D⇤)
Resmi P K (Oxford) CERN Seminar 47

3σ

Lepton Flavour Universality

• In the Standard Model (SM), electroweak couplings to all charged leptons are universal;

di↵erence between e, µ and ⌧ driven only by mass

• LFU tests with ratios of branching fractions of decays involving di↵erent ` = e, µ, ⌧
• In b ! c`±

(�)
⌫` transitions (tree-level semileptonic decays):

R(Xc) =
B(Xb ! Xc⌧+⌫⌧ )

B(Xb ! Xc`+⌫`)

Xb = B
0,B+

(c),B
0
s ,⇤b, ... Xc = D,D⇤,Ds ,⇤c , ...

• Hadronic uncertainties mostly cancel

• Ratios sensitive to possible enhanced

coupling to the 3rd generation (e.g .

Leptoquarks) predicted by some models

involving physics beyond SM

[PRD 85, 094025 (2012), PLB 755, 270 (2016),...]

Resmi P K (Oxford) CERN Seminar 3
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Figure 5.3: The projected absolute uncertainties on R(D⇤) and R(J/ ) (see Sect. 5.3.2) from
the current sensitivities (at 3 fb�1) to 23 fb�1, 50 fb�1, and 300 fb�1.

modelling and the limited size of simulated samples. A major e↵ort is already underway to
commission fast simulation tools. The background modelling is driven by a strategy of dedicated
control samples in the data, and so this uncertainty will continue to improve with larger data
samples. From Run 3 onward it is assumed that, taking advantage of the full software HLT,
the hadronic analysis can normalise directly to the B0 ! D⇤�µ+⌫µ decay, thus eliminating
the uncertainty from external measurements of B(B0 ! D⇤�⇡+⇡�⇡+). It is assumed that all
other sources of systematic uncertainty will scale as

p
L. With these assumptions, an absolute

uncertainty on R(D⇤) of 0.003 will be achievable for the muonic and hadronic modes with the
300 fb�1 Upgrade II dataset.

On the timescale of Upgrade II, interest will shift toward new observables beyond the
branching fraction ratio [218]. The kinematics of the B! D⇤⌧⌫ decays is fully described by the
dilepton mass, and three angles which are denoted �, ✓L and ✓D. LHCb is capable of resolving
these three angles, as can be seen in Fig. 5.4. However, the broad resolutions demand very large
samples to extract the underlying physics. The decay distributions within this kinematic space
are governed by the underlying spin structure, and precise measurements of these distributions
will allow the di↵erent helicity amplitudes to be disentangled. This can be used both to constrain
the spin structure of any potential new physics contribution, and to measure the hadronic
parameters governing the B! D⇤⌧⌫ decay, serving as an essential baseline for SM and non-SM
studies. The helicity-suppressed amplitude which presently dominates the theoretical uncertainty
on R(D(⇤)) is too strongly suppressed in the B! D(⇤)µ⌫ decays to be measurable, however this
can be accessed in the B! D(⇤)⌧⌫ decay directly. If any potential new physics contributions are
assumed not to contribute via the helicity-suppressed amplitude then the combined measurements
of B! D(⇤)µ⌫ and B! D(⇤)⌧⌫ decays will allow for a fully data-driven prediction for R(D(⇤))
under the assumption of lepton universality, eliminating the need for any theory input relating to
hadronic form factors. However, these measurements have yet to be demonstrated with existing
data. This exciting programme of di↵erential measurements needs to be developed on Run 1
and 2 data before any statement is made about the precise sensitivity, but it o↵ers unparalleled
potential to fully characterise both the SM and non-SM contributions to the b ! c⌧⌫ transition.
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Lepton Universality:
• Important to also go beyond these simple ratios 
• Angular variables sensitive to spin structure of the decay processes 
• Can distinguish between different new physics models 
• Proof of principle measurements underway with Run 2 data
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Figure 5.4: Angular resolution for simulated B! D⇤µ⌫ (black) and B! D⇤⌧⌫ (red) decays,
with ⌧+ ! µ+⌫⌫. This demonstrates our ability to resolve the full angular distribution, with
some level of statistical dilution.

5.3.2 Prospects with other b hadrons

As measurements in R(D⇤) become more statistically precise, it will become increasingly more
important to provide supplementary measurements in other b-hadron species with di↵erent
background structure and di↵erent sources of systematic uncertainties. For example, the
B0

s ! D+
s ⌧�⌫ and B0

s ! D⇤+
s ⌧�⌫ decays will allow supplementary measurements at high yields,

and do not su↵er as badly from cross-feed backgrounds from other mesons, unlike, for example,
B0 ! D⇤+⌧�⌫, where the B+ and B0

s both contribute to the D⇤+µX or D⇤+⇡�⇡+⇡�X final
states. Furthermore, the comparison of decays with di↵erent spins of the b and c hadrons can
enhance the sensitivity to di↵erent NP scenarios [208,219]. No published measurements exist for
the B0

s case yet, but based on known relative e�ciencies and assuming the statistical power of
this mode tracks R(D(⇤)), we expect less than 6% relative uncertainty after Run 3, and 2.5%
with the Upgrade II data, where limiting systematic uncertainties are currently expected to
arise from corrections to simulated pointing and vertex resolutions, from knowledge of particle
identification e�ciencies, and from knowledge of the backgrounds from random combinations
of charm and muons. It is conceivable that new techniques and control samples could further
increase the precision of these measurements.

Methods are currently under development for separating the B0
s ! D⇤+

s `�⌫ and B0
s ! D+

s `�⌫
modes, and given the relative slow pion (D⇤+ ! D0⇡+) and soft photon (D⇤+

s ! D+
s �) e�ciencies,

the precision in B0
s ! D+

s ⌧⌫ decays can be expected to exceed that in B0
s ! D⇤+

s ⌧⌫, the reverse
of the situation for R(D(⇤)). An upgraded ECAL would extend the breadth and sensitivity of

R(D⇤(⇤)+

s ) measurements possible in the Upgrade II scenario above and beyond the possible
benefits of improved neutral isolation in R(D) or R(D+

s ) measurements.
Of particular interest are the semitauonic decays of b baryons and of B+

c mesons. The
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Figure 5.4: Angular resolution for simulated B! D⇤µ⌫ (black) and B! D⇤⌧⌫ (red) decays,
with ⌧+ ! µ+⌫⌫. This demonstrates our ability to resolve the full angular distribution, with
some level of statistical dilution.

5.3.2 Prospects with other b hadrons

As measurements in R(D⇤) become more statistically precise, it will become increasingly more
important to provide supplementary measurements in other b-hadron species with di↵erent
background structure and di↵erent sources of systematic uncertainties. For example, the
B0

s ! D+
s ⌧�⌫ and B0

s ! D⇤+
s ⌧�⌫ decays will allow supplementary measurements at high yields,

and do not su↵er as badly from cross-feed backgrounds from other mesons, unlike, for example,
B0 ! D⇤+⌧�⌫, where the B+ and B0

s both contribute to the D⇤+µX or D⇤+⇡�⇡+⇡�X final
states. Furthermore, the comparison of decays with di↵erent spins of the b and c hadrons can
enhance the sensitivity to di↵erent NP scenarios [208,219]. No published measurements exist for
the B0

s case yet, but based on known relative e�ciencies and assuming the statistical power of
this mode tracks R(D(⇤)), we expect less than 6% relative uncertainty after Run 3, and 2.5%
with the Upgrade II data, where limiting systematic uncertainties are currently expected to
arise from corrections to simulated pointing and vertex resolutions, from knowledge of particle
identification e�ciencies, and from knowledge of the backgrounds from random combinations
of charm and muons. It is conceivable that new techniques and control samples could further
increase the precision of these measurements.

Methods are currently under development for separating the B0
s ! D⇤+

s `�⌫ and B0
s ! D+

s `�⌫
modes, and given the relative slow pion (D⇤+ ! D0⇡+) and soft photon (D⇤+
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s �) e�ciencies,
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s ⌧⌫, the reverse
of the situation for R(D(⇤)). An upgraded ECAL would extend the breadth and sensitivity of

R(D⇤(⇤)+

s ) measurements possible in the Upgrade II scenario above and beyond the possible
benefits of improved neutral isolation in R(D) or R(D+

s ) measurements.
Of particular interest are the semitauonic decays of b baryons and of B+

c mesons. The
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Figure 5.4: Angular resolution for simulated B! D⇤µ⌫ (black) and B! D⇤⌧⌫ (red) decays,
with ⌧+ ! µ+⌫⌫. This demonstrates our ability to resolve the full angular distribution, with
some level of statistical dilution.

5.3.2 Prospects with other b hadrons

As measurements in R(D⇤) become more statistically precise, it will become increasingly more
important to provide supplementary measurements in other b-hadron species with di↵erent
background structure and di↵erent sources of systematic uncertainties. For example, the
B0

s ! D+
s ⌧�⌫ and B0

s ! D⇤+
s ⌧�⌫ decays will allow supplementary measurements at high yields,

and do not su↵er as badly from cross-feed backgrounds from other mesons, unlike, for example,
B0 ! D⇤+⌧�⌫, where the B+ and B0

s both contribute to the D⇤+µX or D⇤+⇡�⇡+⇡�X final
states. Furthermore, the comparison of decays with di↵erent spins of the b and c hadrons can
enhance the sensitivity to di↵erent NP scenarios [208,219]. No published measurements exist for
the B0

s case yet, but based on known relative e�ciencies and assuming the statistical power of
this mode tracks R(D(⇤)), we expect less than 6% relative uncertainty after Run 3, and 2.5%
with the Upgrade II data, where limiting systematic uncertainties are currently expected to
arise from corrections to simulated pointing and vertex resolutions, from knowledge of particle
identification e�ciencies, and from knowledge of the backgrounds from random combinations
of charm and muons. It is conceivable that new techniques and control samples could further
increase the precision of these measurements.

Methods are currently under development for separating the B0
s ! D⇤+

s `�⌫ and B0
s ! D+
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modes, and given the relative slow pion (D⇤+ ! D0⇡+) and soft photon (D⇤+
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s �) e�ciencies,

the precision in B0
s ! D+

s ⌧⌫ decays can be expected to exceed that in B0
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s ⌧⌫, the reverse
of the situation for R(D(⇤)). An upgraded ECAL would extend the breadth and sensitivity of
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s ) measurements possible in the Upgrade II scenario above and beyond the possible
benefits of improved neutral isolation in R(D) or R(D+

s ) measurements.
Of particular interest are the semitauonic decays of b baryons and of B+
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Angular resolution for simulated                 and                 decaysB → D*μν B → D*τνPhysics case
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Spectroscopy
• Hugely successful area for LHCb original 
• 64 particle discoveries to date! Many of them appear to be exotic 
• Many conventional particles  

are waiting to be found, just  
a question of statistics: 
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Spectroscopy
• Hugely successful area for LHCb original 
• Explore the nature of 4 and 5 quark states 
• Look for new decay modes and look  

for their partners 

• Where are the hexaquarks? 

• With enormous data samples, can we  
compete for some nuclear resonances?
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Figure 9.1: Argand diagram of the Z(4430)� amplitude (AZ(4430)�) in bins of m2

 (2S)⇡� from a

fit to the B0 !  (2S)K+⇡� decays. The black points are the results based on Run 1 data [482]
while the blue points correspond to an extrapolation to an integrated luminosity of 300 fb�1

expected at the LHCb Upgrade II. The red curve is the prediction from the Breit-Wigner
formula with a resonance mass (width) of 4475 (172) MeV. Units are arbitrary.
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s and

(right) Xbbud ! B�D+⇡� decays.

D� reconstructable final states; the total reconstruction e�ciency is about a factor 50 smaller
than the e�ciency for the ⇤0

b ! J/ pK� channel. In the case of the existence of an isospin
quadruplet, there is the interesting possibility to find doubly charged pentaquarks decaying into
⌃++

c D0. Channels such as these require very large data sets to o↵set the low e�ciency. The
Magnet Side Stations will also improve the reconstruction e�ciency of such decay modes with
several tracks in the final states.

The relative coupling of the pentaquark states to their decays into the double open-charm
channels will depend on their internal structure and the spin structure of the respective decay. For
that reason it is important to study decays involving D⇤+ resonances as well (e.g. P+

c ! D⇤�⌃++
c )

to investigate the internal structure of pentaquarks [485]. Since these decays require the
reconstruction of slow pions from the D⇤+ decays, the proposed tracking stations inside the
magnet, enhancing the acceptance for low-momentum particles, will be highly beneficial for this
study.
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Summary
• Majority of the LHCb physics programme is statistically limited 
• We do not, yet, run at the maximum peak luminosity of the LHC 
• Upgrade II will allow us to take full advantage of the HL-LHC 

• Haven’t covered prospects for  
non-flavour topics 
• See physics document for more  

details
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10 Summary and conclusions

10.1 Sensitivity to key observables and physics reach in flavour

The Upgrade II of LHCb will enable a very wide range of flavour observables to be determined
with unprecedented precision, which will give the experiment sensitivity to New Physics scales
several orders of magnitude above those accessible to direct searches. The expected uncertainties
for a few key measurements with 300 fb�1 are presented in Table 10.1. Also shown are the
current uncertainties, those expected from LHCb in 2025, which is just before the start of the
HL-LHC era, and for Belle II, which is due to complete operation around this time. In addition,
and where available, sensitivity estimates are given for ATLAS and CMS after their Phase-II
Upgrades and with 3000 fb�1 of data. A graphical representation of a subset of these entries is
shown in Fig. 10.1. The future LHCb estimates are all based on extrapolations from current
measurements, and take no account of detector improvements apart from an approximate factor
two increase in e�ciency for hadronic modes, coming from the full software trigger that will be
deployed from Run 3 onward.

Figure 10.1: Projected improvement in sensitivities for selected CP -violating observables (upper) and
for rare decays and lepton-universality tests (lower).
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