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LHCb Upgrade II perspectives physique

Fig. 23: Present (left) and future (center: phase 1, right: phase 2) constraints in the (⇢̄, ⌘̄) plane (UTfit
collaboration).

Table 10: Relative uncertainties on the predictions of UT parameters and angles, using current and
extrapolated input values for measurements and theoretical parameters (UTfit collaboration).

� ⇢̄ ⌘̄ A sin 2� � ↵ �s

Current 0.12% 9% 3% 1.5% 4.5% 3% 2.5% 3%
Phase 1 0.12% 2% 0.8% 0.6% 0.9% 0.9% 0.7% 0.8%
Phase 2 0.12% 1% 0.6% 0.5% 0.6% 0.8% 0.4% 0.5%

amplitudes, where its virtual effects compete with loop-level SM amplitudes, we can still use the mea-
surements of |Vud|, |Vus|, |Vcb|, |Vub|, � and ↵ (allowing for NP contributions in penguins, but barring
order-of-magnitude enhancements of electroweak penguins) to obtain the “tree-level” determination of
the UT. This allows us to obtain the SM prediction for K, Bd and Bs mixing amplitudes. Comparing
them with the experimental results we can extract C"K

= "K/"SM

K and

CBq
e
i�B

q =
hBq|H

SM+NP|B̄qi
hBq|H

SM|B̄qi
. (21)

The SM point is Ci = 1, �i = 0. Using semileptonic asymmetries it is possible to break the degeneracy
for � $ � + 180

� present in the tree-level determination of the CKM matrix [199], getting rid of the
solution in the third quadrant. We then obtain the results in Table 11 for the projected errors on CKM
parameters and on the NP parameters. Note that at present the NP contribution that are about an order of
magnitude smaller than the SM are still perfectly allowed. At the end of Phase 2 we will be able to probe
amplitudes that are another factor of 4 smaller than possible at present (corresponding to about a factor
of 2 higher reach in the NP scale for dimension 6 NP operators). The corresponding two-dimensional
distributions for Bd and Bs mixing are shown in Fig. 24.

Combining the results of the generalized UT analysis with the constraints on CP violation in D
mixing from Sec. 3.7.5, we can consider the most general �F = 2 effective Hamiltonian and place
bounds on its coefficients (barring accidental cancellations). The most general effective Hamiltonians
for �F = 2 processes beyond the SM have the following form [200] (with q1q2 = sd, uc, bq for
M = K, D, Bq)

HM�M̄

e↵
=

5X
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, (22)
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Upgrade I

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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LHCb upgrade II plans and timescales

LHC HL-LHC
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U1a  →  U1b
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1. Key observables which can tell us something about the 
scale of New Physics won’t be theory limited 

2. Current LHCb measurements do not generally indicate 
any fundamental experimental systematics either 

3. Unique combination of large integrated luminosity, 
large cross-section, and relatively short timescale.

Why a second LHCb upgrade?
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Overconstrain the CKM triangle at <1% level !6

Objective of CKM metrology with LHCb Upgrade II
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Fig. 1: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calculations, alone,
with current inputs (2018), and the anticipated improvements from the data accumulated by 2025 (23 fb�1) and
2035 (300 fb�1). More information on the fits may be found in Sec. 2 and [22].
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Fig. 1: Evolving constraints in the ⇢̄ � ⌘̄ plane from LHCb measurements and lattice QCD calculations, alone,
with current inputs (2018), and the anticipated improvements from the data accumulated by 2025 (23 fb�1) and
2035 (300 fb�1). More information on the fits may be found in Sec. 2 and [22].
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Overconstrain the CKM triangle at <1% level !7

Objective of CKM metrology with LHCb Upgrade II
Table 1: Summary of prospects for future measurements of selected flavour observables for LHCb. The projected
LHCb sensitivities take no account of potential detector improvements, apart from in the trigger. See subsequent
chapters for definitions.

Observable Current LHCb LHCb 2025 Upgrade II
EW Penguins
RK (1 < q2 < 6 GeV

2c4
) 0.1 [5] 0.025 0.007

R
K

⇤ (1 < q2 < 6 GeV
2c4

) 0.1 [6] 0.031 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)
� [7] 4� 1�

�, all modes (
+5.0

�5.8)
� [8] 1.5�

0.35
�

sin 2�, with B0 ! J/ K0

S 0.04 [9] 0.011 0.003

�s, with B0

s ! J/ � 49 mrad [10] 14 mrad 4 mrad
�s, with B0

s ! D+

s D�
s 170 mrad [11] 35 mrad 9 mrad

�ss̄s

s , with B0

s ! �� 154 mrad [12] 39 mrad 11 mrad
as

sl 33 ⇥ 10
�4 [13] 10 ⇥ 10

�4
3 ⇥ 10

�4

|Vub|/|Vcb| 6% [14] 3% 1%

B0
s , B

0!µ+µ�

B(B0 ! µ+µ�
)/B(B0

s ! µ+µ�
) 90% [15] 34% 10%

⌧
B

0
s!µ

+
µ

� 22% [15] 8% 2%
Sµµ – – 0.2

b ! c`�⌫̄l LUV studies
R(D⇤

) 0.026 [16, 17] 0.0072 0.002
R(J/ ) 0.24 [18] 0.071 0.02

Charm
�ACP (KK � ⇡⇡) 8.5 ⇥ 10

�4 [19] 1.7 ⇥ 10
�4

3.0 ⇥ 10
�5

A� (⇡ x sin�) 2.8 ⇥ 10
�4 [20] 4.3 ⇥ 10

�5
1.0 ⇥ 10

�5

x sin� from D0 ! K+⇡�
13 ⇥ 10

�4 [21] 3.2 ⇥ 10
�4

8.0 ⇥ 10
�5

x sin� from multibody decays – (K3⇡) 4.0 ⇥ 10
�5 (K3⇡) 8.0 ⇥ 10

�6

tree-level in Upgrade II is found to exceed 100 TeV.
2. It will be essential to widen the set of observables under study beyond those accessible at the

current LHCb experiment or its first upgrade, e.g. by including additional important measurements
involving b ! s`+`�, b ! d`+`� and b ! c`�⌫̄l decays. Improving our knowledge of the
flavour sector both through better measurements and through new observables will be essential in
searching for and then characterising NP in the HL-LHC era.

3. Due to its ability to reconstruct and analyze all collisions in real-time and the statistical power of
the HL-LHC dataset, LHCb Upgrade II will be able to collect a unique dataset for hadronic spec-
troscopy. This will enable not only the precise understanding of higher-excited states of mesons
and baryons, but also a detailed and broad understanding of multiquark systems, containing (or
not) multiple heavy quarks, and other yet-to-be-discovered exotic states of matter. While not di-
rectly sensitive to BSM effects, these measurements will play an important role in sharpening
our understanding of QCD at the energy scales relevant for flavour physics, and hence make an
important contribution to the accurate interpretation of any BSM anomalies observed.

The intention to operate a flavour-physics experiment at luminosities of 10
34

cm
�2

s
�1 is already an
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CKM angle 𝜸 in Upgrade II 

ADS/GLW gives precision, GGSZ & DsK break ambiguities
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Fig. 11: Comparison between the current LHCb 3-body GGSZ and 2-body GLW/ADS measurements alongside
their future projections with 300 fb�1 in the plane of � vs. rDK

B (note the curtailed y-axis for rDK
B ). The scan is

produced using a pseudo-experiment, centred at � = 70
�, rDK

B = 0.1, with B± ! DK± decays only.

� which is expected to reach 1.5� with a data sample of 50 ab
�1. This is comparable to the sensitivity

that the LHCb � combination will achieve with a data sample corresponding to approximately 23 fb�1.
Subsequently input from Belle II will still contribute towards the world average by the end of Run 4 but
LHCb will dominate � measurements with Upgrade II (300 fb�1) contributing entirely towards a world
average precision of ⇠ 0.35

�. It should be emphasised that this projection includes only the currently
used strategies, and does not include improvements from other approaches. A comparison between the
projected uncertainties for LHCb and the world average as a function of integrated luminosity is shown
in Fig. 10.

2.5.6 Determinations of �ms, �md, and interplay with b-hadron lifetimes
The world-leading measurements of both �md and �ms are from LHCb [116, 117], and can be im-
proved further assuming that good flavour tagging performance can be maintained. This will not only
reduce systematic uncertainties in CP -violation measurements but also provide a strong constraint on
the length of one side of the unitarity triangle, although progress here is mainly dependent on improve-
ments in lattice QCD calculations. The decay-time-dependent angular analysis of B0

s ! J/ � allows
measurement of ��s simultaneously with CP -violation parameters. Therefore, improved knowledge
of ��s will be obtained together with measurements of �cc̄s

s . Precision at the LHC is expected not to
be systematically limited. The LHCb Upgrade II will allow to exploit measurements in various chan-
nels. ATLAS and CMS projections in the Bs ! J/ � decay mode can be found in 2.5.8.1. For theory
predictions of ��s see Ref. [118].

Width differences between different types of b hadrons, such as �s � �d, are also of interest.
They test the heavy-quark expansion, used to make theoretical predictions. In addition, their precise
knowledge is important to control systematic uncertainties in measurements where a decay mode of one
type of b hadron is used as a control channel in studies of a decay of another. Detailed understanding of
acceptances is necessary for such measurements, which can be achieved using topologically similar final
states (see, e.g., Ref. [119]). These measurements are therefore expected to be significantly improved
with LHCb Upgrade II.

2.5.7 Semileptonic asymmetries and prospects for ��d

Semileptonic decays, being flavour specific, provide a unique probe of B0

q , where q = s, d, meson mixing
phenomena. In particular, CP violation in B0

q meson mixing can be expressed through the semileptonic

37



External inputs will be crucial for ultimate GGSZ precision !9
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will present themselves as the yields will eventually be high enough that it will become necessary to take
into account effects induced from asymmetries in the K0

S system, and eventually through mixing in the
D0 system. However these are tractable problems, and studies have already been done to understand
when these effects will become important.

There are many prospects for adding orthogonal information on � by applying the ADS/GLW and
GGSZ techniques to modes that have an additional ⇡0. The first use of ⇡0 mesons in an LHCb � analysis
occurred with the Run 1 ADS/GLW analysis of B± ! DK± decays with D ! K⇡⇡0, KK⇡0, ⇡⇡⇡0

final states [84]. The K⇡⇡0 and ⇡⇡⇡0 modes have branching fractions 3 and 10 times larger than
their two-body equivalents. However, the ⇡0 reconstruction+selection efficiency in these decays is low,
around 3% with the current calorimeter. Also the analysis is complicated by a combinatorial background
arising from random ⇡0 association. Improvements to the Upgrade II calorimeter granularity and energy
resolution will therefore be crucial in achieving the ultimate sensitivity with these modes, especially
by improving the resolution of merged ⇡0, their separation for photons, and improving the ⇡0 mass
resolution.

An important mode under development for the upgrade era is B± ! D⇤0K± decays, with D⇤0 !
D0⇡0 and D⇤0 ! D0� decays. These twin modes provide an excellent sensitivity to � as an exact phase
difference between the two D⇤0 modes can be exploited [85]. For this case, the efficient distinction of ⇡0

and � calorimeter objects is critical as the two D⇤0 modes exhibit opposite CP asymmetries. The initial
studies show small, but clean signals. As long as the fully and partially reconstructed data sets are kept
statistically independent, the final sensitivity from B± ! D⇤0K± decays will be around 0.5� as seen in
Fig. 6.

A GGSZ-like analysis of B± ! D[! K0

s ⇡⇡⇡0
]K± decays has recently been proposed for

Belle II, where a sensitivity approaching that of the D ! K0

s ⇡⇡ GGSZ analysis is expected [86].
With improved ⇡0 efficiency, LHCb Upgrade II can exploit this mode competitively. Lastly, higher
⇡0 efficiency will merit the analysis of B± ! DK⇤±

[! K±⇡0
] decays. The ⇡0 reconstruction effi-

ciency is typically a factor 3-4 lower than that of the K0

S so the K0

S⇡± mode is preferred. However the
B± ! DK±⇡0 Dalitz analysis for � should share many advantages of the isospin-conjugate decays
B0 ! DK+⇡� analysis (discussed next) but with reduced B0

s feed down and large asymmetries in the
ADS-like region of the Dalitz space.

Analogously to the neutral modes, a variety of high-multiplicity B and D modes are already being
established and will play an important role in a future determination of �. The most developed multi-
body B decay channel is B0 ! DK+⇡� decays, where the D meson is found in an ADS/GLW-like
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Visually resolve both the Bd and Bs time-dependent CPV! !10

𝛗s and Sin2𝛃 in Upgrade II
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Figure 3.4: Signal-yield asymmetry as a function of the B0
(s) decay time, (NB0

(s)
�NB0

(s)
)/(NB0

(s)
+NB0

(s)
).

Here, NB0
(s)

(NB0
(s)

) is the number of (left) B0
s ! J/ � or (right) B0 ! J/ K0

S decays with a B0
(s) (B0

(s))

flavour tag. The data points are obtained from simulation with the expected sample size at 300 fb�1, and
assuming the current performance of the LHCb experiment. The solid curves represents the expected
asymmetries for �cc̄ss = �36.4mrad [43] and sin�cc̄sd = 0.731 [53]), the values used in the simulation.
The height of the oscillation is diluted from sin�cc̄sd(s) due to mistagging, decay time resolution, and (for

B0
s ! J/ �) the mixture of CP -even and CP -odd components in the final state.

and B0
s !  (2S)� [50] modes have also been studied with LHCb, and give less precise but

still important complementary results. Other channels, which have not been exploited yet but
could be important in Upgrade II if good calorimeter performance can be achieved, include
B0

s ! J/ � with J/ ! e+e� and B0
s ! J/ ⌘(0) with ⌘0 ! ⇢0� or ⌘⇡+⇡�, and ⌘ ! ⇡+⇡�⇡0 or

�� [51, 52].
The scaling of the �cc̄s

s precision with integrated luminosity for individual decay modes
and for their combination is shown in Fig. 3.3 (right). These uncertainties are statistical only
and are scaled from existing results, taking into account the gain in trigger e�ciency expected
for B0

s ! D+
s D�

s after Upgrade I. Maintaining the current performance will put stringent
constraints on the design of the detector as regards momentum and vertex position resolution as
well as particle identification performance. A key ingredient is the flavour tagging that is very
sensitive to event and track multiplicity, as discussed in Sec. 3.2. Systematic uncertainties are
mainly based on the sizes of control samples, and are therefore expected to remain subdominant
even with very large samples. Therefore, it is expected that the small value of �2�s predicted in
the SM can be measured to be significantly non-zero in several channels.

The expected precision on �cc̄s
s after Upgrade II will be ⇠ 4mrad from B0

s ! J/ � decays
alone and ⇠ 3mrad from all modes combined. This will be at the same level as the current
precision on the indirect determination based on the CKM fit using tree-level measurements
(this in turn is expected to improve with better measurements of other CKM matrix parameters).
Figure 3.4(left) shows the signal-yield asymmetry as a function of the B0

s decay time, folded at
the frequency of B0

s oscillations, for B0
s ! J/ � decays from a simulated data set corresponding

to 300 fb�1, and clearly shows that a visible CP -violation e↵ect will be observable. The excellent
precision on �cc̄s

s that can be achieved with Upgrade II gives exciting potential to observe
deviations from the SM prediction, and in their absence will be used to impose severe constraints
on possible beyond-the-SM contributions.
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Penguin pollution control vital for interpretation, but wide 
range of channels accessible @ Upgrade II greatly helps! !11

𝛗s and Sin2𝛃 in Upgrade II
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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]
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LHCb has recently published the first measurement of �dd̄s
s [101] using Run 1 data. In this

groundbreaking analysis, it was realised that a significant gain in sensitivity can be obtained
by including the full B0

s ! (K+⇡�)(K�⇡+) phase space in the K⇡-mass window from 750
to 1600MeV/c2, since the fraction of B0

s ! K⇤(892)0K⇤(892)0 in this region is only fV V =
0.067±0.004±0.024 (the other contributions are from K⇡ S-wave and the K⇤

2
(1430)0 resonance).

The result, �dd̄s
s = �0.10 ± 0.13 ± 0.14 rad, is compatible with the SM expectation.

The current result has statistical and systematic uncertainties of comparable size, but both
are expected to be reducible with larger data samples. The largest systematic uncertainty,
corresponding to the treatment of the acceptance, is mostly driven by the limited size of the
simulation samples — due to the large phase space investigated in this analysis, very large
simulation samples are required. In order to produce significantly larger samples it will be
necessary to exploit rapid simulation production mechanisms, since increases in available CPU
power are not expected to keep pace with the size of the data samples. Another important
systematic uncertainty due to the modelling of the K⇡ resonant and non-resonant components
can be reduced by incorporating results of state-of-the-art studies of the K⇡ system, but some
component of this may be irreducible. Other systematic uncertainties are mainly based on
control samples. Therefore it is expected that the limiting systematic uncertainty will be not
larger than �(syst.) ⇠ 0.03 rad.

The measured and extrapolated statistical sensitivities for �dd̄s
s are given in Table 3.1,

both for the average over the B0
s ! (K+⇡�)(K�⇡+) system and for the exclusive B0

s !
K⇤(892)0K⇤(892)0 decay. The sensitivities for B0

s ! (K+⇡�)(K�⇡+) are also included in
Fig. 3.5. In the current analysis, the same weak phase is assumed for all contributions, but as the
precision increases it will be possible to determine �dd̄s

s separately for each, including possible
polarisation dependence in the B0

s ! K⇤(892)0K⇤(892)0 decay. The systematic uncertainty
related to modelling of components is expected to be smaller when focusing on the K⇤(892)
resonance, since its lineshape is well known. Moreover, by making similar studies with the
B0 ! (K+⇡�)(K�⇡+) mode, it will be possible to obtain all necessary inputs for the U-spin
analysis of each component separately, leading to good control of the theoretical uncertainty on
the prediction for �dd̄s

s .
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Belle II and LHCb Upgrade II combination powerfully 
constrains the available parameter space for NP in FCNCs !12

Mixing related constraints on NP

Table 11: Present and future uncertainties on CKM and NP parameters from the generalized UT analysis
(UTfit collaboration).

⇢̄ ⌘̄ C"K
CBd

�Bd
[
�
] CBs

�Bs
[
�
]

Current 0.030 0.028 0.12 0.11 1.8 0.09 0.89
Phase 2 0.0047 0.0040 0.036 0.030 0.28 0.026 0.29
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Fig. 24: The present (green) and future Phase 2 (blue) constraints on NP contributions to Bd-B̄d (left)
and Bs-B̄s (right) mixing, with 1� (2�) regions shown with darker (lighter) shading.
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and the operators Q̃
qiqj

1,2,3
that are obtained from the Q

qiqj

1,2,3
by exchanging L $ R. Here qR,L = PR,L q,

with PR,L = (1±�5)/2, and ↵ and � are colour indices. Following the procedure detailed in Ref. [198],
the UTFit collaboration obtained p.d.f.’s for the Wilson coefficients based on the extrapolated UT and D
mixing analyses. For self-consistency, the coefficients are computed at a scale µH roughly corresponding
to the bound on the NP scale ⇤ that one obtains from the analysis (see below). The present and expected
Phase 2 allowed regions at 95% probability on the Wilson coefficients

Ci(⇤) =
FiLi

⇤
2

, (23)

are reported in Fig. 25. In the left panel in Fig. 25 the flavour and loop factors were set to Fi = Li = 1,
i.e., this shows the limits on the mass of NP states that contribute to meson mixing at tree level and
couple with O(1) strength to the corresponding SM fermions. In Fig. 25 right, the flavour factor was set
to Fi = Vtq1

V ⇤
tq2

, and the loop factor to Li = ↵2

2, with ↵2 the weak structure constant. That is, the right
panel of Fig. 25 shows the reach for masses of NP states that have MFV-like couplings to SM fermions
and contribute only at one loop level.
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Control K-𝛑 detection asymmetries using a combination of 
high stats MC and tag-and-probe at the 10-4 level !14

Semileptonic asymmetries

Table 5: Current theoretical and experimental determinations of the semileptonic asymmetries ad

sl and
as

sl.

Sample (L) �as

sl/10
�4 �ad

sl/10
�4

Run 1 (3 fb�1) [13, 120] 33 36

Run 1-3 (23 fb�1) 10 8

Run 1-5 (300 fb�1) 3 2

Current theory [118, 126] 0.03 0.6

-4 / 10d
sla
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 / 
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Fig. 12: Current and future landscape for the semileptonic asymmetries. The grey vertical band indicates
the current B-Factory average for ad

sl. The blue ellipse represents the current LHCb Run 1 measure-
ments [13, 120]. The red ellipse, which is arbitrarily centred, delineates the LHCb Upgrade II projected
precision. The black ellipse shows the SM prediction, the uncertainty of which is barely visible.

raw asymmetry and aq

sl
and leads to a cocktail of production asymmetry corrections. We assume

that these backgrounds can be statistically subtracted by extending the signal fits to include the
D�

q µ+ corrected mass dimension. It is assumed that the background asymmetry uncertainties can
be controlled to the 1.0 ⇥ 10

�4 level.

Other considerations: We must carefully consider the impact of having unequal sample sizes in the
two polarities. This can be partially compensated for by assigning weights to one polarity [124].
We note that the choice of crossing angles should be carefully considered [125]. While we do
not account for them in the current estimation, we could consider using other D+

q decay modes to
better align the detection asymmetries between as

sl and ad

sl. For example, D+ ! K�K+⇡+ and
D+ ! K0

S⇡
+ decays can be used, taking advantage of possible improvements in the trigger effi-

ciency for K0

S decays in LHCb Upgrade II. While the former decay is singly Cabibbo suppressed,
its CP asymmetry could be measured using promptly produced D+ mesons.

In summary the LHCb Upgrade II dataset should allow both as

sl and ad

sl asymmetries to be measured
to the level of a few parts in 10

�4, see Table 5. This will give unprecedented new physics sensitivity,
and is still far from saturating the current theory uncertainties in the SM predictions. Fig. 12 shows
the prospective LHCb Upgrade II measurement, arbitrarily centred at a value that differs from the SM
prediction at the 10

�3 level.
The ratio ��d/�d, is typically measured from the difference in effective lifetimes between B0 de-

cays to final states that are flavour-specific, namely J/ K⇤0, and CP -eigenstates, namely J/ K0

S [127].
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RD* and other lepton-(non)-universal friends
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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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access to all b-hadron species, 
with complementary experimental 
and theoretical systematics 
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Angular observables are resolvable, but Upgrade II statistics 
needed for precision because of limited resolution !16

New observables in RD* with Upgrade II
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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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A truly unique reach for all kinds of exotic hadron species. 
The main challenge here will be fully processing the data! !18

Upgrade II will be an exotica factory!
Table 9.1: Expected data samples at LHCb Upgrade II and Belle II for key decay modes for
the spectroscopy of heavy flavoured hadrons. The expected yields at Belle II are estimated by
assuming similar e�ciencies as at Belle.

LHCb Belle II
Decay mode 23 fb�1 50 fb�1 300 fb�1 50 ab�1

B+ ! X(3872)(! J/ ⇡+⇡�)K+ 14k 30k 180k 11k
B+ ! X(3872)(!  (2S)�)K+ 500 1k 7k 4k
B0 !  (2S)K�⇡+ 340k 700k 4M 140k
B+

c ! D+
s D0D0 10 20 100 —

⇤0

b ! J/ pK� 340k 700k 4M —
⌅�

b ! J/ ⇤K� 4k 10k 55k —
⌅++

cc ! ⇤+
c K�⇡+⇡+ 7k 15k 90k <6k

⌅+

bc ! J/ ⌅+
c 50 100 600 —
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Improvements to the LHCb calorimeter will be critical for 
accessing the full range of final states and decay modes !19

Precision physics with exotica
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decaying to J/ n [474]. However this final state does not lend itself well to observation. Instead, the
search for the neutral pentaquark candidate can be carried out using decays into pairs of open charm, in
particular in the process ⇤0

b ! ⇤+

c D�K⇤0, where the neutral pentaquark states would appear as reso-
nances in the ⇤+

c D� subsystem (Fig. 39 left). Such decays can be very well reconstructed, but the total
reconstruction efficiency suffers from the large number of tracks and the small branching fractions of ⇤+

c

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

b ! J/ pK� channel. If there could exist pentaquarks of an isospin quadruplet,
then there is the interesting possibility to find doubly charged pentaquarks decaying into ⌃++

c D0. Chan-
nels such as these require very large data sets to offset the low efficiency. The magnet side stations will
also improve the reconstruction efficiency 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 [665]. 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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Upgrade II: searching for or characterizing New Physics?
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Fig. 47: B0

s ! µ+µ� and B0 ! µ+µ� branching ratios as computed using new sources of flavour-
changing neutral currents, as discussed in Ref. [1094]. The green points are the subset consistent with
other measurements. The black cross point is the SM prediction, while the coloured contours show the
expected 1-sigma HL-LHC sensitivites of ATLAS, CMS, and LHCb.

where ys = ⌧Bs
��s/2, and ��s = �

B
0
sL

� �
B

0
sH

. In the SM, Aµµ

��
= 1, with only the heavy mass

eigenstate decaying to µ+µ�. In BSM scenarios it can take any value between �1 and 1. LHCb has
performed the first measurement of the B0

s ! µ+µ� effective lifetime using a dataset of 4.4 fb�1, result-
ing in ⌧ e↵

µµ = 2.04 ± 0.44 ± 0.05 ps [15] (Fig. 43, right). The relative uncertainty on ⌧ e↵

µµ is expected to
decrease to approximately 8% with 23 fb�1 and 2% with 300 fb�1, being statistically limited.

The CMS sensitivity for a measurement of the B0

s ! µ+µ� effective lifetime is estimated using an
ensemble of pseudo-experiments generated with parameters reflecting the projected Phase-2 conditions.
The signal lifetime distribution for each pseudo-experiment is obtained using the sPlot technique [1095]
to separate out the background, and then fitted with a model consisting of an exponential function,
convolved with a Gaussian function that describes the expected decay time resolution, and multiplied by
an efficiency function that accounts for reconstruction effects. The outcome of such a pseudo-experiment
is shown in Fig. 48. The effective lifetime is expected to be measured with a statistical precision of 3%
at 3000 fb�1.

While the current experimental uncertainty is larger than for ⌧
B

0
sH

�⌧
B

0
sL

, a 2�3% uncertainty on

⌧ e↵

µµ would allow to set stringent constraints on Aµµ

��
and in particular would allow to break the degeneracy

between any possible contribution from new scalar and pseudoscalar mediators.
Assuming a tagging power of about 3.7% [10], a dataset of 300 fb�1 allows LHCb to reconstruct

a pure sample of more than 100 flavour-tagged B0

s ! µ+µ� decays (effective yield) and measure their
time-dependent CP asymmetry. From the relation

�(B0

s (t) ! µ+µ�
) � �(B̄0

s ! µ+µ�
)

�(B0

s (t) ! µ+µ�
) + �(B̄0

s ! µ+µ�
)

=
Sµµ sin(�mst)

cosh(yst/⌧Bs
) + Aµµ

��
sinh(yst/⌧Bs

)
, (100)

where t is the signal proper time and �ms is the mass difference of the heavy and light B0

s mass eigen-
states, Sµµ can be measured with an uncertainty of about 0.2. The signal yield expected in a 23 fb�1

dataset, on the other hand, is too low to allow a meaningful constraint to be set on Sµµ. A nonzero value
for Sµµ would automatically indicate evidence of CP -violating phases beyond the SM.
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Fig. 40: Potential sensitivity to the SM and to NP scenarios motivated by the anomalies of LHCb,
ATLAS and CMS combined after the HL-LHC phase. These scenarios are C9 = �1.4 (vector current)
and C9 = �C10 = �0.7 (pure left-handed current). The observables included are the branching fraction
of Bs ! µ+µ� and the angular observables of the decay B0 ! K⇤0µ+µ� in the low-q2 region (e.g.,
P 0

5). To produce the P 0
5 expectation for ATLAS and CMS in Phase I, the result from a CMS projection

was scaled by 1/
p

2, assuming that the two experiments have the same sensitivity and the uncertainties
are uncorrelated. This plot has been done using the flavio software package [903].

that can be attributed to different theoretical inputs or different selection of observables – and arrive at two
basic conclusions. First, there is a tension in b ! sµµ data alone, and could be explained by a NP shift
in the WC Cµ

9
[811] (maybe combined with Cµ

10
), or by a not well understood hadronic effect. Second,

the LHCb measurements of R
K

(⇤) , if combined,are already in tension with the SM and lepton-flavor
universality at 4�, assuming there is no experimental correlation between RK and R

K
⇤ . This cannot be

explained by hadronic effects. Assuming that it is due to NP coupling only to muons, one finds that it is
consistent with the NP contribution needed to accommodate the b ! sµµ anomaly [826]. Singling out
the WC Cµ

9
in the muonic transition and performing a global fit to all the data, the log-likelihood ratio

between the best-fit point and the SM hypothesis corresponds to a deviation ranging from 4� to more
than 6�, depending on the theoretical assumptions [815–820].

Clearly, future experimental efforts that can clarify the origin of the above tensions are of utmost
importance. If LFU is indeed violated in b ! s`` transitions, then RK and R

K
⇤ are theoretically clean

smoking guns that allow one to establish a possible deviation from the SM. At the same time, global fits to
all the relevant observables will remain relevant for several reasons: (i) if the hints for LFUV disappear
with more statistics, LFU new physics effects [820, 901, 902] might still hide in observables that are
theoretically less clean ; (ii) to identify the nature of NP (and not just its presence), the values of the BSM
Wilson coefficients have to be determined; (iii) in particular, if LFUV persists, to understand whether
the NP effects are due to the muons, the electrons, or to which part of admixture one needs to perform
lepton specific measurements and corresponding global fits; and (iv) they allow one to simultaneously
determine poorly known hadronic effects from the data.

Extrapolations of global fits to the LHC data after the HL phase, in the (Cµ

9
, Cµ

10
) plane, are

shown in Fig. 40. Further improvements beyond those taken into account in projections in Fig. 40 are:
(i) B ! K⇤e+e� angular analysis can be included, where for LFUV NP a simultaneous amplitude
analysis of B ! K⇤µ+µ� and B ! K⇤e+e� decays is more powerful than separate analyses [875];
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Even b→dll  transitions will be abundant with Upgrade II !22

When rare decays aren’t rare anymore
Table 32: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty on
RX in the range 1.1 < q2 < 6.0 GeV

2/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 [5] 1 120 3 300 7 500 46 000

B0 ! K⇤0e+e�
111 ± 14 [6] 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 [5] 0.043 0.025 0.017 0.007

R
K

⇤0 0.69 ± 0.11 ± 0.05 [6] 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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Fig. 54: Constraints on the difference in the C9 and C10 Wilson coefficients from angular analyses of
the 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 dot-
ted) and for a purely vector new physics contribution (green dashed). The shaded regions denote the
corresponding constraints for the Upgrade II data set.

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
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Upgrade II will “see” 1015 charm hadrons !24

The biggest collider charm factory ever
Figure 6.2: The predicted constraints on the indirect CP violation asymmetry in charm from
the decay channels indicated in the labels at the bottom of the columns. Predictions are shown
in LS2 (2020) from LHCb, LS3 (2025) from LHCb, at the end of Belle II (2025), and at the end
of the HL-LHC LHCb Upgrade II programme.
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contours hold 68%, 95% CL

|q/p|

ϕ

Figure 6.3: The estimated constraints for LHCb Upgrade II on �, |q/p| from the combination of
the analyses in the previous section (red) compared to the current world-average precision [25]
(light blue).

with new physics sensitive loop processes or those with exchange diagrams where larger SM
contributions are expected. The precision study of modes containing neutral particles will be
opened up by the proposed calorimeter of Upgrade II.

Direct CP violation e↵ects in the charm system could be larger than those in indirect CP
violation, and Upgrade II will be able to characterise the direct CP sources. Alternatively CP
violation e↵ects may be very small and Upgrade II will be needed to probe them. In either
scenario the experiment will have a strong programme in this field.

58

Figure 6.4: The estimated constraints for LHCb Upgrade II on indirect and direct charm CP
violation from the analysis of two-body CP eigenstates. The current world-average precision [25]
is ±2.6 ⇥ 10�4 for indirect and ±18 ⇥ 10�4 for direct CP violation and thus larger than the full
scale of this plot.

(1.2 ⇥ 10�4), D+ ! �⇡+ (6 ⇥ 10�5), D+ ! ⌘0⇡+ (3.2 ⇥ 10�5), D+
s ! ⌘0⇡+ (3.2 ⇥ 10�4), where

the projected statistical only CP asymmetry sensitivities are given in parentheses. The first three
modes mentioned are notable as they receive sizeable contributions from exchange amplitudes at
tree-level and could have a relatively enhanced contribution from penguin annihilation diagrams
which are sensitive to New Physics. Consequently some authors have highlighted them as
potential CP violation discovery channels [251,252].

6.2.2 Measurements with D+ ! h+h�h+ and D+
s ! h+h�h+ decays

Searches for direct CP violation in the phase space of Cabibbo-suppressed (CS) D+ ! h+

1
h�

2
h+

3

decays, hereafter referred to as D ! 3h, are complementary to that of D(0,+) ! h1h2 (hi = ⇡, K).
In charged D systems, only CP violation in the decay is possible. The main observable is the
CP asymmetry, which, in the case of two-body decays, is a single number. In contrast, D ! 3h,
decays allow the study of the distribution of the CP asymmetry across a two-dimensional phase
space (usually represented by the Dalitz plot).

The D ! 3h decays proceed mostly through intermediate resonant states. With a relatively
small phase space, the resonances are spread over the entire Dalitz plot. The di↵erent resonant
amplitudes overlap and interfere, providing the strong phase di↵erence needed for direct CP
violation to occur. This is a unique feature of multi-body decays. In some regions of the phase
space the di↵erence in strong phase between the various resonant amplitudes is very large, which
may cause relatively large and localised CP asymmetries. The di↵erence in strong phases often
change sign across the Dalitz plot, causing eventual CP asymmetries to change sign as well,
reducing the sensitivity of phase-space-integrated measurements.

The most appealing aspect of this study is that one does not need to rely on models for the
resonant structure of D ! 3h decays. The CP violation may be observed in a direct, model-
independent comparison between D+ and D� Dalitz plots. In both K�K+⇡+ and ⇡�⇡+⇡+
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Excellent prospects in both rare decays and LFV !25

And what about Kaons?
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Figure 7.9: (Left) B(K0

S ! µ+µ�) vs B(K0

L ! µ+µ�) in an MSSM scenario, from Fig. 2 of
Ref. [390]. The cyan dots correspond to predictions using positive sign for the long distance
contribution to B(K0

L ! µ+µ�) (i.e. Aµ
L�� > 0) and the orange crosses to predictions using

Aµ
L�� < 0. The vertically hatched area corresponds to the SM prediction for Aµ

L�� > 0 and the

inclined hatched area corresponds to the SM prediction for Aµ
L�� < 0. (Right) Expected limit in

B(K0
S

! µ+µ�) from LHCb and upgrades, as a function of integrated luminosity times trigger
e�ciency. LHCb Upgrade II will collect at least 300 fb�1. Thus, it can be seen that if the trigger
e�ciency is high, as expected from a full software trigger, LHCb can exclude branching fractions
down to near the SM prediction

7.6 Rare strange decays

Rare strange decays can probe BSM physics that could escape all other experimental tests.
Indeed, if BSM physics is beyond the LHC direct searches reach and thus only accessible through
indirect measurements, searches for non-Minimal Flavour Violation BSM physics become more
relevant. In this context, s ! d transitions are of paramount importance, since they have the
strongest CKM suppression. Examples of these transitions are K0

S
! µ+µ� and K0

S
! ⇡0µ+µ�.

7.6.1 Rare kaon decays

In the SM, the K0
S

! µ+µ� decay is long-distance dominated, with subdominant short-distance
contributions. However, the long-distance contribution is still very small in absolute terms,
and the decay rate is very suppressed. For example, the SM prediction [384–386] B(K0

S
!

µ+µ�)SM = (5.18 ± 1.50LD ± 0.02SD) ⇥ 10�12 can be compared with the current experimental
upper limit [387] B(K0

S
! µ+µ�)Exp < 8 ⇥ 10�10 at 90% CL. Therefore, even small BSM

contributions and BSM–SM interferences can compete with the SM rate. This has been proven
to be the case in leptoquark models [388,389] as well as supersymmetric models [390]. In the
latter, B(K0

S
! µ+µ�) can have values anywhere in the range [0.78 � 35] ⇥ 10�12 (see Fig. 7.9,

left) or even saturate the current experimental bound in certain narrow regions of the parameter
space [390]. The CP asymmetry of the K0 ! µ+µ� decay is also sensitive to BSM contributions
and experimentally accessible by means of a tagged analysis.

The LHCb prospects for the search for K0
S

! µ+µ� decays are excellent. With 2011 data
the experiment overtook the previous world best upper limit by a factor of thirty [391], and has
recently gained another order of magnitude [387]. The right hand side of Fig. 7.9 shows the
expected upper limit for B(K0

S
! µ+µ�) as a function of the integrated luminosity multiplied

by the trigger e�ciency. It can be seen that if the trigger e�ciency is high, as expected from a
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Fig. 34: Expected reach for K+ ! ⇡+µ±e⌥ as a function of the integrated luminosity with 13 TeV pp
collisions based on a fast simulation of LHCb. Different scenarios in terms of PID performance and pT

thresholds of the ⇡+ and e± candidates are shown. Combinatorial background is neglected in the study.
Figure adapted from Ref. [301].

scenarios of detector performance. This shows that LHCb Upgrade II could update some of the existing
limits, a result that per se already makes these searches promising. Even more interestingly, LHCb
Upgrade II could probe part of the parameter space for LFV kaon decays suggested by the B-physics
anomalies. This conclusion in turn calls attention to other running and upcoming facilities, including
Belle-II, NA62 [353], as well as the newly proposed TauFV [354]. Dedicated sensitivity studies for these
facilities are required in order to make more quantitative statements. Yet, the experimental outlook for
all these modes is certainly promising.

4.7 Hyperons at HL-LHC
The LHCb can contribute significantly to the strangeness-physics programme with measurements of
hyperon decays. There is vast room for improvement in this sector as most of the data for the standard
modes, both in nonleptonic and semileptonic decays, is about 40 years old, and many of the rare decays
sensitive to SD physics have not even been searched for. An exploratory study of the LHCb’s potential
in hyperon physics was presented in [355]; here we summarize the main conclusions.

Current experimental data on the semileptonic hyperon decays ⇤ ! pµ�⌫̄, ⌅
� ! ⇤µ�⌫̄ and

⌅
� ! ⌃

0µ�⌫̄ is quite poor, with relative uncertainties in the range of 20%-100%. These decay modes
can be partially reconstructed at the LHCb, where the kinematic distributions allow one to discriminate
from the peaking backgrounds of ⇤ ! p⇡� and ⌅

� ! ⇤⇡�. Besides testing lepton-universality by
comparing with the semi-electronic modes, these decays are sensitive to BSM scalar and tensor cur-
rents [356]. If percent precision is achieved in the measurement of semi-muonic branching fractions,
they could contribute to a better determination of the CKM matrix element |Vus| from hyperon de-
cays [357–360].

A golden mode among the rare hyperon decays is ⌃
+ ! pµ+µ�, to which LHCb recently con-

tributed with an evidence for the decay at 4.1� and a di-muon invariant distribution consistent with the
SM [361], thus challenging the HyperCP anomaly [362]. With dedicated triggers and the upgraded LHCb
detector in the HL phase about a thousand events per year of data-taking could be measured, which will
allow one to measure angular distributions or direct CP asymmetries that have been shown to be sensitive
to SD physics [262, 363]. The equivalent channel with lepton number violation, ⌃ ! p̄µ+µ+ can also
be searched for, with potential sensitivities at the 10

�9 level. Other �S = 1 semileptonic rare hyperon
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The Upgrade II reach makes it a dream worth chasing !26

Conclusion
Table 2: Uncertainty on Wilson coefficients and 90% exclusion limits on NP scales ⇤ for different data samples.
The C9 analysis is based on the ratio of branching fractions RK and RK

⇤ in the range 1 < q2 < 6 GeV
2/c4.

The C 0
10 analysis exploits the angular observables Si from the decay B0 ! K⇤0µ+µ� in the ranges 1 < q2 <

6 GeV
2/c4 and 15 < q2 < 19 GeV

2/c4. The limits on the scale of NP, ⇤NP, are given for the following sce-
narios: tree-level generic, tree-level minimum flavour violation, loop-level generic and loop-level minimal flavour
violation. More information on the fits may be found in [22].

Integrated Luminosity 3 fb�1
23 fb�1

300 fb�1

RK and R
K

⇤ measurements
�(C9) 0.44 0.12 0.03
⇤

tree generic
[ TeV] 40 80 155

⇤
tree MFV

[ TeV] 8 16 31
⇤

loop generic
[ TeV] 3 6 12

⇤
loop MFV

[ TeV] 0.7 1.3 2.5
B0 ! K⇤0µ+µ� angular analysis

�stat
(Si) 0.034–0.058 0.009–0.016 0.003–0.004

�(C 0
10) 0.31 0.15 0.06

⇤
tree generic

[ TeV] 50 75 115
⇤

tree MFV
[ TeV] 10 15 23

⇤
loop generic

[ TeV] 4 6 9
⇤

loop MFV
[ TeV] 0.8 1.2 1.9

ambitious one, but the planned improvements to the detector’s capabilities will extend the physics gains
still further. These gains are not included in Table 1 as full simulations have not yet been performed,
but a summary of the expected benefits can be found in [22]. It is intended to take first steps towards
some of these detector enhancements already in LS3, before the start of the HL-LHC, thereby improving
the performance of the first LHCb upgrade, and laying the foundations for Upgrade II. Finally, it must
be emphasised that the raw gain in sample sizes during the HL-LHC era will have great consequences
for the physics reach, irrespective of any detector improvements. The energy scale probed by virtual
loops in flavour observables will rise by a factor of up to 1.9 with respect to the pre-HL-LHC era, with
a corresponding gain in discovery potential similar to what will apply for direct searches if the beam
energy is doubled, as proposed for the HE-LHC.
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Fig. 25: Present (lighter) and future Phase 2 (darker) constraints on the NP scale from the UTfit NP
analysis. The right panel shows constraints assuming NP is weakly coupled, has MFV structure of
couplings, and enters observables only at one loop, see text for details.
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Voire slides de reunion vendredi pour plus des details !27

Bonus: CODEX-b!
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