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LHCb’s phase-2 upgrade
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Run 1
2010-2012
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2021-2023

LS3 Run 4
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LS4 Run 5
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LS5 Run 6 …
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LHC

Upgrade	II

3fb-1 9fb-1

Upgrade	I

23fb-1 50fb-1 300 -
400 fb-1

50fb-1/ year

HL-LHC

LHCC approval (end	2018)	to	
proceed	to	framework	TDR

1ab-1 50 ab-1

Where are we going ?
We are here

Goal > 30 times the current integrated luminosity,  
pile-up ~40, from ~5 for Run 3/4 (today’s challenge)

LHCb @ HL

Upgrade 1

~300 fb-1

[Marie-Helene Schune ’19]

https://indico.cern.ch/event/808335/contributions/3365129/attachments/1842825/3022327/Flavour_CP_BPhysics_MHSchune.pdf
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CKM triangle: Ɣ
Testing the consistency of the unitarity triangle is one of the main goals of flavour 
physics today. Measurements of Ɣ allow for a comparison between tree and loop 
dominated processes, forming a stringent test of the CKM paradigm.  
 
(room for NP to affect both)

4

CKM angle �

Measurement of � is crucial since it is still the least well-known UT angle

Only CP-violating parameter that can be measured at the tree-level alone providing a
good test for the SM (assuming no NP in tree-level decays [PRD92 (2015) 033002])

Theoretically clean: �th� /� < O(10�7) [JHEP 1401 (2014) 051]

Comparing tree-level with loop-level determination to get signs of NP

Tree-level

Direct measurement � = (72.1+5.4
�5.7)

�

Loop-level

Indirect measurement (CKM fitter)
� = (65.80+0.94

�1.29)
�

Roberta Cardinale 5th Workshop on LHCb Upgrade II - 30 March - 1 April 2020 3
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Direct “Indirect”

Currently the direct measurements on gamma are limiting

https://arxiv.org/abs/1912.07621
https://arxiv.org/abs/1912.07621
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Prospects for Ɣ

5

Expected statistical sensitivity for gamma down to the degree level for 
individual channels (already comparable to today’s indirect limits), also 
allowing to compare with loop-level measurements of gamma.  
 
Expect a 0.35° combined sensitivity. Possibility to include other channels, e.g. 
ones containing neutrals. 

Upgrade2 � prospects
ADS/GLW

Statistically limited

Dominant systematic uncertainties

expected to scale with statistics

Instrumentation asymmetries
(calibration samples)
Background contributions (studies
with larger sample)

GGSZ

Statistically limited

Precision of external charm inputs

Current syst. due to CLEO inputs
⇠ 2�

Future datasets at BESIII crucial

Dalitz e�ciency (data/simulation
agreement, fast simulation techniques)TD

Syst. Unc. from decay time acceptance and resolution and from calibration of flavour tagging

Expected to scale with statistics due to the data-driven methods
Roberta Cardinale 5th Workshop on LHCb Upgrade II - 30 March - 1 April 2020 6
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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.

34

Tree-level processes
Tree-level processes
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Mixing phase for Bs: φs

6

B0
s

B̄0
s

φmix

A̅1

CPV in decay &  
mixing + decay

A1 f

Sensitive probes to New Physics [Phys. Rev. D 89, 033016]
“Golden channels”: J/ψ φ for Bs (J/ψ Ks for Bd)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.033016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.033016
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φs in b → ccs

7
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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

Assuming SM, the mixing phase will be resolved to a high precision, 
with consistency checks through various diagram topologies.  
Requires control of penguin pollution through different modes, and 
keeping the tagging power as high as Run 2 (or better).
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Mixing asymmetry: asl

B0
q B

0
q
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Γ12

M12
CPV in mixing

Mixing asymmetry: asl

M12: off-shell contributions (driven by top quark loop) 
Γ12: on-shell contributions 

Two amplitudes, which can interfere

P(Bq ! B̄q) 6= P(B̄q ! Bq)

B0
q B

0
q
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Mixing asymmetry: asl
Table 5.1: 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) [210,211] 33 36
Run 1-3 (23 fb�1) 10 8
Run 1-3 (50 fb�1) 7 5
Run 1-5 (300 fb�1) 3 2
Current theory [34,200] 0.03 0.6

]-4 [10d
sla

80− 70− 60− 50− 40− 30− 20− 10− 0 10 20

]
-4

 [1
0

s sla

30−

25−

20−

15−

10−

5−
0
5

10
15
20
25
30

LHCb Run 1 (3/fb)

BaBar+Belle

µµAD0 

Standard Model

68% C.L. contours

Upgrade II (300/fb)

Run 1-3 (23/fb)

Figure 5.2: Current and future landscape for the semileptonic asymmetries. The grey vertical
band indicates the current B-Factory average for ad

sl
[25]. The blue ellipse represents the current

LHCb Run 1 measurements [210,211]. The red ellipse, which is arbitrarily centred, delineates
the Upgrade II projected precision. The black ellipse shows the SM prediction, the uncertainty
of which is barely visible with these axes.

In summary the Upgrade II dataset should allow both asymmetries to be measured to the level of
a few parts in 10�4, as listed in Table 5.1, which will give unprecedented new physics sensitivity,
and is still far from saturating the current theory uncertainties in the SM predictions. Figure 5.2
shows the prospective Upgrade II measurement, arbitrarily centred at a value that di↵ers from
the SM prediction at the 10�3 level.

5.3 Lepton-flavour universality tests with b ! cl⌫ transitions

5.3.1 R(D) and R(D⇤) with muonic and hadronic ⌧ decays

LHCb has made measurements of R(D(⇤)) using both muonic (⌧+ ! µ+⌫⌫) and hadronic
(⌧+ ! ⇡+⇡�⇡+⌫) decays of the tau lepton [215–217]. Due to the presence of multiple neutrinos
these decays are extremely challenging to measure. The measurements rely on isolation techniques
to suppress partially reconstructed backgrounds, B meson flight information to constrain the
kinematics of the unreconstructed neutrinos, and a multidimensional template fit to determine the
signal yield. Figure 5.3 shows how the absolute uncertainties on the LHCb muonic and hadronic
R(D⇤) measurements are projected to evolve with respect to the current status. The major
uncertainties are the statistical uncertainty from the fit, the uncertainties on the background

47

Current precision still an 
order-of-magnitude above 
SM prediction.  
 
≥ Upgrade 2 luminosities 
needed to constrain O(1) 
signals of BSM physics 
directly in asld. 

The pure mixing asymmetry is measurable through flavour-specific 
decays, such as semileptonic decays, hence the name afs or asl. Typical 
measurement dominated by systematic uncertainties: perfect control of 
instrumental asymmetries required. 
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Rare decays: B(s) → µ µ

11

The branching fraction (ratio) of rare decays B(s) -> µµ is a clean, strong 
constraint to New Physics, including supersymmetric extensions of the SM. 
Expect a 10% uncertainty on the ratio with Upgrade-II, from 90% today. 

Both the effective lifetime and the time-dependent CP asymmetry can be a 
measured well with 300fb-1, with a precision of 0.03ps and 10-20%, 
respectively.

[Flavio Archilli ’20]
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Figure 7.1: (Left) A two-dimensional representation of the LHCb branching fraction measure-
ments for B0 ! µ+µ� and B0

s ! µ+µ�. The central values are indicated with the black plus
sign. The profile likelihood contours for 1,2,3. . .� are shown as blue contours. The Standard
Model value is shown as the red cross labelled SM. (Right) Background-subtracted B0

s ! µ+µ�

decay-time distribution with the fit result superimposed.

has led to a reduction of the statistical uncertainty of about 30% for B(B0
s ! µ+µ�) for a given

integrated luminosity.
While the uncertainty of B(B0 ! µ+µ�) will be dominated by the statistical uncertainty, the

projected uncertainty of B(B0
s ! µ+µ�) with a 300 fb�1 dataset depends on the assumptions

made for the systematic uncertainties. The current systematic uncertainty is dominated by the
5.8% relative uncertainty associated with the b-quark fragmentation probability ratio (fs/fd) [265]
followed by approximately 3% from the branching fractions of the normalisation modes, 2%
from particle identification and 2% from track reconstruction. The projected relative statistical
uncertainty of the current analysis on a dataset of 300 fb�1 is 1.8%. At the end of the Upgrade II
data taking period, a conservative assumption for the systematic uncertainty on B(B0

s ! µ+µ�)
is about 4%, which would imply an uncertainty of B(B0

s ! µ+µ�) to be approximately 0.30⇥10�9

with 23 fb�1 and 0.16 ⇥ 10�9 with 300 fb�1. The increased precision will be able to cover larger
part of the unconstrained parameter space of MSSM models. The ratio of branching fractions,
B(B0 ! µ+µ�)/B(B0

s ! µ+µ�), is a powerful observable to test minimal flavour violation. The
relative uncertainty of this ratio is expected to remain limited only by statistics and decrease
from 90% for the current measurement to about 34% with 23 fb�1 and 10% with 300 fb�1. All
estimates use the quoted SM predictions as central values for the branching ratios and similar
detector and analysis performance as in Ref. [264].

The estimated experimental uncertainties at 300 fb�1 are close to the uncertainty of the
current SM prediction from theory, which is dominated by the uncertainty of the B0

s decay
constant, determined from lattice QCD calculations, and the CKM matrix elements. Both are
expected to improve in precision in the future.

7.1.1.2 E↵ective lifetime and CP violation

With a 300 fb�1 dataset, precise measurements of additional observables are possible, namely
the e↵ective lifetime (⌧ e↵

µµ) and the time-dependent CP asymmetry of B0
s ! µ+µ� decays. Both

quantities are sensitive to possible new contributions from the scalar and pseudo-scalar sector in
a way complementary to the branching ratio measurement [266].

The e↵ective lifetime is related to the mean B0
s lifetime ⌧Bs

through the relation

⌧ e↵

µµ =
⌧Bs

1 � y2
s

1 + 2Aµµ
��

ys + y2
s

1 + Aµµ
��

ys
, (7.1)
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the 1σ and 2σ level. The black hatched region is excluded by direct searches for τ+τ− resonances.
Throughout the plot the light Higgs mass is mh = 125GeV.
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green shaded regions will be allowed by the expected BR(Bs → µ+µ−) sensitivity at the 1σ and
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– 14 –

Altmannshofer et al

https://link.springer.com/content/pdf/10.1007/JHEP05(2017)076.pdf
https://link.springer.com/content/pdf/10.1007/JHEP05(2017)076.pdf
https://indico.cern.ch/event/897697/contributions/3786577/attachments/2012707/3363319/fa_U2.pdf
https://arxiv.org/abs/1703.05747
https://link.springer.com/content/pdf/10.1007/JHEP05(2017)076.pdf
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Charm physics

12

 

Observation of CP Violation in Charm Decays

R. Aaij et a
l.
*

(LHCb Collaboratio
n)

(Received 21 March 2019; revise
d manuscript rec

eived 2 May 2019; publis
hed 29 May 2019)

A search for ch
arge-parity (

CP) violatio
n in D

0 → K−Kþ and D
0 → π−πþ decays is rep

orted, using
pp

collision data correspondin
g to an integrated luminosity of 5.9 fb−1 collected at a center-o

f-mass energy

of 13 TeV with the LHCb detector. The
flavor of the

charm meson is inferred from the charge o
f the pion

in D"ð2010Þ
þ → D0πþ decays or fro

m the charge o
f the muon in B̄ → D0μ− ν̄μX decays. The

difference

between the CP asymmetries in D0 → K−Kþ and D0 → π−πþ decays is measured to be ΔACP ¼

½−18.2 ' 3.2ðstatÞ ' 0.9ðsystÞ( × 10−
4 for π-tagged

and ΔACP ¼ ½−9 ' 8ðstatÞ ' 5ðsystÞ( × 10−
4 for μ-

tagged D0 mesons. Combining these with previous LH
Cb results leads

to ΔACP ¼ ð−15.4 ' 2.9Þ × 10−
4 ,

where the uncertainty includes bot
h statistical an

d systematic contribution
s. The measured value differs

from zero by more than 5 standard deviations. T
his is the firs

t observation
of CP violation in the decay of

charm hadrons.

DOI: 10.110
3/PhysRevL

ett.122.2118
03

The noninva
riance of fun

damental interact
ions under th

e

combined action of charge co
njugation (C) and parity (P)

transformations, so-called CP violation, is a necessary

condition for the dynamical generation of the baryon

asymmetry of the universe [1]. The standard model

(SM) of particle physics includes CP violation through

an irreducible complex phase in the Cabibbo-Ko
bayashi-

Maskawa (CKM) quark-mixing matrix [2,3]. The realiza-

tion of CP violation in weak interactions
has been

established
in the K- and B-meson systems by several

experiments [4–12], and all results are well interpreted

within the CKM formalism. However, the size of CP

violation in the SM appears to be too small to account for

the observed matter-antimatter asymmetry [13–15], sug-

gesting the existence of sources of CP violation beyond

the SM.
The observation

of CP violation in the charm sector

has not been achieved yet, despite decades of exper-

imental searches. Charm hadrons provide a unique

opportunity
to measure CP violation with particles

containing only up-type quarks. The
size of CP violation

in charm decays is expected to be tiny in the SM, with

asymmetries typically of the order of 10−
4 − 10−

3 , but

due to the presence of low-energy
strong-intera

ction

effects, theoretical predictions
are difficult to compute

reliably [16–34]. Motivated by the fact that con
tributions

of beyond-th
e-SM virtual partic

les may alter the size of

CP violation with respect to the SM expectation,
a

number of theoretical
analyses have been performed

[19,27,32,35
].

Unprecedent
ed experimental precisi

on can be reached

at LHCb in the measurement of CP-vi
olating asymmetries

in D0 → K−Kþ and D0 → π−πþ decays. The
inclusion of

charge-conju
gate decay modes is implied throughout

except in asy
mmetry definitio

ns. Searches
for CP violation

in these decay
modes have be

en performed by the BABAR

[36], Belle [37], CDF [38,39], and LHCb [40–44]

Collaboratio
ns. The correspondin

g CP asymmetries have

been found t
o be consiste

nt with zero w
ithin a precis

ion of a

few per mille.

This Letter presents a measurement of the difference

of the time-integrated
CP asymmetries in D

0 → K−Kþ and

D0 → π−πþ decays, perf
ormed using pp collision data

collected with the LHCb detector at a center-of-mass

energy of 13 TeV, and correspondin
g to an integrated

luminosity of 5.9 fb−1 .

The time-dependent
CP asymmetry, ACPðf; tÞ, b

etween

states produced as D0 or D̄0 mesons decaying to a CP

eigenstate f at time t is defined
as

ACPðf; tÞ≡
Γ(D0ðtÞ → fÞ − ΓðD̄0ðtÞ → f)

Γ(D0ðtÞ → fÞ þ ΓðD̄0ðtÞ → f)
; ð1Þ

where Γ denotes the t
ime-dependent

rate of a give
n decay.

For f ¼ K−Kþ or f ¼ π−πþ, ACPðf; tÞ ca
n be expresse

d in

terms of a direct c
omponent assoc

iated withCP
violation in

the decay amplitude and another component associated

with CP violation in D0-D̄0 mixing or in the interference

between mixing and decay.

*Full author l
ist given at the end of the article.

Published by the American Physical Soc
iety under the terms of

the Creative Commons Attribution
4.0 Internationa

l license.

Further distribution
of this work must mainta

in attribution to

the author(s) an
d the published article’s title, journal

citation,

and DOI. Funde
d by SCOAP

3.

PHYSICAL
REVIEW LETTERS 122, 211803

(2019)

Editors' Su
ggestion

Featured in Physics

0031-9007=1
9=122(21)=2

11803(12)
211803-1

© 2019 CERN, for t
he LHCb Collaboratio

n

The observation of CPV in charm decays  
is a milestone that marks the start of a next 
era for charm physics. 

The interpretation of needs additional 
measurements in complementary 
modes. Can we relate SU(3) breaking in 
different processes? 

With a magnitude of about one in a 
thousand, it is a beautiful example of LHCb 
as the intensity frontier.
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Direct CPV in charm: D0 → KS KS

Significant theory interest in ACP(D0 -> KsKs)  
Estimates vary from ~ 1% to O(3/2 ΔACP)  
(depending on SU(3) breaking)

(ii) C, color-suppressed internal W-emission tree
amplitude;

(iii) P, QCD-penguin amplitude;
(iv) S, singlet QCD-penguin amplitude involving

SUð3ÞF-singlet mesons (e.g., !ð0Þ, !, ");
(v) PEW, color-favored EW-penguin amplitude; and
(vi) PC

EW, color-suppressed EW-penguin amplitude;
(2) weak annihilation amplitudes:
(i) E, W-exchange amplitude;
(ii) A, W-annihilation amplitude; (E and A are often

jointly called ‘‘weak annihilation’’ amplitudes.)
(iii) PE, QCD-penguin exchange amplitude;
(iv) PA, QCD-penguin annihilation amplitude;
(v) PEEW, EW-penguin exchange amplitude; and
(vi) PAEW, EW-penguin annihilation amplitude; (PE

and PA are also jointly called ‘‘weak penguin
annihilation’’ amplitudes) and

(3) flavor-singlet weak annihilation amplitudes: all
involving SUð3ÞF-singlet mesons,

(i) SE, singlet W-exchange amplitude;
(ii) SA, singlet W-annihilation amplitude;
(iii) SPE, singlet QCD-penguin exchange amplitude;
(iv) SPA, singlet QCD-penguin annihilation amplitude;
(v) SPEEW, singlet EW-penguin exchange amplitude;

and
(vi) SPAEW, singlet EW-penguin annihilation amplitude.

The reader is referred to Ref. [25] for details.
It should be stressed that these diagrams are classified

purely according to the topologies of weak interactions and
flavor flows with all strong interaction effects encoded, and
hence they are not Feynman graphs. All quark graphs used

in this approach are topological and meant to include
strong interactions to all orders, i.e., gluon lines and quark
loops are included implicitly in all possible ways.
Therefore, analyses of topological graphs can provide
information on FSI’s.
The decomposition of the decay amplitudes of SCS

D ! PP and D ! VP modes in terms of topological
diagrams is displayed in Tables I and II. Since we will
concentrate exclusively on SCS D decays, the primes on
the amplitudes given in Ref. [28] are dropped. For sim-
plicity, flavor-singlet weak annihilation and weak penguin
annihilation amplitudes are neglected in these two tables.
The topological amplitudes T, C, E, A are extracted

from the CF D ! PP decays to be (in units of
10# 6 GeV) [28] (see also [29])

T¼3:14 % 0:06; C¼ð2:61 % 0:08Þe# ið152% 1Þ& ;

E¼ð1:53þ 0:07
# 0:08Þeið122% 2Þ& ; A¼ð0:39þ 0:13

# 0:09Þeið31
þ 20
# 33Þ& (4)

for " ¼ 40:4& [30], where " is the ! # !0 mixing angle
defined in the flavor basis

!

!0

 !
¼

cos" # sin"

sin" cos"

 !
!q

!s

 !
; (5)

with !q ¼ 1ffiffi
2

p ðu !u þ d !dÞ and !s ¼ s!s.

For D ! VP decays, there exist two different types of
topological diagrams since the spectator quark of the
charmed meson may end up in the pseudoscalar or vector
meson. For reduced amplitudes T and C in D ! VP de-
cays, the subscript P (V) implies that the pseudoscalar
(vector) meson contains the spectator quark of the charmed

FIG. 1. Topology of possible flavor diagrams: (a) color-allowed tree T, (b) color-suppressed tree C, (c) QCD-penguin P, (d) singlet
QCD-penguin S diagrams with 2 (3) gluon lines for M2 being a pseudoscalar meson P (a vector meson V), where M2 is generally the
emitted meson or it contains a quark from the weak vertex for the annihilation diagram, (e) W-exchange E, (f) W-annihilation A,
(g) QCD-penguin exchange PE, and (h) QCD-penguin annihilation PA diagrams. The color-suppressed EW-penguin PC

EW and color-
favored EW-penguin PEW diagrams are obtained by replacing the gluon line from (c) and all the gluon lines from (d), respectively, by a
single Z-boson or photon line. The EW-penguin exchange PEEW and EW-penguin annihilation PAEW diagrams are obtained from
(g) and (h), respectively, by replacing the left gluon line by a single Z-boson or photon line. The gluon line of (e) and (f) and the right
gluon line of (g) and (h) can be attached to the quark lines in all possible ways.
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annihilation amplitudes are neglected in these two tables.
The topological amplitudes T, C, E, A are extracted

from the CF D ! PP decays to be (in units of
10# 6 GeV) [28] (see also [29])

T¼3:14 % 0:06; C¼ð2:61 % 0:08Þe# ið152% 1Þ& ;

E¼ð1:53þ 0:07
# 0:08Þeið122% 2Þ& ; A¼ð0:39þ 0:13

# 0:09Þeið31
þ 20
# 33Þ& (4)

for " ¼ 40:4& [30], where " is the ! # !0 mixing angle
defined in the flavor basis

!

!0

 !
¼

cos" # sin"

sin" cos"

 !
!q

!s

 !
; (5)

with !q ¼ 1ffiffi
2

p ðu !u þ d !dÞ and !s ¼ s!s.

For D ! VP decays, there exist two different types of
topological diagrams since the spectator quark of the
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meson. For reduced amplitudes T and C in D ! VP de-
cays, the subscript P (V) implies that the pseudoscalar
(vector) meson contains the spectator quark of the charmed

FIG. 1. Topology of possible flavor diagrams: (a) color-allowed tree T, (b) color-suppressed tree C, (c) QCD-penguin P, (d) singlet
QCD-penguin S diagrams with 2 (3) gluon lines for M2 being a pseudoscalar meson P (a vector meson V), where M2 is generally the
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(g) QCD-penguin exchange PE, and (h) QCD-penguin annihilation PA diagrams. The color-suppressed EW-penguin PC

EW and color-
favored EW-penguin PEW diagrams are obtained by replacing the gluon line from (c) and all the gluon lines from (d), respectively, by a
single Z-boson or photon line. The EW-penguin exchange PEEW and EW-penguin annihilation PAEW diagrams are obtained from
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Uncertainty [%]
Belle I ± 1.53 ± 0.17
LHCb ’12-‘16 ± 2.8 ± 0.9
LHCb Run 2 ± 1.5
Belle II ± 0.23
LHCb Upgrade-II  ± 0.12 - 0.23*

Upgrade-II essential,
event trigger main challenge[1]: Nierste, Schacht ’15 

[2]: Hiller, Jung, Schacht ‘13 
[2]: Cheng, Chaing ‘12

*: Tuci '19

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.171801
https://indico.cern.ch/event/804245/contributions/3345605/attachments/1811038/2957839/Moriond_2019_Tuci.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034036
https://arxiv.org/pdf/1311.3883.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034036
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034036
https://arxiv.org/pdf/1311.3883.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034036
http://moriond.in2p3.fr/2019/EW/slides/5_Thursday/3_YSF/5_Tuci.pdf
http://moriond.in2p3.fr/2019/EW/slides/5_Thursday/3_YSF/5_Tuci.pdf


Charm mixing 

14

D0 D0

hD0
1,2| = p hD0|⌥ q hD0|

P (D0 ! D0) ⇡
����
p

q

����
2

e��tx
2 + y2

2
(�t)2

CPV in mixing

#diffraction

#absorption

Observables

x

Mixing phaseLike all other neutral mesons, also D0 mesons mix…  
but rarely!

y

'D

|q/p|



BEAUTY 𐄁 September 24 2020 𐄁 15

Indirect CPV: charm mixing
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Part of the success of the LHCb experiment was the unplanned:  

• /\b physics and baryon CPV; 

• spectroscopy; 

• top and electroweak physics; 

• searches for dark photons; 

• heavy ion physics; 

• … 

With its flexible trigger, LHCb has proven itself as a general purpose detector 
in the forward region. Head room for innovative techniques was key for 
these developments. The phase-2 upgrade detector should preserve this. 
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Figure 8.4: Current limits (grey fills), current LHCb limits (black band), and proposed future
experimental reach (coloured bands) on A0 parameter space. The arrows indicate the available
mass range from light meson decays into e+e��.

A search for A0 bosons decaying into muon pairs was performed by the LHCb collaboration
[446] (black band), using a data sample corresponding to an integrated luminosity of 1.6 fb�1

from pp collisions taken at
p

s = 13 TeV. This search already produced world-best upper limits
in regions of "2 � mA0 space and is the first simultaneous prompt and displaced A0 search. By
the end of Upgrade II, LHCb will either confirm or reject the presence of a dark photon for
nearly all relevant parameter space.

8.7 Searches for semileptonic and hadronic decays of long-lived
particles

Several NP scenarios predict the existence of long-lived particles (LLP) coupling to SM particles
via di↵erent mechanisms. One interesting type of mechanism is that which involves exotic
decays of the SM Higgs boson. In the context of this production mode, and depending on the
decay of the LLP itself, di↵erent signatures may be considered: LHCb has searched, using Run
1 data, for supersymmetric neutralinos decaying semileptonically into a high-pT muon and a
jet [449]; and for Hidden Valley [450,451] pions decaying hadronically into a pair of jets [452].
These analyses have shown the potential of the LHCb experiment to search for these kind of
signatures, especially in the low mass and low lifetime region, unexplored by other experiments
at the present moment. Conservative extrapolations of these results to the integrated luminosity
foreseen to be recorded by LHCb at the end of Run 5 are presented in Fig. 8.5. Excellent
reconstruction of displaced vertices and their associated tracks is crucial, as is the need to keep
under control the dominant background contributions and pile-up e↵ects.

Most of these searches use tracks which traverse the full LHCb spectrometer. These tracks
have an excellent spatial and momentum resolution, and roughly correspond to LLP decaying
within the VELO region. However, for long-lived candidates decaying outside or close to the
boundaries of the VELO region, the tracks do not have hits in the VELO. Unfortunately, these so

98

[LHCb LoI ’95]

Phys. Rev. Lett. 116, 251803 (2016)

https://indico.ipmu.jp/event/320/timetable/?view=standard#7-lhcb-status-and-prospects-on
https://indico.ipmu.jp/event/320/timetable/?view=standard#b-1236-zoom-parallel-stream-3
https://indico.ipmu.jp/event/320/timetable/?view=standard#78-lhcb-heavy-flavor-productio
https://indico.ipmu.jp/event/320/timetable/?view=standard#7-lhcb-status-and-prospects-on
https://indico.ipmu.jp/event/320/timetable/?view=standard#b-1236-zoom-parallel-stream-3
https://indico.ipmu.jp/event/320/timetable/?view=standard#78-lhcb-heavy-flavor-productio
https://inspirehep.net/literature/929008
https://arxiv.org/abs/1603.08926
https://arxiv.org/abs/1603.08926
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

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

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

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

6

Pixel detector 
with timing
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.
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Figure 6.1: The momentum spectra in LHCb simulation of slow pions from the decay D⇤+ ! D0⇡+

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

x = (M1 � M2)/� and y = (�1 � �2)/(2�), where � = (�1 + �2)/2 is the average width.
The deviation of |q/p| from unity parameterises CP violation in mixing. The relative phase
� = arg(qAf/(pAf )) between q/p and the ratio of D0 and D0 decay amplitudes to a common
final state f , Af/Af , is sensitive to CP violation in the interference between mixing and decay.
Within the SM � is approximately independent of the decay-mode.

6.1.1 Measurements with D0! K⌥⇡±

The mixing and CP -violation parameters in D0–D0 oscillations can be accessed through the
comparison of the decay-time-dependent ratio of D0 ! K+⇡� to D0 ! K�⇡+ rates with the
corresponding ratio for the charge-conjugate processes.

The neutral D-meson flavour at production can be determined from the charge of the
low-momentum pion (slow pion) produced in the flavour-conserving strong-interaction decay
D⇤+ ! D0⇡+. This flavour-tagging technique is used throughout many measurements in this
chapter. These low-momentum pions are strongly deflected by the magnetic field in the
experiment. The addition of the Magnet Stations (see Sect. 2.3.1) will allow the momentum and
charge of previously lost pions to be determined. As illustrated in Fig. 6.1 the flavour-tagged
charm sample can be increased by 40% in size by the inclusion of Magnet Station information.

The D⇤+ ! D0(! K�⇡+)⇡+ process, which is dominated by a Cabibbo-favoured amplitude,
is denoted as right-sign (RS). Wrong-sign (WS) decays, D⇤+ ! D0(! K+⇡�)⇡+, arise from
the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the Cabibbo-favoured D0 ! K+⇡�

decay that follows D0–D0 oscillation. Since the mixing parameters are small, |x|, |y| ⌧ 1, the
CP -averaged decay-time-dependent ratio of WS-to-RS rates is approximated as [225–227]

RK⇡(t) ⇡ RK⇡
D +

q
RK⇡

D y0
K⇡ (�t) +

x02
K⇡ + y02

K⇡

4
(�t)2 , (6.1)

where t is the D proper decay time. The parameter RK⇡
D is the ratio of suppressed-to-favoured

decay rates at t = 0. The parameters x0
K⇡ and y0

K⇡ depend linearly on the mixing parameters,
x0

K⇡ ⌘ x cos �K⇡ +y sin �K⇡ and y0
K⇡ ⌘ y cos �K⇡ �x sin �K⇡, through the strong-phase di↵erence

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

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

2.3.2.1 Hadron identification: the RICH system and the TORCH

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

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

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

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

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

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

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

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

6

Pixel detector 
with timing

Cherenkov (RICH) 
using timing, improved 

resolution

Magnet side 
stations

(pixel) inner tracker

Today

2

• Middle-Inner Tracker, MIT, Mighty

• Combined project incorporating 
Scintilating Fibres & 
CMOS Silicon 

©  Fred Blanc

Potentially strong synergy on CMOS with UT, where studies are starting
Chris Parkes,  March 2020
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Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

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

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

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
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https://indico.cern.ch/event/897697/contributions/3786564/attachments/2012004/3362007/U2_Workshop_Apr_2020_-_Muon_no-costs.pdf
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Primary vertex finding in Run 3
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Upgrade 2: ~ 40 peaks
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Upgrade 1
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Upgrade 2 (50ps resolution)Upgrade 1

First implementation of 4D tracking at these intensities
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Having a timestamp for each of the 
tracks in turn helps drastically in 
reconstructing vertices, both primary 
and secondary. Essential already in the 
first level of the event trigger.

https://indico.cern.ch/event/897697/contributions/3805237/attachments/2011245/3360540/LD_VP_UpgradeII_Workshop.pdf
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Similarly, one can consider photodetectors with fast timing information for 
the RICH detectors, the main input for hadron PID. Knowing which 
photons belong to which track is key here. Evaluated impact from timing 
alone, but plan to improve the spatial resolution as well. First 
implementation of timing in electronics to be made in Run 4.

09/04/2019 Floris Keizer (Cambridge) 16
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The RICH hits from seven Upgrade I events are 
overlaid into one Upgrade II event. The MC 
information and tracking are available for one 
event. The six other events are piled up as 
background.

This is the best approximation to the HL-LHC 
(Luminosity increases by a factor 7.5 from 
2×10%%cm()s(+ to 1.5×10%.cm()s(+).

A gate between 50 and 100 ps can recover the 
Upgrade I performance in the HL-LHC.

The performance can even exceed Upgrade I 
using a hypothetical time resolution of 10 ps.

The 70 ps in RICH 1 + 500 ps in RICH 2 are 
gates around the PV time. These do not require 
RICH reconstructed parameters and can pre-
select photon objects.

The effect of pile-up in the HL-LHC.

The trend indicates that a 20 ps sensor with 60 ps 
readout electronics can match the Upgrade I 
performance.

The improvements in PID are from time resolution 
only. We intend to also study the combined effect 
of the photodetector time resolution and spatial 
granularity for example.
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TORCH A large-area ~10-15ps per-track TOF 
detector downstream of the dipole magnet will 
improve the kaon-pion separation at low momentum 
drastically. Planned already for Run 4 (“Upgrade 1b”)

315th Workshop on LHCb Upgrade II               31 March 2020                        N. Harnew

Simulated performance at LHCb
� TORCH has been simulated in the framework 

of the Upgraded LHCb detector (GEANT4)

� The PID performance is determined for 

Upgrade IB conditions (Run 4) 

� Good separation expected between π/K/p in 
the 2 -10 GeV/c range and beyond.

TORCH 
simulation

TORCH 
simulation

K/pπ/K

Run 4

Mighty Tracker A silicon middle and inner tracker, 
combined with scintillating fibres (SciFi) for the outside, 
required for radiation damage to the SciFi with higher 
occupancy. Improve momentum resolution for high-p tracks 
and simplify the track reconstruction in the region of highest 
occupancy. Inner Tracker planned for Run 4 already

Simulation
• Full simulation studies 

underway 
– DD4HEP
– will facilitate 

radiation/interaction rate 
studies

– Tracking studies

4

Tai-Hua Lin (Imperial)
Earlier work Donal Murray, Chris Burr, Jeff Koppanyi

Chris Parkes,  March 2020
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Consolidation phase
Impact of several options on physics performance are now studied. 
Some very attractive for the physics programme, but do require 
extensive R&D for e.g. radiation hardness and mechanics.

33

September 2019, CERN research board

A recommendation was made to prepare a framework Technical 
Design Report, with the remark that LHCb is expected to run throughout 
the HL-LHC. Document expected to consolidate on design options based 
on physics studies.
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n Expression of interest LHCC-2017-003
Physics case LHCC-2018-027
Accelerator Study CERN-ACC-2018-038
Luminosity Scenarios LHCb-PUB-2019-001
Framework TDR September ‘21

“The flavour physics programme made possible with the proton collisions 
delivered by the LHC is very rich, and will be enhanced with the ongoing and 
proposed future upgrade of the LHCb detector.”

“The full potential of the LHC and the HL-LHC, including the study of flavour 
physics ... should be exploited”

European Strategy Update 2020
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Conclusion
The Phase-II upgrade of LHCb is a unique opportunity for a general purpose 
experiment in the forward region. It will be able to reach SM precision for both 
CP violation in B0 mixing and the charm mixing parameters, underlining its role at 
the frontier for heavy flavour physics 

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

3511

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

● Two independent measurements of triangle apex

– (Bmd/Bms , sin 2D) and (Vub , ?)

– Both pairs require upgrade II for statistics (sin 2D and ?) and time for theory 

improvements (Bmd/Bms and Vub)

Today Upgrade II
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Figure 6.1: The momentum spectra in LHCb simulation of slow pions from the decay D⇤+ ! D0⇡+

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

x = (M1 � M2)/� and y = (�1 � �2)/(2�), where � = (�1 + �2)/2 is the average width.
The deviation of |q/p| from unity parameterises CP violation in mixing. The relative phase
� = arg(qAf/(pAf )) between q/p and the ratio of D0 and D0 decay amplitudes to a common
final state f , Af/Af , is sensitive to CP violation in the interference between mixing and decay.
Within the SM � is approximately independent of the decay-mode.

6.1.1 Measurements with D0! K⌥⇡±

The mixing and CP -violation parameters in D0–D0 oscillations can be accessed through the
comparison of the decay-time-dependent ratio of D0 ! K+⇡� to D0 ! K�⇡+ rates with the
corresponding ratio for the charge-conjugate processes.

The neutral D-meson flavour at production can be determined from the charge of the
low-momentum pion (slow pion) produced in the flavour-conserving strong-interaction decay
D⇤+ ! D0⇡+. This flavour-tagging technique is used throughout many measurements in this
chapter. These low-momentum pions are strongly deflected by the magnetic field in the
experiment. The addition of the Magnet Stations (see Sect. 2.3.1) will allow the momentum and
charge of previously lost pions to be determined. As illustrated in Fig. 6.1 the flavour-tagged
charm sample can be increased by 40% in size by the inclusion of Magnet Station information.

The D⇤+ ! D0(! K�⇡+)⇡+ process, which is dominated by a Cabibbo-favoured amplitude,
is denoted as right-sign (RS). Wrong-sign (WS) decays, D⇤+ ! D0(! K+⇡�)⇡+, arise from
the doubly Cabibbo-suppressed D0 ! K+⇡� decay and the Cabibbo-favoured D0 ! K+⇡�

decay that follows D0–D0 oscillation. Since the mixing parameters are small, |x|, |y| ⌧ 1, the
CP -averaged decay-time-dependent ratio of WS-to-RS rates is approximated as [225–227]

RK⇡(t) ⇡ RK⇡
D +

q
RK⇡

D y0
K⇡ (�t) +

x02
K⇡ + y02

K⇡

4
(�t)2 , (6.1)

where t is the D proper decay time. The parameter RK⇡
D is the ratio of suppressed-to-favoured

decay rates at t = 0. The parameters x0
K⇡ and y0

K⇡ depend linearly on the mixing parameters,
x0

K⇡ ⌘ x cos �K⇡ +y sin �K⇡ and y0
K⇡ ⌘ y cos �K⇡ �x sin �K⇡, through the strong-phase di↵erence

�K⇡ between the suppressed and favoured amplitudes. If CP violation occurs, the decay-rate ratios

52

Over 20% more D*+ decays reconstructed
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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
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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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CPV in mixing

#diffraction

#absorption

Observables
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Mixing phase
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Effective lifetime asymmetry 
AΓ

Effective lifetime 
yCP

'D

Strong phases/amplitude model

Strong phase

|q/p|, φD, x, y
|q/p|, φD, x’, y’

|q/p|

x sin(φD)*

Multibody decays  
Ksππ

D0 -> K π (WS) 
D0 -> Kπππ (WS)

y cos(φD)*

*: if |q/p|≠1, then more complex
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Non-focussing 
plane

The TORCH detector

Focussing 
plane

� A charged track produces Cherenkov 
light in a plane of 1 cm thick quartz

� Cherenkov photons travel to the 
periphery of the detector by total internal 
reflection and focused → their position 
and arrival time is measured by Micro-
Channel Plate PMTs  (MCPs)

� The Cherenkov angle qc and path length L 
in the quartz are measured. The time of 
arrival is used to correct for the 
chromatic dispersion in the quartz.

� From simulation, ~1 mrad precision is 
required on measurement of the angles 
in both planes to achieve the required 
intrinsic timing resolution 
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