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I. Préambule général  
Ce « Bleu du CAc » présente une synthèse +�����%��&��+! &�������%��%�����.����)$������.��"&,%��(QCM et 
questionnaire ouvert 1  menée par le Conseil Académique (CAc) auprès de la communauté (personnels 
permanents, sous contrat et étudiants) sur les orientations (objectifs / structure / organisation) qui devraient 
prévaloir au sein de la future Université cible « Paris-Saclay ». Cette synthèse est découpée en six items 
majeurs qui, !�#%��%� �.&�� � �$%�%�� !# ! $�nt diverses recommandations. Elle constitue donc un socle de 
propositions solides issues �.&�� réflexion collective de la communauté des personnels et usagers de Paris-
Saclay, sur lequel le « GT des sept » pourrait/devrait $.�!!&)�#� ! &#� 
������� �������	��� ��� cette 
communauté autour des futures bases de �.université cible. 

 

� Présentation de ��������� : 

.enquête réalisée par le CAc du 15 décembre 2016 au 7 février 2017 comportait un questionnaire (informatique) 
en deux parties :  

I. ���� !�#%��� ���� ����'��&����� ��' )+�� �&(� �#+$����%$� �%� 	�#��%�&#$� �.
%����$$����%$� ! &#� ,%#��
#���$%#��&+��*��.��$�mble des personnels. ����$%���$ �&���%��� #����"&��������.��%�pas été partout le 
cas : le ���������
�����������������
�������������������������
�����������������������-Saclay 
la garantie de distribution des messages officiels du Conseil Académique à �������	��� ���
personnel. 

II. Une partie ouverte destinée à tout collectif (Conseil de Laboratoire, par exemple). 

La synthèse présentée ci-dessous prend en compte ces deux � )��$��.�(!#�$$� �. 

 

� Analyse des réponses reçues : 
I. Partie QCM 2135 réponses dont 2021 complètes : 

1. Nombre de réponses comparable au nombre des participants aux élections de 2015 au CA et 
au CAc. 

2. ~33% des réponses proviennent des étudiants, avec un taux de participation plus fort pour les 
étudiants des Grandes Ecoles. 

3. Bonne participation des chercheurs et enseignants chercheurs de rang A mais plus faible taux 
de réponses dans la catégorie B. 

4. La plupart des réponses ont été analysées en fonction du profil des répondants. 

 

II. Partie ouverte : 

1. 28 réponses reçues, 19 venant de � �$���$��.&��%+��!�%�%es, moyennes et grosses), �.�&%#��!artie 
venant de collectifs représe�%�%��$��.&��!�&$��#����� ��#�� (Conseil de département, Conseil 
�.�����	+!�#%����%�&��'�#$�%��#����)�����%)�����$$ ���%� �$��.+%&����%$. 

2. 
��� ��#�����!�#$ ���$����$��#�!#+$��%+�$��$%��.��'�# ��������!�#$ ���$�

                                                           
1 
.��$��������$�� �%#��&%� �$��$%���$! ������$&#������  https://indico.lal.in2p3.fr/event/3400/ 



Introduction: 

motivating CPV measurements



CP violation in SM
In SM, the difference between mass and interaction basis induces rotation 
matrices, which are the ONLY origin of the CP Violation in SM! 
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Origin of CP Violation 
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‣The existence of 3 generations 
allows a freedom of one 
complex phase, which provides 
the SINGLE source of the CP 
violation in quark sector in SM. 


✓Test: VCKM has to be a 3x3 
unitary matrix which includes 
only one complex phase. 



Kobayashi-Maskawa mechanism at work!
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• SM is a very concise model which incorporates: 

✓ Natural suppression of FCNC (i.e. GIM mechanism)

✓ A source of CP violation in the VCKM matrix (i.e. KM mechanism)

Unitarity Triangle

The Unitarity Triangle

Bd physics
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Test of Unitarity 

Verify if the triangle closes 
at the apex by independently  
measuring the three sides 
and three angles!!
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‣ Successful explanation of 
flavour physics up to now! 
Hundreds of observables 
(including dozens of CPV) are 
explained by this single matrix.  
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The Unitarity triangle: test of Unitarity?
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Chapter 1

Physics Motivation

In this chapter, we give an overview of the physics
motivation for the SuperKEKB asymmetric B factory.
The overview covers the e+e� environment, achieve-
ments at Belle, and the range of physics achievable at
SuperKEKB with the Belle II experiment. The Su-
perKEKB physics program is diverse, and the range of
physics topics that can be studied is very broad. This
chapter provides justifications for the design integrated
luminosity, and plans for running at di⇥erent centre-of-
mass energies.

1.1 Overview

The SuperKEKB facility designed to collide electrons
and positrons at centre-of-mass energies in the regions
of the � resonances. Most of the data will be collected
at the �(4S) resonance, which is just above thresh-
old for B-meson pair production where no fragmenta-
tion particles are produced. The accelerator is designed
with asymmetric beam energies to provide a boost to
the centre-of-mass system and thereby allow for time-
dependent charge-parity (CP ) symmetry violation mea-
surements. The boost is slightly less than that at KEKB,
which is advantageous for analyses with neutrinos in the
final state that require good detector hermeticity.

SuperKEKB has a design luminosity of 8 ⇥
1035cm�2s�1, about 40 times larger that of KEKB. This
luminosity will produce 5 ⇥ 1010 b, c and � pairs, at a
rate of about 10 ab�1 per year (see Table 1.1).

1.1.1 The Intensity Frontier

The Standard Model (SM) is, at the current level of ex-
perimental precision and at the energies reached so far,
is the best tested theory. Despite its tremendous success
in describing the fundamental particles and their inter-

Table 1.1: Beauty, �, charm and � yields. Per year
integrals are at design luminosity and are for guidance
only.

Channel Belle BaBar Belle II (per year)
BB̄ 7.7⇥ 108 4.8⇥ 108 1.1⇥ 1010

B(⇥)
s B̄(⇥)

s 7.0⇥ 106 � 6.0⇥ 108

�(1S) 1.0⇥ 108 1.8⇥ 1011

�(2S) 1.7⇥ 108 0.9⇥ 107 7.0⇥ 1010

�(3S) 1.0⇥ 107 1.0⇥ 108 3.7⇥ 1010

�(5S) 3.6⇥ 107 � 3.0⇥ 109

�� 1.0⇥ 109 0.6⇥ 109 1.0⇥ 1010

actions, excluding gravity, it does not provide answers
to many fundamental questions.

The SM does not explain why there should be only
three generations of elementary fermions and why there
is an observed hierarchy in the fermion masses. The
masses and mixing parameters of the SM bosons and
fermions are not predicted and must therefore be de-
termined experimentally. The origin of mass of funda-
mental particles is explained within the SM by spon-
taneous electroweak symmetry breaking, resulting in a
scalar particle, the Higgs boson. However, the Higgs bo-
son does not account for neutrino masses. It is also not
yet clear whether there is a only single SM Higgs boson
or whether there may be a more elaborate Higgs sector
with other Higgs-like particle as in supersymmetry or
other NP models.

Studies of symmetries have often illuminated our un-
derstanding of nature. At the cosmological scale, there
is the unresolved problem with the matter-antimatter
asymmetry in the universe. While the violation of CP

2

The Belle + BaBar Era:
The “B Factory” experiments Belle and BaBar ran for ~10 years (2000-2010) and were 
huge successes: 1108 papers published to date, many discoveries (CPV in B0® J/y K0, 
direct CPV in B0® p+p -, D0-D0bar mixing, X(3872), DsJ(2317), etc.), a Nobel Prize 
(Kobayashi and Maskawa, 2008) 

Belle II is a significant upgrade of Belle: new accelerator, new detector, new electronics, 
new DAQ, new trigger. Goal: 50 ab-1 of data

Nobel Prize to Kobayashi-Maskawa (2009)

Origin of CP violation in Standard Model


KEK (Japan)＝Belle/KEKB

SLAC (US)＝Babar/PEP-II



Flavour Physics beyond SM
The indirect search of new physics through quantum effect: very powerful tool 

to search for new physics signal!  

‣ This very simple picture does not exist in most of the 
extensions of SM: suppression of the FCNC is NOT automatic 
and also CP violation parameters can appear.                                         
N.B.: SM also has an “unobserved” CP parameter (strong CP problem).

SUSY: Quark and 
Squark mass matrices 

can not be 
diagonalized at the 

same time ---> FCNC 
and CP violation

Mutli-Higgs model:  
Many Higgs 

appearing in this 
model ---> tree level 

FCNC and CP 
violation



Flavour Physics beyond SM
The indirect search of new physics through quantum effect: very powerful tool 

to search for new physics signal!  

‣ This very simple picture does not exist in most of the 
extensions of SM: suppression of the FCNC is NOT automatic 
and also CP violation parameters can appear.                                         
N.B.: SM also has an “unobserved” CP parameter (strong CP problem).

SUSY: Quark and 
Squark mass matrices 

can not be 
diagonalized at the 

same time ---> FCNC 
and CP violation

Mutli-Higgs model:  
Many Higgs 

appearing in this 
model ---> tree level 

FCNC and CP 
violation

New 
particle introduces new source 

of flavour/CP violations. Then, if new 
physics exist, we should observe those 

phenomena at some point! 




Searching New Physics via 
CPV measurement
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• Wrong sign semi-leptonic decays measurement:  


B and Bbar produce same-sign lepton after oscillation. 

Box digram induces oscillation. In B-Bbar oscillation contain CPV phase in SM. 



Wrong sign semi-leptonic decays 
measurement 
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Theory prediction: 
M. Artuso, G. Borissov and A. Lenz,
 arXiv:1511.09466 [hep-ph]]

• Unfortunately, the 
D0 anomaly is not 
confirmed by LHCb. 


• The standard Model 
prediction is re-
evaluated: the 
uncertainty is VERY 
small. 


• Since it enters with 
power of 4, even a 
small deviation can 
be enhanced!

http://arxiv.org/abs/1511.09466


CPV in decay measurement

is the condition to have CP violation. 

Interference of Tree and Penguin diagrams induce CPV observable.

b̄

d

d
s̄

ū

u

B decay

|A(B ! f)| 6= |A(B ! f)|

How To Measure ✟✟✟✟
✟✟✟✟
✟✟✟✟
✟✟✟✟
CP phases In B Decays

Exercise 1: Direct ✟✟✟✟
✟✟✟✟
✟✟✟✟
✟✟✟✟
CP

We can measure ✟✟✟
✟✟✟
✟✟✟
✟✟✟
CP only through an interference of two amplitudes with

different CP conserving and CP violating phases.

A(B0 → f) = A1e+iθ1e+iδ1 + A2e+iθ2e+iδ2

A(B0 → f) = A1e−iθ1e+iδ1 + A2e−iθ2e+iδ2

θ1,2: CP the violating phase, δ1,2: the CP conserving phase.

Γ(B0 → f) − Γ(B0 → f)

Γ(B0 → f) + Γ(B0 → f)
=

2(A2/A1) sin(θ1 − θ2) sin(δ1 − δ2)

1 + 2(A2/A1) cos(θ1 − θ2) cos(δ1 − δ2)

Unless θ1 ̸= θ2 and δ1 ̸= δ2, CP asymmetry is always zero. Thus, to mea-

sure ✟✟✟
✟✟✟
✟✟✟
✟✟✟
CP we have to choose a process which has both CP conserving and

violating phases.

Overlaps with two diagrams with 
different CPV phase with different 

CPV phase needed. 

• Tree/Penguin 
contributions provide 
two sources of weak 
phases. 


• Big challenge is to 
theoretically/
experimentally obtain 
the strong phase 
difference. 



CPV in decay measurement
Challenge of extracting the strong poses

Perturbative QCD computation

π

π

B

Two body decays Source of strong phase from 
penguin annihilation diagrams

‣ Theoretical development in QCD higher order corrections, 
Lattice QCD etc allow to reduce the theoretical 
uncertainties. 


‣ Improved measurements of “theoretical control channels” are 
very important to reduce the theoretical errors. 



CPV in decay measurement
Challenge of extracting the strong poses

Three body decays
and smallish after integrating the whole region
CPV is VERY large locally… 

arXiv:1408.5373

Dalitz plot contains full of 
source of strong phases: 


“Breit-Wigner” phase, ππ/
Kπ/KK scattering phase. 

• Strong phase can be obtained by the 
Amplitude Analysis (cf ϕ3(γ) measurement).

arXiv:1909.05212



CPV in decay measurement
Challenge of extracting the strong poses

Three body decays
and smallish after integrating the whole region
CPV is VERY large locally… 

arXiv:1408.5373

Dalitz plot contains full of 
source of strong phases: 


“Breit-Wigner” phase, ππ/
Kπ/KK scattering phase. 

• Strong phase can be obtained by the 
Amplitude Analysis (cf ϕ3(γ) measurement).

arXiv:1909.05212

No direct CPV in rho pi channel is 
mentioned… Very important for QCD 
computation of charmless B decays.
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sin2Φ1(β) measurement with tree decay 

d̄

d
W�W+

b

b̄ t̄

t

b̄

d

d

c̄

c

s̄

AJ/�KS
(t) = �(B

0
(t)⇥J/�KS)��(B0(t)⇥J/�KS)

�(B
0
(t)⇥J/�KS)+�(B0(t)⇥J/�KS)

= SJ/�Ks
sin �MB t

SJ/ KS
= Im

2

6664
q

p|{z}
oscillation

A(B ! J/ KS)

A(B ! J/ KS)| {z }
decay

3

7775

= sin 2�

= Im

2

6664
� V ⇤

tbVtd

VtbV ⇤
td| {z }

'e�2i�

VcbV ⇤
cs

V ⇤
cbVcs| {z }
'1

3

7775

decay
oscillation

New physics particle might be in the loop! 

Gold-
plated
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We’ll come back to the interpretation later… 

sin2Φ1(β) measurement with tree decay 
Gold-
plated



Bs0

Bs0

b̄

d

d

c̄

c

s̄ J /ψ ϕ

b̄

d

d

c̄

c

s̄

t=t0 t=t

oscillation
decay

decay

For Bs mixing, the analysis becomes much more involved since: 


-the width deference, ΔΓ for Bs. It has to be simultaneously 
measured.


-the final state J/ψϕ is not only S-wave, the angular 
momentum has to be decomposed.
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https://arxiv.org/pdf/1909.11087.pdf

Bs0-Bs0 mixing and Φs measurement



Aug. 9, 2019
CKM and CP constraints from B-decaysS. Nishida Lepton Photon 2019
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Combined Is

SM prediction
+1.0
−0.7

Is = − 36.8        mrad

(CKMFitter)

HFLAV (exp. average)
Is = − 55 ± 21 mrad

• Improved measurements from ATLAS and LHCb.
• Exp. error still one order larger than the SM.
• Measurements are limited by statistics. Further 

improvement is expected at HL-LHC. 

[arXiv:1808.08865]
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New physics scenarios with 5-10% with large CPV phases are possible!  
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Time dependent CP asymmetry in the Bd system
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Difference in the measured β(Φ1) 
value is the indication of the new 

physics in the penguin loop! 

Sin2Φ1(β) measurement with penguin decays
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sin2ϕ1 from b->sss (penguin) decay
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Babar (2005)
Babar (2006)
Belle (2007)
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Belle (2010) 

AVERAGE (2018) 
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Table 17.6.2. Summary of systematic errors on the time-
dependent CP asymmetry parameters measured in B0 decays
to charmonium + K0 for all modes combined.

BABAR Belle

Source S C S C

Vertex and �t 0.007 0.003 0.010 0.007

Flavor tagging 0.006 0.002 0.004 0.003

J/ K0
L background 0.006 0.001 0.004 0.002

Other signal/background 0.005 0.003 0.002 0.001

Physics parameters 0.003 0.001 0.001 0.000

Tag-side interference 0.001 0.014 0.001 0.008

Possible fit bias 0.002 0.003 0.004 0.005

Total 0.012 0.016 0.012 0.012

(Amhis et al., 2012) gives

sin 2�1 = 0.677±0.020 and C = 0.006±0.017. (17.6.5)

This corresponds to �1 = (21.30 ± 0.78)� (up to the four-
fold ambiguity mentioned above). An accuracy of 3% on
sin 2�1 (0.8� on �1) is achieved.

The evolution of the measured value of sin 2�1 can be
seen in Fig. 17.6.8. Central values for the initial measure-
ments from both experiments were slightly lower than the
current world average. A significant milestone in the mea-
surement of sin 2�1 was achieved in the summer of 2001
when both BABAR and Belle observed CP violation in B0

meson decay.74 The data samples used for these measure-
ments each consists of about 30 ⇥ 106 BB pairs. Since
that time, improved measurements have proved to be sta-
ble, and the results reported by BABAR and Belle have
remained consistent with each other.

17.6.4 �1 from b ! cc̄d decays

17.6.4.1 B0 ! J/ ⇡0

The decay B0 ! J/ ⇡0 is a b ! ccd transition into
a CP -even final state. The final state has contributions
from both a color- and Cabibbo-suppressed tree ampli-
tude, and penguin amplitudes with di↵erent weak phases.
In the absence of penguin contributions one can measure
the Unitarity Triangle angle �1 using this decay. If there
are significant penguin contributions, the measured value
of �1, called the “e↵ective phase” �e↵

1 , may di↵er from
that obtained from the tree-dominated B ! J/ K0 de-
cays. There are two motivations for such a measurement;
firstly it is possible to constrain theoretical uncertainties in
B ! J/ K0 decays using B0 ! J/ ⇡0 (Ciuchini, Pierini,
and Silvestrini, 2005), and secondly one may be able to
probe, or constrain, possible new physics contributions to
b ! ccd transitions manifesting via loop diagrams.

74 A commonly accepted definition of “observation” is a result
with a statistical significance of at least five standard devia-
tions if the uncertainties are treated as Gaussian.

1
φsin 2

0 0.5 1

BABAR (2000)
(9.0/fb) 0.09 (a)±0.37 ±0.12 

Belle (2000)
(6.2/fb)  (b) -0.44 -0.09

 +0.43 +0.070.45

Belle (2001)
)B(11 M B  (c) -0.34 -0.10

 +0.32 +0.090.58

BABAR (2001)
)B(23 M B 0.05 (d)±0.20 ±0.34 

BABAR (2001)
)B(32 M B 0.05 (e)±0.14 ±0.59 

Belle (2001)
)B(31 M B 0.06 (f)±0.14 ±0.99 

BABAR (2002)
)B(88 M B 0.034 (g)±0.067 ±0.741 

Belle (2002)
)B(85 M B 0.035 (h)±0.074 ±0.719 

Belle (2003)
)B(152 M B 0.023 (i)±0.056 ±0.728 

BABAR (2004)
)B(227 M B 0.023 (j)±0.040 ±0.722 

Belle (2005)
)B(386 M B 0.020 (k)±0.039 ±0.652 

BABAR (2006)
)B(348 M B 0.019 (l)±0.034 ±0.710 

Belle (2006)
)B(535 M B 0.017 (m)±0.031 ±0.642 

BABAR (2008)
)B(465 M B 0.012 (n)±0.028 ±0.687 

Belle (2011)
)B(772 M B 0.012 (o)±0.023 ±0.667 

Current Average 0.020±0.677 

Figure 17.6.8. History of the sin 2�1 measurements with b !
cc̄s decays, ordered by the dates they appeared in public. Refer-
ences: (a) (Aubert, 2000), (b) (Aihara, 2000a), (c) (Abashian,
2001), (d) (Aubert, 2001a), (e) (Aubert, 2001e), (f) (Abe,
2001g), (g) (Aubert, 2002g), (h) (Abe, 2002b), (i) (Abe, 2005c),
(j) (Aubert, 2005i), (k) (Abe, 2005j), (l) (Aubert, 2006j),
(m) (Chen, 2007a), (n) (Aubert, 2009z), (o) (Adachi, 2012c).

Unlike b ! ccs decays, which are experimentally clean,
one has to consider significant background contributions
when trying to extract information from B0 ! J/ ⇡0 sig-
nal events. These background contributions include events
from B decays to J/ ⇢0, J/ K0

S , J/ K⇤0, J/ K⇤±, and
J/ ⇢± final states as well as smaller contributions from
other B decays to final states including a J/ . The afore-
mentioned backgrounds populate the negative �E region
(peak ⇠ �0.2 GeV) and have a tail in the signal region
around �E ⇠ 0 (see Fig. 17.6.9). Since these modes are
well measured, the B Factories have relied on existing
branching fraction measurements from the Particle Data
Group (Yao et al., 2006) in order to fix the normalization
of background contributions while extracting signal yields
and CP asymmetry parameters. The normalization of the
combinatorial background is allowed to vary in the fit.

Both experiments perform an unbinned maximum like-
lihood fit to data using discriminating variables: mES, �E,
and �t. In order to suppress background from light-quark
continuum events, BABAR also includes a Fisher discrim-
inant as one of the discriminating variables in their fit
to data. This is computed using three variables: L0, L2

sin2ϕ1=0.70±0.02 as of today

• Summer 2002, Babar/
Belle announced  2.7 
sigma deviation!  


• Unfortunately, the 
deviation is diminished 
as time goes… 



Sin2Φ1(β) measurement with penguin modes

.
.

Various channels are 
measured but some contains 
tree contributions at leading 
order, which induces SM 
sin2ϕ1eff≠sin2ϕ1tree. 

• Theoretical computations 
show that ϕK and η’K 
modes are very clear 
(penguin-dominant). 

arXiv:1808.10567



Sin2Φ1(β) measurement with penguin modes

The experimental errors will 
go down to 2% level at Belle 
II. An appearance of a few 
to a few 10% of new physics  
effects (rNP) are possible.

S�KS =

sin 2�1 + 2rNP
sin(2�1 � �NP

) + (rNP
)

2
sin(2�1 � 2�NP

)

1 + 2rNP
cos�NP

+ (rNP
)

2 ANP

ASM
= rNPei�

NP
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o

-0.4 -0.2 0.0 0.2 0.4
-3

-2

-1

0

1

2

3

o

-0.4 -0.2 0.0 0.2 0.4
-3

-2

-1

0

1

2

3

o

-0.4 -0.2 0.0 0.2 0.4
-3

-2

-1

0

1

2

3

o

-0.4 -0.2 0.0 0.2 0.4
-3

-2

-1

0

1

2

3rNP rNP

ϕNP

ϕNP

rNP rNP

SϕK today Sη’K today

SϕK at Belle II 50 ab-1 Sη’K at Belle II 50 ab-1

SϕK=0.74±0.12
Sη’K=0.63±0.06

comparing to  SJ/ψK=0.70±0.02

With the same central value with ±0.02



The Φs measurement with penguin modes
Time dependent angular analysis 
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S. Benson CPV Bs System

Bs!!! - Time-Dependent Fit Strategy

15

Parameters fitted for in time dependent functions: 

!Polarisation amplitudes: A!, A", A0, As & Ass 

!CP conserving strong phases: !1, !2, !s & !ss 

!CP violating phase ("s)  

!Direct CP violation parameterised by |"|

The di⇤erential decay rate may be found through the square of the total amplitude leading to
the fifteen terms

d�

dtd cos ⇥1d cos ⇥2d⇥
⇤ 4|A(⇥1, ⇥2,⇥)|2 =

15⇤

i=1

Ki(t)fi(⇥1, ⇥2,⇥), (A.23)

where the Ki(t) & fi(⇥1, ⇥2,⇥)1 shown in Table A.1.

i Ki fi
1 |A0(t)|2 4 cos2 ⇥1 cos2 ⇥2
2 |A⌅(t)|2 sin2 ⇥1 sin

2 ⇥2(1 + cos 2⇥)
3 |A⇤(t)|2 sin2 ⇥1 sin

2 ⇥2(1� cos 2⇥)
4 Im(A⇥

⌅(t)A⇤(t)) �2 sin2 ⇥1 sin
2 ⇥2 sin 2⇥

5 Re(A⇥
⌅(t)A0(t))

⌃
2 sin 2⇥1 sin 2⇥2 cos⇥

6 Im(A⇥
0(t)A⇤(t)) �

⌃
2 sin 2⇥1 sin 2⇥2 sin⇥

7 |ASS(t)|2 4
9

8 |AS(t)|2 4
3 (cos ⇥1 + cos ⇥2)2

9 Re(A⇥
S(t)ASS(t))

8
3
⇧
3
(cos ⇥1 + cos ⇥2)

10 Re(A0(t)A⇥
SS(t))

8
3 cos ⇥1 cos ⇥2

11 Re(A⌅(t)A
⇥
SS(t))

4
⇧
2

3 sin ⇥1 sin ⇥2 cos⇥

12 Im(A⇤(t)A⇥
SS(t)) � 4

⇧
2

3 sin ⇥1 sin ⇥2 sin⇥
13 Re(A0(t)A⇥

S(t))
8⇧
3
cos ⇥1 cos ⇥2(cos ⇥1 + cos ⇥2)

14 Re(A⌅(t)A
⇥
S(t))

4
⇧
2⇧
3
sin ⇥1 sin ⇥2(cos ⇥1 + cos ⇥2) cos⇥

15 Im(A⇤(t)A⇥
S(t)) � 4

⇧
2⇧
3
sin ⇥1 sin ⇥2(cos ⇥1 + cos ⇥2) sin⇥

Table A.1: Terms found in the total di⇤erential decay rate
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A.2 Time Evolution78

The A0(t), A⌅(t) and A⇤(t) terms encode all of the physics of B0
s mixing. The time evolution

of B0
s mesons is described by

|B0
s (t)⇧ = g+(t)|B0

s (0)⇧+
q

p
g�(t)|B0

s(0)⇧, (A.24)

|B0
s(t)⇧ =

p

q
g�(t)|B0

s (0)⇧+ g+(t)|B0
s(0)⇧, (A.25)

where

g+(t) =
1

2

�
e�(iML+�L/2)t + e�(iMH+�H/2)t

⇥
, (A.26)

g�(t) =
1

2

�
e�(iML+�L/2)t � e�(iMH+�H/2)t

⇥
. (A.27)

Therefore, the time dependence of each polarization amplitude is given by

Ah(t) ⇥ ⌅f |B0
s (t)⇧h = [g+(t)Ah + �h

q

p
g�(t)Ah], (A.28)

Ah(t) ⇥ ⌅f |B0
s (t)⇧h = [

p

q
g+(t)Ah + �h

q

p
g+(t)Ah], (A.29)

1The factor of 4 in eqaution A.23 is included as a matter of convenience and is absorbed by the fi terms.
This makes no di�erence to fitting as the fi terms are normalised to 1 on integration over the helicity angles.
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P wave three polarization amplitudes 
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CP violating phase !s 

Direct CP violation parameter |!|   
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s

⇤
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Figure 2: Decay angles for the B0
s ⇥ ⇥⇥ decay, where the K+ momentum in the ⇥1,2 rest frame

and the parent ⇥1,2 momentum in the rest frame of the B0
s meson span the two ⇥ meson decay

planes, �1,2 is the angle between the K+ track momentum in the ⇥1,2 meson rest frame and the
parent ⇥1,2 momentum in the B0

s rest frame, � is the angle between the two ⇥ meson decay
planes and n̂V1,2 is the unit vector normal to the decay plane of the ⇥1,2 meson.

components as a function of decay time, t, can be written as [36]140

A(t, �1, �2,⇤) = A0(t) cos �1 cos �2 +
A⇤(t)⌅

2
sin �1 sin �2 cos⇤

+ i
A⇥(t)⌅

2
sin �1 sin �2 sin⇤+

AS(t)⌅
3

(cos �1 + cos �2) +
ASS(t)

3
, (1)

where A0, A⇤, and A⇥ are the CP -even longitudinal, CP -even parallel, and CP -odd141

perpendicular polarisations of the B0
s ⇥ ⇥⇥ decay. The P ⇥ V S and P ⇥ SS processes142

are described by the AS and ASS amplitudes, respectively. The di⌅erential decay rate may143

be found through the square of the total amplitude leading to the fifteen terms [36]144

d�

dt d cos �1 d cos �2 d⇤
⇤ 4|A(t, �1, �2,⇤)|2 =

15⇧

i=1

Ki(t)fi(�1, �2,⇤). (2)

The Ki(t) term can be written as145

Ki(t) = Nie
��st

⇤
ci cos(⇥mst) + di sin(⇥mst) + ai cosh

�
1

2
⇥�st

⇥
+ bi sinh

�
1

2
⇥�st

⇥⌅
,

(3)
where the coe⇧cients are shown in Table 1, ⇥�s = �L � �H is the decay width di⌅erence146

between the light (L) and heavy (H) B0
s mass eigenstates, �s = (�L + �H)/2 is the average147

decay width, and ⇥ms is the B0
s -B

0
s oscillation frequency. The di⌅erential decay rate for a148

B
0
s-meson produced at t = 0 is obtained by changing the sign of the ci and di coe⇧cients.149
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3 angles and time dependent analysis.
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!s results  

Main systematic uncertainties from angular and decay time acceptance. 

 

Uncertainties due to included in !s, "!s, "ms, tagging included in the  

statistical uncertainty 

|A0|2 = 0.364 ± 0.012 ± 0.009

|A�|2 = 0.305 ± 0.013 ± 0.005

Results consistent with no CP violation and the Standard Model expectation 

|�| = 1.04 ± 0.07 ± 0.03

�s = (�0.17± 0.15± 0.03) rad

To be compared to ϕs=-0.055±0.021

• Theory predicts very small 
deviation from ϕs (2% level, 
penguin-dominant). 


• Definitely a important case 
for upgrade of LHCb!


• Triple-product (yet another 
way to measure the CPV) is 
also studied. 


• Study of polarisation is a 
very important input for QCD 
computation of hadronic 
charmless B decays. 

Triple product measurement

Polarisation mesaurement



b q

s q̄

1

Fig. 138: Naive quark helicities in the charmless B(s) ! V V decays.

In the SM, all charmless B decays occur through the V � A weak interaction. This implies

that the outgoing light quark in the current containing the b-quark is left-handed, while

the anti-quark from the other current is right-handed. This makes one of the final-state

vector mesons naturally longitudinally polarised as in Fig. 138. The other must then also be

longitudinal for pseudoscalar B meson decay. To form a negatively polarised vector meson,

one has to flip the spin of the energetic anti-quark, which results in a negative helicity and

1/mb suppression [795]. To obtain a vector meson in the positive helicity state, one has to flip

the spin orientation of two energetic quarks, which is even further suppressed. Therefore,

it is naively expected that the helicity amplitudes Ai in heavy meson decay satisfy the

power-counting hierarchy [848]

A0 : A� : A+ = 1 :
⇤

mb
:

✓

⇤

mb

◆2

, (377)

where ⇤ denotes the strong-interaction scale. In the naive factorisation approach, longitu-

dinal polarisation dominates the branching fractions of B ! V V decays [849]. In the QCD

factorisation (QCDF) approach this continues to hold formally in the leading-power approx-

imation [850, 851], but is violated numerically by several large power-suppressed e↵ects

[795, 796].

The hierarchy in Eq. (377) is indeed verified in the experimental measurements of tree-

dominated final states such as B ! ⇢+⇢�, etc. In sharp contrast to the expectations, however,

a large transverse polarisation fraction (around 50%) was observed in B ! K⇤� decays

by Belle [852] and BaBar [853]. Large transverse polarisation of order 50% has subse-

quently also been observed for B ! K⇤⇢, Bs ! K⇤� and Bs ! �� decays. The fact that

the scaling behaviour shown in Eq. (377) is apparently violated — at least numerically —

in penguin-dominated B decays has triggered considerable theoretical interest both in the

QCD factorisation approach [795, 796, 799, 854–856] and in the perturbative QCD (PQCD)

approach [841, 857–860].

Several mechanisms have been proposed to explain the observation of large transverse

polarisation in penguin-dominated decays. The most convincing appears to be a large anni-

hilation contribution from the scalar (S � P ) ⇥ (S + P ) penguin operator Q6 in the weak

e↵ective Hamiltonian, originally introduced in Ref. [795] and further analysed in the QCD

factorisation framework in Ref. [796]. This operator is already known to contribute signifi-

cantly to final states with pseudoscalar mesons [802, 819]. From Fig. 139, one can see that

one quark spin needs to be flipped to obtain longitudinal or negative polarisations. As a

result, although power-suppressed, the contribution from this diagram is of the same order

for the longitudinal and negative helicity amplitude. Since the annihilation contribution to

the longitudinal amplitude is already sizeable for longitudinally polarised vector mesons,

354/688

Polarisation measurement of B->VV modes

Longitudinal polarisation is dominant at LO QCD

• The breaking of fL=1 is more significant in 
the penguin modes. 


• Perturbative QCD computation explains the 
enhancement of the annihilation diagram 
(formally Λ/mb) a part of the reason.  


• Transverse polarisation is harder to 
compute in perturbative QCD. 

arXiv:1808.10567



The 2002 “exercises”:

- Is it possible to see order one new physics in b->s penguin process within the 
constraint coming from the Bs-Bs mixing (b->s box)?  YES!

- Is it possible to see different new physics effects in SϕK and Sη’K ? YES!

- Is the SM uncertainty under control?  YES!


The year 2019: 

- LHC has changed completely the allowed parameter spaces for new physics. 

- The new physics contributions are more like < a few 10%. 

- What is the role of ϕs measurement of Bs->ϕϕ channel? 


Perspective - Precision era just started! -: 

- Experimental uncertainties will be reduced drastically in the near future. 

- More theory works needed (effective theory approach?) to elucidate the 
possible new physics scenarios. 

- Further verification of SM uncertainty is always welcome. 

Perspective of CPV measurement with 
penguin decays 
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)" mainly affected by Time res. & Ang. Acc., ΔΓ" (|-|)by Mass factorisation (& Ang. Acc.), Γ" − Γ0 by Time eff. 
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Table 1: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the sensitivity
which will be achieved by LHCb before the upgrade in 2018 is compared to that which will be achieved with
50 fb�1 by the upgraded experiment.

signal yields for hadronic channels. In order to overcome this obstacle anew full software trigger
will be used. The upgraded trigger will be able to process the full event information, having access
to variables which are more discriminating than the transverse energy, like the impact parameter of
tracks originating from a secondary vertex. This requires reading out the whole detector at 40 MHz.
As a consequence, the font-end electronics of all the subdetectors must be replaced.

3. The Tracking System

The upgraded VELO [4] will surround the luminous region at LHCb and cover the full angular
acceptance of the LHCb detector. It will consist of two retractable halves, each one composed by
an array of 26 L-shaped silicon pixel sensors. The two halves are moveable in order to protect
the VELO during LHC injection or non-stable beams situations. The detector will be housed in a
secondary vacuum, separated by the machine vacuum by an aluminium tank. With respect to the
current vertex detector the active region will be moved by 3 mm closer to the beam pipe, at a dis-
tance of 5.1 mm from the beam. The VELO will be exposed to an harsh radiation environment: in
the innermost region it is expected to have accumulated an integrated flux of up to 8 ·1015 neq/cm2

after 50 fb�1. A cooling system is needed to prevent the silicon from thermal runaway effects due
to irradiation and to cope with the ASIC power dissipation. The cooling will be achieved by evap-
orative CO2 circulating within microchannels integrated in the L-shaped sensors.
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Table 1: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the sensitivity
which will be achieved by LHCb before the upgrade in 2018 is compared to that which will be achieved with
50 fb�1 by the upgraded experiment.

signal yields for hadronic channels. In order to overcome this obstacle anew full software trigger
will be used. The upgraded trigger will be able to process the full event information, having access
to variables which are more discriminating than the transverse energy, like the impact parameter of
tracks originating from a secondary vertex. This requires reading out the whole detector at 40 MHz.
As a consequence, the font-end electronics of all the subdetectors must be replaced.

3. The Tracking System

The upgraded VELO [4] will surround the luminous region at LHCb and cover the full angular
acceptance of the LHCb detector. It will consist of two retractable halves, each one composed by
an array of 26 L-shaped silicon pixel sensors. The two halves are moveable in order to protect
the VELO during LHC injection or non-stable beams situations. The detector will be housed in a
secondary vacuum, separated by the machine vacuum by an aluminium tank. With respect to the
current vertex detector the active region will be moved by 3 mm closer to the beam pipe, at a dis-
tance of 5.1 mm from the beam. The VELO will be exposed to an harsh radiation environment: in
the innermost region it is expected to have accumulated an integrated flux of up to 8 ·1015 neq/cm2

after 50 fb�1. A cooling system is needed to prevent the silicon from thermal runaway effects due
to irradiation and to cope with the ASIC power dissipation. The cooling will be achieved by evap-
orative CO2 circulating within microchannels integrated in the L-shaped sensors.

2

‣ Many statistical uncertainties become at a few per-cent 
level: increasing number of systematic uncertainties (of order 
of a few per-mill!) are to be taken into account. 

LHCb upgrade LOI:  CERN-LHCC-2011-001 
see alo PoS(FPCP2016) 041

e.g. systematic uncertainty for φs 
measurement with Bs->J/psi KK

Perspective of CPV measurement with 
penguin decays 



What is the odds for discovery in 
CKM unitarity triangle



The Unitarity triangle: test of Unitarity?
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‣ Successful explanation of 
flavour physics up to now! 
Hundreds of observables 
(including dozens of CPV) are 
explained by this single matrix.  

ρ
-1 -0.5 0 0.5 1

η

-1

-0.5

0

0.5

1
γ

β

α

sm∆
dm∆ dm∆

Kε

cbV
ubV

)ντ→BR(B

summer16

Can we expect a discovery of New Physics 

with the Unitarity Triangle ?!
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➡ By ~2027, with LHCb and Belle II full data set, 
we expect the errors to be reduced significantly.


➡ Let’s see what could happen when the error will go 
down to


 𝝳𝞍1 (𝝳𝝱)=0.4°, 𝝳𝞍2 (𝝳𝞪)=1°, 𝝳𝞍3 (𝝳ɣ)=1.5°, 

𝝳Vubtoday/𝝳Vub=1/2
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(the answer is NO!)

• To understand this “7σ” effect better, 
we have run a Monte Carlo simulation. 


• We randomly sample the central values 
(1000 trials) assuming Gaussian 
measurements and compute the 
significance.


• The result shows that the chance to 
observe deviation more than 7σ 
significance is currently 20% !
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Is this 7σ 

an “odd case” ???


(the answer is NO!)

• To understand this “7σ” effect better, 
we have run a Monte Carlo simulation. 


• We randomly sample the central values 
(1000 trials) assuming Gaussian 
measurements and compute the 
significance.


• The result shows that the chance to 
observe deviation more than 7σ 
significance is currently 20% !

odds: Ireland x1.09, Japan x10



Conclusions
• The coming years are very exciting for flavour physics: the 

startup of Belle II and the upgrades of LHCb will improve 
the sensitivity to new physics drastically. 


• Searching new physics through CPV is legitimate: 
introducing a new particle induces an extra freedom for CP 
violating phase. 


• The direct CPV in 3 body charmless B decay result is very 
intriguing. The amplitude analysis push forward that a deep 
understanding of the strong phase.


• Advancing mixing CPV measurements narrows the allowed 
range of new physics contributions: we are entering 
“precision measurement era”. Global study of various 
observables would be useful to elucidate new physics 
scenarios.  



Backup



10 Time Dependent CP Asymmetries of B mesons and the Determination of �1, �2

Table 75: The predictions for �Sf (312), for charmless two-body final states listed in the

first column, using di↵erent theoretical approaches, are listed in the second, third, and fourth

column, while the experimental values ([218]) are given in the last column.

Mode QCDF [662] QCDF (scan) [662] SU(3) Data

⇡0K0
S 0.07+0.05

�0.04 [0.02, 0.15] [�0.11, 0.12] [664] �0.11+0.17
�0.17

⇢0K0
S �0.08+0.08

�0.12 [�0.29, 0.02] �0.14+0.18
�0.21

⌘0K0
S 0.01+0.01

�0.01 [0.00, 0.03] (0 ± 0.36) ⇥ 2 cos(�1) sin � [665] �0.05 ± 0.06

⌘K0
S 0.10+0.11

�0.07 [�1.67, 0.27] —

�K0
S 0.02+0.01

�0.01 [0.01, 0.05] (0 ± 0.25) ⇥ 2 cos(�1) sin � [665] 0.06+0.11
�0.13

!K0
S 0.13+0.08

�0.08 [0.01, 0.21] 0.03+0.21
�0.21

Theoretical information on rT
f comes from the use of flavour SU(3) relations and the heavy-

quark expansion. The methods based on SU(3) relate the b ! qq̄s transitions to the b ! qq̄d

transitions, such as B ! ⇡⇡, B ! ⇡⌘0, and so on i.e. the modes that are related by the U -

spin subgroup of SU(3) to B ! ⇡K, K⌘0, ... In b ! qq̄d transitions the tree contributions

are CKM enhanced compared to the penguins, making it possible to obtain experimental

information on rT
f .

The heavy-quark expansion gives rise to QCD factorisation (QCDF) of charmless hadronic

B ! M1M2 decay amplitudes [232, 400, 401] (see also [663]), allowing to calculate the decay

amplitudes directly in terms of weak decay form factors and meson light-cone distribution

amplitudes. Qualitatively, the QCD factorisation formula implies the following:

� Näıve factorisation holds up to perturbative corrections and power corrections. In

particular, there is a limit—the heavy-quark limit—in which näıve factorisation holds.

� Imaginary parts of strong amplitudes (strong phases) are small, O(↵s; ⇤/mB).

� Real parts of strong amplitudes, and thus also Re rT
f , are roughly approximated by their

näıve-factorisation expressions. The exception are colour-suppressed tree amplitudes, for

which there are strong cancellations at the näıve-factorisation level.

�Sf phenomenology for Bd ! �K0
S , ⌘0K0

S, etc. Many Sf measurements for charmless final

states have been performed at the B-factories. A selection of them is shown in Table 75. The

last column lists the experimental values for �Sf = �⌘CP
f Sf � (sin �1)cc̄s, combining errors

in quadrature. Here (sin �1)cc̄s is the HFLAV average of sin �1 measurements using final

states with charmonia [218], while Sf are the HFLAV averages for each individual penguin

(qq̄s) mode. These data can be compared to theory predictions.

A systematic treatment in QCD factorisation has been given in [662] for each of the listed

modes. The calculation constrains the QCD penguin amplitudes through the branching

fraction measurements, see [662] for details. The second and third columns show two di↵erent

error estimates, one combining individual errors in quadrature, the other scanning over them.

One observes that deviations are mostly predicted to be small, notably in the ⌘0K0
S and �K0

S

final states. Typically they have a definite, mode-dependent, sign. The fourth column of Table

75, shows mode-specific predictions for �Sf obtained with the help of flavour SU(3) to fix

or constrain tree-to-penguin ratios from data, see e.g., [664–667]. To obtain further control
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Table 59: Expected errors in |Vub| measurements with the Belle full data sample, 5 ab�1 and

50 ab�1 Belle II data. Note that the statistical error quoted for exclusive |Vub| branching

fraction, however a fit to the spectrum information is used to determine |Vub|. We use the

lattice-QCD projected precision for the future data sets.

Statistical Systematic Total Exp Theory Total
(reducible, irreducible)

|V

ub

| exclusive (had. tagged)
711 fb�1 3.0 (2.3, 1.0) 3.8 7.0 8.0
5 ab�1 1.1 (0.9, 1.0) 1.8 1.7 3.2
50 ab�1 0.4 (0.3, 1.0) 1.2 0.9 1.7
|V

ub

| exclusive (untagged)
605 fb�1 1.4 (2.1, 0.8) 2.7 7.0 7.5
5 ab�1 1.0 (0.8, 0.8) 1.2 1.7 2.1
50 ab�1 0.3 (0.3, 0.8) 0.9 0.9 1.3
|V

ub

| inclusive
605 fb�1 (old B tag) 4.5 (3.7, 1.6) 6.0 2.5�4.5 6.5�7.5
5 ab�1 1.1 (1.3, 1.6) 2.3 2.5�4.5 3.4�5.1
50 ab�1 0.4 (0.4, 1.6) 1.7 2.5�4.5 3.0�4.8
|V

ub

| B ! ⌧⌫ (had. tagged)
711 fb�1 18.0 (7.1, 2.2) 19.5 2.5 19.6
5 ab�1 6.5 (2.7, 2.2) 7.3 1.5 7.5
50 ab�1 2.1 (0.8, 2.2) 3.1 1.0 3.2
|V

ub

| B ! ⌧⌫ (SL tagged)
711 fb�1 11.3 (10.4, 1.9) 15.4 2.5 15.6
5 ab�1 4.2 (4.4, 1.9) 6.1 1.5 6.3
50 ab�1 1.3 (2.3, 1.9) 2.6 1.0 2.8

in approaches for both |Vub| and |Vcb|. Prospects are particularly good for improvements to

|Vub|, on inclusive and exclusive approaches, owing to more data and better particle recon-

struction performance at Belle II. Highly significant anomalies in semi-tauonic modes should

be confirmed or refuted after only 5 ab�1 of data. This will only be achievable if substantial

e↵ort is made to measure and carefully characterise the B ! D⇤⇤`⌫ background. Di↵eren-

tial spectra will be measured with great precision, to probe possible new physics models.

Measurements of leptonic B decays are yet to be seen with 5 � significance in either the tau

or muon modes by a single experiment. This former is achievable with at most 2 ab�1 at

Belle II, and the latter is achievable after 5 ab�1 (assuming the SM branching ratio). Many

new opportunities for new physics searches will be opened up with more data, which were

discussed in detail in this section.
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Strategy II: reducing theoretical uncertainties
8 Leptonic and Semileptonic B Decays

Table 54: Projections of |Vub| uncertainties to Belle II luminosities for B ! ⇡`⌫ tagged (T)

and untagged (UT) modes along. All uncertainties are in %. Lattice-QCD error forecasts

were taken into account according to Sec. 7.5. The error in the second right-most column

corresponds to forecasts with EM corrections Sec. 7, and the final column corresponds to

forecasts without this correction.

L [ab�1] �B (stat, sys) �forecast
QCD �Vub

(EM) �Vub
(no EM)

1 T 3.6, 4.4
current

6.2 -

UT 1.3, 3.6 3.6 3.6

5 T 1.6, 2.7
in 5 yrs

3.2 3.0

UT 0.6, 2.2 2.1 1.9

10 T 1.2, 2.4
in 5 yrs

2.7 2.6

UT 0.4, 1.9 1.9 1.7

50 T 0.5, 2.1
in 10 yrs

1.7 1.4

UT 0.2, 1.7 1.3 1.0

Table 55: Projections of |Vub| uncertainties to Belle II luminosities for Bs ! K`⌫ untagged

mode. All uncertainties are in %. Lattice-QCD error forecasts were taken into account

according to to Sec. 7.5. The error in the second right-most column corresponds to fore-

casts with EM corrections in Sec. 7, and the final column corresponds to forecasts without

this correction.

L [ab�1] �B (stat, sys) �forecast
QCD �Vub

(EM) �Vub
(no EM)

1 6.5, 3.6 current 6.5

5 2.9, 2.2 in 5 yrs 4.7 4.5

determination of |Vcb| and |Vub| is to fit them together with the relevant non-perturbative

parameters, as well as the b-quark mass, from the experimental measurements.

The present inclusive |Vcb| and |Vub| determinations are theoretically limited by the impre-

cise knowledge of the required non-perturbative parameters. Hence, a key goal for Belle II

will be to reduce this systematic limitation, in conjunction with theoretical improvements,

by exploiting the large data set to obtain precise and detailed measurements of di↵erential

distributions, ultimately mapping out the complete triple-di↵erential decay rate: in p`, m2
X ,

and q2. In the case of |Vcb|, this e↵ort will be focused on extending the scope of existing

moments measurements. For |Vub|, spectral information will be compared to theory for the

first time in global analyses.

8.7.2. Inclusive |Vcb| from B ! Xc`⌫. The perturbative calculations of the B ! Xc`⌫

di↵erential decay rates are mature. The current global fits for |Vcb| are performed to the

measured moments of the lepton energy, E`, and hadronic mass, m2
X (with various lower

cuts on the lepton energy) [218]. The most recent HFLAV global fit (in the kinetic scheme)

extracts |Vcb| together with the local OPE parameters appearing at 1/m2
b and 1/m3

b as well

as the quark masses, yielding |Vcb| = (42.19 ± 0.78) ⇥ 10�3.
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e.g. Vub measurement from exclusive B->πlν decay 

(agreement inclusive/exclusive crucial!)

Lattice forecast

arXiv:1808.10567 (PTEP 2019) 
Belle II Physics Book

e.g. sin 2Φ1 from b->sss penguin modes
Theory predictions depend on models. Different 
theoretical methods must be applied to cross check.



Assumption:
(1) 8x1035 will be achieved during 4 years (4 x 8 months = 32 months). -> ΔLpeak = 2.5x1034 per month
(2) Luminosity upgrade plan obeys Morita's plan until 2020 Summer.
(3) Learning curve is a straight line from 2021 (resolution is one month).
(4) Efficiency of integrated luminosity is 70 % (includes recorded/delivered, maintenance days, etc.).
(5) 8 months operation per year except for FY2019.
(6) 8 months shutdown in 2020 for PXD and 6 months in 2023 for RF upgrade(from 70 % to 100 %).

Last updated: Jan/29 2019

Conservative
bottom-up estimate

4 years for the design lumi.

8 mo shutdown assuming we 
replace PXD and TOP PMT

6 mo shutdown 
for RF upgrade

Belle II Phillip URQUIJO

Expected (Integrated) Luminosity

 5Figure 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

1 Executive summary

1.1 Overview

2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	 2031	 …	

LHC	

Upgrade	Ia	 Upgrade	Ib	 Upgrade	II	

Run	3	 LS3	 LS4	

HL-LHC	 Run	4	 Run	5	LS3	 LS4	

Figure 1.1: Timeline of accelerator and experiment operations over the decade 2021 to 2031. The periods
of operations of the LHC and HL-LHC are indicated and the long shutdowns (LS). The LHCb operational
periods are shown with gaps where the detector consolidation and upgrades discussed in this document
occur. The running period of Belle II, the other major international flavour-physics facility, is also shown.

It is widely recognised in the particle physics community that the complementary approaches
of the energy and intensity frontier must both be utilised in the search for physics beyond the
Standard Model. The European Strategy for Particle Physics in 2013 emphasised the need for
flavour physics as a key element of the programme. The LHCb experiment has demonstrated
emphatically that the LHC is an ideal laboratory for quark-flavour physics.

The LHCb Upgrade II programme [1] aims to make full use of the capabilities of a forward
acceptance detector during the High Luminosity LHC (HL-LHC) operational period. Foremost
in the physics programme, are the possibilities of the experiment in its core areas of CP violation
and rare decays in flavour physics. Two chapters of the document are also dedicated to its
capabilities in forward and high-pT physics and in spectroscopy. Opportunities in other areas of
physics are described in an appendix.

The timeline of operations and major shutdowns of the LHC, HL-LHC, LHCb and Belle II
are illustrated in Fig. 1.1. The LHCb Upgrade I is currently under construction and will start
data taking in 2021 after LHC Long Shutdown 2 (LS2). LHCb Upgrade II will be installed
during LS4, with operations beginning in LHC Run 5 which is scheduled to start in 2031. This
Upgrade II experiment will operate at instantaneous luminosities of up to 2 ⇥ 1034 cm�2 s�1, an
order of magnitude above Upgrade I. LHCb will accumulate a data sample corresponding to
a minimum of 300 fb�1. New attributes, installed in LS3 and LS4, will enhance the detector’s
capabilities to a wider range of physics signatures.

Consolidation of the LHCb Upgrade I detector is required during LS3. Preparatory work for
Upgrade II will be performed at this time making best use of the extended shutdown period.
These changes are known as Upgrade Ib. LHCb will continue data taking at an instantaneous
luminosity of 2 ⇥ 1033 cm�2 s�1 until LS4.

The HL-LHC starts operations after LS3. It is expected that the Belle II experiment [2] will
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