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Nucleosynthèse primordiale:  
abondance des éléments légers
+ fond diffus cosmologique

densité de baryons

densité de photons

⌘ =
nb

n�
= 6.1⇥ 10�10
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3 24. Big Bang Nucleosynthesis
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [47]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

observations (e.g., D/H) and in the determination of cosmological parameters (e.g., from Planck).
This motivates corresponding improvement in BBN predictions and thus in the key reaction cross
sections. For example, it has been suggested [48,49] that d(p, “)3He measurements may su�er from
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Asymétrie baryonique:
Pas de présence d’anti-noyaux (vent solaire, 
rayons cosmiques, pas d’annihilation nucleon-
antinucléon, isotropic !-ray bkg etc.) nb̄ ⌧ nb
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Figure 2. The combined total uncertainty on the predicted secondary p̄/p ratio, superimposed to the
older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes the reference
values for the di↵erent contributions to the uncertainties: best fit proton and helium fluxes, central
values for the cross sections, Med propagation and central value for the Fisk potential. We stress
however that the whole uncertainty band can be spanned within the errors.

Even within the limitations of the data like those we are dealing with (namely their
preliminary nature, their errors only partially accounted for and the partial collection time
with respect to the full lifetime of the experiment), we can see that the Min propagation
scheme predicts an astrophysical background that can not reproduce the new p̄/p data points
above 30GeV. The Med scheme provides a barely decent fit (still good up to ⇠ 30GeV but
rapidly degrading after) while choosing Max the data can be well explained across the whole
range of energies. We have explicitly computed the corresponding �2 to support the above
statements, with the Min, Med, Max cases yielding 106, 58 and 41, respectively (for 28
degrees of freedom). Given the preliminary nature of the data, of course they have only an
indicative significance. This is our second conclusion: the preliminary p̄/p Ams-02 data seem
to prefer a model, such as Max, characterized by a relatively mild energy dependence of the
di↵usion coe�cient at high energies. Although it is too early to draw strong conclusions, this
is an interesting observation and it goes in the same direction as the preference displayed by
the preliminary B/C Ams-02 data [38].3

It would of course be tempting to interpret the room left in the Min and Med cases at
large energies as an exotic contribution from DM. However we insist that this would be a
wrong deduction in two respects: as long as a model within the uncertainties can fit the data,
failure of other models just means a better selection of the background rather than evidence
for an extra component; in any case, a new assessment of the viable propagation parameter
space would be needed before any conclusion is drawn.

3
It is also backed by the results recently reported in [56] — appeared after the first version of this paper

in pre-print form — based on fits to Pamela B/C, p and He data.
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[1b]
Flux antiprotons comparé 
aux prévisions des 
productions secondaires 
dues aux collisions dans le 
milieu interstellaire  

� densité de baryons (protons, neutrons) 
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Recette d’une bonne baryogénèse: B = 0
?�! B 6= 0

<latexit sha1_base64="OJ+VnYZUqDsCm3a7QD7oK5T+5Dw="></latexit>

2. Symétries C et CP ne doivent pas être exactes
(sinon taux de réaction avec particules = taux antiparticules)

Andreï Sakharov [3] 

3. Équilibre thermique doit être rompu pendant 
l’évolution de l’univers   
(sinon système stationnaire:       )i $ f

<latexit sha1_base64="3jyJxjgn7V3zr6G7iAtqNM9EQWY="></latexit>

1. ∃ un mécanisme ne conservant pas le nb baryonique
(sinon si B =0 à t=0, B = 0  ∀ t)
• Mécanisme direct:  ∃ processus         tq
• Mécanisme indirect (leptogénèse ) 

i ! f

<latexit sha1_base64="X+WlAz9lYo0KADhuxbMGXWLUYeU="></latexit>

�B(i ! f) 6= 0
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�L 6= 0 ) �B 6= 0
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Big Bang: B = 0
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1. ∃ un mécanisme ne conservant pas le nb baryonique

[4] 

Expérience "p (1982-1990): Modane, tunnel du Frejus

Calorimètre « détecteur de traces » : 912 t de feuilles de fer équipées de couches de 
détection (compteurs proportionnels, flash, streamers et chambres à dérive)   
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mX ⇡ 1015 GeV
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(u, d, e�, ⌫e) $ X
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Théorie s de Grande Unification

Expérience !p (1982-1990)

[4,5] ⌧p/Br & 0.4⇥ 1032 yr @90% CL
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p ! e+ + ⇡0
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p ! e+ + ⌘0
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p ! µ+ + ⇡0
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The Super-Kamiokande detector
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Expérience Super-Kamiokande

⌧p/Br(p ! µ+⇡0) � 1.6⇥ 1034 yr @90% CL
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⌧p/Br(p ! e+⇡0) � 2.4⇥ 1034 yr @90% CL
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Meilleure limite mondiale [6]

Search for proton decay via p → e+π0 and p → μ+π0 with an enlarged
fiducial volume in Super-Kamiokande I-IV
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FIG. 5. (color online) Event display of the second candidate
event, zoomed to the region of the rings. The blue solid line
and the tan dashed line show the reconstructed e-like and µ-
like ring, respectively. The dark orange solid line shows an
additional e-like ring that was identified in the initial ring
counting process, but it is rejected by the ring correction be-
cause it is too close in angle to the other e-like ring (blue line).
As a result, this event is judged as a two-ring event.
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p ! µ+⇡0 ???
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Le futur: Hyper-Kamiokande (2027-)

71 m

⌧p/Br & 1035 yr @90% CL

<latexit sha1_base64="OmXeXzxFZH7+e4IZCROfX7pKg3Q="></latexit>

1 ordre de grandeur vs SK, DUNE

68 m

A Nucleon decays 249
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σDUNE 40 kton, staged , 3

σSK 22.5 kton , 3
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FIG. 164. Comparison of the 3 � p ! e+⇡0 discovery potential as a function of year Hyper-K (red solid)

assuming a single tank as well as that of the 40 kton liquid argon detector DUNE (cyan solid) following [176].

In the orange dashed line an additional Hyper-K tank is assumed to come online six years after the start of

the experiment. Super-K’s discovery potential in 2026 assuming 23 years of data is also shown.
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FIG. 165. Hyper-K’s sensitivity to the p ! e+⇡0 decay mode at 90% C.L. as a function of run time appears

in red assuming one detector in comparison with other experiments (see caption of Figure 164). Super-K’s

current limit is shown by a horizontal line.

[7] 

Hyper-K, Dune 10 ans de données

C Nucleon decay searches 27

DUNE (40 kt)

Hyper-K
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KamLAND
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non-SUSY SO(10) G224D

minimal SUSY SU(5)

SUSY SO(10)

6D SO(10)

non-minimal SUSY SU(5)
predictions

predictions

FIG. 3. A comparison of historical experimental limits on the rate of nucleon decay for several key modes to

indicative ranges of theoretical prediction. Included in the figure are projected limits for Hyper-Kamiokande

and DUNE based on 10 years of exposure.

those involving kaons.

The message the reader should conclude from this figure is that 10 years of Hyper-K exposure

is sensitive to lifetimes that are commonly predicted by modern grand unified theories. The key

decay channel p ! e+⇡0 has been emphasized, because it is dominant in a number of models, and

represents a nearly model independent reaction mediated by the exchange of a new heavy gauge

boson with a mass at the GUT scale. The other key channels involve kaons, wherein a final state

containing second generation quarks are generic predictions of GUTs that include supersymmetry.

Example Feynman diagrams are shown in Fig. 4.

Generally, nucleon decay may occur through multiple channels and ideally, experiments would

reveal information about the underlying GUT by measuring branching ratios. It is a strength of

Hyper-K that it is sensitive to a wide range of nucleon decay channels, however the few shown here

are su�cient to discuss the details of the search for nucleon decay by Hyper-Kamiokande later in

this document.

Practically, because of the stringent limits from more than 300 kt·y of Super-K running, the next

generation experiments will have to concentrate on the discovery of nucleon decay, perhaps by one

or a small number of events. The predictions are uncertain to two or three orders of magnitude,

[7] 

M. Buizza Avanzini,10
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2. Symétries C et CP ne doivent pas être exactes

Q ! �Q

<latexit sha1_base64="zRnfTqqBCqjnoAPNZSNIK530zwI="></latexit>

~r ! �~r

<latexit sha1_base64="yirs6HYcsnd/LfSVxFI9VgHJt00="></latexit>

t ! �t

<latexit sha1_base64="iIjMyTnewiF6VzIrSg6VSc72aNA="></latexit>

Les transformations discrètes
• Conjugaison de charge C: 

• transforme particule en son antiparticule
• toutes les charges internes 

• Parité P: 
• inverse les coordonnées spatiales

• Renversement du temps, T

CPT supposée exacte 
(hypothèses très 

générales: localité, 
causalité, invariance de 
Lorentz) mais ni C, P, 
CP et T ne s’avèrent 

exactes

Si CP symétrie exacte, 

�B(i ! f) +�B(̄i ! f̄) = 0

<latexit sha1_base64="zruAoZkTHqlOfLexfQTLQxySXjw="></latexit>

A[i(~pi,�i) ! f(~pf ,�f )] = A[̄i(�~pi,��i) ! f̄(�~pf ,��f )]

<latexit sha1_base64="Dm8Ip/Lg4scLXlZ1gEb5lVAtG78="></latexit>

�(i ! f) /
Z

d3~p
X

�i,�f

|A(i ! f)|2 = �(̄i ! f̄)

<latexit sha1_base64="SflCyL+r6sjtBZTs3UMi6nhZhW4="></latexit>

Supposons         ne conserve pas nb baryonique      i ! f

<latexit sha1_base64="X+WlAz9lYo0KADhuxbMGXWLUYeU="></latexit>

Si C symétrie exacte,                             et donc 

�B(i ! f) 6= 0

<latexit sha1_base64="c2hE7FLZXjLunvdXslDoAsfpoqs="></latexit>

�B(i ! f) +�B(̄i ! f̄) = 0

<latexit sha1_base64="zruAoZkTHqlOfLexfQTLQxySXjw="></latexit>

A(i ! f) = A(̄i ! f̄)

<latexit sha1_base64="at6MZ8Q7Y6mY0b2n/tXNxacMpPA="></latexit>

Pourquoi faut-il C et CP?
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Un peu de théorie…

Transformation 
CP des champs

L ! LCP =
X

i,j

� gwp
2
Vij d

j
L�

µui
L W�

µ � gwp
2
V ⇤
ij u

i
L�

µdjL W+
µ

<latexit sha1_base64="ebk1cWvGCwrx1SYu+VgzFd9DFMM="></latexit>

Quarks de type up couplés au quarks type down par échange de boson W
✓
u
d

◆
,

✓
c
s

◆
,

✓
t
b

◆

<latexit sha1_base64="JyjJhiQEeTK5CusQQDRZ8g5VCrk="></latexit>

Up-type
down-type

W±

<latexit sha1_base64="j0a3YaOnfCKfYpAvuV4DB2Dj2Ic="></latexit>

Rem:           , conséquence de la diagonalisation du Lagrangien de Yukawa resp. masse 
des fermions (c.f. talk Roberto)

Vij 6= V ⇤
ij

<latexit sha1_base64="ZkkN0gstCa4nAWy9rS0sAd9KViQ="></latexit>

Lyuk =
X

ij

�yij i
L � 

j
R � y⇤ij 

j
R �

†  i
L

<latexit sha1_base64="QqgCMxJx0gPZB/2f8bA74I3ia48="></latexit>

Lagrangien invariant sous CP si et seulement si      réelVij

<latexit sha1_base64="COAhi1pumPQPq9HZ++NR/u6Vulg="></latexit>

Violation de CP impose Vij 6= V ⇤
ij

<latexit sha1_base64="ZkkN0gstCa4nAWy9rS0sAd9KViQ="></latexit>

CP requière également: mu 6= mc 6= mt , md 6= ms 6= mb

<latexit sha1_base64="S23GW85gDKKQftBtRQkaxqyrLHE="></latexit>

Lagrangien: L =
X

i,j

� gwp
2
Vij ui

L�
µdjL W+

µ � gwp
2
V ⇤
ij d

j
L�

µui
L W�

µ

<latexit sha1_base64="Nzf52Si27LtcMIv+2j7j2JS0pY4="></latexit>

Mélanges des quarks type up avec les down
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Un peu de théorie… suite et fin

3 familles (SM) � matrice 3x3 CKM doit être unitaire: (V V †)ij = (V †V )ij = �ij

<latexit sha1_base64="wS5LIdbnWz4yw9jRUvpzBOyPtuY="></latexit>

6 relations du type: VudV
⇤
ub + VcdV

⇤
cb + VtdV

⇤
tb = 0

<latexit sha1_base64="P4atwVibehY9EQBPMa2NOcaUAwk="></latexit>

(Vij) =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

<latexit sha1_base64="i1TzWWqnJg82yMDHVkr2XfQ8ZVI="></latexit>

Challenge depuis 30 ans: 
mesurer Cabbibo-Kobayashi-Maskawa

CKM

Représentées par un 
triangle dans le plan 

complexe

1 +
VtdV ⇤

tb

VcdV ⇤
cb

= �VudV ⇤
ub

VcdV ⇤
cb

<latexit sha1_base64="QRzIzWeGIclUSOWI3EDJwZdD7bA="></latexit>

ρ+iη 1−ρ−iη

βγ

α

C=(0,0) B=(1,0)

A=(ρ,η)

Fig. 1.1: Unitarity Triangle.

sin(2β) =
2η(1 − ϱ)

(1 − ϱ)2 + η2 , (12)

sin(2γ) =
2ϱη

ϱ2 + η2 =
2ϱη

ϱ2 + η2
. (13)

• The lengths CA and BA to be denoted by Rb and Rt, respectively, are given by

Rb ≡
|VudV

∗
ub|

|VcdV
∗
cb|

=
√

ϱ2 + η2 = (1 − λ2

2
)
1

λ

∣

∣

∣

∣

Vub

Vcb

∣

∣

∣

∣

, (14)

Rt ≡
|VtdV

∗
tb|

|VcdV
∗
cb|

=
√

(1 − ϱ)2 + η2 =
1

λ

∣

∣

∣

∣

Vtd

Vcb

∣

∣

∣

∣

. (15)

• The angles β and γ = δ of the unitarity triangle are related directly to the complex phases of the
CKM-elements Vtd and Vub, respectively, through

Vtd = |Vtd|e−iβ , Vub = |Vub|e−iγ . (16)

• The unitarity relation (10) can be rewritten as

Rbe
iγ + Rte

−iβ = 1 . (17)

• The angle α can be obtained through the relation

α+ β + γ = 180◦ (18)

expressing the unitarity of the CKM-matrix.
Formula (17) shows transparently that the knowledge of (Rt,β) allows to determine (Rb, γ) through [14]

Rb =
√

1 + R2
t − 2Rt cos β, cot γ =

1 − Rt cos β

Rt sinβ
. (19)

Similarly, (Rt,β) can be expressed through (Rb, γ):

Rt =
√

1 + R2
b − 2Rb cos γ, cot β =

1 − Rb cos γ

Rb sin γ
. (20)

These formulae relate strategies (Rt,β) and (Rb, γ) for the determination of the unitarity triangle that
we will discuss in Chapter 6.

The triangle depicted in Fig. 1.1, together with |Vus| and |Vcb|, gives the full description of the
CKMmatrix. Looking at the expressions forRb andRt, we observe that within the SM the measurements
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Università di Ferrara, Dipartimento di Fisica and INFN, I-44100 Ferrara, Italy

E. Treadwell
Florida A&M University, Tallahassee, FL 32307, USA

F. Anulli, R. Baldini-Ferroli, A. Calcaterra, R. de Sangro,
G. Finocchiaro, P. Patteri, I. M. Peruzzi, M. Piccolo, and A. Zallo

Laboratori Nazionali di Frascati dell’INFN, I-00044 Frascati, Italy

A. Buzzo, R. Capra, R. Contri, G. Crosetti, M. Lo Vetere, M. Macri,
M. R. Monge, S. Passaggio, C. Patrignani, E. Robutti, A. Santroni, and S. Tosi
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Figure 1.2.1. (left) The dominant quark-line diagrams for B0 � B0 mixing. (right) The interfering diagrams used for the �1

measurement. As the direct B0 decay produces K0, and the B0 decay produces K0, the relative phase between B0 ! B0 !
J/ K0

S and B0 ! J/ K0
S contains an additional term due to K0 � K0 mixing (not shown).

long so that the time sequence of their decays can be
measured. Also it should be noted that ⌥ (4S) mesons
produced in symmetric colliders are almost at rest in
the laboratory frame, and as a consequence one can
only measure functions of t1 + t2, for which any CP
asymmetry vanishes. Both of these reasons impose the
requirement of an asymmetric energy e+e� collision in
the laboratory frame of reference (see Section 1.2.3).

High-resolution and large-coverage detector with
excellent particle identification: The measured am-
plitude of the CP -violating asymmetry is directly
proportional to the detector’s ability to reconstruct
and flavor-tag the accompanying B meson.

1.2.2 Early proposals

At the time, the most successful studies of B mesons were
being performed at the CESR and DORIS II e+e� col-
liders operating at the center-of-mass (CM) energy corre-
sponding to the ⌥ (4S) resonance, which, because it decays
into BB (and nothing else) nearly 100% of the time, is a
copious source of B mesons in a clean, low-background en-
vironment. Also, luminosities of ⇠ 1032 cm�2 s�1, while a
significant advance over previous machines, are two orders-
of-magnitude too low to provide samples of B meson de-
cays that are adequate for the CP violation measurements.

During the late 1980’s a very large number of concepts
(twenty-two in all) emerged on the international scene to
test CP violation in B mesons. Both Hitlin (2005) and
Schubert (2007) have presented detailed reviews of these
proposals, and how they synergistically evolved to the two
B Factories that were eventually built.

1.2.3 Asymmetric colliders

In the late 1980s, as the TRISTAN program at KEK (High
Energy Accelerator Research Organization, Tsukuba,
Japan) and the SLC program at SLAC (SLAC National
Accelerator Laboratory, Stanford, USA) were winding
down, workshops and task forces were formed at both labs
to investigate possible facilities to attack the CP violation
problem. In 1987, at a specialized workshop at UCLA that
was focused on possibilities for using linear e+e� colliders
for B physics, Pier Oddone proposed a novel concept of an
asymmetric-energy, circular e+e� collider. This would op-
erate at the ⌥ (4S) and produce B mesons with a lab-frame
boost su�cient to enable decay-time-dependent measure-
ments (Oddone, 1987), as discussed in Section 1.2.1. The
experimental and analysis details on how one might e↵ec-
tively detect CP violation in such asymmetric decays are
described in Aleksan, Bartelt, Burchat, and Seiden (1989).

Within the US, the 1990 HEPAP Panel on “The HEP
Research Program for the 1990’s” (Sciulli et al., 1990),
recommended that the US should study the science op-
portunities and technical requirements of a B Factory as a
possible component of the future US accelerator program,
and vigorously support the necessary R&D funding. Two
years later, the next HEPAP Panel (Witherell et al., 1992)
recommended that a B Factory be constructed in the US
under all budget scenarios under consideration. In the fall
of 1992 the O�ce of Management and Budget (OMB)
and the White House were assembling the budget proposal
for fiscal year 1994, and included possible initial funding
for a B Factory. Both California and New York congres-
sional delegates were working towards the interests of their
constituencies. In April 1993 the OMB asked the DOE
and NSF to convene a joint review of the two projects,
both having already done careful reviews of their respec-
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FIG. 2: Number of ηf = −1 candidates (J/ψK0
S, ψ(2S)K

0
S ,

and χc1K0
S) in the signal region a) with a B0 tag NB0

and b) with a B0 tag NB0 , and c) the asymmetry (NB0 −
NB0)/(NB0 +NB0), as functions of ∆t. The solid curves rep-
resent the result of the combined fit to all selected CP events;
the shaded regions represent the background contributions.
Figures d)–f) contain the corresponding information for the
ηf = +1 mode (J/ψK0

L). The likelihood is normalized to the
total number of B0 and B0 tags. The value of sin2β is inde-
pendent of the individual normalizations and therefore of the
difference between the number of B0 and B0 tags.

The large sample of reconstructed events allows a num-
ber of consistency checks, including separation of the
data by decay mode, tagging category and Btag flavor.
The results of fits to these subsamples are shown in Ta-
ble I. The consistency between various modes is satisfac-
tory, the probability of finding a worse agreement being
8%. The observed asymmetry in the number of B0 (160)
and B0 (113) tags in the J/ψK0

L
sample has no impact

on the sin2β measurement. Table I also shows results of
fits to the samples of non-CP decay modes, where no sta-

tistically significant asymmetry is found. Performing the
current analysis on the previously published data sam-
ple and decay modes yields a value of sin2β =0.32±0.18,
consistent with the published value [4]. For only these de-
cay modes, the year 2001 data yield sin2β =0.83±0.23,
consistent with the 1999-2000 results at the 1.8σ level.
If |λ| is allowed to float in the fit to the ηf = −1 sample,

which has high purity and requires minimal assumptions
on the effect of backgrounds, the value obtained is |λ| =
0.93 ± 0.09 ((stat)) ± 0.03 ((syst)). The sources of the
systematic error in this measurement are the same as in
the sin2β analysis. The coefficient of the sin (∆mB0∆t)
term in Eq. 1 is measured to be 0.56± 0.15 (stat).
The measurement of sin2β = 0.59 ± 0.14 (stat) ±

0.05 (syst) reported here establishes CP violation in the
B0 meson system at the 4.1σ level. This significance
is computed from the sum in quadrature of the statis-
tical and additive systematic errors. The probability of
obtaining this value or higher in the absence of CP vi-
olation is less than 3 × 10−5. The corresponding prob-
ability for the ηf = −1 modes alone is 2 × 10−4. This
direct measurement is in agreement with the range im-
plied by measurements and theoretical estimates of the
magnitudes of CKM matrix elements [12].
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∗ Also with Università di Perugia, I-06100 Perugia,
Italy
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sin 2� = 0.59± 0.14 (stat)± 0.05 (syst)
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BABAR mesure [10]:
cos 2� = 2.72+0.50

�0.79 (stat)± 0.27 (syst)

<latexit sha1_base64="0+27laRk+0ZqJo/RMDRVQDNYA/M="></latexit>

cos 2� > 0 at 86% C.L.

<latexit sha1_base64="m2qvtTYp6foIFieqWUN0WYOtU1Y="></latexit>

Evolution du triangle d’unitarité [12]

BABAR
2006
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Conclusion: tous les phénomènes de la violation de CP chez les quarks sont 
compatibles avec CKM: des ordres de grandeur trop faibles pour expliquer 
asymétrie matière-antimatière [11] 

Evolution du triangle d’unitarité [12]

nb/n� ' 10�20 ⌧ ⌘exp = 6.1⇥ 10�10

<latexit sha1_base64="+RIGQPs3s4X00I+hXeMFO+Hkxvo="></latexit>



50 ans IN2P3 Pascal Paganini, LLR-École polytechnique 19

✓
u
d

◆
,

✓
c
s

◆
,

✓
t
b

◆

<latexit sha1_base64="JyjJhiQEeTK5CusQQDRZ8g5VCrk="></latexit>

Up-type
down-type

Etats propres de masse vs états propres d’interaction

0

@
d0

s0

b0

1

A =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

0

@
d
s
b

1

A

<latexit sha1_base64="bo/Yfw1qEAl/l0tGkv0ZKWXiBvI="></latexit>

CKM
Cabbibo-Kobayashi-Maskawa

interaction masse

W±

<latexit sha1_base64="j0a3YaOnfCKfYpAvuV4DB2Dj2Ic="></latexit>

✓
⌫1
e�

◆
,

✓
⌫2
µ�

◆
,

✓
⌫3
⌧�

◆

<latexit sha1_base64="1GPa2Rs8n+WEea02c0qGfnmXzv8="></latexit>

PMNS
Pontecorvo-Maki-Nakagawa-Sakata

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

0

@
⌫1
⌫2
⌫3

1

A

<latexit sha1_base64="z9Ep5b1yUWWpCJ2/TGzXP9dHXOo="></latexit>

interaction masse

m⌫1 6= m⌫2 6= m⌫3 , me 6= mµ 6= m⌧

<latexit sha1_base64="gmbutNBYcHWscYudcj+ciabWmdo="></latexit>

↵ = e, µ, ⌧

<latexit sha1_base64="vW+2FMLpKV9EW88DY7eUx1szYnY="></latexit>

i = 1, 2, 3

<latexit sha1_base64="wKfOq/t6ow4EQyhk0M6HRpFcgSI="></latexit>

U↵i 6= U⇤
↵i

<latexit sha1_base64="vj2dCqdjbDFvGyaWS5TKWnMPuQs="></latexit>

mu 6= mc 6= mt , md 6= ms 6= mb

<latexit sha1_base64="S23GW85gDKKQftBtRQkaxqyrLHE="></latexit>

Vij 6= V ⇤
ij

<latexit sha1_base64="ZkkN0gstCa4nAWy9rS0sAd9KViQ="></latexit>

Violation de CP
i = u, c, t

<latexit sha1_base64="Ss7cGeKOugVJhEC0rsYZD++4u58="></latexit>

j = d, s, b

<latexit sha1_base64="lw5BcLmgiFpWw+B/RgfE5TSw7dA="></latexit>

=

0

@
1 0 0
0 cos ✓23 sin ✓23
0 � sin ✓23 cos ✓23

1

A

0

@
cos ✓13 0 sin ✓13e�i�CP

0 1 0
� sin ✓13ei�CP 0 cos ✓13

1

A

0

@
cos ✓12 sin ✓12 0
� sin ✓12 cos ✓12 0

0 0 1

1

A

<latexit sha1_base64="VHvKjs0AXb634Z9o8zeJk8U63zg="></latexit>

VCKM

<latexit sha1_base64="bXs6NF4z0GylOtn+0cyl14iy/xQ="></latexit>

UPMNS

<latexit sha1_base64="phJzsEBfsL4nBoGUb9Y1J20Jq/8="></latexit>

✓12, ✓12, ✓23 6= 0,
⇡

2
�CP 6= 0,⇡

<latexit sha1_base64="3jP24axMKKAO8ibZMEv/8TlF3dY="></latexit>



Atmospheric neutrino experiments

T.K.Gaisser and M. Honda, Ann. Rev. Nucl. Part. Sci, 52, 153 2002

neutrino
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L = 10000 km

θcos    = 0
L = 500 km

θcos    = 0.8

L = 20 km

Terre

atmosphere

detecteur

zenithal
angle

The range of pathlengths of atmospheric neutrinos is also very wide from about 15 km
for vertical downward-going neutrinos to 1.3 ◊ 104 km for upward-going neutrinos

∆ L/E ratio allows to investigate 10≠4 < �m2 < 10 eV2

(assuming pathlength & 100 km)

Th. A. Mueller (LLR) Neutrino physics September 22, 2020 [17/29]

Super-Kamiokande atmospheric neutrino data

Y. Ashie et al. Phys. Rev. D71, 2005

In order to test the hypothesis of
neutrino oscillation, one can vary the
pathlength travelled by neutrinos

If no oscillation :

Nl(cos ◊) = Nl(≠ cos ◊)
(l = e, µ)

Equation is verified for electron events
but not the case for muons events

On the plots, blue boxes are MC
predictions and red dashed lines the
best-fit expectations for ‹µ ¡ ‹·

oscillations with sin2 2◊ = 1 and
�m2 = 2.5 ◊ 10≠3 eV2

Th. A. Mueller (LLR) Neutrino physics September 22, 2020 [26/29]50 ans IN2P3 Pascal Paganini, LLR-École polytechnique 20
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Super-Kamiokande 1998:
Oscillation avec les 
neutrinos atmosphériques

SNO 2001:
Oscillation avec les 
neutrinos solaires
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L’expérience T2K

LLR: multiples contributions aux détecteurs proches INGRID, module 
proton, WAGASCHI, et jouvence de ND280 (en cours)

Overview of the T2K experiment

Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

Observation of ⌫e / ⌫̄e appearance : ✓13 and �CP

Precise measurement of ⌫µ / ⌫̄µ disappearance : “atmospheric” parameters (✓23,�m2
32)

1) J-PARC accelerator 500 kW, 30 GeV protons

2) High intensity ⌫µ beam (> 99% purity), 600 MeV, narrow band (1st o↵-axis exp.)

3) Near detector

at 280 m
4) Super-Kamiokande : 50 kt water Cerenkov detector

Th. A. Mueller (LLR) Bilan T2K / SK March 30, 2021 7 / 30
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T2K
2014

uncertainty for both the FC and the FV selection is 1%. The
decay-electron rejection cut has errors of 0.2%–0.4%,
depending on neutrino flavor and interaction type. The
uncertainties for the single electronlike ring selection and
π0 rejection are estimated by using the SK atmospheric
neutrino data and SK cosmic-ray muons. Electron-neutrino
CC-enriched control samples based on these cuts were
prepared, and the differences between MC predictions and
data are used to extract the systematic uncertainty. The
uncertainty associated with the π0 background is deter-
mined by constructing a hybrid sample with either an
electronlike ring taken from the atmospheric data sample or
from decay-electrons selected in the stopping muon data
sample, and a MC-generated gamma ray assuming π0

kinematics. The selection cut systematic uncertainty is
calculated to be 1.6% for signal events and 7.3% for
background events. The total SK selection uncertainty is
2.1% for the νe candidate events assuming sin22θ13 ¼ 0.1.
Additional SK systematic uncertainties are due to final-

state interactions (FSI) of pions that occur inside the target
nucleus, as well as secondary interactions (SI) of pions and
photonuclear (PN) interactions of photons that occur out-
side of the target nucleus. The treatment of the FSI and SI
uncertainties is the same as in the previous analysis [28].
For this analysis, a new simulation of PN interactions has
been added to the SKMC. In the final νe event sample, 15%
of the remaining π0 background is due to events where
one of the π0 decay photons is absorbed in a PN interaction.
A systematic uncertainty of 100% is assumed for the
normalization of the PN cross section.

Oscillation analysis.—The neutrino oscillation parameters
are evaluated using a binned extended maximum-like-
lihood fit. The likelihood consists of four components: a
normalization term (Lnorm), a term for the spectrum shape
(Lshape), a systematics term (Lsyst), and a constraint term
(Lconst) from other measurements

LðNobs; x⃗; o⃗; f⃗Þ ¼ LnormðNobs; o⃗; f⃗Þ × Lshapeðx⃗; o⃗; f⃗Þ

× Lsystðf⃗Þ × Lconstðo⃗Þ; (3)

where Nobs is the number of observed events, x⃗ is a set of
kinematic variables, o⃗ represents oscillation parameters,
and f⃗ describes systematic uncertainties. In the fit, the
likelihood is integrated over the nuisance parameters to
obtain a marginalized likelihood for the parameters of
interest.
Lnorm is calculated from a Poisson distribution using the

mean value from the predicted number of MC events.
Lsystðf⃗Þ constrains the 27 systematic parameters from the
ND280 fit, the SK-only cross section parameters, and the
SK selection efficiencies. Table II shows the uncertainties
on the predicted number of signal νe events. TheLshape term
uses x ¼ ðpe; θeÞ to distinguish the νe signal from back-
grounds. An alternative analysis uses x ¼ Erec

ν , the recon-
structed neutrino energy. In order to combine the results

presented in this Letter with other measurements to
better constrain sin22θ13 and δCP, the Lconst term can also
be used to apply additional constraints on sin22θ13, sin2θ23,
and Δm2

32.
The following oscillation parameters are fixed in the

analysis: sin2θ12 ¼ 0.306 , Δm2
21 ¼ 7.6 × 10−5 eV2 [29],

sin2θ23 ¼ 0.5 , jΔm2
32j ¼ 2.4 × 10−3 eV2 [30], and

δCP ¼ 0. For the normal (inverted) hierarchy case, the
best-fit value with a 68% confidence level (C.L.) is
sin22θ13 ¼ 0.140þ 0.038

−0.032 (0.170þ 0.045
−0.037). Figure 3 shows the

best-fit result, with the 28 observed νe events. The alter-
native analysis using Erec

ν and a profile likelihood method
produces consistent best-fit values and nearly identical
confidence regions. Figure 4 shows the Erec

ν distribution
with the MC prediction for the best-fit θ13 value in the
alternative analysis.
The significance for a nonzero θ13 is calculated to be

7.3σ, using the difference of log likelihood values between
the best-fit θ13 value and θ13 ¼ 0. An alternative method of
calculating the significance, by generating a large number
of toy MC experiments assuming θ13 ¼ 0, also returns a

TABLE II. The uncertainty (rms/mean in %) on the predicted
number of signal νe events for each group of systematic
uncertainties for sin22θ13 ¼ 0.1 and 0. The uncorrelated ν
interaction uncertainties are those coming from parts of the
neutrino interaction model that cannot be constrained with
ND280.

Error source [%] sin22θ13 ¼ 0.1 sin22θ13 ¼ 0

Beam flux and near detector 2.9 4.8
(without ND280 constraint) (25.9) (21.7)
Uncorrelated ν interaction 7.5 6.8
Far detector and FSI þ SI þ PN 3.5 7.3

Total 8.8 11.1
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FIG. 3 (color online). The (pe, θe) distribution for νe candidate
events with the MC prediction using the primary method best-fit
value of sin22θ13 ¼ 0.140 (normal hierarchy).

PRL 112, 061802 (2014) P HY S I CA L R EV I EW LE T T ER S week ending
14 FEBRUARY 2014

061802-6

28    observés, bruit de fond attendu⌫e
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Constraint on the matter–antimatter 
symmetry-violating phase in neutrino 
oscillations

The T2K Collaboration*

The charge-conjugation and parity-reversal (CP) symmetry of fundamental particles 
is a symmetry between matter and antimatter. Violation of this CP symmetry was first 
observed in 19641, and CP violation in the weak interactions of quarks was soon 
established2. Sakharov proposed3 that CP violation is necessary to explain the 
observed imbalance of matter and antimatter abundance in the Universe. However, 
CP violation in quarks is too small to support this explanation. So far, CP violation has 
not been observed in non-quark elementary particle systems. It has been shown that 
CP violation in leptons could generate the matter–antimatter disparity through a 
process called leptogenesis4. Leptonic mixing, which appears in the standard model’s 
charged current interactions5,6, provides a potential source of CP violation through a 
complex phase δCP, which is required by some theoretical models of leptogenesis7–9. 
This CP violation can be measured in muon neutrino to electron neutrino oscillations 
and the corresponding antineutrino oscillations, which are experimentally accessible 
using accelerator-produced beams as established by the Tokai-to-Kamioka (T2K) and 
NOvA experiments10,11. Until now, the value of δCP has not been substantially 
constrained by neutrino oscillation experiments. Here we report a measurement 
using long-baseline neutrino and antineutrino oscillations observed by the T2K 
experiment that shows a large increase in the neutrino oscillation probability, 
excluding values of δCP that result in a large increase in the observed antineutrino 
oscillation probability at three standard deviations (3σ). The 3σ confidence interval 
for δCP, which is cyclic and repeats every 2π, is [−3.41, −0.03] for the so-called normal 
mass ordering and [−2.54, −0.32] for the inverted mass ordering. Our results indicate 
CP violation in leptons and our method enables sensitive searches for matter–
antimatter asymmetry in neutrino oscillations using accelerator-produced neutrino 
beams. Future measurements with larger datasets will test whether leptonic CP 
violation is larger than the CP violation in quarks.

Previous observations of neutrino oscillations have established that 
the three known neutrino flavour states, νe, νµ and ντ are mixtures of 
three mass states, ν1, ν2 and ν3

12–15. This mixing is described by a unitary 
matrix called the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) 
matrix16,17, which can be parameterized by three mixing angles θ12,  
θ13 and θ23, and complex phases. Of these phases, neutrino oscillations 
are sensitive to δCP. The probabilities that the neutrinos will oscillate 
from one flavour state to another as they travel depend on these mix-
ing parameters and the mass squared differences ( m m m∆ = −ij i j

2 2 2 ) 
between the neutrino mass states. The PMNS parameters and the  
mass squared differences are referred to as ‘oscillation parameters’.  
It is known that ν1 and ν2 lie close to each other in mass, with 

m c∆ = (7.53 ± 0.18) × 10 eV /21
2 −5 2 4 , whereas m|∆ |32

2  is approximately 30 
times larger. However, it is not known whether m3 has a larger or smaller 

mass than m1 and m2 (ref. 2). The case where the mass of m3 is larger 
(smaller) is called the normal (inverted) ordering. The CP 
symmetry-violating effect in neutrino and antineutrino oscillations 
has a magnitude that depends on the Jarlskog invariant18,19:

J θ θ θ θ δ=
1
8

cos sin(2 )sin(2 )sin(2 )sin (1)CP,l 13 12 23 13 CP

According to current measurements, this is approximately 0.033sinδCP 
(ref. 2). This value has the potential to be three orders of magnitude 
larger than the measured quark-sector CP violation (JCP,q = 3 × 10−5) (ref. 2).  
Prior to this work, no experiment has excluded any values of δCP (tak-
ing into account both mass orderings) at the 99.73% (3σ) confidence 
level. T2K is a long-baseline neutrino experiment that uses beams of 
muon neutrinos and antineutrinos, with energy spectra peaked at 
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Le futur: T2K-2 (2023-2027) et Hyper-Kamiokande (2027-)
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FIG. 300. The expected Hyper-K sensitivity to �CP assuming the true value of �CP = �⇡/2 (left) and 0

(right).

3− 2− 1− 0 1 2 3

CPδTrue 
0

2

4

6

8

10

12

14

162 χ
Δ

) =
 0

 e
xc

lu
sio

n 
CPδ

sin
( σ3

σ5

Statistics only
 xsec. err. 2.0%)eν/eνImproved syst. (
 xsec. err. 3.2%)eν/eνT2K 2018 syst. (

)ν:νHK 10 years (2.70E22 POT 1:3 

| = 2.509E-3  32
2mΔ) = 0.528  |23θ(2) = 0.0218  sin13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

0 1 2 3 4 5 6 7 8 9 10
)ν:νHK Years (2.7E21 POT 1:3 

0

10

20

30

40

50

60

70

80

=0
 (%

)
CPδ

 v
al

ue
s e

xc
lu

di
ng

 si
n

CPδ

Statistics only
 xsec. err. 2.0%)eν/eνImproved syst. (
 xsec. err. 3.2%)eν/eνT2K 2018 syst. (

σ3 
σ5 

| = 2.509E-3  32
2mΔ) = 0.528  |23θ(2) = 0.0218  sin13θ(2sin

True normal hierarchy (known)
Hyper-K preliminary

FIG. 301. Left : expected significance to exclude sin �CP = 0 plotted as a function of true �CP . Right :

fraction of �CP for which sin �CP = 0 can be excluded with more than 3� (black) and 5� (red) significance

as a function of the running time.

6. Measurement of CP asymmetry7888

Figure 300 shows examples of the Hyper-K sensitivity to �CP assuming the true value of �CP7889

as �⇡/2 or 0.7890

Figure 301 shows the expected significance to exclude sin �CP = 0 (the CP conserved case).7891

The significance is calculated as
p
��2, where ��

2 is the di↵erence of �2 for the true value of �CP7892

and for �CP = 0 or ⇡ (whichever is lower). Figure 301 also shows the fraction of �CP for which7893

sin �CP = 0 is excluded with more than 3� and 5� significance as a function of the running time.7894

CP violation in the lepton sector can be observed with more than 3(5)� significance for 73(60)% of7895

the possible true values of �CP . The value of �CP can be determined with an uncertainty of 6.5� for7896

�CP = 0� or 180�, and 19.1� for �CP = ±90� assuming the Hyper-K systematics described above.7897

However, the precision of the �CP measurement depends very strongly on systematics which can7898
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FIG. 302. The sensitivity to exclude sin �CP = 0 in the case of true �CP = �90� plotted as a function

of year for di↵erent systematic error assumptions. (left) and di↵erent beam power assumptions (right).

Hyper-K sensitivities are compared to those from T2K [127], T2K-II [128], and DUNE [129], which include

a constraint on the value of ✓13 by external reactor experiments.

a↵ect the spectrum shape; future studies will treat this in a more robust way.7899

The sensitivity of Hyper-K to exclude sin �CP = 0 in the case of true �CP = �⇡/2 is shown7900

as a function of year for di↵erent systematic error assumptions and beam powers in Figure 302 ,7901

which includes a comparison with the sensitivities of other future long-baseline neutrino oscillation7902

experiments.7903

All plots, which are shown herein, include a reactor constraint. However, the sensitivity to �CP7904

changes only very slightly when Hyper-K data are fit by themselves. Although sensitivities to �CP7905

depend on the true value of ✓23, results here assume the true value of sin2 ✓23 = 0.528.7906

These results indicate that it is essential to constrain systematic errors to maximize the sensi-7907

tivity to CP violation. Results of a simple study are shown in Figure 303 that are performed to7908

evaluate the impact of the ⌫e and ⌫̄e cross section errors, where only ⌫e and ⌫̄e normalization errors7909

are applied and the errors are treated as either fully correlated or fully anti-correlated between two7910

beam modes. This result indicates that CP violation sensitivity is degraded when constraints on7911

the ⌫e/⌫̄e cross sections are anti-correlated.7912

Sensitivities, which are shown above, assume that the mass ordering is known. However, the7913

Hyper-K long-baseline sensitivity to �CP is degraded if the mass ordering is not measured precisely.7914

The Hyper-K sensitivity to exclude sin �CP = 0 as a function of true �CP and the fraction of �CP7915

values for which sin �CP = 0 can be excluded are shown in Figure 304 assuming di↵erent significance7916

constraints on the mass ordering. A ⇠3.5� measurement of the mass ordering can be performed7917

by Hyper-K with atmospheric neutrinos at sin2 ✓23 = 0.5 and true normal ordering (see Sec. V.3).7918

5�
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Quarks Leptons
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• Violation de CP dans secteur des quarks beaucoup trop faible 
pour expliquer l’asymétrie matière-antimatière ⌘ =

nb

n�
⇠ 10�20
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⌘exp = 6.1⇥ 10�10
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• Secteur des neutrinos encore très mal connu: unitarité de la 
matrice de mélange? Confirmation de violation CP quasi 
maximale? Existence de neutrinos droits?    Expérience 
Hyper-Kamiokande idéalement positionnée pour répondre à 
ces questions dans la prochaine décennie. 
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• Scénario type leptogénèse (introduction de neutrino(s) droit(s) 
lourd(s), neutrinos de Majorana) permettrait d’engendrer    à 
partir de    + termes supplémentaires CP + explication faible 
masse neutrinos (seesaw)      

CP leptons ⇠ 103 CPquarks
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• Violation de CP dans le secteur des leptons
(si phase CP maximale)     probablement trop faible pour 
expliquer
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• Univers: conditions initiales supposées symétriques pour tous les 
nombres quantiques: nb baryonique  B = Nb �Nb̄ = 0
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Équilibre thermique 
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baryogénèse Mécanisme inconnu
Époque inconnue (mais après inflation)
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Asymétrie baryonique:
Peu vraisemblable que seul notre univers proche (z<1) soit ainsi (voir [2] ): 
les modèles supposant un univers            concluent     nb = nb̄
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Dans SM, B-L conservé mais B+L est changé par 
transformation de jauge SU(2)L
(passage d’un état du vide à l’autre) 

�(B + L) = 2NfNCS
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�B = �L ) �B = NfNCS = 3, 6, 9 · · ·
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Scénarios de baryogénèse Electroweak

B-L conservé:



50 ans IN2P3 Pascal Paganini, LLR-École polytechnique 31

Découverte de la violation de CP: Cronin & Fitch (1964)

KL
π

π18 m

E181 experiment, Brookhaven

Dans un monde parfait:

which will be discussed in Chapters 4–6. They should allow us to answer the important question of
whether the Cabibbo-Kobayashi-Maskawa picture of CP violation is correct and more generally whether
the Standard Model offers a correct description of weak decays of hadrons. In the language of the
unitarity triangle the question is whether the various curves in the (ϱ, η) plane extracted from different
decays and transitions using the SM formulae cross each other at a single point, as shown in Fig. 1.3, and
whether the angles (α,β, γ) in the resulting triangle agree with those extracted from CP asymmetries in
B decays and from CP conserving B decays.
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Fig. 1.3: The ideal Unitarity Triangle

Any inconsistencies in the (ϱ, η) plane will then give us some hints about the physics beyond the
SM. One obvious inconsistency would be the violation of the constraint (21). Another signal of new
physics would be the inconsistency between the unitarity triangle constructed with the help of rare K
decays alone and the corresponding one obtained by means of B decays. Also (ϱ, η) extracted from loop
induced processes and CP asymmetries lying outside the unitarity clock in Fig. 1.2 would be a clear
signal of new physics.

In this context the importance of precise measurements of |Vub| and |Vcb| should be again em-
phasised. Assuming that the SM with three generations and a unitary CKM matrix is a part of a bigger
theory, the apex of the unitarity triangle has to lie on the unitarity clock obtained from tree level decays.
That is, even if SM expressions for loop induced processes put (ϱ, η) outside the unitarity clock, the cor-
responding expressions of the grander theory must include appropriate new contributions so that (ϱ, η)
is shifted back to the band in Fig. 1.2. In the case of CP asymmetries, this could be achieved by realizing
that in the presence of new physics contributions the measured angles α, β and γ are not the true angles
of the unitarity triangle but sums of the true angles and new complex phases present in extensions of the
SM. Various possibilities will be discussed in the forthcoming CKM workshops. The better |Vub| and
|Vcb| are known, the thinner the band in Fig. 1.2 becomes, improving the selection of the correct theory.
Because the branching ratios for rare and CP violating decays depend sensitively on the parameter A,
precise knowledge of |Vcb| is very important.

In order for us to draw such thin curves as in Fig. 1.3, we require both experiments and theory to
be under control. Let us then briefly discuss the theoretical framework for weak decays.

7

Nécessité de mesurer la 
violation CP dans le système 

des mésons B  

Expériences BABAR et Belle

45 événements KL →2π 
/ 22700 evénements

✏K ⇡ 0.2%
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Appendix

Other triangles, II
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Other triangles, III
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Other triangles, IV
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Other triangles, I
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Other triangles, IV
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12 12. CKM Quark-Mixing Matrix

A complication is that the ratio of the interfering amplitudes is very small, rDfi = A(B0 æ
D

+
fi

≠)/A(B0 æ D
+

fi
≠) = O(0.01) (and similarly for rDúfi and rDfl), and therefore it has not

been possible to measure it. To obtain 2— + “, SU(3) flavor symmetry and dynamical assump-
tions have been used to relate A(B0 æ D

≠
fi

+) to A(B0 æ D
≠
s fi

+), so this measurement is not
model independent at present. Combining the D

±
fi

û, D
ú±

fi
û and D

±
fl

û measurements [126] gives
sin(2— + “) > 0.68 at 68% CL [112], consistent with the previously discussed results for — and “.

12.4 Global fit in the Standard Model
Using the independently measured CKM elements mentioned in the previous sections, the uni-

tarity of the CKM matrix can be checked. We obtain |Vud|2 + |Vus|2 + |Vub|2 = 0.9985 ± 0.0005 (1st
row), |Vcd|2 + |Vcs|2 + |Vcb|2 = 1.025 ± 0.022 (2nd row), |Vud|2 + |Vcd|2 + |Vtd|2 = 0.9970 ± 0.0018 (1st
column), and |Vus|2+|Vcs|2+|Vts|2 = 1.026±0.022 (2nd column), respectively. Due to the recent re-
duction of the value of |Vud|, there is a 3‡ tension with unitarity in the 1st row, leading also to poor
consistency of the SM fit below. The uncertainties in the second row and column are dominated by
that of |Vcs|. For the second row, another check is obtained from the measurement of

q
u,c,d,s,b |Vij |2

in Sec. 12.2.4, minus the sum in the first row above: |Vcd|2 + |Vcs|2 + |Vcb|2 = 1.002 ± 0.027. These
provide strong tests of the unitarity of the CKM matrix. With the significantly improved direct
determination of |Vtb|, the unitarity checks for the third row and column have also become fairly
precise, leaving decreasing room for mixing with other states. The sum of the three angles of the
unitarity triangle, – + — + “ =

!
179+7

≠6
"¶, is also consistent with the SM expectation.

The CKM matrix elements can be most precisely determined using a global fit to all available
measurements and imposing the SM constraints (i.e., three generation unitarity). The fit must also
use theory predictions for hadronic matrix elements, which sometimes have significant uncertainties.
There are several approaches to combining the experimental data. CKMfitter [6,112] and Ref. [127]
(which develops [128,129] further) use frequentist statistics, while UTfit [113,130] uses a Bayesian
approach. These approaches provide similar results.

The constraints implied by the unitarity of the three generation CKM matrix significantly
reduce the allowed range of some of the CKM elements. The fit for the Wolfenstein parameters
defined in Eq. (12.4) gives

⁄ = 0.22650 ± 0.00048 , A = 0.790+0.017
≠0.012 ,

fl̄ = 0.141+0.016
≠0.017 , ÷̄ = 0.357 ± 0.011 . (12.26)

These values are obtained using the method of Refs. [6,112]. Using the prescription of Refs. [113,130]
gives ⁄ = 0.22658 ± 0.00044, A = 0.818 ± 0.012, fl̄ = 0.139 ± 0.014, ÷̄ = 0.356 ± 0.010 [131]. The fit
results for the magnitudes of all nine CKM elements are

VCKM =

Q

ca
0.97401 ± 0.00011 0.22650 ± 0.00048 0.00361+0.00011

≠0.00009
0.22636 ± 0.00048 0.97320 ± 0.00011 0.04053+0.00083

≠0.00061
0.00854+0.00023

≠0.00016 0.03978+0.00082
≠0.00060 0.999172+0.000024

≠0.000035

R

db , (12.27)

and the Jarlskog invariant is J =
!
3.00+0.15

≠0.09
"

◊ 10≠5. The parameters in Eq. (12.3) are

sin ◊12 = 0.22650 ± 0.00048 , sin ◊13 = 0.00361+0.00011
≠0.00009 ,

sin ◊23 = 0.04053+0.00083
≠0.00061 , ” = 1.196+0.045

≠0.043 . (12.28)

Fig. 12.2 illustrates the constraints on the fl̄, ÷̄ plane from various measurements, and the global
fit result. The CL of each of the shaded regions was increased from 95% to 99% for this edition,
because the reduction in |Vud| discussed above leads to poor consistency between the fit result (for
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Figure 8. Dependence of the global ��2 function on the Jarlskog invariant. The red (blue) curves
are for NO (IO). Solid (dashed) curves are without (with) adding the tabulated SK-atm ��2.

ranges) on their magnitude:

|U |w/o SK-atm

3� =

0

B@
0.801 ! 0.845 0.513 ! 0.579 0.143 ! 0.156

0.233 ! 0.507 0.461 ! 0.694 0.631 ! 0.778

0.261 ! 0.526 0.471 ! 0.701 0.611 ! 0.761

1

CA

|U |with SK-atm

3� =
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B@
0.801 ! 0.845 0.513 ! 0.579 0.143 ! 0.155

0.234 ! 0.500 0.471 ! 0.689 0.637 ! 0.776

0.271 ! 0.525 0.477 ! 0.694 0.613 ! 0.756

1

CA

(4.2)

Note that there are strong correlations between these allowed ranges due to the unitary

constraint.

The present status of leptonic CP violation is further illustrated in fig. 8 where we

show the determination of the the Jarlskog invariant defined as:

JCP ⌘ Im
⇥
U↵iU

⇤
↵jU

⇤
�iU�j

⇤

⌘ Jmax

CP sin �CP = cos ✓12 sin ✓12 cos ✓23 sin ✓23 cos
2 ✓13 sin ✓13 sin �CP .

(4.3)

It provides a convention-independent measure of leptonic CP violation in neutrino prop-

agation in vacuum [34] – analogous to the factor introduced in Ref. [35] for the descrip-

tion of CP violating e↵ects in the quark sector, presently determined to be Jquarks

CP
=

(3.18 ± 0.15) ⇥ 10�5 [36]. From the figure we read that the determination of the mixing

angles implies a maximal possible value of the Jarlskog invariant of

Jmax

CP = 0.0332± 0.0008 (±0.0019) (4.4)

at 1� (3�) for both orderings. Furthermore we see that with the inclusion of the new

results, the best fit value Jbest

CP
= �0.0089 is only favored over CP conservation JCP = 0

with ��2 = 0.38, irrespective of SK-atm.
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What is the mass hierarchy problem?

two possibilities for the neutrino mass spectrum
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1 > 0 and ✓12 < 45� thanks to the observation of the matter e↵ect in the Sun
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Observed δCP = −π/2 δCP = 0  δCP = π/2 δCP = π 

νµ disappearence 243 272.4 272 272.4 272.8 

νe appearence 75 74.4 62.2 50.6 62.7 

νe appearence 
(CC1π+-like sample)  

15 7.0 6.1 4.9 5.9 

anti-νµ disappearence 140 139.2 139.2 139.5 139.9 

anti-νe appearence 15 17.1 19.4 21.7 19.3 

Observed δCP = −π/2 δCP = 0  δCP = π/2 δCP = π 

νµ disappearence 127 127.9 127.6 127.8 128.1 

νe appearence 32 27.0 22.7 18.5 22.7 

anti-νµ disappearence 66 64.4 64.3 64.4 64.6 

anti-νe appearence 4 6 6.9 7.7 6.8 

Observed δCP = −π/2 δCP = 0  δCP = π/2 δCP = π 

νµ disappearence 318 346.6 345.9 346.6 347.4 

νe appearence 94 96.6 81.6 66.9 81.6 

νe appearence 
(CC1π+-like sample)  

14 9.3 8.1 6.6 7.8 

anti-νµ disappearence 137 135.8 135.4 135.8 136.2 

anti-νe appearence 16 16.6 18.8 20.8 18.5 

NEUTRINO 2016 

NEUTRINO 2018 

NEUTRINO 2020 



Precision sur la mesure de  δCP 

La sensibilité à δCP s’améliore si on 
reduit les erreurs systematiques  

HK: meilleure précision attendue sur δCP !!!  
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HK

Même sans connaître la hiérarchie de mass, excellent 
potentiel sur CP avec la combinaison des données 
atmosphériques  

Sensitivity to mass hierarchy

HK
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NuFIT 5.0 (2020)
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