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. The KO-KO system
e The CKM mechanism

* Measurements of the unitarity friangle
parameters : some examples
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The KO-KO system

Observation of Long-Lived Neutral V
Particles™
K. Laxpg, E. T. BoorH, J. IMPEDUGLIA, AND L. M. LEDERMAN,
Columbia University, New York, New York
AND

W. CHINOWSKY, Brookhaven National Laboratory,
Upton, New York

(Received July 30, 1956)

=) Two states :

- ‘K2>+7r7m

Same mass (~ 500 MeV)

Very different lifetimes
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Remember the strange particles ¢

Brookhaven, 1956

M(r) ~ 140 MeV
M(K) ~ 500 MeV

lifetime ~ 10000 Kdifetime due to phaserspages, Palesiine



CP violation in the K° system NB K =Ks and k=K.

CREENTY
<)-fo

4 M
&l -~ (8|5
One can build : \/5 ( ) cp
] s eigenstates
1 1
‘ 2> 5 ( )_
- ‘K >_> L CP(nm) = +1 and CP(rmm) = -1
2
if CP is a good symmetry for the weak interaction :M
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initial beam ——
—
Ky and K, _—

After some time, pure K; beam

Search for the signal of the decay ’K2> >@#E far (20 meters)

from the production point of the K; and K,

(=
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Cronin& Fitch experiment 1964

FLOOR PLAN OF EXPERIMENT

NEUTRON

NOMITOR _‘l
CONCRETE 77?(7 77\ ;:i--\ / co&lxtn‘:roa.‘ t ‘9
7NN\ : charged tracks

SHIELOING

detector

BRASS DEFINING
COLLIMATOR — o~
Y e

initial beam
Ki and K
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Two informations :
e The w*m invariant mass (m¥*)

signal
J background ' o
* The opening angle between the two pions in
'T _ the K center of mass frame
cosO < 1 T
484 <m* < 494 Lo
9 o™
il

not signal
detected

I N(signal) = 4510

494 < m¥*< 504

NUMBER OF EVENTS

!

504<m*< 514

v

* [ qr+q7- b + I:LLHJ—J-U' 0
mz m*(m*m) 0.9996 0.9997 0.9998 0.9999 1.0000
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VoLUME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,’° MESON*T
1 964 J. H. Christenson, J. W, Cronin,I V. Ly Fitch,I and R. Turlay§

Princeton University, Princeton, New Jersey
(Received 10 July 1964)

We would conclude therefore that K,° decays to
two pions with a branching ratio R=(K,-7"+77)/
(K,° = all charged modes) = (2.0 + 0.4)x 10”* where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,°. The presence of a
two-pion decay mode implies that the K,° meson
is not a pure eigenstate of CP., Expressed as

The Nobel Prize in Physics
1980

James Watson Val Logsdon Fitch

Cronin Prize share: 1/2
Prize share: 1/2

The Nobel Prize in Physics 1980 was awarded jointly to James
Watson Cronin and Val Logsdon Fitch "for the discovery of
violations of fundamental symmetry principles in the decay of
neutral K-mesons"

R. Turlay was a PhD student
J Christenson was a graduate studen

« The discovery emphasizes, once again, that even almost self evident principles in

science cannot be regarded fully valid until they have been critically examined in

precise experiments. »

Today : AI‘K2> N

A

%(2.27& 0.01 7)] 0~ 0.7 % precision !
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Experimental observation of CP violation in K decays

+ Cabibbo angle

- Ve Cabibbo-Kobayashi-Maskawa matrix
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Vexm Cabibbo-Kobayashi-Maskawa mairix W
Two different way of seeing the charged interactions %7."\

among quarks

In the basis dealing
with mass eigenstates :

gVy
- W ______
Vs
- W ______
U
e\
- W ______

ql q2 q 2

In the basis where :
charged interactions are just
between members of the same family
and « CKM » is diagonal

U
d
- W ______
—CI,
Weak interaction Mass eigenstates (flavour or
eigenstates # strong interaction
\ eigenstates)
(d' ) (Vud Vus Vub \(d )
S' — Vcd Vcs Vcb S
\b J \th Vis Voo )\b) 10



)

Progress of Theoretical Physics, Vol. 49, No. 2, Februark 1973
1973

CP-Violation in the Renormalizable Theory |pafore the discovery
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

of the 4th quark

Prediction of the 3rd

Department of Physics, Kyoto University, Kyoto fomily
# families # angles # reducible phases | # irreducible phases
n n(n-1)/2 2n-1 n(n+1)/2 —(2n-1)=(n-1)(n-2)/2
2 1 0
3 1
4 3




V* , # Ve 2 CP violation

CP
One amplitude : no sensitivity on phase (IV;l* =V";[#)
] Al
source Al
AZ
A
o0l ;
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No prediction on the Vj = they need to be measured
- Experimental observations :

(Vud Vus Vub \
Vcd Vcs Vcb

\ th Vts th Y,

AAAAAAAAA
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3 families k 3 angles (8;) and one phase (0)

Vub
f @
C12C13 S12C13 _
C,.J- = COS 9,1.

Vekm = - 512C3 — C12873513€" C12C23 — $12523513€" 523C13 S = sin 9/']'

$12523 — C1C3513€ - C12573 — S12C23513€™0 C23C13
. S

- Parametrization in power of A (=sind.) =512 = | Vs | ~ 0.22

[ 1-4%/2 1 A/IS(p A=sing ~0.22
2 A~0.80

A 1-2%/2  AA + (1%
. . , p~0.20
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Measuring triangles

Stay within the 3 families
(Vud Vus Vub \d° Unitarity of V cgm VV' =V'V =1
(U Y t) Vcd Vcs Vcb S n
\th V., V, )\b ) >9 relations a

k=1

o Aok HCPSS 2017 Heavy Flavours Marie-Hélene Schune
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The non-diagonal elements of the matrix products correspond to 6 triangle
equations

(a) R
Y.ldvus

VedVes

Via Vs

VoV + VOV VY =
Vu:) Vud + Vcb Vcd + th th =
—/ Vu*s Vub + VCZ VCb + v* th

=0
0) * IS
ViV ViV = 3 3
T o T V. V. +V V. +V.V. =0] %xn
VLVE ud td us ts u‘b th PR (c) Ve

td vcd + vts Vcs+vtb Vcb= U }"}\')\; VasVab \{:s\{:T:)
V-V +V V. +V V=0 AAA
ud < us cs ub “c¢bh
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“the"” unitarity triangle :  V,,V., + Vo V., +V,V,, =0

at order A°

Basis of the triangle aligned on the real axis, normalized 1o 1

V.V, (1-2*/2)n
p=arg| <2 |= atan[
- ) [vcdvcb 1-(1-2/2)p
y = arg —V“dV“f = atan(ﬁj
A-2*/2) |---------- ; Y VeaVon P
ViV | V,
Vufvud : tf td oL +B =T
cb¥ cd N 0/ VcbVCd
v B [
0 (1-2°/2)p 1 2 sides; 3 angles
= aim : to overconstrain this unitarity
tiangle

toz‘ot Weak Inferaction, An-Naiah Notional Rrecision test of the Standard Model
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Measurements of the unitarity

friangle parameters :
some examples
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(1-41/2)m

-1 1
v 2 v 2
é_ ¢ /_ f
p ———— ¢ b ’ u
Lo L

Conceptually simple, complicated by QCD

Bt i Weak Interaction, An-Nagjah National University, Nablus, Palestine

IIIIIIII

v



The other side : BO-BO oscillations

A
=22/ 2y |=mmemees , *
Vu Vud E \/tb\/td
VCbVCd E 04 ‘/CbVCd
b [¢B=2] . d/s
, 1§ 1
0 -7/ 1 d/s H H b
b 1AB=2] /s
B° t Y1+
t
d/s W b
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The mixing phenomenon
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Pairs of self-conjugate mesons that can be fransformed to each other via flavour changing
weak inferaction transitions are:

s D= B=bd B =bs

They are flavour eigenstates with definite quark content

0
= yseful to understand particle production and decay ‘B >’

§°>
Apart from the flavour eigenstates there are mass eigenstates: \B > \B >
L/ ! H

= eigenstates of the Hamiltonian

® states of definite mass and lifetime

= They are propagating through space-time
—0
B)=p|B°)+q|B >

8,)=p|8)-a|B")

Since flavour eigenstates are not mass eigenstates, the flavour eigenstates are mixed
with one another as they propagate through space and time



. -FHL
—il M. —j b=
H,L 2 }

‘BH,L(t)> =€ I[ ‘BH,L(t = O)> +

Time evolution

The probability to observe a B at time t if a BO was produced at time t=0'is :

(B°|H|B° (t)) -—(1+cosAmt)

The probability to observe a B® at time t if a B was produced at time t=0is :

2 It
KEO _ € (1 - cos Amt) This is the mixing phenomenon !

H|B (t))

Simplified formulae assuming that the two mass eigenstates have the same lifetime and neglecting CP
violation (g/p=1)



Let's come back to the unitarity triangle
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Am can be computed in the Standard Model

Effective FCNC Processes (CP conserving — top loop dominates in box diagram):

b a5=2) d/s b [AB=2] d/s
v B B° w ! t_ I w B
£ b

Loop integral
dominant theoretical

Non-perturbative QCD :

(top loop dominates)
uncertainty

Weak Interaction, An-Najah National University, Nablus, Palestine
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The other side : BO-BO oscillations

A
(L= 22/ 27 |-=memeees , * ;
Vuqud E \/tb\/td -1
Vcbvcd E 04 Vcbvcd
v B (
O a-2/2p 1
> T T T T
= - LHCb )
Nunmixed — NMixed e 04 +B>Dm
~ cos Amt i - combined
2 i
2 o 1
e Vol SN
04 —
g |1|0I‘||1|5
mz B’ decay time ¢ [ps]
TOIRE Weak Interaction, An-Najah National University, Nablus, Palestine
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v

Are the two types of measurements compatible ¢

Weak Interaction, An-Najah National University, Nablus, Palestine



in 1-22/2)n

agreement
with

A
Vuﬂ;)Vud \/tZ‘/td
VoV o Vcbvcd

Y B ‘{

0 1-2/2)p

LABORATOIRE Weak Interaction, An-Nagjah National University, Nablus, Palestine
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CP violation

Weak Interaction, An-Najah National University, Nablus, Palestine
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V* 1, # Ve 2 CP violation

CP

If you just have one amplitude : no sensitivity on phase (| Vy|2=|V7|?)

source Al

AAAAAAAAA

30



Let's come back to the unitarity triangle

Weak Interaction, An-Najah National University, Nablus, Palestine



“the” unitarity friangle :  V,,V., + V, V., +V, V., =0

A
R T *
Vuqud i ‘/tb‘/td
chvcd R Vc>|< Vcd
Y B [
O w-2/2)p 1

7/ — arg Vuqu*b
VeaVes

aadaonay Weak Interaction, An-Nagjah National University, Nablus, Palestine
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Events / ( 10 MeV/c?)

LHCb -
B*—DOK* =

B“‘—»[KJ'K_]DK+

B >[K*K T -

Sk

R+, D0Tr LHCb

B*—[K*K | T

KK
Ay

5400 5500 5100

5400 5500
m(Dh) [MeV/c?]

e
5300

0.087 =+=0.020 =0.008

significantly different from O |

Weak Interaction, An-Najah National University, Nablus, Palestine
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(L-A2/2) |- , .
Vuqud i ‘/tb\/td
VoVl T o N\ ViV
Y B (
O w-2/2)p !
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An example of CP induced by the interference between
and decay : the B angle

— )
BO decay > f
q)d = q)mix_2 (Ddecoy
_(Ddecoy
q)mix Bo
Mixing Decay
Vi, WV V
b tb td d b xc‘ti ; Jhy
RO t,c,u t,c, u B
- }W] 1 S e
d Vig Vy, b d d
o Aok Weak Interaction, An-Nagjah National University, Nablus, Palestine
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PI‘Ob(B=O(t) — fep) - PrOb(E(t) = fep) _

a. (t)=
T Prob(B°(t) — f.,) + Prob(B°(t) - f.,)
- Siﬂ(QB) sin(Am’r) Pionnered by the B-factories
z
£
=
-0.32— _é

D LACCH ERATEUR Weak Interaction, An-Najah National University, Nablus, Palestine
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in 1-22/2)n

agreement
with

A
Vuﬂ;)Vud \/tZ‘/td
VoV o Vcbvcd

Y B (

0 1-2/2)p

LABORATOIRE Weak Interaction, An-Nagjah National University, Nablus, Palestine
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Sides and angles measurements in good agreement
The CKM model of CP violation has been confirmed

At the electroweak scale, the CKM mechanism dominates CP Violation

Va4 )

aadaonay Weak Interaction, An-Nagjah National University, Nablus, Palestine
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* Anti-matter in cosmic rays

Simulation of a | TeV proton
hitting the atmosphere...

* No sign of light emission (anti-galaxy ...)

*No sign of anti-nuclei (anti-He* ...)
Searches on-going

/f/q:
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Anti-matter in the Universe and Big Bang

Antfi-matter Anfi-matter

P 000,000 07N ~ 000.000.07 N
N S

q Q
N g @
Today

Primordial Universe

n(baryon) — n(antibaryon
(baryon) — n( y )~610‘1°

ny

The 3 Sakharov conditions(1967)

1. Baryonic number violation: X>p e
2. C and CP symmetries violation: T(X=>pe )J#[(X>pe*)

3. To be out of equiliorium: (X=>pe |#[(pe—>X)



Anti-matter in the Universe and Big Bang

Anti-matter Anil-matter

\_,/ \_J/

q Q
N g @
Today

Primordial Universe

n(baryon) — n(antibaryon
(baryon) — n( y )~610‘1°

ny

The 3 Sakharov conditions(1967)

1. Baryonic r
But the CP violation phase of the SM is

2. Cand CP orders of magnitude too small

3. Tobe out Ui cyumuuIl,. T WA 7 uS T Wwe 7



Heavy Flavours

Weak Interaction, An-Najah National University, Nablus, Palestine
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u

FE)_I
~k

d

7y
-y

Why not the top quark ?

Heavy
lavours !

The decay «< m> = extremely short lifetime

Hadronization time ~10-23s

= no top hadrons

—_—

Q|

|
N

Top Quark Width (GeV)

O
(V3]

_5 10-24
- 107®
102
a 107

{10®

40

- W
t P o'/ > b
th~1
Tevatron + LHC : [PDG]

IVl = 1.009+£0.031

=80 80 100 120 140 160 180 200
Top Quark Mass (GeV/c?)
Phys. Lett. B 181 (157)

Weak Interaction, An-Najah National University, Nablus, Palestine

N

ime (sec

Top Quark Lifet

45



Heavy Flavours why 7

B decay of the neutron

Phenomena taking place at ~ 1 GeV reveals physics at the 100 GeV scale

—0

Ve

M~ 1 GeV
M~ 1 GeV

€

Bt i An Nagjah university, Nablus, Palestine, Nov 2017

IIIIIIII

46



The top quark at an e+ e- collider with /s=10 GeV in 1987 |

e* e —Y(4S) —BB at /s = 10.58 Argus Collaboration
Phys Lett B 192 p454

GeV _
Production of coherent BB pairs -

Am_ = 0.00002 - L S
? GeV/ c’ P

B—D*ut*v

BO—D*u*v ~0.5ps™

= m, >50 GeV

Fig. 11: The fully reconstructed g

ARGUS event [26] '-{: {0
ete~ — T(45) — B°B° - B°B° H| °
as the first evidence for the =

occurance of BB oscillations. -*
B® = D't v, G Wi 5 .
Di- B D = Kfsr. R First hint of a
—=0 WA,
B — B° — Dy ujv, €= R |
Di~ . 20D7, A really large m;!
o 17, Dy Kfesus

7.;. 7“ s s s ss e ...--""’:.::.:-":‘/:

"""" L e e g

/ An Najah university, Nablus, Palestine, Nov 2017 47



Lepton Flavour Universality tests with B decays

In the SM : 0 0
____< ____< {=e, porT
W Vi Z0 ¢
I* I
A%
b W rm W 3
l+
Y. Z I
W+
b Tcn 3
B->Kuu
R(K)=
B—Kee

R=1 (at 10-3) in the SM

L abr Weak Interaction, An-Najah National University, Nablus, Palestine 48
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B—-K
R (K) — B—>KZI:

-o-LHCb -m-BaBar ——Belle

M 2- T T T T I T T T L) I T T T T ' T T T I T T i
: ’ Qg
1.5 il 5
1- 4
n +. SM .
0.5F [LHCDb - PRL 113, 151601] =
n [BaBar - PRD 86 (2012) 032012] 4
i [Belle - PRL 103 (2009) 171801] :
0l— M IR I S S SR ST R
0 5 10 15 20

g? [GeV?/c4]

> Compatibility with the SM prediction(s)
» Ry 2.6C
» Rg# low-q> 2.1-2.3G

» Ry+ central-q 2.4-2.56

B—oK *
R(K*)= Uuu
B—oKxee
. JHEPOS8 (2017) 055

* PRD 86 (2012) 032012
* PRL 103 (2009) 171801

T I I | I I I I | I I T I

1.0

0.5 ® LHCH
- - BaBar -
r LHCb Belle ]
OO 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 ) 10 15 20

¢ | 1eV? /]

In particle physics there are some
rules :

3 0 :evidence

5 o0 : observation

et Weak Interaction, An-Najah National University, Nablus, Palestine 49



3or50°¢

0.2 0.3 04
!

34.1% 34.1%

0.0 01

3 o : probability, of 0.003
5 ¢ : probability, of 3x107 (1 in 3.5 million)

this is the probability to draw the 4 acesin a game of 52 cards in
this order
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Weak interaction in summary

LABO
L I N

All quarks and leptons are sensitive to the weak interaction
Mw~M;~100 GeV - short range

Extremely weak : (~ 108 smallerintensity than the strong interaction at a

distance of 1 fm) - P
. . o(vp) =10cm”~ E ~ 3 MeV
The weak interaction Y
violates maximally C and P
does not conserve the flavour

« Exhibits a tiny CP violation

The weak and mass eigenstates of quarks are not the same, they are related
via Ve Which is a natural source of CP violation

Heavy flavours is a privileged way to search for New Physics

and weak interaction means also neutrinos ...
which we had very little fime to discuss
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