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e Jhe CKM Matrix

Outline of the lecture

What is flavour physics and why it is interesting

CP Violation and baryogendsi |

Some historical remarks

The rise of b physms

A brief mention of rare decays

Some overlap with Sally

Seidel’s slides

e Marco Gersabeck will
go more into the
experimental aspects of
CPV measurements



A very vast subject..

e Flavour physics includes
- neutrinos
- charged leptons
- kaon physics
- charm & beauty physics
- some aspects of top physics

e My focus here will be on some limited aspects of kaon,
charm and beauty physics



What is flavour?

A .. *|n 1971, at a Baskin-Robbins ice-

cream store in Pasadena, Murray
Gell-Mann and his student Harald
Fritzsch came up with the term
“flavour” to describe the different

types of quarks

» Just as ice cream has both color
and flavour, so do quarks

Flavour physics refers to the study of the
interactions that distinguish between the
fermion generations
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Who ordered that”

LEPTONS

genem‘f aene ation gen
one two

'Hnee

P 4 o .. asked |.Rabi after the
[ } = discovery of the u with a

mass of 207 m,
e m,/m, ~ O(10°)

e I’ masses many orders of

magnitude lighter than
any other matter field!

cl OU‘O‘ G‘ts

The Higgs mechanism does not solve the problem of

why each particle has a different mass (it does not allow
us to predict/compute particle masses)
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Many mysteries...

e cven if the SMis, at the current level of experimental precision
and at the energies reached so far, the most successful and
best tested theory of nature at a fundamental level.

What determines the observed pattern of masses and mixing
angles of quarks and leptons?

¢ In the SM, the only interaction distinguishing the three flavours
IS the Yukawa interaction (interaction of the matter fields with
the Higgs boson). The complex phases present in the Yukawa
couplings are also the only source of CP violation.

Are there other sources of flavour (and CP) symmetry
breaking, beside the SM Yukawa couplings?

/



Why flavour Is interesting

e [0 be able to answer these questions is likely to
shed light on physics beyond the SM...

e Flavour physics might provide the first indications
of new physics at energy scales that are
beyond the reach of direct searches

e CP (Charge-Parity) violation is connected to the
matter-antimatter asymmetry of the Universe
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Where did the anti-matter go”

¢ \What led to the disappearance of antimatter assuming an
initial symmetric state (or that inflation washed out any
possible prior asymmetry)?

- There are anti-protons in cosmic rays, consistent with
secondaries due to the interactions of cosmic-ray protons in the
Interstellar Medium

- We can produce and study anti-matter in accelerators
- But apparently no anti-matter around us

- This looks really strange, given that the properties of matter and
antimatter are very similar.

- Where did it go”? Why is the universe 100% matter-
antimatter asymmetric ?
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Primordial Baryon Asymmetry

¢ \We can define the Baryon Asymmetry of the Universe (BAU)

just before antibaryons disappeared from the primordial
plasma as

A(f) = NB NB We already know that
Ny + N3 A(10'9 years) = 1

e Since the end products of the annihilation processes are
mostly photons and there are no antibaryons in the universe
today, BAU can be estimated by the baryon to photon ratio #

11



Primordial Baryon Asymmetry

e From observations:
_ Ny ~ 410 photons/cm3 (at T= 2.73%K)

- Ny ~ 0.25 nucleons/m3

N Small baryon-to-
n = B L 6%x10"10 ohoton ratio in

N, Universe today

e Conclusion is that Big Bang theory tells us that the baryon asymmetry
of the early universe was a very small number , i.e., today’s huge
matter-antimatter asymmetry was a tiny number in the past

N,—N
A()=——2 ~ 10710



Beginning of Universe

10,000,000,000 10,000,000,000

matter anti-matter




~10-% seconds later
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Universe now
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every 10 billion particles, a
handful was not annihilated away

» We are very lucky!




Baryogenesis anad
Sakharov conditions

* A process called baryogenesis
was hypothesized to generate this St
asymmetry dynamically from a )
matter-antimatter symmetric initial
state

eln 1967 A.D. Sakharov
enumerated three necessary
conditions for baryogenesis
(incidentally, his work went
unnoticed for 11 years!)
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Sakharov conditions

1. Baryon number violation
- Otherwise there’s no way to produce an excess of baryons

2. C and CP violation

- If C and CP are exact symmetries, the total rate for any
process which produces an excess of baryons is equal to the
rate of the complementary process which produces an
excess of antibaryons

3. Thermodynamic non equilibrium

- Otherwise any asymmetry would be washed away by
simple thermodynamics
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Can the SM explain baryogenesis”

e |n principle SM carries all the ingredients to satisty the
Sakharov conditions

e Relevant measure is Jarlskog determinant J (I will come
back to it!), an invariant that identifies CP violation in the
SM and that depends on every physical quark mixing

angle j H(émg/M‘%,) I[1(angles)

o CP violation in the SM is proportional to J (a dimensionless

quantity is constructed by dividing by the relevant
temperature at which the BAU freezes out) ~10-20

- Many orders of magnitude below the observation!
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We need more CP violation!

e CP violation beyond the SM must exist!

e \Where might we find it?
- quark sector , as deviations from CKM predictions

- lepton sector, e.g. as CP violation in neutrino
oscillations

- other new physics: almost all TEV-scale NP contains
new sources of CP violation and precision
measurements of flavour observables are generically
sensitive to additions to the Standard Model
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Some historical remarks



Cabibbo Theory

e First building block of what we
now call “Flavour physics” was
laid down by Nicola Cabibbo
iIn 1963 well before many of
the SM ingredients were clear

e The Cabibbo theory of
semileptonic decays provided
the first step towards a unitied
description of hadronic and
leptonic weak interactions

S
e

©73/9/1998 11:26
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The puzzling decays of strange particles

e AS = 1 semileptonic weak decays (e.g. K™ — u*v)are
suppressed relative to those with AS = 0 (e.g. 77 = u*v)

e Cabibbo hypothesised that the weak interaction couples the up
quark to an orthogonal combination of the down and strange
quarks, determined by the “Cabibbo angle”

To determine ¢, let us compare the rates for
K'—=put+vand 7t = pt+p; we find

vy v u u DK™ = pw)/C(n = pv)
— . =tan? - 2 2)2 M2 2\2
e ).\ n ).’ d’ . dcosfc +ssinfc ) tanTeM AR 08 M M L~ M) )

From the experimental data, we then get5,®

6=0.257. (4)

— T

- The Cabibbo angle 6. is the mixing angle expressing the weakly
interacting down-quark d’ in terms of fields with definite mass d , s

e Remarkable agreement of the theory with experiments, already at
the time he wrote the article
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GIM mechanism and charm

e However, Cabibbo’s theory could not explain the

suppression of strangeness-changing neutral
LK, = putp) g

current processes , e.g. — ~ 10
L(K* - pto,)

e [n 1970, Glashow, lliopoulos and Maiani brought
in a new, fourth, charge 2/3 quark : “charm”
(small detail... not yet discovered!)

¢ This adds an additional decay amplitude almost ¢ v,
identical to original one, but with opposite sign
=> (Almost) fully destructive interference 5 —cosfo o
(Cancellation not perfect because u, ¢ masses not quite the same,
result proportional to mc2 — mb% )
v 174
- At the price of adding a second doublet, the ( . ) : ( : )
unwanted AS = 1 neutral currents were s &
cancelled: weak I - mass o I
l eigenstates eigenstates d % S E
d’ cosfc sinfq d
& 1=\ —gim 0c  cosfc g Remarkable symmetry

- between leptons and quarks!



Tremendous triumph of theory

e .. when on November 10, 1974 two groups, one at Brookhaven using a p
beam on a fixed target and the other in eTe™ at SLAC simultaneously
announced the discovery of the J/YW resonance (cc) with mass of 3.1 GeV

/ \/—)J/l//(—)ee)ﬂﬂ'
\\ ) /

Ting&Richter, Nobel prize 1976

e The ADONE e*e™ machine in Frascati was also pushed beyond its
nominal limit of energy (2x1.5 GeV) and saw an overwhelming signal !
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- GIM-SO

50 Years with the GIM Mecha




Kobayashi and Maskawa

cosfd sind

—sin@ cosd

can always be brought to a real form, thereby excluding CP violation
from the weak interactions

. With four quarks, matrix V' = ( > generally complex,

®* Three years later, in /73, Kobayashi and Maskawa showed that a
complex phase does remain if the matrix is three by three (indicated as
Ve after Cabibbo, Kobayashi and Maskawa)

e |t is possible to incorporate the observed CP violation in a theory
with six quark flavours (remarkable conjecture when not even the
second family was completed! b quark discovered in '77 by
Lederman and ¢ in '94)

e CP violation discovered in the neutral kaon system by Cronin and Fitch
in 1964 (Nobel prize in 1980)
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The neutral kaon system

e Neutral kaons |K” > =|ds > and|K" > = |sd >, generated in strong interactions and
distinguished by their production mode, e.g., 7~ +p - A+ Korp+p - KT+ K + 7~
(flavour eigenstates with definite quark content)

e They mix via the weak interactions — physical states are superpositions of K°, K
(states with definite mass and lifetime)

e \Weak interactions thought to be invariant under CP:

1 —
| K, > =7(|K0>— |K’>), CP|K,; >=+|K, >
2
CP eigenstates: .
| K, > =7(|K0>+|I?0>), CP|K,>=—|K,>
2
distinguished by their mode of decay, with CP-even K, — zz and CP-odd K, — zzn

M

Kg— nn

e | arge difference in lifetimes:

Log intensity

my — 2m_~ 220 MeV > my — 3m_~ 80 MeV

= Tl < ’[2 \
27
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Distance from K® production



The Cronin & Fitch experiment

¢ |nvestigating some anomaly reported in the “regeneration” phenomenon
with 2 magnetic spectrometers ~20m away from K° production point
(~300 K, lifetimes), where only K, are left

PLAN VIEW
Pi 5:
V — ot '\\

g B i S s ¥ b=b+ > >5,
. W~f:‘:{’ ‘%’ ~ P }
| <zl sl

= 7
57 Ft. o «— Hall Naagme! 'J/'
internal target alium Bag Scintillator.
Water
Cerenkov

e For “wrong” CP two-body decay K, — 7z, angle 6 between vector sum
of two momenta and beam direction should be = 0 and # 0 for three-
body decays 28



The Cronin & Fitch experiment

A clear peak of ~45 events in forward
direction (cos 8 > 0.9999) at m™ ~ my

- Background from 3-body decays (z*z7z°% n*u*v,, n%e¥v,)

These 45 events correspond to K; — zn¥a~ Mn% o
decays with BF ~2.1073 —nt, 3.5

Observation of K, — z*z~ implies that K] is
not a pure CP-eigenstate

494<m*< 504 |

The actual physical states are given by

1
+-

1
K, > = (1K, > +elK, >) ~|K,> S04<mi<514
1+ |€|2 ] ; ; 0
0.9996 0.9997 0.9998 0.9999 1.0000
1
K> = (1K, > +elK,>)~ | K > ik

2
1+ €] 29



A more modern
(as a referer

K;) =p|K®)

q

1K) =pIK°) —q

K
KY)

p=(+0h 2+l
q=(1—€)/\/2+\€\2 and

eg/p=(1—-¢)/(1+¢€)

30
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Cabibbo-Kobayashi-Maskawa

e (Generalization to 6 quarks by Kobayashi and Maskawa
(1973, 10 years after Cabibbo’s theory)

e CP violation introduced in a natural way if there are at
least three families of quarks

31



Cabibbo-Kobayashi-Maskawa

e (Generalization to 6 quarks by Kobayashi and Maskawa
(1973, 10 years after Cabibbo’s theory)

e CP violation introduced in a natural way if there are at
least three families of quarks

e 2008 Nobel prize to K&M

32



CKM matrix

o Vxy describes the rotation between flavour (d', s, b’) and mass
(d, s, b) eigenstates

N (Ve Vs Vo) (g

us
Flavour Mass
eigenstates s'| = Vcd Vcs V S elgenstates
w-
b’ V., V. V, b
td ts b—» JJ‘Y)( R

Vub
o V proportional to transition amplitude from quark 1 to quark j =
VCKM quark mixing matrix

e Vs induces flavour-changing transitions inside and between
generations in the charged sector at tree level (WZinteraction). (By

contrast, there are no flavour-changing transitions in the neutral sector
at tree level. No FCNC)
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How many independent parameters
are needed to determine V x1,7?

e N X N complex matrix (with N = 3)

e N? complex entries with N unitarity constraints (V'V = 1) = N? real
parameters

e 2N — 1 phases not physically meaningful =
Vexy depends on N? —2N + 1 = (N — 1)? real physical parameters

e An orthogonal matrix has N(N — 1)/2 independent parameters (mixing angles,
e.g., for N = 3, 3 Euler angles)

e Vg has N(N — 1)/2 mixing angles and
(N—1)> = NN —1)/2 = (N — 1)(N —2)/2 phases

e For N = 2, one mixing angle @, and no phases

e For N = 3, three angles 0,,, 8,3, 0,3 and one complex phase 6
34



Important consequences

e | we want to see large CP-violating effects coming
from the CKM matrix, we must look for processes
which involve, even in leading approximation,
quarks from all three generations.

e | arge CP violating asymmetries are expected in b
decays!

e CP violation in K decays is small, regardless of the
value of the complex phase, because the dominant
diagrams involve only quarks from the first two
families

35



V ~xy Parametrizations

(1 0 0)

Vexy = 0 ¢ 593

|0 =823 3

(

\

C13
0

_S13ei5

—i5)

0 s;z€
1 0
0 ¢ )

magnitude. From experiment we know that

Siy = A, S53 ~ O(A?), 513 ~ O(A%) with 1 = sin§, ~ 0.22

( )
cp S;p 0
=812 €15 O

. 0 0 1)

It can be written as product of three independent 2 X 2 block matrices

s; = sin by, ¢; = cos b;

Maiani,
Chau&Keung

Advantage of this parametrization is that mixing angles are of different orders of

e |t is convenient to make this hierarchy more explicit, following Wolfenstein:

Siy = A, 8§53 = AA%, 515

(Vi Ve Vi)
VQIM4:: v@d VZS vr
\th Vts V

z5
( /12
I==
~ —
A —p

\

36

12
1 2

—AA?

/13(,0 + i77) so that V-x;, can be expanded as

A AR @)\

a2 |+00Y
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Hierarchy In quark mixing

d S b - Each quark has a preference
to transform into a quark of its
U . [ * own generation.
 Very suggestive pattern
cn W -
* No known reasons
t - * Completely different in
neutrino sector
( 2 L)
V.oV v - A AP —in)
VCKM: Vcd Vcs Vcb ~ —A 1—%2 A2 + @(14)
v, V. V
s ) A3 - p— i) —AN2 r




Hierarchy In quark mixing

S b v+ Each quark has a preference
to transform into a quark of its
own generation.

u

d
|
cC B i

O
 Very suggestive pattern
. * No known reasons
B

. - Completely different in
neutrino sector

t

Via Vis Vo 0.97446 0.22452 0.00365

Ve = Vea Vs Ve | ~10.22438 0.97359  0.04214
v, V. V, 0.00896 0.04133 0.999105

A
38



Unitarity conditions

e Unitarity of CKM matrix implies relations of the form

ZVV*— 0; o With J # k

. Each of these 6 unitarity constraints can be seen as the sum
of 3 complex numbers closing a triangle in the complex plane

e All triangles have the same area a, halt of the Jarlskog
invariant (independent of parametrization):

J — 2Cl — C12C23C123S12S23S13Sin5 ~ /16A27] ~ 1()_5
e Jis a measure of CPV in the SM (we introduced J in the
context of baryogenesis); J equal to zero if any one of the

miXxing angles or phase is zero
39



Unitarity conditions

e Only db and ut triangles
have sides of the same
order (1°), i.e. are not
squashed

e db triangle used to define
angles o, ﬂ, Y (Unitarity
Triangle)

e Ut triangle of special
relevance for physics of
B, mesons

db . . ut
Vudv:b a L %Vubvt;;

Y

V.V, VV

us " ts

VMSVE;:) \‘/& VCd VV%
/A VeVs
* « UC
Vu d Vu 5 d S Vud Vcd S
e
S - * .
Vcd Vcs ‘/t d Vt: VMVCS Vub Vcb
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Unitarity Triangle (UT)

VudV:fb + Vch:Z -+ ‘/td‘/;l[; - O
3 3 3
I+ =0 (b1 ViVl
Vchcb VCchb
Ru — ‘/ud ‘/ug = ‘/td ‘/tl;;
Vea Vo Via Vo 5 arg < - VchZkb>
< VudV:tkb > thV;X[;
= arg| —
! . VchZ’kb

(0,0) (1,0)
e The triangle has vertices at (0,0), (1,0), (p, 77) with p = p(1 = 2%/2),7 = n(1 — 2%/2)
e CP violation in the quark sector (17 # 0) is translated into a non flat UT

e Huge improvement in the knowledge of the CKM elements in the last decades!
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15 years of (p, 17) predictions

= 17 =
1988 1995
" @™
E | PDG2019
U "I R T P T S T N SR i | T 1 5 1 D g gocgooy loog gz gk poog o ogoa g g g--g
-1 0.5 0 0.5 i; -1 -0.5 0 0.5 I% ,5 _ 0.1221_8:82
= . _
i [ 2000 & 2003 7 =0.355T012
0.5 : 0.5 i /1 — 022453 + 000044
} | @® A =0.836+0.015
R A R . B R e
p p

e Black curves give contours at 68% and 95% probability
(from http://www.utfit.org)
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Consistency of CKM fits

www. utfit.oro N ckmfitter.in2p3.1r
= F — L BRI B B B I
| ry ‘:. | | exchuded ares has CL= 085 ' =

15 summerts (S 3

S S gmmAm, & AM;

| \ Amy

= = 00 e e g -

-1-0:_ Y . T — EK _:

= o O o

PRy I R T . A

-1.0 -0.5 0.0 0.5 1.0 15 20

P
e Impressive effort from community and tremendous success of CKM paradigm!

e Constraints from many different quark transitions. Extensive measurements on K, D
and B mesons performed at different experiments. These constraints depend also on
theory input.

e At the current level of precision, all measurements are consistent and intersect in the
apex of the UT

e New Physics effects (if there) are smalll 43
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A large experimental effort...

e Constraints coming from K mesons from. e.g., NA48 at CERN, KLOE at LNF,
KTeV at FNAL

e Measurements of CKM parameters from D and B mesons pioneered by
ARGUS at DESY, CLEO, and CLEO-c at CESR, Cornell, followed by the so-
called B-factory experiments BaBar at SLAC and Belle at KEK

e Significant contributions from CDF and DO at FNAL, especially on BS mesons

e All the above experiments have been terminated while Belle has been
upgraded (Belle 1)

e LHCb at the LHC is now dominating physics with b and ¢ hadrons while the
general purpose detectors ATLAS and CMS contribute in selected areas and
Belle Il is ramping up

e BESIII in China provides many results on ¢ hadrons, NA62 at CERN and
KOTO at J-Parc measure very rare Kﬁon decays



The rise of b physics

e An accurate test of the CKM paradigm requires extending the physics
programme to heavy-flavoured hadrons, in particular to B-meson decays

e |n the late 80s, studies indicated that the best source for such a physics
programme was an e e~ collider operating at the Y(4S) but in an asymmetric
mode, i.e. with beams of unequal energy [Oddone 1987].

- The Y(4S) has a mass of 10.58 GeV and decays essentially into BB pairs
(roughly equally to B¥B~ and B'BY)

e The collider must also have unprecedented luminosity (O( few 10°%)/cmz/sec),
to provide enough B-mesons

e Two such asymmetric, high-luminosity e e colliders operating at the Y (45),
so-called B-factories, were eventually built in the 1990s:

- PEP-Il at SLAC in the United States
- KEK-B at KEK in Japan
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Why asymmetric”?

o At a symmetric B-factory, the small Q-value of the Y (4S) — BB results in
B-mesons almost at rest inthe CM:  p ~ 330 MeV — fy ~ 0.06

5 2
e 7, ~15-10""%sec » d = pyct ~30um T~ U(m [ Ve, |7)
This is a decay length too small to be resolved by vertex detectors !

e With an asymmetric B-factory, boost increases the decay length:

- PEP-Il collided 3.1 GeV eT and 9 GeV e~ headon — fiy = 0.56 boost of
the Y(4S) and an average separation between the two B vertices of 260 us

- KEK-B collided 3.5 GeV e™ and 8 GeV e~at =11 mrad crossing angle —
Py = 0.43 boost of the Y(4S) and an average separation between the two B

vertices of 200 us . .
*> You are in business!!

- This idea [Oddone] was a radical break with tradition, as it required two
separate beam pipes, each with their own magnet system and a complex
interaction region 16



KEKB and PEP-II

~2.2 km circumfelfenc% "

_______________
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w
A .
s
L .
'
.
1

3.5GeVeT8GeVe™ 3.1 GeVet9GeVe™

- Exceptional performance! The two machines broke any existing
record of instantaneous and integrated luminosity of previous

particle colliders and recorded over 10° BB pairs at the Y(4S5) !
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World record luminosities

v, ~ Peak Luminosity trends in last 40 years 3 ?
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Belle and BaBar

= m/K, detector

EM calorimeter i @
X |
— \ :":____
- 5-':- solenoid '
" —_— #
w ] I#"" - # -
1#' -ﬁ"’
- 1-.1'

Drift Chamber

e BaBar at PEP-II and Belle at KEKB took data from 1999 to 2008 and 2010, respectively

e Each of the two experiments did an excellent job of reconstructing charged tracks and
decay vertices, detecting photons even down to low energy (~ 30 MeV) and performing

particle identification to reconstruct electrags, muons, pions, kaons and protons.



The golden mode: BY — J/yK?

ut N
\ « |t allowed the first

. IEI/"K’/ ” observation of CP

~ - .,_<:n violation in B decays

at the B factories

electron
. :
s e Ay

l 1_0 | \ . — \\A
B . B uﬁ?
| 7t *
| | I-i+ A ™ _/
< >. P
gp TR A,

~200 pm

e Final state f-p common to both B and BY decays: CP|frp) = nep| frp) with nep = % 1

e [nterference between the amplitudes for the direct decay and that after B — BY

oscillation results in a decay-time dependent CP asymmetry :
I'(B° - JIyK,) — T(B® — J/yK))

Arp(At) = —— =~ sin(2f) sin(Am At) , where
r ['(BY - J/yK,) + ['(BY — J/yK,) P
At = . — Iy, is the time difference between the two decays and Am the mass

difference between the heavy and light mass eigenstates of the B — BY system
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BY - (ct)Ky), at BaBar and Belle
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UTst

summer18

ol

Legacy B-tactories result
sin2f = 0.677 £ 0.020

52

BaBar and

Selle

BABAR (2000)
(9.0/fb)

Belle (2000)
(6.2/fb)

Belle (2001)
(11 M BB)
BABAR (2001)
(23M BB)
BABAR (2001)
(32 M BB)
Belle (2001)
(31 M BB)
BABAR (2002)
(88 M BB)
Belle (2002)
(85 M BB)
Belle (2003)
(152 M BB)
BABAR (2004)
(227 M BB)
Belle (2005)
(386 M BB)
BABAR (2006)
(348 M BB)
Belle (2006)
(535 M BB)
BABAR (2008)
(465 M BB)

Belle (2011)
(772 M BB)

Current Average

0.12+0.37 £0.09

{ 4= +043+007
1 0.45 044009

| +032+009

l 0.58 034010

0.34+0.200.05
0.59 +0.140.05
—e—i | 0.99 +0.14+0.06
0.741+0.067 £0.034
0.719 +0.074 £0.035

0.728 +0.056 +0.023

0.652 +0.039 +0.020
0.710 £0.034 +0.019
0.642 +0.031 +0.017
0.687 £0.028 +0.012

0.667 £0.023 +0.012

e
e

e

lel 0.722+0.040 +0.023
|

jof
[

o

u

H

0.677 £0.020




Ihe main actors today

| NAB2 @ CERN is an experiment |
' to measure the very rare decay
| KT — ntuvD (BF~10-10)

-y t LHCb @ LHC and Belle Il @KEK
SE—— | GH% - are dedicated detectors for
e flavour physics performing a
— IRC  Dump ! wide range of measurements
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Rare decays, In a nutshell

In the SM, processes involving flavour changes between two up-type quarks
(u,c,t) or between two down-type quarks (d,s,b) are forbidden at tree level

and can only occur at loop level (penguin and box) = Rare FCNCs

A new particle, too heavy to be produced at the LHC, can give sizeable
effects when exchanged in a loop

b X U S )

b _f/_ _ S b .t s
7\ H—‘\ ‘\ H+
- d; ut _ ut
_ o u e

Strategy: use well-predicted observables to look for deviations

Indirect approach to New Physics searches, complementary to that of ATLAS/
CMS
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One of the milestones of tlavour programme
_|_ —_
B(S) — HH
e Very suppressed in the SM

- Theoretically “clean™ — precisely predicted: 7,2

B(BY = putp~)=(365+2023) x 1070 (~6%) _ .
B(B° — T u~) = (1.06 & 0.09) x 1071 PRL 112 (2014) 101801

e Sensitive to NP

- Alarge class of NP theories, such as SUSY, predict significantly higher
values for the B(S) decay probability

e \ery clean experimental signature
- Studied by all high-energy hadron collider experiments
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b ) " H H
e First observation of e T_'. iu

Combinatorial
B?S) —h'h"”

B - (K)u'y,
. BU +) —y TCOH)!.L U-

. Ab—>puv

B, — p by LHCb!

PRL 118 (2017) 191801

B; — Jyu'v,

1

- o TP " ] " i
5000 5200 5400 5600 5800 6000

o ATLAS,CMS,LHCDb - Mevie?]

ATLAS CMS, LHCbD - Summer 2020

I|IIII|IIII|IIII]IIIIlIIIIlIIIIlII

Candidates / ( 50 MeV/c?)

[\ W (98]

()] o )]
||:|||||||'||||||||||||||||||||||

i

= 06 | = | ‘r.""\ 1 =)

0 +0.37 -9 T - o Prehmmary ) ATL AS .
B(B; — pu"u”) = (2.69739) x 10 = osE /7’ 2011-2016data  __ oMg | =
o B F tugmeeeemsaa L ]

BB® - utu) <19x107°@95%CL & ouf/ /55 *x::;_éﬁ‘rﬁ;ned E
o S ® “u % s

LHCb-CONF-2020-002 = 031 i ' S

CMS PAS BPH-20-003 T = P ]
ATLAS-CONF-2020-049 2 E .

7 T - 0.2 Iy 3

N REY 5

— T 0.1F | f =

B, — p™u~ compatibility N E
with SM of at 2.4 ¢ level ! >

B(B) — utu) (107)
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Finding a needle In a haystack!

we found 1t'
we found
Bs=u+u-!

Very important constraints to many New Physics models
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The SM stands its ground

e Sizeable effects expected in many MSSM models (cancellation of
helicity suppression)

2.0

BR(By — pup) % 10?

1.5 ¢

||||||||||||||||||||||||||
1

MSSM-LL

o)

Straub, arXiv:1107.0266

BR (B, — pp) x 10°
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The SM stands its ground

e Sizeable effects expected in many MSSM models (cancellation of
he”City Suppression) Straub, arXiv:1107.0266

2.0

1.5

1.0

0.5

BR(By — pup) % 10?

0.0

0 10 20 30 40 90

BR (B, — pp) x 10°

62



“vidence for the decay K™ — ntuvp
from the NAGB2 experiment at CERN

e Another very rare decay that proceeds through electroweak box
and penguin diagrams in the SM and could be sensitive to new

physics et o
myt E Rare FCNCs

PY PreC|Se|y predIC’[ed |n SM Buras et al, JHEP11 (2015) 033

BR(K* - ntvp) = (8.4 £ 1.0) x 10~

e Preliminary result shown at ICHEP2020 [R.Marchevskil:

- Observed 20 events with an expected background of 7

BR(K* — mtuvi) = (11.0139(stat.) = 0.3(syst.)) x 107!

- 3.5 o significance, compatible with SM within 1 o
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Energy reach of various indirect precision tests of
physics beyond the SM compared to direct searches

T T | | I T | T T T I T | I T I T | T T I
d,
10—32
; ecm d,
107+ Now €x |
10-2° d 107% (u—e)n
ecm " i -19 Amg
- 3x10°%8 u-ey u-eee 10
e cm (Al Now
= Now Now 107" 1077 ] Amp
c PO a0 Now Ty Now
._. ecm m o2 | TX107E B,
o 10%- u U » Now -
= 10
Uo) | | Now
— 4x107% i
- I Now Direct
I FCC—hh
10 ] LHC l
Observable
Matt Reece, DOE Basic Research
Needs Study on HEP Detector R&D
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lake home message

e Flavour physics is very rich and is connected to many fundamental questions

- What determines the observed pattern of masses and mixing angles of quarks and
leptons”?

- Explaining the observed imbalance between matter and antimatter in the

Universe requires CP violation. CP violation beyond the SM must exist! Keep on looking for
deviations to the CKM theory

e A lesson from history is that new physics can show up at precision frontier
before energy frontier

- GIM mechanism before discovery of charm
- CP violation and CKM before discovery of beauty and top

¢ A data-driven approach, in which we test precise SM predictions looking for

discrepancies, is particularly relevant in the absence of direct collider production
of new particles.

e Precise measurements of flavour observables provide a powerful way to probe
for NP effects beyond the SM, complementing direct searches for NP
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Are there more than three generations?

e | EP operated at CERN from 1989 to 2000, ILEP EW WG:
and delivered e e collisions to four Phys. Rept. 427 (2006)]
experiments aty/s ~ M, and above = | 2
e Hadronic cross-section at the Z peak S5 301 ﬁﬁggl
used to derive the number of light | L3
neutrino species N, | OFAL
4 average measurements, /)
Fe Ff | er;;rf;);;sr iilsreased

0 2
or(s=M7) =127
f M%IQZ 10:

e Dependence on N, through: 0736 88 90 92 o

r,=3T,+T,+NT, Lo [GeV]
N, = 2.9840 + 0.0082

o Based on 17 million Z decays



Neutra\ meson oscM\atlons

AS=2, AC=2, AB=2

Strangeness, charm and ) 0
beauty are not conserved d p

u,c,t u,c,t

e Formalism is the same even if difference |n mass and CKI\/I elements
results in dramatically different phenomenology ] )
o Flavour eigenstates M O, MPcan mix into each other K >‘::ﬁj.‘jj_'j_'_'f_'_'_';':::.:s< R
/M ~ d I s
- via short-distance (box diagrams) or long-distance processes

e Time evolution described by two-component Schrbodinger equation
\

( i i
() =1 () = (=30) () = v, i | ()
dt MY 2 MY \Mikz_irikz M—%F } M°

2

- H effective hamiltonian, M mass matrix, I decay matrix
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Solving the Schrddinger equation

o Physical states: eigenstates of effective Hamiltonian |M; ;) = p| MY + g | M®) with

I
eigenvalues A, y=my y— =1} g

Labelled as either S,L (short, long-lived) or L,H (light, heavy) depending on values
of Am, Al (labels 1,2 usually reserved for CP eigenstates)

o They evolve as | My ; (1)) = e Mgl nill2 | My ;(0))

e By inverting, starting from a pure flavour eigenstate at ¢ = 0, this will evolve into a
superposition of | M) and | M) (flavour oscillation):

— 1 . .1 1 B )
|M(t)> = g+(t) |M0> + %g—(t) |MO> g+(t) — _eszt (625Amt§I‘Ht + e+z§Amt§I‘Lt)

2
g-(t) =3e

2
[= (T, +T,)/2,AT =T, — T,

e Probability of measuring a state |1\70) at time f starting from a pure sample of |MO) particles:

. p 2 . e—Ft Al't
| (M| M (1)) 1> = | g_(?) E ‘;‘ with | g.(7) 1> = (coshT + cosAmt)

—iMt (e—i%Amt—%FHt e

+i%Amt—%FLt)

| M) = %g_m | MO + g, ()| M1°)
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Compare the mesons

osf .(..Kg(t) ........ K(,m.)....'.......i ......
C\ (K‘)(z)aK“(z)) '

0- A FEUTE FRTEE FRTT RTTE FRTTE PRTTL FRUTE SRR AT
or 02 03 04 0> 06 0/ 08 09 |

AT SN SO SOV S S
08\ "B'O:‘('t)"li'iB'O(t)':"“"“"'é ...........
[ B”(t) — B(’(t)

| P U S TN N
7 - Zﬁo(z“)“'i""DO‘(:i)‘““"§ ...........
i : ()([) _‘_) D()(t) :
L e e S ...........
75 S S S A
02N ............
O S S SO PO RO
0.8k ...... B()(t) ........ BO(Z‘) ...........
Bo(r) + B%) :

Probability to observe an MY or M at
time f starting from a pure M meson
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o Am depends on rate of mixing diagram, AI"

depends on widths of decays into common
final states (K° - zt7z~ = K9 (large for K°,
small for DY, Bg)

x = Am/I" gives the average number of
oscillations before decay

Am Al
.-,._-b (x=Am/I') (y=AI'/(2I"

K large ~ maximal
~ 500 ~ 1

D’ small small
(0.63£+0.19)% (0.75+0.12)%

B’ medium small
0.770 £ 0.008 0.008 +0.009

B_? large medium

26.491+0.29 0.075+£0.010

. Bomixing, first observed by Argus in 1987,

then measured precise by B factories, ..

o B_? mixing first measured by CDF in 2006 and

then by LHCb



ALEPH

(3 analyses)
DELPHI "
(5 analyses)
L3

(3 analyses)

OPAL
(5 analyses)

DO

(1 analysis)
BABAR *

(4 analyses)
BELLE "

(3 analyses)
LHCb

(4 analyses)
Average of above
after adjustments
CLEO+ARGUS
(% 4 measurements)

Average

* without ad justments

B" & BY mixing

I U = v

e ]

PR {

I

e

e
o

K

0.4 045

0.5

055§

Am, (ps™)

0446 40,026 +0.019 ps™*
05190018 +0.011 ps™*
0444 10028 +0.028 ps™
0479 40,018 +0.015 ps™
0495 +0.033 +0.027 ps™*
0.506 +0.020 +0.016 ps™
0.506 +0.006 +0.004 ps™
0.509 +0.004 +0.005 ps™

0.5062 +0.0019 +0.0010 ps™*

0.5065 +0.0019 ps™*

0498 +0032 ps™

0.5065 +0.0019 ps™

Am, = 0.5065 + 0.0019 ps-

Phys. Lett. B719 (2013) 318

> i — T | — T
= . LHCb ]
e 04 4+ B, D g+ B
& - — combined T
Z 02f .
2 N\
v O )
0af :
0.4 .ﬁw S — $ _:
e 27Z/|Amd = 12.ps. | L1

5 10 III 15
BY decay time ¢ [ps]

One period of Bloscillations
AT ~ 12 ps — oscillation
frequency Am, =~ 0.5ps™!
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candidates / (0.1 ps)

BY < B mixing

Am_ = 17.757 = 0.021 ps~! CDFLHCDb

\)
i e Tagged mixed
~ 43 3 , o Tagged unmixed
- S 3 ) . - Different flavour
400 E @ Fit mixed at decay and
B A N ; ; production
u Fit unmixed - Same flavour at
i decay and
production
200
O ) | | ' | | | | | | f | | |
0 T 2 3 4

21/ Am, ~ 350 fs decay time [ps]

One period of B;)oscillations
New J.Phys.15 (2013) 053021 AT ~ 350 1fs — oscillation
73 frequency Am, ~ 17.8 ps~!




