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The CKM (Cabibbo, Kobayashi, Maskawa) Matrix

In the quark sector: weak Int. eigenstates # flavour eigenstates

< States that participate in weak processes are linear combinations of flavour eigenstates

< Existence of 3X3 unitary matrix describing the mixing of quarks: the CKM Matrix

weak interaction

eigenstates
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In the SM, the CKM matrix originates
in the Higgs sector, where it is the
product of two unitary matrices that
diagonalize quark mass matrices
arising from spontaneous breaking
of electroweak symmetry.

|t appears in the Lagrangien as:
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The CKM Formalism and CP Violation

Transition amplitude between, Trans_ition amplitude between,
e.g., b and u quarks e.g., b and U anti-quarks
7 W- P 7’ W+
_ _ B
b — z o u b e u

Voo

If the CKM matrix is not real (CKM phase) = V*,# Vb
— different behavior of matter and anti-matter

= CP violation!
(question: why are we talking about CP and not simply about C?)

Obviously, this single amplitude cannot give an observable CP violation. We must
have a sum of amplitudes - contribution from a few processes

But is the CKM matrix complex?



Number of paramaters in the CKM Matrlx (1)

AT

Number of phvsncal (non redumble) parameters correspondlnq ton quark generations

s The CKM matrix (Vcky) 1S an n X n complex matrix
= 1n general, contains 2n? real parameters.
s Vv iS unitary VIV (=VVT) =1 = n?constraints = n?real parameters.

s FEach quark field has an arbitrary phase. As this phase cannot be observed and do
not influence the system = physics is invariant under the transformation:

eicpif O / eid)f) O
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The overall phase cannot be fixed a-priori = 2n-1 phases can be removed from V iy
= n*-(2n-1) = (n-1)? independent meaningful parameters

s A practical way to construct a unitary matrix with the smallest number of phases:

e Start from an n x n (real) rotation matrix = %2 n(n-1) rotation (mixing) angles

e Take the other parameters as phases (non-reducible << cannot be rotated away).
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Number of paramaters in the CKM Matrix (ll)

# generations | # parameters

# angles

# non-reducible phases

(n-1)°

n(n-1)/2

n(n+1)/2 —(2n-1)=(n-1)(n-2)/2

No phase for two
generations!
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= At least 3 generations are needed to have the CKM phase and CP violation!

The fact that there are 3 families (with neutrino mass < %2 M;) has been proven at LEP from

the width of the Z mass peak.

A comment about the quark sector of the standard model:

~ half of
the SM

6 quark masses

4 CKM parameters




was awarded to Kobayashi,
Maskawa, and Nambu for
their work on symmetry
breaking and CP violation.

Photo: University of Chicago Photo: KEK

Yoichiro Nambu Makoto Kobayashi

From the BaBar statement following the Nobel Prize:

[...] They found that it was very hard to construct a plausible

explanation of CP violation in quark decays working with only these two Tp . ?E?I/BABM‘
generations of four quarks. Their brilliant insight of 1972 was to realize

that by extending the number of generations to three — and hence the and KH‘B/B‘”“
number of quarks from four to six — CP violation appears quite

naturally. Thus their description of CP violation entailed the very bold A
prediction of two entirely new and unobserved types of quark, now ‘]; #\

called "top" (t) and "bottom" (b). Quite remarkably, these new quarks } ’ I-i
were indeed discovered experimentally, the b in 1977 and the t in o \ »

1995. More recently, Kobayashi and Maskawa's description of CP
violation in quark decays was confirmed in detail by precision 2000, /0,25
experiments at BaBar and Belle; their Nobel prize followed.




CKM Matrix Parameterization

e T T e

There is no unique parameterization of the CKM matrix.

We can use, for example:

10 0 cos, 0 sinf e
V=0 cosf, sinb, |x 0 1 0
0 -sinf, cos6,, -sinf,e® 0  cos6,,

This representation is the one used by the PDG (p. 211 in PDG 2016, removed from PDG 2018 and

on, but can still be found in sec. 14 — Neutrino mixing)
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Size of the elements and pattern of the Matrix

0.97434 0.22506 0.00357 0.00011 0.00050 0.00015

[Voxkwm| = [ 0.22492  0.97351 0.0411 | + | 0.00050 0.00013 0.0013
0.00875 0.0403 0.99915 0.00032  0.0013  0.00005

(diagonal terms dominate : d~d’, s~s’ et b~b’)

We notice that, with A= sin 6.~ (0.22
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The SM does not provide an explanation for this numerical pattern!



Power series of A=5iN(0sapino)~0.22

At order A3:
A= sin 6.
L= 3N A AN (p—in) A~0.8
Vekm = —A 1— 1) AN? +O(\")  ;,~0.20 (- 4parameters
; 2
AN (1 —p—in) —AX 1 "~ 0_35/
J
- '
W3
Vokm
At order A°;
—s\! 0 0
Verm = Vol + | 3AZN (1 =2 (p+1in))  —iX* (1 +442) 0 + O(\%)
AN (p+in) TANM(1-2(p+1in) —L1A%\
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Unitarity conditions

Vud Vus Vub Vu*d chtl Vvtti

1
VVT = Vea Ves Ve | x|V V& Vi =10 (1) 8
Via  Vis  Vw o Ve Vi 0 0 1
Diagonal relations (unitarity)
VudVeg + VusVs + Vs Vi =
VeaVeq + VesVig + Va Vi =1
ViaVig + VisVig + Vs Vi = 1
Off-diagonal relations (orthogonality)
from VV*= 1 3 independent relations from V*V =1
(3 are conjugates of 3 others) 3 other independent relations
~ VuaVeg + VusVes + ViV, = 0 ViaVus +VigVes +VigVis = 0
VaaVig + VasVis + Vi Vip = 0 " VaaVur + VegVer + VigVip = 0
VeV Vesbus Vo =0 ViV + VaVeo + VisVin = 0
— VeaVia + VesVis + VerVip = 0 The 6 orthogonallity relations describe

— VidVeg + VsV + VoV =0 triangles in the complex plane

ViaViog + VisVii, + ViV, =0 — RPN i
tdVud t t0 ¥ ub — “The” unitarity triangle (see next slide)



“The” Unitarity Triangle

o

CKM matrix Wolfenstein parameterization:
Vud| Vs | Vb 1 — '}“2—2 A AN} (p —in)
Veal Ves | Ve ~ -\ _ A2 A2

( Vid Vie Vib ) 4_1)\:3(.1. —p— _‘;”} —A}\% 1

Vckm Unitarity =

x

VaudViy + VeaViy + VigViy =0
~).3 ~)3 ~)3

This triangle is related to b-hadron decays

We notice that it's sides are comparable

It is usually divided by V.4V, (side of length 1)

Often called “the” unitarity triangle (0,0) (1,0)

CP Violation is possible in the Standard Model only if
Vekm IS complex & 1 = 0 < Unitarity Triangle is not flat

We want to determine p and 1 experimentally by measuring the triangle sides and angles
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Angles and apex of “The” Unitarity Triangle

p+in = — VuaVip < These are the exact coordinates of the apex
VeaVy, They slightly differ from of the
—ViaVi Wolfenstein parameterization, at O(A>)
a = Arg
VudVJb
—VeaV
B =Arg———""
S Vv,
—VuadV!
— A ua ¥ yb
TRV

By constructiona + B +y=m
(only two independent angles)
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Flavour oscillations in the neutral kaons system
(case with no CP violation) - i), (Ts),
« Amp. of an (instable) mass eigenstate (e.g. KS) a.(t)= (O)e { J [Zh}

S N

* Probability: _(Fs) t _(rs)t describes “lifetime”
_ ) — * n)o_ h “‘mass’ (exp. law)
I'(t) = a,(f)a,(t) = a,(0)a,(0)e [(0)e with T = 7/t
- For the KO- KO system: (T img )t
Ks: ag(t)=ag(0)e \*" '
2 )
KL :\ a(t)y=a, (O)e : - CP conservation 1
t = 0: pure beam of K°. Given that: |K°> = \E(|K§>+|Kf>) = aL(O):aS(O):E

At time t (in natural units):
g+,

s+a 1) (as®+a®) 1 ., Ty
r ‘K°>(t) = (3 : = —{e HreTt(@2e 2 cosAmt}
( ) V2 V2 4 —for KO (Am=[m_- ms])
r((k)-|

RO>) _ e—[(FS+FL)/2]t cos Amt I‘(‘ K0>) N F( RO>) _ %(e_rst N e_rLt)

The KO - KO oscillation frequency is Am
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The experimental measurement for neutral kaons gives:

~ 4106 Very small mass difference
Am=3.52-107eV m >m (due to weak interaction). We

don’t have to worry about it...

B W S In this diagram the ¢ quark gives
KO @ U c t U c t @ o the dominant gontnbu’uon (§|mllarly
d o 3 to the t quark in loop/box diagrams

of b decays and oscillations)

Note that by measuring the frequency we can access experimentally a tiny
mass difference Am/m ~ 0.7 10-14 1l

Recall that this measurement gives access to some of the parameters of
the SM: CKM matrix elements.

(it also provides information on the mass of the dominant virtual quark in the box, here: c-quark)
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Comparison of K, B, and B, Oscillations

T e

s Oscillations (mixing) characterized by mass “00.
and lifetime differences between the two K
eigenstates of weak interaction. 250 K
s Differences between flavours: 200 LONG
¢ K: very different states (because of the 150
phase space difference)
e By, Oscillation and decay are comparable 0 KsHorT
e B,: Rapid oscillations T ]
i N
Mlnd the —D.IDUG —I].IDI]4 -0.002 0 l].ll]DZ D.I|JU4 D.lI]DE
scales! E-E, (h/ps)
.
d
HEAVY . oscillation S
> <
1/(lifetime)
s 1 los o as 1 1s 2 g T " I >0
E-E, (h/ps) E-E, (h/ps)
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Very slow oscilations

An experimental challenge! SM: D mixing P2 P
Both BaBar and Belle observed mixing expected at

(Winter 2007) < 1% level

Results are consistent with SM a
Charm sector: only place where CP violation 0

with down-type quarks in the mixing diagram -4 g2’ (t/pay -

can be explored .0.04 T T T
LHCb has now taken x=2h—" °'°3 xX=(8.7£3.3)x1 O_j -
over these I °-°2§— y=(6.7£2.1)X10 —
measurements I -1, oo1F- | =
CP violation in Charm Y 2 o =
decays was observed 001 =
by LHCb in 2019 1 002 No-mixing point —
I'= —(F1 T Fz) 0.0~ excluded at 5.7¢c e

_0_93.(-)4”\” AN ARV BN ATETATE R N

-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04
X
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Time Evolution Plots (l)
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Amg = 10 h/ps
N(T )/ N, V/Ne N/No
/No
05} : B! —B;
05}
B »B® | B! - B;
1 BY — B
oo 2.0 4.0 TI 6.0 T TR, i
0.0 2.0 4.0 60 T A XN AN
0.0 2.0 4.0 T 6.0
1.0
1.0 T
a 1.0 s
a R ETIINAY
: P iy
L
| T
IHEAACATARHA RO
o5} o_SJ‘Ii 11 g Eg ;;I i: gl,
1.0H | vy
0.0 2.0 4.0 TI 6.0 “10f - gugigljzhkggbgl
L L —1.0}
T = FKt ~ t/2'Z'Ks ot 20 o 6'7- = t/»z-d 0 20 40 T‘ 6.0
TL Ty Am = my - my (hs™!)
KO (sa) ~0.910"s [ ~0.5107 s | 0.53 10'° (~ a few 10° eV)
DO (cu) | w~1~0.4110"2s 0.95 10
By (bd) | i~ ~15 10™s 0.5110" (3.4 10%eV)

C T=tlr,

CDF,

DO

2006




Time evolution plots (ll)

e A S P P ST P v vin e s e —

From “Physics of B Factories” book (arXiv:1406.6311)

&
&
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s L T L
E — P(K()> K’(1)) R — P(D(1)- D’(r)
< o8] = PK()> K (1) £ o] - PD%t)—D (1)
3 oaf-
:
- T T 02F
0:17:;||||I||||I||||I||||I||||I||||I||||I||||I|||| o_LIJLIIJLIIJLIJ gt o L L o baaag
0 01 02 03 04 05 06 07 08 09 1 0 05 1 15 2 25 3 35 4 45 5
t(ns) t(ps)
IH
- 1_ e~ 1.—
3 — P(B(1)— B’(1)) 3 — P(BY(1) BY(1)
N C L -I“ 0
< o8- = PB°()>B (1) < osf -~ P(B’(0)->B(1)
05:— 0.65'*:
04 o.4§-
: ;
02:— 021
R KA B X B X S S S S S %

t(ps)

Figure 3.3: If one starts with a pure P°-meson beam the probability to observe a P° or a

P%-meson at time t is shown, Prob(t) = ‘3_2” (cosh $AT't + cos Amt).




The B® mixing was observed for the first time in 1987 by the Argus collaboration:

B°-mixing: First Observation at Argus, DESY, 1987 PLB192
s B°—D*u*v
BO—D*put*v

Fig. 11: The fully reconstructed ﬁ: i : \ ™
ARGUS event [26] 3 ~ i o 1 .
et XS - BB S BB | N |l This predicted that
as the first evxde_gge for the ‘- . "A' P L5
occurance of B°B" oscillations. -‘z o ‘ @ -' m(tOp) > 50 GeV !
B® — D{" v, 4= Wi / \ : @ :
D;' S DD = Ky 1:‘ 5 . /
B =B = Dy, = G\ '
D ;— - D? ’ -.“-\‘ e
N
o S
?

B factories:
(2005)

o o o o
SR = N - <

asymetrie: o« cos(Amyt)

Asymmetry / 0.24 ps

o
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Classification of CP Violation effects

= Direct CP Violation (Cp Violation in Decay)
FX—=H#I(X>f) (| Ar|#| 4]
e To measure it, only need to count events (e.g. for B'—K*7")
Rates are different <> CP is violated
e This is the only possible type CP violation in charged-particle and baryon decays
s CP violation in mixing: I'(B’— B’) # I'(B’—B") (|q/p|#1)
N.B. unlike in neutral kaons, for B” and B’ decays |q/p|=

A P P ST P v = o —

s CP violation in the interference between decay and mixing:
I'(B'—f) # I'(B’—f) (e.g. for B'—J/y Ky)
Here, f is accessible both to B0 and to BO. It may be a CP eigenstate.
This type of CP violation may occur even if |q/p|=1 due to the phase of q/p

Analogy to “Double-Slit” experiment

Direct decaV”' A
Mlxmgk 80/

Here (B-meson decay), we must choose final
states into which both a 5° and a B? can decay.
Logic: “perform the experiment twice”

(starting from B° and from 53°), then compare
the results. 21

source I A,

j——
v

|

In the double-slit experiment, there are
two paths to the same point on the screen.



1(4S) produces

coherent BB pair:

At =Az/ Byc

Proper Exclusive B, meson and
time vertex reconstruction
= o — —

Bta

g

flavor and
vertex

reconstruction
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B tagging technique at hadron colliders

—ce R R T I e T A e

SS Pion

SS Kaon

SS Kaon NNet
SS Proton

SS Pion BDT

Signal Decay

BO

Same Side (SS)

Opposite Side (OS) e
aon
/" 0S K. NNet

0S Muon

OS Vertex Charge
OS Electron

OS Charm
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Measurement of sin(2p) with B® — Jhy K%

s Final state accessible to B® and B? = Time dependent asymmetry:

CT(B(t) > JIwKg)-T(B(t) > JIwK)

t) = —— = Sls1 — |c
Acp(t) F(Bo(t)—>J/l//K ’ ‘w) Ssm(Amdt) C OS(Amdt)
ingirect direct
5‘200 vV
< b cb C
3 _0 N — I
s B W ol S
Q B V' s KO
d d

=)
tn

~only one amplitude
C,=0
S; =M SIn2p

Raw asymmetry
>

=)
tn

= Extraction of sin(2f) from A,
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sin23 measurement
[BABAR, PRD79, 072009 (2009)]

Events /(04 ps)

Raw Asymmetry

. ' 5 =
400_—’B) tags A € BaBar at -
- 9B’ tags ICHEP ‘08 _
200_— -
M- — -
g;;_ B—(J/y. 1//(75) P UC)KO \ b) E
= f\_ - H}_‘—’{T\ ] ;
_0.25— k\%_, J f
04F- f sin2 =0.688 + 0.032 =




Unitarity triangle measurements (2018)

1 -5 | FE S I | I | ER [ R | l LI L ’. I 1. salrmal | O O | l LI L L
exduded area has CL> 095 “% N
B \% al
i "%',--AnhéiAng o
05 —
= 00 e LS -
- o i
E .
05 = B
10 Y Ry _
i % sol. wf cos2p<0 -

= Summer 18 ! {excl. at CL> 0.95) -

-1.5lllllllllllllllllllllIlllllll—
-1.0 -0.5 0.0 0.5 1.0 15 20
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