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Cabibbo theory, GIM mechanism and _

_ and heavy flavours



mass = =2.3 MeV/c?

charge - 2/3
spin = 1/2

.o |

=4.8 MeV/c? =95 MeV/c? No
(0]
! -1/3 -1/3 0
x 1/2 1/2 1
g |

down L strange hoton

o L g p

0.511 MeV/c? 105.7 MeV/c?

-1 -1
1/2 1/2
electron J muon J

<2.2 eVic? <0.17 MeV/c*

0 0
12 12

electron muon
neutrino neutrino

GAUGE BOSONS

LEPTONS
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Cabibbo Theory : 0. : the Cabibbo angle

The quarks d and s involved in weak u u
processes are « rotated » by an angle d dcosf. +ssind,

c

Couplings : ud Ggcoso, us  Ggsing,

Vorume 10, NUMBER 12 PHYSICAL REVIEW LETTERS

u"' H Purely leptonic decays
(e.g. muon decay) do not
. contain the Cabibbo factor UNITARY SYMMETRY AND LEPTONIC DECAYS
COSOC or si nOC . Nicola Cabibbo
W CERN, Geneva, Switzerland

\E {Received 29 April 1963)

To determine ¢, let us compare the rates for

u d E Kt—pyt+vand 7t = pt+v; we find
]
1.21038s (..063) MK = pv)/O(r* - uv)
+ + ) ) 2 =tan2M (1 -M 2/M_22/M (1-M 2/M 2?2, (3
7(K) BR(K'> p*v) _ sin %0, [mk] 1- (m,/ my) =M P/, (L - M 2/ (3)
+ + i 5,6
T(ﬂ') BR(ﬂ: - u V) cos zec m 1- (m,u/ mn)i From the experimental data, we then get®,
6=0.257. (4)
_ -1 A
2.610%s 1) 85 For an independent determination of ¢, let us con-
sider K* -~ 7°+e*+v. The matrix element for
this process can be connected to that for 7+~ n°
e +et+u, known from the conserved vector-cur-
rent hypothesis (2nd assumption). From the rate®
for KT =m%+et+v, we get
/ Ve
_ 0 - S & u The two determinations coincide within experi-
K->ne Ve 1_1 u mental errors; in the following we use 6 =0.26.




But the theory predicts flavour changing neutral transitions (FCNC):

uu +ddcos? . + sssin? 0. + (s& + gd) cos 0. sin 6,
Strangeness changing neutral current would produce contributions larger by several order of
magnitude to for instance K, = uu. Not confirmed experimentally.

0 = = -9
BR(K” > u" u ):7><10 <10 9
BR(K™ — u"v ) 0.64 '

Symmetries and heavy flavours Anxinpo, 04/03/2020



1970 : Glashow, Iliopoulos et Maiani (GIM) proposed
a fourth quark : the quark c (of charge 2/3)

=>» explanation of the absence of FCNC :

@ uu +ddcos® 0. + sssin’ 4, + (sc_i + gd)‘cos 0.sin 6.

uu +cc + dd+ss cos 0. + dd+ss)sin26’czuu+cc+dd+ss

BR(K® - uu) 7><1o—9N10_8
\/ BR(K™ —» u"v,) .

| -
S
S | X W not a;Z0 KO
5 | allowed A. | forbidden
—i /

u d S

w N

| - | | | |
% | I | |
bt WA Y w w oA Yw
o | | | :
S I I '
[
(@\|

C
u

only u-quark -2 ultraviolate divergence

~y

0.64




\—~—/ o/ BR(K°—>,u+,u‘)_7><10‘9~10_8
- Nt BR(K* - u'v,) 064

S
(ab) | | | |
o | | I |
B Wb Y w w oA Yw
- I | I l
c | | I |
N Cc
: : (2 2 20 cin?
only u-quark - ultraviolate divergence (mS —m;) cos“0, sin“o,

These two diagrams cancel out the divergence

It remains a non zero contribution (which is infrared divergent) for momentum lower than the mc, which
does not cancel out. The amount of cancellation depends on the mass of the new quark

A Prediction of the charm For m.=m, itwould be BR(K®— x"x7)=0
quark with m~1.5 GeV

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasaow, J. ILrorouros, ANpD L. Maranif
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.




... and yet another conclusion ...

The coupling Is not anymore universal
and this is codified in the CKM matrix.

The neutral currents stay universal, in the mass basis :
we do not need extra parameters for their complete description

u d s ¢c b t | v

e

drlrrbt

.. and this is completly included and comes out « naturally » from the Standard Model.

Symmetries and heavy flavours Anxinpo, 04/03/2020
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Discovery of c-quark, heavy quarkonia : Jhy

Studying number of players et et,u,7,u,d s, c,b, T, .. 7?
via e*e” cross-section v
e e,u,T17,u,d,s,¢,b,t,..?
e’ g _—
The e*e” > qq detected via decays Y hadrons
to stables hadrons. —
e _
e'e” — hadrons
R = ol T o ) = NCZin The R ratio (July 1974), from J. OtwinowsKi
ole'e > uu) : ' =% 0 5
0 Guess on the mass | A
O Guess on the charge i /// A
Q Withud,s R =Nc x [6/9] k. T | e
Q Withud,ssc R=Ncx[6/9+q.2?] P ’H ] \\' // |
Nc = 3 - number of QCD colours Tw_ﬁfvl + T

Q Inspiration for the charm quark discovery of |
scan at SLAC S T



1y at SLAC: scan
particle yields (cross-

section) over the center

of mass energy of the
e+e- colliding beams

Computer reconstruction of a

o (nb)

T (nb)

o (nb)

psi-prime decay in the SLAC

Mark | detector

2000 |
1000 |
500 |

200
100 F
50

200 |
100
50 F

B

T

[u]_

(bl

3.0 312 14
Ecm. Gev)

Discovery of c-quark, heavy quarkonia : Jhy

5000 |

1 J at BNL: proton

beam on target,
look at invariant
mass of the e+e-
pairs

EVENTS /25 MeV

B8O

T0

50

40

30

242 Events-a-{

| SPECTROMETER

- At normal curreni
| [-10% current

=

T

FIG, 1, Cross section versus energy for (a) multi-
hadron final states, (b) e*e” final states, and (e} p*u~,
#=*z", and K *K" final states. The curve in (a) is the ex-
pected shape of a é-function resonance folded with the
Gaussian energy spread of the beams and ineluding
radiative processes, The cross sections shown in (b}
and (c) are integrated over the detector acceptance.
The total hadron eross section, (a), has been corrected

for detection efficiency,

25 2,75 30 3.25 3,5
Mg+g= [Ge‘w‘]
FIG, 2, Mass spectrum showing the existence of J.
Results from two spectrometer settings are plotted

showing that the peak is independent of spectrometer
currents, The run at reduced current was taken two

months later than the normal run,
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Discovery of c-quark, heavy quarkonia :

1y at SLAC: scan particle yields (cross-section)

over the center of mass energy of the e+e-
colliding beams
} MUON WIRE CHAMBERS

} 1RON (8 1)
—SHOWER COUNTERS (24)

TRIGGER COUNTERS (48]

[ CYLINDRICAL . &"*
e

\ WIRE CHAMBERS

W

by o —TRIGGER 4§
COUNTERS {2) | I‘_

—  Ann. Rev. Nucl. Sci. 26 (1976) 89

Mark | detector at SLAC :

Tracking (cylindrical magnet + cylindrical wire
chambers

PID detectors:

Trigger chambers (TOF)

Shower counters (e identification)

Muon wire chambers

Jhy

1 J at BNL: proton beam on target, look at
invariant mass of the e+e- pairs

Two arms e+e- spectrometer :

Tracking (dipole magnets + MWPCs)
PID detectors: Hodoscopes (TOF)

EM shower counters

Cerenkov counters (charged hadron ID)

11



Discovery of c-quark, heavy quarkonia : Jhy

Studying number of players et ey, 7,u,d s, c,b, 1T, .72
via e*e” cross-section Y
e e,y,7,u,d,s,c,b,t,..?
e+ q /
The e*e” > qq detected via decays Y hadrons
to stables hadrons. —
g q
T T TTT T T T T 1T I| T T T |
Jhur T Z

y(2S)

n o(e (i _—> haciro_ns) - N Y 2 0
o(e'e” > uu’) i

Q Withu,d,s R =Nc x [6/9]
ad Withud,s,c R=Ncx[6/9 +q.2] 10
Nc = 3 - number of QCD colours

qC:+2/3;(CE)STGTQ“J/w"of~3.]-Gev 10-1 **FIIIII| IIIIII| IIIIII|

2
10

10
Vs (GeV)

12



Charmed hadrons

SU(4) weight diagrams for mesons SU(4) multiplets of baryons composed
composed of u,d,s,c quarks of u,d,s,c quarks
—+

(a)

Hypef-ch-ar'-ge Y=5+C+B+T+ B -GeII-Mann&Nishijima: Y=2(Q-1I3)
Symmetries and heavy flavours Anxinpo, 04/03/2020
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Then discovery of the b, t quarks ...

]
Ln

tt pair produced @ Tevatron

3 1 bb states @ B-factory
T [ i
T 10F | 3
oo L1
% 52 il' 4 tﬁﬁ *
- T(18) T(28)

D...I...I...I.....I.....I....I.......I.......I.-
944 946 10.00 10.02 1034 1037 1054 10.5% 10.62

Mass (GeV/c)

Discovery of ¢ quark (1974) :
Discovery of b quark (1977) :
Discovery of t quark (1994)

4 years after KM paper
21 years after KM paper

Cabibbo matrix

. Cabibbo Kobayashi Maskawa 3 x 3 matrix :

./Q/l, f\\\w\\ “ //
SAS

'
|V

u

V.

C

VdV

Vi

ts

Vub )

%

C

%

b

th )

4 years after GIM mechanism (1 year after KM paper)
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Weak interaction Mass eigenstates (= flavour or

eigenstates *

(Vud Vus Vub
Vcd Vcs Vcb
\th Vts th

0.97419 +0.00022  0.2257+0.0010  0.00359 + 0.00016
0.2256 +0.0010 ~ 0.97334+0.00023  0.0415T0p1 c

2~ 1+0.00026 99-+0.000044
0.00874T000030 0.0407£0.0010  0.999133 000013

strong interaction eigenstates)

Vekm 3X3 unitary (complex) matrix
describing the quarks mixing:
the CKM matrix

/‘

d
J|
[]

S

B -
B -

-

- /

As a consequence, the charged currents couplings are

given through :

1 A A A

W (Vud Vus Vub ) (d ) ¢ l
S

q1‘.§ (U C t) Vcd Vcsvcb
Vaa, MVia Vis Vip

g,

b same 1-2 2-3 1-3
\ "~/ family

A = sinf_ ~0.22



~ Jnic B-decays

lilation

Penguin b —a 0
_ \
B~, B(s)° ~--

1 Every line, vertex and loop can contain NP contribution



Who is heavy (enough) ?

“Heavy” quarks : S [ C

S

“Nude” mass : ~100 MeV ~1.3 GeV

CKM mechanism :
description of the charged weak couplings

But .. We don't work at the quark level :
strong interaction

04@ %vé :' .“ |
u

A

~4.2 GeV ~171 GeV

Top is so heavy that it
decays before hadronization

o
Y1928

I

T(t) = m>(u)/m>(t) t(w)
~2 X102 sec

< QCD complications

Symmetries and heavy flavours Anxinpo, 04/03/2020 17



Less QCD: leptonic and semi-leptonic decays

W emission: SemiLeptonic decays

&
Still QCD % % A7

in B = D effective transition ... |+

W+

V*

cb

|Vijl~A or 1  for D-decays

|Vij|~A3 or A2 for B-decays
Helicity suppressed



cim mateix lements:

-d heavy flavours



~ d S
u ]
C ]
t o
o

Symmetries and heavy flavours

Vub1 Vcb

= Determined from semileptonic B decays

b )

@ b—u b @ u
. e V v
&—le=e Cb‘ / |

, b @- C

F(b>u) << T(b>c)

Axinpo, 04/03/2020
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Measurement of |Vub| and |Vcb| _

Parton level |

Weak decay of a free quark : ‘
Go=T(b — c[ullv ey :
o b clul7) - T i)

At the hadron level :

o°T 5 AQc:D n
> =T, xf(E;,q%m,)x| 1+ > C,
oE,0q“om, ‘“—— - m,

A - —

free quark decay ~
Perturbative +non-perturbative
corrections

0 OPE+HQE — decay rate known to ~ 3%

BoX. v & B—-X,2v

exclusive inclusive A
Boney Bo X, &v A
QCD form Heavy Quark _ — €
factors ‘symmetr'y+ OPE r( B_)XCIV ) =90 x r(B_)XUIV) ‘
B—>D*8& B X & bouy

E, =lepton energy

-|e1'r'ies and heavy flavours AHinpo, .)3/2020 2.



|[Vub| and |Vcb|: inclusive measurement _

. . . . BABAR
V., inclusive determination :

example of the lepton end-point

/ Data
i

Electrons 2.0 < E, < 2.6 GeV

Number of Electrons / (50 MeV/¢)

- accept some B—X_ v events
- precise subtraction of the background is crucial 2
. . 2 Data — bkgd.
off peak data, fit the various backgrounds 2
fr'om B—>XC|V é MC signal
3 b — uly
i {
z R anegnactnged
Leptons from cascade decays L PR
u l,|,+ Electron Momentum (GeV/c)
W- ‘ V W+ ‘ Vv
b e C e S
— & & —
B K




Summary of |Vub| and |Vcb| results

|V, | : 1.5-2% precision
Vil = (42.2+0.8) x 1073 (inclusive)

V| = (39.2£0.7) x 10° 5 (exclusive)

|Vsl & SM prediction : |V, | = (3.67 £ 0.15) x 10-3

Vap| = (4.494£0.16 T 918) x 107°  (inclusive)

V| = (3.72 £ 0.19) x 1072 (exclusive)

T SF—dn E

;g 455— — ib:“;: y Inclusive I_' _E

d Marginal agreement between inclusive N Py N mtns
and exclusive techniques may indicate L -
some fundamental question in the decay 356 @ 3
description | i

L HFLAV
d Intense research fields both in e | R
experiments and theory e w o e o
cb

Symmetries and heavy flavours Anxinpo, 04/03/2020 23



Vi, Vi from BB mixing

Box diagram : AB = 2 process

P V*td(s)
b ¥ gis
d S b
\ BO t W - EO
u t
d/s w- b
X
?“ L] ; th(s)
: \O ® ; s O
\_ Y, ; : o d/s
(via | [ vis | B W: - : W B
d/s d t I b
A
) td(s)

-r'ies and heavy flavours .EIHinpo-3/2020



._ \ —o\ | |
B,)= ;‘3‘ B")+q|B ) |B,), |B,): mass eigenstates

0\
{1
!

°

: flavour eigenstates

‘BH:'Z: =p‘50>_q BO'\:] |Bv:|‘ar

/

|B“{f)> (|§”(t))} - the flavour state of a B meson that was a B° (B° ) at t=0.

Schrédinger equation governs time evolution of the B°-B° System:

2
r r
L) (18%(¢) Tp =t~
IEI —0 I‘(M_El_ —0 5 _ _
[Bw) ——lF'0) a\? _ M, (i/2)Tj, | 4.4m-nri
P 1\'112—[5/311112 p 12 =1 4

= H (effective Hamiltonian)

Neglect CPV : g/p=1; assume AL =0
Time evolution of the physical states |B°(t)> (|E°(t)))

Starting from a B°

(produced by strong interaction) 2 -1t

|(B“\H\5“ () = ET(l + cos Amt)

Starting from a B° B
e 2 [t
0 e
|<B ‘H|B () =

(1 - cosAmt)

-r'ies and heavy flavours .EIHinpo-3/2020




If one does not neglect AT (useful for charm) :

e_rt _‘\_l't _ar
—(e2 +e y + 2cos Amt)
.
N
Al
cosh(—t]
2
So for the time dependent mixing asymmetry:

A (t)< Nlunmixed)- N(mixed) ,, _cos(amt)

"7 N(unmixed)+ N(mixed) cosh(ATt/2)
MiXEd:ED—J»BDOFBD—)ED cosh{ATE/2)+ 1T when AT 5 0
Unmixed : B° — B°or B? — Bo

Am [t
COSATTLIZCDS[— - e———
I' J\r W
W

Mixing parameters: x=Am/I" ; y=AI'/2I° X,y ~

X : the mixing frequency in units of lifetime

e

x>>1 rapid oscillation
x<<1 slow oscillation

-ries and heavy flavours .EIHinpo,-3/2020




x values for B, .:

Am I
B, Ve
R0 t T R
B4 ' _ ¢
d EEEEER b

f(m,)[V VT ~m:i°

t
F(m.) [V VTP ~ m?i® totally negligible

Slow oscillations Am, ~ 0.50ps™ . '
1/T, ~1.50ps First hint of a really large m,_!

top -
x=Am,/T,~0.75 B'B” mixing: ARGUS, 1987
Phys.Lett.B192:245,1987

u
( - d
BO t t Bﬂs *

T W —
5 L LD b b * C
F(m,) ViV, F ~ F(m,)2* VigVer I ~ 247
(mr)[ ts tb] (mr )i ud " cb
2 Am_ ~ 17ps™
X.=Am_/1_.~m ¥
> > / > ¢ 1/T,~1.50ps  Rapid oscillations
~ very large x_.>>1 x=Am_/T_ ~25

Symmetries and heavy flavours Anxinpo, 04/03/2020 27



BE I TN I NN SR N SE S R N TEE A TR SEE T S -
i
L

WITHN,  mixing probability: | 10 mixing probability: 10}  mixing probability: 1) mixing probability:
~50% | 18% ~ 50% | ~ 10
F ] ]
NN Ivpng LR} ,%M
B, + 8,

| X=1 yec} ¥ x> 1, M

Il y~00.1)

B)+ 8} M : ’ i

00 20 40 | oo 20 0 fo00 20 40 6.0

3]
35
2
: ¥ ¥ -

S P g ——————

CKM Matrix Elements

Perturbative QCD

G? )
Am, = o —5 Mg, mg, qB § (forqg =d,s)

Non-perturbative QCD :
dominant theoretical
uncertainty

Loop integral
(top loop dominates)

2 on Ty

G
Am, :6_7:2”73,"7124' g S(X;) fezd

td"tb
| —— l4— ~A2
G? 2 5 /
A,ns 6 mw '78 S(X) f tb /
7[ 7’

_nd heavy flavours len- 2020




B,B,4 mixing : slow oscillations

15

d Correlated BE-producTion

§

b
L)
T

by
R

o

F
£ £ 2
.I L] .‘ 4 Y
e
.'.‘ \e i,

Y(as)  Yes) YGS)

o (c*c' - Hadrons ¥nb)

wn
T

044 945 WO WRE 103 103 30?51 T0.58 10252-
Q Tag B-flavour (or fully reconstruct B) at Mass {GeV/e)
production/birth AND at decay/death ut
% vVoowe L v
[ Compare tags if more than one . .
s C s S

b
Q Aim at high efficiency 3 ¢ = & @
J Deal with dilutions

- Track (and vertex) reconstruction
- Identify leptons (e, p) and charged hadrons

> Measure kinematics : B-masses and/or missing energy/momentum

-efr'ies and heavy flavours ,EIHinpo,-33/2020 2'



1987: discovery of BB-mixing, ARGUS detector at e+e- machine D

ARGUS

T Muon chambery
Shower courters

Tima of fight courters
Drift chamber

Venex chamber
Siicon counter

Iron yoks

Solenoid cols
Compansation cols
Miri bata quadrupoie

-nefr'ies and heavy flavours AHinpo, .03/2020

O @O A LN




Fully reconstructed event with BB mixing at ARGUS expe
Signhature of the BB mixing :

eTe” > Y(S) >
>B°B° > B°B°

at birth (at production): bb

at death (at decay): B°(bd)8°(bd)
i.e. bb

=> process b->b occured

-r'ies and heavy flavours .EIHinpo-3/2020



BdBd mixing : slow oscillations

Q Important: tag B-flavour at production AND at decay

. 2 m=N{unrnixed}—N[mixed} () - cos(Amt)
|:|TlmEdBpendenTme;asur'eme.nTs T N(unmixed)+ N(mixed)' = cosh(ATt/2)

Intense field since the 1990's BaBar/Belle : boost Y(45)
I ' I ! | ' | '
SALEPH | [ ] 044640026 20019 ps™ Measured asymetry=cos(Amgt)
DELPHI’ 0.519 20018 £0.011 ps™ s\
(S analyzec) e ” <
L3 . , 0.444 #0028 +0.028 ps [
"y analyses) 05 F
1
. Eﬂgﬁ:%] H—e—] 047940018 20,015 ps » |
0495 #0133 +0.027 pa” " |
D0 = 1 i
P h—— 0.506 20,020 20,016 ps E ' .
BABAR * fof 0.506 +0 006 +0.00d pz ™ 05 F 3: : 1
(4 analyses) [ i
EELLE o 0.509 40,004 0,00 s BABAR /AR
- Uk PR R S S N TR TR S SR S T 1
4L b r 05062 H1L.0019 00010 ps™ 29 10 0 10 20
| ANA LY 55 )
|At] (ps)
Average of above it 0.5065 10,0019 ps™
after adjustments
CLEO+ARGUS ——] 0498 10032 ps*
i uremeants ) _
pamess Am,;=0.510 = 0.003 ps!
o x, = 0.775 £ 0.006

04 o045 05 035 < 0.5% precision !
"HFLAY average 1
witlout ad jus timents Am, (ps )

-es and heavy flavours ,EIHinp-/ZOZO




B.B. mixing : fast oscillations

In addition :
O Large boost

[ Precision decay time measurement

(reconstruction of production and decay
vertices) !

d Tag flavour

Symmetries and heavy flavours Anxinpo, 04/03/2020
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Fast oscillations are experimentally difficult to reconstruct
(tfime resolution = vertex reconstruction)

Example: BsBs oscillations at the LHCb experiment

Q' Reconstruct the decay ! Perfect reconstruction
over the background 1000 | + flavour tagging

O Tag initial B flavour 200 | + background

+ acceptance
over the background P

O Measure B flavour at the
decay

over the background

L Measure proper time
(=vertices) to be more precise

over the background

Proper time (ps)

-ries and heavy flavours .EIHinpo-3/2020



Symmetries and heavy flavours

B.B. mixing : fast oscillations

7 :
& i e Tagged mixed
— - Tagged unmixed
S
400 {w —— Fit mixed
£ B :“ :-:
= L wen H7t inmixed
.7-:-—:: L
:.,3 N
=
= 9 -
S 200
0 / ¥
0 1 2 3 4

decéy time |ps|

Q A clear oscillation pattern
O On average Bs changes flavour 9 times
Q x~27

Am, = 17.757 + 0.021 ps™!

X, = 26.80 + 0.08

Axinpo, 04/03/2020
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CKM

(More on) Vu the Cabibbo-Kobayashi-Maskawa matrix

-|e1'r'ies and heavy flavours AHinpo, .)3/2020



Matrix parameterization

Idea : current translating n a-quarks to n k-quarks requires n x n matrix

2

In general n x n matrix : n“ complex numbers or 2n? real parameters

Unitarity condition VTV = 1:
diagonal : n conditions like Vq; V1T = V1) Vi * = 1
off-diagonal : V4 VioT = Vi) Vou * = Vo Vi * = Vo Vi1 T =0
= 2 n/(n-1) conditions like Re V4| Vo, * = 0
= 2 n/(n-1) conditions like Im V4 V5 * =0

- 2

= it rests n“ real parameters X
Rotating matrix elements redefine (remove) 2n-1 ©0000oO0\
. 0 0O0OO\

non-physical phases :
0 0O0OO\
n-1 for a-quarks and n for k-quarks
\. 00O0OO\ /

> it rests n?2 - (2n-1)=(n-1 )2 parameters (orthogonal
rotation angles and phases)

In n-dimensional space: n, = 2 n ( n - 1) independent rotations
Physical phases:ng=(n-1)2-1%n/(n-1)=%(n-1)(n-2)



Number of generations = 3

LEP : ALEPH, DELPHT, OPAL, L3 il

O Compare full Z° width from o(e*e- > Z° > hadrons)

and

partial width of Z° > ee, py, 1T, Uu, dd, ss, cc, bb

o (nb)

O Then divide the difference by the I'(Z° > wv),
where v - low mass neutrinos.

HADRONS

e+
had ro ns O88 819 910 911 9I2 93 54 915 96
\ ENERGY (GeV)
- _
q
= 3 (neutrino, left-handed, active, m<M(Z)/2) generations.
# 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 1 0
3 3 5 1
4 6 7 3

Symmetries and heavy flavours Anxinpo, 04/03/2020
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Forn = 3, i.e. u,ct,d,s,b quarks:

do 3 sequential rotations of (z y x) ...

C; = cos 0;, s; = sin 0;, 6; - Euler angles, i = 1..3 y (s)
>
x (b)
(1 (0] 0 () ( c1 sl 0O 1 (1 (0] 0 )
0 c2 s2 -s1 cl 0 0 c3 s3
L 0 -s2 c2 /(O 0 1 )L 0 -s3 c3 |
... insert the phase ...
(1 (0] 0 )(c1 sl 0 (1 0o 0 )
(ucb)lo c2 s2 -s1 cl 0 0 c3 s3
0 -s2 c2 J|o 0 e® ]| o -s3  c3
... and multiply ... KM parametrization
1 cl sl c3 sl s3 )
(ucb) -s1c2 cl1c2c3-el® s2s3 cl1c2s3 + e%s2c3

| s1s2 —c1s2c3-e%¢c2s3 -c1s2s3+e®c2c3

N\




Chau, Keung: 3 angles (0;) and one phase ()

~ Vub
_ 66 ”
C15Cs3 512C13 C; = COS O 12”7 -

CKM = 12€23 — €12573513 C15C53 = $15,573513€ S,3C13 angle

_ i5 _ is
512573 — €15C,3543€ C12573 = 515€»3543€ Cy3Cy3

6 = CP violation :  Transition amplitude Transition amplitude
between i and j quarks : between i and j anti-
V;; W- quarks : V; W
/’ L ///
b > o’/ > u b > > u
v
Irreducible phase 2> V=V,

=> matter behaves differently from anti-matter
l.e. CP symmetry violation
however, not visible when considering | V, |

Original idea in: M.Kobayashi and T.Maskawa, Prog. Theor. Phys 49, 652 (1973)
3 family flavour mixing in quark sector needed for CP violation.
Before the discovery of the charm quark !
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CKM Matrix in Wolfenstein parametrization

3 4 parameters (3 real parameters and 1 complex phase): A, A, p,

d S
u / 1-A\2/2 A
C A 1-A2/2

~ J

D ——. d,s

e ! I
th ’VtS

Symmetries and heavy flavours

b &
A?&”(p—in)\ \ b —e~—cCu
Vub’Vcb
AN?
) A =0.2257T0000%

e [——l—O(Sl
) — 0-13() [) (1()

. +0.015
71=0.349_"q'g17

+( 021
O Single complex parameter in The CKM

matrix responsible for CPV
- strong predictive power |

0 B-physics solely capable to determine
CKM mixing parameters of 34 quark
generation and for CPV up to A3

1
th /

Axinpo, 04/03/2020 41



Unitarity triangles

Q Unitarity of the CKM matrix: V'V’ =V'V =1 = 9 relations Vir Vi = di5,
y f _
k=1

0 The non-diagonal elements of the matrix products correspond to 6 triangle equations :

(a) 5
1‘”'Jlr_ui‘”)’l_ls

VogVos

Vig Vis

* * * 5
Vud Vus T Vcd Vcs + th Vts = 0 }\' }\' ?\'
Vu* Vud * Vcb Vcd + th th = 0 m
Vu*s VUb T Vc: VCb + Vt: th = 0 m

Vu*thd+Vus\/ts+VV=0 }3)3;\‘3

ub \tb (©) ]
“ = 4,2 2 & "{sqb
td Vcd * Vts Vcs + th Vcb =0 A A A Vs ¥ib | \{:5\{%

* * * 5
Vud Vcd * Vus Vcs + Vuchb = 0 7\‘ )\' ;\'

Symmetries and heavy flavours Anxinpo, 04/03/2020
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The Unitarity triangle _

Vuzvud \/ td — O

Vud Vub ZMB(IO+ ”7) Vcd Vc:) - MS th Vt; =M3(1—I(_)—i5)

1V
AV
B=(1.0)
A n V.V ”
= arqg| v | - atan| £ — argl Yu¥e | — 4 T_
7/ g(vcdvcb) (IO] IB g(vcdvc;) e (1_10)

(b->u phase) (B mixing phase)

a+B+y=m

-nefr'ies and heavy flavours AHinpo, .)3/2020



Amount of CP violation

Using Standard Parametrization of CKM:

C.C S..C s.e "
v 12713 y 12713 y 13 Cij — COS Hij
= | 7512023 —C12523515€ C12Co3 = 512C535,5€ S23C13 s. =sin @
io is ij = ij

S12 S23 _ C12C23Sl3e _012523 _ S12(:233139 C23C13

| Area of each UT = |J|/2 |

Jarlskog invariant:
| J =0,,C,aC05,,5,:5:; SN & = (3.115 + 0.093) x 10 |

oY Trit

| summer16

| SM prediction

A=(p,1)

~

(eg-: JzIm(Vus Veb Vub* Vcs*))

Probability density

26 2.8

C=(0.0 B=(1.0)

-|e1'r'ies and heavy flavours AHinpo, .)3/2020




UT from Vub

4
s Rates of semileptonic decays of BY i
Provide information -

B=(1.0)

Circle around (0,0) in the p—m plane

If we can access to the imaginary part of
the ampliutude involving V,, = access to y angle

y= arg(v j = atan( )
cd cb P




UT from Vid

s B’ BYOscillations

b i d
WV g ] W*]f 7

_d

Oscillation frequency of B, ~

A=(pn)

C=(0.0) 1

Circle around (1,0) in the p—n plane

If we can access to the imaginary part of P L
the amplitude involving V,, = access to 3 angle iy

~ argl(s ;
L= arg(@tﬁz] = atan( _J
V.V, (1-p) B




Building UT from b-decays and BB mixing ...

.. and kaon CPV ...

= F -
UTgit i,
1__ summer16 Am,
CPC fit Am,
0.5
. V.
i Vs
0 b
0.5
A
| | 1 ! | |
1 0.5 0 0.5 1

.. hon-degenerated triangle > CPV |
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i UTﬁt
i
0.5_— -
I |vu \
0 — —

a4
g

0.5 0 0.5 1

1
—

g
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Measurements of:
a8 tcos2B+ I+ a+y+2B+y

1=

1

p =0.153 + 0.013
n =0.343 + 0.011

0.5

Q ALL the measurements
are (so far) consistent ...

.. but progress further :

Q Over-constrain UT, check that UT

-1 closes
i i Tswqg s LI 0 Compare measurements involving CPV
=1 -0 0 0.5 1 _ (angles) to decay-probability
P measurements (sides)

O Compare CPV in tree-mediated
processes to CPV in processes
involving loops

-es and heavy flavours ,EIHinp-/ZOZO
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CPV in the interference between decay and mixing

Starting from the time evolution of the B® and B® mesons
time-dependent rates of an initially pure flavor state :

2

(AL Jo_ )+ 49, ®)f

2

(£ HB ) =|Af Jo.0)+ Ag_OF and [(f|H]|B®) ‘g

- Cp.y ATl gt A t ) ATl pt A t —0 —

g+(t) = r—”'”'”_?_i"fiﬁ |:(‘UH}] -lj COS F:;; -7 sinh -IH sin }_I:H ] ] i q < f | H | B > q Af
‘ N F = =

Al Hf\_m-l”ih’f} p < f | H | Bo > p Af

5

. - T'g . Al'gt Ampt )
g_(t) = e "B . {—Hlllh —lh] cos— b + i cosh

and after some trigonometry and assuming no CPV in mixing (|g/ p| = 1)

0 2 —t/z 21+ Z‘T ’ ] C :1_V‘f‘2
‘(f\H‘B (t)>‘ =e '™ . |A| : [1+C, cos(Am,t)—S, sin(Am,t)| TP
— 2 /s 1+ Zf 2 - S _ ZIm[/,{.T]

‘(f ‘H ‘Bo(t)>‘ _etm . Af‘Z : [1—Cf cos(Amdt)+Sf sm(Amdt)} f 1+Mf‘2

Q |%|% # 1: direct CP
Q Im[A¢] # 0: CP in the interference

Symmetries and heavy flavours Anxinpo, 04/03/2020




_ A
Np====="" /)
: |
Vudvfb 1 Via Vi
Vea Vb | VedVep|
|
|
i
Y : B {p
o/ . ~
0 P 1
e (b) 720475

4 Arg£vcb]
tb

-ies and heavy flavours LIHinpo-B/ZOZO




CP violation in the o ey —0 —
interference between \ 1= q-< fFIH] BO ~ q Ar
mixing and decay : i p<f|lH|B > pA

Example: the angle p from B 2> J/y Ks

b Vie W™ Vi d
q _h M12 EO t,c,u t_, E’ u — \/tb\/t(j e_2i§K
P ‘Mlz‘ Mz - w* — VioVi

d th th b

o b M)
< J/l//Kg | H | B > EO \\< E \lj _ 77]/1//Kg ‘/CS\/Cd e—ZifB
<J/yKs|H|B > ° S - V.V,
d a K =
<(J/yKg)|H| B’ >=<(J /wKg)| (CP)HCP | B° >= K mixing
Mot <\J [y KS)| H|B® > e
. A% . V.Vie

ImA%(J /wKS) = " Im(vfbvtf “’) = sin2p = arg(vtd\;‘: )

thth Vcchd cd " cb

*

ViV VeoVes vcsv;;): m[
thth Vdvcb Vcs cs

because Im ¢ & >
VisVig VopVes ViV

Vctlvcb VtZth cz Vcs Im(z X

1 j _ sin(2Arg(2))
Z



o () Prob(B°(t) — f.,) - Prob(B°(t) — ) _
@ Prob(B°(t) - f.,) + Prob(B°(t) - £.,)
=C,cosAm,t + S, sinam,t

2
ERL Foran ke 4] =1
1+|4|
~2Im([4 ] {Cf =0 ~only one amplitude
"1+|Af S, = 1 SIN2f8

a; () =-nesinAm,tsin2p

Extraction of sin2p from J/y KO theoretically clean at 1% level U

KO d d
Vep Ve Vi, V', Order \?

d

1. The diagram at tree level is dominant
2. The penguin diagram has the same phase at order A2 since V., is complex and

differs from V., at order A4

Symmetries and heavy flavours Anxinpo, 04/03/2020
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tCPV in B decays

Tpo(At) $=07
T 5o (At) A=0,
Acp(At)
_ T'go(At) — I'po(At)
- T'go(At) + T'go(At)

— S sin AmAt + A cos AmAt

Mixing-induced CPV Direct CPV

Symmetries and heavy flavours
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y7;
0R0 ' : + +
Coherent B°B° production : v Y7, - o0
BO / -
Y(4S) cp = o Fully
Zﬁ% Ks reconstructed
I
e e’
~0
Bag |
+ I I
© anti B I A L I
e-,aéoocx, ) L
B — j—
At ~ Az/{By)C
(Az) ~ 250um Flavor tagging Q measured with

Quality : Q = 30.5 % flavor sample

s and heavy flavours LlHinpc-/ZOZO



\\ 1111 lllly//((/

%/ Flavor tag /
% Recoil B \ %

b—cev
T vertex

d

=
S|

%\M &y

ot/ / lm..\\\\\\\



Experimental aspects of the sin2f3 measurement

F(At) F(At) A (At)

1 [ | ] B T T T ‘ T

;1‘ sin2p

Everything perfect —»

Add tag mistakes —
Dilution: D=1-2w

Add imperfect
At resolution

- " ]
[ b 0
’ » |
| ’ N ]
F] s -
’
l + * _ -
’ S

0 8 0 8
At(ps) At(ps)

d Time resolution and tagging knowledge is crucial. Obtained directly from
data using the known BY mixing frequency (Am,)

Symmetries and heavy flavours Anxinpo, 04/03/2020
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Adding K s :

200| po 200F po 535M
g %0 BSUTK, po Belle | *°f BISUFK Belle
o 180 ; LG 4 Pre| iminary g 150F . Prel iminary
Lo Bﬂ F k Ty [ B hE,S
¢ 100f  F foA & 100} ge
= B® faps < ‘o £ | BT hgs
w50 + - 1:9‘_ s Sof
o p T . A
e e = i
0 ' - of .
= 0.5[ : = o8k |
-— i e, T
-
E Of . E Ot + y
= 3 ==
2 05 + r E -D.8
e PRI P N R | i L
7.5 -3 -2.9 Q2 2.5 S s -7.5 -2 -2.5 8] 2.9 5 =
At(ps) At(ps)
sin(2B) = sin(2¢,) FEAC b—ces C,, FEY
PRELIMINARY o PRELIMINARY
BaBar H— 0f140.032 £0018 BaBar L | 0o t0022 0017
hep-ex/0703021 hep-ex/0703021 :
Belle —H 0.642 £ 0.031 £0.017 Belle —+| -0.018 +£0.021 + 0.014
PRL 98 (2007) 031802 PRL 98 (2007) 031802
Average L 0678 + 0026 Average 0002 + 0020
HFAG | HFAG
0.5 0.6 ) 0.7 0.8 -0.12 -Ul."] -0,‘05 -U.LOE -U.‘Uﬂ- -U.‘UE 6 .O.E]E 0,;}4 O,E]ﬁ U.E}E 0:1
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sin(2) = sin(29,) bt

BaBar : 0.69 +0.03 + 0.01
PRD 79 (2009): :072009

BaBar - 0.69 £ 0.52 +0.04 + 0.07
PRD aux&""ﬁm&) 112001 —

BaBar J/y (hadronic) Kg : 1,p6+0.42+0.21
PRD 69 (2@(::4) 052001 5

Belle 0.67 +0.02 + 0.01
PRL 108 ( 2u12; 171802

ALEPH : — 0.84 922+ 0 16
PLB 492, 259 (2000) e

OPAL : R 3.20 550+ 0.50,
EPJ C5, 379 (1998) IF

CDF : 0.79 *241
PRD 61, n?znus (2000)

LHCb 0.73 +0.04 + 0.02
PRL 115 ( 2:115; 031601

Belle5S . 0.57 +0.58 + 0.06
PRL 108 (2012) 171801

Average ' 0.69 +0.02
HFLA

-2 -1 1 2 3

-es and heavy flavours




sin23 measurement

O HFAG average of the sin2 measurements

M BE(PI ﬂ

L | 1 1 | 1 _
0%2 0 02 04 06 08 1 p

O Two solutions, measurement of other parameters needed

-ries and heavy flavours .EIHinpo,-3/2020



sin23 measurement

O HFAG average of the sin2 measurements
; p=o, [EEH

: o
@
1 F Z -
=
0.8 - E -
o
0.6 - E& 1
=
13,‘-.? -
0.4 9, Q A
(49;9 o
"0 > x
& e o
0.2 f ) o
3
0 S e _
_ | | 1 1 | —
0'?0.2 0 0.2 0.4 0.6 0.8 1 p

O Two solutions, measurement of other parameters needed

-r'ies and heavy flavours .EIHinpo-3/2020



Comparison of sin(2p) measurements from tree and penguin diagrams

Jhy

Tree : b+ 03 S S ) )
C c ImﬂCP(J/l//Kg) — Im[vtbvtd VCSVCd} —

d 2 sin2p
VieVta VesVeo
b s B? mixing K° mixing
BS[ ] K, K™

d d

Penguin: b+ 53 IM A (pK?2) = Im(v“’vff VCSV“’)G? sin2p3

U,C,t i . . . * * _
%2 = | ®.N Unitarity .+ V. V,+V V, = 0

4 * *
J K & :>Vcs Vcb + Vts th =0

?
sin2/ [charmonium] =sin2/ [s-pingouin]
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Comparison of sin(2p) measurements from tree and pen_
. ff
n(2p%) =si (2¢1 ")

b—ces WorIdAverage | 0.69+0.02
‘BaBar : — - 0.66+0.17 £ 0.07 2
< : : n.oe b sNWIg $
: Belle : e 0.00 055 = ] _
Average e— 0.74 1315 . A
BaBar | . 0.57+0.08+0.02 ’ s 1.
[=] H : - Ko
< Belle ! | gl © 0.68+0.07 +0.03 - -
< Average! s : 0.63 + 0.06 J
¥’ BaBar | h———0.94 *03] £ 0.08
0 Belle - « |1l ' 0.30+0.32+0.08 @ 60
& Average : — 0.72+0.19 )
- BaBar = : 0,55+ 0.20 + 0.03 o 40
= Belle | % ¢ 0.67+0.31+0.08 -
= Average! +* ’ 0.57 +0.17 2 20
.» DBaBar 4.35 9% 1 0.06 + 0.03 -
X Belle * 064*3;_§+Dug+um 0
& Averagel ey 054 931 >
. BaBar ! * 055 575 £ 0.02 2 0
‘-‘g Belle - —0.04+0.32 £ 0.05 E
Average _ > - 0.71 £ 0.21 5‘
; BaBar ; - : 0.74 7012 < -0.
x‘: BE‘"E E N * ; U 83 +g :Ilg . L L 'l i i
_______“‘___Average_______________________l—uu—_______ 0.69 7572 -75 5 25 0 25 5 75
5 BaBar ] . 0.65+0.12+0.03 -C,At(ps)
v Belle : 0.76 "0 ia
L . Average : : — : 0.68 7350
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

No contradiction between

sin2p from b->ccs and b->qqgs

Sin(2B) from
Charmonium (J/W)KO

-fr'ies and heavy flavours .EIHinpo,.S/ZOZO




CP violation in the decay _

alters sign under CP
(weak phase)

—_—

amplitudes :

CP-conjugated {Af=A(B —f) A = Za RO {z

R S rong phase)
A =r(§—>F)—r(B—>f):W2—\Af\z - 23 sin(4,-6))sin(4 ~4,)
" T(B-o>f)+I(B—f) ‘A‘ZHAF a1a .cos(6, -6, )-cos(¢, - ¢)

[ Direct CPV requires at least two amplitudes with different weak and strong
phases

d Large A.» requires amplitudes of similar order

A
o . B > onl
CP violation in decay (« direct CP») : exir;t}i(nc;nfir
B > f charged B
A

-ies and heavy flavours .Ell-linpo-3/2020




Direct CPV: B 2>K=n

A(B —f)= + a,e'e'”,

"

N
-]
-

()
-
=)

Asymmetry Events /2.5 MeV/c"
—
[

- BaBar 232x10° BB's

] O I

1
=
[—

5.2 5.22 524 526 5.28
My (GeV!cE)

5.3

penguin

W
b
B t%<

u

clec ol w

A(B" > f)=aee™ +ae”e

O In this case weak phase difference : 7y

Ac,(BO>K*r0)= -0.097+/- 0.012

O Angle y cannot be extracted from
it, since it depends upon weak phase
and strong amplitude and phase
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)

3000

2 GeV/c?

2500

(0.0

2000

Events/

1500

1000

500

= e ol PP
t]5 51 5.2 5.3 5.4 5.5 5.6 5.7 5.8

Direct CPV: By ;2K

LHCb
- s sflrelminany s
\/s =7 TeV Data

320 pb-!

Bo>K* -

S

K*x invariant mass (GeV/c?)

Events/( 0.0] GeV/c?)
[\

(2]

2

1

1

Most precise single measurement and first 5o
observation of CPV at hadron machine:

000
- LHCb
Sy mm - - - Preliminary
L Ws =7 TeV Data
000[— -1
320 pb
500[—
uunf— Bo> K1t

500

%/_\._ﬁjm— _ v--‘w e

=51 52 53 54 53 %3

Knt |nvarlant mass (GeWc

_ACP(BU—%}{+W_

) = —0.088 + 0.011(stat) + 0.008(syst)

—200
L
= 180
o 160
=]
S14a0
S
2120
@

& 100

80
60
40
20

-

LHCb
Preliminary
\s =7 TeV Data

320 pb-!

B.>Km*

%51 52 53 54 55 %3

K mvarlant mass (GeWc

First evidence of CPV in Bs decays:

—~ 200
% 1802— LHCb
~ 160 Preliminary
31405— Vs =7 TeV Data
£ 120F- 320 pb-l
l-% 100
— 0 )
F B,>K'm
20

%5 ~""51 5.2

" 54 55 %3
K*'w mvarlant mass (GeWc

Acp(BY — ntK~) = 0.27 + 0.08(stat) & 0.02(syst)




CP-parity violation in charm

O SM predicts small effects in mixing and CP violation due to suppression by GIM
mechanism (d,s) and CKM matrix (b)

CS D decays,
DD-mixing

T

— deviations can be attributed to new physics

V., enters via loops

<

d “us

<

O< C<

o

Vem =

Cs

V p u
V, |=¢
< Vi t

<
<

Symmetries and heavy flavours

- 1- )8 \

AR -p-iy) 1R RS

1/\3[p in) |
1/\ + O(,\D ,I

1,\3(1 0- u)-I-W(p{-zz)) -1\ HA*(I )-p-in) 1-A*N)2

d S

b

n - CP-violating phase

Axinpo, 04/03/2020
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3 Access CP violation through asymmetry measurements PRL 122 (2019) 2113803
CP \:N(D0—>f)+N(D0—>f) &D/_/ T(DO) r

CP eigenstate WY N geedy CPV in mixing + interfer.
Measure time integrated A p difference for f=Kt*K~ and f=n"n"
AAcp=AFY(KTK™) — AFY (ntn™) J.Phys.G 39 045005

<t > >
~ [T (KTK™ )—a?';(.ﬂ—)] K”‘T : T Ap
D

CP-parity violation in charm

ARTR — ARTRT AL+ Ap

meas
CP asymmetry of h* h- Production asymmetry between

D**and D* /B and B
Detection asymmgtry of the positive ‘\| Small and independent

and negative tagging 1/ M of the final state

. KK KK . .
Q Difference AAcpr = Al cas—Ameas = Acp — Alp cancels detection and

production asymmetries and is largely insensitive to systematic effects

O Tag D-flavour B — DGy, X

D™ - DED
-ries and heavy flavours .EIHinpo-3/2020




PRL 122 (2019) 2113803

CP-parity violation in charm

0 Asymmetry determined from invariant mass fits Js =13 TeV, [Ldt ~ 5.9 fb-!
T-tag ; H-tag
3 3
~ ~ 220080 ~ 600?“0 ' ——  ~ 160f
% 000k L 2000F %L 600f RN
= 6000; S oo = S 140
< 5000F S 1600[ = Tt = 120f
= 4000k = 14007 Mo sred = 400f = 100f
< 300k Do vt =00k Doom.vhe 2 300) Elcomb ke 3 80]
[ S 800F S ool 5 60
-3 2000} S 600F S S aof
5 C 3 F r L
2 1000 2 40 S 1oof SEED :
005 2010 2015 2020 005 2010 2015 2020 1850 1900 1800 1850 1900
m(D°7t) [MeV/c2] m(D°7t) [MeV/c2] m(D®) [MeV/c2] m(D°) [MeV/c2]
_ 0.0100
AAcp = (—-154+2.9)-10"* HFLAV (RS E— ]
0.0075 KMoriond 2019 Belle BaBar
’ CDF KK+7m | CDF
. . o . | LHCb SL KK+7m 1 LHCb
Q First observation of CP-violation RS LHCD prompt K Belle

e oL HED Drompiezr e N

in charm decays at 5.30, ——
. . . . 58 0.0000
essentially direct CP-violation S o=
<1-0.0025 |
ir —4 —0.0050 |
Aady = (—15.7+2.9) - 10
-0.0075 | S g £ 2 ¢
3 No CP-violation excluded at 5.4¢ ~Do1ao i, g e o
—0.010—0.008—0.006—0.004—0:002 0.000 0.002 0.004 0.006
alip

-r'ies and heavy flavours .EIHinpo-3/2020 7.



What we learned: reminder

Flavour physics players and rules of the game

How interactions respect C, P, T symmetries

Kaon system

Two more quarks: ¢ and b

Charged currents and more quark diagrams

Measure two elements of the CKM matrix V, V.,

BB mixing and two more elements of the CKM matrix Vg, V..
CKM matrix: size and parametrization

CP symmetry violation from the complex phase

Unitarity triangles

U 00000000 oD

Measuring CKM parameters

Symmetries and heavy flavours Anxinpo, 04/03/2020
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