Quark mixing in the Standard Model:

* Quark masses and CKM matrix
* Mixing of neutral mesons
e CP violation in meson decays
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1. Quark masses and CKM matrix

Quark mass terms in Lagrangian (after spontaneous symmetry breaking:

/ Yukawa coupling
U (= _
varks — __—_4d,Y,d, +0,Y, u, +h.c.
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Yukawa matrices and thus the mass matrices are in general not diagonal
in “generation space”! In fact for the Standard Model they are not!



Diagonalization

Diagonalization using unitary transformations to obtain mass eigenstates aA

U :VA,qqA with q=u,d A=R,L Set of 4 matrices!
and V, qVAtq =1

Matrices V, , are determined by:

m, 0 0
v .
My=1{ 0 me 0 | =diagmy,me,m)=—=Vy YuVp,.
0 0 mi V2
mg 0 0 "
Mg = 0 ms 0 — dialg(md: Mg, Mp) = ﬁ"’rL,d};&‘*’r&d-
0 0 mp,

With usual Dirac masses m,:

£ = _dp Mydp — @i, Mufip + h.c.



CKM Matrix

If up-type and down-type Yukawa matrices cannot be diagonalised simultaneously,
there is an net effect of the basis change on the charged current interaction (which

connects u/d-type) :

The charged-current interaction gets a flavor structure which is encoded in the
Cabibbo-Kobayashi-Maskawa matrix (CKM):

_ + Why don’t we
VCKM _VL,uVL,d see no quark

g B mixing for NC~
2 (= _pyrr+ 7 7 AT Y
Loc — 92 (u AW Vermdy, + A W Vg L)

The element (Vi) connects the LH u-type quark of the ith generation
with the LH d-type quark of the jth generation. We label the matrix element
according to quark flavor instead to the generation index.

Vud Vus Vi
Vekm = Vg Ves "ch
Via Vis Vi



CP violation

e

Loc = —— (?j', L ’}’“ Hf’lf Vekwu d I, + EL ’}*‘M 1’?1: V. JKM ury, )
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CP —is only conserved if Vo = (Vekm)™



Parameters of CKM matrix

Fa 5 Fa
Vud  Vus ub
Fi

Vekm = Vea  Ves ch
Via Vis Vi

Independent parameters:

18 parameter (9 complex elements)
-5 relative quark phases
(unobservable, see next slide)
-9 Unitarity conditions
=4 independent parameters: 3 rotation angles + phase



Unobservable Quark Phases

Phases of left-handed quark fields are unobservable: possible redefinition

ip(u) ig(c) ip(t)
u —e"u C.—>e”’c. 1 —=>€" 1 RrHquarkfields are
_ _ _ rotated simultaneously to
d — e'¢(d)dL S, — e'¢(S)SL b, —» e'¢(b)bL keep mass terms real.
Real numbers

Under phase transformation:
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Vol 0 e 0 ||V, V. V,| 0 €% 0
0 0 e )My Vs Vp )| O 0 e’

o
Va - explid()) - da)Veg | L (F,G) invarant
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Parametrization

PDG parametrization: 3 Euler angles @3, 63, 6, and 1 Phase 6
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Wolfenstein Parametrization
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Reflects the “hierarchical structure” of the CKM matrix.



Complex CKM elements and CP violation
d- V, u- dr V: T
CP
L

U;

V:
T |
I
CP (T) violation < Vji + Vj’i“

l.e. Complex elements

Remark: For 2 quark generations the mixing is described by the real 2x2
Cabbibo matrix — no CP violation! To explain CPV in the SM
Kobayashi and Maskawa have predicted a third quark generation.
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CP Violation in the Standard Model

Requirements for CP violation

(m¢ —m¢Jm¢ ~m{ fm —m;)

x(m§ —m§Xm§ —ijmS2 —mj)xJCP #0

where

Jarlskog

Jep = ‘Im{\/lavjﬂvlﬂvm}{ | # |, # ,3) determinant

Using above parameterizations

‘]CP = 512513523C1,C »3C1 3 Sino = 16A277 — 0(10_5)

mmmm)p CP violation is small in the Standard Model
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Unitarity Triangles

Unitarity condition of the CKM matrix can be described by an triangle

relations in the complex plane:

VuquL +VchcE +thVt; =0 (db)
V.V 4V V4V =0 (sh)

us ¥ ub cs ' ch

VudVJ; +Vchc: +thvt: =0 (ds)

Vuth;c +Vusvt: +Vubvt; — O (Ut)
Vcht; +Vcth: +Vcbvt; — O (Ct)
Vudvcz +V V* +Vubvc:) — O (UC)

us = CS

— Triangles with approximately equal sides. —

- VUEV b V . V
Vuqud Vt;\/td t u (t& t)l
(db)
: A
V chd

(sb) (ct)
Vu:Vub % VC:; VV%
VieVis V.V,
* * (uc)
(ds) V4V, B ViaVed —
|
4 * «

Vcd Vcs Vr: \YA VisVes VitVer

Slim triangles

All 6 triangles have the same area (= J-p/2 ): A measure of CP violation.
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Determination of CKM matrix elements

’Vud ‘

(d
S

b’

"

/Vud Vus Vub\
— Vcd Vcs Vcb
\th Vts th )

Nuclear beta-decays (0*—0* beta decays, neutron decay)

d

V 4 u

\\1

V4l = 0.97425 = 0.00022.
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Determination of CKM matrix elements

’Vu S ‘ Kaon-decays N

<e
W J;, %
T N +-<e+

u _

d d u

Vys| = 0.2252 £+ 0.0009

0|
0|

Problem: Kaon and pion form factors (see also the section on “pion decay”)
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Determination of CKM matrix elements

’Vcd ‘ More precise: Double muon production in neutrino scattering

o(v,+d —> u+D+X —>y+y+Y)~ch\2

V.4l = 0.230 £+ 0.011

032 ,' -
’Vcs‘ Tagged on-shell W—cs decays at LEP II: Ves| = 079@:0_26 +0.13

D-decays
_|_

e
Form factors!
W™ V
/7
V4
C ‘:/ S C < W+<e+
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Ves| = 1.023 + 0.036



Determination of CKM matrix elements

N ‘ Semi-leptonic B decays
cb
\ © i
oo - w< - f< -
W 7 17 W / Ve
’ e ’
7 Y4
o _ . e 0
B U ° - ] D* B '
i d a  d
V| = (40.6 £1.3) x 1073 V., = (3.80 +0.44) x 1073
’th ‘ Single top-quark production at hadron colliders: W— tb - Wb + b
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Determination of CKM matrix elements

N Can be measured only via virtual effects:
td top quark decays nearly entirely to b-quarks.
- _ _ B, and B,
’Vts b ? { T d _  oscillation:
i B° : | B° Next section.
gd ¢t ¢ 0§

Determination of CKM Phases:

In the Wolfenstein parametrization at order O(A%) (A°) only 2 (3) of the CKM
matrix elements have non-trivial phases: Vi, V,;, (Vi)

The CKM phases are measured via CP violation in B decays.

General remark:
B decays provide access to the modulus of 4 CKM elements and of two

CKM phases. That’s the reason B decays are studied very intensively.
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2. Mixing of neutral mesons

The quark mixing results into several interesting “loop” effects:

Standard Model predicts at loop-level: Flavor Changing Neutral Currents

(forbidden at tree-level)

Mixing of neutral mesons, e.9.. B} « B_g

LA S
S -
B, W B
b - — - d
u,c,t

)=
§>: K® = Js> D° =|dc) B_g,’:‘d5> B_S:‘SB>
discovery of mixing 1960 2007 1987 2006

Neutral mesons:  |P®): K°=|ds) D°=|dc) Bf=|db) BY=|sb)
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Mixing Phenomenology

Applies to all neutral mesons!

BO:::® - B¢

.d ( B°(t) i B°(t) Flavor states
l—| —, = M—-=-T —0 = No mass
dt\ B (t) \ ' 2 J B (t) eigenstates

Diagonalizing H: H

_ 0 RO : _
Mass eigenstates: BL> - p‘B >+q B > withm_ T\ light

complex coefficients BH> = p‘ BO> —q BO> with m, T}, heavy

1

co ‘BH,L(t)> :‘BH,L(O»'e_imH’Lt -e_er'Lt
19 Flavor eigenstates: ‘BO> = %(‘ BL> + ‘ B, >) ‘I§O> = %(‘ BL> - ‘ B, >)



Mixing of neutral mesons

1

P(B° »B°)=P(B° »B’)= g [e‘“‘ e 4 2e M cosAmt

CPT

PB" >B")=

PB" >B")=

O |t ©T|Q

Dl NP

—(C 4+, )t/2

—2e cosAmt| Am =my —m

—(r 4+, )t/2

- 2e cosAmt_

CP - violation in mixing:

PB° »B")2P[B° »>B")= A £1

P
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Mixing
asymmetry
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B2-BY Mixing

P(B’ »B")= %Fe_rt (1+ cosAmt)

1

" 5B%)= El“ert (1- cosAmt)

6 10

%m ﬁ

Simplification for

r,=r, =r

e |
[} E—

0 1 2 3 4 5 6 7 St/TB 10

| oscillatio\_/ P(B° »>B%)-P(B° > B_O)
1 frequency P(B° - B°)+P(B° — B°)



Standard Model Prediction

Vi V,,
—————>
0 =0 d 1 T cu i b
% e B it .0 g Amy ~m/-O(2’)
< ‘* cu
Vib Vid
Dominant contribution from top-loop: 17g =0.55+0.01
NLO QCD
G; m?
Amd ¥4 67° m fTB (th tb) mW 'Te F(mw «— €.W. correction

f’B, =(235+33+12)"MeV "~ from lattice QCD
Describes the binding of the quarks to a meson
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Prediction for B, mixing

Vis Vi
> @ > o—>
s T t 1 b

0 =0 | |
Bs B, b 1 { i1 S
—b——(0)—

VYA

Ams - M;\/'[b)z

Oscillation is about 35 times stronger than in the case of By
(Vi much larger than V)

B oscillation:
Deactivation of GIM(*) suppression because of large top mass:

What would be the mixing if all quarks had the same masses?

(*) Glashow, lliopoulos, Maiani, 1970, see next page.

Am_ ~m?-O(1")
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Missing FCNC and GIM mechanism | Historical retrospect

FCNC in the 3 quark model: ~ K® — 4" s

Y7

Theoretically one predicts large BR,
in contradiction with experimental

W T~ limits for this decay:
BR(K, — x"u) 9
o =(7.2+0.5)-10
M ~ sing, cosé, BR(K, — all) ( )

Proposal by Glashow, lliopoulos, Maiani, 1970:

There exists a fourth quark which builds GIM
together with the s quark a second doublet: KO

s’ —Siné, -d +cosé, -s M ~ —siné, cos6),

Additional Feynman-Graph for KO—up Prediction of a fourth quark:
mm=d  \hich compensates the first one: Mass prediction BR=f(m,,...)




GIM Suppression

Example: FCNC process b—s (“penguin process” as in B>K*v)
e A — s)sm =V, LqusAu +V, ,51 sAc +V, bI s At

' p where A, denote the sub-amplitudes for the 3 possible
h et s internal quark. A, depend on the quark masses only:

; ; 2 /ar2
Ag = Almg /My, )

Using the unitarity of the CKM matrix, especially: Z?i Eb‘i =0
the total amplitude can be rewritten:

A(b — S)SM =V Z}l (Af — A ) + 1 ubvjs (Au — AP)

In case of approx. equal quark masses, total amplitude var21ishes: GIM suppression.

For large top quark mass: ~ A(b —s),,, =V, V, - M, GIM suppression

2 . .
W Inactive
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Discovery of BY mixing
First e*e- B factory at DESY:

at =10.58 GeV . —
vs ~ L o(BB)~1nb
e'e” - Y(4S) —» B°B°

Mixed: B°B°% — /sty
gogo —> 0 charge

Same

ARGUS 1987




Historical remark:

The observation of the B, meson mixing put the first lower limit on the top
mass: my,, > 50 GeV. (GIM suppresison is inactive)

If the top mass was lower the GIM mechanism would lead to a small Am,
l.e. the B would oscillate very slowly and would decay before mixing.

The GIM mechanism is a result of the unitarity of the CKM matrix. Only

different quark masses lead to a non-perfect cancellation and are the
soruces of observable FCNCs at loop level.
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Experimental Status of B, meson mixing

for T, =T =T

P(B° B)——re "(1+ cosAmt)

e

P(B° L

—B")= EFert (1— cosAmt)

2 4 6 8

10

P(B° — B%) — P(B° — B°)
P(B° ->B°%) +P(B° - B’

Asymmetry

o 7/ Am,

unmixed - mixed
unmixed+ mixed

A=

«f BiBak |

1

08_

0.6 |- —
0.4 NENE
0-2% l l//-
2] | |

-0.6 [ -
0.8 [¢ > .
N
|At] (ps)
Am, =0.506+0.006+0.004ps™
0.774
"
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B, — Mixing measurement at LHC

very fast mixi A

Analysis steps:

» B, reconstruction: B.—~D_n (self-tagging)
« Measurement of proper decay time

« Tagging of production flavor

~
8

1

=]
|

#events/ 15 MeV/c?
[~ Cad =Y (4] (=]
by B

8
1

b e

71 ® Data

----- fitied sig.
----- fited phys. bkg.

-.— fitied comb. blg.

| 36 pb”

:- =

5400 5600
B, mass [MeV/c’]

s



Flavor Tagging & B4 Mixing

* Lepton

« Kaon
 Vertex charge
» Fragmentation hadron “same side”

Other B:
“‘opposite”

Figure of merit: ¢D?~ 4.3%

» Tagging efficiency € ~34%
e Dilution D = (1 - 20) ~ 32%
® = mistag probability
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LHCb B, Mixing Result

plnlbinnleldl ITog-I'ilfel:Iih.oppllfitl _

36 pb™ =
LHCb preliminary 3
4.66 3
s =7 TeV 3
L e e 4 4 o 1 4 e e g 1 o oW . ] g o, g . =

0 5 10 15
am, [ps]

04E 1 Heb preliminary g 3
06 36 pb™! -
-0.8 Vs =7TeV =
AE— A B B B

0 0.1 0.2 0.3

t modulo 2/ A mg [ps]

» 1350 B, candidates in 4 B.—»D.n decay modes
» Proper time resolution: ¢, = 33-44 fs, OST

Am,=17.63 £ 0.11 £ 0.04 pst

World best measurement
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