Standard Model

Quark mixing and CP violation

Overview

Quark weak and strong eigenstates

2 generations

— review K% mixing

3 generations

— review K% mixing, B® mixing

CP violation

— Alternative parametrisations of CKM matrix




Weak and strong eigenstates

Quarks interact through
the strong force

Gluons couple to strong
(physical) quark
eigenstates q

— hadrons

Quarks also interact through
the weak force

W couples to weak quark
eigenstates g’

g’ related to g through mixing
matrix

g’ admixture of g and v.v.
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Weak, strong eigenstates
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Strong quark eigenstates

Gluons couple to strong quark
eigenstates — observable
hadrons

Weak quark eigenstates

W boson couples to weak
quark eigenstates

(convention to change
bottom member of family)

Weak quark eigenstates are admixtures of strong

quark eigenstates




Weak, strong eigenstates
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Strong, weak eigenstates related by mixing matrix

Mixing matrix is unitary (inverse = complex
conjugate)

Two quark families

dw cos B, sing, ||d

Sw -sin®, cos O, | | S

Mixing matrix is 2x2

Condition of unitarity = 1 unknown parameter
Usually taken as Cabbibo angle 6, — quantifies
mixing between two generations \

Value not predicted by SM!




Two generations (K° mixing)

Explains K°-K° mixing:

W couples to d,sy

Amplitudes for transitions
proportional to Cabbibo angle and
quark mass

CKM matrix

3x3 matrix = CKM matrix (1973 — before charm!)
Elements describe every weak quark transition

SM does not predict existence of or values for matrix
elements (couplings of W to quarks).

Input by experimental data
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Effect on K° mixing

S u,ct d

Mixing:

Extra contribution
from top due to
small b,, admixture

Couplings proportional to quark mass and
CKM matrix element

Here charm CKM elements dominate
Amplitude f(m)
Box amplitude oo ¥ ¥ Vg Vig*Vis*V,qas

i=u,c,t j=u,c,t

B mixing
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Mixing: expect B%; and BY systems to mix like K°

Now top CKM matrix elements dominate

BO, mixing faster than B% as Vi > V4

Amplltude a ¥ X Vib Vid*vjb*vjdaii

i=u,c,t j=u,c,t




Vrb

Mass eigenstates not the same as weak eigenstates
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Different measurements sensitive to these

0.9742 to 0.9757 0.219 to] 0.226 ]0.002 to 0.005
0.219 to 0.225  0.9734 to] 0.9749 [0.037 to 0.043
0.004 to 0.014 0.035 to' 0.043 '0.9990 to 0.9993
K® mixing  B° mixing
sensitive sensitive

B° meson mixing
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Input to SM




Nmmixed (‘/_\'t }+ Nm;xed (At)
~ (1- 2(w)) cos(AmAr)
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PRL 88[2002]
Am4=0.516+0.016+0.010 ps-!
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Bd mixing very well measured

Bs mixing

Status now:

Unobserved: xs = Am/I'(>16.6 ps''@95%) Fitto.
experimental
SM (UTfit) prediction of ~20ps! data
Tevatron may observe mixing by 2007 ‘E
s
Tevatron Projection > 0.001
30 £
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CDF & DO combined 2 -g
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£20 _— i
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5 Am[ps’]
@ CDF tagging: add kaon tag, eD= 3%
CDF vertex res.: 20% improvement
CDF/DO0: Similar sensitivity
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Delivered luminosity/expt. [fb "]




CP violation

CP violation:

CP violation observed in K0-K° system
C,#C. C,/C.=(1+e)/(1-¢), e ~ 2.10°3

Must be included in SM

CKM matrix allows CP violation (but does
not predict magnitude)

Nb. Big Bang — equal matter:antimatter. Universe now — matter.

Need quite a lot of CP violation for this to happen.

CP violation

CP violation if b, anti-b decay rates different
Unitary CKM matrix = 4 free parameters (3 angles; 1 phase = C/’)

CKM elements containing b quarks most sensitive to phase

Quarks
d Vg Vi V) [ d
S| = | VgV Vgl!| s W-
b’ Vg Ve Vi) | b é&?
Antiquarks b :,'* "
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4 parameters

+ If CKM parameterisation is correct

— All mixing and weak decays must give
consistent results

— The phase you extract from CP violation in
the K system will predict the amount of CP
violation in the B system

» Make many measurements and test
whether CKM formalism works

* Note: Doesn’t exactly explain origin of
CP

CP violation

* Need 3 generations of quarks to introduce CP violation
into theory

dy d
SW = S
b b

Mixing matrix is 3x3.
Unitarity constraints = 4 independent parameters

3 angles quantify mixing between (1,3) (2,3) (1,2) generations,
1 complex phase (mechanism for introducing CP)




CP Angles

Unitarity relations often represented graphically ........

VidVub" #+VedVer™ + ViaVin" = 0

’ Sides meet if no NP contributions ‘

CP violation if
height non-zero

CP Angles

Angles a,p,y just combinations of CKM matrix
elements .....

{ VaVa }
a=argy——.— —
VuhVu'd
B=r—arg| 22
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CKM matrix

Also Wolfenstein parameterisation O(A3): To ensure
unitarity

A4 4 Axlo-in) /

Ve = ~2 -4 ax  |rolr)
AX(-p—in) —ARL 1
A=s, A:S—223 _ 536080 _s5;;8ind
/ S12 S12523 S12523
sin 0, A=sing, =022

Relating parametrisations

—|V., le™
1—/1% A AX(p-in)
2
Ve = ) 1—/14 Az |+o(r)
AX(1-p—in) —AX 1
_‘th e ‘Vm e -
S =tan {77}

I-p
B = B% mixing phase 7
&y = B°skmixing pli':ase If =0, yeme
v = weak decay phase no CP Sy =nk

violation




CP violation in B? sector

» CP violation in B? sector expected to be large (complex
CKM matrix elements involving b are large)

» Experimentally —
— Choose decay channel, measure asymmetry Agp

measured ‘ Am measured in mixing ‘

Acp = D(B(t)—f) - D(B(t)—f) _ Adrcos(Amt) +Amx sin(Amt)
[(B(t)—f) + T(B()—f)  cosh (AL't/2) — AAsinh(A[Y/2)

A= (a/p)(AJA) <«—— | Ratio of I

. CKM _ ~
AS" = (I f2-1)/(IA2+1) matrix ’ AI' = 0 for BY, AI'T" ~0.1 for B ‘
A = 2 Im(,) /(A f2+1) elements

At =2 Re(Ag) /(IM*+1)

CP violation in B? sector

« Eg. B — n* m-asymmetry

Ratio of

CKM

matrix
ACP=F(B(t)—>f)—F(§(t)—>f) _ sin(Amt) Im Af /elements
\ [(B(t)—f) + [(B(t)—f) NN

sin 2o

measured

p, q.original admixtures of
BY, BY in mass eigenstates
(ratio of CKM matrix
elements) — like C,,C.

Measured in mixing
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Figure 1: On the left. raw asymmetry in the number of BY and B" tags. |‘_\'}_'? —
,\-guj_-'[,\-“é + ,\-E,,J. as a function of At from Babar. The upper !qu.' is for
CP odd final states, the lower plot for the CP even fl'\;l The solid curves
represent the result r{,f' the combined fit which has determined the central sin23
value (0.75). On the right, At distributions from Belle for the events with
qér = | and q&p = —1, where & is the CP eigenvalue and g = 1(—1) for B"
(BY) tag. The result of the global fit for sin23 = 0.82 is shown as solid and

dashed curves Jf*ﬂft!‘l'."ff‘f‘ﬁig.

CP violation in B? sector

Other decays involve other CKM matrix
couplings, hence other “angles” B, y
— BOy—J/¥ KO ; Acp o sin 23
— BOy—DOK*0; Agp arsin y

» Huge program of work at Babar, Belle
(B%,), CDF, DO (BY) to investigate
consistency of SM relationships
— Future work planned at LHCb
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CP violation studies

Y B I Current status I

B,measured well at

Babar, Belle

fd
o can be measured

well at Babar, Belle 02

v can only be
measured well at 43

R L R

LHCb gl

But -

Although CP violation

measurements in SM consistent

Can only explain conversion of ~1
galaxy worth of matter in universe!

There must be another CP violating
mechanism (which we don’t know
about in SM)
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Review

» Weak, strong quark eigenstates are
different
» Admixtures quantified in CKM matrix

— Matrix can be parametrised as 3 angles, 1
phase

— Phase is mechanism in theory for CP violation
— No SM predictions for matrix parameters

— Measurements underway to test SM
predictions of relationships
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