IX. Dinamika okusa l

FIZIKA OKUSA kao OKUS FIZIKE

s KVARKOVSKI OKUSI - CKM MIJESANJE
s LEPTONSKI OKUSI - PMNS MIJESANJE



Konvencija predznaka za
KVARKOVSKE OKUSE

0 OS-AQUAOQK Tng,C,B,T
[}\LLS ,\:0\2 some S(%u oS 1'4'5 C(&dwx

Q:-'/s &: 2/‘3
oy, :""h u Iy = +4,

d
S S 7~ c il
O N E T=#



& konvencija za predznak
OKUSA MEZONA

. 3&.vo~w cavred 47

= Ct"”""‘ke& Weson

Q o&& NEsSON —~ SdWe 5“‘6"‘ as 5 c.@s.umsg

§=4 KP (dS) K ud)y - D(eRy D (ed)

B=1 -"(JL) - B (cb) (c3)



" N
KVARKOVSKI OKUSI
& CKM MIJESANJE

d’ Viud Vs Vb d By convention CKM matri
s =1 Veg Vo Viop 5 i defined as acting on
ks with charge —xe
b’ Via Vis Vi b ;| auar 3
Weak eigenstates CKM Matrix Mass Eigenstates
—

- N
( Cabibbo, Kobayashi, Maskawa )

* e.g. Weak eigenstate d s produced in weak decay of an up quark:
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Kvarkovsko mijesanje i CKM-matrica
(Cabibbo-Kobayashi-Maskawa)
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Vud
Vcd
Via

Vs
VC s

Vis

Vub
Vcb

Vib

~
7

0.974 0.226 0.004

0.23 0.96 0.04
? ? ?

Currently little direct experimental information on V4, Vis, Vi
Assuming unitarity of CKM matrix, e.g. |Vub‘2 + |Vcb|2 + |th‘2 —

gives:

Q

Cabibbo matrix

--------------------------------

0.974 0.226:0.004
-0.23 0.96 : 0.04

0.01 0.04 0.999

Near diagonal — very
different from PMNS

Slabi raspadi temel Jmh fermiona
-inacice raspada miona (FEC §6.3)
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|V, 4l | |from nuclear beta decay
v “ Super-allowed 0*—0* beta decays are
p ud Ve relatively free from theoretical uncertainties
o< [Vl
o
V.| = 0.97377 +£0.00027 (=~ cos 6,)
IV,<l | | from semi-leptonic kaon decays X
0 S
u_ //u " S ’VMS|2
V, /
LN Ve
””lx< Vil = 0.2257+0.0021]  (~sin8,)
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© |Vcd| from neutrino scattering [ v, +N — N+H_X (x : )

Look for opposite charge di-muon events in V, scattering from production and

decay ofa D (cd) meson
y (cd) Rate o< [Voy?Br(D* — Xptvy,)

-

Vi opposite sign
Ly pair

~

Measured in various
collider experiments

DT )d = ||Vea| = 0.230£0.011
\5

(4 |VCS| from semi-leptonic charmed meson decays ( y )
= d L ko Lo ‘VCS|2
Dt - ) ‘Precision limited by theoretical uncertainties
C CS
v V.| = 0.957+0.017 +0.093

et experimental error theory uncertainty




(5 |Vcb| from semi-leptonic B hadron decays ( i )
ed. 4 po ,
Bl b Ve g [Mo< |V

Vep| = 0.0416 +0.0006

(6 |Vub| from semi-leptonic B hadron decays ce X
e€.q. Im 0 e
ﬁ ' [ o [V?
U o<
B~ b Vub _ ub

V| = 0.0043 +0.0003

Uocavamo hijerarhijsku strukturu -
dominanta je interakcija izmedu
kvarkova iste generacije
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FIZIKALNA STANJA
NEUTRALNIH KAONA
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RASPAD KAONA U PIONE

>

Kg—Tr
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with pure K, beam
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CP NARUSENJE U SUSTAVU
NEUTRALNIH KAONA

K; ntn 7 BR=126% CP=—1
7070  BR=196% CP=—1
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NEIZRAVNO I IZRAVNO
(DIREKTNO) CP NARUSENJE
1

KL) = |K2) +-€|K1)]

2
\/1+|8‘ |_)7r77; ‘CP=+1\

> T ‘cp=-1‘

K1) = |K>) ‘ CP = -1 ‘
||:: 77;71:71:‘ CP=-1 ‘ Parameterised by 8,

X | CP=+1|

e'/e =(1.7£0.3) x 1073 { R840 EER

KTeV (FermilLab)




CP PARAMETAR MIJ' ESANJ' A

S O A

Mfi o< Actha’V>I< Vz‘dV>l< Mﬁ oc ActV Vcs tZVts — Mfl
Therefore difference in rates
MK’ —K)-T(K — K°) o< My — M} = 23{My;}

Hence the rates can only be different if the CKM matrix is imaginary

€] o< I1Myi

€] o< Aur - 3{ViuaVisViaVis } +Act - 34VedVisVeaVis t +Au . 3{ViaVisViaVis

Shows that CP violation is related to the imaginary parts of the CKM matrix




Neutral'Kaon Decays to Leptons

*Neutral kaons can also decay to leptons _ d 1t
KO - TE+€_V€ EO — nﬂu_Vu —0 d “
KY — T eTV, KY — JI_H—I_V“ > Ve
*Note: the final states are not CP eigenstates 0

which is why we express these decays in terms of KO, K -

* Neutral kaons propagate as combined eigenstates of weak + strong
interaction i.e. the Kg, K . The main decay modes/branching fractions are:

atn 7" BR=12.6%

79 70 70 BR =19.6%

1~ etv, —BR =20.2%—
nte v, —BR =20.2%
n‘,,ﬁvu BR =13.5%
jr"'u_V“ BR =13.5%

Ks — m'm BR = 69.2% K;
— 'z BR =30.7%
gF—ey——BR = 0.03%—
——ste—%——BR = 0.03% I:
— T uTvy BR=0.02%
— UV, BR=0.02%

Ll Ll

Leptonic decays are more likely for the K-long because the three pion decay
modes have a lower decay rate than the two pion modes of the K-short
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An event in the CPLEAR detector where a K is produced in pp — K~ 7t*K® and decays as K — e v..
The grey boxes indicate signals from relativistic particles in the Cerenkov detectors. Courtesy of the CPLEAR
Collaboration.



Strangeness Oscillations (neglecting CP violation)

*The “semi-leptonic” decay rate to T~ eV, occurs fromthe KO state. Hence
to calculate the expected decay rate, need to know the KO component of the
wave-function. For example, for a beam which was initially K" we have (1)

() = L5(8s(0)IKs) +0.(1) K1)
‘Writing  Kg, K;, interms of KO,EO
() = L16s()(K") —[K)) +6.(1)(|K”) +|K))
= %(GS+9L)’KO>+%(9L_GS)‘KO>

-Because Os(t) # 01(t) a state that was initially aK"  evolves
with time into a mixture of KO and KO - “strangeness oscillations”

-The K° intensity (i.e. KO fraction):
[(KLo— K”) = |(K°y(t))|* = 1165+ 61] (2)

similaty  T(KLy— &) = (& |w(1))|* = L|65 — 6, (3)
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*Using the identity ‘Zl iZz‘z — |21’2‘|‘ ‘22‘2 :I:ZCﬁ(le;)
B0, = [emlimstalsh g = limorali

— —FSl‘_|_e—FLl‘:t29{{e—lmSl‘ ——FSI -|-m’lLl‘ FLI‘}

T—I—F

— —FSt_l_e F]jj:ze tg{{e—l mg— mL)t}
FS+FL

= e IS e £ 007 T cos (g —my )t
_ _ Lty
= e sy o 4267 T  cos Amt
*Oscillations between neutral kaon states with frequency given by the
mass splitting Am = m(KL) _ m(KS)
*Reminiscent of neutrino oscillations ! Only this time we have decaying states.

*Using equations (2) and (3):
1r _
F(K;O:o . KO) _ e—Fst _|_e—FLt _|_2€—(FS+FL)I/2 cos Amt (4)

4
F(KrO:O — EO) = }1 st 4 7Tt _ e~ (TstL)1/2 cosAmt_ (5)
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- Experimentally we find:  |7(Ks) =0.9x 10719 | | 7(K;) =0.5x 1077 s

and  [Afn = (3.506£0.006) x 10715 GeV

i.e. the K-long mass is greater than the K-short by 1 part in 106
* The mass difference corresponds to an oscillation period of

2Th
TOSC = — = 1.2 >< 10_98
Am

* The oscillation period is relatively long compared to the K¢ lifetime and
consequently, do not observe very pronounced oscillations

1
k", — K% = i [e_rst 4T 40 (Ts T2 cosAmt}
" ] Ik, —K)= i [e_rst 4o T 9 (TsHTL)/2 cosAmt}
> 0.6 .
*@' -
m -
£ 04 - After a few K lifetimes, left with a pure K
_/ S _ p L
_ i beam which is half K® and half K°
02 7
°o"""é"'!1' é DT

t/10"%s
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Narusenje CP pariteta,
VREMENSKE MIKROOBRATIVOSTI
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Osjetljivost na "NP”

B(K" — 7t vp)sm = (7.81 £0.80) x 107
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ks with charge —xe
b’ Via Vis Vi b ;| auar 3
Weak eigenstates CKM Matrix Mass Eigenstates
—
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( Cabibbo, Kobayashi, Maskawa )

* e.g. Weak eigenstate d s produced in weak decay of an up quark:

Ew VW V8w
d!
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Neutrinske oscilacije i mase neutrina

* |t is simple to extend this treatment to three generations of neutrinos.
* |In this case we have:

Ve Uel UeZ Ue3 Vi
Url U’L‘Z U’c3
d + + + d -
u € = U 4)_/‘44<€ + U 4)_/‘44<€ + u e
% Ve elf/ui Vi &y V2 UeBg\/_% V3
* The 3x3 Unitary matrix U is known as the Pontecorvo-Maki-Nakagawa-Sakata

matrix, usually abbreviated PMNS

* Note : has to be unitary to conserve probability

Using  U'U=I = U'=U"=U"

*k * *
Vi el Yul Yrl Ve
gives v | = U ) V
2 — e2 ~u2 12 H
* * *
V3 3 Yz Ugs Ve
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