CKM Matrix

Charged currents: J,j_ X (a, c, t> (1 — 75) YuVorm | s

(d\  (Vid Vie Vi) [ ’ \/

= | Vea Ves Vo | X | s \‘\://

\0' ) \Via Vi V) \b) W

flavour CKM matrix mass |

18 parameters (9 complex elements)
-5 relative quark phases (unobservable)

-9 unitarity conditions

= 4 independent parameters 3 Euler angles and 1 Phase

Phase is only source of CPV in SM, requires third quark family (Nobel Prize 2008)
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5 relative phases

d
Charged currents: J[}_ X (a, c, f) (1 — 75) YuVoerm | s
b
Lagrangian insensitive to phases of left-handed fields, possible redefinition:

uy, — ew“uL cr, — echL t;, — ei¢ttL

dr, — ei(bddL Sy, — ei(bSSL by, — €i¢bbL

(doc 0 0\ (Via Vis Vi) [e® 0 0 )
Vekm — | 0 €% 0 Vg Ves Vi 0 e 0

\o 0 e¢t) \th Vi th) \ 0 0 e—i%)

or Vosg — e?8—%a Vas

5 unobservable phase differences g3 — @.
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CKM under C' P Transformation

d iﬂ %;[ﬁb d Vi

. Vg Vs V| o
Harks pllv, v v lp !
\ \ "'td s th

L
1

_____ CP—————
Anti-quarks: _ V.
W
|

Weak (CKM) phases change sign under C'P transformation!
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Weak and Strong Phases

-4
-
K® J

z Vas ©
— e—— e
e TR 3
M \,"___.y-"" F""?‘
Vi ™

ol

Weak phases are related to involved CKM elements: ¢yeqr = arg(V, Viq)

Strong phases 0 comes often (but not always) from the hadronisation.

Definition of strong phase:

phase which doesn’t change sign under CP transformation.
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C' P Violation

Al = Aje 191001

B » |

N

Ay = Age™ 92102

Ay = AqelP1ein
B o |

N/

Ay = Agel?? ei02

CP
Al = A2 =
A2 + A2 + 241 Ay cos(A¢ + AS) A2 + A2 + 241 Ag cos(—A¢ + AJ)
A1 and A5 need to have different weak phases ¢ and different strong phases 0.

For sizable (measurable) effects both amplitudes should have about same size,

and both phase differences have to be sizable.

To conclude on weak phases, strong phases need to be known/measured.
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CPV In Kaon System

Interfering amplitudes which cause CPV in mixing:

--ll-

K/”'\_/\_

e
Kﬂ
Qm

Interfering amplitudes which cause CPV in decay:

ol
» _ ok,
K°U UF oy = DT
Vs @ o 2L
" g 0 ’ ﬁgﬂ
" w
/2 AN Ry
7t 3 &) =

Vi ™™

ol

Stephanie Hansmann-Menzemer 6



Neutral Meson Mixing

J— CP(K°) = K©
| © CP(K% = K°

KO Ki= % (K°+K)

> CP(K)) = +K;
. CP
, K2 Ko — %(KO - F)

CP(K,) = — K>

K9, KO: flavour eigenstates; clear defined quark content (K0 = |d5 >, K0 = |ds >)
K4, KK5: CP eigenstates
K g, K1, mass eigenstates (rg =89 ps; 77, = 51 ns)

(with clear defined mass and lifetime, wS/L(t) — e ims/Lte—Ts/Lt/2 )

in absence of CPV: Kg = K71, K7 = K>
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Kaon Mixing

r :
Kg >=p|K° > +¢|/K9 >, |Kg(t) >= |[Kg > e 2 te~imst

L :
Kp >=p/K? > —¢/K® >, |KL(t) >= KL > e 2 feimet

1p|? + |q|? = 1 complex coefficients; q = p = < Kg =Ki, Ky, = Ky

Sl

Flavour eigenstates:
K >= 5 (|Ks > +|Ky, >)
KO >= o (|Ky > — [Ks >)

time development of originally (att=0) pure K and KO states:

KO(t) >= o-(|Ks(t) > +[KL(t) >)
KO(t) >= 5 (|KL(t) > — [Ks(t) >)
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Kaon Mixing

P(K% - KO = | < KO(t)|KO® > |? =

i\%|2 (e_FLt + e Tst — 9= (TL+Ts)t/2 (g Amt)

P(KO? - K% = | < KO(t)|K® > |2 =

i|§|2 (6—FLt 4 e Tst _ 9= (TL4T5)t/2 g Amt)

CP conserved: P(K°? — K0) = P(K9 — K9)
=
2 =1
p
(+ normalisation g2 + p? = 1)

~
1

~

Ks =K, K1 = K>
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Neutral Meson Mixing

. CP(K°) = K©
KVl K oP(EY) = KO

14"
/KO . K= 5(K°+ K°)
: =

CP(K;) = +K;

P(¥(m)) = P(¥(q)) - P(¥(@) - (-1)*=°=1--1-1.¥(7) = —¥(m)
C(¥(m)) = C(¥(qq)) = (—1)"+5 - ¥(qq) = +¥(m)

CP(¥(ntn™)) =CP(¥(rt)) -CP(¥(nw7)) - (—1)L=0 = 4+ ¥ (nt77)
L=0inK?% —» xtx—

CP(¥(rntn—7n0) =CP(¥(x )3 - (-1 = —¥(xtn— =0
L=0inK% - atn— 70

If there is no CPV in decay, then: K; — ata Ko — w7 sepranie Hansmann. Menzemer 10



1964: Discovery of C PV

e produce KV, wait long enough for K g component
484<m* <494 10

to decay away — pure K ; beam ‘
- ooy o,
e search for C'P violation: K; — 7wt m—

— excess of 56 events: BR(K; — 7tm7) ~2 x 1073

30

120

Tt
4./_' 494<m*< 504 Lo

PLAN VIEW -,-[

o 0
% +
504<m*<514 Tlo
< A il
S rorget R 0.9996 0.9997 0.9998 0,9999 1.0000
x
T[O cos 8

. . 1
mass eigenstates = CP eigenstates: |Kj, >= \/:(\K2 > +¢| Ky >)
1+|€e?|
CP=-1 CP=+1
Nobel prize for Cronin and Fitch in 1980
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After 40 years ...

B A
LY
Kp > = ———(|Ks >+ ¢K; > ) Em;;
v/ 1+]|€2?] 5 3 :

107 F

e Y,
TUTT Y

4 —
K1, mainly CP odd, a bit (€) CP even (CP in mixing) 10 E - KD
CP odd state can decay in w7t with a tiny probability of ¢ : : .‘:3.
107 e
— CPV in decay = KO EXY
i Yy
[ ﬁ"ﬁ)
€| = (2.284 4 0.014) x 1073 - *a,ﬁmﬁ#ﬁ
Re(e /e) = (1.67 £ 0.26) x 1073 T
5 10 15 20
decay eigentime Tg

pp— K~ +7t + KO
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Kaon Mixing

CPLear:
tag of initial state: pp — K T~ KO

self-tagging semileptonic final state KO — 71'_6""1/e

unmixed : N (KP_, — etm ve)(t) + N(éq-:o — e UL (1)
mixed : N(K%_, = e wt0.)(t) + N(K% —¢ — etm 1) (t)
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Kaon Mixing

2

unmixed (t) — {Vmaixed (t)

2

unmz’:ped(t) —+ Nmixed(t) 6_% + 6_%

0.7

(~4
e

RRER.RRRE!

0.6 F

Fit residuals

0.5 [

o000 SO0

0.4

|
=]
—

0.3

0.2 |

01 |

1 l 1 1

L TR TR TR TR A T S L
5 10 15 20

Neutral kaon decay time [Tg]

Am = (529.5 4+ 2.0 £0.3) x 10~ hs™1

Stephanie Hansmann-Menzemer 14



Kobayashi & Maskawa:

"for the discovery of the origin of the

broken symmetry which predicts the

existence of at least three families of
guarks in nature"

Nobel Prize 2008
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10
Mass GeV

1977 Discovery of beauty

Tiald —

Leo Lederman

September 77
~ 30000 mu-pairs

ﬂ+ [l i [l § L] | |
B2 B 20 94 8A 02 D6 1O N4
Mass |Gav)
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First surprises with B Lifetime

MAC
Phys. Rev. Lett. 51, (1983) 1022
Lifetime of Particles Containing I Quarks

From a sample of hadronic events produced in e*e” collisions,
semileptonic decays of heavy particles have been isolated and used to
obtain a measurement for the bottom-quark lifetime of

[1.8+0.6(stat.) 0.4 (syst.) | x 10712 sec. ot I LR
12— 1L
Impact parameter distributions of- 155 EVEWTS
for b=~X decays. ' [
High py / - !
respect to the jet axis « ,| :
4
sl |
b hadron b-jet Ei | bt | Bt
|
. { i e "y E:urrs
decay point ol
i' r_
O: impact 5 T | N
parameter S e BB

Relative long lifetime, opens up interesting possibilities for 5 mesons,
e.g. oscillations, C'P violation
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1986: B Oscillation at ARGUS

ete™ = Y (4S) — B°BO

b
0 . uet RO
B uc,t 1”' B
——
b w- d
uc,t b
N N N
rd rd
W .
0 RO
B W
b uct 3

= 7/
S

Time integrated mixing rate: X4 = [ Prized(t) - e t/Tdt =0.17 + 0.05

25 mixed events: 250 unmixed events:
BYBO s p=¢~ BYB0 s ptp—
BOBO _y gty

First indication for a heavy top quark m; > 40 GeV!
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» P(B— B)+# P(B— B

semileptonic asymmetry
(BY + By)

B——>B —— |

B > L

B——B ——

B > |J.+

A — N p)=Np=p)
N(ptpt)+Np—p)

N(p™)=N(p~)

4= N(uH)+N ()

New physics in B mixing?

sM: A% = (-0.20 £ 0.03) x 1072

A. Lenz, U. Nierste, (2006/2011)

-0.01

- Standard ModeI N\
-—B Factory W.A."
B DY B~ D U X
-0.03[ . Prellmmary
- Combination

-0.02

-0.04-0.03-0.02-0.01 0 0.01

&

Ab =-0.957 + 0.251 (stat) & 0.14 (syst) %

(Phys. Rev. Lett 105, 081802 (2010))

— 3.20 deviation from SM
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CPV in B Mixing

What are the interfering amplitudes?

Why is CPV in B mixing so much smaller than CPV in K mixing?

branching ratio into non-flavour specific decays

~ 1074 > 0.95%
Ktk™
7 2,
!z, 74
b i
3; =5 Ka VY-

Stephanie Hansmann-Menzemer 20



Events / ( 0.02 GeV/c?)

400
350
300
250
200
150;
100

50"

Example of CPV In decay

LTI

5 5.0 5.4 5.6 5.8

K+ invariant mass (GeV/c?)

s
B
'3 —~— < (2}
A

g

» Crl< }' ™
e

400

350 LHCb
3000 (c)
250
2001
150
1005
500
ot

Events / ( 0.02 GeV/c?)

“““

5 52 54 56

5.8

K’ invariant mass (GeV/c?)

Acp(Bs — K7) = 27 £ 8(stat) £ 2(sys)%

Phys. Rev. Lett 108 (2012) 201601

/f
X\
R mA
e
3

:s- - =
< < E}K.,
[ [/
% ,.r/r< i
[ e T
[ b >t 3 o
&, é

(

S
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Lot's of CPV In decays ...

N Acp
CcP
S+
= oK
—— e K7t ———t K*¢y ACP
et
_— KO oK :
S0 _ e fo(I370)K*
R K*r0 == oK k]
[ | P (1430)*
= A — i ’*) ) L fo(980)K°
- ey K(1430) 1o (950) K
4 Ko 1 ek e Y
- ST (1430)F
le K0 ¢K3(1430) ] wIK3(1430)*
== KK’ = OKG(1430)° e wK(1430)°
= [K0(1430)7" | GOKT ] WG (1430)°
Lo K (1430)°7 . 7' K;5(1430)* —at wK;j(1430)°
e K(1430) "7 i 7/ K3(1430)° I S ———
PR K3(1430)°7* s 7 K;(1430)" —_— WK
Ktrtn 7 K (1430)° - Wk
0 /R0 p(1700)" K+
0t - y
Kortr — i p(1450)" K+
Ktma® K K*p
_ K+ n%(NR) n'K* — K
-t KK 7" = S I K*p+
o KK K* —be— 75;(1430)° ek K
Ly KTKoKs =l nK;(1430)° — 1 K
== K*rtn~ —t 1K3(1430)° ——= K
o K*tatne . nk}(1430)* B ol
- Kt
K070 = nkK**+ —|uh g
- 1
KO+ K~ —== K" o
by K
k0 Tt T o, === "1
== KKK —= K" [ s
== K'"K'K~ = K BK*
T T T T T T T T T T T T T T T T
0 0 o

CP Asymmetry

CP Asymmetry

CP Asymmetry

Due to unknown strong phases, hard to relate CPV directly to CKM parameters :(.

"The strong interaction can be seen either as the unsung hero or the villain in the

story of quark flavour physics”; I. Bigi.
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CKM Angles

size of box, illustrates absolute value

e Y
. .
(Vud Vus m .

Vorn = ||Via| Ves V|| ~ "N -
(Via| Vis | Vi c=if .

CKM triangle
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CPV in interference of mixing and decay

Measurement of sin(23): golden channel By — J /Y K

“Golden”; large statistics, easy to detect, (almost) no CPV in decay

*

Weak phase: Im(%%) [ = arg %chﬁ

td
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B; — J/WKV

Reach same final state through decay & mixing + decay

(assume no CPV in mixing and no CPV in decay)

b 5
0 0 §§
d b
0 0 0 0 Amt iw
A1 = Aniz(B” = B”) * Agecay(B” — J/WK") = cos( 5 )k Axe'™ x Ak
0 .o =0 0 .. Amt tid Ciw tif
Az = Apiz(B” = BY) x Agecay(BY — J/VK”) = isin( 5 ) % e x Axe WA xe

weak phase difference Ao — A1: Ap = ¢ — 2w+ £ =20

strong phase difference Ad = 7r/2 <= mixing introduces second phase difference
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B; — J/WKV

o

7
D

77
7,

LT

bl
T

T
7

7

VigVid Vear Vi Ves Vg
VisVia ViVes Vi Vea
Vi Vid VcbVCZ] — 9gr [Vcb C’Zl] _ 95

* * T g * 1
th td cchd th td

]

Ap = ¢—2w+E=aryg|

arg|

t quark dominates BY mixing box diagram

¢ quark dominates K mixing box diagram
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Correlated B Production

_ N(B=J/YEKs)(t)=N(B=J/PpKs)(t) _ - -
Alt) = N(B—J /4 Ks) () +N(B—J yKs)(t) 1P $in(268) sin Amgt
(for Ks nop =-1, for K1, nop =+1 ... neglecting CP in kaon mixing)

to L
: tagging side
é:

+

H oo _

H signal side
n+

Tt

- K

- / tagging side
/<:

JIy

. signal side

This is how it works at e e~ B factories

ut
.
n’
ud

S

B—-B pair produced on Y(4S) resonance with well defined quantum numbers.

— Correlated B — B state till the time of the decay of the first .
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N(B°)(t) — N(B)(#)

Al) = N (BO)(t) — N(BO)(t)
= —sin(27) sin(Amgt)
Babar:

sin(2) = 0.722 4 0.040 + 0.023

Belle:

5
e n(2p) = + +
sin(25) = 0.652 &+ 0.039 4- 0.020
0.7 —Icn- T T I T T I T I T T T T T T I T I T T T ]
06 Eg y Amd ) Surfnln:etrel; _:
3 _
05 ¢ —
l |« sol. _
— @ (excl .
0.4 — —
1= | ]
03 £ a =
0.2 —f
0.1 f
o B
0.0 — : e Stephanie Hansmann- Menzemer 28
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