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Symmetries |

T.D. Lee: “The root to all symmetry principles lies in the
assumption that it is impossible to observe certain basic
guantities; the non-observables.”

There are four main type of symmetries:

e Permuation symmetry:

Bose-Einstain and Fermi-Dirac statistics

e Continous space-time symmetries:

translation, rotation, acceleration

e Discrete symmetries:

space inversion, time inversion, charge inversion

e unitarity symmetries: gauge invariances:

U1 (charge), SUs(isospin), SUs(color), ...

Noether Theorem: symmetry < conservation law
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Symmetries I

Non-observables Symmetry Transformations | Conservation Laws or
Selection Rules
Difference between identical | Permutation B -E. or F.-D_ statistics

particles

Absolute spatial position

Space tran slationr — r+ A

maomentum

Absolute time

Time translation [— 1

energy

Absolute spatial direction Fotation angular momentum
Absolute right {or left) r——r parity

Absolute sign of electric g —3% —p charge conjugation
charge

Relative phase between w — ey charge

states of different charge O ' '

Felative phase between . EP-,;E baryon number
states of different baryon W—e W

number B

Felative phase between g5 lepton number
states of different lepton W — £

number L

Difference between different ‘py P iS0Spin

coherent mixture of p and n | 0 _}'L: nl

states
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Discrete Symmetries C,P, T

e Parity, P

e Partiy reflects a system through the origin Vi
Converts RH coordinate system to LH ones ' :

iy ‘
e \/ectors change sign, but axial vectors =
remain unchanged
r— —T,p— —p,butL=rxp—L
e Charge Conjugation, C DA
e Turns a particle into its anti-particle
et —e , K- — KT
e Time Reversal, T \ O[
e Changes, e.g. the direction of motion of O\ :
particles: ¢ — —t
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Recall: Dirac Matrices

I: 2 X2 unit matrix; o;: Pauli matrices
(1)
o

Four-component spinors 1) =

3
\v)

Projection to left/right handed part: 1_775¢ = Yr; Hwa = YR
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Recall: Transformation Properties

C
(z,t) —  (—xz,1) (Z,1)
scalar field: ®(%,t) —  ®(—=x,1) OT(Z, 1)
pseudo field: P(Z,t) — —P(—ux,t) PY(Z,1)
dirac field:  ¥(Z,t) — ~o(=r,t) 720 (1)
vector field:  V,(Z,1) — VA(=Z,t)  —=VI(Z 1)
axial field: A, (Z,t) — —AM(=Z,t)  Al(Z1)
P C CP
Dy — U1ty U2ty Uty
Vst —  —rste daysi — 19511
Viyus  —  iyFbe —doyuhn —wayPa

> < 0w

V1752 —  —UivPyste ey vsn —dayP s

(from “CP Violation/Jarlskog” or “CP Violation/Branco”)
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P Violation of Weak Interaction (CC)

Maximal Parity violation of weak interaction (charged current)!
(max. violation of symmetrie: transformed process doesn’t exist)

Ers Db Mro Die  TRISG

5 (9 0

Up,dp Cp,Sp I, bs
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P & C Violation in Weak |IA (CC)

C
—

y O
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P & C Violation in Weak |IA (CC)

Uy, B VL
W+ w
_ +
er C €L
W+ — vref = W~ — Ure;

+ /R w-/ ¢
%%
______ . N
ep C €r
W+ — vpet = W— — vrer
RER L€y,

— 5 — _ 5 _
T = Pyt T tpe = Upter JH = —they* I by = —epytuL
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P & C Violation in Weak |IA (CC)

v
W+ vy, W L
er C eil;-
Wt — vref = W~ — bre,
Ju = "P_u')’u 1_275 Pe = VL Yu€L Ju = —"Ee'YM 1+275 Yy = —€ERYuVR
Seems to be CP conserving, on first glance
P _
v v,
wt W=
ep C 62-2
W+ — vref, = W~ — vrep

— 5 — _ 5 _
T = ahyyt T 4pe = Upter JH = —tpeyt I, = —epytur

Stephanie Hansmann- Menzemer —p.10/64



P Violation in NC?

f
T = Viyu(gv — gay®)y
V4
7
LH: gr X cosH mit gy = Tgf — Qy sin? Ow
RH: gpr X cosHW mit gr = —Qy sin? Ow
Example:

v g1, = +% gr =0 e: gr, = —0.27 gp = +0.23

Instead of g; and gp the vector and axial couplings often used:

gv = dr + gr dA = gL — 9gr
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CPT Invariance |

Invariance formal: [CPT,X] =0 « (CPT)X(CPT) 1 =X

X (operator of an observable) commute with transformation

however not equiv. to (CPT) =1

initial state ™ (p1)p(p2) — K(p3)A(pi)
P transformation 7~ (—pi)p(—p32) — KO( —p3)A(—pa)
C transformation 77 (—p1)p(—p3) — KO(—p3)A(—pi)

T transformation KO9(p3)A(py) — =« (p1)p(ps)
Completely different process, but same matrix element!

Invariance under any transformation T.
transformed process has same probability to happen as initial one,
or Lagrangien is invariant under T.
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CPT Invariance |l

Local Field theories always respect:
e Lorentz Invariance

e Symmetry under CPT operation
— mass of particle = mass of anti-particle
— total decay rate of particle = total decay rate of anti-particle

(proof Luders, Pauli, Schwinger)

e Question 1:
Mass diff. between K1 and Kg: Am = 3.5 x 1079 ev; CPT violation?

e Question 2: Lifetime of K s = 0.089ns, while lifetime of ; = 51.7ns;

CPT violation?

e Question 3:
B factories measure decay rate B — J /9K, and B — J /1K to be

clearly not the same. How can it be?
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Toy Theory (I)

Consider a spin-1/2(Dirac) particle (“nuclean”) interacting with a
spin-0 (Sclar) object (“meson™).
For simplicity, here real scalar field

L= ipy"8,1p — i, 0" — mapip nucleon field
__%gw(ga“qﬁ — V(¢)? meson potential
+ap(a + iby° )Y + P(a* — ib*y°)P¢d nuclean-meson IA

What are the symmetries under C, P, CP?
Can a,b be any complexe number?

Stephanie Hansmann- Menzemer —p.15/64



Toy Theory (I1)

Consider a spin-1/2(Dirac) particle (“nuclean”) interacting with a
spin-0 (Sclar) object (“meson™).

For simplicity, here real scalar field

L= ipy"8,1p — iy, 0" — mapap nucleon field
+20P P8, — V()2 meson potential
+ap(a + iby°)Yp + P (a* — ib*y°)¢d nuclean-meson IA

vector field, scalar, pseudo-scalar
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Toy Theory Il

iy, — ipy,, 0Hp — map)
+20Hpdup — V(¢)?

+1p(a + iby®) o + P (a* — ib*v5) o
ihy,, 0Mp — ipyHO,0p — mapy)
+204¢p0,p — V (¢)?

+1p(a — iby®)Yed + P(a* + ib*y5)pe
_i"Z'Y“au@b + 7:1;7“8”1# — miﬁ?ﬁ
+204¢0,p — V (¢)?

+p(a + iby®) o + P(a* — ib*y5) o
— iy 01 + ipyHButh — mapip
+204p0,p — V (¢)?

+1p(a + iby?)Pe + P(a* — ib*y5)pe

P transformation

C transformation

CP transformation
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Local Gauge Invariance

= Lagrangian must be invariant under local gauge transformations

Theory of massless Fermions: L = }y/( “0 )

‘global” U(1) gauge transformation: W(X) - WF(X) - EMW(X)

“local” U(1) gauge transformation: ¥/ (X) >y (X) - € }y/ (X)

s the Lagrangian invariant? (%) > €Yy (x) : 7(x) > e Vi (x)
0w (x)—>e™ 0 w(x) + i€y (x)0,a(x)
Then: r— A — Not
jy‘ff {,;,;W — ﬂ)yff f,_ﬂyf _ q‘f 4 IJ{J!C a ( X) invariant!
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Gauge Field

=> |ntroduce the covariant derivative: Q f — aﬁ — ]'EA!{
. | .
and demand that A# transforms as: /il — /il — A +—=0 (J((X)
U I U e I

LoL'=L

Conclusion:

* Introduce charged fermion field (electron)

+ Demand invariance under local gauge transformations (U(1))

+ The price to pay Is that a gauge field A and the IA with the field must be
introduced at the same time.
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Standard Model Lagrangian

LSM = Lkinetic + LHiggs + Ly ukawa

o Liinetic. INtroduce the massless fermion fields
Require local gauge invariance — gauge bosons
= CP conserving

o Lpigqs: Introuce Higgs potential with < ¢ >+ 0
Spontaneous sym. breaking — W1, W~ & ZY get masses
= CP conserving

o Ly.rawa:. Ad hoc interaction between Higgs field & fermions
—> CP violating with a single phase

o Lyukawa — Lmass:

fermion weak eigenstates - mass matrix non-diagonal = CPV
fermion mass eigenstates - mass matrix diagonal = no CPV

o Liinetic fOr mass eigenst.. CKM matrix CPV w. single phase
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L inetic
L i inetic : FErmions + gauge bosons + interactions
Introduce fermion fields;demand local gauge invariance
Start with the Dirac Lagrangian: L = i) (9", )
Replace: O# — DH = OV + igsGy Lq + igW['T, + igB*Y
Fields: G4, 8 gluons

W' weak bosons Wy, Wo, W3

B*:  hypercharge bosons

Generators: L,. Gel-Mann matrices % (3x3) SU(3).
Ty:  Pauli matrices 5 (2x2) SU@2)L
Y: Hypercharge U(l)y

For the remainder we only consider electroweak SU(2);, X U(1)y
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L Kainetic

g = quarks, leptons; <93L> iR, Q;'R with j=1,2,3

4L
. — N Y~/ Y 0_" T . 1 > QJ,L
Licinetic = Z [(% q )J,LZ/V (Qu — 191 §W,u — 192 gB,u) )
95.L
Q?%W“(@M—ig1%BM)ij+q;Ri7“(6 —ig1 5 B, )q;R]+h c

Lagrangian violates P and C, but conserves CP

vector & axial vector:

iy = Wy = P iy, H
iy = ipyP i — € — igyh TS = iy Ly
vecior feld: B

oW — P — iwcW
idW — C — —i(aW)1




L piges & Symmetrie Breaking

LHz'ggs — Du¢TD'u¢_VH; VH — %“2(¢T¢)+|)‘|(¢T¢)2

¢'¢: real scalar field — conserves C, P and consequently CP

¢:: ¢+ ::;L ¢1‘Fi¢2
@ ) V2 \ o +ig

lv(q)) lV(¢)
Hz >0: n’<o0:
<@ >=0 . 0 -
(]) ¢ >= %/5 \/\ﬁ q)
v=-1

Spontaneous Symmetry Breaking:
The Higgs field adopts a hon-zero vacuum expectation value
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LYukafwa,

Add ad-hoc IA between ¢ and fermions in gauge invariante way:

only quarks right now

N / ¢0* / 1 ¢+ /
Ly wkawa = Zj,k:l ij:((b q )jL . drr + }fjk(q’ q )jL ¢O di. r + h.c.
Spontaneous symmetrie breaking:

0

¢o + v
— 3 Higgs fields eaten up — W,Z boson gets massive

bo— G0 +v;, =

— Higgs boson appears

N . A 0
Ly wkawa = Zj,k:1 (mijjLQk:R + mjkququ + h.C.) (1 T %)

AN I v o _ vy’
Mk = — Yk My, = — ZFY
no physical quark fields (no mass eigenstates)
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L Y ukawa
L — v T o |4 &
Vukawa = Djket (MRGLARR + M0 Gpg + hec) (1+5)
All terms occur in pairs (+ h.c.) such as:
YiﬂzLi¢¢RJ T Y*¢R3¢ sz
|l CP transformation
Yijrio L + YWLM%{;

fVi; #V, ZJ, Ly ukawa Violates CP
formally: CPV < Im/(det[YYT,Y'Y'T]) % 0

(related to add. degrees of freedom, quark phases)
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Physical Quark Fields

convention
.f'h.lﬁ ]
mmp Diagonalize mass matrices: UL.-*T} U =D= Drag.(mu, mﬂ,mf)

(matrix theory: possible w/ help

N i [ & :
of 2 unitary matices) Ulm UF:‘ =D = D"ag-(mdv msamb)

u,u; =1
Substituting into L(f,H) — — —
one obtains for u-type ;i MiGie = GuM A = q,U UmUgUggy
quarks: |
{ mu “l,l
=U,q, DUgq, =U,q, m; Urgr

m

r
q;" =U,q,
. Similar relations also for
analog for d-type quarks q'f”ﬁ =U}q, right-handed quarks
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LYuka/wa, — Limass

i 77 - —ph
Lmass — (1 — %) (muuphysuphys—|—mcgphy35phys —|‘mttphy8tp ’yS_|_

—phys _ —phys
mddphysdp s mgcPhysEPhys 4 mbbphysbp Py h.c.)

Conserves C and P seperately, thus as well CP

however go back to L iinetic @and write it with mass eigenstates ...
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Charged Current IA
Rewrite CC part of L xineti With respect to mass eigenstates
Xo =W} - z‘Wj]q—qu’L + h.c.
_ [Wl . Z'WQ]qphyS’)/’uU U]L p ys e h.c.

_ 21 phys_ 1y, 'phys _ 11721 TH
= [W — iWilqy, " v"Vaq; ™" + hc. = [Wu —iWilJe + h.c.

Vig Voo V),
V=UU; wd JE=TUel), s Vi Vie Vi | S,

V., V. V, \b
l-) V Is unitary \ld s ALY
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CP Violation & Mixing Matrix

CC is maximally P and C violating;
CP conservation requires V to be real

Xo = W, —iW T Vi (1 =5 ) di +[W, +iW 1 dpy* Vi (1= )u;
|l CP Transformation
(W 4+ iWE dpy* Vi (1 — s )uj + [W, — iW TV (1 — 75) di

Same CP Violation as in Yukawa term (directly inherited).

4

: CP
CP Violation = Phase=0, =

Stephanie Hansmann- Menzemer —p.29/64



Standard Model Lagrangian

LSM = Lkinetic + LHiggs + Ly ukawa

o Liinetic. INtroduce the massless fermion fields
Require local gauge invariance — gauge bosons
= CP conserving

o Lpigqs: Introuce Higgs potential with < ¢ >+ 0
Spontaneous sym. breaking — W1, W~ & ZY get masses
= CP conserving

o Ly.rawa:. Ad hoc interaction between Higgs field & fermions
—> CP violating with a single phase

o Lyukawa — Lmass:

fermion weak eigenstates - mass matrix non-diagonal = CPV
fermion mass eigenstates - mass matrix diagonal = no CPV

o Liinetic fOr mass eigenst.. CKM matrix CPV w. single phase
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CKM Matrix |

d Vud Vus Vub d
s | = Vg Vis Vg S
b Via Vis Vi b

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

4 fundamental Standard Model Parameters (out of ~28)
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CKM Matrix Il

Lagrangian insensitive to phases of left-handed fields:
possible redefinition:

up — €Wy ep — et — Mg

dL — eigb(d)d[/ S[, — eiqﬁ(s)SL bL — €i¢(b)bL

¢(q): real numbers

/ e~ (u) 0 0 \ / Vid Vs Vub\ (e—itd) 0 \
V=1 0 e 0 Ved Ves Ve 0 )0
\ 0 0 e—iqb(t)) \th Vi th) \ 0 0 eiqb(b))

5 unobservable phase differences.
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Standard Model & CPV

CP is explicitly broken
There is a single source (phase) of CP violation

CPV appears only in charge current interaction of quarks
— flavour changing interactions

CPV direct consequence of spontaneous symmetry breaking.
Addresses the question of origin of matter, beyond the search
for the Higgs boson
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CKM Matrix [l

d s b
(AN \ (A
d u. | d J Vud y
Sl=lcu | « ||S I

. W

\b/ t . . ./\b/ |

u C t u C t

d; S b d S b

Diagonal elements of CKM matrix are close to one.
Only small of diagonal contributions.
Mixing between quark families is “CKM suppressed”.
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Wolfenstein Parameterization:

/Vud Vus
Verv = | Vea Vs
\‘/td ‘/ts
[ 1o A
)\ _ X

\A)\3(1 — p—in)

Vub\
Ve

th)

AN (p — i) )

AN?
1

/

Unitarity Triangle |

ANA P, (A~ 0.22)

+ O\

Only very small complexe contributions, up to third order
in A (~ 0.5%) only in V,;;, and V4
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Unitarity Triangle |

Unitary CKM matrix: VVT =1  — 6 “triangle” relations:

(S/ud ) Vus (V ub j” . ‘{d% area = J/2
V =1 |V V cs V o %d\éb
L Vi | Vs Vo
‘/r;d cb

V, Vi + VoV + V1V, =0

ud © ub

Vi Vo + VeaVop + VigViy

0
" = =" Important for B, and B. decays
ViV + ViV + VY =0 | 1™ B

{s " us

Remaining 4 relations lead to degenerated triangles: same area (J/2) but very
different sides.
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Unitarity Triangle Il

Rescaled Unitarity Triangle v .y /' =/ /' -0

ud * ub cd " cb td " th

a=arg| —

y=arg —




Unitarity Triangle Il

fitter
Summer 2007

5 =5

0.6 =2 =
A =

3 =

0.5 @ __
ey —

© sol. w/cosz <0 ]

o (excl. at CL>095) ]

= S -
T —]

0.3 B -
4 o a N

0.2 =

Current status of knowledge on “the” CKM triangle.
Sofar all measurements consistent with each other.
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Phenomenology of Mixing |

Vs

dt \ Bo BO His Hiy) \ BO
B (M iF) BY [ M — LT1 maor — 2Ty BY
_ _ § — - . . —
BY mi2 — 5012 mog — 5199 ) \ BY
CPT theorem: off-diagonal elements = mixing
mi1r = M2z = m(BO) — m(BO) M, 1" hermetic:
I'11 T [y = { miz = myy, g =15

— 7(BY) 7(BO) mis = Am; I'19g = AT
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H

Phenomenology of Mixing Il

[ Am [
mi1 — §F11 5 §AF

e .
A~ JAT 2 — 3T

Two mixing mechanisms:

«  Mixing through decays [ (B°,B").(.B;)
. . —— _Am show different
Mixing through oscillation ——— x_?g: O | Lecillation behavior

|'5|
L y=s=som

Yy (KSLKR)(D° D),

Jlong distant, on-shell states”

For KU important, for B? negligible

.short distant, virtual states”
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Table 1.

Phenomenology of Mixing Il

Parameters of the four neutral oscillating meson pairs [9].

| KR D" B0/ B B./B.

- R0.4+0.1; | i . .

A ‘ 10 Sty 21 LA A6
r [ps] gy | 0.413 £ 003 1.548 + 0.021 .49 + (.06
s~ 5.61 - 10 24.10" |(6.41 £0.16)- 10" |(6.7£0.3) - 10"
|’er— % —(.9966 y < 0.06 |.ur < 0.017 —(0.01...0.100"
Am [s7Y [(5.300 £ 0.012) - 10%] < 7-10" |(4.80 £0.09) - m" > 15-10"
Am [eV] [(349£0.01) 107" <5-107% | (3.2£0.1) - 10 0-107*
N % 0.945 4+ (0.002 < ().03 0.76 + 0.02 21...4()°

kaons: mixing in decay and mixing in oscillation
D mesons: very slow mixing (discovered 2007 at Babar)
B mesons: mixing in oscillation (discovered 2006 at Tevatron)
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Phenomenology of Mixing IV

Diagonalizing of (M — % ) — mass eigen states:

By = plBY > 4q|BO >, |By(t) 5= |By > e~ Fte-imt
By >=p|B® > —q|B% >, |By(t) >=|By > e~ 3 lemimst

1p|? + |g|?> = 1 complex coefficients

Flavour eigenstates:
’BO >= %(‘BL > —I—’BH >)
’BO >= Qiq(’BL > —‘BH >)

mp., = m £ Rey/HioHo;
Iy =T F2ImyHi2Ho
Am = mg —1mj = 2R8\/H12H21
ATl =Ty — T = —4Imy/HiaHag
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Phenomenology of Mixing V

CPT conversation!
P(B° — BY) :p(go _>g0) —
i (G—FLt _|_ e—FHt _|_ 26—(FL+FH)t/2 COS(Amt))

P(B N BO) 4’ ’2 ( —I'pt + e~ Tt _ 26—(FL+PH)t/2 COS Amt)

P(BY — BY) = 4] 2 ( Tt 4 o=t _ 9o~ Tm)t/2 ¢og Amt)

CP violatiorj In mixingi
P(B" — BY) # P(B" — B°) = [1] #1
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Discovery of BY mixing ARGUS 1987

First e*e- B factory at DESY':

.f"_ = r _
at Vs =10.58 GeV : o(BB) ~ 1nb
e'e” »>Y(4S)-» B'B°

B°B° —s ¢¢ unmixed

BB’ — ¢
EDEU L mixed
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Mixing @ Babar & CDF

— total

— unmixed

— mixed

080~ 05 10

|
ool
-
Asymmetry
o o 2 9

R R OO0 O -

15

1.5 2.0
decay time, ps

Lo ]

[ [ [ [
' == e
— [==] [=2] B ro

 BaBar |
e
7/Am, |

él ‘Il IGI ill I1|0III;2

At (ps)

A =

asymmetry

—h

=
&y

(]

-0.5

Fitted Amplitude

Hunmixed — H#mixed
Hunmixed + H#mixed

1
=
T LI

-2

EARRRE anany!
decay time, ps

T
L

CDF Run Il Preliminary L=1.0fb"

=
T T T T T

o

BY — BY

S S

1 2006

:_ —— cosine with A=1.28

O |

\\\‘\\\\\\\\\\\\\\\\‘\\\\\\\\I\\
0.05 0.1 0.15 0.2 0.25 0.3 0.35

Decay Time Modulo 2r/Am, [ps]
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D Meson Mixing

| BaBar T .
~ preliminary » best fit
pf———— o bestfit, 220
A .?.,'“" - -‘H_H_Hq_"h“--____q__ x E{]ru} :
o 1__““'%-?_“# | - fﬁhﬁ“‘“h‘_,__h o
"b_ ‘&\\_““-“-H \i -24L =0.7-1
— i \“‘-\_‘ . i
2 {1-CL= == AL =23.9~]
¢ = 347 x 107 [10) R e 1
4.55 x 102 {20) — -
- 270 % 102 [30) P
=1 633x10%4q) e
5.73 x 107 {50)
N T . | b T WA T T 1 P NI U |
-8 -6 -4 -g P 2 4
— x“10

z?2 = (—0.22

- 0.30 £ 0.20) x 1073

y = (9.7+4.44+2.9) x 1073
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CP Transformation & Weak Interaction
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CP Violation

CP violation: |A(B — f)|* # |A(B — f)|?

Within weak interaction, moving from particle to antiparticle,
system amplitudes are complex conjugated.

No CP violation if:

e There is only one amplitude contributing to the decay:
A = | A%

e The sum of two amplitudes, where both are complex
conjugated when moving from particle to antiparticle system:

Ay + Ag|? = (A1 + Ag) (AL + A5) = | AT + A3)?

For CP violation one needs two complex amplitudes, where one of
them is complex conjugated and one not when moving from
particle to antiparticle system.
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CP Violation

Al — A1€i¢16i51 E Al — Ale—’l:¢1€i51 .

T

AQ = A2€i¢2€i52 A _ A —igbg 109
2 = A2€ €
CI

A = A2 =
A% + A% +2A1 Az cos(Ap + Ad)  A? + A3+ 2A1 A5 cos(—A¢ + AJ)

A; and Ay need to have different weak phases ¢ and
different CP invariant (e.g. strong) phases o.
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CP Violation

3 Types of CP violation:
1) CP violation in mixing (not present in B system)

2) CP violation in decay (sometimes called “direct” CPV):
Different decay amplitudes contributing
to the same finals state

3) CP violation in interference:
Same final state can be reached directly via decay and as well
through mixing and then decay.
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C' P Violation in B Mixing

- Vib o~ Vis -
t
—g E -
Vts th
Vib Vis
ty At
Vts th

2 dominant diagrams with same phase;
t dominates in loop (GIM mechanism)
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GIM Mechanism

GIM: Glashow, lliopolus, Maiani (1970)
Vib Vs
| |

L

Equal quark masses, no mixing possible:
VuaVi + VeaVg, + ViaVig = 0

top not dominant, because it is so heavy, however due to
My, ~ Me £ My

Historically this resulted in the prediction of the charm quark!
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C' P Violation in B Mixing

Model independent: CP violation in mixing < (’)(ﬁ—;)

By By
Am=mpg-my 05ps~ ! | 17.8ps—!
Al'/T' =T -Tg)T | O.01) O(0.1)
T=1/T 1.5 ps 1.5 ps
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C' P Violation in B Mixing

Model independent: CP violation in mixing < (’)(ﬁ—;)

By By
Am=mpg-my 05ps~ ! | 17.8ps—!
Al'/T' =T -Tg)T | O.01) O(0.1)
T=1/T 1.5 ps 1.5 ps

I'
By : O(0.01) tpgze=r ~ O(0.01)

B : O(0.1) 551zt ~ O(0.01)

CP violation In Bd/s Mixing is negligible!
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CP Violation in Decay

s
W K+
) By Al ei*arg(VJqus)ei(Sl

BO () () T BO - KTt
= U
d
y +
K
] W ] Azei*arg(vt}k,vts)ewg
B° g

CP Asymmetrie:

JA[* = [A]* = 2| A1[| Az |[cos(arg (Vi Vis) + Ad) — cos(arg(ViyVis) — Ad)]
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CP Violation in Decay

227 Mio BB

of 1 B”—}K*;T‘
- O K

i
L

A MBI B® - K*77)=1606 + 51

bJ
=
>

NMB° - Kz )-MB - K 7°)

Asymmetry Events /2.5 MeV/c’

fer= MB® - K'm)+MB - K 7%) 0.1 ]
| l

Acp =—0.133+0.030+0.009 == | |

420 0.1+ —+— .

52 522 524 526 528 5.3
m,.. [GeV/c?]

PRL93(2004) 131801.
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CP Violation In Interference

Same final state through decay & mixing + decay

D _
< C J/LlJ

\\ C
<_S

J/IY d

<.

A1 = Aniz(B® — B°) % Agecay (B° — J/VK)
Amt

olie]

ol »

)*A*ew

= cos(
Ay = Amm(BO — BO) K Adecay(éo — J/UKy)

Amt . .
= isin(Tm)*e“L“b*A*e_w

A¢ = ¢ — 2w (assume no CP violation in mixing and in decay)

Ad = /2 <= mixing introduces second phase difference
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By — J/Y K

b — YT 4 —P
d \% K <:::> 0 | — \_
Asymmetrie (t) — F(B — J/wKS)(t) _ F(B — ‘]/wKS)(t)

I(B — J/YK)(t) + T(B — J/¢Ks)(t)
= £sin(Pmiz — 2w) * sin(Amgt)

CP |J/Y K >=E|J /YKy >=-1|J /YK, >

Pmiz = arg((‘/td‘/tZ)Q) =20

w = arg((VeVes) (VusViq)) = 0

Vuda  Vus Vaub 1 - % A AN? (P - 7;77>
Verm = | Voy Ve Vo | = —A 1 22 AN2

5
Via Vis Vi AN (1 —p—in) —AN? 1

+ OO
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By

J/:

Kq:

J¥ =0~ (Pseudoskalar)
JOP = 17171 (vector)
J¢P = 0~1-1 (Pseudoskalar)

CP|J/YpKs >




CP|J/YpKs >

By . JP =0~ (Pseudoskalar)

J/p: o JYP =171 (vector)

Ko JYP=0"171 (Pseudoskalar) b N % J/l-l
Drehimpulserhaltung: d < S
0=3(J/v6)=|5+L|; —L=1 T~g K

P(J/y¢) = P(J/p)* P(¢) (—1)"

CP(J/¢) = CP(J/)*CP(¢)* (—1)"
— —1:

)

— CP odd Endzustand (w = -1)



By — J/Y K

tV tagging side
—

: | Ky

; : H sighal side
| | +

I : TT

At o Ks

A(t) = [(B—J/¢Ks) (1) =T(B—J/PKs)(t)
[(B—=J/YKs) () +T(B—J /Y Ks)(1)

At B Factories, correlated states — at ¢t = tg Flavour of signal B
determined by Flavour of tagging B.
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By — J/Y K

tagging side
<A U I/
< = sighal side
T[
T

A) A

sin(2p) i / \

~~

=
A(t) = sin(203) sin(Amt)

271t/Am T



By — J/Y K

tagging side
<A U I/
< = sighal side
T[
T

I
:<—>:

o / tagging side

/ 5

\1 u . .
W signal side
T S




By — J/Y K

A(t) = sin(20) sin(Amygt)

Babar:
sin(Qﬁ) =0.722 += 0.040 + 0.023

Belle:
sin(26) = 0.652 + 0.039 + 0.020

=

A=

5
At ps]

Why is measured “raw asymmetry” smaller then sin(2)?
Which quantities determine the resolution?

— See Uli's talk
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Esher’s View on CPV

P transformation C transformation
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Hotel Lindenhof

Following people stay in Hotel Lindehof:

single room:
Gudrun Hiller, Christoph llgner, Michael Schmelling

double room:

Osvaldo Agunes, Markward Britsch, Andreas Crivellin, Bjoern
Duling, Jenny Girrbach, Dmitry Popov, Stefan Schacht, Dominik
Scherer, David Straub, Danny van Dyk, Susanne Westhoff,
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