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What is Flavour Physics?

Fundamental matter comes in three generations carrying the same
charges under the Standard Model gauge group
SU@3)e x SU((2)r x U(1).

Leptons Quarks

() () () () () ()
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What is Flavour Physics?

Fundamental matter comes in three generations carrying the same
charges under the Standard Model gauge group
SU@3)e x SU((2)r x U(1).

Leptons Quarks

() () () () () ()

Flavour is the feature that distinguishes the generations.

Flavour physics studies the complex phenomenology:
» masses ranging over 12 order of magnitudes
» flavour transitions (mixing)

» CP violation
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Birthday of Heavy Flavour Physics

» 1947, G. D. Rochester and C. C. Butler, discovered kaons in cloud chamber

studving cosmic ravs
Kt*—u*v
v

b i
KO—TT* 1T

» 19583: new quantum number “strangeness” (Gellmann & Pais):
conserved in strong IA (production), not conserved in weak |A (decay)
T+p—=>A+K'+ X
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What does CPV (experimentally) mean?
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The observed rate with which a process and its CP

conjugate process occur are different.
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The observed rate with which a process and its CP

conjugate process occur are different.
e.g.
» P(B° — BY) # P(BY — BY)
» BR(B" - K+t77) # BR(B® - K—n™)

» Different distribution in phase space of particle and anti-particle decay
(e.g. different Dalitz-Plots)
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Neutral Meson Mixing

KO, KO: flavour eigenstates; clear defined quark content (K© = |d5 >, KO = |ds >)

CP(K%)=K0 CP(K? =K

K4, Ko: C'P eigenstates
K, = %(KO + K% CP(K,)=+K;
Koy = %(KO — K% CP(K,) =—-K-

K g, K1, mass eigenstates

(with clear defined mass and lifetime, g/ 1, (t) = e~ims/LteTs/Lt/2)
Kg=pK"+¢K" K =pK’—qK® #+p2=1

inabsence of CPV: Kg = K|, K;, = K9 — qgq=p=

Sl
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Kaon Mixing

FSt

Kg >=p|K°® > +¢/K? >, |Kg(t) >= |[Kg > e~ 2 teimst

FLt

Kp, >=p/K? > —¢|KO >, |Kg(t) >= |Ky, > e 2 te imet

1p|? + |q|? = 1 complex coefficients; ¢ = p = < Ksg =K1, Ky, = Ko

Sl

Flavour eigenstates:
K >= 5 (|Ks > +|Ky, >)
‘@ >= 2%1(|KL > — ’KS >)

time development of originally (att=0) pure K° and @ 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° > |?

1 _ .
!%(< Ks(t)|K°® > + < K, (t)|K? >)|?

1 — r : — r :
%(< Kg|K9 > e~ 2 temimst L < K, |KO > e_TL'56_“7”‘”5)]2
q (e_rTste_imSt o e_FTLte_imLt)’2

2p
i‘%ﬁ ' (e_PLt + e Tst — 9= TL+Ts)t/2 (g Amt)
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Kaon Mixing

P(K® 5 K9) = | < KO(t) KO > |2 =
i!%\Q : (e_FLt + e st — 9= (TL+Ts)t/2 (g Amt)

PKO - K% =| < KO(t)|K® > |> =

i|§|2° (G—FLt 4+ e Tst _ 9= (TL4s)t/2 g Amt)

CP conserved: P(K°? — K0) = P(K9 — K9)
=
2l =1
p
(+ normalization ¢ + p? = 1)

<~
1

~
KS:KlsKL:K2
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Neutral Meson Mixing

T CP(K°) = KO
<K Ky CP(EY)=K°

KV Ki= 5(K°+ K"
CP(K,) = +K;

e Ko NS K2= 5(K? = K9)

CP(K>) = — K>

. .
........

T

CPVY(m

+ ) = +Wv (7T+7T_) (if relative angular momentum = 0)
CP \If(ﬂ'—l_ﬂ'_’/'('o) = —\IJ(W+7T_7TO) (if relative angular momentum = 0)

If there is no CPV in decay, then: K1y — 777 Ko — 7w 7Y
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1964: Discovery of C PV

e produce K, wait long enough for &g component
484<m* < 494 Lo

to decay away — pure K, beam .
ol gy
e search for C'P violation: K; — mtn~

— excess of 56 events: BR(K;, — 7T+7T_) ~2x 1073

T+20

T[+
4./_' 494 <m¥< 504 Lo

PLA::‘_\‘HEW -’T
| toot 0]
N85 Tt
e * +10
W . 504<m™<514
- ALy
ST e \\ 0.9996 0.9997 0.9998 09999 |.ooc?o
* T[O cos O
mass eigenstates # CP eigenstates: |Ki, >= ———(|K2 > +¢|/K; >)

Vi

CP=-1 CP=+1
Nobel prize for Cronin and Fitch in 1980
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Good guessing ceeee 2

& T T T 77 - - T = - - =

three-body decays of the K,°. The presence of a
two-pion decay mode implies that the K,° meson
is not a pure eigenstate of CP, Expressed as
K,°=2""?[(K~K,) +e(K0+K0)] then Ielz““’RT 179
where 7, and 7, are the K,° and K,° mean lives
and R is the branching ratio 1nc1ud1ng decay to

in this paper they call /K2 what we call nowadays Ky, ....
In my opinion one could not conclude from this experiment if the observed CPV is

CPV in mixing or in decay.

CPV in mixing:
_ 1
KL > = m(|K2 >4 €Ky >)

CPV in decay:
Ky = mmmand Ko — 7
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How does flavour (or the CKM matrix) enter the

Standard Model Lagrangien?



Quarks and Leptons

Left handed quarks and leptons are weak isospin doublets under SU(Z)L,

right handed quarks and leptons are weak isospin singlets under SU (2),

Quarks: Q1.

Ve L Vi, L Vr L

€L, 1235 T

Er = (er, ur,Tr)

All up-type quarks, all down-type quarks, all charged and all neutral leptons have

the same quantum numbers. They only differ in their mass.
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The Standard Model Lagrangian

L= LGauge + £Hz'ggs + £Yukawa

[,Gauge: kinetic and interaction terms describe dynamics of fermions

£Gauge — Zf Z.\Ij_ff)/,ul)'u\ij \ij — QLa URa DR; LL; ER

with the covariant derivative:
DH = §F +igsGhT, + igW/'n, + ig B*Y

a=1,..,8: index of gluon fields, T;, generator of SU (3)¢
(Te, = A\/2, A\, Gell-Mann matrices)
b=1,..,3: index of weak boson fields, 7, generator of SU(2) .

(Tp = o /2, Pauli matrices)
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The Higgs-Field

Dy
OB

Skalar doublet of complex fields: ® =

Higgs-Potential: V (®) = —u2®T® + %(CDTCI))2
Liggs = (D@1 (DFP) + 12010 — 2(DT)?

Ly ukawa X YU@UR(I) -+ YD@DRE + YEL—LER$ + h.c.

Yir, Yp, Yi are 3 x 3 matrices in flavour space and describe the coupling to the

Higgs field.
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Massterm and Higgs Interaction Term

O — P =

v/V?2
After symmetry breaking the interaction with the VEV of the Higgs fields generates

the fermion masses:
EYukawa — »Cmass + Lhiggs IA

Lomass = _% (U—LYUUR + D—LYDDR + E—LYLER -+ hC)

EhiggsIA — _% (U—LYUURH —I—D—LYDDRH —|—E—LYLERH + hC)
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Standard Model Lagrangian

The gauge term of the Lagrangian is flavour symmetric (same QN for all three
families). The structure of the Lagrangian would not change if we would introduce

e.g. a rotation in the space of charged left-handed leptons.

The Yukawa matrices describing the Yukawa interaction are in general complex

and non-diagonal — flavour structure of the Standard Model

It is conveniet to choose a flavour basis for the fermion fields in which the mass

term from L are diagonal. This can be achieved by unitary transformations:
UR — VUR’LLR, UL — VuLuLs DR — VdeR DL — VdeL

with Vil Vi = LV Vi, = LV Vi =1V vy, =1,

and VJL YoViup = YU and VdTL YpVa, = YD, where YU and YD are diagonal
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Standard Model Lagrangian

One thus obtains for the Quark part of L,,4ss:
Lma,ss — _% (ﬂL?UuR + EL?DCZR)

One can identify the quark masses:

M, = %Yu = %VJLYUVUR = diag(my, Me, mMy)

My = 25Yq = 25V] YpVa, = diag(ma, mg, mp)
with m; ~ 173 GeV and v ~ 246 GeV on finds:
y+ ~ 1 and the other yukawa couplings way smaller

The fact that the Yukawa couplings are so different is not understood and often

referred as the flavor hierarchy problem (mass spectrum of the fermions).
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Quark mixing in charge current interactions

As U7, and Dy, have been independently transformed, there is a non-vanishing

effect for the charged current terms in £ ;44,49¢ Where Uy, and D7, enter both.

After electroweak symmetry breaking the charged current terms for the quarks are:

Lga%ge — % (UL’Y,UJW—HLDL + EL/V,u‘/v_'u(]L)

W = (Wi FiWy)

In the basis of the mass eigenstate u;, and d;, one obtains:
cc _ — 3 —
‘Cgauge — % (ULVJLVdL’Y/LW—'_'udL + dLVJLVuL/VuW 'uuL)

Vi Vi, = Vo VJL Vi = Vigens
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Remarks

What about neutral current terms (gluon, A photon exchange)?

How are they affected by the difference of mass and flavur eigenstates?

What about charged current terms in the lepton sector?
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Remarks

What about neutral current terms (gluon, A photon exchange)?

How are they affected by the difference of mass and flavur eigenstates?

What about charged current terms in the lepton sector?

Neutral current terms (gluon, 2 O, photon exchange) are not affected as there
are only U Uy, UrUg, D1, D or D Dp, terms entering. These terms
are flavor diagonal.

— At tree-level there are no FCNC terms in the SM.

Charged currents 71, ', are affected as well.
— PNMS matrix
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CP violation

Example for the charge current interation for a u — b transition:

2 1 — Y/ *
LCF — W TRV by )
cC = _\ﬁ LYW, Vupur +ury" W, Vipor
Lagrangian is invariant under CP transformation if V,;, = Jb-

If not CPV might be observable.
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CKM Matrix

d

_ 5
Vertex current: JH (ﬂét) Y (1_27 ) Voerkm | s
b

(d\ (Vi Vis V| [d) \/

a
= | Vea Ves Ve | X \‘\:d/'/

\0 ) \Va Vis Va) \b) W

flavour CKM matrix mass '

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

-9 unitary 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

0 0  e'P 0 0 e~ 19t
Lagrangian insensitive to phases of quark fields, possible redefinition:
u— Py ¢ — elPee  t— Pt

d— ePdd s — P55 b — i)

/ eiPu 0\ / Via Vi Vub\ / e () 0 \
Vexkyr — | 0 % 0 Vg Ve Vo 0 e s 0

\o 0 e’i@) \th Vi th) \ 0 0 e_i%/

or Vog — ePB—Pa Vo — 5 relative phase differences ¢g — ¢q.
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CKM under C P Transformation

d iﬂ f [ﬁb d Vi

s

. ¢ =\ Vg Vi Vip| s -
Hares plo\v, Vo Velb !
\ \td  Yts Vb

_____ CPe—————
Anti-quarks: _ V.
W
|

Weak (CKM) phases change sign under C' P transformation!
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Wolfenstein Parametrization

Reflects the hierarchical structure of the CKM matrix.

Vud Vus Vub 1 — % A
Verv = Veq Ves Vo | = —A 1 — %2
Via Vis Vi AN (1 —p—in) —AN
Viale ™"
22 24
Vorm = | =X+ AZX5 (L — p—in)

Vis |€_58

A, A, p,n with A=0.22

‘Vub ‘ e
AN3 (p — in)
AN? + O(\?)
1
AX3(p — in)
AN2 +O\)
1 A2
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Unitarity of CKM Matrix v . Vega =1

Vud Vus Vub
Verm = || Vea| Ves | Ve VaaVs + VgV + VigVii = 0
\ Vid| Vis |Vio |
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Unitarity of CKM Matrix v . Vega =1

Vud Vus Vub
Verm = || Vea| Ves | Ve VaaVs + VgV + VigVii = 0
\ Vid| Vis |Vio |

ViaViy )

— _Vcdvﬂa — o udV*b
b= arg( \dejz) V= aI‘g( VchZ:'Z, )

a = arg(— VoaV e

Two definitions of 5 and «y. Which one is the correct one? Why?
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Unitarity of CKM Matrix v . Vega =1

/ ————\1

Vud Vus tub
Verm = || Vea| |Ves | |Veb VaaVs + VgV + VigVii = 0
\\ Via| [Vis | [V

(bs) triangle:

VSV .
V.Va
ol B,
ViaVip Ved Vi _ A
o= arg(—vij‘%i’b) a = arg(— %Z‘i{) v = arg(— VCZVZ%)
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How to connect complexe phases at the level of Lagrangien or Matrix
elements to observable difference in rates for processes and their CP
conjugated process?
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Weak and Strong Phases

Weak phases are related to involved CKM elements: ¢year = arg(V,5Vig)

Strong phases d 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

A = Aje 191001

B >

N

Ao = Age 192,102

A = Al ei01
B -

N

Ay = Age'?? e102

CP
AJ? = AP =
AT + A3 + 241 Az cos(Ag + AJ) A% + A2+ 241 Ay cos(—A¢ + A))
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

Which amplitudes contribute to CPV in kaon mixing?

Which amplitudes contribute to CPV in kaon decay?
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CPV in Kaon System

Interfering amplitudes which cause CPV in mixing:

long range contribution AT

=
K \;,-‘/\__
N

short range contribution Am

Interfering amplitudes which cause CPV in decay:

+

w Stephanie Hansmann-Menzemer 37



Neutral Meson Mixing

Assume no CPV in mixing (| % |=1)

(KO - K9) — | < KO(t)[KO > |2 —

e Trt 4 o=Tst _ 9o=(TL+ls)t/2 oo Am t)

= Ny

PK’ - K% =| <K°t)|K° > |* =

. (e—FLt + e Tst 4 2e=TL4Ts)t/2 (o5 Am t)

—Tg+T'p )t
A(t) — Nunmi$€d<t) — mixed(t) _ 26 2 COS(Am t)
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Neutral Meson Mixing

Assume no CPV in mixing (| % |=1)

(KO - K9) — | < KO(t)[KO > |2 —

e Trt 4 o=Tst _ 9o=(TL+ls)t/2 oo Am t)

= Ny

PK’ - K% =| <K°t)|K° > |* =

. (e—FLt + e Tst 4 2e=TL4Ts)t/2 (o5 Am t)

—(Lg+I'p )t

A(t) _ Nunmi$€d<t) — mixed(t) o 26 2 COS(Am t)
B Nunmz’xed<t) -+ Nm']:ajed(t) B e_Fst + e—FLt

iy ~T's — A=cos(Am)t — e.g. Bsystem.

AT
0, <<Dg—>A~e 2 cos(Amt) — e.g. kaon system
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=

U

nmaxed (t)

— Nmixed(t) € 2

Neutral Kaon Mixing

—(Tg+I'p)t

=

0.7

0.5

0.4

0.3

0.2

0.1

Uu

nmz'a:ed(t) =+ Nmia}ed(t)

cos(Am )

= 2

0.6 F

Fit residuals

o000 Goon

o

[~

BRERRERE!

—

—

1 I 1 1

1 L 1 1 1

U I T T L
10 15 20

Neutral kaon decay time [Tg]

Am = (529.5 £ 2.0 £0.3) x 10~ "hs™!
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Summary of Mixing |

K%/ KO | pY/po| BO/BO | BY/BO
7 [ps] 89.3 0.415 | 1564 | 1.47
51700
[ [ps™ 1 5.61-1073 2.4 0.643 | 0.62
=Sk 0.9966 0.008 | 0.0075 | 0.059
Am[ps~'] | 5.301-1073 | 0.16 | 0.506 | 17.8
-5 0.945 0.010 | 0.768 | 26.1

Depending if the decay width difference or the mass difference is the
dominant criteria to distinguish the both eigenstates, they are called

KShort and KLong or BHeavy and BLight-
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Summary of Mixing Il

0020015-001-0005 0 0005 00710075002 -0 8 65 4 -2 0 2 4 6 8 1

ps ps
very fast
oscillation h
B‘I.H
L-ﬁ 0 5") 015

IJS" Stephanie Hansmann-Menzemer 42



Summary of Mixing lll

p 2 3 40 ; 2 3 4
; T T A . ' "H-L_L_________‘LH S B | 1
; — 7
x 5
0, X = -0.946 . X =0.0063 10°
g . Ky = 0907 (B) o' y = 0.0075
€ 0.5 -
£ ;
10%
e i —_ T 2
v f{f‘ .,..-“’f %
plie=” i 108
1 1
: | (arXiv:1209.5806]
| | -
A
x=0773 I _x=25194
i (€) B ¥ = 0.00s | b M Bst ¥ = 0.046
i V ; o5
- \
I' \IF Ay
e e \” Y M‘COORMMNM
% ] 2 3 0 1 2 3 i
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unmaxed _Nmi:r:ed

Nunmiwed+Nmiwed

A
|
2

Phys. Lett. B 719 (2013) 328
I

<+ B’ D

— combined ﬁ\
\"@4{' |

Amyg = 0.5156 + 0.0061 ps~!

: =
N
LI I T

< W
o
Raw asymmetry
=
- (g
i

=
]

=
T
I I I I

T R ST
5 10 15

B’ decay time 7 [ps]
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unmaxed _Nmi:r:ed

Nunmiwed+Nmiwed

A
|
2

Phys. Lett. B 719 (2013) 328
I

<+ B’ D

— combined ﬁ\
\"@4{' |

Amyg = 0.5156 + 0.0061 ps~!

: =
N
LI I T

< W
e}
Raw asymmetry
=
- (g
i

=
]

=
T
I I I I

| L | I | | L | I L
5 10 1
B’ decay time 7 [ps]

n

Why is the amplitude of the oscillation not 17
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Detector effects on B oscillation

stribution | stribution |
> 0.8f e -
- -
2 oif = 3
.g ’ - N —mixed
2> 08 P == unml —
:':: sk . —total 5
5% - :
5 04 ' -
- | :
0.3 =
- ' =
02 —
0.1 E— ‘ =
%3 0.

v

—> —>

Finite time Realistic tagging
resolution: 44 fs

u

l

Stephanie Hansmann- Menzemer 46



B, mixing at LHCb

turn on, due to trigger cuts

@ J+ LHCb °* Tagged mixed
= . N 1 o Tagged unmixed
< 400 NN RO —— Fit mixed
= A 2e,, Fit unmixed
:E .
S .
= 200

0 4 2

0 ] 2 3 -

decay time [ps]

washed out signature due to decay time resolution and flavour tagging
Amg = 17.768 £ 0.023 (stat) = 0.006 (syst)
Theorie: Amg = 18.3 + 2.7 ps ™!

Precision tests of the Standard Model difficult:

Hadronic uncertainties limit the precision of the theoretical predictions, .. ... cmammenzemer 47



1986: BY Oscillation at ARGUS

ete™ = Y (4S) — B°BO

RO ’ U'C'Tﬂx éO

BO RO

Time integrated mixing rate: X4 = [ Prized(t) - e t/Tdt =017 + 0.05
25 mixed events:
BYBO — p—¢~
BYBO — ptpt

250 unmixed events:
BYBO — pty-

First indication for a heavy top quark m; > 50 GeV! - How?
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What is GIM Mechanism ?
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1970: Rare Kaon Decays

Observed branching ratio K7, — u* ™

BRIKL=1"117) _ (7.94(.5) x 10~

BR(KL—>CLH) H
KD
In contradiction with theoretical
expectations in the 3 quark model Y N

= Glashow, lliopolus, Maiani (1970):

Prediction of a 2% up type quark, K°

additional Feynman graph cancels

the “u box graph”

M ~ —sin@_coso,

GIM mechanism
The study of this rare decay resulted in accidentally

correct prediction of me ~ 1.5GeV Stephanie Hansmann-Menzemer 50



Additional Diagrams

short range contribution

5 W™ - a ..
< —-—-- — M T 20 #~
K‘“ ) } i +|<‘L_ ..,u-----<
_____ | - e 5 . P
wi* ./u" /u.-l-
ol i

+ long range contributions
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Standard Model Predictions

B mixing is dominated by the off-shell box diagramms:

b W d b u, ¢, t d
| |
u, ¢t 4+ :@ W
| |
d -__W;“- b d U, G, 1 b

Intergral over all possible internal loop momenta &

M o / Vi VAT (Vi VAT, + Vi VAT + Vo VT
k

+ Ve Voglle (Vg Viglly + Ve Voglle + Vi V11
+ Vo Vgl (Vs Vig Il + Ve Vo Ile + Vi V11,

Hq(k) X %12];2:%%

(all other factors are the same for all diagrams)
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Standard Model Predictions

Since m,,, m. are much smaller than my, treat them as 0.

M / Vi VeIl (Vi ViaLL, + (Vg Vo + Vg Voo Tl )
k

+Vau Veallo(Vis Viglle + (Vo Veg + Van Vigg) o)
Vo Viallo(Vie Viglle + (Vo Veg + Vi Vig) o)
Exploit unitarity relation: — Vi, V.5, = Vo V25 + Vi Vo
M o< (Vi Vii)? (T4, — 1Ty — TolT, + TolLy
Effect of inner-quark propagators are described by the Inami-Lim function
m2

S(m?/Mg,) o M?;]/: S(mi/M3,) o< 2.5 S(m?2/Mz;) o< 3.5-1074

For B-mixing, top quark is dominated due to CKM favored matrix elements and the

loop intergration.

3
Inam-Lim function S(z) = = (i — % L _ % 1 ) — % (L) In x
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Standard Model Predictions

If one concludes the calculation one obtains for the M9 (= 2Am):

G2 M2

Mo ~ Y nocpBe fEmeS(mi /Mg, ) |ViaViil?

NQc p- Perturbative QCD corrections
B p: Bag-parameter;

fp: decay constant — describe the non-perturbative effects of the bound quarks

Remark:
For neutral B mesons there exist reliable calculation of the hadronization effects.

For neutral D and K mesons more difficult.
AmiM =0.5434+0.091ps™!  exp: Amg = 0.515 4 0.002 ps~*
Am?M = 17.3+ 2.6 ps™ ! exp: Amg = 17.77+0.006 ps—*

Difference is effect of the CKM elements: Am,/Amg = |Vis|?/|Vial?
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Standard Model Predictions

For D-mesons (up-type quark system):

Mass of the most heaviest internal quark (d-type: b-quark) is not large enough to

compensate the large CKM suppression (\Vungz}’Q)

As a result, the light s-quark dominate the short range mixing:
Amp o [Vus Vi [P S(mé /M) = Nmi /My,
experimental: Amp ~ 0.0024 ps~1

Mixing parameters of the neutral D mesons are very small (very slow mixing):
most of the D mesons decay before they mix (lifetime of D mesons = 1 ps is much

shorter than the one of neutral koans).

D mixing was observed with high significance by LHCb — interpretation is difficult.
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GIM & Neutral Meson Mixing

box diagram of KY mixing is dominated by ¢ charm quark

box diagram of B?S) mixing is dominated by ¢ quark

box diagram of DO system is dominated by s quark

Same conclusion is true for any loop diagram:

Stephanie Hansmann-Menzemer 56



CKM Matrix and Angles

size of box, illustrates absolute value

: - d S eh.iﬂyﬁﬁ

(Vud Vus Ivub G . 0
Verkm = | \Vea || Ves | |Ven || ~ cm [l -

Via || Vis | | [Vao § .

W SN

B triangle:
vV,
Vv, g
us ubt I/ISI/; BS

CP violation is caused by phases of CKM matrix

— how can we use CP violation to extract CKM angles?
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CP Violation in one Page

Mass eigenstates: Flavour eigenStateS:
By, = p|B® > +q|B° > wmpTy B_O = 5,(|BL > +|Bg >)
By = p|BY > —q|B% > wmpy. Ty BY = 2—161(\3,; > —|By >)

|p2| + |q2| = 1, complex coefficients

» CP violation in mixing

If |%\ # 1; mass eigenstates are no CP eigenstates;

— P(BY — BY%) # P(BY — BY)
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First direct CPV in ...

BY 5 Kt7x7/BY — K~ 7" (Belle)

1000 [
800 |-
600 |-

400 |

Events /(2 MeV/c?)

200 |

3005 bl
700 F
600 f
500 F
400 F
300 F
200 F

100 f ».k ~.k
U:I.I.I | S G |

52 5225 525 5275 52 5225 525 5275 53
M, (GeV/c?)

WA: Acp = —0.082 4+ 0.006

Events/(5 MeV/c?)

CPV in decays is as well estabished in By and BT decays.
While we get different partial decay widths for individual particle B and antiparticle
B decays the total decay width (I';or = %) is the same for both (CPT)!
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Lot’s of direct CPV ...

Acp
Acp
=ty oKt
—— e Krt ——-— Ktoy ACP
K050 QKT
I—— K0 = HK0 — fo(1370) K+
T L erjaa0r === A(120)K s
- by 0K;(1430)° ==f:($0)1‘\]'**
& Ko e 0Ki(1270)" =: Fo(980) K+
e 0 GI3(1430)* ) wK;(1430)*
KR —= 0K5(1430)° w3 (|1430)°
— 1K (1430)07° —a| POKT —] WK (1430)°
e K(1430)°7° e 7/ K3(1430)* —el wK;(1430)°
e [(1430) 7" 4 7K;3(1430)° 4wkt
_l K3(1430)07+ e 7K;(1430)" _— WK
lg= K rtn— R — 1 K (1430)° - Wi o
& K'rtr 7K p(liUU{ ]:r
—s=— K7 pE ESaaaa— — /)(142(’)3‘ K
_| Ktn nO(NR) WK —_— ;Hpo
—t— KKt = 9 —d K"
o KTK KT —e— "S((1430)7 b K
Ly K*KsKg =Ly nK§(1430)° —— L PTK°
== K'rtn —b— 7G(1430)° === VK’
| o K*'nin . Ik (1430) e el
== K'r'n’ == nK*+ —_— [ K »
K K- —== 0k T ot
4= KOKTK™ —==1K'n —T i
— K™KK- — wee | '
b ' ' ' 0 ' ' ' 14 ' ' ' o ' ' ' 1oL ) ) ) 0 j j j 1
CP Asymmetry CP Asymmetry CP Asymmetry

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

Simulataneous analysis of muliple cannels needed to constraint strong

phases (e.g. ¥ measurement).
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» P(B — B) # P(B — B)

semileptonic asymmetry
(BY + By)

B—»ﬁ—»pf

B >

CPV in B, mixing?

SM: A = (-0.20 4 0.03) x 1072

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

- DO A, ,
Standard Model
-~ B Factory W.A. -
-0.03 Prellmlnary
Combination

-0.04-0.03-0.02-0.01 0 0.01

d
asl

Asl =-0.957 4 0.251 (stat) & 0.14 (syst) %

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

— 3.20 deviation from SM
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a. at LHCb

_ I'(B=»B—=f)-I'(B—=B—f)
- I'(B=B—f)+I'(B—B—f)

Agl

If there is no CPV in decay I'(B — f) = I'(B — f):
ag #0< I'(B— B)#I'(B — B)

However tagging the initial flavour is difficult at hadron colliders ...

: tag 1 notag notag
(tagglng pOWGF i 40/0 % Ustat — \/ﬁ ¢ Ustat — 5 ¢ Jstat )

Untagged method:
Assuming there is no production asymmetry (N (B,t = 0) = N(B,t = 0))

and no CPV in decay:

N(f)(t)_N(z)(t) — Gsi | [1 _ COSAmt]
N(f)®)+N(f)(t) 2 1 ALt

COS o

index sl: semileptonic decays ... simply due to large statistics
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Where do production asymmetries come
from at the LHC?
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a. at LHCb

For BSO system, can perform time integrated analysis (fast oscillation)

s s —I'st, s
N(f))—N(f(t)) _ % 4 [CLP B aQSl] fe t.cos Amt dt ] - %

NDOFNG@) [ e Tstdtcosh BT

For Bg time dependent analysis is required. Due to missing neutrino in
Bg — D™ ™ X decays need to correct for missing momentum to reconstruct

Bg momentum and thus the Bg decay time.

1

* Standard Model

ay [7o]

LHCb D®uvx
DO DOuvx
BaBar p*iv
BaBar i
i Belle

-2 =] 0 1
ad [%]

T T TT I T TTT | TTT
DO D uvx
1111 | 1 11 1 I 111

Phys. Rev. Lett. 117 (2012) 061803 Stephanie Hansmann-Menzemer 64



What are the interfering amplitudes?
Why is CPV in B mixing so much smaller than CPV

in KV mixing?



CPV in B Mixing

branching ratio into non-flavour specific decays

~ 1074 > 0.95%
Ktk™
/¢ £,
=
/""""\
/"\-_—/ \_ /‘- \-1-_-:’\_-
2 ke 3

K%/K0 | DO/po | BY/B0 | BY/B0

S S

y=5L || 0.9966 | 0.008 | 0.0075 | 0.059

x=52 || 0945 | 0010 | 0768 | 26.1
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CPV in interference of mixing and decay

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

“Golden”: large statistics, easy to detect,

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

VeV

cb c*d ~
VoV, arg Viq

Weak phase: Im(%%) B = arg
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CPV in interference of mixing and decay

t=0 t
A
B°|~\
/W \'
0 f
5 9g.(t) cF

I'(BY = fop) « |g+(t)Af + 1g- (t)Af|?

gy (t) — e im—iz ) (_|_ cosh ALt AFt cog Amt _ i ATt AFt sin Amt)

2 2
. - I
g_(t) = e {m=i5)t(_ginh Aft cos =5 Amt + ¢ cosh Aft sin A"Q"t)

For BY system: AT ~ 0

I
g+ (t) ~ eI (cos £41)

I
g_(t) ~ e —i(m—iz )t(ZSIIl Agnt)

— strong phase difference:
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B; — J/W KV

Reach same final state through decay & mixing + decay

(assume no CPV in mixing and no CPV in decay and AI' ~ 0)

S

d
BO BO
d _
b
0 0 0 0 Amt iw
A1 = Aniz(B” — BY) * Agecay (B~ — J/WK") = cos( 5 )* Axe
0 .50 -0 0 .. Amt tid —iw tif
A2 = Aniz(B” = BY) x Agecay(BY = J/WK") = isin( ) % e x Axe "WAr xe

weak phase difference Ao — A1: A¢p = ¢ — 2w + & = 20

strong phase difference Ad = 7 <= mixing introduces strong phase difference
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B; — J/W KV

Vi Vid Ve Vs Ves Vg

Ap = ¢—2w+E=aryg| ]

VinVig Vay Ves Vs Ved
VisVia Ve Vg

Veb CZ] py
VisVig Vo Ved

VioVig

= arg| | = 2arg]

t quark dominates B mixing box, ¢ quark dominates K ° mixing box diagram
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Correlated B Production

_ N(B=J/YKs)(t)=N(B—=J/YEs)(t) _ - :
Alt) = N(B—J/pKs) () +N(B—J/pKs)(t)  1CP sin(2/3) sin Amgt
(for Ks ncp =-1,for K1, ncp = +1 ... neglecting CP in kaon mixing)

to .
: tagging side
é:

+

oo _

K signal side
Tt

Tt

+
Ks

At

/ tagging side
n<

JIy

signal side

This is how it works at e e~ B factories

ut
.
T[ Ks
T[

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 B.

Stephanie Hansmann-Menzemer 71



N(B°)(t) = N(BY)(t)
N(BY)(t) + N(BY)(1)
—sin(203) sin(Amgt)

Babar:
Sin(Qﬁ) =0.722 + 0.040 + 0.023

_ _ Belle:
5 1] 3
e sin(23) = 0.652 4+ 0.039 + 0.020
YEL T T T T A 3
3 : A € -
0.6 EZ i Amd ms ‘ Surfﬂ:ner14r _:
2 Y -
05 —§ : —
sol. <0
— % (exclat'CL > 0. -
04 [—=2 —
I= = 3
03 g ! : ¢ 3
0.2 —f
0.1
o B
0-0_0_4 : '_ol_z — 0.0 : 0!2 — 0.4 — 0!6 —_ 0!8 —_ 1_0‘3tephanieH nnnnnnnn Menzemer 72




Kobayashi & Maskawa:

"for the discovery of the origin of the

broken symmetry which predicts the

existence of at least three families of
quarks in nature”

Nobel Prize 2008
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Master Formula for t-dependent CPV

L(B” — f)(t) = [AfP(1+ [As])*
(COSh(AFt) + Dy smh(AT)JrCf cos(Amt)—S¢sin(Amt))

ORE(Ay)

e 1—|X\f|? G, — 270 (Ay)
T+[As

Af = JERpWE =TI

>

Dy = Cr=

T IR

(B = N)(1) = AP+ M)
(COSh(AFt) + D smh(AT) C's cos(Amt)+Srsin(Amt))



BY — J/WK, at LHCb

0-4 T |]] T 1 T T T T T
S -3 B"— ¢(25)K] -
| EEE B°— Jfy gfz*e")ffg g
B BY— Jhp (putp~ ) K2 .
g Combination =
- LHCb
U s
-0.2 -
- CL for the 'ulujur (outer) {11;111:“!': is 39% {E!ET'J‘E.} : 7
0.5 0.6 0.7 0.8 0.9 1
S

significant more statistics at LHCb overcompensates the low tagging performance

Stephanie Hansmann-Menzemer 75



Bs — J/vy¢

Basic idea similar to measurement of sin(2.):

b

ool
C_
S—
=

b : C s
\ E J/lll S

s <f ¢<::>b s<

S

wn N
=

e No CP violation in mixing

e No CP violation in decay (watch out penguin pollution ..)

Omiz = aTg((‘/ts t2)2) = —20s ~ 004(SM), (top quark dominates the box)
w = arg((VaVs)?) =0

| d S eh'i'y
Vud Vus Vub “ . -
VCKM — VCd Vcs VCb — C . . a
Via Vis Vi f_w = .

(6_7’:88 ) S Stephanie Hansmann-Menzemer 76



Bs — J/vy¢

B . JP 207! (pseudo scalar)
J/: JEP 17171 (vector)
0: . JOP 21711 (vector)

Angular momentum conservation:
0=J(J/1¢)=|S+ L|;—L=012 P(J/1h) = P(J /1))*P(d)*(-1)F
CP(.J /1) = CP(J /1)*CP(¢))*(-1)"

L = 0,2 — CP even final state Final state no CP eigenstate but linear combination!
L =1 — CP odd final state Angular analysis, to separate CP even/odd contributions.

Three decay amplitudes: | A | (L=1), 4], | Aol (L=0,2),
+ two rel. strong phases: 01 = arg(A|(0)AL), 2 = arg(Ap(0) AL (0))
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Measurment of @4

Measurement of modulation

in decay time distribution For B By

» [Monte Carlo
4. SM x 10 for
2\ visibility]

Proper time (ps)
» amplitude of modulation: D sin ¢
» sign of modulation depend on production flavour (B or FS) and from CP

value of final state n¢cp

Most important tools: Flavour-Tagging and decay time resolution

J /W ¢ is combination of different CP eigenstates

— combined measurement of I', AI', Am and ¢4 possible
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BY) — J/¥¢

pogfn [

68% CL contours
(Alog £ =1.15)

CMS 19.7 fb!

0.10 Combined CDF 9.6 fb!

0.08
) LHCb 3 fb!

0.061

04 | w02 w00 = o2 0.4
¢ [rad]

Stephanie Hansmann-Menzemer 79



New Physics in B decays

New Physics effects only appear as correction to leading SM terms.

Standard Model New Physics
< — —¢ =
q :W : b g :Y b
| | | |
b tucti g t b U X g
Y
e Lo
’ \ ‘ \
b [ uwct vy + b | X \ s

c Cnp . 2
ABSMZAo(WfQMJrAéVP), (Csm = F% ~ 55. Anp ~ 1TeV ()
w NP

Flavour physics approach to new physics:

» study processes which are sensitive to quantum corrections:

e.g. very rare (SM suppressed) decays, CPV
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To which scales do we exclude new physics
contributions via precision measurements in loop
diagrams in the kaon, charm and bottom system

(assuming couplings of order one)?
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New Physics in the Flavour Sector?

If couplings are of order O(1) ...

b 1 i ) [
10° B Lsm + v (Q:iQ;)(Q:Q;)
uv
10°F
z
B 3|
S 10°F
= L
L E
10%F
10'F
(s — d) (b — d) (b — s) (¢ — u)
- Amg,eg Amg,sin28  Amg, AYy D-D
Oscillations Oscillations
CP violation and CPV and CPV Oscillations

in K system in By system  in By system  in D system

arXiv:1302.0661
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