Detecting CP violation with B decays

Lecture 1: CP violation
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Detecting CP violation with B decays

1) CP violation: CKM and the SM
2) Detecting: Detector requirements
3) B-decays: sin2pB, ¢, B,—D K-
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Flavour physics has a track record...

GIM mechanism in K°>uu

CP violation, K,°2>nn

B0 &€ >BO mixing

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasnow, J. Iuiorouros, axp L. Marantf
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)
We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading

divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.
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tributions to such unobserved decay modes as K, —
ut+u—, K+ — xt+1+41, etc., involving neutral lepton

We wish to propose a simple model in which the
divergences are properly ordered. Our model ic fanndad
in a quark model, but one involving four, not three,
fundamental fermions; the weak interactions are medi-
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EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*¥

J. H. Christenson, J. W, Cronin,I V. L. Fitch,I and R. Turlay§
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
K, meson. Several previous experiments have

three-body decays of the K,°. The presence of a
two-pion decav mode implies that the K,° meson
is not a pure eigenstate of CP. Expressed as

K,°=2""* (K K,) +€ (Ko +K,)] then le|*=R T 7,

NESY 67-029
April 1987

OBSERVATION OF B'.B’ MIXING
The ARGUS Colladoration

In summary, the combined evidence of the investigation of B meson pais, lepton pairs
and B° meson-lepton events on the Y(4$) leads to the conclusion that 55" mixing has

been observed and is substantial,

Parameters Comments

7 > 0,09 90%C L This experiment
x> 044
Bifp = f, < 160 MeV

my < 5GeV/c?

This expetiment
B meson (= pion} decay constant

b-quark mass

n< 14107 B meson lifetime
[Vigl < 0.018 Kobayashi-Maskawa matrix element
nocn « 0.88 QCD correction factor (17]

me > 50GeV /¢! | t quark mas:

Glashow, Iliopoulos, Maiani,
Phys.Rev. D2 (1970) 1285

Christenson, Cronin, Fitch, Turlay,
Phys.Rev.Lett. 13 (1964) 138-140

ARGUS Coll.
Phys.Lett.B192:245,1987
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Motivation

e CP-violation (or flavour physics) is about charged
current interactions

e Interesting because:

1) Standard Model:
in the heart of quark
interactions

2) Cosmology:
related to matter — anti-matter
asymetry

3) Beyond Standard Model:
measurements are sensitive to
new particles

Niels Tuning (8)
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Personal impression:

e People think it is a complicated part of the Standard Model
(me too:-). Why?

1) Non-intuitive concepts?
= Imaginary phase in transition amplitude, T ~ e¢
= Different bases to express quark states, d=0.97 d + 0.22 s + 0.003 b

= Oscillations (mixing) of mesons: K0> & | K0>

2) Complicated calculations? P(B" > £) e, [ [[g. (] +14F e (0f +2% (2 (1) 2. (1))]
r(ﬁ" - f)oc|z,.|2 @& (1) +L2|g_(z)2 +=R (g (1)g (t))]

3) Many decay modes? “Beetopaipaigamma...”
— PDG reports 347 decay modes of the B%-meson:
e [, I v, anything (10.33 + 0.28 ) x 1072
o [, VVY <4.7 x 10-° CL=90%

— And for one decay there are often more than one decay amplitudes...
Niels Tuning (10)



CP violation in the SM Lagrangian

Focus on charged current interaction (W¥*): let’s trace it

Niels Tuning (11)



The Standard Model Lagrangian

L., =L

SM Kinetic Higgos Yukawa

{ . A i i
Liinetic - © Introduce the massless fermion fields
- Require local gauge invariance = gives rise to existence of gauge bosons

° LHiggs . « Introduce Higgs potential with <g>#0 | s =5UE)xSUR), xU D)y > SUG)e xU(l),
« Spontaneous symmetry breaking The W+, W-,Z0 bosons acquire a mass

o LYukawa . * Ad hoc interactions between Higgs field & fermions

Niels Tuning (12)



Fields: Notation

Fermions: :(1_75}/, LW, =(1+7/5j9// with v = 0;, ug, dp, L;, I, Vi

Quarks: , /nteraction rep.
(u (3’2’1/6)j Oy .(3,2,1/6)
d[ 3, 2, 1 6 . l > b
( / ) Li / T STU(3)C SU(Z;L\ Hypercharge Y

Under SU2:
Left handed doublets
Right hander singlets

Left- generation (=avg el.charge in multiplet)
handed index
o uy (3,1,2/3) e d, (3,1,-1/3)
A
Leptons: o V] (1,2,-1/2) = I).1,2,—-1/2)
'(1,2,—-1/2) J; ; :
e I1(1,1,-1) .« (Vi)
Scalar field: Q" Note .
* 9(.2.1/2)= ( <o°j B
number




Fields: Notation Y=Q-T;

Explicitly:

* The left handed quark doublet :

ulouloul C:,C[,C[ t,{atlatl T, = 12
0 3,216 = | T, S I =+l (¥ =1/6)
l bbb} T, =-1/2
L r2-g? L

! 1 1 I I 1
d.,d,,d, L (505555,

« Similarly for the quark singlets:

un Gl 2/3) = (ululul), (clelel) (1)), (r=2/3)
dy(3.1,-1/3) = (d!.d},d) (sl.s!.s)) (b!.6].0]), (v =-1/3)

I 1 1 —
« The left handed leptons: Lii(1,2,_1/2): Ve ; Vu : Ve T3_+1/2 (Y=—1/2)
o)l )l =y

I I 1 _I
* And similarly the (charged) singlets: lRl. (1, 1, —1) =€p, Up,Tp

Niels Tuning (14)



LSM

- LKinefiC T LHiggS T LYukawa :The Kinetic Part

o . Fermions + gauge bosons + interactions
Kinetic

Procedure:

Introduce the Fermion fields and demand that the theory is local gauge invariant under
SU)xSU(2)xU(1)y transformations.

For the remainder we only consider Electroweak: SU(2); x U(1)y

Start with the Dirac Lagrangian: L = ilﬁ(@ﬂ)/y )17

Replace: 0" — D" =0"+ig G"L, +igW/T, +ig'B"Y

Fields: G : 8 gluons
Wy . weak bosons: W, W,, W;
B* : hypercharge boson

Generators: L, : Gell-Mann matrices: 24, (3x3) SU(3)¢

T, : Pauli Matrices: Va1, (2x2) SU(2)_
Y : Hypercharge: U(1)y

Niels Tuning (15)



LSM — LK'

inetic

T LHiggS T LYukawa : The Kinetic Part

Lkinetic lgy(&ﬂ)/lu )W — ZW(Dluy‘u )W

with v = Qéi’ ul{h" dlleiﬂ Lii’ lzlzi
For example, the term with Q;/becomes:
Lkinetic (Qll,z) — inﬂ/ uD ﬂQéi

= 10}y, (0" +28.GlA + g} n, +—g'B") O]

o)
T, =
1 0
Writing out only the weak part for the quarks: ) (0 —ij
T, =
; u i 0
Llle'/rf:t];c(uad)i = i(uad)iyy(aﬂ_i_ig(mﬂrl+VV2ﬂT2+VV3ﬂT3)j( j 1 0
2 d), s=(5 4
_ ol oyt d_l otd! — g i W Hd!l — id_l Wyl —
= wy,ou, + o1ay,o0d; ULy, L g U

V2 V2

_ W= (IN2) (W, +i W,)
a1 ¢ LSy (IN 2) (W], —i W)

Niels Tuning (16)




L, =L + L + L : The Higgs Potential

Kinetic Higgs Yukawa
L, =D gDV,  V, =i(¢9)+il(#'9)
Higgs p¢ ¢ Higgs Higgs ~— ) U (¢ ¢)+| |<¢ ¢)
Broken
Symmetry Avo) sl A V()
ﬂz >0: 1 <0:
<p>=0 ( 0 }
<p>=|
¢

v=yJ— 1 |4 ~ 246 GeV

Spontaneous Symmetry Breaking: The Higgs field adopts a non-zero vacuum expectation value

. 0
Procedure: ¢ = [WJ _ (fﬁe Q" +i3m ¢+] Substitute: g0 = Vif/f[
¢’ 2

Re’ +i3m ¢’

And rewrite the Lagrangian (tedious): | 1. Gy, :(SUQ3).xSU(2), xU(1), ) = (SUB)-xU(1),, )
(The other 3 Higgs fields are “eaten” by the W, Z bosons) 2. The W"" VV-’ZO bosons acquire mass
3. The Higgs boson H appears

Niels Tuning (17)



L. =L. . +L

SM Kinetic Higgs

+ L

Yukawa

: The Yukawa Part

Since we have a Higgs field we can (should?) add (ad-hoc)
interactions between ¢ and the fermions in a gauge invariant way.

doublets

The result is: / l singlet
Y

Ly = V(W0 ®) Wy + he

i, j : indices for the 3 generations!

7 * 0 1 o ¢0
With: ¢—l.02¢ =l o) " 5

(The CP conjugate of ¢
To be manifestly invariant under SU(2) )

d 1 ] are arbitrary complex matrices which
Y. . K Y operate in family space (3x3)
/ => Flavour physics!

Niels Tuning (18)



L.+ L

LSM = LKinetic T Higgs Yukawa : The Yukawa Part

Writing the first term explicitly:

i [*)a -

/ o o
v (. (¢ j {(uf. ) [
®
()] @)
® ®
v (b1 (/’J o [
\ @

Niels Tuning (19)



+ L

Yukawa : The Yukawa Part

L, =L +L

Kinetic Higgs

There are 3 Yukawa matrices (in the case of massless neutrino’s):

d U [
RN

Each matrix is 3x3 complex:
» 27 real parameters

- 27 imaginary parameters (“phases”)

» many of the parameters are equivalent, since the physics described
by one set of couplings is the same as another
> It can be shown (see ref. [Nir]) that the independent parameters are:
» 12 real parameters
1 imaginary phase
»This single phase is the source of all CP violation in the Standard Model

...... Revisit later
Niels Tuning (20)



SSB
LMaSS : The Fermion Masses

Yukawa

Start with the Yukawa Lagrangian

L, = Y'@,d), ZO di, + v'(.) + r(.)
v+H

V2

After which the following mass term emerges:

SSB. : Relp")>

_LYuk - - LMass dLi MU de T uLi Mij MRJ
oy gl gl
with M.“.ZELYU‘Z , M”:Lyy : MIZLYI

Liuss 1S CP violating in a similar way as Ly,

Niels Tuning (21)



L s S

Yukawa Mass : The Fermion Masses

Writing in an explicit form:
d]
SI

Lo e e

The matrices M can always be diagonalised by unitary matrices VLf and VRf such that:

d]
farf v/t g/ —
VL M VR _Mdiagonal (],S[,b])L VLJ(T VLf M’ Vzéﬂ' Vz‘ef s'
b]
B R

Then the real fermion mass eigenstates are given by:

d, = VLd )j 'dLIj dy = (VRd )j 'dléj

I ]

I _ u
.].'”Lj Upi _(VR)

l

_ u !
MLi_ VL) i Z/le

l.j.l]{j lRi :(Vlé)lj'lllej

d’,u’, [,/ arethe weak interaction eigenstates
d, ,u, , [, arethe mass eigenstates (“physical particles”)

Iy = VLI)

Niels Tuning (22)




L s S

Yukawa 'Mass : The Fermion Masses
In terms of the mass eigenstates: m d m U
d u
_LMaSS: (d,s,b)L- m, o 5| + (u,c,t) . m, o C
m, )\ D), m, )\t ),
m, e
+ (E,;,;)L- m, o 1 + hec.
m )\t ),
L, = muu + mcc + m,it

+ m,dd + m5ss + mbb

In flavour space one can choose:

Weak basis: The gauge currents are diagonal in flavour space, but the flavour mass matrices are
non-diagonal

Mass basis: The fermion masses are diagonal, but some gauge currents (charged weak interactions)
are not diagonal in flavour space

In the weak basis: Ly, = CP violating
In the mass basis: Ly e — L = CP conserving

= What happened to the charged current interactions (in Lg;,eric) ? Niels Tuning (23)



I-\N — LCKM : The Charged Current

The charged current interaction for quarks in the interaction basis is:

. g g ! +
—LW+ - ﬁ U, 7/ﬂ dLi Wﬂ

The charged current interaction for quarks in the mass basis is:

-L - = u_LiVLu 4 VLdeLi W,

w* \/5 M

The unitary matrix: V., = (VL” -VL””) With: Ve, Vi, =1

is the Cabibbo Kobayashi Maskawa mixing matrix:

d
_LW+ - % (L_l,E,t_)L (VCKM) g y* W;
b L
Lepton sector: similarly Vs = (VLV _VLIT)

However, for massless neutrino’s: Vv = arbitrary. Choose it such that V5 = 1

= There is no mixing in the lepton sector
Niels Tuning (24)



Charged Currents

The charged current term reads:
Lee =Sulywid!, + Sdly"wiul, = Ji W, +JE W

2 J2

Under the CP operator this gives: (Together with (x,t) -> (-x,t))

Lo —L2d yw v, (1= )u, + S=uywiv; (1-y°)d,

2 " ,

A comparison shows that CP is conserved only if Vij = V,-j*

In general the charged current term is CP violating

Niels Tuning (25)



The Standard Model Lagrangian (recap)
+ L

Yukawa

LSM — YKinetic + LHiggS

® | xinosic - *Introduce the massless fermion fields
*Require local gauge invariance -> gives rise to existence of gauge bosons

=» CP Conserving

° LHiggS . *Introduce Higgs potential with <¢> # 0 sy = SUB)exSUQ), xU )y > SUG)e x U,
*Spontaneous symmetry breaking The W+, W-,Z0 bosons acquire a mass

=» CP Conserving

o LYukawa . *Ad hoc interactions between Higgs field & fermions
=» CP violating with a single phase

o LYukawa —> LmaSSZ « fermion weak eigenstates: } = CP-violating
- mass matrix is (3x3) non-diagonal

« fermion mass eigenstates:
- mass matrix is (3x3) diagonal

} =» CP-conserving!

® |z oric in mass eigenstates: CKM —matrix ~ =» CP violating with a Sing!\l?eé)genliﬁge(%)



L

SM

+ L

Kinetic Higgs

Yukawa

Recap

Kinetic

g I

=u,

J2

-L, = Yl.jd(ui,dé)i((pojd

_] 172 vy r a4
dyy™Ww,u, +..

T, d, +

ﬁ

Il

R

+...

Diagonalize Yukawa matrix Yj

- Mass terms
— Quarks rotate

- Off diagonal terms in charged current couplings

m, d m, u
_LMass: (d,s,b)L-[ m }'[S} + (u,c,t)L- m, '[C} +...
m, J\ D ), m, )\t ),
d




Ok.... We've got the CKM matrix, now what?

/ ) ; 7
d Vud Vus Vb d
s | = ‘ed  Ves £ s
!/ 7 7 7
b “td ‘ts th b

e It's unitary
— "“probabilities add up to 1”:
- d'=0.97d + 0.22s + 0.003b (0.972+0.2224+0.0032=1)

e How many free parameters?

- How many real/complex?

e How do we normally visualize these parameters?

Niels Tuning (28)



What do we know about the CKM matrix?

e Magnitudes of elements have been measured over time
— Result of a large number of measurements and calculations
'
A (Vi Vi V)\(d
S 1=V Ve V|l S
!
b Vi Ve Vo )\b

Ls

Vil Vsl Vo 0.97446 0.22452 0.00365 0.00010 0.00044 0.00012
Val WVl Vol [=] 0.22438 0.97359 0.04214 | £ | 0.00044 0.00011 0.00076
v, v v, 0.00896 0.04133 0.99911 0.00024 0.00974 0.00003

Magnitude of elements shown only, no information of phase

Niels Tuning (29)



What do we know about the CKM matrix?

e Magnitudes of elements have been measured over time

— Result of a large number of measurements and calculations

d!

!

A)
b'

al 1V

b

Q

<
<N

N
B

d I/ts b

Vi
=V
Via

1A

A
A3\

I/us I/ub d

I/cs I/cb \)

I/ts I/tb b
\3
\? A=sinf_ =sin6  ~0.24
1

Magnitude of elements shown only, no information of phase

Niels Tuning (30)



Intermezzo: How about the leptons?

e We now know that neutrinos also have flavour oscillations
— Neutrinos have mass

- Diagonalizing Y'ydoesn’t come for free any longer

L Yukawa — le j L' Li O L' Rj -+ h.c.

— QLz o dr, i+ YUQL’L & URJ - Y’L o Zéj

e thus there is the equivalent of a CKM matrix for them:

— Pontecorvo-Maki-Nakagawa-Sakata matrix

Ve -Ue1 Ues Uea- -V1- i d')- -Vud Vs Vub- i d)
Vy| = L?,ul L?PQ LIP;_), 12 Vs S!> = Vcd ‘/C 3 Vcb S)
Vr | _Uﬂ Uro U're._ | V3] i b )_ _V;d Vis V;b_ i b)_

Niels Tuning (31)




Intermezzo: How about the leptons?

e the equivalent of the CKM matrix

— Pontecorvo-Maki-Nakagawa-Sakata matrix

p—

—Ve- —Uel Ueo L'Te3- -V1- d')- Vida Vs V;:.b— d)
Vy| = Upl UpQ "};3 V3 vs 5') = (Vea Ves Vb 5)
_V‘r_ Rp! UT? "1'3_ _V3 _b,>_ _V;d ‘/fts Wb_ _b)_
e a completely different hierarchy!
0.82 0.9 0.15 0.97446 0.22452 0.00365
Uynsp =~ | 0.37 0.57 0.70 Vo = | 0.22438 0.97359 0.04214
039 059 0.69 0.00896 0.04133 0.99911

Niels Tuning (32)




From 2 to 3 generations

e 2 generations: d'=0.97d + 0.22 s (6.=13°)

d' cosd, smb, \d

s’ —sinf, cosf, |\ s

e 3 generations: d'=0.97d + 0.22s + 0.003 b
Parameterization used by Particle Data Group (3 Euler angles, 1 phase):

ci12  S19 0 C13 0 8136_1513 1 0 0
f B .
"CKM = —S12 (C12 0 O ] ]. 0 0 C93 593
0 0 1 —513€"13 () C13 0 —s93 cC93
C12€13 ‘ $12€13  sp3e”
—519C23 — C12523513€"°13  C1oCa3 — $12593513€"13 523C13

g ‘ ’
$12593 — C12C23513€"7®  —C19893 — S12C23513€" 3 C93C13



Wolfenstein parameterization

sinfhs = A (2.7)
SiIl 923 = ./4.)\2 (28)
sin@3e % = AN*(p —in) (2.9)
where A, p and 7 are numbers of order unity. The CKM matrix then becomes O(\?):

L— 3\ A AN(pLin)’

Verm = X .., 1N AXE | 6V (2.10)
AN (1 — pi—in):  —AN? 1
3 real parameters: A, A p

1 imaginary parameter: n



Wolfenstein parameterization

sin 912 = A (27)
sin 923 = ./4.)\2 (28)
sinfyze % = AN*(p —in) (2.9)
where A, p and 7) are numbers of order unity. The CKM matlix then becomes O(A?):
1 — %)\2 A /\3(,0'— m)
Verm = A ., 1A ANFT ) Y (2.10)
AN(1 — pi—in):  —AN? 1

The higher order terms in the Wolfenstein parametrization are of particular importance
for the B,-system, as we will see in chapter 4, because the phase in |V4| is only apparent

at O(A*):

—A 0 0
SV = | $AZN(1—2(p+ w)}) — A (1 +442), 0 +0O(\%)  (2.11)
LAN (p + i)™ 114/\“‘(1—2(p+w)):) —5 A2\
3 real parameters: A, A p

1 imaginary parameter: n



Deriving the triangle interpretation

e Starting point: the 9 unitarity constraints on the CKM
matrix

(V*ud V*cd V*td ) /I/ud I/us I/ub ) / 1 O O\
V+V = V*us V*cs V*ts I/cd I/cs I/cb = O 1 O
\V*ub V*cb V*tb ) \th Vi Vg J \O 0 1 )

e Pick (arbitrarily) orthogonality condition withAi,j)=(3,1)
*k *k *
VisVia ¥ VerVea +ViVia =0

Niels Tuning (36)



Visualizing the unitarity constraint

e Sum of three complex vectors is zero -
Form triangle when put head to tail

(Wolfenstein params to order %)

V,Vy=1-A2(1-p-in)

VCZVcd — Aﬂ’z | (_ﬂ‘)

Niels Tuning (37)



Visualizing the unitarity constraint

e Divide all sides by length of base

(pr1)

V.V

wVid _ _(p 4 in)
viv, P

(0/0) V*V (1/0)

ch” cd
: 1

VaVea

c C

e Constructed a triangle with apex (p,n)

Niels Tuning (38)



“The” Unitarity triangle

e We can visualize the CKM-constraints in (p,n) plane

m VudVub + Y Yo + VigVip =0
(3 *
Vudvla*;b o th—vib
\éd \{:E Y:d \(,:b
Y B
0 Il Re




Quarks = Mesons

e Quarks:
U
W
Vi: V.. Vi 132 N A¥p-m)\
Vo Ves Vi |= -\ 1-30 AN d,s,b
‘;d ‘;s ‘J‘rfb A/\3(1 — /) — U]) —A)\2 1
e Mesons

— “Oscillations” important ingredient!

Niels Tuning (40)



Dynamics of Neutral B (or K) mesons...
Time evolution of B® and B? can be described by an effective Hamiltonian:

e o a (at
i~ W=HY  ¥(0)=a)|B)+b()|B >=(b<r>]

0 M

. J/
'

H=( M0 ) No mixing, no decay...

hermitian

g-| M 0 |_f T 0 No mixing, but with decays. ..
0 M 2\ 0 T (i.e.: H is not Hermitian!)

. J . J
4 4

hermitian hermitian

=>With decays included, probability of observing
either B% or B? must go down as time goes by:

(0 e )~(at o)y {J[5t0] =T >0

Niels Tuning (41)



Describing Mixing...

Time evolution of B® and B can be described by an effective Hamiltonian:

ii\y:}[\y T(t):a(t)‘BO>+b(t)‘§O>z(a(t))
ot b(1)
H=(M o)_i(r o) -
0 M 2l 0 T Where to put the mixing term?
" hemimn | homitan
| M My i BTy Now with mixing — but what is the
Ml*2 M o) r; r difference between M,, and I';,?
hermitian hermitian

= Z "1 describes BY%«>f«B? via on- iy
212 — shell states, eg. f=n*n- 12
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Solving the Schrodinger Equation

l l

M —= M, ——T
. a 12 12
iy (1) = 2 20
Ot I i
Ml*z—EF’fz M ——

2

Eigenvalues:
— Mass and lifetime of physical states: mass eigenstates

: .2 — ()
My — il M — il =\

} M— il — X My — il
2

notation F' = \/(5\-112 - %FIQ)(f"fo - ;‘ TQ)

Am = 2R \/(Mu _ iruj(M;; _ ir;“zj
i ; 2 2

mi+ -1 = M—RF — 5r _QF

1
)

mo + —

[y, = M+ RF-— i)r +QF | |AD :43\/(1\412 —%ruj(M;; L
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Solving the Schrodinger Equation

l

N )
lat'//(t)_

I

Eigenvectors:
— mass eigenstates

BH>:p‘B>+q‘E>

B,)=p|B)-q|B)

M —— Mlz__rlz

Ml*z_arfz M ——

l

S o

2

[Py = p|P%) —q

|P) = p|P°) +q|P°)

find p and g by solving

M — %l"
My =51,

*"112 - %I—‘l'.?
M—1T

P

0) (4
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Time evolution

e With diagonal Hamiltonian, usual time evolution is obtained:

Pu(t)) = e =3t Py(0))
Pr(t) = e I PL(0))

1 _
[P?) = 5[|PH>+|PL)] |Py) = p|P") + q|P°)
- 1 Pyy = p|P% —q|P"
) = = [|Py) — |Po) o) = plP) —all”)
\ "'q /
—
0 o 1 —im t—%r t .—im't—%r’,‘t
P(B) = 5 {e A Py(0)) + e P(0)) |
1 —impyt—=3 —im st
= 55 1P +qlP) e Al P) — gl P)) |
o £ —im ,t—;l,-F,t —imyt F t 0 1 _—1m t—Lir it —im g t—1i0,t H0
== 2(6’ i ot + e l)|P>_|_2p( ! b e Lt—3 )lp)

9. (1) P°) + (g) g (1)|P°) (3.6



ﬁ
m

Examples:

Decay probability

Measuring B Oscillations

BO
W
v, X
v, X

BO->B?
BO>BO

Am

- x=—~=1

1n°

0.4

0.2

g_(1)

KVX

For B?, expect:
A" ~ 0,
la/p|=1

U

:1 + cos(Am- t)}

0.8(li

0.6|HlIf:

Proper Time -
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Compare the mesons:

Probability to measure P or P, when we start with 100% P

PO PO
KO (ns) PO%PO
o N O O O O S SO O O
)
It0~8 ....................................................................
= [
-%Mz_ ...................................................................
'8 i
L04.-.. ....................................................................
Q¢
0.2_
0- U‘I Ul’ U'J' 0'4 U..) U'é Uv UIS U.U 1

BO (ps)

h=6.58 1022 MeVs

x=Am/T": avg nr of
oscillations before decay

S S <> Am | x=Am/l | y=Ar/2r
08} 2.6 108 s 5.29 nst | Am/T'¢=0.49 ~1
o 0.4110-2s | 0.001 fst ~0 0.01

; 1.53 10125 | 0.507 pst 0.78 ~0
"t 1.47 102s | 17.8 pst 12.1 ~0.05
» By the way,
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Oscillations (1)

e Start with Schrodinger equation: a(t)
. . (1) = ( j
Za_i - H:/‘ = U\[ o %FW = ( ]\[A*[ _ zrfk A[]S _ %Fl? ) Q/’ (2—component(st)ate in
2 2 D2 2 P° and P9 subspace)

e Find eigenvalue:

M~3T =X Mp—3Tn | _,
Mjy—iT% M —3iT—X |~
: _ P
e Solve eigenstates: W, =
- +
|P1) = p|P%) —q|P) 1
|P) = p|P°) +q|P")

we find p and ¢ by solving

( ]\I—;—T Aﬁz-%rlz)(l?):)\i(l)) —_— q — A[12_3F12
My—it, M- )\ ’ P My — 5T

e Eigenstates have diagonal Hamiltonian: mass eigenstates!
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Oscillations (2)

e Two mass eigenstates

|Py) = p|P°) + q|P°)
Py = p|P°% — q|P°)

e Time evolution:

Py(t)) = e mut=3Tut po0)) || 1P = 5-0Pu)+IPu)
PL(t)) = e imet=aTrt P (0)) [P%) = ;—q[|PH>—|PL>]
~— R
g

1 ] ) . N —_
‘PO (Z’)> = 5 (e—zmHt—%FHt n e—szt—%FLt> ’P0> n Qip (e—zmHt—%FHt B e—szt—%FLt) ‘P0>

e Probability for |P°> > |E’> !

e Express in M=myu+m_ and Am=myx-m_ 2> Am dependence




Oscillations: summary

e p,q: ‘BH>:p‘BO>+qEO>

;

‘BL>ZP‘BO>_Q

o Am, Al Am:zm\/(Mu_%rlz Ml*z_%r‘;

Al' = 43\/(M12 _érlz M1*2 —%F;

e X,y: mixing often quoted _ _ Am

in scaled parameters: x T

Y=75

q,p,M;;, T;; related through:

q M, —il}, /2
P M,-il'},/2

AT’

A
cos(Amt) = cos (_m Lj =cos (x Lj
| T

20

Time dependence (if Al~0, like for BY):

8" ()= 2.0 B°) +-L g (0] B") g,(1) =e™e
P with

\ﬁ(t)>=g+(r>\ﬁ>+§g_(t>\8">

—imt _—T't/2

Amt
COS——
2

. Amt

g (t) = e ™" 2igin —
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candidates / (0.1 ps)

B.O mixing (Am,): New: LHCb

NBO —B° () - NBO —B° (?)

= cos(Am -t)
NBO —B° )+ NBO —B° ()

Amg = 17.768 4+ 0.023 (stat) 4 0.006 (syst) ps™’

21400 T
=1200 By~ Dy 3
EIOOO ' Am,=17.768 ps™ 3
. 3 0.=0fs
i e Tagged mixed = 300
S 800¢
. < n
- o Tagged unmixed O 600F
400f- o — Fit mixed 4003
] : : 5 200F
------------ Fit unmixed o2 .
i o5 oF
= 3
i g Q decay time t (ps)
200 ° o LN
i = 600 B,— D" E
Am,=17.768 ps” 3
- 500 =
- =44 fs
B 400F
0O -
300F
0 : g
. . 200
decay time [ps] :
LHCDb, arXiv:1304.4741 F
- 1 PR 1
% 1 2 3 4

decay time t (ps)



Mixing - CP violation?

e NB: Just mixing is not necessarily CP violation!

e However, by studying certain decays with and without
mixing, CP violation is observed

e Next: Measuring CP violation...
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Detecting CP violation with B decays

1) CP violation: CKM and the SM
2) Detecting: Detector requirements
3) B-decays: sin2pB, ¢, B,—D K-
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