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The CKM Matrix

1. Intwo generation system (1964) — one angle — no CP violation

2. Third generation proposed by Kobayashi & Maskawa (1973) opened the

Pandora’s box of new ideas how to measure CPV.

3. Many possible parametrizations:

a) original K-M: s; = sindJ; ; ¢; = cosV;

b) Standard representation (PDG proposal):
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CPV in Heavv Flavour Phvsics
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The CKM matrix is described by three
rotation angles and a complex phase.




CKM matrix parametrization @]JJ
4. Wolfenstein parametrization (1983): |d"} Vig Vi Vi |d}

a) matrix elements are expanded in terms of sind; = 4, |5f} = | Vg Vie Vi |5}

b) from kaons sector we have I, =1 =0.22,and V,;;, = (1 — A% /2) |'5’r} Viae Vie Vi |'5}

c) from B-lifetime: V,, = 0.04 — 0.006 = AA?
d) let’s keep V4, Vi, Vip real —expressed in term of four real parameters : 1, 4, p,n

e) the only complex components arein V,;, and V;;, third row/column are of order
smaller (CPV effects) 413 (0 — in)

f) For the CP violation — one phase should be measurable, so 17 cannot be zero
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Higher order in CKM
5. Higher order in Wolfenstein parametrization:
2 4 \
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f and B are weak phases in B? and Bg mixing,

B and y are the CKM angles (see next slides).

They are ones of the most important observables in experimental heavy flavour physics
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Unitarity of CKM matrix

AGH
The CKM matrix is unitary Vegy © = VCKMJr — this give us 12 orthogonality 1-22/2 A Als(p-in)
conditions: 2 1-32/2 A)2

Vid- + Vsl + Vbl =1 VigVed *VusVes +VpVep =0 AL (1-p-im)  -AN 1 )

Ved +Ved” +Verl” =1 ViaVid +VusVis Vi Vio = 0

Vi + Vi + Vel = 1 VeaVia+VesVistVepVio =0

VudVis+VeaVes +VigVis=0
ViaVip+VegVip+VigVip = 0
Vusvsz + Vcsvzb + Vts Vfb =0

Vud|2 + ‘Vc:d|2 + ‘th‘g =1
VwF+WmF+Wﬁ2:1

VmF+W¢F+WM2=T

The orthogonality conditions can be regarded as a triangle condition —
CKM matrix elements are complex numbers, so their sum is simply a sum
of three vectors:

Vcd V:':b
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Unitarity of CKM matrix

But most of them have magnitudes of very different size and are currently useless 122/ y Af(p-in)
from experimental point of view : 2 192/2 452
Vi Ve +VisVestVi Ve =0 A A, A° AR’(1-p-in)  -AA® 1
ViVig+VisVis +ViVip=0 23,2338
ViV +VesVis+VipVib=0 A% A2 A2
VuaVis+VeaVis+VigVis=0 A A5
VigVip +VeaVipg +VigVip =0 2325 3%
VusVip +VesVip+VisVip =0 L% A% 22

The most attractive are two triangles:

Vudvzb + Vcdvzb + VrdV:b =0

AGH UST Krakow

Vzrd Vig + VES Vis + VLb Vi = 0
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Unitarity of CKM matrix

AGH
But still two promising left: 1-32/2 A Als(p-in)
A 1-2%2 AN
AL’(1-p-in)  -AN° 1 |
Vi Vig+VisVis+ViVip =0 A3, A3, A3
[ VuaVip +VeadVip +VigVy =0 23 A,S, 23 ] ,The” unitary triangle!
Using Wolfenstein parametrization, we can draw them on complex plane :
, . (p.im)

VuaVip = A23(1 — 22/2) (0 + in) if sides are divided by V4V, &l

V.V = _ A3 the UT looks like that:

ViaVip = A2*(1 — o — in) 0 1
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The unitary triangle @!
Try your vector algebra... -Hid V.. Hm- { 1
VuaVup = A)‘S(l — A%/ 2)(9 + in) Vg V. V| = % %’
ViaVip = A2 (1 - @ — in) Via Vis Vi @Im
VeaVi, = —A23 i i y @
Im + higher order... 0(1*)

n(1-22/2)

# %* e VCdV(;kb
[ VudViyp VeV tVidViy = O] a = arg| —

1T o
VrdVi}_-, _ .
x | V..le P | V.,V

7 VeaV b B
0(1-1%/2) 1
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And another unitarity triangle

and more complex example... A% ;
L
VupVip = A2° (0 + in) Vea Ves Va| =
VuaVig = AA3(1—22/2)(1 — 0 — in) | Via Vi

V,Vis = —A23

+ higher order... 0(1%)

VgV td

[VdeTd+VESVts+VEerb =0 ]

adding the term 0(1%)
in V4 slightly tilts the A

|Vts|e_iﬁs I

—
o
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o
o
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Vil | @(pidCa DD

—iAM*n

A

(1-22/24p22)

precise
measurements
can prove this!
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Physics with the Unitary Triangles I

1. HEP has always two main aims:
to confirm the SM
or
to find evidences for Physics Beyond the Standard Model.
2. Precise measurement of the UTs are able to fulfill both....
a) If the triangle remains triangular — we have three generation of quarks with small CP violation effects.
b) If one angle is ,,open”- fourth generation?
c) If an angle is greater then predictions — new particles were exchanged?

3. So the main purpose in WI is now to over constrain the UTs — measure all sides and angles with great precision and
to compare them with SM predictions.

HOW?

With charm and beauty mesons decays.
WHERE?

At the LHCb spectrometer.
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Sides of the Unitary Triangles

Sides of the UT can be measured with:

Vud f-decay Nuclear physics cos Y;
Vs K decay K10 - g0tty, sin9;
V.d Neutrino scatering v,d = utc cos UY;
|/ Charm decay D - utv, BR
Vb B decay BY - n7etv, BR
V.p B decay to charm

Via B mixing

VuaVup + VeaVep + VieaVip = 0

b-c o
transitions B™ mixing

b-u
transitions
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Angles of the Unitary Triangles

Angles of the UT can be measured with:

BO = J WK sin 28 1.

B > ntn~ sin 2a

B -» DK~ sin 2y

Weak phase Bs )
3.

Short history of flavour physics:

First B physics experiments were build on symmetric
electron-positron collider:

* Petra (DESY) in 80’ties
e LEP at CERN in 1994-2000

Then two asymmetric B-factories (currently not taking
data):

* Belle (Japan)
* BaBar (SLAC,USA)
LHC
 LHCb - dedicated B physics experiment
e CMS, ATLAS also interested in heavy flavours
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Market with diagrams

AGH
Dominant decays i “ (=cpr)| | Hedronic D=1
” L U=u,c
Semi-leptonic 5 S {,:H":C l:jl: . B e i,/‘—: i
Rare hadronic decays pG:r‘]ZT;
Internal spectator , - W-exchange

& ks
2 0 Vi Vis
d,u ‘L\‘\< B 7
\\ S 1\' d

—

Ve gluonic penguin -
B % || ,
. b ll‘ )

Radiative and leptonic dgeawe

— Electroweak "
Electroweak [ box ( /-
penguin SIS WWEaN WA
i+
¢ W
- b — :
b
I Summer School KPI 15 August 2009
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CPV — how to measure? The experiment — LHCb spectrometer lll

Physics program: sy HOAL
e CP Violation, SEIES M3
Magnet ‘ -
 Rare B decays,

* Bdecays to charmonium and open charm, /o,y b
* Charmless B decays, T i
 Semileptonic B decays,
e Charm physics P = |
* B hadron and quarkonia N B
« QCD, electroweak, exotica ... Bf"glhﬁp"’fth Oft/he;’rdef 5-10mm e
V. /. /) NN N \
‘ / / o i LN
Vel — “I/ /." ’,/’ ‘ \ "
\/ A A ) ¥
'I\I,/ / , : N
' /M9 '
Tracking: i
Silicon & Straw tubes
Magnetic field
V(-artexing:. . - RICH performance: Calorimeters: .
High precision silicon Cherenkov radiation. Electromagnetic &
detectors (10um position Measures velocity, combine with Hadronic calorimeters
resolution) very close to momentum to get mass - Critical (with muons) for triggering
collision point Particle identification in p range 1-100 GeV
7z, K ID efficiency > 90%, misID<~10%
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Mixing of BY and B¢ meson I

1. Like neutral kaon system, neutral B mesons may also oscillate: (

= db) b u.c.t d.s

2. The top quark transition has the dominant amplitude:

_ W W
B = sb
A x z all pair of quarks Ay;A; — -
p fa bidjp BO = ds _ _ _
d, 1.C.t b
= db B° = db BY = sb B? = ds
illati Amg Am
Oscillations parameter Xy = o o 0.72 e e Ms - oa
l_‘d FS
~ . —13 - -1
Large mass difference Amg ~ 3_'31 10777 Gev Ams ~ 17.8 ps
~ 0.5 ps
cr a- . d -3 Al_‘S
Small lifetime difference X3 =—~=5-10 Xg = = ~ 0.1
d S
%— sensitivity to weak q _ VeV B q _ VsV 3 q |M;,
phase P ViV p VuaVi p M,
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Mixing of B® and B¢ meson

AGH
1. The weak B-meson states are a combination of flavour states:
B,) = p|B°) + q|B°) |By) = p|B°) — q|BY)
2. In terms of the CKM elements q/p is given by:
. here d is replaced by s in case of B J q_ VisVin —i2Bs
q _ [I;tdl‘;t*b P VeVis
p tbVtd _ E _ _ W _
b—————>——35 — NN
so now the physical states are written as: B’ W§ W§ B’ B’ £l £ B’
|B,) = 1/V2[|B®) + e~128|B0)] s b SV D

|By) = 1/V2 [|B®) — e~28|BO)]

the eigenstates of the effective Hamiltonian, with definite mass and lifetime, are mixtures of the flavour eigenstates
and S is also called the B? mixing phase
3. The states B; and By are lighter and heavier state, with almost identical lifetimes: [} = =T

4. The mass difference Am between them is greater then in kaons.
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Mixing of BY and B¢ meson I

5. If we write the flavour states as a combination of weak states:

|B®) = 1/V2[|B,) + |By)]

then the wavefunction evolves according to the time dependence of physical states:

|B()) = 1/V2{a(t)|B;) + b(t)|By)} -

where time dependence of coefficients is:
. i .
a(t) = e~ HmL=30t b(t) = e—i(mH—%F)t

Now substitute a(t) and b(t) and |BL'H) into time-dependent wave function.

Do not forget to express mass states as a combination of flavour states....

|BL) = 1/V2[|B%) + e~2f|B0)]
|By) = 1/V2 [|B%) — e~28|BO)]
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Mixing of BY and B¢ meson I

6. Now substitute a(t) and b(t) and |BL,H) into time-dependent wave function:

|B(t)) = 1/vV2{a(t)|B,) + b(t)|By)} |B) = 1/V2[|B°) + e~F|BY)]

|By) = 1/V2 [|B°) — e~2f|B0)]

... and calculate the probabilities of the state to stayasa |B?)
0 0 0 0\[2 —T't 2 (Am
P(B°(t=0) - B";t) = |(B°(t)|B")|* =..=..= e" ' cos“| —t

7. The same calculation can be done for B¢

do It
N
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Mixing of BY and B¢ meson I

BaBar: Am = 0.511 + 0.007 ps~?

1S

LHCb: Amg = 17.768 4+ 0.023 ps !

g =0.4
& -' <E | [eTiw.s0p  OST.SSKT
/"\ 0.2
T [ f w y
\ ; \ I.-"' j N
o 1 ) }/ K/ ! -0.2
| % T4 oz o3

t modulo (2x/ Am,) [ ps ]

Al(ps) Bg - DET[-I_
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Experimental challenges for mixing

1. Need to determine:
a) Flavour at production < tagging

b) Flavour at decay, from final state
opposite side | same side (vertexing)

c) B decay length

opposite |~
side lepton 5 =+ Decay mode
. fragmentation tags b flavor
. kaon +
| K at decay
D meson |
B jet B hadron @ &~ """~~~ "
i 0
e B.
DIlUtiOn D — 1 - 2W Cﬂllisinl‘l Pﬂint ; ny tyrp]ca||'3r1 mm
w = mistag probability Creation ofbb e
¢ = efficiency - o=lyo

eD? = effective tagging power
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Weak phase ¢

The weak phase ¢ can be extracted from tagged Bs decays to CP eigenstates: Bg — /Y ¢

J— F 3

c b V c |
b L:-..’;. “)'.r Ill.f'lIJ' c{l ::-...I']r J'III III
++_". _ ’._+.. f_-:
_ C 0 .
] * -- — 2
| D - P
E E ] + S S y.
b Vi’b V::.- § h I;r.r-!:l V;_'r §
P, c,
=0 0 . . 1 .\ L ]
By B; Mixing B{ #p. el B
HETIN N B
|__ E = E E E 3
J VH‘ If.ff'.l b I—’:E p:b h
v

A= 1 A_—]/‘M’ — (Vtsvzb> (VcbV:s> . VysletPs — e2iBs — pi®s

P Ajjpe \VaoVis) \VesVep)  [Visle™s

$s = —0.036 + 0.002
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Very small value of ¢. is predicted in SM.
So any deviation from zero is a sign of

new particle exchanged — Physics Beyond
the Standard Model




Golden channel for sin 25

1. The process B® — J /1 K is called the ,,golden mode” for measurement of the £ angle:
a) clean theoretical description,
b) clean experimental signature,
c) large (for a B meson) branching fraction of order ~10-4.

2. This is a process with interference of amplitudes with and without mixing:

Amplitude 1 Amplitude 2
d KS d U,C,t b b J/T,IJ'
% AN
‘E i ﬁ) U _: El El K _
3/ : 1 (9=2p)

3. The 8 angle sensitivity comes from the B° & BO mixing due to the f — d and t — d transitions.
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Golden channel for sin 2 I

4. We need to calculate the asymmetry of the type: | A, (1) =

-7 ”\

_|_

2
and remember that decay rate depends on (see lect 4): T'(B = f) o< |As|" = |41 + A4, |?

Amplitude 1 Amplitude 2

I/

b 50 d i
34 /

I'{B-J/Y K} —T'{B - ]/¢ Ks} _
I'{B—J/Y K} +T'{B—]/¢ Ks}

—sin 26 sin Amt

(B - /P Ks) = |Ae

. Amt Amt
—imt=Tt <cos — +e 9 sin T)

Acp(t) =
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Essence of amplitude interference

A = (ﬁnalHjinitia,l)@ A; = A
J— +. Weak : L Wea.
= ‘Aj‘e *3 — ‘Aj‘e_“bj «

P(‘L — f) = ‘Al +Ag‘2

= A1 + 2141|4205 62 Y | 4o]?

P
<

In case of only one decay amplitude — the
decay rates are equal:

re-f)=rP-yx
and no CP violation occurs.
For two amplitudes the decay rates may

differ and the asymmetry is sensitive to
relative phase

—_ 2 2
A:|Af| — 4]
— 2 2
|Ar|" + [ Af]
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Measurement of CKM y angle

1. The CKM y angle can be measured through plenty of processes:
a) time integrated decays (GLW or ADS method)
b) time dependent CP asymmetries in transition b — cud(s)

2. We consider B decays of a type B — DK with different charges and B flavours:
Bq = Dqhyq
B° - DK~
Bt - D*K*
0 —
Bs - DgK

Vud

B? - D;K**

B? - DI K**
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Time integrated method

AGH
This is a measurement of angle y with the processes BX — D°K*. Plenty of methods which differ by the final states
Interference between two diagrams:
s) GLW ADS
S L ‘oo g Dok @ ok
b N c K y Bf'c } :
T
H }D{] 5 K B+ (T[_Tf+ )DK+ B+ (K_TT+T[_7T+)DK+
u u u
X VCbV:LS X VubV:'S L’ DOK* J L’ DOK™ ‘
colour allowed colour suppressed
r'{B- - D°K~}-T{B* - D°K™*} _
Acp X siny

~T{B~ = DK~} + I'{B* > DK}
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Time dependent BY — DK

Bs N Ds K This family of processes are very experimentally challenging:

Primmary vertex *X B
bt

e six hadrons in the final state — very good PID and mass resolution

* high-P; tracks and displaced vertices - efficient trigger
* efficient tagging and good tagging power (small mistag rate)

* good decay-time resolution
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Time dependent BY - DK I

AGH
1. B? and B_g decay to the same final state. [Vial [Vaus| Vuple™
Verkm = _lvcdl |Vcs| |Vcb|
% Veale™#  —|V,sletPs [Vep|
| /P we_
Vub W ‘E I D; _ V:b W S I K*+
Eﬂ[ b €. B [ b )
S § _.\u | > _’_\\ E | :
1 *+ I DS
S Kk S |

2. B? and BYcan oscillate into one another.

3. So we have interference between two processes:

#®)  (bi

—2Bs(/ 5’
<V B? | 4
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Time dependent BY —» DK
AGH
We have some experience in decay rate equation...
The probability of B meson decay to final state f is given by the Fermi golden rule: @ DIK
Co_r ()~ [(FITIBY (D)2 —2Bs(( ]
<V B! 14
and we can try to calculate it...
2 —Tst ATt ATt
o ((t) = |Af| ( |/1f| ) coshT + Dy sth + Cr cos Amt — Sy sin Amgt
2 —Tst
2 |p 2y e lst ATt ATt
Fgg_,f(t) = |Af| — (1 + |/1f| ) > (coshT + Dy sth — Cr cos Amgt + Sf sin Amgt >
2Re); 1|2 2Imiy .
Df = > Cf - 2 Sf = 2 “@@kﬂ
1+ || 1+ || L+ || O
A _ 1 _a4 Ar = (fIT|BY)  AF = (fIT[B?)
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Time dependent BY — DK

These relations should lead to the distribution like this:

1

— B.(t) = By
ﬂ ---Bs(t) — By |

06 ff i

r{B(t) - f} — r{B(t) - f}

Acp(t) = r{B(t) - f} + I[{B(t) > f)

04

o2 Fl [ 4t

: E3
HIR TN AR
1 B I 1V y\A
I RN ¥V o\
RN R R D O ERH I C A T ¥ 4\ -
H 1! H 2! S AL AR TN 5 s
0 ¥ I | k r;

0] 1 ) ) 2' T 3~ " J4~ -5
t (ps)

... but various detector effects have a major impact on time dependent decay rates:
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il

Master Thesis of B.Bednarski AGH

Time dependent BY — D} K detector effects

g 400(— 00 4
s N\ op
[4) . . A
;o time resolution 35°> acceptance 350
[0]
5 300 36T 300 —
3 A = -
§ 250/ 250+ 250[ -
200~ 200 - 200 —
150 150F 150 —
100 100— 100 —
50— 50 50—
O:I\\\‘\\\\‘I\\\‘\\\I‘I\\\ 0:|\\\\\\\\\|\\\\\\\|\|\\\ T B 0: vy b e by )
0 0.5 1 15 2 2.5 3 35 4 0 0.5 1 15 2 25 3 35 4 0 0.5 1 15 2 25 3 3.5 . 4
B; propertime (ps) B, propertime (ps) B, propertime (ps)
5 200 400—
=z C C
< 1s0f- E
: e U 350 —
c [— L
tagging g 160 =
5 = 300 —
5 140 C
£ - 250—
3 120 =
100— 200—
8oL~ 150 —
60| =
- 100 —
40— -
20l 50—
0:\I\‘I\\\|\\I\‘I\\I‘\\I\‘I\\I‘\II\I O: \\‘\\Ill\\\\‘\\\\‘III\‘\\\\\\wIIE
0 0.5 1 15 2 2.5 3 3.5 4 0 0.5 1 15 2 2.5 3 3.5 4
B, propertime (ps) B, propertime (ps)
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Time dependent BY — D} K detector effects I

Roofit simulation of 10 years of LHCb data taking for this process....

g & . 25—
R S -
£ 1g0[— jr-' ' -
o 160 iad C N
o C i o L i
3 140~ o B
g - A [ B
Z 120 + 15—
100[— L /
80— 10—
60— + B
a0 N 5 I
- + - WL L
20—
C * : + B L * L l
Oi\l\‘l\\\‘ [ | [ RTT N NN ki 0 FARTIN S TN AN ST SO s NN S A O I 56 R OB VP i pw o
0 05 1 15 2 25 3 35 4 0 0.5 1 1.5 2 2.5 3 35 4
B, propertime (ps) B, propertime (ps)
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Mistag & dilution |

BO(At) BO(At) Acp(At) = (1-2w) sin(2p) sin(AmAt)

i \-/ ] > Imperfect flavor tagging

.

CP Asymmetry
—
P

1 | |

Rate

]
.

| | | | | ]
Finite At resolution
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BO(At) BO(AL) Acp(At) = (1-2w) sin(2P) sin(Am,At)

| I I I I | I | | I | 1 B I | I I | | I | ]
E 1 %“ - ' ]
N/
> 0 : i
N \_/ \
) O : - | . Imperfect flavor tagging
1 _l
0
0 '% Finite At resolution
1
0
0 -1
8 0 -8 0
At At

Chris Parkes



One practical remark

When we write the equation for amplitudes and matrix elements we use standard Feynman rules:
* V., when d-quark is incoming or anti-d is outgoing,

* V,,4 if incoming u quark or outgoing anti-u quark

A= [_lﬁy# (1-vy )‘ Vua
W—I— W+ u d

gw 1
N =V, |-i—=yrt=(1—-y°
H.ﬂ'.|: t ,-—2}" 2( Y )]
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