Particle Physics II — CP violation
(also known as “Physics of Anti-matter”)

Lecture 6

N. Tuning
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Plan

1) Mon 2 Feb: Anti-matter + SM
2) Wed 4 Feb: CKM matrix + Unitarity Triangle
3) Mon 9 Feb: Mixing + Master eqgs. + B’—=J/yK,
4) Wed 11 Feb: CP violation in B, decays (I)
5) Mon 16 Feb: CP violation in B, decays (II)
6) Wed 18 Feb: CP violation in K decays + Overview
7) Mon 23 Feb: Exam on part 1 (CP violation)
» Final Mark:

>

if (mark > 5.5) mark = max(exam, 0.8*exam + 0.2*homework)

else mark = exam

In parallel: Lectures on Flavour Physics by prof.dr. R. Fleischer

Tuesday + Thrusday
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Plan

2 X 45 min
1) Keep track

of room!

1) Monday
«  Start:
« End:

Periode SEM2 - Hoorcollege (Aanwezigheid verplicht)
Groep Blokweken Dag Tijd Gebouw Zaal
6 7 8 9 10 11 12 13 14 15 16 17 18
1| M000000O0O00O000A0 Maandag 09.00 - 10.45 MIN 205
1| D0 EEEEEO0O0000 Maandag 09.00 - 10.45 MIN 023
1 0000000 O0OCO0O0Oa0o0 Maandag 09.00 - 10.45 BBG 023
1, 00000000 &EO00a0 Maandag 09.00 - 10.45 MIN 012
1 MEMEMMEMMOEOOOO Woensdag 09.00 - 10.45 MIN 025
1| 0000 000O&EO0OOO0OOAO Woensdag 09.00 - 10.45 BBG 061
Periode SEM2 - Werkcollege (Aanwezigheid verplicht)
Groep Blokweken Dag Tijd Gebouw Zaal
6 7 8 9 10 11 12 13 14 15 16 17 18
1| 000000000 00Oad Maandag 11.00 - 12.45 MIN 205
1 D00 EM0OEMOO0O0O00 Maandag 11.00 - 12.45 MIN 023
1 000 0O0OO0OO0OOO00Oa0 Maandag 11.00 - 12.45 BBG 007
1| 0000000 O0DEO0O000 Maandag 11.00 - 12.45 MIN 012
1| M EMEMEMNOMOEEOOO Woensdag 11.00 - 12.45 MIN 025
1| 0000000 &EO0O00O000 Woensdag 11.00 - 12.45 BBG 061

9:00 =»
11:00

9:15

= Werkcollege: 11:00 - ?

+ Wednesday:
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Diagonalize Yukawa matrix Y d’ d
— Mass terms 7

— Quarks rotate

I
- Off diagonal terms in charged current couplings b
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” _LMaSS = (d,s,b)L{ m, J{SJ + (u,c,t)L{ m, J{c] ..
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Why bother with all this?

e CKM matrix has origin in LYukawa

> Intricately related to quark massed...

e Both quark masses and CKM elements show intriguing
hierarchy

e There is a whole industry of theorist trying to postdict
the CKM matrix based on arguments on the mass

matrix in LYukawa...
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CKM-matrix: where are the phases?

e Possibility 1: simply 3 ‘rotations’, and put phase on smallest:

c1o  Spp 0 C13 0 sy3e 1013 1 0 0
Vekn = —s12 c12 0 0 1 0 0 co3 893 | =
0 0 1 —513€13 0 3 0 —s93 co3
C12€13 512€13 513¢
—512€23 — €125235: C12€23 — 51252351: 523C13
512523 — C12€2351: —C12523 — 512C€2351 C23C13

e Possibility 2: parameterize according to magnitude, in O(}):

” Vid Vie Vi 1 1y2 v A Cin))
w Vea Ves Ve | = L) AN

A Ly
------ Ve Vie Vi AN(1 - p A2
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This was theory, now comes experiment

e We already saw how the moduli |V;| are determined
e Now we will work towards the measurement of the
imaginary part
I % * *®
- Parameter: 7 - VadVun + ¥d Yo + VgV =0

— Equivalent: angles o, B, vy.

(P-M) )

e To measure this, we need the formalism of neutral
meson oscillations...
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Meson Decays

e Formalism of meson oscillations:

‘PO(Z,)> _ %(e—imHt—%FHt_l_e szt——FLt> ‘P0>

q
2

. 1 . 1 —
(e—lmHt—QFHt . e—szt—ﬁFLt) ‘P0>

e Subsequent: decay

. 2
st = 12 (oD Glo 0 )@Am )
PO >f PO> PO
_ —p Interference
A(f) = (fITIP%) | |A(S) = (TP
_ a4
/\f N p ‘-4f
. e—Tt ( direct’) Decay Interference
Tpo_s(t) = [Aff"

Art +

4 cosh —

A-l




Classification of CP Violating effects

1. CP violation in decay J NP — f)#T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
A
A # 1.
2. CP violation in mixing Prob(P° — P") # Prob(P® — P°)
e
p

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)

~ q.*_if)
IA, =9 (22L) £0
/ (p:lf

. Niels Tuning (10)




Classification of CP Violating effects

~

oy

k3
1. CP violation in decay > 400 .

- =

Example: B = Kin ©
~ _ 200 y

BO — K Tz

88

2. CP violation in mixing
xample: Ad= N 0

-0.01

A% (SM) = (—2.3%)7) x 107
AP = —0.00057 £ 0.00251 (stat) =+ 0.00146 (syst)| - =2 Fon Wt

EDoB D, uX

-0.02

= Standard Model

3. CP violation in interference _ |
_ % 05 ——
B'mr B —f . : ,_-‘2.05_—
A-p(t) = = sin(2/)sm(Amt) . . .
NBO—>f + NE—U’ -5 0 sAt[ps]
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 ammplitydes
2 DINaSeES
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Remember!

1on

2 ammplitydes

ADINGISES;

I CP operat
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CKM Angle measurements from B, , decays

 Sources of phases in By , amplitudes* "f“
Amplitude Rel. Magnitude  Weak phase / 1 1 e-iy \
b->c Dominant 0
b->u Suppressed Y 1 1 1
t>d (x2, mixing) Time dependent 2p -1P3 1 1
*In Wolfenstein phase convention. \eT )

t>d

e The standard techniques for the angles:

B° mixing +
single b>u decay

B° mixing +
single b>c decay

Interfere b->c and b>u in B* decay.
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Classification of CP Violating effects

1. CP violation in decay J NP — f)#T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
A
A # 1.
2. CP violation in mixing Prob(P° — P") # Prob(P® — P°)
e
p

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)

~ q.*_if)
IA, =9 (22L) £0
/ (p:lf

. Niels Tuning (15)




Other ways of measuring sin2f3

e Need interference of b—>c transition and B? —[¥]B° mixing

e Let's look at other b>c decays to CP eigenstates:

All these decay amplitudes have the same phase

—\ D+ (in the Wolfenstein parameterization)

so they (should) measure the same CP violation

- /2 Z}J/l//ﬂ/f(zs)»)(c,
o { el
d \ S;Id}KS,KL,JTO

Niels Tuning (16)



CP in interference with B>¢K,

e Same as B"2JyK, :

e Interference between B9—f_,and B?—B/—f_,
— For example: BO—J/WK_ and BO—B0— J/WK,
- For example: B?—pK, and B—B°— oK,

Amplitude 1 — Amplitude 2

Z/K ZJ/KO F_—> )=y (¢ .
A, =(_) &=(1) —w(ﬁ) A, (t)=— D=1 () = Im(A,)sin Amt
B’ AJ/’/’Ks P g AJ/U/KO 1)k rl_?—>f (t) + rB—>f (t)

kIR

1 Vi Va \(VaVes \( ViVt : :
ok T\ N\ N A (1) =—sin2p sin(Amt)
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CP in interference with B>¢K,: what is different??

e Same as B"2J/yK, :

e Interference between BY—f,and BY—BY—f,
- For example: B—J/WK_and B?—BY— J/WK_
- For example: BY—¢pK_and BY—B%— ¢K_

Amplitude 1 Amplitude 2

rgef(t) _FB—>f(t)
Izl (O)+T, (1)

A, ()= = Im(A, ) sin Am¢

Ap(2) =—sin2p sin(Amt)

Niels Tuning (18)



Penguin diagrams
THE PHENOMENOLOGY OF TEE NEXT LEFT - HANDED QUARKS Nucl. Phys. B131:285 1977

n)

*
J. Ellis, M.X. Gaillaxd ), D.V. Nanopoulcs +) and S, Rudaz
CERN - Geneva

e 1.1 History of Penguins

The curious name penguin goes back to a game of darts in a Geneva pub in
the summer of 1977, involving theorists John Ellis, Mary K. Gaillard, Dimitri
Nanopoulos and Serge Rudaz (all then at CERN) and experimentalist Melissa
Franklin (then a Stanford student, now a Harvard professor). Somehow the telling
of a joke about penguins evolved to the resolution that the loser of the dart game
would use the word penguin in their next paper. It seems that Rudaz spelled
Franklin at some point, beating Ellis (otherwise we might now have a detector
named penguin); sure enough the seminal 1977 paper on loop diagrams in B
decays [3] refers to such diagrams as penguins. This paper contains a whimsical
acknowledgment to Franklin for “useful discussions™ [4].

Fig. 2

Niels Tuning (19)



Penguins?? b

The original penguin: A real penguin: Our penguin:

Antibottom Antistrange

Antistrange
Quark

Niels Tuning (20)



Flying Penguin

Penguin T-shirt:




The “b-s penguin”

Asymmetry
B> J/yKq n SM
d Ks
BO O . z BO
b 3/%

... unless there is new physics!

e New particles (also heavy) can show up in loops:
— Can affect the branching ratio

b

B2 oK |

W3
- Y - S !
%< S ¢9’] >(KK)CP
g

- L

“Penguin’” diagram: AB=1

=

b*‘i.",;_z_ % S
U
U

— And can introduce additional phase and affect the asymmetry

Niels Tuning (22)



Hint for new physics??

.
\J
nJ . ~

e sin2p_ = 0.52 + 0.05

1.5 peng

1 |
Mexcluded area has CL > 0.95'

1.5

Y(0)

Am,

IIIIIIII_1

0.5 0.5

0 [ ] —
- o p y \: cbl
0.5 N 0.5

AL () \\ —: 1 (@) | o a

B sol. wicos2Bp <0 | : . . :

- ﬂ,ﬂm‘zgﬂ; . Treeandb—d { (exclahClL > 095) ] - . Treeandb —>S | (xiatctsoss) -

1.5 T T T | R R R R B B R [ —  BEAUTY 2006 | | | —
. 1.5 T T Y [ [ | [ L [

'1 '0-5 o o 5 1 1-5 2 -1 -0.5 o o 5 1 1-5 2

P S.T’Jampens, CKM fitter, Beauty2006 P



Next... Something completely different? No, just K

1. CP violation in decay J NP — f)#T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
A
A # 1.
2. CP violation in mixing Prob(P° — P") # Prob(P® — P°)
e
p

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)

~ q.*_if)
SA; =8 ——=] #0
! (PAf



Kaons...

e Different notation: confusing! Kp) = |K2) +€|Ky)

K,K,K, K,K, K, K’ |Ks) = |K1) +e€|K2)

Kp)=p I{O> —q F>
Ks) =D KY > +q K”>

e Smaller CP violatina effects

— 2\ A AN (p —in)
Vern = —A 1 — 1)2 AN? + 0V
AN (

1—p—in) —AN 1
— 0 0
oV = % —2(p+in)))  —zA(1+4A4%) 0 +O(X%)
A \O ;. 1 £ ¢ 1 A2\«
AN (p +in) sAN(1 = 2(p +1in))) —5 AN

» But historically important!

= Concepts same as in B-system, so you have a chance to understand...

Niels Tuning (25)



Neutral kaons — 60 years of history

1947 :
1955 :

1956 :
: Am = m -mg measured from regeneration

1964 :

1960

1970 :
: 6-quark model; CP violation explained in SM (Kobayashi & Maskawa)

1972

First K° observation in cloud chamber (“V particle”)
Introduction of Strangeness (Gell-Mann & Nishijima)
KO, )

... the 8" must be considered as a "particle mixture" exhibiting two
distinct lifetimes, that each lifetime is associated with a different set of
decay modes, and that no more than half of all 8°'s undergo the familiar
decay into two pions.

Parity violation observation of long lived K, (BNL Cosmotron)
Discovery of CP violation (Cronin & Fitch)

Suppression of FCNC, K 2 uu - GIM mechanism/charm hypothesis

1992-2000 : KO,[¥]
1999-2003 : Direct CP violation measured: ¢ /e # 0 (KTeV and NA48)

Niels Tuning (26)
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Intermezzo: CP eigenvalue

Remember:
- P2=1 (x> x>

X)

- C=1 (v2>My>vy)

- S Cp2 =1
CP|f>==x]|f>

Knowing this we can evaluate the effect of CP on the K°

CP eigenstates:

|Ks> = p| KO> +q|[W]KO>
|K.> = p| KO> - q|[¥]K>

( S(K)=0 > L(nr)=0 )
|K,> (CP=+1) —anx (CP= (-1)(-1)(-1)'=° =+1)

|K,> (CP=-1) — aax (CP = (-1)(-1)(-1)(-1)!=0 = -1)

Niels Tuning (27)



Decays of neutral kaons

e Neutral kaons is the lightest strange particle - it must
decay through the weak interaction

e If weak force conserves CP then

- decay products of K; can only be a CP=+1 state, i.e.
|IK;> (CP=+1) —m Tt (CP= (-1)(-1)(-1)=0 =+1)
( S(K)=0 > L(7z)=0 )

- decay products of K, can only be a CP=-1 state, i.e.

|K;> (CP=-1) > (CP=(-1)(-1)(-1)(-1)'=0 = -1)

e You can use neutral kaons to precisely test that the
weak force preserves CP (or not)

- If you (somehow) have a pure CP=-1 K, state and you observe it

decaying into 2 pions (with CP=+1) then you know that the weak
decay violates CP...

Niels Tuning (28)



Designing a CP violation experiment

e How do you obtain a pure ‘beam’ of K, particles?
— It turns out that you can do that through clever use of kinematics
e Exploit that decay of K into two pions is much faster
than decay of K into three pions
- Related to fact that energy of pions are large in 2-body decay
- 1, = 0.89 x 1019 sec
- 1, =5.2x108sec (~600 times larger!)

e Beam of neutral Kaons automatically becomes beam of
|K,> as all |K,> decay very early on...

K, decay early (into nx) Pure K, beam after a while!
., ; (all decaying into nrnn) !
Initial — _ >
KO — > > .
beam > R >
>
—_—> >

v

Niels Tuning (29)



The Cronin & Fitch experiment

Essential idea: Look for (CP violating)
K, 2 nir decays 20 meters away from
KO production point

Decay of K, into 3 pions

WATER
. oo
Incoming K, beam REGION OF

ABSERVED DECAYS SCINTILLATOR

PLAN VIEW

It

|
57 1 TO=——
INTERNAL HELIUM 8AG SCINTILLATOR
TARGET
WATER
CERENKOV
COUNTER

If you detect two of the three pions
of a K, > nnn decay they will generally
not point along the beam line

James Cronin

Yal Fitch

Niels Tuning (30)



The Cronin & Fitch experiment

Essential idea: Look for K, > nx decays
20 meters away from K@ production point

Decay pions
WATER
. CEREI\_II_IE%V
Incoming K2 beam REGION OF COUN
OBSERVED DECAYS SCINTILLATOR

PLAN VIEW

It

57f1 TO
INTERNAL HELIUM BAG
TARGET SCINTILLATOR

WATER
CERENKOV
COUNTER
If K, decays into two pions instead of
three both the reconstructed direction
should be exactly along the beamline

(conservation of momentum in K, 2> ax decay)

James Cronin

Yal Fitch

Niels Tuning (31)



The Cronin & Fitch experiment

Essential idea: Look for K, > nx decays
20 meters away from K@ production point

Decay pions
WATER
- e
Incom’ng K2 beam REGION OF
OBSERVED DECAYS SCINTILLATOR
PLAN VIEW !
—

| ft

57 f1 TO +—

INTERNAL HELIUM BAG
TARGET

WATER
CERENKOV
COUNTER

Result: an excess of events at 6=0 degrees!

e CP violation, because K, (CP=-1)
changed into K; (CP=+1)

K, 2> nn decays
(CP Violation!)

o

<
»
.

*

NUMBER OF EVENTS

0.5%86 0.9997 0.9998 0.9993

ay .
Tay amnus®

K, 2> nnrx decays

o o
«% 1.0 Qb
-

LR

Note scale: 99.99% of K 2>nnm decays

are left of plot boundary
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Nobel Prize 1980

James Watson Cronin
1/2 of the prize
University of Chicago
Chicago, IL, USA

b. 1931

"for the discovery of violations of
fundamental symmetry principles
in the decay of neutral K mesons”

The discovery emphasizes, once again, that even
almost self evident principles in science cannot be
regarded fully valid until they have been critically

examined in precise experiments.

Val Logsdon Fitch
1/2 of the prize
Princeton University
Princeton, NJ, USA
b. 1923

Niels Tuning (33)



Cronin & Fitch — Discovery of CP violation

e Conclusion: weak decay violates CP (as well as C and P)

— But effect is tiny! (~0.05%)

— Maximal (100%) violation of P symmetry easily follows from absence
of right-handed neutrino, but how would you construct a physics law

that violates a symmetry just a tiny little bit?

THE MIRROR DiD RO S€€M T
BE OPERATING PROPERLY.

e Results also provides us with
convention-free definition of
matter vs anti-matter.

— If there is no CP violation, the K, decays
in equal amounts to
nt e v, (a)
et v, (b)

— Just like CPV introduces K, - nrn decays,

it also introduces a slight asymmetry in
the above decays (b) happens more often than (a)

— “Positive charge is the charged carried by the lepton preferentially
produced in the decay of the long-lived neutral K meson” Niels Tuning (34)




Intermezzo: Regeneration

e Different cross section for o(p K than o(p¥]K?)

o Elastic scattering: same

K'+p—=K'+n

v

o Charge exchange : same

IF+n%K'+p

o Hyperon production: more for [¥]KO !

strong interactions:

K,=L(k°+K°)
must conserve strangeness

7 L YK+ p—=A+K'+K*
leave little free energy — unlikely!

K +p—=N+7a" }

e What happens when K -beam hits a wall ?7?

e Then admixture changes...: |K;>=p| K% - q|M]K*>

- Regeneration of K¢ !

« Could fake CP violation due to K;—xz*r...

Niels Tuning (35)



Ks and K|

Usual (historical) notation in kaon physics:

KS>=K:/>1:%<>, ‘KS (t)>=e—ia}3t KS>>
L K-

Modern notation used in B physics:

KS>=p K0>+q ]F>, p=(1+8)/(\/; 1+|g|2),
K,)=p|K')-q[K"). q=(1-e)/(J2rhel )

Regardless of notation:

2

P

q

K. and Kg are K _e+e 2Re
not orthogonal. (Ks ] L>—1+|€|2—1+|8|2—
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Three ways to break CP; e.qg. in K'— z'n

F(KO %JZ’+JT_)= 4. (g+(t)+ig_(t))‘2 q v
2 P -
(R ~w)-| A, (8.04720) YA

e A;
CP violation in decay: |—.|=1

f
CP violation in mixing:

CP violation in interference mixing/decay: SA, = S‘( = ()

<
\:u‘\_ |
N~———
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Classification of CP Violating effects

1. CP violation in decay J NP — f)#T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
A
A # 1.
2. CP violation in mixing Prob(P° — P") # Prob(P® — P°)
e
p

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)

~ q.*_if)
IA, =9 (22L) £0
/ (p:lf

. Niels Tuning (38)




Time evolution

2

e—rsz n 1-4 e—I‘Lt
F(KO en*n')oc L+
+2e7 [%(ﬂ)cos(Am-t)—S(ﬂ)sin(Am-t)]
1+ A 1+ A4 |
e—I‘Sz + 1-4 2e—rLt -
—0 . 1+ A4
F(K — T )oc ]
e [Eﬁ(ﬂ)cos(Am-t)—S(ﬂ)sin(Am-t)
_ 1+ A 1+ A4
F(KO %Jt+yr')= Nle™ +]n, [ e™ +2¢™ |5, _|cos(Am 1 -¢,_)]
F(EO — 71T ) “N{e™ +|p. ['e™ -2 |5 cos(Am-t—g,_)|
-4 pd-qi (7K ,.
n,..= - £ q_=< - L> M. =", e
l+4  pd+qd (7'x |K)
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B-system 2. CP violation in mixing K-system
P(B°— B -~ P(B°— B N**—N—" 1—|q/p
4CP:P(BO—>BO)+P(B°—>B°):N+++N":1+|Z/£|4 7)+/ (f)‘] (t> 1“‘1/17‘4
A (f) =_(, VI eV — — 49%5
' T ()« (1) !
4 (ar) o M (B)=N_(8) 1=/ o L 1) +lg/p
! N++(At)+N__(At) 1+‘q/p‘4
2 04— L -
qé 0.3 BABAR—E 0'045
< 0af | 3 0.03F
§o.1 ...-.. L + T - 0.02E
Foitthd oty 4],
§ -0'15 T | | ] 0k
0.2— - C
: —0.01F
03F E - CPLEAR, Phys.Rep. 374(2003) 165-270
R R ) o 00T s 8 10 12 14 16 18 20
Neutral—kaon decay time [7]
BaBar, (2002) CPLear (2003)
t)=(6.6+1.6)10"
|g — 1.0024 + 0.0023 A4 (1) =( )
plBo = |g/ p| = 0.9967 = 0.0008 = 1

|



B-system 2. CP violation in mixing K-system

P(B° B —P(B° =B N*—-N— 1-|g/p|*

Acp = P(B°— B9 + P(B° — B%) N+t 4+N-— 1+ |q/p|* A = F(;Kg — €+7‘—_"/'—’-) _ F(KE — e_ﬂ-ﬂ?e:)
NKY - etm )+ (K] — e nti)
4
4 (Ar)= MeeB0)=N-_(&1) _1-la/p R e
! N, (At)+N_(At) 1+|q/p| 14 €)2+ |1 — €2

L1073 I(K, =e'av)-T(K, e a'V)
0-107 oo~ LK, =e'av)+I(K, —en'v)

o
IS

N
¥

e
N

e
-

1
(=)

-0.1

Same-sign Dilepton Asymmetry

-0.2] —

-0.3F —

Iillllillllillllillll
70 8 9% 0 10

P_ (GeVic)

-0_4:"'|"'|'"I'II|III|III_ 1.5_IIII|IIII|IIII|IIII|IIII|I||
0 2 4 6 8 10 ¢ (os)? 0 20 30 40 50 60

BGBGI“, (2002) NA48, (2001)
|€| —1.0024 + 0.0023 5.(e) = (3.317 = 0.070 = 0.072) x 103
P
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B-system 3.Time-dependent CP asymmetry
B'—J/wK

NBO—>f VRO . ,
A-p(1) = = sin(2/)sin(Amt)
Ny  +N5
—=f B'—f
. "
< 200~ -B° tags BaBar
(—]
< [ B’ tags
£
S
=

Raw asymmetry
[—)
= tn

=
th
L l 1]

5
At [ps]
BaBar (2()()2) Niels Tuning (42)



B-system 3.Time-dependent CP asymmetry K-system

B'—J/wK K'—mr*
Ng_ ., =Npo, . RO = f.)-R(K® = [,1)
A-p(1) = = sin(2 ) sin(Amt) A4,(t) = - d — 4
Ny, +Ng R(E" = f,0)+R(" = f.1)
;‘.‘200_ B ¢ BABAR E . ~50/50 decay as K, gnd K,
it ags g + interference!
I [
P B tags foow l
= F e,
g 10= — 0 bf ¢:.>-a-m
o F oo ro *op, piPHPF R
= i ST o .. 1
2T T ereloinan deccy time e
‘eE'a' 0.5 —+- osE m'm rate asymmetry
My + o |
0 3
a ~ : g
B I R
g -0.5_
— l5 ‘ (l] . é 00 > 4 5 & 10 12 14 16 18 20
At [PS] (a) Neutral-kaon decay time [T]
BaBar (2002) CPLear (PLB 1999)




The Quest for Direct CP Violation

d - - S
' o Indirect CP violation in the
K uety puet KO € ising: €
W
s - SR SV R, - d

@ |
=1}

Direct CP violation in the - - =Tk
’ WJ—]L-—] /;dlu
decay: E ) Ko ;| |
. _ 'y
S
. . s W -
A fascinating 30-year long 5 s ia & ~d
3 , o . - || AR } -t M +
enterprise: “Is CP violation a X ul | T
. . e, e UCE S s —h
peculiarity of kaons? Is it induced by Ko € o A
a new superweak interaction?” S ()
d e

Niels Tuning (44)



~

Events / 2.5 MeV/c”

S
)
=)

N\
-
-

B system

1. Direct CP violation K system

BV—K*

B Kt

Kl—rat | K'—ora"

KO0—s 7070 || K0—s 77070

n. = Amp(k, = a"7") n = Amp(k, — 7°7°)
T Amp(k, > 7tn) 0

Amp(k, — 7°7°)

Different CP violation for the two decays >
Some CP violation in the decay!

BRK; = a*n7)

BR(K; —ata) _|77+
BRK; = 7°7°) |70
BRK; — 7°7°)

le+
|8—28'|

~1+ 6Re<%)

e #+0
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Hints for new physics?

1) sin2B#sin2 ?

0.5
= o
2) Acp (B°>K*m)#Acp (B >K+n0) ?

1.5|||||||||||||v
[ exclu

IIIIIIIIIIIII

~

D
=)
=}

_a)

Events / 2.5 MeV
\®)
()
(=)

Large EW penguin (Z7) ?

New Physics ?

d
<Y
d
_b W S
a i

3)B.#0.04? | . viowe
B?% E;n W
v . c

4) P(B°,—B°,) # P(B°,—B°,)

g
=
E
8
[<]
o
%0
0, ]

s
sl

0.01

-0.01

-0.02

= Standard Model
—B Factory W.A.
EDOo B—D,uX

-0.04-0.03-0.02-0.01 0 0.01

-0.03

d
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Present knowledge of unitarity triangle

1-5 B Iexl:ul T I T T 1 I 1T 1 I% T T 1 | 1T 1T 1 | 1T T 1 | I: n UTﬁt
1 E
1.0 - [
05 1 0.5 .‘.4
: i S S
» ﬂ.\“ =2

0.0 -7

N\

\

.

////////%/\ - 1 05

S
N\
\

-0.5

fem A |

-1.0

ICHEP 10 | (excl. atCL > 0.95) —

_1.5IIII|IIIIiIIIlIIIlIIIIIIIIlI
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p p

-1 -0.5 0 0.5 1
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“The” Unitarity triangle

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

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




Present knowledge of unitarity triangle

[=y

[ sin27 'T'he measurement of sin 27 constrains one of the three angles of the triangle.

II ex The measurement of €x provides a constraint that follows a hyperbola in the
(p,n) plane.

IIT |Vu| The measurement of |V,;,/V,,| constrains one side of the triangle as it is

proportional to /p? + n?.

IV Am 'The measurements of Amy and Am, for the B? and Bg systems constrain
another side, as it is proportional to ((1 — p)? + 7?).



& 200 : N 1 1

it Lpo_s(t) = \Af|2 (1+ |/\f\2) 5 ((-nsh 3Arf + Dy sinh 3AFI‘ + C'¢cos Amt — Sgsin Amf)
g 5 |p 2 o e Tt 1 1

) Cpo_y(t) = A 1= (140 %) 5 <('().\'h 5AFf + Dy sinh SAFIL — Crcos Amt + Sy sin;\nn‘)
= q Z 4 4

. L

£ o

F o

3 =

£ -0.5

B Upogy—r — Ipogy—y 20 cos Amt — 25 sin Amt
B Upoty—p + Tpoy— s ~ 2cosh %AFI‘ + 2D ¢ sinh %AFZ‘.

fl(_;p(f)

B—

N-. -
Aep(t) = NB =/ ! — sin(28) sin(Am¢)



Events/ (0.4 ps)

Raw asymmetry
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=
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! — sin(28) sin(Am¢)
B~/

e
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¥

sin(2p° ) = si n(2¢

‘ FPCP 2010

PRELIMINARY

b—ccs

World Average :

Average §

K K K Average

Average

Average

Average

Average )

| 0.67+0.02

i 0.59 +0.07
: 0.74+017

: 0.57+0.17

; 045+024
062*81;

1 0.48 +0.53

Average

K"K K° Average

' 0.20 £0.53

:-0.72+0.71
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: 0.82+0.07
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II) € and the unitarity triangle: box diagram

v v Vi

V*
us,cs,ts Jud, ed, td us,cs,ts jud, ed, td
B \ ,f‘,n . B \ lI| _
s N 4 d s . uct | d
B ]

b= _ _
KO° o) o K° K° K°
= o
>

d / r\‘ s d /" uct '*\ s
\ o \

)~ K+>+€‘K_>, CP violation in mixing
L+|ef Prob(P° — P°) # Prob(P° — P°)
‘KL>—‘K‘>+€§+> ‘Q|#1_
1+‘5‘ p
K)=p KO>+q ]F>, p=(1+.9)/(x/; 1+||2),
K,)=p|K")=q|K"). q=(1-¢)/(\2rslel )




II) € and the unitarity triangle: box diagram

"u:, cs,ts "Yud,cd,td Vu:, cs,ts Yud, ed, td
l{ I|
/ — / —
s \ / a s \‘ uect |/ 4a
e = _ _
K° v o KO° K° § § K°
=] (o
> -
d / s d / uct \ s
\
' -
Vud,cd,td Vus,cs,ts vud, ed, td Vus,cs,ts

via off—shell states,

weak box—diagram Mo
| O = (z'rg< — “)
/ M12 \ FI‘Z
pY PY
—1
\ Erlz — Am = 2|Mp)
via on—shell states, Al = 2|F12| COS O.

P> f — p¢



II) € and the unitarity triangle: box diagram

>« k.3
us,cs,ts Vud ed, td V

’ ’ uscsts udcdtd
§\ / d uct d

VA 7

%
uct
30N
A
(@]

Vud,cd,td V“': cs, ts Vud ed, td Vu*; cs,ts
G'%m?
; F oW 2 2 LaR Vi P
ATI?,[{ — —67T nQCDBI( fI\ e [So(mc/m‘,‘,-) | ‘cd‘ csl J

- > n
Grmiyy my f7- By

|(!\'| 12 2x2 Amg 3 [J'IrS[‘-l‘r:](:‘;“.-d] + s (l'/][‘ m) + 20 S l'f)(‘ "m‘h‘nl]]

— 2 I
Grmi- my S5 By

— Sl mafk B () (2 )2R(VAV.)S(V, *\mn () 2R(VeVia) (Vi Via)) —
'Id .S'(.l'(-, I )QR(‘ td) J (d)]

Im(z?)=Im( (Rez+ilmz)?)=2RezImz

third term is evaluated as follows: (VAVigViiVig) = (AAe) = (RAe + iSA) (R + iSA,).
Using A, &~ —3A; and RN, < R, we then find S(VIV.ViVig) = —R(VIV.)S(ViEVa).



IT) € and the unitarity triangle

Using the Wolfenstein parameterization we find [2]:

x| = GAm¥, my f7 By
12272 Amg
N 10 A2 [0S (22) — 1S (20) PN — ) — meS(zer )]

APXn [0S (2e) = neS(2) APA (1 = p) = NS (e, )]

With |V = AN and |V,s| = A and the evaluation of the Inami-Lim functions S(z.) &
2.4x 1074, S(z;) ~ 2.6 and S(z.,z;) = 2.2 x 1072 [20] we can rewrite as:

lex| = 10" 9|V 2| Vie|? [2.4 x 1074 + 26|V |2(1 — p) — 2.2 x 1077]
~ 1077 n[(1 - p)]

=
1

0.5

IUIVUTIITI
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II1.) [Vl / Vel

e Measurement of V

— Compare decay rates of
B > D*I+v and BY = xltv

- Ratio proportional to (V,/V,?
— |Vy/Ve| = 0.090 % 0.025
-V, is of order sin(6.)3 [= 0.01]

'\_l
S .
°orp = c -
B p d}D

L —>ulv) V[ (f(m>/m)

L(b—clv,) |7,[\ fm2im?)

A

%

vudvub
£ 3

Va Yo

C

'l‘_l




IV.) Amy and Am,

12 2
; TPy 2 2/ 2 \[\/ 1/ |2
.-"A?TLB S WUQCD BB fB7n’B |:So('7n-t /mn) V td"’ th
Vab (u,c,t) Vi Voo W Vg
b ® (1,6) T d b - d
5o 1% 1Y% B 5o (u,¢,t) (u,c,1) BO

. (7,5,1) _ ) W _
d b d b

VCSd Vas Véd Vab
e Am depends on V4

e V.. constraints hadronic uncertainties

2
Ams — mBs fstBBs I/I‘S _ ‘_7&

2 2
Am, — myy fpiBpq ‘th‘ Mpq




Present knowledge of unitarity triangle

= i : e /
0.7F - L N O A
0.6~ i E —
osf B - e =
N 5] sol. w/ cos 2B < 0 1
:_ g / //// (exclat CL > 0.95) _:
04} - ////// -
0.3F &k & _;
02f v =
0.1} =
i . B
0_ VVVVV o : L A - B
— 4 02 0 02 04 s s T

[ sin27 'T'’he measurement of sin 23 constrains one of the three angles of the triangle.

II ex The measurement of e€x provides a constraint that follows a hyperbola in the
(p,n) plane.

IIT |[Vu| The measurement of |V,;,/V,,| constrains one side of the triangle as it is
proportional to /p? + n?.

IV Am The measurements of Amyg and Am, for the B? and Bg systems constrain

another side, as it is proportional to ((1 — p)? + 7?).
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Hints for new physics?

1) sin2B#sin2 ?

2) Acp (B DK*m)#Acp (B* DK*n0)

[ excluded area has Cl

0.5

T
L >0.95

~

D
=)
=}

Events / 2.5 MeV
\®)
()
(=)

3) B.#0.04 ?

4) P(B°;—[¥]B°;) # P(B°;—[¥]B’;)

= ok
?
7 . d
- a) Large EW penguin (Z7) ? z q 7
I New Physics ? . b 4l S s
W K-
1 u
2z (
E ;UTf,'t ‘ts u,c,t b
S s -
&
§
5 B! W u
- ‘fis
b —
o u.c,t S
9, [°]
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More hints for new physics?

5)&,? led=1(2228+£0.011) x 103

07 T T R B

= Treatment of errors... v oam A E
= Input from Lattice QCD By os 12 ’ E
= Strong dependence on V, / -
Inputs from Lunghi K i \\é
(FPCP2010) and N R e T~
Gaussian errors:  10°|ed=1.77"0715 (2.40) e
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More hints for new physics?

6)V,: 2.95 ??

BR(B*—1w)=1.68 +0.31 10
Predicted: 0.764+ 0.087 107

B(B— 1v) = -

2 2
Ggmpg+m;

N
mz \2
(1 T3 ) |vub|2f§?TB' o

HIB.

(If 13,4 off, then By, needs to be off too,

to make Am, agree)

From:
H.Lacker, and A.Buras,
Beauty2011, Amsterdam

Contribution
of a new
charged Heavy
Particle

0.30 ’:1.0_3. S B e e S I T _1 Lo
- ] 0.9
0.25 p— —
[~ . 0.8
— 0.20 -'— _- 0.7
= = 1
e : . 0.6
; o.1s |— —: 0.5
g .l 1 1
2 El O
0.05 :— _: 0.2
- T 1 e’
o.00 L N 1 P T S S B SRS S | . 0.0
0.5 0.6 0.7 0.8 0.9 1.0
sin 23
V |(incl.): BLNP Start froj
V.. | fromb = ulvdecays | Ve
| ”bl y (4.32*02120.45)x10°° Add line;
scale ma

|V, | from B 2 mév decays

|V,,| avg from semi-lep

|V, from fit

|V, from B—tv

Ile(ech.)
(3.51+0.10+0.46)x1077

|Vw| average
(3.92+0.09+0.45)x107?

[V, fit prediction
(3.56%022)%x107°

v, from Bo1tv
(using f“=191t13 MeV)
(5.10+0.47+0.35)x107*




A.Buras, Beauty2011:

-
CMFV| i MFV| Gurvy  [2HDM]

(constrained MFYV) %:%
SUSY [REMEV
(Littlest Higgs (flavour models) (Langacker...)

with T-parity)

ol

(Rgmdall—Sundrmp) . (Hou.., Soni.., Lenz.., Melic) (Branco...,
(Warped Extra Dimensions) Munich del Aguila)

1 I Non-Decoupling I

New gauge bosons, fermions, scalars in loops
and even trees with often non-CKM interactions.

1 (63)
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A.Buras, Beauty2011:

DNA Tests of Flavour Models

=

AC RVV2 | AKM oLL | FBMSSM | LHT RS 1G
D° - D° *hkk | Kk * * * ok ? *k
€K * [ kkk | kkk| K * *Kk [ hkk | Kk
Sve ok | gk [ kkk | K * *kk | dedkk | kkk
Ssks *kk | Kk * | kokk | kkk * ? *k
Acp (B = X7) * * * | kkok | kokok * ? *
Ass(B—=K'yu'p7) | % * * | kkk | kK * % ? * Kk
Ag(B — K*utp) * * * * * * 7 %k
B — K"vi * * * * * * * *
B, — utp *kk | kokk | kkok | kkk | hkk * * | kkk
Kt — n%vi * * * * * dokok | kokok | kokok
K; — 7%vi * * * * * dhk | hokk | kokok
p— ey Fkok | ek | hokok | kokok | ko | ek | ko | kokok
T — Y *okok | kkdk | k| kkk | kkk | kokok | kkok | kokk
pu+N—-e+N Khokk | dokok [ hokok | ko | hkk | kkok | hkk | kkk
d, Kok | ok [ hokk | ok % %k ke * [ kkk | K
d, ko | kokk [ kK * * %k *x [ Kkkk | K
(9-2), hkk | kkk | kk | kkk | hkk * ? *

| Amsterdam411
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Standard Model: 25 free parameters

Elementary particle masses (MeV):

m.,~  0.51099890 m,< 0.000003 m, = 3 my= 7
m,~ 105.658357 my < 0.19 m.~ 1200 m,= 120
m, = 1777.0 mS < 18.2 m,~ 174000 m, =~ 4300
Electro-weak interaction:

0 (0) =1 /137.036 quark m/xmg (fl), n’eufrlno’m/xm;q ’(42
my = 80.42 GeV m ulll |ve 2
m, =~ 91.188 GeV|| [d'|= V alld|| [v.|= Vi.l v,
m, >114.3 Gev| |5, sh =) LY )y

CMS .Cﬂ-[CE'

Strong interaction:
ag(my)= 0.117
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The CKM matrix

e Couplings of the A (Vi Vi Vau\(d

: - W
charged current: s'"|=|\V., V. V,||s b oV
' b
b') \Vu Vi Vi T
_ - A AN (p-in)
e Wolfenstein J 2 J
parametrization: [SJ _ 1 1_/17 e [ SJ
b’ L Aﬂ.3(1—,0—177) —AA’ 1 o)

e Magnitude: e Complex phases:
Vool V. (09738£0.0002  0.227+0.001  0.00396=+0.00009 (1 1 e™)
V.l v 1=l 0.227£0.001 0.9730+0.0002 0.0422+0.0005 1 1 1
\th Vi 7,1 10.0081£0.0005 0.0416+0.0005 0.99910+0.00004 e 1 1

\ /

Niels Tuning (66)



The CKM matrix

e Couplings of the
charged current:

e Complex phases:

0.00396+0.00009

0.9730£0.0002  0.0422+0.0005

1) _LYuk
2) L,
3) -L .
e Wolfenstein ) Ly
parametrization
e Magnitude:
VoVl IV, (09738+0.0002 0.227+0.001
Vol Wl V.= 0227+0.001
\th A 0.0081+0.0005 0.0416+0.0005 0.99910+0.00004

(

\

1
1
eP

1 e™)
| 1
1 |

/
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The CKM matrix

1.5

e Couplings of the Y ]

charged current: 10 .

Amy -

e Wolfenstein E

parametrization: A

1.0 - &

— | Y o
_1_5_11|111||111||1|||1||1||||1|||_
-1.0 0.5 0.0 0.5 1.0 1.5 2.0
P
e Magnitude: e Complex phases:
V1.l (09738+£0.0002  0.227+0.001  0.00396=+0.00009 (1 1 e™)

Vil W,l1=| 0227£0.001 0.9730£0.0002 0.0422£0.0005 1 1 1
Vi 7,0 10.0081£0.0005 0.0416+0.0005 0.99910+0.00004 e 1 1




Remember the following:

CP violation is discovered in the K-system

CP violation is naturally included if there are 3 generations or more
— 3x3 unitary matrix has 1 free complex parameter

CP violation manifests itself as a complex phase in the CKM matrix
The CKM matrix gives the strengths and phases of the weak couplings

CP violation is apparent in experiments/processes with 2 interfering
amplitudes with different strong and weak phase

- Often using “mixing” to get the 2nd decay process

Flavour physics is powerful for finding new physics in loops!
- Complementary to Atlas/CMS
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Remember the following:

CP violation is discovered in the K-system

CP violation is naturally included if there are 3 generations or more
— 3x3 unitary matrix has 1 free complex parameter

CP violation manifests itself as a complex phase in the CKM matrix
The CKM matrix gives the strengths and phases of the weak couplings

CP violation is apparent in experiments/processes with 2 interfering
amplitudes with different strong and weak phase

- Often using “mixing” to get the 2nd decay process

Flavour physics is powerful for finding new physics in loops!
- Complementary to Atlas/CMS

rinemix Vou
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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 ~ ¢
= Different bases to express quark states, d’=0.97 d + 0.22s + 0.003 b

= Oscillations (mixing) of mesons:

2) Complicated calculations?

K> |[{]K">

(5" = )| [le. (0 +12 e( + 222 (0 (1)

F(EO _’f)"‘|zf|2

A

g () + e (1)

+ (g (e (1))

A

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 [, v vy <4.7 x 10— CL=90%

— And for one decay there are often more than one decay amplitudes...
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Backup
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SLAC: LINAC + PEPII

North Damping
Ring
[1.15 GeV]
8-gun
- 0

Paositron Return Line
1

Positnop Source

E, =31 GeV

E_=9 GeV

* PEPII
Low Ener

81 Gevi

By =0.56,\s = M (Y, )

PEP I
IR-2
Detector

Linac

PEP Il High Energy Bypass (HEB)

200 MeV
injector
Sector-10 PEP I
qu?':g‘ Damping - injector
[1.15 GaV] PEP Il Low Energy Bypass (LEB)
Sactor-4 PEP I
et injector
- 3 km
E Electron
SLAC/LBL/LLNL e

SLAC-Based B Factory:
PEP-Il and BABAR

Positro
Y/ Return

i
ne
o>

PEP-II
Rings ——

Positrons

Low Energy Ring
(e}

e

n
BABAR Detector >
'/

Electrons

High Energy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEP Tunnel

PEP-II accelerator schematic and tunnel view

PEP Il —
High Energy
Ring (HER)

[9 GeV]

>




Coherent Time Evolution at the Y(4S)

PEP-2 (SLAC)
E.- =9GeV E.+ =31GeV

Vs = 10.58 GeV )
( BY)ras) = 0.56 B ° B-Flavor Tagging
tag
T'(45) | T

rec = flav, flav, CP

|
| |
| |
| |
| ]
t

. : Exclusive
fﬂav =D 7T+7 At = trec — ttag 5 B Meson
truction
= JWKQ, JWK, ... el
A Time Dif_fere_nce
tag=B", B Determination At ~ AZ/C<57>T(4S)

feo = X0y, XK, X7, ... (A2) 55 ~ 260 ym
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ne Detector

High cross section
e |HC energy

e B, produced in large quantities
o Large acceptance

e b’s produced forward

J Small multiple scattering
e Large boost of b’s

° Trigger

e | Lowps -
e Leptons + hadrons (MUON J|[CALO)
o Particle identification (RICH)
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Measuring the Quark Couplings

Measure the CKM triangle to unprecedented precision

Measure very small Branching Ratios

V;)Vud + V;Vcd + VtZVzd =0

CP phases:
1 1

1 1

e 1

The well known triangle:

e
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