Physics of CP Violation (I1I)

Special Lecture at
Tsinghua Univiersity, Beijing, China
21-25 March 2011

Tatsuya Nakada
Ecole Polytechnique Fédéale de Lausanne (EPFL)



Experimental observation of CP violation in the decay amplitudes

From: Ree # 0 €E¥Pin oscillations

From: Im7n,_ =0 €Pin interplay between decay and oscillations

From: Ren,_ =0 €Fin decay amplitudes is inconclusive...

—dedicated experiments to look for this...

Comparing 1,_ and 1y,.
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THE SIMULTANEOUS K; AND Kg BEAMS
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Regeneration

OKn O-Kp > OKn’ O‘Kp
KO = (d
L E ds; p = (uud), n = (udd)

material = p and n

K, and Kg
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Measure
M 00 S 00 _ n+- NOO _ NH-
mtrt” and ©ilnY at the same time:  Ng~ = Ng , N =N

NA31, NA48

K, 18 regenerated from Kg: NEO = I’Ngo, N/~ =rNg~

E731, KTeV

No normalization 1s required,

but efficiencies, acceptances etc. have to be corrected...
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Kaon interferometer

ete” (@1GeV) — virtual y — ¢(1020) = K E (charged or neutral)

all due to electromagnetic Interactions
¢(1020) - K K
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Or... _
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Projection to a momentum state



For neutral kaons, they oscillates, but....

KK, (1)) = [d2 3%, (&Ko (1)K (1)

m=-1

tr=0 at time ¢

K K
K'—K’ ?— f=0
0 0
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Only the allowed oscillations are

t=0 sometime later...
0 —0 —0 0
K K '® KO0 0 K K'©
_ - { —0 o} o
Ko‘ KO K’ — K KO' KO

One kaon seems to know what the other does!!

Also_ — = - but no KK or K; K;




KK (1)) K Je™

—iAt —iA,t
KL_ﬁ>€ L _‘KL—»>6 L

P

—iAgt
Kg_; >e s

It cannot decay into a same final state, e.g. ' ;t at the same time.
<(n+ﬂ_ ),3 (”Jr”_ )_13 ‘HW‘KOKOL=1 (t)> x flg_ﬁA;__l3 (n,_-n,.)
=0

It can decay into 't and 7t %t at the same time only if N, Z Noo-

<(”+”_) (xa") W\KOKOHU)> o AF pAS (M = Moo)



KLOE experiment at DAFNE storage ring (@Frascati)
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K — n*tn”, K, — n*ta” CP violating decays!!
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An 1deal way to produce K¢ beam
1) Identity K, decay with the decay time.
2) opposite side 1s Kg.



To summarise
CP violation can be generated through three interference mechanisms:

Interfering processes TR phase CP phase
Dispersive (M;,) and ~ Weak interaction Dispersion vs
absorptive (I';,) paths  phases absorption (i)

in P-P oscillations
CP violation 1n the oscillation

Different decay Weak interaction Strong interaction
amplitudes phases hases

CP violation 1n the decay amplitudes

Decay with and without Weak interaction Time evolution
oscillations phases functions

CP violation 1n the interplay between the decay and oscillation

All three mechanisms seen in the neutral kaon system:
Re ¢,Re ¢', Im n,__, Im m,,




Standard Model and CP violation

Strong interaction
Electromagnetic interaction

Weak interaction

Up type quark
spinor field
Q=2/3

U=

there are 3x3 =9 V’s

gluons
photons

neutral current
charged current: W™

Down type quark
spinor field example
Q=-1/3
dp
D = A

T
)
4
.

y
/ “ | coupling
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uL, CL,tL
— +
\%Y% \%Y%
A + * % A
Vud’ Vus’ V Vud ’ Vus > s
d;,s;,b; d;, s ,b;

LoV, U v(1=ys) D, W + V D, y*(1-ys) uw,

CP conjugation

Lep « Vi Dy (1~ys) U, W, + V." U, y*(1-y5) D, W,

If Vi,-* =V, — L= Lcp: 1.e. CP conservation




Let us look at now: V; U, y*(1-ys) D,

One famil
4 1 free phase — V] e ib
1 free modula -
Ve ®uyt(1-ys) d > Viuy*(1-ys) d

Changing u quark phase: u — u ¢
Unitarity: Viv=VvV' =E (one constraint)
VP =1

O free phase
0 free modula

NO.€P



Two families v

[Vu q Vuﬂ 4 free phase

V., V|4 tree moduli (or rotation angles)

1) The phase of V; can be absorbed by adjusting the phase
differences between 1- and j- quark

4 quarks = 3 phase differences
4 — 3 =1 phase left
2) Unitarity V'V = vv' = E: four constraints:
1 off-diagonal constraint for the phase ]
1 -1 =0 phase left -XII

three constraint for the rest
4 — 3 =1 rotation angle left

V is real, i.e. no CP.
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Explicit demonstration

IV dle ud u M (1=ys) d + 1V Je Pus uy*(1=ys) s
+ 1V e @cd ¢ YW(1—ys) d + 1V e “@es ¢ YH(1—ys) s

u— y e %ud

IVodl w0 YH(1=ys) d + 1V le ©Ous™ o) g yi(1=ys) s
+ 1V _jle ed ¢ yM(1-y5) d + IV Je es ¢ yM(1—ys) s

§—> 9 ~i(dyg ~ q)ud), C —>Cée {(@cs ~ dys + Pud)
Vgl uy*(1=ys) d + 1V, 1 yr(1=ys) s
+1V_Jle ® ¢ yr(1-ys) d + IV_| ¢ y*(1-ys) s

Out of four quark, three quark phases can be adjusted:
4 free phase — | free phase



Unitarity: ViV=vV'=E (4 constraints) [Vud* Vcdj [Vud V.
Vus* Vcs>x< Vcd |4

*

Vi VoV V=0 =V IV I+IV IV e ®=0
0 = 7 :0 free phase
VIV =1V IV =0
V L+ IV =1,V P +IV, =1
| free modula or rotation angle

IV, =cos 0,1Vl =cos 0,IV,,| =sin 0,1V,,| =—sin 6

V= [cos 0 Sin 6}
~ |-sin O cos 0

One rotation angle without phase: — NO CP
(Cabibbo angle)



eq o \
Three families - VooV V.

O free phase
Vao Ves Ve 9 free moduli (or rotation angles)
Kth Vi V@

Out of six quark, five quark phases can be adjusted:
9 free phase — 4 free phase

=l =1l oo
Out of nine unitarity constraints, three are for the phases

4 free phase — 1 free phase

The rest (six) are for the rotation angles
9 free rotation angles — 3 free rotation angles

Three rotation angles with one phase:
— P can be generated




CKM matrix and Wolfenstein’s parameters

Vud Vus Vub
VCKM = cd Vcs Vcb
Vo Vs Vo
( 2 )
1—é£ A AN (p-in)
2.5 2 2
~| —A-iA%A% -7 AN
AX(1-p—-if)) —-AN —iAX*n 1

A 2\ ) |A~1,A~022,p#0butn=0?7?
p=p|1-—| f=p[1-



Electroweak theory with 3 families can
naturally accommodate CP violation
in the charged current induced 1nteractions
through the complex
Cabibbo-Kobayashi-Maskawa quark
mixing matrix V, with
4 parameters.



Standard Model for the kaon system

final
d
§hort range 0 s
interactions K
M, d
N
long range
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+ QCD corrections

hadronic =~
- resonances=

Large uncertainties in the theoretical calculations of M,




Short distance part

2.2

Hie = ot 3 (K KO By + (KM )G
l,]=
u.ct

Gg: Fermi constant
My,: W mass

voa =[dr,(1 Vs)S][dV (1-75)s]
_[d

(1- ][‘7(1 Ys)s ]

M
quark operators
Mg _p

CKM elements A=V, Z

. . B;. .
integrating out W CIJ } Real part — M,,, Imaginary part = I,

1)

C;; =0 for my/m, <<1



<KO\MV_A\KO> <KO‘[dyM(1 Vs )s][gy“(l—yS)s]‘KO>

=By <K0 ‘67 Y. (1=7s )S‘O><O‘c7 Y (1-7ys )S‘KO > vacuum insertion

R _S, _d,
W ) — 8oy 0 2 e
—states = —O0—

B parameters have to be obtained from QCD calculations.

(Kldy,(1-75)s0) CP) (CP)dy,(1-v5)s(CP)'(CP)0)

(
(

CP)dy,(1-75)s(CP) 0)e™

(X°
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<KO‘MV—A‘KO> = _gBKKO‘JW(l —7s )S‘KO >‘2 e ler

4By fremy Sifcr my: Kaon mass
- 3 fx: decay constant
S, % S :
o K — "0 K7) =f V2
d c u
G: ., )
M, =—Y_ fB.m.m
12 123_[2 fK KK M"'W
2 2 i _HCP
X [)LcnlSO(xC) + A1,S0 (%, )+ A A8, (x, ,xt)] (10
n,=138+0.20
_ 2 2 n,=0.57+0.01 } QCD corrections
RS XSO 0.47 20,04

If no P — CKM is real —> argM, ==0cp+  (if By > 0)




2 = vV, ~ A0 S (x) =25 6.6x10”

A =V, V. ~\2 S,(x,) = 0.00024 1.2x107
AN =V VLV VS =ADS Sy (x,, x,) ~0.0021 2.4x107’
total
contributions

the biggest contribution to IM,,| 1s from the charm loop

Standard Model I}, for the kaon system

2:rc 3w, 2my, 2mete”, etc.

Theoretical calculation on I}, very difficult.



However, IM,|. [T}, are measured experimentally;
=> arg M,, can be determined from the short distance interactions.

o~ theoretical short distance

P C al Clll ati on

T “~— experimental value

argl, =—0.p in'the CKM phase convention

‘MIZHFIZ‘AM r (1 +i
4‘M12‘ ‘FIZ‘

» Ree= ™ arg M,,  Standard Model




Im A2 =1Im V,’V," =~ 24N (1-p)=~3.7x1077(1- p)f)
ImA2=1ImV. V" ~ 24’2’ =-19x10""n
ImAA =ImV V'V V.5 =24°2)=~19x10""7

Sy(x) = 2.5 93x107'(1-p)i
S,(x.) = 0.00024 ~45%x107%n
S,(x., x) = 0.0021 40x107"7

The t-t and t-c box diagrams dominate Im M,




The ¢’ in the Standard Model

I=0and /=2
S - ' u
d — - d d : Vuqus* tree
_ U, t - _ U,c,t - real
W+<== N - l_l’ d W+1‘="‘<.,.__-":.=== I El’ Sl ud U.S* Y an d ZO
Y T u,d 70 T u,d VchCi penguin
d d d d ViaVs © complex
[=0
Vuqus*
vV.v.* &

Cchi penguin
ViV - complex

Phase difference between I =0 and I = 2 weak amplitudes




QCD and non-perturbative effects
very very complicated calculations !!

Current Standard Model prediction

!

Re-— = (10 +2 * £ 6)x10*  (Pich 04)

Errors are due to
- renormalization scale
- ms
- short-long distance QCD matching

1) The Standard Model predictions are compatible
with the measurement.

2) Hadronic uncertainties in the theoretical predictions are too
large to make a precision test.




Other interesting kaon decays:

%
K" — ntvv 7 eV A//' Y
Lo \

. I *
W+ ‘ v c a““ ,1:: th VtS
e ‘e < T W : W _ V.V *
S ° i M d g « ‘< <« d cd?¥ cs
u,c,t

u u u u

Ag o = (T UVH 1 K

Gg a

Heff =

3 2wsin6, . EM(A Xiy + 24X (x,))(57,(1-75)d) w7 (1= 75 )v, )

lected
Y A

Cc

Re()CX;X(xt)) ~6x107*(1-p), Im()»tX(xt)) ~6x107'7)

real part = imaginary part




Use K'—n%*v (data) for the hadronic matrix element.

<J‘|§+ I ‘K+> 2 <J'ISO‘ | I ‘K+>

SV (1-ys)d isospin relation s Vu(l ~7s)d

— Br prediction with a relatively small theoretical uncertainty.

Current Standard Model predictions:

Br(K+— st*vv) = (0.80 = 0.11)x10710
(1sospin breaking taken into account)

+ 9.7

-35

More data taken, no new candidate

BNL787,1995-97: (1.5 ff‘g

Further data taken, one more candidate

BNL787,1995-98:  (1.57 ég;)xlo_lo PRL 2002

)x10"Y PRL 97
based on one event

BNL787, 1995 data: (4.2

)x10""  PRL 2000



coLs E787 DETECTOR
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E787(95-98)/E949(02) combined results

(147 +é g’g )x107'"  PRL 2004
— 42 [
§ [E787/E949
o 40| O A
e |
€ 38 |- '
E j Standard Model prediction
36 [ (8.8 +1.2)x107!!
34 | A :
‘ sy |
2r ' \ . The data is compatible with
30 [ ?éggrllglll the Standard Model prediction.
m o Could become a way to extract (p, n)
90“:.-%'66 TR BT from the kaon decays.
Energy (MeV)
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CERN NAG62 under construction
expect ~100 Kt—mtvv events



K,"— a®vv CP violating decay < CP(n’wv) = +1

<J‘L’OUU‘H

<.7L’ UU‘H

-6, )

CPT symmetry

No hadronic final state interactions.




As for the K decay,

G o
Heff_ £

"2 2rsin? 6, 1=E ()"*CXIIVL + );:X(xt))(s)/u(l —¥s )d)(ULy“(l —¥s )UL)

e,u,t

}/ neglected

Re( 4, X}, )=2x107* ,[Im()[k Xy )=4x107n

Re(4X(x,)) =~ 6x107(1-p), Im(%;X(x,)) = 6x10™*7

- real part = imaginary part
- iImaginary part is given by A,




1 i
<‘7TOVV‘HW‘KL> = ﬁ[am)v (1 28) (Pram)v]
_ Arou [ (1 _ ~i(2¢) 5, +07 =0cp+9r )
= 1= (1-2¢)e ]
= el -1 — (1 — 28)€_i(2¢m’“_2¢0)] A¢n@v = Yoov ~ ¢O
2L
A s _i2A$.,
=" U[1-co82A¢,,, +isin2A¢,,, - 2ee”* % |
= \/iaﬂvv[81n2 A¢.TL'U'U + l Sln A¢JTUU COSA¢JTUU ( )]
=2ia,,, sinA¢,,, [cosA¢,,, —isinA¢,,, +0(¢)]
~2ia,, e sinAp e =~2ila_, |sinA¢,_ e
<J‘L’ OVV‘H W‘K L> = ﬁ ‘Clmw‘ sin A¢nUU = \/i Im A, (CKM phase convention)

P due to the interplay between decays and oscillations
much bigger than €P in the oscillations <> different from 2




Imaginary part can come only from s—t—>d.

. 0 _
hadronic part: K =’ vv=K —nletv

q 3 T <
<J’l?0 ........ T ‘KO> _ <J‘EO ........ T ‘K+>
SVM(I_VS)d . SVM(I_Vs)d
3 . 2
BrKL%Jtovv - BI’ *—gletu L ‘ ‘ ZE?SiIl4 HW [Im(vtdvts )X('xt )]

~(3.0+0.6)x107"

Only one term — simpler than K" decays

=> more reliable calculation
Br(K'—n® vv) <1.6x10™° 90% CL (KTeV, PLB 99) 0—>yy
5.9x107’ m—eey

future experiment planned but a tough experiment



JPARC E14: few K0—=navv if SM

CCo01 FB CC02 MB BCYV CV (CsI CC0O3 CC04 CCO5 CCO6 BHCV BHPV
! 1 l L LlL 1_\4 B \1 A \l

.
-

3.5 m

- L]
- L]

12.5 m

v

Movable frame Support



— ~1(2¢ 1, +0; —Ocp+0r
off Ks>= 2 1+(1-2¢)e (2t terts )]
= [ (1-26)e (o2 |
— a%“ :1 +COS2A¢,,,,, —1SIn2A¢_ . — 2ge—i2A¢m]
= \/éamjv[COSZ A¢JL’U’U —1isin A¢EUU COS Aqu”u ( )]
~ \/§ a0 COS A(PEUU[COS A¢nvv —18In A¢nvv]
=2|a,,,|cosAg.. e
<n0vv H . |K > A o(1)
o = =itan v =
Moy <.7'L’OVV Heﬁ‘ K >

s n_=£=0(107)



Theoretical accuracy of the Standard Model predictions
in the kaon sector will be limited to >10%
(may be) except K"—x0vv which will be experimentally challenging!




