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Summary

On the (less than perfect) consistency between the amount of CP violation in the K'and B,
systems within the Standard Model

How Minimal Flavour Violation can help this consistency test

What would make the MFV corrections really distinguishable from the plain SM

©®
Based on:

Buras, DG (PRD 08 & PRD 09)




( Nécessaire on K mesons and their CP violation )

-
The d and s quarks can form, through strong interactions, the following bound states
i 1 -
\Iﬂ) ~ ( ; ) and phase conventions cp |K'3'} _ \Fﬂ)
' can be defined so that -
— o 777 N >
[K) ~ ( ) ) CPK’) = —|KY
\
\. J
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( Nécessaire on K mesons and their CP violation )

(- )
The d and s quarks can form, through strong interactions, the following bound states
K% ~ (¢ d ph i i 7
\ - and phase ponventlons cp \K”} - &Y
can be defined so that <
0 777 N >
)~ (1) CPRY) = —IK°)
\
4 B )
“—| K° and K° mix into each other because of weak interactions. |
However, if CP were a good symmetry, one would end up with the physical
states:
- _—G N
Ky = B =KD [ CP = +1 admixture:
e NG decays into |rrrr) )
- _-D N
[ K)odd = K +[K) [ CP = -1 admixture:
V2 has to decay into |rrr) )
\_ J
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( Nécessaire 2: whatis €, )

~N
However, the actual physical admixtures are (slightly) different:
|Ks) o< |[K)even + €[ K)odd [ Reflecting the experimental fact that J
. i . mixing (slightly) violates CP
|-RL> s |-ﬁ>odd K )even g( g y)
small parameter
\. J
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( Nécessaire 2: whatis €, )

However, the actual physical admixtures are (slightly) different:

|Ks) o< | K )even + €| K)odd Reflecting the experimental fact that
mixing (slightly) violates CP

| I{L ) X | K > odd K ) even

small parameter

4 )
The magnitude of this CP violation is accessed experimentally by measuring the amplitude ratios:

e = (mtr | Kp) oo = (mOm°| K1) Note: K, can decay to rrr either
" (mtm—|Kg) (m07TY Kg) directly or indirectly, namely via
mixing into K
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( Nécessaire 2: whatis €, )

However, the actual physical admixtures are (slightly) different:

|Ks) o< | K )even + €| K)odd Reflecting the experimental fact that
mixing (slightly) violates CP

| I{L ) X | K > odd K ) even

small parameter

4 )
The magnitude of this CP violation is accessed experimentally by measuring the amplitude ratios:

e = (mtr | Kp) oo = (mOm°| K1) Note: K, can decay to rrr either
" (mtm—|Kg) (m07TY Kg) directly or indirectly, namely via
mixing into K

4 )
. It turns out that the co.rr.espondmg types of CP violation can be disentangled )
by the following quantities:
1 , 1
€K = §( Moo + 214 ) € = E(?H-— 100)
“Indirect” CP violation “Direct” CP violation
(through mixing) (directly in the decay)
\_ J
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General formula
for € =

o /Im(ME
e = "7 sin o, ( ;Uu) _|_£')
AME

The quantities relevant to this formula are

O AMg = mkg -y = 35 % 1075GeV Note:

: ATg ~ —2AMg
ATg = Tk, —Tgy =~ —T74x1072CeV K K _w

o AMg . o
ED he = arctan (_ﬂl_j{f@) = (43.5£0.7)
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General formula
for € =

o /Im(ME
e = "7 sin o, ( ;Uu) _|_£')
AME

The quantities relevant to this formula are

& AMyi = my, — Mg = 3.5 x 107 GeV
ATk = I'g, —Trg ~ —T74x1077°GeV
AMp | |
I__L> he = arctan (_il_j{j;i) = (43.5+£0.7)°
L& ME = (K Hag5s|K) Amplitude for K-mixing:
k2 | ST sensitive to non-SM contributions
& . _ ImAg with A, the amplitude for the decay

ReAy K = mrrr (0-isospin)
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General formula _ Jibe gin (Im(ﬂfffj) N &')
e = e sing, | ——=+¢
for €, B | AMgk

Note Since both the deviations of ¢_from 45° and

& from zero are corrections, one can rewrite

The formula typically adopted
the general formula for €, as

in phenomenology takes

e £-0
o ¢ =45°

€ = ke X eg (£ =0, ¢ = 45%)

with «_close to 1 by definition
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General formula _ Jibe gin (Im(ﬂfffj) N &')
e = e sing, | ——=+¢
for € B | AMgk

K

Note Since both the deviations of ¢_from 45° and
& from zero are corrections, one can rewrite

The formula typically adopted
the general formula for €, as

in phenomenology takes

e £-50 € = ke X eg (£ =0, ¢ = 45%)
o ¢ =45°
L with «_close to 1 by definition
How close is «_ to unity? (Note: the corrections from )
. E#0 AND ¢ #45°
In the Standard Model, we estimated : L€
have like sign.
[ See: Buras, DG, PRDO08 ]
This accident builds up a
k_=0.92 £0.02 \" 8 % total correction! )
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(How to estimate Ke) - ~N
e Parameterizes the effect of

# 0.
As we saw before, £ _
x_is defined by the relation o ® It is dominated by QCD-
_ ,_ 5 R S R penguin operator contributions
Kk = hexeg(§=0, ge=457) = Fe = 1/v2 *( @ to the process K - rr,

that are very hard to compute
\_directly. )
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(How to estimate Ke)

As we saw before,
k_ is defined by the relation

—

e = ke X €g(£ =0, ¢ =45%)

£ However, k_can be estimated indirectly,
through €'/ €, using the relation

4 )
e Parameterizes the effect of

£ # 0.

e |tis dominated by QCD-
penguin operator contributions
to the process K = mrm,
that are very hard to compute

\_directly. )
4 )
w = Re(A,)/Re(A,) = 0.045 is known very
precisely (“4l = V2 rule”)
Q) represents (basically) the ratio between
EW-penguin and QCD-penguin contributions
toe' /e
Q is much more under control theoretically
than &
. J
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(How to estimate Ke)

As we saw before,
k_is defined by the relation

Ke

—

e = ke X €g(£ =0, ¢ =45%)

£ However, k_can be estimated indirectly,
through €'/ €, using the relation

4 )
® Parameterizes the effect of
€ #0.
e |tis dominated by QCD-
81N ¢, penguin operator contributions
Uﬁ x (1 @ to the process K - rmrm,
that are very hard to compute
\_directly. )
4 )
® w = Re(A,)/Re(A,) = 0.045is known very
precisely (“4l = V2 rule”)
® ( represents (basically) the ratio between
EW-penguin and QCD-penguin contributions
toe'/e
® () is much more under control theoretically
than &
\_ J
r
Using
® ¢'/e=(1.66%0.26) Xx10°
® (0=(0.4%20.1) [withinthe SM]
\_
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Consequences of the €, 5"
suppression factor

&5 Once the rest of the input is fixed, the formula for eKS"” allows to predict sin2g, that measures the
amount of CP violation in the B -system.
In particular, the constraint from €, works as follows

exp th.SM o in23 Since exp is (obviously) fixed,
€ | = leg™ ] o< Ke x sin2 a suppression by k_implies an
a larger predicted value for sin2p
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Consequences of the €, 5"
suppression factor

&5 Once the rest of the input is fixed, the formula for eKS"” allows to predict sin2g, that measures the
amount of CP violation in the B -system.

In particular, the constraint from €, works as follows

‘Fifp = |F}?‘Sh’l\ X Ke X sin23
/Possible sin2p ) 2.8
scenarios
obtained keeping 2.6
in €, only the error
on the lattice o4

@-parameter” B, /
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Since exp is (obviously) fixed,
a suppression by k_implies an
a larger predicted value for sin2p
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e, M| = (1.78 £ 0.25) x 102
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More on scenario 1:
sin28, . =sin2p

In this case one gets |, M = (1.78 £ 0.25) x 103
to be compared with | €% = (2.229 £ 0.012) x 103
= 4
Ve \ (
, The simplest solution is a positive shift
45> Since the SM formula for ¢, goes as B e p/oo function B
K —g
leic|"™ = [comst.fact.] x ([C.‘-I{ M] - So(m2/méy) + ) ® This solution is of MFV type.
G ) In fact, the CKM structure is preserved
Y and non-SM physics only enters the
~75% of the total short-distance S-function
\ I]I] / [ Buras et al., 00 ]
-
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More on scenario 1:
sin28, . =sin2p

In this case one gets |, M = (1.78 £ 0.25) x 103
to be compared with | €% = (2.229 £ 0.012) x 103
- 4
Ve \ 4 )
, The simplest solution is a positive shift
45> Since the SM formula for ¢, goes as e p/oop function B
K
leic|"™ = [comst.fact.] x ([C.‘-I{ M] - So(m2/méy) + ) ® This solution is of MFV type.
G ) In fact, the CKM structure is preserved
Y and non-SM physics only enters the
~75% of the total short-distance S-function
\ I]I] / [ Buras et al., 00 ]
& J

@/ N\ ~

Barring non-SM operators mediating mixing, By demanding a 10% shift, for €, to recover 1 sigma

the above shift would be universal, agreement with exp, one would get
i.e. also affect B, and B, mass differences . .
(and cancel in their ratio) R = (0.638 £ 20%])/ps vs AMA¢ = 0.507(5) /ps
\ “"::>/ AMY ~ (21.6 £ 20%)/ps AMAS = 17.77(12) /ps
\ J
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See also:
Lunghi, Soni, PLB08

W S We get: sin2p =0.88 "

HHW is case the phase B cannot be —0.12
0 wl essed directly from the J/y K mode

e possible strategy to determine B is | A
\%%- A Al ||
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More on scenario 3:
sin28, . =sin2(B+¢ ) Lungh| Soni, PLBos

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

In this case the phase B cannot be
accessed directly from the J/¢ K. mode

One possible strategy to determine B is
by using €,, Am, and Am_ only.

-,
0
4y

St P L ",
o ",

I"'

. +0.11

We get: sin2B =0.88 ol
to be compared with ~ sin2g, . =0.681+0.025 :
% At face value, this allows
for ¢, ~—10°

® HFAG average of CDF and DO results implies

,
O".

&> TheB , new-physics phase, negative, may be correlated (even in size)
with the negative new phase in B, hinted at by Fermilab

¢, € [—81,—46]° IUN[E=4mEi (90% CL)

-
~
~

\
1 \\“
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More on scenario 3: See also:
Sin2BJ/¢ ks = SiN2(B+¢ ) "" Lungh|Son|PL808 r
é = = +0.11 E
In this case the phase g cannot be . Weget: sin2f =0.88 :
i h K : :
i cod directly from the Jiy K, mode : tobe compared with  sin28, . =0.681+£0.025
One possible strategy to determine B is _ g
by using €,., Am, and Am_only. % At face value, this allows
o, for (bd ~ — 10° “‘;

\)
T\

&> TheB , new-physics phase, negative, may be correlated (even in size)
with the negative new phase in B, hinted at by Fermilab

® HFAG average of CDF and DO results implies ¢ _ € [—81,—46]° U[ —41, —7]° (90% CL)

&5 In spite of the presence of a new phase, the non-SM physics responsible for it
does not need to be beyond MFV.
[ D4y,
® |n fact, MFV is the principle of minimal breaking of the SM [SU(3)]° flavor group rosiq et g A
. 2] =

The assumption that the breaking of the discrete CP symmetry be also minimal is in
principle unrelated.

e However, the question on the predicted amount of CPV is of course highly model-dependent
in this case

= -
v <

?, »
O"‘ I\“
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More on scenario 3:
Thecaseof ¢, ~ ¢

0.4

0.3

SQH'

0.1

0.0

0.2

¢50°]
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More on scenario 3:

The caseof ¢, ~ ¢

0.4 it
£~ What if b - I
0.3 .
OB = Ppa = ¢ps = —9°

0.2

\% { Byr, <~ 30° pene/ | 3 B
I S¢¢ ~ 0.4 0.1 3 _ " .._q '
aaa
J_r2
0. 08 0.9

03 04 05 06 07
Syk,

SQN'

0.0

® A crucial test of this scenario “would come”
from Vub

IV | range
for the case ¢, ~ ¢,

¢al’] D. Guadagnoli, Ringberg 09, Apr 26 — May 1, 2009




How to (more generally) i

estimate «_

We saw that «_can be estimated from [e’/e]eXp , the main theoretical input being in Q

S111 Se — T T o | T l
f 1/\& . ( @ ) g

&5~ Note that 2 can be affected by non-SM contributions, because EW penguins are
very sensitive to new physics.

How can this possible “new-physics pollution” be taken into account most generally?
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How to (more generally) i

estimate «_

We saw that «_can be estimated from [e’/e]eXp , the main theoretical input being in Q

S111 Se — T T o | T l
f 1/\& . ( @ ) g

&5~ Note that 2 can be affected by non-SM contributions, because EW penguins are
very sensitive to new physics.

How can this possible “new-physics pollution” be taken into account most generally?

Structure of €’ /¢

A convenient formula to evaluate ¢ /e and to understand its structure is provided by

the so-called Penguin-Box expansion € /e = Im(V,iVy) Z P, x X;

where X,. = Inami-Lim functions

P=r 4 OR, 4 R,

encode the info on the Wilson coeff.
functions of the AS = 1 Hamiltonian
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How to (more generally) i

estimate «_

We saw that «_can be estimated from [e’/e]eXp , the main theoretical input being in Q

S1n @ Se — T T o |
Ve - 1 w (1 Q) € lex
} 1/\& . ( @ P

&5~ Note that 2 can be affected by non-SM contributions, because EW penguins are
very sensitive to new physics.

How can this possible “new-physics pollution” be taken into account most generally?

Structure of €’ /¢ B“’as, L

Aute
Bura n

A convenient formula to evaluate € /e and to understand its structure is provided by

the so-called Penguin-Box expansion € /e = Im(V,.V;y) Z P, x X;
i

where X,- = Inami-Lim functions

Encode the info on the matrix elements (Q,), and
j _PEDJ i _Péﬁ @ f_zgs @ (Q,), with

bach
e
S Jamip, oo 93

\

_ _ leading
QG — (Scr dﬁ)‘f—.& Z (Q.S 9"&-}&-’+A (QCD penguiD

3 '
QS — E (gﬂ d3 }"v"—.fk Z Eq (Q_"B q;:t)\;_hgi (E

q

encode the info on the Wilson coeff.

leading
W penguin

\.

functions of the AS = 1 Hamiltonian

4
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estimate «_ : continued

[ How to (more generally) J

L& Therefore, € /e has the structure

e'le = ¢, + ¢,R, + ¢c,R, = [¢ /](NP shifts, R, R,)
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estimate «_: continued

( How to (more generally) J

L& Therefore, € /e has the structure

e'le = ¢, + ¢,R, + ¢c,R, = [¢ /](NP shifts, R, R,)

Procedure

Evaluate ¢, c,, c,, including non-SM contributions, by appropriate shifts
of the Inami-Lim functions

Take for R the range R, = 1.0 £ 0.2 [ see analysis by Buras-Jamin, 03 ]

Estimate R, by demanding equality of the above formula with [e ’/e]exp
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estimate «_: continued

[ How to (more generally) J

L& Therefore, € /e has the structure

€'le = c, + C, R6 + C, R8 = [e’/€](NP shifts, RG, Rg)
Procedure

Evaluate ¢, c,, c,, including non-SM contributions, by appropriate shifts
of the Inami-Lim functions

Take for R the range R, = 1.0 £ 0.2 [ see analysis by Buras-Jamin, 03 ]

Estimate R, by demanding equality of the above formula with [e ’/e]exp

Since e ¢, R, has only a 4/=1/2 component A

® ¢, AR hasonly a 4/=3/2 component

® -—wA, is Dby definition the sum of the 4/=1/2 contributions

\. J

it follows that A_can be estimated through -1/ w - [¢'/€](NP shifts, R, , R, — 0)
(with a small caveat on c,)
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More quantitatively:
case of EW-penguin NP phase = 0

onp =0

0.05

6C = shift (normalized to the SM
contribution) in the EW penguins.

0.00
In this plot, the shift is assumed real

4 -0.05
r R,-value corresponding

| to the given A_

-0.10

-0.15

-1.0 -0.5 0.0 0.5 1.0
6C
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More quantitatively:
case of EW-penguin NP phase = 0

énp=0

0.05

6C = shift (normalized to the SM
contribution) in the EW penguins.

0.00
In this plot, the shift is assumed real

4 -0.05
r R,-value corresponding

| to the given A_

onp =0

-0.10

-0.15
-1.0 -0.5 0.0 0.5

oC

The shift predicts a very defined
pattern of enhancement for rare K
decays

0.0 _ . 1
-1.0 -0.5 0.0 0.5 1.0

6C
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(0 Conclusions
The correlation e, — sin2p is a fundamental consistency check of SM CP violation.
With regards to CP violation, it is the only one available at present.
Our analysis shows that a (more) accurate SM formula for e, implies a — 8% shift
in the central value.
Looking at the entailed prediction for sin28, the above shift hints at a tension.
While, with present errors, no statement above 2 sigma can be made,
the issue warrants further investigation.
N
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Conclusions

The correlation e, — sin2p is a fundamental consistency check of SM CP violation.
With regards to CP violation, it is the only one available at present.

Our analysis shows that a (more) accurate SM formula for e, implies a — 8% shift
in the central value.

Looking at the entailed prediction for sin28, the above shift hints at a tension.
While, with present errors, no statement above 2 sigma can be made,
the issue warrants further investigation.

Reaching firm(er) conclusions about the tension requires improvement in the theoretical input.
To get an idea, the leading top-top contribution (~ 75%) to € ,°" goes as:

|~‘-K|b X ke Bg “"Ch‘i H"usr2 R; sin 23 5% 11% 5%
4 - 2 : |
[Ly sl 0B\ o

ek |PM

\

\_ J

If the tension becomes an inconsistency, scenarios providing a solution can be searched for
already within MFV
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