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» Introduction: why are we (still) interested in rare K decays?

» Neither to measure again CKM matrix
elements [already well determined from
other processes |

» Nor to find direct evidences of new particles
| very likely that there are new particles in
additions to the SM ones, but they are naturally
around or a above the TeV scale]
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» Introduction: why are we (still) interested in rare K decays?

» Neither to measure again CKM matrix
elements [already well determined from
other processes]

 Nor to find direct evidences of new particles "_/ \
| very likely that there are new particles in s oS
additions to the SM ones, but they are naturally
around or a above the TeV scale]

The information coming form rare K decays is a key element
to understand the flavour structure of physics bevond the SM
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= High-energy experiments are the key tool to determine the energy scale of the
new degrees of freedom (d.o.f.) via their direct production

= Low-energy experiments are a fundamental ingredient to determine the
symmetry properties of the new d.o.f. via indirect effects in precision observables

General description in terms of an effective theory:

C,
"'Z:ff = c'?gauge(l4i’ \lll) T nggs((I)l’ i’ \lj ’ Y V) + Z O d ((l)l’ A1’ W)

T/' d>5 Ad'
sy = renormalizable part of most general parameterization of the
[= all possible operators with d < 4 new (heavy) d.o.f. as long as we perform
compatible with the gauge symmetry | low-energy experiments

The flavour structure of these effective
operators 1s determined by the flavour
structure of physics beyond the SM



G. Isidori — Rare K decays within & beyond the SM KEKTC6 - Feb 2007

C
c'?ieff "Zgauge(Ai’ \lj1) + nggs((l)l’ 1’ “lf > Y V) + Z O d (¢1’ Al’ \lj)
\ d>5 Ad -4

3 identical replica of the basic fermion family [ y. =Q, , U,, D, L, E_ ]
= huge flavour-degeneracy [ U(3)° group ]
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C,
c'?ieff "Zgauge(Ai’ \lj1) + nggs((l)l’ i’ “lf > V) + Z O d (¢1’ Al’ \lj)
\ d>5 Ad -4

3 identical replica of the basic fermion family [ y. =Q, , U,, D, L, E_ ]

>

= huge flavour-degeneracy [ U(3)° group ]

Within the SM the flavour-degeneracy 1s broken
—» only by the Yukawa interaction
[well-defined U(3)> -breaking mechanism]:

0,'Y ldek ¢ — QL ldek

Nowadays we have an k A
excellent knowledge QL U uR (]) — QL

of all the physical couplings

appearing in the MD
quark- Yukawa sector...

diag(m, ,m_,m, )

M, = Vcgm X diag(m, ,m_,m,)
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%ff %auge(Ai’ \l"1) + nggs((l)l’ i’ “lf > V) + O d ((l)l, Al’ l|I) %
d>5 Ad -4

...but we have only started to investigate the flavour structure of the new
degrees of freedom (which hopefully will show up around the TeV scale):

@ Several new sources of flavour symmetry breaking are possible =
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%ff %auge( 1’ ) + nggs((l)l’ i’ “lf > V) + d>5 Ad4 O d ((l)ﬂ Al’ \lj)

» Rare FCNC decays [¢; — q; + 7, 7", vv] are ideal probes of possible new terms:

q; q;
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%ff %auge( 1’ ) + nggs((l)l’ i’ “lf > V) + d>5 Ad4 O d ((l)ﬂ Al’ \lj)

» Rare FCNC decays [¢; — q; + 7, 7", vv] are ideal probes of possible new terms:

, , @ No SM tree-level contribution
ql q]

SUG»
¢

% not a trivial
Yukawa term
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L= LB W) + L (0.AL WY, V) + d 5 Ad4 0,99, A, \|f)
>

» Rare FCNC decays [¢; — q; + 7, 7", vv] are ideal probes of possible new terms:

S d @ No SM tree-level contribution
v @ Strong suppression within the SM
. because of CKM hierarchy
(I)s ® @ Predicted with high precision within
the SM at the short-distance level
y2 V..*V
A( —d )short Csm L L

16 T° My,”
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c'?ieff %auge( 1’ ) + nggs((l)l’ i’ “lf > V) + d>5 Ad4 O d (¢1’ Al’ \lj)

» Rare FCNC decays [¢; — q; + 7, 7", vv] are ideal probes of possible new terms:

¢ = d @ No SM tree-level contribution
i new | @ Strong suppression within the SM
B0 7% because of CKM hierarchy
é @ Predicted with high precision within
Z the SM at the short-distance level

Y tZ Vts*vtd +c Agq
new
16 1 M, > A’

-

A( —d )short Csm

Enhanced sensitivity to the flavour structure of physics beyond the SM
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c'?ieff "Zgauge(Ai’ \lj1) + nggs(q)l’ i’ \lf > V) + O d (¢1’ Al’ \lj)
d>5 Ad -4

» Rare FCNC decays [¢; — q; + 7, 7", vv] are ideal probes of possible new terms:
K //ﬁ/ % /é/ / T @ No SM tree-level contribution

@ Strong suppression within the SM
/ \ because of CKM hierarchy
@ Predicted with high precision within

the SM at the short-distance level

2V.*V. A
A(K—) TCVV) — f <CSM IR T Chew 2 ; 6long >
16 T° My,” A’

Sensitivity to new-physics °How precisely we can compute the hadronic amplitude
controlled by: @ How much the amplitude 1s determined by dynamics
around the electroweak scale (short distances)
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ELECTROWEAK STRUCTURE

KEKTC6 - Feb 2007

FLAVOUR COUPLING:
b —>s (=A%) b >d (~=\) s > d (~\)
AF=2 box (b, Ts, ) (b, T d,)> (s, Td, )
AF=1
4-quark box 4 A
The FCNC matrix:
gluon
penguin
each box correspond to an
y indep. combination of dim.-6
penguin SU@3)X SU(2)XU(1)-invariant
operators
0
z , \ Y
penguin
HO

penguin
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Some of the most significant bounds on the scale of new physics,
assuming O(1) couplings for the new operators:

b —>s (=A%) b >d (~=\) s > d (~\)

AF=2 box A>2x103TeV | A >4x104TeV
E from A p(B;— WK) from €,
% AF=1
a 4-quark box *
; gluon A>20TeV . .
ﬁ S from B(B= X¥) (some) of the new
E Y A >40 TeV — eff. couplings
g penguin from B(B— X y) must be quite small
= if A ~TeV
= 7’ A >20 TeV \ J
= penguin | from B(B— X.I'I)

HO
penguin
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Our present knowledge is too limited to draw definite conclusions: only with the help
of both high- and low-energy experiments we can hope to solve the puzzle...

b =s (=A%) b ->d -\ s = d (~\)

. AF=2box [ )
% (some) of the new eff. couplings
E AF=1 must be quite small if A ~ TeV
8 4-quark box
oY P
e gluon MFV \ .
4 penguin effective heavy A
< : for flavour physics
] approximate .
= Y MEV [e.g. split SUSY]
g penguin
H
EU) 70 nop-MFY . non-MFV
- : only 1n specific Iv; ”
= penguin only in specific
flavour structures
0 ¢.w. structures
H [e.g. large b—s coupl.]

, |e.g. large scalar currents]
penguin - ‘ ‘ J
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KEKTC6 - Feb 2007

...and there 1s also still hope to observe sizable deviations from the SM:

ELECTROWEAK STRUCTURE

b —>s (=A%) b >d (~=\) s > d (~\)
_ 3 4
AF=2 box [CPV inp_p | Az2107TeV Az ad0TIey
from A-p(B;— YK) from €
AF=1 > <
4-quark box Three very interesting
corners which,
gluon A 220 TeV for different &
penguin from B(B— X,Y) well-motivated reasons,
v A > 40 TeV \could hide sizable effects/
penguin from B(B— X S’Y) \
70 A > 20 TeV K— vy
penguin from B(B— X ["17) K,— n°l'T
HO
penguin [ B, = 1 Ba— M j
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» The four golden modes of Kaon physics

In the case of s — d transitions there are only four channels where

short-distance dynamics (W - top quark loops) constitutes
the dominant contribution of the decay amplitude:

K= 7wt vv K; — m0vv

K; — 10 ete” Ky — 0 uru-
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The most efficient tool to separate the various scales of the problem is the
construction of a more specific effective Hamiltonian

1* step: Integrating out all the heavy d.o.f around or above the electroweak
scale (including the heavy SM fields)

\\‘

- Hefp=2 Ci(1) O

S

|
=X X

FCNC operators: Four-quark operators:
QV:(Sd)V_A(VV)V_A le(Sd>V—A<uu)V—A
Q9V:(Sd>V—A(”)V Q2:<SM)V—A(ud)V—A

00a= sd)y,_411),

The interesting short-distance info is encoded in the C;(Myy)
(initial conditions) of the FCNC operators
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2" step: Evolution of Hg down to low scales using RGE

4 N

Hegr = 2 Ci(1) O
FCNC operators: N / Four-quark operators:
0, =(sd)y,_,(vv)y_, l 0,=(sd),_,(uu),_,
Q9V:<Sd)V—A<”)V QZZ(SM)V—A(ud)V—A

QlOA: (Sd)V—A(”)A Heff = Zi Ci(,Ll'*' | GeV) Qi

Sources of long-distance effects:
|dilution of the interesting short-distance infol: e.g..

a Mixing of the four-quark Q; into the FCNC Q;
[perturbative contribution of charm quarks]

Small in the case of Z-penguin amplitudes because of the power-like
GIM mechanism [mixing parametrically suppressed by O(m %/ m ?)]
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3" step: Evaluation of the hadronic matrix elements

AK—mvvll=Cvvilln] 5Cw Q; |K)

» Simple and with small errors in the case of FCN C operators
[same matrix elements of the leading K _decays in the 1sospin limit]

@ Complicated (but no tree-level) in the case of 4-quarks operators

Sources of long-distance effects:
|dilution of the interesting short-distance infol: e.g..

a Mixing of the four-quark Q; into the FCNC Q;
[perturbative contribution of charm quarks]

» Non-perturbative matrix elements of the four- K

quark operators [hadronic level] 2, 0,
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In the last few years there has been a substantial progress 1n the control of the
theory error associated to charm & light-quark loops:

oK, > ["I- Complete analysis of the long-distance effects of e.m. origin:

Buchalla, D'Ambrosio, G.I. '03

< Ky Friot, Grenat, de Rafael '04
G.1., Smith, Unterdorfer '04
Lo

[ key inputs by NA48 & NA48/1 |

1 P

12
B(K, »m0rm)PMI=[C  +C,_y+Cy y2+ Cipe1x10 Im(V,"V,y)
| It= —4
10

short distance

¢ ' ¢

[ete™] =~ 23+ (10 + 4) + 0 = (BI+1.0)x10""

W] = 54+ 25 +18) +52 = (1.5£03)x10 "
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In the last few years there has been a substantial progress 1n the control of the
theory error associated to charm & light-quark loops:

oK, > ["I- Complete analysis of the long-distance effects of e.m. origin

* K¥— m"vv NNLO analysis of the leading (dim.-6) charm contribution:

~66% ~31% ~3%
amphtusieot : top s charm s up

decomposition: Vv Vv \%

v Voo / Z v

d Qs
# v Qi{l v

: ABR)NN o =10 % g g +
totally dominated by the s Q% d Buras, Gorbahn,

param. uncertainty of mc Ulrich Haisch, Kaon '05 Haisch, Nierste '05
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In the last few years there has been a substantial progress 1n the control of the
theory error associated to charm & light-quark loops:

oK, > ["I- Complete analysis of the long-distance effects of e.m. origin

* K¥— m"vv NNLO analysis of the leading (dim.-6) charm contribution

& first consistent analysis of the O(mK2/ mcz) corrections:

~66% ~31% ~3%
amphtufic.e S fop S charm s\ up
decomposition: Vv Vv \%
4
Z \4 d / Z \
d Q]-6

\\A(BR)Iong == 3%/

+ ..

G.1., Mescia, Smith '05
Q® ~ (sdd)(vov)
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Summary of the irreducible theoretical uncertainties :

KEKTC6 - Feb 2007

short-distance (e.w.) | present irreducible th. error total BR
contrib. to the total rate on the s.d. amplitude withinSM
T/ T extracted from BR only (central value)
K; - m0vv > 99% 1% 3x10-!1
K*— T vv 88% 3% 8x10~!!
K; — iV ete” 38% 15% —» ~10% | 3.5x10°!1
K; — 70 prp 28% 30% — ~15% | 1.5x1071

with appropriate
Dalitz-plot analyses
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Summary of the irreducible theoretical uncertainties :

short-distance (e.w.) | present irreducible th. error total BR
contrib. to the total rate on the s.d. amplitude withinSM
T-Teg)/T extracted from BR only | (central value)
K; — 0 vv > 99% 1% 3%10-11
K*— v 88% 3% 8x10-!
K; — 7m0 ete” 38% 15% — ~10% | 3.5x10°!1
Ky — 0 pus 28% 30% —> ~15% | 1.5x10°!
Very few observables, also in the B system,

> have a similar degree of short-distance
sensitivity & theoretical cleanliness
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» Rare Kaon decays beyond the SM: generalities

Two basic scenarios:

Minimal Flavour Violation New sources of Flavour Symmetry

breaking around the TeV scale
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» Rare Kaon decays beyond the SM: generalities

Flavour symmetry broken only by

the (SM) Yukawa couplings
[D'Ambrosio, GI,

Minimal Flavour Violation

<Y > <Y > Giudice, Strumia, '02]

......

unknown

flavour—blind —
dynamics \
I Z >
breaking of G . flavour-blind dynamics . SM degrees
by means of (Y) . [non-SM degrees of freedom .  of freedom

stabilizing the Higgs mass term]|

" natural cut-off
' scale of SM as EFT
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» Rare Kaon decays beyond the SM: generalities

Minimal Flavour Violation

\

@ Small deviations (10-20%) from the SM

» Stringent correlations among the two K — ©Tvv modes

and a few rare B decays [B— Kvv, By 4— [l ]

(K= 1" w) = | (g, +c WVisVig+8,_ §

[(Kp — 10 vv) =Im[(c, +c Vi Vigt 810ng]2 = (¢, +c ) Im[Vi Vi3I’
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» Rare Kaon decays beyond the SM: generalities

New sources of Flavour Symmetry E.g.: Little Higgs with T parity

breaking around the TeV scale Buras et al. '06

B(K; — mVvv)

s Potentially large effects,
especially in the 3 K; decays
(no V*V,q~ A° suppression)

@ Correlations with observables
in B physics not obvious

o['(K; —» o) < T(K™— mrvv)
[ Grossman-Nir bound]
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» Rare Kaon decays beyond the SM: generalities

B(Ky — m¥ up)

2.4.20°

2.2-10 1

Lpmitt

1_8-10 1

1.6-107 1

1.4-1072}

|

1.2-107

E.g.: Little Higgs with T parity

é?q: Buras et al. '06

K-Scenario:

both K, —nl*e- and K —npu*rp
can be enhanced by ~2

B(KL—> 70 ll)
1-1077

g.10"

£-107"t

g-107

z2-10"F

B(K; — 1V ee)

Strong correlation
between
K —7n%*Il- and K| »nvv
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» Rare Kaon decays beyond the SM: generalities

Two basic scenarios:

Minimal Flavour Violation New sources of Flavour Symmetry

flavour symmetry broken only by breaking around the TeV scale
the (SM) Yukawa couplings

\ \

» Small deviations (10-20%) from SM » Potentially large effects, especially
in the three CPV K; decays (no A°

@ Stringent correlations among the two :
suppression)

K — mvv modes and a few rare
B decays [B— Kvv, B, 4— '] @ Correlations with observables in B
’ physics not obvious
a . . N
A precise exp. info from one of 4 ™

the two K— T VvV modes is a key In pre.sence of sizable non-MFV
couplings mandatory to explore

ingredient to verify or disproof

' also the K; — 7 [/ modes
the MFV hypothesis b g L b
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» Anatomy of K — Vv within low-energy SUSY

...or better within supersymmetric extensions of the SM with
~~ minimal particle content
.~ R-parity conservation
~ soft-breaking terms in the TeV range:

Zof, = (Mf)ij Xi Xj + (Msz)ij (l)i (l)j + Aijk (l)i(l)iq)k

gaugino/higgsino  squark/slepton  trilinear scalar

masses | masses couplings |
| \ |
2 2
1> _ (MQ)LL (MU,D)LR
squarks
' 1M3D)ZR}(M?] p)kR
// /
/

Five very different structures |
» which naturally contain new sources of flavor-symmetry breaking
» which contribute in different ways to different FCNC processes
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» Anatomy of K — Vv within low-energy SUSY

Main distinctive features K — 7vv amplitudes [wide literature] :

e Gluino-type amplitudes essentially negligible, even in presence of new
sources of flavour mixing [contrary to &, B — X,y, AMg4, CPV in B decays]

= reduced sensitivity to LL, RR and LR-down type mixings

» Appreciable deviations from SM induced only by chargino -- up-squark
diagrams

SL Z dL
W
\\ ﬁ /,
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» Anatomy of K — Vv within low-energy SUSY

Main distinctive features K — 7vv amplitudes [wide literature] :

e Gluino-type amplitudes essentially negligible, even in presence of new
sources of flavour mixing [contrary to &, B — X,y, AMg4, CPV in B decays]

= reduced sensitivity to LL, RR and LR-down type mixings

» Appreciable deviations from SM induced only by chargino -- up-squark

diagrams
K — mvv decays are the best probe of the 5L 24 dp
flavour structure of the up-type trilinear terms W
. . . [
which are still largely unknown: AY,, ‘5\ 04 ( AY)*IS
< i < AY YU)ij QLi URJ 0) (o) % ~ ()
N.B.: The LR mixing in the up sector contains at least + box

one large source of flavour symmetry breaking (y;)
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Systematic investigation of the correlations of SUSY effects in K — wvv,
other FCNCs, e.w. & future high-energy observables
|G.1., F.Mescia, P.Paradisi, C.Smith, S.Trine, '06]:

1.3 | | I |
L B(K"— mtvv) i

1.1

I'susy / T'sm

: R UL T S S it =250+10 G \>
oo | T A g (y)min = 250+10 Ge
“ - . L . & & :: L, ‘4.‘3 ‘. pe & ~
AT LA A | . (i) = 500210 GeV
- S et Rl R A e e A g e e L]
R TR R S DU A T % mees S (mq)heavy = 1000 GeV
0.8 : e et NI L
I L e tan(p) =2
# P L. aa :"'-
PR Ag=1TeV
0.7 1 | 1 | * |A | < 7\’A
0 100 200 131 0
Al or Ayl (Gev) L |Ax | <A
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# Non-standard effects induced by chargino-squarks amplitudes largely dominant

in K— 7vv with respect to similar effects in B physics

#*The A terms are still largely unconstrained

]..3 I | [
. B(KT— whvv)

1.1

I'susy / T'sm

h _ ™
0.9 XX ; & | (fy)min = 250£10 GeV
R S o P X %y (M)min = 500210 GeV
L i gl 8 5, gE b s SL A ORI Y uj iy 3 N
Ce TR BT DT R e (Migheavy = 1000 GeV
— - Voeoe Bl e STt B e e 00,
o8 Vel e 0 el tan(B) = 2
PR Ag=1TeV
0.7 ' | ! | .
0 100 200 |A13| <AAg
Al or Ayl (Gev) |A23| <AAg
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% Even 1f the mass spectrum is fully determined by LHC, large uncertainties in FCNCs due to
several FV couplings = important to combine different observables

1a- B(KT™— mtvv) .
B(B4 — uW) L

1.2
=
0} -
~
\ —
>
N '
D 14 -
9]
~ | i
. . >
Aqzreal & positive i
0.8 < _ ~
P SRR A3 =0
[AzlL TAs] <) A -
0*6 1 | 1 | 1 | 1 |
0 100 200 300 400 500
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% At fixed magnitude of the A terms, there 1s a larger room for deviations from the SM 1n the
CPV observables = great interest of K; — wlvv

1~

=
h
|
4
|

Ususy/ I'sm

0.5 ' | I
]
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% At fixed magnitude of the A terms, there 1s a larger room for deviations from the SM 1n the
CPV observables = great interest of K; — wlvv

% Slower decoupling of penguins (K— mvVv) with respect to boxes (AF=2)

r-? x ot b
— v [ - ",1' _'_: i"_|:’1" I
& i Ve oy i
W Tt fmy > Ty ¥ ¥ FE
=i g r Tevy |
* Ll 7‘1-
- i P x - "":v
T - 'vl
T = >
r 1
¥ . :r Ty T","F" wv‘ —
- ¥ L T T
3 g T Vv oy
£ AN O DR S RONDE F W

v o Ty T
iy A NaE WL, T -
B 3 B(K; — mvv)
W w'E
1.5 fom it -
2 /
90 ¥ -t —
— e
S~~~ ;" L 1
>-‘ ,;.L' :
N i _
-
m —]
—

%300 400 600 800
(fflt)min (GeV)
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Other interesting and peculiar aspects of rare K decays arise in more specific
corners of the MSSM parameter-space

E.e.: RR Higgs-mediated Z penguins at large tan
g = pens 8 B Paradisi & G.I. '06

10 —
PR + - "
o Ki=nn >
6-310 3 / / //
. / / /K+—>n+v*v W
Effective one-loop couplings P ,/ = :;0‘; ;"‘
(non decoupling in the limit Z ; // ]
of large SUSY masses) _5,//
10 ¢
~ b (ORR)3i €100p (tan) 2 - /B, ou'w
¢ 10 °l.
200 400 600 800 1000 1200 1400

o : M, (GeV)
(tanf3) 4 — contribution to the decay amplitude "

If tan3 ~ 50 sizable corrections to the BR's even for (Orgr)31(0Orr)30= O(k5 )
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» Conclusions

Which is the scale of flavour symmetry breaking?

Are there new sources of flavour-symm. breaking beyond the Yukawa?

Short-distance dominated rare K decays are a key ingredient to answer
these fundamental questions and, more 1n general, to explore the flavour
structure of physics beyond the SM
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» Conclusions
Slg TIS' G 45 Plot by F. Mescia
I
B, 1.8\ By, 3.0x B, (CKM 2006)
ALY AR ||||||I NEARNEERENNNREN RS A g 77
114.8 | N | L {6006
N | |
10361 | Excluded area —= // / 36 x By
N | Grossman-Nir bound | || =007 - "ﬁ;’"'ﬁg%'ﬂ"
o szdf- I ] P E787-949 b,
= B | | A/A{' K _‘: e
= 812 | | ks ~Aasxsg,
s N | ' T
2 ol | | S
L | - .
- L] L
SRR | L:T L .,//////
N - s i - i eed 210 o s
= ' ALY V7 s,
AT R [MVEFTO) 150557
25.2 P = 77774 9%Bsu
- 1900 -
14.1 77 L4 7777774 5xB
Tnsom fi ] MFV-EFT.(+)[37 7727 o~ 0 sm
2.9 5277995555 R |\ [optat Attt Pt < 404,72 2/ — B,

5.8 8.0 10.2 12.4 146 16.8 19.0 21.2 23.4 25.6 2738
+ + 11
B(K ->m vv)x 10
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» Conclusions

Which is the scale of flavour symmetry breaking?

Are there new sources of flavour-symm. breaking beyond the Yukawa?

Short-distance dominated rare K decays are a key ingredient to answer
these fundamental questions and, more 1n general, to explore the flavour
structure of physics beyond the SM

LHC will “kill the penguins” u / \ U

revealing the “anatomy of the internal constituents” W

but this 1s not enough,

Iy
we also need to carefully study “penguin ethology”™ %
via dedicated rare-decay experiments



