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* Introduction

According to:

* solid cosmological evidences [cosmological constant, dark matter,
matter-anti-matter asymmetry, inflation, ... |

» convincing theoretical arguments [inclusion of gravity, instability
of the Higgs potential, neutrino masses, origin of flavour, ...]

( + some religious beliefs [string theory...] )

there 1s no doubt that the Standard Model

3 — OCZ (Al > \|Il) + 3Higgs(Ai ’ \|f1 ’ (I))

SM gauge

cannot be the end of the story...

...but (unfortunately?) we must admit that the SM works pretty well
up to the e.w. scale



Natural to consider the SM as an effective theory, or the low-energy limit
=P of a more fundamental theory, with new degrees of freedom appearing

above some energy threshold Ayp

Given the great success of the SM up to LEP energies:
9 ANP 2 <(‘)> -~ 250 GeV
® the new d.o.f. must respect the SU(3)X SU2)XU(1) gauge symmetry

Ci (d=5)
geff =7 (Ai’ \|Il) + gHiggs(Ai’\lfi’ (I)) T Z"i A‘ O,

gauge NP 1

general parameterization of

the possible new heavy d.o.f.
Key questions: valid as long as we perform
low-energy experiments

» How large can Ayp be?

® Which is the nature (< symmetries)
of the new degrees of freedom?
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Given the great success of the SM up to LEP energies:
9 ANP 2 <(‘)> -~ 250 GeV
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Key questions: general parameterization of

the possible new heavy d.o.f.

valid as long as we perform
® Which is the nature (& symmetries) low-eneroy experiments

of the new degrees of freedom?

» How large can Ayp be?

Flavour physics — and particularly precision studies of rare decays —
provides a key ingredient to answer these questions




The flavour sector of the SM.:

Lsn = L guuge Qs V) + LA WL 0)

T

3 identical replica of the basic fermion family

flavour degeneracy broken by the Yukawa interaction

O, Y}/ d; o

y
Q, Yy u; O

C

o)
o)

Y

i
M,

M, = diag(m,,m_,m,)

+

M , =diag(m _,m_,m) x VCKM



The flavour sector of the SM.:

Lsn = L guuge Qs V) + LA WL 0)

T

3 identical replica of the basic fermion family

flavour degeneracy broken by the Yukawa interaction

) ()
QY d o - O\My\d

Nowadays we have a good knowledge

Q, YV u;, O, - Q.|M V\d.

of all the 10 observables entries C U )T
[6 masses + 4 CKM angles]
of the quark mass matrices: l

¢ strong hierarchical structure M, = diag(my,mg,m,)

¢ no clear symmetric pattern Mu+ = diag(mu ,m ,mt) X VCKM
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= Precision studies of rare decays can (slightly) improve our knowledge of
the CKM matrix but their main interest is in probing the flavour structure

of new physics:

4 )

q, —> q;+ . I'T", W

Rare processes mediated by
Flavor Changing Neutral Currents 9; 9
are the 1deal candidates
- J q,+ ... (7)

® no SM tree-level contribution
@ strong suppression — within the SM — by CKM hierarchy

@ calculable with high precision within the SM if dominated
by short-distance dynamics [key point]

' N

precise determination of flavor

enhanced sensitivity to

[ the flavour structure of |

mixing within the SM physics beyond the SM




The flavour problem: = 12

Precise data on loop-induced °%
flavour-changing processes of 08
AF=2 type [K-K & B-B mixing] o4
already provide stringent bounds .
on possible new degrees of |

freedom beyond the SM _D_EIUTﬁlr |
L= (A,¥)+ L. (A Y+ x| 0@,
eff — gauge \ i’ \|I1 Higgs\" i ° \|]1 > (l) i Anp i :

E.g.: K-K'mixing =  Axp> 10°TeV for 0 0 (sd)?

...while a natural stabilization of the Higgs sector = Ayp~1TeV



Two possible solutions:

® pessimistic [very unnatural]: A > 100 TeV

= almost nothing to learn from rare decays
(but also very difficult to find evidences of NP at LHC...)

° natural: A ~ 1 TeV + flavor-mixing protected by additional symmetries
= still a lot to learn from rare decays:

@ present fits of the CKM unitarity triangle involve only

AF=2 loops + tree-level amplitudes = we known very
little yet about rare AF=1 FCNC transitions

@ CKM fits provide mainly a consistency check of the
SM hypothesis but do not provide a bound on the NP
parameter space = only with the help of rare decays
we can study the underlying flavor symmetry in a
model-independent way



Towards a model independent approach to the flavour problem:

ELECTROWEAK

STRUCUTRE

FLAVOUR STRUCTURE

b—s b—d s—d
AF=2 box O, YO, QbeQs
AF=1
4-quark box - ~
gluon The FCNC matrix:
penguin
each box correspond to an
eny o indep. combination of dim.-6
u
pene SUB3)X SU(2)xU(1)-invariant
7' operators
penguin _ J
HO

penguin




Towards a model independent approach to the flavour problem:

ELECTROWEAK

STRUCUTRE

FLAVOUR STRUCTURE

b—s b—d s—d
AF=2box |AMy A p(Bs—WK) AM A p(Bs—yo) AMy €
AF=1 Bg—7K, Bg—1K, Bg—mn, Bg—pr, e g,
d-quark box | Aqp(Bg—0K), ... A p(Bg—mmn), ... A p(K—=3m), ...
gluon By—XsY, Bg—mK, | Bg—XqY, Bg—m, K, »I*T,
penguin Ap(Bg—0K), ... Ap(Bg—mm), ... e le, ...
Y Bg—X T, Bg—=Xsy Bg—=Xdl'l, Bg—=Xqy K| —»mI*T,
penguin By—mK, Bg—KK, ... Bg—mt B—nK, ... €'/, ..
7! By—X ', Bioutyr  Bg—Xyltl, Bg—utu | K -1, K —»ndwy,
penguin By—nK, B(—KK, ... Bg—mK, Bi—KK, ...  Kfontw, €'/¢, ...
HO
B - Bg—uw K st

penguin




Towards a model independent approach to the flavour problem:

Th. error < 10% decreasing SM contrib.
>
b—s (~A?) b—d (=X s—d (~X)
AF=2box [|AMy AcpBs—YK) | AMg A p(Bs—wo) €k
AF=1
4-quark box | Agp(Bg—09K)
gluon Bg—XgY Bg—XqY K, -1
decrea-| penguin A p(Bg—0K)
sin
¢ Y By—X 'l B4—Xgy | Bg—=>Xdl*l Bg—Xqy | K >l
SM penguin
contrib. 7’ By—X Il Bioutu | Bg—=Xgltl, By—utu | K = K| —»>1dw
penguin Kt—mhwy
0
5 B—ppw By—urw

V¥ penguin




Towards a model independent approach to the flavour problem:

Th. error < 10% decreasing SM contrib.
>
b—s (~A?) b—d (=X s—d (~X)
AF=2box |AMy AqpBs—WK) (AM)ApBs—y0) (&)
AF=1
4-quark box @CP(Bdeq)KD
gluon @ Ba—XqY K, -1
decrea- | penguin @CP(Bd%(])KD
Ty bt @D BeXd BaXay, K
SM penguin
contrib. 7" | B.—utuw | By—=Xyltl. By—utu | K >l K| —»nPw
penguin K+ VV
HO
. B —utu B —urw
¥ penguin
() = exp. error < 10% _ )= exp. error ~ 30-50%



» Rare FCNC Kaon decays within the SM

General decomposition

of the decay amplitude for K — 7+ 1*1"/vv modes:

I. Clean electroweak short-distance component
¢ similar -within the SM- for all the channels

¢ modified by NP 1n (very) different ways in the various channels

II. Long-distance component of e.m. origin

¢ relevant to K — 1+ 1"l modes only

¢ 1nsensitive to NP



I. The clean electroweak short-distance amplitude

Z-penguin + W-box diagrams = scale-independent amplitude dominated by
short-distance [top-quark] thanks to the 7ar d” GIM mechanism:

A*oep b (u)

2 202
¢ VsV m>A+im=A (c)

m? X +i m? (1)

» Genuine O(Gg?) effect

* QCD corrections small and known beyond LO

o large CPV-phase contributing to K DT+ W, -

— A=) Ci(My) O;




Neutrino modes:

e Hadronic matrix element of the leading operator directly extracted from Kj3

@ No sizable long distance corrections [only Z-penguin & W-box = hard GIM
suppression effective also for the leading 1.d. terms|

® Dominant uncertainty from the perturbative charm contribution [NNLO corr.]
+ subleading long distance terms [power-suppressed higher-dim. operators |



Neutrino modes:

e Hadronic matrix element of the leading operator directly extracted from Kj3

@ No sizable long distance corrections [only Z-penguin & W-box = hard GIM
suppression effective also for the leading 1.d. terms|

— @ Dominant uncertainty from the perturbative charm contribution [NNLO corr. ]
+ subleading long distance terms [power-suppressed higher-dim. operators |

large fraction of the present
error still due to parametric
CKM uncertainties

Buchalla & Buras '97
_|_
K" — v Lu& Wise' 94  Falk eral.' 00

BR(KHISMI = C [V, |*[(p-p,)* + (0T)?] = (8.041.0)- 107"

» p.=140+0.06 = O0BRy=8% A K+ — 0V

On-going theoretical activity to reduce o BRy,
below the 5% level: Munich, Frascati




Neutrino modes:

e Hadronic matrix element of the leading operator directly extracted from Kj3

@ No sizable long distance corrections [only Z-penguin & W-box = hard GIM
suppression effective also for the leading 1.d. terms|

® Dominant uncertainty from the perturbative charm contribution [NNLO corr.]
+ subleading long distance terms [power-suppressed higher-dim. operators |

K* = mw | BRKOISM = C |V, |*[(p-p,) + (6T)°] = (8.0£1.0)- 10!

-10

BR(KH)*P = (1.47"" 9) 10

E787+E949 [BNL] ' @




Neutrino modes:

e Hadronic matrix element of the leading operator directly extracted from Kj3

@ No sizable long distance corrections [only Z-penguin & W-box = hard GIM
suppression effective also for the leading 1.d. terms|

® Dominant uncertainty from the perturbative charm contribution [NNLO corr.]
+ subleading long distance terms [power-suppressed higher-dim. operators |

K* > 7w | BREKYSM = C [V |*[(p-p) + (01)?] = (8.0+1.0)- 10-!

if we could decrease the
error at the 10% level... = 42

BR(K*)®P = (1.47>§<)- 107

68% 95%

- A f
IJ.2_
The situation could become g Er—
o : |UTﬁt
quite 1nteresting... L e &

1
—



Neutrino modes:

e Hadronic matrix element of the leading operator directly extracted from Kj3

@ No sizable long distance corrections [only Z-penguin & W-box = hard GIM
suppression effective also for the leading 1.d. terms|

® Dominant uncertainty from the perturbative charm contribution [NNLO corr.]
+ subleading long distance terms [power-suppressed higher-dim. operators |

K*—mw | BREKYSM = C |V |'[(p-p)* + (01| = (8.0£1.0) 10!

N.B.: plotting the BR(K")*P
contour in the p-1 plane is

only a fast way to compare it
with the SM prediction:

68%
12 e

08

0.6

the main interest of such
measurement is not a more
precise determination of Vg

0.4

02

=
[TTTTTT

but the extraction of a key
information about NP

=
)
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Neutrino modes:

e Hadronic matrix element of the leading operator directly extracted from Kj3

@ No sizable long distance corrections [only Z-penguin & W-box = hard GIM
suppression effective also for the leading 1.d. terms|

® Dominant uncertainty from the perturbative charm contribution [NNLO corr. ]

+ subleading long distance terms| g, — v = peculiar CP structure = charm
& 1.d. effects further suppressed (~ negligible)

K; — SINALLY, Littenberg, '89

Buchalla & Buras '97

- (m) 723 _Im(V "y )- 2 Buchalla & G.I.' 98

[SM] — ) 11 t { s td
BR(K;) 1.48- 10 166 GeV 102
_ 4 Kt — v
= (3.0£0.6)- 1011 N

th. error ~ 2% ! KL —mw

control the amount >

of CPV within the SM 0 1 5



KL — TCO It~

The 3 components of the K; — ¥ [*]” amplitude:

A. direct CPV amplitude < » B. mdirect CPV

interference | : +7—-
@ short-distance dominated Y 2 determined by CKS -1 )

avery similar to K7 — 7w

need exp.
4> .
KO mput

-

oy d (+ box)

C. CPC amplitude @no interference & different Dalitz plot
apredicted by theory with good accuracy

in terms of rate & spectrum of Q{L —> TLO'Y'Y)

K

L

need exp.
input




_ L 1.5 -9
K; —»> '] B(Ks— 1" e )m s 165 Mey = 3075 £0.2)- 10
_ +1.4 -9
+ — 4 .
Thanks to some recent B(Ks— mu1) (2.9_1,%0.2)-10 -
results by NA48-NA48/L:  B(K, — D < 1iopey < 0.9- 107
+ Buchalla, D' Ambra®, G.I.' 9
Some related th. works:  G.1., Smith, Unterdorfer '04
Friot, Grenat, de Rafael ' 04
We finally have a clear picture
of the various terms:
SM L ¢ v -12 *
BK;—»> )P =1C . +C_y+C,y2+C.1- 10 ) = Im(V,;"V,y)
oo o
(ete’) = 23+ (10 + 4 +0 = 37+1.0)10"

W) =~ 54+ (25 +18) +52 = (1.5£03)-10 "



BK;— P ete”)SM = (3.7+1.0)- 107 [ ~ 50% due to short dist.]
BK;— )M = (1.5+£0.3)- 10 [~ 30% due to short dist.]

Errors on SM predictions dominated by the large (exp.) uncertainty on
B(K¢— m1*17), but irreducible theoretical error below10%

t

B(K;—mete )™ <2.8 107" [90% CL] KTeV ' B

b —ex ~10 not too far...
B(K;—> m©ufu )P <3.8-10 ' [90% CL] KTeV ' 0

\

Very interesting candidates for future dedicated experiments

» More observables to be studied [Dalitz plot, time-dependent distrib. |

» Different sensitivity to NP with respect to K; — 1w

the 3 decay modes K;— 1 + e*e”, uy"u~, vv 0 =(sd), ,(vv),_,
are sensitive to different short-distance structures Qq, =(5d),_,(11),
= 3 independent info on NP 0,04=(5d),_,(11),




Relative error on Im(V, "V )

VS.
relative exp. errors on B(K¢— me*e”) & B(Kj— me*e)

0.2

0175

6B(K})

d.35
015

0122

0.25

0.1 |

0,075 E— 0.2

202 i_ — 0.15

0.025 f— .
DD:'HIllnu|||||||....|.;—..t...,--1_.',_;1-_;-;__:,-_.._ L COurtesyof

0.025 005 0075 0.1 0.125 015 0175 Q.2 V. Patera [KLOE]
GB(Ks)



» Rare FCNC decays beyond the SM

Natural solution of the flavour (+hierarchy) problem:

A ~ 1 TeV + flavor-mixing protected by additional symmetries

As long as we are interested only in low-energy
rare processes, the most important feature of the
NP model is the nature of this symmetry




» Rare FCNC decays beyond the SM

Natural solution of the flavour (+hierarchy) problem:

A ~ 1 TeV + flavor-mixing protected by additional symmetries

As long as we are interested only in low-energy
rare processes, the most important feature of the
NP model is the nature of this symmetry

most restrictive
possibility

Minimal Flavour Violation (MFV) hypothesis:

The breaking of the flavour symmetry occurs at very high scales and is
mediated at low energies only by terms prop. to SM Yukawa couplings

* natural implementation in many consistent scenarios
[SUSY, technicolour, extra dimensions,...|

* possible to build a predictive low-energy EFT
model-independent approach



unknown

flavour-blind —
dynamics \
A Ay (~ TeV)
. : >
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

The MFV hypothesis can be considered as the most pessimistic scenario:

= deviations from the SM in FCNCs bounded by flavour-conserving
e.w. precision observables



E.g.: Z-penguins & R,

breaking of W
R, = [(Z—bb) umversahty . ;
[(Z—had) ) Ir .
driven by 1 O

Z
Ry=R,[ 1~ Gum? 242 +...] = 0.2200 = 0.0024 +... y
T R, P =0.2163 £ 0.0007 same e.w.-Yukawa
tree +flavour univ. terms structure of the leading
K — mvv amplitude

The O(10-%) accuracy on R, of LEP let us to probe the
genuine e.w.-Yukawa loop amplitude only at the 20-30% level

A 10% measurement of B(K*— mtvv) [or B— 1VvVv] would probe
the same e.w.-Yukawa structure (assuming MFV) at the 6-8% level




E.g.: Z-penguins & R,

breaking of W
R, = [(Z—bb) umversahty . ;
[(Z—had) ) Ir .
driven by 1 O

Z
= — m +... ] = U. — V. +...
R,=R,[1-G.m>2/2m2V2 +..] = 0.2200 — 0.0024 v
T R, = 0.2163 % 0.0007 same e.w.-Yukawa
tree +flavour univ. terms structure of the leading
K — mvv amplitude
4 )

e Even within the most pessimistic NP scenario O(30-50%) deviations from
SM possible in BR(rare short-distance dominated FCNC decays)

2 O(10%) measurements of BR(rare) probe NP parameter space of NP not

cover yet by LEP
. J




Beyond Minimal Flavour Violation

[new sources of flavour symmetry breaking at the TeV scale]

= A priori the most natural possibility

naturally appearing in several specific scenarios [e.g. SUSY: huge literature]

~challenged -at present- by the good agreement with SM in AF=2 sector



Beyond Minimal Flavour Violation
[new sources of flavour symmetry breaking at the TeV scale]

= A priori the most natural possibility
naturally appearing in several specific scenarios [e.g. SUSY: huge literature]

= challenged -at present- by the good agreement with SM in AF=2 sector

General features:

@ Some decoupling between AF=2 & AF=1 (s) (s)
: Up ur
[i.e.: O\p(AF=1)~100% vs. 0\ p(AF=2)~10%] Ry
possible thanks to the interplay between SU(2)- U(1) & LT "

flavour symm. breaking
Colangelo & G.I. '98,
Nir & Worah ' 9;
Buras, Romanino & Silvestrini, ' 9

@ Rare kaon decays are particularly sensitive to new sources of flavour symm.
breaking because of the severe CKM suppression [VtS*th~K 3]
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General features on non-MFV models:

s Possible some decoupling between AF=2 & AF=1 [i.e.: Oyp(AF=1)~100% vs.
Onp(AF=2)~10%] < interplay between SU(2)- U(1) & flavour symm. breaking

@ Rare K decays are particularly
sensitive to new sources of
flavour-symmetry breaking R |

Charmonium Average ' !
0.726~0.037 : 'l

K’ : 5
* qé.ﬁﬂi-nfﬁfgi R BABAR

[i]
n Ks '
027 +0.14=0 03 i
i

Giorgi, ICHEP' 8

fKS e

If a 10% deviation from SM 1is clearly i i
estabilshed in time-depedent CPV :;'f:g-“”i“” L]

asymmetries in B decays > D95, 5004 |
KKK !

055 +0.22=012 . !
* Average (s-penguin) . ; E- =P 2004

042+0.10 - HH | PRELIMINARY

5-penguin

g =2 =lB =] -0.5 0 0.5 1 15 2

high chances to find O(1) non-standard —n, xS,
effects 1n (at least some) rare K decays e

2.7c from s-penguin to sin2f3 (cc)




» A few comments on rare B, D decays

s The NP sensitivity of inclusive FCNC B decays [B — X ;+ W, [']]

is quite similar to the one of K—m+ vv, [T/~ [strict correlation in MFV
models, different flavour structure in the general case]

» A unique opportunity in B decays 1s the possibility to probe non-standard
scalar FCNCs via B, ; — u'u decays:

BR(B) =~ 3. 10”

br
H m, m SM 10
HO, AY BR(B = 1-10
>. > A~ HEE (Ba)
scalar )
SL u MA |""|""|""|""|""|'---|-.-.-'.

l0°E Kane, Kolda, Lennon '03 . «- g
Scalar amplitude competitive with ~ = MSUGRA - ,f
SM because of helicity suppression = el 3
+ large b-Yukawa coupling ; :
sizable (& unique) NP effects in models . A
with more than one Higgs doublet e e
(even within MFV) 10705 30 '3|5't£; IEHGI 0 s
n



» A few comments on rare B, D decays

» The NP sensitivity of inclusive FCNC B decays [B — X ;+ W, 1]

is quite similar to the one of K—m+ vv, [T/~ [strict correlation in MFV
models, different flavour structure in the general case]

» A unique opportunity in B decays is the possibility to probe non-standard
scalar FCNCs via B, ; — u"u~decays

@ On general grounds, rare D decays are less interesting than B & K decays:
dominated by long-distance dynamics which is difficult to control

Notable exceptions:

D — phu BR™M < 10"* BR"P<3.10°
D—osKrn+w BRM<10"P Interesting windows for
+ models beyond MFV

LFV modes



* Conclusions

Which is the scale of flavour symmetry breaking?
Are there new sources of flavour-symm. breaking beyond the Yukawa?

Short-distance dominated rare 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 ki [l the penguins”

revealing the ‘anat omy of the internal constituents”
but this 1s not enough

we also need to carefully study ‘ben guin ethology”
via dedicated rare-decay experiments



Th. error < 10% decreasing SM contrib.
>
b—s (~X) b—d (~X) s—=d (~X)
AF=2Dbox [AMy Aqp(Bs—yK) (AM)ApBs—>Y0) (&)
AF=1
4-quark box [(Acp(Bg—0K),
gluon Bg—XsY, Bg—XqY
decrea- | penguin @CP(Bdeq)KD
e v ByoXMH(Bg—Xgy) Ba—Xl*l
SM penguin
contrib. Z’ By—pw | Bg—=Xal*l Bg—prp | K -l Ky =
penguin
HO \
: B —ufur B, ,—ufw
Y penguin
() = exp.error < 10% ()= exp. error ~ 30-50%



In the kaon sector we can identify 4 outstanding modes:
Kt —>nw K, —->nw K, »>nlete K, >mutu”

» Measurements of these modes at 10% level (or below) 1s
necessarily a major achievement: substantial improve in
understanding flavour dynamics at the TeV scale
(true for any realistic NP model)

@ In planning new experiments, worth to think to the possibility
of measuring more than one of these four channels in the same
set-up (or with minor modifications)



