The golden modes of rare K decays
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* General propertiesof K — (Il, v) + n1t decays

° Status and perspectives of the four golden modes:
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» Some comments on New Physics contributions



* Introduction

Several arguments/observations suggest that the SM is an effective theory
or the low-energy limit of a more fundamental theory with new degrees of

freedom appearing above some energy threshold A > v ~ 250 GeV

\
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C
_ . N~ (d=5)
Z = "Cfgauge(Ai’ LlJI) t "CZHiggs((pl’ Ai’ l'IJi , Y’V) + 2 /\d-4o n
Key questions: general parameterization of
- the possible new heavy d.o.f.
* How large can A\ be valid aslong as we perform
* Which is the nature (< symmetries) low-energy experiments
of the new degrees of freedom?
Flavour physics - and particularly precision studies of rare decays -
provides a key ingredient to answer these questions




Precision studies of rare decays can (dslightly) help to improve our knowledge
about the SM Y ukawa interaction but their main interest is in probing the flavour
structure of new physics:

g — g+, 1"1~, vwv

: Rare processes mediated by A
Flavor Changing Neutral Currents G 9
arethe ideal candidates
N\ / q.t - (?)

* 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]

4 ™ -
enhanced sensitivity to

precise determination of flavor [ the flavour structure of ]
mixing within the SM physics beyond the SM




Towards a model independent approach to the flavour problem:

(6)

Anatomy of atypical O;* ™ relevant to FCNC rare decays.

Q> = W>*Dg o,FYHQ?® ~ mybso,Fs

/ o
flavour coupling \

eg: W™~y ¥V Vi flavour-blind electroweak structure
for the SM short-distance contr.

Limited number of independent

Th . hoice terms once we impose
e most restrictive choiceis SU(3).xSU(2), XU(1),

the so-called MFV hypothesis . :
gauge invariance

{ = same CKM / Y ukawa } - -

suppression as in the SM closely refated to specific
loop topologies, e.g.:

It cannot be worse than this without B
serious fine-tuning problems v \J/
Dok "HQ ~ § v

[Chivukula & Georgi, '86; Buras et al. '00;
D'Ambrosio,Giudice, G.1., Strumia'02] -




Towards a model independent approach to the flavour problem:

ELECTROWEAK STRUCTURE

FLAVOUR COUPLING:

b - s (A9 b -~ d (=N s - d (=\°)
AF=2 box (Q,°rQ 9?2
AF=1 - ~
4-quark box The FCNC matrix:
gluon
penguin each box correspond to an
Indep. combination of dim.-6
Y SU(3)x SU(2) xU(1)-invariant
penguin operators
7Y - J
penguin
HO

penguin




Towards a model independent approach to the flavour problem:

th. eror <10%

) = exp. eror <10%
= exp. eror ~30%

ELECTROWEAK STRUCTURE

FLAVOUR COUPLING:
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* General propertiesof K — (I, vv) + n1t decays

|. Clean electroweak short-distance amplitude
[similar -within the SM- for all the channels]

|1. Long-distance amplitude of e.m. origin
[K — Il + nttmodes only]




|. The clean electroweak short-distance amplitude

Electroweak penguins and box diagrams determine the initial conditions of the
effective FCNC Hamiltonian:

Hetf = Zj Ci(Myy) Q; Qg

(sd)
(SC

Q1OA

Thanksto the "hard" GIM mechanism, Z-peng. and box diagrams give rise to a scale-
Independent amplitude which is dominated by the top-gquark exchange:

Noco M (u)

mZA +im2\° (c)

4 box / Ag _”}27\5 +inmf A (1)
> QCD corr. small and known beyond LO [A=sng]

* large CPV-phase



|. The clean electroweak short-distance amplitude

Electroweak penguins and box diagrams determine the initial conditions of the
effective FCNC Hamiltonian:

Hetf = Zj Ci(Myy) Q; Qg

(sd)

]
‘w
(@)
T
>
>

Q1OA

» Hadronic matrix element: ( 7t| (sd),. | K )
known (from K3) with excellent accuracy

* Lepton pair in a CP eigenstate: the contrib.
of s to K — 1O+ 1l (V) is CPV



|. The clean electroweak short-distance amplitude

Electroweak penguins and box diagrams determine the initial conditions of
effective FCNC Hamiltonian:

Heif = 2 Ci(Myy) Q;

QCD corrections
below the ew. scale

[RGE] mixing with |
A-q operators: large effect in
v CPC y-penguin
amplitudes
Heif = Zj Ci(U~ 1 GeV) Q
» Negligible correctionsfor Im(C,)) & Im(Cqpa) KL — 1Pwv
*» Small & calculable [charm |oops] for Im(Cgy) K — mlefe

* Small & calc. [charm |oops] for Re(C,) & Re(Cqpa) K™ — 1w, K| — ™
» Huge and not stable [long distance] for Re(Cqy) K"— mme'e”



I1. The em. long-distance amplitude in K — (1) [I modes

Qualitative picture:

n ", + + +,—
["XL":1y] K F(KQ— )T 1S
102
Hopeless to disentangle ‘C i Asrort/ Along 10
short—distance effects n

L2y, 3=0] Ky pie

K
_ o = Ashort/Along~ 1
Possible to obtain significant

constrains on realistic
(but non-MFV) NP models

"S' 2y, 2] K, — 1Pete K
[ Y ] - - Ashort/Along <1

Possibile to perform precision 0
tests of short-distance dynamics’;
Quantitative analysis possible
using low-energy EFT approaches




» Status and perspectives of the four golden modes

Neutrino modes:

» No leading long distance contributions [only Z-penguin & W-box = hard GIM

suppression effective also for the leading I.d. terms]

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

+ subleading long distance terms [ power-suppressed higher-dim. operators |

N Buchalla & Buras '97-'99
K™= 11" W Lu& Wise'94
Fak et al. '00

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

BR(K")IMI = C V| *[(p -pp)? + (07)7] = (8.0£1.0)x10°1

L » p,=140+006 = B3BRp~ 8%

On-going theoretical activity to reduce d BRi,

A
K*— 1w

below the 5% level: Munich , Frascati |
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» Status and perspectives of the four golden modes

Neutrino modes:

» No leading long distance contributions [only Z-penguin & W-box = hard GIM
suppression effective also for the leading I.d. terms]

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

K= 11" W

BR(K*)&P = (1.47

E787+E949 [BNL] '04 8

BR(K")ISMI = C V| *[(p -py)? + (07)7] = (8.0£1.0)x1071

F =Y
— s‘f'ﬂl,
1— i
+1.9 —10 -
) x 10 =
-0.9 0.8+
0.4
02—
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02 | b
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» Status and perspectives of the four golden modes

Neutrino modes:

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

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

Ko 1w | BRKYISM = C V| “[(p —po)? + (07)7 = (8.0£1.0)x10-11

If we could decrease the 68% 950
error at the 10% level... = 42 T

1

BR(K*)®P = (1.477%%) x 10

0.3
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+10% —>

K™= 1wV
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The situation could become
quite interesting... 02}
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» Status and perspectives of the four golden modes

Neutrino modes:

» No leading long distance contributions [only Z-penguin & W-box = hard GIM
suppression effective also for the leading I.d. terms]

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

K= 11" W

N.B.: plotting the BR(KH)&P
contour in the p—n plane is

only afast way to compare it
with the SM prediction:

the man interest of such
measurement IS not a more
precise determination of Vi

but the extraction of a key
Information about NP 021

BR(K")ISMI = C V| *[(p -py)? + (07)7] = (8.0£1.0)x1071

95% 68%

08

0.6

0.4

02

=
[TTTTTT

=
3
-

4_
2

3]

[=]

(3]

-

I



» Status and perspectives of the four golden modes

K. — 1w

CPV transition if the lepton pair isin J" =17, 1**[leading dim.-6 operators]

— charm & long-distance effects totally negligible _
Littenberg, '89
Buchalla & Buras '97

Buchadla& G.I.'98

2.3 2
Im(V..'V
BR(K,)(SV] = 1 48x W{ m,(m,) } { (Vie td)} - (30506)x 101

/ 166 GeV 104
/ ) .
th. error ~ 2% ! control the amount M K" — 1'wv
of CPV within the SM
: N | KL — T[OVV
Best exp. bound [KTeV '99]
still very far from the SM leve: g
0 1
Y

B(K, — V) < 5.9% 10 [using T®— vee ]



K, — TOI*I-

The 3 components of the K; — 10 I"1=amplitude:

A. direct CPV amplitude < f » B. indirect CPV
» short-distance dominated NIErETENnce s determined by CKS > TOIT %
svery similar to K| — 10 wv + theory to fix the sign
|<()\\fi need exp. _
K K Input
D O
0 d (+ box ) 7 O

C. CPC amplitude @nointerference & different Dalitz plot
» predicted by theory with good accuracy

in terms of rate & spectrum of @L — T[OW]

need exp.
Input



K, — TOI* B(Ks— T0 €€ )m> 165 mev = (30 12+ 0.2)x 10

. _ +1.4 -9
Thanks to some recent B(Ks— 10 ) = (2922 02)x10
resultsby NA4BNA4BIL Bk, — 10y 1ioey < 0.9%10°°

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

Somerdated th. works:  G.I., Smith, Unterdorfer '04
Friot, Grenat, de Rafael '04

We finally have a clear picture
of the various terms:

'ov v

B(KL = OIS =[C |+ Cy + Cy, 2+ Cpc ] X 107 Im(VVy

t 4

¢ ¢ ¢ 10

ee) ~ 23+ (10 + 4) +0 = (37+x1L0)x10 "

(Wp) ~ 54+ (25 +18) +52 = (15+03)x10



B(K, —» T0e'e)SMl =(37+£1.0)x 10~ [ ~ 50% due to short dist.]
B(K, —» MO p)SMI = (1.5+ 0.3)x 10~ [ ~ 30% due to short dist]

Errors on SM predictions dominated by the large (exp.) uncertainty on
B(Ks— 1@1717), but irreducible theoretical error below 10%

t

B(K, — TOe'e)®P <2.8x10 " [90%CL] KTeV 03
B(K, —» TOUI)®P< 3.8x10 " [90%CL] KTeV ‘00

\

Very interesting candidates for future dedicated experiments

not too far...

* More observables to be studied [Dalitz plot, time-dependent distrib.]
» Different sensitivity to NP with respect to K| — 10 vv

the 3 decay modes K, » 0+ e'e”, iy, w : Q,=(sd)y_A(VV)y_a

are sengitive to different short-distance structures Qyy = (sd)y_,(11)y
= 3 independent info on CPV beyond the SM Quoa=(sd)y_A(11),




B(K.—»muw) (107

Discriminating power of the combined measurements

20

10

B(KL —me"e’) + B(KL —» mOpu7)
with respect to non-SM scenarios:
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Enhanced EWP
[Burasetal.'04 ]
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Relative error on Im(V,. V)

VS.
relative exp. errorson B(Ks— me'e) & B(K — m0e’e)

0.2
0.4

0175
O- B(KL) 815 i
0.3

@125
.25

0.1
0.07% _ i
0.05 B = .15
0,025 | 1 a.1

o I RN GRS e L |
i 0.025 Q.0 0.075 0.1 2,125 .15 J.175 21
0 B(Kg F. Bossi, V. Patera [KLOE]

& G.1., work in prog.



» Rare FCNC decays beyond the SM

Natural solution of the flavour (+hierarchy) problem:
N 11 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 isthe nature of this symmetry

Mmost restrictive
possibility

Minimal Flavour Violation (MFV) hypothesis:

The breaking of the flavour symmetry occurs at very high scalesand is
mediated at low energies only by terms prop. to SM Y ukawa couplings

* natural implementation in many consistent scenarios
[SUSY, technicolour, extradimensions,...]

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



unknown
flavour—blind

dynami \
ynamics
A A, (~TeV) .
Z ; >
breaking of G- | flavour-blind dynamics . SM degrees
by meansof (Y) . [non-SM degreesof 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 b, W b,
r(Z - bb S
R, = (£ — bb) unlversallty L 3
[(Z — had) tr .
driven by 7 ’ N
Z
=Ry[1-G;m 2/2m%/2 +..] ~ 0.2200 = 0.0024 +... {
I R.eP = 02163 £ 0.0007  sameew.-Yukawa

structure of the leading

tree +flavour univ. terms .
K — mvv amplitude

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

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




E.g.: Z-penguins & R,

breaking of b, W b,
r(Z - bb S
R, = (£ — bb) unlversallty L 3
[(Z — had) tr .
driven by 7 ’ N
Z
=Ry[1-G;m 2/2m%/2 +..] ~ 0.2200 = 0.0024 +... {
I R.eP = 02163 £ 0.0007  sameew.-Yukawa

structure of the leading

tree +flavour univ. terms .
K — mvv amplitude

4 ™
s 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 scal€]

= 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. sy o
\/\/\/\/\/\/
» Some decoupling between AF=2 & AF=1 u u.
[i.6: Syp(AF=1) ~ 100% Vs, 8, m(AF=2)~10%] . R #. .
possible thanks to the interplay between SU(2)- U(1) ,

& flavour symm. breaking
Colangelo & G.1. '98,
Nir & Worah '97;
Buras, Romanino & Silvestrini, '97

» Rare kaon decays are particularly sensitive to new sources of flavour symm.
breaking because of the severe CKM suppression [ V..V, OA°]



In generic MSSM

thi

[including all the phenomenolog

B(K—1wvv) w

E.Q.

b—sy,...]

Ko

al constraints from €., AM

IC

Buraset al. '04

Grossman-Nir bound

(K — W) < [(K'— 1T'WV)

[ Im(A) < |A]]

B(K_ — 10wv) < 4.4 B(K*—TT'VWV)
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» Conclusions

s |n the kaon sector we can identify 4 outstanding modes:
Kr-mw K ->mw K —->mee K - muu

s |n all of them thereis still room for sizable NP effects:

3 i
K,— n’e'e” %

=

» Measurements of these modes at 10% level (or below) = substantial improve
In understanding flavour dynamics at the TeV scale (true for any realistic NP)

» Complementarty of the 4 modes with respect to NP



0.1

0.01

1
bounds on A2 QLYYW Q)L y, L. within MRV [ o(Vij)=1%]

B(B—=K*T'T)

B(K*— 1T'WV)

B(B—=X, ') Apg(B—= X, ['T)

A (TeV)
2 4 6 8 10 12
' ' ' ' ' >
B(B — 1vwV)
B(B— X VV)
B(K; — 10VV)



