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° |ntroduction

Why are we interested in rare decays?

The SM islikely to be an effective theory valid up to a cut—off scale A:
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The Flavour Problem

Available data on AF=2 FCNC amplitudes (meson—antimeson mixing)
already provides serious constraints on the scale of New Physics...
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...while a natural stabilization of the Higgs potential [I A ~1TeV

After the recent precise data from B factories, it is more difficult
[although not impossible...] to believe that this is an accident



Two possible solutions:

° pessimistic [very unnatural]: A > 100 TeV
[1 almost nothing to learn from other FCNC processes

o natural: A ~1 TeV + flavour—-mixing protected by additional symmetries
[1 still a lot to learn from FCNCs [especially from A F=1 processes]
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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 proportional to SM Yukawa coupl.

e natural implementation in many consistent scenarios

[SUSY, technicolour, extra dimensions,...] wide literature]

e possible to build a predictive low—energy EFT including

only SM fields [J model-independent approach
[D’Ambrosio, Giudice,

G.l., Strumia, ’02]



» Minimal Flavour Violation

M
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The maximal group of unitary field transf. allowed by ¥ qauge 1S

Ge = U(3)> = SU(3)*x SU(3)§><U(l)PQxU(l)ERxU(l)BxU(l)LxU(l)Y

subgroup broken byiﬂsw|

Yukawa

SU(3)’= SU), xSUQ)e_

SU(3)§ = SU(3)q, xSU()y *xSU@B);_

subgroup responsible for quark mixing
[ Yukawa structure, CKM matrix]

U(l)PQ: glob. phase of D, & Ej
U(1)c : glob. phase of Eq
R

groups relevant in multi-Higgs
models [overall Yukawa norm.]

Z s = QL Yp DrH + QL YuUr(H) + I:L Y EgH+ h.c.



Since G Is already broken within the SM, It is not consistent to impose It as an
exact symmetry beyond the SM.

However, we can (formally) promote G to be an exact symmetry, assuming the

Yukawa matrices are the vacuum expectation values of appropriate auxiliary
fields:

ed: Yp~(3B31) & Y, ~(313) under SU(3)QL><SU(3)UR><SU(3)DR

AVER Ny (= TeV) .
I : >
breakingof G- | flavour-blind dynamics . SM degrees
by means of (Y) . [non-SM degrees of freedom .  of freedom

stabilizing the Higgs potential]

natural cut—off
. scale of the EFT



A low-energy EFT (including only SM fields) satisfies the criterion of MFV if
all higher—dimensional operators, constructed from SM and Y fields, are

(formally) invariant under G. Chivukula & Georgi, *89

DGIS, ’02
. + .
YD = dlag(yd 1y3 1yb) YU - V X dlag(yu 1yC 1yt)

‘—» the CKM matrix is the only source of quark mix.

(Aec); = (Yy YU+)U. = ¥tV Vy, Arc is the effective coupl. ruling all
FCNCs with external d quarks
* (as within the SM for s.d. dominated amplitudes)

 all FCNC amplitudes have the same CKM structure as in the SM
[e.g.: A(b—>5y) DVtitS, A(S—>dy) DVStth, ]

e only the flavour—independent magnitude of FCNC amplitudes can be
modified by (non—standard) dimension—six operators

e ""phase measurement” [e.g.: a(B—WKy), AMBd/AMBS] are completely
unaffected by (non—standard) dimension—six operators



Construction of the EFT assuming only one light Higgs doubl et:

In principle we should consider operators with arbitrary powers of the
(adimensional) Y fields

Strong simplification with an expansion in off-diagonal CKM elements

and small quark masses:
O T YU)']; = (e )y =y Vg vy,

Only two basic building blocks [for FCNCs with external down-type quarks]:

QL)\FC Q|_ DR)\d )\FC QL
o 4 AF=2 operators [only 1 independ. combination] 6 main free param.
» 17 AF=1 operators [8 + 5 independ. combinations ] [nfcl’t much more than in
avour—conserving

|_, (g - g+, 117, w) e.w. precision tets]



The operator basis:

o AF =1 Higgs field :
O =i (QLA\rcuQr) H'DuH Oz = i (QLArcT Q) HIr"DyuH .
e AF =1 gauge fields : "Cfeﬁ — Zi LZ OSG)
Og1 = H' (DpAadrcomT*QL) Gy Og2 = (QLAFcT*QL) DuGl, - A
Op1 = H (DpAddrcomQL) Fuv » Op2 = (QLAFcmQL) DyFpuw - integration of
the heavy
o AF =1 four-fermion operators: SM fields
Op1 = (QLArcw@L) (LrulL) , Op2 = (QLAFCcYnT* QL) (Lpyr®Ly) , v
O3 = (QrAFrcQL) (EruER) - standard ML
Oq1 = (QrArcmQL) (QrLvQL) , Og2 = (QLArcm™QL) QL™ QL) ,
Oz = (QLAFc T QL) QLT QL) , Oga = (QLAFC’YpTaTbQL) (@rLT°r°QL) , Heﬁ (AF:Z, AF:]-)
Ogs = (QLArcQL) (Dr1uDR) | O = (QLArcwT*QL) (DpvuT*DR) , : .
0;7 = (QLArcmQL) (UruUr) 038 = (QLrArcwT*QL) (Ur1uT*UR) - with modified Ci (MW)

0 all the C. (M) receive independent contributions of order (A, //\)2

Ny = 4T[g‘1l\/|W = 2.4TeV = natural scale probed by O(1) constraints
on s.d. dominated FCNCs within MFV models



Possible extensions/generalizations of this approach:

1) Inclusion of extra Higgs doublets < breaking of the U(1)’s

The breaking of the SU(3) groups is not necessarily related to the
breaking of the U(1)’s

With two Higgs doublets we can assume the Yukawa interaction
IS Invariant under U(l)F,Q

Z

Y

wawa = QL Yp DrHp + Q Y UgHy + L Y Eg Hy + he.
[1 the CKM matrix remains the only source of quark mixing,
but we are free to modify the overall normalization of the Y

[ (YDYD+)ij =y’ 5,8, new non-negligible source of G ]

I1) Inclusion of SUSY degrees of freedoms [ EFT valid to higher scales



Comparison with other definitions/approachesto MFV:

|) Pragmatic SM-like definition: No other FCNC operators beyond the SM ones;
New Physics modifies only the C; and not the CKM factors.  [gyras et al. *00-'02]

@ Not based on a symmetry principle [ not justified in a model-independent way;

not clear how to extend this definition to cases with additional degrees of freedom
(2ZHDM, SUSY, etc...)

@ Equivalent, in practice, to our approach — under the additional assumption of a single
light Higgs doublet.

11) Various |ow-scale mass—matrix assumptions within the MSSM:

(M%), o | [universality] (M?),, o diag[a,b,c] in the super—-CKM basis
[Bobeth et al. "02]

@ compatible with the MFV hypothesis @ not compatible with the MFV hypothesis
(sufficient condition) (new source of G breaking)
@ not RGE invariant @ not RGE invariant

[ Our general MFV prescription: (M%) oc Za (Y, Y,) ~al+aY,Y,



° Present (and future) constraints on MFV models

DGIS, 02
Minimally flavour violating main A [TeV]
dimension six operator observables — +
Op = (QLArc1QL)? ex, Amp, 6.4 50 o
OFI — EHT (DRAdAFCU#VQL) pr B — Xgvy 46 7.3 o
Ocg1 = gH" (DpAIAFcomT?Qy) Gy B = Xsv 23 38 o
O = (QrircQrL)(Lpyuly) B— (X)), K- mvw,(m)l |31 27 «
Op = (QLArcwum® QL)Y Lpyur®Ly) B —= (X)), K —nvb,(n)f (3.4 3.0 «x
Ou1 = (QrLArc1uQL)(HViD,H) B (XY, K-omvo, (o)l |16 16 =x
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» = dominated by th. errors [difficult to expect substantial impr. in the near future]
* = dominated by exp. errors [substantial impr. expected the near future]

The bounds are typically weaker (or at most as stringent as) those obtained
from flavour —conserving e.w. dynamics [~ 5-10 TeV]

[1 we are just entering the interesting region...



Predictions derived within the MFV approach [with 1 light Higgs]:

Observable 99(90)% MFV limit  determined by 90% Exp. limit [?]
B(B = Xgv) 2(2) x 107> B(B = Xsv) -

B(B = Xswi) 8(6) x 1074 6.4 x 10~4

B(B = Xi) 3(2) x 1073 B(Kt s ntwp) |-

B(Kj, — nvi) 5(4) x 10710 5.9 x 107

B(Bs = 1777) 4(3) x 107 -

B(B; — rt77) 1(1) x 107 B(B — Xi) -

B(Bs —+ ptp™) 2(1) x 1078 [B(KL, = uFp short] 2.0 x107°

B(By = utu™) 6(5) x 10710 6.1 x 10~7

B(K; = ﬂ06+6_)cp_dir 2(2) x 10~11 5.6 x 10710

[link between

b—s,

b— d,

s— ]



AF=2 and the Unitarity Triangle

The UT can still be determined with
high accuracy within MFV models

1 [ &k & AMg, provides a stringent
Minimal flavour violation AM ' AMJ .
N | 90, 99% L2 don) B/ AMag constraint on the new AF=2 operator:
- . g | | A "‘a
_ M "o i' || |
2 \,/“b | R : ?9?59%1‘!0*"!!? d iz sk §
-2} ' %-e
acp (WK) 4| | ;
= . _%o%CL(den |\
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. N P " o B
fine—tuned solution arising from a sign LT | -
change of the s.d. AF=2 amplitude ~ Buras, - S . -

Fleischer, "01 AinTeV

unlikely because of light—quark (charm)
contributions to €x

Ali, London; Buras, Gambino, Gorbahn,
Jager, Silvestrini; Fleischer; Laplace,
Ligeti, Nir, Perez; Parodi, Stocchi,
Bartel etal. ’00-’02

sensitivity to new physics
determined by 0By



Futur e prospects on rare decays:

[assuming o(Vjj) =0.01]

Orel
A(TeV)
8 10 12

1
0.1-

0.01 1 * 3

B=KI[1T| BHHU]|] K»r'VY
B-+X.IT

[J worth to plan K, — m°vv dedicated experiments (even in the long term)



* MFV with two (light) Higgs doublets

Z

vukawe = Q Yo DrHp + QLY UgHy + L Y Eg Hy + hie.
Invariant under U(l)PQ
smallness of my/m, naturally attributed to tanf3 = (H,)/(Hp) >1

[ (YoYp); = vu” 850, new non-negligible source of G, ]
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breaking of the relation between b —> s & b — d
[contributions from both (YY) & (YpYp )(Y,Y,)]

and s— d
[contributions from (Y,)Y,,") only]

E.g.: the two solutions of the p—n fit become equally probable



Interesting aspects of large tanf3 corrections to FCNCs related to LLGIIPQ ;

The U(l)F,Q symmetry cannot be exact [ I m,=0 ] and it must be broken
at least in the Higgs potential [ e.g.: pd &, 0 WMSSM]

:(HU)C
] we need to consider also Yukawa-type ; QV\UR
U(l)PQ—breaking terms: R [ . o--] Qu
Hp Hu
€i QL(YDYD+)n(YUYU+)m(YDYD+)kYD D (Hy).
€, QYY) (Y Y, ) (Ys Y5 )Y, Uy (Hp). [c. MSSM . (1672)1]

If e, tanf3 ~ 1 these new terms induce O(1) (non—decoupling)
corrections to the ordinary (U(l)PQ—conserving) Yukawa interaction
[Hall, Rattazzi, Sarid, *94]

[] we need to perform a complete re—diagonalization of all the effective
dim-4 Yukawa terms in order to resum the large e, tan[3 corrections
beyond the ordinary perturbative expansion




Assuming the standard hierarchical structure of Y, 5 [I usual expansion of (YQYQ+)

[] 8 independent dim—4 U(1)PQ—breaking terms (] all the interesting effects driven
by four terms [all appearing @ 1 loop in the MSSM]:

— & éL YuYu Yb Dr (Hy), €9 QL Yp Dg (Hy).

€y QL YpYp Yy Ur (Hp), €q Q_ Yy Ug (Hp).

MSSM literature:
— emodification of My =.7(Yp) [Hall, Rattazzi, Sarid, ’94] -«

— emodification of Vkpm =-7(Yy, Yp) [Blazek, Rabi, Pokorski, 95]

— egppearance of a FCNC Hodjdk coupling [Hamazaoui et al. *99,
Babu & Kolda, ’00]
— oamodification of the H+ujdk verteX [Degrassi et al., Carena etal. ’00] <—

[1 all four effects play a significant role in rare helicity—suppressed B decays [



E.g.: diagonalization of down-type quark masses:
78 =AY [H) +(eg+e Y Y, )H1d, + he

down

d.y,[(1+ egtanB)s, + (extanB)yfV?*ng]djL

\

eff il md- i i 10 md-tanB il 0 : A0
< o= Myd.d +—d.d h — ' d.d [H =i A’
! V.7 » V[l+4egtanp +extanByf63i]
M, tanf3 x €, tanf3 o
) d, X * i i -
et Y, VV, ) ded 7 [H =i A']

V[ 14 ¢, tanp +extanByf§3i][1+ €4 tanp]

|
I

Effective couplings resumming all the leading (non—decoupling) tan[3 corrections



Application to rare decays:

A) Bo uu helicity suppression of the standard (axial-vector) contribution
[] enhanced sensitivity to Higgs—mediated scalar FCNCs:
mm, .
~ e tan°f3 A M 2 2 tan?
scalar an”f
. Mi\ -] XA~ 167 (e tanpB) ‘;V m :
2 ASl\/l M A mt

m m
A ~ T ( 2 ) .
SM 2 n 2 ossible huge effetcs for tanf3 ~ mi/my !
16 17 Mw m, P g B~m/my

Babu & Kolda, 00

In the effective theory we need to compute only one diagram: Chankowski et al. "01
Huang et al. ’01

Bobeth et al. ’01
b U Dedes et al. ’01
full dependence on the HO, A° G.I & Retico *01
O T L A Y .
(leading) e tan[3 terms ( ) :

In ordinary pert. theory the calculation is more involved and the
result can be wrong even by one order of magnitude for tanf3 ~ 50



B) Neutral & charged Higgs exchange in b — sy

e Interesting example where all the effects plays a non—negligible role:

*Size of the corrections much smaller than in B — p'y , but relevant
given the high exp. precision of b — sy

pure 1-loop: improved 1ae 't ”
1-loop result: C_ (u,,) = 2 F(x.,)
C?y(uw) = F(72)(XtH> W 1+(Eg+yt26X)t roo
2 -
me e 't
2 102 g (2)
Xyy=Mm /M H termsnot ~ » > 3 F 7 (XtH>
t=tanp considered m[1+(e +yre)tl1+e,t]
In previous o 2¢ 13
analyses — The

2 2 2
36I\/IH[1+(69+ y €, )t] [1+egt]

[DGIS 02, Buras et al. ’02]



€o tanf3

Constraints on [MSSM-like] two—Higgs doublet models:

B— XV

M, 50/tanBin GeV

€ tanP

My 50/tanPin GeV

[DGIS *02]



» Conclusions

A top - bottom approach to the Flavour Problem would in principle be preferable,
but we still lack of a simple and clear theory to describe the breaking of Gg

The general MFVV-EFT approach provides a bottom - top alternative, particularly
useful to analyse present & future precise data on FCNCs

L1 there is still a lot to learn from transitions of the type
b[s] — s[d] + I'1" ()

[1 it’s important to measure clean observables such as (K — TTvv),
F(B— I'l") and Agg(B — X I'1) also in the LHC era



