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Plan of the lectures:

>
>

» Flavour physics beyond the SM: models and predictions

~Minimal Flavour Violation
~Flavour breaking in the MSSM
~MSSM with MFV at large tanf
~Flavour protection in warped space
~Conclusions
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From the first lecture...

tree /strong + generic flavor

~1 » A2 2x10*TeV [K]

loop + generic flavor

» A=2x10°TeV [K]

C
NP (X4 s 29
tree/strong + “alienment
~ (3, V,iV,)? fstrong + "alighment 1\ » 5 TeV [K & B]

~1/(161T)

loop + “alignment”

~ (y; Vzi*sz)z/(16TC2) +» A=>05TeV [K & B]

Can we build NP models with such alignment ?
Do we need to impose it also in AF=1 processes ?

Can we have c\p=0? or A\ > 10TeV ?

Can we see deviations from the SM with more precise measurements ? Where ?
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~Minimal Flavour Violation

) 2 \\a.
.I/// NN

» Flavour symmetry: _-—:",'//;'% U
U3)° = SUB3), XSUB), XSUB),, X =

| global symmetry of the SM gauge sector]|

{3)Q><SU(3)U><S%

-—

‘&uark FlavE

A
A

- {O

» Symmetry-breaking terms: Y, & Y,
|quark Yukawa couplings]

7,

Z,

SM gauge + Higgs

>QL UUUJ P+ QL lJDJ(p

This specific symmetry + symmetry-breaking pattern is responsible
for the GIM suppression of FCNCs, the suppression of CPV,...
all the successful SM predictions in the quark flavour sector
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~Minimal Flavour Violation

Since the global flavour symmetry is already broken within the SM, is not
consistent to impose 1t as an exact symmetry beyond the SM (fine-tuning, not
RGE invariant)

However, we can (formally) promote this symmetry to be an exact symmetry,
assuming the Yukawa matrices are the vacuum expectation values of appropriate
auxiliary fields:

Eg: Y,~@3,13) & Y, ~(3,31) under SU3), xSU(3),, xSU(3)
D U 0, U, D,

L okawa = QL Y, D@+ QL Y,Up @, + I_’L Y, e, @+ h.c.

A\

(3.1,3)

\

(1,1,1)

(3,1,1) (1,1,3)
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~ Minimal Flavour Violation

o Flavour symmetry:
U@3)’ = SU(3), XSU3), xSU(3),, X
| global symmetry of the SM gauge sector]|

//-
o Symmetry-breaking termes: ﬂQXSUG)U X%

— — .
Yo ~30X3p Yy ~3,%3y . QuukFlavor
[quark Yukawa couplings]| S‘E

A natural mechanism to reproduce the SM successes in
flavour physics -without fine tuning- is the MEV hypothesis:

Yukawa couplings = unique sources of flavour symmetry breaking also beyond SM
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~Minimal Flavour Violation

(¥) ¥)

unknown

flavour—blind

m—
/ dynamics \
AV N\ (~TeV) .
Z i >
breaking of G, | flavour-blind dynamics : SM degrees
by means of (¥) . [non-SM degrees of freedom . of freedom

stabilizing the Higgs potential |
' natural cut-off

: scale of the EFT

General principle (RGE invariant) which can be applied
to any TeV-scale new-physics model
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~Minimal Flavour Violation

A low-energy EFT satisfies the criterion of MFV 1if all higher-dimensional
operators, constructed from SM and Y fields, are (formally) invariant under the
flavour group [ SU(3)Q><SU(3)U>< SU@3), 1

We can always choose a quark basis where:

Y, = diag(y,.y; ) Y, = V' x diag(y,.y. -y, Yq =My @

Typical FCNC dim.-6 operator: 0 Li (Y,Y U+)ij 9, Lj X L_L Ly
331 (33,1

\

(1,1,1)
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~Minimal Flavour Violation

A low-energy EFT satisfies the criterion of MFV 1if all higher-dimensional
operators, constructed from SM and Y fields, are (formally) invariant under the
flavour group [ SU(3)Q><SU(3)U>< SU@3), 1

We can always choose a quark basis where:

Y, = diag(y,.y; ) Y, = V' x diag(y,.y. -y, Yq =My @

Typical FCNC dim.-6 operator: 0 Li (Y,Y U+)ij 9, Lj X L_L Ly

+ %
Yy Yy, =y ViV

3i ¥ 3
* same CKM - Yukawa structure
of the SM short-distance
V' x diag( vy Y. Y2) XV contribution !

=V x diag(0, 0, y*) x V
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~Minimal Flavour Violation

A low-energy EFT satisfies the criterion of MFV 1if all higher-dimensional
operators, constructed from SM and Y fields, are (formally) invariant under the
flavour group [ SU(3)Q><SU(3)U>< SU@3), 1

We can always choose a quark basis where:

Y, = diag(y,.y; ) Y, = V' x diag(y,.y..y, Yq =My @
Typical FCNC dim.-6 operator: 0 Li (Y,Y U+)ij 9, Lj X L_L Ly

In principle we can consider higher powers of the Y.
However, because of their hierarchical nature this does not change the picture:

- - *
[ (YU YU )n ]IJ ~ (YU YU )1J = ytz V3iV3j
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- W

Basic MFV: __,/,/'7 A

—/I/
/I/

» Flavour symmetry: =

U(3)5 =SU@3), XSUB), XSU3)p X

(3)Q><SU(3)U>< SU%
~ Quark Flavor== =

* Symmetry-breaking terms:
Yp ~3,X3p Yy ~3,X3y,

.. .
Main virtues: _—

> Bounds on NP scales range from fewxTeV (for strongly interacting theories)
to fewx100 GeV (for weakly interacting theories)

» Very predictive framework:

= All FCNC amplitudes have the same CKM structure as in the SM
le.g.: A(b—sy) UV, V., A(s—dy) UV,V,,, ...] and only the
flavour—independent magnitude can be modified

~ Phase measurements [e.g.: A ,(B—YKjg), A n(B—QKy), AMBd/AMBS ]

are completely unaffected by new physics




G. Isidori— B Physics 65" Scottish Universities Summer School in Physics (2009)

Basic MFV: -I/’/x\\\ﬁ
\‘—

= v
» Flavour symmetry: // \
Vo

U3)° = SUB3), XSUB3), XSUB),, X... : \ o

v

D/

* Symmetry-breaking terms: | =
AP U@ XU, <SUGpy

Yp ~3,%X3p Yy ~3,X3y ﬂ@ﬂ(ﬂa

e @ 4

i . @@ 4

SN\

Interesting extension/variation in case
of more than one Higgs doublet:

» With two Higgs doublets we can change the relative normalizationof Y, & ¥/,

(controlled by tanf3 = (@,,)/(@,) )
yu = mu / <(pU>

qukawazéYD +0,Y,U + h.c.
L L pDr Dy L uUr @y ¢ =md/<(pD> =taand/<(PU>

\

Interesting phenomenological signatures in helicity-suppressed observables
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A few important comments:

I) MEV is not a theory of flavour

It does not allow us to compute the Yukawa couplings in terms of some
more fundamental parameters

But 1s a usueful predictive/falsifiable construction which allow us to
identify which are the irreducible sources of flavour-symmetry breaking
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A few important comments:

I) MEV is not a theory of flavour
IT) There is still room for non-MFV effects

According to the recent CDF & DO results on the time-dependent CP asymmetry
in Bi— Y@, there 1s even a ~26 deviation from MFV (and the SM) in the phase
of B, mixing.

0.6 CDF Runll Prel. 2.8 '+ D@ 2.8f

‘T' | 68% CL
EX 95% CL
g0l
< 0.2
If confirmed, this would 0.0
rule out both SM and
MFV hypothesis. 0.2
-0.41 SM p-value = 0.034 (2.106)
But we have to wait... (2.0c at nearest point)
-0. ' :

5 1.0 -05 00 05 1.0 15
3 .fff 1 eh [rad]
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A few important comments:

I) MEV is not a theory of flavour

IT) There is still room for non-MFV effects
[IT) Even if we forget about B, mixing, MFV is far from being “verified”

To prove MFV from data we would need to

@ observe some deviation form the SM in FCNCs

@ observe the CKM pattern predicted by MFV [within same type of FCNCs]|

0 1 o 1
AgcNC [b —d(s)] ~ th(s) Csm 5 + CNP_2
M, A

AF =2 processes are in principle good candidates to prove MFV,
but so far we are limited by theoretical (Lattice) uncertainties

Some AF=1 rare decays could provide more useful infos to proof (or disproof)

the MFV hypothesis from data (very interesting candidates: By s — [']")
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A few important comments:

I) MEV is not a theory of flavour

IT) There is still room for non-MFV effects
[IT) Even if we forget about B, mixing, MFV is far from being “verified”

IV) Even within the “pessimisic” MFV hypothesis. we can still expect sizable
deviations from the SM in various B physics observables...

Typical examples:

Bas— I"lI” up to order of magnitude enhancements if tanf3 is large

Apg(B = K T'7)  up to O(1) deviations from the SM
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~ Flavour breaking in the MSSM

The Minimal Supersymmetric extension of the SM includes:

o scalar partners of the ordinary quarks and leptons [QL, Up, ...]

@ spin-1/2 partners of the ordinary gauge bosons [gauginos|

» Two Higgs doublets [H,, H, | with their corresponding spin-1/2 partners

The SUSY version of C,E/g auge 1s completely determ. by its symmetry properties

The SUSY version of .2, is also strongly constrained:

- S+
MSSM _ A = Hp : Hp QL o
<y =Q, Y, DpHy+ Q, Y ,UH, - - '<\;R ~a Dk
+ QO Y, D H, + O Y, U H, + .. ~ 0

H L + 4 boson
............. ‘_/E

. Dg couplings
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All the "difficulties” of the theory (e.g. a large number of free parameters)
are hidden 1n the so-called soft-breaking sector:

Lo = M) XiX; + M2 0.0 + Ay GO,

gaugino/higgsino  squark/slepton  trilinear scalar
masses | masses couplings |

\/

potential new sources of
flavour-symmetry breaking
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All the "difficulties” of the theory (e.g. a large number of free parameters)
are hidden 1n the so-called soft-breaking sector:

Lo = M) XiX; + M2 0.0 + Ay GO,

gaugino/higgsino  squark/slepton  trilinear scalar
masses | masses couplings |

\/

potential new sources of
flavour-symmetry breaking

N.B.: while for the SM quarks [Dirac fermions] only LR mass terms are
allowed, 1n the case of the s-quarks [scalars] all possibilities LL, LR and RR
are allowed 1 6%X6 mass matrices.

B M2, M 2LR_ If the off-diagonal entres of this mass matrices
=p are not sufficiently small, the model is ruled-
M 2LR)+ M 2RR out from flavour physics observables
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All the "difficulties” of the theory (e.g. a large number of free parameters)
are hidden 1n the so-called soft-breaking sector:

Lo = M) XiX; + M2 0.0 + Ay GO,

gaugino/higgsino  squark/slepton  trilinear scalar
masses | masses couplings |

The general MFV hypothesis provides a strong
restriction to the possible strucutre of these terms

Eg: (M°); Of Oy
General MFV prescription: (M2 )i o 2 a (Y, Y U’L)n ~a,l+aY,Y U+

This is what we expect assuming, for instance, that at some heavy (GUT ?) scale

(M2 ); 1 ¢ I [universality] = non-vanishing a generated by RGE running
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~ MSSM with MFV at large tanf}

With two Higgs doublets we can change the relative normalizationof ¥V, & Y,

(controlled by tanf3 = (@,,)/(@,) )
yu = rnu / <(pU>

%-Yukawazé Y, D.®,+Q, Y, U,@, + h.c.
LIpYR YD L-"U"R YU yd:md/<(pD> :taand/<(PU>

\

Interesting phenomenological signatures in helicity-suppressed observables:

Bt [ty By— 'l B - X,y
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~ MSSM with MFV at large tanf}

4 N
br > H < br > HO, A° l< br SL.
uL \Y d(S)L l

. /

v

The H* exchange appear at the tree-level in charged-current amplitudes.
The effect 1s usually negligible (suppression of Yukawa couplings),

except for helicity suppressed observables (B—/V) or T final states (B—D1V)

Simple My & tanf3 dependence
[mild dependence on other parameters]: > O(10-30%) effect in B— Iv

) o2 . .
mBz tanBZ 3 times smaller in B D1tV

B(B =B — ~
(B—1v) sm 1 I\/IH2 (1 + ¢, tanf)  ~ 100 times smallerin K — [v
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~ MSSM with MFV at large tanf}

4 N
br HE !
DS

- /

Present status:

Ll n(s)

=

95% CL from B —1v

B(B —=1v) = (1.51 £ 0.33)x104
Babar+Belle '09

g g 1y 4 5 4 1 4 4 4 4 1 4 4 4
100 200 300 400 500
B(B -1V)q\ = By /g’ V2= 1.2x104 Charged Higgs mass (GeV)

sizable theoretical

(parametric) error Improving th. and exps. on these

channels can lead to very valuable

infos on My & tanf3 !
The B — D tV channel could be

relevant for hadronic machines N.B.: key role played by lattice QCD
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~ MSSM with MFV at large tanf}

4 N y
bR> HE < br > HO, A° l< br S
ur, \Y d(s).. /
o %
| B - XY

There are no tree-level FCNC couplings of the neutral Higgses in MFV models;
however, effective couplings can appear at the one loop level and they are potentially
quite large in the MSSM:

Crucial dependence on L and Ay [ + My & tanf3]

- (Hy).
. mym; LA
. AB- I, ~ 2B ERU p3g
i i e
¢ N . q
d " - ‘\ d
R ® ( jj Py L Possible large enhancement over the SM, but the
~ o~ magnitude of the effect can vary a lot in different
Hp Hy

SUSY-breaking scenarios
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~ MSSM with MFV at large tanf}

Present status:

B(B, — up) <4.8x108(95%CL) B(B, — HW)q=3.2(2) x 109
B(B, — up) < 7.6 x10?(95%CL) B(B, — Uy = 1.0 x 10-10
[CDF '09]
10" CMSSM 10" NUHMI
= 45 1T o = 45 : 2y N T 1
T a0F 09 & ] = Sn 0.9
g‘” 35 _ Buchmuller et al. 0.8 g‘” 35 _ ! 7 0.8
& 30F arXiv: 0907.5568 [hep-ph] 0.7 & 30F ' 0.7
25 06 25 06
3 0.5 : 0.5
20F 0.4 3 0.4
15E 0.3 15F 0.3
10 0.2 10F 0.2
5 0.1 0.1
O ===36—""26—""36 30 %060 ° 50 60 O
tanp tanp

Reaching the SM level would lead to a very significant constraints in the (C)MSSM
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~ MSSM with MFV at large tanf}

Present status:

B(B, — up) <4.8x108(95%CL) B(B, - UW)gy = 3.2(2) x 107
[CDF '09]

» Th. error controlled by f5 (=lattice). Not a big issue if deviations from SM
are large, but important to improve in view of future precise measurements

» The B(B; — un)/B(B, — uu)ratio is a key observable to proof or falsity MFV
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~ MSSM with MFV at large tanf}

Most complicated observable with several,

naturally competitive, contributions:
One of the most significant constraint

§ 7 on the MSSM (even at small tan[3)
o PR 5L B(B —X y)exP = (3.57 £ 0.24)x104
Hi, H() 7(’ g HFAG '09
" positive " sign ~ sgn(k,A) B(B »X )M = (3.15 £ 0.23)x10-4

* decreasing with tanf3 e jncreasing with tanf3 Misiak e al. 07
1S1aK el dl.
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~ MSSM with MFV at large tanf}

l I:::I.E}{]E}E-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Most complicated observable with several,
.. . . 0.0004 |- _

naturally competitive, contributions: : .
§ £ 0.0002 - G =

~ ™ g ‘ e

P \q ; [ o “ CMSSM, >0, m, =171.4 GeV ]

/ \ - i -

bgr ! Vs & 0.0002 tan = 50. A = 0 .

D D - tanp = 50, A, = +m,, :

Hi HO 7(’ g tanp = 50, ,"-‘-LD =M, -

, 0.0001 |- o tanf =350 Aj=+2m,, —

* positive * sign ~ sgn(|,A) » /A TR0 o e ]
d decreaSing With tanB ® increaSing With tanB 0.0000 -_|_|_l 1 |:| [ A A BN o BN A o A A AN A A A A B i}

200 400 600 BOD 1000 1200 1400 1600 1800 2000
m,, [GeV]
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~ Flavour protection from warped space

An interesting approach to explain the hierarchy of the Yukawa couplings, in the
context of models with extra space-time dimensions, is to attribute this hierarchy
to the different overlap of fermion wave-functions (spread along a 5D bulk) with
the Higgs wave function (localised on the IR brane)

Uv IR
Higgs

light heavy
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~ Flavour protection from warped space

An interesting approach to explain the hierarchy of the Yukawa couplings, in the
context of models with extra space-time dimensions, is to attribute this hierarchy
to the different overlap of fermion wave-functions (spread along a 5D bulk) with
the Higgs wave function (localised on the IR brane)

uv IR
.] Higgs
I"KK i

light heavy

In 5D models with warped geometry, this construction provides a
potentially interesting alternative to MFV to explain the
suppression of FCNCs beyond the SM
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~ Flavour protection from warped space

The model can be formulated in terms of the following 4D effective theory:

> SM fermions couples to the new-physics sector via some hierarchical wave
funcions fQ, Jp»J; (in the quark sector), such that

YDij - fQi (YDSD) ij =~ fQiij YUij — fQi (YUSD) ij =~ fQiij
anarchic | l
— hierarchical — Ql\fg | (I)
fo'> 1> 1) D' /b

> f> > f)
> f,7>f
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~ Flavour protection from warped space

The model can be formulated in terms of the following 4D effective theory:

> SM fermions couples to the new-physics sector via some hierarchical wave
funcions fQ, Jp»J; (in the quark sector), such that

YDij = fQi (YDSD) ij = fQiij YUij = fQi (YUSD) ij = fQiij
anarchic _ ;
— hierarchical — Ql\fg 0
» There 1s no underlying flavour symmetry /Jf ;
(complete anarchy) in the new strongly D' /D
interacting sector: _ i _ _
dim.-6 FCNC operators suppressed only o_J 0 J Q] 0
by the light-fermion wave functions : o g

(= mixing with the new heavy states) /f‘\\’ B
D' ’D



G. Isidori— B Physics 65" Scottish Universities Summer School in Physics (2009)

~ Flavour protection from warped space

This construction works remarkably well in various cases:

» The condition on the (4D) Yukawa couplings implies

dict
fol 11~ Wyl & f2 ) 1, ~ Vs Predie. {le/fQ2~IV21I~IV31/V32IJ

> All the left-handed FCNC operators (the leading ones in the SM)
have the same suppression as in MFV:

/. Qif Qj QLI QLJ - V31V3j QLi QLj
to be compared with

QLi (Y, ¥ U+)ij QLj = yz2 V31*V3j QLi QLj
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~ Flavour protection from warped space

This construction works remarkably well in various cases:

» The condition on the (4D) Yukawa couplings implies

dict
fol 11~ Wyl & f2 ) 1, ~ Vs Predie. {le/fQ2~IV21I~IV31/V32IJ

> All the left-handed FCNC operators (the leading ones in the SM)
have the same suppression as in MFV:

» However, some problem arieses with helicity-suppressed operators,
in 2 —1 transitions (kaon physics):

fDi fQj DRi QLj — fDi fQi fQj /fQi DRi QLj
to be compared with

~ 1 + . 2 % A 1 ]
Dp (Yp¥ Y, )ij Qr =va; v, Vs V5 O O
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~ Flavour protection from warped space

This construction works remarkably well in various cases:

» The condition on the (4D) Yukawa couplings implies

dict
£ LR~ WVl & £ f )~ Wyl BRUSL et 2y~ vy V)

> All the left-handed FCNC operators (the leading ones in the SM)
have the same suppression as in MFV:

» However, some problem arieses with helicity-suppressed operators,
in 2 —1 transitions (kaon physics):
o o pVis (Dgsp)
fDl fQJ DRI QLJ — fDl le fQJ /le DRI QLJ
to be compared with

2 *
. . . . ~Vp Vs th Vts (bRSL)
1 + ] 2 * 1 ]
Dy (YpY Y, )ij Qr =va; v, Vs V5 Qr O -
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~ Flavour protection from warped space

This construction works remarkably well in various cases:

» The condition on the (4D) Yukawa couplings implies

dict
F LR~ Wl & f2 ) fr~ Wl PRACL 2 gy v v

> All the left-handed FCNC operators (the leading ones in the SM)
have the same suppression as in MFV:

» However, some problem arieses with helicity-suppressed operators,
in 2 —1 transitions (kaon physics):

Yy Vis (Dps;)

fDi fQj DRi QLj — fDi fQi fQj /fQi DRi QLj
to be compared with

~ 1 + ' 2 % A 1 '
Dp (Yp¥ Y, )ij Or =ya; v, Vs V3 Op 0% <

big
~ ¥ Vis (SR dL) difference !

2 %
~y, 5 Vi Vis (Dgsp)

2 %
[~ V¥ Vis Vig (SRdL)]
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~ Flavour protection from warped space

The constraints from € and €'/€ 1n the kaon system imply that this simple
construction has to be improved with some sort of alignment, at least in the
down sector.

This discussion has allowed to illustrate two rather general points:
* MFYV is not the only allowed solution to the flavour problem

* The most natural place to look for deviations from MFV are
helicity-suppressed observables and/or clean kaon-physics observables
(because of their strong suppression in MFV)
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~Conclusions

The fact we have not discovered yet new physics in flavour-physics observables,
and that the minimalistic scenario of MFV 1is consistent with data, should not
discourage further searches.

We learned that new physics has a rather non-trivial flavour structure (MFV like),
but the origin of this structure has still to be discovered.

Moreover, several key issues are still open: the MFV hypothesis has not been
clearly established from data yet and could well be only an approximate property.

\

Important to continue high-statistics / high-precision B physics in the LHC era

In realistic models there 1s only a limited set of particularly interesting
observables [theoretically-clean leptonic/semileptonic final states]

but these observables play a key role in determining the flavour symmetry
structure of NP




