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Plan of the talk

¢ Prologue: Flavour problem of SM

¢ Flavour problem of NP

e Natural flavour violation (NFV) in 2ZHDMs

¢ Parameter bounds in 2ZHDMSs

e Minimal flavour violation (MFV)

e NFV and MFV beyond tree level



Prologue Flavour in the SM

CKM mechanism of flavour mixing and CP violation: Vekm, Jokm
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CKM mechanism of flavour mixing and CP violation: Vekm, Jokm
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All present measurements (BaBar, Belle, CLEO, CDF, DO,....)
of rare decays (AF =1),

of mixing phenomena (AF = 2) and

of all CP violating observables at tree and loop level

are consistent with the CKM theory.

Impressing success of SM and CKM theory !!



Prologue Flavour in the SM

CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

T his success is somehow unexpected !!
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Flavour-changing-neutral-currents as loop-induced processes are
highly-sensitive probes for possible new degrees of freedom

Impressing success of SM and CKM theory !!



Global fit, consistency check of the CKM theory.
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Tree processes

Loop processes



Most surprising is the consistency between the tree-level

and loop-induced observables

Semileptonic tree-decays Versus Neutral-meson mixing AF =2

SM-dominated Potentially more sensitive

to New Physics



Most surprising is the consistency between the tree-level

and loop-induced observables

Semileptonic tree-decays Versus Neutral-meson mixing AF =2

SM-dominated Potentially more sensitive

to New Physics

T here is much more data not shown in the unitarity fits which confirms

the SM pedictions of flavour mixing like rare decays (AF = 1)



From left, Yoichiro Nambu, Makoto Kobayashi and Toshihide Masukawa, who shared the Nobel Prize in Physics on Tuesday
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CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framework of the renormalizable theory of weak interaction, problems of CP-violation
are studied. It is concluded that no realistic models of CP-violation exist in the quartet
scheme without introducing any other new fields. Some possible models of CP-violation are

also discussed.
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CP.-Violation in the Renormalizable Theory of Weak Interaction 6567

Mext we consider a 6-plet model, another interesting model of CFPyiolation,
Suppose that G-plet with charges (2, 0, 0, 0 —1, 0 —1, Q2 —1) iz decomposed into
Sl e (2] multiplets as 2+ 242 and 1+1+1+1+1+1 for left and right com-
ponents, respectively, Just as the case of (A, C), we have a zimilar expression
for the charged weak corrent with a 3x3 instend of 2% 2 unitary matrix in Eq.
{5). As was pointed out, in thiz case we cannot absorb all phases of matrix
elements inte the phase convention and can take, for example, the following
EXprERRInn

cos —ain , cos & —zin £, s5in &y
sind, cos fy eos ), cos O cos 0y —sin 0y zin 0% cos §, cos 8, sin 0, -+ sin 0 cos Ae* |
\=in 8, sinfy cos d, sin {, cos 8, + cos & 5in fe™  coa § ain @, sin #,— cos By sin Ge"
(13)

Then, we have CPviolating effects through the interference among these different
current components. An interesting feature of this model is that the CPwviolating
effects of lowest order appear oaly in 450 non-leptonic processes and in the
semi-leptonic decay of neutral strange mesons (we are not concerned with higher
states with the new guantom number). and not in the other semi-leptonic, 45=0
pondeptonic and pure-leptonic processes,

S0 far we have conzidered only the straightforward extensions of the original
Weinherg's model. However, other schemes of underlying gauge groups and/or
gealar fields are possible. Georgi and Glashow's model” is one of them. We
can easily see that CPviclation is incorporated into their model without introduc
ing any other fields than {many)} new fields which they have introduced already.

Relerences

11 5 Weinberg, Phys. Rev, Letters 19 (1957}, 1264; T (15711, 1684,
21 7. Maki snd T, Maskawa, RIFF.148 (prepeint), April 1972,
3 P, W. Higgs, Phys. Letters 12 (1854), 132; 13 {1964}, 508.
G. 3. Guralnik, C, B, Hagen and T. W. Hibhle, Phys. Fev. Letters 13 (1964], 585.
41 H, Georgi and 5. L. Glashow, Phys, Rev, Letters 28 (19723, 1484,

Errata:

Equation {13} should rend as
cina ) —ain ) cos iy —gin & sin iy ;
gin fooady  coslcos faeos dy — sin fhein Hee®  poslycos fhein s + sin fyoos dapt | .

sinihsinfy  oosdsinfaons fy + cos fasin l'.',w."’ ons iy sin fgsin fy — cosfgons |'.'_-|+-."‘

(13)



However,...

e CKM mechanism is the dominating effect for CP violation and flavour
mixing in the quark sector;

but there is still room for sizable new effects and new flavour structures
(the flavour sector has only be tested at the 10% level in many cases).

e [ he SM does not describe the flavour phenomena in the lepton sector.



Flavour problem of SM

Lsnr = Laauge (Ais ¥i) + LHiggs (P, 2, v)

¢ Gauge principle governs the gauge sector of the SM.



Flavour problem of SM

Lsnr = Laq uge (A-i: ¢E) + ﬁHig;gs (CD? Wi, “”)

¢ Gauge principle governs the gauge sector of the SM.

e NO guiding principle in the flavour sector:

CKM mechanism (3 Yukawa SM couplings) provides a phenomenological
descripton of quark flavour processes, but leaves significant hierarchy of
quark masses and mixing parameters unexplained.



Flavour problem of SM

Lsnr = Laq uge (A-i: ¢E) + ﬁHig;gs (CD? Wi, “”)

¢ Gauge principle governs the gauge sector of the SM.

e NO guiding principle in the flavour sector:

CKM mechanism (3 Yukawa SM couplings) provides a phenomenological
descripton of quark flavour processes, but leaves significant hierarchy of
quark masses and mixing parameters unexplained.

Compare for example:

Vus| & 0.2,|V,p| ~ 0.04, |V,;| &~ 0.004 versus gs~ 1,9~ 0.6,9' ~0.3



Many open fundamental questions of particle physics are
related to flavour :

¢ How many families of fundamental fermions are there 7

¢ How are neutrino and quark masses and mixing angles are generated 7

e Do there exist new sources of flavour and CP vioclation 7

e Is there CP violation in the QCD gauge sector 7

e Relations between the flavour structure in the lepton and quark sector 7



Flavour problem of New Physics or how do FCNCs hide

New
C;

5
L= ﬁﬂ}*{].if.ga + E’Higgﬁ + Z Og( ) + ...

;. ANP

e SM as effective theory valid up to cut-off scale Apnp



New

C; 5
L= EGQ.H.QE + E’Higgﬁ + Z L OE ) + ...
AN
i NP
e SM as effective theory valid up to cut-off scale Apnp
e Typical example: KV — K9-mixing ©° = (5d)<:
d XE
3 d
M MZ, x (5d)2 + New AR x (5d)? = Anp > 10% TeV

(tree-level, generic new physics)



New

c: 5
L= Et’_}‘ﬂ.uga + '{:Higgs +2 = OE ) + ...
i ANP
e Typical example: KV — K9-mixing ©° = (5d)<:
d XE
C d
M MZ, x (5d)2 + New AR x (5d)? = Anp > 10% TeV

(tree-level, generic new physics)

e Natural stabilisation of Higgs boson mass (hierarchy problem)

(i.e. supersymmetry, little Higgs, extra dimensions) = Anp = 1TeV

e EVW precision data — little hierarchy problem = Ayp ~3—10TeV

Possible New Physics at the TeV scale has to have a
very non-generic flavour structure



1{*11,

L
L= E(TﬂﬂjE’ + '{:Hagjq + Z A OE ) + -
NP
e Typical example: KV — K9-mixing ©° = (5d)<:
dXE
C d
M MZ, x (5d)2 + New AR x (5d)? = Anp > 10% TeV

(tree-level, generic new physics)

e Natural stabilisation of Higgs boson mass (hierarchy problem)

(i.e. supersymmetry, little Higgs, extra dimensions) = Anp = 1TeV

Ambiguity of new physics scale from flavour data

(Csm/Mw + Clp /ANp ) X O;



1{*11,

5
L= Ehmrge +£’H1g3¢ +Z A g( )_I_

NP
e Typical example: K9 — KY%-mixing ©° = (5d)2:
dXs
S d
M MZ, x (5d)2 + New AR x (5d)? = Anp > 10% TeV

(tree-level, generic new physics)

e Natural stabilisation of Higgs boson mass (hierarchy problem)

(i.e. supersymmetry, little Higgs, extra dimensions) = Ayp = 1TeV

The indirect information will be most valuable when the general
nature of new physics will be identified in the direct search (LHC),
especially when the mass scale of the new physics will be fixed.



Example: Supersymmetry
e In the general MSSM too many contributions to flavour violation

— CKM-induced contributions from H+, XJF exchanges (quark mixing)

— flavour mixing in the sfermion mass matrix
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— flavour mixing in the sfermion mass matrix

e Possible solutions:

— Decoupling: Sfermion mass scale high
(i.e. split supersymmetry)

— Super-GIM: Sfermion masses almost degenerate
(i.e. gauge-mediated supersymmetry breaking)

— Alignment: Sfermion mixing suppressed



Example: Supersymmetry
e In the general MSSM too many contributions to flavour violation

— CKM-induced contributions from H+, XJF exchanges (quark mixing)

— flavour mixing in the sfermion mass matrix

e Possible solutions:

— Decoupling: Sfermion mass scale high
(i.e. split supersymmetry)

— Super-GIM: Sfermion masses almost degenerate
(i.e. gauge-mediated supersymmetry breaking)

— Alignment: Sfermion mixing suppressed

e Dvynamics of flavour — mechanism of SUSY breaking
(BR(b — sv) = 0 in exact supersymmetry)



Two-Higgs-doublet models (THDMSs)

The two-Higgs-doublet model (THDM) constitutes one of the simplest
extensions of the SM.

Many new-physics scenarios, including supersymmetry, can lead to a
low-energy spectrum containing the SM fields plus
one additional scalar doublet.

From the two doublets, 3 degrees of freedom are eaten and become
longitudinal components of the gauge bosons, and 5 degrees are left:

the scalar mass eigenstates H, h, the pseudoscalar A, and the charged

Higgs bosons H=E.
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the scalar mass eigenstates H, h, the pseudoscalar A, and the charged

Higgs bosons H=E.

Recent discussion how generic flavour problem can be solved within this
class of models (and also how possible anomalies in Bs — Bs mixing can be
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Two-Higgs-doublet models (THDMSs)

The two-Higgs-doublet model (THDM) constitutes one of the simplest
extensions of the SM.

Many new-physics scenarios, including supersymmetry, can lead to a
low-energy spectrum containing the SM fields plus

one additional scalar doublet.

From the two doublets, 3 degrees of freedom are eaten and become
longitudinal components of the gauge bosons, and 5 degrees are left:

the scalar mass eigenstates H, h, the pseudoscalar A, and the charged

Higgs bosons H=E.

Recent discussion how generic flavour problem can be solved within this
class of models (and also how possible anomalies in Bs — Bs mixing can be

explained): Joshipura, Kodrani, arXiv:0710.3020, 0909.0863. Blechman, Petrov, yeghiyan, arXiv:1009.1612

Botella, Branco, Eebelo, arXiv:0911.1753. Ferreira, Lavoura, Silva, arXiv:1001.2561.

Jung, Pich, Tuzon, arXiv:0908.1554, 1001.0293. Gupta, Wells, arXiv:0911.1753.......

I follow here recent concise analysis of Buras, Carlucci, Gori, Isidori, arXiv:1005.5310

which summarizes, but also clarifies the recent discussion.



In the most general version, the femionic couplings of the neutral scalars

are nondiagonal in flavour leading to FCNC on the tree level:
LY = QrXs1DrH1 + Q1. X1URHY + Q1. X4 DRrHS + Q1. X ,2UrH> + h.c.

i(g} = —iTEHT(E} X; are 3 x 3 matrices with a generic
Mg = ﬁ (v1Xg1 +v2Xg2) M, = é (v1Xy1 + v2X,2)

{HJ{{E}HI(E)} = *uf(z);’ﬂ with v? = v{ + v3 ~ (246 GeV)?



Classical solution: Natural Flavour Conservation
Glashow Weinberg, Phys.Rev.D15,1958(1977); Paschos, Phys.Rev.D15,1966(1977)

e Assumption that only one Higgs field can couple to a given quark species

LY = QrXy1DrHy + QrX1UrHY + Q1 XaoDpHS + Q1. X ,2UrH> + h.c.
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Implementation: requiring the invariance of ;{I%;e" under U(lj},:.{;e
(simple definition: Dp and Hq{ have opposite charge, all others neutral)

or use a discrete subgroup of U(1)pq: the Z; symmetry under which
Hq{— —-Hq1, Dp — —Dpg and all other fields unchanged
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Xy1=Xp=0 THDM-Type II
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Classical solution: Natural Flavour Conservation
Glashow,Weinberg, Phys.Rev.D15,1958(1977); Paschos, Phys.Rev.D15,1966(1977)

e Assumption that only one Higgs field can couple to a given quark species
Xy1=Xp=0 THDM-Type II

£98" = Oy X g1 DpHy + G IKURHS + O )& DRHS + QX ,2UrHs + h.c.

Implementation: requiring the invariance of ;{I%;e" under U(lj},:.{;e
(simple definition: Dp and Hq{ have opposite charge, all others neutral)

or use a discrete subgroup of U(1)pq: the Z; symmetry under which
Hq{— —-Hq1, Dp — —Dpg and all other fields unchanged

e Assumption that fermions couple only to one of the Higgs fields

Xyop=Xp»=0 THDM-Type 1
Ly = QrXy1DpH1 + QX 1UgHS + QL%DRHE + O U RH- + h.c.

Implementation: requiring the invariance of ;.'I%e" under Z> symmetry
under which H> — —H»> and all other fields unchanged

Caveat: Tree-level implementations are not stable under quantum corrections



Parameter bounds in THDMSs
Two key observables: B — Xgy

Charged Higgs contribution always adds to the SM one |

Within supersymmery possible cancellation with chargino contribution.

Note: There are generically new contributions via squark mixing !



There iIs much more data not shown in the unitarity fits which
confirms the SM pedictions of flavour mixing like rare decays

Status of the inclusive mode B — X,y

HFAG: B(B — X,y) = (3.57 £ 0.24) x 107* (for E,, > 1.6 GeV)
VS
SM: B(B — X,y) = (3.15+0.23) X 107* (for E;, > 1.6 GE€V)  pri sz 022003(2007)

NMNLO calculation by M.Misiak et al.
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Parameter bounds from flavour physics are model-dependent

Status of the inclusive mode B — X

HFAG: B(B — X.y) = (3.57 £ 0.24) x 10~* (for E,, > 1.6 GeV)
VS
SM: B(B — Xy) = (3.15+0.23) x 107* (for E,, > 1.6 GEV)  pri os 022003(2007)

NMNLO calculation by M.Misiak et al.

Charged Higgs bound (2HDM)
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Measured B — X,y Branching Fraction (10-%)



T he indirect information will be most valuable when the general
nature of new physics will be identified in the direct search.

Status of the inclusive mode B — X
HFAG: B(B — X,)) =(3.55 + 0.26)x 107" (forE,, > 1.6 GeV)
VS
SM: B(B — X)) = (3.15+ 0.23) x 1074 (for E, > 1.6 GeV)  pri oz 022005(2007)
MNLO calculation by M.Misiak et al.

Charged Higss bound (2ZHDM Typell)
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“Tension” between direct measurement and indirect fit prediction
(2.80)

K\ [ CKM fit w/o BR(B—> 1t V)

fitter
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Specific correlation between sin3 and B(B — 7v) In the global fit
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Combined bound from all flavour observables Haisch,arXiv:0805.2141
600

s00}

100}
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tanf
See also Deschamps et al.(CKMfitter), arXiv:0907.5135. Mahmoudi, 5tal, arXiv:0907.1791.

Erikson, Mahmoudi, Stal, arXiv:0808.3551.

see talks by Mahmoudi and Kolda for more details
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LHC versus Flavour constraints

Combined Higgs search constraint from ATLAS: arXiv:0901.1502
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Converted constraints expected from
ATLAS onto the plot by hand.

95% C.L. exclusion sensitivity
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LHC versus Flavour constraints

Com

bined Higgs search constraint from ATLAS: arXiv:0901.1502
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Minimal flavour violation hypothesis

e SM gauge interactions are universal in quark flavour space:
flavour symmetry SU(3)q, x SU(3)y, x SU(3)p,

e Symmetry is only broken by the Yukawa couplings Y7y and Yp
responsible for the quark masses
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e SM gauge interactions are universal in quark flavour space:
flavour symmetry SU(3)q, x SU(3)y, x SU(3)p,

e Symmetry is only broken by the Yukawa couplings Y7y and Yp
responsible for the quark masses

Complete flavour symmetry of SM gauge Lagrangian:
U(3)* = SU(3)g, x SUB)y, x SUB)p, xU1)p xU)y x U(1)pg

U(1l) symmetries related to baryon number, hypercharge and the
Peccei-Quinn symmetry



Minimal flavour violation hypothesis

e SM gauge interactions are universal in quark flavour space:
flavour symmetry SU(3)q, x SU(3)u, x SU(3)py

e Symmetry is only broken by the Yukawa couplings Y7y and Yp
responsible for the quark masses

e Any new physics model in which all flavour- and CP-violating
interactions can be linked to the known Yukawa couplings is MFV

e RG-invariant definition based on the flavour symmetry:
Yukawa couplings are introduced as background values of fields
(spurions) transforming under the flavour group

d'Ambrosio,Giudice, Isidori,Strumia,hep-ph /0207036  Chivukula,Georgi,Phys.Lett.B188(1987)99

Hall,Randall,Phys.Rev. Lett.65(1990)2939



MFV at work
The flavour symmetry SU(3)g, x SU(3)uy, x SU(3)p,

is broken by the Yukawa couplings only as in the SM Yy (3,1,3); Y (3.3.1)

L =YL eDEL + Y QL. UL, + hec.
Q;(3,1,1), Dp(1,1,3), Up(1,3,1) = £L£(1,1,1)

MFEV: All effective field operators with higher dimension
also have to be invariant

Specific basis: Y = diag(yg, ys.yp), Y = If’é}i—_ﬂl_f X diag(Yu, Ye: Yt)

Typical FCNC-operator with external d-type quarks: QLLi (R’Y{}I_}z'j Q‘E x Ly Lp,
Apoii = (YY) = (V... x diag( 2y x Vegeng)s
FCij — \UYy Jig CKM tag yuuycuyt CKMJ)ij ~

~ (Vifgear * diag(0,0,92) x Vegar)i; = v x V3, Va,

Coupling Apq is the effective coupling ruling all FCNCs with external
d-type quarks.



More precise:

e In MFV models with one Higgs doublet, all FCNC processes with
external d-type quarks are governed by

(YUY[,_-J_)«; i R yFVEVa; CKM hierarchy

e If additional Higgs-doublets are added, then another spurion combination
Is numerically important: (terms suppressed by m, 4/m; neglected)

(YpY)i; ~2m#Ztan?2 8/v2 Ay, A = diag(0,0,1)

Thus, MFV allows for large-tan 3 effects in particular in helicity-suppressed
observables B — pp and B — 7w,

B — py: Asm ~ myp/mp < Ago g0 ~ tan3p3



Minimal flavour violation: formal solution of NP flavour problem

P

contribution of the new
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s 7 loop + MEV i ]
~ (Vv aemy 22T A 20.5 TeV [K & Byl

Courtesy of Gino Isidori



e MFV Iimplies model-independent relations between FCNC processes

AF =2 UTfit,arXiv:0T07.0636 AF =1 H..Isidori, Kamenik,Mescia,arXiv: 0807 .5039

MFY predictions to be tested:

usual CKM relations between [b — s] « [b— d| — [s — d] transitions:
-we need high-precision b — s, but also s — d measurements

-B(B — Xgy) —= B(B — X&), B(B — Xuwi) « B(K — ntuvi)

¢ CKM phase only source of CP violation:
-phase measurements in B — ¢K; or AMpg are not sensitive to new physics

e The usefulness of MFV-bounds/relations is obvious; any measurement
beyond those bounds indicate the existence of new flavour structures

e [ he MFV hypothesis is far from being verified

New spurions allowed: Next-to-MFV

Agashe, Papucci,Perez, Pijol hep-ph /0509117 Feldmann,Mannel, hep-ph /0611095



We still have to find explicit dynamical structures to realise MFV:

¢ Gauge-mediated supersymmetry

e SO(10) GUT model with family symmetries
Dermisek,Raby, hep-ph /0507045 Straub et al.,arXiv:0707.3054

e Top-bottom-7 unification under attack of FCNC
Atmannsdorfer,Guadagnoli,Raby,Straub,arXiv:0801.4363

e Warped extra dimensions Weiler et al.,arXiv:0709.1714

e SDMFV = 4DNMFV, Randall-Sundrum
Fitzpatrick,Perez Randall,arXiv:0710.1869

e General formalism to describe specific sequence of flavour
symmetry breaking within MFV Feldmann,Mannel,arXiv:0801.1802



FParadisi,Ratz,Schieren,Simonetto,arXiv:0805.3989
Colangelo,Nikolidakis,Smith,arXiv:0807.0801

Running MFV in Supersymmetry

e MFV ansatz RG-invariant by construction

mb — ol + B Y Yt BY]Yi+ BY]VY Y+ 5 Y VY]V,
m? = al + 3 Y, Y,], LOf
m: = asl+ 58 YsY, . '

3 :
A, = aYo+5Y Y)Y, a7
A = osYa+5Y,Y]Y, . ool >

—_— J—
A, = a Y, . R = ——————

. B —\\
‘Spurion expansion’ of soft terms —{}_5: \
—1.0 [

JJJJJJJJJJJJJJJ

234567 8910111213141516
log( )/ GeV)

e MFV coefficients 3; at low energy insensitive to their GUT boundary
conditions: (gluino contribution versus Yukawa effects)

e Result: MFV-compatible change of boundary conditions at the high
scale has barely any influence on the low scale spectrum. ‘fixed points’



Back to THDMs

LY = QrXpnDpH1 + Q. Xu1URHS + QX o DRrHS + QX 2UgH> + h.c.

U(3)3 = SU(3)g, x SUB), x SUB)p, xU)p xU(L)y x U(1)pg

We assume that hypercharge is not explicitly broken and baryon number is
conserved.

SU(3)3 and U(1)pg breaking mechanism allow to classify the structure of

Yukawa interactions and the solutions to the flavour problem in this class
of models:



Back to THDMs

LY = QrXpnDpH1 + Q. Xu1URHS + QX o DRrHS + QX 2UgH> + h.c.

U(3)3 = SU(3)g, x SUB), x SUB)p, xU)p xU(L)y x U(1)pg

We assume that hypercharge is not explicitly broken and baryon number is
conserved.

SU(3)3 and U(1)pg breaking mechanism allow to classify the structure of

Yukawa interactions and the solutions to the flavour problem in this class
of models:

e Natural flavour violation hypothesis

Require invariance of £3°" under U(1)pg or discrete subgroup

e Minimal flavour violation hypothesis

Require that SU(3)3 flavour symmetry is only broken by the

two independent terms Yp and Yy



e Minimal flavour violation hypothesis

LY = QrXpnDrH1 + Q1 Xu1UgHS + QX soDrHS + QX 2UgHo + h.c.

Yukawa alignment

Xd1 = eq1Yy Xgo = cg2Yy

oD
Xul — "julyﬂe Xu? — ":'-uEYH

Quark mass terms and couplings to the neutral Higgs fields can

be diagonalized simultaneously; no FCNC on tree level.
Jung, Pich, Tuzon, arXiv:0908.1554, 1001.0293,

see talk by Jung for more details



e Minimal flavour violation hypothesis

LY = QrXpnDrH1 + Q1 Xu1UgHS + QX soDrHS + QX 2UgHo + h.c.

Yukawa alignment

Xd1 = eq1Yy Xgo = cg2Yy

oD
Xul — "julyﬂe Xu? — ":'-uEYH

Quark mass terms and couplings to the neutral Higgs fields can

be diagonalized simultaneously; no FCNC on tree level.
Jung, Pich, Tuzon, arXiv:0908.1554, 1001.0293,

see talk by Jung for more details

Open question for both options:

Stability beyond the tree level 7

Buras, Carlucci, Gori, Isidori, arXiv:1005.5310



Natural flavour violation beyond tree level

° U(l)FQ must be explicitly broken in other sectors of the theory

to avoid a massless pseudoscalar Higgs field
(spontaneous breaking by the vev of H> implies a Goldstone boson)

Example: MSSM : HS

Tree: X1 =Y, Xgo=0 !
- - _ . I_“'x,.l M
Loop: X1 =Yg+ ... X =¢34y HLF,-@“HR
dR . N . dr
*— L —e

H H

—



Natural flavour violation beyond tree level

° U(l)pQ must be explicitly broken in other sectors of the theory

to avoid a massless pseudoscalar Higgs field
(spontaneous breaking by the vev of H> implies a Goldstone boson)

Example: MSSM : H5

Tree: X1 =Y, , Xgpop=0
r - _ M I_“'x,.l )
Loop: X1 =Y 4., X =¢;0, ”L,*'@uuﬂ
dR . N . dr
*— L —e
H; H

Breaking of U(1)pg only at loop level = ¢; < 1

However: With e; =~ 1072 one still induces too large FCNC

unless A is very small or aligned with Y; (MFV hypothesis)



Natural flavour violation beyond tree level

° U(l)FQ must be explicitly broken in other sectors of the theory
to avoid a massless pseudoscalar Higgs field
(spontaneous breaking by the vev of H> implies a Goldstone boson)

Example: MSSM : HS

Tree: X1 =Y, Xgo=0
_ i _ T I_""\'.I T
Loop: X =Y+ ..., Xgpo=e, uy, - (Ay). ug
dR . N . dr
o— 1o
H B

Fine-tuning necessary for CP violation in K9 — K9 mixing

5
Integrating out the heavy Higgs fields leads to : HY, A° L
dp dp

AS|=2 2 = — _ _
HIE! =~z (B21(AD 1 (Ldr)Grdr) + hec

ax — o~ 1/2 _ caMpg
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° U(l)FQ must be explicitly broken in other sectors of the theory
to avoid a massless pseudoscalar Higgs field
(spontaneous breaking by the vev of H> implies a Goldstone boson)

Example: MSSM : HS

Tree: X1 =Y, Xgo=0
_ i _ T I_""\'.I T
Loop: X =Y+ ..., Xgpo=e, uy, - (Ay). ug
dR . N . dr
o— 1o
H B

Flavour structures A, need further protection — MFV |

5
Integrating out the heavy Higgs fields leads to : HY, A° L
dp dp

AS|=2 2 = — _ _
HIE! =~z (B21(AD 1 (Ldr)Grdr) + hec

ax — o~ 1/2 _ caMpg



Natural flavour violation beyond tree level

e Even if natural flavour condition introduced via exact Z- symmetry
H{——-Hy, Dp— —Dp

NFV is not sufficient to protect FCNCs due to Z- invariant

higher-dimensional operators of the type

- = &
ALy = 3QpX\Y UpHo|H1 |2 + $3Q1X 3 UpHo|Ho >+

+:3QL X(m DrHy|Hq|? + JQQLX{E} DrH1|H5|?

Only ¢4 replaced by a parameter of order v2/A?

Flavour structures X}Ej need further protection — MFV |



Minimal flavour violation beyond tree level
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X, » =Y, definition
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Minimal flavour violation beyond tree level

LI = QX 1DrH1 + QX 1UgHY + Q1 X 3o DpHS + QX ,2UrH> + h.c.
e Structure of Yukawa couplings within MFV
X1 =Y, definition!

Xgp =Yg+ aYa¥] Y + VYVl + ...
Xu1 = ehYu+ & YuYd Y+ bY Y Yo + . ..
X, » =Y, definition

Note: we are free to redefine the two basic spurions Y, and Y, !

¢ Quantum corrections can change the values of the ¢; at different energy
scales, but they cannot modify this functional form.

e Choice ¢;, = 0 is not consistent, leads to heavy fine-tuning.

e Even when ¢; = O(1) the expansion in terms of off-diagonal CKM matrix
elements and small gquark masses is rapidly convergent.

Similar stability argument as in the case of the soft-breaking terms in
the MSSM.



Epilogue Future Opportunities

e LHCb (5 years) 10fb—1: allows for wide range of analyses,

highlights: Bs mixing phase, angle v, B — K*up, Bs — pp,Bs — ¢¢
then possibility for upgrade to 1003%‘1

e Dedicated kaon experiments J-PARC E14 and CERN P-326/NAG62:
rare kaon decays K? — n%w and K+ — ntwi

e [wo proposals for a Super-B factory:

BELLE II at KEK and SuperB in Frascati {TE&E}_I}

Super-B is a Super Flavour factory: besides precise B measurements,
CP violation in charm, lepton flavour violating modes ™ — u~,...



Opportunities at a Super Flavour Factory

see JHEP 0802 (2008) 110, arXiv:0710.3799

Measurement of lepton flavour violation

T — uy and — 3u — — ~ 2 v —54
[ [ BR(IJ- — Y| smp = (my/ﬂffw} ~ O(10—°%)
||“I_ : e = " I R F 2 " )
. 3 / Process Expected 90%CL 40 Discovery
—_— e VT upper limited Reach
“_1‘—\1 B(r — uvy) 2x107° 5 % 10~°
: B(r — ppp) 2% 107" 8.8 x 1071
Use modes to distinguish SUSY wvs LHT Blanke et al.
ratio LHT MSSM (dipole) | MSSM (Higgs)
B(t— —e"eTe™ ) ‘ _92 1n—2
B 0.4...2.3 ~1-10 ~1-10
Bl —wnu) |04...23 ~2-1073 0.06...0.1
Blr—uy) _
,sﬁm—:_i_ln L 10.3...16 ~ 21077 0.02...0.04
St e ) 103...16| ~1-1072 ~1-1072
B{T_—\f'_#fl"'f_'} q « - - ‘ E
gg*r: —e:pi#ig 1.3... 1.7 ~ J 0.3...0.5
a1 1.2...1.6 ~ 0.2 5...10




Superflavour factory: measurement of clean modes

B — Tv! B factories 20%
2HDM-II
b N

BR(B—T1v)=BRy(B—TV)

m
1——ftan2[3

H

0.5

Super B factories 4%

tang
(Assuming SM branching fraction is measured)

M. (TeV)



Superflavour factory: CKM theory gets tested at 1%

'the dream’
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Extra



Recall: SM basics

e Gauge group Gsm = SU(3)c x SU(2), x U(1)y
e Fermion representations

Q1:(3,2) 1160 Upi(3,1) 4273, Dpi(3,1) 173, Li;(1,2) 12, Epi(1,1)4

Notation: left-handed quarks, Q1. SU(3)¢, doublets of SU(2);, and carry hypercharge Y = +1/6

I interaction eigenstates

1 =1, 2.3 Hlavor index

e Spontaneous symmetry breaking

. | 0
‘;’t‘(lﬂ 2)4—1}2 qﬁﬂ)> — ( ,;f') GGapyg — SU(B){: X U(I)EM
2

. Z . i
Lomee(QL) = 1QLVu (E}FL i 595(}*{; Aa + Egﬂ’f o+ =9 B#) Qi

* ﬁ%idk;fd }Id QLEGjDIRj }ftt QLE LT{%} + h.c.



