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1) Prologue, Intro’: flavor phys. & the standard model (SM).
11) SM, global symmetry structure.
111) Effective field theory for flavor phys. (model independent)
& minimal flavor violation.
1v) Flavor @ the LHC era, ex.: alignment.
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Prologue, current status of Supersymmetry

Putting stops aside, what are the bounds on first 2-
generation “light” squarks?
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Prologue, current status of Supersymmetry

Putting stops aside, what are the bounds on first 2-
generation “light” squarks?

State of the art from ATLAS & CMS:

Squark-gluino-neutralino model, m(i?) =0GeV
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Light squarks > |.4 TeV?

3rd lecture: big loop hole, because of
misinterpretation of flavor constraints.
Some light squarks can be as light as few 100GeV !




Introduction (uniqueness of SM)

SM fermions: 3 x Qri(3,2)41/6, Up;(3,1)42/3, Dhi(3,1)-1/3, Li;(1,2)-172, ERs(1,1)-1
This brings with i1t a whole kind of phys. called flavor/gen’ phys.;
It has a unique structure & thus comes with sharp predictions:

Kobayashi-Maskawa Mechanism: 1 CP violating (CPV) phase;

Mixings 1s controlled by only 3 real parameters (CKM angles).




Introduction (uniqueness of SM)

Flavor 1s violated dominantly via charged current interactions (int’s);
Flavor violation, (@leading order, only via left-handed (LH) currents;
Dominantly, flavor violation is controlled by the top int’s;

Flavor sector posses an approximate U(2)ox U(2)ux U(3)p symmetry;

SM lepton sector which posses a global a U(1)7? (beyond our scope).




SM Kobayashi-Maskawa (KM) Mechanism of Flavor & CP Violation
(2008 Nobel Prize)

We now have an experimental (exp’) support that the KM picture
described nature (up to possibly small corrections):

Based on several exp’ observation (started in 64 many came in the
last 10 years or so).

CPV 1n the Kaon and B system => within the SM correlated =>
consistent with SM.

Flavor conversion => precision data confirmed the SM.

New bounds on CPV 1n the D mixing also confirms SM picture.

This implies: Severe bounds on non-SM flavor physics.



s this the end of the story!?

® Baryogenesis => SM cannot be the only source of

CPYV (otherwise, rapid proton-antip-protons annihilation of yield baryon asym’ of < 10-'8)

® Almost any SM extension give new sources of flavor
and CPV.

® What about the up frontier (charm “anomaly”)?

e Integrating out new phys.=> dim. 6 Ops.: (d;d;)* /A%

® Precision measurements=> Axp > 10*TeV > My,

W

The flavor NP hierachy “problem” (puzzle not a problem)




What 1s flavor phys, 1in the int’ basis?

The SM fermions appear 1n 3 generations.

Flavor phys. describes int’ that distinguish between the
generations.

The fermions experience 2 types of int’:

gauge 1nt’, where two fermions couple to a gauge boson, &
Yukawa interactions, where 2 fermions couple to a scalar.
canonical basis: no gauge couplings between fermions of
different generations => int’ basis

Yuakawa interactions are complicated 1n the int’ basis,
inter-gen’ couplings.

But masses are from the Yukawa int’.

Thus, 1nt’ eigenstates do not have well-defined masses
Flavor Phys. refers to the part of the SM that depends on
Yukawa couplings.




What is flavor phys, mass basis?

® In the mass basis, Yukawa interactions are,
simple, diagonal (not universal/degenerate).

® FEigenstates have, well-defined masses.

® Gauge interactions related to spontaneously
broken symmetries can be quite complicated!

® the SU(2). gauge couplings are not diagonal,
they mix quarks of different generations.

® Flavor physics refers to fermion masses
(Yukawa) and mixings (gauge).




The SM quark flavor sector, int’ basis

Int’ basis, the gauge part 1s trivial:

—1 Y Y
ql qu] 0 , ¢€Q,U,D - q; — Uq;(fxg)%

—

global sym’: U(3)g x U(3)uy x U(3)p

Yukawa sector 1s interesting:

The quark Yukawa interactions are given by

Yukawa,

B 5(1}1;1.1‘1{5 _ };f][ (Q é i(}_,) _I_ } U J [ + he

|/

global sym’: U(1)3, x U(1)7; — U(1)p (see later)




End of the Ist part




How many flavor parameters in the SM?

Do the counting in 2 ways, int’ basis (sym’ oriented)
and mass basis (explicit).

Counting flavor parameters, int’ basis

: - . : : quarks .
How many independent CP violating parameters are there in £3 )™ 7
: = Yukawa

Each of the two Yukawa matrices Y7 (¢ = u.d) is 3 x 3 and complex. Con-
sequently, there are 18 real and 18 imaginary parameters in these matrices.

The int’ basis is not unique !

Ex.: can use flavor sym’ to rotate the fields and get different form of
Yukawa matrices; for ex. we can bring one of them to a diag’ form.

=> mass basis for up or down quarks. (very useful for neutrino experimental
physics, this 1s called the neutrino flavor basis where the charged lepton are brought
to their mass eigenstate)




How many flavor para (Int’ basis)?

Can use the freedom to eliminate unphysical
parameters and count the physical ones:

SM flavor sym’ breaking-U(3)o x U(3)y x U(3)p— U(1)5

Remove: 3U(3)=3(3Re+6lm)=>9Re +(18Im-lv(1);) parameters

Thus altogether: (18-9)Re+(18-17)Im

6 masses + 3mixings +|CPVphase




Counting flavor parameters, mass basis

Setting the Higgs field to its vev, (¢°) = v/v2 we find:

v

—L£%, = (Mg);; DL. Dk + (M,);ULUE: + hee, M, = —v,
\/ ..,

we decomposed the SU(2)1, quark doublets into their components:

ahi=( ) |

The mass basis corresponds, by definition. to diagonal mass matrices.

We can always find unitary matrices V,;, and V,r such that

VoL M, V! 11? M3 (g =u,d),

The quark mass eigenstates are then identified

qri = (VaL)ijaLj,  ari = (VaR)ijqk; (g = u.d).



flavor in weak int’(charged current), mass basis

The quarks-W* couplings are now complicated:

—£7 = L ap (Ve V) )id Wi+ hee..

2
The unitary 3 x 3 matrix,

Vokm = VarVyr, (Ve wn Ve wM = 1)

is the Cabibbo-Kobayashi-Maskawa (CKM) mizing matrix




The form of the CKM matrix (i)

The form of the matrix is not unique:

(7) There is freedom in defining Vogy in that we can permute between
the various generations. This freedom is fixed by ordering the up quarks
and the down quarks by their masses, i.e. (uj.us.u3) — (u.c.t) and
(dy.,da.ds) — (d,s.b). The elements of Vo are written as follows:

| 'ud | vus | 'ub
VecKM = | Ved Ves Vo
" tcd ‘ ts "'H)




The form of the CKM matrix (i:

(ii) There is further freedom in the phase structure of Vg, Let us de-
fine P, (¢ = u.d) to be diagonal unitary (phase) matrices. Then, if instead
of using V1, and ‘q]? for the rotation to the mass basis we use {'qL and
‘f{l? defined by V,1 = Pq‘ aL and ‘q]? PyVyr, we still maintain a legit-
imate mass basis since \[(, * remains unchanged by such transformations.
However, Vg does change:

Vekm — PuVeokm Py -




The minimal form of the CKM matrix

Vekr — PuVeka Py -

remove 6 phases -1;;;),= Vckm contains 3 real mixing angles

& 1 CP violating (CPV) phase

SM: weak int’ is only source of flavor and effectively CPV
(0ocp aside)

i) Only in charged current; ii) Dominantly via LH quarks.




The SM flavor parameters

mu=0.001-3; my=0.003-7;: ms=0.1;
me=1.3; mp=4.2; m=170,
me=.00055; m,=0.11; m=1.8.

masses in GeV <=>

(lj(lg \12(1; \1;(—145
1203 — $12523513€" 593C13
)

—C12523 — 512€23513¢ 93013

Vokm = | —s12023 — €19593813€™

. . : : _ 10
5912523 — €12€23513€

where ¢;; = cosé;; and s;; = sinfl;;. The three siné;; are the three real

mixing parameters while 4 is the Kobayashi-Maskawa phase.

0.97 0.23 4.3 x 1073 A AN(p —in)
0.23 0.96 4.2 » ‘ ~ ] [ A2
< 1072 (indirect) 4.1 x 10 2 ( indirect) 0.99 ( indirect) ,»\,.\":( | p—1in) - —_~l..\-" |

A~ 0.23 and A,p,n~0.8,0.2,0.3




The flavor puzzle, small & hierarchical parameters

ll[l[‘ ‘;/‘ , // ]( "KM Z €ilom € )/,, (///1/ = ].2))'

m.n=1

3, & O ) A2 —5
.](:11\'1\[ — (_“12(_723(_’.‘13.912823.‘513 SIn 0 ~ )\():1”7] — 0(10 )

J = det[YUYJ,YDYg] A///,(Am Am Am Am, ,_\.m JJoKkM = 0(10—22)

The flavor parameters span many order magnitudes
and have a clear hierarchy, why (is it natural)?




End of the 2nd part




SM Flavor Structure, Spurion (sym’) Analysis

The maximal global sym’ consistent \w SM gauge sym’ is:
U(3)e x UB)y x U3)p
Under SM flavor group: @(3,1,1),0(1,3,1),D(1,1, 3)

We promote Yy p to spurions, transtorm
under the flavor group = flavor invariant £>M .

GM =U(3)g xU3)y x U(3)p

YU(37 g) 1) y
MFV (minimal flavor violation) theories defined

as an effective theory where only source
of flavor breaking is given by powers of Yy p.




SM Flavor Structure, Spurion (sym’) Analysis

More precisely, in heavy W limit flavor group is enhanced:
GPM =U(3)gu x U(3)ga x UBB)y x U(3)p
With the following spurions:
Fields : Ur(3,1,1,1),Dr(1,3,1,1),U(1,1,3,1),D(1,1,1,3)

Spurions : ¢2(3,3,1,1),Yy(3,1,3,1),Yp(1,3,1,3)

There’s a 2-tale story for the quark singlets & doublets.

Since there’s no flavor conversion involving RH currents =>
quark singlet flavor structure is simpler.




SM Flavor Structure, Quarks Singlets (RH)

— T~
Fields : UL(S, 1,1, 1), DL(l, 3.1, 1), U(l, 1,3, 1), D(l, 1,1, 3)

Spurions : 95 (3,3,1,1),Y(3,1,3,1),Yp(1, 3,1, 3)
\ /

YJYU 3 YgYD 3
UB)v = Uy UB)p = U(l)p

Next, LH flavor sym’ structure is more involved
(collective breaking)




SM Flavor Structure, Quarks Doublets (LH)

Fields : @11)%(1311)(](1131 (1,1,1,3)
Spurions : @ 1),Y(3,1,3,1), Yp( 1D

U(3)q (diag.)




End of 3rd Part



CPV (Kobayashi-Maskawa)
Note: C, P change the Lorentz rep from SU(2). to SU(2)r but not CP
CYC™h = ine(vy°y*)", Py(t,a) P~ = nyny v(t, —a)

An intuitive explanation of why CP violation is related to complex Yukawa
couplings goes as follows. The hermiticity of the Lagrangian implies that
Lyukawa has its terms in pairs of the form

YijvLiovr; + Yi;¥R; 1YL (17)

A CP transformation exchanges the operators

P [Tl 9] [Pt ol 1 | P ,'..i', | LRSS gt ey
bLidUR; < VRS YL, (18)

but leaves their coefficients, Y;; and )I"] unchanged. This means that CP is
a symmetry of Lyyuawa if Y35 = Y77

If field redef” yield basis in where Y’s are real => no CPV!

In the SM 3 gen => explicit CP breaking!
Any CPV obser’ requires going through 3 gen’




How is CP broken in the SM (flavor sector)?

We can ignore the RH flavor sector (unbrokenU(1); ).

Can construct to adjoint of the U(3)q flavor group:
YuYy & YpY,

CP violation is due to missalignment between the two
(recall each breaks to U(1)).

Also CPV requires complex flavor parameters,
in term of reparameterization invariant:

Im(J) = Im{det[Yy Y, YY)}

We saw that J is tiny so even though the
phase is large the SM cannot yield baryogenesis.




Theory of meson decay and mixings
All the above is obscured by QCD!

We need effective description + identify clean obser’ (ratios are better)

We define decay amplitudes of a psendoscalar meson P (which could be
charged or neutral) and its CP conjugate P to a multi-particle final state f
and its CP conjugate [ as

Ap={fIHIP) , Ay=(fIHIP) , Ap={(flH|IP) , Ay={flH|P),

where ‘H is the Hamiltonian governing weak interactions. The action of CP
on these states introduces phases {p and £; that depend on their flavor
content, according to

CP|P) et PPy , CP|f)=et®r|f),
CP|P) = e %P |P) , CP[f)=e%|f),

. \ . .
so that (CP)* = 1. The phases £p and &; are arbitrary and unphysical
because of the flavor symmetry of the strong interaction. If CP is conserved

by the dynamics, [CP,’H] = 0, then A; and AT have the same magnitude
and an arbitrary unphysical relative phase

Ay ="&r75P) A,




Theory of neutral meson decay and mixings

[(0)) = a(0)[P") +b(0)[P") ,

[¢(t)) = a(t)| P%) + b(t)|P°) + c1(t)] fr) + c2(t)| f2) +

by a 2 x 2 effective Hamiltonian ‘H that is not Hermitian, since otherwise
the mesons would only oscillate and not decay. Any complex matrix, such
as ‘H. can be written in terms of Hermitian matrices M and I as

M and T are associated with (P°, P%) — (P" P°) transitions via off-shell
(dispersive) and on-shell (absorptive) intermediate states, respectively. Di-

The eigenvectors of ‘H have well defined masses and decay widths. We
introduce complex parameters py g and gg g to specify the components of
the strong interaction eigenstates, P9 and PP, in the light (P;) and heavy
( P ) mass eigenstates:

IPL H) = DPL H|P + qr. le'ﬂ

with the normalization |py, g|*+|qr.]? = 1. (Another possible choice, which
is in standard usage for K mesons, defines the mass eigenstates according to
their lifetimes: K g for the short-lived and K; for the long-lived state. The
K is experimentally found to be the heavier state.) If either CP or CPT
is a symmetry of H (independently of whether T is conserved or violated)
then My, = My and I'y; = I'y9, and solving the eigenvalue problem for ‘H
vields py, = py = p and ¢, = q = q with

(&) =42




Theory of neutral meson decay and mixings

If either CP or T is a symmetry of ‘H (independently of whether CPT is
conserved or violated), then Mo and I'j9 are relatively real, leading to

2
_(l — 2’& P p—
P |

only if, CP is a symmetry of ‘H (independently of CPT and T) then bot
of the above conditions hold. with the result that the mass eigenstates ai
orthogonal

(Pu|Pp) = pl* — g =0.

The real and imaginary parts of the eigenvalues of ‘H corresponding to
|Pr pr) represent their masses and decay-widths, respectively. The mass
difference Am and the width difference AI' are defined as follows:

Am=My —-M;,, Al'=Iy -17.




Theory of neutral meson decay and mixings

mass and width are given by

Mg + My I'y +171
—L, T i

— —

m =

It is useful to define dimensionless ratios » and y:

Am AT
4 N { § a8
r° Y=or

Solving the eigenvalue equation gives

(Am)? — I(;\.I‘)Z = (4|M2|* = |T12%).  AmAT = 4ReM;5T.




CPV

All CP-violating observables in P and P decays to final states f and f can be
expressed in terms of phase-convention-independent combinations of A . A Iz
4— and 77 together with, for neutral-meson decays only, ¢/p. CP violation
in cha,l ged-meson decays depends only on the combination |A—+/A¢|. while
CP violation in neutral-meson decays is complicated by P — PV oscillations
and depends, additionally, on |g/p| and on Af = (g/p)(As/Ag).

Using the effective Hamiltonian approximation, we obtain

lpph\q > - g-i-(_t) |P0> - (q/P) g- (.t |ﬁ0>

Ponys() = 9+(t) [P°) = (p/q) 9-(t)|P%) ,

where 1

J_L(t) = _ ((..—zm"t—%l'ut + (.,—rmLt—%l’Lt)
5 A

One obtains the following time-dependent decay rates:

dr[ hvs t) — f]/dt
—r'.'\"f

(|A.,-|2 - |((1/'p)§f|2) cosh(yl't) + (|.»"-1f|2 - |(q,/p)]f|2) cos(xT't)

2 Ro(q/’p)/l}ﬁ ssinh(yl't) — 2Im(q/ p)zl}ﬁ fsin(xl't) ,

dr[ phv'a = f]/dt
_Ft-‘\ff

.\-'! is a li’lll}_ill(l(f‘—"'l“lll['l normalization factor, 2 R(’(I)/(I)."lf.—"(} hill]l(yrt) —— 2 I]ll(])/q),f-lf;(} Si[l( Jrf) s

(I(p/9)As* + [Af]*) cosh(yT't) — (|(p/q)As|* — [Af[*) cos(aT't)




Three types of CPV

[I] CP violation in decay is defined by

[A7/Af| #1.

In charged meson decays, where mixing effects are absent, this is the only
possible source of CP asymmetries:

L(pP ) —T(P* = f+) _ [Ap-/Ap? -1

.Af:t =

™
D(P~— f7)+D(Pt = f*)  |Ap-JApP+ 1

[IT] CP violation in mixing is defined by
lg/pl # 1

In charged-current semileptonic neutral meson decays P, P — (X (taking
Aprx| = |A-x| and A;—x = A;4x = 0, as is the case in the Standard
Model, to lowest order in G'p, and in most of its reasonable extensions), this
is the only source of CP violation. and can be measured via the asymmetry
of “wrong-sign” decays induced by oscillations:

dl’ /dt| PY
dr’ /dt[PY

() = ¥ X] — dU/dt[Ppy, (1) = € X]  1—|q/p|*
(t) — ¢+ X] +dT/dt[PY, (1) — ¢-X] — 1+]q/pl*

phys

AsL(t) =

phys

Note that this asymmetry of time-dependent decay rates is actually time
independent.




Three types of CPV

Il CPV in interference between mixing & decay:.
(occur when both B and B decay
to a common CP final state).

Iul/\f :é O .

A
.
pAfs

This form of CP violation can be observed, for example, using the asymmetry
of neutral meson decays into final CP eigenstates fcp
dl’ -'(h‘[ (I‘) — fcp] —dI' (H[Pplns(” — fcp]

Afop(t) =
ferlt) =T (11‘[_0}“ (t) — fop] + dT/dt{ Py () — fcp] |




Three types of CPV

If AI' =0 and |q/p| = 1, as expected to a good approximation for B mesons
but not for K mesons, then A ., has a particularly simple

Af(t) = Sysin(Amt) — Cycos(Amt)
2ImAy B |/\f|2

S

If, in addition. the decay amplitudes fulfill |‘Tlfcp| = |Afcp|, the interference
between decays with and without mixing is the only source of the asymmetry
and

Ajep(t) = ImA g, sin(xl't)




Three types of CPV

Tale of 2 phases:

Ar = |(1.1|r_“-'“'j51+'-‘;’1:' + |(1.Q|(-'é'i‘52+’:’2~\".

37 — |a~1|(’é(51_¢)1)+|(1'2|‘»"i.:(52_‘:’2'\"-

ral meson decays, 1t 18 useful to write

Mio = Wflgl("é‘:""" . uliygn= |F1«2|#"""‘ .




Case study: 3rd type CPVin B — Y Kg
A f= ("_'é('j,B (jf :1 f) "

(/ H.(',‘j b.S

¢ p is the ]@_)hase of M- | | -
the B; — By mixing amplitude; By K™ I W K'B,

—3d 7 Fy \ I1{X7 L B . @ . ,I'
c Eis = ( ‘ tz“'l td ) ( "'tb‘: t:l ) b.: U, ( (/

For f = J/v K, which proceeds via b — &e3 transitiol.

tiny smaller by a loop factor
& N2, factor, A% ~ 5%.




Case study: 3rd type CPVin B — Y Kg

this decay that is related to the fact that B? decays into J/¢K" while B"
deca\s into .J/ oK"Y, A common final state. e.g. J/1Kgs, is reached only via
K% — K" mixing. Consequently, the phase factor corresponding to neutral
K mixing, e~k = (V4V_)/(V V), plays a role:

Eh Ks ( 1; ‘::*e ) TL"’I\ (‘ ub‘ ue‘) g I\

— = N X
‘4".1"1\’5 (‘C’Z‘CS) Tlﬁ’l\ (‘ ub‘ u\) lﬁ'-‘K

e~ 2i3

ei28 _ thVich d B =
Vi VEVEVed

AvKg = — = Sykg = SIn 20,

Afop(t) =ImAs sin(Amt) with ImA; = nesin(@y + 20¢).




End of the 4th Part
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really should the first 2 generation squark need
to be degenerate?

Blum, Grossman, Nir and GP (09);
Gedalia, Grossman, Nir and GP (09);

Gedalia, Kamenik, Ligeti & Perez (12).

Everything degenerate




Why really should the first 2 generation squark need
to be degenerate?

Blum, Grossman, Nir and GP (09);
Gedalia, Grossman, Nir and GP (09);

Gedalia, Kamenik, Ligeti & Perez (12).

~

Cavd)La (67§)L

=)

de §R

’IlR, éR

Everything degenerate Split, but MFV !

What if they are not degenerate!

Mahbubani, Papucci, GP, Ruderman & Weiler, to appear.




Effective Field Theory (EFT)
Model independent approach

microscopic dynamics above few x 100 GeV 1s unknown.

Can parameterize our 1ignorance by set of higher dim’

operators suppressed by the scale of new physics (NP).
5

HESOP=2 =N (OSd /A2 + O /A2 + O /A2)

1=1
(see e.g.: UTFit, 0707.03535)

_’»1:"7_;' 11 (5] ”‘.’f([_? - 0 _—’ ¥ _‘!'f(l_f g _p X

i st | e G 8 3
Q3™ (1;1?(11'14‘1‘;1#1.-1, , Q4 TR LR -

Almost any NP model can be described at low E by this set
of operators (above Op’ are most dangerous & yet clean).




AF = 2 status

Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci. (10)

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im

(5py*dp)? | 9.8 x 102 1.6 x 10* 9.0 x 1077 3.4 x107° Amp; ex
(ER dL)(ELdR) 1.8 x 10% 3.2 x 10° 6.9 x 107? 2.6 x 10~11 Ampg; €x

(epy*urp)? | 1.2 x 103 2.9 x 103 56 x 1077 1.0x 1077 [Amp; |q/p|, dp
(ER uL)(ELuR) 6.2 x 103 1.5 x 104 5.7 x 1078 1.1 x 1078 Amp; |q/p|,c/§D

(bry"dr)? | 5.1 x 102 9.3 x 102 3.3x1076  1.0x107% | Amp,; Syks
(brdr)(brdr)| 1.9 x 103 3.6 x 103 56x 1077  1.7x1077 | Amg,; Syk.

(bryHsp)? 1.1 x 102 7.6 x 1075
(BR SL)(BLSR) 3.7 x 102 1.3 x 107°

(tryHur)? same sign ¢’s




AF = 2 status

Isidori, Nir & GP, Ann. Rev. Nucl. Part. Sci. (10)

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(5py*dp)? | 9.8 x 102 1.6 x 10* 9.0 x 1077 34 x 1077 Amp; ex

(5rdr)(5rdgr)| 1.8 x 10* 3.2 x 10° 6.9 x 1072 2.6 x 1071} Amp; ex
(v ur)? 1.2 x 103 2.9 x 103 56 x 1077 1.0x 1077 |Amp; |¢/p|, dp

(erur)(eLug)| 6.2 x 103 1.5 x 10* 57x107% 1.1 x107% |Amp; |¢/pl, D
(bpy*dr)? | 5.1 x 102 9.3 x 102 33x1076 1.0 x 1076 Amp,; SyKs

(brdr)(brdg)|1.9 x 103 3.6 x 103 56 x 1077 1.7 x 1077
(bryHsp)? 1.1 x 102 7.6 x 1075

(br s1)(brsR) 3.7 x 102 1.3 x 1075

(tryH ur)?

Probably bound already
exists due to LHCb, CMS
indep’ confirmation?




Adding Leptons?

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(spy*dp)? | 9.8 x 102 1.6 x 10% 9.0 x 107 3.4 x107Y Amg: €x

(5rd)(51dg)| 1.8 x 104 3.2 x 10° 6.9x107° 2.6 x 107! Amp; ek
(eryHur)? 1.2 x 103 2.9 x 103 5.6 x 1077 1.0 x 1077 |Amp; |q/p|, ¢p
(crur)(crug)| 6.2 x 103 1.5 x 104 5.7x107% 1.1 x107% |Amp; |q/pl,¢p
(bpy*dr)? | 5.1 x 102 9.3 x 102 33x1076 1.0 x 1076 Amp,; Sy
(brdr)(brdr)| 1.9 x 103 3.6 x 103 56 x 1077 1.7 x 1077 Amp,; Syks
(bpy*sr)? 1.1 x 102 7.6 x 107°
(br s1)(brsR) 3.7 x 102 1.3 x 1075 Amp

S

(tryHur)? same sign #’s

Br(p — ey)
Br (1 — )
Br (T — ey)

o<,u_ Ti—e ™ Ti)
o(p—Ti—capture)




Adding Leptons!?

Operator

Boupds on A in Te

Re

Bounds on ¢;; (A =1 TeV)

Re

Im

Observables

(ER dL)(ng

1.8 x 10%

(SL’)//’LdL)2%/9.8 x 102

9.0 x 1077
6.9 x 1079

3.4 x 1079
2.6 x 10~ 11

Ampg; e

Amg; ex

(cLy*ur)

(crur)(CLir)

1.2 x 103
6.2 x 103

5.6 x 107
5.7 x 1078

1.0 x 107
1.1 x 10~8

Amp; |q/pl, ¢p
AmD; |q/p|7 ¢D

(bry* dLE

(brdr)(brdr)

5.1 x 102
1.9 x 103

3.3 x 1076
6x 1077

1.0 x 10~6
1.7x 1077

Ade; Sv,st
Ade; Sszs

(bpy* SLF
(brsz)(brkr)

(fLyur)y
\

7.6 x 1075

AmB

I_/iO'“VGRjHFM

Br (u — ev)
Br (1 — )
Br (T — ey)

(" Pre) (v, Pru)

o(p~ Ti—e™ Ti)

o(p—Ti—capture)




What do we conclude !

€ SM mechanism to induce flavor & CPV

The Nobel Prize in Physics

is successful.

© The Nobel Foundation Photo: U. © The Nobel Foundation Photo: U.
Montan Montan

Makoto Kobayashi Toshihide Maskawa
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What do we conclude !

€ SM mechanism to induce flavor & CPV

The Nobel Prize in Physics

is successful.

© The Nobel Foundation Photo: U. © The Nobel Foundation Photo: U.
Montan Montan

Makoto Kobayashi Toshihide Maskawa

€ Hint for underlying structure of microscopic laws of nature.




Alternatively, assume 1TeV & bound coefficients

ZC’LL

(1 TeV)

4

ZC’U,

| TTeV)? (urcr)(urer).

(EVMUL)Z

(3.4 x107%,2.6 x 107 (Axp/TeV)?,

(1.0 x 1077,1.1 x 107®) (Anp/TeV)?,

recent, will be
further improved

Flavor structure of TeV NP is highly non-generic!




What kind of NP survives?

@ Flavor blind/universal NP, for sure, but very restrictive.
(spoiled by RGE)
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@ NP flavor structure is controlled by SM one, effective minimal

flavor violation (MFV) => more exciting than guessed, see later ...




What kind of NP survives?

@ Flavor blind/universal NP, for sure, but very restrictive.
(spoiled by RGE)

@ NP flavor structure is controlled by SM one, effective minimal

flavor violation (MFV) => more exciting than guessed, see later ...

@ Maybe NP is anarchic but aligned.

Nir-Seiberg (92); Fitzpatrick-Perez-Randall (07); Csaki-Surujon-Perez-Weiler (09).




Aligning away NP & the power of the D system

4
The bounds from zg,4 ., are much more severe.

However, 2z, C (1,8, 1, za C (8, 11)

Have singlet part which can be aligned with SM, Y/ Yy, Y Yo .

On the other hand assuming SU(2). ?sd,cu expected to
have a common origin, () .

Cannot align ZQ simultaneously with both Y V! & YpY, .

Nir (07); Blum, Grossman, Nir, GP (09)




Combining K? — K° mixing and D" — DY mixing
to constrain the flavor structure of new physics

Two generation covariance description

Xo is 2x2 Hermitian matrix, can be described as a
vector in SU(2) 3D flavor space.

1

x B=—-|
2

The space can be span by using the SM Yukawas (very useful
for CPV, see later):

A, = (Y&Yj)t/r Ag = (Ydyj)tﬁ“




Two generation covariance description, cont’

. The contribution of X to K° — KO mixing, AmK, given by the solid blue line. In
the down mass basis, Ad corresponds to o3, J is o9 and Jd is o7.




Combining K — K9 mixing and D" — D° mixing
to constrain the flavor structure of new physics

Notice that;

A 2-gen’ case, 3 adjoints yield CPV: J = Tr {X [YDYBYUYJ}}

j (0'2)

Projection of Xg onto J is measuring the physical CPV phase.

Assuming SU(2)L :




Combining K — K9 mixing and D" — D° mixing
to constrain the flavor structure of new physics

Q:i(X0)ijuQ;] [Qi(X0)in"Qy]

2
‘ = ‘XQ x Agu g (Sorry Ay,a = Agu qt)




Finding the weakest robust bound

The covariant expansion of the new physics:

XQ =5 (Xu’dzleude + XJj -+ XJu’d Au7d) ,

and the two bases are related through
X% = 08200 X% —sin20c X7, X7 = —¢in20c X% — cos 20 X7 |
while X remains invariant. We choose the X" coefficients to be normalized,
(X7 4+ (37) 4 (00 = (X2 4 (XY o (x0) = 1,
such that L signifies the “length” of Xg
L =|Xq| = (Xg - Xg) /2,

where X 22’2 are the eigenvalues of X before removing the trace.




Finding the weakest robust bound, no CPV

vy] Amg

In order to minimize both contributions, we first need to set X = 0. Next
we define

X

taﬂazﬁ, TKDE\




Finding the weakest robust bound, no CPV

Then the weakest bound is obtained for

T"K D Sin(ze(})
1+ rgpcos(20¢)’

tan o =

and is given by

_ Anp
L <38x%x10° .
< 3.8 x 10 <1TeV)




Finding the weakest robust bound, with CPV

—
—
o)
N
M
—
—
r—d
—
.ﬁ.
el
o)
—_—
-

<o)
—4
<
.l".
=

Blum-Grossman-Nir-Perez (09)

0.4 X 7 0.6
The weakest upper bound on L coming from flavor and CPV in the K and D
systems, as a function of the CP violating parameter X J | assuming Axp = 1 TeV.~




SUSY implications, naively looks like alignment is dead!!

What is Xg in the SUSY case?”

.
ma, — Mg, 0.034 maximal phases
< < (squark doublets, 1TeV)

mga, +mg, \0.27 vanishing phases

K. Blum, Y. Grossman, Y. Nir and G. Perez, PRL (2009)

With phases, first 2 gen’ squark need to have
almost equal masses.
Looks like squark anarchy/alignment is dead!

However ...




How alignment models work!?

* The maximal phase case does not correspond to an
alignment model.

* Alignment makes both real and imaginary parts small.
j(Uz) j(Uz)




Degeneracy of Squarks
0.30 .
0.25
0.202—

S 0.15 ¢

0.10
0.05
0.00 :

NPKI workshop




Degeneracy of Squarks

No strong degeneracy required!
* Ex.: m3=1.3 TeV, my, =550 GeV,m,=950 GeV

* This can be generated by*:
Anarchy at the SUSY breaking mediation scale
SUSY renormalization group flow to the TeV scale
Can lead to modest level of degeneracy

* Y. Nir and G. Raz, PRD 66, 035007 (2002) [hep-ph/0206064]

NPKI workshop




No limit on LH 2nd gen’ squark

ATLAS
600

500}

400}

400 600 800 1000 1200
m;, [GeV]

Is there a 300 GeV squark
hiding in the data?

Papucci, Ruderman, Perez, Mahbubani, Perez & Weiler, to appear.




End of the 5th Part

And probably of these
lectures...




SM Flavor Structure, is it fine tuned by itself?

/ m\

YD —0 YU —0

/NN

(1) U@B)q D

/1N

U
U(3)u

ANVZN

x U(3)qu x U(3) (3)p




What is the flavor puzzle (1st ingredient)!

The flavor puzzle is of 2 ingredients:

(i) Smallness of eigenvalues of Yy & Yp -
Y, ~ diag(0,0,9;) and Yy ~ diag (0,0, yp).




Light quarks RH flavor group ~ conserved

RH currents involves the first 2 gen’ are very small!
(within the SM even ones involve b are small)

Ul)e xU(1)B

U(2)Qu><U UXUl)t U UZQdXU U(l)b

/\/YD |

YJ
( [J X S)QuX QdXU(S)




What is the flavor puzzle (2nd ingredient)?

(i) Smallness of the CKM mixing angles (Y, quasi-alignment) -
YY1, YpYh] ~ 0

In diagonal basis can expand Y’s via Gel-Mann matrices:

1 1
A3 g = — diag(1,—1,0), — diag(1,1, —2
3,8 \/§ g( ) \/5 g( )

2 [ 2 2 |
Yt b 1 1 m 3 meg
YoV YpY! ~ 2 13 —4/= | 2— )\—\/> A
VN IV 2( m) 2m3, "
To leading order only the rotation in the (13) & (23)
matters, hence, say in the down mass basis we find:

(YUYJ)dOWIl — V(J?rKM (YUYT)dlagVCKM ~ Y VCKM VSI?M

Yt

Y

1
la — V2 g 4+ c1a Mo = Con \Z
\/3{\/5 3 8 13 N3 23 23}




CKM & Quasi alignment

The amount of alignment can be extracted from the
scalar product of two vectors (in any flavor basis):

tr [(YUY(DVr (YDYg)VJ

e o

~1—cAt = 0,y = OV

x
)\23

Co3.13 = O(A\*?)




The flavor puzzle, breaking & naturalness

Flavor puzzle: The parameters’ are small and hierarchical!

Is the flavor sector fine tuned?

't Hooft definition of technical naturallness: a parameter is natural if when it's
set to 0 there's an enhanced sym'.

Light masses are protected by residual U(2)p x U(2)y sym’.

Mixing angles are protected by U(1){, sym'.

Flavor puzzles => tuning not fine tuning (nothing unnatural)!




Back to the bounds from flavor precision

Operator

Re

BoupdS on A in"%eV (¢;; = 1)

I

Bounds on ¢;; (A =1 TeV)
Re Im

Observables

,9.8 x 102
1.8 x 10%

1.6 x 10
3.2 x 10°

9.0 x 1077 3.4x 1079
6.9x 1079 2.6 x 101!

Ampg; ex

Amp; €k

1.2 x 103
6.2 x 103

2.9 x 103
1.5 x 10%

56 x 1077  1.0x 107
57x107% 1.1 x10°8

Amp; |q/pl, ¢p
Amp; |¢/pl, ¢p

5.1 x 102
1.9 x 103

9.3 x 102
3.6 x 103

3.3x107%  1.0x107°

56 x 1077 1.7x 1077

Ade; Sv,bKS
Ade; Sszs

1.1 x 10?
3.7 x 10?

7.6 x 1075

LiO"uyeRjH

v

Br (u — ev)

Br (1 — )
Br (T — ey)

(F" Pre) (y, Pru)

o(p~ Ti—e Ti)
o(p—Ti—capture)




With new physics new flavor problem arises

Hierarchy see-saw

Standard Model up to some A2 > 1TeV

A, HH

* _Yij HFF;

Rattazzi (12)



What about the fine tuning problem ?

? moon
% sun




What about the fine tuning problem ?

? moon
g sun

€@ The most severe problem is due to top coupling:

—en MAES IO e
oG0St FIEVD P NERE MASSE o,
* e 40 TG R, THE B
THARYOURCONE | £
Q‘:‘ et
a |
b HIGES Y
>

\L!_




What about the fine tuning problem ?

? moon
g sun

€@ The most severe problem is due to top coupling:

Top quark mass
s w:uiﬂ\{“j‘ff‘/-f';:]' }.' Only fermion with
Y av.| K H H
SIS H H
S

Assume cutoff A = 7TeV; &;m7 = 25 y7 A? ~ 1.4TeV?

M3 s = Miee + 0emi = Mo + 1.4TeV? & 0.01 TeV?

v

fine tuning of worse than 1:100 !




However little is known on tFCNC

Operator |Bounds on A in TeV (¢;; = 1)|Bounds on ¢;; (A =1 TeV)| Observables
Re Im Re Im
(5py*dr)? | 9.8 x 102 1.6 x 10* 9.0 x 1077 3.4 x107° Amp; ek

(5pdr)(5rdR)| 1.8 x 104 3.2 x 10° 6.9x 107Y 2.6 x 10~ Amp; e
(erytur)? |1.2 x 10 2.9 x 10 5.6 x 1077  1.0x 1077 |Amp; |¢/p|, ép
crur)(Crur)| 6.2 x 103 1.5 x 104 57x 1078 1.1 x107% |Amp; |q¢/p|, ¢p
(bpy*dr)? | 5.1 x 102 9.3 x 102 33x107%  1.0x 1076 Amp,; Syks
(brdr)(brdg)| 1.9 x 103 3.6 x 10° 56 x 1077 1.7 x 1077 Amp,; Syks
(bpy*sr)? 1.1 x 102 7.6 x 107°
(brs1)(bLsr) 3.7 x 102 1.3 x107°

(tryHurp)? same sign ¢’s




However little is known on tFCNC

Operator

Bounds on A in TeV (¢;; = 1)

Bounds on ¢;; (A =1 TeV)| Observables
Re Im

9.0 x 107 3.4 x 107? AmK; €K
6.9x 1072 2.6 x10~H Ampg; €x

56 x 1077 1.0x 1077 |Amp; |¢/pl, ép
57x107% 1.1 x107% |Amp; |q/pl,¢D

1.0 x 1076 Amp,; Syks

Do not directly

Coup\e to 3 rd

generation‘.




Reverse the logic with light flavors

D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10).

€ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

HH

s: = A, <2x10%TeV
c: = A. <2x10°TeV

b: = Ay <4 x102TeV




Reverse the logic with light flavors

D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10).

€ How large of non-univ. cutoff to sustain < 1:100 fine tuning?

Operator |[Bounds on A in TeV (¢;; = 1)

st = A, <2x10*TeV
c: = A. <2x10°TeV

b: = Ay <4 x102TeV

Re

Im

(5py*dr)?
(5rdL)(5LdR)

0.8 x 102
1.8 x 104

1.6 x 104
3.2 x 10°

(ery"ur)?

(Crur)(CLur)

1.2 x 103
6.2 x 103

2.9 x 103
1.5 x 104

(bpy*dr)?
(brdr)(brdr)

5.1 x 102
1.9 x 103

9.3 x 102
3.6 x 103

(bpyHsp)? 1.1 x 102
(BR SL)(BLSR) 3.7 X 102




Reverse the logic with light flavors

D. Grossman, Hochberg, GP & Soreq, to appear; see also: Barbieri et al. JHEP (10).

® How large of non-univ. cutoff to sustain < 1:100 fine tuning?

Operator |Bounds on A in TeV (¢;; = 1)
Re Im
spyHdp)? | 9.8 x 102 1.6 x 10*
s: = N, $2x 108 TeV <« (S7"de) ) -
(ER dL)(ELdR) T8+ —p 3.2 X 10°
c: = A, <2x10°TeV <« (ciy ur)? | 1.2 x 10° 2.9 x 10°
(ER ’LLL)(EL’LLR) 6.2 X T00—> 1.5 x 104
b : :>Ab<4><102TeV<~ = 5 5 5
~ radid 5.1 x 10 9.3 x 10
1.9 x 107> 3.6 x 103

Tension with LLRR ;12
CP violation (CPV)! |




Reverse the logic with light flavors

€ How large of cutoff to sustain fine tuning of less than 1:100 ?

Operator |Bounds on A in TeV (¢;; =1).
Re Im

- 2 2 4
5 = As 5 2 % 104 TeV (Spy*dr) 9.8 x 10 1.6 x 10
(ER dL)(ELdR) 1.8 x 104 3.2 x 10°

c: = A, S2x 103 TeV (ery"ur)? 1.2 x 103 2.9 x 103
crur)(cLur)| 6.2 x 103 1.5 x 10*
b = Ay ’S ( (bLfyl(dL)‘ ) 51T x 10> (9.3 x 10?
brdr)(brdgr)| 1.9 x 103 3.6 x 10°
B system: only case with Q3% 1.1 % 107
tension with LLLL operators; ‘i 37107

Improvement in Bs will
get us there as well.




MFV & quick way to estimate SM strength of
FCNC & constraints

As we saw, flavor structure of NP not generic, similar to SM.

Extra protection is obtained 1f the NP flavor structure
1s controlled by same parameters as the SM
(also, a quick, effortless, way to estimate SM contributions).

promote Yy p to spurions, transform

under the flavor group = flavor invariant £>M .

ﬁ&[\[ ( D’'Ambrosio et. al (02).

()X(

sy

Yu(3,3,1), Yp(3,1,3)

Allow higher dim’ flavor invariant new op’s.



GIM mechanism (Glashow-lliopoulos-Maiani, 70) SUPPression of neutral currents
So far -> Flavor violation (FV) only in CC. What about NC?

nitarity of CKM implies cancellation of divergencies & absence
of flavor changing neutral currents (FCNC).

Gluon & photon protected by gauge univ’; Z !

Defining tan Oy = ¢ /g, the Standard Model gives

Z* = cos HH*UEL — sli an Br

Let us examine, for example, the Z-interactions with dj, in the mass basis:

9

. q 1 | - o e AN R
—L7 ~ (—— == 3 sin? Hn') A ‘-’JL“(IL ,)-zfj(]Lj Z#-

COS an

g 1 1
cos By ( 5T 3 AR ) Ari7" ALi4py

We learn that the neutral current interactions remain universal




GIM mechanism, SM |-loop example

Ky —-mvv
W d

k2 1
. . 2
— Vis [/d k(kQ _ m%)Q k2 — MX%V Via = (VT dlag[f(mi )] V) -

1%

(i) Div’ part is m; indep’ = 0
(ii) Hard GIM: leading contribution suppressed by V; szAm?j

We learn that the neutral current interactions remain universal in the mass
basis and there are no additional flavor parameters in their description.
This situation goes beyond the Standard Model to all models where all left-
handed quarks are in SU(2)1, doublets and all right-handed ones in singlets.




MFV & GIM

As we saw, flavor structure of NP not generic, similar to SM.

Extra protection is obtained 1f the NP flavor structure
1s controlled by same parameters as the SM
(also, a quick, effortless, way to estimate SM contributions).

promote Yy p to spurions, transform
under the flavor group = flavor invariant £>M .

D’'Ambrosio et. al (02).

GM =U3)g x U(3)yx U(3)p

p

Y(3,3.1),  Yp(3,1,3)

Allow higher dim’ flavor invariant new op’s.



Effective field theory of MFV

The only source of flavor & CPV 1is due to the SM Yukawas.

YUYJ & YpY; transform as 8+1 of the U(3)q flavor group
and Q7,(3,1,1), U(1,3,1), D(1,1,3).

After symm’ breaking useful to consider the approx’ limit

GPM =U(3)ge x U(3)ga x U(3)y x U(3)p

Fields: Ur(3,1,1,1),D5(1,3,1,1),U(1,1,3,1), D(1,1,1, 3)

Spurions :  (3,3,1,1),Y(3,1,3,1),Yp(1,3,1,3)




GIM mechanism & SU(3)ou, x SU(3 )04

In term of spurions, d, (¢7)7 &, is flavor trivial.

Leading contributions to neutral currents (NCs)

I, 95 (YUYJ)J,Z 95 dJ

Highly suppressed, at LO need to go through the 3rd
gen’. ( Vi V(tJZKMVSI?M

Within the SM flavor changing NCs (FCNCs) are highly
suppressed => good probe of new physics (NP).




Effective field theory of MFV

The only source of flavor & CPV 1is due to the SM Yukawas.

YUYJ & YpY; transform as 8+1 of the U(3)q flavor group
and Q7,(3,1,1), U(1,3,1), D(1,1,3).

Thus OY = [Q} [a(YuY,N)i; + b(YDY])i;]Q% ]2 is U(3)o invariant.

The amount of flavor violation 1s calculated via setting the Y’s
to their observed “background” value.

Down quark flavor violation i1s described in their mass basis:

07" = { D} [ % Vorm diag(m2,) Vi lis + diag(m?2,)] D3}

\

CKM controls flavor & CPV no flavor conversion.




MFV, estimation of amplitudes, SM approx’ sym’

2 2
wt.di (07 0, mip

In most cases we can use m

O = (D} [ Vo diag(m?. Ve liy + L dpem3)1 D]y
)

Thus, [Veokum diag( /U ) CKM]
For B, s system: (HAB Q)Oz{d,s ~ (bry*dr, s1)? (Vib td, 0,s) 2 Aipy

. (AM)p,, 2|Mis|p,,
Ex. Bis mass difference, Amgs: zas = FB. e I -

a2 d.S

MFV

w D
19| = [(B°|(HSE™ Q)Obd |B“,}|EEBB':./’)FZ‘;””B Vi Vi | /Adirv

Homework: write the leading RR & LR up type flavor violating higher dim’
operators, within MFV.




MFV, connection with SM

Can use same method to estimate SM contributions!

The SM structure is identical,

SM 7 sk
say for By s system: (H5P= 2)O$d,s ~ (brytdr, SL)Q(V;tb‘/td,s)2/A%M

What is A%M? (1 1] hS
Can ”guesstimate”:
2 2

B i én' W /_\'.”Bd,

2 ~ : m
AAFZQ 1672 h.S u, C, d

Factor of 2 smaller than the LO result, AAF 2~ 4.4TeV




MFV & the SM contributions

Similarly can be applied to CPV in Kaon system, €x:
5= _ 2 5 2
(H?ﬂ-‘ 2)ofd = (527"d)” (VisVia) /A%/IFV

Agreement between Exp’ data & SM implies: AX%_, S ANEY,

So we can estimate bounds for CP conserving [CPV] (LL)?, (RR)?
operators via AfBds > Agyr x (0.IAT2, A3, A72) (2072, 4073, A 72)]

Thus, MFV protection 1s mostly due to “CKM” suppression.

For some LLRR, AB,S = 2, operators O(10, 100) enhancement is obtained!




General MFV, non-linear MFV (NLMFV)

Kagan, GP, Volansky & Zupan (09).

If time permit we shall answer last 2 questions.

The top Yukawa is large (possibly also the bottom one) no
justification to treat it perturbatively.

Our “LO” expansion is valid only for ex.for Qf(e,Yr,eiYp)Q
€u,d <K 1

We distinguish between 2 cases LMFV & NLMFV:

e Linear MFV (LMFV): €, 4 < 1 and the dominant flavor breaking effects are captured by the lowest order
polynomials of Y, 4.

e Non-linear MF'V (NLMFV): €, 4 ~ O(1), higher powers of Y,, 4 are important, and a truncated expansion in y; 4
is not possible.




General MFV, non-linear MFV (NLMFV)

|dea: spearate the small from large eigenvalues, expand
linearly (non-linearly) the small (large) flavor breaking.

Yy ~ diag (0,0,y:) and Yp ~ diag (0,0, yp)
VCKM = 13 + O(@ud) Oua ~ N

Y\G:n*oken generators)

HM =U2)o x U2)y x U(2)p x U(1)3
GM=UB)g xUB)y xU(3)p
The broken symmetry generators live in GPM/H>M cosets.

theory is described by a [U(3)/U(2) x U(1)]? non-linear o-model.
(cf. little Higgs models with collective breaking.)




The formalism

Without loss of generality the Y’s can be written as:

_ _ipo Etix/2v —1Pu.d
Yu,p = €72 XYy pe 7

where the reduced Yukawa spurions, Yy p, are }N/U D = <¢u’d s > :

0 v
Here ¢, q are 2 x 2 complex spurions, while x and p;, ¢ = Q,U, D, are the 3 X 3 matrices spanned by the broken

generators. Explicitly,
o O2x2 X Ao O2x2 pi
X XT 0]/’ Pi pj 92 ?

The p; shift under the broken generators =-
”Goldstone bosons”, have no physical significance.




The formalism

Magic, flavor invariance is obtained by moding-out fields:
up, = e_if‘/Qe_iﬁQuL, CZL — eiX/Qe_iﬁ@dL, UR = e_iﬁ“uR, CZR — e WPddp,

Form reducible representations of HM, dp r = (d7,0) + (0,51 &).
Also ¢4 (x) form appropriate bi-fundamentals (fundeamental) of H>M.

NLMFV described via requiring solely H>™-invariance!

d-type flavor violation is obtained by shifting to d-mass basis:

Yu = Vigydiag (my, me, my), Yo = diag (ma, ms, my)

PR = X/27 ﬁu,d =0, ¢pq = diag (mdamS)/mba

My M

X' = i(Vig, Vio), ¢U=Vé2§4diag( , ) ((u)1z ~ A°)

My Mg




Predictions

LO flavor violation come from the following operators:

B phys.: d?xbr, dPybr, & possibly (Bs only) from d}¢!xbr

~

Kaon phys.: d?¢.¢ld?, d7xxtd?.

B: RH currents are non-Hermitians allows for new CPV.

(SUSY: Colangelo et. al., 0807.0801[ph])

Kaon: contributions from charm & top are decorrelated.

Generically, CPV in Bs; bounds on in B; system .
(without light RH currents they are fully correlated)

Generically, large CPV in D & top FCNC (also in LMFV).

(more in the homework)
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Flavor at the LHC

If no NP probed -FCNC & D mixing could be at the frontier,
we have just entered the 1sospin up flavor precision era.

However, what if new particles which couple SM fermions
discovered ?

These may carry microscopical info’ flavor dynamics.

We can look at two entities:

(1) Spectrum or strength of flavor diagonal couplings.
(11) Flavor conversion 1nfo’.




The approximate U(2)

Oth order question for a 3x3 adjoint:
Is a residual U(2) conserved!?

A, = (YYD,  Ai= (VoY)

1
Ag = —diag(1,—1,0).

1
Ag = —diag(1,1,—2).




The approximate U(2)

Oth order question for a 3x3 adjoint:
Is a residual U(2) conserved!?

A; A, = (YY)
V3 1
— 1’\ 3 +

_A,
2 270




The approximate U(2)

Oth order question for a 3x3 adjoint:
Is a residual U(2) conserved!?

As A= (YY)

V3 1
— A2+ =As
5 3+ 518




The approximate U(2)

Oth order question for a 3x3 adjoint:
Is a residual U(2) conserved!?

A; A, = (YY)
V3 1
— 1’\ 3 +

_A,
2 270




The approximate U(2)

Oth order question for a 3x3 adjoint:
Is a residual U(2) conserved!?

As Au= (VYD

V3 1
—Aa + =A
5 3+ 518

\/§ 1
A VY P . €6
5 3 T 518

Breaking of U(2) => sensation!
Can the LHC answer?




lllustration

The SUSY flavor plane
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Nir, Planck 2009




Summary

The SM flavor sector is unique
Yields sharp predictions
All so far were verified
Unless NP is ~ MFV or maybe aligned!?
Up type FCNC measurements could hold the key

Electroweak & flavor precision tests => NP has non-generic structure

Cannot be the end of the story => baryogenesis
Probably not the end of the story => hierarchy problem




End of the 5th lecture




