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A. The Standard Model flavor symmetry

The three generations of quarks/leptons have identical gauge interactions

L= . WD, y,, D' >SUQB).xSUQ2),xU()y
k,1=1,2,3

Vi

u
where v, : Q=£ LJ, U=uj,, D=d}, Lz(f j E=(%

L

As a result, the SM gauge interactions exhibit the U (3)5 flavor symmetry:

5 Chivukula,
Gf =U@3) = U(3)Q XU(3)U XU(3)D XU(3)L XU(3)E Georgi ‘87

With one U (3) per fermion species, since under g, € U(3),

Wli %(gk)nwlg = Ly, Z 97{ (gZ)Hka (gk)Ilefz’CKin
kI T.K
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B. In the SM, the flavor symmetry is broken in a very special way:

- The only sources of breaking are the Yukawa couplings:
Lyuawa =U' Y @ H)+ DY (@ HY+E'Y/ (L'H")

which themselves are also very special:
- The fermion masses are highly hierarchical (m, > m_. > m,)
- The CKM matrix is highly hierarchical (close to unit matrix),
- The CKM phase is the unique source for all CP-violation.

- Essential feature of flavor physics & FCNC processes:

B—>X, "0, . _
d,s 2 b—s: ‘/[b‘/ts~10 2
” b—d:V,V, ~10
K > v, 4 V. = top quark

K. — 2%t Sy wWH* d; dominates s —d : Vt:th ~1074
L -
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C. Warm-up: “MFV” in the Standard Model

- The SM is made artificially invariant under G, by forcing Y, , . to transform as:

Yy ﬁngugg, Y, %gDngg’ Y, ﬁggYegZ

U@3)
sincethen L, , =UY,QH+DY,QH' +EY,LH' — L,
Background values: vY, =m, Vx> VY, =m,, vY, =m,.
- All SM amplitudes must then be invariant under G . , at all orders.

f 3
Example: The Z penguin:
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C. Warm-up: “MFV” in the Standard Model

- The SM is made artificially invariant under G, by forcing Y, , . to transform as:

Yy ﬁngugé, Y, %gDngE’ Y, ﬁggYegZ

U@3)
sincethen L, , =UY,QH+DY,QH' +EY,LH' — L,
Background values: vY, =m, Vx> VY, =m,, vY, =m,.
- All SM amplitudes must then be invariant under G . , at all orders.

f 3
Example: The Z penguin:

- 0, ~0'y, (Y, Yy )" 0’ v?zZH
5. W5 o4, . )
Val" ViV VidV
Predicts the CKM & quadratic GHM:  v*Y, Y, =m/| V,V,, 1V, > V.V,
% * 2
ViYia  VisVes 1V |
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C. Warm-up: “MFV” in the Standard Model

- The SM is made artificially invariant under G, by forcing Y, , . to transform as:

Yy ﬁngugé, Y, %gDngE’ Y, ﬁggYegZ

U(3)°
sincethen L, , =UY,QH+DY,QH' +EY,LH' — L,
Background values: vY, =m, Vx> VY, =m,, vY, =m,.
- All SM amplitudes must then be invariant under G £ at all orders.
Example: The Z penguin:
~1 uAJ .2

Ve . - 0, ~0'y, (Y, YV 0’ v’Z*

! = Suppressed by

55 W5 od, m m ,

_ 2
Right-handed currents? O, ~ D;/ﬂYdYJYuY;D vizZH Y
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C. Warm-up: “MFV” in the Standard Model

- The SM is made artificially invariant under G, by forcing Y, , . to transform as:

Yy ﬁngugg, Y, %gDngg’ Y, ﬁggYegZ

U@3)
sincethen L, , =UY,QH+DY,QH' +EY,LH' — L,
Background values: vY, =m, Vx> VY, =m,, vY, =m,.
- All SM amplitudes must then be invariant under G . , at all orders.

f 3
Example: The EM operator:

1 1 T o v
O,~D0c,,Q0 H'F
—

ol I 177 v
O,~E'c,, L H'F
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C. Warm-up: “MFV” in the Standard Model

- The SM is made artificially invariant under G, by forcing Y, , . to transform as:

Yy ﬁngugé, Y, %gDngE’ Y, ﬁggYegZ

U@3)
sincethen L, , =UY,QH+DY,QH' +EY,LH' — L,
Background values: vY, =m, Vx> VY, =m,, vY, =m,.
- All SM amplitudes must then be invariant under G . , at all orders.

f 3
Example: The EM operator:

0,~D'c,, (Y,Y, Y )"0  H'F*
%
. WE 4y 0, ~E'c,, )L’ HIF*
No LFV, since Y, is diagonal: u = ey, u == eee, ...
Experimentally, m, #0 but extremely small = B(u —ey)< 1079,
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A. Flavors and New Physics

- There is some New Physics (dark matter, m,,, unification, EW stability, gravity,...)

- Most New Physics models have either new flavored particles,
or new flavor-breaking interactions between quarks and leptons.

- The Lagrangian of NP can always be made U (3)° symmetric,
but at the cost of allowing for new spurions (= NP flavor-breaking couplings).

1 = Al .2

Ex: X, > g,X08, = O ~ATQ 7, X )" Q7 v ZH
NP

- Flavor experiments = either spurions non-natural, or NP scale very high.

Ex: O, =K —zvi. With (X)'* =1=>A 2 75TeV.

0)

- Flavor structures of TeV-scale NP necessarily fine-tuned: NP flavor puzzle.
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A. Flavors and New Physics: Situation in the MSSM

Essentially one superpartner for every SM particle, same gauge group.

Squarks and sleptons are scalar flavored particles.

- MSSM gauge interactions still exhibit the U (3)° flavor symmetry.
- Many new flavor couplings < new spurions, a priori not hierarchical.

- New contributions to flavor transitions

1 —
©.9-- Lossu 2 QJr Q — O A4 (Qy,uméQ)sz'u
SUSY
1

Lyssy D LML — O ~ (EY,m;o,,L)H, F*

SUSY

- Experimental data impose to fine-tune those additional spurions:

Approx. alignment with SM: m AgUSYYTY mL AgUSYYTY
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=3
m‘/
EW SSB | Quark and lepton
| masses and mixings

1. Superpotential Yukawa couplings: set fermion masses and mixings.
W=UY,(QH,)-DY,(QH ;)-EY,(LH ;)+ u(H,H ;)

(O,U, D,... now denote superfields, with fermion & scalar components)

Analogues of the SM Yukawa couplings (but with two Higgs doublets).
—> same hierachical fermion masses & CKM couplings.

At this stage, perfect alignment of squarks with quarks, sleptons with leptons.
-> same masses, same mixings.
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=1

W

EW SSB { Quark and lepton }

»

masses and mixings

2. Squark soft-breaking terms: SUSY is broken, but the exact mechanism is unclear

- Effective description: L, ,, >~ Q~TméQ~ ~Um;U" -UA,(QH,)+...

p ! L d
_ >, | m v,A arge mass and gauge
- Squark mass terms: oM ; :[ ¢ 2MJ eigenstate mismatch?
v,A, my
; <Z
- Contributions to the FCNC: ur
vV’ Vo<
SL Wi dL

With sparticle masses < 1 TeV, the squark flavor mixings must be small.
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=1

W

EW SSB ‘[ Quark and lepton }

»

masses and mixings

3. Slepton soft-breaking terms: similar situation as for squarks

- Effective description: L, >~ ['m;L-Em,E" —EA,(LH )+...

m> T Large mass and gauge
_ 2 . VA arg ind gaug
- Slepton mass terms: M 5 = 5 eigenstate mismatch?

|

With generic mixings, LFV much too
large compared to experimental bounds.

- New FCNC:

Again, sleptons and leptons must not be too misaligned.
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=
RPV
"
WRPV

EW SSB ‘[ Quark and lepton }

»

masses and mixings

4. B or L violating couplings are allowed (both supersymmetric and not):
These couplings induce profon decay (and associated) at tree-level:

po>TV, KV, 1",

n—>xav, K,z l,..

5
m
d

But experimentally, z'p+ > 1030
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=3
RPV
"
WRPV

EW SSB | Quark and lepton
"| masses and mixings

Usual escape route is to impose R-patrity: Farrar,Fayet 78
Assign R(Particles) =+1 and R(Sparticles) =—
2> Wepy and LRﬁ couplings forbidden. p\\ éﬁéﬁi {L;Zi
But also: sparticles produced in pairs, / % ; _
stable LSP (hence neutral LSP),... p ?ﬁ ~. b 20
Wi

R-parity is a very (too?) tough constraint!
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“viss |
RPV
W

Wrpy Wiim-5
L s

X :

a

Q)

v

EW SSB | Quark and lepton
"| masses and mixings

5. Seesaw mechanism to account for neutrino masses (not from Wy p,):
- Right-handed (s)neutrinos are added: VV,, = NMN + NY,,(LH )

- Large L violating mass M allowed - v are integrated out:

> - < Wi =, M Y)Y (L' H, (L H,)

- Effective Majorana mass term for v, : vaY, MY, =U pyns <My U Z,MNS

Then, m, ~1eV with Y, ~O(1) when M ~10"GeV.

Minkowski ‘77, Gell-Mann,Ramond,Slansky 79, Yanagida ‘79, Glashow ‘79,...
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A. MFV and the origin of the flavor structures:

Seesaw

[ MSSM }

RPV
"

£ WR PV Wdim—S
X &

v &
EW SSB o

»
»

Quark and lepton
masses and mixings

Only the flavor-breakings in the SM fermionic
sector have been probed experimentally.
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A. MFV and the origin of the flavor structures:

{SUSY breaking

O(10'° GeV)

[oor
N 010" GeV)

Seesaw

0103 GeV) ——
MSSM }

EW SSB | Quark and lepton
"| masses and mixings

O(10% GeV)

The MSSM is not the ultimate theory, but only a “low-energy” effective theory.
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A. MFV and the origin of the flavor structures:

{SUSY breaking

4

[our

{Flavor breakings}i—---—--——-—---------——-—1; ---------------- Seesaw

~
~
~

1
|
v

[ MSSM

RPV
;

E WR PV Wdlm—S
X g

v &
EW SSB o

»
»

Quark and lepton
masses and mixings

Some mechanism beyond the MSSM must explain the origin of the flavor structures.
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A. MFV and the origin of the flavor structures:

{SUSY breaking

4

[our

{Flavor breakings}i— ------ Seesaw

~
~
~

RPV
;

EW SSB { No ﬂavor—breaking

If this mechanism is turned off, flavor-breaking terms become forbidden.
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A. MFV and the origin of the flavor structures:

{SUSY breaking

[our

Seesaw

4

Flavor breakmgs}e |

EW SSB Quark and lepton
masses and mixings

With MFV, all the flavor-breaking couplings are reconstructed in terms
of the fermion masses and mixings, and become naturally hierarchical.
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B. In practice:

- Minimality hypothesis: Minimal spurion content allowing for the known fermion
masses and mixing - this is the essence of MFV/!

Essentially, the Yukawas Y,,Y e plus a few seesaw spurions.

- Symmetry principle: All Lagrangian couplings written as formal G ! -invariants
m,, =mg (agl+a,Y, Y, +a,Y, Y, +..) with a; ~O() < naturality

. . . . Hall,Randall ‘90
- Freezing of the spurions at their physical values: D’Ambrosio, Giudice,

Isidori, Strumia ‘02

1 10™% 107° 0 107* 1073

mZz ~m2| 110 1 1072 |+il10* o 107
g 70 3 0 3 .4

1073 10 1 1073 10 0

These hierarchies come entirely from those of Y,,Y ;.
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C. MFV expansions in the quark sector Hall Randall '90, D’Ambrosio,Giudice,
Isidori,Strumia ‘02, Colangelo,Nikolidakis,CS ‘08

- Only a finite number of terms thanks to Cayley-Hamilton identity:
X7 = (X)X +FXUX)? =(X*)) = 5(X7) = F(XNUX) +§(X)°

- Use the large mass hierarchy to set (Yle.)2 ~ Yle. , leaving: A Y;YM

m(, = m (a1 +a,A+a;B+a,{AB}+bi[AB]) B=Y,Y,

m;, =mg (as1+Y, (a,1+a,B+a,{ A B} +b,i[AB)Y,)

mj, = mg (a1 +Y (a1 +a,,A+a,{AB}+bilAB)Y))

A, =AY, (c1+c,A+c;B+c,{AB}+d,i[AB])

A, =AY, (cs1+ccA+c,B+cg{AB}+d,i[AB])

Using CH identities, all operators can be written as hermitian,

hence a;,b, e R, ¢;,d; € C since scalar mass terms are hermitian.
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D. MFV expansions in the lepton sector

Cirigliano,Grinstein

- Integrating out the right-handed neutrinos: Isidori, Wise 05
Y,, Yv, YwM'l , yvM"mMly,,

’/ \. Neutrino masses:

Lepton masses: _ "
g vYIMY, = Ut m Ut

1% dYe =m,
Not completely fixed (we take M =M ,1): Casas, Ibarra ‘01,
2 £ 1/2 2iD _1/24,1% IJ _ K Pascoli, Petcov,
VMYJYV =MpU m,"e m,“U', &7 =¢ ¢K Yaguna ‘03,...

- More terms remain since there is no third-generation dominance for v, :

mi =m§(a11+a2A+a3B+a4B2 +as{A.B}+a,BAB AEYte
+b,i[A,B]+b,i[A,B?]+b,i(BAB? — BZAB)) B=Y,Y,

Similar for m% and A,. Mercolli,CS ‘09
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E. How to test MFV? Colangelo,Nikolidakis, CS 08
Nikolidakis ‘08, Mercolli, CS ‘09

Generically, all flavor couplings expanded under MFV involve:
Q= x1+x,A+x;B+x,B* + x;{A,B} + x,BAB (A=Y)Y,,B=Y,Y,)
+27i[ A, B]+ xgi[ A,B* ] + x,i(BAB* —~ B°AB) (A=Y)Y,,B=Y,Y,)

The MFV operators form a complete basis for the soft-breaking terms.

Allowing the coefficients to take any value = full MSSM.

However, the MFV basis is made of nearly parallel operators.

A generic matrix expanded in the MFV basis requires huge coefficients!
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E. How to test MFV?

Generically, all flavor couplings expanded under MFV involve:
Q= x1+x,A+x;B+x,B* + x;{A,B} + x,BAB (A=Y)Y,,B=Y,Y,)
+27i[ A, B]+ xgi[ A,B* ] + x,i(BAB* —~ B°AB) (A=Y)Y,,B=Y,Y,)

The MFV operators form a complete basis for the soft-breaking terms.

Allowing the coefficients to take any value = full MSSM.

MFV expansion coefficients versus Mass Insertions:

Same number of free parameters (choice of basis).

BUT: to each coefficient corresponds a whole set of mass insertions,
with a definite flavor pattern inherited from those of the spurions.

|

Permits to test the naturality of soft-breaking terms.



MFV hypothesis 6/8

E. How to test MFV?

Generically, all flavor couplings expanded under MFV involve:
Q= x1+x,A+x;B+x,B* + x;{A,B} + x,BAB (A=Y)Y,,B=Y,Y,)
+7i[A,B]+ Xgi[A,B* ] + xyi(BAB* — B*AB) (A=Y,Y,,B=Y,Y,)

Imagine Q is constrained by experiment (collider + flavor).

Three possible situations can arise when projecting Q in the MFV basis:

All the x; ~ O(1) Some of the x; <1 Some of the x; > 1

MFV flavor structure Fine-tuned flavor structure Generic flavor structure
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Mercolli,C.S. ‘09

Current experimental constraints on the generic MSSM slepton sector:

2
my,

Re A

e

(x; /a,a5)

ImA

e

(x; / a1a7)

4
a, <10° masses
a, <10 u—ey
a4S104 u—ey
a5S103 T—> Uy
A <10* u—ey

masses

T — uy
T — py
T — uy
T — py

Rec, <10°
Rec, <10°
Rec, <10’
Rec, <10°
Recy <10
Rec, <10’

stab.
stab.
H—ey
H—ey
T HY
H—ey

Imc¢, £2

Imc, <10°
Imc, <10°
Imc, <10°
Im ¢ <10°
Im ¢, <10’

d

e

stab.

H—ey
H—ey
T Y
H—ey

b <10° 7—uy
b, <10° 7— uy
b, <10° u—ey

T — [y
T — py
T — uy

Red, <10
Red, <10°

T — [y
T — [y

Red, <10 u— ey

Imd, <10
Imd, <10°

T — uy
T — uy

Imd, <10 u— ey

M g5y =500GeV, tanB =20, M =10"> GeV,m; p <4TeV

CPC

CPV
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F. Beyond MFV?

Within MFV, all flavor structures are related to that of the Yukawas.

Open questions:
- Why are the Yukawa couplings so hierarchical?

- Is there a dynamical mechanism behind MFV?

There is certainly something behind the Yukawa.

Explicit symmetry breaking « Spontaneous symmetry breaking

The approach followed here Goldstone bosons?
PP | Albrecht, Feldmann,Mannel ‘10
We assume a minimal number

' ieg?
of explicit breaking terms. Discrete flavor symmetries”

Zwicky,Fischbacher ‘09



CP-violation under MFV




CP-phases 1/6

A. CP-violating phases in the MFV approach Mercolli.C.S. 09

In the SM, CP-violation comes entirely from the phases in the spurions.

One in Y, (Dirac), six in YJYV (1 Dirac, 2 Majorana, 3 from the ¢, )

Within MFV, there are several reasons for expecting additional CP-phases:

-The U (3)5 does not say anything about CP-violating phases,

All the MFV coefficients are free complex parameters.

- There can be new CP-violating phases in other sectors,
CP-violation is a flavored phenomenon only in the SM!

- Potentially complex traces (A'B™A™..)) are U(3)° singlets,

Absorbed in the coefficients: forcing them to stay real is a fine-tuning!
(and is not RGE invariant)
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B. Consequence: Is MFV breaking down?

MFV is very effective to constrain flavor transitions like " sl or d' > d’.

But for flavor-diagonal operators, there is not much restriction.
- Complex coefficients can induce additional flavor-diagonal CP-phases.

- Is this compatible with bounds on EDMs?

H,=C Y \TIQGW\V,JQF Wyt \T;{ecwwi FHY
r=J / \i £ J
_ . 2
Hp = CY 0 Y F™ +C G 0, g FM B(y' — v’y ~|c”|
=Re C Yo, yF" +ilm C Yo, YsyF™
a d
=¢— =4
4m 2)
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B. Consequence: Is MFV breaking down?

In the MSSM, the flavor-breaking & helicity flip come as

H, ~E'oc,{,A, Ym;, )L H,F*

eff

Further, this operator arises at one loop:

oM, tan” B 2
B(t! — ¢!y~ ‘(m%)” +\
SUSY
Beyond MFV\
d; o

Im(méutanB—VdA*H)+...

e

T3
e Mgygy f

Diagonal part of the trilinear terms.
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C. Classification of the CP-phases
A=Y]Y,

MFV expansions, with a;,b.€ R, ¢;,d; € C: B=YY,
m; =mg (a,1+a,A+a;B+as{AB}+aBAB+bilAB]+O(A*,B)),
my, =mg (a;1+ Y, (agl+ayB+a, {A,B}+b,i[AB]Y, + O(A*,B%)),
A, =AY, (c;1+ c,A+c;B+c{AB}+d i[AB]+O(A* B%))
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C. Classification of the CP-phases
A=Y]Y,

MFV expansions, with a,,b,e R, c¢,,d, e C: B=Y,Y,

m; =mg (a,1+a,A+a;B+as{AB}+aBAB+bilAB]+O(A°,B)),
my = mg (a;1+ Y, (agl+ayB+a, {A,B} +bi[AB])Y, + O(A*,B%)),
A, =AY, (c;1+c,A+c;B+cs{AB}+d i[AB]+O(A* B%))

In the slepton sector: 15 CP-violating coefficients + 6 spurion phases

In the squark sector: 13 CP-violating coefficients + 1 spurion phase

= Plenty of new CP-phases in MFV!
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C. Classification of the CP-phases
A=Y]Y,

MFV expansions, with a;,b.€ R, ¢;,d; € C: B=YY,
m; =mg (a,1+a,A+a;B+as{AB}+aBAB+bilAB]+O(A*,B)),
my, =mg (a;1+ Y, (agl+ayB+a, {A,B}+b,i[AB]Y, + O(A*,B%)),
A, =AY, (c;1+c,A+c;B+cs{AB}+d i[AB]+O(A* B%))

Flavor-blind phase: Imc, (remember d; ~Im AZ” ~Imc, )

Defined relative to the flavor-blind parameters of the MSSM (,u,Ml,MZ, ...
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C. Classification of the CP-phases
A=Y]Y,

MFV expansions, with a;,b.€ R, ¢;,d; € C: B=YY,
m; =mg (a,1+a,A+a;B+as{AB}+aBAB+bilAB]+O(A*,B)),
my, =mg (a;1+ Y, (agl+ayB+a, {A,B}+b,i[AB]Y, + O(A*,B%)),
A, =AY, (c;1+c,A+c;B+cs{AB}+d i[AB]+O(A* B%))

Flavor-blind phase: Imc,

Defined relative to the flavor-blind parameters of the MSSM (,u,Ml,MZ, ...

Flavor-diagonal phases: Imc,_ (remember d; ~Im A:” ~Ime, ()

Contribute to EDMs at leading order in the MIA.
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C. Classification of the CP-phases
A=Y]Y,

MFV expansions, with a;,b.€ R, ¢;,d; € C: B=YY,
m; =mg (a,1+a,A+a;B+as{AB}+aBAB+bilAB]+O(A°,B)),
my = mg (a;1+ Y, (agl+ayB+a, {A,B} +bi[AB])Y, + O(A*,B%)),
A, =AY, (c;1+ c,A+c;B+c{AB}+d i[AB]+O(A* B%))

Flavor-blind phase: Imc,

Defined relative to the flavor-blind parameters of the MSSM (,u,Ml,MZ, ...

Flavor-diagonal phases: Imc,_

Contribute to EDMs at leading order in the MIA.

Flavor off-diagonal phases: b;,Red, , six phases of Y, Y, «— (hermitian op.)

Start to contribute to EDMs at 24 order in the MIA (d, ~ Im(m? )™ (A )*).
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D. Impact on the EDMs and LFV processes

A single operator dominates for L — e?y (coming from 6,, ):
2

oM, tan” Bla 12
B(u—ey) ~—2 (YY)
My 19

A single operator per type of phases dominates for d,:

+ Y)Y, -

d, om, (Imc1 Imc3 + blRec3[

11
Y)Y, Y)Y, 1YY, +J

T2 v 1y 2 v Ty
e My | 497 aay a,; d
Flavor-blind Flavor-diagonal Flavor off-diagonal

( =2 neutrino phases)

L2 2 2 2
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D. Impact on the EDMs and LFV processes

A single operator dominates for L — e?y (coming from 6,, ):

2
M, tan” Bla, M ,Am

B ey~ 22w 7P Mgoiy
Mgysy 1a vy

A single operator per type of phases dominates for d,:

d, om, |Imc Imc; MpAm, b Recy m% M pAm,, ?
~ + — + ..
e M2 7 5) 7

susy \ 447 447 vy a;a; Vg Vi
Flavor-blind Flavor-diagonal Flavor off-diagonal
l ( =2 neutrino phases)

M ¢ gy = 500GeV
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D. Impact on the EDMs and LFV processes

A single operator dominates for L — e?y (coming from 6,, ):

2
oM tan?Bla, M ,Am
Bu—ey) ~—% Pl k2 = My <10 GeV
Mgy 19 Vi

A single operator per type of phases dominates for d,:

d, om, |Imc Imc; MpAm, b Recy m% M pAm,, ?
~ + — + ..
e M2 7 5) 7

susy \ 447 447 vy a;a; Vg Vi
Flavor-blind Flavor-diagonal Flavor off-diagonal
l ( =2 neutrino phases)

M gy = 500GeV

Army, = AJAmG =107 =107"! GeV
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D. Impact on the EDMs and LFV processes

A single operator dominates for L — e?y (coming from 6,, ):

2
M, tan” Bla, M ,Am
Bu—ey) ~—% bl K2 = M, <10" GeV
Mgysy 14 Vi

A single operator per type of phases dominates for d,:

2) 2
d, om, {Imcl +Imc3 M g Am,, _bl Recy m; (MRAmzlj _l_]

) 2 2 2
e Mgyey |\ a7  ajay Vi aja; Vg

/] \

Flavor-blind >  Flavor-diagonal > Flavor off-diagonal
l ( =2 neutrino phases)

M gy = 500GeV

Armiy, = AJAmg =107 =107"! GeV
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D. Phenomenological impacts Mercolli.C.S. ‘09

1
777777777 Flavorblind =72l 7™ |
-5 |
Q‘_ 10 B
S
N :
S 10‘10- Single MIA -
E I (Ime;=0)
- I MR—IO GeV
10‘15__ 11 MR—IO GCV
: Double MIA I : Mp=10"GeV -
(Imc; =0) tanf} = 10
107" 107 1 10°
B(u—ey)/B(n—ey)™
2

M, =41=2M, = Zmy = A, =400GeV, ;,b,¢;,d; € 0.1,8]
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\GE behavior




MFV & RGE 1/1

The MFV expansions are RGE invariant, but to get the RGE invariance of MFV
itself requires in addition that the coefficients must remain of O(1) at all scales.

Running down from MFV at the GUT scale:

- IR fixed-points for ratios of coefficients « predictions for mass insertions.
- In particular, all CP-violating phases run towards zero (in the quark sector).

2
1.5}
1E
0.5}
0 L
-0.5¢}
1t
-1.5¢

102 10*% 10° 10% 1010 10'2 1014 100

Running up from MFV at the EW scale:

Im 51
Re 61

Ny

o

()™ _ (Bp)”

V V

Is td

Paradisi,Ratz,Schieren,Simonetto ‘08
Colangelo,Nikolidakis,C.S. ‘08

- MFV is lost at the GUT scale if one starts far enough from the fixed points.
(some ratios of coefficients explode)



V. MFV and proton decay
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A. MFV expansions and the flavor U(1) symmetries

Assume that the high-energy dynamics violates 5 and/or L.

We want to parametrize the RPV couplings in terms of the spurions:

AL =1 ABB =1

Odd number of flavor indices > MFV under SU (3)5 instead of U (3)5,
and use e—tensors to form invariants.

Expected since B and L are combinations of the flavor U(1)’s:

G, =SUBY xU 1), xU )y xU (1), xU1), xU 1),

=SUB3)’ xU 1)z xU (1), xU 1)y XU (1) pp, xU (D5

f

But note: It is not needed to break all five U(1)’s!
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B. Intrinsic difference between AL =1 and AB =1 couplings

- The B violating couplings can be constructed using AB =0 quark Yukawas:

- But £ violating couplings are strictly forbidden as long as m,, = 0:

The SU(3) combinatorics demand a spurion transforming like a six.
The only spurion available is the suppressed AL =2 Majorana mass term:
Y, =v,YMY, 5 ¢ Y, ¢l

- 6SU(3)L ® 15U(3)E

All AL =1 couplings are suppressed by neutrino masses!!!
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C. What happens in the SM?

- No renormalizable interaction can break B or L.

- Model-independent dimension-six AB and AL operators:

€ IJKL y1 AJ AK AL IJKL -1y7J 77K KL ; ‘
‘CA(B+L) :/‘\l—bzc(cl L Qa Qb QC +62 E Ua Ub DC Weinberg ‘79
IJKL -1y+J K L IJKL y1I AJ K L
+ey*E'U] of 0i" + ¥ L o) DiFUTF)

— Under MFV, forbidden when m,, = 0 and thus very suppressed!

- Highly-suppressed instanton effects break B+L :

—47sin® 6y, /o 17K I T ~KA\3
Lapir) ~ € (gleL L'L )(glfKQ Q"0 ) tHooft ‘76

Of course, it respects MFV!But under G, = SU(3)° XUy XU pxUD)g -



D. MFYV for the R-parity violating terms of the MSSM:

MFV for RPV 4/9

Nikolidakis,C.S. ‘07

Structures (Wp, = #'LH ; + ALLE+ A’LQD + A’'UDD) | Scaling | Breaking
wh | e oYY, )T tan” B | U,
AIIJK SSTI(YgYeﬂ/)ST (Ye)KJ’m tan> B U,
AR ™My x)HEM | tan /3 U,
/23111( ESTI (YteYZ)ST ELMJEABK (Y;)LA (Y;L )MB’.” tan4 IB U(l)L’E
ﬂlflJK 8STI(Ye‘rYeYi)ST(Yd)KJ,m tan> B U,
/»22/IJK gSTI (Y;YeYz)ST gLMJEABK (Y;)LA(Y; )MB’“. tan4 IB U(l)L,D’Q
MK MR oy, YL tan U@,
KUK ™MV oy yIYM oy YRV tan” B | Uy,
ﬂgf/[]K gLMN (Yu )IL (Yd )JM (Yd )KN,... tan2 IB U(I)Q
/IZUK SLMNEABISCJK (Y;)LC (ij )MA (Y;)NB,... tan,b’ U(I)Q,U,D

(Similar expansions for R-parity violating soft-breaking terms)
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D. Check of the bounds on R-parity violating couplings

In addition to the neutrino mass factor Y, ~O(m,, /v,) ~ O107'%), e-tensor
antisymmetry forces all couplings to be proportional to light-fermion masses:

m, mg mb

Ex: ePIVYILy MY RNy pylly 2y K, .
vV, Vd Vd

Are these two mechanisms sufficient to pass experimental bounds *?

Hundreds of bounds, most rather weak and immediately satisfied.
(LFV & FCNC, EDM’s, n—n oscillations, EWPO from LEP, Tevatron,...)

Toughest constraints from AB = 1 nucleon decays, i.e. p,n - zv,7l,Kv,K/,...

Bounds on various combinations | (¢', 4,A)x A",
For some IJK,IJ’K’, as constraining as |4, A7, x| <107 =107,

For a review of the bounds, see e.g. Barbier et al. ‘05
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Example of MFV suppression for a specific proton decay mechanism

w5 S
e " 1<1072(m[d }1/300GeV)?

i AN
I A WK

(@™ Y)Y, )™y, Y, y)*) '0o’D
LJK (Y YT)IL +Cl28LMNYb{LY0{MY§N) UIDJDK

If the leading operators are: 4" :

2’// : (
The MFV prediction is then
2 2
| Ay my 23 D M (aoal ﬁ+ao612 ‘md;n b)
Vu VC% VdVS Va Va
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Example of MFV suppression for a specific proton decay mechanism

w5 S
e " 1<1072(m[d }1/300GeV)?

i AN
I A WK

(@™ Y)Y, )™y, Y, y)*) '0o’D
LJK (Y YT)IL +a28LMNYb{LY0‘l]MY§N) UIDJDK

If the leading operators are: 4" :
2’// : (

The MFV prediction is then
2 2
7 Am31 mT /13 mbmt aoal M S+ aga, —45=

Vd Vi
Neutrino mass \ \/
Light-quark masses

related to
factors

-3 w2
Iepton mass w

/ Antisymmetry of £ tensors

Symmetry of Y, the
Majorana mass term

md mb
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Example of MFV suppression for a specific proton decay mechanism

TR
e " 1<1072(m[d }1/300GeV)?

i AN
I A WK

(@™ Y)Y, )™y, Y, y)*) '0o’D
LIK (Y YT)IL +Cl2£’LMNYb{LY0‘l]MY§N) UIDJDK

If the leading operators are: 4" :

Z” : (
The MFV prediction is then
2 2
| Ay 23 I M (aoalﬁ+aoaz md;”n b)
Vu VC% vdvl/?t) Va Va

= a0 1072% tan” B+ aOale_31 tan’ B (for mE" =)
Conservatively, MFV can account for the necessary suppression

- MFV coefficients of O(1), while O(4) or O(g?/4rx) also natural,
- No GIM-like interferences, no cancellations among processes,
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E. Where to expect significant experimental signals ?

1. Proton decay could be close to current bounds (worthy to pursue the search!)

2. Except for proton decay, lepton- number effect/vely conserved.
(since ', A, A’ <O(10 ))

3. MFV predictions for the baryonic couplings > 2""*U! D] DX

Structure A A A /IZ, 5
Broken U(D)| Uy Uy Uy  Uypg Notations
8 8 8) (11 6 7) (138 10) (5 5 5 x=010~)
tan 5 =35 46 5|12 9 9 1067 7 9 7
1 6 4) 13 12 13 5 6)\7 12 10 112 123 131
77 7Y(9 4 5 1168 4 4 4 212 223 231
tan f=50 ||3 5 4| |10 7 7 4 5 6 8 6 312 323 331
05 3) 11 10 11 3 4 6 11 9

S A1, —> Sizeable 1pd Sk, 1pdpSp, 1rd g5 cOUplings.
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4. Probing AB =1 interactions at low-energy:

- Squarks as diquark currents: s, > d,
R
____< _____
9 99k
b 323 V312 S

Dp SR IR N3

Chakraverty,Choudhury 01,... Barbieri,Masiero ‘86, Slavich ‘00, ...

- With MFV, these are typically small compared to the SM contributions:
” V& ” V&S ” V&5
A2 124503 D133

b—s:|V Vi |~107,  b—od:|VV [~107, s—d:|Viv |~107"

bh—ss: <1073, b—d: <107, s—d: <1078
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5. Probing AB =1 effects at colliders: drastic changes for the phenomenology.

- Single stop resonant production and  d - dp > to
: . ) . t
associated single gluino production: <R &
b ” ~
Dimopoulos,Hall ‘88,Dreiner,Ross ‘91, Sp 312 Sp 312 g
Chaichan et al. ‘00,Allanach et al. 01,...

- Top production, from squark decay: R’

Berger et al. ‘99, Chiappetta et al. ‘99,... }\,’312

- - d - dy - dg
o, Iy v : YV I % 1 tlg R 31
*A;* 312 ¢ Se _ XK Sk
' 5 7 Y

Stop LSP Neutralino LSP Stau LSP !

For a review of these and other possible signals, see e.g. Barbier et al. ‘05.
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F. R-parity @) or not R-parity &)?

- Avoiding proton decay is no longer a good motivation for R-parity.

- Dim-5 R-parity conserving operators can also induce proton decay: Ibanez,
) JKL JKL Ross ‘92
KT W53 —010hQ L+ 2 — D'V U E!

>

> X AL=1 AL=1
"L« g  MFV separately suppresses AL =1 and AB =1 effects.

- GUT: R-parity often built in (SO(IO)—GUT) or required (SU (5)-GUT). ©
Example: G F=UB)xXUQB) - ~(3,3),Y 10~ (1,6) Cirigliano, Grinstein,

Seesaw spurion not required for WRPV = AYK55710% +

Isidori,Wise ‘05

- Cosmology: @ MSSM-LSP not stable = nature of dark matter still to be resolved.

Baryon asymmetry generated from CPV, AB =1 couplings?

Should experimentalists accept the burden of R-parity “only” for dark matter???



Conclusion




Conclusion

MFV, as a phenomenological hypothesis on the elementary flavor structures:

A single mechanism explaining: - Smallness of susy effects in FCNC
- Extremely long proton lifetime

Consequences of the Yukawa hierarchies and of the small neutrino masses.

MFV, as a window into physics beyond the MSSM:

It permits to identify the flavor couplings which are fine-tuned (none at
present) out of those which are as “natural” as the SM Yukawas.

In particular, the proton lifetime does not require fine-tuned RPV couplings!

Since a consistent picture emerges with only a few spurions, the
mechanism behind all the flavor structures could be relatively simple.

CP-violation is controlled by non-MFV physics, as expected from Arg(u) < 1.



