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Introduction

- Baryon (B) and lepton (£) numbers are accidentally conserved by L, .
Leptons have £ =1, quarks have B=+1/3 « p" ~ 8“’37uauﬁd7.

Lorentz + renormalizability = AB,AL=0,0.

- Not expected beyond the SM (BAU, GUT, Majorana v,...)
= AL=12

- Exact conservation of B is extremely well supported experimentally:.

Proton decay: Lightest spin 2 baryon - must violate 5 and L:

Pt > %" 8. 2><1033yrs & T ~100Gev
pt > K% : 1.5><1()32yrs & I ~1078%GeV
pT —>any: 2.1X1029yrs & T ~107°GeV

Neutron oscillations: Violates B by two units 7(n—n) > 1.3x10% sec .

Many other channels: Z —pe ,© e n xn ,K™ > ne'e",
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Introduction: The central question Nikolidakis,CS ‘07, CS ‘11

If non-zero, why are baryon (5) and lepton (£)
number violations so small?

B and L are intrinsically flavored since they refer to quarks & leptons.

?
Small B and £ violation <> small NP effects in FCNC

To answer this question, we will use the techniques of Minimal Flavor Violation.

How large can 5 and L violation be in
the absence of new flavor couplings?
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Introduction: Minimal Flavor Violation

Motivation:  Flavor experiments require NP either to be very heavy,
or to have a highly non-generic flavor sector.

MFV is a procedure to generate such a non-generic sector.

{ Quark/lepton masses} {New flavor couphngs}
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Introduction: Minimal Flavor Violation
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Some NP mechanism must explain the origin of the flavor structures.
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Introduction: Minimal Flavor Violation
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We assume a single mechanism is generating all the flavor structures.
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Introduction: Minimal Flavor Violation
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With MFV, all the flavor-breaking couplings are reconstructed in terms
of the fermion masses and mixings, and become naturally hierarchical.



Introduction 4/6

Introduction: Minimal Flavor Violation

- Symmetry: Gauge sector Lagrangian exhibit a G §= U(N f)5 flavor symmetry.

- Minimality:  Minimal spurion content allowing for the known fermion masses.
(Yukawas YM, de plus a few seesaw spurions) < Central
assumption

- Naturality:  All Lagrangian couplings written as formal Gf

It: Y, — gy Yughs Y, —gpY, 85, H— g, Hg,
0 0 oMo

-invariants.

Then: H= a01+a1Y;YM +a2YC}LYd +... witha, ~O1) < naturality

. . . . , Hall,Randall ‘90
- Freezing of the spurions at their physical values. With N = 3: D’Ambrosio, Giudice,

Isidori, Strumia ‘02
1 107 107 0 107 107 |
H=||10* 1 1072 |+il10* o 107 < Inherited
1073 1072 1 1073 107* 0 hierachies
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Introduction: Minimal Flavor Violation Nikolidakis,CS ‘08
Colangelo,Nikolidakis,CS ‘08
CS, in preparation

Imagine there is a single fundamental

Flavor breakmgS} spurion X at some high scale

A = Yukawas B = Anything else
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Introduction: Minimal Flavor Violation Nikolidakis,CS ‘08
Colangelo,Nikolidakis,CS ‘08
CS, in preparation

Imagine there is a single fundamental

Flavor breakmg81 spurion X at some high scale

A=x01+x1X+x2X2 B=x61+x1'X+xéX2
%, ~ O() X ~O()

Remark: finite expansions thanks to Cayley-Hamilton identities:
X7 =(X)X? + L X(X)? (X)) = 3(X7) = H(XNX?) +4(X)°

(Similar for N, =4)
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Introduction: Minimal Flavor Violation Nikolidakis,CS ‘08
Colangelo,Nikolidakis,CS ‘08
CS, in preparation

Imagine there is a single fundamental

Flavor breakmg81 spurion X at some high scale

A=x01+x1X+x2X2 B=x61+x1'X+xéX2
%, ~ O() \ X ~O()

Quark/lepton masses] [New flavor couplings

\\\~——//1ﬁv

Then, all that is observable is an MFV relation between A and B:

A=a,l+aB+a,B*> or B=hl+bA+b,A> with a;,b ~O()

The Yukawas are not given a special status when imposing MFV!
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Introduction: Minimal Flavor Violation Nikolidakis,CS ‘08
Colangelo,Nikolidakis,CS ‘08
CS, in preparation

O10'° GeVv)

Flavor breakings}

‘{ } O10'? GeV)
=] Seesaw

O(10° GeV)

[ Quark/lepton masses] { New flavor couplings}
TS - . O(10% GeV)

4-——"/ A » v A
[ LHC} [K, B physics] [ 0= 0,... } [ EDMs } [ Proton decay

The flavor symmetry is always broken (at all scale),
Low-energy MFV only reflects a high-scale redundancy of the flavor structures.
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Introduction: The central question Nikolidakis,CS ‘07, CS ‘11

How large can 3 and £ violation be in
the absence of new flavor couplings?

- B and L are combinations of the flavor U(1)’s:
G, = SU(Nf)5 xU(l)Q XUy XU, xU 1), XU D) g
=SU(N ;Y XU (D) g xU (1) , xU D)y XU (1) py XU (1) 5

f

- We want 5B and £ violating couplings that break only U (1) 3 xXU(1) - .

Any breaking of SU(Nf)5 must be induced by the same
spurions needed for fermion masses & mixings.

- MFV under SU (N f )5 instead of U(N f )5 . use e—tensors to form invariants.



Three generations




MFV with 3G 1/5

Step 1. Only the SM gauge interactions

What are the simplest operators breaking U(I)B,E but not SU(3)5

...without any spurion (i.e., only the SM gauge interactions).

- Only cubic monomials are invariant under SU (3)5 (X=Q,U,D,L,E):
K xIxyd yK gIJK(gXX)I(gXX)J(gXX)K = det(g, VelK x1xJ x K

- An even number of monomials is needed for Lorentz invariance.

- Since Q,U, D, L, E all have different hypercharges, at least four monomials:
1
Logar = F[CI(LQ3)3 +¢,(EUD)? + ¢, (EUQ™?)* + c4(LQD’fUT)3]

- The ¢; have complicated flavor structures, entwined with the epsilons of color,...
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Step 1. Only the SM gauge interactions

What are the simplest operators breaking U(I)B,E but not SU(3)5

...without any spurion (i.e., only the SM gauge interactions).

- Only cubic monomials are invariant under SU (3)5 (X=Q,U,D,L,E):
K xIxyd yK gIJK(gXX)I(gXX)J(gXX)K = det(g, VelK x1xJ x K

- An even number of monomials is needed for Lorentz invariance.

- Since Q,U, D, L, E all have different hypercharges, at least four monomials:
L
A4

Loagar =—17| G(LQY [Fey (EUPD) +cy(EUQ™) +,(LOD'U Y |

- The ¢; have complicated\flavor structures, entwined with the epsilons of color,...

t'Hooft 76
This is t'Hooft 5+L anomaly of the SM!



MFV with 3G 2/5

Step 2. Introducing the Yukawa couplings

What are the simplest operators breaking U(I)B,E but not SU(3)5

...with only the Yukawas (i.e., massless neutrinos).

- The Yukawa spurions relate the flavor SU(3) spaces:

Yo, SU®) v
SU(3)Q/ Y SU@3), <+ SUB),
Y, = SUQ)p
0" -y, ~ (Y, L' -(eY,)

- Only two epsilon contractions of three quarks or lepton fields are needed:

1
—[clEL“U3 +¢,L°Q'U* +¢,D*U* +¢,D’UQ"™ +CSDZQ*4]

L =
AB,AL A5

\ ) | J
|

v
AB,AL=1,3 AB,AL=2,0

can induce proton decay! can induce neutron oscillations!
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Step 2. Introducing the Yukawa couplings

What are the simplest operators breaking U(I)B,E but not SU(3)5

...with only the Yukawas (i.e., massless neutrinos).

- SU (3)5 symmetry and gk

antisymmetry suppress the light-quark couplings:
o, LPQU* = e, xe" I LY X xe™N o™ty M 0y, )N +...
2
ey C 7 ~C o c m
—C, X{VﬂeL}{VrSL}{uRuR }—E‘Vub +...
1%

\ J
I

10—13

- Exotic AL =3 proton decay channels like p*™ — I?Oe+17ﬂl7f, not so constrained.

- For such channels, the bounds allow for A =1 TeV or even below!

11
1 My

10
P(1071)? ~ 10_60GeV><(1Ter
A

1" —_
87)> Al




MFV with 3G 3/5

Step 3. Introducing neutrino masses

What are the simplest operators breaking U(I)B,E but not SU(3)5

...with Yukawas and neutrino masses.

- Introducing a Dirac mass term NY,,L H would not change much:

Y Y
v SU®G) ¢ _» SU®3)
UG, = sue, <"
Yd SU(3)D YV SU(3)N
0" ~ Wy, ~ (DY) ' ~(EY,) ~(NY,)!

—> Simplest operators are still dimension nine AB,AL =1,3 or 2,0.

Lepton number still necessarily violated in steps of 3s.
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Step 3. Introducing neutrino masses

What are the simplest operators breaking U(I)B,E but not SU(3)5

...with Yukawas and neutrino masses.

- But with a Majorana mass, the spurion structure becomes very different:

Y Y
v SU®B) ¢ _» SU®3)
UG, sue, <
Y, ™~ SU®B), Y, ™ SUQB)y M,
0" ~ Wy, ~ (DY) ' ~(EY,)

- A Majorana mass Y, transforms as a symmetric 6 since 3®3=6®3 .

But 3c6®8,s0 L' ~ & (v, Y)Y )"* - (x,YvY,)K.
v 1072

AL =+1 is possible, but suppressed by Y, =v, Y/ MY, ~
,
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Step 3. Introducing neutrino masses

What are the simplest operators breaking U(I)B,E but not SU(3)5

...with Yukawas and neutrino masses.

- Dimension-six AB,AL =1,1 Weinberg operators are finally allowed:

1
Lagar = F[clLQ3 +c,EU*D +c,EUQ"* + c4LQD*U’f] Weinberg 79

...but the ¢; are suppressed by neutrino, charged lepton, and quark masses!

- The bounds are easily satisfied for A =5—-10 TeV.

- Could even be down to the EW scale if ¢, ~ g* /4x .

- Remark: The LQ3 operator is the “cubic root” of the ‘t Hooft anomaly operator.
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Step 4. What happens in supersymmetry?

What are the simplest operators breaking U(I)B,L but not SU(3)5
...within the MSSM.

- Squarks/slepton carry 5 and £ - Renormalizable AB,AL Yukawas exist:

WRPV — ,Ll,ILIHd +AUKLILJEK +Z,UKLIQJDK +Z”UKUIDJDK

AL =1 AB =1
- The AB =1 couplings can be constructed using AB =0 quark Yukawas:

-But AL =1 couplings are strictly forbidden as long as m, =0 (or Dirac).



Step 4. What happens in supersymmetry?

MFV with 3G 4/5

Nikolidakis,C.S. ‘07

Structures (Wy,py = ’'LH ; + ALLE+ A'LQOD + A"UDD) | Scaling | Breaking
d
W u eSO tan” B | UM,
AR STy iy, ST (v )R .. an 4 | UM,
AR ™My x)HEM | tan Ui,
4
ﬂgle ST (YTY, Y 1)ST glMJ gABK (y T\ LA (yT\MB ant 4 | UM, ,
ﬂlflJK 8STI (YgYeYj;)ST (Yd )KJ ... tan3 ﬂ U(I)L
, 4
BHE| STy, xSt et gABK (Y YAy yMB | tan” S | UDLpg
%/IJK oLIK (YMY;)IL,_“ tan 3 ul,
” 2
KUK MV (y Y™y y)HEV tan” 5| Uy
” 2

(Similar expansions for R-parity violating soft-breaking terms)




MFV with 3G 5/5

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




MFV with 3G 5/5

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




MFV with 3G 5/5

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,



Four generations?




MFV with 4G 1/4

A. Introduction

- With MFV, proton decay is around the corner -|Can we reinforce MFV?

- In a GUT context, MFV is of no help:

Proton decay from
gauge interactions

- Effective MFV spurions:

J KL ;7+J
1J L7 < 0, 0, U
W'’ vt QM)
M ur D! XY Q”

- Background value 8" = §¥
protected by gauge symmetry.

- Proton decay is fine for
16
M ., >107 GeV



MFV with 4G 1/4

A. Introduction

- With MFV, proton decay is around the corner -|Can we reinforce MFV?

- In a GUT context, MFV is of no help:

Proton decay from Proton decay from
gauge interactions RPYV interactions
- Effective MFV spurions: - If at the GUT scale:
oY Wepy = A7ESI5105 4.

M—(L“DJ,U“Q],EIQ“)
GUT with A ~ O(Yg’Ym) from MFV,

- Background value 8" = §¥

protected by gauge symmetry. - Then AL and A5 are much
too large at EW scale:

- Proton decay is fine for

M iy >10'° GeV Proton lifetime is tiny!




MFV with 4G 2/4

B. What changes with four generations, besides SU (3)° — SU (4)° ?
1. Mismatch between the number of colors and flavors.

- The contractions e”*"x/x] XX} (X, =Q",U,D) are not color singlets.

- The only way to break B is through twelve fields:

UKL~y vJ vKyv L .MNOPyvM yvN vOvP ORST vOvRvyvS vT
eVKExIx]xKxEeMOPx M x NxOxF el x QxR x5 x1

- Simplest effective interactions are AB,AL =4n,4m (m,n=0,1,...)
(AB,AL =4n,2m possible but suppressed by the Majorana mass 1)

- No way to have AB =1 with the vSM particle & spurion contents:

The proton is stable!




MFV with 4G 3/4

B. What changes with four generations, besides SU (3)° — SU (4)° ?

2. The SU(4) invariant tensors have an even number of indices.

- Spurions also all have an even number of flavor indices...

...but RPV couplings involve an odd number of flavored fields!!!

- R-parity becomes exact in the MSSM and in GUT.

- Higher dimensional R-parity conserving but 5, £ violating superpotential

terms are very suppressed since only AB,AL =4n,4m is possible.

- So, again,|the proton is stable| (but for the usual GUT-induced processes)

- Note: This does not necessarily holds if the particle content is
extended, e.g. to maintain perturbativity up to the GUT scale.
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C. Comparison between 3G and 4G

Three families Four families
Spurions
Dim. | *(AB,AL) Dim.| *(AB,AL)
SM gauge - 27 ((3? ’g)),’ ((?2 8) 24 (4,4)” """
- 18 3.3) """ 18 | (4,0), (0,4)
Yukawas Yy dew 9 (1,3), (2,0) 10 (0,4)
Seesaw Y, gev: v | 6 (L1) 7 0,2)
MSSM Y, 4oLy | 4 (LD 5 (0,4)
Yoaev- v | 3 (1,0), (0,1) 4 (0,2)
SUSY GUT | Ysj0 3 | (10,00 3 -




Conclusion




Conclusion

B and L violating couplings are flavor couplings.

They may be directly related to the known flavor structures,
l.e. to the fermion masses and mixings.

With three generations:

In general allowed, but very small because of the
Yukawa hierarchies and of the small neutrino masses

Though bounds are ok, the proton does ultimately decay.

With four generations:

Baryon number can be violated in steps of four only because:

- Mismatch between the number of color and flavors,
- Flavor indices come in even numbers.

In the absence of new flavor structures, the proton is absolutely stable.
(caution: GUT interactions do introduce new flavor structures.)



