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Lepton flavour violation (LFV)

We know that flavour is violated in the lepton sector, since neutrinos
oscillate ( 7/, < 1, violates both Le and Ly)
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Since the PMNS matrix U appears in charged lepton current, would naively
expect strong flavour violating effects in the charged lepton sector too
(i.e. processes such as uw — e y and uw — 3e should be observed).

This is not the case due to a GIM mechanism: LFV is strongly suppressed
(and in practice unobservable) in the Standard Model

But we have good reasons to believe that there is new physics beyond the
SM (neutrino masses, dark matter...) = generally new sources of LFV



Indeed, many well-motivated new physics scenarios predict large flavour
violations in the charged lepton sector:

® supersymmetry
e extra dimensions
e little Higgs models

— the absence of sizeable SM contributions makes LFV a unique probe of
new physics

Further motivation: connection with neutrino physics

The smallness of neutrino masses suggests a specific mechanism of mass
generation = new particles with flavour violating couplings to leptons

— LFV could tell us something about the origin of neutrino masses



Status of lepton flavour violation

So far lepton flavour violation has been observed only in the neutrino
sector (oscillations). Experimental upper bounds on LFV processes

involving charged leptons:
update from MEG (201 I):
2.4 x 1072

Table 1.1: Present limits on rare 1 decays.

mode limit (90% C.L.) year Exp./Lab.
RESENDCIY 1.2 51g—11 2002 MEGA/EAMPE—
pt —etete” 1.0 x 10712 1988 SINDRUM 1/ PSI
ute™ « pet 8.3 x 10711 1999 PSI

1~ Ti — e Ti 6.1 x 10713 1998 SINDRUM 1I / PSI
1~ Ti — etCa* 3.6 x 10711 1998 SINDRUM 11 / PSI
11~ Pb — e Pb 4.6 x 101 1996 SINDRUM 11 / PSI
1~ Au— e"Au 7 x 10713 2006 SINDRUM 11 / PSI

[CERN flavour workshop —-WG3 report]



Table 1.2: 90% C.L. upper limits on selected LFV tau decays by Babar and BELLE.

Babar BELLE

Channel L BUL L BUL

(b~ (10~%) (o) (10~%)
T — eTry 232 11 535 12
T — uty 232 6.8 535 4.5
TE — (T E 92 11-33 535 2-4
™+ — et ql 339 13 401 8.0
™+ — ptr 339 11 401 12
T+ — ety 339 16 401 9.2
™+ — utn 339 15 401 6.5
T+ — ety 339 24 401 16
™+ — ity 339 14 401 13

Also strong constraints on LFV rare decays of mesons:

BR (K} — pe) < 4.7 x 10717
BR (BY — pe) < 1.7x1077
BR (B) — pue) < 6.1 x107°

[Belle
|(CDF]

[340daa 9]



This is consistent with the Standard Model, X

in which LFV processes involving charged W/
leptons are suppressed by the tiny neutrino m 3 W
masses Bed — >
e Uei
eg.u—>ey: )
3 m2

BR(M%@’}/) = 32—7‘_ Z ) ez M2

Using known oscillations parameters (U = PMNS lepton mixing matrix) and
|Ue3| < 0.2, this gives BR (1 — evy) < 10~ °>%:inaccessible to experiment!

This makes LFV a unique probe of new physics: the observation of e.g.
u — e y would be an unambiguous signal of new physics (no SM background)

— very different from the hadronic sector

Conversely, the present upper bounds on LFV processes already put strong
constraints on new physics (same as hadronic sector)



Prospects for LFV experiments

U eY:

- the experiment MEG at PSI has started taking data in sept. 2008
- 201 |: reached a limit of 2.4 x 102

- expects to reach a sensitivity of a few 10! (factor of 10 improvement)
in the next years

M — e conversion :

- the project mu2e is under study at FNAL - aims at 0(10_16)
- the project PRISM/PRIME at J-PARC aims at 0(10_18)

T decays :

- LHC experiments limited to 7 — puu — comparable to existing B fact.
- superB factories will probe the 107 — 1079 level



Theoretical expectations/predictions

Many new physics scenarios predict “large” LFV rates: supersymmetry,
extra dimensions, little Higgs models, ...

In (R-parity conserving) supersymmetric extensions of the Standard Model,
LFV is induced by a misalignment between the lepton and slepton mass
matrices, parametrized by the mass insertion parameters (o = 3):

2 2 e
5LL — (mi)aﬁ 5RR — (mé’)OéB 5RL — A@ﬁvd
ap ms ap m4, ap mpmi
(can be viewed as supersymmetric lepton mixing angles)
: M,
= typical u —~eyrate: B(p—ey) ~ 1077 — 6457 |% tan?3
Mgy sy
where tan 3 = (H))/(HY)
/ ,)\1 \u,« r’;mi : }“_ﬂs-.._ ey
Ll L he - K - . 4

7 + 2 e e oe o



[Masina, Savoy]
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Fig.5.3: Upper limits on d12’s in mSUGRA. Here M7 and mp are the bino and right-slepton masses, respectively.
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Fig. 5.4: Upper limits on d23’s in mSUGRA. Here M7 and mp are the bino and right-slepton masses, respectively.



Important difference with the quark sector: even if slepton mass matrices
are flavour diagonal at some high scale, radiative corrections may induce
large LFV [quark sector: controlled by CKM, pass most flavour constraints]

Such large corrections are due to heavy states with FV couplings to SM
leptons, whose presence is suggested by mv << mi  [Borzumati, Masiero]

Well-known example: (type |) seesaw mechanism
1

Lseesaw — _5 MZNZNZ — (Nz'YiozLaH + hC)
L
< .
N; Yia Vi
\/ﬁ \/\/ i (Ml/)ozﬁ — Z Mz ’ /02 (?} — <H>)
H & N H 1

Assuming universal slepton masses at Mu, one obtains at low energy:

3m3 + A3 . 3
(mi>aﬁ = = 27]_2 L Caﬁa (mg)aﬁ - O, af = _@Aoyea Caﬁ

where C3 = ), Y YisIn(My /M) encapsulates all the dependence on the

seesaw pal’ametel"s 5
BR (lo — lgy) o< |Cap
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Thus, in the supersymmetric seesaw mechanism, LFV processes probe
the seesaw parameters

In general, however, cannot disentangle LFV induced by supersymmetry
breaking from seesaw-induced LFV

Even in mSUGRA, there is no straightforward correlation between the
measured neutrino parameters and the LFV rates, due to the degeneracy
of seesaw parameters

It is therefore fair to say that there is no definite prediction of the
supersymmetric (type |) seesaw scenario for LFV processes, even in the
mSUGRA case. This explains why different models give different predictions,
although large rates are generic.



One can embed the supersymmetric seesaw in a Grand Unified Theory
in order to reduce the arbitrariness in the seesaw parameters

Example [Masiero,Vempati,Vives]: SO(10)-motivated ansatze for the seesaw
parameters

“minimal case’”: CKM-like mixing in the Dirac couplings Yij

“maximal case”: PMNS-like mixing in the Dirac couplings Yij — u — e y scales
s Uz, for U2 >4 x 1077
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- “maximal” case with large Ue3
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More predictive version of the seesaw mechanism: L

Type |l seesaw [heavy scalar SU(2)L triplet exchange] \/

|
| vijr oy 4 1 r r !
2
17 ij Vu £ %

The radiative corrections to soft slepton masses are now controlled by
(Y2Y1)ap n(My/Mr) o 32, mZ UiaUss

=> predictive (up to an overalll scale) and leads to correlations between
LFV observables (correlations controlled by the neutrino parameters)

[A. Rossi]
2 300 =0
BR{T—u~) (m%}m BR(r—pvriy) [513 ]
BR(u—ev) ™ (m2 BR(u—evuyte) .
(h—ev) (M3 Jue (n—evyule) 2 (3) 510 = 0.2]
2 0.2 [ =0
BR(T—}E“I.') ~ [m%)re BR(T-‘*EFTL_FE) ~ 513 ]
BR(pu—ev) ™ | (m2 BR(u—evyie) .
(p—ev) (Mm% Jpe (pe—evyre) 0.1 (0.3) 410 = 0.2]




LFV in non-supersymmetric mechanisms
of neutrino mass generation

Example of a radiative model: Zee-Babu model

introduce 2 charged SU(2) singlet scalars, h 7 ‘:; N
h* and kT, with couplings to leptons:

fas LECio?Lgh™ + bl ek Cepgk™ +he. P« fo 69
Lepton number is violated by scalar couplings:  hThT k™ + h.c.

: : 8
Neutrino mass matrix: (M, ),z ~ (16#2/;L2m2 JayMe Nysmes fss
h

In addition to new exotic scalars, this mechanism predicts flavour-violating
processes involving charged leptons,suchas u — e y:

€ = feT/fpm-

j(T) = loop function

2

2 /100 GeV \ 2
B 24.5-10—10( ¢ )( Ty ) ( )
i er) 12,7 (r)2) \0.05 eV mh




D. Aristizabal Sierra, M. Hirsch
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Fig. 2 Conservative lower limit on the branching ratio Br(u — ey) as a function of the charged scalar mass
my, for normal hierarchy (left plot) and inverted hierarachy (night plot). The three lines are for the current
solar angle sin” 0y best fit value (full line) and 3 o lower (dashed line) and upper (dot-dashed line) bounds.
Other parameters fixed at sin? 6,3 =0.5, sin? 0:3 = 0.040 and Amitm =2.0-1073 eV2.



Example of a low-scale seesaw model: inverse seesaw

Conventional type | seesaw: loop contribution of the heavy Majorana

neutrinos to W — e y are suppressed by the large Majorana masses and/or
by the small Dirac couplings

1 m? |
T 2
my ~ YN Vo INY I'(p— ey) o< Y —'= very suppressed!!
N My
Inverse Q—> example withn Nyand n No: Ly, =+1, Ly, = —1
S€esaw. v N N
v 0 Yn % 0 “inverse seesaw” as in
N, Y % 0 My <«— Mohapatra,Valle '86

Gonzalez-Garcia, Valle ‘89
Branco, Grimus, Lavoura ’89
Kersten, Smirnov 07

. Abada, Biggio, Bonnet,
slide borrowed Gavela. TH.‘07

from L> if Yy is large, M not too high:
Th. Hambye

Br(p — ey) ~ 107 ~ experimental upper limit

m, =0 <&—— no L violation



L—)> example withn Nyand n No: Ly, =+1, Ly, = —1

VL N1 N2
Vi 0 Yn % 0 “inverse seesaw’’ as in
N, Y- 0 My <«— Mohapatra,VaII.e '86
V2 . Gonzalez-Garcia, Valle ‘89
Nz 0 My M Branco, Grimus, Lavoura '89
T Kersten, Smirnov 07
soft L breaking Abada, Biggio, Bonnet,

Gavela, T.H.°07
/\—)> if Y is large, M not too high:

Br(pu — evy) ~ 107 ~ experimental upper limit

T M

Ty = TIN 2

YNU ~ 0.1eV



LFV in extra-dimensional scenarios

f(¢)
Source of flavour violation = couplings Warped 5D Higgs

uv
of light fermions to Kaluza-Klein
excitations

Milder flavour violation in warped
(Randal-Sundrum) models in which
the fermion mass hierarchies are
accounted for by different fermion
localizations in extra dimensions (small overlap with KK wavefunction)

Agashe, Blechman, Petriello: RS model with Higgs propagating in the bulk
(li = ljy UV sensitive if Higgs localized on the IR brane)

Present bounds on LFV processes compatible with O(l TeV) KK masses,
with however some tension between loop-induced li — lj y and tree-level

W —> e conversion [can be improved with different lepton reps (2009)]



[Agashe, Blechman, Petriello]
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[Agashe, Blechman, Petriello]
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LFV in the littlest Higgs model with T-parity

Littlest Higgs model with T-parity (LHT) = model with a Higgs boson as a
pseudo-Goldstone boson of a spontaneously broken global symmetry

The origin of LFV is the FV couplings of the mirror leptons to the SM
leptons (via the heavy gauge bosons) = new flavour mixing matrices VHv
and VH|, related by the PMNS matrix

Generally find large rate = constraints on the mirror lepton parameters

After imposing these constraints, find correlations between LFV processses
that differ from the MSSM expectations



Blanke, Buras, Duling, Recksiegel, Tarantino

Lepton Flavour Violation Comparison with Supersymmetry

Ratios of LFV Branching Ratios

BBDRT, 0903.XXXX

LHT MSSM
e 0.02...1 ~6-1073
A=) | 004,04 ~1-1072
B ki) | 0.04...04 ~2.1073
B e i) | 0.04...03 ~ 21073 3
Bl e ) | 004,03 ~1.1072

£ can be significantly enhanced by Higgs contributions
PARADISI, HEP-PH/0508054, HEP-PH/0601100

M. Blanke = Flavour in the Littlest Higgs with T-Parity



Leptogenesis

* the baryon asymmetry of the Universe
* conditions for baryogenesis
* electroweak baryogenesis in the Standard Model

* leptogenesis



The baryon asymmetry of the Universe

The matter-antimatter asymmetry of the Universe is measured by the
baryon-to-photon ratio:

npg np —Ng
Tl Tl

Since the photon density is not preserved in the early Universe, one also

considers:
np —Ng

S

YB —

s = entropy density = 7.04 ny today

2 independent determinations of YB:

(i) light element abundances

(ii) anisotropies of the cosmic microwave background (CMB)



Big Bang nucleosynthesis predicts the abundances of the light elements

(D, *He, *He and ’Li) as a function of :

The abundances of D and
*He are very sensitive to 1,
since a larger 1 accelerates
the synthesis of D and *He,
which are themselves needed
for the synthesis of “He,
resulting in final lower
abundances for D and *He

B 3Hen —4Hey (iR

~) 3He D — 4He p |
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The fact that there is

a range of values for 1
consistent with all observed
abundances (“concordance”
is a major success of

Big Bang cosmology

— (4.7 —6.5) x 10710

- bands = 95% C.L.
- smaller boxes = +20 statistics

- larger boxes = +20 statistics
and systematics
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Information on the cosmological parameters can be extracted from the
temperature anisotropies

In particular, the anisotropies are affected by the oscillations of the baryon-
photon plasma before recombination, which depend on 1 (or €2bh?)

= 9 =(6.2340.17) x 10719 (WMAP 5y)




=> remarkable agreement between the CMB and BBN determinations of the
baryon asymmetry: another success of standard Big Bang cosmology

Y
Y

(4.7 —6.5) x 1071Y  (BBN)

(6.23 -

-0.17) x 10719 (WMAP 5y)

Although this number might seem small, it is actually very large:

in a baryon-antibaryon symmetric Universe, annihilations would leave a relic

abundance

ng/ny =ng/n, ~5x 107



The necessity of a dynamical generation

In a baryon-antibaryon symmetric Universe, annihilations would leave a relic
_ _ ~~o _19
abundance np/ny =ng/ny ~ 5 x 10

Since at high temperatures 71, ~ NG ~ T~ ,0ne would need to fine-tune
the initial conditions in order to obtain the observed baryon asymmetry as
a result of a small primordial excess of quarks over antiquarks:

Ng — Ng

~ 3 x 1078
Nq

Furthermore, our Universe most probably underwent a phase of inflation,
which would have exponentially diluted the initial conditions

=> need a mechanism to dynamically generate the baryon asymmetry

Baryogenesis!



Conditions for baryogenesis

(i) baryon number (B) violation
Sakharov’s conditions [1967]:  (ii) C and CP violation

(iii) departure from thermal equilibrium

(i) is obvious

(i) € and CP violation

If C were conserved, any processes creating n baryons would occur at the
same rate as the C-conjugated process creating n antibaryons, resulting in a
vanishing net baryon asymmetry

C violation is not enough. If CP were conserved, even with C violated,
processes creating baryons and antibaryons would balance each other once
integrated over phase space



(iii) departure from thermal equilibrium

At thermal equilibrium, any process creating baryons occurs at the same rate
than the inverse process which destroys baryons, resulting in a vanishing net
baryon asymmetry

Quite remarkably, the Standard Model (SM) of particle physics satisfies all
three Sakharov’s conditions:

(i) B is violated by non-perturbative processes known as sphalerons

(i) C and CP are violated by SM interactions
(CP violation due to the CKM phase)

(iii) departure from thermal equilibrium can occur during the electroweak
phase transition

— ingredients of electroweak baryogenesis



Baryon number violation in the Standard Model

The baryon (B) and lepton (L) numbers are accidental global symmetries of
the SM Lagrangian = all perturbative processes preserve B and L

However, B+L is violated at the quantum level (anomaly)
=> non-perturbative transitions between vacua of the electroweak theory
characterized by different values of B+L [but B-L is conserved]

f AB = AL = 3ANgg
Esph__ /
> N
2 -1 0 1 2 3 S

At T=0, transitions by tunneling: I'(7" = 0) ~ e 167°/9% 107190 [t Hoof]

= extremely suppressed: no baryogenesis!?



However, this is different at finite temperature

- above the electroweak phase transition [T > Trw ~ 100 GeV],
i.e.in the unbroken phase [(¢) = 0], (B+L) violation is unsuppressed:

D(T > Tew) ~ apT* oaw = g2 /4m
[Kuzmin, Rubakov, Shaposhnikov]

- below the electroweak transition [0 < T' < Ty, (¢) # 01]:

F(T < TEW) X €_E8ph(T)/T
[Arnold, McLerran - Khlebnikov, Shaposhnikov]

where Esph (T) is the energy of the gauge field configuration (“sphaleron™)
that interpolates between two vacua [Klinkhamer, Manton]

=> electroweak baryogenesis [=baryogenesis at the electroweak phase
transition] becomes possible



Baryogenesis in the Standard Model:
rise and fall of electroweak baryogenesis

The order parameter of the electroweak phase transition is the Higgs vev:

-T > Tepw, (¢p) =0 unbroken phase
-T <Tgw,(¢d) #0 broken phase

If the phase transition is first order, the two phases coexist at T = Tc and the
phase transition proceeds via bubble nucleation
0 1

‘I‘:“ " J - .il d
<¢> \ I '!‘a =0 "11'_.": = )

[Cohen, Kaplan, Nelson]

Sphalerons are in equilibrium outside the bubbles, and out of equilibrium
inside the bubbles (rate exponentially suppressed by Esph(T) / T)

CP-violating interactions in the wall together with unsuppressed sphalerons
outside the bubble generate a B asymmetry which diffuses into the bubble



For the mechanism to work, it is crucial that sphalerons are suppressed inside
the bubbles (otherwise will erase the generated B+L asymmetry)

I(T < Tew) o e EPeonMIT with B, (T) ~ (87/g) (¢(T))

The out-of-equilibrium condition is (&(T,))
C > 1

=> strongly first order phase transition required!

To determine whether this is indeed the case, need to study the |-loop
effective potential at finite temperature

V T>T, V
A A
T=T,
T<Tc
- H - H




To determine whether this is indeed the case, need to study the |-loop
effective potential at finite temperature. The out-of-equilibrium condition
@(Tc)/Tc > | then translates into:

mp S 40 GeV condition for a strong first order transition

=> (standard) electroweak baryogenesis excluded by LEP

It is also generally admitted that CP-violating effects are too small in the SM for
successfull electroweak baryogenesis (small Jarlskog invariant)

[Gavela, Hernandez, Orloff, Pene]

=> standard electroweak baryogenesis fails: the observed baryon asymmetry
requires new physics beyond the Standard Model



The observed baryon asymmetry requires new physics beyond the SM

=> 2 approaches:

|) modify the dynamics of the electroweak phase transition [+ new source of
CP violation needed]

- MSSM wiith a light top squark (+ CP violation from the chargino sector)
- NMSSM;, 2 Higgs doublet model...

- model-independent approach [Grojean, Servant, Wells]: add a @° term in the
Higgs potential

2) generate a B-L asymmetry at T > Tew, which is then converted into a
baryon asymmetry by sphaleron processes

- GUT baryogenesis: out-of-equilibrium decays of heavy gauge bosons
(however conflict with inflation)

- leptogenesis: generation of a lepton asymmetry in out-of-equilibrium decays
of heavy states

- other mechanisms, e.g. Affleck-Dine



A link with neutrino masses:
Baryogenesis via leptogenesis

The observation of neutrino oscillations from different sources (solar,
atmospheric and accelerator/reactor neutrinos) has led to a well-established

picture in which neutrinos have tiny masses and there is flavour mixing in the
lepton sector (as in the quark sector)

The tiny neutrino masses can be interpreted in terms of a high scale:
2

m, — ”gfw M ~ 10 GeV

Several mechanisms can realize this mass suppression. The most popular one
(type | seesaw mechanism) involves heavy Majorana neutrinos:

Minkowski - Gell-Mann, Ramond, Slansky
Yanagida - Glashow - Mohapatra, Senjanovic

Lu( Lp
\ N: / y2v?
7 \ —
4 Y

144 ~Y
v Mp

H/ N

H



Interestingly, this mechanism contains all required ingredient for baryogenesis:
out-of-equilibrium decays of the heavy Majorana neutrinos can generate a
lepton asymmetry (L violation replaces B violation and is due to the Majorana
masses) if their couplings to SM leptons violate CP

CP violation: being Majorana, the heavy neutrinos are CP-conjugated and can
decay both into I" and into I

L« L
Ne > N; 7 ¢
il 2o~ "
\/4'.1 ~ H Yid h H
N; — L« H N; — L H*

The decay rates into | and into |” differ due to quantum corrections

Ly M L tl_ L«
_N_;,/ Ne - ‘N& Ne 7 \\ NL/
N —\‘— . S

== [ H

= T(N; — LH) # T'(N; — LH*)



I'(N; — LH) # T'(N; — LH") results in an asymmetry between leptons

and antileptons, which is partially washed out by L-violating processes and
converted into a baryon asymmetry by the sphalerons

A Nwuk-euk precaret [ LH = LU, LN

=47 ]
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I'(N; — LH) # T'(N; — LH") results in an asymmetry between leptons
and antileptons, which is partially washed out by L-violating processes and
converted into a baryon asymmetry by the sphalerons

The final baryon asymmetry can be expressed as:

Vg = 0420 1M — 1 4% 1073 nen, (SM)
Jx
C = conversion factor by sphaleron (28/79 in the SM)
B _ 8Ny+4Ny 28
<Yg>7= C<Yp_r>7 C = 22Nf-|—13NH — =9 (SM)

g# = total number of relativistic d.o.f. (g= = 106.75 in the SM)

eN1 = CP asymmetry in N1 decays
N = efficiency factor that takes into account the dilution of the lepton
asymmetry by L-violating processes (LH — N;, LH = LH*---)

— baryogenesis via leptogenesis



Can leptogenesis explain the observed baryon asymmetry?

=> must compare YB computed from leptogenesis with observed value

- N essentially depends on M1 and on m; = (YYT)HUQ/Ml,which
controls the out-of-equ. decay condition / strength of washout processes:

Iy, <H(T =M, <= m <m]=22x10"eV

- EN1 depends on the Ni masses and couplings, but is bounded by a simple
function of M1, m1, m3 and ™ [case M| < My, M3 ]:

‘€N1‘ < 3 Ml(m3 — ml) f (@) 0< f (@) <1 Davidson, |barra

167 V2 m - m1 Hambye et al.




The requirement that leptogenesis generates the observed baryon asymmetry
puts constraints on the seesaw parameters:

Case M < M5, M3

[Giudice et al., hep-ph/0310123]

~ . /
~ Qoimnant N
~ b

106 L ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ i
100 10 100 100* 1072 1
n71 ineV

= M; > (0.5 — 2.5) x 10” GeV depending on the initial conditions

[Davidson, |barra]

Case M ~ Ms:if |[My — Ms| ~ T's, the self-energy part of €ni has a
resonant behaviour, and M; < 10” GeV is compatible with successful
leptogenesis (“resonant leptogenesis”) [Covi, Roulet, Vissani - Pilaftsis]
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However, if lepton flavour effects play an important role, the high-energy and low-
energy phases both contribute to the CP asymmetry and cannot be disentangled.
Leptogenesis possible even if all high-energy phases (R) vanish

Asymmetry in the flavour la:

1/2  3/2+7x
3M, 1m (Zﬁp mﬁ/ mp/ UaﬁUaPRlﬁRlp)

€Ea —

N 2 2
167v > smp | Rigl
0.04 | | i
0.02 |
leptogenesis from X
PMNS phase o < 0 [Pascoli, Petcoy, Riotto]
~0.02}
~0.04 | !

115 —-11 -105 -10 -95 -9

Log,,Ys
FIG. 1. The invariant Jcp versus the baryon asymmetry
varying (in blue) § = [0,27] in the case of hierarchical RH
neutrinos and NH light neutrino mass spectrum for s13 = 0.2,
azz =0, Ri2 = 0.86, R13 = 0.5 and M1 = 5x 10" GeV . The
red region denotes the 20 range for the baryon asymmetry.
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A theoretically more motivated possibility [Calibbi, Frigerio, SL, Romanino]:
SO(10) models with non-standard embedding of SM matter (16 and 10)

Neutrino masses and leptogenesis from a type |l seesaw mechanism (heavy scalar
SU(2)L triplet)

LA
l/
- -<du ST
s 5N
LA TS
ki
1 MA )\% Im[M11<M*MM*)11]
EA =
107 M24 )\% -+ A%ij + )\%{u -+ )\%{d (Zz mf)Q
Im[Mll(M*MM*)H] 1 .
— = —— 0%30328%2 sin(2p) mimaAms,

2 2 2 2 2 2 2 2
+¢73573C12 8N 2(p — 0) mimszAm3z, — 13573575 sin(20) mgmgAmgz}

7 10
Ue; = (c13¢12€"", 13812, 513€"7)



Normal Hierarchy
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Conclusion: in general, leptogenesis depends both on high-energy and low-
energy (i.e. PMNS) phases, thanks to lepton flavour effects.

Low-energy CP violation in the lepton sector is not a hecessary condition
for leptogenesis

Still leptogenesis would gain support from:

- observation of neutrinoless double beta decay: (A,Z) = (A,Z+2) e e~
[proof of the Majorana nature of neutrinos - necessary condition]

- observation of CP violation in the lepton sector, e.g. in neutrino oscillations
[not necessary though]

- experimental exclusion of new physics electroweak baryogenesis scenarios
[e.g. MSSM without a light stop and/or small CP violation in the chargino
sector]



Back-up slides



In the context of Grand Unification, other heavy states may induce flavour
violation in the slepton (and in the squark) sector  [Barbieri, Hall, Strumia]

e.g. minimal SU(5) with type | seesaw: coloured Higgs triplets couple to RH
quarks and leptons with the same Yukawa couplings as the Higgs doublets

5Y'Q;Q;H. + Y UE;H + YIQ;L;H. +YIU;D;H .+ Y} D;N;H,

271)

=> potentially large radiative corrections to the soft terms of the singlet

squarks and sleptons (absent in the MSSM at leading order); in particular,
comtributions to (m%)ij controlled by the top Yukawa:
3Y2 M?

2\ 2 G
and contributions to (m%)ij controlled by the RHN couplings = correlation
between leptonic and hadronic flavour violations [Hisano, Shizimu - Ciuchini et al.]

; M? M

(mfz)gg ~ €23 (mj,)as <10g Mlgi/k)g MJ{,)

Similar effects (although of different origin) in SO(10) models with type |l
seesaw [Calibbi, Frigerio, SL, Romanino, in progress]



Since radiative corrections to slepton soft terms are large, interfere with
possible non-universal contributions from supersymmetry breaking (different
from quark sector)

=> difficult to disentangle them, unless correlations characteristic of a given
scenario are observed

An interesting scenario: type |l seesaw with the triplet [extended to a
(15, 15%) of SU(5)] mediating supersymmetry breaking  [Joaquim, Rossi]

1 _ _ _ _
Wists) = ﬁ(Yw 5155+ A5y 1655) + & X 1515

(X) = (Sx)+ (Fx)0° = &(X) = Mys — BisM;56°

=> gauge and Yukawa-mediated supersymmetry breaking (controlled by
gauge couplings and Y15 =YT)

=> soft terms determined by Mi5, Bi5 [the FX / X of gauge mediation], Y15
and A : predictive scenario (can trade Y5 for the neutrino mass matrix)
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Leptogenesis and Unification

Right-handed neutrinos are suggestive of SO(10) unification:

(i) 16 = (Q,u,d,L,e) ® N
(i) B-L is a generator of SO(10) = the mass scale of the Nr is associated with
the breaking of the gauge group = Mr >> Mweak natural

However, successful leptogenesis is not so easy to achieve in SO(10)
models with a type | seesaw mechanism:

Mp o« Mu => very hierarchical right-handed neutrino masses

= M; << 108 GeV , below the Davidson-lbarra bound

Ways out:

o flavour-dependent N2 leptogenesis [Vives]: N2 decays generate an asymmetry in
a lepton flavour that is only mildly washed out by N1

e large corrections to Mp = Mu

e other versions of the seesaw mechanism: type Il (heavy scalar SU(2)L triplet
exchange), type | + Il (left-right symmetric seesaw mechanism)



SO(10) models with a left-right symmetric seesaw

Type |+1l seesaw mechanism: L
» \/

Lg
AI'_ = SU(2)L triplet with N N; K i A,
couplings fLij to lepton doublets :

4 %
H / N H /)\\
H / N H
A\ 2 2
M, = Z—f - U—YTJ‘ElY
M UR
VR = scale of B-L breaking (NR mass matrix: Mr = frvgr)

In a broad class of theories with underlying left-right symmetry (such as SO(10)
with a126y),onehas Y = Y'and frL = fr = f:
2

M, = va—:—Yf_lY
R

— left-right symmetric seesaw mechanism

In explicit SO(10) models,Y is related to charged fermion Yukawa couplings
=> predictive framework



The SU(2)L triplet also contributes to leptogenesis. If M1 << Ma, it mainly affects
leptogenesis by contributing to the CP asymmetry in N1 decays:

Lo H L H L« L L«
] i i . RN N B
M N_{ AN AN N
~H Ly -- H i \\H H\\l___H

Hambye, Senjanovic — Antusch, King

In a theory that predicts the Yij, can reconstruct the fij (which determine both the
triplet couplings and the NR mass matrix) as a function of v, Vr and of the light
neutrino parameters (in principe accessible to experiment) = 8 solutions

Detailed analysis of leptogenesis in Susy SO(10) models with a LR symmetric
seesaw mechanism [Abada, Hosteins, Josse-Michaux, SL]:

* flavour-dependent Boltzmann equations (independent evolution of the lepton asymmetry in the e,
u and T flavours)

* contribution of N2
* corrections to Md = Me from non-renormalizable operators

* flavour-dependent “N2 leptogenesis” in the solutions with a light NI: N2 decays generate an
asymmetry in a flavour that is only mildly washed out by NI inverse decays
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M, and M,: case +++
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If impose Try < 10' GeV, only 4 solutions survive (generically)

No successful realization of “N2 leptogenesis”

T
9 Ji it it it it it it it ‘ it it it it it it 4—‘»
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Figure 10: Regions of the (vg, T;,) parameter space where |Yg| > YAV MAP for solutions (+, +, +), (+, —, +) and
(+,+, —), and where |Yz| > 0.1 Y}VMAP for solution (—, —, —). These regions are delimited by the thick black
contour in the (4, +,+) case, the dashed red contour for (+, —,+), the long-dashed blue contour for (4, +, —),
and the thin black contour for (—, —, —). Inputs: set 1 of the Appendix for U,,, and the high-energy phases; other
input parameters as in Fig. 2.



Impact of corrections to Mbp = Mu

(if impose Try < 10'° GeV, solution (,-,-) fails)
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Figure 9: The final baryon asymmetry as a function of vy for different values of yo, from ys/y.(Mgyr) = 0.1
(yellow/light grey) to ya2/y.(Mgur) = 10 (blue/dark grey). The reference case ya = y. is plotted in black. Left
panel: solution (—,—, —), set 1 for U,, and the high-energy phases; right panel: solution (+, —, +), set 4 for U,
and the high-energy phases. The other input parameters are as in Fig. 2.



