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Introduction
There are good reasons to believe that the Standard Model is an incomplete 
theory, and to expect New Physics around the TeV scale (dark matter, baryon 
asymmetry of the universe, EWSB, hierarchy problem...)

In the quest for this New Physics, flavour physics is complementary to 
collider searches and astroparticle (dark matter) experiments:

Already strong constraints from present data, e.g. in the kaon sector:
requiring                                      within the exp. and th. errors gives

implying that NP should come with suppressed flavour-violating couplings     
if it lies in the TeV region

• provides some information about the flavour structure of NP (which 
will be difficult to extract from LHC data)
• sensitive to NP scales / regions of NP parameter space that will not 
be accessible at the LHC
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                     can be made consistent with constraints in the quark sector   
if the minimal flavour violation (MFV) principle is assumed: Yukawa couplings 
are the only source of flavour symmetry breaking

                                           under

Then the effective operator                              comes with a flavour 
suppression                                        as in the SM, which together with      
a loop factor is enough to bring the lower bound on        down to 0.5 TeV

The MSSM with flavour-blind supersymmetry breaking satisfies MFV

Strong constraints also in the charged lepton sector, but noticeable 
differences with the quark sector:
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• the SM predicts no observable flavour violation in the charged lepton 
sector. The observation of any LFV process, e.g. μ → e γ, would be an 
unambiguous signal of New Physics

• there is no model-independent definition of MFV in the lepton sector: 
depends on the way neutrino masses are generated (several possibilities 
if Majorana, many of which involve new flavour-violating couplings) 

[D’Ambrosio, Giudice, Isidori, Strumia]



Experimental 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:

[WG3 report of the CERN “Flavour in the Era of the LHC” workshop]

8 LFV experiments

Mixing of leptonic states with different family number as observed in neutrino oscillations does not

necessarily imply measurable branching ratios for LFV processes involving the charged leptons. In

the Standard Model the rates of LFV decays are suppressed relative to the dominant family-number

conserving modes by a factor (δmν/mW )4 which results in branching ratios which are out of reach
experimentally. Note that a similar family changing quark decay such as b → sγ does obtain a very
significant branching ratio ofO(10−4) due to the large top mass.

As has been discussed in great detail in this report, in almost any further extension to the Standard

Model such as Supersymmetry, Grand Unification or Extra Dimensions additional sources of LFV ap-

pear. For each scenario a large number of model calculations can be found in the literature and have been

reviewed in previous sections, with predictions that may well be accessible experimentally. Improved

searches for charged LFV thus may either reveal physics beyond the SM or at least lead to a significant

reduction in parameter space allowed for such exotic contributions.

Charged LFV processes, i.e. transitions betweene, µ, and τ , might be found in the decay of almost
any weakly decaying particle. Although theoretical predictions generally depend on numerous unknown

parameters these uncertainties tend to cancel in the relative strengths of these modes. Once LFV in the

charged lepton sector were found, the combined information from many different experiments would

allow us to discriminate between the various interpretations. Searches have been performed in µ, τ , π,
K , B, D, W and Z decay. Whereas highest experimental sensitivities were reached in dedicated µ and
K experiments, τ decay starts to become competitive as well.

8.1 Rare µ decays

LFV muon decays include the purely leptonic modes µ+ → e+γ and µ+ → e+e+e−, as well as the
semi-leptonic µ − e conversion in muonic atoms and the muonium - antimuonium oscillation. The

present experimental limits are listed in Table 8.1.

Table 8.1: Present limits on rare µ decays.

mode upper limit (90% C.L.) year Exp./Lab. Ref.

µ+ → e+γ 1.2 × 10−11 2002 MEGA / LAMPF [173, 930]

µ+ → e+e+e− 1.0 × 10−12 1988 SINDRUM I / PSI [687]

µ+e− ↔ µ−e+ 8.3 × 10−11 1999 PSI [931]

µ− Ti→ e−Ti 6.1 × 10−13 1998 SINDRUM II / PSI [932]

µ− Ti→ e+Ca∗ 3.6 × 10−11 1998 SINDRUM II / PSI [933]

µ− Pb→ e−Pb 4.6 × 10−11 1996 SINDRUM II / PSI [934]

µ− Au→ e−Au 7 × 10−13 2006 SINDRUM II / PSI [935]

Whereas most theoretical models favor µ+ → e+γ, this mode has a disadvantage from an exper-
imental point of view since the sensitivity is limited by accidental e+γ coincidences and muon beam
intensities have to be reduced now already. Searches forµ− e conversion, on the other hand, are limited
by the available beam intensities and large improvements in sensitivity may still be achieved.

All recent results for µ+ decays were obtained with “surface” muon beams containing muons

originating in the decay of π+’s that stopped very close to the surface of the pion production target,

or “subsurface” beams from pion decays just below that region. Such beams are superior to conven-

tional pion decay channels in terms of muon stop density and permit the use of relatively thin (typically

10 mg/cm2) foils to stop the beam. Such low-mass stopping targets are required for the ultimate reso-

lution in positron momentum and emission angle, minimal photon yield, or the efficient production of

muonium in vacuum.
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Also strong constraints on LFV rare decays of mesons:

Table 1.1: Present limits on rare µ decays.

mode limit (90% C.L.) year Exp./Lab.

µ+ → e+γ 1.2 × 10−11 2002 MEGA / LAMPF

µ+ → e+e+e− 1.0 × 10−12 1988 SINDRUM I / PSI

µ+e− ↔ µ−e+ 8.3 × 10−11 1999 PSI

µ− Ti→ e−Ti 6.1 × 10−13 1998 SINDRUM II / PSI

µ− Ti→ e+Ca∗ 3.6 × 10−11 1998 SINDRUM II / PSI

µ− Pb→ e−Pb 4.6 × 10−11 1996 SINDRUM II / PSI

µ− Au→ e−Au 7 × 10−13 2006 SINDRUM II / PSI

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

Babar BELLE

Channel L BUL L BUL

( fb−1) (10−8) ( fb−1) (10−8)
τ± → e±γ 232 11 535 12

τ± → µ±γ 232 6.8 535 4.5

τ± → #±#∓#± 92 11 - 33 535 2 - 4

τ± → e±π0 339 13 401 8.0

τ± → µ±π0 339 11 401 12

τ± → e±η 339 16 401 9.2

τ± → µ±η 339 15 401 6.5

τ± → e±η′ 339 24 401 16

τ± → µ±η′ 339 14 401 13

5

[W
G

3 report]

BR (K0
L → µe) < 4.7× 10−12

BR (B0
d → µe) < 1.7× 10−7 [Belle]

BR (B0
s → µe) < 6.1× 10−6 [CDF]



This is consistent with the Standard Model,
in which LFV processes involving charged
leptons are suppressed by the tiny neutrino
masses (GIM mechanism)

e.g. µ → e γ :

Using known oscillations parameters (U = PMNS lepton mixing matrix) and  
|Ue3| < 0.2, this gives                                       : inaccessible to experiment!

This makes LFV a unique probe of new physics: the observation of e.g.         
µ → e γ 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)

BR (µ→ eγ) =
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In terms of effective Lagrangian operators:

µ → e γ :

The exp. upper bound                                                translates into

µ → e e e :

The exp. upper bound                                        translates into

➞ strong constraint on new physics at the TeV scale

Indeed, many new physics scenarios predict “large” LFV rates

BR (µ→ eγ) < 1.2× 10−11
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μ → e γ :

- the experiment MEG at PSI has started taking data in sept. 2008
- first results published in summer 2009 (                  at 90% CL)
- expects to reach a sensitivity of a few           (factor of 100 improvement) 
in 3 years of acquisition time

μ → e conversion :

- the project mu2e is under study at FNAL - aims at 
- the project PRISM/PRIME at J-PARC aims at 

τ decays :

- LHC experiments limited to                  – comparable to existing B fact.
- superB factories will probe the                       level 

Prospects for LFV experiments

10−13

τ → µµµ
10−9 − 10−10

O(10−16)
O(10−18)

3.0× 10−11



Many new physics scenarios predict “large” LFV rates: supersymmetry,    
extra dimensions, little Higgs models, ... (focus on Susy in this talk)

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 (α ≠ β):

In the mass insertion approximation, the branching ratio for µ → e γ reads

with fL, fR functions of the superpartner masses and of tan β. For moderate 
to large tan β, the branching ratio approximately scales as tan² β

Theoretical expectations/predictions
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Fig. 5.3: Upper limits on δ12’s in mSUGRA. HereM1 andmR are the bino and right-slepton masses, respectively.
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Fig. 5.4: Upper limits on δ23’s in mSUGRA. HereM1 andmR are the bino and right-slepton masses, respectively.

have to be quite small, and this constitutes the so-called supersymmetric CP problem. For the bounds on

the sources of CPV also associated to FV, like e.g. Im(δLL
ij δRR

ji )ee and so on, we refer to the plots in
Ref. [158].

5.2.2 Lepton flavour violation from RGE effects in SUSY seesaw model

5.2.2.1 Predictions from flavour models

Consider first the possibility that flavour and CP are exact symmetries of the soft supersymmetry breaking

sector defined at the appropriate cutoff scaleΛ (to be identified with the Planck scale for supergravity, the
messenger mass for gauge mediation, etc). If below this scale there are flavour and CP-violating Yukawa

interactions, it is well-known that in the running down to mSUSY they will induce a small amount of

flavour and CP-violation in sparticle masses.

The Yukawa interactions associated to the fermion masses and mixing of the SM clearly violate

any flavour and CP symmetries. However, with the exception of the third generation Yukawa couplings,

all the entries in the Yukawa matrices are very small and the radiatively induced misalignment in the

sfermion mass matrices turns out to be negligible. The Yukawa interactions of heavy states beyond the

SM coupling to the SM fermions induce misalignments proportional to a proper combination of their

Yukawa couplings times ln mF /Λ, where mF represents the heavy state mass scale. This is the case

for the seesaw interactions of the right-handed neutrinos [139, 140] and/or the GUT interactions of the

heavy colored triplets [670,671] (those eventually exchanged in diagrams inducing proton decay). Notice

that the observation of large mixing in light neutrino masses, may suggest the possibility that also the
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[Masina, Savoy]



Important difference with the quark sector: even if slepton soft terms are 
flavour universal 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 mν << ml

Most celebrated example: (type I) seesaw mechanism

                                     ⇒

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

where                                              encapsulates all the dependence on the 
seesaw parameters

Lseesaw = −
1

2
MiN̄iNi −

(

N̄iYiαLαH + h.c.
)
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∑

i

YiαYiβ

Mi
v
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8π2
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8π2
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Cαβ ≡
∑

k Y #
kαYkβ ln(MU/Mk)

BR (lα → lβγ) ∝ |Cαβ |2

[Borzumati, Masiero]
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Fig. 5.5: Upper limit on C32 and C21 for the experimental sensitivities displayed [34].

seesaw interactions could significantly violate flavour- and potentially also CP, in particular in view of

the mechanism of leptogenesis. Remarkably, for sparticle masses not exceeding the TeV, the seesaw and

colored-triplet induced radiative contributions to the LFV decays and lepton EDM might be close to or

even exceed the present or planned experimental limits. Clearly, these processes constitute an important

constraint on seesaw and/or GUT models.

For instance, in a type I seesaw model in the low-energy basis where charged leptons are diagonal,

the ij element of the left-handed slepton mass matrix provides the dominant contribution in the decay
!i → !jγ. Assuming, for the sake of simplicity, an mSUGRA spectrum atΛ = MPl, one obtains at the

leading log [172]:

δLL
ij =

(
m2

ij

)

LL

m2
L

= −
1

8π2

3m2
0 + A2

0

m2
L

Cij , Cij ≡
∑

k

Yν
∗
ki Yνkj ln

MPl

Mk
, (5.28)

where m0 and A0 are respectively the universal scalar masses and trilinear couplings at MPl, m2
L is

an average left-handed slepton mass and Mk the mass of the right-handed neutrino with k=1,2,3. An

experimental limit on B(!i → !jγ) corresponds to an upper bound on |Cij| [34, 223]. For µ → eγ and
τ → µγ this bound is shown in Fig. 1.5 as a function of the right-handed selectron mass.

The seesaw model dependence resides in Cij . Notice that in the fundamental theory at high en-

ergy, the size of Cij is determined both by the Yukawa eigenvalues and the largeness of the mixing

angles of VR, VL, the unitary matrices which diagonalize Yν (in the basis where MR and Ye are diago-

nal): VRYνVL = Y (diag)
ν . The left-handed misalignment between neutrino and charged-lepton Yukawa’s

is given by VL and, due to the mild effect of the logarithm inCij , in first approximation VL itself diago-

nalizes Cij . If we consider hierarchical Yν eigenvalues, Y3 > Y2 > Y1, the contributions from k = 1, 2
in Eq. (1.28) can in first approximation be neglected with respect to the contribution from the heaviest

eigenvalue (k = 3):
|Cij | ≈ |VLi3VLj3| Y 2

3 log(MPl/M3) (5.29)

Taking supersymmetric particle masses around the TeV scale, it has been shown that many seesaw models

predict |Cµe| and/or |Cτµ| close to the experimentally accessible range. Let us consider the predictions
for the seesaw-RGE induced contribution to τ → µγ and µ → eγ in the flavour models discussed
previously.
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Cαβ ≡
∑

k

Y #
kαYkβ ln(MU/Mk)

BR (lα → lβγ) ∝ |Cαβ |2



Other example: type II seesaw mechanism

= heavy scalar SU(2)L triplet exchange

       ⇒

The radiative corrections to soft slepton masses are now controlled by

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

[A. Rossi]

1√
2
Y ij

T LiTLj + 1√
2
λ HuT̄Hu + MT T T̄

M ij
ν = λ Y ij

T

v2
u

MT

(Y †
T YT )αβ ln(MU/MT ) ∝

∑
i m2

νi
UiαU∗

iβ

LFV  in SUSY T-Seesaw

The relevant LFV structure is Minimal :

Relative LFV size predicted in a model-independent way - i.e. no dependence

on either the seesaw parameters,  , or the SUSY ones, 

but only dependence on the low-energy neutrino parameters !"#"$%&&%

Notice: no dependence on the lightest ν mass m1  and on the Majorana phases

Anna Rossi – “LFV in neutrino Seesaw scenarios” CERN, March 27, 2007 17

Similarly for other LFV-decays

[A. Rossi]

(simplest realization of MFV
in the lepton sector)



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

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

⇒ 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             controlled by the top Yukawa:

and contributions to            controlled by the RHN couplings ⇒ correlation 
between leptonic and hadronic flavour violations

Similar effects (although of different origin) in SO(10) models with type II 
seesaw [see later]

[Barbieri, Hall, Strumia]
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[Hisano, Shizimu - Ciuchini et al.]
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Since radiative corrections to slepton soft terms can be large, interfere with 
possible non-universal contributions from supersymmetry breaking

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



A preditive SO(10) scenario for leptogenesis and LFV
The type I seesaw mechanism is attractive because it can explain both the light 
neutrino masses and the baryon asymmetry of the Universe (leptogenesis)

But difficult to test: no connection in general between the CP asymmetry and low-
energy observables (18 seesaw parameters for 9 low-energy parameters, mi and 
UPMNS), nor between these and seesaw-induced LFV.

The type II seesaw mechanism is more predictive: the triplet-induced LFV is 
controlled by the light neutrino parameters. Triplet leptogenesis also possible,      
but to get a non-vanishing CP asymmetry need another heavy state with couplings 
gij ≠ fij to lepton doublets ⇒ direct connection with low-energy parameters lost

However, such a connection can be recovered if the type II seesaw mechanism is 
realized in a SO(10) GUT

εN1 ≡
Γ(N1 → LH)− Γ(N1 → L̄H!)
Γ(N1 → LH) + Γ(N1 → L̄H!)

$ 3
16π

∑

k

Im[(Y Y †)2k1]
(Y Y †)11

Mk

M1

Covi, Roulet, Vissani
Buchmüller, Plümacher

Fukugita, Yanagida

Davidson et al. – Petcov et al.

ε∆ ∝ Im
[
Tr (M (∆)†

ν M (H)
ν )

]
Mν = M (∆)

ν + M (H)
ν Hambye, Raidal, Strumia



Not easy to avoid the type I contribution: RHNs belong to the matter 
representation (16), hence are always around and couple to lepton doublets

Way out: “non-standard” embedding of the SM fermions into SO(10) 
representations

                  form a (heavy) vector-like pair of matter fields

Motivation: E6? 

How to achieve this? 

SU(5) singlet in the 16:               ⇒ GUT-scale masses for 

                                heavy anti-lepton doublets and quark singlets

SM matter fields:

Type II seesaw in non-standard SO(10) unification

16i = 10i ⊕ . ⊕ 1i

10i = . ⊕ 5̄10
i

(510
i , 5̄16

i )

27i = 16i ⊕ 10i ⊕ 1i

W =
1
2

yij16i16j10 + hij16i10j16

(510
i , 5̄16

i )

510
i ≡ (Lc

i , Di)

1016
i = (Qi, u

c
i , e

c
i ), 5̄10

i = (Li, d
c
i ), 116

i = νc
i

Hisano, Murayama, Yanagida
Nomura, Yanagida - Rosner

Asaka - Berezhiani, Tavartkiladze
Berezhiani, Rossi - Malinsky

V 16
1 != 0



Quark and lepton masses:

No neutrino Dirac couplings at tree level: RHNs couple to heavy leptons

The heavy leptons (quarks) have hierarchical masses proportional to down-
type fermion masses:

Neutrino masses: 

⇒ 

where 

⇒ type II seesaw:

Assumed:

W =
1
2

yij16i16j10 + hij16i10j16

Mu = y v10
u Md = MT

e = h v16
d

WII =
1
2

fij10i10j54 +
1
2

σ10 10 54 +
1
2

M54542

1
2

fijLiLj∆ +
1
2

σH10
u H10

u ∆̄ + M∆∆∆̄ + . . .

54 = 15⊕ 15⊕ 24 , 15 = (∆, Z,Σ) , ∆ = (1, 3)+2

Mν =
σ(v10

u )2

2M∆
f

- matter parity
- no mass term 10i 10j , no 54 vev ⇒ no mixing 5̄10

i / 5̄16
i

Mi = hiV
16
1 = meiV

16
1 /v16

d



Requires a CP asymmetry in triplet decays. In standard triplet leptogenesis, 
need another heavy state with couplings gij ≠ fij to lepton doublets, 
otherwise

In our scenario, gij = fij but the heavy leptons in the loop have hierarchical 
masses and the trace is incomplete as soon as                   :

Assuming                                   and                                   , one obtains:

                                                                          

Leptogenesis

ε∆ ∝ Im[Tr(ff∗ff∗)] = 0

∆s

Li

Lj

fij
∆s

L̃c
k

L̃c
l

S, T

Lj

Li

f ∗

kl

flj

fki

1

S, T ∈ 24

M1 !M∆ < M1 + M2 MS = MT = M24 !M∆

ε∆ ! 1
10π

M∆

M24

λ4
L

λ2
L + λ2

Lc
1
+ λ2

Hu
+ λ2

Hd

Im[M11(M∗MM∗)11]
(
∑

i m2
i )2

λ2
L ≡

∑3
i,j=1 |fij |2 , λ2

Lc
1
≡ |f11|2 , λ2

Hu,d
≡ |σ α2

u,d|2

M3 > M∆/2

⇒ lose predictivity

ε∆ ∝
∑

k,l θ(M∆ −Mk −Ml) Ckl Im[fkl(f∗ff∗)kl]



➞      does not depend on high-scale flavour parameters - only on the light 
neutrino parameters and on

➞ the CP violation needed for leptogenesis is provided by the CP-violating 
phases of the PMNS matrix

         [the Majorana phases ρ and σ in the case                                     ]

➞      can be large (     is bounded by perturbativity):

Dependence on the light neutrino parameters

Im[M11(M∗MM∗)11]
m4 = − 1

m4

{
c4
13c

2
12s

2
12 sin(2ρ)m1m2∆m2

21

+c2
13s

2
13c

2
12 sin 2(ρ− σ) m1m3∆m2

31 − c2
13s

2
13s

2
12 sin(2σ) m2m3∆m2

32

}

Uei = (c13c12e
iρ, c13s12, s13e

iσ)

ε∆
λL, λHu , λHd , M∆/M24

εmax
∆ ! 2.2× 10−4 λ2

L (maximum θ13) ,

! 3.4× 10−5 λ2
L (vanishing θ13) ,

ε∆ λ2
L

M1 < M∆ < M1 + M2
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                                    agrees with the WMAP value

if                     ⇒ the efficiency factor η can be as small as                            
in the region where the CP asymmetry is maximal

This regime must be studied numerically. There is also a large efficiency 
regime that can be discussed analytically, where

with 

Even though triplet decays are in equilibrium, a large lepton asymmetry is 
generated thanks to               and η ∼ 1 can be obtained [Hambye, Raidal, Strumia]

        [the CP asymmetry in the channel                     is        ]

The condition               tends to suppress the CP asymmetry, which can be 
compensated for by increasing the triplet mass

nB

s
= 7.62× 10−3 η ε∆ (8.82± 0.23)× 10−11

η ε∆ ≈ 10−8 10−5 − 10−4

Ka ≡ Γ(∆s → aa)/H(M∆) (a = L̃c
1, L̄, Hu)

KLc
1
! 1

KLc
1
! 1

KLc
1
! 1 and KL, KHu ! 1

−ε∆∆s → L̃c
1L̃

c
1
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In the large efficiency regime, successful leptogenesis requires:

➞ the scenario can be excluded on the basis of neutrino experiments!

• a normal light neutrino hierarchy

• a large value of 

• large Majorana phases

θ13



The squark and slepton soft terms receive flavour-violating radiative 
corrections from:

➞ flavour structure of the radiative corrections predicted in terms of low-
energy parameters [up quark and neutrino masses, quark and lepton mixing]

Their absolute size also depends on a few high-energy parameters [ λH,   
masses of the 54 components, absolute scale of the heavy quarks and leptons fixed 
by                   , where θH is defined by                                                    ]

Also mild model dependence associated with the non-renormalizable operators needed to 
correct the mass relation                  : in general spoil the relation between the heavy and 
light down quark/charged lepton mass matrices. However the dependence on the heavy 
masses is logarithmic                                                                 

Predictions for flavour violation

• the heavy triplets and their SO(10) partners (components of the 54)   
⇒ controlled by the fij’s (                   )

• the heavy quarks and leptons (heavy components of the 16i and 10i)    
⇒ controlled by the up-quark Yukawa couplings (                   )yij16i16j10

fij10i10j54

H light
d = sin θHH16

d + cos θHH10
dV 16

1 / sin θH

Md = MT
e



Assuming universal soft terms at the GUT scale, we obtain in the leading-log 
approximation (in matrix form):

The first term in the bracket is present in the SU(5) version of the type II seesaw 
[A. Rossi], the next two are due to the presence of the heavy quarks and leptons

Contrary to the standard type II seesaw, flavour violation is also induced in 
the singlet slepton and doublet squark sectors:

      has the same flavour structure as the MSSM radiative correctionsδm2
Q

δm2
L = − 3m2

0 + A2
0

16π2
f†

(
3 ln

M2
GUT

M2
15

+
9
10

ln
M2

GUT

M2
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3
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16π2
f†

(
3 ln

M2
GUT

M2
15

+ ln
M2

GUT

M2
24 + M†

LcMLc

+
7
5

ln
M2

GUT

M2
24 + M†

DMD

)
f
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16π2
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MDM†
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)
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The intermediate pair of Higgs doublets spoils gauge coupling unification. This can be 
cured by splitting the components of the              and 24 SU(5) multiplets inside the 
54 (which also has the advantage of keeping unification perturbative). 2 possibilities 
emerge (both with                          and MT / MΔ = 10 , motivated by leptogenesis):

(i) all components of the 54 have GUT-scale masses but                       and T (with MΣ = MΔ 
and MT / MΔ = 10 fixed)

(ii) all components of the 54 have GUT-scale masses but                       , S, T and O (with      
MΔ < MΣ, MS = MT = MO and MT / MΔ = 10 fixed)

Both restore unification at one loop [with however a too low MGUT in case (i): must rely on 
2-loop RGEs and GUT threshold effects to increase it]

Model-building aspects of the model

• SO(10) is broken down to the SM gauge group by a 54’, two 45 with vevs aligned in 
the T3R and B-L directions, and the               which breaks the rank

• the 10 and               contain both Higgs doublets and colour triplets. The doublet-
triplet splitting is realized à la Dimopoulos-Wilczek using the 45B-L

• to suppress proton decay from coloured triplet exchange,  one pair of Higgs doublets 
must have a mass

16⊕ 16
16⊕ 16

15⊕ 15

(∆, ∆̄), (Σ, Σ̄)

(∆, ∆̄), (Σ, Σ̄)

MH ! 1014 GeV

MH = 1014 GeV
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Numerical results

• we assume universal soft terms at MGUT, with A0 = 0 and μ > 0

• we require radiative electroweak symmetry breaking and impose       
the experimental limits on the Higgs and superpartner masses and on

• we choose values of the light neutrino parameters favoured by 
leptogenesis: 

• we consider scenario (ii) [scenario (i) would give similar results]       
with

BR (b→ sγ),BR (B0
d,s → µ+µ−),∆mK ,∆mD,∆mB and ∆mBs

V 16
1 = MGUT and tan θH = 1

mν1 = 0.005 eV, sin2 θ13 = 0.05, ρ = π/4, σ = π/2 [δ = 0]



Susy parameters:

Strong dependence of                      on the seesaw parameters:

Large values of the fij’s excluded ⇒ leptogenesis can work only in a small 
region of the seesaw parameter space (otherwise εΔ too small)

BR (µ→ eγ)

BR (µ→ eγ) ∼ |(m2
L)21|2 ∼ |(f†f)21|2 ∼ (M∆/λH)4
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From now on, choose a point in the region of the seesaw parameter space 
not excluded by µ → e γ where leptogenesis can work:

The ongoing experiment MEG (which will reach a sensitivity of           ) will 
probe most of the Susy parameter space for this point
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The region of the Susy parameter space that will be probed by MEG 
will also be accessible at the LHC

Sleptons are heavy – the lightest neutralino is always the LSP

—  gluino

—  lightest stop
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Correlations between µ → e γ and other LFV processes

Susy parameters:

—  τ → µ γ
—  µ Ti → e Ti

—  µ → e e e

m0 = M1/2 = 700GeV, A0 = 0, tanβ = 10, µ > 0



                                        : not competitive with µ → e γ (out of reach of 
super B factories)

The correlation between µ → e γ and τ → µ γ is characteristic of the 
supersymmetric type II seesaw:

for θ13 close to its experimental upper limit

µ - e conversion looks more promising: the projects Mu2e at FNAL and 
PRISM/PRIME at J-PARC aim at           and           (the present upper limit       
is                    ) – would be a more powerful probe than MEG

Finally,                                    (the present upper limit is                   ) 

BR (τ → µγ) ! 2× 10−11

BR (τ → µγ)
BR (µ→ eγ)

≈ 0.17
∣∣∣∣
(m2

L)32
(m2
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2
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(M†

νMν)32
(M†

νMν)21

∣∣∣∣∣

2

≈ 1.5

10−16

BR (µ→ 3e) ! 10−13 1.0× 10−12

4.3× 10−12
10−18



Effect of relaxing the universality of soft scalar masses (keeping them 
flavour blind), for

Most points remain within the reach of MEG, unless the lightest slepton    
is very heavy 
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The only hadronic observable that may receive a significant contribution    
(in the presence of a large phase, here                              ) is 

The supersymmetric contribution could easily reach the         level, enough 
to account for 10% - 20% of the observed value,  

[the SM contribution is estimated to be                                  by Buras and 
Guadagnoli, arXiv:0901.2056]
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Conclusions
• embedding the SM fermions in both 16 and 10 representations makes it 

possible to realize the type II seesaw mechanism in SO(10) GUTs and 
leads to a predictive scenario of leptogenesis

• the pattern of flavour violation in this scenario shows some difference 
with the standard type II seesaw due to the presence of heavy quark and 
lepton fields

• in the region of seesaw parameters where leptogenesis can work, definite 
predictions for LFV processes which can be tested by the ongoing MEG 
experiment (barring cancellations with other sources of LFV, e.g. from 
supersymmetry breaking)

• in the absence of a positive signal at MEG, the discovery of a relatively 
light superpartner spectrum at the LHC would strongly disfavour this 
scenario



Back-up slides



schematically:

At T < MΔ , decays start to dominate over gauge scatterings

Since                     , triplets keep close to thermal equilibrium but a            
asymmetry develops due to

This in turn induces an asymmetry between triplets and antitriplets, which      
transferred to       and         through their decays

The final B-L asymmetry then reads:

where 

and            due to                 and  

KL, KHu ! 1 L̃c
1

KL̃c
1
! 1

∆L ∆Hu

∆∆∗ → · · ·

YB−L !
Y eq

Hu

Y eq
L + Y eq

Hu

∆L̃c
1

=
4
7

∆L̃c
1

∆L̃c
1

= η0 ε∆(Y eq
∆ + Y eq

∆∗) (T !M∆)

η0 ∼ 1 γA ! γD KL̃c
1
! 1



We find that successful leptogenesis is possible for                        

This scale is problematic in view of the gravitino problem, which requires
                                       in the most favourable cases (unstable gravitino 
with                          or gravitino LSP with harmless NLSP for BBN)

Ways out:

In the following, we consider a supersymmetric scenario with soft terms 
generated at the GUT scale, and we rely on possibility 2 or 3

• very light gravitino (< 16 eV required by WMAP)

• very heavy gravitino (>> 100 TeV)

• non-thermal production of the triplets (                  )

• non-supersymmetric scenario with a real 54

M∆ ! 1012 GeV

TRH !M∆

TRH ! (109 − 1010) GeV
m3/2 ! 10 TeV



SO(10) gauge symmetry breaking

The superpotential

leads to the vacuum

SO(10) is broken in one step down to the SM gauge group if all 
dimensionless couplings are of order one

1
2
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1
3
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Doublet-triplet splitting

Introduce and additional 10’

Doublet and triplet mass matrices:

Light Higgs doublets:

D=5 proton decay operator proportional to:

⇒ «conservative» upper bound:

WDT =
1
2

M10′10′10′ + h10′45210 + 16(M16 + g451)16 +
1
2

η̄ 161610

(
M−1

T

)
T 10T

16 =
3η̄V 16

1 M10′

M16 (hVB−L)2

MD =




0 0 −η̄V 16

1

0 M10′ 0
0 0 M16



 MT =




0 h√

6
VB−L −η̄V 16

1

− h√
6
VB−L M10′ 0
0 0 M16 + 2gVR





hu = H10
u hd = cos θHH10

d + sin θHH16
d tan θH =

η̄V 16
1

M16

M10′ ! 1014 GeV


