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The 3-Flavor Era in Neutrino Physics!

• Exciting Time in ν Physics: recent hints/evidences of large θ13 from T2K, MINOS, Double Chooz, 
Daya Bay and RENO

• Latest 3 neutrino global analysis:
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Fogli, Lisi, Marrone, Montanino, Palazzo, Rotunno (2012)
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TABLE I: Results of the global 3ν oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3σ ranges for the 3ν
mass-mixing parameters. We remind that ∆m2 is defined herein as m2

3 − (m2
1 +m2

2)/2, with +∆m2 for NH and −∆m2 for IH.

Parameter Best fit 1σ range 2σ range 3σ range

δm2/10−5 eV2 (NH or IH) 7.54 7.32 – 7.80 7.15 – 8.00 6.99 – 8.18

sin2 θ12/10−1 (NH or IH) 3.07 2.91 – 3.25 2.75 – 3.42 2.59 – 3.59

∆m2/10−3 eV2 (NH) 2.43 2.33 – 2.49 2.27 – 2.55 2.19 – 2.62

∆m2/10−3 eV2 (IH) 2.42 2.31 – 2.49 2.26 – 2.53 2.17 – 2.61

sin2 θ13/10
−2 (NH) 2.41 2.16 – 2.66 1.93 – 2.90 1.69 – 3.13

sin2 θ13/10−2 (IH) 2.44 2.19 – 2.67 1.94 – 2.91 1.71 – 3.15

sin2 θ23/10−1 (NH) 3.86 3.65 – 4.10 3.48 – 4.48 3.31 – 6.37

sin2 θ23/10
−1 (IH) 3.92 3.70 – 4.31 3.53 – 4.84 ⊕ 5.43 – 6.41 3.35 – 6.63

δ/π (NH) 1.08 0.77 – 1.36 — —

δ/π (IH) 1.09 0.83 – 1.47 — —

Table I reports the bounds shown in Fig. 3 in numerical form. Except for δ, the oscillation parameters are constrained
with significant accuracy. If we define the average 1σ fractional accuracy as 1/6th of the ±3σ variations around the
best fit, then the parameters are globally determined with the following relative precision (in percent): δm2 (2.6%),
∆m2 (3.0%), sin2 θ12 (5.4%), sin2 θ13 (10%), and sin2 θ23 (14%).
A final remark is in order. As noted in Sec. II B, two alternative choices were used in [5] for the absolute reactor flux

normalization, named as “old” and “new,” the latter being motivated by revised flux calculations. Constraints were
shown in [5] for both old and new normalization, resulting in somewhat different values of θ12 and θ13. The precise
near/far data ratio constraints from Daya Bay [6, 8] and RENO [7, 9] are largely independent of such normalization
issues, which persists only for the reactor data without near detector (i.e., KamLAND, CHOOZ and Double Chooz
data in this work), with very small effects on the global fit. For the sake of precision, we remark that the values
in Table I refer to our fit using the “old” normalization for KamLAND, CHOOZ and Double Chooz. By using the
“new” normalization, the only noticeable effects would be the following overall shifts, with respect to the numbers in
Table I: ∆ sin2 θ12/10−1 ! +0.05 and ∆ sin2 θ13/10−2 ! +0.08 (i.e., at the level of ∼ 1/3 of a standard deviation).
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FIG. 4: Constraints induced by oscillation data (at 2σ level) in the planes charted by any two among the absolute mass
observables mβ (effective electron neutrino mass), mββ (effective Majorana mass), and Σ (sum of neutrino masses). Blue (red)
bands refer to normal (inverted) hierarchy.

➡ Evidence of θ13 ≠ 0 
➡ hints of θ23 ≠ π/4 
➡ expectation of Dirac CP phase δ 

➡ no clear preference for hierarchy

[see also, Gonzalez-Garcia, Maltoni, Salvado, Schwetz (2012)]

➡ Absolute neutrino mass scale?
➡ Majorana vs Dirac?



Need For Precision Measurements

(i)  Absolute mass scale:  Why mν << mu,d,e? 
• seesaw mechanism: most appealing scenario ⇒ Majorana

• GUT scale (type-I, II) vs TeV scale (type-II, III, inverse seesaw)
• TeV scale new physics (warped extra dimension, U(1)´) ⇒ Dirac or Majorana

(ii) Flavor Structure: Why neutrino mixing large while quark mixing small?
• neutrino anarchy: no parametrically small number

• near degenerate spectrum, large mixing
• still alive and kicking 
• heterotic string theory connection 

• family symmetry: there’s a structure, expansion parameter (symmetry effect)
• mixing result from dynamics of underlying symmetry
• leptonic symmetry (normal or inverted)
• for quarks and leptons: quark-lepton connection ↔ GUT (normal)

• Alternative?
• In this talk: assume 3 generations, no LSND/MiniBoone/Reactor Anomaly

3

Hall, Murayama, Weiner (2000); 
de Gouvea, Murayama (2003)

 de Gouvea, Murayama (2012)

Planck 2013 Data Release: Neff = 3.26 ± 0.35  ⇒ sterile neutrino marginally consistent                                       



Origin of Mass Hierarchy and Mixing

• In the SM: 22 physical quantities which seem unrelated
• Question arises whether these quantities can be related
• No fundamental reason can be found in the framework of SM
• less ambitious aim ⇒ reduce the # of parameters by imposing symmetries

• SUSY Grand Unified Gauge Symmetry
• GUT relates quarks and leptons: quarks & leptons in same GUT multiplets

• one set of Yukawa coupling for a given GUT multiplet ⇒ intra-family relations
• seesaw mechanism naturally implemented
• proton decay, leptogenesis, LFV charged lepton decay

• Family Symmetry 
• relate Yukawa couplings of different families

• inter-family relations ⇒ further reduce the number of parameters
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Origin of Mass Hierarchy and Mixing

• Several models have been constructed based on 
• GUT Symmetry [SU(5), SO(10)] ⊕ Family Symmetry GF   

• Family Symmetries GF based on continuous groups:
• U(1) 
• SU(2) 
• SU(3) 

• Recently, models based on discrete family symmetry groups have been constructed 
• A4 (tetrahedron)
• T´ (double tetrahedron) 
• S3 (equilateral triangle)
• S4 (octahedron, cube)
• A5 (icosahedron, dodecahedron)
• ∆27 
• Q4 
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The Horizontal Symmetry

• Three families are the

same under vertical

symmetry; yet

different under

horizontal symmetry

• Zeros in the mass

matrices are protected

by a family symmetry
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family symmetry 
(T′, SU(2), ...)

  Motivation:  Tri-bimaximal 
(TBM) neutrino mixing

Discussion on Discrete gauge anomaly: 
Araki, Kobayashi, Kubo, Ramos-Sanchez, 

Ratz, Vaudrevange (2008)



Tri-bimaximal Neutrino Mixing

• Tri-bimaximal Mixing Pattern 

• General approach:

• PMNS = LO prediction (TBM, BM, ...) + corrections

• corrections:  

Harrison, Perkins, Scott (1999)

I. INTRODUCTION

The measurements of neutrino oscillation parameters have entered a precision era. The global

fit to current data from neutrino oscillation experiments give the following best fit values and 2⇧

limits for the mixing parameters [1],

sin2 ⇤12 = 0.30 (0.25� 0.34), sin2 ⇤23 = 0.5 (0.38� 0.64), sin2 ⇤13 = 0 (< 0.028) . (1)

These values for the mixing parameters are very close to the values arising from the so-called

“tri-bimaximal” mixing (TBM) matrix [2],
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which predicts sin2 ⇤atm, TBM = 1/2 and sin ⇤13,TBM = 0. In addition, it predicts sin2 ⇤⇥,TBM = 1/3

for the solar mixing angle. Even though the predicted ⇤⇥,TBM is currently still allowed by the

experimental data at 2⇧, as it is very close to the upper bound at the 2⇧ limit, it may be ruled out

once more precise measurements are made in the upcoming experiments.

It has been pointed out that the tri-bimaximal mixing matrix can arise from a family symmetry

in the lepton sector based on A4 [3] , which is a group that describes the even permutations of

four objects and it has four in-equivalent representations, 1, 1⇤, 1⇤⇤ and 3. However, due to its lack

of doublet representations, CKM matrix is an identity in most A4 models. In addition, to explain

the mass hierarchy among the charged fermions, one needs to resort to additional symmetry. It is

hence not easy to implement A4 as a family symmetry for both quarks and leptons [4].

In this letter, we consider a di⇥erent finite group, the double tetrahedral group, (d)T , which is a

double covering of A4. (For a classification of all finite groups up to order 32 that can potentially

be a family symmetry, see [5]). Because it has the same four in-equivalent representations as in

A4, the tri-bimaximal mixing pattern can be reproduced. In addition, (d)T has three in-equivalent

doublets, 2, 2⇤, and 2⇤⇤, which can be utilized to give the 2 + 1 representation assignments for the

quarks [6]. In the context of SU(2) flavor group, this assignment has been known to give realistic

quark mixing matrix and mass hierarchy [7]. Utilizing (d)T as a family symmetry for both quarks

and leptons has been considered before in non-unified models [8, 9]. In Ref. [8], both quarks

and leptons (including the neutrinos) have 2 ⇤ 1 representation assignments under (d)T , and the

prediction for the solar mixing angle is ⌅ 10�3, which is in the region of small mixing angle solution

that has been ruled out by SNO and KamLAND. A recent attempt in [9] generalizes the (d)T to
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{ higher order terms in super potential (family symmetry)
contributions from charged lepton sector (GUT symmetry)



Non-Abelian Finite Family Symmetry A4

• TBM mixing matrix: can be realized with finite group family symmetry 
based on A4

• A4:  even permutations of 4 objects
      S: (1234) → (4321)

      T: (1234) → (2314)

• a group of order 12
• Invariant group of tetrahedron

• TBM arises from misalignment of symmetry breaking patterns

7

Ma, Rajasekaran (2001); Babu, Ma, Valle (2003); ...

Flavor Model Structure: A4 Example

• interplay between the symmetry breaking patterns 
in two sectors lead to lepton mixing (BM, TBM, ...)

• symmetry breaking achieved through flavon VEVs

• each sector preserves different residual symmetry

• full Lagrangian does not have these residual 
symmetries

• general approach: include high order terms in 
holomorphic superpotential

• possible to construct models where higher order 
holomorphic superpotential terms vanish to ALL 
orders

• useful tool: Hilbert basis method

• quantum correction?
⇒ uncertainty in predictions due to                                     

     Kähler corrections

24

GF

Ge Gν

charged lepton 
sector
e.g. Z2 

subgroup of A4

neutrino
 sector
e.g. Z3 

subgroup of A4

〈Φe〉 〈Φν〉

〈 Φe〉∝ (1,0,0) 〈 Φν〉∝ (1,1,1)

e.g. A4

Leurer, Nir, Seiberg (1993); Dudas, Pokorski, 
Savoy (1995); Dreiner, Thomeier (2003);  

Kappl, Ratz, Staudt (2011) 



An Example: a SUSY SU(5) x T´ Model 

• GUT compatible ⇒ Double Tetrahedral Group T´

• Symmetries ⇒ 10 parameters in Yukawa sector ⇒ 22 physical observables
• neutrino mixing angles from group theory (CG coefficients)
• TBM: misalignment of symmetry breaking patterns

• neutrino sector: T’ → GTST2 ,  charged lepton sector: T’ → GT   

• GUT symmetry ⇒ deviation from TBM related to quark mixing θc

• complex CG’s of T´ ⇒ Novel Origin of CP Violation

• CP violation in both quark and lepton sectors entirely from group theory
• connection between leptogenesis and CPV in neutrino oscillation

8

M.-C.C, K.T. Mahanthappa
Phys. Lett. B652, 34 (2007);  
Phys. Lett. B681, 444 (2009)

M.-C.C, K.T. Mahanthappa, 
Phys. Lett. B681, 444 (2009)

[cf. Talk by KT Mahanthappa]



Sum Rules: Quark-Lepton Complementarity

• QLC-I

• QLC-II

• testing sum rules: a more robust way to distinguish different classes of models

mixing parameters best fit 3σ range

θq
23 2.36o 2.25o - 2.48o

θq
12 12.88o 12.75o - 13.01o

θq
13 0.21o 0.17o - 0.25o

mixing parameters best fit 3σ range

θe
23 42.8o 35.5o - 53.5o

θe
12 34.4o 31.5o - 37.6o

θe
13 5.6o ≤ 12.5o 

Quark Mixing Lepton Mixing

θc + θsol ≅ 45o

tan2θsol ≅ tan2θsol,TBM + (θc / 2) * cos δe 

θq23 + θe23 ≅ 45o

Raidal, ‘04; Smirnov, Minakata, ‘04

Ferrandis, Pakvasa; King; Dutta, 
Mimura; M.-C.C., Mahanthappa 

θe13 ≅ θc / 3√2

(BM)

(TBM)

9

measuring leptonic mixing parameters to 
the precision of those in quark sector

before θ13 discovery

Intensity Frontier



Sum Rules: Quark-Lepton Complementarity

• QLC-I

• QLC-II

• testing sum rules: a more robust way to distinguish different classes of models

mixing parameters best fit 3σ range

θq
23 2.36o 2.25o - 2.48o

θq
12 12.88o 12.75o - 13.01o

θq
13 0.21o 0.17o - 0.25o

mixing parameters best fit 3σ range

θe
23 38.4o 35.1o - 52.6o

θe
12 33.6o 30.6o - 36.8o

θe
13 8.9o 7.5o -10.2o 

Quark Mixing Lepton Mixing

θc + θsol ≅ 45o

tan2θsol ≅ tan2θsol,TBM + (θc / 2) * cos δe 

θq23 + θe23 ≅ 45o

Raidal, ‘04; Smirnov, Minakata, ‘04

Ferrandis, Pakvasa; King; Dutta, 
Mimura; M.-C.C., Mahanthappa 

θe13 ≅ θc / 3√2

(BM)

(TBM)

10

measuring leptonic mixing parameters to 
the precision of those in quark sector

☜ inconsistent @ 2σ

☜ Too small

after θ13 discovery

Intensity Frontier



Other Correlations: Rare CLFV Processes

• SUSY GUTs:  Lepton flavor violating charged lepton decays 
• five viable SUSY SO(10) models with dark matter constraints in cMSSM:

11

‣ individual branching 
fraction: strong 
dependence on soft 
SUSY parameters
‣correlations between 

branching fractions: 
strong dependence 
on flavor structure 

Intensity Frontier (mu2e, ...)

LFV Rare Processes
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CM model                      (A_0 = 0)
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FIG. 11: Branching ratio predictions for µ − e conversion vs. branching ratio predictions for µ → e + γ in

the five models considered. The more restrictive WMAP dark matter constraints apply for the thick line

segments shown.

Zeff = 17.6 and the nuclear form factor is F (q2 # −m2
µ) # 0.54 [30]. In the case of the conversion

process, we have explicitly carried out the full evolution running from the GUT scale to the Z

scale. The µ − e conversion branching ratio is then obtained from the conversion rate above by

scaling it with the µ capture rate on T i, which is quoted in [38] as (2.590± 0.012)× 106 sec−1 with

the present experimental limit on the conversion branching ratio found to be R ≤ 4 × 10−12.

In Fig. 11. we show a plot of the µ − e conversion branching ratio vs. the µ → eγ branching

ratio for each of the five models considered. We have limited the line segments by applying the

WMAP dark matter constraints of Sect. III. It is clear that the GK and AB models would be

tested first, followed by the DR, CY and CM models. In fact, a first generation µ − e conversion

experiment may be able to reach a branching ratio of 10−17, while a second generation experiment

may lower the limit from the present value of 4 × 10−12 down to 10−18. If such proves to be the

case and no signal is seen, all five models will be eliminated. Hence the conversion experiment is

inherently more powerful than the MEG experiment looking for µ → eγ which is designed to reach

a level of 10−13−10−14, sufficient only to eliminate the GK and AB models. The caveat, of course,

is that MEG is now starting to take data, while no new conversion experiment has been approved.

21

C. Albright & M.-C.C, arXiv: 0802.4228 (hep-ph)

reach at MEG experiment

sensitivity of proposed 
MECO-type exp

mu-e conversion could be 
powerful in testing 
different models

C.  Albright & M.-C.C, 2008

reach at MEG

sensitivity of proposed 
Mu2e exp

new limit: 
5.7E-13 

(May 2013)

μ-e conversion 
could be powerful 
in distinguishing 
different models

[cf. Talk by Andre de Gouvea]



Other Correlations: Rare CLFV Processes

12

Distinguishing Different Models: 
    SO(10) SUSY GUTs example with DM constraints

16

C.H. Albright, M.-C.C (2008)

Energy Frontier (LHCb)



Other Possibilities

• Beyond TBM and BM mixing pattern: 
• Golden Ratio for solar angle

• Dodeca Mixing Matrix from D12 Symmetry

Datta, Ling, Ramond, ‘03; 
Z2 x Z2: Kajiyama, Raidal, Strumia, ‘07; 
A5:  Everett, Stuart, ‘08; ...

J. E. Kim, M.-S. Seo (2010)

leading order: 
   θc = 15o, θsol = 30o, θatm = 45o

12 = 360o / 30o  ⇒ Z12

                     15o ⇒ Z2 } Z12  x Z2 = D12
breaking of D12 : 
   θc = 15o → 13.4o 
   θsol = 30o + O(ε), θ13 = O(ε)θc + θsol = 45o  (not from GUT symmetry)

tan2θsol = 1/Φ2 = 0.382,  (1.4σ below best fit)
Φ = (1 + √5) / 2 = 1.62 

13

[cf. Talk by Lisa Everett]



Kähler Corrections

• Contributions from Supergravity: 

• higher order terms in Kähler potential induced (and determined) by 

VEVs of flavon fields (flavor Higgses) 

• non-trivial flavor structure in P can be induced

• can’t be forbidden by conventional symmetry

• while similar in structure to RG corrections, can be along 
different directions than RG

• size of Kähler corrections generically dominate RG corrections 
(no loop suppression, contributions from copies heavy states)

• non-zero CP phases can be induced 

14

Change of �◊
13

I
Kähler potential of the form KL = 1 ≠ 2xP, where

P =

Q

ca
0 i ≠i
≠i 0 i
i ≠i 0

R

db

and x Ã Ÿ v2
⇤2 ≥ 0.1. This is induced by an A4–triplet VEV

(v,v,v) (compare equation (3.7e) in our draft, which is a linear

combination of (3.6d) and (3.6e))).

I
the change of �◊12 is only around 4% of the one of �◊13, the

change of �◊23 is of the same order as the change of �◊13.

(this comes from a numerical check. The analytical formulae

predict no change for �◊12 and �◊23 at all).

I
due to the complex P matrix, CP violation gets induced (sorry

for that Michael, but that’s the only choice where �◊13 is

larger than �◊12).

Leurer, Nir, Seiberg (1993); Dudas, Pokorski, Savoy (1995); 
Dreiner, Thomeier (2003);  
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Figure 2: Change of θ13 due to the Kähler correction ∆K shown in equation (3.8) for
κV v2/Λ2 = (0.2)2. The continuous line shows the result of equation (3.9), which was
obtained using a linear approximation (cf. section 3.4), while the dashed line shows the
result of a numerical computation. As one can see, the linear approximation yields a
very accurate estimate on the true change ∆θ13.

consistent with the expectation, as m1 → O(0.1 eV) corresponds to the near degenerate
regime for the neutrino masses, where an enhanced correction to the mixing angle is
expected.

In contrast to the case of θ13, the changes of θ12 and θ23 are predicted to be zero if one
uses the linear extrapolation of their changes starting from the tri–bi–maximal mixing
pattern. However, as we have seen above, θ13 can undergo a substantial change such
that also the other two mixing angles change due to higher order non-linear terms. We
have confirmed this behavior numerically, using the MixingParameterTools package [13].
The dependence of the change on the lightest neutrino mass m1 is shown in figure 3.
Both changes are significantly smaller than the one of θ13.

A further interesting consequence of the Kähler correction is the generation of CP
violation. It arises due to the fact that the matrix PV is complex. In fact, the Dirac CP
phase δ, which is not properly defined for exact tri–bi–maximal mixing due to θ13 = 0, is
close to δ = 3π/2 taking into account the corrections. Note that similar relations can also
be obtained from the holomorphic superpotential in models with T ′ flavor symmetry [14].

The chosen example illustrates that predictions which are solely based on the in-
spection of the superpotential are not very reliable. Indeed, for example, the global fit
value for θ13 =

(

8.93+0.46
−0.48

)◦
[10] (cf. table 2.1) can be accommodated without resorting

to higher–order contributions from the superpotential, provided the neutrino mass spec-
trum is not too hierarchical, the ratio of flavon VEV to the fundamental scale v/Λ is of
the order of the Cabibbo angle and the Kähler coefficient κV is of order one.

Our result also shows that the Kähler corrections can be more significant than the
effects of the RG evolution.
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correction ∆K to the Kähler metric up to the respective Kähler coefficient which is a
complex number. All in all, there are 5 different matrices which have to be considered.
The first three matrices

PI = diag(1, 0, 0) , PII = diag(0, 1, 0) and PIII = diag(0, 0, 1) (3.2a)

come from contractions of L with Φe. That is, their contribution is proportional to (v′)2,
where v′ is the size of the VEV of Φe, 〈Φe〉 = (v′, 0, 0). The remaining two matrices,

PIV =





1 1 1
1 1 1
1 1 1



 and PV =





0 i −i
−i 0 i
i −i 0



 , (3.2b)

are contributions due to Φν . Therefore, their contribution in the Kähler potential is
proportional to v2 which is defined by 〈Φν〉 = (v, v, v).

The third flavon ξ does not yield any relevant contribution since it can only give an
overall normalization factor, which does not change the mixing angles. Another way
of understanding this is by observing that ξ is not a flavon in the strict sense as it
transforms trivially under A4, such that its VEV does not break A4.

Each of the corrections is suppressed by the cut–off scale Λ to the second power.
Furthermore, each of the terms comes with its own Kähler coefficient κi, which, in
general, is complex. Adding the Hermitean conjugate always cancels either the term with
the real or the imaginary part of κi. We arranged our matrices Pi in a way that all the
coefficients can be chosen real. However, the values of the Kähler coefficients κi are not
fixed by the symmetries of the model and, therefore, their presence introduces additional
continuous parameters. One may hope to be able to compute them in a possible UV
completion of the model. Generically, these higher order terms in the Kähler potential
can come from integrating out heavy modes that are required to complete the model in
the UV. Since one expects to have several of such modes, whose couplings to the zero
modes of the theory can moreover be unsuppressed, and due to group theoretical factors,
the Kähler coefficients can be of the order unity or even larger.

Let us comment that the Kähler corrections will, in general, also be important for
the question of VEV alignment. That is, the scalar potential that fixes the VEVs of the
flavons at some desired pattern will also be subject to these corrections, and one might
expect deviations from the fully symmetric structures (such as those specified in (2.5)).
We plan to discuss these issues in more detail in our follow–up paper [4].

3.3 Corrections from the right–handed leptons

In principle, there are also contributions from the right–handed sector. However, in the
model discussed here, all right–handed charged leptons are A4 singlets, and therefore,
the corresponding Kähler corrections can be made diagonal. More precisely, possible
off–diagonal terms can easily be forbidden by additional symmetries (cf. the discussion
in 3.1). Since our basis is chosen such that the original charged lepton Yukawa matrix
is diagonal, a diagonal redefinition of the right–handed leptons Rf cannot induce any

6

〈Φ〉= (1, 1, 1) υ



Theoretical understanding of Kähler 
corrections crucial in achieving precision 
compatible to experimental accuracy. 
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Proton Decay

• GUT predicts proton decay

• Experimental Limits
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X: exotic heavy gauge bosons
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Grand Unification

• GUT predicts proton decay

19

X: exotic heavy gauge bosons

: color-triplet Higgsinos
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GUTs and doublet-triplet splitting

Assumptions:
 • Consistency with unification
 •  Anomaly freedom

Only R symmetries 
can forbid the mu 
term in the MSSM

Review: MCC, Fallbacher, Ratz (212)

Suppressing the mu term in the MSSM

No-Go for R symmetries in 4D GUTs

assumptions:

• GUT model in four dimensions based on G ⊃ SU(5) 

• GUT symmetry breaking is spontaneous
• only finite number of fields

Impossible to have 
MSSM spectrum (w/o 
exotics) and residual 
R symmetries

higher-dimensional models of Grand Unification
(dim 5 decay suppressed, dim 6 decay enhanced)
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Experimental Limits Confront Theory
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• R-symmetries: Anomaly-free, SU(5)-consistent, allow Yukawa couplings 

‣ absence of perturbative mu term ⇒ constraints on R charges of Hu, Hd  

‣ absence of perturbative Weinberg operator ⇒ constraints on R charges of leptons

‣ solutions automatically forbid dim-4 and suppress dim-5 proton decay of the MSSM

‣ all superpotential B and L violating operators to all orders with Hilbert basis method 

- an example:            symmetry

➡   ∆ L = 2 operators forbidden ⇒ no neutrinoless double beta decay

➡   ∆L = 4 operators allowed ⇒ new LNV processes

20

M.-C. C., Michael Ratz, Christian Staudt, 
Patrick Vaudrevange, (2012)

Here, in an obvious notation, ν̄ denotes the right–handed neutrino superfield(s), kLHuν̄

and kH†
dLν̄

are dimensionless coefficients, and we suppress flavor indices. The first

term (2.26a) leads to Dirac neutrino masses when X attains its F–term VEV, 〈FX〉 ∼
m3/2 MP, while in the case of (2.26b) one has to observe that, due to the presence of the
‘non–perturbative’ µ term, also Hd attains an F term VEV, 〈FHd

〉 ∼ µ 〈Hu〉 ∼ m3/2 vEW.
As qHu +qHd

= 0 mod M , both terms are allowed if qν̄+qHu +qL = 0 mod M , which is
precisely the condition that an effective holomorphic Yν term is allowed. Altogether we
find, analogous to what we have discussed around (2.2), that effective neutrino Yukawa
couplings

Yν ∼
m3/2

MP
∼

µ

MP
(2.27)

will arise. For m3/2 in the multi–TeV range this can lead to realistic Dirac neutrino
masses. If we are to connect the suppression of Yν to the smallness of the µ term, it
is natural to assume that the neutrino Yukawa coupling is forbidden by the same R
symmetry that also forbids µ. As discussed above, LHu ν̄ has to have R charge 0.
Moreover, there will also be holomorphic contributions to the Yukawa coupling. That
is, even if both kLHuν̄ and kH†

dLν̄
vanish, Dirac Yukawa couplings of the order m3/2/MP

will get induced, where, as in our discussion of the µ term, m3/2 represents the order
parameter for R symmetry breaking.

2.7 Discussion

We have surveyed anomaly–free symmetries which forbid the µ term and are consistent
with the Giudice–Masiero mechanism and SU(5). We find that these are discrete R
symmetries R

M with M = 4m, m ∈ . The R charges of the Hu Hd are such that
one expects a holomorphic contribution to the µ term of similar size. That is, the
Giudice–Masiero mechanism strongly suggests the presence of additional holomorphic
contributions to the effective µ term!

Assuming further that the symmetries allow the up- and down–type Yukawa coup-
lings and commute with flavor we find that they automatically forbid the troublesome
dimension five proton decay operators and in many cases those of dimension four. In-
terestingly, all these symmetries require a GS axion for anomaly cancellation. That is,
these symmetries appear to be broken at the non–perturbative level. In other words,
imposing compatibility with the Giudice–Masiero mechanism leads us to a situation in
which a holomorphic µ term appears at the non–perturbative level, i.e. in a way the
Giudice–Masiero term is unnecessary.

3 Classification and models

In this section, we explore anomaly–free discrete symmetries that solve some of the most
severe problems of the MSSM. We will demand that the symmetry

1. is flavor–universal and Abelian, i.e. a R
M symmetry;

9

metries we find that, by demanding that the Weinberg operator LHu LHu be allowed,
there exists only one possible symmetry, namely a R

4 symmetry. Following a different
approach, this R

4 has also recently been shown to be the unique anomaly–free symmetry
that commutes with SO(10) [20]. The proof in [20] assumed that the charge of the su-
perspace coordinate θ can always be set 1, which we find to be too strong a requirement.
However, we find that, if one is to allow for arbitrary θ charges, this only leads to trivial
extensions of R

4 , such that the uniqueness of R
4 still prevails.

If one requires instead the discrete symmetry to forbid the Weinberg operator, one
can explain small Dirac neutrino masses. In particular, we successfully obtain a relation
between the smallness of Dirac neutrino Yukawa couplings and the µ term which is
based on anomaly–free discrete R symmetries with the above properties. Specifically,
we find a class of anomaly–free discrete symmetries in which the appealing relations
µ ∼ 〈W 〉/M2

P ∼ m3/2 and Yν ∼ µ/MP naturally emerge.
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A Anomaly coefficients for R
M symmetries with ar-

bitrary qθ

The anomaly conditions for discrete R symmetries depend on qθ. Consider a R
M sym-

metry, under which the superpotential transforms as

W → e2π i qW /M
W (A.1)

with qW = 2qθ (such that
∫
d2θW is invariant). Superfields Φ(f) = φ(f) +

√
2 θψ(f) +

θθ F (f) transform as

Φ(f) → e2π i q(f)/M Φ(f) . (A.2)

Correspondingly, the fermions transform as

ψ(f) = e2π i (q(f)−qθ)/M ψ(f) . (A.3)
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➜ non-perturbative mu term ~ TeV automatically arise

➜ non-perturbative, realistic Dirac neutrino mass 
automatically arise

anomaly-free, SU(5) compatible R symmetries simultaneously solve mu problem, 
naturally small Dirac neutrino masses 

R. Kappl, M. Ratz, C. Staudt (2011)

Dirac Neutrino Mass and the μ Term

such that 5qHu = 0 mod M . This means that qHu = 0 mod M unless the order is a
multiple of 5. In the latter case we can write the R

M symmetry as 5 × R
M/5 where the

5 factor is a non–R symmetry. Hence we can focus on qHu = 0 mod M , which implies,
by (2.3d), that qHd

= 0 mod M . Then Equations (3.1) and (3.2) imply

q10 = q5 = qθ mod M . (3.4)

That is, the symmetry commutes with SO(10) in the matter sector. We already know
from our discussion in Section 2.4 that the only meaningful R symmetry with this
property is R

4 .
We also scanned the discrete R

M symmetries up to order 200 with general qθ without
assuming a Giudice–Masiero–like mechanism. We obtain, apart from the symmetries
of Tables 2.1 and 2.2 of [8], only a few new symmetries. However, as we show in the
following in an example, these additional symmetries are redundant: consider a R

20

symmetry with (q10, q5, qHu , qHd
, qθ) = (1, 17, 8, 52, 5). This is equivalent to a R

4 × 5

symmetry with charge assignment ((1, 3), (1, 1), (0, 4), (0, 1), (1, 0)). The 5 is nothing
but the non–trivial center of SU(5), i.e. it does not forbid any couplings (see the dis-
cussion in [16, 31]) and the (non–trivial) R

4 factor is the one just discussed in the last
paragraph.

3.2 Models with Dirac neutrinos

By modifying the above conditions, i.e. by demanding that the symmetry

5. forbids the Weinberg neutrino mass operator perturbatively

and

6. is compatible with the Giudice–Masiero mechanism

we obtain further interesting discrete R symmetries. Some sample symmetries are listed
in Table 1. These symmetries are inequivalent. One way of verifying this is to check
whether or not two given charge assignments are equivalent by computing their Hilbert
superpotential basis [32]. Only if the bases coincide, the assignments are equivalent. In
the case of R symmetries, the Hilbert superpotential basis comprises homogeneous and
inhomogeneous elements, or monomials. Every possible superpotential term contains
precisely one inhomogeneous monomial and an arbitrary number of homogeneous mono-
mials. In appendix C we list the Hilbert superpotential basis for examples with the R

12

symmetries.

3.2.1 Comments on the R

8
symmetry

One of simplest charge assignments appears to be the one of the R
8 symmetry. Clearly

the usual Yukawa couplings 10 10Hu and 10 5Hd are allowed. Further, the Higgs
bilinear HuHd has R charge 0 mod 8. If we assign the right–handed neutrino ν̄ R

11



Heterotic Seesaw

• heterotic string models: O(100) RH neutrinos

• O(100) contributions to the effective neutrino mass operator

• Effective suppression 

21

Dirac versus Majorana

• efforts 

20

Neutrinos & Strings An explicit example

See–saw couplings

Heterotic see–saw
Buchmüller et al. (2007b) ; Buchmüller et al. (2007a) ; Lebedev et al. (2007) ; Kappl et al. (2011)

☞ there are O(100) neutrinos (= R parity odd SM singlets)

➥ O(100) contributions to the (effective) neutrino mass operator

➥ effective suppression of the see–saw scale

mν ∼
v2

M∗
M∗ ∼

MGUT

10...100

. . . seems consistent with observation(√
∆m2

atm # 0.04 eV &
√
∆m2

sol # 0.008 eV
)

Talk by Michael Ratz at BeNE 2012

Buchmüller, Hamaguchi, Lebedev, Ramos-Sánchez, Ratz (2007)

Neutrinos & Strings An explicit example

See–saw couplings

Heterotic see–saw
Buchmüller et al. (2007b) ; Buchmüller et al. (2007a) ; Lebedev et al. (2007) ; Kappl et al. (2011)

☞ there are O(100) neutrinos (= R parity odd SM singlets)

➥ O(100) contributions to the (effective) neutrino mass operator

!

φ

φ

!

mν =

∑

 ν !

φ

φ

!

ν̄

+
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φ

φ

!

ν̄

Talk by Michael Ratz at BeNE 2012
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Talk by Michael Ratz at BeNE 2012near maximal mixing angle and one large mixing angle. Because maximal mixing, with

sin2(2✓) = 1, is a special point, we look for cases which have at least as much mixing

as the 1� experimental bounds, requiring that one angle satisfies sin2(2✓) � 0.98 and

another satisfies sin2(2✓) � 0.84. The results are shown in Figure 2, from which we see

a clear indication that as the number of right-handed neutrinos increases, so too does

the likelihood of obtaining large mixing angles – as expected for the reasons laid out in

Section 2.This e↵ect is further illustrated in Figure 3, where we see the shift to larger

mixing angles as N increases.
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Figure 3: Distribution of mixing angles. The three di↵erent bands represent the largest,
middle, and smallest sin2(2✓).

Other parameters

While the absolute masses of the neutrinos are not well measured, oscillation experiments

give us a good measure of their mass squared di↵erences, with a best fit of �m2

21

=

7.59+0.20
�0.18⇥10�5 eV2 and �m2

31

= 2.50+0.09
�0.16⇥10�3 eV2 (assuming a normal hierarchy, with

comparable values for an inverted hierarchy) [17]. To see if our construction accommodates

this small but non-trivial hierarchy, and to determine whether there is a preference for a

normal or inverted structure, in Figure 4 we consider the ratio of neutrino mass squared

di↵erences, which we plot as log
10

�m2

32

/�m2

21

. Here we label the masses such that

13

Feldstein, Klemm (2012)

• statistical expectations with large N ( = # of RH neutrinos) 
     ⇒ anarchy

m
3

> m
2

> m
1

, so that this quantity is positive for a normal hierarchy and negative

for an inverted one.9 Observed masses give a value of about ±1.5. We see that for

large N , the masses are much less hierarchical, and easily accommodate the observed

values. Furthermore, we see an overwhelming preference for the normal hierarchy, which

in particular justifies our use of the associated mass and mixing angle measurements in

later parts of this section.10
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for N = 3, 10, 30 and
100. Here we choose the convention m

3

> m
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> m
1

, so that positive(negative) values
correspond to a normal (inverted) hierarchy.

Having seen that the mixing angles and mass splittings observed in nature are in-

creasingly typical as N increases, we wish to look at other properties of viable matrices

produced within our framework. To select cases close to reality, we consider only matrices

which satisfy: 0.28  sin2(✓
12

)  0.35; 0.41  sin2(✓
23

)  0.61; 29.1  �m2

31

/�m2

21


35.6; and 0.004  sin2(✓

13

)  0.028, which come from best fit 2� bounds [17]. In Figure

5, we show the distribution of sin(✓
13

), subject to the large angle and mass constraints,

and find that there is some tension with the best fit, which at 2� corresponds to about

9Note that for an inverted hierarchy, our labeling is non-standard.
10 The reason our scenario strongly prefers a normal versus an inverted hierarchy is that the reasonably

large observed ratio of solar and atmospheric mass squared di↵erences necessitates that either the heaviest
(normal hierarchy) or the lightest (inverted hierarchy) of the neutrinos is a mild outlier. Having the
heaviest neutrino as the outlier in our scenario is much more probable, since this requires fewer outlying
elements in our typically degenerate mass matrix.
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Leptogenesis

• RH heavy neutrino decay:
• quantum interference of tree-level & one-loop diagrams ⇒ primordial lepton number 

asymmetry  
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Fig. 1.7. Diagrams in SM model with RH neutrinos that contribute to the lepton num-
ber asymmetry through the decay of the RH neutrinos. The asymmetry is generated
due to the interference of the tree-level diagram (a) and the one-loop vertex correction
(b) and self-energy (c) diagrams.

That is, the heavy neutrinos are not able to follow the rapid change of the
equilibrium particle distribution, once the temperature dropped below the
mass M1. Eventually, heavy neutrinos will decay, and a lepton asymmetry
is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,
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Diagram (c) is the one-loop self-energy. For |Mi �M1| ⇤ |�i � �1|, the
self-energy diagram gives the term
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in Eq. 1.84. For hierarchical RH neutrino masses, M1 ⇥ M2, M3, the
asymmetry is then given by,
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Fig. 1.7. Diagrams in SM with RH neutrinos that contribute to the lepton number
asymmetry through the decays of the RH neutrinos. The asymmetry is generated due
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is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,
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In Fig. 1.7, the diagram (b) is the one-lop vertex correction, which gives
the term, f(x), in Eq. 1.89 after carrying out the loop integration,
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Diagram (c) is the one-loop self-energy. For |Mi − M1| % |Γi − Γ1|, the
self-energy diagram gives the term
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in Eq. 1.89. For hierarchical RH neutrino masses, M1 & M2, M3, the
asymmetry is then given by,
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Note that when Nk and Nj in the self-energy diagram (c) have near degen-
erate masses, there can be resonant enhancement in the contributions from
the self-energy diagram to the asymmetry. Such resonant effect can allow
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That is, the heavy neutrinos are not able to follow the rapid change of the
equilibrium particle distribution, once the temperature dropped below the
mass M1. Eventually, heavy neutrinos will decay, and a lepton asymmetry
is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,
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is generated due to the CP asymmetry that arises through the interference
of the tree level and one-loop diagrams, as shown in Fig. 1.7,
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Note that when Nk and Nj in the self-energy diagram (c) have near degen-
erate masses, there can be resonant enhancement in the contributions from
the self-energy diagram to the asymmetry. Such resonant effect can allow
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Leptogenesis ⇔ CPV in Neutrino Oscillation

• models for neutrino masses:
• additional symmetries
• reduce the number of parameters ⇒ model dependent connection possible

• rank-2 mass matrix (may be realized by symmetry)
• models with 2 RH neutrinos (2 x 3 seesaw)
• sign of baryon asymmetry ↔ sign of CPV in ν oscillation

• all CP come from a single source
• minimal models with spontaneous CP violation:

• SM + vectorial quarks + singlet scalar
• minimal LR model: only 1 physical leptonic CP phase
• SCPV in SO(10): <126>B-L complex

• SUSY SU(5) x T′ Model:
• group theoretical origin of CP violation ⇒ only low energy lepton phases ≠ 0  

Frampton, Glashow, Yanagida, 2002

M.-.C.C, Mahanthappa, 2005

Branco, Parada, Rebelo, 2003

Achiman, 2004, 2008

Kuchimanchi & Mohapatra,  2002

M.-.C.C, Mahanthappa, 2009
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In all models, non-zero Dirac CP phase required for leptogenesis



“Non-standard” Leptogenesis

• Gravitino problem:

• Possible ways to avoid the tension:
• resonant leptogenesis (near degenerate RH neutrinos)

• TeV scale leptogenesis possible
• possible collider tests

• soft leptogenesis
• CP phase in soft SUSY parameters

• Dirac leptogenesis 
• connections to LFV

• non-thermal leptogenesis
• inflaton decay

25

For light gravitino mass, 

BBN constraints ⇒ TRH < 10(5-6) GeV 

Sufficient leptogenesis    

⇒  TRH > MR > 2 x 109 tension!

Boubekeur, 2002; Grossman, Kashti, Nir, Roulet, 2003; D’Ambrosio, Giudice, Raidal, 2003 

K. Dick, M. Lindner, M. Ratz, D. Wright, 2000; H. Murayama, A. Pierce, 2002 

B. Thomas, M. Toharia, 2006

Pilaftsis, Underwood,  2003

Pilaftsis, 1997

Fuji, Hamaguchi, Yanagida, 2002



N-Nbar Oscillation ⇔ Leptogenesis Scale

• Neutrino Experiments → “archeological” evidence for leptogenesis
• n-nbar oscillation searches → complementarity test of leptogenesis 

(baryogenesis) mechanisms
• constrain the scale of leptogenesis 

• observation of neutron antineutron oscillation 
• new physics with ∆B = 2 at 10(5-6) GeV
• erasure of matter-antimatter generated at high scale, e.g. standard 

leptogenesis 

‣ Low scale leptogenesis scenarios preferred

26

K.S. Babu, R.N. Mohapatra,  2012



Toward the Theory of Leptogenesis:  

Classical Boltzmann Equations
⬇

Quantum Boltzmann Equations
(Closed-time-path formulation for non-equilibrium QFT)

27

Knowledge Frontier

Schwinger, 1961; Mahanthappa, 1962; 
Bakshi, Mahanthappa, 1963; 
Keldysh, 1965

Buchmuller, Fredenhagen, 2000; 
Simone, Riotto 2007; 
Lindner, Muller 2007



TeV Scale Seesaw Models

• With new particles:
• type-I seesaw 

• generally decouple from collider physics

• type-II seesaw

• TeV scale doubly charged Higgs ⇔ small couplings

• unique signatures:

• decay BR ↔ mass ordering

28
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Seesaw model has been previously shown [11] to induce a non-unitary leptonic mixing
matrix. In this work we will explicitly analyze the issue for the other types of Seesaw
models.
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Figure 1: The three generic realizations of the Seesaw mechanism, depending on the
nature of the heavy fields exchanged: SM singlet fermions (type I Seesaw) on the left,
SM triplet scalars (type II Seesaw) and SM triplet fermions (type III Seesaw) on the
right.
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TeV Scale Seesaw Models

• With new particles:
• type-III seesaw

• TeV scale triplet decay : observable displaced vertex

• neutral component  Σ0  can be dark matter candidate

• Radiative Seesaw

• Zee-Babu model (neutrino mass at 2 loop)

• singly+doubly charged SU(2) singlet scalars

• neutrino mass at higher loops: TeV scale RH neutrinos

• loop particles can also have color charges

• enhanced production cross section

29

Foot, Lew, He, Joshi, 1989; Ma, 1998
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exist seven massive physical Higgs bosons: two neutral Higgses, H1, H2, one CP
odd Higgs, A, two singlet charged Higgses, H±, and two doubly charged Higgses,
H±±.

The generic prediction of the model is the existence of the doubly charged Hig-
gses, which couple only to the leptons, but not to the quarks. A unique signature
of this class of model is that the doubly charged Higgses decay into same sign di-
leptons (for a recent general discussion on the same sign dilepton signals at the
collider experiments, see, Ref. 9),

�±± ! `±`±, (` = e, µ, ⌧) (5)

which do not have any SM or MSSM backgrounds. As pointed out in Ref. 10, the
doubly charged Higgses can be produced at the LHC via the Drell-Yan,

qq ! �⇤, Z⇤ ! H++H��, qq0 ! W ⇤ ! H±±H⌥ . (6)

As the production of the triplet Higgs is through the gauge interactions, it is in-
dependent of the small light-heavy neutrino mixing and consequently can have un-
suppressed production cross section, in contrast to the case of the Type-I seesaw.
It has been shown that, for a triplet mass in the range of (200-1000) GeV, the cross
section can be 0.1-100 fb. With 300 fb�1, a doubly charged Higgs, �++, with mass
of 600 GeV can be discovered at the LHC.

Phenomenology associated with the triplet Higgs at a linear collider has also
been investigated11.

2.1.3. Type-III Seesaw

The Weinberg operator can also be UV completed by the mediation of a SU(2)L
triplet fermion, ⌃ = (⌃+,⌃0,⌃�), with zero hypercharge12. The e↵ective neutrino
mass is y2⌫v

2/⇤, where y⌫ is the Dirac Yukawa coupling of the triplet lepton to the
SM lepton doublet and the Higgs and ⇤ is the lepton number violation scale. To
have ⇤ ⇠ 1 TeV, y⌫ has a value ⇠ 10�6.

Because the triplet lepton ⌃ has weak gauge interactions, their production cross
section is unsuppressed, contrary to the case of the Type-I seesaw. The signature
with relatively high rate is13

pp ! ⌃0⌃+ ! ⌫W+W±`⌥ ! 4 jets + /ET + ` . (7)

As the masses of ⌃± and ⌃0 are on the order of sub-TeV region, the displaced
vertices from the primary production vertex in the ⌃0, ⌃± decays can be visible13.
The triplet lepton lifetime is related to the e↵ective neutrino mass spectrum

⌧  1 mm⇥
✓
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◆2

. (8)

For the normal hierarchy case (
P

i mi ' 0.05 eV), this leads to ⌧  1 mm for ⇤ '
100 GeV. (For other collider studies, see Ref. 14.) In addition, in the supersymmetric
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TeV Scale Seesaw Models

• With new interactions:
• SUSY LR Model:

• tested via searches for WR

• More Naturally: inverse seesaw or higher dimensional operators or Extra Dim

• inverse seesaw 
• non-unitarity effects

• enhanced LFV (both SUSY and non-SUSY cases)
• correlation

30

Azuleos et al 06; del Aguila et al 07, Han 
et al 07; Chao, Luo, Xing, Zhou, ‘08; ...

Intensity Frontier
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case, it has been pointed out that15 the neutral component of the super-partner of
the triplet lepton, ⌃̃0, can be a realization of the minimal dark matter16.

Due to the mixing between the triplet lepton and the SM lepton doublets, tree
level flavor changing neutral currents (FCNCs) are present in models with type-III
seesaw17. Constraints from LFV processes such as `i ! `j + �, µ � e conversion,
etc. have been investigated18.

Type-III seesaw has been utilized in models with family symmetries, including
a µ � ⌧ symmetry model19 and a A4 symmetry model20. It can also naturally be
incorporated in models with anomaly mediated SUSY breaking21.

2.2. Inverse Seesaw Mechanism

In the so-called inverse seesaw mechanism22,23, with the addition of an extra singlet
S for each generation besides a RH neutrino ⌫R, the following 9⇥ 9 neutrino mass
matrix can be generated, in the basis of (⌫L, ⌫R, S),

M⌫ =

0

@
0 M

D

0
MT

D

0 M
NS

0 M
NS

M
S

1

A . (9)

Here the Majorana mass term for ⌫R is forbidden. It is possible to have a large
Dirac mass, M

D

, and TeV scale RH neutrino masses, if the following condition is
satisfied,

M
S

⌧ M
D

⌧ M
NS

. (10)

The e↵ective light neutrino mass matrix is given by, to the leading order,

M
eff

' (M
D

M�1
NS

)M
S

(M
D

M�1
NS

)T . (11)

In other words, the smallness of the neutrino masses is due to the smallness of the
lepton number violation coupling, M

S

, which is lower than the EW scale. Viable ef-
fective neutrino masses can be obtained with M

NS

⇠ O(1 TeV), M
D

⇠ O(100 GeV),
and M

S

⇠ O(0.1 keV).
In the inverse seesaw framework, sizable non-unitarity e↵ects 24 and lepton flavor

violation25 are expected. In addition, in a supersymmetric model of this type, a
strong correlation is found between the lightest chargino decay widths and the
widths of the lepton flavor violating charged lepton decays26,

BR(�̃±
1 ! Ñ1+2 + µ±)

BR(�̃±
1 ! Ñ1+2 + ⌧±)

/ BR(µ ! e+ �)

BR(⌧ ! e+ �)
. (12)

In both SUSY27 cases and a non-SUSY28 case with inverse seesaw, the branching
fractions of the charged lepton flavor violating decays, `i ! `j + �, are found to be
enhanced. Implications for neutrinoless double beta decay have been investigated
in Ref. 29.

Hirsch, Kernreiter, Romao, del Moral, 2010

Mohapatra,1986; Mohapatra, Valle, 1986; Gonzalez-Garcia, Valle, 1989



SUSY Flavor

• Family symmetry:
• if symmetry breaking at TeV ⇒ signatures at colliders

• non-anomalous, non-universal U(1)’ at TeV
• probing flavor through Z’ decays at colliders

• with SUSY: superpartners charged under family symmetry, can probe 
(indirectly) flavor sector even for high symmetry breaking scale
• inverse hierarchy for sfermions

31

M.-C. C., de Gouvea, Dobrescu (2006)

M.-C. C., J.-R. Huang (2009)

Dudas, Pokorski, Savoy ’95; Dudas, Grojean, Pokorski, Savoy ’96; Nelson, Wright ’97;  

Dine, Leigh, Kagan ’93; Pomarol, Tommasini ’95; Barbieri, Davali, Hall ’96;  Barbieri, 
Hall, Romanino, ’97; ...global U(2)

anomalous U(1)



Correlations among Observables

• Example: MSSM with bi-linear R-Parity Violation

• mixing angle ↔ neutralino decay

32
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2.3. Radiative Seesaw

The smallness of the neutrino masses can also be explained if the neutrino masses
are generated radiatively30. This is achieved in Ref. 31 at two-loops by having
additional singly-charged SU(2)L singlet scalar fields and doubly-charged SU(2)L
singlet scalar fields (Zee-Babu Model). With an additional Z2 symmetry, it is also
possible for the light neutrino masses to arise only at the higher loop levels with
TeV scale RH neutrinos32,33,34. Given that the new particles introduced in these
TeV scale models di⇥er model by model, the collider signatures35 are quite model
dependent. It is to be noted that in the class of models with Z2 symmetry, there is
naturally a dark matter candidate32,33,34,36. The new particles involved in the loop
may also be charged under the color SU(3)37. In this case, the production cross
section can be enhanced.

Radiative neutrino mass generation described above can naturally be embe-
ded into models with Coleman-Weinberg symmetry breaking38. The new TeV scale
scalars required achieve radiative EW symmetry breaking also contribute to the
generation of neutrino masses.

2.4. MSSM with R-Parity Violation

Neutrino mass generation can also arise in models39 with R-parity violation, through
the Bi-linear lepton number violating operators,

WR = �iL̂iĤu , (13)

where �i are coe⇤cients of the operators of unit of mass. As the above operators
are the only R-parity violating operator allowed in the model, proton decay is
not induced. In a specific minimal realization40 in MSSM with the Bi-linear lepton
number violating operators, a correlation is found41 between the atmospheric mixing
angle and branching fractions of neutralino decays,

tan2 ⇥atm ⇥ BR(⌅̃0
1 � µ±W⇥)

BR(⌅̃0
1 � ⇤±W⇥)

, (14)

as the scale of �m2
atm is generated at tree level through the exchange of a weak scale

neutralino. The scale of �m2
⇤ arises radiatively. At the LHC with 100 fb�1 at 14

TeV, it is possible to probe a large fraction of the parameter space admitted by the
neutrino oscillation data in this scenario.

2.5. TeV Scale Extra Dimension

Warped extra dimension is an alternative to supersymmetry as a solution to the
gauge hierarchy problem, which requires the scale of the first Kaluza-Klein (KK)
mode is on the order of a TeV. Due to the small overlap between the wave functions
of the lepton doublets and the RH neutrinos, small neutrino masses of the Dirac
type can naturally be generated42. (Neutrinos of the Majorana type can also be

2

persymmetry (SUSY) with bilinear violation of R parity can be tested at the LHC in a crucial way and potentially

falsified. We identify the regions of minimal supergravity (mSUGRA) parameters, event reconstruction efficiencies and

luminosities where the LHC will be able to probe the atmospheric neutrino mixing angle with sensitivity competitive

to its low-energy determination by underground experiments, both for 7 and 14 TeV center-of-mass energies.

For the sake of definiteness, we consider the minimal supergravity model supplemented with bilinear R parity

breaking [22–24] added at the electroweak scale; we refer to this scenario as RmSUGRA. In this effective model one

typically finds that the atmospheric scale is generated at tree level by a weak-scale neutralino-exchange seesaw, while

the solar scale is induced radiatively [22]. The LSP lacks a symmetry to render it stable and, given the neutrino mass

scales indicated by oscillation experiments, typically decays inside the LHC detectors [22, 23, 25] 1. As an illustration

we depict the neutralino LSP decay length in Fig. 1. We can see from Fig. 1 that the expected decay lengths are large

enough to be experimentally resolved, leading to displaced vertex events [33, 34].

Figure 1: χ̃0
1 decay length in the plane m0,m1/2 for A0 = −100 GeV, tan β = 10 and µ > 0.

More strikingly, one finds that in such a RmSUGRA model one has a strict correlation between neutralino de-

cay properties measurable at high-energy collider experiments and neutrino mixing angles determined in low-energy

neutrino oscillation experiments, that is

tan2 θatm !
BR(χ̃0

1 → µ±W∓)

BR(χ̃0
1 → τ±W∓)

. (1)

The derivation of Eq. (1) can be found in [25]. In short, the relation between the neutralino decay branching ratio

and the low-energy neutrino angle in the bilinear model can be understood in the following way. At tree-level in

RmSUGRA the neutrino mass matrix is given by [22]

meff =
M1g2+M2g′

2

4 det(Mχ0)







Λ2
e ΛeΛµ ΛeΛτ

ΛeΛµ Λ2
µ ΛµΛτ

ΛeΛτ ΛµΛτ Λ2
τ






(2)

where Λi = µvi+vDεi and εi and vi are the bilinear superpotential parameters and scalar neutrino vacuum expectation

value, respectively. Equation (2) is diagonalized by two angles; the relevant one for this discussion is the angle

tan θ23 = −Λµ

Λτ
. One can understand this tree-level mass as a seesaw-type neutrino mass with the right-handed

neutrino and the Yukawa couplings of the ordinary seesaw replaced by the neutralinos of the minimal supersymmetric

1 We may add, parenthetically, that such schemes require a different type of dark matter particle, such as the axion [28]. Variants with
other forms of supersymmetric dark matter, such as the gravitino [29–32], are also possible.

3

standard model and couplings of the form cΛi, where c is some combination of (generation independent) parameters.

These couplings, which determine (the generation structure of) the neutrino mass matrix, also determine the couplings

χ0
i − l±i −W∓ and χ±

i − νi −W∓ [25]. Taking the ratio of decays to different generations the prefactors c drop out

and one finds Eq. (1), when the angle tan θ23 is identified with the atmospheric neutrino angle. One-loop corrections

tend to modify this relation, but, as long as the loop corrections are smaller than the tree-level neutrino mass, Eq. (1)

is a good approximation [25].

In other words, as seen in Fig. 2, the LSP decay pattern is predicted by the low-energy measurement of the

atmospheric angle [21, 25], currently determined by underground low-energy neutrino experiments [7], as

sin2 θatm = 0.50+0.07
−0.06

the 2 and 3 σ ranges being 0.39–0.63 and 0.36–0.67, respectively.

Figure 2: Ratio of χ̃0
1 decay branching ratios, Br(χ̃0

1 → µq′q̄) over Br(χ̃0
1 → τq′q̄) in terms of the atmospheric angle in bilinear

R parity violation [25]. The shaded bands include the variation of the model parameters in such a way that the neutrino masses

and mixing angles fit the required values within 3σ.

In this paper we show how a high-energy measurement of LSP decay branching ratios at the LHC allows for a

redetermination of θatm and hence a clear test of the model. We provide quantitative estimates of how well this ratio

of branchings should be measured at LHC in order to be competitive with current oscillation measurements. This

issue has already been addressed but only at the parton level, using some semirealistic acceptance and reconstruction

cuts, and for just one specific mSUGRA point [35].

II. FRAMEWORK OF OUR ANALYSIS

Our goal is to present a more detailed analysis of the LHC potential to measure the LSP branching ratios required

to test the relation shown in Eq. (1), going beyond the approximations made in the previous work of Ref. [35]. The

generation of the supersymmetric spectrum and decays in the scope of the RmSUGRA model was carried out using the

SPheno package [36]2. The event generation was done employing PYTHIA [37] with the RmSUGRA particle properties

being passed into it in the SUSY Les Houches accord (SLHA) format [38, 39]. Jets were defined using the subroutine

PYCELL with a cone size of ∆R = 0.4.

2 An updated version including bilinearR parity violation can be obtained at http://www.physik.uni-wuerzburg.de/∼porod/SPheno.html.

de Campos, Eboli, Hirsch, Margo, Porod, 
Restrepo, Valle, 2010

Energy Frontier

[cf. Talk by Prashant Sarawat]



Curing FCNC Problem: Family Symmetry vs MFV

• low scale new physics severely constrained by flavor violation
• Warped Extra Dimension

• wave function overlap ⇒ naturally small Dirac mass
• non-universal bulk mass terms (c) ⇒ FCNCs at tree level ⇒ Λ > O(10) TeV

• fine-tuning required to get large mixing and mild mass hierarchy
• Minimal Flavor Violation 

• T´ symmetry in the bulk for quarks & leptons:
• TBM mixing: common bulk mass term, no tree-level FCNCs
• TBM mixing and masses decouple: no fine-tuning
• can accommodate both normal & inverted mass orderings

• Family Symmetry: alternative to MFV to avoid FCNCs in TeV scale new physics
• many family symmetries violate MFV, possible new FV contributions

M.-C.C., K.T. Mahanthappa, F. Yu (2009)
A4 for leptons: Csaki, Delaunay, Grojean, Grossmann (2008)
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Warped Passages

The past week was quite packed with events. CERN TH hosted a

workshop on Monte Carlo tools but, since I'm opposed to

gambling, I'm not going to cover it here. The cherry on the top

was the series of lectures on warped extra dimensions delivered

by the better half of Randall-Sundrum. Undeniably, Lisa Randall

is one of a handful of particle physicists enjoying a celebrity

status. She is of course famous for giving us RS-1, the second

best cited paper in the history of particle theory. On the popular

science front, she has her own book that proves her good taste

for music and bad taste for poetry. She even made it into the

shiny world of American TV shows. Back to our small world, her

seminars invariably create a lot of stir-up. Her previous

performance at CERN sent shudders through the blogosphere,

leading to several broken friendships and one auto-da-fe.

Personally, I don't like being burnt alive, so I'd better be ending

this general introduction and jump into the safety of physics

blogging.

The RS model is the last truely original and noteworthy idea

spawned by particle theory so far. Introducing a warped 5th

dimension allows us to accommodate, in a consistent and natural

way, vastly different scales in one theory. By AdS/CFT, the fifth

dimension can be viewed as an effective weakly coupled

description of some strongly interacting hidden sector. Although

possible uses of the RS framework are much wider, most of the

current work is focused on applications to the TeV-scale physics.

In this way, the large hierarchy between the Planck scale and the

electroweak scale can be understood as a manifestation of the

warped fifth dimension.

The industry has produced many constructions based on the RS

paradigm. Currently, the most interesting version seems to be the

one with the

higgs field and

the third

generation

fermions

localized close

the IR brane,

while the light

SM fermions

are localized close to the UV brane (SM gauge fields are evenly

smeared along the fifth dimension). If the higgs field lives close
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B. Massive Neutrino Case

To accommodate the massive neutrinos and lepton mixing, we introduce three right-

handed neutrinos in the model. As mentioned in Sec. II, the RH neutrinos reside in different

SU(2)R doublets from those that contain the iso-spin singlet charged leptons. The right-

handed neutrinos couple to the lepton doublets to form the Dirac mass terms. The relevant

Lagrangian in this case is given by

Llep
5D ⊃ LCLL + eCee + NCNN + H LYee + HLYνN . (13)

The smallness of neutrino masses is then archived by localizing the right-handed neutrinos

close to the Planck brane such that their overlap with the lepton doublets is small.

With the MFV assumption, the 5D bulk mass matrices are related to the 5D Yukawa

couplings as

Ce = aY †
e Ye, CN = dY †

ν Yν , CL = c(ξYνY
†
ν + YeY

†
e ) , (14)

where a, d, c are O(1) parameters. With three right-handed neutrinos, the global flavor

symmetry is U(3)L × U(3)e × U(3)N , with which one can rotate to a basis where either Ye

or Yν is diagonal. In the following analysis, we work in the basis in which Ye is diagonal and

it is denoted by Ŷe. In this basis, Yν can be written as Yν = V5DŶν , where V5D is the 5D

leptonic mixing matrix. All the flavor mixings in the lepton sector are generated by V5D. In

this basis, both Ce and CN are diagonal. However, due to the term which is proportional to

the parameter ξ, the 5D bulk mass matrix CL is not diagonal and it can be written as,

CL = c(ξV5DĈNV †
5D + Ĉe) , (15)

where ĈN ≡ dŶνŶ †
ν and Ĉe ≡ aŶeŶ †

e are diagonal. The eigevalues of CL give the zero

mode localization of the SU(2)L doublets along the fifth dimension. Eq. (15), which results

from the MFV assumption, leads to a set of conditions that constrain the 5D bulk mass

parameters.

The non-diagonal term in Eq. (15) is the source of the FCNC in the charged lepton

sector. Because this term is proportional to ξ, the size of the contributions to FCNC is thus

determined by the value of ξ, which turns out to be small to accommodate realistic lepton

masses, as we show below. Because Eq. (15) involves the unknown mixing matrix V5D, to

7

quark sector: A. Fitzpatrick, G. Perez, L. Randall (2007)

νR L

lepton sector: M.-C.C., H.B. Yu (2008) 
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Summary & Discussions

• Intensity Frontier: probe high (GUT) scale physics not accessible to collider experiments 
• CP violation (neutrino experiments, ...)
• Baryon number non-conservation (nucleon decay searches, N-Nbar oscillation, ...)
• Lepton number non-conservation (neutrino-less double beta decay) 
• Charged Lepton flavor violation (CLFV)
• Majorana vs Dirac (neutrino-less double beta decay) 

• Cosmic Frontier
• N_eff
• absolute mass scale of neutrinos
• leptogenesis

• Energy Frontier
• CLFV predictions in GUT flavor models
• new particles and interactions in TeV scale seesaws
• correlations in TeV scale (SUSY) seesaws
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