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Theoretical Challenges

(i)  Absolute mass scale:  Why mν << mu,d,e? 
• seesaw mechanism: most appealing scenario ⇒ Majorana
• UV completions of Weinberg operators HHLL

‣ Type-I seesaw: exchange of singlet fermions 

‣ Type-II seesaw: exchange of weak triplet scalar

‣ Type-III seesaw: exchange of weak triplet fermion
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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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NR: SU(3)c x SU(2)w x U(1)Y ~(1,1,0)

Δ: SU(3)c x SU(2)w x U(1)Y ~(1,3,2)

ΣR: SU(3)c x SU(2)w x U(1)Y ~(1,3,0)



Theoretical Challenges

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

• can originate from GUT scale Physics: 
• indirect probe through LFV processes at colliders

• seesaw scale can also be at TeV (if yukawa ~ 10-6 allowed)
• type II, III, inverse seesaw, .....

•  TeV scale new physics ⇒ Dirac or Majorana
• extra dimension: through small wave function overlap

• associated phenomenology in extra dimension
• extra U(1)’ gauge symmetry

• associated Z’ phenomenology
• Discrete R-Symmetries

• simultaneous solution to mu problem and small Dirac mass 
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For a recent review on TeV scale seesaw: 
M.-C. C., J.R. Huang, arXiv:1105.3188
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[Talk by Renata Zukanovich-Funchal]



Theoretical Challenges

  (ii)  Flavor Structure: Why neutrino mixing large while quark mixing small?

• seesaw doesn’t explain entire mass matrix w/ 2 large, 1 small mixing angles

• family symmetry: there’s a structure, expansion parameter (symmetry effect)

• mixing result from dynamics of underlying symmetry

• if symmetry breaking at TeV ⇒ signatures at colliders

• with SUSY: superpartners charged under family symmetry, can probe (indirectly) 
flavor sector even for high symmetry breaking scale
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Type-I Seesaw at Colliders

• assuming no new interaction: small neutrino mass from 

• same level of “un-naturalness” if small electron Yukawa allowed
• RH neutrino may be within reach of LHC

• Only way to test seesaw is by producing RH neutrinos
• Yukawa ~ O(10-6): irrelevant for colliders
• RH neutrino production: gauge interaction through heavy-light mixing

• Observable at colliders: require mixing 
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Introduction Cancellations & Symmetries Colliders Conclusions

Electroweak-Scale Singlets

What if mR ! 100 GeV?

mD ! 10!4 GeV = 100 keV ! me
! Not totally unreasonable

" RH neutrinos may be within reach of LHC and ILC

Yukawa couplings tiny" irrelevant for colliders

Gauge interactions via mixing, e.g.

N

l!

W
# V = mDmR

!1 ! 10!4 GeV
100 GeV

= 10!6

Observation at colliders needs V " 0.01
Han, Zhang, PRL 97 (2006); del Aguila, Aguilar-Saavedra, Pittau, J. Phys. Conf.
Ser. 53 (2006); Bray, Lee, Pilaftsis, hep-ph/0702294
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Type-I Seesaw at Colliders

• Neutrino mass get contributions from different singlet fermions  
• neutrino mass small NOT due to seesaw, but cancellation among these contributions
• universality of weak interaction &  Z-width: 
• cancellation at 10-8 level to get 0.1 eV neutrino mass

• with 3 singlets:  light neutrino masses vanish if and only if
• Dirac mass matrix has rank 1

• three contributions add up to zero
• Yukawa couplings arbitrary ⇒ allowing large heavy-light mixing
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If the heavy neutrinos are to be observable at the LHC or the ILC, their mixing angles
must not lie far below the upper limit (7) [6, 9, 10, 12, 14]:

|V!i| ! 0.01 . (8)

Using this value, we obtain from Eq. (5) a contribution to the light neutrino mass

m(i)
" ! |V!i|2Mi = 107 eV

!

|V!i|
0.01

"2 !

Mi

100 GeV

"

. (9)

Thus, to reconcile m" ! 0.1 eV with the observability of RH neutrinos at the LHC or the
ILC, one needs to arrange a cancellation between the contribution from a given RH neutrino
and some other contribution at the level of 10!8. The situation improves only slightly if
one considers more advanced machines like CLIC or an e! collider, which could increase
the reach in the mixing angle by about an order of magnitude compared to Eq. (8) [7,8,10].

In what follows we will discuss cancellations between the contributions from di!erent
RH neutrinos, i.e. we will stay within the framework of the type-I seesaw scenario. One
could also consider a cancellation with contributions from other mechanisms, for example
involving a Higgs triplet (type-II seesaw [40–43]), a fermion triplet (type-III seesaw [36,37])
or a radiatively generated neutrino mass [44,45]. However, in these cases contributions from
di!erent, in general unrelated sources have to cancel, which looks extremely implausible.
The left-right symmetric models have been suggested as an exception, since there the
type-I and type-II seesaw contributions can be related [46].

2.2 Cancellation of Light Neutrino Masses

Let us consider first the necessary and su"cient conditions for an exact cancellation of
contributions to the light neutrino masses. In the case of two RH neutrinos, two matrices
have to cancel,

m(1)
" + m(2)

" = 0 . (10)

Together with Eq. (2) this implies [17, 19, 20] proportionality of the vectors "mi,

"m1 = y1 "m0 , "m2 = y2"m0 ("m0 " m (1, #, $)T ) , (11)

and

y2
1

M1
+

y2
2

M2
= 0 . (12)

Therefore, the Dirac mass matrix has the form

mD = m

#

$

y1 y2

#y1 #y2

$y1 $y2

%

& . (13)

This result can be generalised to the case of three neutrinos [18, 21, 22]. The light
neutrino mass matrix vanishes if and only if the Dirac mass matrix has rank 1,

mD = m

#

$

y1 y2 y3

#y1 #y2 #y3

$y1 $y2 $y3

%

& , (14)
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Buchmuller, Greub ‘91;  Ingelman, Rathsman, ‘93; 
Heusch, Minkowski, ‘94; Kersten, Smirnov, ‘07

and if

y2
1

M1
+

y2
2

M2
+

y2
3

M3
= 0 , (15)

where the mass parameters are defined in the basis where the singlet mass matrix is
diagonal. That is, the contributions from the three RH neutrinos to m! have to be equal
up to a normalisation factor in this case as well. Under the conditions (14,15), the light
neutrino masses vanish exactly, to all orders in mDm!1

R . This can easily be seen by writing
down the 6 ! 6 mass matrix M and verifying that its rank is 3 or smaller. Consequently,
the same is true for M†M, implying the existence of at least 3 vanishing mass eigenvalues.
The !N -mixing relevant for collider physics, as given by Eq. (4), is not restricted by the
cancellation condition (15) and hence allowed to be large enough to make the detection of
RH neutrinos possible.

In the following, we will show that Eqs. (14) and (15) are also necessary conditions.
Let us consider the case of k RH neutrinos coupled with three active neutrinos. (A general
consideration of the case with an equal number of left- and right-handed neutrinos has
been presented in [22].) We parametrise the contribution of the ith RH neutrino to the
light Majorana mass matrix as

m(i)
! = µi

!

"

1 "i #i

"i "2
i "i#i

#i "i#i #2
i

#

$ (i = 1 . . . k) . (16)

Then the 11-, 12- and 22-elements of the condition m! =
%

i m
(i)
! = 0 can be written as

k
&

i=1

µi = 0 ,
k

&

i=1

"iµi = 0 ,
k

&

i=1

"2
i µi = 0 . (17)

Introducing xi " "i/"1, and subtracting the first equation in (17) from the second and
third one, (divided by "1 and "2

1, respectively) we obtain

k
&

i=2

(xi # 1)µi = 0 ,
k

&

i=1

'

x2
i # 1

(

µi = 0 . (18)

Eq. (18) is a system of linear equations for µi. A similar consideration for the 11-, 13-
and 33-elements of the condition m! = 0 leads to the same system of equations with
xi $ x"

i " #i/#1.
For k = 2 the first equation in (18) gives µ2(x2 # 1) = 0 with the unique non-trivial

solution x2 = 1 or "1 = "2. Then the second equation is satisfied automatically. Similarly
one finds #1 = #2, and consequently m(1)

! % m(2)
! , so that we recover Eqs. (11,12).

For k = 3 the system

(x2 # 1)µ2 + (x3 # 1)µ3 = 0 ,
'

x2
2 # 1

(

µ2 +
'

x2
3 # 1

(

µ3 = 0 (19)

has non-trivial solutions (µi &= 0) only if (x2 # 1) (x3 # 1) (x2 # x3) = 0 (zero determinant).
If this condition is satisfied with x2 &= 1 or x3 &= 1, one µi is zero and µk = #µj (k, j &= i) for

4



Type-I Seesaw at Colliders

• symmetry justification for such cancellation:
• L-conservation; discrete subgroups of U(1)L    
• A4, S3

• neutrino masses arise as small perturbations to the cancellation structure
• Collider signatures

• Lepton Number Violating processes:

• leading order: mν=0 by symmetry (L-conservation) 
• small L-violating effects ⇒ small neutrino mass

• unobservable unless fine-tuned
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Kersten, Smirnov, 2007
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Figure 1: Feynman diagrams for lepton-number- (left) and lepton-flavour-violating processes (right) in-
volving heavy neutrinos at the LHC.

where !i is the width of N0
i . For Mi ! 100 GeV and |V!i| ! 0.1, one finds !i ! 0.01 GeV

[10]. The quantity ALNV also controls the contribution of the RH neutrinos to neutrinoless
double beta decay. The amplitude is proportional to ALNV with p2 " 0 and ! = " = e.

All the scenarios for the suppression of the light neutrino masses discussed above involve
the conservation of lepton number, so that ALNV vanishes. As an explicit example, consider
the case of a heavy Dirac pair. Then M1 = M2 = M , and the mixing matrix of the light
and the heavy neutrinos reads

V # mDm!1
R =

m$
2M

!

"

a i a 0
b i b 0
c i c 0

#

$ (54)

in the basis where mR is diagonal and in the usual seesaw approximation m % M . In
order to check the accuracy of the approximation, we have diagonalised the 6 & 6 mass
matrix M exactly in the special case a = b = c, finding no significant changes. Obviously,
ALNV vanishes for all flavours !, ".

If L violation is introduced, ALNV will be proportional to the corresponding couplings,
which are restricted to be tiny by the smallness of neutrino masses. Hence, the suppression
of the cross section emerges in a very similar way as in the usual seesaw scenario. Sizable
lepton number violation would require the perturbations of the cancellation structure to
split the masses of the singlets forming the Dirac pair by an amount "M significantly
larger than their decay width. In this case, only one singlet would be produced on-shell
and dominate ALNV, resulting in a non-zero amplitude. If, for instance, p2 = M2

1 , then

ALNV =
1

i!1
V!1V"1 +

M2

M2
1 ' M2

2 + iM2!2
V!2V"2 #

1

i!1
V!1V"1 '

1

2"M
V!2V"2 . (55)

For example, the mass splitting caused by #1 is roughly "M # #1M . Consequently, for
"M ! 1 GeV ( !i, we need #1 ! 0.01 (again in the case M ! 100 GeV). This is still
a small perturbation but orders of magnitude above the bound (44), so that we cannot
avoid unacceptable active neutrino masses without fine-tuning. The parameter #13 enters
the mass splitting quadratically and therefore has to be larger than #1 to achieve the same
splitting "M ! 1 GeV, e.g. #13 ! 0.3 for M ! 100 GeV and M3 ! 1 TeV. On the other
hand, the bound (45) is weaker than Eq. (44) and can be further relaxed if one allows
the one-loop correction to the neutrino masses to be of the same order of magnitude as

15
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Lepton Number Violation

W

Ni

W

q1

q2

q3

q4

l!

l"

qq̄ ! l!! l!" + jets

m# = 0 due to symmetry" L conservation
" leading-order cross-section vanishes

L-violating perturbations" m# #= 0" tiny

" Unobservable without fine-tuning
Neutrino mass generation & collider physics decouple



Type-II Seesaw at Colliders

• SU(2) triplet Higgs contribute to neutrino mass

• Higgs spectrum after SSB: 7 massive physical higgs bosons

• Generic predictions: doubly charged Higgs
• only couple to leptons, not quarks
• unique signatures: different from SUSY scalar spectrum
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38

! (fb) Basic p!
T cut pj

T cut MJ1
rec. MJ2

rec. MJJ

cuts Cuts > 80 GeV > 200 GeV MW ± 15 GeV MX ± 15 GeV 600± 75 GeV

WH 1.1 ! 10!2 9.5 ! 10!3 9.5 ! 10!3 9.4 ! 10!3 9.1 ! 10!3 9.0 ! 10!3

WZ 1.0 ! 10!2 1.0 ! 10!2 1.0 ! 10!2 1.0 ! 10!2 9.9 ! 10!3 9.8 ! 10!3

H±±H"" 3.3 ! 10!2 3.2 ! 10!2 3.1 ! 10!2 3.1 ! 10!2 3.1 ! 10!2 3.1 ! 10!2

JJW±W± 14.95 7. 65 4.69 0.24

(MH1
rec.") 6 ! 10!2 4.0 ! 10!5

(MZ rec.") 0.13 1.4 ! 10!4

(MW rec.") 0.1 1.6 ! 10!4

TABLE V: Production cross sections (in fb) at the LHC for pp " H±±H" " W±W±W"H1/W±W±W"Z0 "

JJ + "±"± +!ET and pp " H++H!! " W+W+W!W! " JJ + "±"± +!ET , and for the leading backgrounds.

We take MH±± = MH± = 600 GeV for illustration. The rates after imposing each selection criterion, as described

in the text, are shown.

The cross section for jjW+W+ is below O(10 fb) after some basic acceptance cuts. The large jet mass

cut will further reduce them. The results of the signal and backgrounds are summarized in Table V for

MH±± = MH± = 600 GeV. We see once again that the cuts are very efficient in retaining the signal and

the background can be suppressed to a negligible level. The difficulty is the rather small signal rate to begin

with, at the order of 5 ! 10!2 fb.

VII. DISCUSSIONS AND CONCLUSIONS

A. Discussion on Testing the Type II Seesaw Mechanism

We have discussed the general properties of the Type II seesaw mechanism for neutrino masses where

the Higgs sector of the Standard Model is extended by adding an SU(2)L Higgs triplet, ! # (1, 3, 1).

As is well-known, in this scenario the neutrino mass matrix is given by M! =
$

2 Y! v!, where v! is

the vacuum expectation value (vev) of the neutral component of the triplet and Y! is the Yukawa coupling.

Once the electroweak symmetry is broken v! = µ v2
0/
$

2 M2
!, where the dimension parameter µ defines

the doublet-triplet mixing andM! is the mass of the triplet. In the standard “high-scale” seesaw mechanism

assuming Y! % 1 and µ # M! % 1014!15 GeV one obtains the natural value for neutrino masses m! % 1

eV. However, even if it is a natural scenario in this case one cannot hope to realize the direct test of the

mechanism at future colliders. In this work we have focused on the possibility to observe at the LHC the

fields responsible for the Type II seesaw mechanism. In this case assuming M! ! 1 TeV one finds that
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and mixing consistent with the experimental observation.
For the purpose of illustration, we adopt the values of the
masses and mixing at 2! level from a recent global fit [10].
For a complete discussion of these constraints see recent
reviews in [2].
II.A General Properties of the Higgs Sector
After the EWSB, there are seven massive physical Higgs
bosons in the spectrum: H1, H2, A, H±, and H±±,
where H1 is SM-like and the rest of the Higgs states
are !-like. Neglecting the Higgs quartic interactions one
finds MH2

! MA ! MH+ ! MH++ = M!. Since we
are interested in a mass scale accessible at the LHC,
we thus focus on 110 GeV < M! < 1 TeV (The rel-
atively light scalar triplet can be adopted in a grand
unified theory [11].), where the lower bound is from the
direct searches for the doubly charged Higgs at the Teva-
tron [12]. Working in the physical basis for the fermions
we find that the !L = 2 Yukawa interactions can be
written as
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Higgs sector, VPMNS = Vl(#12, #23, #13, $) # KM is the
leptonic mixing matrix and KM = diag(ei"1/2, 1, ei"2/2)
is the Majorana phase factor. The values of the physical
couplings "+ and "++ are thus governed by the spec-
trum and mixing angles of the neutrinos, and they in
turn characterize the branching fractions of the !L = 2
Higgs decays.

The two leading decay modes for the heavy Higgs
bosons are the !L = 2 leptonic mode and the gauge bo-
son pair mode. The ratio between them for the doubly
charged Higgs decay reads as
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using m"/M! & 1 eV/1 TeV, one finds that these two
decay modes are comparable when v! % 10"4 GeV. It is
thus clear that for a smaller value of v! (a larger Yukawa
coupling), the leptonic modes dominate the heavy Higgs
decays, while for larger values, the gauge boson modes
take over. In the case of the singly charged Higgs, H±,
there is one additional mode to a heavy quark pair. The
ratio between the relevant channels is
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Therefore, the decays H+ $ W+Z, W+H1 dominate
over tb̄ for M! > 400 GeV. We present more detailed
discussions in [13].

FIG. 1: Leptonic branching fractions versus the lightest neu-
trino mass without the Majorana phases (a) for H++ decay
in the NH, and (b) for H+ in the IH.

In our discussions thus far, we have assumed the mass
degeneracy for the Higgs triplet. Even if there is no
tree-level mass di#erence, the SM gauge interactions gen-
erate the splitting of the masses via radiative correc-
tions at one-loop, leading to !M = MH++ ' MH+ =
540 MeV [14]. The transitions between two heavy triplet
Higgs bosons via the SM gauge interactions, such as the
three-body decays H++ $ H+W+!, H+ $ H0W+!

may be sizable if kinematically accessible. We find [13]
that these transitions will not be important unless!M >
1 GeV. We will thus ignore these modes in the current
study.
II.B Higgs Decays and the Neutrino Properties
For v! < 10"4 GeV, the dominant channels for the
heavy Higgs boson decay are the !L = 2 di-leptons.
In Fig. 1 we show the predictions for the representa-
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di-leptons versus the lightest neutrino mass. Figure 1(a)
is for the H++ decay to like-sign di-leptons in the Nor-
mal Hierarchy (NH) neutrino mass pattern (!m2

31 > 0),
and Fig. 1(b) for the H+ decay in the Inverted Hierar-
chy (IH) neutrino mass pattern (!m2

31 < 0). In accor-
dance with the NH spectrum, the leading channels are
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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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Δ: SU(3)c x SU(2)w x U(1)Y ~(1,3,2)

 Lazarides, 1980; Mohapatra, Senjanovic, 1980
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• produced through Drell-Yan
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TABLE I: Relations for the !L = 2 decays of H++, H+ in
three di"erent neutrino mass patterns when #1 = #2 = 0.

Spectrum Relations

NH Br(!+!+), Br(µ+µ+) ! Br(e+e+)

!m2
31 > 0 Br(µ+!+) ! Br(e+!+), Br(e+µ+)

Br(!+"̄), Br(µ+"̄) ! Br(e+"̄)

IH Br(e+e+) > Br(µ+µ+), Br(!+!+)

!m2
31 < 0 Br(µ+!+) ! Br(e+!+), Br(e+µ+)

Br(e+"̄) > Br(µ+"̄), Br(!+"̄)

QD Br(e+e+) " Br(µ+µ+) " Br(!+!+)

Br(µ+!+) " Br(e+!+) " Br(e+µ+) (suppressed)

Br(e+"̄) " Br(µ+"̄) " Br(!+"̄)

H++ ! !+!+, µ+µ+, and the channel e+e+ is much
smaller. When the spectrum is inverted, the dominant
channel is H++ ! e+e+ instead. Also is seen in Fig. 1(b)
the H+ ! e+"̄ dominance in the IH. In both cases of
NH and IH, the o!-diagonal channel H++ ! !+µ+ is
dominant due to the large atmosphere mixing angle. In
the limit of Quasi-Degenerated (QD) neutrinos one finds
that the three diagonal channels are quite similar, but
the o!-diagonal channels are suppressed. The spread in
BR values is due to the current errors in the neutrino
masses and mixing.

The properties of all leptonic decays of the charged
Higgs bosons are summarized in Table. I. The e!ects of
the Mojarana phases are neglected so far. The Higgs de-
cays are not very sensitive to the phase "2, with a maxi-
mal reduction of H++ ! !+!+, µ+µ+ and enhancement
of µ+!+ up to a factor of two in the NH. The phase
"1, however, has a dramatic impact on the H++ de-
cay in the IH. This is shown in Fig. 2. We see that for
"1 " # the dominant channels switch to e+µ+, e+!+

from e+e+, µ+!+ as in the zero phase limit. This pro-
vides the best hope to probe the Majorana phase. The
decay of H±, on the other hand, is independent of the
phases, leaving the BR predictions robust.

Recently, the possibilities to distinguish between the
di!erent spectra by the Higgs decays have been investi-
gated [10, 15, 16, 17]. We agree [13] with their results
wherever it overlaps.
III. Testing the Model at the LHC
We consider the leading production channels for the
triplet Higgs bosons

qq̄ ! $!, Z! ! H++H"", qq̄# ! W ! ! H±±H$. (4)

The total cross sections versus its mass at the LHC en-
ergy are shown in Fig. 3. The cross sections range in
100# 0.1 fb for a mass of 200#1000 GeV, leading to po-
tentially observable signal rates with a high luminosity of
300 fb"1. We emphasize that the existence of the asso-
ciated production H±±H$ implies a non-singlet SU(2)L

interaction for H±±.

FIG. 2: Leptonic branching fractions of H++ decay versus
the Majorana phase #1 in the IH for m3 " 0.

III.A Purely Leptonic Modes
For v! < 10"4 GeV, we wish to identify as many chan-
nels of leptonic flavor combination as possible to study
the neutrino mass pattern. The e’s and µ’s [18] are exper-
imentally easy to identify, while ! ’s can be identified via
their simple charged tracks (1-prong and 3-prongs). We
make use of the important feature that the ! ’s from the
heavy Higgs decays are highly relativistic and the miss-
ing neutrinos are collimated along the charged tracks, so
that the ! momentum p(!) can be reconstructed e!ec-
tively. In fact, we can reconstruct up to three ! ’s if we
assume the Higgs pair production with equal masses [13].
The fully reconstructable signal events are thus

H++H"" ! %+%+ %"%", %±%± %$!$, %±%± !$!$,

%+!+ %"!", %±!± !$!$,

H±±H$ ! %±%± %$", %±%± !$",

where % = e, µ. We have performed the full kinemat-
ical reconstruction for those modes, including judicious
cuts to separate the backgrounds, the energy-momentum
smearing to simulate the detector e!ects, and the p(!)
and M! reconstruction. We find our reconstruction
highly e#cient, with about 50% for M! = 200 GeV and
even higher for a heavier mass. With a 300 fb"1 lumi-
nosity, there will still be several reconstructed events in
the leading channels up to M! $ 1 TeV with negligible
backgrounds.

We summarize the leading fully reconstructable lep-
tonic channels and their achievable branching fractions
in Table II. The specific flavor combinations are particu-
larly indicative for the neutrino mass patterns. The H±

decays prove to be robust in determining the mass pat-
tern since they are independent of the Majorana phases.
The H±± decays depend strongly on "1 in the IH, and
weakly on "2 in the NH. More detail results will be pre-
sented elsewhere [13].
III.B Gauge Boson and Heavy Quark Modes
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the neutrino mass pattern. The e’s and µ’s [18] are exper-
imentally easy to identify, while ! ’s can be identified via
their simple charged tracks (1-prong and 3-prongs). We
make use of the important feature that the ! ’s from the
heavy Higgs decays are highly relativistic and the miss-
ing neutrinos are collimated along the charged tracks, so
that the ! momentum p(!) can be reconstructed e!ec-
tively. In fact, we can reconstruct up to three ! ’s if we
assume the Higgs pair production with equal masses [13].
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cuts to separate the backgrounds, the energy-momentum
smearing to simulate the detector e!ects, and the p(!)
and M! reconstruction. We find our reconstruction
highly e#cient, with about 50% for M! = 200 GeV and
even higher for a heavier mass. With a 300 fb"1 lumi-
nosity, there will still be several reconstructed events in
the leading channels up to M! $ 1 TeV with negligible
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FIG. 24: Total production cross section at the LHC versus the heavy Higgs mass for (a) H±H2, H±±H! and

H++H"" processes in the triplet model (left), and (b)H++H"" andH+H" processes in the singlet model (right).

due to the absence of the SU(2)L gauge couplings. Drell-Yan production of H++H!! and H+H! will

be present via the hypercharge interaction of ! and Z .

The production cross sections for all three channels are plotted in Fig. 24(a) (H+H! is not presented

since it is phenomenologically less unique and we will not study it.) For comparison, we also plot the

production of H++H!! and H+H! in Zee-Babu model in Fig. 24(b). The production rate is lower by

about a factor of two comparing with the rates in the triplet model. Only tree-level results are shown

in these figures. The QCD corrections to the process H++H!! have also been computed [32], and a

next-to-leading (NLO) K-factor of order 1.25 at the LHC for Higgs mass range from 150 GeV to 1 TeV

is predicted. QCD corrections to the production of H±±H" and H±H2 are in principle very similar

to H++H!! and we apply the same K-factor to these two processes in our numerical analysis. In the

H++H!! production, contribution from real photon annihilation is shown [18] to be an increase of 10% to

the Drell-Yan production for the above mass range at the LHC. We will apply an overall K-factor of 1.35

for the H++H!! production, and 1.25 for the H++H! production.

A. Purely Leptonic Modes

The light neutrino mass matrix and the leptonic decay branching fractions of triplet Higgs bosons are

related by the structure of triplet Yukawa matrix !++ (or Y!). This direct correlation may enable us to test

For a mass ~ (200-1000) GeV:
   cross-section: 100-0.1 fb

potentially observable rate with 
high luminosity of 300 fb-1 for 
M∆ ~ 600 GeV

Han, Mukhopadhyaya, Si, Wang, ‘07; 
Akeroyd, Aoki, Sugiyama, ‘08; 

Perez, Han, Huang, Li, Wang, ‘08; ...

Perez, Han, Huang, Li, Wang, ‘08; ...
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FIG. 13: Scatter plots for the H++ decay branching fractions to the flavor-diagonal like-sign dileptons versus the

lowest neutrino mass for NH (left) and IH (right) with !1 = !2 = 0.

FIG. 14: Same as Fig. 13, but forH++ decay to the flavor-off-diagonal like-sign dileptons.

values will be known to a better precision one can improve our predictions for the lepton number violating

Higgs decays.

The total decay width of H++ depends on the neutrino and Higgs triplet parameters. In terms of v!,

the minimal width or the maximal decay length occur near the cross-over between WW -dominant and !!-

dominant regions near 10!4 GeV. As seen in Fig. 15, the proper decay length can be as large as c" >! 10 µm.

Perez, Han, Huang, Li, Wang, ‘08
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TABLE I: Relations for the !L = 2 decays of H++, H+ in
three di"erent neutrino mass patterns when #1 = #2 = 0.

Spectrum Relations

NH Br(!+!+), Br(µ+µ+) ! Br(e+e+)

!m2
31 > 0 Br(µ+!+) ! Br(e+!+), Br(e+µ+)
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H++ ! !+!+, µ+µ+, and the channel e+e+ is much
smaller. When the spectrum is inverted, the dominant
channel is H++ ! e+e+ instead. Also is seen in Fig. 1(b)
the H+ ! e+"̄ dominance in the IH. In both cases of
NH and IH, the o!-diagonal channel H++ ! !+µ+ is
dominant due to the large atmosphere mixing angle. In
the limit of Quasi-Degenerated (QD) neutrinos one finds
that the three diagonal channels are quite similar, but
the o!-diagonal channels are suppressed. The spread in
BR values is due to the current errors in the neutrino
masses and mixing.

The properties of all leptonic decays of the charged
Higgs bosons are summarized in Table. I. The e!ects of
the Mojarana phases are neglected so far. The Higgs de-
cays are not very sensitive to the phase "2, with a maxi-
mal reduction of H++ ! !+!+, µ+µ+ and enhancement
of µ+!+ up to a factor of two in the NH. The phase
"1, however, has a dramatic impact on the H++ de-
cay in the IH. This is shown in Fig. 2. We see that for
"1 " # the dominant channels switch to e+µ+, e+!+

from e+e+, µ+!+ as in the zero phase limit. This pro-
vides the best hope to probe the Majorana phase. The
decay of H±, on the other hand, is independent of the
phases, leaving the BR predictions robust.

Recently, the possibilities to distinguish between the
di!erent spectra by the Higgs decays have been investi-
gated [10, 15, 16, 17]. We agree [13] with their results
wherever it overlaps.
III. Testing the Model at the LHC
We consider the leading production channels for the
triplet Higgs bosons

qq̄ ! $!, Z! ! H++H"", qq̄# ! W ! ! H±±H$. (4)

The total cross sections versus its mass at the LHC en-
ergy are shown in Fig. 3. The cross sections range in
100# 0.1 fb for a mass of 200#1000 GeV, leading to po-
tentially observable signal rates with a high luminosity of
300 fb"1. We emphasize that the existence of the asso-
ciated production H±±H$ implies a non-singlet SU(2)L

interaction for H±±.

FIG. 2: Leptonic branching fractions of H++ decay versus
the Majorana phase #1 in the IH for m3 " 0.

III.A Purely Leptonic Modes
For v! < 10"4 GeV, we wish to identify as many chan-
nels of leptonic flavor combination as possible to study
the neutrino mass pattern. The e’s and µ’s [18] are exper-
imentally easy to identify, while ! ’s can be identified via
their simple charged tracks (1-prong and 3-prongs). We
make use of the important feature that the ! ’s from the
heavy Higgs decays are highly relativistic and the miss-
ing neutrinos are collimated along the charged tracks, so
that the ! momentum p(!) can be reconstructed e!ec-
tively. In fact, we can reconstruct up to three ! ’s if we
assume the Higgs pair production with equal masses [13].
The fully reconstructable signal events are thus

H++H"" ! %+%+ %"%", %±%± %$!$, %±%± !$!$,

%+!+ %"!", %±!± !$!$,

H±±H$ ! %±%± %$", %±%± !$",

where % = e, µ. We have performed the full kinemat-
ical reconstruction for those modes, including judicious
cuts to separate the backgrounds, the energy-momentum
smearing to simulate the detector e!ects, and the p(!)
and M! reconstruction. We find our reconstruction
highly e#cient, with about 50% for M! = 200 GeV and
even higher for a heavier mass. With a 300 fb"1 lumi-
nosity, there will still be several reconstructed events in
the leading channels up to M! $ 1 TeV with negligible
backgrounds.

We summarize the leading fully reconstructable lep-
tonic channels and their achievable branching fractions
in Table II. The specific flavor combinations are particu-
larly indicative for the neutrino mass patterns. The H±

decays prove to be robust in determining the mass pat-
tern since they are independent of the Majorana phases.
The H±± decays depend strongly on "1 in the IH, and
weakly on "2 in the NH. More detail results will be pre-
sented elsewhere [13].
III.B Gauge Boson and Heavy Quark Modes
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Type-III Seesaw at Colliders

• Type-III seesaw: exchange of weak triplet fermion with Y = 0

• small neutrino mass with TeV ΣR and Yukawa y ~ 10-6 

• triplet fermion produced through gauge (weak) interaction

• TeV scale triplet decay : observable displaced vertex

• neutral component  Σ0  can be dark matter candidate
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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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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⇥
✓
0.05 eVP

i mi

◆✓
100 GeV

⇤

◆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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Inverse Seesaw

• additional singlets S:   in                       basis

• effective mass                                                   

• correlation between

• non-unitarity effects
• enhanced LFV (both SUSY and non-SUSY cases)
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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.

June 3, 2011 0:18 WSPC/INSTRUCTION FILE TeVSeesaw-proof

TeV Scale Models of Neutrino Masses and Their Phenomenology 5

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(�̃±
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Radiative Seesaw

• Zee-Babu Model: neutrino mass at 2 loop
• singlet charged SU(2) singlet scalar + doubly charged SU(2) singlet scalar

• neutrino mass at higher loops
• can be achieved with Z2 symmetry
• TeV scale RH neutrinos

• loop particles can also have color charges
• enhanced production cross section

• different models involve different (TeV scale) particles in loops
• collider phenomenology very model-dependent 
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TeV Seesaw with New Interactions - LR Symmetry

• new gauge interactions RH neutrinos participate: 
• seesaw mechanism may be tested even for small heavy-light mixing
• an example is the left-right SU(2)L x SU(2)R symmetric model

• particle content
• fermions:

• scalars:

• upon LR symmetry breaking: neutrino masses generated
• type-I + type-II contribution
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1.4.2. Models with Spontaneous CP Violation (& Triplet
Leptogenesis)

The second type of models in which relation between leptogenesis and low
energy CP violation exists is the minimal left-right symmetric model with
spontaneous CP violation (SCPV) [54]. The left-right (LR) model [55] is
based on the gauge group, SU(3)c!SU(2)L!SU(2)R!U(1)B!L!P , where
the parity P acts on the two SU(2)’s. (See also Kaladi Babu’s lectures.)
In this model, the electric charge Q can be understood as the sum of the
two T 3 quantum numbers of the SU(2) gauge groups,

Q = T3,L + T3,R +
1

2
(B " L) . (1.158)

The minimal LR model has the following particle content: In the fermion
sector, the iso-singlet quarks form a doublet under SU(2)R, and similarly
for eR and !R,
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Under the parity P , these fields transform as,

#L % #R, "L % "R, ! % !† . (1.159)

The VEV of the SU(2)R breaks the left-right symmetry down to the SM
gauge group,

SU(3)c ! SU(2)L ! SU(2)R ! U(1)B!L ! P

& SU(3)c ! SU(2)L ! U(1)Y , (1.160)
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TeV Scale Left-Right Model

• TeV scale LR model:
• neutrino mass

• preferred SUSY vacuum: preserved R-parity, break P

• small neutrino mass with TeV WR and Yukawa y ~ 10-6 
• WR & Z’ at LHC:

• production independent of light-heavy mixing
• signal: 

• very small background
• current limit from D0 & CDF: MWR > 780 GeV
• LHC can easily probe WR up to (3-4) TeV and νR in (100-1000) GeV range
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TeV Scale Seesaw Model: R-Parity Violation

• MSSM with bi-linear R-Parity Violation

• mass generation for Δmatm2:

• mixing angle ↔ neutralino decay:

17

3

standard model and couplings of the form c!i, 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

!0
i ! l±i !W! and !±

i ! "i !W! [25]. Taking the ratio of decays to di"erent generations the prefactors c drop out

and one finds Eq. (1), when the angle tan #23 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 #atm = 0.50+0.07
"0.06

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

Figure 2: Ratio of !̃0
1 decay branching ratios, Br(!̃0

1 ! µq!q̄) over Br(!̃0
1 ! "q!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 3#.

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

redetermination of #atm 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

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 e!ciencies 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 e"ective 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: !̃0
1 decay length in the plane m0,m1/2 for A0 = !100 GeV, tan " = 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 !atm !
BR("̃0

1 " µ±W!)

BR("̃0
1 " #±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(M!0)

!

"

#

#2
e #e#µ #e#"

#e#µ #2
µ #µ#"

#e#" #µ#" #2
"

$

%

&
(2)

where #i = µvi+vD$i and $i 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 !23 = #!µ

!!
. 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 di!erent 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.
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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

Mukhopadhyaya, Roy, Vissani, 1998

Kaplan, Nelson, 1999

3B/W

(b)(a)

νν

<ν>

ν

b

<ν>
b

ν

Figure 1: Contributions to the largest neutrino masses at (a) tree level and (b) one loop.

flavor symmetry acting on the neutrinos which is broken by only two terms—the R parity
violating term

!

i=e,µ,!

!iHu"i (9)

and the tau Yukawa coupling
#!"! $̄3Hd (10)

(recall that we are assuming no flavor violation from supersymmetry breaking). The
linear combination

(c1"e ! s1"µ) (11)

is invariant under a chiral U(1) symmetry, which is broken only by tiny Yukawa couplings,
and prevents this linear combination from gaining a mass. Thus one neutrino, which is
purely a linear combination of %e and %µ, is always automatically very light compared with
the other two. This argument is true for any of the possible mechanisms for generating the
neutrino masses, provided only that the supersymmetry breaking terms respect lepton
universality. The heaviest neutrino mass has no suppression factor due to the tau Yukawa
coupling. This neutrino mass can result at tree level from sneutrino vevs, as well as from
the one loop graph in Figure 1. Hence the heaviest neutrino, up to corrections involving
#! , is the linear combination

!

i=e,µ,!

!i"i/
"

!2
! + !2

µ + !2
e = c2%! + s2(c1%µ + s1%e) . (12)

The mass of the second heaviest neutrino is proportional to both the R parity violating
terms and the tau Yukawa coupling.

The preceding argument shows that in a basis where j = 1, 2, 3 labels neutrino mass

4
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Mechanisms Naturally Suppress Neutrino Masses 
with TeV Scale New Physics

Two examples:
‣ TeV scale U(1)’ Family Symmetry for quarks and leptons
‣ associated Z’ collider phenomenology 

‣ Discrete R-Symmetry in SUSY
‣ simultaneous solution to mu problem, proton decay problem, naturally suppressed Dirac 
neutrino mass 
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TeV Scale Seesaw and Non-anomalous U(1)

• SM x U(1)NA + 3 νR:   charged under U(1)NA symmetry, broken by <ϕ>
• U(1)NA forbids usual dim-4 Dirac operator and dim-5 Majorana operator

• neutrino masses generated by very high dimensional operators

• anomaly cancellation: relate generation-dependent fermion charges
                      ⇒  predict mass hierarchy and mixing
• TeV cutoff possible with 3 RH neutrinos
• neutrino can either be Dirac or Majorana particles
• light sterile neutrinos: DM candidate
• TeV scale Z′: probing flavor sector at LHC
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<H>

ψ3 ψ3

(a)

<H> <θ>

ψa χ χ ψb

(b)

<H> <θ> <θ> <H>

ψa χ χ χ χ ψb

(c)

.....

Fig. 3. Schematic diagrams for Froggatt-Nielsen mechanism. Here a and b are the family indices.
(!, !) are the vector-like Froggatt-Nielsen fields. Figure (a): The tree level diagram generating
the mass of the third family is given; (b): The mass of the lighter matter fields generated by this
diagram is ! O((<!>

M
)2); (c): Higher order diagrams generate mass ! O((<!>

M
)n).

lighter matter fields are produced by higher dimensional interactions involving, in
addition to the regular Higgs fields, exotic vector-like pairs of matter fields and the
so-called flavons (flavor Higgs fields). Schematic diagrams for these interactions are
shown in Fig.3. After integrating out superheavy vector-like matter fields of mass
M , the mass terms of the light matter fields get suppressed by a factor of <!>

M ,
where < ! > is the VEVs of the flavons and M is the UV-cuto! of the e!ective
theory above which the flavor symmetry is exact. When the family symmetry is
exact, only the (33) entry is non-zero. When the family symmetry is spontaneously
broken, the zero entries will be filled in at some order O(<!>

M ). Suppose the family
symmetry allows only the (23) and (32) elements at order O(<!>

M ),

!

"
0 0 0
0 0 0
0 0 1

#

$ SSB

!"

!

"
0 0 0
0 0 <!>

M

0 <!>
M 1

#

$ . (15)

Then a second fermion mass is generated at order O((<!>
M )2) after the family

symmetry is spontaneous broken. The fermion mass hierarchy thus arises.
To illustrate how the Froggatt-Nielsen mechanism works, suppose there is a

vector-like pair of matter fields ("#") with mass M and carrying the same quantum
numbers as #R under the vertical gauge group (e.g. SM or SO(10)), but di!erent
quantum numbers under the family symmetry. It is therefore possible to have a
Yukawa coupling y"#LH where H is the SM doublet Higgs if the family symmetry
permits such a coupling. In addition, there is a gauge singlet ! which transforms
non-trivially under the family symmetry. Suppose the coupling y

!

#R"! is allowed
by the family symmetry, we then obtain the following seesaw mass matrix, upon H

Λ ~ TeV!
low seesaw scale achieved 
with all couplings ~ O(1)

M.-C. C., de Gouvea, Dobrescu (2006)
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TeV Scale Seesaw and Non-anomalous U(1)

• probing flavor sector at colliders
• (2+1) Leptocratic models

• generation dependent charges for 
lepton doublets 

• bi-large mixing

• invisible decays of Z’: distinguish different U(1) models
• U(1)B-L:  Br(Z’ → invisible) = 3/8
• Orwellian Z’ (universal lepton doublet charges): Br(Z’ → invisible) = 6/7

20

11

equilibrium by Z ! exchange, we can readily estimate that
they ought to decouple at T = Td, given roughly by

T 2
d

MPl
!

T 5
d

4!""#4
, (V.10)

if the Z ! mass is much larger than Td. Hence, ster-
ile neutrinos contribute to the expansion rate at the
time of BBN like (10.75/g"(Td))4/3 equivalent neutrinos.
For Td values above the QCD phase-transition (around
180 MeV), g" ! 60, so that each sterile state contributes
like 0.1 neutrinos (or less) and is easily allowed by the
data. Td ! 180 MeV translates into ""# ! 5 TeV.

For smaller U(1)! breaking scales there are several
ways out. Modest modifications to the concordance cos-
mological model allow for more relativistic degrees of
freedom at the time of BBN, including allowing for a
large lepton asymmetry among the active leptons. The
authors of [35], for example, find that up to four massless
neutrinos can be added to the primordial universe as long
as the electron neutrino chemical potential is #e ! 0.2.

Heavier sterile neutrinos (m ! 1 eV) must also satisfy
constraints on the amount of matter (hot or cold) in the
universe. If the sterile neutrinos decouple while relativis-
tic (m!s

" 100 MeV for ""# ! 5 TeV), their contribution
to the critical density is estimated to be

!!s
! 0.2

! m!s

100 eV

"

. (V.11)

Hence, mostly right-handed states with masses above
100 eV would overclose the universe. A 100 eV sterile
neutrino would behave as hot dark matter, whose con-
tribution to the energy budget of the universe is cur-
rently constrained to be much less than the estimate
above. On the other hand, we estimate that much heav-
ier sterile states (m ! 100 MeV) will decouple while non-
relativistic, and serve as good dark matter candidates if
their masses are above tens of GeV, and otherwise over-
close the universe.

In summary, very light quasi-sterile neutrinos (m "
10 eV) are in agreement with early universe data if
""# ! 5 TeV, even if we do not appeal to non-standard
cosmology. Smaller ""# are easily allowed if one adds
new ingredients to the early universe, like a large lep-
ton asymmetry. Heavier mostly sterile states (10 eV "
m " 10 GeV) either populate the universe with too much
hot dark matter or too much matter (!!s

$ 1). These
constraints can be circumvented in a variety of ways, in-
cluding adding new sterile neutrino interactions that will
keep the heavy states in thermal equilibrium until lower
temperatures, or postulating a low reheating tempera-
ture (Treheat " 100 MeV, easily allowed by current data
[36], should su"ce).

VI. COLLIDER PROBES OF NEUTRINO MASS
GENERATION

If the U(1)! gauge symmetry which controls the
higher-dimensional operators responsible for generating

field U(1)! charge

qL, uR, dR
1
3

!1L, e1

R !1 ! 2az"

!2L, !3L, e2

R, e3

R !1 + az"

n1
R !1 ! 2bz"

n2
R, n3

R !1 + bz"

H 0

" z" = !
3(a + b)

a2 + ab + b2

TABLE II: The two-parameter family of U(1)! charges in the
2+1 Leptocratic Model (a! = b! = 0) with the additional
constraint of zH = 0. The Orwellian Leptocratic Model with
zH = 0 is recovered for a = 0.

neutrino masses is spontaneously broken at or below the
TeV scale, then the associated Z ! gauge boson is likely to
produce observable e#ects at high-energy colliders. Here
we discuss the case where the gauge coupling is not much
smaller than unity, so that the Z ! boson may be produced
copiously at the LHC [38]. Furthermore, we assume that
the Z ! mass is below 1 TeV so that it can show up as a
resonance at the ILC.

For nonzero values of the U(1)! charge of the Higgs
doublet, there is tree-level mixing between the Z and Z !

bosons, which is tightly constrained by the LEPI data
(see Fig. 1 of Ref. [13]). We will thus consider only the
zH = 0 case. In Secs. III and IV we have studied sev-
eral U(1)! charge assignments. The most general one
consistent with neutrino mass generation at the TeV-
scale is that of the 2+1 Leptocratic Model (note that
the Orwellian Leptocratic Model is a particular case with
a = 0). Imposing the additional condition of zH = 0 we
find

c = 6zq , (VI.12)

so that all U(1)! charges are given in terms of only two
rational parameters, a and b. It is convenient to normal-
ize the gauge coupling such that the quarks have U(1)!

charge +1/3. The other U(1)! charges are listed in Table
II.

In the event of a Z ! discovery in dilepton channels at
the LHC or the Tevatron, it would be straightforward
to measure the ratio of branching fractions into e+e#

and µ+µ#. Unlike the majority of models studied in the
literature, the 2+1 Leptocratic Model with a %= 0 predicts
a value for this ratio di#erent than unity:

B (Z ! & e+e#)

B (Z ! & µ+µ#)
=

#

1 + 2az"

1 ' az"

$2

, (VI.13)
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where the charge of the scalar field ! is given by

z! = !
3(a + b)

a2 + ab + b2
. (VI.14)

Measuring this ratio would allow the extraction of the az!

combination of parameters. If furthermore a resonance of
the same invariant mass is discovered in the tt channel at
the LHC or the Tevatron, then it will be straightforward
to test the 2+1 Leptocratic Model which predicts

B (Z ! " e+e")

B
!

Z ! " tt
" = 3 (1 + 2az!)2 . (VI.15)

Let us assume now that a resonance will be discovered
in dilepton channels, and that the ratio of branching frac-
tions into e+e" and µ+µ" turns out to be equal to one
within experimental errors. The Orwellian Leptocratic
Model (a = 0) will be favored over the more general 2+1
Leptocratic Model. The question is how to establish that
the resonance is indeed associated with our U(1)" and
not some other extension of the standard model. Let us
assume that the ATLAS and CMS experiments at the
LHC will be able to determine precisely several proper-
ties of the Z ! boson by measuring total rates, angular
distributions, and other observables in the e+e", µ+µ",
tt and perhaps a couple of other channels, such that all
the results are consistent with the Orwellian Leptocratic
Model. Will that be enough evidence that the neutrino
masses are generated at the TeV scale rather than some
very high seesaw scale? The answer is no, because in the
Orwellian Leptocratic Model all standard model fermions
have charges given by their B ! L number if zH = 0. It
turns out that extending the electroweak gauge group to
SU(2)L # U(1)Y # U(1)B"L is a natural possibility for
TeV scale physics which does not lead to an explanation
for the smallness of the neutrino masses. The only way
to distinguish experimentally between the Z ! from the
Orwellian Leptocratic Model and the ZB"L boson associ-
ated with the U(1)B"L gauge symmetry is by measuring
the branching fraction for invisible decays.

In the Orwellian Leptocratic Model we find

B (Z ! " invisible ) =
6

7
, (VI.16)

where we ignored the top mass, and assumed that the
decay into the CP-even component of the ! scalar is
kinematically forbidden. This large invisible branching
fraction is a consequence of the large charges of the right-
handed neutrinos: zn1

= 5 and zn2
= zn3

= !4 in the
normalization where the quarks have charge 1/3 and the
leptons have charge !1. The branching fraction for in-
visible decays of the ZB"L boson is significantly smaller,
given by 6/16.

A measurement of the invisible decay of a Z ! boson at
the LHC would be extremely hard. For triggering pur-
poses, the Z ! would have to be produced in association
with some other particles, which would render the sig-
nal rates small. At the same time, the backgrounds are

likely to be large. The best hope for measuring the invis-
ible decay of a Z ! boson is provided by the ILC, where
the total production cross section is well known [37], and
the backgrounds will be under control.

The scalar sector responsible for U(1)" breaking may
also be accessible at colliders. Assuming that a single !
scalar is charged under U(1)" , its CP-even degree of free-
dom may be produced in association with the Z ! boson.
Based on the structure of the operators responsible for
neutrino masses, its main decay mode would be into neu-
trinos. A more interesting channel, albeit with a phase-
space suppressed branching fraction, is into a charged
lepton, a longitudinal W boson and a sterile neutrino.
We point out, though, that besides the operators respon-
sible for neutrino masses, other higher-dimensional op-
erators may lead to large branching fractions of the !
scalar into quarks and charged leptons, and possibly into
standard model Higgs bosons. For example, the gauge-
invariant dimension-six operator

1

!2
!†! (tL, bL)H̃tR (VI.17)

may lead to a dominant ! decay into top quarks. Hence,
the phenomenology of the U(1)" -breaking sector is more
model-dependent than that of the Z ! boson. An inter-
esting possibility is to check whether there are more !
scalars coupled to the Z !, which would further test the
operators responsible for neutrino masses.

VII. SUMMARY AND CONCLUSIONS

The most popular explanation for tiny neutrino masses
is to postulate that lepton number is a symmetry of the
standard model that is broken at an energy scale !, close
to the grand unification scale. Besides suppressing the
neutrino masses by v/!, the high energy versions of the
seesaw mechanism provide all necessary ingredients to
explain the matter-antimatter asymmetry of the universe
[39]. On the more sobering side, a very high energy origin
for neutrino masses cannot be verified experimentally;
one can at most envision accumulating indirect evidence
for the physics behind neutrinos masses [40].

Here, we have pursued a di"erent approach. We in-
vestigated the generation of neutrino masses in a non-
anomalous U(1)"-extended standard model. Its parti-
cle content includes N right-handed neutrinos, which are
neutral under SU(3)c # SU(2)L # U(1)Y , but have non-
trivial charges under the U(1)" symmetry. Right-handed
neutrinos allow for non-trivial, non-anomalous extensions
of the gauge sector, while the U(1)" provides a natu-
ral mechanism for generating small neutrino masses that
does not necessarily rely on physics at energy scales sig-
nificantly above the electroweak scale. Generically, U(1)"

gauge invariance forbids the usual neutrino mass terms,
and these are generated only through operators of high
mass dimension which include scalar fields associated to
the U(1)" breaking scale $!%. Hence, neutrinos are light
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parameter controlling 
charge splitting, thus 
mixing parameters



TeV Scale Seesaw and Non-anomalous U(1)

• Establishing “flavorful” nature of Z’: 5 sigma distinction of e and mu channels

8
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FIG. 11: The forward backward asymmetry distribution as a
function of the dilepton transverse momentum for MZ� = 1
TeV in the case of

�
s = 10 TeV with 500 fb�1 of data. The

red lines represent the electron channel and the dotted blue
lines denote the muon channel.
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FIG. 12: The forward backward asymmetry distribution as
a function of the dilepton invariant mass for MZ� = 1 TeV
in the case of

�
s = 10 TeV with 500 fb�1 of data. The red

lines represent the electron channel and the dotted blue lines
denote the muon channel.

for which 3a is an integer.

V. CONCLUSION

We investigate the collider signatures of a TeV scale
non-anomalous U(1)� model, which generates at the
TeV scale small neutrino masses and their mixing an-
gles. Since the U(1)� symmetry, which is di�erent from
U(1)B-L, is generation dependent, all gauge anomalies are
cancelled with no exotic fields other than the three right-
handed neutrinos. Specifically, we have investigated the

LHC’s discovery potential of such a flavorful Z ⇥. Through
the excess in the dilepton invariant mass distribution, at
the center of mass energy of

�
s = 14 TeV, the Z ⇥ of mass

up to 4.5 TeV can be discovered at 5⇥ with 100 fb�1 of
data. To establish the flavorful nature of Z ⇥ requires a
distinction between the e+e� and µ+µ� channels. While
it requires a much higher integrated luminosity, it is pos-

�5 5
a

�10

�5

5

10

b

FIG. 13: Region of parameter space for (a, b) which satisfies

0.01 <
�Z�
MZ�

< 0.1.

sible to distinguish these two decay channels at su⌅cient
significance level. For the bench mark point we consider
in our analysis, at

�
s = 14 TeV, a 5⇥ distinction be-

tween the e and µ channels can be obtained with 500
fb�1 of data, for MZ� up to 3 TeV. At

�
s = 10 TeV,

8.32 fb�1 of integrated luminosity is required for MZ� =
1 TeV. We have also studied the possibility of measur-
ing the U(1)� charges of the leptons using the forward
backward asymmetry distributions of the dilepton chan-
nels. With a su⌅cient integrated luminosity, it is possi-
ble to observe the di�erent asymmetry distributions for
the dieletron and dimuon channels in the low invariant
mass and low transverse momentum regions. This thus
allows to establish the generation-dependent nature of
the U(1)� model.
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Prediction for Sparticle Spectrum

• U(1)’ family (for quarks and leptons) also dictates sparticle mass spectrum (once 
SUSY breaking mechanism is specified)

• U(1)’ family suppresses mu term 
• predict testable (RG invariant) mass sum rules in Anomaly Mediated SUSY Breaking 

(AMSB) among sparticles at colliders

functions of gauge couplings, Yukawa 
couplings and gravitino mass (m3/2)

Flavor Physics at the Collider

22
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Naturally Light Dirac Neutrinos from SUSY 

• MSSM: many attractive features (solving gauge hierarchy problem, gauge unification) 
• Dirac neutrino mass from Kähler potential

• However, it has several problems
• mu problem:   μ << Mpl

• Giudice-Masiero mechanism
• absence of mu term in superpotential
• effective mu term (non-perturbatively) from Kähler potential

• proton decay through dim-4, dim-5 operators 
• dim-4 operators: forbidden by imposing R-parity
• dim-5 operators: severe experimental constraints on the models

• no symmetry reason for the absence of holomorphic mu term/Dirac neutrino mass
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Arkani-Hamed, Hall, Murayama, Tucker-Smith, Weiner (2001)

(i) If we require the Weinberg neutrino mass operator, i.e. 2q16+2qH = qW mod M ,
we find M = 4m, m ! and

q! = m , qW = 2m , qH = 0 and q16 = m . (2.25)

This symmetry automatically allows for the Giudice–Masiero term and the universal
anomaly coe!cients AR

i = m "= 0 indicate a discrete GS mechanism. The simplest
case m = 1 is the R

4 symmetry discussed in [19, 20]. All other cases are just trivial
extensions as long as one considers the MSSM states only. Of course, if additional states
are introduced, they can have R

4m charges in such a way that one cannot reduce it to
R
4 . Another version of the uniqueness proof of R

4 can be found in [8]. However, the
analysis in [8] assumed that q! = 1. Here we show that uniqueness also survives the
generalization to general q! "= 1.

(ii) If we do not require the Weinberg neutrino mass operator but a Giudice–Masiero–
like mechanism, i.e. 2qH = 0 mod M , there are two cases: both cases have M = 4m,
m ! , q! = m and qW = 2m. In addition, in the first case we get qH = 0 as discussed
above in case (i), and in the second one we find qH = M/2 = 2m and q16 = 2!m with
! ! . However, this choice forbids the Weinberg neutrino mass operator.

2.5 Non–perturbative holomorphic µ term

If the above discrete R symmetry appears anomalous, i.e. if anomaly freedom is due
to a GS mechanism (see appendix B for a discussion of its discrete variant), then such
holomorphic contributions will appear as arising at the non–perturbative level [8, 20].
To see this, recall that the superfield S containing the axion a, i.e. S|!=0 = s+i a, needs
to enter the gauge–kinetic function, or, in other words, L #

!
d2" fS S W"W " (with

some coe!cient fS). Non–invariant terms in the superpotential can be made invariant
by multiplying them by e!b S with appropriate b. As s controls 1/g2 such terms go
like e!b!/g2 , i.e. have the form of instanton contributions. This then fits nicely into the
scheme of dynamical supersymmetry breaking [21] (see also the more recent discussion
on “retrofitting” [22]), where the scale for supersymmetry breaking is set by a gaugino
condensate [23], or a more complicated dynamical term (see e.g. [24] for a review of
simple models).

2.6 Small Dirac neutrino Yukawa couplings

By relating them to supersymmetry breaking one may explain suppressed neutrino Dirac
Yukawa couplings [25–27]. That is, similarly to the µ term, one can get e"ective Dirac
neutrino Yukawa couplings from the Kähler potential terms

K # kLHu#̄
X†

M2
P

LHu #̄ + h.c. (2.26a)

as well as

K # kH†
dL#̄

1

MP
H†

d L #̄ + h.c. . (2.26b)
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Here, in an obvious notation, !̄ denotes the right–handed neutrino superfield(s), kLHu!̄

and kH†
dL!̄

are dimensionless coe!cients, 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 q!̄+qHu +qL = 0 mod M , which is
precisely the condition that an e"ective holomorphic Y! term is allowed. Altogether we
find, analogous to what we have discussed around (2.2), that e"ective neutrino Yukawa
couplings

Y! #
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 Y! 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 !̄ has to have R charge 0.
Moreover, there will also be holomorphic contributions to the Yukawa coupling. That
is, even if both kLHu!̄ and kH†

dL!̄
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 e"ective 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

<X>: SUSY breaking VEV

Giudice, Masiero (1988)



Simultaneous solution based on symmetries to all 
problems?
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Dirac Neutrino Mass and the μ Term

• Requiring Symmetries 
• to forbid mu term
• be anomaly-free
• be consistent with SU(5)

• continuous R symmetries not available

• Search Abelian discrete R symmetries,       , that satisfy
• Majorana neutrino case for qθ = integer:

• anomaly freedom (allowing Green-Schwarz)
• mu term forbidden perturbatively
• consistent with SU(5)
• usual Yukawa allowed
• Weinberg operators allowed
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M.-C. C., Michael Ratz, Christian Staudt, 
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H.M. Lee, S. Raby M. Ratz, G.G. 
Ross, R. Schieren, K. Schmidt-
Hoberg, P.K. Vaudrevange, (2011); 

R Symmetries

Discrete R Symmetries
A.H. Chamseddine, H.K. Dreiner (1996)

- five viable symmetries found; 
- one unique solution consistent      
   with SO(10) ➜ Z4 R-symmetry

H.M. Lee, S. Raby M. Ratz, G.G. Ross, R. Schieren, 
K. Schmidt-Hoberg, P.K. Vaudrevange, (2011); 



Dirac Neutrino Mass and the μ Term

• Search Abelian discrete R symmetries,       , that satisfy
• Dirac neutrino case for qθ = integer:

• anomaly freedom (a la Green-Schwarz)
• forbidding mu term perturbatively
• consistent with SU(5)
• allowing usual Yukawa
• Weinberg operators forbidden perturbatively

• an example:            symmetry
‣ at non-perturbative level

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

‣ ∆L = 4 operators allowed ⇒ new LNV processes

26Mu-Chun Chen, UC Irvine                                                 Testing Neutrino Masses at the LHC                                                                 GGI, 06/26/2012

M.-C. C., Michael Ratz, Christian Staudt, 
Patrick Vaudrevange, arXiv:1206.5375

classes of models found

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 = q! 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 q! 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
, q!) = (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 !̄ R

11

(a) R
M symmetries.

M q10 q5 qHu qHd
q! ! q"̄

4 0 0 2 2 1 1 2
4 2 2 2 2 1 1 0
8 1 5 2 6 2 2 1
12 1 9 4 8 3 3 11
12 2 6 2 10 3 3 4
12 4 0 10 2 3 3 2
16 1 13 6 10 4 4 13
24 1 21 10 14 6 6 17
28 1 25 12 16 7 7 19
28 2 22 10 18 7 7 24
28 4 16 6 22 7 7 6
32 1 29 14 18 8 8 21
36 1 33 16 20 9 9 23
36 2 30 14 22 9 9 28
36 4 24 10 26 9 9 2

(b) Residual symmetries.

M ! q10 q5 qHu qHd
q"̄

2 0 0 0 0 0
2 0 0 0 0 0
4 1 1 2 2 1
6 1 3 4 2 5
3 1 0 1 2 2
3 2 0 2 1 1
8 1 5 6 2 5
12 1 9 10 2 5
14 1 11 12 2 5
7 1 4 5 2 5
7 2 1 3 4 3
16 1 13 14 2 5
18 1 15 16 2 5
9 1 6 7 2 5
9 2 3 5 4 1

Table 1: Classification of anomaly–free discrete R symmetries that forbid neutrino
masses perturbatively. We restrict to orders ! 36. (a) shows some sample symmetries.
The equality between q! and ! is due to Equation (2.23). The charge of the right–handed
neutrino superfield "̄ is determined by the requirement that q"̄ + qHu + qL = 0 mod M
(cf. the discussion below (2.26)). In (b) we display the residual symmetries that remain
after the (‘hidden sector’) superpotential acquires its VEV.

charge 1, the Dirac neutrino Yukawa coupling will also be induced by R breaking. That
is, we will have an e!ective superpotential which is schematically of the form

We! " m3/2 HuHd +
m3/2

MP
LHu "̄ +

m3/2

M2
P

QQQL . (3.5)

Here we suppress flavor indices. Once the superpotential of the hidden sector acquires a
VEV, the R

8 is spontaneously broken down to a 4 symmetry under which all matter
fields have charge 1 and the Higgs fields have charge 2 (Table 1 (b)). Of course, this
symmetry gets broken down to the usual matter (or ‘R’) parity once the Higgs scalars
attain their VEVs.

The Hilbert superpotential basis [32] for this model (setting all quarks to zero) is
given by the inhomogeneous monomials

"̄4 ;
!
LLE

"
"̄ ;

!
LHdE

"
;
!
LLE

"4
;
!
LLE

"2
(LHu)

2 ; (LHu)
4 , (3.6)

12



Discrete R Symmetries

• For all solutions:
‣ 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 proton decay
‣ solutions automatically suppress dim-5 proton decay (allowed only at non-perturbatively 

level through Kähler potential) 
‣ predictions for B and L violating operators to all orders with Hilbert basis method 
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Here, in an obvious notation, !̄ denotes the right–handed neutrino superfield(s), kLHu!̄

and kH†
dL!̄

are dimensionless coe!cients, 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 q!̄+qHu +qL = 0 mod M , which is
precisely the condition that an e"ective holomorphic Y! term is allowed. Altogether we
find, analogous to what we have discussed around (2.2), that e"ective neutrino Yukawa
couplings

Y! #
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 Y! 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 !̄ has to have R charge 0.
Moreover, there will also be holomorphic contributions to the Yukawa coupling. That
is, even if both kLHu!̄ and kH†

dL!̄
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 e"ective 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 di!erent
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 ! 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 ! 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 Y! ! µ/MP naturally emerge.
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A Anomaly coe!cients for R
M symmetries with ar-

bitrary q!

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

metry, under which the superpotential transforms as

W $ e2# i qW /M
W (A.1)

with qW = 2q" (such that
!
d2!W is invariant). Superfields "(f) = "(f) +

%
2 !#(f) +

!! F (f) transform as

"(f) $ e2# i q(f)/M "(f) . (A.2)

Correspondingly, the fermions transform as

#(f) = e2# i (q(f)!q!)/M #(f) . (A.3)

15

➜ non-perturbative mu term ~ TeV automatically arise

➜ non-perturbative, realistic Dirac neutrino mass 
automatically arise

anomaly-free, SU(5) compatible symmetries simultaneously solve mu problem, 
suppress Dirac neutrino masses, and forbid proton decay problems!!

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



Conclusion

• Seesaw based Mechanisms: to have observable effects at colliders
• TeV cutoff scale, assuming small Yukawa (~10-6) 
• no new gauge interactions: 

• mediators charged under SM gauge group (type-II, III, radiative seesaw) 
• new interactions:  left-right symmetric model
• common operators for superpartner decays and neutrino mass generations (RPV, 

inverse seesaw)
• correlation between mixing parameters and decay branching fractions

• More Naturally: inverse seesaw or higher dimensional operators or Extra Dim
• SO(10): adjoint fermions + inverse seesaw
• inverse seesaw
• adjoint SU(5)
• higher dimensional effective operators (from, e.g. extra U(1))
• TeV Scale Extra Dimension
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Conclusion

• anomaly-free, SU(5) consistent Discrete R-Symmetries:
‣ very predictive framework (prediction to ALL order with Hilbert basis method)
‣ common origin of a suppressed mu term and Dirac neutrino mass

‣ automatically forbid dim-4 proton decay operators
‣ automatically suppress dim-5 proton decay operators to high power
‣ new L number violation operators
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The anomaly conditions for discrete R symmetries depend on q". Consider a R
M sym-

metry, under which the superpotential transforms as

W $ e2# i qW /M
W (A.1)

with qW = 2q" (such that
!
d2!W is invariant). Superfields "(f) = "(f) +

%
2 !#(f) +

!! F (f) transform as

"(f) $ e2# i q(f)/M "(f) . (A.2)

Correspondingly, the fermions transform as

#(f) = e2# i (q(f)!q!)/M #(f) . (A.3)
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Here, in an obvious notation, !̄ denotes the right–handed neutrino superfield(s), kLHu!̄

and kH†
dL!̄

are dimensionless coe!cients, 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 q!̄+qHu +qL = 0 mod M , which is
precisely the condition that an e"ective holomorphic Y! term is allowed. Altogether we
find, analogous to what we have discussed around (2.2), that e"ective neutrino Yukawa
couplings

Y! #
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 Y! 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 !̄ has to have R charge 0.
Moreover, there will also be holomorphic contributions to the Yukawa coupling. That
is, even if both kLHu!̄ and kH†

dL!̄
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 e"ective 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;
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