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Neutrino Oscillation⇒ Physics beyond the SM

First conclusive experimental evidence of BSM Physics.

Neutrinos massless in the SM because
No right-handed counterpart (no Dirac mass unlike charged fermions).
νL part of SU(2)L doublet⇒ No Majorana mass term νT

L C−1νL.
SM has an exact global (B − L)-symmetry. Even non-perturbative effects cannot
induce neutrino mass.

Simply adding RH neutrinos (N) requires tiny Yukawa coupling yν <∼ 10−12 in the Dirac
mass term Lν,Y = yν,ij L̄i ΦNj + h.c.
(Unnaturally) small and has no experimentally observable effects.
Large hierarchy between neutrino and charged fermion masses might be suggesting some
new distinct mechanism behind neutrino masses.
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A Simple Paradigm

A natural way to generate neutrino mass is by breaking (B − L).

Within the SM, can be parametrized through Weinberg’s dimension-5 operator
λij (LT

i Φ)(LT
j Φ)/Λ. [S. Weinberg, PRL 43, 1566 (1979)]

Three tree-level realizations: Type I,II,III Seesaw mechanism.
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Figure 1: Examples of production diagrams for same-sign dilepton signals, l+l(
′)+X, mediated by the three types

of see-saw messengers.
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Figure 2: See-saw mechanisms of type I, II and III. λN , λ∆ and λΣ are the Yukawa coupling matrices in the

Lagrangian terms −lLφ̃λ†
NNR, l̃Lλ∆(#σ · #∆)lL and −#ΣRλΣ(φ̃† !σ

2
lL), respectively, with l̃L = −lTLCiσ2 and C the

spinor charge conjugation matrix. Whereas µ∆ is the coefficient of the scalar potential term φ̃†(#σ · #∆)†φ.

in Fig. 2. In all cases the extra particles contribute at low energies to the dimension 5 lepton
number (LN) violating operator 4

(O5)ij = (liL)cφ̃∗φ̃†ljL → v2

2
(νi)cνj (with l =

(
ν
#

)
and φ̃ = iσ2φ

∗) , (2)

which gives Majorana masses to light neutrinos after spontaneous symmetry breaking. The
see-saw of type II 5 in Fig. 2 is mediated by an SU(2)L scalar triplet ∆ of hypercharge Y = 1,
implying three new complex scalars of charges Q = T3 + Y : ∆++,∆+,∆0. The see-saw of type
III 6 exchanges an SU(2)L fermion triplet Σ of hypercharge Y = 0, assumed to be Majorana
and containing charged leptons Σ± and a Majorana neutrino Σ0. The main difference for LHC
detection is that the see-saw messengers for these last two mechanisms can be produced by
unsuppressed processes of electroweak size (Fig. 1). Their decay, even if suppressed by small
couplings, can take place within the detector due to the large mass of the new particle. All three
types of see-saw messengers produce LN conserving as well as LN violating signals, but the
former have much larger backgrounds. On the other hand, same-sign dilepton signals, l±l(

′)±X,
do not have to be necessarily LN violating. Thus, in the example in Fig. 1–(II), the decay

Majorana mass of the heavy particle (N, ∆, Σ) breaks L by two units.

Other profound implications: Leptogenesis, Dark Matter, Electroweak Vacuum Stability, ...

A pertinent question in the LHC era: Is LNV observable at the LHC and/or at low-energy?

Other relevant question: Can it also lead to a large LFV?



Type-I Seesaw

Seesaw messenger: SM singlet fermions (RH neutrinos).

Have a Majorana mass term MNNTC−1N, in addition to the Dirac mass MD = vyν .

In the flavor basis {νC
L ,N}, leads to the general structure

Mν =

(
0 MD

MT
D MN

)
[ Minkowski ’77; Mohapatra, Senjanović ’79; Yanagida ’79; Gell-Mann, Ramond, Slansky ’79; Glashow ’79]

In the seesaw approximation ||ξ|| � 1, where ξ ≡ MDM−1
N and ||ξ|| ≡

√
Tr(ξ†ξ),

M light
ν ' −MDM−1

N MT
D is the light neutrino mass matrix.

ξ ≡ MDM−1
N is the heavy-light neutrino mixing.

From a bottom-up approach, we call this minimal scenario the ‘SM seesaw’.

No definite prediction for the seesaw scale: a wide range of possibilities over 20 orders of
magnitude (keV - 1014 GeV)!



Two Key Aspects of Seesaw

Majorana Mass
⇓

LNV: Neutrinoless Double Beta Decay
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Does not probe the heavy-light mixing if the
mixed diagram is sub-dominant.

Heavy-light Mixing
⇓

LFV (µ→ eγ, µ→ 3e, µ− e conv,...)

ℓi ℓjνi νj

WL WL

γ

N

Also non-unitarity of the PMNS matrix.

Do not necessarily prove the Majorana
nature since a Dirac neutrino can also
give large LFV and non-unitarity effects.

Low-energy tests of Seesaw at the Intensity Frontier require a synergy
between the two aspects.



Collider Signal

A direct test of both aspects of type-I seesaw at the Energy Frontier.

‘Smoking gun’ signal: pp → W∗ → `±αN → `±α `
±
β jj with no ET/ .
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Requires both the Majorana nature of N at (sub-)TeV scale and a ‘large’ heavy-light mixing
to have an observable effect.

A potential direct probe of both LNV and LFV (for α 6= β) if MN = O(100 GeV - 1 TeV).



Pre-LHC Constraints
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Figure 3: Bounds on |Ve4|2 versus m4 in the mass range 10 MeV–100 GeV. The areas with solid
(black) contour labeled π → eν and double dash dotted (purple) contour labeled K → eν are
excluded by peak searches [83, 85]. Limits at 90% C.L. from beam-dump experiments are taken
from Ref. [86] (PS191), Ref. [87] (NA3) and Ref. [88] (CHARM). The limits from contours labeled
DELPHI and L3 are at 95% C.L. and are taken from Refs. [89] and [90] respectively. The excluded
region with dotted (maroon) contour is derived from a reanalysis of neutrinoless double beta decay
experimental data [84].

DELPHI [89], L3 [90] and CHARM [96].

2.2.3 Mixing with ντ

Heavy neutrinos mixed with τ neutrinos can be produced either via CC interactions if a τ
is produced or in NC interactions. The only limits come from searches of N4 decays and
are reported in Fig. 5. The bounds at 90% C.L. from CHARM [97] and NOMAD [98]
assume production via D and τ decays. The DELPHI bound at 95% C.L. [89] assumes
N4 production in Z0 decays and with respect to the bound on |Ve4|2 and |Vµ4|2 there is τ -
production kinematical suppression for low masses which weakens the constraint for masses
in the range m4 ∼ 2–3 GeV.

2.2.4 Electroweak Precision Tests

The presence of heavy neutral fermions affects processes below their mass threshold due
to their mixing with standard neutrinos [70] and significant bounds can be set by precision
electroweak data. The effective µ-decay constant Gµ, measured in muon decays, is modified
with respect to the SM value and can be related to the fundamental coupling GF as:

Gµ = GF

√
(1 − |Ve4|2)(1 − |Vµ4|2) . (2.10)
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Figure 4: Limits on |Vµ4|2 versus m4 in the mass range 100 MeV–100 GeV come from peak
searches and from N4 decays. The area with solid (black) contour labeled K → µν [92] is excluded
by peak searches. The bounds indicated by contours labeled by PS191 [86], NA3 [87], BEBC [93],
FMMF [94], NuTeV [95] and CHARMII [96] are at 90% C.L., while DELPHI [89] and L3 [90] are
at 95% C.L. and are deduced from searches of visible products in N4 decays. For the beam dump
experiments, NA3, PS191, BEBC, FMMF and NuTeV we give an estimate of the upper limit for
the excluded values of the mixing angle.

The µ − e universality test, done by comparing the decay rate of pions into eν̄ and µν̄, can
be used to constrain the ratio

1 − |Ve4|2
1 − |Vµ4|2

, (2.11)

for m4 > mπ [70, 71]. The analysis of experimental data leads to
1−|Vµ4|2
1−|Ve4|2 = 1.0012±0.0016

[71], which implies |Ve4|2 < 0.004 at 2σ for the least conservative case of |Vµ4|2 = 0. For
m4 > mτ , the µ − τ universality sets limits on:

1 − |Vτ4|2
1 − |Vµ4|2

, (2.12)

and can be tested by looking at the τ leptonic and hadronic decays which give |Vτ4|2 −
|Vµ4|2 = 0.0057 ± 0.0065 [71] and |Vτ4|2 − |Ve4|2 = 0.0054 ± 0.0064 [71]. The most con-
straining bound on |Vτ4|2 is obtained for |Ve4|2, |Vµ4|2 = 0 and reads |Vτ4|2 < 0.018 at 2σ.
The unitarity constraint on the first row of the CKM matrix [99] reads

∑

i=1,2,3

|V CKM
ui |2 =

1

1 − |Vµ4|2
= 0.9992 ± 0.0011, (2.13)
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Figure 5: Bounds on |Vτ4|2 versus m4 from searches of decays of heavy neutrinos, given in Ref. [97]
(CHARM) and in Ref. [98] (NOMAD) at 90% C.L., and in Ref. [89] (DELPHI) at 95% C.L.

and translates into a very strong bound on |Vµ4|2, |Vµ4|2 < 0.0003 (0.0014), at 1 (2)σ,
which holds for sterile neutrinos heavier than the Λ baryon.

In the presence of heavy singlet neutrinos heavier than half the Z0 mass, the invisible
decay rate of Z0 would be reduced with respect to the SM one, ΓSM

Z→inv, as:

ΓZ→inv

ΓSM
Z→inv

! (1 − 1

6
|Ve4|2 − 1

6
|Vµ4|2 − 2

3
|Vτ4|2). (2.14)

By a standard model fit to LEP data, the effective number of neutrinos is now determined
to be Nν = 2.984 ± 0.008 [99] and provides a bound on |V#4|2 similar to but somewhat
weaker than the ones obtained by lepton-universality.

A combined analysis of an old set of unitarity bounds [71], which does not include the
one from the CKM matrix determination, leads to the following limits at 90% C.L. |Ve4|2 <
0.012, |Vµ4 |2 < 0.0096 and |Vτ4|2 < 0.016. If the CKM matrix constraint is included and
partial cancellations between the contributions of different flavors are taken into account,
a previous combined study [70] then gives the more robust limits at 90% C.L., |Ve4|2 <
0.0066, |Vµ4 |2 < 0.0060 and |Vτ4|2 < 0.018. A very recent analysis [72] has updated these
results using the latest electroweak precision data, except for the CKM observables. They
find at 90% C.L.

|Ve4|2 < 0.003, |Vµ4|2 < 0.003, |Vτ4|2 < 0.006 . (2.15)

If the constraints from CKM observables are included, we expect the bounds to become
somewhat stronger, given by |Ve4|2 < 0.002, |Vµ4 |2 < 4 × 10−5, |Vτ4|2 < 0.006 [100]. In
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[A. Atre, T. Han, S. Pascoli and B. Zhang, JHEP 0905, 030 (2009)]



Constraints from LHC Higgs Data
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FIG. 1: The Higgs decay modes into 2`2⌫ mediated by the ISS couplings.

the limits derived in [11] for M > 60 GeV or so are very weak. Furthermore constraints

from neutrino-less double beta decay [12] derived on heavy sterile neutrinos do not apply to

this case since in our model, the N and S form a pseudo-Dirac pair and lepton number is

almost exactly conserved.

In order to use the LHC data to explore constraints on y and M in the 100 GeV range,

we will assume that (i) vBL � vwk and (ii) the mass of Re(�0) is heavy compared to the SM

Higgs boson so that neither the heavy gauge boson associated with (B � L)-symmetry nor

the interactions of Re(�0) a↵ect the Higgs boson decay modes we consider.

It follows from the above Lagrangian that if one of the singlet fermions has mass in the

100 GeV range, it will a↵ect the Higgs branching ratios: for instance if MN < Mh, then this

opens up a new mode for SM Higgs decay, i.e., h ! ⌫̄aNb, and the collider signal will arise

from N � ⌫ mixing diagram in Fig. 1 where N ! ⌫Z, `W . Folding W, Z decays, one will

get final states with ⌫⌫̄`a`b where in the final state both charged leptons and anti-leptons

will appear and the existing LHC data on these final states will provide constraints on y.

Clearly, which charged lepton appears will depend on the flavor structure of y and f . For

f we will go to a basis so that it is diagonal, i.e. a linear combination of ⌫ and N are mass

eigenstates with S field providing the chiral Dirac partner.

B. Type-I seesaw case

Turning to the type-I case, as noted earlier, in generic models, the Dirac Yukawa couplings

are very small for the seesaw scale in the TeV regime. However, for specific textures for y,

it is possible to attain singlet fermion mass in the 100 GeV range with Dirac Yukawa y’s

of order O(1) while still satisfying the neutrino oscillation data. In this case the singlet
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Additional number of events expected in the h→ 2`2ν channel:

n(mN , y) = Lσtot(pp → h)

εSM
Γ(h→ WW∗ → `¯̀νν̄)

ΓSM + ΓN
+
∑
j,k

εjk
Γ(h→ ν̄N + c.c.→ `j ¯̀kνν̄

ΓSM + ΓN


Require n(mN , y) < 95% CL upper limit from LHC Higgs data.
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FIG. 2: Bound on y⌫e for mh = 125 GeV as a function of the mass of the heavy neutrino Ne.

the analysis A120 are stronger for all the cases we have considered.

The obtained bound for a fixed mh = 125 GeV as a function of mN is shown in Figure 2.

For the cases where mh > mN , we exclude y⌫e
>⇠ 0.01 while for mh < mN couplings y⌫e

>⇠ 1

are excluded.

V. BOUNDS FROM THE OBSERVATION OF A HIGGS-LIKE PARTICLE AT

THE LHC

Evidence of a new particle has been observed in the 2011 and 2012 LHC data [13–15]. The

region of phase space where the excesses are concentrated suggests that they are originated

by a Higgs-like scalar particle with mass 125 GeV. Assuming that the new observed state is

indeed the Higgs boson which is also involved in the seesaw, further bounds can be obtained

from a global study of the properties of the new particle instead of just using the bound on

the rate of new phenomena in the `¯̀⌫⌫̄ channel.

In what follows, we use the measured properties of the new particle and we shall illustrate

how to use the ISS prediction to put a bound on the size of y⌫e .

The presence of additional decay modes h ! ⌫̄N + N̄⌫ changes the properties of h in

several respects. In fact the total width of h is increased w.r.t to the SM value. Deviations

from the SM value of the total width are potentially observable in a line-shape analysis

(when y⌫e is large enough) or in a global analysis of Higgs decay data [27].
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min + 1 . The colored solid

lines are for the �2 of the entire dataset, and the dashed lines are for the �2 without the WW

channels.

GeV range. We have focused on the cases where the electron or muon Yukawas are the

dominant ones and also discussed the case with flavor-democratic Yukawa. Our discussion

applies to the supersymmetric version of the model as well. It is perhaps worth pointing

out that in SUSY ISS model, there are additional D-term contributions [34] of order of a

few GeV as well as new F-term contributions [35] to the Higgs mass thus relieving some

MSSM parameter space. We find that for singlet fermion masses between 60 � 140 GeV,

useful bounds can be derived on the Yukawa couplings from the recent LHC data on Higgs

searches.

It is also worth noting that in the low-scale type-I and inverse seesaw models, there are

limits on the mixing parameter yv
M

from leptonic unitarity [36] and lepton flavor violation [37].

The current bounds for the electron-flavor is yvp
2M

<⇠ 0.044 and for the muon sector it is <⇠ 0.03

(see [36, 37] for details). These bounds are weaker than what we obtain in this paper for

M ⇠ 100 GeV from LHC data.

It is also worth pointing out that if we assumed a pattern for Dirac Yukawa couplings

similar to the charged fermion case i.e. y⌫⌧ � y⌫µ , y⌫e , then the dominant mode for h decay

will involve the ⌧ decay and our constraints will not apply in a straightforward manner.
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[PSBD, R. Franceschini and R. N. Mohapatra, PRD 86, 093010 (2012)]



LFV Constraints
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Figure 6. The left panel shows the |Pi UeNiU
⇤
µNi

| versus mass sensitivity regions for present (contin-
uous curves) and future (dashed curves) e � µ flavour experiments. Black, red, green and blue curves
result from Br(µ ! e�), Br(µ ! eee), RAl

µ!e and RTi
µ!e, respectively. The regions already excluded

by non-unitarity limits, ⇡ and K peak searches, ⇡, K, D, Z decay searches, BBN, SN1987A and LHC
collider searches (dotted lines) are also indicated. Shaded areas signal the regions already excluded
experimentally. The right panel shows the maximum allowed flavour changing rates compatible with
the bounds of the first panel. The horizontal lines give the present (solid [7, 56, 59]) and future
(dashed [2–4, 55, 58]) sensitivities of the different experiments.

as KARMEN [60] and NOMAD [61] ) also sets constraints on the mixing elements [23].
Stronger constraints follow nevertheless in that region, mainly from “peak" and “decay"
search experiments.

• Peak experiments explore the direct production of light (< mK , m⇡) extra singlet fermions
in two-body (`Ni) particle decays of light mesons. From pion [62] and kaon decays [63,
64], the absence of a monochromatic line -or peak- in the charged lepton energy spec-
trum at (m2

K,⇡+m2
`�m2

Ni
)/2mK,⇡

12, excludes at present the 30 MeV< mN < 400 MeV
region. Decay searches provide even stronger constraints.

• Decay experiments including more than 2 particles in the final state look for the effects of
the production and decay of massive neutrinos. The relevant processes for constrainingP

i UeNiU
⇤
µNi

are K,⇡, D ! `Ni ! ` `0⌫`0`00 with `, `0, `00 = e, µ. Their non observation
sets very strong constraints in the range 1 MeV< mN < 2 GeV [65–68]. Similarly
searches for a Z ! Ni⌫ decay sets interesting constraints below the MZ mass [69]. For

12In the rest frame of the decaying meson.
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[R. Alonso, M. Dhen, M. B. Gavela and T. Hambye, JHEP 1301, 118 (2013)]

Only constrains the product |V`NV∗
`′N | (with ` 6= `′), and not the individual |V`N |2.



Constraints from Non-unitarity

The full seesaw matrix is diagonalized by the unitary matrix V =

(
UL ξ
ξ′ UR

)
.

For large ξ, the (3× 3) PMNS mixing matrix UL is no longer unitary.
Non-unitarity can be parametrized by ε = U†L UL = I3 − η.
Off-diagonal entries of ε are measures of the non-unitarity.

Several observable effects:
Modified neutrino oscillation probability, e.g.,

Pµτ ' 4s2
23c2

23 sin2

(
∆m2

31L
4E

)
− 4|ηµτ | sin δµτs23c23 sin

(
∆m2

31L
4E

)
+ 4|ηµτ |2

Has a zero-length effect. [E. Fernandez-Martinez, M. B. Gavela, J. Lopez-Pavon, and O. Yasuda, PLB

649, 427 (2007)]

Suppression of W and Z coupling to light neutrinos.
Contribution to EW precision observables.

Current limits (from a global fit of neutrino oscillation data, electroweak decays, lepton
universality tests, and rare charged lepton decays): [ Antusch, Biggio, Fernandez-Martinez, Gavela,

Lopez-Pavon, JHEP 0610, 084 (2006); Abada, Biggio, Bonnet, Gavela, Hambye, JHEP 0712, 061 (2007)]

|ε|exp ≈

 0.994± 0.005 < 7.0× 10−5 < 1.6× 10−2

< 7.0× 10−5 0.995± 0.005 < 1.0× 10−2

< 1.6× 10−2 < 1.0× 10−2 0.995± 0.005

 .
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Off-diagonal entries of ε are measures of the non-unitarity.

Several observable effects:
Modified neutrino oscillation probability, e.g.,

Pµτ ' 4s2
23c2

23 sin2

(
∆m2

31L
4E

)
− 4|ηµτ | sin δµτs23c23 sin

(
∆m2

31L
4E

)
+ 4|ηµτ |2

Has a zero-length effect. [E. Fernandez-Martinez, M. B. Gavela, J. Lopez-Pavon, and O. Yasuda, PLB

649, 427 (2007)]

Suppression of W and Z coupling to light neutrinos.
Contribution to EW precision observables.

Current limits (from a global fit of neutrino oscillation data, electroweak decays, lepton
universality tests, and rare charged lepton decays): [ Antusch, Biggio, Fernandez-Martinez, Gavela,

Lopez-Pavon, JHEP 0610, 084 (2006); Abada, Biggio, Bonnet, Gavela, Hambye, JHEP 0712, 061 (2007)]

|ε|exp ≈

 0.994± 0.005 < 7.0× 10−5 < 1.6× 10−2

< 7.0× 10−5 0.995± 0.005 < 1.0× 10−2

< 1.6× 10−2 < 1.0× 10−2 0.995± 0.005

 .
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Constraints from EWPD
Heavy neutrinos contribute to the S, T , U parameters. [Kniehl and Kohrs, PRD 48, 225 (1993);

Akhmedov, Kartavtsev, Lindner, Michaels, and Smirnov, JHEP 1305, 081 (2013)]

Tree-level non-unitarity effects and loop-level oblique corrections both affect the EWPD.
Global fit gives an indirect limit on heavy-light mixing: [del Aguila, de Blas and Perez-Victoria, PRD 78,

013010 (2008)]

The current best limit for |VµN | and |VτN | for MN > MZ .

Coupling N E ∆1 ∆3 Σ0 Σ1

Only with e |V | < 0.055 0.018 0.018 0.025 0.019 0.013

|Vmin| = 0.035 0 0 0.018 0.014 0

Only with µ |V | < 0.057 0.034 0.045 0.024 0.017 0.022

|Vmin| = 0.036 0.020 0.035 0 0 0

Only with τ |V | < 0.079 0.030 0.030 0.042 0.027 0.026

|Vmin| = 0.057 0 0 0.028 0.015 0

Universal |V | < 0.038 0.018 0.019 0.022 0.016 0.011

|Vmin| = 0.025 0 0 0.014 0.012 0

Table 8: Upper limit at 90 % C.L. on the absolute value of the mixings in
Table 4 and their value at the minimum. The first three rows are obtained by
coupling each new lepton with only one SM family. The last one corresponds
to the case of lepton universality. All numbers are computed assuming MH ≥
114.4 GeV.

region when we enforce MH ≥ 114.4 GeV. The direct lower limit on MH is
represented by the vertical line.

As is aparent in the plots, in some cases there is a correlation between
the mixing and MH . In particular, we can see in Fig. 1 a strong positive
correlation for the singlet N , as long as it mixes with the first and/or second
family of SM leptons. As a result, the preferred Higgs mass is larger than in
the SM4. This is in fact responsible for part of the improvement in the χ2 in
this case. We analyze the interplay between the Higgs mass and the mixing
of neutrino singlets in more detail in the next section. In Table 9 we give the
90% C.L. upper limits that we find in the different scenarios. These limits
take into account the direct lower bound. The limits with extra singlets are
significantly weaker than in the SM.

Because A0,b
FB and g2

L show discrepancies beyond 2.6 σ, in the SM and
in all the extensions with leptons—except for (∆3)e, which gives a slightly
smaller pull of 2.4 for A0,b

FB—it is reasonable to consider them as outliers

4This effect has been discussed before by Loinaz et al. in [11]. In that reference, a
much heavier Higgs is allowed because the constraint from MW is not enforced (or it is
compensated by unknown new physics). We discuss the differences between our analysis
and the one in [11] below.
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Direct Search Limits from LEP
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Figure 1: Feynman diagrams showing the production of isosinglet neutrinos via a) s-channel
and b) t-channel. Here # denotes e, µ or τ for the s-channel production.
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Figure 6: Observed and expected upper limits at the 95% confidence level on the mixing
amplitude |Ue|2 as a function of the heavy isosinglet neutrino mass mN.
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Looked for an isolated electron plus hadronic jets (N → eW → ejj). [L3 Collaboration, PLB 517, 67 (2001)]



Direct Search Limits from LHC7
Within SM seesaw framework, the only channel examined at the LHC so far:
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Figure 2: Invariant mass of the second leading pT lepton and the two leading jets for events
passing the signal selection. The plots show the data, standard model backgrounds, and
three choices for the heavy Majorana-neutrino signal: mN = 80 GeV/c2, |V`N |2 = 0.025,
mN = 130 GeV/c2, |V`N |2 = 0.025, and mN = 210 GeV/c2, |V`N |2 = 0.25. (a) Distributions
for µ±µ± events; (b) distributions for e±e± events.
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Figure 3: Exclusion region at 95% CL in the square of the heavy Majorana-neutrino mixing
parameter as a function of the heavy Majorana-neutrino mass: (a) |VµN|2 vs mN; (b) |VeN|2
vs. mN. The long-dashed black line is the expected upper limit, with one and two standard-
deviation bands shown in dark green and light yellow, respectively. The solid red line is the
observed upper limit, and is very close to the expected limit such that the two curves almost
overlap. Also shown are the upper limits from L3 [14] and DELPHI [15]. The regions above the
exclusion lines are ruled out at 95% CL.

find |VµN|2 < 0.07 and |VeN|2 < 0.22. At mN = 210 GeV we find |VµN|2 < 0.43, while for |VeN|2
the limit reaches 1.0 at a mass of 203 GeV.

6 Summary
A search for heavy Majorana neutrinos in µ±µ± and e±e± events has been performed using a
set of data corresponding to 5.0 fb�1 of pp collisions at a centre-of-mass energy of 7 TeV. No
excess of events beyond the standard model background prediction is found. Upper limits at
the 95% CL are set on the square of the heavy Majorana-neutrino mixing parameter, |V`N|2, for
` = e, µ, as a function of heavy Majorana-neutrino mass, as shown in Figs. 3(a) and 3(b). For
mN = 90 GeV the limits are |VµN|2 < 0.07 and |VeN|2 < 0.22. At mN = 210 GeV the limits are
|VµN|2 < 0.43, while for |VeN|2 the limit reaches 1.0 at a mass of 203 GeV. These are the first

[CMS Collaboration, PLB 717, 109 (2012)]
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Figure 6: Observed and expected 95% confidence level limits on the cross section times branching ratio
for the production of heavy Majorana neutrinos as a function of the heavy neutrino mass.

Neutrino mass [GeV] Expected limit [fb] Observed limit [fb]
100 26 28
120 8.2 8.8
140 5.8 6.2
160 4.9 5.4
180 4.1 4.2
200 4.1 4.2
240 3.6 3.8
280 3.5 3.6
300 3.3 3.4

Table 4: Observed and expected 95% confidence level limits on the cross section times branching ratio
for the production of heavy Majorana neutrinos.

 [GeV]Nm

100 120 140 160 180 200 220 240 260 280 300

2 |
N

µ
|V

-310

-210

-110

1

Observed Limit

Expected Limit

σ 1±Expected Limit 

σ 2±Expected Limit 

=7 TeV)s, -1CMS Limit (4.98 fb

-1
 L dt = 4.7 fb∫
 = 7 TeVs

PreliminaryATLAS

Figure 7: Observed and expected 95% confidence level limits on the coupling parameter |VµN |2 as a
function of the heavy neutrino mass. The observed limits from the CMS search [19] are also shown.
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[ATLAS-CONF-2012-139]

Signal strength depends on the largeness of V`N .
Can effectively probe heavy neutrinos only if MN <∼ 300 GeV and |V`N |2 >∼ 10−3.
[Datta, Guchait, Pilaftsis ’93; Han, Zhang ’06; del Aguila, Aguilar-Saavedra, Pittau ’07;...]



Heavy Neutrino Production at the LHC
LHC searches considered only

q

q̄′

W+

ℓ+

N

Many other production modes, but most of them are negligible.

[A. Datta, M. Guchait and A. Pilaftsis, PRD 50, 3195 (1994)]
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the LSD signal in the context of the above four-
generation model in further details. The SM back-
grounds and relevant kinematical cuts required to
suppress it are also discussed. Our conclusions will be
summarized in Sec. IV.

II. LSD'S IN A THREE-GENERATION MODEL

A. The model

Adopting the notation of Ref. [10], the relevant in-
teraction Lagrangian involving a charged current is given
by (summation convention implied)

™I=- ~w W "-fl,y„PL(BI,v, .+Bi.N ))+H c.

where PL =(1—ys)/2, gw is the coupling constant of
SU(2)I, and i, v, N, and W are, respectively, the lepton,
light neutrino, and 8'-boson field. The latin indices i, j,
etc.=1, . . . , nG, where nG denotes the number of genera-
tions, are used for charged leptons and light neutrinos,
while the greek indices a, P, etc =.nG+1, . . . , 2nG, indi-
cate heavy Majorana neutrinos. The neutral current in-
teraction is given by

4cos8~

+[v;y„(i ImC, —y, ReC, )N +H.c. ]+N y„(i ImC &
—y5ReC &)N&] . (2)

B and C in Eqs. (1) and (2) are nG X2nG and 2nG X2nG dimensional matrices, respectively, which obey a number of use-
ful identities. More details can be found in [10,11]. For our purpose it is sufficient to remember that the coupling ma-
trix B, is O(g), while the matrix C & is O(f ). It is therefore clear that the Z-mediated pair production of heavy neu-
trinos is more severely suppressed compared to the W-mediated Nl production due to (i) phase-space suppression and
(ii) a smaller mixing angle.
The interaction of the Majorana neutrinos with the Higgs boson is governed by the Lagrangian

H[v;[(m;+m )ReC; +iy5(m —m, ) ImC,"]v +2v, [(m, +m ) ReC; +iys(m —m, ) ImC, ]N

+N [(m +m&)ReC &+iy5(m& m, ) Im—C &]N&], (3)

where m (m, ) stands for the mass of the ath (ith) heavy
(light) neutrino. It is clear from Eq. (3) that the coupling
of the heavy neutrinos with the Higgs boson will be
enhanced by a factor m /Mw. But a similar enhance-
ment also works, up to a different y5 structure, for the
couplings of these Majorana neutrinos to the longitudinal
Z boson or the would-be Goldstone boson z in the
Feynman-'t Hooft gauge [10]. Therefore, apart from the
resonance enhancement that the production of a heavy
on-shell Higgs boson and its subsequent decay into a pair
of heavy neutrinos may introduce, a priori there is no ob-
vious difference in the coupling strengths of the Higgs-
and Z-mediated processes.
The bounds on the mixing angles are given in Ref. [9]

using both LEP results and low-energy constraints. For
deSniteness, we have used the following upper bounds
from the joint fits of [9]:

Since v lepton identi5cation may be rather complicated in
hadron supercolliders, we restrict our analysis to LSD
pairs of the types e+e+, e e, p+p+, p p, e+p+, and
e p and will probe the prospects of observing lepton-
number violation after isolating the background. On the
other hand, the LSD signal comprising of stable leptons
which originates from equal-sign ~ leptons will eventually
be diluted by the small leptonic branching ratio of ~.

B. Cross sections
The lepton-number-violating LSD signal may poten-

tially arise due to the processes (see Figs. 1—3)

(st' ) &0.01,
(sL") &0.01,
(sL') &0.065 .

(5)

(6)

+
W

+
WIt should be noted that these limits are obtained under

the assumption that each lepton e, p, or ~ couples to only
one heavy neutrino with sigai5cant strength. However,
in the notation in Eq. (1), we can make the identification

+
W

(a) (b}

FIG. 1. Feynman graphs responsible for subprocess {A):
8'q 8'I ~/+ I+.
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W, (y )

z (w+)
(b)

FIG. 2. Feynman graphs relevant for singly heavy Majorana
neutrino production, i.e., processes (B), (C), and (D) (see also
text).

(A) pp~ W'W'~ll,
(B) pp~ W'~lN

(C) pp ~W'Z*~lN
(D) pp~W y ~lN~,
(E) pp~Z'~N Nt3,

(F) pp —+W'W ~N~NtJ,
(6) pp~Z*Z'~N Nit,
(H) pp~gg~H', Z ~N~Nts .

The relevant difFerential cross sections (d8„/dt—d&H/dt ) for the parton subscatterings are

d&„nawIB& I m (m —mp) t u+
dt 4f Mw (t m)—(t—m&) (u —m )(u —m&)

~a'wIBt I t(t mr'r }-
dt 122' (2—M }

d&c ~aw IBrpCp I

dt K Mw

&—m~ t(t —3m~)„+ „=0(),
m~~ t (—t—m~) (10)

d&D 'rrawa, IB& I

dt 2t Mw

mN f—mN2—1+
t

d& ma C (gK) +(g't )~
&t " ~ ((~+~t m 2 )2+(~t m 2 )2 2m 2g]

dt 24c f (2 M)— (12)

do+ mawIC pl mz Mtt MH(f 4m&} —f(f 2m~) —4m~ — 1 mt' m~+ —1—— +
dt 2s" M m (s M) +M—I' 2ut t u

H H2M~ (2—M~ )

(s—M }+M I'
m (s—2m )N- N (13)

ding ~a'wlc. pl' m~ M~ M~(f 4m~) (2 4m~)+
Mw m~ (2—MH) +MttI H 4ut

'2
m (f—2m )

2ut
(14)

d&tt asawlC pl rntr rn, f(s 4m~) 9— rn,

dt 1152ms M 2 (s—M } +M I' 4

with

F (x)=3x [2+(4x—l)K (x)],

and

K (x)=8(1—4x)— 1n
1
2

21+&1—4x . . 1+in—8(4x —. 1)2 arcsin
1—&1—4x 2 x

2

F (x)=—(—1) ' K (x),Z T,~+ ir2

K (x}=8(1—4x)4x arccosh 1

2&x

2
1+im. arccosh4 2 x

—8(4x —1)4x arcsin 1

2&x

2

3198 A. DAI IA, M. OUCH%IT, AND A. PILAFTSIS

+
W

0

N„

Np

N,

(a)

N„

N2

W

0

H

(o)

N1

N2

N1

ab

dgo fdI'(N ~L+qq')
x fdt

dt PN ~Lqq')

(16)

where & =& /IBt I and

l&t, .l'l&t .I'R(1)— y y ' J

I t=e, p . a gt I~t al

cr„„(L+L+)=,'R—"'gfdx, dx,ff(x, )ft,'(x, )

z0

v, , N, v, , N,
/
z' N2

H

z0

In models with three families, one can use the identity
that C = gt IBt I and the fact that IB, I /C & 1 to
obtain a reasonable upper bound of

(e) (g) R3G ~(sL') +(sL") (18)

N1 where the subscript 36 denotes three generations.
For the processes (E)—(H}, one uses the more involved

convoluting integral similar to Eq. (16):

N2

FIG. 3. Feynman diagrams relevant for double heavy Ma-
jorana neutrino production as described by processes (E)-(H) in
Sec. IIB.

In Eqs. (8)—(15), s, t, u are the relevant Mandelstam vari-
ables defined at the subprocess level, I H is the total
width of the Higgs boson, and glt =—Tq+2Qqss„
gzq =—T~, where the third component of the weak iso-
spin, T» of the u (d}-type quarks and the corresponding
electric charge of them, Qq (in units of le, I ), are, respec-
tively, given by T,"' '=+(—)—,' and Q„~d~=—', (——,

' ). Fur-
thermore, Eqs. (8), (10), (11), (13), and (14) have been
computed using the equivalence theorem. This
simplification occurs at high energies (i.e., )/s »Ma, )
where one is allowed to substitute the vector bosons WL
and ZL by the corresponding would-be Goldstone bosons
w and z in the Landau gauge and take the limit g~~0 by
keeping ga /2M', = 1/0 fixed. This approach, shown in
Figs. 1—3, gives reliable results for heavy fermions with
masses m N »Ma, [12]. In the context of three-
generation models, one can further simplify the calcula-
tions by assuming that the mass difference of each pair of
heavy neutrinos, e.g., X and N&, is very small compared
to the masses m and m&, i.e., m, m&-mz, but
m —mp»(I +I p)/2, with I p denoting the total
width of N &. The above approximation has explicitly
been employed in Eqs. (9)—(15).
We have calculated the cross sections for the positively

charged LSD pairs arising from the pp process by using
the parton distribution functions of Ref. [13], m, =150
GeV and M~=200—1000 GeV. The heavy neutrino
masses are kept as free phenomenological parameters.
Then the total cross sections for the processes (B) and (C)
given above are evaluated by using the generic formula

R"'y fdx, dx2f/(x&) ft'(x2)
ab

d&o fdI (N ~L;q&qI )
x fdt

dt I (N, ~L, q, q2)

f dI'(Np 1 q2q2)
X

I'(Np 1 qzqz )

where & =&/IC pl and

l&t, .l'I c.pl'l&t. pl'
l. =e,pap gt tk. I~t al IIlt&pl

(19)

(20)

Equation (19) is only valid if LSD's of both charges are
considered. Using similar assumptions and Schwartz's
inequality, i.e., Ca Cpp & C pl, one arrives at the simple
result

R' '~[(s ') +( ") ] (21)

Processes (A), (C), (D), (F), and (G) have been comput-
ed by using the effective vector boson approximation
(EVBA) [14]. As we are interested in producing heavy
neutrinos with masses mN ~ 200-300 GeV, being
equivalent with a threshold invariant mass of
Qs,„, 400—500 GeV (without including kinematical
cuts relevant for the SM background), it has been demon-
strated in [15] that the EVBA can safely be applied by
only using the distribution functions of the longitudinal
vector bosons. Furthermore, adapting the numerical re-
sults of [16], one can readily see that the subreaction
8'L y~1% will dominate for large fermion masses
(mN &200 GeV) by a factor of 10 at least against other
subprocesses of the type, e.g., 8 L ZT, Wz-ZL,
O'TZT —+lX, etc.
Our results are summarized in Table I. Consistent

with what has been discussed before, we Sad from this
table that only processes (B) and (D) can have sizable



A New Dominant Production Channel
[PSBD, A. Pilaftsis, U.-k. Yang, arXiv:1308.2209 [hep-ph]]

Diagrams involving virtual photons in the t-channel give rise to diffractive processes, e.g.,

pp → W∗γ∗jj → `±Njj ,

which are not negligible, but infrared enhanced.

q

q′
W+

γ

ℓ+

ℓ+

N

j

j

q

q′

W+

γ

j

j

W −

ℓ+

N

q

q′

q′′

γ

j

j

W+
ℓ+

N

q

q′
q′

γ

j

j

W+

ℓ+

N

Divergent inclusive cross section due to collinear singularity caused by the photon
propagator.

A minimum pj
T cut required to make the cross section finite.

Collinear divergence of the low-pj
T regime is absorbed into an effective photon structure

function for the proton (analogous to the Weizsäcker-Williams equivalent photon
approximation for electrons).



Comparison of the Production Cross Sections
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Comparison of the Production Cross Sections
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Comparison of the Production Cross Sections

The hadronic channels for pp → N`±jj mediated by virtual gluons and quarks give O(αs)
corrections and drop at the same rate as the pp → N`± cross section.

The total electroweak (γ + Z ) contribution for pp → N`±jj drops at a rate slower than the
pp → N`± cross section with increasing MN .

The production channel N`±jj dominates over the earlier considered N`± channel with
increasing MN .

Similar behavior with increasing
√

s in the pp collisions.

The crossover point shifts towards lower MN with increasing
√

s.

Thus, the N`±jj process becomes increasingly important for MN >∼ 200 GeV.

Must be taken into account in present and future analyses of the LHC data.



Improved Upper Limit on Mixing
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Figure 6: Observed and expected 95% confidence level limits on the cross section times branching ratio
for the production of heavy Majorana neutrinos as a function of the heavy neutrino mass.

Neutrino mass [GeV] Expected limit [fb] Observed limit [fb]
100 26 28
120 8.2 8.8
140 5.8 6.2
160 4.9 5.4
180 4.1 4.2
200 4.1 4.2
240 3.6 3.8
280 3.5 3.6
300 3.3 3.4

Table 4: Observed and expected 95% confidence level limits on the cross section times branching ratio
for the production of heavy Majorana neutrinos.
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Figure 7: Observed and expected 95% confidence level limits on the coupling parameter |VµN |2 as a
function of the heavy neutrino mass. The observed limits from the CMS search [19] are also shown.
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[PSBD, Pilaftsis, Yang, arXiv:1308.2209]

Improved direct limits are rather conservative since we used only the
∫

Ldt = 4.7 fb−1

data at
√

s = 7 TeV LHC (∼ 1% of the total data expected).

In practice, the direct limits from
√

s = 8 and 14 TeV LHC data could be much more
stringent (if no signal is observed!).



Extension to Other Exotic Searches

The infrared-enhanced mechanism can equally be extended to other exotic searches at
the LHC.

One example: In the context of type-II seesaw with singly and doubly-charged scalars, we
have vertices of the form H+H−AµAν and H++H−−AµAν .

Lead to diffractive processes such as

pp → γ∗γ∗jj → H++H−−jj → `+`+`−`−jj

pp → γ∗γ∗jj → H+H−jj → `+ν`−ν̄jj

Expected to dominate over the usually considered search channel

pp → Z/γ∗ → H++H−− → `+`+`−`−

LHC exclusion limits for MH±± can be improved significantly. [PSBD, T. Figy (work in progress)]



Left-Right Seesaw

L-R gauge group SU(2)L × SU(2)R ×U(1)B−L provides a natural embedding of the heavy
neutrinos and seesaw physics. [Pati, Salam ’74; Mohapatra, Pati ’75; Mohapatra, Senjanović ’75]

N is the parity partner of νL and required by anomaly cancellation.
Scale of SU(2)R -breaking sets the seesaw scale.

Basic features:

Fermions: QL ≡
(

uL
dL

)
P⇔
(

uR
dR

)
≡ QR , ψL ≡

(
νL
eL

)
P⇔
(

N
eR

)
≡ ψR .

Scalars: ∆R ≡
(

∆+
R/
√

2 ∆++
R

∆0
R −∆+

R/
√

2

)
, φ ≡

(
φ0

1 φ+
2

φ−1 φ0
2

)
.

Yukawa Lagrangian:

LY = hq,a
ij Q̄L,iφaQR,j + h̃q,a

ij Q̄L,i φ̃aQR,j + h`,aij L̄iφaRj

+h̃`,aij L̄i φ̃aRj + fij (Ri Rj ∆R + Li Lj ∆L) + h.c.

SU(2)R × U(1)B−L → U(1)Y by 〈∆0
R〉 = vR . Leads to MWR = gRvR .

SU(2)L × U(1)Y → U(1)em by 〈φ〉 = diag(κ′, κ).
Leads to the fermion masses

Mu = hqκ′ + h̃qκ, Md = hqκ+ h̃qκ′, M` = h`κ+ h̃`κ′,

MD = h`κ′ + h̃`κ, MN = fvR

Seesaw matrix fully determined.
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N is the parity partner of νL and required by anomaly cancellation.
Scale of SU(2)R -breaking sets the seesaw scale.

Basic features:

Fermions: QL ≡
(

uL
dL

)
P⇔
(

uR
dR

)
≡ QR , ψL ≡

(
νL
eL

)
P⇔
(

N
eR

)
≡ ψR .

Scalars: ∆R ≡
(

∆+
R/
√

2 ∆++
R

∆0
R −∆+

R/
√

2

)
, φ ≡

(
φ0

1 φ+
2

φ−1 φ0
2

)
.

Yukawa Lagrangian:

LY = hq,a
ij Q̄L,iφaQR,j + h̃q,a

ij Q̄L,i φ̃aQR,j + h`,aij L̄iφaRj

+h̃`,aij L̄i φ̃aRj + fij (Ri Rj ∆R + Li Lj ∆L) + h.c.

SU(2)R × U(1)B−L → U(1)Y by 〈∆0
R〉 = vR . Leads to MWR = gRvR .

SU(2)L × U(1)Y → U(1)em by 〈φ〉 = diag(κ′, κ).
Leads to the fermion masses

Mu = hqκ′ + h̃qκ, Md = hqκ+ h̃qκ′, M` = h`κ+ h̃`κ′,

MD = h`κ′ + h̃`κ, MN = fvR

Seesaw matrix fully determined.



L-R Seesaw at the LHC
New contribution via WR exchange. [Keung and Senjanović, PRL 50, 1427 (1983)]
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j

Independent of mixing effects. Could probe MN up to 2-3 TeV, and MWR up to 5-6 TeV.
[Ferrari et al ’00; Nemevsek, Nesti, Senjanović, Zhang ’11; Das, Deppisch, Kittel, Valle ’12;...]

Current LHC limits exclude MWR below about 2.5 TeV (depending on MN ).References 7
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Figure 3: The 95% confidence level exclusion region in the (MWR, MNµ) plane, assuming the
model described in the text. The Tevatron exclusion region for WR production [16] is included
in the figure.
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Fig. 3 Expected and observed 95% C.L. upper limits on Λ/
√
α as a

function of the mass of a heavy neutrino, for the operators OV , Os1/Os2,
and Os3, using the formalism of Lagrangian of effective operators, for
the Majorana (top) and Dirac (bottom) scenarios.

the fake lepton background templates. All other uncertain-
ties have no significant kinematic dependence. Correlations
of uncertainties between signal and background, as well as
across channels, are taken into account.

The 95% C.L. exclusion limits on the mass of the heavy
neutrino in the HNEO model and their dependence onΛ/

√
α

are shown in Fig. 3 for the Majorana and Dirac scenarios
using various effective operator hypotheses. Figure 4 shows
the exclusion limits for the masses of heavy neutrinos and
theWR boson in the LRSM interpretation, for the no-mixing
and maximal-mixing scenarios between Ne and Nµ neutri-
nos, for both the Majorana and Dirac heavy neutrinos hy-
potheses.

The above results are obtained with a Bayesian [54] ap-
proach, where systematic uncertainties are treated as nui-
sance parameters with a truncated Gaussian as a prior shape.
The prior shape on the parameters of interest, σ× BR, is as-
sumed to be flat.
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Fig. 4 Expected and observed 95% C.L. upper limits on the heavy
neutrino and WR masses for the Majorana (top) and Dirac (bottom)
cases, in the no-mixing and maximal-mixing scenarios.

9 Conclusions

A dedicated search for hypothetical heavy Majorana and
Dirac neutrinos, andWR bosons in final states with two high-
pT same-sign or opposite-sign leptons and hadronic jets has
been presented. In a data sample corresponding to an inte-
grated pp luminosity of 2.1 fb−1 at

√
s = 7 TeV, no signifi-

cant deviations from the SM expectations are observed, and
95% C.L. limits are set on the contributions of new physics.
Excluded mass regions for Majorana and Dirac neutrinos are
presented for various operators of an effective Lagrangian
framework and for the LRSM. The latter interpretation was
used to extract a lower limit on the mass of the gauge boson
WR. For both no-mixing and maximal-mixing scenarios,WR
bosons with masses below ≈ 1.8 TeV (≈ 2.3 TeV) are ex-
cluded for mass differences between the WR and N masses
larger than 0.3 TeV (0.9 TeV). In the effective Lagrangian in-
terpretation, considering the vector operator and Majorana-
type heavy neutrinos, the lower limit on Λ/

√
α ranges from

≈ 2.5 TeV to ≈ 0.7 TeV for heavy neutrino masses ranging

[ATLAS Collaboration, EPJC 72, 2056 (2012)]



New Diagram including Mixing Effects
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RL diagram could dominate over LL and RR diagrams over a large range of L-R seesaw
model parameter space.
The L-R phase diagram for collider studies: [Chen, PSBD, and Mohapatra, PRD 88, 033014 (2013)]
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A Unique Probe of MD

The new RL mode is a unique probe of MD in L-R seesaw at the LHC.

Huge impact in low-energy searches of L-R seesaw: 0νββ, LFV, electron EDM, neutrino
transition moment, etc. [Nemevsek, Senjanović, and Tello, PRL 110, 151802 (2013)]

Immediate implication at high-energy: given an experimental limit on the `±`±jj cross
section (σexpt),

(MN ,MWR ) plane with σRL ≥ σexpt is ruled out. Complementary to that obtained from
RR mode.
For σ < σ̃LL < σexpt (where σ̃LL is σLL normalized to |V`N |2 = 1), we can derive an
improved limit on

|V`N |2 <
σexpt − σRL

σ̃LL

For LHC7, limits improve by about 10% at MN = 300 GeV.
Better improvement for higher MN and/or higher

√
s. Could be as high as 60%.

Should be included in future LHC analyses to probe a bigger range of L-R seesaw
parameter space.



Distinguishing RR from RL and LL

Different helicity correlations lead to distinguishing features in the kinematic and angular
distributions. [Han, Lewis, Ruiz, and Si, PRD 87, 035011 (2013)]

Can be used to pin down the dominant mode in L-R seesaw, if a signal is observed.
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Neutrinoless Double Beta Decay in L-R Seesaw
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Exclusion Limits from 0νββ
Assuming dominance of purely RH-currents, can obtain exclusion regions complementary
to those from the LHC. [PSBD, Goswami, Mitra, and Rodejohann, PRD (R) (2013)]
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For MWR
<∼ 10 TeV, the η-diagram could provide the most stringent constraint on the

electron-neutrino mixing parameter |VeN |2. [preliminary results]
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FIG. 1. Upper bound on active-sterile mixing that satisfies the combined limit of GERDA for vanishing

light neutrino mass. Left Pannel: contributions from WL � WL, WR � WR, WL � WR channels and

WL �WR mixing have been taken into account. Right Pannel: The interference e↵ect has been included.

For the gauge boson mass MWR
= 3.5 TeV, ⇠ = 10�4 � 10�6 implies 1/2 ⇠ (0.2 � 0.002).

I. INTRODUCTION

II. MODEL

III. NEUTRINOLESS DOUBLE BETA DECAY

A. Model Independent Analysis

IV. TYPE-I DOMINANCE

In this case, we have the dominant contribution to the light neutrino mass matrix in Eq. ??

coming from the type-I term:

M⌫ ' �mDM�1
R mT

D. (1)

Now using the charge conjugation symmetry as LR symmetry, we obtain mD = mT
D which im-

plies: mD = iMR(M�1
R M⌫)

1/2 or i(M⌫M
�1
R )1/2MR. Hence, the same unitary matrix U (or V )

can also diagonalize the Dirac mass matrix: UmDUT = i(Mdiag
R Mdiag

⌫ )1/2 ⌘ mdiag
D . Thus, after

diagonalization of both sides, we obtain mi = �(mdiag
D )2

ii/Mi / 1/Mi.

2
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FIG. 2. Variation of half-life with the active sterile mixing angle. The blue region corresponds to

WR �WR mediated channel. The orange and purple bands correspond to � and ⌘ diagrams. The brown

line correspond to the light neutrino and sterile neutrino contributions. The black dotted line correspond

to the total contribution, albeit the light neutrino one for the gauge boson mass WR = 3.5 TeV and the

WL � WR mixing angle ⇠ = 10�6 (upper pannel) and ⇠ = 10�4 (lower pannel).

A. Small Mixing

Hence, for a normal hierarchy (NH) with m1 as the smallest, we have M1 as the largest, and the

other two heavy neutrino masses can be expressed in terms of M1 as M2/M1 = m1/m2, M3/M1 =

m1/m3. So the e↵ective mass for the heavy neutrinos given by Eq. (??) can be rewritten as

mN
ee|NH =

CN

M1

✓
c2
12c

2
13 +

m2

m1

s2
12c

2
13e

2i↵2 +
m3

m1

s2
13e

2i↵3

◆
.

3



Charged Lepton Flavor Violation11

FIG. 3: Diagrams contributing to µ → eγ. To form complete diagrams, the external photon can

be attached to any charged particle line.

and depends on the effective coupling

εN =
3∑

i=1

V 2
ei

mp

mNi

m4
WL

m4
WR

. (21)

If this is the dominant contribution to 0νββ, current experimental limits correspond to
|εN | <∼ 2 × 10−8 [54].

Diagrams 2(c) and (d) are suppressed by the left-right mixing MD/MN ∼ ζν ∼
√

mν/mN

(the latter relation is valid for a dominant type-I seesaw mass mechanism [16]) between
light and heavy neutrinos. In our approach we assume that this mixing is small enough
so that decays of heavy neutrinos via this Yukawa coupling are negligible compared to the
three-body decays via the SU(2)R gauge coupling. In this case, these contributions to 0νββ
are also generally negligible, and we will not discuss them further here.

Diagram 2(e) describes the contribution from the exchange of a right-handed doubly-
charged triplet Higgs ∆−−

R
3, with the effective coupling

ε∆ =
3∑

i=1

V 2
ei

mNi
mp

m2
∆−−

R

m4
WL

m4
WR

. (22)

If dominant, current experimental limits correspond to |ε∆| <∼ 8 × 10−8 [54].

C. Low Energy Lepton Flavour Violating Processes

The existence of neutrino oscillations suggests that, at some level, lepton flavour violation
should also take place in other processes. When taking into account only light neutrinos,
LFV is strongly suppressed by (∆m2

ν/m
2
W ) ≈ 10−50, due to the GIM mechanism. This

3 A priori, there is an analogous diagram with a left-handed doubly-charged Higgs, but its contribution is

always sub-dominant to the standard mass mechanism unless there is a fine-tuning between type-I and

type-II seesaw contributions to the light neutrino masses.

12

FIG. 4: Diagrams contributing to µ → e conversion in nuclei (left) and µ → eee (right) in left-right

symmetry. The grey circle represents the effective µ − e−gauge boson vertex with contributions

from Figure 3.

results in LFV process rates far below any experimental sensitivity which can be safely
ignored. Within the LRSM, charged lepton flavour violation naturally occurs due to poten-
tially large flavour violating couplings of the heavy right-handed neutrinos and Higgs scalars
with charged leptons. Amongst a wide range of possible low energy LFV observables, these
give rise to observable rates for the processes µ → eγ, µ → eee and µ → e conversion in
nuclei, cf. Figures 3 and 4.

Taking into account contributions from heavy right-handed neutrinos and Higgs scalars,
the expected branching ratios and conversion rates of the above processes have been cal-
culated in the LRSM in [55]. In general, these depend on many parameters, but un-
der the assumption of similar mass scales between the heavy particles in the LRSM,
mNi

≈ mWR
≈ m∆−−

L
≈ m∆−−

R
one can make simple approximations. Such a spectrum

is naturally expected, as all masses are generated in the breaking of the right-handed sym-
metry. Under this assumption, the expected branching ratios are given by [55]

Br(µ → eγ) ≡ Γ(µ+ → e+γ)

Γ(µ+ → e+νν̄)

≈ 1.5 × 10−7|geµ|2
(

1 TeV

mWR

)4

, (23)

RN(µ → e) ≡ Γ(µ− + A
ZN → e− + A

ZN)

Γ(µ− + A
ZN → νµ + A

Z−1N
′)

≈ XN × 10−7|geµ|2
(

1 TeV

m∆−−
R

)4

α

(
log

m2
∆−−

R

m2
µ

)2

, (24)

Br(µ → eee) ≡ Γ(µ+ → e+e−e+)

Γ(µ+ → e+νν̄)

≈ 1

2
|heµh

∗
ee|2
(

m4
WL

m4
∆−−

R

+
m4

WL

m4
∆−−

L

)
. (25)

Here, X(Al,Ti,Au) ≈ (0.8, 1.3, 1.6) is a nucleus-dependent factor whereas geµ and hij describe
the effective lepton-gauge boson couplings and lepton-Higgs coupling in (quasi-)manifest
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FIG. 16: Comparison of LFV and LNV event rates at the LHC and in low energy probes. The solid

blue contours define the parameter region with signals of the LFV OS+SS process pp → WR →
NR! → eµ + 2 jets at the LHC at 5σ and 90% (14 TeV, L = 30 fb−1). The solid gray contour

corresponds to the kinematical threshold mWR
= mN . Overlayed are the current and expected

future sensitivities of low energy LFV processes and 0νββ (mediated by heavy neutrinos), as

denoted in the plot. All processes were calculated assuming maximal flavour mixing of two heavy

neutrinos N1 and N2 to electrons and muons with a mass difference mN2 − mN1 = 0.01mN . The

red shaded area in the lower left corner is excluded by current LHC searches at ATLAS.

of the LHC to probe the flavour mixing of the heavy neutrinos in left-right symmetric
models. The dedicated analysis of lepton number violating effects at the LHC requires a
thorough simulation of the relevant same-sign dilepton background. On the theoretical side,
it also requires a detailed specification of the lepton number symmetry breaking mechanism.
Within the minimal left-right symmetric model, lepton number is broken at a high scale,
generating the heavy Majorana masses of the right-handed neutrinos. The resulting LNV
effects at the LHC are therefore maximal, with the heavy neutrinos decaying with equal
probabilities into positive and negative leptons. An overview of the sensitivities of high and
low energy probes of LFV and LNV processes in this scenario is shown in Figure 16.

Especially with respect to the origin of lepton number violation, the scenario analyzed in
this work is not unique, and there are theoretical consideration to address some of the issues
of the minimal left-right symmetric model. Right-handed neutrinos are the messengers
whose exchange yields neutrino masses through the type-I seesaw mechanism. Similarly,
heavy scalar triplet exchange induces neutrino masses through the type-II seesaw. It is
therefore expected that, at some level, the smallness of neutrino masses will make it difficult,

[Das, Deppisch, Kittel and Valle, PRD 86, 055006 (2012)]



Large Heavy-Light Mixing with TeV-scale MN

In the ‘vanilla’ seesaw, for MN >∼ TeV, we expect ξ ∼ MDM−1
N ' (MνM−1

N )1/2 <∼ 10−6.

Suppresses all mixing effects to an unobservable level.

Need special textures of MD and MN to have ‘large’ mixing effects even with TeV-scale MN .
[Pilaftsis ’92; Kersten, Smirnov ’07; Ibarra, Molinaro, Petcov ’10; Mitra, Senjanović, Vissani ’11; ...]

One example: [Kersten, Smirnov ’07]

MD =

 m1 δ1 ε1
m2 δ2 ε2
m3 δ3 ε3

 and MN =

 0 M1 0
M1 0 0
0 0 M2

 with εi , δi � mi .

In the limit εi , δi → 0, the neutrino masses given by Mν ' −MDM−1
N MT

D vanish, although
the heavy-light mixing parameters given by ξij ∼ mi/Mj can be large.

Can we have an L-R embedding of these textures?

Nontrivial to find a phenomenologically viable scenario since MD is related to M` in L-R
model.

Also need to reproduce the observed neutrino masses and mixing.

And all other experimental constraints.
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TeV-scale L-R Seesaw with Enhanced V`N

Supplement the L-R gauge group with a global discrete symmetry D = Z4 × Z4 × Z4.
[PSBD, Lee, and Mohapatra, PRD (2013)]

The Yukawa Lagrangian invariant under this symmetry:

L`,Y = hα1L̄αφ̃1R1 + hα2L̄αφ2R2 + hα3L̄αφ3R3 + f12R1R2∆R,1 + f33R3R3∆R,2 + h.c.

Field Z4 × Z4 × Z4 Transformation
Lα (1, 1, 1)
R1 (−i, 1, 1)
R2 (1, −i, 1)
R3 (1, 1, −i)
φ1 (−i, 1, 1)
φ2 (1, i, 1)
φ3 (1, 1, i)

∆R,1 (i, i, 1)
∆R,2 (1, 1, −1)

In the discrete symmetry limit, 〈φa〉 =

(
0 0
0 κa

)
(with a = 1, 2, 3).

M` =

 0 h12κ2 h13κ3
0 h22κ2 h23κ3
0 h32κ2 h33κ3

 , MD =

 h11κ1 0 0
h21κ1 0 0
h31κ1 0 0

 , MN =

 0 f12vR1 0
f12vR1 0 0

0 0 2f33vR2

 .

In this limit, me = 0 and mν,i = 0.
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A Predictive and Testable Model

Discrete symmetry broken by 〈φa〉 =

(
δκa 0
0 κa

)
, where δκa � κa.

Can be generated naturally through loop-effects.

δκ’s responsible for nonzero electron mass as well as neutrino masses:

M` =

 h11δκ1 h12κ2 h13κ3
h21δκ1 h22κ2 h23κ3
h31δκ1 h32κ2 h33κ3

 , MD =

 h11κ1 h12δκ2 h13δκ3
h21κ1 h22δκ2 h23δκ3
h31κ1 h32δκ2 h33δκ3

 .

Can be written in an upper-triangular form: only 11 free parameters.

Has to fit 3 charged lepton and 3 neutrino masses, 3 neutrino mixing angles, constraints
on mixing V`i Nj (unitarity, LFV, etc), and on V `R12

(from µ→ 3e).

Hence predictive and testable!!

Collider signal: LL mode absent. Only RL and RR modes observable.

Only µ±e±jj final states in the RL mode.

Probes LNV and LFV simultaneously.



LFV Predictions
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[PSBD, Lee, and Mohapatra, PRD (2013)]



Leptonic Non-unitarity Effects

For large V`N , the light neutrino mixing matrix could have large deviations from unitarity.
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Non-zero CP-phases can lead to observable leptonic CP-violation. [ongoing work]



0νββ Predictions

Parameter Best-fit Current Limit
Value [Barry and Rodejohann, JHEP 1309, 153 (2013)]

|ηL
ν | 8.1× 10−11 <∼ 7.1× 10−7

|ηR
νR
| 4.4× 10−12 <∼ 7.0× 10−9

|ηL
νR
| 1.2× 10−19 <∼ 7.0× 10−9

|η∆R | 2.1× 10−10 <∼ 7.0× 10−9

|ηλ| 1.5× 10−8 <∼ 5.7× 10−7

|ηη | 1.5× 10−9 <∼ 3.0× 10−9

1
T 0ν

1/2

= G0ν
01

[
|M0ν

ν |2|ηL
ν |2 + |M0ν

νR
|2(|ηL

νR
|2 + |ηR

νR
+ η∆R |2) + |M0ν

λ |2|ηλ|2 + |M0ν
η |2|ηη |2

+ interference terms]

Nucleus Model Prediction for T 0ν
1/2 (yr) Current Limit (yr) Future Limit (yr)

76Ge 6.2× 1025 - 6.2× 1027 > 2.1 (3.0)× 1025 (GERDA-I) 6× 1027 (GERDA-II, MAJORANA)
136Xe 2.3× 1025 - 4.3× 1026 > 1.9 (3.1)× 1025 (KamLand-Zen) 8× 1026 (EXO-1000)



Conclusion

A simple paradigm for neutrino masses: Type-I Seesaw.

Two key aspects: Majorana neutrino mass and Heavy-light neutrino
mixing.

Large mixing effects can be tested at the Intensity Frontier.

Both aspects can be tested directly at the Energy Frontier.

New heavy neutrino production mechanism gives improved LHC
sensitivity due to infrared enhancement effects.

Left-Right symmetry provides a natural embedding of the seesaw
physics.

Rich phenomenological implications for both LNV and LFV.

Proposed a natural TeV-scale L-R seesaw model where both aspects of
seesaw are in testable range.

THANK YOU.
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Selection Efficiency
To compare with the old limits, we use the same selection criteria as used by ATLAS for
pp → µ±µ±jj :

pj
T > 20 GeV, pµT > 20 GeV, pµ,leading

T > 25 GeV,

|ηj | < 2.8, |ηµ| < 2.5, ∆R jj > 0.4, ∆Rµj > 0.4,

mµµ > 15 GeV, Emiss
T < 35 GeV, mjj ∈ [55, 120] GeV.

Total selection efficiency for the µ±µ± signal remains almost the same as before.

where m(µ j) is the invariant mass of the muon and closest jet to the muon and m( j) is the mass of the
jet closest to the muon. In order to ensure that the muons are consistent with the primary vertex, the
transverse (d0) and longitudinal (z0) impact parameters with respect to the primary vertex must be small,
|d0| < 0.2 mm and |z0| < 5.0 mm, and the transverse impact parameter significance is required to be
|d0|/� (d0) < 3.0, where � (d0) is the uncertainty on d0.

Jets are reconstructed using the anti-kt jet clustering algorithm [29, 30], with a radius of R = 0.4. The
jets are corrected for the calorimeter response and other detector e↵ects using energy and pseudorapidity
dependent calibration factors derived from simulation and validated using data [31]. All jets considered
in the analysis are required to have pT > 20 GeV and |⌘| < 2.8. Events are rejected if any jet is identified
as originating from out-of-time activity or calorimeter noise. To remove jets originating from additional
pp interactions, for jets that are within the coverage of the inner detector, at least 75% of the total
transverse momentum from tracks associated to the jet must come from tracks associated to the primary
vertex. The missing transverse momentum is reconstructed from calorimeter clusters corrected according
to the energy scale of associated jets/electrons/taus/photons and the measured muon momenta [32].

Events are required to contain exactly two muons with the same electrical charge, with |⌘| < 2.5 and
pT > 20 GeV. At least one muon is required to have pT > 25 GeV. The invariant mass of the two muons,
m(µµ), is required to be larger than 15 GeV to exclude any contribution from low energy mesons such as
the J/ or the ⌥. No additional lepton is allowed and any event containing a third muon or an electron is
rejected. To reduce the number of background events from WZ and ZZ diboson decays, the magnitude
of the missing transverse momentum, Emiss

T , is required to be less than 35 GeV. In signal events, the W
boson decays hadronically, resulting in a final state with typically two or more jets, where the invariant
mass of the two jets from the W boson decay is close to the W boson mass. To select signal-like events,
each event is required to contain at least two jets, and the invariant mass of the two highest transverse
momentum jets, m( j j), is required to be close to the W boson mass, 55 < m( j j) < 120 GeV. The
e�ciency for signal events to pass the event selection requirements is shown in Table 1 for the separate
signal mass points.

Signal mN [GeV] 100 120 140 160 180 200 240 280 300
Selection E�ciency [%] 3.9 13.0 18.1 21.3 23.9 25.7 28.7 30.8 31.7

Table 1: E�ciency for signal MC events to pass the event selection criteria.

5 Background Estimates

The SM background for same-sign dimuon final states is separated into two components. The first
component is where both muons are produced from W or Z boson decays, which are referred to as
prompt muons. The second component is where at least one of the muons originates from a hadronic
decay (a non-prompt muon). The non-prompt muons can be further separated into those from heavy
flavour processes such as the semi-leptonic decay of b quarks and light flavour process such as pion or
kaon decay in flight.

The dominant SM process with two same-sign charge muons are WZ and ZZ production. At high jet
multiplicities there are also small contributions from tt̄ + V , where V is a W or Z boson, and W±W± pro-
duction. The background from these processes is estimated using the Monte Carlo samples described in
Section 3. The normalization of the WZ and ZZ samples is determined using the next-to-leading-order
(NLO) cross sections obtained from MCFM [33]. The samples for the production of a vector boson in
association with a tt̄ pair are normalized to the NLO cross sections [34–37]. The complete NLO correc-
tions are not available for W±W±+2 jets production. However, calculations of the NLO QCD corrections

4

SM background for di-muon+n jets (with n ≥ 2):
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Figure 5: Distribution of (a) the magnitude of the missing transverse momentum in events with two
same-sign muons and at least two jets and (b) the invariant mass of the two jets with the largest trans-
verse momentum for events with two same-sign muons, at least two jets and low missing transverse
momentum. The shaded band shows the total uncertainty on the background prediction. The arrows
indicate the regions retained by the selection requirements.

Source µ±µ±

WZ 1.0± 0.2 ±0.3
ZZ 0.22±0.05+0.07

�0.06
W±W± 0.15±0.04±0.08
tt̄ + V 0.23±0.04±0.12
Charge mis-measurement < 0.03
Non�prompt 1.1± 0.5 +0.6

�0.5

Total background 2.7± 0.5 +0.7
�0.6

Data 3

Table 3: Expected and observed number of events containing two same-sign isolated muons after all
selection cuts. The uncertainties are stated as statistical followed by systematic except for the estimate
of the charge mis-identification background, where a 68% upper limit derived from the null observation
of charge mis-identification in the data is shown.
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Comparison between LL, RL and RR Cross Sections
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[Chen, PSBD, Mohapatra, PRD 88, 033014 (2013)]
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Fig. 3. Feynman diagrams relevant for the leptonic decays I ~ 1'1112. 
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µ− e Conversion

3 µ to e conversion rates

3.1 Calculation of the rates

In the type-I seesaw framework, violation of charged lepton number arises at the one loop level.
µ to e conversion is induced by a series of gauge boson mediated diagrams given in Fig. 1.
The various contributions to the process can be divided in those in which the momentum is
transferred by the photon, by the Z boson or via two W bosons. The first two proceed via
penguin diagrams, whereas the latter processes corresponds to a box diagram. Alike to the
quark case, the internal fermions in the loop must have non-degenerate masses and non trivial
mixings, in order to avoid a GIM cancellation.

For a rigorous calculation of the rate it is necessary to separate the local contributions from
the "extended" ones. This stems from the fact that extended contributions, unlike local ones,
are sensitive to atomic electric field effects. The W and Z mediated diagrams are obviously all
local. The � mediated diagrams contribute to both classes of transitions, extended and local.
The µ ! e� matrix element can be written as

iM =
ieg2

W

2(4⇡)2M2
W

✏µ�(q)ue(p
0)
h
Fµe
� (q2�µ � 6qqµ)PL � i�µ⌫q

⌫Gµe
� (mePL + mµPR)

i
uµ(p) , (3.1)

where q denotes the photon momentum, q = p � p0. The second term in this equation -
mediated by the photon-lepton "dipole" Gµe

� coupling- is the only one contributing for an
on-shell photon and is non local, whereas the "monopole" term Fµe

� is "local" (i.e. it only
accounts for off-shell photon exchange and it involves 2 powers of the photon momentum in
the numerator which compensate the long range 1/q2 propagator of the photon between the
lepton and nuclei lines [25]). One can therefore divide the effective Lagrangian relevant for
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Figure 1. The five classes of diagrams contributing to µ to e conversion in the type-I seesaw model.
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[Alonso, Dhen, Gavela, Hambye, JHEP 1301, 118 (2013)]



Why Z4 × Z4 × Z4?

Choice of the product of Z4 groups reduces possible multiple U(1) symmetries of the
model associated with different bi-doublets.

Other Zn ’s restrict the terms in the Higgs potential so much that the discrete group will get
promoted to a continuous U(1) group, whose spontaneous breaking by non-zero vevs of
φa will lead to a massless Goldstone boson.

With the Z4 group, terms like λaTr[(φ†aφ̃a)2] break the U(1) symmetry while keeping the Z4
subgroup of it in tact (for λa 6= 0).

Gives mass of order λaκ2
a (sub-TeV scale) to the leptophilic Higgses.

Could also add soft D-breaking terms like Tr(φ†aφb) without destabilizing the vacuum.



Generating δκ through Loops

(δmD)αi '
g2hαiκ

16π2

g2κqκ
′
q

M2
WR

' 10−6hαiκ



A Sample Fit

M` =

 0.00153973 −0.0511895 −1.61367
0 0.0961545 −0.366453
0 0 −0.647105

 GeV,

MD =

 14.0638 −7.5× 10−10 −1.8× 10−4

0 1.4× 10−9 −4.1× 10−5

0 0 −7.2× 10−5

 GeV,

MN =

 0 814.118 0
814.118 0 0

0 0 −2549.95

 GeV.

V`N =

 −0.004 0.004 7.7× 10−13

0.003 −0.003 6.9× 10−11

0.011 −0.011 −7.7× 10−8

 .

Output Parameter Value
me 0.511 MeV
mµ 105.61 MeV
mτ 1.777 GeV

∆m2
21 7.62× 10−5 eV2

∆m2
31 2.41× 10−3 eV2

θ12 33.8◦
θ23 39.1◦
θ13 8.6◦

mN1
814.24 GeV

mN2
−814.24 GeV

mN3
2550 GeV


