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Ele
troweak s
ale seesaw and heavy Dira
neutrino signals at LHCF. del Aguila, J. A. Aguilar�SaavedraDepartamento de Físi
a Teóri
a y del Cosmos and CAFPE,Universidad de Granada, E-18071 Granada, SpainAbstra
tModels of type I seesaw 
an be implemented at the ele
troweak s
ale in anatural way provided that the heavy neutrino singlets are quasi-Dira
 parti
les.In su
h 
ase, their 
ontribution to light neutrino masses has the suppression ofa small lepton number violating parameter, so that light neutrino masses 
anarise naturally even if the seesaw s
ale is low and the heavy neutrino mixing islarge. We implement the same me
hanism with fermioni
 triplets in type IIIseesaw, deriving the intera
tions of the new quasi-Dira
 neutrinos and heavy
harged leptons with the SM fermions. We then study the observability of heavyDira
 neutrino singlets (seesaw I) and triplets (seesaw III) at LHC. Contrarily to
ommon wisdom, we �nd that heavy Dira
 neutrino singlets with a mass around100 GeV are observable at the 5σ level with a luminosity of 13 fb−1. Indeed,in the �nal state with three 
harged leptons ℓ±ℓ±ℓ∓, not previously 
onsidered,Dira
 neutrino signals 
an be relatively large and ba
kgrounds are small. In thetriplet 
ase, heavy neutrinos 
an be dis
overed with a luminosity of 1.5 fb−1 fora mass of 300 GeV in the same 
hannel.1 Introdu
tionThe well-known seesaw me
hanism provides a simple and natural way to give tinymasses to the three neutrinos present in the Standard Model (SM). In its initial re-alisation (type I seesaw) [1�4℄ the SM is enlarged with the addition of three heavyright-handed neutrino singlets N ′
iR (i = 1, 2, 3). These �elds have Yukawa intera
tionswith the SM left-handed lepton doublets L′

iL as well as a Majorana mass term,
LImass = −Yij L̄′

iLN ′
jR φ̃ − 1

2
MijN̄

′
iLN ′

jR + H.
. , (1)where φ is the SM Higgs doublet, N ′
iL ≡ N

′c
iR = (N ′

iR)c and φ̃ = iτ2φ
∗, with τi the Paulimatri
es. After ele
troweak symmetry breaking, these terms generate a mass matrixfor neutrino �elds and, in parti
ular, an e�e
tive light neutrino mass matrix

Mν = −v2

2
Y M−1Y T , (2)1
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where v = 246 GeV is the va
uum expe
tation value of the SM Higgs. For Yukawa
ouplings Yij of order one without any parti
ular symmetry, light neutrino masses
mν ∼ 0.1 eV 
an be obtained if the heavy neutrino masses (whi
h are approximatelyequal to the eigenvalues of M) are of the order mN ∼ 1014 GeV, 
lose to the uni�
ations
ale. However, the drawba
k of this pi
ture is that these new eigenstates are tooheavy to be observable, and this �minimal� type I seesaw me
hanism 
annot be dire
tlytested. Many attempts have been made in the literature to lower the heavy s
ale whilesu

essfully generating light neutrino masses 
ompatible with experimental data. Onepossibility is to have very small Yukawa 
ouplings. Indeed, in the SM only the topquark has a Yukawa 
oupling of order unity, while for the 
harged leptons they rangefrom 2.9 × 10−6 for the ele
tron to 10−2 for the tau. But heavy neutrinos are stillunobservable in this 
ase be
ause their mixing with the SM leptons,

VlN ≃ YlNv√
2mN

, (3)is very small and they 
annot be dire
tly produ
ed at an observable rate. For example,for heavy neutrino masses mN ∼ v the requirement mν . 0.1 eV implies VlN . 10−6,giving a suppression fa
tor of |VlN |2 ∼ 10−12 for heavy neutrino produ
tion 
ross se
-tions. A more interesting possibility is to keep sizeable Yukawa 
ouplings but introdu
esome symmetry whi
h suppresses the seesaw-type 
ontribution in Eq. (2). In the ex-amples known in the literature [5�11℄, this symmetry is lepton number. In this way,two nearly-degenerate heavy Majorana neutrinos with masses mN ± µ/2 and oppositeCP parities form a quasi-Dira
 neutrino, whose 
ontribution to light neutrino masseshas the further suppression of the small ratio µ/mN (see [12℄ and referen
es there in).Then, this quasi-Dira
 neutrino 
an have a relatively large mixing with the SM leptons,only 
onstrained by ele
troweak pre
ision observables [13℄.The same me
hanism 
an be implemented with fermioni
 triplets in type III seesaw.In its usual realisation [14, 15℄, type III seesaw introdu
es three fermion triplets Σi(i = 1, 2, 3) with zero hyper
harge, ea
h of them 
onsisting of one Majorana neutrino Niand twoWeyl spinors whi
h 
an form a Dira
 
harged lepton Ei. Fermion triplets 
oupleto the SM lepton doublets through Yukawa 
ouplings and have Majorana mass terms aswell. Similarly to type I seesaw, light neutrino masses are of order mν ∼ Y 2v2/(2mN)and the mixing of the heavy states is V ∼ Y v/(
√

2mN) (see next se
tion). If thenew parti
les are near the ele
troweak s
ale, light neutrino masses 
an be kept withinexperimental limits either with Y very small1 or by requiring some symmetry. Inthis Letter we work out in detail the se
ond possibility. In full analogy with type1Note that a sizeable mixing V is not ne
essary to observe the new heavy states, be
ause they 
an beprodu
ed in pairs by unsuppressed gauge intera
tions and de
ay within the dete
tor for Y & 10−6 [16℄.2



I seesaw, if the heavy neutrinos are quasi-Dira
 parti
les the light neutrino massesget a further suppression µ/mN , so that Yukawa 
ouplings of order unity are possiblewith mN at the ele
troweak s
ale. In this �Dira
� variant of type III seesaw ea
hheavy quasi-Dira
 neutrino N is asso
iated with two 
harged leptons E−
1 and E+

2 ,the three of them with lepton number equal to one and nearly degenerate in mass,
mN ≃ mE−

1
≃ mE+

2
. Lepton number is 
onserved ex
ept for the light neutrino Majoranamasses. We obtain the intera
tions between the new states N , E−

1 , E+

2 and the SMleptons, �nding substantial di�eren
es with the Majorana 
ase, whi
h a�e
t their de
ay
hannels and the possible signals at 
olliders. It must be remarked that the seesawme
hanism with heavy quasi-Dira
 neutrinos is naturally realised in models with newphysi
s at the ele
troweak s
ale, like in little Higgs models with simple groups [17℄ orin models with extra dimensions and matter in the bulk implying in�nite Kaluza-Kleintowers of Dira
 fermions (see for example Refs. [18, 19℄).After des
ribing in detail this variant of type III seesaw, we study the observabilityof heavy Dira
 neutrino singlets and triplets at the Large Hadron Collider (LHC).We follow the pro
edure previously used in Ref. [20℄, and systemati
ally study all theobservable multi-lepton signals (up to six leptons) in
luding all signal 
ontributionsfrom the various produ
tion pro
esses and de
ay 
hannels. By 
omparing with the�minimal� seesaw I and III s
enarios with heavy Majorana neutrinos studied in Ref. [20℄we show that the dis
rimination between the two possibilities is very easy, provided thata positive signal is observed. In parti
ular we also �nd that, in 
ontrast with 
ommonwisdom, heavy Dira
 neutrino singlets 
ould be observed at LHC in the trilepton �nalstate ℓ±ℓ±ℓ∓. For example, a heavy neutrino with mN = 100 GeV 
oupling to the muonwith V 2
µN = 0.0032 
an be seen with 5σ signi�
an
e with only 13 fb−1 of luminosity.For a 300 GeV Dira
 fermion triplet the dis
overy is possible with only 1.5 fb−1.2 Heavy Dira
 neutrinos in type III seesawHere we will follow the notation in Ref. [20℄ and quote some results obtained therewithout proof. Fermion triplets Σi, i = 1, . . . , n (we leave their number arbitrary)are 
omposed of three Weyl spinors of zero hyper
harge, and we 
hoose them to beright-handed under Lorentz transformations. They 
ouple to the SM lepton doublets

L′
iL = (ν ′

iL l′iL)T (we use primes for weak intera
tion eigenstates when ne
essary todistinguish them from mass eigenstates) and have a Majorana mass term,
LIIImass = −Yij L̄′

iL(~Σj · ~τ) φ̃ − 1

2
Mij

~Σc
i · ~Σj + H.
. , (4)3



where ~Σj = (Σ1
j , Σ2

j , Σ3
j ) are the triplets written in Cartesian 
omponents. Noti
e thatall the members Σ1

j , Σ2
j , Σ3

j of the triplet Σj have the same mass, and the matrix M(whi
h is symmetri
) 
an be assumed diagonal in full generality. For ea
h triplet Σj ,the 
harge eigenstates are related to the Cartesian 
omponents by
Σ+

j =
1√
2
(Σ1

j − iΣ2

j ) , Σ0

j = Σ3

j , Σ−
j =

1√
2
(Σ1

j + iΣ2

j ) , (5)and from them we 
an build one 
harged Dira
 and one neutral Majorana fermion,
E ′

j = Σ−
j + Σ+c

j , N ′
j = Σ0

j + Σ0c
j . (6)With our 
hoi
e of right-handed 
hirality for Σj , we have

E ′
jL = Σ+c

j , E ′
jR = Σ−

j , N ′
jL = Σ0c

j , N ′
jR = Σ0

j . (7)After spontaneous symmetry breaking, the terms in Eq. (4) yield the neutrino and
harged lepton mass matri
es
Lν,mass = −1

2

(

ν̄ ′
L N̄ ′

L

)

(

0 v√
2
Y

v√
2
Y T M

) (

ν ′
R

N ′
R

)

+ H.c. ,

Ll,mass = −
(

l̄′L Ē ′
L

)

(

v√
2
Y l vY

0 M

) (

l′R
E ′

R

)

+ H.c. , (8)where we have de�ned ν ′
iR ≡ ν

′c
iL, N ′

iL ≡ N
′c
iR. Note that we have not spe
i�ed the num-ber of triplets, so Y is a matrix of dimension 3×n and M is n×n. The mass eigenstatesare obtained from the diagonalisation of these mass matri
es. Their intera
tions withthe SM leptons (with l = e, µ, τ) are given by [20℄

LW = −g
(

Ēiγ
µNi W

−
µ + N̄iγ

µEi W
+
µ

)

− g√
2

(

VlNi
l̄γµPLNi W−

µ + V ∗
lNi

N̄iγ
µPLl W+

µ

)

− g
(

VlNi
Ēiγ

µPRνl W−
µ + V ∗

lNi
ν̄lγ

µPREi W+

µ

)

,

LZ = gcW Ēiγ
µEi Zµ

+
g

2cW

(

VlNi
ν̄lγ

µPLNi + V ∗
lNi

N̄iγ
µPLνl

)

Zµ

+
g√
2cW

(

VlNi
l̄γµPLEi + V ∗

lNi
Ēiγ

µPLl
)

Zµ ,

Lγ = e Ēiγ
µEi Aµ ,

LH =
g mNi

2MW

(

VlNi
ν̄lPRNi + V ∗

lNi
N̄iPLνl

)

H

+
g mEi√
2MW

(

VlNi
l̄PREi + V ∗

lNi
ĒiPLl

)

H , (9)4



where the mixing is
VlNi

≃ − YlNi
v√

2mNi

. (10)In the general Majorana 
ase, the mass eigenstates are Ei, Ni. This still holds whentwo Majorana neutrinos form a Dira
 fermion, but in this 
ase the two degenerate Ma-jorana states interfere, and further rede�nitions are 
onvenient to simplify the analysis.Then, let us assume that we have two Majorana neutrinos N1 and N2 degenerate inmass and with opposite CP parities (the small mass di�eren
e in the quasi-Dira
 
aseis 
ru
ial in order to generate light neutrino masses but irrelevant for heavy leptonintera
tions). Moreover, their Yukawa 
ouplings satisfy YlN2
= iYlN1

, so that
VlN2

= iVlN1
. (11)The 
al
ulation of quantities su
h as 
ross se
tions for heavy neutrino produ
tion withsubsequent de
ay 
an be done in terms of two interfering Majorana neutrinos N1 and

N2 (ea
h with two degrees of freedom). Alternatively, it 
an be done in terms of aDira
 neutrino with 
omponents
NL ≡ 1√

2
(N1L + iN2L) , NR ≡ 1√

2
(N1R + iN2R) , (12)whi
h has four degrees of freedom. The 
harged se
tor 
an also be des
ribed in termsof the two interfering degenerate states E1, E2 or in terms of two fermions E−

1 , E+

2(the latter is positively 
harged), whi
h are de�ned as
E−

1L ≡ 1√
2
(E1L + iE2L) , E−

1R ≡ 1√
2
(E1R + iE2R) ,

E+

2L ≡ 1√
2
(Ec

1R + iEc
2R) , E+

2R ≡ 1√
2
(Ec

1L + iEc
2L) . (13)These states have diagonal 
ouplings to the Dira
 neutrino N and do not interfere inthe pro
esses analysed in this paper, so the des
ription turns out to be mu
h simpler.The intera
tions of the Dira
 mass eigenstate fermions N , E−

1 and E+

2 are obtainedfrom Eqs. (9) for i = 1, 2 using Eqs. (11)-(13),
LW = −g

(

Ē−
1 γµN − N̄γµE+

2

)

W−
µ − g

(

N̄γµE−
1 − Ē+

2 γµN
)

W+

µ

− g√
2

(

VlN l̄γµPLN W−
µ + V ∗

lN N̄γµPLl W+

µ

)

+ g
(

VlN ν̄lγ
µPLE+

2 W−
µ + V ∗

lN Ē+
2 γµPLνl W+

µ

)

,

LZ = gcW

(

Ē−
1 γµE−

1 − Ē+
2 γµE+

2

)

Zµ

+
g

2cW

(

VlN ν̄lγ
µPLN + V ∗

lN N̄γµPLνl

)

Zµ

+
g√
2cW

(

VlN l̄γµPLE−
1 + V ∗

lN Ē−
1 γµPLl

)

Zµ ,5



Lγ = e
(

Ē−
1 γµE−

1 − Ē+

2 γµE+

2

)

Aµ ,

LH =
g mN

2MW

(

VlN ν̄lPRN + V ∗
lN N̄PLνl

)

H

+
g mE1√
2MW

(

VlN l̄PRE−
1 + V ∗

lN Ē−
1 PLl

)

H , (14)with mN = mE−

1
= mE+

2
and VlN =

√
2VlN1

. The Feynman rules for these intera
tionsare 
olle
ted in the Appendix. The main di�eren
es with the Majorana 
ase are:(i) the gauge 
ouplings with two heavy fermions have opposite sign for E+
2 and E−

1 ;(ii) light neutrinos only 
ouple to E+
2 , while light 
harged leptons only 
ouple to E−

1 .On the other hand, the heavy Dira
 neutrino 
ouples to light 
harged and neutralleptons in the same way as a heavy Majorana neutrino, ex
ept that in the latter 
asethe neutral 
ouplings 
an be rewritten using N = N c, ν = νc. These equations alsoshow 
learly that, if lepton number L = 1 is assigned to N , E−
1 and E+

2 , then it is
onserved ex
ept for light neutrino masses. When the two Majorana states are notdegenerate but have masses mN ± µ/2 and N is quasi-Dira
, lepton number violating(LNV) e�e
ts are of order µ/mN .There are several implementations of this me
hanism in the heavy lepton massmatri
es (see for example Refs. [5�11℄). A parti
ularly simple model 
an be built byassigning lepton number to the heavy triplets and requiring approximate lepton number
onservation. Let us assume that we have two triplets Σ1 and Σ2, to whi
h we assignlepton numbers equal to 1 and −1, respe
tively. Then, for one lepton generation the�elds are
l′L , l′R , E ′

1R , E ′
2L , ν ′

L , N ′
1R , (L = 1) ; N ′

2R , E ′
1L , E ′

2R (L = −1) , (15)whereas the 
harge 
onjugate �elds ν ′
R ≡ ν

′c
L , N ′

2L ≡ N
′c
2R, N ′

1L ≡ N
′c
1R have oppositelepton number. If we impose lepton number 
onservation, for one lepton generationthe neutrino mass term is [21℄

Lν,mass = −1

2

(

ν̄ ′
L N̄ ′

1L N̄ ′
2L

)







0 vY 0

vY 0 M

0 M 0













ν ′
R

N ′
1R

N ′
2R






+ H.c. (16)The 2×2 submatrix in the heavy se
tor 
orresponds to the mass term of a heavy Dira
neutrino N = N ′

2L + N ′
1R with mass mN = M ,

− M

2

(

N̄ ′
1LN ′

2R + N̄ ′
2LN ′

1R

)

= −M

2

(

N
′c
1RN

′c
2L + N ′

2LN ′
1R

)

= −MN̄ ′
2LN ′

1R . (17)6



This de�nition is 
onsistent with Eqs. (12). A tiny light neutrino Majorana mass
mν =

µv2Y 2

2M2
(18)
an be introdu
ed with a LNV entry µ ≪ M in the (3, 3) position of this matrix,in whi
h 
ase the heavy neutrino is quasi-Dira
, being the masses of the two heavyMajorana �elds M ± µ/2. For three lepton generations and six fermion triplets (inorder to yield three heavy Dira
 neutrinos) the stru
ture of the neutrino mass matrixis the same but Y and M are 3× 3 matri
es, and they have to be replated by Y T and

MT in the (2, 1) and (3, 2) positions of the matrix in Eq. (16), respe
tively.In the 
harged se
tor the mass term is, for one lepton generation,
Ll,mass = −

(

l̄′L Ē ′
1L Ē ′

2L

)







v√
2
Y l

√
2vY 0

0 0 M

0 M 0













l′R
E ′

1R

E ′
2R






+ H.c. (19)By inspe
tion of the mass matrix one observes that the 2 × 2 submatrix in the heavyse
tor 
orresponds to the diagonal mass term of two Dira
 fermions E−
1 = E ′

2L + E ′
1R,

E+
2 = E

′c
1L + E

′c
2R, both with L = 1 and mE−

1
= mE+

2
= M . This is 
onsistent with thede�nition of �elds in Eqs. (13).We �nally point out that for 
ollider phenomenology (where the energy s
ale is mu
hlarger than light neutrino masses, whi
h 
an then be negle
ted), Dira
 and quasi-Dira
neutrinos are equivalent, thus in our simulations we assume that heavy neutrinos areDira
 parti
les.3 Heavy Dira
 neutrino signals at LHCThe produ
tion pro
esses of heavy Dira
 neutrino singlets and triplets are the same asfor their Majorana 
ounterparts.2 Dira
 neutrino singlets 
an be produ
ed at hadron
olliders in the pro
ess

qq̄′ → W ∗ → l±N . (20)They 
an also be produ
ed in qq̄ → Z∗ → νN but the resulting signal has at most one
harged lepton, and is swamped by the ba
kground. The 
harged and neutral members2The transition between the Dira
 and Majorana 
ases 
an be made smooth by varying 
ontinu-ously the 
ouplings and masses in Eq. (8), as it happens, for instan
e, for gluinos and neutralinos insupersymmetry [22℄. 7



of a Dira
 triplet 
an be produ
ed in
qq̄ → Z∗ / γ∗ → E+

i E−
i ,

qq̄′ → W ∗ → E±
i N , (21)where E±

i refers here to the L = 1 fermions E−
1 and E+

2 de�ned in the previous se
tion.The 
ross se
tions of these pro
esses are shown in Fig. 1. The de
ays are di�erent in
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Figure 1: Cross se
tions for heavy Dira
 neutrino singlet (left) and fermion tripletprodu
tion (right). In the latter 
ase the produ
tion of both 
harged leptons E−
1 and

E+
2 is summed and the triplet masses are taken equal, mΣ ≡ mN = mE±

i

.the Dira
 and Majorana 
ases, however. Heavy Dira
 neutrinos de
ay in the 
hannels
N → W+l−, N → Zνl and N → Hνl, but not in the LNV mode N → W−ℓ+, whi
hleads to like-sign dilepton signals in l±N produ
tion when N is a Majorana fermion (fora 
omplete study see Ref. [23℄). The intera
tions of a heavy Dira
 neutrino singlet 
anbe found in Ref. [27℄, and the relevant Feynman rules are 
olle
ted in the Appendix.The partial widths for N de
ays, both in the singlet and triplet 
ases, are

Γ(N → l−W+) =
g2

64π
|VlN |2

m3
N

M2
W

(

1 − M2
W

m2
N

)(

1 +
M2

W

m2
N

− 2
M4

W

m4
N

)

,

Γ(N → νlZ) =
g2

128πc2
W

|VlN |2
m3

N

M2
Z

(

1 − M2
Z

m2
N

)(

1 +
M2

Z

m2
N

− 2
M4

Z

m4
N

)

,

Γ(N → νlH) =
g2

128π
|VlN |2

m3
N

M2
W

(

1 − M2
H

m2
N

)2

. (22)For heavy 
harged leptons the de
ays are di�erent in the Dira
 
ase too. Sin
e E+

2does not 
ouple to 
harged leptons, it always de
ays in the E+

2 → νlW
+ 
hannel. Theopposite happens for E−

1 , whi
h does not de
ay in this mode but in E−
1 → l− Z/H .8



The 
orresponding partial widths are
Γ(E+

2 → νlW
+) =

g2

32π
|VlN |2

m3
E

M2
W

(

1 − M2
W

m2
E

)(

1 +
M2

W

m2
E

− 2
M4

W

m4
E

)

,

Γ(E−
1 → l−Z) =

g2

64πc2
W

|VlN |2
m3

E

M2
Z

(

1 − M2
Z

m2
E

)(

1 +
M2

Z

m2
E

− 2
M4

Z

m4
E

)

,

Γ(E−
1 → l−H) =

g2

64π
|VlN |2

m3
E

M2
W

(

1 − M2
H

m2
E

)2

. (23)The simulation of the seesaw I and III signals with Majorana neutrinos and theSM ba
kgrounds has been previously performed in Ref. [20℄. Here we generate thesignals 
orresponding to Dira
 neutrinos and 
ompare with the former ones, takenfrom that study. In our simulations, the heavy Dira
 neutrino singlet signal in Eq. (20)is 
al
ulated with the Alpgen extension in Ref. [23℄. The triplet signals in Eqs. (21) are
al
ulated implementing the pro
esses for Dira
 neutrinos in Eqs. (21) in the generatorTriada [20℄. The matrix elements for the 2 → 6 pro
esses are 
al
ulated taking �nitewidth and spin e�e
ts into a

ount. All the de
ay 
hannels of the heavy leptons and thesubsequent W/Z/H boson de
ays are in
luded, whi
h is a 
umbersome task involving144, 25 and 578 �nal states for E+

1 E−
1 , E+

2 E−
2 and E±

i N produ
tion, respe
tively.SM ba
kgrounds in
lude tt̄nj (where nj stands for n additional jets at partoni
 level),single top, W/Z nj, W/Zbb̄ nj, diboson and triboson produ
tion plus jets, and other lessimportant pro
esses. They are all generated with Alpgen [24℄. Signal and ba
kgroundevents are passed through the parton shower Monte Carlo Pythia [25℄ and a fastsimulation of the ATLAS dete
tor [26℄. Further details about the signal and ba
kgroundgeneration 
an be found in Ref. [20℄. As it has been done in that work, here we
lassify signals by lepton multipli
ity and 
ompare the possible �nal states to �nd thedi�eren
es between the Dira
 and Majorana 
ases.It must be pointed out that, sin
e the Dira
 and Majorana neutrino amplitudes aredi�erent (although the intera
tions are formally the same, in the latter 
ase N = N c),one expe
ts to �nd di�erent angular distributions, for example the forward-ba
kwardasymmetry in the W rest frame AFB [27℄. Nevertheless, measuring this asymmetry isvery di�
ult. Its value is proportional to M2
W /m2

N , and for a 300 GeV Dira
 neutrino itis already very small, AFB = 0.094, and measuring it requires high statisti
s. Moreover,its measurement requires either to distinguish between the two quarks produ
ed in thehadroni
 W de
ay, or, in leptoni
 W de
ays, to distinguish between the 
harged leptonprodu
ed in W → ℓν and the other leptons present in the event. For 
harged heavyleptons E±
i the de
ay matrix elements are the same in the Dira
 and Majorana 
ases,so that asymmetries are equal. This happens even in the 
harged 
urrent de
ay of E+

2 ,9



where the 
hirality of the 
oupling involved is di�erent in the Dira
 and Majorana 
asesbut the 
harge of the heavy lepton too, with the net result that the amplitudes are thesame. As we will �nd, the dis
rimination between Dira
 and Majorana neutrinos interms of 
harged lepton multipli
ities is mu
h more interesting.3.1 Neutrino singletsFor Dira
 and Majorana neutrino singlets we examine �nal states with (a) three leptons
ℓ±ℓ±ℓ∓X and (b) two like-sign leptons ℓ±ℓ±X, where ℓ = e, µ and X denotes possibleadditional jets. We take the same heavy neutrino parameters used in Ref. [20℄ forMajorana neutrinos, that is, mN = 100 GeV and two s
enarios: N 
oupling only to theele
tron with V 2

eN = 0.0030 (S1) or, alternatively, only to the muon with V 2
µN = 0.0032(S2). We also use the same pre-sele
tion and sele
tion 
riteria and re
onstru
tion 
uts,summarised below for 
ompleteness. Further details, in parti
ular regarding the massre
onstru
tion, 
an be found in Ref. [20℄.(a) Three leptons ℓ±ℓ±ℓ∓. Pre-sele
tion: three leptons with total 
harge ±1, the twolike-sign ones having transverse momentum pT > 30 GeV. Two event samplesare 
onsidered, one with two or more ele
trons (2e) and the other one with twoor more muons (2µ). Sele
tion and re
onstru
tion: the opposite pairs 
annothave an invariant mass 
loser to MZ than 10 GeV; no b jets 
an be present; thetransverse angle between the like-sign pair φℓℓ

T must be larger than π/2; missingenergy pT6 < 100 GeV; re
onstru
ted mass of the heavy neutrino mre

N < 125 GeV.(b) Two like-sign leptons ℓ±ℓ±. Pre-sele
tion: two like-sign leptons with pT > 30GeV. Two di�erent event samples are 
onsidered: with two ele
trons and withtwo muons. Sele
tion and re
onstru
tion: at least two jets with pT > 20 GeV,with no b-tagged jets; pT6 < 30 GeV; φℓℓ

T < π/2; mre

N < 180 GeV.The number of events for 30 fb−1 with these 
riteria is 
olle
ted in Table 1 for the heavyneutrino signal in s
enarios S1 and S2, in 
ase that the heavy neutrino has Majorana orDira
 
hara
ter. The SM ba
kground is also in
luded. It is very interesting to observethat heavy Dira
 neutrinos 
ould be observed at LHC in the trilepton �nal state.This fa
t 
ontradi
ts previous 
ommon wisdom that heavy Dira
 neutrino signals areoverwhelmed by the SM ba
kground (whi
h is a
tually huge for the �nal state with twoopposite sign leptons ℓ+ℓ−). For a Dira
 neutrino with mN = 100 GeV the trileptonsignal is a
tually larger than for a Majorana neutrino. This is easily understood from10



kinemati
s. The two pro
esses giving trilepton signals are
qq̄′ → ℓ+N → ℓ+ℓ−W+ → ℓ+ℓ−ℓ+ν (LNC) ,

qq̄′ → ℓ+N → ℓ+ℓ+W− → ℓ+ℓ+ℓ−ν̄ (LNV) , (24)plus the 
harge 
onjugate. In the LNV pro
ess the lepton from N de
ay (whi
h has thesame 
harge as the one produ
ed in asso
iation with N) is very soft due to the small
mN − MW mass di�eren
e, so this signal is very suppressed by the 
ut pT > 30 GeVon like-sign leptons. (This 
ut is ne
essary to suppress the tt̄nj ba
kground, where asofter like-sign lepton results from the de
ay of a b quark.) A
tually, for a Majorananeutrino most of the events in this �nal state 
ome from the lepton number 
onserving(LNC) pro
ess, where the like-sign lepton results from W de
ay. For a Dira
 neutrinothe LNV de
ay is absent and the LNC de
ay has a bran
hing ratio twi
e as large, sothat the trilepton signal is enhan
ed. Assuming a 20% ba
kground un
ertainty, theDira
 heavy neutrino signal 
ould be observed with 5σ signi�
an
e with a luminosityof 13 fb−1 in s
enario S2, while for s
enario S1 the dis
overy signi�
an
e 
annot bea
hieved unless the ba
kground is known with a better pre
ision.Conversely, like-sign dilepton signals, whi
h have similar signi�
an
e as trileptonones for a Majorana neutrino, are pra
ti
ally absent for a Dira
 neutrino (like-signdileptons 
an still be produ
ed with a mu
h lower rate from the LNC de
ay in Eq. (24)when ℓ− is missed by the dete
tor). Then, a Dira
 neutrino might be identi�ed withan event ex
ess in the trilepton 
hannel without any like-sign dilepton signal, while aMajorana neutrino would give signals in both 
hannels with similar signi�
an
e [20℄.3.2 Fermion tripletsFermion triplet produ
tion gives signals with up to six leptons. The di�eren
es withrespe
t to the Majorana 
ase are originated by the absen
e of the LNV de
ay N →

ℓ±ℓ±ℓ∓ (2e) ℓ±ℓ±ℓ∓ (2µ) ℓ±ℓ± (2e) ℓ±ℓ± (2µ)
N (S1,M) 28.6 0 11.3 0
N (S1,D) 44.8 0 0.4 0
N (S2,M) 0 29.6 0 13.4
N (S2,D) 0 45.8 0 0.5SM Bkg 116.4 45.6 36.1 20.2Table 1: Number of events with 30 fb−1 for the Majorana (M) and Dira
 (D) neutrinosinglet signals in s
enarios S1 and S2, and SM ba
kground in di�erent �nal states.11



ℓ+W− and of the mixed de
ays of an E+E− pair giving a W± and a Z/H boson.The 
ross se
tion is two times larger in the Dira
 
ase, be
ause E−
1 and E+

2 are bothprodu
ed. We take a triplet mass of 300 GeV, and assume that it only 
ouples to theele
tron (for a 
oupling to the muon or to both the results are very similar, as arguedin Ref. [20℄). The �nal states examined, with a summary of pre-sele
tion and sele
tion
riteria and re
onstru
tion 
uts, if any, are:(a) Six 
harged leptons. Pre-sele
tion and sele
tion: six 
harged leptons, two of themwith pT > 30 GeV and the rest with pT > 15 GeV (for ele
trons) and pT > 10GeV (for muons).(b) Five 
harged leptons. The same as above but with �ve leptons instead of six.(
) Four leptons ℓ±ℓ±ℓ±ℓ∓. Pre-sele
tion: four leptons with total 
harge Q = ±2,two of them with pT > 30 GeV. Sele
tion and re
onstru
tion: re
onstru
ted Emass mre

E between 280 and 320 GeV.(d) Four leptons ℓ+ℓ+ℓ−ℓ−. Pre-sele
tion: four leptons with total 
harge Q = 0, twoof them with pT > 30 GeV. Sele
tion: events do not have two opposite sign pairsboth with an invariant mass 
loser to MZ than 5 GeV. Re
onstru
tion: mre


Ebetween 280 and 320 GeV.(e) Like-sign trileptons ℓ±ℓ±ℓ±. Pre-sele
tion: three like-sign leptons, two of themwith pT > 30 GeV. Sele
tion: pT > 50 GeV for the leading and sub-leadingleptons.(f) Three leptons ℓ±ℓ±ℓ∓. Pre-sele
tion: three leptons with total 
harge Q = ±1,the two like-sign ones with pT > 30 GeV. Sele
tion: none of the two opposite-sign pairs has invariant mass 
loser to MZ than 10 GeV. Re
onstru
tion: twoadditional jets with pT > 20 GeV; mre

E and mre


N between 240 and 360 GeV.(g) Like-sign dileptons ℓ±ℓ±. Pre-sele
tion: two like-sign leptons with pT > 30 GeV.Sele
tion: pT6 < 30 GeV; four jets with pT > 20 GeV. Re
onstru
tion: both heavylepton invariant masses mℓ1jj, mℓ2jj between 250 and 350 GeV.(h) Opposite-sign leptons ℓ+ℓ−. Pre-sele
tion: two opposite-sign leptons with pT >

30 GeV; four jets with pT > 20 GeV. Sele
tion: pT6 < 30 GeV; leading leptonmomentum pℓ1
T > 100 GeV; the two-jet invariant masses mj1j2 and mj3j4 whi
hre
onstru
t the two bosons must be between 50 and 150 GeV. Re
onstru
tion:both heavy lepton invariant masses mℓ1jj, mℓ2jj between 260 and 340 GeV.12



6ℓ 5ℓ ℓ±ℓ±ℓ±ℓ∓ ℓ+ℓ+ℓ−ℓ− ℓ±ℓ±ℓ± ℓ±ℓ±ℓ∓ ℓ±ℓ± ℓ+ℓ− ℓ±

Σ (M) 0.6 10.6 17.4 55.7 10.2 110.3 177.8 178.7 232.4
Σ (D) 1.9 21.4 9.1 173.4 2.9 194.4 4.4 607.0 314.9SM Bkg 0.0 0.9 2.5 14.3 1.9 15.9 19.5 548.3 1328Table 2: Number of events with 30 fb−1 for the fermion triplet signals with Majorana(M) and Dira
 (D) neutrinos, and SM ba
kground in di�erent �nal states.(i) One 
harged lepton ℓ±. Pre-sele
tion: one 
harged lepton with pT > 30 GeV;

pT6 > 50 GeV; the 
harged lepton and missing energy must have transverse masslarger than 200 GeV; four jets with pT > 20 GeV, and no b-tagged jets. Se-le
tion: 
harged lepton with pℓ
T > 100 GeV; the two-jet invariant masses mj1j2and mj3j4 whi
h re
onstru
t the two bosons must be between 50 and 150 GeV.Re
onstru
tion: mℓjj between 260 and 340 GeV; mνjj between 200 and 400 GeV.The details of the mass re
onstru
tions and kinemati
al distributions are very lengthyto be reprodu
ed here, but 
an be found in Ref. [20℄.The number of events with 30 fb−1 after these 
riteria is 
olle
ted in Table 2 for thefermion triplet signals in 
ase that the heavy neutrino has Majorana or Dira
 
hara
ter.(Note that for a Dira
 triplet the total produ
tion 
ross se
tions are twi
e larger.) Themost relevant di�eren
es with respe
t to the Majorana 
ase are the enhan
ement (bymore than a fa
tor of three) of the signal in the ℓ+ℓ+ℓ−ℓ− �nal state and the absen
eof a signi�
ant like-sign dilepton signal. In the ℓ±ℓ±ℓ∓ mode the Dira
 signal is 1.75times larger, too, whi
h makes this 
hannel the most interesting for Dira
 neutrinotriplet dis
overy. Then, a fermion triplet with a Majorana neutrino is 
hara
terised bythe presen
e of trilepton and like-sign dilepton signals with similar signi�
an
e, anda smaller ℓ+ℓ+ℓ−ℓ− signal [20℄ while if the heavy neutrino has Dira
 nature the like-sign dilepton signal is absent and the four lepton signal has the same signi�
an
e asthe trilepton one. For the triplet mass assumed, 5σ signi�
an
e with a heavy Dira
neutrino 
an be a
hieved with 1.5 and 1.7 fb−1 in the ℓ±ℓ±ℓ∓ and ℓ+ℓ+ℓ−ℓ− �nalstates, respe
tively. Further interesting di�eren
es are found in some of the remaining
hannels. In the �ve lepton 
hannel, the Dira
 signal 
ould be observed with 14 fb−1,half the luminosity required for the Majorana 
ase. The opposite-sign lepton 
hannelis also enhan
ed in the Dira
 
ase (as expe
ted) but the ba
kground is larger and it
annot 
ompete with the 
leanest modes (5σ for 6 fb−1). Conversely, the ℓ±ℓ±ℓ±ℓ∓ and

ℓ±ℓ±ℓ± 
hannels, for whi
h the main 
ontributions to the signals involve LNV neutrinode
ays, are suppressed if the heavy neutrino has Dira
 
hara
ter.13



4 SummaryIn this Letter we 
onsider the Dira
 variant of seesaw type III, in whi
h one or moreheavy neutrinos are Dira
 parti
les. We write down the intera
tions of the new heavyDira
 neutrino N and its two 
harged lepton partners E−
1 , E+

2 . It has also been shownthat, analogously to seesaw I, heavy quasi-Dira
 neutrinos arise naturally if one assignslepton number L = 1, L = −1 to two fermion triplets and requires that lepton numberbreaking is small in the heavy se
tor. We have then studied the observability of heavy(quasi-)Dira
 neutrino singlets and triplets.Our analysis shows that Dira
 and Majorana neutrino singlets and triplets 
an be
learly distinguished by looking for their signals in di�erent �nal states. The di�eren
esare apparent, as it 
an be observed in Tables 1 and 2. We have to remember that thetotal 
ross se
tion for a Dira
 triplet (
omposed by two Majorana triplets) is two timeslarger than for a Majorana one. In the singlet 
ase the 
harged 
urrent 
ouplings areassumed to be the same for heavy Dira
 and Majorana neutrinos, and equal to theupper limit from pre
ision ele
troweak data, and then the produ
tion 
ross se
tionsare the same too. In some �nal states the signal enhan
ements for a Dira
 neutrino(
ompared to a Majorana one) 
an be up to a fa
tor of three, while some �nal statespresent in the Majorana 
ase, namely like-sign dileptons, are absent or very small. Thekinemati
s and distributions of the new signals are very similar to the 
orrespondingones for Majorana neutrinos, presented with great detail in Ref. [20℄, with the ex
eptionof the LNV �nal states whi
h are not produ
ed in the Dira
 
ase.We have found the somewhat unexpe
ted result that heavy Dira
 neutrino sin-glets 
oupling to the muon 
ould be observable at LHC in the trilepton 
hannel
ℓ±ℓ±ℓ∓, a
hieving 5σ signi�
an
e with a luminosity of only 13 fb−1 for mN = 100GeV, V 2

µN = 0.0032. For heavy triplets the prospe
ts are mu
h better, with dis
overyfor only 1.5 fb−1 for a triplet mass of 300 GeV in the trilepton 
hannel alone. Thisex
ellent dis
overy potential 
on�rms the trilepton 
hannel as the most interesting forthe investigation of seesaw III at LHC, in the Dira
 as well as in the Majorana 
ase(there the sensitivity is slightly worse than for the like-sign dilepton �nal state but thepresen
e of a heavy neutral lepton 
an be established with the mass re
onstru
tion and
harge determination).It is worth remarking that the heavy Dira
 neutrino dis
overy potential depends onvery few parameters. In the 
ase of neutrino singlets these are the heavy neutrino massand its mixing angle. While the dependen
e on the mixing angle is trivial be
ause 
rossse
tions s
ale with |VlN |2, the dependen
e on the neutrino mass is more 
ompli
ated,resulting from the interplay of several fa
tors: (i) the total produ
tion 
ross se
tion,14



whi
h de
reases with the mass; (ii) de
ay bran
hing ratios, where for mN > MH anew de
ay 
hannel opens redu
ing the like-sign dilepton and trilepton signals; (iii)dete
tion e�
ien
ies, whi
h signi�
antly grow with mN in the range studied; (iv) theSM ba
kground, whi
h is relatively large in the region of small transverse momenta,and whose size also depends on the kinemati
s of the signal. Hen
e, although ana

urate estimate requires a detailed simulation, an edu
ated guess gives a dis
overyrea
h slightly above mN = 100 GeV with 30 fb−1.In the triplet 
ase only the mass is relevant be
ause the produ
tion 
ross se
tiondoes not depend on the mixing (it only determines possible vertex displa
ements ifit is very small [16℄). Moreover, in this 
ase the SM ba
kground is tiny and thedis
overy potential is essentially determined by the produ
tion 
ross se
tion, whosedependen
e on the 
ommon triplet mass mΣ is shown in Fig. 1 (right). Thus, massesup to approximately 700 GeV 
ould be dis
overed with 30 fb−1. This dis
overy limitis slightly lower than the one estimated for a Majorana triplet (750 GeV) despite theprodu
tion 
ross se
tion being twi
e larger. The reason for this apparent paradox issimple: for a Dira
 triplet the LNC signatures are enhan
ed with respe
t to the LNVones, as it 
an be observed in Table 2. Then, the signal in the 
leanest 
hannels, whi
hdetermine the dis
overy potential, is almost the same in both 
ases for equal valuesof the mass. Finally, it should be stressed that the main obje
tive of the simulationspresented here is to show how the Dira
 and Majorana 
ases 
ould be distinguished ifa positive signal is observed. In this way, this study 
omplements the general analysisin Ref. [20℄ for minimal seesaw models with Majorana neutrinos.A
knowledgementsThis work has been supported by MEC proje
t FPA2006-05294 and Junta de Andalu
íaproje
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A Feynman rulesWe give here the Feynman rules used in our matrix element 
al
ulations. Leptonnumber is 
onserved ex
ept for e�e
ts proportional to light neutrino masses (whi
h
an be taken to be zero at high energy), and all verti
es 
onserve lepton number, withthe pe
uliarity that for the 
harged lepton E+
2 the parti
le is positively 
harged andthe antiparti
le has negative 
harge.

W+
µ

E−
1

N

−igγµ

W−
µ

N E−
1

−igγµ

W+
µ

N E+
2

igγµ

W−
µ

E+
2

N

igγµ

Zµ

E−
1 E−

1

igcW γµ

Aµ

E−
1 E−

1

ieγµ

Zµ

E+
2 E+

2

−igcWγµ

Aµ

E+
2 E+

2

−ieγµ

Table 3: Feynman rules for heavy fermion triplet gauge intera
tions. For 
larity, in
harged 
urrent intera
tions we indi
ate the 
harge of the in
oming W boson.
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Wµ

N l

− ig√
2
VlNγµPL

Wµ

N l

− ig√
2
V ∗

lNγµPL

Zµ

N νl

−η
ig

2cW

VlNγµPL

Zµ

N νl

−η
ig

2cW

V ∗

lNγµPL

H

N νl

−η
igmN

2MW

VlNPR

H

N νl

−η
igmN

2MW

V ∗

lNPL

Table 4: Feynman rules for heavy Dira
 neutrino singlet (η = 1) and triplet (η = −1)intera
tions with SM fermions.
W−

µ

E+
2

νl

igVlNγµPL

W+
µ

E+
2

νl

igV ∗

lNγµPL

Zµ

E−
1

l

ig√
2cW

VlNγµPL

Zµ

E−
1

l

ig√
2cW

V ∗

lNγµPL

H

E−
1

l

igmE√
2MW

VlNPR

H

E−
1

l

igmE√
2MW

V ∗

lNPL

Table 5: Feynman rules for heavy 
harged lepton intera
tions with SM fermions. For
larity, in 
harged 
urrent intera
tions we indi
ate the 
harge of the in
oming W boson.
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