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ℓWν prodution at CLIC: a window toTeV sale non-deoupled neutrinosF. del ÁguilaDepartamento de Físia Teória y del Cosmos and Centro Andaluz de Físia dePartíulas elementales (CAFPE),Universidad de Granada, E-18071 Granada, SpainJ. A. Aguilar�SaavedraDepartamento de Físia and CFTP,Instituto Superior Ténio, P-1049-001 Lisboa, PortugalAbstratWe disuss single heavy neutrino prodution e+e− → Nν → ℓWν, ℓ = e, µ, τ ,at a future high energy ollider like CLIC, with a entre of mass energy of 3 TeV.This proess ould allow to detet heavy neutrinos with masses of 1−2 TeV if theiroupling to the eletron VeN is in the range 0.004−0.01. We study the dependeneof the limits on the heavy neutrino mass and emphasise the ruial role of lepton�avour in the disovery of a positive signal at CLIC energy. We present strategiesto determine heavy neutrino properties one they are disovered, namely theirDira or Majorana harater and the size and hirality of their harged urrentouplings. Conversely, if no signal is found, the bound VeN ≤ 0.002−0.006 wouldbe set for masses of 1−2 TeV, improving the present limit up to a fator of 30. Wealso extend previous work examining in detail the �avour and mass dependeneof the orresponding limits at ILC, as well as the determination of heavy neutrinoproperties if they are disovered at this ollider.1 IntrodutionThe existene of heavy neutrinos is usually assoiated to the see-saw mehanism [1℄,whih provides a simple and elegant explanation for the smallness of light neutrino1
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masses. This eonomial solution has no phenomenologial impliations at large ollid-ers, however, beause the new neutrinos are extremely heavy, with masses of the orderof 1014 GeV for Yukawa ouplings Y of order one. These extra neutrinos also sup-ply a mehanism to explain the observed baryon asymmetry of the universe throughleptogenesis [2℄. Many attempts have been made to onstrut viable models of thistype but with neutrino masses at the TeV sale [3, 4℄. The prie to pay in all asesis the loss of simpliity. Heavy neutrinos give ontributions to light neutrino massesof the order Y 2v2/mN , where v is the vauum expetation value of the Higgs bosonand mN the heavy neutrino mass. These ontributions are far too large for mN in theTeV range unless (i) Y is very small, of order 10−5, in whih ase the heavy neutrinois almost deoupled from the rest of the fermions, or (ii) there is another soure forneutrino masses giving a omparable ontribution anelling the ∼ Y 2v2/mN one fromthe see-saw mehanism.Both solutions require a theoretial e�ort so as to build a natural model whihreprodues light neutrino masses. In the �rst ase, it is neessary to justify why neutrinoYukawa ouplings are muh smaller than for harged leptons and quarks. In the latter,not only it is neessary to provide an additional soure of neutrino masses, but it is alsoruial to give a natural explanation for the (apparently �ne-tuned) anellation of bothontributions [5℄. But despite the disadvantage of omplexity there is the signi�antbene�t that these models, experimentally not exluded, might be diretly testable atfuture olliders by searhing for the prodution of heavy neutrinos. (Additionally, thereould be indiret evidene of their presene in neutrino osillation experiments [6℄.) Animportant question is then whether these heavy states are indeed observable or not.Although their masses are within the reah of forthoming or planned olliders, theirmixing with the Standard Model (SM) leptons must be also large enough to allow fortheir prodution at detetable rates. This is beause they are SM singlets, and in theabsene of new interations their ouplings are proportional to their mixing with thelight neutrinos.Independently of the mass generation mehanism, heavy neutrinos with masses ofseveral hundreds of GeV appear in Grand Uni�ed Theories, like for instane in thosebased on SO(10) or on larger groups as E(6) [7℄, and an survive to low energies[8℄. Kaluza-Klein towers of neutrinos are also predited in models with large extradimensions, being possible to have the �rst heavy modes near the eletroweak sale [9℄.Their existene is allowed by low energy data, whih set strong onstraints on theirmixing with the light leptons but leave room for their prodution and disovery at2



large olliders. If they have masses up to 400 GeV and a mixing with the eletron
VeN ∼ 0.01, they will be disovered at an international linear ollider (ILC) with aentre of mass (CM) energy of 500 GeV [10℄. An eventual ILC upgrade to 800 GeV willextend the reah to higher masses, but in order to experimentally test the existeneof TeV sale neutrinos a larger CM energy is required, whih is ahievable only at afuture e+e− ollider in the multi-TeV range, like the ompat linear ollider (CLIC)with a CM energy of 3 TeV [11, 12℄.In this paper we present a study of the CLIC potential to disover heavy neutrinosinglets and determine their properties in the proess e+e− → Nν → ℓWν. In setion2 we review the formalism and derive the interations of heavy Dira and Majorananeutrino singlets with the gauge and Higgs bosons, summarising present onstraints ontheir ouplings to the harged leptons. In setion 3 we disuss the general harateristisof eWν, µWν and τWν �nal states. We analyse the di�erent ontributions to the signaland bakground, stressing the ruial fat that an eNW oupling is neessary to observethe heavy neutrino in any of the hannels. In setion 4 we desribe the proedureused for our Monte Carlo alulations. The sensitivity and limits on harged urrentouplings ahieved at CLIC are disussed in setion 5, examining also the dependeneon mN . In ase that a heavy neutrino was disovered, we show how its Dira orMajorana nature ould be established and its harged ouplings measured. In setion6 we perform a similar analysis for neutrinos with masses of 200 − 400 GeV at ILC,extending previous work [10℄, also studying the determination of their properties andomparing with CLIC results. In setion 7 we draw our onlusions.2 Addition of neutrino singletsIn this paper we onsider a SM extension with heavy Majorana (M) or Dira (D)neutrino singlets. The most ommon situation is that three additional heavy eigenstates
Ni, i = 1, 2, 3 are introdued, and for de�niteness this is what we assume in this setion.The formalism is however general for any number of singlets [14℄. In the following wewill obtain the interations of heavy neutrinos with the light leptons, pointing out thedi�erenes between the Dira and Majorana ases when they exist.The neutrino weak isospin T3 = 1/2 eigenstates ν ′

iL are the same as in the SM. Inthe ase of Dira neutrinos we introdue 9 additional SU(2)L singlet �elds
N ′

iL , ν ′
iR , N ′

iR , i = 1, 2, 3 , (D) (1)3



whih allow the light neutrinos to have Dira masses too. For Majorana neutrinos onlythree �elds are added
N ′

iR , i = 1, 2, 3 , (M) (2)with ν ′
iR ≡ (ν ′

iL)c, N ′
iL ≡ (N ′

iR)c. In matrix notation, the form of the mass terms in theLagrangian is similar in both ases,
Lmass = −

(

ν̄ ′
L N̄ ′

L

)

(

v√
2
Y ′ v√

2
Y

B′ B

) (

ν ′
R

N ′
R

)

+ H.c. , (D)

Lmass = −1

2

(

ν̄ ′
L N̄ ′

L

)

(

ML
v√
2
Y

v√
2
Y T MR

) (

ν ′
R

N ′
R

)

+ H.c. , (M) (3)where the Y , B and M bloks are 3 × 3 matries.1 The physial meaning is of oursedi�erent, sine the Y matries orrespond to Yukawa interations, B, B′ are bare massterms and ML, MR lepton number violating Majorana mass matries.2 The ompletemass matries M an be diagonalised by U †
LMUR = Mdiag. For Majorana neutrinos

UR = U∗
L, while for Dira neutrinos the two unitary matries are independent. Themass eigenstates are

(

νL

NL

)

= U †
L

(

ν ′
L

N ′
L

)

,

(

νR

NR

)

= U †
R

(

ν ′
R

N ′
R

)

. (4)Both for Majorana and Dira neutrinos the weak interation Lagrangian is written inthe weak eigenstate basis as
LW = − g√

2
l̄′Lγµν ′

LWµ + H.c. ,

LZ = − g

2cW
ν̄ ′

Lγµν ′
LZµ , (5)1Both mass terms in Eqs. (3) are partiular ases of a general 12 × 12 symmetri mass matrixonneting (ν′

L (ν′

R)c N ′

L (N ′

R)c) and ( (ν′

L)c ν′

R (N ′

L)c N ′

R). If we assign lepton numbers L = 1 to
ν′

L, N ′

L and L = −1 to (ν′

R)c, (N ′

R)c, the mass term for Dira neutrinos orresponds to the L = 0entries (with onserved lepton number). The mass term for Majorana neutrinos inludes the Yukawaentries Y with L = 0 and the diagonal lepton number violating bloks ML, MR with L = 2, L = −2,respetively, and in this ase ν′

R, N ′

L are assumed very heavy or deoupled.2In the Dira ase the right-handed states ν′

iR, N ′

iR are equivalent, and by a suitable rede�nitionone an always hoose a weak basis with B′ = 0. Additionally, with adequate rotations B and MRould be assumed diagonal without loss of generality. This is not neessary for our disussion, anyway,and the results in this setion do not rely on suh assumptions.
4



with l′iL the harged lepton weak eigenstates. Let us divide for onveniene the rotationmatries UL, UR in 3 × 6 bloks,
UL =

(

UL

U ′
L

)

, UR =

(

UR

U ′
R

)

. (6)Then, the weak interation Lagrangian is written in the mass eigenstate basis as
LW = − g√

2
l̄Lγµ U †

l UL

(

νL

NL

)

Wµ + H.c. , (7)
LZ = − g

2cW

(

ν̄L N̄L

)

γµ U †
LUL

(

νL

NL

)

Zµ , (8)where Ul is a 3 × 3 unitary matrix resulting from the diagonalisation of the hargedlepton mass matrix. The extended Maki-Nakagawa-Sakata (MNS) matrix [13℄ V ≡
U †

l UL has dimension 3 × 6. Neutral interations are desribed by the 6 × 6 matrix
X ≡ U †

LUL, related to the former by X = V †V .The interations with the Higgs boson H are
LH = − 1√

2
(ν̄ ′

LY N ′
R + ν̄ ′

LY ′ν ′
R) H + H.c. ,

= − 1√
2

(

ν̄L N̄L

)

U †
L(Y U ′

R + Y ′ UR)

(

νR

NR

)

H + H.c. , (D)

LH = − 1√
2

ν̄ ′
LY N ′

R H + H.c.

= − 1√
2

(

ν̄L N̄L

)

U †
LY U

′∗
L

(

νR

NR

)

H + H.c. (M) (9)In order to obtain expliit expressions in terms of masses and mixing angles, we deom-pose V in two 3×3 bloks, V = (V (ν) V (N)), with V (ν), V (N) parameterising the mixingof the harged leptons with the light and heavy neutrinos, respetively. The latter isexperimentally onstrained to be small (see below), thus terms of order (V (N))2 anbe negleted. After a little algebra, the salar interations of both heavy Dira andMajorana neutrinos an be written as
LH = − g

2MW

ν̄LV (ν) † V (N)MNNR + H.c. , (10)with MN their 3 × 3 diagonal mass matrix MN = diag (mN1
, mN2

, mN3
). In the Diraase there are additional Yukawa ouplings among the light neutrinos.5



The mixing of heavy neutrinos with harged leptons is restrited by two groups ofproesses [15�21℄: (i) π → ℓν, Z → νν̄ and other tree-level proesses involving lightneutrinos in the �nal state; (ii) µ → eγ, Z → ℓ+ℓ
′− and other lepton �avour violating(LFV) proesses to whih heavy neutrinos an ontribute at one loop level. All theseproesses onstrain the quantities

Ωℓℓ′ ≡ δℓℓ′ −
3
∑

i=1

Vℓνi
V ∗

ℓ′νi
=

3
∑

i=1

VℓNi
V ∗

ℓ′Ni
. (11)The proesses in the �rst group measure lepton harged urrent ouplings. A global�t yields the bounds [20℄

Ωee ≤ 0.0054 , Ωµµ ≤ 0.0096 , Ωττ ≤ 0.016 , (12)with a 90% on�dene level (CL). For heavy neutrino masses in the TeV range, LFVproesses in the seond group give the onstraints [19℄
|Ωeµ| ≤ 0.0001 , |Ωeτ | ≤ 0.01 , |Ωµτ | ≤ 0.01 . (13)The limits in Eqs. (12) are model-independent to a large extent, and independent ofheavy neutrino masses as well. They imply that the mixing of the heavy eigenstateswith the harged leptons is very small,∑i |VℓNi

|2 ≤ 0.0054, 0.0096, 0.016 for ℓ = e, µ, τ ,respetively. On the other hand, the bounds in Eqs. (13) do not diretly onstrain theproduts VℓNi
V ∗

ℓ′Ni
but the sums in the r.h.s. of Eq. (11), and anellations mightour between two or more terms, and also with other new physis ontributions.These anellations may be more or less natural, but in any ase suh possibilitymakes the limits in Eqs. (13) relatively weak if more than one heavy neutrino exists[10, 22℄. Besides, we note that these limits are independent of the heavy neutrinonature. For heavy Majorana neutrinos there is an additional restrition from the non-observation of neutrinoless double beta deay, whih is below present experimentallimits for |VeN |2 ≤ 0.0054 and mNi

& 100 GeV [23℄.Sine mixing of the harged leptons with heavy neutrinos is experimentally requiredto be very small, the usual MNS matrix V (ν) is approximately unitary, up to orretionsof order V 2
ℓNi

. Moreover, at large ollider energies the light neutrino masses an benegleted. With these approximations V (ν) an be taken equal to the identity matrix,implying also Xνℓν
′

ℓ
= δℓℓ′ , XνℓNi

= VℓNi
, i.e. the verties between light leptons an betaken equal to their SM values for massless neutrinos, and the ouplings for �avour-hanging neutral interations νℓNiZ are proportional to those for harged urrents

ℓNiW . 6



The prodution of a heavy neutrino N involves its interations with the lightfermions. The harged urrent vertex with a harged lepton ℓ an be diretly readfrom Eq. (7),
LW = − g√

2

(

ℓ̄γµVℓNPLN Wµ + N̄γµV ∗
ℓNPLℓ W †

µ

)

. (14)The neutral urrent gauge ouplings with a light neutrino νℓ are
LZ = − g

2cW

(

ν̄ℓγ
µVℓNPLN + N̄γµV ∗

ℓNPLνℓ

)

Zµ . (15)In the Dira ase, the two terms in LZ desribe the interations of heavy neutrinosand antineutrinos. If they are Majorana partiles, the seond term an be rewritten interms of ν̄ℓ and N , giving
LZ = − g

2cW
ν̄ℓγ

µ (VℓNPL − V ∗
ℓNPR)N Zµ . (M) (16)The salar interations of the heavy neutrino are

LH = −g mN

2MW

(

ν̄ℓ VℓNPRN + N̄ V ∗
ℓNPLνℓ

)

H , (17)where the seond term an again be rewritten for Majorana neutrinos,
LH = −g mN

2MW
ν̄ℓ (VℓNPR + V ∗

ℓNPL) N H . (M) (18)For our omputations it is also neessary to know the total heavy neutrino width
ΓN . N an deay in the hannels N → W+ℓ− (if N is a Majorana fermion N → W−ℓ+is allowed as well), N → Zνℓ and N → Hνℓ. The partial widths for these deaysare [22, 24℄

Γ(N → W+ℓ−) = Γ(N → W−ℓ+)

=
g2

64π
|VℓN |2

m3
N

M2
W

(

1 − M2
W

m2
N

)(

1 +
M2

W

m2
N

− 2
M4

W

m4
N

)

,

ΓD(N → Zνℓ) =
g2

128πc2
W

|VℓN |2
m3

N

M2
Z

(

1 − M2
Z

m2
N

)(

1 +
M2

Z

m2
N

− 2
M4

Z

m4
N

)

,

ΓM(N → Zνℓ) = 2 ΓD(N → Zνℓ) ,

ΓD(N → Hνℓ) =
g2

128π
|VℓN |2

m3
N

M2
W

(

1 − M2
H

m2
N

)2

,

ΓM(N → Hνℓ) = 2 ΓD(N → Hνℓ) , (19)7



with ΓD and ΓM standing for the widths of a Dira and Majorana neutrino. The fatorsof two in the partial widths of N → Zνℓ, N → Hνℓ for a Majorana neutrino are theonsequene of the extra V ∗
ℓN ouplings in Eqs. (16),(18), whih are not present for aDira neutrino. From Eqs. (19) it follows that for equal values of the mixing angles

VℓN the width of a heavy Majorana neutrino is twie as large as for a Dira neutrino.Another straightforward onsequene of these expressions is that the partial widths for
W , Z and Higgs deays are in the ratios 2 : 1 : 1 (the latter for mH ≪ mN ). Sine theHiggs mass is still unknown, we will ignore the deays N → Hνℓ in the alulation of
ΓN . If these deays are inluded, the W±ℓ∓ branhing ratios (and hene the �nal signalross setions) are multiplied by a fator whih ranges between 3/4 (for mH ≪ mN )and unity (for mH ≥ mN).3 ℓWν prodution and lepton �avourThe existene of new heavy neutrinos is rather di�ult to detet as an exess in thetotal ross setion for e+e− → ℓqq̄′ν. The stringent experimental bounds on theirmixing angles with the light partiles restrit the size of their ontribution to thisproess to a few perent, exept for low mN values. Suh a small inrease in theross setion is unobservable due to the inherent unertainties in the SM predition.Nevertheless, the heavy neutrino ontribution to this signal is dominated by on-shell
N prodution [22, 25℄ e+e− → Nν → ℓ−W+ν → ℓ−qq̄′ν (plus the harge onjugate)if kinematially aessible, yielding a peak in the ℓqq̄′ invariant mass distribution. Ifheavy neutrino mass di�erenes are of the order of 100 GeV or more the neutrino peaksdo not overlap, so that their experimental study an be done independently, sine inthis ase the interferene of the relevant amplitudes is negligible. We will thus assumefor simpliity that only one heavy neutrino N is produed. For quasidegenerate heavyneutrinos with (mN1

−mN2
)/(mN1

+mN2
) ≪ 1 [4℄ one must onsider interferene e�ets,whih are not addressed here.In Nν prodution the two quarks in the �nal state result from the deay of anon-shell W boson, hene we an safely on�ne the analysis to the phase spae regionwhere their invariant mass is not far from MW , and restrit the alulation to ℓWνprodution (with W → qq̄′) in the presene of a heavy neutrino. We �rst disuss theproess for ℓ = e and later point out the di�erenes for ℓ = µ, τ , using a referene value

mN = 1500 GeV. For most purposes ℓ− and ℓ+ prodution may be summed beauseCP-violating e�ets are negligible, as it is brie�y ommented at the end of this setion.8



3.1 Final states with eletronsThe Feynman diagrams for e+e− → e−W+ν involving heavy neutrino exhange areshown in Fig. 1. We neglet the eletron mass (as well as light quark masses) in theomputation of matrix elements, thus we do not inlude salar diagrams. When theoutgoing light neutrino �avour is onstrained to be νe we write it expliitly. Diagrams1b and 1f are present only if N is a Majorana fermion, while the rest are ommon tothe Dira and Majorana ases.
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O(1) from the N deay branhing ratio. Their ontribution to the ross setion isthen quadrati in VeN (interferene with the SM amplitude is negligible). The lastthree diagrams are proportional to V 2

eN , giving V 2
eN terms in the ross setion (throughinterferene), plus V 4

eN terms. With present limits on VeN , the former are one order ofmagnitude larger than the latter, but still remain two orders of magnitude below thesize of V 2
eN terms from diagrams with N on its mass shell. Among these, the t- and

u-hannel W exhange diagrams (1a and 1b, respetively) are the only ones relevantat CLIC energy and s-hannel Z exhange (1) is highly suppressed, being a fator
∼ 5 smaller than o�-shell ontributions. We then arrive to one ruial point: for equalvalues of the mixing angles, the ontributions of Majorana and Dira heavy neutrinos9



to the e−qq̄′ν ross setion are almost equal. The reason is simple: for a Majorana Nthe neutrino signal is strongly dominated by two non-interfering Feynman diagramswhih give equal ontributions to the ross setion, instead of one in the Dira ase.On the other hand, the width of a Majorana N is twie as large as for a Dira one, asnoted in the previous setion.In the phase spae region of interest, the relevant SM diagrams are those for
e+e− → e−W+νe with subsequent hadroni W deay, as depited in Fig. 2. Themain ontribution omes from diagram 2i and is one order of magnitude larger thanthe rest. This fat onstrasts with the behaviour at ILC energy, where about one halfof the ross setions omes from resonant W+W− prodution, espeially from diagram2a. The 8 additional diagrams for e+e− → e−qq̄′ν whih do not involve the deay
W+ → qq̄′ give an irrelevant ontribution (smaller than 0.5 %) in the phase spaeregion studied. The quadrati orretions to the ℓνW and ννZ verties negleted insetion 2 are unobservable with the available statistis. We also ignore diagrams like1b and 1f with the exhange of a light Majorana neutrino, whih are suppressed by theratio mν/Q ∼ 10−13, where Q ∼ √

s is the typial energy sale in the proess.It is worth pointing out the e�et of beam polarisation on the ross setions for
e−W+ν prodution through N exhange only and through SM diagrams. For N ex-hange we have σe+

R
e−
L

: σe+

L
e−
R

= 44000 : 1 (for mN = 1500 GeV, VeN = 0.05), with
σe+

R
e−
R

= σe+

L
e−
L

= 0. For the SM proess, we �nd σe+

R
e−
L

: σe+

R
e−
R

: σe+

L
e−
R

= 3700 : 200 :

1, σe+

L
e−
L

= 0. Therefore, the use of negative eletron polarisation Pe− and positivepositron polarisation Pe+ improves the observability of the signal as well as the statis-tis. Besides, it an be seen that e+
Le−R ross setions only reeive ontributions fromdiagrams with Z or photon s-hannel exhange, thus the huge di�erene between e+

Le−Rand e+
Re−L ross setions re�ets the suppression of the former.3.2 Final states with muons and tausFinal states with ℓ = µ, τ share similar prodution properties and we refer to muons forbrevity. The diagrams for e+e− → µ−W+ν via heavy neutrino exhange are shown inFig. 3. The same omments regarding the ontributions of the diagrams in Fig. 1 applyin this ase (up to di�erent mixing angles). We observe that all ontributions exept 3involve an eletron-heavy neutrino interation; in partiular, the leading diagrams 3aand 3b orrespond to heavy neutrino prodution via an eNW vertex with subsequentdeay through a µNW interation. This leads to the important onsequene that the10
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4 Event generationThe matrix elements for e+e− → ℓ−W+ν → ℓ−qq̄′ν are alulated using HELAS [29℄,inluding all spin orrelations and �nite width e�ets. We sum SM and heavy neutrino-mediated diagrams at the amplitude level. For Majorana fermions the Feynman rulesare given in Ref. [30℄. We assume a CM energy of 3 TeV, with a beam spread of 0.35%[11℄, ignoring an eventual beam rossing angle of 0.02 rad at the interation point [12℄whose e�et in our simulation is very small. We make use of eletron polarisation
Pe− = −0.8 and positron polarisation Pe+ = 0.6. The luminosity is taken as 1000 fb−1per year. In order to take into aount the e�et of initial state radiation (ISR) andbeamstrahlung we onvolute the di�erential ross setion with �struture funtions�
DISR(x), DBS(x),

dσ =

∫ 1

0

dσ(x1y1E, x2y2E)DISR(x1)DBS(y1)DISR(x2)DBS(y2) dx1dy1dx2dy2 . (20)The funtion desribing the e�et of ISR used is [31℄
DISR(x) =

η

2
(1 − x)

η
2
−1 e

η
2 (

3

4
−γ)

Γ
(

1 + η
2

)

×
[

1

2
(1 + x2) − η

8

(

1

2
(1 + 3x2) log x − (1 − x)2

)]

, (21)where
η(s) = −6 log

[

1 − α0

3π
log

s

m2
e

]

, (22)
γ is the Euler onstant, α0 = 1/137 the �ne struture onstant, s the enter of massenergy squared and me the eletron mass. For beamstrahlung we use [32℄

DBS(x) = e−N

[

δ(x − 1) +
e−κ(1−x)/x

x(1 − x)
h(y)

]

, (23)with N = Nγ/2, κ = 2/3 Υ. For the proposed luminosity we take the parameters
Υ = 8.1, Nγ = 2.3 [11℄. The funtion h(y) is [33℄

h(y) =

∞
∑

n=1

yn

n! Γ(n/3)
, (24)where y = N [κ (1 − x)/x]1/3. For large y, h(y) has the asymptoti expansion

h(y) =

(

3z

8π

)
1

2

e4z

[

1 − 35

288 z
− 1295

16588 z2
+ · · ·

]

, (25)13



with z = (y/3)3/4.In �nal states with τ leptons, we selet τ deays to π, ρ and a1 mesons (with aombined branhing fration of 54% [34℄), in whih a single ντ is produed, disardingother hadroni and leptoni deays. We simulate the τ deay assuming that the mesonand τ momenta are ollinear (what is a good approximation for high τ energies) andassigning a random fration x of the τ momentum to the meson, aording to theleft-handed probability distributions [35℄
P (x) = 2(1 − x) (26)for pions, and

P (x) =
2

2ζ3 − 4ζ2 + 1

[

(1 − 2ζ2) − (1 − 2ζ)x
] (27)for ρ and a1 mesons, where ζ = m2

ρ,a1
/m2

τ . We assume a τ jet tagging e�ieny of50%. In ertain measurements the use of c tagging is neessary as well, and we assumea 50% e�ieny, the same one that it is expeted at ILC [36℄.We simulate the alorimeter and traking resolution of the detetor by performinga Gaussian smearing of the energies of eletrons (e), muons (µ) and jets (j), using theexpeted resolutions [12℄,
∆Ee

Ee
=

10%√
Ee

⊕ 1% ,
∆Eµ

Eµ
= 0.005% Eµ ,

∆Ej

Ej
=

50%√
Ej

⊕ 4% , (28)where the two terms are added in quadrature and the energies are in GeV. We applykinematial uts on transverse momenta, pT ≥ 10 GeV, and pseudorapidities |η| ≤ 2.5,the latter orresponding to polar angles 10◦ ≤ θ ≤ 170◦. We rejet events in whih theleptons or jets are not isolated, requiring a �lego-plot� separation∆R =
√

∆η2 + ∆φ2 ≥
0.4. For the Monte Carlo integration in 6-body phase spae we use RAMBO [37℄.In eletron and muon �nal states the light neutrino momentum pν is determinedfrom the missing transverse and longitudinal momentum of the event and the require-ment that p2

ν = 0 (despite ISR and beamstrahlung, the missing longitudinal momentumapproximates with a reasonable auray the original neutrino momentum). In �nalstates with τ leptons, the reonstrution is more involved, due to the seondary neu-trino from the τ deay. We determine the �primary� neutrino momentum and the
14



fration x of the τ momentum retained by the τ jet using the kinematial onstraints
EW + Eν +

1

x
Ej =

√
s ,

~pW + ~pν +
1

x
~pj = 0 ,

p2
ν = 0 , (29)in obvious notation. These onstraints only hold if ISR and beamstrahlung are ignored,and in the limit of perfet detetor resolution. When solving them for the generatedMonte Carlo events we sometimes obtain x > 1 or x < 0. In the �rst ase we arbitrarilyset x = 1, and in the seond ase we set x = 0.55, whih is the average momentumfration of the τ jets. With the proedure outlined here, the reonstruted τ momen-tum reprodues with a fair auray the original one, while the pν obtained is oftenompletely di�erent from its atual value.5 Heavy neutrino disovery at CLIC and determina-tion of their propertiesWe address in turn the disovery of a new heavy neutrino (setions 5.1 and 5.2), thedetermination of its Dira or Majorana harater (setion 5.3) and the measurementof its ouplings to e, µ, τ (setion 5.4). We try to be as onise as possible withoutlosing generality or omitting the main points. Following the disussion in setion 3we an distinguish two interesting senarios for our analysis: (i) the heavy neutrinoonly mixes with the eletron; (ii) it mixes with e and either µ, τ , or both. For thestudy of the mN dependene and the determination of the neutrino nature we assumefor simpliity that N only mixes with the eletron. Additionally, we assume that theneutrino is a Majorana fermion in setions 5.1, 5.2 and 5.4, where the results obtainedare almost independent of its harater.5.1 Disovery of a heavy neutrinoThe existene of a heavy neutrino whih ouples to the eletron an be deteted asa sharp peak in the distribution of the ejj invariant mass mejj, plotted in Fig. 4 for

VeN = 0.05. The dotted and solid lines orrespond to the SM and SM plus a 1500 GeVMajorana neutrino, respetively. For a Dira neutrino the results do not hange. The15



width of the peak is mainly due to energy smearing inluded in our Monte Carlo, andthe intrinsi N width, ΓN = 8.2 GeV and ΓN = 4.1 GeV for a Majorana and Diraneutrino, respetively, has a smaller in�uene in this ase.
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Figure 4: Kinematial distribution of the ejj invariant mass, for mN = 1500 GeV.The SM and SM plus heavy neutrino ross setions are olleted in Table 1, beforeand after the kinematial ut
1460 GeV ≤ mejj ≤ 1540 GeV . (30)The riterion used here for the disovery of the new neutrino is that the exess ofevents3 (the signal S) in the peak region de�ned by Eq. (30) amounts to more than5 standard deviations of the number of expeted events (the bakground B), that is,

S/
√

B ≥ 5. This ratio is larger than 5 for VeN ≥ 7.8 × 10−3, whih is the minimummixing angle for whih a 1500 GeV neutrino an be disovered. Conversely, if no signalis found, the limit VeN ≤ 4.5×10−3 an be set at 90% on�dene level (CL), improvingthe present limit VeN ≤ 0.073 by a fator of 16.No ut With utSM 516 14.6SM + N 548 39.4Table 1: Cross setions (in fb) for e+e− → e∓W±ν before and after the kinematialut in Eq. (30).3It must be stressed that the SM ross setion at the peak an be alulated and normalised usingthe measurements far from this region. 16



In the most general ase that N simultaneously mixes with the three harged lep-tons, there may be in priniple signals in the e, µ and τ hannels, and the three of themmust be experimentally analysed. We hoose equal values VeN = VµN = VτN = 0.04to illustrate the relative sensitivities of the three hannels. For eletron and muon�nal states we apply the kinematial ut in Eq. (30), while for taus the distribution isbroader and we use
1420 GeV ≤ mτjj ≤ 1580 GeV . (31)The SM and SM plus heavy neutrino ross setions after these kinematial uts4 anbe found in Table 2. For these values of the ouplings, the heavy neutrino signal ouldbe seen with a statistial signi�ane of ∼ 40σ, ∼ 250σ and ∼ 70σ in the e, µ and τhannels, respetively, after one year of running.

e µ τSM 14.6 0.36 0.096SM + N 19.5 5.24 1.19Table 2: Cross setions (in fb) for e+e− → ℓ∓W±ν, for ℓ = e, µ, τ , inluding thekinematial uts on mℓjj.We learly see that the muon hannel is muh more sensitive for equal values of theouplings. An eNW interation is absolutely neessary to produe the heavy neutrinoat observable rates but, one it has been produed, its deays in the muon and tauhannels are easier to spot over the bakground. Sine the prodution mehanismis strongly dominated by t and u-hannel W exhange diagrams (see setion 3), theobserved signals Se, Sµ, Sτ an be written as
Sℓ = Aℓ V 2

eN

V 2
ℓN

V 2
eN + V 2

µN + V 2
τN

(32)to an exellent approximation. The ommon fator V 2
eN omes from the prodution,the ratio of ouplings orresponds to the deay and Aℓ are onstants. Using the datain Table 2 and Eqs. (32) we an obtain the ombined limits on VeN and VµN or VτNplotted in Fig. 5. It is very interesting to observe that a small oupling to the muon4For the muon and tau hannels the bakground is dominated by resonant W+W− prodution,thus a ut on the mℓν invariant mass ould redue it signi�antly. However, in pratie it may be verydi�ult to reonstrut the W mass at CLIC energy, and to be onservative we do not apply any uton mℓν . 17



VµN & 0.005 greatly inreases the sensitivity to VeN , from ∼ 0.008 to ∼ 0.0035, dueto the better observation of the heavy neutrino in the muon hannel. For a �xed VeNand inreasing VµN , the eWν hannel beomes less signi�ant beause of the smallerbranhing ratio, and the observation is better in the µWν hannel. (For ILC thebehaviour is rather di�erent, see next setion.) In the ase of the tau the e�et issimilar but less pronouned.
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(a) (b)Figure 5: Combined limits on: VeN and VµN , for VτN = 0 (a); VeN and VτN , for VµN = 0(b), for mN = 1500 GeV. The red areas represent the 90% CL limits if no signal isobserved. The white areas extend up to present bounds VeN ≤ 0.073, VµN ≤ 0.098,
VτN ≤ 0.13, and orrespond to the region where a ombined statistial signi�ane of
5σ or larger is ahieved. The indiret limit from µ − e LFV proesses is also shown.For omparison, we inlude in Fig. 5 (a) the indiret limit on VeN , VµN derivedfrom low energy LFV proesses. For VµN smaller than 0.05, the diret limit obtainedby the absene of heavy neutrino prodution is muh better than the indiret one.Moreover, the latter an be evaded if we allow for anellations between heavy neutrinoontributions, as disussed in setion 2 (see also Ref. [10℄). In the ase of the taulepton, the indiret limit from LFV proesses is less stringent than the diret limits
VeN ≤ 0.073, VτN ≤ 0.13 and is not shown.When the heavy neutrino does not ouple to the eletron but only to the muonand/or tau, the only Feynman diagram ontributing to the signal is 3. For CLIC thesituation is muh worse than for ILC [10℄ beause at a higher CM energy this diagramis more suppressed. Heavy neutrino prodution rates are thus negligibly small, givingan exess of a handful of events (for an integrated luminosity of 1000 fb−1) over the18



SM bakground even for VµN , VτN in their upper experimental bounds.5.2 Dependene on the heavy neutrino massThe ross setion for e+e− → e∓W±ν inluding the heavy neutrino ontribution ex-hibits a moderate dependene on mN , whih is mainly due to phase spae. The vari-ation of the total e∓W±ν ross setion (inluding ISR, beamstrahlung and �detetoruts� as explained in setion 4) with mN an be seen in Fig. 6 (a). For larger massesthe ross setions are smaller an thus the limits on VeN are worse. This behaviour isattenuated by the fat that the SM bakground also dereases for larger mejj, as anbe learly observed in Fig. 4. The resulting limits on the heavy neutrino oupling areshown in Fig. 6 (b) as a funtion of mN . These limits assume impliitly that the heavyneutrino only mixes with the eletron (for mixing also with the muon they improve,as seen in the previous subsetion). The kinematial uts are not optimised for eahvalue of mN .
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(a) (b)Figure 6: (a) Cross setion for e+e− → e∓W±ν for VeN = 0.05 and di�erent values of
mN . (b) Dependene of the disovery and upper limits on VeN on the heavy neutrinomass. Both plots assume mixing only with the eletron.
5.3 Determination of the Majorana or Dira natureThe ross setion for e−W+ν prodution mediated by a heavy neutrino is fairly insen-sitive to its Dira or Majorana harater. Still, the di�erent prodution mehanismsshow up in the angular distribution of N with respet to the inoming eletron. In19



the ase of a heavy Majorana neutrino the new ontribution is dominated by diagrams1a, 1b, leading to a forward-bakward symmetri distribution for the prodution angle
ϕNe− between N and the inoming eletron. The distribution peaks at cos ϕNe− = 1when t ≡ (pN − pe−)2 = 0 and the �rst diagram is enhaned, and at cos ϕNe− = −1when u ≡ (pN − pe+)2 = 0 (and the seond one is enhaned).In the ase of Dira neutrinos the u-hannel diagram is absent, and the distributiononly peaks at cos ϕNe− = 1 for �nal states with e−, µ−, τ− and at cos ϕNe− = −1for the harge onjugate proesses with e+, µ+, τ+. It is then onvenient to de�ne
ϕN ≡ ϕNe−, ϕNe+ for e−W+ν, e+W−ν events, respetively. Its normalised distributionis shown in Fig. 7 (a) for events surviving the kinematial ut in Eq. (30). We onsiderthe SM, and SM plus a Majorana or Dira neutrino. The most onspiuous results areobtained subtrating the SM ontribution, whih an be alulated and alibrated usingthe measurements outside the peak. In this ase, Fig. 7 (b), the di�erene betweenthe Dira and Majorana ases is apparent. We remark that the signal ross setion atthe peak is of 24.8 fb for VeN = 0.05, what gives a su�iently large event sample todistinguish both ases even for smaller mixing angles (see also Fig. 6).
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obvious when ompared to Fig. 7 (a) that the best results are obtained from the analysisof the polar angle of the produed neutrino ϕN .
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5.4 Measurement of heavy neutrino ouplingsIn order to measure the moduli of the heavy neutrino ouplings to harged leptons, theonstants Aℓ in Eq. (32) must be theoretially alulated. This an be done in priniplewith full Monte Carlo simulations taking into aount all radiation and hadronisatione�ets, as well as the real detetor behaviour. The ouplings of the heavy neutrino arethen

V 2
eN =

Se

Ae
+

Sµ

Aµ
+

Sτ

Aτ
,

V 2
ℓN

V 2
eN

=
Sℓ

Aℓ

(

Se

Ae

)−1

, ℓ = µ, τ . (33)The unertainty in their measurement omes from the statistial �utuations of thesignal and bakground, as well as from the theoretial alulation of the onstants Aℓ.Among other fators, their alulation is a�eted by the inherent unertainties in thesignal normalisation. We expet that Aℓ an be obtained with a preision of 10%,whih in priniple does not a�et the determination of oupling ratios.We estimate the auray with whih heavy neutrino ouplings ould be extrated,alulating the Aℓ onstants from the peak ross setions given by our Monte Carlo for a21



�referene� set of ouplings, and assuming a ommon 10% error in their determination.Then, using as input the ross setions for VeN = VµN = VτN = 0.04, the ouplingsobtained are
VeN = 0.0388 ± 0.00034 (stat) ± 0.0019 (sys) ,

VµN/VeN = 1.007 ± 0.016 (stat) ,

VτN/VeN = 1.030 ± 0.028 (stat) . (34)In this ase the statistial preision of the ratios is very good, of a 2 − 3%. Theunertainty in VeN is of a 5%, dominated by systematis.A seond issue is the determination of the hirality of ℓNW ouplings. This an bedone with the measurement of the ℓs forward-bakward (FB) asymmetry in the W restframe [38, 39℄, whih is sensitive to the hiral struture of the ℓNW oupling involvedin the deay N → ℓ−W+ → ℓ−cs̄ (and in its harge onjugate). The measurement ofthis asymmetry requires to distinguish between the two quark jets resulting from W+deay, what an be done restriting ourselves to W+ → cs̄ and taking advantage of ctagging to require a tagged c jet in the �nal state. This redues the ross setions bya fator of four.We de�ne θℓs as the angle between the momenta of the harged lepton ℓ and the s̄jet, in the W rest frame (the de�nition is the same for N deays into ℓ−W+ → ℓ−cs̄and ℓ+W− → ℓ+c̄s). The FB asymmetry is de�ned as
AFB =

N(cos θℓs > 0) − N(cos θℓs < 0)

N(cos θℓs > 0) + N(cos θℓs < 0)
, (35)with N standing for the number of events. If we parameterise a general ℓNW vertex(ignoring e�etive σµν terms) as

LℓWN = − g√
2

ℓ̄γµ (gLPL + gRPR) N Wµ + H.c. (36)and assume that the W oupling to quarks is purely left-handed, the FB asymmetryis
AFB =

3M2
W

4M2
W + 2m2

N

|gL|2 − |gR|2
|gL|2 + |gR|2

. (37)In the ase of heavy neutrino singlets gL = VℓN , gR = 0 as seen in Eq. (14), and theseond fator in Eq. (37) equals unity. Still, the �rst fator is very small for mN ≫ MW ,and for mN = 1500 GeV we have AFB = 4.3× 10−3 for the three lepton �avours. Suhasymmetries are unobservable, as long as the experimental statistial errors expeted22



in the experiment are typially ∆AFB & 0.012.5 Still, for mN of several hundreds ofGeV the asymmetries are measurable. We analyse suh possibility in next setion.Further observables are sensitive to the struture of the ℓNW verties, namelyspin asymmetries. A proper analysis requires the searh for a diretion along whihthe N polarisation is maximal, what is beyond the sope of this work. Besides, theinformation on ouplings extrated from suh observables is expeted to be less lean,sine they involve additional variables apart from masses and ouplings.6 Heavy non-deoupled neutrinos at ILCHeavy neutrinos with masses up to a few hundreds of GeV an also be produedat ILC with a CM energy of 500 GeV. Many features of the prodution proess areommon to both mass and CM energy sales, but in some other respets ILC andCLIC are rather di�erent. In order to have a better omparison between both aseswe summarise here several results for ILC extending the work in Ref. [10℄. We take amass mN = 300 GeV for most of our omputations, whih follow losely what is donefor CLIC (see also Ref. [10℄ for details). The integrated luminosity is assumed to be345 fb−1, orresponding to one year of running.With the same signal reonstrution method as for CLIC we obtain for mN = 300GeV the ombined limits on VeN and VµN or VτN plotted in Fig. 9. In ontrast with thebehaviour obtained at CLIC, at ILC the sensitivities in the muon and eletron hannelsare similar, and both are better than in τWν prodution. This an be learly observedin both plots: a µNW oupling has little e�et on the limits on VeN , but a ouplingwith the tau dereases the sensitivity, beause the deays in the tau hannel are harderto observe. The diret limit on VeN , VµN obtained here improves the indiret one onlyfor VµN . 0.01. However, as it has already been remarked, the latter is not generaland an be evaded with anellations among heavy neutrino ontributions [10℄.The dependene of the total e∓W±ν ross setion on mN an be seen in Fig. 10 (a),for VeN = 0.073, VµN = VτN = 0. For a heavier N the ross setions are smaller andthus the limits on VeN are worse. However, up to mN = 400 GeV this is ompensated5In the absene of bakground, the statistial error of an asymmetry A is given by the simpleexpression ∆A =
√

(1 − A2)/(S L), with S the signal ross setion and L the integrated luminosity.With an asymmetri bakground the expression is more involved but it an be seen that ∆A is largerthan without bakground. 23
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(a) (b)Figure 9: Combined limits obtained at ILC on: VeN and VµN , for VτN = 0 (a); VeNand VτN , for VµN = 0 (b). The red areas represent the 90% CL limits if no signal isobserved. The white areas extend up to present bounds VeN ≤ 0.073, VµN ≤ 0.098,
VτN ≤ 0.13, and orrespond to the region where a ombined statistial signi�ane of
5σ or larger is ahieved. The indiret limit from µ − e LFV proesses is also shown.We take mN = 300 GeV.
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If a heavy neutrino is disovered at ILC, its nature an be uniquely determinedwith the study of the ϕN dependene of the ross setion, as it has been disussedin setion 5.3. The dependene of the peak ross setion on ϕN is shown in Fig. 11(a). The results after subtrating the SM ontribution an be seen in Fig. 11 (b). Thedistribution is less onentrated at cos ϕN = ±1 than for CLIC energy but allows todetermine unambiguously the neutrino harater even if a relatively small number ofsignal events is olleted. The dependene of the peak ross setion on ϕW and ϕe ispresented in Fig. 12.6

-1 -0.5 0 0.5 1
cos ϕ

N

0

0.1

0.2

0.3

0.4

0.5

σ 
(n

or
m

al
is

ed
)

SM
SM + N (M)

SM + N (D)

-1 -0.5 0 0.5 1
cos ϕ

N

0

0.1

0.2

0.3

0.4

0.5

0.6

σ 
(n

or
m

al
is

ed
)

N (M)
N (D)
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0.073, VµN = VτN = 0, the resulting asymmetry is AFB = 0.083±0.016, where the errorquoted is statistial. The SM and SM+N ross setions after c tagging are 13.4 and 32.7fb, inluding only W hadroni deays with a c quark. For a Dira neutrino the results6It should be noted that the ϕW and ϕe distributions presented in Ref. [10℄ orrespond to thewhole range of mejj and not only to the peak. 25
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possibility of extrating the left- and right-handed parts of the oupling from the totalross setion and AFB measurements is di�ult to assess in general.7 ConlusionsNeutrinos with masses of the order of 1 TeV are predited by many models attemptingto make the new physis sale observable at future olliders. Their presene leads toa greater omplexity of the models (in order to reprodue the light neutrino masses),espeially when they are not deoupled from the light fermions. Nevertheless, if theyexist, large e+e− olliders an disover them or provide the best limits on their massesand mixings. Suh disovery would give a new insight into the mehanism for neutrinomass generation.In this paper we have onentrated on the prodution of heavy neutrino singletsin assoiation with a light neutrino. If they are the only addition to the SM, theprodution ross setion for NN pairs is suppressed by extra mixing angle fators V 2
ℓN .This is also redued by the smaller phase spae and by additional deay branhingratios, what makes this proess muh less sensitive to the presene of these heavyfermions.7 In left-right models the new gauge interations allow to produe heavyneutrinos in pairs, or in assoiation with harged leptons, with mixing angles of orderunity. LHC will be sensitive to both mehanisms [40℄, but the most stringent limitsare expeted from the latter proesses [41, 42℄. On the other hand, e+e− olliders willbe mainly sensitive to neutrino pair prodution [12, 43℄, whih might be used to learnabout heavy neutrino properties as well [44℄. We note that in the ase of Majorananeutrinos, NN prodution may give an interesting lepton number violating �nal statesignal NN → ℓ±W∓ℓ

′±W∓ [26,45℄, whih has smaller bakgrounds than the analogouslepton number onserving �nal state ℓ±W∓ℓ
′∓W±. In ase that new interations arepushed to high energies, heavy neutral leptons an still be produed in pairs if theytransform non-trivially under the SM gauge group [25℄.We have disussed the prospets for TeV sale neutrino detetion in ℓWν produtionat future e+e− olliders, taking as example the CLIC proposal for a 3 TeV ollider at7For e+e− → NN the t and u-hannel exhange diagrams are quadrati in VeN , and the s-hannel

Z diagram has the mixing fator XNN in Eq. (8), whih is equal to |VeN |2+|VµN |2+|VτN |2. Therefore,the ross setion is proportional to light-heavy mixing angles to the fourth power. For mN = 1 TeV anda oupling VeN = 0.004 in the disovery limit, the extra mixing angle suppression of this ross setionis of order V 2
eN = 1.6 × 10−5, already giving unobservable rates for heavy neutrino pair prodution.27



CERN. This study omplements the analysis of the CLIC potential based on new gaugeinterations [12, 43℄. We have examined the dependene of the results on the heavyneutrino mass, and speial emphasis has been made on the importane of a ompletestudy of the three possible hannels ℓ = e, µ, τ . As it has been argued, a non-negligibleoupling to the eletron, VeN ∼ 10−3 − 10−2 for mN = 1 − 2 TeV, is neessary toprodue the heavy neutrino at detetable rates. The produed neutrinos an thendeay N → eW and, if they ouple to the muon and tau, N → µW and N → τW aswell (plus additional deays mediated by neutral urrents). Among these, the muonhannel is by far the leanest one due to its smaller bakground. We have expliitlyshown that for mN = 1500 GeV the sensitivity to VeN improves from VeN ∼ 0.008 to
VeN ∼ 0.0035 in the presene of a small oupling VµN ∼ 0.005, but is hardly a�etedby N mixing with the tau lepton.We have also studied what we ould learn about heavy neutrinos if they weredisovered at CLIC. It has been shown that the angular distribution of the produedneutrino relative to the beam axis is a powerful disriminant between Majorana andDira neutrinos, giving a lear evidene of their nature even for relatively small signals.Then, we have disussed how to extrat heavy neutrino harged urrent ouplings fromdata, estimating with an example the preision with whih they ould be eventuallymeasured. We have proposed a method to determine the hiral struture of the ℓNWinterations, whih unfortunately is only useful for neutrino masses below the TeVsale.Finally, we have performed a similar analysis for heavy neutrinos of few hundredsof GeV at ILC, extending a reent analysis [10℄. In partiular, we have expliitlyinvestigated the �avour and mass dependene of the limits on neutrino mixing withharged leptons. For a heavy neutrino with a mixing large enough, we have shownhow to establish its Dira or Majorana nature and how to determine the hirality ofits harged urrent ouplings.The results obtained show that CLIC would outperform previous mahines in �nd-ing diret or indiret signals of heavy neutrinos. It would extend diret searhes upto masses around 2.5 TeV, and for masses around 1 TeV it would be sensitive to ou-plings VeN ≃ 4 × 10−3. If no heavy neutrino signal was found at CLIC, the bound
VeN ≤ 2 − 6 × 10−3 ould be set for mN = 1 − 2 TeV, improving the present limit
VeN ≤ 0.073 by more than one order of magnitude and mathing a future limit ob-tained at the GigaZ option of ILC [46℄, for whih a 103 statistial gain would beexpeted to translate into bounds ∼ 30 times more stringent than those of Eqs. (12).28



The diret limit on the produt VeNV ∗
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