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Heavy neutrinos at collider scale:

Theoretical problems

and experimental advantages
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Theoretical problems

Seesaw contributions, ~ Y22 /my to light neutrino masses

o eitherY very small (\ decoupled from the light sector)

e or cancellation with another source for light neutrino masses

Need to decouple mixing angles from mass ratios

Y22 Y
Usual seesawm,, ~ —V, V ~ v = V~ m
mN mN mN

Both difficulties can be solved but require symmetries
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Example:

o Little Higgs models [Aguila, Masip, Padilla, PLB '05]

Pseudo-Dirac neutrinos with massTeV, mixing angle~ v/f,
withf ~ 1 TeV

o More examples welcome ...
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Summary

@ Overview of the model
@ Constraints on light-heavy mixing

© SingleN production aete™ colliders
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Overview of the model

Overview of the model

We consider the possibility of Majorana or Dirac neutrinos

N, vr, N Dirac

We introduce additional neutrino fields _
Nir Majorana

In both cases the mass terms are written similarly

_ My Ly i
Lmass= — (17(_ ND ( \/é, ‘/é ) ( B) + H.c. (D)
R

1, - M Yy ol
Lmass= 3 (Vﬁ N(_) ( %YT \|</|ER > (N'?) + H.c. (M)
2

with vz = (v )% Nj_ = (NR)€ in the Majorana case

J. A. Aguilar-Saavedra Single heavy neutrino productionet e~ colliders



Overview of the model

We do notintroduce extra interactions

_ 9 7 .u

Lw = \/él LY V(N )Wﬂ—FH.C.
_ _9 i "

Lz = 2om (oL NL) X(NL)ZH

with V of dimension 3x 6 andX = ViV

XuN = VN also small
Von small —

XNy = Z Vin Ven,  even smaller
l=ep,

N produced singly through interactionsVy
N pairs produced through interactio@$V?)
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Overview of the model

We do notintroduce extra interactions

9
Lw = \/§|’y V(N )Wﬂ—l-H.C.
g v
Lz = g, N9 “X(NL)Z“

with V of dimension 3x 6 andX = ViV

XuN = VN also small
Von small —

XNy = Z Vin Ven,  even smaller
l=ep,

N produced singly through interactionsVy Study single
N pairs produced through interactio@$Vv?) N production
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Overview of the model

N — Wt/ plusN — W—¢T (M)
N — Zyy I'm =2Ip
N — Hyy I'v =2Ip

e For equalVyy|, the total width of a Majorana neutrino is two
times larger than for a Dirac neutrino

o Formy > Mz, My, My

I(N—WEF) : T(N—2Zy) : I(N—=Hy) =2:1:1
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Constraints on light-heavy mixing

Constraints on light-heavy mixing

Mixing anglesVyy constrained by two kinds of processes:

o Tree-level processes measurigW, v,v,Z couplings:
T — by, L —vi...

o LFV processes to whicN can contribute at one loop:
w—ey,Z— ...

These processes constrain the quantities

3

3
Qa/ = (SM/ — ZVEMVZ’M = ZVKNiV;’Ni
i=1 i=1
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Constraints on light-heavy mixing

Present limits

[Bergmann, Kagan NPB '99]
[Tommasini et al., NPB '95]

First group of processes Second group of processe

> Ven? < 0.0054 D VenViy < 0.0001
i i

> IVun? < 0.0096 > VenViy < 001
i i

> IVan* < 0016 > VinViy, < 001
i i
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Constraints on light-heavy mixing

Present limits

[Bergmann, Kagan NPB '99]
[Tommasini et al., NPB '95]

First group of processes Second group of processe

> Ven? < 0.0054 D VenViy < 0.0001
i i

> IVun? < 0.0096 > VenViy < 001
i i

> IVan* < 0016 > VinViy, < 001
i i

model-independent
cannot be evaded
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Constraints on light-heavy mixing

Present limits

[Bergmann, Kagan NPB '99]
[Tommasini et al., NPB '95]

First group of processes Second group of processe

> Ven? < 0.0054 D VenViy < 0.0001
i i
> IVun? < 0.0096 > VenViy < 001
i i
> IVan* < 0016 > VinViy, < 001
i i

model-independent model-dependent
cannot be evaded cancellations possible
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SingleN production aete™ colliders

Heavy neutrino direct signals

At ete™ colliders:

e SingleN production:ete™ — Nv [Gluza, Zratek, PRD '97]

suppressed by mixing

o N pair productiore™e™ — NN [] and phase space

At e~ colliders:

o € v — NW~ [Bray, Lee, Pilaftsis '05]
At LHC:
o pp— (EIFWT [Ali, Borisov, Zamorin EPJC '01]
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SingleN production aete™ colliders

SingleN production ae"e™ colliders

We select the decay chani¢l— /W — /jj [Aguila, JAAS, JHEP '05]

[ large branching ratio

Processete™ — /W U )
- v dw final state reconstructed

at ILC (Ecm = 500 GeV) and CLIC (3 TeV) with polarised beams
Pet = 0.6,Pe- = —0.8

We sum coherently SM and heavy neutrino diagrams

Quadratic corrections to thieW, vvZ vertices can be ignored
Light neutrino masses can be neglected
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SingleN production aete™ colliders

SingleN production ae"e™ colliders

ISR and beamstrahlung effects are included

We perform a parton-level analysis, with a Gaussian smearing of charged
lepton and jet energies

AE®  10% AE  50%

Ee \/ﬁa o 1% B ﬁ o 4%
AEH
= = 0.02% E* (0.005% E*) ILC (CLIC)

Kinematical cutpr > 10 GeV, |n| <25, AR>04

Light neutrino momentum determined from missing 3-momentum and
requiringp? = 0
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SingleN production aete™ colliders

Main characteristics of théAv signal

o Dominated by on-sheMw production
o Observable only iN couples to the electron

o For equal couplings, equal cross sections for Dirac
and Majorana heavy neutrinos

o At CLIC, smaller SM backgrounds in theandr
channels
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SingleN production aete™ colliders

Discovery of heavy neutrinos

Heavy neutrinos: peaks in thg invariant mass distribution

60 15 e

o (fh)

my = 300 GeV my = 1.5 TeV
Ven = 0.073 Vun =Von =0 Ven = 0.05 Vun =Von =0
Peak significance- 2000 Peak significancev 2000
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SingleN production aete™ colliders

Discovery limits / upper bounds oy, my

10° T T

--- 90% CL upper bound
50 discovery limit

L --- 90% CL upper bound
50 discovery limit

>6 10? E >€ o
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 10
10-3 n L n L n Il n 10-3 ol b b e b
100 200 300 400 500 1000 1500 2000 2500 3000
My my
Vun =Vin =0 VuN =Vsn =0
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SingleN production aete™ colliders

Cross sections faee™ — etjjv

Cross sections decrease relatively slowly witlp

26
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Ven = 0.073 VN =Von =0 Ven = 0.05 VN = Von =0
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SingleN production aete™ colliders

Combined limits orVey andV,,y or V;

The statistical significances of the two channels are added

005 ‘ 00
— Significance < 50
— 90% CL limit B 0.04] 7
— Indirect bound
0. 0.0 B
z z
= F
0. 0.02 B
0.0 B
0.01 0.01
N
my = 1.5TeV VN =0 my = 1.5 TeV Vun =0
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SingleN production aete™ colliders

Combined limits orVey andV,,y or V;

The statistical significances of the two channels are added

0.05 T 0.0! 7 T
— Significance < 50 Significance < 50
0.04f — 90% CL limit 4 0.04] 90% CL limit -
— Indirect bound
0.03] B 0.0 -
z z
> >7
0.02F; 0.0: -
[o 0.0; -
|
0.02 X 002 0025 003
Ven Veu
my = 300 GeV V-n =0 my = 300 GeV Vun =0
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SingleN production aete™ colliders

Determination of heavy neutrino character

N angle betweeN and incominget /e~ for ¢* /¢~ final states

0.6

o (normalised)
< o
&

my = 300 GeV
Ven = 0.073 VuN =VoN =0
Peak cross section, SM subtracted
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0.2

my = 1.5 TeV

Ven = 0.05 VuN = VN =0

Peak cross section, SM subtracted
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SingleN production aete™ colliders

Measurement ofNW couplings

S S., S- excess of events in the peak region

2 Vin
S@ = Af VeN V2

g 5, A constants
en T Vin T Vin

A, determined from
MC simulation

U
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SingleN production aete™ colliders

Measurement ofNW couplings

S S., S- excess of events in the peak region

A, constants

=AV3 ,
S = A Ven VZy + V2 + V2

S S S
Vivw = —+ 2+
A, determined from en Ae A A
. . U 1
MC simulation VEN S (g) ,
=% — - — — ’7.
VeZN Ar \Ae :

J. A. Aguilar-Saavedra Single heavy neutrino productionet e~ colliders




SingleN production aete™ colliders

Measurement ofNW couplings

Example (CLIC)
CalculateA, for a “reference” set of couplings and assume a 10%
common systematic uncertainty

Use as input the cross sections Yk = V,n = Von = 0.04
(my =1.5TeV)

Values extracted:

Ven 0.0388-- 0.00034(stat) + 0.0019(sys)
Vin/Ven = 1.007+0.016(sta
Von/Ven = 1.030+ 0.028(sta

Precision: 5% folVen, 2 — 3% for the ratios
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SingleN production aete™ colliders

Conclusions

o Heavy neutrinos in the 2 2 TeV range can be produced at CLIC
if they have a coupling to the electron ab04 — 0.01 or larger

o Heavy neutrinos with masses of few hundreds of GeV can
already be produced at ILC if they have a coupling, ~ 0.01

o If produced, their Dirac or Majorana nature can easily be
established

o If produced, their couplings to the charged leptons can be
measured

e If they have masses of few hundreds of GeV, the chirality of
these couplings might be determined
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SingleN production aete™ colliders

Other future heavy neutrino signals

Direct signals:
o ey — NW — (TvW- [Bray, Lee, Pilaftsis '05]
Similar limits onVen as ILC
eey—Nuv—-Wpupuwv [Bray, Lee, Pilaftsis '05]
Sensitive toV,,y ~ 0.1 even forVen = 0

Indirect signals:

o Z—/(t¢~ atlILC [llana, Riemann PRD '01]
® u — ey, u — econversion ...
o CP violation in neutrino oscillations  [Bekman et al., PRD *02]
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

A closer look to heavy neutrino interactions

INW vertex:
Lw = _\% ((4"VenPLN W, + Ny Vi PLE W) - (D, M)
vyNZ vertex:

L; = _% (Zey"VenPUN + NV PLve) Z, (D, M)

vyNH vertex:

Ly = — 3™ G VPN + N VP H (D, M)
My
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

A closer look to heavy neutrino interactions

/NW vertex:
Lw = _\% ((4"VenPLN W, + Ny Vi PLE W) - (D, M)
vyNZ vertex:
Lz = _% (Zey"VenPLN + Ny Vi PLvp) Z, (D, M)
= 7% ey (VenPL — VinPR)IN Z, (M)

vyNH vertex:

Ly = — 3™ G VPN + NV P)H (D, M)
My
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

A closer look to heavy neutrino interactions

/NW vertex:
Lw = _\% ((4"VenPLN W, + Ny Vi PLE W) - (D, M)

v¢NZ vertex:
L; = _% (Zey"VenPUN + NV PLve) Z, (D, M)

= 50 v (VP = VAPRIN Z, (M)
Cw

vyNH vertex:

Ly = — 3™ G VPN + NV P)H (D, M)
My
mN _ «
= — Uy (VgNPR—I—VéNPL)N H (M)
My
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Additional slides

Signal diagrams fof = e
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Feynman diagrams
Special treatment of theWw signal
Other measurements
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

N

1% e P .
€ N w+ e v
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.
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

Dominant signal diagrams fdr= e

e w+ . W+ . W+
N . v N e
Z w
@ W Ve e @ € Ve

Diagrams related by« u interchange
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Additional slides

Signal diagrams fof = p
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Feynman diagrams
Special treatment of theWw signal
Other measurements
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

Dominant signal diagrams fdr= p

e wr @ wt
N . N i
w
€ w Vp e Ve

Dominant diagrams involveWNinteraction
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Additional slides
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Feynman diagrams

Special treatment of theWw signal

Other measurements

w

wt

7 w+

Ve

w we

Ve

wt

@

wt

Ve

ResonanW W~ production

J. A. Aguilar-Saavedra

Single heavy neutrino producti




Feynman diagrams
Special treatment of theWw signal
Other measurements

Additional slides

minant SM diagrams fof = e

(CLIC)
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Feynman diagrams
Additional slides Special treatment of theWw signal

Other measurements

sfol = p

e w* @ 1 @ 1 @ wt
w
Ve i
» 7z Yy Z Y
e w Yy e w (3 It
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1) Yy,
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

Special treatment of theWy signal
We selectr hadronic decays t@, p, & mesons (Be= 55%) and use
T tagging (efficiency 50%)

We assume that the jet 3-momentum direction is the one of the parent
and its energy a fractionof the = energy

We solve for the primary neutrino momentum angsing the constraints

1
EW+Eu+;Ej:\/§

1
ﬁ\N+ﬁv+;ﬁi:O
P, =0
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

Chirality of /NW couplings

Restrict to decay®v™ — ¢s (W~ — ¢9 and uset tagging
to distinguish among the two jets [ | ~ Signal 4 times smaller

Defined,s as the angle between the charged legtand thes jet
in theW rest frame

Define the FB asymmetry

N(costss > 0) — N(cosbys < 0)
Arg =
N(costss > 0) + N(cosbys < 0)
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

Chirality of /NW couplings

For a generalNW vertex
g —
Lown = ——= " (9LPL +9rPrR)N W, + H.c.
AWN AL (9LPL + grPR)N W,

the FB asymmetry is

_ 3M§ ol - orl?
AMG, + 2mg [gL[? + |gr[?

Arg

But... formy > Mw, Arg very small =2
my=15TeV — Arp=43x102°
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Feynman diagrams
Additional slides Special treatment of theWw signal
Other measurements

Chirality of /NW couplings

Example (ILC)
Usemy = 300 GeV Ven = 0.073,V,n = V,n =0

Theoretical valueArg = 0.094

After subtracting the expected background at the peak, the extracted
value isArg = 0.083+ 0.016 (stat)

Measurability difficult to assess in general
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