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Neutrino Physics Data

Y Neutrinos are massive

© Allowed parameter region from all neutrino
experimental data:
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M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, New J. Phys. 6, 122 (2004).
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Standard Model

@ SM neutrinos are massless
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Standard Model

©@ SM neutrinos are massless since:
Right-handed neutrinos do not exist
Lepton number is “accidentally” conserved
Higgs triplets do not exist
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Standard Model

©@ SM neutrinos are massless since:
@ Right-handed neutrinos do not exist
@ Lepton number is “accidentally” conserved
@ Higgs triplets do not exist

= SM must be extended in some sector:

@ Particles
@ Symmetries

@ or both
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SUSY extension of the SM

©@ The most general renormalizable and gauge
Invariant superpotential with minimal particle

content IS
W = Wmssm + Wy + Wp
where
WMSSM — 8,117 hgéfﬁ]ﬁz —|— hg@?ﬁ]f‘\lg —|— ]’lgi?g}ﬁg — Hﬁgl/—\lﬂ
Wy = e |eLfHS+ A LTVE, + A, T208D, |

Wi = AULD;Dy

ECFA  Study
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SUSY extension of the SM

©@ The most general renormalizable and gauge
Invariant superpotential with minimal particle

content is
W = Wmssm + Wy + Wp
where
WaissM = Eap :hgégﬁjﬁg + K QVD;H% + KITYE;HY — uﬁgﬁﬂ
Wy = e |eLfHS+ A LTVE, + A, T208D, |
Wi = AULD;Dy

@ It allows L and B violation = Proton decay!!

ECFA  Study
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Possible Solutions

©@ Ad hoc postulation of R-parity conservation
= MSSM

RP — (_ 1 )3B—|—L+25
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= MSSM

RP — (_ 1 )3B—|—L+25

@ W = Wmssm + Wy + Wp
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Possible Solutions

©@ Ad hoc postulation of R-parity conservation
= MSSM

RP — (_1)3B—|—L+25
@ W = Wnssm =

= e |y QUL Y + WOV D HE + WITYE HE — pHSHY |
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Possible Solutions

©@ Ad hoc postulation of R-parity conservation
= MSSM

_ 3B+L+2s
Rp = (—1)>"+F
@ W = Wnmssm =
— & [hZL][Q?U]-HZ +hp QYD HS + h{LYE;HY “ﬁdaﬁﬂ

@ Neutrinos remain massless
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Possible Solutions

©@ Ad hoc postulation of R-parity conservation
= MSSM

RP — (_1)3B—|—L+25
@ W = Wyssm =

S AN AN

= e |y QUL Y + WOV D HE + WITYE HE — pHSHY |

@ Neutrinos remain massless
¥ Postulation of Rp conservation Is not inevitable!
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Possible Solutions

©@ Ad hoc postulation of R-parity conservation
= MSSM

RP _ (_ 1 )3B+L+25

@ W = Wnssm =

= e |y QUL Y + WOV D HE + WITYE HE — pHSHY |

@ Neutrinos remain massless
¥ Postulation of Rp conservation Is not inevitable!

@ Postulation of Rp as an exact symmetry of the
W, but which is spontaneously violated
= SBRPM

for a Linear Collider



for a Linear Collider

L Breaking

@ Neutrinos are electrically neutral particles
©@ They can have Majorana mass terms

©@ Lepton number would be violated

©@ How can L be broken?
@ Explicitly
@ Spontaneously



@ Spontaneous breaking of global U (1) lepton
number symmetry

— Assoclated massless Nambu-Goldstone
boson: | (the majoron)
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@ Spontaneous breaking of global U (1) lepton
number symmetry

— Associated massless Nambu-Goldstone
boson: | (the majoron)
©@ The majoron cannot be mainly doublet or triplet

< Ruled out by LEP measurement of Z
Invisible decay
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@ Spontaneous breaking of global U (1) lepton
number symmetry

— Assoclated massless Nambu-Goldstone
boson: | (the majoron)

©@ The majoron must be mainly singlet
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for a Linear Collider

@ Spontaneous breaking of global U (1) lepton
number symmetry

— Assoclated massless Nambu-Goldstone
boson: | (the majoron)

©@ The majoron must be mainly singlet

@ New invisible Higgs boson decay channels
Hi — ]
A; — HjJ
Ai—]]



Spontaneously Broken R-Parity Model

@ The Model
@ Particle Content
@ Superpotential

@ Non-Zero Vacuum Expectation Values

@ Neutral Fermion Sector

@ Neutral Higgs Boson Sector
@ Mass eigenstates

@ Production modes
@ Invisible decays
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Particle Content

MSSM superfields

+
3 Isosinglets
Ve S @
L = —1 +1 0

v = neutrino Dirac mass term
S = large mass for v*

D =it enlarges invisible Higgs boson decay
= possible solution to the p problem
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Superpotential

W =¢, [hZ@?LAI]HS + Q! D;Hj + h/LYE; Hj—-
— uﬁgﬁz] +
+ eaphoHIH! @ — 820+
+ et LY HE + hSV° D+
1 1

+ MR:S\%/\C -+ EM(D(/ISC/IS -+ §A®3
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Superpotential

W =eq, |1 QrUH! + 1} QD H + W/ LYE, HS |+

T €abhoﬁgﬁ3(/ﬁ—|—
+ eqphl L'V HY + hSv D+
1 3
+ aACD

Solution to the u problem
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Vacuum Expectation Values

(H) = 0,/v2, (H) =04/ V2,

V) = o /V2 (i=,1...,3),

~

) =o/V2, (S)=0s/VE (D) =00/V2

L << 04, 0y < Ug, 0s, O
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Neutral Fermion Sector

Non-zero VEVs =

® neutrinos

.. ® 2auginos

= mixing ot 5aUE
e higgsinos

e singlet fermions

In the basis - _
(U)O)T — (Vll V2, V3, _iA// _iA3/ Hgl HS/ VC/ S/ (D)

L5 3 (4°) Mn(U)
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for a Linear Collider

Neutral Fermion Mass Matrix

m m

2% XO V€

01x3 01xa mys 0 mso

0 T /
\ Oixs m . Mywo Mso Mg

Mixing of the 10 neutral fermions



Effective Neutrino Mass Matrix

eff

T

-1
m.., = —Mmg3.7- M7 " -mgzy7

vV

Matrix elements:

(mf,ﬁ,f)i]- — P/\A/\i/\]‘ -+ Feeeie]- -+ PAe(/\ie]' -+ /\]-ei)

where
N\ = €05 + HUL;

1
V2

€ = hz-/Z)R
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Mass Elgenstates

my, =0

My,

, = min(|m,, |, |m.,|) = SOL scale

My,

3 max(\mlyz\, \m'y3\) = ATM scale

where, approximately,

m), o |A|?

/
m,, X |€
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Neutral CP-even Higgs Boson Sector

(HIO)T _ (HOR, HSR, 17{%, 175, 175, ,’\‘/’CR, gR, (DR)
1

E > E(H,O)T : MIZ_IO : H/O

Mass eigenstates are

g — RH’ . g0

with the following mass eigenvalues

diag(m?; ,...,m% ) = R - M%, - (RT)T

for a Linear Collider



Neutral CP-odd Higgs Boson Sector

(PIO)T _ (HOI, HOI 17{, ,\75, ,\"%, ~cl SI (DI)
1
LD E(P"’)T - M%, - P’°
Mass eigenstates are P?, where

(PO)T — (]/ GO/ Al/ AZ/ A3/ A4/ A5/ A6)

pY — RP’. p/o
with the following mass eigenvalues

diag(0,0,mil,.. mA6) RP. MIZ,O.(RPO)

for a Linear Collider



Majoron Components

@ For
L << 04, 0y < Ug, 0s, O

the majoron Is given by the imaginary part of
0Us ~ OR -~

G 8
Z‘;szz (v,Hy, —vgHy) + Z = Vi + VS_ 71/‘3

@ Majoron is mainly singlet

1 = -
V(Z)SS — URVE)

for a Linear Collider



Neutral Higgs Boson Production

@ Direct Production (Bjorken process)

Physics and Detectors
for a Linear Collider



Direct Production

8
Lorm = Z (\/EGF)l/zM%ZHZH n:H?
=

Direct production parameter

SZZHY V4. 0 Uy 0 o UL 0
_ . H j pH
ni = -=—Rj +—Rp + ) —Rii
SM . - 2. o i
gZZH? =1

for a Linear Collider



Direct Production

8
Lorm = Z (\fZGp)l/ZM%ZHZ” n:H?
=

Direct production parameter

877ZHY Uz 0 O 0 O ULi 0

_ P H U H j pH

Tli = —gMm — _Ril T _RiZ + —Rij—l—Z
gZZH? v v L v

=1

O

f 1 ~ 0 = H? mainly isosinglet
f7; ~ 1 = H? mainly isodoublet (like MSSM)

O
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Direct Production of Hj;

©@ Upper bound on 1M 0
My < 150 GeV, mn1 € [0,1]

© If 51 ~ 0 = HY is NOT produced!
© What about H3?

for a Linear Collider



Direct Production of H,

@If m~0 = Whataboutn,?
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Direct Production of H,

@If m~0 = Whataboutn,?
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Direct Production of H,

Q If m~0 = mn~1
i.e., if H has small production, then HY is
largely produced
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Direct Production of H,

Q If m~0 = mn~1
i.e., if H has small production, then HY is
largely produced

OIf m~1 = What about 1;0?
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Direct Production of H,

Q If m~0 = mn~1
i.e., if H has small production, then HY is
largely produced

OIf m~1 = What about 1;0?
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Direct Production of H,

Q If m~0 = mn~1
i.e., if H has small production, then HY is
largely produced

OIf m~1 = my <150 GeV

i.e., for H) largely produced, its mass is
bounded from above
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Direct Production of H,

Q If m~0 = mn~1
i.e., if H has small production, then HY is
largely produced

OIf m~1 = my <150 GeV

i.e., for H) largely produced, its mass is
bounded from above

One Higgs boson, whose mass is bounded

from above at around 150 GeV, will be
produced, independently of whether this boson
IS the lightest or the next-to-lightest one

for a Linear Collider



Assoclated Production

8
Lona=Y (V2Gr)'*Mz; (2H 0, P)

4 J
1,1=1

Associated production parameter
3

_ pSOppo SV o PY sV pPY
Gij = RARj1 —RpRjp + > RijoRjo
=
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Assoclated Production

8
Lona =Y (V2Ge)'*My ¢ (2#H) 0, PY)

i=1

Associated production parameter

3
Cij = R R — R} R + > Rzk—l—ZR]k—l—Z
k=1

© Like in the MSSM, here we have an analogous
but more complicated sum rule, which depends
on the Higgs mass spectrum

for a Linear Collider



Assoclated Production

8 <
Lona= Y (V2Gp)'/My ¢ (2*H! 0, P?)

i=1

Associated production parameter

3
Cij = R R — R} R  + > Rzk—l—ZR]k—l—Z
=

© Like in the MSSM, here we have an analogous
but more complicated sum rule, which depends
on the Higgs mass spectrum

% At least one state will be produced

for a Linear Collider



CP-even Higgs Boson Decays

© Main dacay channels for either H? or H)
H?’z — fzfz If Myo > mei
H?,z — JJ

© Ratio between the invisible decay width and the
visible one as

F(ng — )
)N (ng — f]f])

Rio =

for a Linear Collider



CP-even Higgs Boson Decays
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CP-even Higgs Boson Decays
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Both can have dominant invisible decay for

large values of their direct production
parameters
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CP-odd Higgs Boson Decays

© Main dacay channels for A?
A?_>fzﬁ If mA(l) >2mfl.
A?—>H]O] If mA(l) >mH?

A) —JJ]

for a Linear Collider



CP-odd Higgs Boson Decays

@ Problem: in most of the parameter space the
ightest CP-odd Higgs boson that is largely
oroduced via the associated production
mechanism will have these invisible decay
channels suppressed
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CP-odd Higgs Boson Decays

@ Problem: in most of the parameter space the
ightest CP-odd Higgs boson that is largely
oroduced via the associated production
mechanism will have these invisible decay
channels suppressed

@ Solution: to find a compromise between its
degree of “doubletness” (so that it will be
produced) and “singletness” (so that it has a
sizable invisible decay through majorons)
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CP-odd Higgs Boson Decays
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O )ECFA Study
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CP-odd Higgs Boson Decays

— BR(A, invisible)|
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o
|

o
o
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% We can get a compromise of 10% invisible
branching ratio and 0.1 associated production
parameter

O )ECFA Study
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CP-odd Higgs Boson Decays

— BR(A, invisible)|
Cha,

O
__o

—
N

o
o
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o

Q

N
—

BR(A, - invisible), ¢, ,
o
|

o
o
=

90 95 100 105 110 115 120 90 9 100 105 110 115 120

Jr Jr

% We can get a compromise of 10% invisible

branching ratio and 0.1 associated production
parameter

% Masses are accessible for the next generation
of colliders

Physics and Detectors
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Conclusions

© Experimental data: Neutrino oscillations
= Neutrinos are massive
= SM must be extended
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Conclusions

©@ The Spontaneously Broken R-Parity Model:
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©@ The Spontaneously Broken R-Parity Model:

@ Explains neutrino properties
e Masses
e Mixing angles
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Conclusions
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Conclusions

©@ The Spontaneously Broken R-Parity Model:

@ Explains neutrino properties
e Masses
e Mixing angles
@ Can give a solution to the 1 problem

@ A CP-even Higgs boson, whose mass is
bounded from above at around 150 GeV,
will be produced

t can have dominant invisible decay

@

@ Is is possible to have sizeable both
oroduction and invisible decay for the
CP-odd Higgs boson

for a Linear Collider
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ShiT Coupling

For
OLi < 04,0y <K OR,0s, 0o
. UsOR
B UsOr 20y >
8gryy = Mhova =77~ = 37 Z €i
where

* For large /1 and /1) = Large g0,; coupling for
H? mainly H)® and Hy® (MSSM-like h)

for a Linear Collider



Three-neutrino Oscillation Parameters

©@ Neutrino mass squared differences:

2 — P A— 2 2

2 — P A— 2 2
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Three-neutrino Oscillation Parameters

©@ Neutrino mass squared differences:

2 — P A— 2 2
2 — P A— 2 2

@ Neutrino mixing angles:

Oso = 012
OatM = 023
Octooz = 013

for a Linear Collider



Experimental Values of the Parameters

Allowed intervals (at 30 C.L.) for the 3-flavour
neutrino oscillation parameters from global data
(except LSND):

Am3, = [7.2,9.1] x 10 °eV?

Am3, = [1.4, 3.3] x 10 %eV?
sin” 01, = [0.23, 0.38
sin®@y; = [0.34, 0.68
sin® 613 < 0.047

for a Linear Collider



Possible Solutions

@ Postulation of L and B conservation

@ Disadvantage respect to the SM
@ They are violated by non-perturbative EW effects

@ Postulation of R-parity conservation:

RP — (_ 1)3B—|—L—|—25

@ 1t can be an exact symmetry
@ Stable LSP = candidate to dark matter
— MSSM

® Neutrinos remain massless

llllllllllllllllll



Possible Solutions

© Postulation of baryonic parity conservation:

.

Zg _ o (B-2Y)

@ Postulation of Rp as an exact symmetry of the
W, but which is spontaneously violated
= SBRP

% Z2 and SBRP let L violation
=- open door to massive neutrinos

EEEEEEEEE
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