Neutrino physics

= Neutrino evidence: Standard Model

= Neutrino oscillations: Neutrino masses and mixing
= New physics beyond the neutrino Standard Model:
See-saw mechanisms, A, models

= Dirac and Majorana mass effects

= TeV signatures of see-saw messengers:
Multilepton signals

= Non-standard neutrino interactions
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Neutrino evidence: Standard Model

Pauli postulated the v in 1933, a particle approximately massless and of spin 7%;
and Fermi formulated 3 decay in 1934. 1" = p*v, vn = up; 4~ > €y; ...

Left-handed neutrinos and no Lepton Flavour Violation

ot Q Le L, L,
Ve 0 1 0 0
e -1 1 0 0
Vi 0 0 1 0
M -1 0 1 0
Vr 0 0 0 1
T -1 0 0 1

with total Lepton Number L = 2 L;

Corfu, September 2009 F. del Aguila 3
Universidad de Granada




SU(3), ®SU((2)L @ U(1)y I Il [
1 C t

3,2, 1 L L L

dL SL bL

3,1, %) UR CR tR

3,1, —1) dR SR br

1,2 -

) er "y 1

(1,1, —-1) eR MR TR

Neutrinos are massless within the minimal Standard Model for they have no
Right-Handed counterparts, and Li are conserved:

‘CK.T. — Za:e,u,r([_/[;o/y)\iDALLa + hC)
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LT = ZQZG’M,T([_/LQW’\Z'DALLQ + lraY i D)lge + h.c.),
Ly = —YoigzLaHlRﬁ + h.c. H (= ¢) ~ (1,2, %)
Lig— UiﬂaLLa , lrg — UllwalRa
Yoléﬂ — U!l‘joep ypp Opn Ull%nﬁ
Ly = —y(lmZ_LLaHlRa + h.c.
LT = Za:e,M,T([_JLOé/y)\?:DALLOC + h.c.) —

_% Za:e,,u,T(Z_LOCW)\VLOéW)\_ + hC) )

However, if neutrinos are massive as required by neutrino oscillations, we can

not rotate them arbitrarily:

lpg — UngalLa , Vg — UlgaVia U= UlLT UY
EW — Za 1e2u37' (ZLO/'}/ Uai VLiW)\_ -+ hC) Vekm —Upmns
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CKM mixing matrix V is unitary but 'u‘LV dL
VvV — V., Ve Vg the field phases are unphysical

- - m—
Vi Vi Vp | wi—e9ud— el Vi — Vel

1 0 0 C13 0 sp3e /913 c12 s12 O
— 0 C23 S23 0 1 0 —S512 C12 0
0 —S23 (23 —31381513 0 C13 0 0 1
€12 €13 512 €13 SE
= | —sipca3—c12523513€3 a3 —sppsa3s13€03 sx3003

$12523 — €12 23513 €93 —(1p83 — S12C3513€93 (23013

— —

C,'jECOSQ,‘j sij =sinb;; (1,7 =1,2,3) 2ol 42341

, 3 angles and 1 phase
cij=0,s;; =20 0<0613<2m ’ ’
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Uag Uz Us | PMNS mixing matrix U is unitary
1 — . 1/:
U= U"1 U”2 Ull3 but the £ phases are unphysical Za Y (1 '75) Um Vi

Uy Up Ug n2-n—6=3+3:3angles and 3 phases

€12 C13 $12C13 size i [ [ o o]
= | —s12023 — C12523513€1 12023 — 5125235131 23013 0 e 0
12823 — C12€23513€%  —CppSp3 —sppepssze™  cpncy | L 0O 01
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C12C13
—S$12 €23 — €12 523 513 €13

$12 523 — €12 23 513 €713

Uag Uz Us - PMNS mixing matrix U is unitary
"1 — -
but the 2 phases are unphysical o 7' (1= 75) Usi vi
U;«l Up2 Up3

nZ-n—6=3+ 3:3angles and 3 phases

512C13
C12 €23 — S12 $23 513 €13

—(12 823 — 512 23 513 €13

0.77 — 0.86
Ulge = 1022 056
0.21 — 0.55

$23C13

(23€13
0.50 - 0.63
0.44 —0.73
0.10 — 0.71

et 0 0
0 e (
0 0 1

(.00 [ ().22\
0.57 — 0.80
0.59 — 0.82}

Corfu,

September 2009

F. del Aguila
Universidad de Granada




Uag Uen Ugs PMNS mixing matrix U is unitary = | 7 (1= 75) Uy vj
_ but the # phases are unphysical o 0/ et Tl
U= U'ul U;l2 U;:3 P phy
Ug Up Ug n2-n—6=3+ 3: 3 angles and 3 phases
€12 €13 $12 €13 size @ [ [eiti g ]
= | —s12023 — C12523513€"8 12003 — S12523513€%8 Sx3013 0 €% 0
S12523 — €12€23513€°8  —C12823 — S12023513€°8 23013 00 1]
Non-zero phases in 0.77 086 0.50 — 0.63 ‘n OO 0.22
g.e”efa' stapd for GP Ul = 10.22 - 0.56 044 073 057 5 0.80
violation, with two of
Majorana neutrinos, N
G P4 ( \i I, ) No possible evidence
: [ ¢ /3 .
If|[Us|=0,1,CPis Gon = Y 1 | up to_ now for (Dirac)
conserved for Dirac \16 \1§ IE CP violation
neutrinos. —— ——m
\ v V3 V2 )
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Neutrino oscillations:
Neutrino masses and mixing

3
|I/Oé Z |I/l ) ZUBiU;izéﬁa ) |V’L - Z Uon|Va
1=1

a=e,u,T

Neutrino propagation in vacuum

Production A (v, — v5) ZU;ie_imgL/QEUﬁi Detection

S L = distance from the source to the detector

t = distance (L) / average velocity (p/E)

Plra = v5) = |AWa — )|
CP conserving = da8 —4 ) Re(UxUsUy;Up;) sin®(Amy; L/AE)
P>
CP violating +2) Im (Uz,UpiUs;Uj;) sin(AmZ, L/2F)
1>J Am?2; = m2i-m?
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Universidad de Granada

0p(12) = (Eaot —poL) — (Ext —piL)
= (p1 —p2)L — (E1 — Ex)t
t=L/v (dlsta:_ce / average velocity), P E? — E?
ith » — P11 P2 ~ 21 ‘27 1 27
with v = 1+ D2 P11+ D2
1+ Es I I
= (m3 —m] >~ (m2 — m?)—
(m3 1)p1 ¥ (mj Y
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P(Wa — 75 U) = P(vg = va; U) = P(va — vg; U”)

CPT Probgblllty
amplitude

Then, a phase in U given a different P for neutrinos and
antineutrinos stands for CP violation

Neutrino propagation in matter

0
1—V(t) = HWY(t
—(t) = HU (1
. m? 0 0 . [ A+A 0 0
H = U 0 m2 0 |U"+ o A 0 |,
2B 0 0 m2 2B\ 0 0 &

CC piece A — 4 2V2GrYpEy 4 for neutrino in matter
Coherent forward scattering mn

NC piece (involving the quarks) is universal A’
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Neutrinos Experiment

Atmospheric |SK v, disappearance

Accelerator |K2K, MINOS |V disappearance

Solar Gallex, SN O Ve disappearance (cc)

- and ¥ oVa (NC) [8B]

Borexino B

Reactor Palo Verde, CHOQOZ [No Vi — Ve
KamLAND Ve disappearance

LSND (Stopped p+ | KARMEN No ¥, — Ve

decay) Ve excess MiniBooNE Search for(\"/Zj NGO
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In the Sun + Hv = heaviest P(v, — v,) = sin® 0,
neutrino has lowest energy

(opposite sign Hv) SNO: vidoe+p+p,
v+d—=v+p+n,

v+e —v-+te

_ Bve) +0.029
oo reny — 0-34040.023 (stat) Ty o3 (Syst)
o006 MINOS Preliminary
o AR KamLAND
< F *  MINOS Best Fit . B 95% CL.
D s T MINOS 68% C.L. ] 99% C L.
_E' - MINOS 90% C.L. ] . 99.73% C.L.
.- - SK90% C.L. . °:'> 10 41— best fit
oooak— *rrereee SK (L/E) 90% C.L. ] >
e K2K 90%.Cule: . X
B ¢ <
e
0.002f— h 95% C.L.
I e 99% C.L.
B — 99.73% C.L.
0.001f— best fit
: | | | L1 |
B -1
P 10 1
07 05 0.6
tan’6_
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Amd, = 16T (F987) x 105 o2,

K . {—2.39 +0.12 (1‘8}(‘,) % [ eV.2 (inverted hierarchy), 10 (30)
+2.49 +0.12 (18§2) x 1072 eV?  (normal hierarchy),

/0.77 — 0.86 0.50 — 0.63 0.00 — 0.22

Ulss = [ 022 - 056 044 —0.73  0.57 — 0.80

\0.21 — 0.55 0.40 — 0.71 0.59 — 0.82

5 11[ T Tyrrrem L4 1 1_ | LR ' L. [ gy ] N el N
B 9d%CL(2 dof): 0.15 KamLAND ]
7] global ] - global -
=E Iy : : :
§] )
® af . 2 01} u
o 3-— . N° = .
— 3 £ : A
N ® . " - -
5 = B 0.05 |- —
solar+KamL : :
1™ +CHOOZ = :
ll L i Ll lll A 0 [ s PR | I -~
10° 10" 01 02 03 04 05
in2 sin°e
sin“e,, i
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Accelerator

Experiment

On going

A factor of 3

NuFact

3 orders of magnitude

Corfu, September 2009

F. del Aguila
Universidad de Granada

16




Normal hierarchy or Inverted hierarchy

_: m32 (possible only if m? = Amé_ )
Vd

?zzinte,, degenerate:
my ~ Mg ~ mg >> |m; —m,;|

| < VQ‘ML‘ > |2 = |Uoﬂ'|2

)2

m =0
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A
95% CL sagenerate paran s Zf Z
If light neutrinos =
are Majorana, 0.1} . -
they can mediate < :
double beta decay -3
£
s AP
> mUZ| = Mgy § [oor]i— B e A :
i “ : ' '
>/ Am2,, cos 20 §
b1 : CAs : - : :
21 O meV for 0.001 : : KATRIN
inverted hierarchy 22 P sensitvity
==~ no'mal hcrarclihy
Cmooémm 0.01 Heaviest 01.1
Smallest = Minimum neutrino mass (V)
0.04 < m(heaviest v) < 0.07-0.7 eV
VAMZm Y m, (cosmology)
) 0 oin o 0is Subir S.’s lectures
mu| = [(1 — s73)(Maicfae™ ' + masiye™92) 4+ mysize”*?|
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= e
(V)r o
Pl it e )
m
W- o W

R 2
Nucl == Nuclear Process —=— Nucl

Both vertices must be the same. Then, if light neutrinos are Majorana,
vi = vi¢, and the process is proportional to the ee entry of

M = U* My U

Dirac neutrinos can not mediate such a process.
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0.32670030" 19

~0.016
lower limit | best value | upper 1j 050t8% 0451‘863 [201
B a0 eV | 72 | 19 e 0.01050015 || 0.016 £+ 0.010
' Am?, (107% eV?) [ 1.8 . 29
sin? | 027 : 0.37
sin? flay [ 0.34 0.44 0.4
sin? f 0 0.009 32
(21
.]$ \{§ , 0.33
L"”ps — — — — q { 050
\{6 \{? 1/5 0.00
\"V6 V3 va/
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What do we need ?
* Double beta decay
e TB, s13 and CP violation
e Surprises (NP) in LFV processes or oscillation experiments

e Collider signals
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Neutrino physics

= Neutrino evidence: Standard Model

= Neutrino oscillations: Neutrino masses and mixing
= New physics beyond the neutrino Standard Model:
See-saw mechanisms, A, models

= Dirac and Majorana mass effects

= TeV signatures of see-saw messengers:
Multilepton signals

= Non-standard neutrino interactions
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Models of neutrino masses and mixing

Within the SM v masses are zero for 3 reasons:

LNC [NR RH

* No VRr’'s —YosLra Nrg + h.c. counterpart (D)]

e Only Higgs doublets % ayﬁim(?- A)Lps+ h.c. I;ij\IZVbut my#0

e Renormalizable theory ~ =22L¢ H*H'Lps+ h.c. LNV

['M — —%magmuzﬁ — Y;g%mNRB — %MaﬁN]%aNRﬁ + h.c.

. m mp
M—(m%; M)

Light neutrino masses can be Dirac or Majorana
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Which is the problem ?

ifmy~eV,Y ~ 10"
[Nr RH counterpart (D)]

introduce scalar triplet and

LYY Fpa(7- R)Lpg + hec.

V2 explain small va and/or Y
e ¢ H*HYLps + h.c. if x ~ 1, A~ 10 GeV
Bonus new heavy physics (NR): Leptogenesis Margarida R.’s talk

A Dirac neutrino mass matrix, which is an arbitrary complex matrix, can
accommodate some constraints (like special zeroes) that a Majorana neutrino
mass matrix, which is complex but symmetric, can not. Although if we do not
impose further constraints both can describe the same physics at low energy.

Harald F.’s talk
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LSND True or False? True

Sterile vor CPTV ?

| False -— .
@ Dirac or Majorana? »| Extra dims?
| Majorana

Higgs Triplets, Loops, RPV, See-saw mechanisms

|

Normal or Inverted? Inverted |

Symmetryeg. L. -L -L, 7

« Normal 5
z 0
Very precise TBM? *| Anarchy, see-saw, etc...
. Yes
: N :
Family symmetry? - Alternatives?

Yes

. Degenerate -

@ Hierarchical or deg? - | Type Il see-saw?
Hierarchy |
Type | see-saw? GUTs and/or Strings?

() Scale versus mixing
© Dirac or Majorana
3 See-saw mechanisms
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l: -1T|7I 1 1 | l'll‘ll I I 1 l1lf1‘[ 1 1 1T | 4 | B | lll'll
1= bR
| | BAS55  anarchy A
10 — | texture zero
B SO(3)
O |y A
e F s S.x s | B
2t (mmmm LeLL
> 7 |EEEE SRND =
4 [ SO(10) lopsided P
: 6~ g SO(10) symmetric/asym o
B )
2 sk
£ I A
=S 4 e et A
Z [~ RS -I-.-.-'-'-'-'-.-
3 | RRRRS e
B e e
B - ot + -I I-- " Q.‘O.V.’C
l i — - 1) : wln -I ll-- ) s
B LSS -‘é{‘:"-‘-‘ R R s . ™ . ' ‘.. : e . s’
''''''''''''' oy e s e X

0.1

Berthold S.’s talk
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See-saw mechanisms (messengers of
type |, 1, 1)

L = ﬁg + Ch = ﬁgh — 05 — E(ﬁ*fﬁ}'i‘[[,

In the fermionic case: heavy neutrinos in singlets N (type |) or triplets X (type IlI)
LoD Uil + ebil) ety — ((/\e)z. Ib ¢ e+ h.c.)

L) = nLﬁilp LI — L A[IﬁLI Change of notation

L=, YIT= A Y*

Lo, = — (/\Le)lj L_i(I)LeE]R — (/\Ll)lj L_%(I)Llli + h.c.
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N\ 7/
N\ 7/
N\ /

A N\ Y T 7 g MAH A N\ T 7/
\\ N YN,/ " \\YA YA//
|

Yl
1 T M, -1 — —2 1 T M_-1
[LYNT MY 2°Y \uy\M, /,YsTMs 1Y
Phase cancellation small coupling(s) Phase cancellation
or small couplings or small couplings

The three mechanisms must violate Lepton Number for they are assumed

to generate Majorana masses, O =1,o"¢'l; .land lll involve fermions:

singlets N (1) or triplets X (lll), and Il scalar triplets: A.
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Type |

Type |

I Jimension

Operator

Coethicient

-~

0

Ditnension

()r, = Er:ﬁ (_:)T’ L

C):.'vlf ) = ( ) [D", t")) (!7'.- “_][‘ )
(')fj' — (ir_')-l.f‘}’a D“, .I_)) (-]L"Ta Y I“'L)

Operator

IvT a1y
:;;)‘N" .‘[.,\’ ).\-'

Ly (ML) " M7'Yy

LY (M) MYy

Belen G.'s talk

Coellicient

1 0; = (dlo)° 2|pal® /M3

5 05 =Looly —2Yapa/ M2

6 0 =) () 200 b/
0, =1(sl0) —G(\s = \s) pa?/MA
O — (610) (D,0) Dro Llpal” /M2
O = (61D,0) (DHolo) 4 |pal? /M
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Dimension Operator Coefficient

5 (’); = E:a)'(-»)"/[_ %)ST_\/LIY_\_-
Type Il 6 |0V = (oiD.o) (I;ly) By (ML) Mg Ys
0y = (¢lio,D,0) (Tporl) | LYa (ML) 1M Yy
O, = (0'0) I 0eR Yo(Myg) ' Mg 'YY,

There is a question about the relative size of the coefficients of the operators of

dimension 5 and 6:

Can the dimension 5 operator coefficient be negligible but dimension 6 operator

coefficients sizeable ?

The answer is positive, for instance, if Lepton Number is (quasi-)conserved.

l/[ \ I/L J\fL \'}{
‘ v 0 0 YN v Type | and lll:
v, [0 Yi%\ v 0 V2 Light neutrinos
V Yy - v i . U M are massless.
] AN 3 Ll \ \ ( Nt :
A o R N3 my ()
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N
h
=~

<,
-‘h:‘\

Type | and lII:

Light neutrinos get a mass
proportional to the LN breaking
‘\'I 0 parameter w. [If wis in the (1,1)
| 1 m entry, the light neutrino masses
Np /_\_)_ my () are ~ u,and 0 —up tor.c.— if it

Vi,

-

—

Se—
—
-

()|

—

v is in the position (3,3)].

9 9 [(1_ B 2 o2 9 2 9
-1 U= -~ UN (l 4y ) [J' t Ay ) v" HYy v~
- VMG Yy~ == b A Ve

2 my + 5 my — 5 2 my 2
(1 _ 1 2 9

11 r—1 ’U\ | (1 dmy ) (1 T Im\ ) | ’.l/.'\'l

Vi) M Yy > S | v | BN
2 | (my+5) (my-—75)° my
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(Neutrino models based on) A4

M = U* My, Ut

I

(2L o)
- — 0
V 3 V3
If U is the HPS matrix (which is real):  Ugps= | - L _1
\/’6 \/g v/j
1 1 1
\"V6 V3 V3 /
4mq + 2meo —2mq + 2ms —2mq + 2ms T Y Y
MZE —2mq + 2my mq + 2mso + 3ms my + 2my — 3ms = Yy r4+v y—v |,
—2mq + 2my mq + 2my — 3ms mq + 2ms + 3ms Yy y—v T+v
————

z = z(2m; + my), y = (—m1 + ma), v = 3(—my +m3)
They form a group

Neglecting Majorana phases, otherwise —2iaa,2 _
9 g Maj P ’ .2 7 T 2€ relevant for mp™ ™ "mp
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A4 = {Even permutations of 4 objects} c S4

= (4321
generated by{ T — ((-2314))

Cl :I=(1234)

C2 :T =(2314), ST = (4132), TS = (3241), STS = (1423)

C3 :T?=(3124),ST? = (4213), TS = (2431), TST = (1342)

C4 :S = (4321),T%ST = (3412), TST? = (2143)

Class | x* | x' [ x¥ | X3 1 0 0
%! 1] 1 i |3 0 w 02
Cs 1 vl2lolaT” 0 0 w
C3 1l |w?| w | O 1 s o) 19
A 1|1 ]|1]-1|58S=>73 . el @
2 2 1
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C.G.’s: !

(up to global factors) (2
d=

In the basis where the charged
lepton masses are diagonal

X )y y
3ly x+v y-v|=(x+2y-2v)

-1, e= 2

( [l ) symmetric .

a,b+c,d+e+ f

1 I 1

I[+(x+2y+v) |1 1

+(x-y+v)|[-1 2

(3X3)symm

1+1,+1”+

symm

2 -1 -1
-1

y Y-V X+v 1 1 1 -1 -1 2
— <1> It is not in A,: <3>~(1,1,1)
They form a group <1'>=<1">
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Ly = yee(pl) + yup(@l)" + y-7°(0l)
+ 2 &(U) + zq(L'U) + h.c. + ...

* No ¢ « @’ exchange (extra symmetries)
ehya=A=1
e <> dynamically generated

v | v’
<p>=| 0|, <¢p'>=-| 7V |, <€E>=u
0 S\ v
v
e with == < 0.05 giving the size of the corrections

2 [ a+2d/3 —d/3 —d/3
m, = — —d/3 2d/3 a-d/3

~

A
-d/3 a-d/f3 2d/3
u 7 1"
A=Tg— , d=1x4—
;\ d.’\
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Review summary

 Many experiments give a consistent picture of non-zero
neutrino masses and charged Lepton Flavour transitions

* In contrast with the quark sector the mixing angles are
large, and the neutrino masses tiny

* A bottom-up approach leave many questions open, giving
further motivation to new experiments

* There are many models which do accommodate the
observed pattern, with no apparently favoured scenario
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TeV signatures of see-saw messengers:
Multilepton signals

Lepton Number Violating (1)

m,~2Y, u, V> M,-2 ™
— |*|I* W-W- A*t/<f'”
q
q A-N
Lepton Number Conserving [

(1)
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LNV signals have smaller backgrounds than LNC ones BUT for a fixed number of
final particles. As a matter of fact the significance of trilepton LNC signals is similar
to the significance of LNV dilepton signals.

At any rate, multilepton signals are complementary in order to discriminate
between models. Scalar and fermion triplets mediating the see-saw mechanism
have final states with many leptons (up to 6), as many other new particles at the
TeV scale (as, for example, heavy leptons or quarks, or new neutral gauge bosons
decaying into them).
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Fermion singlet N

~ *2

(3

(1)

The production mechanism is proportional to the mixing between the light leptons
and the new heavy neutrino N, as there are the light neutrino masses (if they have
a see-saw origin as in the usual MAJORANA case). BUT in the first case enters
the specific mixing matrix element and in the second one the combination of all of
them and cancellations are possible. Although this can be considered arbitrary in
the absence of a symmetry, and unstable because corrections may be large.
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9

Ly = —==(Vin PN W + Viy Ny* Pl W) |
\"a—

. g S —— O - .

2 T T (Vivn v PN + Viy Nv*Pon) Z,,

-~ ( ,,I. [ » - v r* . W

EH _:;\/‘:. (Viv nPrN + Viy NPLn) H,

| pho
4

’... A8

o/l¥
———y
aaaad.

qf — W* = I*N,

4 I
“ o “ 20
~m

(N = (iwt s (0t

N W { W )
(N - (TC"W~ — (T
r=t* ol alal

Majorana particles give LNV as well as LNC
signals, whereas Dirac particles only give LNC
ones. In any case there are SM backgrounds.

IV _|2<0.003
eN
[V |?2<0.0032
uUN
|VTN|2 <0.0062 unobservable

Total cross sections are the same,
although the total width for a Majorana
neutrino is twice than for a Dirac one

g — Z° — vN,
qq — H' — l/;\"

Overwhelming
background

(1(2 — Z. — .'\"JV

Too small
Cross section
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LNC signals may be more significant than LNV ones

my = 100 GeV
IV|2=0.003

(EOELE (2e)  050F0F (2u) 0F0F (2e)  0F0F (2u)
N (S1.M) 28.6 bifference due ! (11.3) (
N (S1.D) 14.8 to kinematics () (.1 ()
N (S2,M) 0 20.6 0 (13.1)
N (S2.D) 0 5.8 0 0.5
SM Bkg 116.4 15.6 36.1 2().2

Table 1: Number of events with 30 fb=! for the Majorana (M) and Dirac (D) neutrino
singlet signals in scenarios SI and S2, and SM background in different final states.

Coupling to
e and u,
respectively

Broad dilepton invariant mass distributions

A case for MULTILEPTON searches
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Pro-snlwtiml S(‘l(‘('ti()“ om LA KV IRELERN (SRIFC B R DS STSEY RN PR UL DO S SO G N )
it etet Rt ptpt etet  ptet
N 1136 0 0 (59.1) 0 0
N (b) 0 720 0 0o (176) o 006
N() 784 255 826 M6 4T 24 F
By 14800 52000 82000 0 0 0
cenj (1) 300 200 M o0 0 Boes
tinj 11621 S133.0 15625.3 24 83 17 §
ti 608 1765 4615 00 00 01 &
WHbnj 1249 3467 9273 04 06 03 Fg0
Wtinj 757 872 1669 03 00 00
Zbmj 122 689 1170 00 02 00
WiWnj 828 800 1748 05 01 07 o
WZnj 1624 2520 4002 18 18 23 -10
ZZnj 38 133 129 00 06 01
WWWnj 319 301 648 09 01 00

Table 1: Number of £* jj events at LHC for 30 fb™", at the pre-selection and selection
levels. The heavy neutrino signal is evaluated assuming my = 150 GeV and coupling
(a) to the muon, Vx = 0.098; (b) to the electron, Vox = 0.073: (¢) to both, Vx = 0.073
and Vyy = 0,098,

CLIC does better
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Pre-selection Selection Impr. selection

2e 20 2e 20 2e 21
N (S1) 371 0 324 0 28.6 0
N (S2) 0 37.8 0 33.1 0 29.6 .
ttnj 2448  78.0 159.8 524 584  16.3 Preselection:
tw 14.8 3.0 105 1.7 6.5 0.6
Witinj 256 199  20.6 145 38 26 o Three charged leptons (e or 4)
Zbbn el o2 S 0:5 Bl e Same sign leptons with pr > 30 GeV
Zttng 82.5 69.9 10.3 6.5 2.6 1.1 )
(to reduce b’s)
WZnj 2166.4 1947.3 49.2 24.3 36.8 17.8
ZZnj 1410 135.0 28 14 1.6 1.2 Selection:
WWWnjy  10.8 12.0 7.9 8.9 4.7 5.3
WWZnj 239 188 1.1 07 0.8 0.4 e Invariant mass of oppossite sign pairs

differing from the Z boson mass by at
least 10 GeV

Preselection

L L B
i e Improved selection:

% 15; i": é .
S [ it ] e No b jets
e F [ !
Z 1ol i :': a
g0 ] e Like sign leptons back-to-back (> 7/2)
> T L i3 1
B sk ! | e 7

O0 s 1(‘)0‘ ‘ 2(‘)0‘ ;.!‘-'!.;(;8‘-.%”—‘—HL4(J)‘6‘ = 500

mlll2
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Process Decay

ttnj, n=20,...,6 semileptonic

ttnj, n=0,...,6 dileptonic

bbnj, n=0,...,3 all

ceng, n=20,...,3 all

tj W — v

tb W — v

pt - ALPGEN for the backgrounds (interfaced to
i all PYTHIA using the MLM prescription)
Wnj,n=0,1,2 W — v

W:bf =S W*ﬁ” Signals calculated with a Monte Carlo generator
o o (TRIADA -for triplets-, ALPGEN -for singlets-)
Witinj, n=0,...,4 W — I using HELAS (width and spin), VEGAS (phase

Z/ynj,n=0,1,2,my <120GeV  Z—1*1-  gpace integration), interface to PYTHIA (ISR and

Z/ynjyn=3,...,6, mu <1206V Z =" EQR nile-up, and hadronisation), and AcerDET
Z/ynj,n=0,...,6, my >120 GeV Z — "]

Zbbnj. m=0.....4 R (fast LHC detector simulation)
Zceng, n=20,...,4 Z — 1t~
Zttnj, n=0,...,4 /A
WWnj,n=0,...,3 W — v
WZnj,n=0,...,3 W —lv, Z — 1Tl
ZZnj,n=0,...,3 Z — It~
WWWnj, n=0,...,3 2W — v
WWzZnj,n=0,...,3 all
WZZnj,n=0,...,3 all
ZZ7Znj,n=0,...,3 27 — 1T~
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Scalar triplet A

Lepton Number Conserving _ ;+
Lepton Number Violating

Ay o m,~2Y,u, v M2
< — [+ [+ W-W-
‘:'” Z A-x 1- 10') T | Y T T T T T 7 T T T y T T
o(pp—=A"A SITTT) ()
I 10* S —
Y =¥ ) )
10° ‘
Z
2|pa | 2 107 sol| 20/ 10| s 2| 1] os 02| o1
— YIEA ‘ < - B =
VA = —T=aen = 2 GCV -
VM3 o7
EWPD e
9 s | T B A TR PEY B e I S
10 200 400 600 800 1000
M, (GeV)
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_Esf" [(@*Aa7)AT — A~ (#AY)] 2,,

12( [((.)‘A__)A++ = A__(J‘A++)] ‘4;1
rie [(*A7)AY — A~ (9*AY)] A, .

L".'
4
loh]'"ll‘l‘l]"‘ll"'l""I"'IIII"l""lT'.'
10’ — AT'ATT

— ’\1! ‘L
- A'A

e
~——.

-~

107 F
-:.‘.;.l....l,‘..l.,.;l;...l.,.,l..-.l..'.‘-.l; 2 2
10100 200 300 400 500 600 7 800 900 1000
M, (GeV)
Corfu, September 2009 F. del Aguila A7

Universidad de Granada




A BR’s into leptons are a high energy window to neutrino masses and mixings, and may even allow for
reconstructing the MNS matrix.

Teu = Br(ATF — efe* /uFp® JeFp®)
10————————————————— 1hey depend on the neutrino masses and mixings, being
1 the main dependance on a2 (in the plots B2—[f3 and 32,
respectively. We assume in our simulations:

0.8

06 ] F.A. and J.A. Aguilar-Saavedra,

7 ] Nucl. Phys. B813 (2009) 22

ke eter yEpE  pErE oErE
NH 0.00 0.20 0.49 0.29
IH 0.50 0.15 0.25 0.10

i

A. Hektor, M. Kadastik, M. Muntel, M. Raidal and L. Rebane,
B. Nucl. Phys. B787 (2007) 198

J. Garayoa and T. Schwetz,
JHEP 0803 (2008) 009

07\\\\\\\\\\\\\\\

: I — 2 P. Fileviez Perez, T. Han, G.-Y. Huang, T. Li and K. Wang,
B,/ ' Phys. Rev. D78 (2008) 015018
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¢1¢5 invariant mass distribution
for the SM and the SM plus the
triplet signal in the cases of NH

(left) and TH (right).

30 fb~1 for ma = 300 GeV

LHC reach

A: 600 (800) GeV for NH (IH)
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Fermion triplet X

See Juan Antonio A.-S.’s talk
for this case and comparison
with other new particles

Summary of the LHC reach
(30 fb~'and 14 TeV)

N: 120 (150) GeV for D /M coupling to e (1)
A: 600 (800) GeV for NH (IH)
>2: 750 (700) GeV for Majorana (Dirac) coupling to e or f
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Non-standard neutrino interactions

In general the dimension
6 operators must have
coefficients not much
larger than 1 % (taking
one at a time)

See Belén G.’s talk
(and collaborators)

LY = —2V2Grell [ fy P

[Dn T Py, V;‘?]
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"l < | 0.025 0.030 0.030
Ko.ozs 0.030 0.030
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1.8-10°° -Q
—::dal < 0.026 0.078 0.013

011 0016 g 4.
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e% Kin. Gr (L, R) CKM unit. (V)| Lept. univ. (A) |Oscillation (L, R)
Cee < 0.030 < 0.030 < 0.080 < 0.025
cbp [(—1.4+£14)-103(R,L)| <4-100%R) |[(—0.4+3.5)-1073(R) -
< 0.030 < 0.030 < 0.080

Sar < 0.030 < 0.030 < 0.080 < 0.087
Ehe < 0.030 < 0.030 < 0.080 < 0.025
&l < 0.030 < 0.030 < 0.080 .
ehs < 0.030 < 0.030 < 0.080 < 0.087
ehe < 0.030 < 0.030 < 0.080 < 0.025

i < 0.030 < 0.030 < 0.080 -
err < 0.030 < 0.030 < 0.080 < 0.087
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e:‘b CKM unit. (V)| Lept. univ. (4) Oscillation| Loop (L)
e | < 8.6-107YR) [(—-2.1+26)-107%R)
< 0.041 < 0.045
( (1)(.; 0.05 0.5 \ cd | < 0.041 < 0.045 < 0.028(A)
< 0.059(V)
ksl < | 0.05 8:883 0.05 < 0.032(L)
< 0.045(R)
| 05 005 Y ) [ <oon <005
end - < 0.078 < 0.026(A) |< 1.8-107°
( 03 005 05 \ cud . (2.1 £ 2.6) - 10-3(R)
0.6 < 0.078
=ds) < | 0.05 8:8?% 0.05 e;,:‘; : < 0,078 < 0.013(4)
cud - <013 <0.11(L)
| 05 005 Ll ) < 0.15(R)
s - <0.13 < 0.016(L)
< 0.022(R)
g . (3.0 £ 5.5) - 103(R)
<0.13
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Summary

* Many experiments give a consistent picture of non-zero neutrino masses and
charged Lepton Flavour transitions

e In contrast with the quark sector the mixing angles are large, and the neutrino
masses tiny

* A bottom-up approach leave many questions open, giving further motivation to
new experiments

* There are many models which do accommodate the observed pattern, with no
apparently favoured scenario given the preferred hipotheses

e LHC may observed see-saw messengers below ~ 700 GeV studying multilepton
channels, which are the main signatures for many other new particles

e Indirect limits constrain new physics relevant for neutrino oscillation
experiments typically below 1 % (at the amplitude level), making their effects
hardly visible
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Thanks for your attention
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