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Neutrino masses have no observable effects at large colliders because they are
suppressed by large factors, a power of

my

TeV

~ 10712,

However, neutrinos are produced and detected as missing energy for they have
electroweak interactions. Then the question, for instance, at LHC is if neutrinos
have further interactions which can be observed. The answer is obviously
positive (for example, almost any new gauge boson couples to them).
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Non-standard neutrino interactions

¥ = —2V2Grell | 4 P f)parPLvs)

Antusch, Biggio, Fernandez-Martinez, Gavela,
Lopez-Pavon 06, Abada, Biggio, Bonnet, Gavela,
Hambye 07, Gavela, Hernandez, Ota, Winter 08,

LH neutrinos Biggio, Blennow,Fernandez-Martinez 09
One extra operator at a time

eh3| Kin. Gp (L,R) |CKM unit. (V)| Lept. univ. (4) |Oscillation (L, R)

Ehe < 0.030 < 0.030 < 0.080 < 0.025

by [—1.4 +14)- 10-3(R,L)| <4-107%R) |(—0.4+3.5)-1073(R) - In general the

< 0.030 < 0.030 < 0.080 (gauge invariant)

gbr < 0.030 < 0.030 < 0.080 < 0.087 dimension six

ehe < 0.030 < 0.030 < 0.080 < 0.025 operators must
ehe. < 0.030 < 0.030 < 0.080 ; have coefficients
ehe < 0.030 < 0.030 < 0.080 < 0.087 not much larger
ghe < 0.030 < 0.030 < 0.080 < 0.025 than 1 %

£ < 0.030 < 0.030 < 0.080 -

by < 0.030 < 0.030 < 0.080 < 0.087
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A more pertinent question is if we can be learned something about neutrino masses and
mixings. In general they must be inferred from definite model dependent relations. Thus,
within a given neutrino mass model these parameters can be related to other ones entering
in observable processes (as in some supersymmetric models).

10 E , , Br(e*7F Y, 1) /Br(u*tF 3, vi) Br(e*qq’)/Br(t%4q)
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Ratio of neutralino branching ratios as a function of the mixing angles. The model mixes
neutrinos and the lightest neutralino. Only the atmospheric scale comes out at tree level
through bilinear breaking of R-parity. Porod, Hirsch, Romao, Valle,

We can even observe at the LHC neutrino mass mediators if they have a mass below the
TeV. They can be tree-level (see-saw) messengers (as we shall review) or higher order

ones, Ma 00; Nandi’'s and Babu’s or new particles with particular properties but with
no information on the neutrino spectrum (relics). Feruglio’s , Santiago’s
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1 T M, -1 — —2 1 T M_-1
LYNTMyTY 2Y \u\M, /Y st MYy
Phase cancellation small coupling(s) Phase cancellation
or small couplings or small couplings
Minkowski 77, ... Magg, Wetterich 80, ... Foot, Lew, He, Joshi

The three mechanisms must violate Lepton Number for they are assumed
to generate Majorana masses, Os =1,¢*¢'l, .l and lll involve fermions:
singlets N (1) or triplets X (lll), and Il scalar triplets: A.
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Dimension Operator Cocthicient
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Weinberg 79, Buchmuller, Wyler 86, ...
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Dimension Operator Coetficient

5 O /_() ()T/L i)vT\[;l}S
Type lli 6 |0W = (otiD,0) (Tr ) SY3 (ML)~ MYy
O = (otio,D,0) (o y*1L) | 1YE(ME) MYy
O = (610) Ipder Yo(ME) MG YsY,

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.

vr \ vy Nr Nj,
: " 0 0 YN v Type | and lII:
VI ( YW\ . N 0 V2 Light neutrinos
Vol Yy - \ j",' o i 0 my are massless.
V2 SN \ = 1y ()
V2 |
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TeV signatures of see-saw messengers:
Multilepton signals

Lepton Number Violating
m,~2Y, u, V> M,-2

. ’ ]
Lepton Number Conserving<,m-

(1I)
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LNV signals have smaller backgrounds than LNC ones (Keung, Senjanovic 83 ) 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. F A Aguilar-Saavedra

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) F.A., Aguilar-Saavedra 08, Aguilar-Saavedra 09, F.A., Aguilar-Saavedra, de Blas
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Fermion singlet N

(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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Lw = —L (Vinly*PLN W +Viy Ny*PLW?)

V2
Ly = —% (Vin " PLN + Viy Ny Pru) 2,
EH — —gmN (V;N I7[PRN+‘/JV NPLI/I) H,

2 My

af — W* = =N,

5 105 - T 0 F.A., Aguilar-Saavedra
+ oWt g =D
N oW { ("N =070 W )
("N — 00w = N =

Han, Zhang {=¢= A

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

IV_|?<0.003
eN
IV |2 <0.0032
uUN

|VTN|2 <0.0062 unobservable

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

qq — Z4* — vN ,
gg— H* — vN

Overwhelming
background

qq — 2 — NN

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

m, = 100 GeV.
IV]2= 0.003

(EOELE (2e)  0R050F (2u)  050F (2e) 050 (2u)
N (S1.M) 28.6 bifference due ! (11.3) 0
N (S1.D) 14.8 to kinematics () (0.1 ()
N ($2,M) 0 29.6 0 (13.1)
N (S2.D) 0 5.3 () 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 S1 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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Pre-selection Selection 008 ——T—T—T
pEpt eFet pEe* pEpE eFet  ptet i — N(150) i
N (a) 1136 0 0 (59,1) 0 0 -~ bbnj
N (b) 0 72.0 0 0" (17.6) o0 006 —-. SMbks(b) |-
N (c) 784 255 82.6 4.6 47 224 § ~-+- SM bkg (no b) |
bbnj 14800 52000 82000 0 0 0 2
cEnj (11) 300 200 ©) 0 0 Booa i
tinj 1162.1 8133.0 15625.3 24 83 1.7 .§
tj 60.8  176.5  461.5 00 00 01 8 ’
Wbbnj 1249 3467  927.3 04 06 03 ®gm -
Wiinj 757  87.2  166.9 03 00 00
Zbbnj 122 689  117.0 0.0 02 00 T
WWnj 828 890 1748 05 01 07 0 L.
WZnj 1624 2520  400.2 18 18 23 -10 10
Z7nj 3.8 13.3 12.9 00 06 0.1
WWWnj 319 301 64.8 09 01 00
: Large backgrounds
Table 1: Number of /(% events at LHC for 30 fb~1, at the pre-selection and selection , g . g .
levels. The heavy neutrino signal is evaluated assuming my = 150 GeV and coupling LIkeIIhOOd anaIySIS
(a) to the muon, Vy,y = 0.098; (b) to the electron, Voy = 0.073; (¢) to both, Voy = 0.073 with many distributions
and V,n = 0.098.
Limit on their mass
CLIC does better
120 (1 50) GeV fOI" D (M) F.A., Aguilar-Saavedra 07
60 GeV neutrino coupling to the muon up to |V,n|* =4.9x 107°
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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
Wtinj 256 199 206 145 38 2.6 e Three charged leptons (e or u)
Al Lk 182 L Be bs 4 e Same sign leptons with pr > 30 GeV
Zttng 82.5 69.9 10.3 6.5 2.6 1.1 (tO wediee 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 0.7 0.8 0.4 e Invariant mass of oppossite sign pairs
Presoloct differing from the Z boson mass by at
reselection
o S least 10 GeV
__. SM bkg + N (S2) .
..... SM bk ! Improved selection:
15+ —
> i .
S L e No b jets
o [
Ziop oy ]
E e Like sign leptons back-to-back (> 7/2)
> : :_‘,
a = 5 ,7-:_ ]
00:”‘ ‘1(‘)0‘ ‘2(‘)0‘ - ;.!-*5';68*~*~*~*“'!—»46‘6‘ = 500
",
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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*j” 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 _ j+

Lepton Number Violating
m,~2Y,u, v M2
— [t W-W-

| T T Ll

T T 1 | Ll T T

o(pp—=A"A =SIT11)(#b)
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Lw = —ig [(0"ATT)AT — AT (A7) WS,
—ig [("AT)ATT — AT (AT W,

Lrr.=(D*A)-(DA) — £z = %_(1 —25%) [(0#AT)ATF — AT (94 ATT)] Z,
_%S‘Q/V [(d#A—)A-*- o A—(B#A+)] lev ’

L, = i2[(*A)ATT — AT (3*AT)] A,
+ie [(*AT)AT — A~ (#AY)] A,

o (fb)

.:- 2 BT
10500 200 300 400 500 600 700 800 900 1000
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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 az (in the plots 32—3 and (32,

08} 41 respectively). We assume in our simulations:

F.A., Aguilar-Saavedra 08

1 15 2
B,/ m

etet
NH 0.00
IH 0.50

Hektor, Kadastik, Muntel, Raidal, Rebane 07
Garayoa, Schwetz 08

ol v v Fileviez Perez, Han, Huang, Li, Wang 08
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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).
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Fermion triplet X

F.A., Aguilar-Saavedra 08

Franceschini, Hambye, Strumia 08

Arhrib, Bajc, Ghosh, Han, Huang, Puljak, Senjanovic 09

FCNC Ibafez, Morisi, Valle 09

_ F. del Aguila
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my = 300 GeV
60 50 (EELEF PPN R RUEF PR e

_ Y (M) 06 106 174 0.7 10.2 110.3 I7T7T.8 1787 2324
¥ (D) 1.9 214 9.1 1734 2.9 194.4 1.4 GO7.0 3149
SM Bkg 0.0 0.9 2.9 14.3 1.9 15.9 195 5483 1328

Table 2: Number of events with 30 fb~! for the fermion triplet signals with Majorana

(M) and Dirac (D) neutrinos, and SM background in different final states.

LHC reach (30 fb~'and 14 TeV)
2 750 (700) GeV for Majorana (Dirac) coupling to e or p
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Seesaw | Seesaw 11 Seesaw [11 F.A., Aguilar-Saavedra 08
my = 100 GeV ma = 300 GeV my = 300 GeV Aguilar-Saavedra 09 up to a factor 2
Six leptons X and other multiplets
Five leptons 28 fh—t
O pEpEpF 15 b~
mpg rec
& ) —1 —_ -1
photpg- 19 /2.8 fh 7 fh
ma++ rec mpg rec
i 30 fh! with or without Z
36 /0.9 ! 975 fh! (factor 10 reduction)
lalias < 180 b ’ ’ v
ma++ rec my rec
-1 - ) - -1
¢t < 1801h 174 /441 LT b missing momentum < 30 GeV
my rec Ma++ Tec my rec
15 /27 b1 80 fh—1
+p— ‘
et % ma rec my, rec Aguilar-Saavedra
~
‘ i X o ANH/H 2M/D
Nm/D ANH/H > M
Vs =7 TeV, mas =200 GeV
FI*I-- [11.5/2.0fo—" | 3.6/1.0 fo-1
no Z |£l£ls (2.7 /0.74 fb-1 | 2.0/ 0.97 fb-1
missing momentum < 30 GeV |£[* 5.9/2.1 fb-? 1.4 /- fb-"
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Tau custodians
(WED models)

Santiago’s talk on Monday

Csaki, Delaunay, Grojean, Grossman 08, Chen, Mahanthappa, Yu 09,
F.A., Carmona, Santiago 10, Kadosh, Pallante 10

Xi[—+ v Xo[+—] val+—
oo (B gy g (R )
\ 71[—+] el++] bo[+—] ea[+-]
5= (2~2) @ (1~1) ( . N
o= [T A G = D & -],
\ es[—+] Ya[—+] calt=1|Yal+=1} . i
A4 Zg Ad Zg
G 3 1 o(UV) 3 4
G 3 2 p(UV) 1 4
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(o 1,17,1" 4 7(IR) 1 7
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x‘\
Er pp — UM jiEyr, with 1,1, 1" = e, p.
VA J
J

The LHC reach for these new lepton doublets decaying
F.A., Carmona, Santiago, into T’s is up to 240, 480, 720 GeV at \s = 14 TeV and an
integrated luminosity of 30, 300 and 3000 fb™', respectively.

To be compared with 1.1 (0.75) fb~! (50 discovery luminosity @ 14 (7) TeV for a lepton
doublet of mass 300 (200) GeV decaying into e,u). Aguilar-Saavedra
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Summary

e 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

e Indirect limits constrain new physics relevant for neutrino oscillation
experiments typically below 1 % (at the amplitude level), making their effects
hardly visible without large cancellations (which would point to new physics).

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

see-saw messengers below ~ 700 GeV (@ 14 TeV with £ = 30 fb™") studying
multilepton channels, which are the main signatures for many other new particles.
[~ 400 (200) GeV @ 7 TeV with £ =30 (1) fb™]
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Thanks for your attention
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