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The contents:

1. Advocate vectorlike TeV~-scale
fermions beyond the 3rd SM generation

2. Conventional GUT~scale $eesaw:
Majorana Neutrinos with
GUT-scale Majorana Mediators

3. Novel TeV=scale $eesaw Model:

Majorana Neutrinos with
TeV-scale Dirac Mediators



" _
|. Introduction

Q:Where are we coming from?

o =

Figure 1. Gauguin’s questions: Dol venons-nous? Que somines-nous? Ou allons-nous? Where
are we coming from? What are we? Where are we going?

A: "Boskovié's 300 anniversary”
(answering 1st Gauguin's/Ellis’0710.5590 question)
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Q:Where

are we?
A:. Present day
Boskovi €’s
“*atoms” identified
as sources of
colour,
weak isospin, and
weak hypercharge
forces (Q=T3+Y/2)




Gauge Theory History

Particle physics "as a modern name
for the long quest to understand the
laws of nature” (E.Witten),

born in 1897, now evolved to the

STANDARD MODEL, based on
SU(3)xSU(2)xU(1) gauge symmetry
Boskovi¢'s message: Let's talk about

new (BSM) forces only if there are
new (BSM) charges



SM charges assignment in terms
of 5 lowest reprezentations of
the SMG for 15 helicity states

Y SU“)‘“‘)‘ v SUERY » Oy
= Ay _
:;'L ,‘ ‘3 - Ve ( 1 | Q _1)
Bl = ol L=(e)._
e e
[ e Ce (4,1, -2)
'1/3$U\R (l:[) (5 | 4/?)
do U \
st i B T, Ug (3, 1, %)
’2/36 ‘11 AR ('g 4’_2/‘5)




"
All 12 SM
fermions are
discovered!
What about
possible BSM

d.o.f.? (w.r.t.

3rd Gauguin's
question)

FERMIONS*
First Second Third
10° Generation Generation Generation
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Q3: Where are we going?
A: Introduce new particles

without new forces, as suggested
by prominent SM’s Landmarks:

= Heavyness of top
= Lightness of neutrinos
= Lightness of the SM Higgs



" J

The first two Landmarks:

Lightness of v's & Heavyness of top
(Fig.Murayama’08)

fermion masses
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" JE .
The 3rd Landmark: Lightness of

SM Higgs doublets
known as the Hierarchy Problem

= Introducing the top-partner T to cancel
the largest contribution to Higgs mass
quadratic divergence - suggests:

= such Seesaw Mediators which explain
small neutrino masses without introducing
extra Hierarchy Problem

= while keeping the renormalizability



" S
I1. New Heavy Leptons

motivated by lightness of V‘s




Neutrino Masses beyond doubt -
KamLAND evidence of v-masses

|« Data-BG-GeoV,
- — Expectation based on osci. parameters
Ir determined by KamLAND
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The seesaw picture -ascribes

the lightness of v's to the existence
of some heavy-scale d.o.f.

Light sterile neutrinos — lacking
motivation?

Heavy Majorana neutrinos —
conventional fermionic Type I & IIT
seesaws

Vectorlike Dirac fermions -
beyond Type I & III seesaw



"
Only 3 realizations of dim 5
operator at the tree-level

Type I — three heavy right-handed neutrinos
— — o~ ] —
o £1e13t011 — ZLYEHER + ZLY;/HNR + ENPC{AIRNR + h.c.

A= -2 AO)

TYpe II — one heavy Higgs triplet 4 = <\/§ A—— _A-

1— .
— Liepron = LY HEg + 51, YA Aioslf, — A AMA HY iooAH + h.c.

X0/\2 >t )

Type III— three heavy triplet fermions X = ( ¥ =XYV2

_ _ o .
— Liopton = LY HER + 1 V2YX°H + ST (X M5 X) + hec.



Conventional Seesaw Mediators
- single additional particle with SM charges

Type I — three heavy right-handed neutrinos
NR ~ (4,4 0) 0
T — one heavy Higgs triplet A = A___ -V2 _A
A~(43 -0)

Type III — three heavy triplet fermions ¥ = (Zox/j/i _EL(;J; \/§>

> ~(1,3,0)



Dim 5 Weinberg’s op. ~NLLHH
by 1ntegrat1ng out heavy d.o.f.

(Y My 1YT) A HH 15+ hee, (Type 1) .
Lz _ A (YA) o5l HH IS + hee (Type 11)
A = 4 A[A Alaf “als SL ype ;
1 i = +
) (Vi My, lyz’) S HA G + e (Type 11T)
- 4 1 /’2
SSB->Majorana mass Ly 2y p—
H- *H 2"V My,
" \ / / /,2
¥ / AIM = )\AYAT— (Type II) ;

M ,
1 2
_§YEFYZ (Type I1I)
L, L )



e
TeV-seesaw scale awoids
hierarchy problem (Fig.B.Gavela'09)

N
H , YTY M5
2 N 2 -
.................. — A 2M5; 1
Q Omiy 1672 [2 " o '\2]
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5 = 4\2 l - — 1
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------------------ uig (' M3 — A? )
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" A
Lowering seesaw scale by
going to dim>5 operators:
O®> = Ow=LLHH »
O" = (LLHH)(H'H) m, ~ v (L)
O° = (LLHH)(H H)(H H) Anp

F. Bonnet, D. Hernandez, T. Ota and W. Winter, JHEP 0910:076,2009
[0907.3143 [hep-phl];

= NP scale 1-10 TeV with d=9 is enough for sub-
eV neutrino mass

= Operators are studied for singlet, doublet and
triplet mediators



" =
TwoTree-level Seesaw Options:
dim 7 and dim 9 operators

N . .4 3
NN vooTw o omy, ~ vt /M

y M

= Dim 7 Operator Babu et al’' 09, PRD 80,
071702(8

= Dim 9 Operator I.P. and B.Radovc¢i¢, PLB 687
(10) 338



" S
Dim-9 ~ LLHH(HTH)(HTH) tree-

level op. -integrating out heavy d.o.f.

H H
H 1 HH | H o ke A v’
\\ﬂl/// \\\i/// v M M(le M(sz
@ | | D, ~ Y /M
1 5 Ne 5 |
/\
V 2 2 V

= Light Majorana neutrino naturally
in sub-eV range with TeV-scale
heavy d.o.f.



1.\Tove| |l'ree-level Seesaw Model

based on vectorlike Dirac fermion 5-plet =
(I=2, Y=2) mediators

2y = (EZ_H_? ZLH_:* Ef; E%:‘ X7)
2R = (ZE++T EE+? ZE? ZOR:* Xg)
both transforming as (1, 5, 2)

= In conjunction with isospin 3/2 scalar
fields &1 and &::

(Dl — ((I)??(I)l_?(l)l__?(pl___) (I)Q :((D;*(D(Q)*(I)Q_*(I)Q__)

transforming as (1,4, —3) and (1,4, —1), respectively.



"
SM gauge invariant terms

Dirac mass term
for new seesaw mediator

Ly = — My ELZR + H.c.

Yukawa term includes
Lepton Number Violation

[:Y = Y] ZLZR b, + YYQTL(ZL)C (I)S + H.c.



" S
Dirac seesaw by diagonalizing the
mass matrix

0 Mmoo my (vr,)°
(VL 9 (ZOR)C> me 0 My (39)€
my Ms 0 A

= representing the mixing between
neutral components of the SM lepton
doublet and the Z 5-plets



" —
Mass eigenvalues:

= Two nearly degenerate 1, ~ M/s
Heavy neutral states

= Light Majorana neutrinos
MM Y1Yovg, vp,

m, ~ ~

M M

From the EW precision: » = 1.0004%7

o~ 1 —6’0(%1/2)2—|—6?J(%2/’02

an upper bound on vg, and vg, of a few GeV.



" S—
EWSB in usual way from
Higgs doublet g < 0

V(H* (1)11 (I)Q)
~ W HTH + p3 O10) + p3 OIS0y + N (HTH )
+ {MPTH"H"H* +H.c.} +{\P5HH*"H" + H.c.}

= Induced vev for

2 2
$1 and $2, scalars with o, Ha, — 0

US 7)3
Vp, = —)\1— , Up, = _)\QT
U“bl M(I’Q



"
Operators of dim 7 and 5 are

generated at loop level from dim 9 op.
- smaller than dim 9 tree level if

ANP < 4mv >~ 2 TeV

= The operator of dim 5 generated at
loop level from A3 term - for A1 Az = A3

IS smaller than dim 9 tree level if
ANp < V4mv >~ 620 GeV



" J ——
NP scale splitting dim 5 loop
& dim 9 tree-level contributions

For simplicity, 1o =Mz =Ayp
the values v =174 GeV and m, ~ 0.1 eV

& moderate v ~ v’ ~ M~ 102 pesult in
Anp >~ 580 GeV and vg, >~ 80 MeV and vg, >~ 60 MeV.

= There is a part of the parameter space
where tree-level dim 9 operator
dominates over loop generated dim 5 and
dim 7 contributions!



IHI-Signatures of 5-plet Z

at the LHC - and
distinguishing it from type III

wRleN

o o z b?“ o o
| NN N
-9 A A 2 ‘3
© o) -9 o °
T TvEl T T



"
Production of 5-plet States by
Drell-Yan fusion

= Via CC associated production of pairs
= Via NC direct pair prodiction

= Using CTEQ6.6 PDFs via LHAPDF

® Check by MadGraph via FeynRules



Check on production cross

section for type-lll triplets at LHC
(Franceschini,Hambye, Strumia, PRD78, 2008

103;._ | : S ES—— —3

1070 —— | — e
200 400 600 800 1000 1200 1400
M in GeV



=
Production cross section for 5-
plets at 2010-run LHC energy

via neutral v, Z  and charged W=

10 — 1 T T T ] T T T T 7 N — 1 1 T T 1 T T T T
N z:gwﬁz_o—z— \\\ ST, RS-
o . e TR 30N R S D S
= 1 } N Q —_——— YT e \;\ ~ —_— o NPT Y-T0
10'FN N N T ST, SOTF
‘EE“ N N .
A L NN —+ SO
N ' NN
T 1 ~ 'S NN
10" > - T TN
%: ~ \. \":\: *\
< | s=TTeViN o SN
(a) ) . (h) Ne ".\ .
10-3 | | | | | | | I\'L | ™~ | | | | | | | | | | ¢S
400 800 1200 400 800 1200

M [GeV] M [GeV]



"
Production cross section for 5-
plets for designed LHC energy

via neutral v, Z  and charged W=

]

o(pp — LX)

-3 ‘II | | ] ] | ] ] ] | ] I | ] ] ] | ] ] ] | ]
400 800 1200 400 800 1200
M [GeV] M [GeV]




" S
Two classes of decay-processes
- like those for Type III Tr'iple'r

2 2( ’2
I‘(Ni —>N07Ti) 2G v (AM \/1 —

T I\'\ AM2
| e AM SU\‘)PV‘QSSCL\
[(NT — ]\[Oei{z_)J ) = ZG%
¢ 157
1 A*M M2Z\2 M?
[(N* — ¢* Z)———(l )(1+2—)
4 8ar M? M?

CINE — % W) = 1){21\/1(1 M?, )2(H2M2)
- — —_ "
¢ 2 87 M M?>



= i
Suppression by small mass
splittings within a multiplet

J\JQ — My =~ Q(Q -+ Y/ cos Oy ) AM

, .. o bw
AM = oo My sin® 5

= (166 T 1)J\ff€V.
= Suppression for Type III triplet

= Still, there is larger splitting among
higher states within a 2 multiplet

+ +4+ + 4+

A A A

e

\ ' s v >
240 550 %0 1200 AM (MeV)




['in 1/cm

Type-lll triplet decay widths

(Franceschini,Hambye, Strumia,

100 300 1000
M in GeV

PRD78, 2008)

—  Ny-vh, N* > *h

—  Ny-> Zv,N* > Zt*
— Ny - WA, N* > Wiy
— -  N* > Nyn*

——r Ni—)NofiV



" S
Decay widths of triply-charged 2

104j

100:

FE) [em™]

200 300 500 700 1000
M [GeV]



Signatures from LNC

& LNV decays
Sy T N S W
ST — Wty ZI+, HlT
o — Wv, ZI—, Hl~

¥V — W+

T

Zv. 1O

= Two types of decays with same sign
dileptons and the jets as a signature

g7 — W* = 00— [FZIW = T
4G — Z7F — Y50 FEWTFEWT 5 [FE



Conclusions:
Falsifiable dim 9
tree-level seesaw

g
i) Sizable production at the LHC
(already 1000 pairs at present 7 TeV)
States too heavy to be produced may be
revealed through virtual loop effects

ii) Characteristic triply charged 5-plet
state decay as a link between collider

phenomenology and the origin of neutrino
masses



