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Neutrinos have mass!
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What do we know about neutrino masses and Adl
mixing?

3 mixing angles
2 non-zero quadratic mass differences

Am3, >0

XY

www.nu-fit.org

Y
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http://dx.doi.org/10.1007/JHEP01(2017)087

What do not we know about neutrino masses **
and mixing? \Y
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Mass ordering?

Normal Ordering (NO) Inverted Ordering (10)

* CP phase — CP violation

* Absolute mass values
+ Octant of 6,4 Origin of neutrino masses

Dirac or Majorana nature
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Neutrinos are
massive

Only neutral fermion
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Dirac vs Majorana
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® Neutrino-less double beta decay
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Dirac vs Majorana
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Dirac vs Majorana X

® Neutrino-less double beta decay  Schechter Valle, 1982
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® Detect non-relativistic neutrinos 4< )L
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M D |
I'eg =200, Duda and Gelmini, 2001
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Dirac vs Majorana X

® Neutrino-less double beta decay  Schechter Valle, 1982
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Dirac vs Majorana

How robust
is this result?

1
Lysm = Lsm + L5 + N Z C,§6)Q,f6)

k=1

- M. Arteaga, E. Bertuzzo, YFPG

and R. Zukanovich Funchal,
JHEPO09 (2017) 160
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Dirac vs Majorana

How robust

is this result? Y/
1 N
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Dirac vs Majorana
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Dirac vs Majorana

Right-chiral Scalar and Tensor
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P. A. M. Dirac

1930

1937
Neutrinos are __

Are there other ways
to differentiate
between these two?

\ Y

E. Majorana
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Only neutral fermion

NuTheories - Nov /18 - PITT PACC

Yuber F. Perez-G. - Fermilab /Northwestern

13



\ Y

P. A. M. Dirac E. Majorana
1930
Neutrinos are |
massive
\’ V.
vF U Only neutral fermion
Are there other ways It is possible to have Dirac
to differentiate and Majorana neutrinos in

extensions of the SM

between these two?
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Weinberg Operator

1
Lysm = Lsm+ Ly=s+ N Z c9Q®

k=1
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Weinberg Operator
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Weinberg Operator
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Weinberg Operator

To have neutrino
masses of order
O(eV)
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Weinberg Operator

1
ts a0 Y
k=1

%, =" _LLHH
A

To have neutrino A>Sy > o~ 1 High scale seesaw \4’
masses of order 7 )
O(eV)
See Richard’s talk
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Weinberg Operator N

To have neutrino

A>v High scale seesaw \Y
masses of order 7 )

\ 4
o
l
ek

O(eV) A~ O(TeV)

N4

c k1 Low scale seesaw

See Richard’s talk
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Weinberg Operator

C

¥s=—LLHH
A
A>v > c~1
A ~ O(TeV) > k1

Without an
underlying

framework
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Weinberg Operator

C
s =—LLHH
A

A>Sv

¢/
o
¢

ek

A~ O(TeV)

c k<1

N4

Without an
underlying

Large mass gap

framework

Very small parameters
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Weinberg Operator N

P, = %LLHH Y

A>v > c~1 \4(
a0\
A~ O(TeV) > ekl
Y
Without an Large mass gap
underlying Technically j/kT
framework Very small parameters natural |

parameters
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The Standard Type I See-saw

- Minkowski,
~ Mohapatra,
- Senjanovig, ...

Weinberg Operator c
s = XLLHH

A>Svy > c~1

Standard Type I See-Saw

See talks from Michael, Marco, Richard...
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The Standard Type I See-saw

Weinberg Operator

Standard Type I See-Saw

P = —LLHH
A

A>Svy > c~1

NuTheories - Nov /18 - PITT PACC
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The Standard Type I See-saw

Weinberg Operator 7. = % I THH N V’
Y
A>v > c~1
\Y
Standard Type I See-Saw 5\4(

VR x‘/

Vissani, 1998 “
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The Standard Type I See-saw

Weinberg O t
einberg Operator 7. = % I THH N v’
Y
A>v > c~1
Y
Standard Type I See-Saw 5\4(
N\
VR xy
______ T ot om:  m A\ ¢<)L
m? 2722 4< )b
lr,
£ = v, ) Y
Va
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The Standard Type I See-saw

Weinberg Operator c
<s=—LLHH
A
A>v > c~1
Standard Type I See-Saw
VR
______ T o om:  m A\
m?  2x%v?
Iy
£p = v, o)
sm} < 1 TeV?
m,~ 107 eV > A <107 GeV

Vissani, 1998 “
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The Standard Type I See-saw

Weinberg O t
einberg Operator 7. = £ ran
A
A>v > c~1
Standard Type I See-Saw
VR
______ T o om:  m A\
m?  2x%v?
Iy
£p = Lo}
sm} < 1 TeV?
m,~ 107 eV > A <107 GeV

XY

Multiple seesaws, A< )L
Froggatt-Nielsen...
D)

Vissani, 1998 “
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The Standard Type II See-saw

Weinberg Operator

Standard Type II See-Saw

P = —LLHH
A

A>Svy > c~1
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Yuber F. Perez-G. - Fermilab /Northwestern

18



The Standard Type II See-saw

Weinberg Operator c
s = XLLHH

A>Svy > c~1

Standard Type II See-Saw

L =—YL{io,AL;

\//L/
Y

A

- Konetschy, Kummer,
Cheng, Li ...

v <

Y See Yongchao’s talk
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The Standard Type II See-saw

Weinberg Operator c
5-P P.=—LLHH
A
A>v > c~1
Standard Type II See-Saw
L =—YL{io,AL;
A
H ~ S P ’ H
~ S - R \ILL ) , . - ”
Y
: > m, = \/EYVA
A
v E v - Konetschy, Kummer,
> <
Y Cheng, Li ...

See Yongchao’s talk
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The Standard Type II See-saw

Weinberg Operator 2, = % T HH N *
Y
A>v >  c~1
Y
Standard Type II See-Saw \4(

How is the x\‘/

lepton number

B 5+ / \/§ s++ breaking?
A= ( (va + 6 +ias)/V2 =01 /2 )

 Konetschy, Kummer,
Cheng, Li ...
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The Standard Type II See-saw

Weinberg Operator 2, = % T HH N *
Y
A>v > c~1
Y
Standard Type II See-Saw \4(
N\
How is the x\‘/
lepton number
N ( 5+ / \/§ 5+ ) breaking?
@)+ 5 +ias)/V2 —57/V2
’ 2
N

.
U
V2M3

 Konetschy, Kummer,
Cheng, Li ...
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The Standard Type II See-saw

Weinberg Operator 2, = % T HH N *
Y
A>v >  c~1
Y
Standard Type II See-Saw \4(

How is the x\‘/

lepton number

5t/ NG, 5+ ) breaking? Q( )L

A = .
( ©a)t 5+m6)/\/§ —0t/V2 \y
|  uH ic,ATH
Sy, ~ : @/7 2 \*

y
V2M3

 Konetschy, Kummer,
Cheng, Li ...
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The Standard Type II See-saw

Weinberg Operator

Standard Type II See-Saw

A>Svy > c~1

Vp \/_;—@ > uH'ic,ATH

M5
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The Standard Type II See-saw

Weinberg Operator 2, = % T HH N v’
Y
A>v > c~1
Y
Standard Type II See-Saw 5\4(

Vp = V—@ > uH'ic,ATH X‘Y

om? M, :
L m: 0014 < 100 GeV> A <1 LY

—————————— e - Bhupal Dev, Miralles Vila,

Rodejohann, 2017
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The Standard Type II See-saw

Weinberg Operator

P = —LLHH
A

A~ O(TeV) > <1

Standard Type II See-Saw

2
VA #@ > uH'ic,A"H
A

2M
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The Standard Type II See-saw

Weinberg Operator c
s = XLLHH

A~ O(TeV) > <1

Standard Type II See-Saw

M

2
v
VA = \/_2—%@ > uH 162A H

u~16eV i’
0.1 eV
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The Standard Type II See-saw

Weinberg Operator c
s = XLLHH

A~ O(TeV) > <1

Standard Type II See-Saw

2
VA #@ > uH'ic,A"H
A

2M

< |=
N

W16 eV (O f”‘;v> 65(10-11)
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The Standard Type II See-saw

Weinberg Operator c
s = XLLHH

A~ O(TeV) > <1

Standard Type II See-Saw

2
VA #@ > uH'ic,A"H
A

2M

Technically

< |=
N

m
natural u~1.6eV ( -~ > 6107

parameter 0.1eV
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The Standard Type II See-saw

Weinberg Operator

P = —LLHH
A

A~ O(TeV) > <1

Standard Type II See-Saw

Technically

natural U =~
parameter

M

2
v
VA = \/_2—%@ > uH 162A H

A

O(10~1h

m
1.6 eV z
0.1 eV

< |=

Is it possible to
generate

dynamically this

term?
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The Mechanism
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Our proposal

Generate small lepton

number breaking
dynamically

® At the weak scale
e Without fine tuning
® No arbitrary small couplings
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The Mechanism

H S o L’ H *
S Phd x
-~
-~
-~
ST Y
Standard Type 11 Y
I
! Xy
I
I
'A Xy
I
I
- Y
1% 1 1% V)
> | <
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The Mechanism

Replicate seesaw n-times

v <

<
>
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The Mechanism

Replicate seesaw n-times N *

H
|
I
|
I
I
o v L Y
t
I
|
I
I
:

- Bonilla, Romao, |

v <

Valle 2016
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The Mechanism

Replicate seesaw n-times

<

NuTheories - Nov /18 - PITT PACC Yuber F. Perez-G. - Fermilab /Northwestern 24



The Mechanism

Replicate seesaw n-times . N *
. Y
' °
52 : 5’2 e ’ \\Y
Pt z
H ~ X g \ *
T Sy T N\

4
/
/
/
i —
\
\
\
\
R
/
/
/
y”
<«

v <
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The Mechanism

Replicate seesaw n-times : N Chicken’s
: \\Y foot seesaw
] °
I o’
52 I 5’2 e \\Y
| P ’ N
| -’
. I 3 A \'
s ~ Sl s - N N *

4
/
/
/
i —
\
\
\
\
R
/
/
/
y”
<«

v <
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The Mechanism

® All mass parameters near the EW scale

e All dimensionless parameters of the same order
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The Mechanism

® All mass parameters near the EW scale

e All dimensionless parameters of the same order

We want to > u HTi62 ATH

avoid

Lepton
number as a

global
symmetry

# . =—YLio,AL+h.c.
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The Mechanism

® All mass parameters near the EW scale

e All dimensionless parameters of the same order

We want to > u HTi62 ATH

avoid

Lepton
number as a

global
symmetry

gl§uk=—YF162A h.C.

fleptons

= Xy
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The Mechanism

® All mass parameters near the EW scale

e All dimensionless parameters of the same order

We want to > u HTi62 ATH

avoid

Lepton
number as a

global
symmetry

Additional
Scalars

F o =—YL oA L h.c.

fAz_l fleptons=+1/2
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The Mechanism

® All mass parameters near the EW scale

e All dimensionless parameters of the same order

We want to > u HTi62 ATH

avoid

Lepton
number as a

global
symmetry

F o =—YL oA L h.c.

fAz_l fleptons=+1/2

Additional Y
1
Scalars

}Lﬂ1:+1
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The Mechanism

® All mass parameters near the EW scale

e All dimensionless parameters of the same order

We Wa.nt to > 4 HTi62 ATH \\Y
avoid
N
N\
Lepton
number as a pr sk\y
global Yuk
symmetry 4( )L
,
£r=—1  epons = + 112 Xy
i L )
Additional S, > £ =+1 S, S )=+ —
Scalars 3
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The Mechanism

® All mass parameters near the EW scale

e All dimensionless parameters of the same order

Lepton
number as a

global
symmetry

gl/

Additional Y
1
Scalars

>f1:+1 S2
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The Mechanism

® All mass parameters near the EW scale

e All dimensionless parameters of the same order

Lepton
number as a

global
symmetry

v
gYu

Vo uH'ic,ATH

Additional Y
1
Scalars

}Lﬂ1:+1
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The Mechanism \Y

® All mass parameters near the EW scale

e All dimensionless parameters of the same order

Lepton \\Y

number as a v _— __ VJICs
ot &, =— YL io,AL+h.c. N
symmetry 5\4(
Y
2
V> A,H"ic,ATHS¥ — gzizsiksg +h.c. \ ¥
o

A(;ditional S, S £ =+1 S, S £y =+—
calars 3
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The Mechanism
\f

1 ! Y

mH = EA’HVZ + /IZHV%, m% = 5&2\/22 + /IZHVZ .
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The Mechanism

;
\Y
m? = %ﬂ&@z, ms = %/12\/22 + Ay SK\Y
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The Mechanism

XY
m? = %ﬂ&@z, ms = %/12 AoV . \\Y
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The Mechanism of
SM vev Sz;‘fev
EWSB v

GEAR A

In a very
schematically way
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The Mechanism of
SM vev Sz;‘fev
EWSB v

GEAR A

In a very
schematically way

/ \t

Vo
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The Mechanism
SM vev N

EWSB v

- Z *(*

GEAR A

In a very
schematically way
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The Mechanism

GEAR A

In a very
schematically way

My \° [ val keV M,/100 GeV)*(v,/MeV
500 GeV v/ MeV (v,/10 GeV)? )}
Independent on the

number of steps
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GEAR A
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Spectrum and Mixing

® 4 scalar particles

h,o,s,$,

® Two charged particles g+ s++

® 2 massive pseudo scalars as, a,

® 1 massless Nambu-Goldstone boson J

NuTheories - Nov /18 - PITT PACC

Yuber F. Perez-G. - Fermilab /Northwestern

29
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Higgs!

® Two charged particles g+ s++

® 2 massive pseudo scalars as, a,

® 1 massless Nambu-Goldstone boson J
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Spectrum and Mixing

Higgs!

A Y
Y

® 4 scalar particles S1» 5 N\
| N
S @W » As in SM TII

® Two charged particle
® 2 massive pseudo scalars as, g, Xy

® 1 massless Nambu-Goldstone boson J
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\Y
New scalar \\Y

degrees of

freedom ;\\Y
® 4 scalar particles S\
. N
® Two charged particles GH§+- > Asin SMHL Y
® 2 massive pseudo scalars as, g, Xy

® 1 massless Nambu-Goldstone boson J
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Spectrum and Mixing

\Y
New scalar \\Y

degrees of

freedom \\Y

® 4 scalar particles

o N
® Two charged particles GH§+- > Asin SMHL Y
® 2 massive pseudo scalars as, g, XY

® 1 massless Nambu-Goldstone boson
Y
 Majoron...

Majoron...
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Spectrum and Mixing

At the same scale

A

M, ~ 500 GeV

M, = 125.18 GeV

M, ~ 100 GeV
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Spectrum and Mixing

A

M, ~ 500 GeV

M, = 125.18 GeV
At the same scale

M, ~ 100 GeV

@ 961 ehl

Higgs observables,
direct s, production
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Spectrum and Mixing

A

M, ~ 500 GeV

M, = 125.18 GeV

At the same scale
M, ~ 100 GeV

2

Higgs observables,

LHC signatures
direct s, production

1 decay modes
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Spectrum and Mixing

A

M, ~ 500 GeV \ ¥

N
M, = 125.18 GeV

At the same scale \\Y
M, ~ 100 GeV N
N\
Y

M, ~ 10 GeV

2

Y
Higgs observables, LHC signatures S| decay modes

direct s, production 51 decay modes
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Phenomenology
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i Y |
Ma] oron Purely massless Compafe with
Majoron Q( ‘,/ Julian’s talk

Couplings
\Y

1.6 - 10718 (mp/GeV)(v,/keV)? 5-107'2 (m /0.1 eV) \\y

GJW =
Y

Jf = 2 (v,/10 GeV) £y (v,/10 GeV)
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Majoron

Couplings

1.6 - 10718 (mp/GeV)(v,/keV)?

G =
i £, (v,/10 GeV)

A( + Compare with
Q( \,/ Julian’s talk

Y

—12
51072 (m /0.1 eV) Y

Purely massless
Majoron

Gy, = O GeV)
s Y

Lepton number \4(
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° N * |
IV la] OI‘ OI'l Purely massless COII.lpa’re with
Majoron Q( \,/ Julian’s talk

Couplings
\Y

1.6 - 10718 (mp/GeV)(v,/keV)? 5-107'2 (m /0.1 eV) \\y

G = G w =
At ‘, (v,/10 GeV) ! 7). (1:/10 GeV)
s Y

Lepton number \4(

Astrophysical bounds Majoron emission

G,, <43x1071 G,, <(0.8-1.6)x107>

Gando et.al., 2012 ' Patrignani et al, 2016 / ¢< )L
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° * * |
IV la] OI‘ ()Il Purely massless COII.lpa’re with
Majoron Q( \,/ Julian’s talk

Couplings
\Y

1.6 - 10718 (mp/GeV)(v,/keV)? 5-107'2 (m /0.1 eV) \\Y

Gy = G w =
Iff ‘, (v,/10 GeV) / @ (v,/10 GeV)
s Y

Lepton number >\4(

Astrophysical bounds Majoron emission

G,, <43x1071 G,, <(0.8-1.6)x107>

Gando et.al., 2012 ' Patrignani et al, 2016 / ¢< )L

Higgs invisible decay \Y

v, I, BR(h— inv)]"
10 GeV | |42 MeV  0.22
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\Y
XY

Freeze in
G2 | Y

Tv— JU) = —%m

327 Y
Y

~ 10°! s > age universe \A(

Majoron

WE 12 (v,/10 GeV)? - (T/1 GeV) 1
(m,/0.1 eV)* GeV

T=~1"
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Majoron

Freeze in
G2 | Y

Tv— JU) = —%m

327 " Y
Y

I2-(v,/10 GeV)? - (T/1 GeV) 1
045 2 2

t==1- ~ 10°! s > age universe \A(
(m,/0.1 eV)* GeV
Compatible with CMB )
G! <12x107’
; 1 {005V’
G/ <23x10
vv m
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Majoron

Freeze in
G2 | Y

Tv— JU) = —%m

327 " Y
Y

I2-(v,/10 GeV)? - (T/1 GeV) 1
045 2 2

t==1- ~ 10*! s > age universe \4(
(m,/0.1 eV)* GeV 4(
N
Compatible with CMB )

G! <12x107’
; 1 {005V’

G/ <23x10
vv m

No problem with a
massless majoron

NuTheories - Nov /18 - PITT PACC Yuber F. Perez-G. - Fermilab /Northwestern 33




Collider
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Collider

Perez, Han,

e Identify A as a SU(2) triplet pp — 6767  Huang, L,
Wang, 2008

See also Melfo, Nemevsek,

- Nesti, Senjanovi¢, Zhang 2011
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Collider

Perez, Han,

e Identify A as a SU(2) triplet pp — 6767  Huang, L,
Wang, 2008

LHC Production
of Triplet Scalars

o(fb)

\\_& Channel with largest 4< )L

Production cross-section

200 400 600 800 1000 ‘See also Melfo, Nemevsek,
M, (GeV)

- Nesti, Senjanovi, Zhang 2011
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Collider

e Identify A as a SU(2) triplet pp — 6767

® Understand the differences with the Standard TII

Z > Tr{(D, A (D*A)]

Perez, Han,
- Huang, Li,
Wang, 2008

See also Melfo, Nemevsek,

- Nesti, Senjanovi¢, Zhang 2011
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Collider

Perez, Han,

e Identify A as a SU(2) triplet pp — 6767  Huang, L,
Wang, 2008

® Understand the differences with the Standard TII

Z > Tr{(D, A (D*A)]
Standard Type - Il seesaw
YP \4(

vy < 107* GeV 5\4(

4 4 Independent of */
0= = v Majorana phases x

++ 4 o+ Dependent of
07" > 7 Majorana phases \y )L
pp — 55T = £ Y
A )
Stl‘iking Signature See also Melfo, Nemevsek,

- Nesti, Senjanovi¢, Zhang 2011
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Collider

e Identify A as a SU(2) triplet pp — 6767

® Understand the differences with the Standard TII
Z > Tr{(D, A (D*A)]

Standard Type - II seesaw

vy < 107* GeV
+ + Independent of
0= = v Majorana phases
STE _, pEpE Dependent of

Majorana phases

pp — 66T = £FFCT

Striking signature

Perez, Han,
Huang, Lj,

Wang, 2008

Our scenario 4(

5t - Ws, x\y

57 - WWs,

-~ Don’t present
VA suppression A}T

See also Melfo, Nemevsek,

- Nesti, Senjanovi¢, Zhang 2011
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Collider

10°

IIIII 1 IIIIIIII T Illlllll I Illlllll I llllllll I llll]ll‘ I IIIIIIII T IIIIIIII

I llllllll T T TTTIT

Perez, Han,

Huang, Li,

Wang, 2008
5 : ..:;:,'.‘f:::::::::::::::::::::::::::
0 _ :: o 'V ‘
o 10 15_ : " e 4
& i o WHP : \\Y
: :-: o thb : xA(
1072 : * WS i 4(
; : 5 N
100~ s Y
: 1 \
g | - g
¢T 1071 - Y ¥
‘o : :
E | z
- o [*[* N
| fﬁ*{
1072 o WW*S,
Lol vl v v N d e dd cmd il i
1072 10 107 10% 10 10* 103 102 10! 109
up [GeV]
36
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Collider

10°

5
g 10-1
02
A

1072

10°

IIIII 1 IIIIHII T IIIIHIL- I Illlllll T TTTrm T TTTm T TTTI T T TTTT T T TTIT0 T TTTIT
A o o NP A AR N RIS A e R S S TS

med dominates a large

Perez, Han,

Huang, Li,
Wang, 2008

The decay into sl

region

<y
‘ . ww Dy
1021 * WW'S
:HIII Lt | lIIIlIII [ Illllll L IlllllI | 1 I:.llllll | llll'lllll Ll 11 lllllll L1111l
10° 108 107 10°% 10 10* 1023 102 10! 10¢
Un [GeV]
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Collider

® Identify A as a SU(2) triplet

® Understand the differences with the Standard TII
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Collider

® Identify A as a SU(2) triplet
® Understand the differences with the Standard TII Q( Y’

oY
5ii — WiWisl y 4
/

/7
/7

Two same flavor -
same sign + MET
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Collider Phenomenology

CMS - Heavy neutrino searches

35.9 fo ' (13 TeV)

CL 1 1 L] L L l 1] 1 1 1 L L l e
< CMS 95% CL upper limits E
=, 0_1 ------ Expected 7
[ ] £ 2 std. deviation E
Y I + 1 std. deviation .
10 ~—— Observed
1 0-3 ............ Observed,
prompt N — DELPHI prompt
o decays —— DELPHI long-live
10 — L3
—— ATLAS
1 0_5 -, — CMS 8 TeV
11 1 11 1 I 1 1 1 L 1.1 11 l
1 10 10° 10°
my, (GeV)

Two same flavor same sign + MET

35.9 fo ' (13 TeV

95% C;L upper limits
------ Expected

[ ] £ 2 std. deviation
[ + 1 std. deviation
~— Observed

Observed,
prompt N
decays

.
.,
.
‘.,
i
‘“
ey
e
e
----------
.....................

—— DELPHI prompt

—— DELPHI long-live
~ CMS 8 TeV

—— ATLAS

1 10 102

1802.02965
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Collider Phenomenology

Sensitivity
5 "
I ,'II N v,
I /
Y s : .
- o
Ny
— /
D A AU W
=~
: I // 5\4(
2 ’ ) Y
I pp—OEEST % Q( )L
I I 13 TeV LHC - \\< )b
1 l 1 1 1 | | | | | | | | | | o *Y
300 350 400 450 M, = 100 GeV 7
MA [G@V] vy = 1 keV
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Collider Phenomenology

Sensitivity
5
| I," \Y
I ]
4 '/5 CL ) A
% o
Y
: /I N
o 3 >HL - LHC| \
RN 3\
f : A
pp—0F6” | N
I 13 TeVLHC Xy
| | | | | | | | | | | | | | | | i **
300 350 400 450 M, = 100 GeV A/

My [GeV] vy =1 keV
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Other phenomenology?
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Other phenomenology?
\Y

® [ epton Flavor Violation > As in the Standard TIT

 Perez, Han, Huang,
Li, Wang, 2008 \Y

See Yongchao's talk
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Other phenomenology?
\Y

® [ epton Flavor Violation > As in the Standard TIT

 Perez, Han, Huang,
Li, Wang, 2008 \Y

See Yongchao's talk

® [ eptogenesis? Y

No Leptogenesis in this minimal setup

Need another \Y
scalar triplet to A )

have CP violation
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\Y
\Y

Y

® We have proposed a natural generalization of type Y

Conclusions

I1 see-saw Y
N\

® [t creates a dynamical small lepton number N

breaking Y
® [t has a smoking gun at the LHC which allows to Xy

differentiate from the Standard TII Xy

- Y

® Also has a rich phenomenology 2
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Thank you!
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Backup

NuTheories - Nov /18 - PITT PACC

Yuber F. Perez-G. - Fermilab /Northwestern

43



T tvar + v+ - A
~— V. Volr + —Vads — —a
vy V141 2V2ly T S Valds = \\Y
1
o oo, 1 2 2 B
Ml — ml +E(/11HV +/112V2) x*/
1

1
M2 =m2 + 5 [0av5 + Gga + Aa)v?]

—M.i /v Gravity breaks
~ %)
my MPl C global symmetries
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2 2 A A
V== ZHHH + m} (AMA) + miS;$) - Z2858, + L (HMH)? + 22(555,)°

+ Mg (S1S1)(HTH) 4+ Xop (S5 S0)(HTH) + [AAHngAst; - §A;25;Sg + h.c.‘

A X A
+(ATA) + TR (ATAATA) + T2(5751)% + A1z (5751)(S352)
+Aga(HH)(ATA) + Ny A (HTAATH) + XA (ATA)(S7S1) + Aaa (ATA)(S5S,), jﬁ’
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Spectrum and Mixing
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Spectrum and Mixing
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Spectrum and Mixing

Higgs observables,
direct s, production
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Spectrum and Mixing

Higgs observables,
direct s, production

LHC signatures
s; decay modes
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\¥
XY

Y

? Y
.\ Y

Higgs observables, LHC signatures §1 decay modes 5\4(

s; decay modes

Spectrum and Mixing

direct s, production

NuTheories - Nov /18 - PITT PACC Yuber F. Perez-G. - Fermilab /Northwestern 46



\Y
XY

)\7‘4@2503? N*

? Y
.\ Y

Higgs observables, LHC signatures §1 decay modes 5\\\

s; decay modes

Spectrum and Mixing

direct s, production
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Spectrum and Mixing :ﬁ/

AA

71)2503(1) N*

? Y
.\ Y

Higgs observables, LHC signatures §1 decay modes 5\*

s; decay modes

direct s, production

)
0, ~15-107) (—1> B
V, hl 1H hl
Y
5 [ valkeV
951 ~ 10 10
Vl/MCV
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Collider
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Collider

Heavy neutrino decay at /s =13 TeV

W — N7

L» Wy
L> v
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Collider 7
XY

CMS - 1802.02965 Y/

Heavy neutrino decay at \/E =13 TeV \\Y

Y

W — N7

. T s
. issing _
W®¢ E, prpTeT + Er A

L.
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