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Neutrino oscillation experiments

e Solar neutrino experiments:
» Super-Kamiokande, SNO
» Small mass-squared difference Am,;? and 1-2 mixing angle
Atmospheric neutrino experiments:
» Super-Kamiokande
» Large mass-squared difference Am;;2 and 2-3 mixing angle
Accelerator neutrino experiments:
» K2K, MINOS, CNGS-OPERA
» Confirm atmospheric neutrino experiments
e Reactor neutrino experiments:
»« CHOOZ, KamLAND
» 1-3 mixing angle
» Confirm solar neutrino experiments

e Future experiments: IceCube, KATRIN, Daya Bay, Double
Chooz, " neutrino factory” , ...

There are now strong evidences that neutrinos are massive and
lepton flavors are mixed. Since in the SM neutrinos are massless
particles, the SM must be extended by adding neutrino masses.




Neutrino mixing: two flavors

Neutrinos have (different) masses = Dm? = m;? - m,?
The Weak Eigenstates are a mixture of Mass Eigenstates
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Lepton flavor mixing: three flavors

Weak : Ve
interaction = | Vi
eigenstates Vi

Via Vs La eigenstates
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Standard parametrization

Majorana CP-violating phases
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Neutrino oscillation parameters

—0.011

parameter best fit 20 30

AmZ, [10-%eV?] 7.6510-23 7.25-8.11 | 7.05-8.34
|AmZ,| [1073eV?] 2.4(+012 2.18-2.64 | 2.07-2.75
sin? 0y, 0.3047 505 | 0.27-0.35 | 0.25-0.37
sin? Oy 0501097 | 0.39-0.63 | 0.360.67
sin? 63 0.017507% < 0.040 < 0.056

Schwetz,
Tortola,
Valle, 08



Neutrino oscillation parameters

parameter best fit 20 30
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Neutrino oscillation parameters

parameter best fit 20 30
Am2, [107%eV?] 7.6510-23 7.25-8.11 | 7.058.34 Schwetz,
[Am3, | [107%eV?] | 2407007 | 2,18 2.64 | 2,07 2.75 Tortola,
o o N _ _ Valle, 08
sin? 6 0.3047 505 | 0.27-0.35 | 0.25-0.37
sin? Oy 0501097 | 0.39-0.63 | 0.360.67
sin? 6,4 0017501 < 0.040 < 0.056
1. 6,5,=0? 2. Sign of Amg,?
Unk 3. Dirac or Majorana ? 4. Absolute mass scale
nknowns: : . . .
5. Leptonic CP violation? 6. Sterile neutrino?

7. Non-standard interactions?



Neutrino oscillation parameters

Unknowns:

Exp. Steps:

parameter best fit 20 30
AmZ, [10-%eV?] 7.651023 7.25-8.11 | 7.05-8.34
|AmZ,| [1073eV?] 2.4(+012 2.18-2.64 | 2.07-2.75
sin? 0y, 0.3047 505 | 0.27-0.35 | 0.25-0.37
sin? Oy 0.507%97 | 0.30 0.63 | 0.36 0.67
sin? 6,4 0017501 < 0.040 < 0.056
1. 6,5,=0? 2. Sign of Amg,?

3. Dirac or Majorana ?
5. Leptonic CP violation?

7. Non-standard interactions?

Improve present
measurements of
solar and
atmospheric
parameters.

Discover the last
mixing angle 63

(Daya Bay, Double
Chooz)

4. Absolute mass scale
6. Sterile neutrino?

Schwetz,
Tortola,
Valle, 08

CP violating phase ()
in the future Long
baseline experiments

(v-Factory, B-beam).




Neutrinos are massless in the SM as a result of the

model’s simple structure:

--- SU(2) xU(1)y gauge symmetry and Lorentz invariance;
Fundamentals of the model, mandatory for its consistency as a QFT.

--- Economical particle content:
No right-handed neutrinos --- a Dirac mass term is not allowed.
Only one Higgs doublet --- a Majorana mass term is not allowed.

--- Renormalizability:
No dimension > 5 operators --- a Majorana mass term is forbidden.

Masses of Standard Model Fermions
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Neutrinos are massless in the SM as a result of the

model’s simple structure:
--- SU(2) xU(1)y gauge symmetry and Lorentz invariance;
Fundamentals of the model, mandatory for its consistency as a QFT.

--- Economical particle content:
No right-handed neutrinos --- a Dirac mass term is not allowed.

Only one Higgs doublet --- a Majorana mass term is not allowed.

--- Renormalizability:
No dimension > 5 operators --- a Majorana mass term is forbidden.

Masses of Standard Model Fermions

How do we

understand
this?
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Beyond the SM

(" . . .
Neutrinos are Dirac particles
v + a pure Dirac mass term

_Extremely tiny Yukawa coupling ~10-Y, (hierarchy puzzle) y

\SM+{YI 1% ¢+hc}

The smallness of Dirac masses is ascribed to the assumption that N have
access to an extra spatial dimension
(Dienes, Dudas, Gherghetta 98:; Arkani-Hamed, Dimopoulos, Dvali, March—Russell 98)

The wavefunction of Ny spreads out over the
extra dimension y , giving rise to a
suppressed Yukawa interaction aty = 0.

LY, HNg|  ~ —= [IY,HNg]

y=0

y=L

§}_x
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Neutrino masses: Seesaw

Neutrinos are Majorana particles Integrate out heavy
vg + Majorana & Dirac masses + seesaw right-handed fields
Natural description of the smallness of v-masses

2 (gcd gba + gcagbd ) I:)L = iI((gcd 8ba + gcagbd ) I:)L

P <<Mi= YTMY =K = m, :—m[T)MélmD

Type-| seesaw mechanism




Typical seesaw models
SU(2)_L singlet fermions

< SU(2)_L triplet scalars

SU(2) L triplet fermions

T-1: SM + 3 right-handed (Majorana) neutrinos (Minkowski 77; Yanagida 79;
Glashow 79; Gell-Mann, Ramond, Slanski 79; Mohapatra, Senjanovic 79)

_ . ~ 1

lepton

T-2: SM + 1 Higgs triplet (Magg, Wetterich 80; Schechter, Valle 80; Cheng, Li
80; Lazarides et al 80; Mohapatra, Senjanovic 80; Gelmini, Roncadelli 80)

—L

— 1—
= LY HEp + SIL Y Aoyl — MM\ HYioc, AH + h.c.

lepton

variations

&
T-3: SM + 3 triplet fermions (Foot, Lew, He, Joshi 89) combination

_ _ ~ 1 _
—L = Y, HEy + [ V2YS5°H + ST (EMy¥°) +hee.

lepton
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Neutrino mass from dimension-5 operators
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Where is the new physics?

What is the energy scale at which the seesaw mechanism works?

" PLANK GUT: to unify strong, weak & electromagnetic

forces?

Conventional Seesaws:
heavy degrees of freedom near A GUT.

| seesaw | This appears to be rather reasonable, since
one often expects new physics to appear
around a fundamental scale.

Naturalness \/




Low-scale seesaw?

What is the energy scale at which the seesaw mechanism works?

" PLANK GUT: to unify strong, weak & electromagnetic

forces?

Conventional Seesaws:
heavy degrees of freedom near A GUT.

TeV seesaw idea: driven by
testability at the LHC.

Naturalness & Testability

' Seesaw at TeV | @

In reality, there is no direct evidence for a large or extremely
large seesaw scale. So eV-, keV-, MeV- or GeV-scale seesaws
are all possible, at least in principle.

17



Naturalness:
a low seesaw scale could be technically natural

‘t Hooft’s naturalness criterion, 80

At any energy scale 1, a set of parameters, «, (1) describing a system can
be small, if and only if, in the limit o, (1) — O for each of these parameters,
the system exhibits an enhanced symmetery.

Potential problems of low-scale seesaws
(de Gouvea 05; 07):

® No obvious connection to a theoretically well-justified fundamental
physical scale (for example, the Fermi, TeV, GUT & Planck scales);

® The neutrino Yukawa couplings turn out to be tiny, giving no actual
explanation of why the masses of 3 known neutrinos are so tiny;

® In general, a very low seesaw scale does not allow the “canonical”
thermal leptogenesis to work, although there could be a way out.

18



TeV type-I seesaw structural cancellation

Unnatural case: large cancellation in the leading seesaw term.

M ~ M M -1M T TeV-scale (right-handed) Majorana
1% D R D neutrinos: small masses of light
= = = = Majorana neutrinos come from
0.01 ev | LT €\ 100 GeV sub-leading perturbations.

(Buchmueller, Greub 91; Ingelman, Rathsman 93;
Heusch, Minkowski 94; ...... ; Kersten, Smirnov 07).
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TeV type-I seesaw structural cancellation

Unnatural case: large cancellation in the leading seesaw term.

M ~ M M -1M T TeV-scale (right-handed) Majorana
1% D R D neutrinos: small masses of light
= = = = Majorana neutrinos come from
0.01 ev | LT €\ 100 GeV sub-leading perturbations.

(Buchmueller, Greub 91; Ingelman, Rathsman 93;
Heusch, Minkowski 94; ...... ; Kersten, Smirnov 07).

Y1 Y2 Y3 , 9 l 2 ) 9
mp = m Y1 «GlYs «QYs I L — L - L — ()
Oy By2 Bys My My Ms

M ~MMIM! =0
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TeV type-I seesaw structural cancellation

Unnatural case: large cancellation in the leading seesaw term.

M ~M_-M ‘1M T TeV-scale (right-handed) Majorana
v~ D'"V'R D neutrinos: small masses of light

= = = = Majorana neutrinos come from
0.01 eV 100 GeV sub-leading perturbations.

(Buchmueller, Greub 91; Ingelman, Rathsman 93;
Heusch, Minkowski 94; ...... ; Kersten, Smirnov 07).

1 Y2 Y3 2 2 2
mp =m | ay; ays Qs + Y -y Y2 1 Y3

=)
Oyr By2 Dys My My  Ms
M, = M M- M! =0

Underlying flavor symmetry: (A,, S,)? f ‘
Radiative corrections? D
A4 21

Renormalization group running?




TeV minimal type-I seesaw Zhang, Zhou, PLB, 10

Only two right-handed neutrinos are introduced and they
could be grouped together to form a Dirac particle

P=(P +P)/V2

22



TeV minimal type-I seesaw Zhang, Zhou, PLB, 10

Only two right-handed neutrinos are introduced and they
could be grouped together to form a Dirac particle

P=(P +P)/v2

7 )
v o— o Ye Yu Yr g (0 M
Mp == (() 0 0) MRS (J[ 0

One can prove that neutrinos are *.:\[Dj[ﬁljjg =0
exactly massless to all orders '
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TeV minimal type-I seesaw Zhang, Zhou, PLB, 10

Only two right-handed neutrinos are introduced and they
could be grouped together to form a Dirac particle

P=(P +P)/V2

75 )
Ar — o (Ye Yu Yr g (0 M
Mp = (o 0 o)  Mp = (J[ 0

One can prove that neutrinos are *.:\[Dj[ﬁljjg — 0

exactly massless to all orders

Neutrino masses Bue Ko Bur Ul
can be generated M, = | kre Krp Krr VYr Er
perturbatively vye vy, vyr p M

\ee En & M u

A very natural candidate of TeV seesaw models

("fee Reun HRer UlYe -fe\
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Inverse seesaw

SM + 3 heavy right-handed neutrinos + 3 SM gauge singlet neutrinos
Mohapatra and Valle, 86

_ 1_—
—Em = WMDVR S & SMRVR 3 58,&56 + H.c.
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Inverse seesaw

SM + 3 heavy right-handed neutrinos + 3 SM gauge singlet neutrinos
Mohapatra and Valle, 86

_ 1_—
—Em = WMDVR . SMRVR 3 §S,LLSC + H.c.

9%9 v-mass matrix:

{vr,v$, S¢} / 0 Mp O \
Ry

Light neutrino mass matrix:

my, ~ MpMg (Mg ) "My = FuF"
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Inverse seesaw

SM + 3 heavy right-handed neutrinos + 3 SM gauge singlet neutrinos

_ 1_—
—Em — WMDVR . SMRVR 3 55,&5

Mohapatra and Valle, 86

“4+ H.c.

9%9 v-mass matrix:
{vr,v$, S¢}

Light neutrino mass matrix:

[0 My 0 )
MI 0 ME
T Mn B )

N

LNV: tiny

my, ~ MpMg (Mg ) "My = FuF"

In the limit p—0: massless neutrinos & lepton number conservation
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Variations of type-I seesaw

SM +
two heavy neutrinos: minimal seesaw

three heavy neutrinos: type-1 seesaw
four heavy neutrinos: minimal Inverse seesaw
six heavy neutrinos: Inverse seesaw (double seesaw)

more singlet neutrinos: multiple seesaw

28



Type-Il seesaw: add one SU(2), Higgs triplet into the SM

Lp =Y,sLT*Cioy ALP + M yoTiosAtd + He.
81 E ¢

|

At/V2 At

A° A*/\/§)
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Type-Il seesaw: add one SU(2), Higgs triplet into the SM

La = Yol ToCioy ALY +A ¢ iy AT

= Hie.

o

A+/\/§ ATT
A° A*/\/§)

L violation

AiIs close to the TeV scale, while A, Is naturally tiny
since A,=0 enhances the symmetry of the model.

z ., 22
Neutrino m )aﬂ/\@f)l c |
£l/ — 9 (I/LQI/L,B)

Masses MA

B

2

-

(My)apVi o VLB
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Type-Il seesaw: add one SU(2), Higgs triplet into the SM

N Ty Ao (ATVE AT
La = YasLT?Cios AL} 4|\ ioaATo - He [ (P4 1 1g)

L violation

AiIs close to the TeV scale, while A, Is naturally tiny
since A,=0 enhances the symmetry of the model.

7 2. -
Neutrino m }a,{j/\@f)l‘ c 1 N c
::> £I/ — 2 (I/La’-/L,B) — __(mz/)a[ﬂ/LaVLﬁ

masses M )

Type-I+II seesaw: both Higgs triplet and right-handed neutrinos

1 M, M vy
_r/ — _ N L D L
[:mass 9 (VL R) (ﬂ/jg A/jR) (NR) —+ h.C.

& Left-right symmetry? MV ~ ML — MDMglMg
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Type-Ill seesaw: add 3 SU(2), triplet fermions into the SM

—L

_ _ ~ 1 _
= Y H B + [ V2V S0 + [T (EMgE€) + he.

lepton
x0/V2 o mr .
M, V2My)\ ( By 1 0 My u,
—L_ .= (e, ¥ )+ =y, X0 . | +he
mass (PL L) ( 0 Mg ) (\I’R) 2('1/L ) (M[])“ ME EUJ C

Diagonalization | /1, p f 0 M Vv R\ M 0
of the neutrino D — oo
mass matrix: S U) \My My)\S U 0 M

Seesaw formula: MV — VMVVT ~ —MDMglMg
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Radiative seesaw
(Zee, 80, 85, 86; Babu, 88)

X
|

H, ( Hl) : Zee (one loop)
Ht-~ - ~ Hi(H,)




Radiative seesaw

(Zee, 80, 85, 86; Babu, 88)

X
|

Hy(Hy))
Ht-~ e ~~ Hi(H,)

Zee (one loop)

vr €R €R

- =

T

I

I

I
%
(H

X
) (H)

vy,

Zee-Babu
(two loop)

L = Lo + faBL%:aCiO'QLLgh_I_ + ga,@%e/gk—'_—l_

— ph™hTkET +hee. + Vg,
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A speculative way out -- extra dimensional seesaw
the smallness of neutrino masses is ascribed to the

assumption that right-handed neutrinos have access to an
extra spatial dimension

1 1
+ / d*z (— Tl — chcq/+h.c.)
—0 VMg VMg -

Blennow, Melbéus, Ohlsson & Zhang, arXiv:1003.0669
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A speculative way out -- extra dimensional seesaw
the smallness of neutrino masses is ascribed to the
assumption that right-handed neutrinos have access to an
extra spatial dimension

1 1
+ / d*z (— oV — Ve + h.c.)
y=0

VMg VMg

/ 0 mp mp mp mp mp \

mE Mg 0 0 0 0

mL 0 M —% 0 0 0
If the extra dimensionis v _|mZ 0 0 Mp+ = - 0 0
compactified on the . L, )
S1/Z, orbifold with radius - ' ' N
R, the full neutrino mass mp 0 0 0 0 Mp—-5 0
matrix then reads G 0 0 0 Mg+ %}

Blennow, Melbéus, Ohlsson & Zhang, arXiv:1003.0669
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A speculative way out -- extra dimensional seesaw
the smallness of neutrino masses is ascribed to the
assumption that right-handed neutrinos have access to an
extra spatial dimension

Sherk--Schwarz . I — .
decomposition in +/y:o & <_ V7 S v i +h'c')
string theory
/O mp  mp mp mp mp \
' mb Mg 0 0 0 0
M, = kg)R—l mI 0 MR—% 0 0 0
" M=|mE o o MR+% o 1) 0
1 - | : R N ’
I P I CEER RS S
\mb 0 0 0 0 0 MR+§)

Blennow, Melbéus, Ohlsson & Zhang, arXiv:1003.0669

37



Phenomenological consequence: collider signatures

Fermionic seesaw: Tri-lepton signal

U
U ¢t

d

1%
Resonant production G

2
o(pp — (f(?ﬂvi + jets) = (2 — dap) Z o(pp — (X P:)
i=1

me

xBR(P:, — (W)

me

LFV but not LNV

Small SM background e (cx(ﬁ '(w/ ’/(V) | jets

Large SM background PP —>4€f§_€2§ + jets
T. Han & B. Zhang, 06
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Phenomenological consequence: collider signatures
Scalar seesaw: Like-sign di-lepton production

d # INTF

W =

qq — Z*/y* = ATT AT,
qq — W* > ATEAT
qqg— Z*/y* > ATA™.

The scalar triplet can be discovered at the LHC up to 600
GeV (NH) or 800 GeV (IH) with a luminosity of 30 fb!
F. del Aguila, J.A. Aguilar-Saavedra, 09
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Phenomenological consequence: collider signatures
Triplet scalar at like-sign linear colliders  Rodejohann, Zhang, 10

A= A
S ) ST S

40



Phenomenological consequence: collider signatures
Triplet scalar at like-sign linear colliders  Rodejohann, Zhang, 10

4 B N\
o Y o W~
AT AT
ho === == h h === Gy
G- o 8- W
\. (a) y (b)
1[]£1 : SM: o(ee — ee) 1 1[]4 : SM: g(ee — ee) . 1[ij1 . oM. a(ee — ee)
102 I —HU
L
I
61077 §3=0.1,6=00° 61 =0, 2 =0
107}
_glf .
10° 10"} 10°}
813:0,520,@-1:0,(52:0 sL3:0.1;5:0;gﬁ1:0,¢5g:0 .
10° ' ' ' 107" ' ' ' 10° ' e '
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3
my[eV] m1[eV] my[eV]

Upper limits of cross sections ee” — o3~ at a linear collider with
s= 1 TeV? (luminosity 80 fb~!) and the triplet mass 800 GeV.



Phenomenological consequence: collider signatures
Extra dimensional seesaw at the LHC

® Heavy KK modes enter charged (neutral) current interaction

N-1
Loc = —iz’}’“ Vv + \/iz K®pr) 4 gy W) W, +he
\/5 n=0
q N-1
o t oyt () pn) 4 jc(N)y(N)
Lne = geoa V'V V2 2[( P+ KMYyW 7 £ he.

U

4

42



Phenomenological consequence: collider signatures
Extra dimensional seesaw at the LHC

' T ' l ' T : ' T ' T ' ! '
10F T | ¥ ml=0 i 10k veve 2 m3=0 2
f\\ - 2e,m =0 = 2e,my, =0
[ ---2u,m =0.1¢eV|] ; ~-- 2u,m,=0.1eV|]
- — % m, =0.1eV |1 % i 2 my =0.1eV|1
g I @ 1F
g E g2 f iy
O O , g
> - i g
o 1 Tw, Ty o i R
0.1F 0.1F e L
0.01 \ 1 . 1 s I \ | 0.01 . l \ | ; 1 i
200 300 4400 500 600 200 300 400 500 600
R’ [GeV] R [GeV]

Expected number of events for the 2 and 2e signals at the LHC as
functions of the inverse radius R™%, for an integrated luminosity of 30 fb™

Blennow, Melbeus, Ohlsson, Zhang, 10

43



Phenomenological consequence: LFV processes

Rare lepton decays: T—uy ; p—-ey

Y
W
by b

Kai ]Vl K*ﬁi
3 P

s, s2,m; .

BR (£, — {57) = 25&’;2‘;(/[4‘; ZKQ,K Z ( )
3 3
Fifg) = _233 +52° — _ 32 Inz llakovac,
4(1 —z)3 2(1 —z)* Pilaftsis, 95

In the TeV seesaw models, one can have sizeable K without facing
the difficulty of neutrino mass generation since they are decoupled.
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Phenomenological consequence: LFV processes

LFV decays: u—eee ; T—uup ...

! 5
m# 4F

= ——|C
19273 |7 Heee

2_

1
_ M )% 2
19273 M4 Ya.

+

*|Ya..

'y~ —ee e )=

Abada, Biggio, Bonnet,
Gavela, Hambye, 07

Constraints on the Zee-Babu model are relatively weaker
since the doubly and singly charged scalar are separated.
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Phenomenological consequence: OvBp decay

f,l-i.l »
n,d: - d!'p

\ d;' = \y‘,
= M =
= e_

ey e
Id\ r\f\;\r\l l...l

y (i |

U,
) —
\yl: . \y’:
3 n Rz 2
Iovpp X ngimj—ZM—E:Mif(A,Mk)

y

n M2
=) ngMk['l + —2 F(A, Mk)}
k=1 Mic

Xing, 09

R: mixing between heavy and light neutrinos;
M,: mass of heavy neutrinos; M, ~900 GeV; F~0.1




Phenomenological consequence: OvBp decay

f,l-i.‘l »
n d: - d! P

\ d; % \y‘,
= M <
- e

ey =
Id1 mj’\;\j\l l...l

h (i |

n'd : dip
\y,' > \L.I,'
3 n Rz 2
Tovgp o | Y Vemi =) M—P:Mﬁfm, My )|
=1 k=1 =N

. Heavy neutrino
contributions

Xing, 09

y

n M2
=) ngMk['l + —2 F(A, Mk)}
k=1 Mic

R: mixing between heavy and light neutrinos;
M,: mass of heavy neutrinos; M, ~900 GeV; F~0.1
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Phenomenological consequence: non-standard interactions

Type-11l seesaw
Vo @ ’ Vo
a. Light neutrino Majorana A
mass term | N __T___ <
b. Non-standard neutrino 7 6 [,
interactions (&)
€3 EQ N ¢ /
c. Interactions of four AT A
charged leptons | 7 ST .
_ ls l, '/c.é :i*\
d. Self-coupling of the SM (0) (d)

Higgs doublets
Malinsky, Ohlsson, Zhang, PRD(RC) 09
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Phenomenological consequence: non-standard interactions

Type-11l seesaw
Vo @ ’ Vo
a. Light neutrino Majorana A
mass term | N __T___ <
b. Non-standard neutrino 7 6 [,
interactions (&)
63 EQ N ¢ /
c. Interactions of four AT A
charged leptons | 7 ST .
_ lo £, s >
d. Self-coupling of the SM (0) (d)

Higgs doublets
Malinsky, Ohlsson, Zhang, PRD(RC) 09

Integrating out the heavy triplet field (at tree-level)!
Relations between neutrino mass matrix and NSI parameters:

po ??'1.2& ;
KN TE ey ()9 (M),
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Phenomenological consequence: non-standard interactions
Neutrino propagation in matter with NSIs

Standard

Non-
sta:c?ard @ @

d Ve 1 U [) [) J- + Eee € el Ser Ve
. A .T - 2 T' - - -
'E.E vy | = ﬁ [ [] A-n;_r,ﬂ [) U+ a £ :H Eup Epr Uy
S\ s - \0 0 Amé, Cor  Epr Err )| \ s
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Phenomenological consequence: non-standard interactions
Neutrino propagation in matter with NSIs

Non-

standard

0 [ ve | (0 00 Cee Eep Eer \ |
eE v | = 57 U 0 A-mgl 0 U"+a ::.‘:“ Eup Epr
“\ v, L\ 0 Amé, Eor  Epr Err ) |

Ve
IV I
V-
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Phenomenological consequence: non-standard interactions
Neutrino propagation in matter with NSIs

Non-
standard

0 [ ve | (0 00
37 | = 5% U0 Am2 0 U'+a
at vy L\ 0 Am3,

€€ el Cer
':“* o o
% " ~




Neutrino oscillations with NSIs - two-flavors

d [ v, |1 0 0 " l4+e€. €, v,
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Am?, L
P(v. = v,;) =sin” 20, sinz( v )

41K

Am2\* [ Am? *(Am? :
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NSIs at neutrino sources

w+'—%pfk%—vﬂ, u+'—>e+7+iﬂi+—ua

Non-standard

= ut + v, u+'—+eﬁ'+-7u-+l@“

NSIs at detectors

Vyt+tn—-p+pu

n—p+e +V,

n—p+e +v,
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Non-standard interactions from the type-II seesaw model
Upper bounds on NSI parameters in the type-II seesaw

102
- k] et m,=1TeV
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10~2t.7 lecel
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10 ">\\\ 2 e |

10_7 -
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0 0.05 0.10 0.15 0.20

102

€ For a hierarchical mass spectrum, (i.e., m;<0.05 eV),
all the NSI effects are suppressed.

€ For a nearly degenerate mass spectrum, (i.e.,, m;>0.1 eV),
two NSI parameters can be sizable.
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Non-standard interactions from the type-II seesaw model

¢ \Wrong sign muons at the near detector of a neutrino factory

e v 4RSI i — v

Sensitivity limits at 90 % C.L.

-Present bound on &

Our settings:

1021 useful muon decays of 8
each polarity, 4+4 years £10°
running of neutrinos and -

D

w

antineutrinos, a magnetized
iron detector with fiducial
mass 1 kt.

E,u=50 GeV

10"

10° 10’ 10°
L (km)

Malinsky, Ohlsson, Zhang, 09



Phenomenological consequence: non-unitarity effects
Inverse seesaw
0 Mp O Vaxs Vaxe
M,=| ME 0 Mg V = Vera Ve
0 ME u &= -
In the inverse seesaw model, the overall 9 X9 neutrino mass matrix
can be diagonalized by a unitary matrix:

VIM, V= N, = diag(m;, M]', M}

The charged current Lagrangian In the mass basis:
_LCC \f EL/Y (NVmL + FUﬁan) + H.c.

F governs the magnitude of non-unitarity effects

~ (m /Mg )2 (Type-I seesaw)
F = MpMyg - {
~(m/u)¥2  (Inverse seesaw)
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Phenomenological consequence: non-unitarity effects

3x10° ——r———

7 o %FFJr

Similar results hold for
minimal seesaw;

type-1 seesaw;

minimal Inverse seesaw;
INVErse seesaw;

multiple seesaw;

extra dimensional seesaw

Ohlsson, Popa, Zhang, 10

2x10°f

.|

1x10°

In,,.l

O There exists a non-trivial flavor structure of the NU parameters
originating from the structural cancellations of Yukawa couplings.

U The NU parameters n,, and n,,. cannot be significant simultaneously.

58



Phenomenological consequence: non-unitarity effects
Current experimental constraints at 90% C.L. (Antuschetal., 08)

N = (1 . n)U 2.0x 1073 3.5 x 107 8.0 x 1073

- < ~ 8.0x107* 5.1 x 1073

n — Hermitian i ;
U — unitary ~ ~  Arxll

Non-unitary neutrino mixing:.

AWT = [T,
Vi

V¥V aa

Source

Y JAWT = IFy))P =1

f:(e.g. w) ﬁ[;(e.g. T)

-

a

Lw—>e+vy
etc, W/Z
decays, unive
rsality,
v-oscillation.

(VVT) 55

Target
m? ) :

Prop(v;) = ik
rop(v;) exp( oY

Z AW~ = 15))P =1

Similar to the case of the NSIs in initial & final states.
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Non-unitarity effects in neutrino oscillations

Oscillation probability in vacuum (e.g., Antusch et al., 07)
i oo o AmEL o e . (AmMEL
Poy = {V__‘;faﬁfig —4§m(ﬂﬁfiﬂ)sm2( i )+2;M(faﬂf;5)31n( L. )

=D (R)ar(R),4UsiUp
o (1—1n)ap
Ras = =@ =L
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Non-unitarity effects in neutrino oscillations

Oscillation probability in vacuum (e.g., Antusch et al., 07)

i o AmE L o e . (AmEL
Paf} = IizjfaﬁfiB—ZIZRﬁ(ﬂﬁfiﬂ)San( 4E? )+2ZIm(faﬂfiﬁ)Sln< QE? )

i>j i>j

/ 5= D (R)ay(R) 5 UsUs
“Zero-distance”
(near-detector) effectat L = 0 Rpi= (1—7)ap

T [A=-mA =7,
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Non-unitarity effects in neutrino oscillations

Oscillation probability in vacuum (e.g., Antusch et al., 07)

. " Am2. L o Am2. L
Pus = [ R 13 me(ms s i (ML) 2 iz, i (V)
,J

4F 2F

i>j i>j
. 2= D (R (R) 3 Uy
“Zero-distance”
(near-detector) effectat L = 0 — (1—7)ap
[(L—m) (L —9Y)],q

Oscillation in matter (neutral currents are involved)

p(”;;, —v,) & sin® —= - Z SopS3; [SIN 0y — 03) + Ay L cos (0y — 3)] sin Ay,
_ _ . 92 A23 : :
P(V,u, —7,) & sin BB + Z So153; [SIN (09 — 03;) + Anc L c0s (0 — d3;)] sin Ay
[=4

(Goswami, Ota 08; Luo 08; Xing 09)
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Sensitivity search at a neutrino factory

The v, ,—V_ channel together with a near detector provides us with

the most favorable setup to constrain the non-unitarity effects.

P e dsi.c, sin2(

Ami,L
4F

AmZ,L
2F

) + 4|7y |?
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Sensitivity search at a neutrino factory

The v, ,—V_ channel together with a near detector provides us with

the most favorable setup to constrain the non-unitarity effects.

AmZ, L
4F

P e dsi.c, sin2(

) — 4|77NT| sin 5,_“—823023 sin (

AmZ,L
2F

) + 42

We consider a typical neutrino
factory setup with an OPERA-
like near detector with fiducial
mass of 5 kt. We assume a setup
with approximately10%! useful
muon decays and five years of
neutrino and another five years
of anti-neutrino running.

Malinsky, Ohlsson, Xing, Zhang, 09

Sensitivity to M

107 ¢

—
S
w

10*

GLoBES

10°

10°
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Phenomenological consequence: leptogenesis

Decays of heavy right-handed neutrinos can give rise to the
baryon asymmetry of our universe measured from cosmological
observations (nucleosynthesis and CMB).

g = np/n., = (6.1+0.2) x 10710

Fukugita, Yanagida 86

CP violation

- L_-number asymmetry

—

B-number asymmetry
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Phenomenological consequence: leptogenesis

Decays of heavy right-handed neutrinos can give rise to the
baryon asymmetry of our universe measured from cosmological
observations (nucleosynthesis and CMB). Fukugita, Yanagida 86

g = np/n., = (6.1+0.2) x 10710

CP violation - L_-number asymmetry ‘ B-number asymmetry

Typical scale M, > 10°GeV ‘ TeV leptogenesis?

Main difficulties:

When heavy Majorana neutrino masses are at the TeV

level, the Yukawa couplings should be reduced by more than
six orders of magnitude so as to generate tiny masses for
three known neutrinos via type-1 seesaw & satisfy the out-
of-equilibrium condition.
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Phenomenological consequence: leptogenesis

Decays of heavy right-handed neutrinos can give rise to the
baryon asymmetry of our universe measured from cosmological
observations (nucleosynthesis and CMB). Fukugita, Yanagida 86

g = np/n., = (6.1+0.2) x 10710

CP violation - L_-number asymmetry ‘ B-number asymmetry

Typical scale M, > 10°GeV ‘ TeV leptogenesis?

® Resonant Leptogenesis (Pilaftsis, 04) M, #M, <<M, My ~TeV

& Hierarchy of Couplings (Hambye, Ma, Sarkar, 00)
Mg >> M, and Ug >> (g

} A — B* — C+D j‘> gcpocgé

A—C+D

B—C+D
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Concluding remarks

1. The LHC might open a new window towards understanding

2.

3.

the origin of neutrino masses and lepton flavor violation at
the TeV scale

Various TeV seesaws might work (naturalness?) & their
heavy degrees of freedom might show up at the

LHC, neutrinoless double beta decays, neutrino
oscillations, LFV decays, leptogenesis, ... ... (testability?);

A bridge between collider physics & neutrino physics is
highly anticipated and, if it exists, will lead to rich
phenomenology.
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Concluding remarks

1. The LHC might open a new window towards understanding

2.

3.

the origin of neutrino masses and lepton flavor violation at
the TeV scale

Various TeV seesaws might work (naturalness?) & their
heavy degrees of freedom might show up at the

LHC, neutrinoless double beta decays, neutrino
oscillations, LFV decays, leptogenesis, ... ... (testability?);

A bridge between collider physics & neutrino physics is
highly anticipated and, if it exists, will lead to rich
phenomenology.

Thanks |
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