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Within the current precision — Leading Order (LO)
Oscillation prObabiIitieS for V), — Vg  (@atmospheric region Am2,L/E ~ 1)

Py—vetPy—v, + P, =1 (unitarity)
S~—— SN——

0 ]-_PV“HV‘U,

Future experiments are sensitive to the Next LO

P, ., = 0 |Leading Order|
+O(s3)  |Mass-Texture, LFV Prediction... |

-+ (9(813Am§1/Am§1) |CP violation (Leptogenesis). . - |

+ | Direct evidence of New Physics
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Introduction — NSI in oscillation exps.

Standard oscillation

Pz/a—njﬁ — }<Vﬂ’e_iHL|l/a> |2
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Introduction — NSI in oscillation exps.

Standard oscillation

Proy = |(vale o) |

9

1 0 acc
H=—-1!U Am3, Ut + 0 .
2E A 2
m3q O

NS| — Non-standard interactions with neutrinos parametrized as effective

4-Fermi ints.
Loc = 2\/iGFgSg(Da'YpPLEﬁ)(.f/’YPPL/Rf)
Lnc = 2\/§GFEEE(DQ’YPPLVﬂ)(f_’)/pPL/Rf)
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Introduction — NSI in oscillation exps.

Oscillation with NSI

_iHNSIL‘V5> 2
(0%

Py = ‘(Vg|e

@ CC type NSI — flavour mixture states at source and detector
Grossmann PLB359 (1995) 141.

€5 e
v2) =lva) + 30 elv) et S e
Y=Eu,T
d
(Ve =(va| + Z eia(yﬂ, eg., vyN =5 e X
7267#77

@ NC type NSI — extra matter effect in propagation
Wolfenstein PRD17 (1978) 2369. Valle PLB199 (1987) 432. Guzzo Masiero Petcov PLB260 (1991) 154.
Roulet PRD44 (1991) R935. etc.

0 , 1+ell Gt €nr
Hyst = 35 U Am3, , Ut + acc (ez)” G G
Am3s (@) () em

T. Ota (Uni Wirzburg) NSI: future bounds and models
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9 Current bounds and sensitivity in future experiments
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Current bounds
From non-oscillation experiments Yasuda talk at NuFact0s,

Davidson Pefia-Garay Rius Santamaria JHEP03 011, Barranco Miranda Moura Valle Phys. Rev. D77 093014.

—4 <€l <26
—0.05 < EITM < 0.08 ,  (90%CL).
lem| < 19

. The bounds to the off-diagonal elements (from loop-induced CLFV) are
reconsidered. See Biggio Blennow Fernandez-Martinez arXiv:0902.0607.

Fornengo Maltoni ToméasBayo Valle PRD65 013010.
Gonzalez-Garcia Maltoni Phys. Rept. 460 1.

From atmospheric neutrinos

e < 0.038, e, — €77 < 0.12, (90%CL).

@ Bounds from non-osc. to tau-associated NSI are not strict.
— Oscillation experiments can play an important role!

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Optimization for NSls — Two-golden-detector setup

N U FACT Kopp O Winter Phys Rev D78 (2008) 053007. — Tak by Kopp

@ Sensitivity to €7} and ;.
Ieerl sensitivity (3o) ‘ lem sensitivity (30)
; —— : ‘
12000+ i ?
Optirlim for standard &éﬁ 120007 !
performance indicators i
10000+ . 4
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H ! o‘ ? n n : /E“ Beev GLOBES 2008
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@ L ~4000 km + 7500 km is good also for the NSI.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Future sensitivity to NSls

10°

sin? 2033

107 10 1072 10"

better

Kopp O Winter PRD78 (2008) 053007.
Sensitivity reach of

Two-Golden det. setup
with L = 4000 4 7500 km

lem| > 4.7-1073,
len] > 18- 10:;,
€| >1.9-1077,

(90% CL).
Up-dated numbers— Talk by Kopp

GLOBES 2008

Silvers @ 4000 km

NH for 6% = 3r/2
(50)
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Current bounds and sensitivity in future experiments
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© Requirements for building models with NS
@ Dimension six op. — four-Fermi

@ Dimension eight op. — four-Fermi + two Higgs
@ Toy model

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Bottom-up to Models

We concentrate on pure lepton processes

Bottom: Effective interaction

— but with lepton doublet L
Va GFegLa V,B

14 L

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Bottom-up to Models

We concentrate on pure lepton processes

Bottom: Effective interaction

— but with lepton doublet L
L Gregy, I

3 {Va 3
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Bottom-up to Models

We concentrate on pure lepton processes

Bottom: Effective interaction

— but with lepton doublet L
L, Grego Lg Y, e 3 Lo Grego lg
:7.<: > :7.<: ,
l 14 l ¢
NSI accompanied with charged lepton processes — SU(2), sym.

One step up from the bottom: Decomposition

Decompose effective int. into fundamental ones, e.g. LLEE
Lo . Lg L
eR €R eR €R eR €R
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Bottom-up to Models

We concentrate on pure lepton processes
Bottom: Effective interaction
— but with lepton doublet L

La GF Ega Lﬁ 12% Be 3 Ea GF Egla 65
4 14 4 l l

NSI accompanied with charged lepton processes — SU(2), sym.

One step up from the bottom: Decomposition
Decompose effective int. into fundamental ones, e.g. LLEE

La I
: z : Lo T Lo T

15 :;;.\—:: ::;.\—::
€R €eR €R €R €R eR
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Bottom-up to Models

We concentrate on pure lepton processes
Bottom: Effective interaction
— but with lepton doublet L

La GF Ega Lﬁ 12% Be 3 Ea GF Egla 65
4 14 4 l l

NSI accompanied with charged lepton processes — SU(2), sym.

One step up from the bottom: Decomposition
Decompose effective int. into fundamental ones, e.g. LLEE

e, Lg L, Lg
2’U
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Bottom-up to Models

We concentrate on pure lepton processes
Bottom: Effective interaction
— but with lepton doublet L

La GF Egla Lﬁ 12% Be 3 ga GF Egla Eﬁ
4 14 4 l l

NSI accompanied with charged lepton processes — SU(2), sym.

One step up from the bottom: Decomposition
Decompose effective int. into fundamental ones, e.g. LLEE

La Iy Lo, Ls L I
—3/2 s
0 e
€R €R €R eR €R €Rr
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Dim.6 NSI: LLLL

Two effective “basis o0ps”, suchmiler Weyler NPB268 621

(CIL)3Y ;=5 o7 \r76 CEL)53 28 por \y76. =
Lest ZT(L Y La)(LvpLy) + T(L Y 7La)(L 7pTLy)

T. Ota (Uni Wirzburg) NSI: future bounds and models
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EUNJ\’;‘E}M;i“T‘?;’ Requirements for building models with NS

Dim.6 NSI: LLLL

Two effective “basis o0ps”, suchmiler Weyler NPB268 621

@ @ _
tor =GB 10301 100, ,) + BB (12021 0,71,
Cns)je _ (Cir+Clr)se -
:%(VQ’YPPLVQ)(G’YPPLE) + Tﬁ(&gprLéa)(é%PLe)
+... NSI Charged Lepton In-

teractions (CLI)
@ We can avoid CLI at the effective-op level with

C}/L +C?/L = 0

which is realized by the ¢(1° ;) mediation — (Lir*>L¢")(Lir*Le).

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Dim.6 NSI: LLLL

Two effective “basis o0ps”, suchmiler Weyler NPB268 621

C)S 5 o C0)E 5 o vmi o
T(L ¥’ La)(LvpLy) + A2 (LPy*7La) (L ~pTL~)

(Cns1)Be (CI{L + C%L)gz

:T(ygfy"PLua)(éfprLe) + Az (L7 Prls)(&v,Pre)

+... NSI Charged Lepton In-
teractions (CLI)

@ We can avoid CLI at the effective-op level with

Eeff =

CiL + C?/L = 0
which is realized by the ¢(1° ;) mediation — (Lir*>L¢")(Lir*Le).

@ But, with the mediator, NSI are still constrained.
Bergmann Grossman Pierce PRD61 053005, Antusch Baumann Fernandez-Martinez NPB810 (2009) 369.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Dimension six op. — four-Fermi

e.g., € from L™ L, L°L, with 1%,

Bergmann érossman Pierce PRD61 053005 Antusch Baumann Fernandez-Martinez NPB810 (2009) 369.

1. At the effective op. level, they are independent

Gpem Gpem GFE
L =70 I L, Bw L L, "B L
5 # .
B p— o P
L L L L L L

T. Ota (Uni Wirzburg) NSI: future bounds and models
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E{;‘Eﬁg‘ﬁﬁ Requirements for building models with NSI

e.g., € from L™ L, L°L, with 1%,

Bergmann érossman Pierce PRD61 053005 Antusch Baumann Fernandez-Martinez NPB810 (2009) 369.

1. W|th the medlator they are related with each other.

P

— ew. is constralned from Gr measurement inpand decay...

T. Ota (Uni Wirzburg) NSI: future bounds and models
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E{;‘E}”gﬂ?{ Requirements for building models with NSI

e.g., € from L™ L, L°L, with 1%,

Bergmann érossman Pierce PRD61 053005 Antusch Baumann Fernandez-Martinez NPB810 (2009) 369.

1. W|th the medlator they are related with each other.

P

— eZ‘T is constralned from Gr measurement inpand decay...
2. ... and we also have a loop diagram for = — u-,

T. Ota (Uni Wirzburg) NSI: future bounds and models
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E{;‘Eﬁg‘ﬁ?} Requirements for building models with NS

e.g., € from L™ L, L°L, with 1%,

Bergmann érossman Pierce PRD61 053005, Antusch Baumann Fernandez-Martinez NPB810 (2009) 369.

1. W|th the medlator they are related with each other.

P

— eZ‘T is constralned from Gr measurement inpand decay...

2. ... and we also have a loop diagram for = — u-,
Ve

T 1%, s

3

Although L"L.L°L, with 1%, is CLI-free at the effective-op
level, it is constrained when we take into account mediators.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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@ Beyond the four-fermion (dimension six) effective ops...

T. Ota (Uni Wirzburg) NSI: future bounds and models
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@ Beyond the four-fermion (dimension six) effective ops...

@ NSI from dimension eight operators with Higgs doublets.
Berezihiani Rossi PLB535 207, Davidson Pefia-Garay Rius Santamaria JHEP03 011

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Dimension eight operators

Dim.8: 4-Fermi+2 Higgs

Dim.6 Dim.8

1/A? |
Vg vg Vo Vg
7 ¢ 7 : ¢

Many effective ops.

— Many possibilities to avoid bounds and to cancel CLI
Berezhiani Rossi, PLB535 207, Davidson Pefia-Garay Rius Santamaria JHEP03 011.

@ We apply the bottom-up approach to dim.8 ops. like dim.6,
—i.e., decompose dim.8 ops.

@ More than 100 possible decompositions, but they can be
categorized into the small numbers of categories...

T. Ota (Uni Wirzburg) NSI: future bounds and models
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H L f‘f L H er L H
[
[
[
\

€R €R

1: Vertex with two SM fermions ( fsu fon)
® Bounds from Dim.6 (CLI and/or lepton universarity ...)

2: Vertex with (LH)

® Bounds from Non-unitarity of PMNS matrix
Antusch Biggio Fernandez-Martinez Gavela Lopez-Pavon JHEP 0610 (2006) 084.

3: Vertex with (EH)

® Bounds from electroweak precision data
e.g., Langacker London PRD38 886, delAguila deBlas Perez-Victoria PRD78 013010.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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@ Dim.8 NSl induced by one diagram is always constrained!
Antusch Baumann Fernandez-Martinez NPB810 (2009) 369.

NSI within the constraints, ¢ ~ O(1072-1073)

— Talk by Fernandez-Martinez.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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@ Dim.8 NSl induced by one diagram is always constrained!
Antusch Baumann Fernandez-Martinez NPB810 (2009) 369.

NSI within the constraints, ¢ ~ O(1072-1073)

— Talk by Fernandez-Martinez.

@ We consider combinations of the diagrams
— projection to the basis ops.

and try to find general requirements for large NSI.
— allowing fine-tuning among model parameters.

Let me show an example of models for NSI with 2 mediators...

T. Ota (Uni Wirzburg) NSI: future bounds and models
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What we want is...

Berezhiani Rossi, PLB535 207, Davidson Pefia-Garay Rius Santamaria JHEP03 011.

Onsl = {(I_,iHi)qf”(H“Li)}(@ypeR), where H; = (H® H)T

Basis operators for LLEE(H'H)

Buchmiiller Weyler NPB268 621, Berezhiani Rossi, PLB535 207.

dimé _ (Cre) 8 (LPiep)(ERLai) only one possibility in dimé

G — NSI always with CLI
ame _ (CLen)3 75 + t
Lei —T(L La)(ervper)(H'H)
(C%EH)E 7B P T
+ T(L 7’7 La)(€rper)(H' TH)

All diagrams with LLeger H' H have to be reduced to these effective ops.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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What we want is...

Berezhiani Rossi, PLB535 207, Davidson Pefia-Garay Rius Santamaria JHEP03 011.

1 - 1 - . _ .
Onsi = i(LB'}/pLa)(ﬁfﬂaeR)(HTH) + §(LB7pTLa)(6R7p€R)(HTTH)

To form Ong): Any combinations with C} ., = C3 -
—To cancel dim=6: Crr = 0.

Basis operators for LLEE(H'H)

Buchmiiller Weyler NPB268 621, Berezhiani Rossi, PLB535 207.

dimé __ (CLE)S 74 ——— only one possibility in dim6
Lot =15 (L7er)(ErLai) | {5 always with CLI

Cl a
Coenll (70 10) @mpen) a1 1)

(Clen)3
A4

Lo =
+ (L4 7La) €Rvpen) (H'7H)

All diagrams with LLeger H' H have to be reduced to these effective ops.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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A Toy Model
— with 2 mediators (2%, ,) and A,(2% )

s y L. LA
|
1
Us b ——— 4B ()" 9s
® | @
|
1
€Rr I‘LI €Rr €Rr

Masses and coefficients should be related ...

Assuming Ma = My
— To cancel all dim.6: 2(g*)%gs = (v*)*yg
— To form Opgi(cancel dim.8 CLI): A\1s + A1y = Ags + Agp # 0

— Systematic study with full decomp. and basis ops.
Gavela Hernandez O Winter PRD79 (2009) 013007.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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e Summary
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Current and future bounds —ak by kopp

— Oscillation exps have a good sensitivity to 7-associated NSI.

@ Current: From atmospheric neutrinos
] <3.8x107%,  |el] <1.2x 107"

@ Future: NuFact with two Golden detectors (IDS-NF)
| <4.7-107%, |e€p|<1.8-107% [€f] <1.9-1072

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Current and future bounds —ak by kopp

— Oscillation exps have a good sensitivity to 7-associated NSI.

@ Current: From atmospheric neutrinos
] <3.8x107%,  |el] <1.2x 107"

@ Future: NuFact with two Golden detectors (IDS-NF)
| <4.7-107%, |e€p|<1.8-107% [€f] <1.9-1072

Bottom-up to models with NSI

@ Effective op
1, possible physically motivated models

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Current and future bounds —ak by kopp

— Oscillation exps have a good sensitivity to 7-associated NSI.

@ Current: From atmospheric neutrinos
] <3.8x107%,  |el] <1.2x 107"

@ Future: NuFact with two Golden detectors (IDS-NF)
| <4.7-107%, |e€p|<1.8-107% [€f] <1.9-1072

Bottom-up to models with NSI

@ Effective op sl e Decomposition to fundamental ops
1, possible physically motivated models
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Current and future bounds —ak by kopp

— Oscillation exps have a good sensitivity to 7-associated NSI.
@ Current: From atmospheric neutrinos
] <3.8x107%,  |el] <1.2x 107"
@ Future: NuFact with two Golden detectors (IDS-NF)
| <4.7-107%, |e€p|<1.8-107% [€f] <1.9-1072

Bottom-up to models with NSI

@ Effective op sl e Decomposition to fundamental ops
1, possible physically motivated models

@ Dim.8 NSI from one diagram is constrained
— Bounds from Dim.6, Non-uni, and EWPD etc. — Talk by Fernandez-Martinez

@ A Toy model
— Dim.8 NSl induced by 2 mediators with related couplings.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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LLEFE at dim.6

Effective op basis suchmiler weyler NPB268 621

(CLE)2 only one possibility — all de-
L = TB (LP%eR)(@RLai) | compositions are reduced to
this eff. op.

T. Ota (Uni Wirzburg) NSI: future bounds and models
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LLEFE at dim.6

Effective op basis suchmiler weyler NPB268 621

(CLe)2 _ .. only one possibility — all de-
Leg = A2 A (Lﬂ’eR)(@Lai) compositions are reduced to
this eff. op.
(Ce)j

T A2 [(ﬁﬁ*/pPLua) + (Z%PPL@&)} (ERVpeR)-
NSI charged lepton int. (CLI)

@ We cannot avoid CLI.
@ Within the bounds of CLI, we can still have

m — —
‘ETT‘ S 0.1, Berezihiani Rossi PLB535 207, LEP eTe™ — 7177 .

T. Ota (Uni Wirzburg) NSI: future bounds and models
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LLEFE at dim.6

Effective op basis suchmiler weyler NPB268 621

(CLe)2 _ .. only one possibility — all de-
Leg = A2 A (Lﬂ’eR)(@Lai) compositions are reduced to
this eff. op.
(Ce)j

T A2 [(ﬁﬁ*/pPLua) + (Z%PPL@&)} (ERVpeR)-
NSI charged lepton int. (CLI)

@ We cannot avoid CLI.
@ Within the bounds of CLI, we can still have

m — —
‘677—‘ 5 0.1, Berezihiani Rossi PLB535 207, LEP eTe™ — 7177 .

On the other hand, LLLL has more possibilities...

T. Ota (Uni Wirzburg) NSI: future bounds and models
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Mediators could be ...
Models with NSI at tree but CLFV at loop
@ eg.,
R, SUSY, LLE

Barbier et al. Phys Rep 420 (2005) 1

Zee model (and its extension), LLh™
Babu Macesanu PRD67 (2003) 073010

@ Models with light-heavy mixing — non-unitary PMNS

Langacker London PRD38 (1988) 886 and 907 Czakon Gluza Zralek Acta Phys Polon B32 (2001) 3735

e mixing with (TeV) right-handed neutrinos,
Abada Biggio Bonnet Gavela Hambye JHEP 0712 (2007) 061

e mixing with Kaluza-Klein modes,
Gouvéa Giudice Strumia Tobe NPB623 (2002) 395

or models with flavour conserving NSI (especially with 7)

Honda Kao Okamura Pronin Takeuchi arXiv:0707.4545

@ Leptoquarks (also Bileptons) in GUTs, Q1 L35, etc.

Buchmdiller Rickl Wyler PLB191 (1987) 442

@ Z'ingauged B — 3L, model, (Qv*Q — 3L,v"L.)Z,,
Ma PLB433 (1998) 74
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