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Introduction: NSI

Generic new physics affecting v oscillations can be
parameterized as 4-fermion Non-Standard Interactions:
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Direct bounds on prod/det NSI
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Introduction: NSI

Non-Standard v scattering off matter can also be
parameterized as 4-fermion Non-Standard Interactions:
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Direct bounds on matter NSI

If matter NSI are uncorrelated to production and detection
direct bounds are mainly from v scattering off e and nuclei
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Rather weak bounds...
...can they be saturated avoiding additional constraints?

S. Davidson, C. Pena garay, N. Rius and A. Santamaria hep-ph/0302093
J. Barranco, O. G. Miranda, C. A. Moura and J. W. F. Valle hep-ph/0512195
J. Barranco, O. G. Miranda, C. A. Moura and J. W. F. Valle 0711.0698

C. Biggio, M. Blennow and EFM 0902.0607



Source of NSI

Neutrino masses already imply
physics beyond the SM...

... extensions to accommodate
neutrino masses can naturally lead to NSI



The Type I Seesaw Model

The SM is extended by:

—~ ]
LM 4 iNg N — €, 6V, Ng — 5 Nr My Np° +he.

If the right-handed neutrino N, is heavy it can be integrated out:
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The Type I Seesaw Model
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Effective Lagrangian
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Effective Lagrangian
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Diagonal mass and canonical kinetic terms
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Effective Lagrangian
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Non-unitarity and NSI

The general matrix N can be parameterized as:
N = (1 + E)U where e=¢"

Sothat  |v) =Iva)+ Y caplvs)  with Eap = € s

p=e,u,T



Non-unitarity and NSI

The general matrix N can be parameterized as:
N = (1 + E)U where e=¢"

*

Sothat  |v) =Iva)+ Y caplvs)  with Eap = € s

B=e,u,T

And production/detection NSI:
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~ '_ Non-unitarity and NSI matter effects

Integrating out the  and Z, 4-fermion operators
for matter NSI are obtained from non-unitary mixing matrix
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They are related to the production and detection NSI



(NN') from decays
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After integrating out W and Z neutrino NSI induced



(NN') from decays

(2.0-10° 5.9-10° 1.6-107)
| =26-NNT|<|5.9:10° 82:10* 1.0-10°
(16107 1.0-107 2.6-107 Experimentally

E. Nardi, E. Roulet and D. Tommasini hep-ph/9503228

D. Tommasini, G. Barenboim, J. Bernabeu and C. Jarlskog hep-ph/9503228
S. Antusch, C. Biggio, EFM, B. Gavela and J. Lopez Pavon hep-ph/0607020
S. Antusch, J. Baumann and EFM 0807.1003



Non-Unitarity at a NF
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Golden channel at NF is sensitive to ¢,
v, disappearance channel linearly sensitive to ¢, through matter effects
Near 7 detectors can improve the bounds on ¢, and ¢,
Combination of near and far detectors sensitive to the new CP phases
S. Antusch, M. Blennow, EFM and J. Lopez-pavon 0903.3986

See also EFM, B. Gavela, J. Lépez Pavon and O. Yasuda hep-ph/0703098;
S. Goswami and T. Ota 0802.1434; G. Altarelli and D. Meloni 0809.1041,....



Type I seesaw
Minkowski, Gell-Mann, Ramond, Slansky, Yanagida,
Glashow, Mohapatra, Senjanovic, ...

N, fermionic singlet

Type II seesaw
Magg, Wetterich, Lazarides, Shafi, Mohapatra,
Senjanovic, Schecter, Valle, ...

A scalar triplet

Foot, Lew, He, Joshi, Ma, Roy, Hambye et al., Bajc et al.,
Dorsner, Fileviez-Perez
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Different d=6 ops

=b f7._+\ 2 t o -unitary mixing in CC
Lt (fﬂ)a( s’:‘) non-unitary mixing
Type I A La®) i\ #'Crp e FCNC for v

R " e non-unitary mixing in CC
Cap (EL,IT ) EE (QE’TTEL,?) e FCNC for v
e FCNC for charged leptons

1 e - § e LFV 4-fermions
: Lap = _.(f ThV(GT Y] ¢
Type 11 T MR A L) ( . L) interactions

A. Abada, C. Biggio, F. Bonnet, B. Gavela and T. Hambye 0707.4058

Types II and III induce flavour violation in the charged lepton sector
Stronger constraints than in Type I
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Bounds for Type II and III Seesaw
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Some hope for &,
that leads to
u— eveVﬂ

wrong sign u at Nufact
near detector

M. Malinsky, T. Ohlsson and H. Zhang 0811.3346

Type II Seesaw at a NF
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Low scale seesaws
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Low scale seesaws

The d=5 and d=6 operators are independent

Approximate U(1), symmetry can keep d=5 (neutrino mass)
small and allow for observable d=6 effects

See e.g. A. Abada, C. Biggio, F. Bonnet, B. Gavela and T. Hambye 0707.4058
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NSI from the MSSM

Leads to &%

U—>evy,

7 at near detectors in a Nufact
T. Ota and J. Sato hep-ph/0502124



NSI from the MSSM

Leads to &2 Relatedto 7 —> Uy
H—evVV, bounds O(10-5)

7 at near detectors in a Nufact
T. Ota and J. Sato hep-ph/0502124



Large NSI?

Can large NSI be realized with some other SM extension?

Can the mild model-independent bounds be saturated?
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What does it take to avoid the strong constraints?

S. Antusch, J. Baumann and EFM 0807.1003
B. Gavela, D. Hernandez, T. Ota and W. Winter 0809.3451



Gauge invariance

However 2«/5GFgg’jﬁ (17 5 y'Pyv, )(f YuE xS )

s related to  2v2G,. €L, @7’” P \f Vil xS )

by gauge invariance and very strong bounds exist

gj; < ~107°
w>ey
el < ~107 1« - ein nuclei
. S t decays
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S. Bergmann et al. hep-ph/0004049
Z. Berezhiani and A. Rossi hep-ph/0111147



Large NSI?

We search for gauge invariant SM extensions satisfying:
= Matter NSI are generated at tree level
= 4-charged fermion ops not generated at the same level

= No cancellations between diagrams with different
messenger particles to avoid constraints

= The Higgs Mechanism is responsible for EWSB

S. Antusch, J. Baumann and EFM 0807.1003
B. Gavela, D. Hernandez, T. Ota and W. Winter 0809.3451



Large NSI?

Present in Zee model or
R-parity violating SUSY

Loy =—NogLlaioaLgS; + Hee. = X, 3S;(0,Prvg — ?EPL;?&) +He.
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M. Bilenky and A. Santamaria hep-ph/9310302



Large NSI?

Since A,; = -44, only g,.and g, 70

Euur

Very constrained:

et < 82-107° H>ey

~1m, €1, < 8.A4. 10—3 H decays

=TT - | T decays
et < 1.9-1077 CKM unitarity

F. Cuypers and S. Davidson hep-ph/9310302
S. Antusch, J. Baumann and EFM 0807.1003



Large NSI?

At d=8 more freedom

Can add 2 H to break the symmetry between v and / with the vev
Lo, W (Hio L Ny, ) — 2 7"y \fr,.f)
Z. Berezhiani and A. Rossi hep-ph/0111147; S. Davidson et al hep-ph/0302093

There are 3 topologies to induce effective d=8 ops with HHLLf} legs:

B

(a) Topology 1 b) Topology 2 c) Topology 3




Large NSI?

We found three classes satisfying the requirements:



Large NSI?

We found three classes satisfying the requirements:

Ht

I
|

|
I

Just contributes to the scalar propagator after EWSB
V12 (Lo, L, L io,L5)

Same as the d=6 realization with the scalar singlet



Large NSI?
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The Higgs coupled to the N, selects v after EWSB

(Lyio, 1" (i, L, \fr, 1) —— 2 v v /)

Z. Berezhiani and A. Rossi hep-ph/0111147
S. Davidson et al hep-ph/0302093



Large NSI?




Large NSI?

For the matter NSI

1.4-107% 6.4-107% 1.1-107%\ .(p
S < [ 6.4-1071 581071 7.3.1071 | L—
1.1-107° 7.3-100% 1.9.10°? F

Where ﬁ(f ) is the largest eigenvalue of pg)

And additional source, detector and matter NSI are
generated through non-unitarity by the d=6 op



Large NSI?

We found three classes satisfying the requirements:

| It

Mixed case, Higgs selects one v and scalar singlet S the other



Large NSI?
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Large NSI?

At d=8 we found no new ways of selecting v

The d=6 constraints on non-unitarity and the scalar singlet
apply also to the d=8 realizations

What if we allow for cancellations among diagrams?

B. Gavela, D. Hernandez, T. Ota and W. Winter 0809.3451



Large NSI?

# Dim. eight operator Cloy Clpy Onst? Mediators # Dim. eight operator clll, . ey Gy G Owsi? Mediators
Combination LL Combination (EﬁiLu)(f,s,?.,)(HTH) '
U g e :
2 (Ly*L)(EH")(~,)(HE) 1 +2L w - i
/2 33 (E+?L)(L~,7L)(H7H) 1 13 + 3%
3 (Ly?L)(EHT)(y,)(H"E) 1 6+2L/f}2 34 (Lv*7L) (L, L) (H'7H) 1 13 + 8§
4 (Ly*7L)(E~,E)(H'7H) 1 30414 35 (iir“b"J(]:‘,"'T“L)x 1 v 3y
5 (LyPFL)(EHY) (4, 7)(HE) 1 vt QL/;}Q (L ,JibL)eHrl—;H:
Fop=I (BT (~ =\ % v | oL/R Combination (LPLq)(L°H)(HTL-)
6 i <L_’ TL_)<EH ) T)(H” E) ! 0+ 270 36 (LA*L)(LH)(7,)(H'L) 1/2 12 v 18+ 12
Combination EL 37 (Ly*L)(L7H)(7,) (H'7L) 3/2 -1/2 1% 4[58
7 (LE)(EL)(HTH) -1/2 211/2 38 (IAPFL)(L7H)(v,)(HL) 1/2 1/2 1/2 o 1% + 1§ + 3/F
8 (LE)(7)(EL)(H'7H) “1/2 20, 30 (Ly#7L)(LH)(7,) (H'7L) 1/2 /2 —1/2 v 18 + 18 + 35/%
9 (LH)(H'E)(EL) ~1/4 —1/4 25 4 15 4 2MF = (—ie™)(LnPr2L)x . 35 + 15 + 3"
V(B L Zapp ¥ 10 2 (L H) () (H L)
10 (LTH)(H'E)(7)(EL) —3/4  1/4 +1/2 + 3L T QL 12 Combination (LPLa)(L°H') (L H)
11 (Lir2H*)(HTE)(ir?)(EL) 1/4  —1/4 25,y + 1Y Fr2 // 41 (LyeL)(LirH*)(v,)(HTir*L)  —1/2 1/2 g PR e
12 (L7ir* H*)(H" E)(ir*7)(E'L) 3/4 1/4 2%+ EL/R 2", 42 (Ly?L)(LTir*H*)(yp) (HTir?7L)  —3/2 -1/2 15 + 3'!“
o — ' 43 (EAPRL)(IFiT2H*)(v,) (HTir2L) -1/2 /2 12 3% + 157 + 357
130m . 1(%nﬂE“)<_f L)(HTH) 1 o 4 (4P H o) (BT 7L) -1/2 /2 -1/2 854 1%P 4 gum
. v Tp - —3/2 45 (—ie®®)(LyPrL) x -1 -1 v 8y + 3Hf°
14 (DB @(E, L) (HI7H) -1 2%, (Ertir2H) () (Hirr°L) -
15 (LH)(*)(H'E°)(Ec,L) —1/2 —1/2 20y, + 15 + 2540, Combination (L"(LC)‘)((LC)H )(HTH)
- o — o 3 2 cjr2 tH) 1/4 —1/4 v 1¢
16 L7H)(v*)(HE°)(7)(Eey,L —3/2 1/2 20, + 3L/R 4 olR 48 (LirLe)(Lir>L)(H / 1
17 <L< QTH))(( ))<(HTE2)<(T)( ) yo )L) 1;2 1;2 2" i 13/3 obih AT (LACLOTECFLHIE) =34 -1/4 32,
1T 1T T - —3/2 +1/2 48 (Lir?Le)(Leir27L)(HT7H) 1/4 -1/4 -1/4 v 2.+ 3%
18 (LA H*) () (HT E°)(ir?7)(Eey,L)  —3/2 —1/2 2,5 + 35 + 2, 19 (L#ir?Le)(TeirL)(H7H) —-1/4  1/4  -1/4 ¢ 12, + 32,
Combination HTL 50 (—ieabe)(Lrair2L¢)x —1/2 —1/2 985
_ ) Teioa b treff
19 LE HL ~1/4 —1/4 25, + 15 + 2M/R, (Leir 7 L)(H'r°H)
(LEYEH)(H'L) / / +/2 0 T o1 Combination (LPHT) (L) H)((L%)al-)
20 (LE)(F)(EH)(HIFL) —3/4  1/4 25, + 3¢/F £ 2ME £ Lir? T e\ T2 g T U I .
Y12 T %0 ~1/2 51 (Lir*H*)(HT L°)(TFirL) 18 —1/8 1/8 -—1/8 1/8 15, + 15 + 1%
21 (LH)(*)(H'L)(E~,E) /2 1/2 v 52 (LAPH)(HTLeR)(TAir2L)  —-3/8  3/8  1/8  —1/8 18 v 1%, + EE 4 fELE
22 (L7H)(v*)(H'FL)(E~,E) 3/2  —1/2 14 + 3L/7 53 (Q—“,—H J(HTL)(Lo5r?FL)  —3/8 —1/8 -3/8 —1/8 1/8 & 3%, A1L+3L_';“
23 (LyPE°)(E°H)(y")(HTL) —1/2  —1/2 2%, + 1§ + 2140, 54 (LirH)(HTFLY)(ToFL)  3/8  1/8  —1/8 -3/8 —1/8 3%, + 35" + 1)
, o . LR il (—ieabe)(Lrair [I*)x 3/4  1/4 -1/4 1/4  1/4 35, 4+ 3L/R 4 (LR
24 (Ly"E°)(E°H)(+")(H'L) -3/2  1/2 2Y,, + 3577 + 227, (T L) (TFirtroL) 120 1
T T°T
Combination HL Combination (LP(L°)?) (H(L%)a) (L H)
25 (LE)(ir?)(EH")(HTir?L) /4 —1/4 25, + 157 + 28, 56 (Lir2Le)(TeH ) (HTir2L) /8 —1/8 —1/8 1/8 1/8 15, + 15 + 147
26 (LE)(AT?)(EH*)(H ir?*7L) 3/4  1/4 28 4 3L/E 4 ol/R 57 (L7ir?Le)(TeF H*]fHTl,ZL) 3/8 1/8 -3/8 -1/8 -1/8 88 4 35B g 1HE
7 ' Tz %2 58 Lir?L¢ L—: HTir?7L 3/8 38 1/8 1/8  1/8 1% 1“" 3‘”‘
27 (Lir’H")(v*)(H TITQL)( v E) 12 12 15 + 142 > oy el an e -F 4R A8 e L e, T
— = v L/R os AT 7L oo = —l/o =9/ /0 -1 T .
o o 0 ; 59 (LFir2Le)(T )(H ir27L) 3/8 —1/8 —-1/8 -3/8 1/8 v 35, + 1% + 3%,
28 (LFiT?H* )(A, V(HTir27L)(Ev,E) -3/2 -1/2 1§ + 3 60 jeabe) f i3 L)% /4 1/4 14 —1/4  1/4 3 4 1;4;; N .gﬁ./u
=y , L/R 3/ / / / / —1 20 91
20 (Ly"E°)(ir?)(E°H")( rp)(HTlTQL) 2 —1/2 275 + + 270 (Lf-f’H )(HTir?r°L)
30 (L EC)(Fir?)(ECH*)(,)(HTir?7L)  3/2  1/2 2%, + 3“ + 245,

B. Gavela, D. Hernandez, T. Ota and W. Winter 0809.3451



Large NSI?

# Dim. eight operator Ciiy,  Ci3y, Cciy ciLsy G Owar? Mediators
Combination (LPL,)(L°L)(HH)
31 (LyL)(Lv,L)(HH) 1 15
32 (Ly*7L)(L~,7L)(H'H) 1 33
33 (Ly*L)(L~,7L)(H'TH) 1 15 + 3§
34 (Ly*7L)(L~,L)(H'TH) 1 15 + 3§
35 (—ie®e)(LyPTL) x 1 v 33
(Lv,m°L)(HTr°H)
Combination (LPLy)(L°H)(H'L~)
36 (Lv*L)(LH)(~,)(HTL) 1/2 1/2 v 15 + 1§
37 (Ly*L)(L7H)(v,)(HTL) 3/2 —1/2 15 + 35"
38 (Ly*7L)(L7TH)(v,)(H'L) 1/2 1/2 1/2 v 15 + 1§ + 33"
39 (Ly*7L)(LH)(~,)(H'7L) 1/2 13 + 158 + 35'"
40 (—ieb¢)(LyPTL) % 1 3+ 1F + 357"
(L H)(y,)(Hr°L)
tick means selects v at d=8 bold means induces 4-charged fermion
without 4-charged fermion at d=6, have to cancel it!!

B. Gavela, D. Hernandez, T. Ota and W. Winter 0809.3451



Large NSI?

There is always a 4 charged fermion op that needs canceling

Toy model L =Lov— (Y5 (LP)E,@; — (9)ps (L7) v (E°)(V,);
+ A\ (HTH)(®'®) + \g (H'TH)(O'70)

+ Ao(HTH)(VIVP) 4 Ago(HIZH)(VIFV?) +- hee. + .
Cancelling the 4-charged fermion ops.

—2(g") " (9)ss + (¥")s (y)g" =0
}‘13 + )‘11.; — )‘35 + )‘131.: 75 0

|

(Lot )y (H'io,L, NE,7,E,)

B. Gavela, D. Hernandez, T. Ota and W. Winter 0809.3451



NSI in loops

Even if we arrange to have

O (ot i, E 7,5,
:2]\044 (Z(ﬂ’ﬂLﬁ H'H )_(ZanLﬂ H'7H )](E77ﬂE5)

C. Biggio, M. Blennow and EFM 0902.0607



NSI in loops

Even if we arrange to have

%(Eamﬂ*)y”(Hficszﬂ)(FmEa)
_2J\O/[ Ly L\ 1)~ (L, 2L, Ni 2 |E, 7, E,)

We can close the Higgs loop, the triplet terms vanishes and

O kN

2M4 167 2( a7ﬂLﬁ)(E77ﬂ )

NSIs and 4 charged fermion ops induced with equal strength

C. Biggio, M. Blennow and EFM 0902.0607



NSI in loops

O kN
2M* 1677

([—’a ﬂL,B Xfyy,chS)

The loop contribution is a quadratic divergence

The coefficient £ depends on the full theory completion
If no new physics below NSI scale A = M

Extra fine-tuning required at loop level to have k=0 or loop
contribution dominates when 1/16w? > v2/M?

C. Biggio, M. Blennow and EFM 0902.0607



Conclusions

= Models leading “naturally” to NSI imply:
= O(10-3) bounds on the NSI

= Relations between matter and production/detection
NSI

= Probing O(10-3) NSI at future facilities very challenging but
not impossible, near detectors excellent probes

= Saturating the mild model-independent bounds on matter
NSI and decoupling them from production/detection
requires strong fine tuning



Large NSI?

General basis for d=8 ops. with two fermions and two H

(O%,EH)'% :(E'B’?’pLa)(Eé’”}’pEw) (H 'H ) ;

ary

(OEEH)'% :(E'B’?"'p’FLQ-)(E_é’}"'pEw) (H 'TH ) ;

oy

— 2 left + 2 right

J \

(O1tm)ay =(L7"La) (L, L) (H'H)

(OFF5)2 =(LPATLa) (L, 7Ly ) (H'H)

(0¥ —(LP5"L,)(L', 7L, (H'7H) - et
(O35 =(LP47La) (P, L) (H'7H)

(O838)85 =(

—

Z. Berezhiani and A. Rossi hep-ph/0111147
B. Gavela, D. Hernandez, T. Ota and W. Winter 0809.3451



Large NSI?

To cancel the 4-charged fermion ops:

111 331
Creug+Crpg =

but
111 331
CipntCipy =0
and
111 331
Crrn +Criig =0
111
Coom +Ciry =

111 133 _
Coon +Criy =

133 313
CLLH + CLLH =0

111
LLH

v

331 133 313 333
+Crrg+Criry +Crry =0, Ciry arbitr.

(Zaio-zH* )7ﬂ (Htio-zlfﬁ )(Eﬂ/ﬂEa) NR

> (zcigzLﬁ)(Zyiang)(HTH) scalar singlet

a

> (ZaiGzH* )7“ (HtiazLﬂ )(ZyyﬂLJ) Ny

L,y L\Lio,H J(H'io,L;)  Ng

C33,  after a Fierz transformation



Direct bounds on matter NSI

If matter NSI are uncorrelated to production and detection
direct bounds are mainly from v scattering off e and nuclei

ZX/EGF‘C:ZZﬂ (Vﬂ VUPLVa X];?/ﬂPL.Rf)

38 (.33 3.1)

"< (0.33 0.064 0.33

L 3.1 0.33 21 )

Rather weak bounds...
...can they be saturated avoiding additional constraints?

C. Biggio, M. Blennow and EFM 0902.0607



NSI in loops

—— o —
-

-
TN =

C

Used to set loop bounds on Eou through the log divergence

However the log cancels when adding the diagrams...

C. Biggio, M. Blennow and EFM 0902.0607



180
In P,. there is no -

V.

. / /
sinf,; or A, 90 | @ L
. \ \
suppression <

5.0 0

The CP phase d,, o

can be measured =0 X |
180

0 0002 0004 0006 0008 0.0l

EFM, B. Gavela, J. Lopez Pavdn 77,
and O. Yasuda hep-ph/0703098

See also S. Goswami and T. Ota 0802.1434



&8 Measuring unitarity deviations

0.2 — 0.001

A,

-0.001 ¢

-0.1 0 0.1 D'DDE_UJ 0 01
A, A

en

The CP asymmetry in the eu channel cannot be far from the SM
But it can be very different for the er or urchannels
Consistency check!

G. Altarelli and D. Meloni 0809.1041



