Neutrinos Beyond the VStandard Model

Belén Gavela
Universidad Autonoma de Madrid and IFT



BeyondStandardModel because

1) Experimental evidence for new particle physics:
*** Neutrino masses

*** Dark matter
** Matter-antimatter asymmetry

2) SM fine-tunings/uneasiness
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We ~understand ordinary particles= excitations over the vacuum

We DO NOT understand the vacuum = state of lowest energy:
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We ~understand ordinary particles= excitations over the vacuum

We DO NOT understand the vacuum = state of lowest energy:

*The gravity vacuum: cosmological cte. A, A~ 10123 Mp|:nck

* The QCD vacuum : Strong CP problem, 6qcp <10-10
* The electroweak vacuum: Higgs-mass, v.e.v.~0O (100) GeV

The Higgs excitation has the quantum numbers of the EW vacuum



BSM because

1) Experimental evidence for new particle physics:
*** Neutrino masses
*** Dark matter
** Matter-antimatter asymmetry

2) SM fine-tunings/uneasiness, i.c. in electroweak:

*** Hierarchy problem
*** Flavour puzzle



More

Leptons / 08

Veuns =

Quarks

Veku =

wood for the Flavour Puzzle /
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More wood for the Flavour Puzzle
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Veuns= | .0.4 0.5 -0.7

\_-0.4 0.5 +0.7
Quarks/ ~1 A A h
Vo= | A ~1 A2 A~0.2

3 2 ~
\_ A A 1 Yy,

Mavbe because of Majorana neutrinos?



Dirac o Majorana ?

*The only thing we have really understood in particle physics
is the gauge principle

*SU(3)xSU(2)xU(1) gauge allow Majorana masses....

Lepton number was an accidental symmetry of the SM:
unless you impose it by hand, Majorana masses will be there

Anyway, it is for experiment to decide



Main physics goals in v physics

« To determine the absolute scale of masses

e To determine whether they are Majorana

e To discover Leptonic CP-violation

Let us go for those discoveries !



Can we foresee how to go beyond?



Neutrino masses indicate new
physics beyond the SM

Maybe new physics could appear
also in neutrino couplings ?
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Neutrino masses indicate new
physics beyond the SM

?

Maybe new physics could appear
also in NSI ?

NSI = non-standard neutrino interactions



What are non-standard
neutrino interactions (NSI)?

Four-fermion interactions that do not preserve flavour, i.e.

N> A>vV A2



Two topics

e "Seesaw NSI” and the flavour puzzle

e "Why not” NSI



How to go about it model-independent ?....

Effective field theory

Recall Fermi’s times,

— Four-Fermi interaction

| GF (EL YM Ve) (II_YM p)

U(1).,, gauge invariant



How to go about it model-independent ?....

Effective field theory

Glashow, Weinberg, Salam times:

— Four-Fermi interaction

Gy (@ vi)(yudr)

U(1),.,, gauge invariant



How to go about it model-independent ?....

Effective field theory

Glashow, Weinberg, Salam era: Mediator decomposition

— Four-Fermi interaction

(_La Yu Loc) ((SLB YMQB)

&
2
MW

SU(2) xU(1),,, gauge invariant



v masses and couplings beyond the SM

In the spirit of Fermi,

Can we build Standard Model operators that
give mass to the neutrinos
and/or new flavoured couplings ?

YES!



If new physics scale M > v

L= Lowonergy Od=> + Q=6 +__ ...




If new physics scale M > v

= d=5 d=6
{= &U(s)st(z)xum) + O + O +......
M M?2




v_masses beyond the SM

The Weinberg operator

Dimension S operator: H\\ 7 H
A/M (L'LH H) -~ AV M (vv) /o\
Y-
Od—S L. LB

[t’s unique — very special role of v masses:
lowest-order effect of higher energy physics
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v_masses beyond the SM

The Weinberg operator

Dimension S operator: H\\ 7 H
A/M (L'LH H) -~ AV M (vv) /.\
Y
Od—S L. Lﬁ

[t’s unique — very special role of v masses:
lowest-order effect of higher energy physics

This mass term violates lepton number (B-L)
— Majorana neutrinos

d=5 , )
O 1S common 1o CL[[TYLOC[Q[S (ZfMOE]OTCLHOL) Vs



New Standard Model \/SM 7




v masses beyond the SM : tree level

SL-cd=5 (yd=5

3 generic types (Ma)
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v masses beyond the SM : tree level

< 5 Fermionic Singlet
v Np /7 Seesaw ( or type I)

2 x 2 =D+ 3

m,, ~y2C970 = 2Y YN/M

Which allows Y ~1 --> MNMGut
Yy~106 --> M~TeV



v masses beyond the SM : tree level



The Seesaw models
@ Three types of models yield the Weinberg operator at tree

level
L H L H
H H
Y Y
Y M Y
X N scalar triplet* A X 2
‘ fermion singlet | fermion triplet ‘
Y /Y\\ Y
L L S
Type | Type Il Type Il
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The Seesaw models

@ Three types of models yield the Weinberg operator at tree
level

U

Y

Y | !
X N scalar triplet4 A X Z
A A

fermion singlet fermion triplet

P U

Type | Type Il Type Il
Heavy fermion singlet N; Heavy scalar triplet A Heavy fermion triplet 3
Minkowski, Gell-Mann, Ramond, Magg, Wetterich, Lazarides, Ma, Roy, Senjanovic, Hambye et al.,
Slansky, Yanagida, Glashow, Shafi, Mohapatra,

Mohapatra, Senjanovic Senjanovic, Schecter, Valle



Those fields, Nr , A, 2r, would mediate other
processes too....

Which are the new exotic couplings,

that is, d=6 operators, in Seesaws?



Effective Lagrangian L. s = ¢;O;
Model = I=6 OF="
Fermionic Singlet | Y. Vi Yy 2 Y (EI? ) i@ (ﬁ 1‘L)
(type 1)
Fermionic Triplet | Y. | V5 Yy 1Yy (z? FI) iD ( it L)
(type III)
Y omnYa L7L) (L71)
Scalar Triplet | 4V //*. o (Hf?’ﬁ) (b‘,ﬁ) (ﬁf?ﬂ)
(type “) 2 (/\i . A',) ;‘.1[_: "‘ (HTH)3

(Abada, Biggio, Bonnet, Hambye, M.B.G.)



Effective Lagrangian L.;; = ¢;O;
Model = S OF=°

(o@D |

@ﬁ) w(ﬁ@ |

AgaarY- @L) (Z?’®
Scalar Triplet || 4V /&, al ( Hi7 j;j D, Dﬁﬂﬁi? H)

Fermionic Singlet | Y.\, Vi

Fermionic Triplet || Y.’ V5
(type III)

(type 1) .

(type II) 2 (As + As) 7_\, : (Hf H)3
n l
Cd=6~ Y Y » > NSI

M’
(Abada, Biggio, Bonnet, Hambye, M.B.G.)



Non-unitariry NSI

The complete theory of v masses is unitary.
In all fermionic seesaws

the neutrino mass matrix is larger than 3x3

2 ~N I
3x3

\_ _/

N _/

All fermionic Seesaws exhibit non-unitary mixing



l.e.

N =(1 +¢) Upyns

Vv

at low energies

NSI

All fermionic Seesaws exhibit non-unitary mixing



(<25-10° <3.6-10° <8.0-.107"
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Very strong bounds for NSI from non-unitarity...

Antusch, Biggio, Fdez-Martinez, Lopez-Pavon, MBG
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(<25-10° <3.6-10° <8.0-.107"

£ =] <3610° <25:10°
<8010 25107

<

Very strong bounds for NSI from non-unitarity...

..... because non-unitarity affects simultaneously:

matter propagation + production and detection (= rare decays...)

Antusch, Biggio, Fdez-Martinez, Lopez-Pavon, MBG



Effective Lagrangian L.;; = ¢;O;
Model = S OF=°

(o@D |

@ﬁ) w(ﬁ@ |

AgaarY- @L) (Z?’®
Scalar Triplet || 4V /&, al ( Hi7 j;j D, Dﬁﬂﬁi? H)

Fermionic Singlet | Y.\, Vi

Fermionic Triplet || Y.’ V5
(type III)

(type 1) .

type ) 2 (As + As) Ll (B H)’
+ l O
Cd=6... Y'Y < » Exotic lepton
M2 couplings

(Abada, Biggio, Bonnet, Hambye, M.B.G.)



For all scalar and fermionic
Seesaw models, present bounds:

2

2

Y| pd=6 v —2
o g = — Y« Y N
M
‘ Y 10— or stronger
‘ ‘ 1 TeV




Observable effects?

Obviously requires scale near the TeV



M~1 TeV is suggested by electroweak hierarchy problem

N
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Could d=6 be stronger than d=5 ?

* Two independent scales in d=5, d=6 may result from a
symmetry principle: lepton number

* d=5 requires to violate lepton number

* d=6 does not violate any symmetry

As~AN >> Ag~ Appy~ TeV



IAXL_hJ >> IA&_fI'~'-I-€3\V/ ‘?

L=Lsum 4-22::-—————()d E5-+—:E::sz ¢ ()5245_F

AN .
7 flavour

There is a sensible physics motivation:

» Origin of lepton/quark flavour violation linked/close to the
EW scale

» (Effective) Lepton number breaking scale higher and
responsible for the gap between v and other fermion



Seesaw mechanism

VS

Minimal Flavour Violation

T. Hambye, D. Hernandez, P. Hernandez, MBG



Minimal Flavour violation (MFV)

*Flavour data (i.e. B physics) consistent with all flavour
physics coming from Yukawa

MFV Hypothesis = The Yukawas are the only sources (irreducible)

of flavour violation.in BSM | |
R. S. Chivukula and H. Georgi, Phys. Lett. B 188, 99 (1987).



Minimal Flavour violation (MFV)

*Flavour data (i.e. B physics) consistent with all flavour
physics coming from Yukawa

MFV Hypothesis = The Yukawas are the only sources (irreducible)

of flavour violation.in BSM | |
R. S. Chivukula and H. Georgi, Phys. Lett. B 188, 99 (1987).

It is very predictive for quarks: 0976 ~Q, Q;Q,Q,
d=6 Md=6
L= Lop+ cO00+ L
Yo Y d=6 = ~ &=
i.e. b v O 2Q,Q,Qq,

AfIavour



WHY MFV?

FOR QUARKS

* Hierarchy Problem points to A~TeV

o . |\ =1

d=6 | /\fl Cd=6
(5py*dp)? | 9.8 x 102 1.6 x 10*

(5pdp)(5rdr)| 1.8 x 10* 3.2 x 105
(epv*ur)? 1.2 x 103 2.9 x 10°

(rur)(eLug)| 6.2 x 102 1.5 x 104
(bp~y*dp)? [5.1 x 102 9.3 x 10?

(bpdp)(brdr)| 1.9 x 103 3.6 x 108
(bpA*sL)? 1.1 x 102

(Z)R SL)(’)LSR) 3.7 X 102

WITHOUT MFV: A g= 102 TeV

L@,V Y ,Qp)?
H* (DrY Yy Y*te,, T°QL) (9.G%,)
(@Q,Y*Y*“'7,Q1) (Erv.ER)

i (QLY"Y"1y,Qr) H g,-D,,,H U

(?2 Y'Y “‘t";p QL ) (Ly YuLrL)
(Q.Y"Y*1~,QL) (eD,F,.)

WITH MFV: A ¢~ TeV

G. Isidori, Y. Nir, G. Perez, 1002.0900




|. NA62 main targets are the rare K decays ( Br < 1071 ),eg. K" —>nw s
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‘What happens in the presence of neutrino masses?

Cirigliano, Isidori, Grinstein, Wise

In the lepton sector

£= oo+ Ye z(bER - F Z C(ij:509=5 + Cé:609=6 -
< > i
Lo L
ALN Aflavour
Delicate:

* Majorana masses are model dependent : c4=>(Y,?), c476(Y,,?)

* Requires to separate lepton number from flavour origin



An unsuccessful model: simplest type I

L

Standard Seesaw (Type |) doesn't work

fermion singlet N

L =i = YyNod'L; — AN yNEN. ..

@ Neutrino masses: Ok. m,, x Y,Jﬁ Yn
@ Measurable flavour: NOT OK!. Ay = Aipn

@ Predictivity: More or less Ok. ¢y—5 o cy—g if no CP

Hambye, Hernandez?, Gavela



A successful model: Scalar-triplet Seesaw
(type II)



A successful model: Scalar-triplet Seesaw

(type II)

H H

\\/ W
: MA I

— . A A

Y

Aﬂ = MA /A\
AN
L =+ (DuDA)(DHA) —M2 ATA + +

+YRPL (- AL+ padt(r - A) o+



Correlations among
weak processes, i.e.

v —>eY /'U —>eY /'U — LY

* Neutrino masses OK
* Measurable flavour OK
* Predictivity OK

10°°
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V. Cirigliano, B. Grinstein, G. Isidori, M. Wise, hep-ph /050700
M. B. Gavela, T. Hambye, P. Herndndez, D.H., 0906.]



Successful fermionic-mediated Seesaws:

One more mediator, one more scale.... i.e. Inverse seesaws

Instead of L, =
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Successful fermionic-mediated Seesaws:

One more mediator, one more scale.... i.e. Inverse seesaws

L, Ne N'e
B 0 Yy v 0
"gMu - ( Y'V v O A T )
0 A 0

Lepton “umber conserved.

U(1)

Afl = A Cd=6.. Y+ Y
Ay = 0 E
LN A




Successful fermionic-mediated Seesaw:

One more mediator, one more scale.... i.e. Inverse seesaws

L’. ch [V_lc

N 0 Yuv Yiv
.gMu— ( YNV #’l AT

Yyv A L

Lepton numberViolated.
Elcmy @C those- 3 entries

Wyler,Wolfenstein; Mohapatra,Valle, Branco,Grimus,Lavoura,Malinsky, Romao...



Successful fermionic-mediated Seesaw:

One more mediator, one more scale.... i.e. Inverse seesaws

L, Ne  Ne

B 0 Yiv Yiv
..gMu - ( YNV ﬂ,’ AT

Yuv A 7

Lepton numberViolated.
Elcmy of those- 3 entries

A may be ~TeV and Ys ~1, and be ok with m,

Wyler,Wolfenstein; Mohapatra,Valle, Branco,Grimus,Lavoura,Malinsky, Romao...



! 4

Case: Three light active families + one Ng + one Ng

L R Ne
B 0 Yov eYiv
-gMy - YN Vv #I A T
eYyv A L

u” is irrelevant (at tree-level)

-- one massless neutrino
-- Just one low-energy Majorana phase

arguaﬁ@ the simy(est model qc’ Teutrino nass

Hambye, Hernandez?, B.G. 09



Case: Three light active families + one Ng + one N’

L;' N-C N-/C
B 0 Yov eYiv
gMu — »/NV #/ AT
eYyv A 7
u” is irrelevant (at tree-level)
FUNDAMENTAL LOW ENERGY
moduli  phases @ 3 angles and 2 phases in the
Yn 3 3 VS Upnmns
Yr 3 3 @ 2 masses and 0 phases in M,
A 1 1 @ 2 overall factors and 5 phases

absorbed.

“Yukawas are compietely determined from Upmnstm,,, except for a
normalization + a degeneracy in the Majorana phase

Hambye, Hernandez?, B.G. 09



Case: Three light active families + one Ng + one N’

L;' N-C N-/C

B 0 Yov eYiv
"gMu - »/NV #/ AT
eYyv A 7

u” is irrelevant (at tree-level)

6"5313 L+ e i(xslzrl,."i

I'e' T /T i, 1/4
y\f_ ~ 1 Sz |1 — % ) +e "r/“ecraces

o VT
1 2

Am?,|

— e e rl/ie, 5804 r = :
Amiy

c23
Normal hierarchy

“Yukawas are compietely determined from UPMNS-I;mV, except for a
normalization + a degeneracy in the Majorana phase

Hambye, Hernandez?, B.G. 09



Normal hierarchy:

Up to terms of O(4/T, 813), we find r=

€85 + e g rt/t

YIo~y| su(l- V) + e rt /ey

! — e furl,."-'l

Ca3 C12823

Inverted hierarchy:

C12€" + 8198
Yy ~ % c12 (caze™@ — 32331,1&’[“"53 — 512 (C2se™ + Sﬂﬂme—i{m-rs?
—C13 (3?.'15 L 0e8 et ) + 812 (sﬂe“‘ — €938 z€ Mad })
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Degeneracy in the Majorana phase o

Figure 3:
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Left: Ratio £,,/05,.. for the normal hierarchy (solid) and the inverse

hierarchy {dashed) as a function of o for {4, 5;3) = (0,0.2). Right: the same for the

ratio B, /B,.,.
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Figure 3: m,, as a function of o for the normal (solid) and inverted (dashed}

hierarchies, for (4, 8,5} = (0, 0.2).
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This model with just 2 heavy neutrinos added to SM:

*Leptogenesis OK for small mass splittings between the

right handed (heavy) neutrinos
(Blanchet, Hambye, Josse-Michaux 09)

NON UNITARITY

*

There are bounds on non-unitarity coming from:
[
Rare decays B
-

)
\'\.
-y

Weak decays

Invisible Z width I, : L

MNeutrino Oscillations

(and future experiments
that will test it further) Wy

mu to e conversion

that we can use to restrict the parameters in our model:
(Alonso, Gavela, Hernandez,Li ongoing)



Normal hierarchy:

2 xr2 2
Y \4 /M VS 613 N”UPMNS + Y'Y V2/M2
e ‘:":‘:—_1, ) |.‘\",\'jL —1|l <4 x103
0,05 - x--_-_;_,:__;‘:_:e_?_—___ — 30
. e D T, lor
INN, —1| <53x10-3
5 <0 o 0014
Y= v /M Actual Data
0,005 -

INNT, —1| < 1.6 x 107

it

0,001

To date, the best Bound comes from the rare decay ;1 — ey @

(Alonso, Gavela, Hernandez,Li ...ongoing)




Main

MINSIS .5
Non Standard

Interactions

Minsis is a project for a short baseline experiment in Fermilab

Air vents
EAV2 EAV3

That would look for 17, dissappearance

v, -m> Vv,



l.e.

Normal hierarchy

15
13
1 — %
1 — ¥




Normal hierarchy: MINSIS and MFV

If we explore a wider range of parameters

o
88 -
53 -
_|
2 72 2 1
Y2 v2/M2 ] N
454
]
28 -
3
i - 00
E:|I""'|""I' T e r el DjD.Dg
0 1 2 3 4 5 B e13

a

We find that there are regions where an experiment as MINSIS
would improve the present bounds on our Model



MINSIS could also improve by two orders
of magnitude the search for light steriles
coupled to the heavier families

... but this is another story



"Why not” NSIs

(Non-Seesaw NSIs)



i.e., purely matter NSI?

Extra effects in matter propagation

L Ns1 X — 6&,3(17 “vPLv 3 )( _'7/?()

0 , 1+ell €, €

_ Amy, T m m m
Hr=U —Sp : U +V €re  €uu €ur
A, em e em

V x N.



i.e., purely matter NSI?

Extra effects in matter propagation

) ( (-« _
gNSI X = GQII'B(I/QAIHP PI— 1/3) (q YM q)

o 1+el €, eh

_ mx ] m m m
%F — U SE , U + V G,LLe GILL,LL 6#7_
S €7e  €ru Err

V x N.



BOUNDS

*Absolute maxima:

4.2 033 3.0
. _ from v scattering
= < | 0.33 0.068 0.33 in NuTev

and in CHARM II
3.0 033 21

C. Biggio, M. Blennow, E. Fdez-Mtnez, 0907.0097



BOUNDS

*Absolute maxima:

4.2 033 3.0
from v scattering

€a3| < 0.33 0.068 @ in NuTev
| and in CHARM II
3.0 (0.3 21

C. Biggio, M. Blennow, E. Fdez-Mtnez, 0907.0097

*Also from atmospheric data, unless cancellations among epsilons:

£ < 5107
Fornengo, Maltoni, Tomas-Bayo, Valle,hep-ph 0108043



Potential Trouble:

-------------------------- >Dangerous four
charged lepton
couplings



Potential Trouble:

-------------------------- >Dangerous four
charged lepton
couplings



A >V

The new physics has to CONTAIN the SM

——

The new couplings MUST have a
SU(3)xSU(2) xU(1) gauge invariant
formulation



o Gauge invariance (SU(3) x SU(2) x U(1))

1 - - 1 7€ T
3 (7 Pt (Eyeer) = 45 (L L) (LevpLe)

Trouble, for instance . — eee




Systematical analysis

Two possibilities

A) There could be NO lepton charged processes involved
Ex: Ford =6

(Davidson, Kuypers) (I:CiTzL)(ZiTzLC) - (V-; er)(Vuer)

Ex: Ford =8

Opey = (LHY*(HTL)(En,E) — VA (7 AHv) (Eve)

(Berezhiani, Rossi)



Systematical analysis

Two possibilities

A) There could be NO lepton charged processes involved
Ex: Ford =6

(Davidson, Kuypers) (I-CiTzL)(ZiTzLC) — (v ; er)(Vuer)
But it also produces t --> u v v, !

. And --> e V.V
Ex: Ford =8 w Ve )
£, < 310

ONSI = (ZH)’Y#(HTL)(E’}’“E) — VQ(Z—/T ,Y/J,V/.L)(éL,Yue) Fdez-Martinez

(Berezhiani, Rossi)



Systematical analysis

Two possibilities
B) In general, "fine tune” some of them to obtain desired
suppression
Ex:

C3
A2

ct - - N
Leg = E(Le’YpL“)(Le’YpLM) + (Le’YpTLu)(Le’}’pTLM)
We can avoid charged lepton interactions (& v*Ppu)(€v,PLe)
if

cl4+c3~0

ALL cancellation conditions examined

(Antusch, Baunman, Fdez-Martinez; D. Hernandez, Ota, Winter + MBG )



Finally, gauge invariance implies:
*From d=6 ops.: €,r<3 102

Or you avoid alltogether d=6 ops.
combining d=8 ones with a very strong
-unbelievable- fine-tuning ! (check

cancellantions in our table if you have the stomach for it)



TREE-LEVEL MEDIATOR DECOMPQOSITION

Would give even stronger bounds...



Constraints are then stronger and odds even worse:

We can open the d = 6 vertex (remember Fermi, Weinberg?)

Ex: For instance, take the (L<i72L)(LiT?L®) Davidson+Kuypers

singlet scalar, ¥ = —1



BUT... you might run into troubles

CORRELATED
BOUNDS!

SEVERELY CONSTRAINED: S. Antusch, J. P. Baumann, E. Fdez-Mtnez; 0807.1003
F. Cuypers, S. Davidson; hep-ph/ 9609487



Moreover...

- GF(€up)

€,;<2107

Davidson+Kuypers..... Antusch,Baumann, Fdez.-Martinezz

*This S is disconnected from the seesaw
mechanism... although connected to

- { radiatively generated masses -Zee model-

d=6 NSI are very very constrained.



Bottom line: d = 6 doesn’'t look promising

Maybe things get better at d =8

Is it possible to generate d = 8 and NO d = 6 operators??

Several possibilities

N/ N T/ \1/|/
/TN / N/  \

(Antusch, Baunman, Fdez-Martinez; D. Hernandez, Ota, Winter + MBG )




Bottom line: d = 6 doesn't look promising

Maybe things get better at d = 8

Is it possible to generate d = 8 and NO d = 6 operators??

\

Several possibilities

/

[ N/ N
NN T

Require at least 2 new fields ( and unrelated to seesaw)

(Antusch, Baunman, Fdez-Martinez; D. Hernandez, Ota, Winter + MBG )




Bottom line: d = 6 doesn't look promising

Maybe things get better at d = 8

Is it possible to generate d = 8 and NO d = 6 operators??

Several possibilities

\_ | / \Y/ \ |\ [/
/TN VAR

TERRIBLY COMPLICATED

(Antusch, Baunman, Fdez-Martinez; D. Hernandez, Ota, Winter + MBG )




Complete list of d=8 operators and their mediators

» Dim. eight operator Clew ey Owst? Modistoes
Combination LL

1 AL E~ E) HTH) 1 14

2 (ALY ER (2 )HE) 1 15+2°5,

3 (I LY EHT ) () (H°E) 1 13+200

4 (I rL)( En E)(H' 7H) 1 3412

5 (L P L) EHY) (5, 7)(HE) 1 ag 424k

6 (I FLNEH ) (T HE) 1 y+240
Combination KL

7 (LEYEL(H'H) 1/2

- (LENNIELM M LA LFL)

9 (LEYHENEL) 1/4 -1/4

10 P ) K12 ST - -

n (Lir H*)(HT E)i=)(EL) 14 -1/4 R e
12 (LA H W HT E)ir* 7} EL) I N4 2, + 35 250,
Combination E°L

12 (I E7) (B, L) (H' 1) 1 2

14 (L E7) (1) (EFy, L) 1\ 7 H) 1 2y

13 {(LH) (@) (3 B Ey, L) 12 -2 7 Tan + 1§ + 200,
16 (LFHY P ) H B THE L) -3/2 12 .+ 3+ 200
17 (LR H W HT B KB L) =12 12 TR W
18 (LA H KW HT BV P E L) —3/2 -1/ 2, + 35"+ 207,
Combination H'L

19 (LE)EH)H'L) -1/4 =14 Vv 20+ 10 +2
» (LENANEHWH'FL) -3/4  1/4 2+ 20
2 (LH) () (H LY E,E) /2 12 v 1L+ 18

n (L7H) () (H'FL)(Er,E) 32 -2 1L+ 3"

z (I E)EEH ) (ML) /2 -2 v 2, b 12+ 205
24 (LA BT ) (ML) a2z 2 Ty, + 87" 4 200
Combination H L

= (LEYim* WEH ) HT=2L) /4 =174 2+ 15 25
% (LE)APKEH ) HT77L) 34 14 2,30+ 2‘-‘;3,
7 (L H) (v ) HT i L) B, E) 1z 32 1% 415

25 (L H) () HT i LY (B, B) a2 -2 13 + 3%

29 (IACE)(ir W EEH oy M H i L) 12 1/2 2, + 10 20
3 (IAENATNEH KWK H PR 32 12 2,,+3 + 2

Table 3: Complte lit of LLEE-type 4 = 8 Interoctions which Involve two SM fields ot any possitle
vertex of iteraction (field bilinsars within beackets). The columas show an ordinal for cach operator, the
4 = 8 Interaction, the correspondag combization of iteractions In the BI basls, whether Chag; s satisfiod
and the necossary medistors, respectively.  Those modators leodag as well to d < & operators In Tatle
2 wre In toldisce. The superscript L/ N indicotes massive vector fermbons. The favor siructere s to be
understood s £/ L, E°E, .

D. Hernandez,

Ota, Winter + MBG



— 1_ — 8
(LH)(H'E)(EL) ~1/4 -1/4 v 2, + 1§+ 2i/1’}2>




MINOS: neutrino/antineutrino difference (?)
in v, disappearance ??



Could MINOS effect, if ever it becomes a
signal (which is NOT), be NSI?

eCertainly not NSI related to non-unitarity (ie. Seesaw related),

(<25-10° <3.6-10° <8.0-.107"
\a\m <3.6-107° <25-10° <5.0-10°
(<8007 <50-10° <25:107

*What about a Why Not” NSI, i.e. purely matter NSI?
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They
claim SMT =

-(0.12 £ 0.21), Am3, = 2.567 727 x 1072 eV?
sin? 2623 = 0.90 % 0.05

To be compared with the bounds:

C. Biggio, M. Blennow, E. Fdez-Mtnez, 0907.0097




They
claim SMT =

-(0.12 £ 0.21), Am3, = 2.567 727 x 1072 eV?
sin? 2623 = 0.90 % 0.05

To be compared with the bounds:

C. Biggio, M. Blennow, E. Fdez-Mtnez, 0907.0097

Plausible? NO! : gauge invariance -> €r < 3 102 from d=6,
or d=8 ops. with ad hoc cancellat.



This morning: Kopp, Machado,Parke
arxiv0076s4  “Could it be g, matter NSI?”

* It is a similar analysis, but taking into account both SWJ and €.
and performing a simulation of MINOS event spectrum:
They —  —  0.41 095 sin?fy3 = 0.38
claim 2 —3 2
€rr = —2.12 AmZ, = +2.83 x 1073 eV
(Signs can be changed, eightfold degeneracy)

* Discovery at NOVA in less than one nominal year

* They acknowledge that gauge invariance disfavours d=6 ops.,
and d=8 ops. unlikely:



This morning: Kopp, Machado,Parke

arxiv0076s4  “Could it be g, matter NSI?”

* It is a similar analysis, but taking into account both EMT and €.

and performing a simulation of MINOS event spectrum:

They
claim

0.41 95w sin? fs.3 = 0.38

—2.12 Am3, = +2.83 x 1073 eV?
(Signs can be changed, eightfold degeneracy)

* Discovery at NOVA in less than one nominal year

* They acknowledge that gauge invariance disfavours d=6 ops.,
and d=8 ops. unlikely:

breaking 4-fermion couplings can arise. However, dimension 8 operators of this type are typically
accompanied by phenomenologically problematic dimension 6 operators unless the coefficients of
different operators obey certain cancellation conditions [32]. Thus, if the MINOS results were
indeed caused by NSI, this would point to a rather non-trivial model of new physics.
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* It is a similar analysis, but taking into account both EMT and €.

and performing a simulation of MINOS event spectrum:

They
claim

0.41 95w sin? fs.3 = 0.38

—2.12 Am3, = +2.83 x 1073 eV?
(Signs can be changed, eightfold degeneracy)

* Discovery at NOVA in less than one nominal year

* They acknowledge that gauge invariance disfavours d=6 ops.,
and d=8 ops. unlikely:

breaking 4-fermion couplings can arise. However, dimension 8 operators of this type are typically
accompanied by phenomenologically problematic dimension 6 operators unless the coefficients of
different operators obey certain cancellation conditions [32]. Thus, if the MINOS results were
indeed caused by NSI, this would point to & UNBELIEVABLE MODEL OF NEW PHYSICS



My conclusion:

av,/vdifference in MINOS

based on matter v, <--> v, NSI (A > V)

is terribly unlikely

because of gauge invariance






More promising ? :
What about steriles lighter than the

electroweak scale, with matter effects,
for the MINOS “would-be” effect?

Steriles lighter than My, evade non-unitarity
bounds and some of the pure matter NSI bounds

Ie. Ann Nelson and collab.; light steriles, gauged B-L

{sterile V\sterile

N\
N\

Engelhardt, Nelson and Walsh, arXiv:1002.4452



All this underlies the importance
of searching for V, <>V, transitions

in general (i.e. at near detectors)



And light steriles for the new MiniBoone data?

eInteresting: Same L/E than LSND, but different L and E
--> different backgrounds

CP in vacuum?:CP does not depend on L/E if matter effects
negligible, but differs for neutrinos and antineutrinos

seems difficult (arXiv:0906.1997 and arXiv:0705.0107) but.. ?



And light

eInterest;

atter effects
tineutrinos

CP1

.0107) but.. ?



And light

eInterest;
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Conclusions

Neutrino masses and mixings have added a precious
piece to the flavour puzzie
Hopefully we will get to the physics behind it...

..... if new scale under # TeV



Conclusions

Neutrino masses and mixings have added a precious
piece to the flavour puzzie
Hopefully we will get to the physics behind it...

..... if new scale under # TeV
eScalar seesaws and extended fermionic seesaws respect Minimal
Flavour Violation

*SM + 2 heavy neutrinos, with approximate U(1),y is very
successful: almost fully determined by light masses and mixings

Non-unitary mixing is a NSI characteristic of fermionic seesaws.
Keep improving bounds!

Pure matter-NSI severely constrained by gauge invariance;
unlikely explanation of the (non-existing) MINOS V/V signal.

But keep tracking v, -v. and v, -v couplings

u 't u  'sterile



Back-up slides



YES! These effects ARE non-standard neutrino interactions

Matter

Standard scenario
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YES! These effects ARE non-standard neutrino interactions...

\ \Q‘Z d
\
u
Matter T
Non-Unitary Mixing Matrix

...affecting simultneously production, propagation and detection.

These NSI are a generic signature
of fermionic Seesaws



=% New CP-violation signals
even in the two-family approximation

E. Fdez-Martinez, J.Lopez, O. Yasuda, M.B.G.

i.e. P (vu--->vi) P (Vu--->Wq)

= Increased sensitivity to the moduli |N |
in future Neutrino Factories



Can we measure the phases of N ?

E. Fdez-Martinez, J.Lopez, O. Yasuda, M.B.G.

. . — _v2 ~d=6
If we parametrize N = (1 + €) U, With c X C
Am’L\
m
P, =2€_; -isin(20)sin
/aﬁ‘ B . ( B )
Am’L

<2Im(€ sin(260)sin

CP violating Zero dist.
interference effect



Measuring non-unitary phases

180

135+

90 |

45|

1
S

Sensitivity to _45|

€ |\_90._

—135¢

Ot

—180

For non-trivial 0

- o
kT T S,

T N S e e e o

_ Present bound
fromt = uy

Sensitivity to

"

10~ 1073

ut

one order of magnitude improvement for |N |



In PW there is no sin@13 or A12 suppression:

P, - P, =-4Im(e , )sin(20,;)sin

180
90 ¢
The CP phase 5#?
can be measured 6m 0l
—90 |
~180

At a Neutrino Factory of 50 GeV with L = 130 Km

Am>, L
2F

(L

0

0.002

0.004 e 3.006 0.008
€ e

0.01



‘ Good prospect for v,-v, channel at near
detector -O(100 km)

* Recently: Goswami+ Ota; Altarelli+Meloni, Tang+Winter at nufact

*Also today!
Antusch et al.--> impact of e-tau non-unitary
contribution to the golden channel in
standard nufact setup, detector at ~ 1000 km



Fermion-triplet seesaws:

similar - although richer! - analysis
Z+
g
For M=TeV —|Y]| <107

7\

gauge coupling

(Abada et al. 07))



= For the Triplet-fermion Seesaws (type III):

2 1 1 310 <11-10°% <1.2-10°%
C o Vilas S| <11:10°  4.10°%  <12-10°

<12:-10°% <12-10% 4.10°

(Abada et al 07)



Scalar triplet seesaw  Bounds on ¢
Process Constraint on | Bound (x (2 )?)
My, Va |2 < 7.3 x 102
p- —ete e YA YA <1.2x10-°
T —eTe e VA || YA < 1.3 x 1072
T >t uT YA | YAl <1.2x102
T — pute e Yaru||Yace <9.3x 1073
TT — et uT T YarellYa,, < 1.0x 1072
T — uTpTe” YaullYa e < 1.8 x 1072
T —ete pu Yare||Ya e < 1.7 x 1072
n — ey Zz_c,u,TY;\.lT#YAcz < 4.7x 1073
T — ey e YA) YA < 1.05
T — py Z,_C:,#,,_YAZTYAM < 84 x 101




Scalar triplet seesaw

Combined bounds on cd=6

Combined bounds

Process Yukawa Bound ( X (ltl";\)ll)
B — €Y YALMYAM T YL\:—HYL\TG <4.7x107°
T — ey YAl Yare < 105

T — Ly YAl YA, <84 x 1071




Obervable non-standard interactions from

Y_AI_YA/I\/I2 (ia ng) (EY Lg) in scalar triplet seesaw ???

Barely SO | (Malisnky Ohlsson and Zhang 08):

--- Require Yukawa couplings are almost diagonal--> G[egenerate neutrino spectrum

--- Not excluded are

u --> € vg Vi - Wrong sign muons at near detector



No v masses inthe SM
because the SM accidentally preserves B-L

i.e. Adding singlet neutrino fields Ny

e right-handed Ny * Y H L Ngthe. — mgv, Ngthe.

Would require Yn~10-1211l Why vs are so light???
Why Ny does not acquire large Majorana mass?

8L ~ M (NRNR) OK with gauge

invariance

H~ - H

N\ 7/

Y

Seesaw model

¥

\ NR 7 /

o4 > < \

M x Which allows Y ~1 --> M~Mg 4

L L



N elements from oscillations & decays

MUV

without unitarity
OSCILLATIONS
+DECAYS

30

with unitarity
OSCILLATIONS

IN] =

U =

C 75-.89

19 - .55

| 13- .56

45 - .65

42 - .74

.36 -.75

\
<.20

57 - .82

54 -82 )

Antusch, Biggio, Fernandez-Martinez,
Lopez-Pavon, M.B.G. 06

" 79 - 88
19 - 52

.20 - .53
N—

47 - .61
42 -.73

44 - 74

™

<.20
.58 - .82

b6 - .81
_

M. C. Gonzalez Garcia hep-ph/0410030



