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v masses beyond the SM

Favorite options: BSM theory at higher scale M

Heavy fields manifest in the low energy effective theory (SM)
via higher dimensional operators

Dimension 5 operator: 'L N )‘a/a’ " H
o M
/M (LLHH)- AV/M (vv) o
Ly . H

It’s unique — very special role of v masses:
lowest-order effect of higher energy physics

This mass term violates lepton number
— Majorana neutrinos

C. Biggio
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v masses beyond the SM

Tree-level realizations

4 YH Heavy fermion singlet N,
Ne 1 y (Type I See-Saw) Minkowski, Gell-Mann, Ramond,
N, { o Slansky, Yanagida, Glashow, Mohapatra, Senjanovic
v H
\- v H Heavy scalar triplet A
A Magg, Wetterich, Lazarides, Shafi, Mohapatra,
Ya)mmmmmmmmo " Senjanovic, Schecter, Valle
/* 1% H
s Heavy fermion triplet ¢
R J< M, Ma, Roy, Senjanovic, Hambye et al., ...
w ]
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A general statement...
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A general statement...

We have unitarity violation whenever we integrate out heavy fermions

It connects fermions with
opposite chirality — mass term

>

There’s a y*: it connects fermions
with the same chirality —
correction to the kinetic terms

The propagator of a scalar field does not contain y» —
if it generates neutrino mass, it cannot correct the kinetic term




Low-energy theory

After EWSB, in the flavour basis:
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Low-energy theory

After EWSB:

1o . .
L= 5 iV 0K gV =V M Vg +h.c.)+

- (W;l_ay “Pv_ + h.c.]

V2

M,; — diagonalized — unitary transformation

K,; = diagonalized and normalized — unitary transf. + rescaling

L= % iv.dv, -V imyv, )— % (W,Il_ay “BNV, )

N non-unitary



v masses beyond the SM

Tree-level realizations

Heavy fermion singlet N,  (Seesaw I)

— deviations from unitarity

Heavy scalar triplet A

u — no deviations from unitarity

Heavy fermion triplet ¢

— deviations from unitarity




Non-unitarity from see-saw

L = Lew+ i NrRgNR - Yo L H Nr- M Nk Nr

Integrate out N, [¥ = Lo, + i L= + LLd=6 + ...
YY/M (L L H H) YY/M?(L H) {H L)
d=5 operator d=6 operator

It gives mass to v it renormalises kinetic energy

Broncano, Gavela, Jenkins 02



v masses beyond the SM

Tree-level realizations

\ )
X. Heavy fermion singlet N,  (Seesaw I)
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v ~/ M — deviations from unitarity
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v masses beyond the SM

Tree-level realizations

? - Heavy fermion singlet N, (Seesaw )
Ny 1
Ny } o — deviations from unitarity
\ - Broncano, Gavela, Jenkins 02
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Bonnet,
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In short

e Unitarity violations arise in models for v masses with heavy fermions

- Worthwhile to analyze neutrino data relaxing the
hypothesis of unitarity of the mixing matrix

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



The general idea.........
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The general idea.........
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Vi(inimal) U(nitarity) V (iolation) :

L — g (w+7 g . +
L=ivgv.+vmy, —-——=W I y"P.N_v.+hc. Vvy*P.(N'N),v.+hc K.
\/5 ( u y L )_ COS HW Q‘u y L( )] j ).I-

with only 3 light v
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The effects of non-unitarity...

.. appear in the interactions

. - (V' N

vﬁlv (NN+) # 5

This affects weak decays...
r=ry, S|V, =1, (W), =Ty, 3|0 N)[
i ij

... and oscillation probabilities...



Zero-distance effect at near detectors:

2
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Zero-distance effect at near detectors:

2
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d
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Non-Unitary Mixing Matrix



oL\ Zero-distance effect at near detectors:
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N elements from oscillations: e-row

CHOOZ P(Ve %‘Z)E (Nel T+ ‘Nez‘z ) + ‘Ne3‘4 + 2(Nel‘2 + ‘Nez‘z D\ra‘z COS(Azs)

2

KamLAND: }S(‘Te %‘Z)E ‘Nelr + ‘N62‘4 + N3 " 2IN, Nez‘Z COS(Alz)

, 1

A, =Am;L/[2E
KamLAND+CHOOZ+K2K
08}

o 06

SNO: = 04!

Plv, =v, )=0.1N, | +09N | .

— all | N,|?determined % 02 04 06 08 1



N elements from oscillations:

Atmospheric + K2K: A,,=0

B, v, )= (W vl ol + 20, [ o IV cos

"~ UNITARITY

1. Degeneracy

2
‘NMI‘ +‘NM s

2 2
| <[V
% ‘Nul‘z’ ‘Nw‘z

cannot be disentangled
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02 04 06
|Np3 |2
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N elements from oscillations only

o ™
.76 - .89 45 - 66 < .36

without unitarity |N]| = Nul+|Nuwz2l5)/2= 0 57-0 85 57- 85
osciiiations 7| [N INzy 2= 057-085] 57

MUV

? ? ?

N ’ _

30
_ N
79-.89 .47 - 61 < .20
with unitarity lU| =| 19-52 42-73 58 - .82
OSCILLATIONS

| .20-53  44-74 56 - .81

M. C. Gonzalez Garcia hep-ph/0410030



Unitarity constraints on (NN") from:

* Near detectors...

* MINOS:  (NN'),, =1£0.05 « NOMAD: (NN1),.<0.09 (NN'),,<0.013
« BUGEY: (NN'),,=1+0.04 » KARMEN: (NN, <0.05

* Weak decays...

(VN ).

» Universality
e Wd - | re
Wdeays T L Jw),  tests = (),
X f;(N N ); « Rare leptons ‘(NN i)ﬂa’z

e InvisibleZ — ‘/(

NN')(N°),  decays 7 (awc] (NN),,



— Limits on NN

Global fit

(1.002+0.005
90%cl |[NN'|=| <7.2-10°
| <1.6-10°

<72-10°
1.003£0.005
<1.3-10°

<1.6-10° )
<13-10>
1.003+0.005 |

==p N is unitary at the % level



N elements from oscillations & decays

MUV

without unitarity
OSCILLATIONS
+DECAYS

30

with unitarity
OSCILLATIONS

IN] =

U] =

4 ™
75-.89 46 - .66 <20
19-55 41-73  57-.82

| 10-57 32-76 54-84

~

79-88  47- 61 < .20
19-52  42-73 58 - .82
20-53 44-74 56 - .81

N _/

M. C. Gonzalez Garcia hep-ph/0410030
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TESTS OF UNITARITY (90%CL)

ZERO-DISTANCE EFFECT
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In the future...

TESTS OF UNITARITY (90%CL)

ZERO-DISTANCE EFFECT
Rare leptons decays (present) Near detector at a v factory

» u—ey  |) NN, ['<72:107 ¢ VoV, |ZN N [’<2.3-10°

ei” "

?<2.9.10°

&l a @l a

e ey |Y. N,N;[<0.016 s VoV, |2 NN,

» 7—uy  |Y NN, [<0.013 * vV, |)N,N,[<26:10"



Can we measure the phases of N ?
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Can we measure the phases of N ?

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

If we parametrize N = (1+¢€)-U with [ = U puns

and / gee eu ger \
—| " .. . (Am’L
E= % Cw Euw P,z =|2¢,, —isin(20)sin
* * 4F
\8er EM‘L’ 8n / /
If L/E small
P, <sin*(20)sin’ Am’L 32 Im(e,; )sin(260)sin Am’L
“ AE “ 2E
SM CP violating Zero dist.

interference effect




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

i.e. P (vyu--->vi) P (Vu---> V1)

= Increased sensitivity to the moduli |N|



In Pm there is no sinH13 or A12 suppression:

Am. L
. . 23
P, - P =-4Im(g . )sin(20,;)sin —
180
90 |
The CP phase (SW
can be measured Sue O
—90 |
—~180 A ‘ L A
0 0.002 0.004 0.006 0.008 0.01

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



Mea

suring non-unitary phases

180

135

90 ¢

Sy

Sensitivity to  _45|

~135|

_ Present bound
fromt = uy

Sensitivity to

/ Oz

—-180

For non-trivial O

- -
------------------

10~4 103 1072 107!

€|

> One order of magnitude improvement for |N |



Our analysis will also apply to non-standard”
or exotic” neutrino interactions.

Grossman, Gonzalez-Garcia et al., Huber et al., Kitazawa et al., Davidson et al. Blennow et al...)

They add 4-fermion exotic operators to production
or detection
or propagation in matter

TAVAVAV)
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Our analysis will also apply to non-standard”
or exotic” neutrino interactions.

Grossman, Gonzalez-Garcia et al., Huber et al., Kitazawa et al., Davidson et al. Blennow et al...)

e WK

v Matter

.

Non-Unitary Mixing Matrix




*A non-unitary mixing matrix is characteristic of models of Vv mass
involving heavy fermions.

*Analyze neutrino data without assuming unitarity.
We developed a formalism for it and started the first analyses.

CP-asymmetry is a clean probe of the new phases.

e QOur results also apply to non-standard or exotic vV interactions.

 Non-unitary effects in simplest models are too small for nowadays
detection, but not in extensions/others: i.e., models with M~ TeV.

-> keep tracking them in the future.
They are excellent signals of new physics.
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Measuring unitarity deviations

The bounds on

NN'|=|(1+2)*| =[1+2¢]
Also apply to €

(<2510 <3.6-10° <8.0-107)
e|=|<3.6:10" <2.5-107° <5.0-107

< 8.0-10° <5.0-107° < 2.5-10-3/

The constraints on Eeu from u — e y are very strong

We will study the sensitivity to the CP violating terms
Eap and Eur in Po_and PW



Measuring unitarity deviations

In P,_ the CP violating term is supressed by

sin@,, or A,, appart from

180
The zero distance term
in |€,.|* dominates )
5cr 0 I
No sensitivity to the
CP phase O, _90 |
-180

2
£ _|sin Amys L
etr 2E
-
=B
0 0.002 0004 0006  0.008

€|

0.01



Number of events

d(I) (E)

P, (E,L)o,(E)e(E)

~ f dE
SM
| do, do, (NN* la
v produced and detected in CC dE dE
Op~04" (NN+ )zﬁ

o~ [dE q);M(E) (WN* ), Py (E.L)(NNT ), 03" (E)e (E)

g /
Exceptions:

V\ﬁaﬁ .
e measured flux

e |leptonic production mechanism
e detection via NC

* PL
€




(NN7) from decays: G-

e W decays w h L |
AN 1 B — §

N 7 'h .I > Info on
e Invisible Z | \/F[\FE (NN7) .

- . -
e Universality tests EE

\4

<

J
4 G- is measured in u-decay
F
M» Nui >Vi G2 5 .. _
W~ e 192n E‘ ‘ E‘N ‘ -|-" '|..|
N AN




CHOOZ

Direct search

NA

>

. —— Palo Verde (excluded)

g . -~ CHOOZ (excluded)
10

w— SK 90% CL (allowed) -

10 ] .

o

\:,0

 casill
10 —_— B
e s

At AmZ,, = 2.5x10-3 eV?,

sin?26,,< 0.15

lo MTEEW MY YUY YUY FYTRY FYTTH AT FRNUWE FTYYTY FWWWY
01 02 03 04 05 06 07 08 09 1
sin*20;3

allowed region



v masses beyond the SM

Other realizations

e radiative mechanisms: ex.) 1 loop:

Frigerio

e SUSY models with R-parity violation

 Models with large extra dimensions: i.e., vy are Kaluza-Klein replicas

. Y DV, Sl\/[ Dirac mass suppressed by (2nR)%?




Unitarity in the quark sector

Quarks are detected in the final state
— we can directly measure |V_, |

ex: |V, | from K° =»x-e* v, K0 d, d = vV, .*
§< < i
W+ /vﬁe
e+& Uel

— Y. |U,|? =1 if Uunitary

With 1V, we check unitarity conditions:
ex: |V, |2+ V. |2+]|V,,|2-1 =-0.0008+0.0011

— Measurements of V., elements relies on Upy,s Unitarity

e decays — only (NN’) and (N'N)

With leptons: e N elements — we need oscillations
e to study the unitarity of N: no assumptions on V,,



