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See-saw

With the degrees of freedom of the SM

V masses parametrized by Weinberg d = 5 effective operator

Od:5 i y"j LiHLjH S. Weinberg, PRL43 (1979)
1%

In the basis with diagonal charged leptons

1)2

% Upmnsmy “Upyns

@ VY describes the flavour structure

@ N signals the appearance of new physics

Only 3 ways of producing the Weinberg operator at tree-level®

@ by exchange of 3 types of heavy particles



See-saw

@ fermion singlet S = (1,1, 0) TYPE I SEESAW

Minkowski, PLB67 (1977)

Gell-Mann, Ramond, Slansky, Rev. Mod. Phys. 50 (1978)
Glashow, NATO Adv. Study Inst. Ser. B Phys. 59 (1979)
Yanagida, Prog. Theo. Phys. 64 (1980)

Mohapatra and G. Senjanovic, PRL44 (1980)

@ boson weak triplet A = (1, 3, 2) TYPE II SEESAW

Magg, Wetterich, PLB94 (1980)
Lazarides, Shafi and Wetterich, NPB181 (1981)
Mohapatra, Senjanovic, PRD23 (1981)

@ fermion weak triplet T = (1, 3, 0) TYPE III SEESAW

Foot, Lew, He, Joshi, Z.Phys.C44 (1989)



Testable See-saw

Neutrinoless double beta - probes the Weinberg operator

(however, also other NP contributions are possible) g:nmzcvliafm,
3 : PRD23 (1981
@I=5 _ i L L;H L
1% I yl/ A

Integrating out heavy mediators produces dim-6 operators -
suppressed by the same scale A\

Generically, GUT models predict A < Acur

o Difficult to probe the origin of the mass operator directly at
a collider

@ Tiny effects due to dim-6 operator contributions

d



Testable See-saw

A % del Aguila, Aguilar-Saavedra, Pittau, hep-ph/0703261
g TeV scale see-saw can be probed Franceschini, Hambye, Strumia, 0805.1613

. ; : del Aguila, Aguilar-Saavedra, 0808.2468
@ Direct production of mediators at the LHC  Arhrib et al, 0904.2390

Abada et al., 0707.4058
He & Oh, 0902.4082
Arhrib, Benbrik and Chen, 0903.1553

@ LFV effects at low energies

@ Light mediafors -> tiny Yukawa eigenvalues

@ Need other (gauge) couplings for efficient production

o Type Il or III

@ Large LFV effects typically require some fine-tuning buf are possible

@ Upmns non-unitary in type I, III Antusch et al. hep-ph/0607020

@ Charged LFV processes at tree level in type III



General parametrization of
"minimal” see-saw models

@ Consider type III (two triplets) and mixed I+III (singlet and triplet) scenarios

RS _U_2 y%y% & ygyfg’

v 2 mr mg

® The lightest neutrino is massless and there is only one physical Majorana phase
@ Ibarra-Ross parameterization applies (e.g. for inverted hierarchy):  Ibarra & Ross, hep-ph/0307051
vyl = /M (Uil v/ml cos z + Uy /m2 sin z)
vyl = /mg <—Ui1 V/mb sin z + Uja/m2 cos z)
@ The size of the Yukawa couplings determined by single complex parameter z
@ Increases exponentially with Im(z) (Re(z) becomes irrelevant as Im(z)>>1)
@ LFV effects can become visible due fo possible cancellations
@ The higher the seesaw scale, the more severe fine-tuning is needed

® Measuring lightest mediator decays constrains z, 03, phases o, @



Low-energy
phenomenology

Antusch et al. hep-ph/0607020

Diagonalization of the neutral and charged lepton mass matrices i e et

- ; : 2 C. Biggio, 0806.2558
@ produces mixing of chiral and vector-like fermions o e
. # b / Arhrib, Benbrik and Chen, 0903.1553
@ alters inferactions with W, Z (fi=(e,u,T,T°), fj=(v1,v2,v3,T°,S)) JFK. & Nemevsek, 0908.3451

Line =€ [ Afi+ (9 f W (LY P+ RY Pg)i; fi + h.c.)
+ Ci [iZ(L? P, + R Pr)i; f; + ci FiZ(L# Py + R Pr); f]

@ In minimal models all effects predicted and correlated in terms of (mr, ms, Im(z))

@ The most stringent bound fixes all other low-energy phenomenology for all lepton
families



Bounds

@ The strictest bound on the ueZ coupling is obtained by the u-e
conversion in a nucleus
i a7 X 107 2 O @TE S - SINDRUMJL

By &= R . " i PLB317 (1993);
i C(mv'/ caprurer  Brji<4.3x10712Q90% CL g, physT c47 (2006);

@ Tree-level Z exchange dominates
AT, VAT iy 3 Kitano, Koike & Okada, hep-ph/0203110
OL12| + [Ris|” < 10 ] JFK. & Nemevsek, 0908.3451

@ Im(z ) < 7.5(7.1) for one triplet and one singlet [normal
(inverted) hierarchy at ms=m7=100GeV]

o Im(z ) < 7.1(6.7) for two triplets
@ Mild dependence on 83 and the unknown phases ()

@ bounds obtained by varying in allowed ranges



Bounds

@ Comparison of bounds:

Process Bound on Im(z) (mr=100GeV)
H-e conv. </

v =22 SHERE 13 XX 1->3I’ <8
Tau *awiwliibu’i“ " 7 A F
au-e ar H bounds™ ’ Radiative LFV decays
[->1"Y S <10
are suppressec
T->hl | <11
Z s’ More consfrained at <12 Other observables
low energies than direct studied, found not
LFU W measurements <12 relevant (h->1I15 (g-2)U,...)

o Differences between normal/inverted hierarchy and III vs I+III
scenarios not crucial (in the minimal models)

@ Mild dependence on the Majorana phase (013, 0 irrelevant)

o Im(z) sensitivity logarithmic!

*Relevant for non-minimal models



Production and detection of
lightest triplet at colliders

g;g';‘bz 33;0“'-/ @ Searches for heavy charged fermions at LEP constrain mr > 100 GeV
@ In minimal models, triplet life-time bounded from above:

@ Tr < 0.5 mm (200GeV/mt)? (for NH; 5.6 times shorter in IH)

@ Possibly displaced (secondary) vertices, no charged tracks

@ Drell-Yan type production:

Tevatron N\ pp - TT (A®=1)
| 2_ 2
exT (N=lyil®)
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Production and detection of
lightest triplet at colliders

b g A | + + ik ; -
Ahrib ot o, @ Same-sign lepton pair signature: TOT* — ((CWFY(UEZ/R) — 0565 + 25wy + 252
e LHC Mass Reconstruction NO miSSing ET, invarianf mass

T*T° > 1*1* + 4 jets reconstruction possible (1+2])
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Other signatures can be
important l*I"+4], 2|*+1+2j, etc.

BR(V ) ’ 7 ‘2 Franceschini, Hambye, Strumia

: - 2 il €4 ot YR 0805.1613

@ Decays of lightest triplet: NBR, = RTeR . e aovedre
2. BR(Ver) D lyzl 0808.2468

Normalized branching ratios
versus Majorana phase for
NH (left) and IH (right) in
minimal models. Im(z) > 2

Normalized BR
Normalized BR

@ Discriminating power
between NH/IH

@ Sensitivity to Majorana
phase
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Beyond minimal I+III
see-saw models

® Adding another heavy fermion increases the number of free parameters

@ Strong correlations between different channels still remain:
ada il

LeZ,u oy Z yaeyaﬂ/m

Y Y { mz’/mjv-/ma} 004U U,
a=1i,j=1

@ sum is over all elements of the orthogonal matrix O, regardless of the
flavour

@ enlarging the TZ transitions by enhancing a single element of O will

generically affect the ue channel

@ Some (additional) fine-tuning (alignment) of phases needed to break
these correlations e



Beyond minimal I+III
see-saw models

® Adding extra triplets the overall scale of light neutrino masses is free

@ In degenerate scenario with my=eV experiments (pu-e conv.) are
already sensitive to values of Im(zi) < 4.

PRISM/PRIME exp.
C. Ankenbrandt et al.,
physics/0611124

SINDRUM bound

Can expect positive LFV
signals with natural values
of Yukawas in the next
generation of experiments!

J.FK. & Nemevsek,
0908.3451

1.5
Max[Im(z;)]

e Life-time limits of triplets relaxed (<10cm for T*, ~oo for T°) Franceschini, Hambye, Strumic,

@ Challenging detection at colliders!



Conclusions

@ TeV-scale I+III see-saw models can be probed using low-energy observables

o

and high-energy colliders
o presently best limits from p-e conversion in nuclei

@ in minimal models make most other bounds irrelevant for the
foreseeable future - positive observation would signal LFV beyond
minimal I+III See-saw

o still far from natural Yukawa values

@ non-minimal models could soon be probed in the interesting parameter
space region

Important interplay with direct detection at high-energy colliders
@ in minimal models possible to probe NH/IH, Majorana phase

@ non-minimal models could escape direct defection @ LHC






PMNS Matrix

& neutfrino paramefters

C12C13 512C13

i i0
—S812C23 — C12523513€ C12C23 — S12523513€

) )
812823 — C12C23513€ —C12523 — §12€23513€

diag(1,e'*,1)

c.f.
Schwetz, Tortola, Valle

Am2, [107%eV?] 6570 7.25-8.11
|Am2,| [1073eV?] 4070 2.18-2.64
sin? 01, 3047 0.27-0.35
sin? fys S0y 0.39-0.63

sin2 913 . < 0.040

7.05-8.34
2.07-2.75
0.25-0.37
0.36-0.67
< 0.056

523C13

C23C13



Neutrino masses from
experiments

1/2 1/2
a B decay: (Z V2| mf) = (6082 013(m? cos® 015 + m3 sin® f12) + m3 sin” 913>

B OVBB decay; Z V2 m;| = | cos® 013(m1 cos? O1a + mae® @ sin? 015) + mge®™” sin® 03]

& But: LR symmetry with low Wg, vg masses has a nonzero 0v23 decay

even with yp, m, — 0

c.f. Mohapatra,
Senjanovic,
PRD23 (1981)




Minimal See-saw

@ Present data require two massive neutrinos
@ in normal/inverse hierarchy

@ In type I/III can be accomplished using a
combination of two mediators of any type

@ neutfrino masses cannot be degenerate

@ atmospheric scale sets the largest mass



Minimal See-saw

@ Can be excluded by direct neutrino mass measurements

Feruglio, Strumia, Vissani
hep-ph/0201291

>
(D)
=
B
Ty
<
=

90% CL (1 dof)

1074 107° 1072 107!
lightest neutrino mass in eV

@ Can also be tested via direct production and decays of
mediators




Minimal See-saw

o Type III example:

@ For rank-3 v mass (R complex orthogonal 3 X 3) too many
unknowns:

i 2 3D . :
VYp=ama Z Uij\) mvRji(21, 22, 23) (for lightest mediator)
J
@ Z123 — 6 redl Casas & Ibarra, hep-ph/0103065

® neutrino mass — 1 real

o 03, 0, P12 from U (PMNS) — 4 real



Minimal See-saw

o Type III example: For rank-2 v mass Tarra & Ross, hep-ph/0307051
@ Normal hierarchy:
vy'i_f = /mr (Uig\/migcosz + Uﬁ,\/@Siﬂ z)
@ Inverted hierarchy:
vyl = \/mT (U,,;l\/mi}jcosz + Uja\/m?2 sin z)
@ U = PMNS matrix, z = arbitrary complex number

@ Measuring lightest mediator decays constrains z, O3,
phases 0, @



A minimal predictable
model

@ 1) < TeV mediator mass
@ 2) gauge quantum numbers (type III seesaw)
@ 3) decays mainly through yukawas

@ 4) light neutrino mass matrix of rank 2



A minimal predictable
model

@ Why is the minimal non-supersymmetric
Georgi-Glashow SU(5) ruled out?

@ Minimal: 244+51+3(10F+5¢F)
@ gauge couplings do not unify§
@ neutrinos (almost) massless

Ly = 105 YRI5 - = e et

o A > 100 Meur > 107GeV (perturbativity) m, =~ Y3— < 10 %eV



A minimal predictable
model

@ Add jUS'l' One €X'|'I"Cl FermiOniC 24F Bajc, Nemevsek, Senjanovic,

hep-ph/0703080
@ Under SU(3)c XSU(2)w XU(l)y decomposition
D 24F - + + (8/ 1)0 + (31 2)5/6 + (3/ 2)—5/6

@ Extra states (ms , mg , mz2) ) with respect to the
minimal model — RGE change

@ For Mgur 2 10> GeV (p decay) —

@ Mixed type I+III see-saw with rank 2 neutrino
mass matrix



Low-energy
phenomenology

In minimal models all effects predicted and correlated in terms of
(m7, ms, Im(z))

Charged fermion LFV Z couplings scale as ~e?™?@/myr
@ Maximal for smallest allowed mr = 100GeV
@ Required fine-tuning measured in ~e?m®

@ Yukawas considered natural for Im(z)<1

The most stringent bound fixes all other low-energy phenomenology
for all lepton families



General parametrization
of minimal see-saw models

@ Diagonalization of the neutral and charged lepton mass
matrices

BT O3x3 v y% % yfs*
] S -
M, = (U/\/i Yy 0 0 ) and M, = (’U y% mr 0

% yfzf mr J
vyg 0 mg

M, =U"M,U~, M, =U"TM,U°

@ produces mixing of chiral and vector-like fermions

o alters interactions with W, Z (fi=(e,u,T,T°), f;=(v1,v2,v3,T°,S))

Lint =€ [ Afi + (g W (LY Py + RY Pg)i; f; + h.c.)

+ Ci F.Z(LPPL + R Pr)i; f; + Ci Fi (L7 Py + R” Pr)y f]

w



LFV coupling matrices

W —k k %
LY — m UO /\/§+Uz Uﬂga Rz U—i— UB]?

¥}

Lsz o ( - 1/2) _*U_ - 62 U_*Uﬁ_]7 RZ — U+*U+ _C%UUB;*UB;,

w - at

L;JZ — _U»y°. /2, R;JZ — 0.

at oy

@ (Non-)unitarity relations g/ ¢: e e eop ste

Ly LY = (UG UL/ V2 + U US) (U USSR /Y2 + Uy USH)
=1/2U5Uj.,

= —1/2U *Ugj,




Results

| -> 3l

@ T -> 3 e gives the best tau-e bound™
T->hl

@ T -> 1P U gives the best tau-p bound™
Radiative LFV decays are suppressed!

Flavour conserving leptonic Z widths more constraining than LFV
ones

Charged current LFU more constrained at low energies than from
direct W measurements

Many other observables studied, found not relevant (h->Il’, (g-2),,...)

*Relevant for non-minimal models



Results

@ Comparison of bounds:

m7=100GeV, normal hierarch

T—he —

o Differences between normal/inverted hierarchy and III vs I+III
scenarios not crucial (in the minimal models)

@ Mild dependence on the Majorana phase (013, 0 irrelevant)

o Im(z) sensitivity logarithmic!



Conclusions

@ Future improvements:

PRISWPRIME exp. @ Planned HP-e nuclear conversion sensitivity of 107 or even
C. Ankenbrandt et al.,

physics/0611124 10718 on Brye

@ would constrain Im(z) to 4.1 (3.7) in case of the
minimal I+III model and to 3.7(3.4) for the minimal
type III

@ In non-minimal models Im(z;) < 1 could be probed

MEG Collab. @ Orders of magnitude better than projected MEG
Nuovo Cim.123B (2008) o 135 reih
sensitivity for p->ey (Im(z) < 9)

itano, Koike and Okada, @ Allows to distinguish type I and III contributions
hep-ph/0203110



