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Majorana M,

If Lepton Number is Violated:

Weinberg, 1979

(Mv)ag = 7ot (LaH)(LgH)

v VL
Many realizations:

(i) Seesaw mechanism: Type-l, Type-ll,
Type-lll, Inverse seesaw, etc ...

(i) Radiative models: Zee, Babu, LQs ...

(i) SUSY neutrino masses: R-parity violation

(v) - --
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Non-supersymmetric

"Low-scale” seesaw
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ﬁ ‘Classical” Seesaw

In The basis (v, vr) write mass maftrix:

,/\/l o 0 mp
’ mp MM
If mp < My
2
m
my jo = (_M—ZaMM)

= For 3 vr 21 parameters

= At low energy 12 parameters measurable:

3my,, 3 my,. 3 angles & 3 phases

Minkowski, 1977
Yanagida, 1979

Gell-Mann, Ramond & Slansky, 1979
Mohapatra & Senjanovic, 1980

() ()
0 i
/ ” \

Santamaria, 1993
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Seesaw type-l and LHC

Diagrams for Nr production at LHC:

del Aguila et al., 2008:
> [Ven,|? <0.0030
> IVun; |? < 0.0032
> 1Ven, 1?2 <0.0062

o X |Vl‘]1\,\
From Ov B3 decay:
2 1 -8 —1

> |V6Ni i | <5 x107° GeV
del Aguila &
Aguilar-Saavedra, 2009:
o(LHC) <180 fo~1! for my = 100 GeV
2

oo Vil Han & Zhang, 2006:

Zi |V,uN1- |2 <1074 (1079)
formy = 100 GeV (my = 50 GeV)
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Seesaw-l, LHC and M,,

Estimate Yukawas:

s ~ mI;J](;fM - O(l)(().(f)n;l/e\/)l/Q(1()1];4]\(56\»1/2
~ o0 () (Fa)

= Recall:

Vs =10 (14) TeV @ LHC

EW cross sections @ LHC: ¢(W — lv) = 15 nb
Estimate: o(W — IN) < o(W — lv) x |[V;n|?
Luminosity: £ = 10 fb—1 per year (planned)

— less than 10— events/year for h, ~ 1076

Possible exception: Inverse Seesaw Mohapatra & Valle, 1986
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ﬁ Seesaw: Type ll

Y=2 Scalar triplet: A = (AT, AT, AY)

Schechter & Valle, 1980, 1982
Cheng & Li, 1980

my 0 Mohapatra, Senjanovic, 1981
M, =
0 O (Y o
_IT\ /+
with: S
mar =~ YV (AY) ' A
Example:
SU(5) with 15: o (h9)?
(A7) ~
mis

= With 2 triplets (SUSY) 15 parameters
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Seesaw-Il and LHC

Production at LHC through gauge bosons:

qq — Z /v — ATTA——

qq — Z/"y — AiA:F

0@ — W — ATEAT Gunion et al., 1996
ma < 925 GeV

del Aguila & Aguilar-Saavedra, 2009: with £ =100 fo—!

102\\ T L T rryrr [ rrrrrrr [ rrrr oot

Garayoa & Schwetz, 2008

Test neutrino mass
hierarchy from:
Br(A++ — 1)

10766500300 400 500600 700 800 600" 1000
M, (GeV) many others ...
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* Seesaw: Type-lll

As in seesaw type-l. Replace vy by T = (X1, %9, 37).
In The basis (v, >) write mass matrix;

M, = 0 mp | R. Foot et al., 1988
mp  Ms, E. Ma, 1998
(H) (H)
If mp < Ms, + k
\
m2D \ 520 ,'

my /o = (_EaME) /‘ >< \

= For 3 X 21 parameters
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Seesaw-Ill and LHC

As in type-ll: Production at LHC through gauge bosons, estimate:

Up fo (roughly) myx, ~ 1 TeV

Franceschini et al., 2008

10? — Ny—-vh, N> "h
It — NyoZv, N - Zt*
E Displaced vertex!
= 10! — Ny W, N* > Wy
£
f—
- - ]Vi e ]\]07'(i
1072
- - ]\7i - NofiV
107

= For 3 generations of X no correlation of decays of ¥
with neutrino angles
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L11.

Radiative neutrino mass models

Only two examples!
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% Babu model

Cheng & Li, 1980; Zee, 1985; Babu, 1988:

L= fos(L gCLBL)erh+ + hl5(elrCesr)k™™ + h.c.

Scalar sector:
L=—phThTk™" +h.c.

M, = (e 2R 2 x T= | 1Y

Babu & Macesanu, 2002 :
m,.++ Up to 800 GeV with 100 fo—1 at LHC

Avristizabal & Hirsch, 2006:

Decay branching ratios of new scalars fixed by neutrino angles

WIN-09, 15/09/2009 - p.14/32



Leptoquarks

Hypothetical particles coupling to lepton-quark pairs:

Lro-i—q =+ dpy zsj/2+>\g“ gPrimse SEf, + -+

S1/2

Buchmuller et al., 1987

LQ-Higgs interaction mixies different LQ states: Hirsch et al. 1996

V = Yé ) (H27251/2> (S;r/2 ) + .-
Aristizabal et al. 2008

£ 10 |

SQQ 5 <H>
*LLO ;

- !
> X. S
=2 09

~

Q

01:*

03 05 1 3
tan2 023
Uptomprg < (1.2 —-1.5) TeV @ LHC Kramer et al., 2005
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IAZ

supersymmetric neutrino masses
R-parity violation

bilinear R,, spontaneous R,. urSSM
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supersymmetric M,

R-parity violation as origin

of neutrino Mmass:

(H) (H)

+ +

\ /
~0 /
\ X /
\

Tree-Level

wedak-scale Seesaw

AN
vy, vy,

+ 1-Loop

radiative

Aulakh & Mohapatra, 1982

Hall & Suzuki, 1984
Ross & Valle, 1985

Neutrino mass
calculations
after Super-K:
Drees et al., 1998

Chun et al., 1999

Hirsch et al., 2000, 2002

= Easy to fit neutrino data, but no prediction for angles in general

... As in seesaw!
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ﬁ LHC and R,

With R-parity violated LSP decays, thus ...
... any superpartner can be the LSP!

= Neufralino Phenomenology

, depends on which is LSP
= C NaArgino detailed studies so far only
— Gluino x} and charged scalar
= Charged scalar

See, however:
= Scalar neutrino Hirsch & Porod 2003

= Scalar quark
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Neuftralino decay length

All Points with correct Ama,,, and Amg:

R |
o e ? Porod et al., 2001
- Yo
gﬂ 100 3 >
L Displaced vertex!
=
S10 L No known SM
&
- background!
1t
0.1
0.01 ¢
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i LHC reach

de Campos et al., 2008

o [T rrTrTpTTTT T T T T T [rrrryrrrrpTrTTT
% displaced vertex search
o 100" m .
1200 10 6™ % -
—
c J
1000 EEEEEEEEEEEEER —

Displaced vertex
EEEEEEEEEEEEEEEEERE

- seqarch

800 IHEHHHHHHHEEHHHI_
HHHHHHHHHHEHHHHEB \/5:14]-6\/,
600 Hﬂﬂﬂﬂﬂﬂﬂﬂddﬂﬂﬂdﬂhﬂﬂ L:IOGnd 100fb—1

HHHHHHHHHHHHHHHHHHHE
400 HHHHHHHHHHHHHHHHHHHE
ﬂlllﬂﬂlﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂi‘r

250 500 750 1000 1250 1500 1750 2000

m, (GeV)
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BR(x — 1q'q)/BR(x — 74'q)

10 ¢

i Neutralino decay and 0,

Ratio of
bbranching
ratios
predicted
from
atmospheric
neutrino
measurement

Porod et al., 2001
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Spontaneous R,

7: fooAl AL A ’I, . i AN AN AN
W = hi1QU;H, + h'?Q;D;H;+ h"?L,E;H,
+hILipSH, — hoHaH,® + h7OD¢S,
= Explains absence for trilinear terms
= If scalar singlet getfs vacuum expectation
value: € = hi{v°) Aulakh & Mohapatra, 1982
= Spontaneous breaking of lepton number, Ross & Valle 1985
Goldstone boson: Majoron Masiero & Valle 1990
= & potentially solves p-problem & la NMSSM
Changes Pheno from explicit model due to:
= Possibly invisible Higgs (h® — JJ) Hirsch et al., 2004, 2009

= xY — Jv
= u — eJ anticorrelates with x{ — Jv
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% The v SSM

W = h?Q,U;H, + hQ:D;Hy;+ h)L;E;H,

—I—hZVJL@/V\]C u )\HdH +liZ]k/V\Zc/V\;/V\g

As Next-to MSSM, but: Lopez-Fogliani & Munoz, 2006

Escudero et al., 2008
Ghosh & Roy, 2009
Bartl et al., 2009

= & identified as same field as v¢

= violates L explicitly

= violates R, explicitly

= for heavy singlets approaches explicit bilinear model
= For one v¢: m, = Tree + Loop

= More than one v° all m,, atf free-level
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Distinguish R, models?

Bartl et al., 2009

Displaced vertex Comment Br(invisible) | Higgs decays
o-R, Yes Visible <10 % standard
s-Rp Yes/No anti-correlates any non-standard
(short) with invisible (invisible)
urSSM Yes/No anfi-correlates with <10% non-standard
(long) non-standard

Note:;
= All models approach explicit R, if new singleft fields “heavy”

= Correlation with neutrino angles lost if trilinear R, sizeable
... unless myo > my + displaced vertex allows M0 reconstruction
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V.

supersymmetric Seesaw

(Indirect signals for seesaw)
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Can we extrapolate from LHC to Mgyr?
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mSugra and RGEs

mSugra defined by:
mo, My /9. Ao, tg, SgN()

= No LFV in pure mSugra

Add Seesaw type-I: Borzumati & Masiero, 1986

1
(AM[%)’LJ ~ _—2f(m07 AO) )(YVTLYV)ZJ
8

Note: L; = log[Mg/MRi].

Or Seesaw type-ll: Rossi, 2002

1
(AM3)ij ~ —S?Q(mOaAli/Q? (YY) log(Me /Mr)

(AMZ)ij =0

= Learn about My or My from (AM2);;
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Numerical results: SPhenod

Example: Seesaw-|, SPS3
Calculated assuming: (i) Degenerate N¢, (i) TBM angles, (iii) best fit Am3 and

Am%, (iv) my,, = 0:

~. 10°
m 107
1107 |
C/_ 10-11 .
CE. 10712 1
=108 &
——10% = 1
T_lo-ls :
= 10"
0 017 |

10" | ; : |

10" & ? For ; 5

102 A el | | | |
10-21

M, (GeV)

= Ratios constant as function of seesaw scale!
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Numerical resulfs: LHC

Seesaw-|: Left: SPS1a’ Right: SPS3

[N

[N

= =
3 ) —Br(Ef ex) 3 . —Br(E - ex)
ETL 107 = BRE S0 Y) 5 107 BT S EY) /
@ 102 o 102 /
o 10° FMuF0eV o 10° FMvF0eV
1 1
B 10¢ Excluded by B 04 Excluded by
0 o
10° // Br(n - ey) 10° / / Br(u - ey)
10-6 eebebbdbg TR Lod 10—6 eebdg by AN AR 4
10" 104 10% 108 104 10" 10" 10" 10t 10% 10" 104 10 10"
M, (GeV) M, (GeV)
M ’ H [
Seesaw-l: Left: SPS1a Right: SPS3
1+ 1
Sy S
< 107" ¢ - 10
= Br( 7, - = Br(%, - xje)
T 1024 T 1072
& 10-3 : Br(1; - Non 10°3 Br( 7y = 14 /
& . . 6. .
- 1077 ¢ - 10
£ 10° ¢ < 10°°
T 101 / T 108 / /
o~ o~
=107+ / = 107 / ,/
@ / e, @ //
102 10" 0% 10% 10'° 10t 102 108 10" 10" 10%
Mis = M1[GeV] Mis = M1[GeV]

= LHC can see LFV (if SPS3-like ...) Hirsch et al. 2008
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Vi & The seesaw-Il scale

RGEs allow to calculate low-scale SUSY masses. Example:

2 0.5M Blair, Porod
myp = mo + / 2 & Zerwas, 2003

2
mp = mO + 0. 15]\41/2 Buckley &
M , 2006

M ~ 0.45M, HreyAme
Form “invariants”:
2 ~
(m% —m )/M1 1.7 Idea!

= To first approximation no dependence on my and M ;
= Departure from msugra expecation contains info on
high energy physics!
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SOft masses and seesaw-

Four examples of “invariants” as function of M5 = My

ey S ,
= & . Analytic
B2 1-loop
| IE \\ leading-log
~tR e . .
SN~ G W 5 approximation
SERE RN
= £ -
- - s N
AN — O ~N
5 5 \\§ Q‘.~~
/T\ /T\ \.\\-§~-.~ - '
“Em “Em 2 \\ N o= === Hirsch et al., 2008
| I \‘h ...... i
-
N ol 1 ‘\j —_—— —
= £ 1.5
‘_\‘Té [ R [ R [ R [ R [ R [ R

1

1011 1012 1013 1014 1015 1016
M15 = MT [GeV]

= Consistent departures frorn mSugra point to M
= Dependence on M7 only log(Mr)
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i Conclusions

17T.

Seesaw-I: (most probably) hopeless
Seesaw-Il: LNV, up to ma ~ 1 TeV
Seesaw-lll:Displaced vertex, up to ms; ~ 1 TeV

“Low-scale” seesaw

777. Radiative neutrino mass models

LQs up to 1.5 TeV; k++ up to 800 GeV; ht /S (few) 100 GeV;
0, correlate with decay properties

V. Ry, Supersymmetric neutrino masses

LSP decays; x§ with displaced vertex up to M, 5 = 1TeV
0, correlate with decay properties

V. High-scale Seesaw and SUSY

LFV decays as indirect signals; precision measurements on masses for M, nv
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