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In the context of the Standard Model:

La:<ya> , a=1,2,3
la I

The leading SM gauge invariant operator is at dim-5:

% (yLH)(yyLH) + h.c. =

Implication 1. Dim-5 operator indicates a new physics scale A

The See-saw spirit: El
If my, ~1 eV, then A ~ y2 (1014 GeV).

1014 GeV for y, ~ 1;
/\ = -6
100 GeV for yp, ~ 107 °.

*S. Weinberg, Phys. Rev. Lett. 1566 (1979).
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In the context of the Standard Model:

La:<ya> , a=1,2,3
la I

The leading SM gauge invariant operator is at dim-5:

% (yLH)(yyLH) + h.c. =

Implication 1. Dim-5 operator indicates a new physics scale A

The See-saw spirit: El
If my, ~1 eV, then A ~ y2 (1014 GeV).

1014 GeV for y, ~ 1;
/\ = -6
100 GeV for yp, ~ 107 °.

The See-saw implies the ‘synergy’!

*S. Weinberg, Phys. Rev. Lett. 1566 (1979).

fMinkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...
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Implication 2. Majorana neutrino = AL =2

These are the “most wanted” processes to

e Discover Majorana neutrinos
e Access the new mass scale

e Probe the lepton flavor structure y, ~ Uy,

Many theoretical models in SUSY, GUTSs, SM extensions

(see talks by Mu-Chun Chen, Kayser, Pati, Babu, Mohapatra, Shafi ...

We wiil stay in the minimal extension.
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See-saw Models |
Type I See-saw (with Np):

LaL:(Z?) L, a=1,2,3; Nyp b=1,2,3,..n> 2.
L

Npr's are “sterile”! No gauge interactions, only through mass mixing:

n>2

ZZ Uor, My, Nor + Z N My Nygr+ h.c.

a=1b=1 bbr=1

B O3x3 Dg VR
v, N°€ X
( b L> < DTVLz:?, M xn NR
All Majorana neutrinos:
34+n

VoL, — ZUmeL+ Z Vam mL?

3—|—n
NCSL — Z XameL+ Z Y NTCTLL7

D2
my R —o MmN A M, UU's~I1 (PMNS), VVIx

mny



The charged currents:

T 3
Loo = %WJ SN U, vt Pl + hee.

l=em=1

T 3+n
g e
+ ﬁwjy S Vi NEAMPLL A+ hee,
l=em/=4
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Still, it's possible for much lower see-saw scaleslﬂ, and sizable mixinglﬂ.

fTAndre de Gouvea (2005); André de Gouvea, Jenkins, Vasudevan (2006); ...
IM.C. Gonzalez-Garcia, J.W.F. Valle (1989); Z.Z.Xing et al (2008)...



The charged currents:

T 3
—Loc = %WJ SN UL, v PLL+ hee.

l=em=1

T 3+n
+ %WJ S S Vi, NCAHPLL+ hee.

l=em/=4

Still, it's possible for much lower see-saw scaleslﬂ, and sizable mixinglﬂ.

All Uy,,, Am, are from oscillation experiments,
while taking Vj,,, m,, free parameters
— in the hope, experimentally accessible.

fTAndre de Gouvea (2005); André de Gouvea, Jenkins, Vasudevan (2006); ...
IM.C. Gonzalez-Garcia, J.W.F. Valle (1989); Z.Z.Xing et al (2008)...



Type II see-saw (N0 Np):

With a scalar triplet ® (Y = 2) : ¢+, o%, ¢ (many representative models).
Add a gauge invariant/renormalizable term:

Y;;iL$(iop)®L; + h.c.

*Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
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*Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...

fIn Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).
In GUTs with leptoquarks, Fileviez Perez, Han, Li, Ramsey-Musolf, NPB, 20009.



Type II see-saw (N0 Np):

With a scalar triplet ® (Y = 2) : ¢+, o%, ¢ (many representative models).
Add a gauge invariant/renormalizable term:

Y;;iL$(iop)®L; + h.c.
That leads to the Majorana mass:
M;; v§ vj+h.c. where M;; =Y;(®)=Y;0' S1 eV,

Very same gauge invariant/renormalizable term: H

U2
v
Mg

uHT (iox)PTH 4+ hee. =0 =
Main feature(s):
Doubly charged Higgs and their AL = 2 decay.

*Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...

tIn Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).
In GUTs with leptoquarks, Fileviez Perez, Han, Li, Ramsey-Musolf, NPB, 20009.
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With a lepton triplet T" (Y = 0) : T+ 79 77—, add the terms:
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*Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
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Type III see-saw (no Np, but some other leptons):

With a lepton triplet T" (Y = 0) : T+ 70 T, add the terms:
—Mp(TTT~ +17°71°/2) + o, H iocoTL; + h.c.

These lead to the Majorana mass: 5
(%

Mij = yiyjoo—
T

Demand that My 51 TeV, M;; S1 eV,
Thus the Yukawa couplings:

y; $107°,
making the mixing 790 — ¢ very weak.
Main features:
79 a Majorana neutrino:

Decay via mixing (Yukawa couplings);
TT Pair production via EW gauge interactions.

*Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
TBajc, Nemevsek, Senjanovic (2007)
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The transition rates are proportional to

IM|? o

4 3 2
(m)2, = Z UeiUeimm;
i=1

> VeiVez"Q
2

for light v = (m)ee ~ O(0.1 eV)

for heavy N = |V.y|® /my < 5 x 1078 GeV~!

my



The Search for AL = 2 Processes |

(1). Neutrino-less double 3 Decay

f

The transition rates are proportional to

IM|? o

( 3 2
(m)2, = |Y _Ueilegmi|  for light v = (m)e. ~ O(0.1 eV)
=1
2
Y VeiVei
‘ZZ 5 ‘ for heavy N = |V.y|® /my < 5 x 1078 GeV~!
my

This afternoon session.



(2). N Resonance Production and Decay

M~ W~ V4 W+
W M/+
- .

The transition rates are proportional to

(N —1) (N — f)
mNI_N

IM|? for resonant N production.




(2). N Resonance Production and Decay

M~ W~ V4 W+
W M/+
- .

The transition rates are proportional to

(N —1) (N — f)
mNI_N

IM|? for resonant N production.

1

We calculated all the r, K, D, B decays: Mt — €.+;LM— via N
and compare with the existing experimental bounds.

We scan the parameters in the range:

10710 < Vgl |Vial?, |Via? < 0.2
ma > 140 MeV, m.+ m,; threshold;

------

mq > 3.8 GeV, m,:+ Mp threshold;
ma ~ 5.2 GeV, Mpg kinematics.

tA. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.
*PDG.
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(3). Collider searches for Majorana N

At hadron colliders: pp(p) — £X0E55X
d;

q;
V2y
o(pp — W W) m o(pp — p*N)Br(N — p* W) = — 5 V2 oo
S )VEN)

IKeung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).



(3). Collider searches for Majorana N

At hadron colliders: pp(p) — £X0E55X
d;

IKeung, Senjanovic (1983): Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

IT. Han and B. Zhang, hep-ph/0604064, PRL (2006).



Consider pp (pp) — p=p=WT — p=p~jj.

A very clean channel:

e like-sign di-muons plus two jets;
e NO MISSiNg energies,;

e m(jj) = My, m(jip) = my.
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Consider pp (pp) — p=p=WT — pFp®jj.

0% 70 Tow L 14 TEV LHC

A very clean channel:

e like-sign di-muons plus two jets;
e NO MISSiNg energies,;

e m(jj) = My, m(jip) = my.

LA —T T “To00
At the LHCH utu® jj and ptet jj m, (GeV)

0 . 100 200 300 400 500
m, (GeV)

TA. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.



Consider pp (pp) — p=p=WT — pFp®jj.

Preesesromennnslo L =~

10° ] 10 Tov LHG 714 TV LHC

A very clean channel:
e like-sign di-muons plus two jets;
e NO MISSiNg energies,;

o m(jj) = My, m(jjn) = my.

EI I L4 1005 000
At the LHCHI p*p™ 55 and puTe™ 53 my (GeV)
107 102
10°} 10°}
10"} 10}
3 3 :
051 0°} “ 05t
10°} 10°}
-7 L 1 L 1 L 1 L 1 L -7 %' L 1 L 1 L 1 L 1 L
10 0 100 200 300 400 500 10 0 100 200 300 400 500
m, (GeV) m, (GeV)

Sensitivity reach:

pp mode: V2 ~5x 1077, or mg ~ 400 GeV.
ep mode: V2, below Ovg3B bound at mg ~ Myy.

TA. Atre, T. Han, S. Pascoli, B. Zhang, arXiv.0901.3589.



(4). Type Il See-saw at the LHC I

a(fb)

10

10 E\\“\

HTT+H—

LHC Production
of Triplet Scalars

400 600 800 1000
M, (GeV)

BR

0.8
0.6
0.4

0.2

— production at hadron colliders:

1

=400 GeV \

v' (GeV)



(4). Type Il See-saw at the LHC I

a(fb)

10

10 E\\“\

HT1tH—— production at hadron colliders:
T~ T T T T T T T T T T g 1l ————
LHC Production @ i
f of Triplet Scalars 0 H™ = ww
3 0.6 |- ]
+7*=400 GeV \
3 0.4
4
3 0.2
_2:|...|...|...|... 0-’ ------------- i
200 400 600 800 1000 107
M, (GeV) v (GeV)
Unique decays:
U/2M3
r(¢++ N €+€+) x Y;?Mcﬁa r(gb++ . W+W+) O( . ¢
,U )

with Yo' =~ m, (eV) = v ~ 2 x 107% GeV the division.



(4). Type Il See-saw at the LHC I

H+TH—— production at hadron colliders:

A I e L L R B l —————
€ LHC Production : @ : T
i of Triplet Scalars 1 s ST wwe
10 é“ - 08 - 0l ,'l -
10 — 0.6 | , -

; I =400 GeV
1 0.4 |
_1:
10 F 0.2 |
_2: -7 -
10 l .y s s 0 4ccca---c”77 |
200 400 600 800 1000 107
M, (GeV) v' (GeV)
Unique decays:
UI2M3
F(¢T — 0Feh) o VM,  T(oT = WHWT) oo — -
v Y

with Yo' & my, (eV) = v &~ 2 x 107* GeV the division.

Will concentrate on the leptonic modes. H

fPavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]



H** H=* decays predicted by the light neutrino spectrum:

1.000
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Summarize the discovery modes:

Spectrum Relations

Normal Hierarchy BR(HTT = 77, BR(HTT = uTut) > BR(HTT = efet)

(AmZ2; > 0) BR(Htt — utrt) > BR(HTT — etpt), BR(HTT — et 1)
BR(Ht — 7tv), BR(HT — uTp) > BR(HT — eth)

Inverted Hierarchy BR(HTT —wetet) > BR(HTT — utu™), BR(HTT — 7771)

(Am3, < 0) BR(HTT - utrt) > BR(HtT - etrt), BR(HTT — etput)

BR(HT —etv) > BR(HT — uTv), BR(HT — 70)

Quasi-Degenerate BR(HTT weTeT)~BR(H™ — uTuT) ~ BR(HTT - 7777) =~ 1/3
(m1,mo,m3 > |Am3zi1]) BR(HT — eT0) ~BR(HT — p™0) ~BR(HT — 770) =~ 1/3




Sensitivity to HTTH—— — ¢T¢+, ¢—¢= Mode: i

Nearly background-free.

o
&

"Events/300 fb™’

BRH = I' "
o
~

o
w

0.2 |

0.1 |

O - ] 1 1 1 ] 1 1 L1 1 1 1 ] 1 1 1
200 400 600 800 1000

M, (GeV)

With 300 fb~! integrated luminosity,
a coverage upto M, 14 ~ 1 TeV even with BR ~ 40 — 50%.

Possible measurements on BR's.

TPavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]



(5). Type III See-saw at the LHC: 79, T+ |

Lepton flavor combination determines the » mass pattern:

MTmy
2

N i )
mij ~ —UQy]\Z U7 BR(THO — We, 20) ~ v3 ~ VAyns
T

fAbdesslam Arhrib, Borut Bajc, Dilip Kumar Ghosh, Tao Han, Gui-Yu Huang,
Ivica Puljak, Goran Sejanovic, arXiv:0904.2390.
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Lepton flavor combination determines the » mass pattern:

i o)
i 2Y7YT +.0 + 2 2 Mrmy
myl ~ —vt= s BRTTE = WL 20~y ~ VEyng — 5
T (¥
1‘0 1 I 1 1 | 1 ! 1 ! ! 1 I 1 ! I ! I I ! I 1 1‘0 !‘Cxl T T T | T T T T T T T T T T T T | T T T T
NH | 1 m
0.8 — | — 0.8 —
7 A
< 06 — 5 06 —
N o -
cR ST
B o4l 1B o —
@] = O L
Z =
i _ s S5 L & o B
0.2 0.4 0.6 0.8 1.0 . 0.4 0.6 0.8 1.0
Normalized BR(VT) Normalized BR(VT)

Lepton flavors correlate with the v mass pattern.

TAbdesslam Arhrib, Borut Bajc, Dilip Kumar Ghosh, Tao Han, Gui-Yu Huang,
Ivica Puljak, Goran Sejanovic, arXiv:0904.2390.



Production rates at the Tevatron/LHC:

102 T | (I — | (I — | (I — | (I — (I — | T T T | ™ ‘ ‘ o ‘ o ‘ o ‘ s
N\ pp > TT (A\*=1) HC | R Iﬁ;o I 4 4 jets ]
— - + 4 jets
K e T (N*=lyl®) ] RN J
Q T
£
. L -
< —
N L
b
1072 — L -
10—4 i 1 | L1 | L1 | L1 | L1 | L1 -l..~l. 1%~y | 1072 L L ‘ L L L ‘ L L L ‘ L L L ‘\\1\ i~
200 400 600 800 1000 1200 1400 200 400 600 800 1000
M, (GeV) My (GeV)

Single production T=¢F, 7O~
Kinematically favored, but highly suppressed by mixing.

fSimilar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
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e Single production T=¢F, 7O~
Kinematically favored, but highly suppressed by mixing.

e Pair production with gauge couplings.
Example: T 4+ 79 — ¢+ Z(h) + ¢t W— — ¢755(bb) + ¢155.

tSimilar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
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Single production T=¢F, 7O~
Kinematically favored, but highly suppressed by mixing.

Pair production with gauge couplings.
Example: T 4+ 79 — ¢+ Z(h) + ¢t W— — ¢755(bb) + ¢155.

LLow backgrounds.

tSimilar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
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It is of fundamental importance to test the Majorana nature of v's.
For the three active v’s,
OvBB may be the only hope, IF m, ~ \/Am2 ~ 0.05 eV.
For a sterile neutrino N4 in Type I See-saw:
e 7, K, D, B rare decays sensitive to
140 MeV < mg < 5 GeV, 1072 < |Vpu|?2 < 1072;

e LHC sensitive: 10 GeV < my4 < 400 GeV, 107° < |V,,4]? < 1072
For a scalar triplet ®*= in Type II See-saw:

e LHC sensitive: My~ 600 — 1000 GeV (¢£6+ or WEWF).

e Distinguish Normal/Inverted Hierarchy; Probe Majorana phases.
For a lepton triplet 7%, 79 in Type III See-saw:

e | HC sensitive: M7y ~ 800 GeV.

e Also distinguish Normal/Inverted Hierarchy.

The See-saw models for m, may be the best playground

for synergies between the intensity and energy frontiers.
(connecting to the cosmo frontier as well.)



