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Dark matter

Cosmological observation (CMB) PDG2006

Qpy =024 ), =0.04 Qy =0.73

Various DM candidates:

WIMPs (LSP, KK modes, ....)

Axion

Warm Dark matter (Sterile neutrino,...)

SLIM Particle
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Density of dark matter
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Dependence of /1T on mass is very weak. Varying

Mass from O(MeV) to O(100 GeV) (by 5 orders of
magnitude), 172 /7T’y varies only between 10 to 25!



> Dependence on parameters

nm  m/1T
Opy = — X i
Pe (ov)

m/T's has a value between 10 to 30.So, the DM
density is practically independent of the mass of the
DM candidate and is solely determined by its
annihilation cross-section.



Neutrino Mass

Neutrino oscillation:

m, = U - Diaglmy, ma, ms] - U b

o9
Solar neutrino data: My — 1My
Atmospheric neutrino data: 13 — |

Models to explain nonzero but small masses:
Seesaw mechanism:Type I, Type Il, Type IlI,...
Majoron Model(s)

Zee Model; Zee-Babu Model

SUSY without R-parity
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A scenario Linking these two

problems
New fields:

Majorana Right-handed neutrino
SLIM=Scalar as Llght as MeV

Effective Lagrangian: _[: I ) g qb N 1%

New parameters: g Mgy MMN



Explaining the neutrino masses

In this scenario, SLIM does not develop any VEV so
the tree level neutrino mass is zero.

Radiative mass in case of real scalar:

Ultraviolet cutoff A
Majorana mass:

2 A2 m 2
= () s (2]
167 my, my — my, ny




SLIM as a real field

For my > my ,SLIM plays the role of dark matter
candidate.lmposing a 7, symmetry, the SLIM can be

made stable and a potential dark matter candidate:

2
my A
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2o Symmetry: {:) — _Q ‘ N — _N
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SLIM is stable but the right handed neutrino decays:

Iy= g my/(167Ey)



Annihilation cross-section

Pair Annihilation:
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Linking dark matter and
neutrino mass

A M Eelectroweak ~ 200 GeV
0.05 eV < m, <l eV,
O(1) MeV = my = 10 MeV.
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" Bounds on SLIM mass

My < My

O(1) MeV = my = 10 MeV.
Ly-a forest power spectrum measured by the Sloan Digital Sky Survey

Viel et al,, PRD 71 (05) 63534; PRL 97 (06) 191303;
Miranda et al.,, Mon Not R.Astron Soc 382 (07) 1225

ms > 14keV at 95% c.l. (10keV at 99.9%)
U.Seljak et al.,, PRL 97 (06) 191303



A way to test the scenario

a few keV < my < 10 MeV.

g = 10—3\/ ny _<O-Vr> 1/4 1_'_% 1/2.
10 MeV\10 % cm?’/ s ms

3X10 4 <g=<103

A lower bound on coupling and upper bounds on 11y

and ¢ > Model is falsifiable by some
terrestrial experiment.



Potential signature

Missing energy in Pion and Kaon decay

Lessa and Peres PRD (07) 94001, Britton et al., PRD 49

(94) 28; Barger et al.,, PRD 25 (82) 907;Gelmini et al,,
NPB209 (82) 157
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Barger et al.,, PRD 25
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FIG. 2. Predictions for the differential leptonic-decay L | . f C|
rates of K or = mesons into final states with /v and Majoron o0 (mg orward to
or X. The variable m, is the square root of the virtual- KLOE
neutrino four-momentum squared. Solid curves represent
electron decays and dashed curves represent muon decays.
Data are from Refs. 7—9. All K () differential rates are
normalized to the K () — pv rate.



Neutrino flux from galactic halo

Self-annihilation of SLIMs in our galaxy can produce a
flux of neutrino potentially detectable by neutrino
detectors.

S. Palomares-Ruiz and S. Pascoli, PRD 77 (08) 25025
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Nucleosynthesis

For my, <1 MeV , SLIM is equivalent to 4/7 degrees
of freedom. Studying helium abundance alone SLIM
lighter than MeV is strongly disfavored.

Serpico and Raffelt, PRD 70 (04) 43526

Other analysis show that |.5 dof (at 95 % CL) are
allowed.

Cyburt et al.,Astropart. Phys. 23 (05) 313; Cirelli and
Strumina JCAP 12 (06) I3; Hannestad and Raffelt JCAP | |
(06) 16

Both SLIM can be heavier than
MeV.

<
Real SLIM: my < my ~ 10 MeV



Nucleosynthesis

For masses above ~ |0 MeV, there is no effect on
BBN.

For masses between | MeV and 10 MeV, the SLIM
density is suppressed at the time of nucleosynthesis

but its annihilation to neutrinos increases the entropy
and thus the temperature of the neutrino which
affects nucleosynthesis.

For masses in the range 4-10 MeV, they can even
improve the overall agreement between the
predicted and observed “H and *He abundances.

Serpico and Raffelt, PRD 70 (04) 43526



Comparison with Majoron

Interaction of Majorons, J: J;/Tcz/
Reminder: L ; D gpNv

Majoron is a massless pseudo-scalar Goldstone
boson.

The effects of Majoron have been extensively studied
in the context of

CMB,
Structure formation,
Meson decay,

supernova



Bounds from CMB

Acoustic peaks of the CMB m) neutrinos must be
freely streamingat T ~ 0.3 eV. B limits on
interactions of |

Hannestad and Raffelt, PRD 72 (05)103514

v—vJ vi—JJ] vv—uvv vd— vo

Parallels in the SLIM model:

Kinematics forbids v — /¢

For T<eV, thereisno vv — @@

VY — VIV contribute only through a box diagram.
Formy > T, V) — 1@ vanishes.

No bound on SLIM from CMB



Supernova Bounds

~—~

~ Energy loss consideration:binding energy
E, = (1.5 — 4.5) x 10°* erg. Sato and Suzuki, PLB196 (87)

Majoron can carry away energy leaving no energy for
neutrinos which is in contradiction with SN [987a.

Choi and Santamaria, PRD42 (90)293; Berezhiani and Smirnov

PLB 220 (89)279; Kachelriess, Tomas and Valle, PRD 62 (00)
23004; Giunti et al.,, PRD45 (92) 1556; Grifols et al, PLB215
(88) 593.



Majoron and SLIM production in
the supernova core

N Ve

Majoron production SLIM production

in degenerate core

| ? 0
Available mode: N




Thermalization
SLIMs will be trapped in the core.

1% ¢
N

O %

In the outer core with T~30 MeV

4. N Q:lTQ
7(OV = )~ )

Mean free path: |
(ony,)”" ~ 10 cm

The effect of SLIMs on cooling can be tolerated
within present uncertainties of supernova models.



Other supernova approaches

In the case of future supernova observations, one
may be able to test this scenario by studying the
neutrino energy spectra.

Palomares-Ruiz, WINO7, Kolkata (India), 2007;

T.).Weiler, 6*" Recontres duVietnam, Hanoi
(Vietnam) 2006



Product of SLIM annihilation

In this scenario, SLIMs annihilate only into neutrinos.

Electron-positron pair is not produced by SLIM
annihilation. As a result:

No 511 keV line

No radiation from bremsstrahlung, Compton
scattering ...



Restoring the Flavor indices

-E — Sia d’Nf Vo
Real SLIM
2 2
Sia8ipB A2 }nfb My,
= 11 — loo—==|.
(m,)ap Z 16772 mN‘( Ogm[zvi mzzvi — mé, Ogmiﬁ

Two or more N are necessary.

In two N case, one of the neutrino mass eigenvalues
will vanish.

Just Like canonical seesaw



Fitting the neutrino data
= U - Diag[m,, m,e*'?2, mye*'®3 U7,

= Diag(X,, ..., X,) - O - Diag(/m, \/mze"@bﬁ, \/ﬁgef¢3)UT_.
where O is an arbitrary n X3 matrix that satisies O7 - O = Diag(1, 1, 1).
For real SLIM

[ \!/2 A2 m%b m%f —-1/2
Xf=4qr(—) (log 5~ — 5-log 2) ,
my. R R ny
For complex SLIM
vy 2 2 2 2 7 .
32772 my, my my, iy \~1/2
Xi= EHT(z_lzlﬂgz_z_'z]Dgz) '
Ny Iy, —mg o Tm o My Ty g



éfa(gf,B‘mN 2

m + m3 N
!

(060 = v,rg)n) = (oldd = 7,7m) = - | 57 2

2 2 2
B gia&ip A my, mpy
(M) ep = Z o2 M, log— ——F—— log—
;' T my. - my T Mg i

At least one of the right-handed neutrinos has to have a
mass in thel-10 MeV range.

a few keV < my < 10 MeV.



Some solutions for real scalar
a few keV < my < 10 MeV.

TABLE I. Some possible solutions in the framework of real ¢.
“N” and *°1.” respectively, denote normal and inverted mass
scheme. We have taken (ov,) = 1072° cm’/s, Am2,,, = 2.6 X
1073 eV?, 0, =34°, 0,3 = 0, and 6,; = 45° and have set the
Majorana phase equal to zero.

My, [MeV] My, [MeV] mg [MeV]
N 1.2 1.2 0.85
! 1.4 1.4 1.0
N 100 1.2 0.85
/ 100 1.3 0.97




Summary and conclusions

. SLIM scenario can establish a link between neutrino
masses and dark matter.

SLIM:
3X107* =g =107. testable by meson decay

My < My 210 MeV

SLIM affects supernova cooling and energy spectrum of
neutrinos from SN



~ The link indicates....

Ve N\
- )
N

Low energy (MeV scale)

physics has to

be more thoroughly explored.




Realization of the scenario
For SLIM, m <10 MeV =) N has to be singlet.

Therefore, L, D gdNv. must be effective and can
obtain this form only after electroweak symmetry
breaking.

By promoting ¢ to bea doublet one can complete.
E.Ma,Annales Fond. Broglie 31 (06) 285.



An economic model embedding
real SLIM

YE“Mintmal meodel Linking two great mysteries:
Neutrino mass and darvie matter”’, PRD



Field content

1) An electroweak singlet, 7/;

2) Two (or more) Majorana right-handed neutrinos N,
3) An electroweak doublet, @7 = [¢" o]

With

o' = (01 +ig2)/V?2



Z, symmetry

SM fields —> SM fields
New fields —> -(New fields)

The lightest of new particles is stable and a suitable
dark matter candidate.

The new scalars do not develop VEV so despite the

/9 symmetry, there is no domain wall problem.



Lagrangian

m 2

L= ?T?(I,(I)T o — TQT}Q — (mn@n(HT(iJg)@) + H.c.)

— M |H (i02)®* — Re[A\o(H" (i09)®)?] = A\si’ H'H — \y®" - ®H' . H
)\! !

O @) — 2t = \p?0T - D
Bl 2”

— m%HT - H — E(HT -H)Q
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o = (1 +iga)/V2



After electroweak symmetry breaking

CP conservation ——) real mya

2
m
a2 A2 p2 2
Lo = —myg- |7 — 5 3
2 2
m m
n. 2 P12 .-
— 5 — 591 — MpaVH P17
2 2
, 2, v, v,
m? = m?2 —I—}’q —I—.h —I—Jug
b1 *I’ 2 2 9
2
2 _ 2
my =myg + A3—-

2



Mass eigenvectors

2
v
Chargedscalar, () : md)_ = m3 + M\ é’f
CP-odd neutral scalar, ©2 :
2 2 v vE vE
'?’T?qu)g — Mg —+ )\47 —+ )\17 — }\2 9

. 01| |cosa —sinal |7
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5 (mppvy '}2
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Coupling with right-handed
neutrinos

. V-
£=—giaNi® - Lo = INEN;

lepton doublet, of flavor a: L1 =

particle| mass|coupling to N;va

Y sin o

01 mesy | — ng
Y COS

09 My | =75 Jia

b9 Mo %gm




Neutrino masses

“No Dirac mass. Majorana mass:

(

(51 ._62 C)Q

1
3 (.f”.,_;)r;tﬁ (‘T’:g)& C (”L),j + h.c.

mp . 5 N .m'ﬁ m'_.".."
A? = 32?: smiﬂ(mg Emg log mzi ey —lnﬁ log mz"']
""I 1’52 52 _""I'f 61 51
my mj mg mi
P2 "'If 52 -I'""l
+ m2 —mZ e mZ  mi —mZ o m2
Ne e b2 N, — Mg, 52



Constraint on neutrino mass
With only two NN,

Det/m,| =0

Neutrino mass scheme is hierarchical:

Normal hierarchical scheme;
Inverted hierarchical scheme



Normal hierarchical scheme

(mu)aﬁ = Upyns - Diﬂg[ﬂa vV fﬁmﬁuna Y, 5mﬁtmei£] ' Ugn-m-'s
Constraint

1 | Lo |
Gio =) " Diag[(AmZ,,)"*, €2 (Am3y,) )i (Upains)ag+1
j i

The coupling matrix is determined by neutrino mass
matrix up to an arbitrary Orthogonal matrix:

O — [ cos sinﬂ

—sinf cosf



o Inverted neutrino mass scheme

(My)ap = UPMNs - Diﬂg[\/ Amg,,,. \/ Amgy, +Am?,,e,0] - Upyys

Constraint

1 , t.
Gia = Z A_ (OT ! Dlag[(‘&ﬂlihn}l’{d? € E/z(&:*nztm T &?ngun)l‘fﬂ )ij (UFJHNS)CEJ"
F i

regardless of the values 0

2 2

|g1n 2 |g2g




Annihilation cross-section

Pair Annihilation:

=
~J Y |
= |§ )
Vv .
e N / N
/ N / N
7 N\ / N
- - oy s
4 )
S FiaigMM N,

(o(6167 — HLCEHLIH,}.HT} = (0(010) = VpaVpg)vy) =

32 2
87 ~ My, + My,

1




Bound from dark matter
abundance

Max[g 5] sina ~ 5 x 10™* (

17T N 1

MeV

)"

(ovy)

3 - 10—26pm3sec—1

1/4 "
)4



o

> Constraint from neutrino mass

1/2 1/2
- (1 MeV) (3- 10-2%6 em? scc—l)lf‘l 25 / m,, / 1 m3,
i ._n.l_ =
1 (ovr) logmy,, /mg, VAmZ,, my,

mgs, < my, ~ few MeV



Light and Heavy

Light sector: o . N,
Ny?7?

Heavy sector: 02 , P2 , ¢



Lepton Flavor Violating rare decay

¢
/Z 1"\-'-{.3' \E’
#.
mg,
D(lo — £37) = ~-2|oR|
. 1emy
TR = Z gfﬁgﬁﬁ 16”2:*“2. K(ti) t.t' = TH%& /'mi_
1 @
2t2 4 5t; — 1 t2log t;
K(t;) = = i 108
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. ., (100 GeV "’
Br(p — ey) ~ 2 x 10 4|ngge£( )

ﬂ?'cf:_

. . 5 (100 GeV\"

Br(r — £ay) ~ 5 x 107 Zgﬁgmz( — ) -
i @

Experimental bounds:

Br(p — ey) < 1.2 x 10711
Br(r — ey) < 1.1x 107"
Br(r — puvy) < 6.8 x 107% .

With
mg— ~ 100 GeV  g;,, gir ~ few x 1072 and g;, ~ few x 1072,
All the bounds will be satisfied.



Magnetic dipole moment

Z |ga,r_r,|2 m ::I
1672 m? "

.;p—

2
g—2 1222 |giu[? [ 100 GeV
d—— =5 x 10
2 8 10-2 2

'.T'ﬁ',.m-_

Two orders of magnitude below the present bound.



Dark matter self-annihilation

!

!
- SH@t )2 - 22yt - et @
2

N [2sin® a0 [A5)%2cos?a |N5]? sin® acos? o

0101 — 6101)v) ~ M . :
(011 101)v; ax| 8wmal ' S?Tmﬁl ’ 8?1"??1&1 |



Dark matter self-annihilation

/\’ Lo -
> Lot 0)? - Eﬁ'wf — N2 0T - @
Merging galaxy < 9
o/mpy ~ 1 cm=/g.
2

'12sin? a, |\ cos? a, [ A]? sin? acos? a & 1074

Dave et al., Astrophys ] 547 (to explain mass profile
of the galaxies)

o/mpy = (0.5—5) ecm? /g



Decay of heavy particles

: N+ A -
Coupling g;o N7 07

. 2 32
giﬂ‘g (mq&'— o THNI-}

3
167 T,

F({;}_ — Icrj\'ri) —



Subdominant decay modes

My- < Mg, , My,

% sin? a (mi_ —miy )’

64msin® Oy mim_

(¢~ — W™é;) =

Three body decay modes

64?n¢_ sin? a

D(¢™ — 81lv) ~ D(¢™ — &1 + two jets) /3 ~
(67 = &ily) ~ T(o™ = o1+ two Jets) /3 ~ o T Oy

¢! sin? -':r(mé_ —miy)?

3
b
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Decay of ¢
At the LHC

Goal

—> Jin <=

Neutrino mass
matrix



>" Rich phenomenology at LHC

1\-—1&:{[0052 a3, sin® a\; with i3] 2 my/vg ~ (.02
H — 51 51
Will dominate over

H — bb.



Electroweak precision

AT = Mg = Mgy) (my- — msy) Barbier, PRD74
N 2412 av?

PHYSICAL REVIEW D 74, 015007 (2006)

O = s e e a
m, = 1141000 GeV
0_2_'U=0 ]
— oA -
0.2 \ Tmt i
: my, :
4+————7— |E?%(':L
.04  -02 0 0.2 0.4
S
3 my 1. my
T~—log— S=~-——Ilog
8t " my or my



Assumption

My, — my-|, Mg, —my-| < 80 GeV

Mg, — Mg,| < 90 GeV

mp | > 600 GeV




Signals
¢~ — [~ 4+ missing energy ¢ — T -+ IISSING energy

¢ — € -+ missing energy

Missing energy= |\,

N, heavier than ¢ : |9a1|2
N, much lighter than ¢~ : |ga1|* + [gaol?

mg- > My but mg— ~ My

‘gﬂil" |g&2| ; J'TUFQ



(W~

Production

V.2t 670

)" — ¢ 09, Pa

_l_

|I + ,'._ LA ,"—|_ 1o '“1- r ] X
OTpT — L {_3 + MISSINE energy

O~ 09, 0" 9 — [ 4+ missing energy



Analysis

Y.F.and Majid Hashemi, work in progress

Detailed analysis: |4 TeV and 30 fb7'
Rescaling the results for: /7 TeV



Cross section

Cross section[fb]
=]
=
=

_|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I_|_

-|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IT

1 1 | | 1 1 1 I | | 1
90 100 110 120 130

(o]
=

Mg | GEV]

LEP bound: hep-ex/0309014;hep-ex/0107031;0812.0267



Parameters

Point A Point B
Am?Z,, (eV?) |8 x107° | 8 x 1077
Amira (€V?)]2.5x1072| 2.5x1073
mn,; (MeV) 1 1
mn, (MeV) 100000 100000
v 0.01 0.01
A2 0 0
0 /2 0
0 0.01
Jla 0.03 0.01
0.03 —0.01




Potential signals
Point A

[T + missing energy
[ifL + MISSINg energy

TT + missing energy



Background

Process WTW-— tt Wjets Z-+jets

Cross Section | 115.54+0.4 pb | 878.7+0.5 pb | 187.1+0.1 nb | 258.9+0.7 nb

Table 27 Background cross sections calculated using MCFNM package. |

"'"."‘"__u.ud- T T T T | T T T T T T T T T T T T T T T T T T T T ]
5 - :
2 0.035 i =
% x —_— Signal -
E uu3 ; lllll w+w _:
h : ‘: """ it E
u_uzs . 5’ nm W+J'Et5 —
0.02} fk Final State: T E_';'"“ =

E ‘i Tt 7

3 2" = . -

0.015 54, -"i. m,. 80 GeV E

i = ¥ -

0.01 ﬂf _:
0.0050 =

% 50 100 150 200 250 300
Muon pT[GeV]




the */:E””SS final state.

M) 80 GeV 90 GeV 110 GeV 130 GeV
Total cross section [fb] 783 h21 265 150
Number of events at 30 fb~! 11745 7815 3975 225()

N Muons = 1 5043(42.9%) | 3775(48.3%) | 2250(56.6%) | 1425(63.3%)
N Jets = 1 2045(40.5%) | 1582(41.9%) | 1000(44.4%) | 645(45.3%)
leading track pr 1181(57.8%) | 931(58.9%) | 611(61.1%) | 413(64.0%)
[solation 063(81.5%) | 767(82.3%) | 514(84.2%) | 350(84.8%)
R>0.2 792(82.2%) | 629(82.1%) | 421(81.7%) | 286(81.7%)
1- or 3-prong decay 779(98.4%) | 619(98.3%) | 415(98.6%) | 282(98. 69”)
Ad(r ) T71(99%) | 609(98.4%) | 401(96.7%) | 266(94.2%)
opposite charge 771(99.9%) | 608(99.9%) | 401(99.9%) | 266(99. 99”)
Eimss 412(53.5%) | 362(59.6%) | 279(69.5%) | 205(77.0%)
total efficiency 3.51% 4.63% 7.01% 9.1%
Expected events at 30 fb~1 412 362 279 205




Background

Process WTW- tt Wiets
Total cross section [pb 115.5 878.7 187.1x10°
Number of events at 30 fb~! HTTHTT 2197043 5.9x10%

N Muons = 1 141160(24.4%) | 895515(40.8%) | 2.5x107(4.2%)
N Jets =1 60402(42.8%) | 40844(4.6%) | 1.1x107(44.6%)
leading track pr 20186(33.4%) | 14210(34.8%) | 2.6x10°(23.2%)
[solation 3940(19.5%) 1112(7.8%) | 1.9x10°(7.4%)
R>0.2 2052(74.9%) 721(64.8%) | 1.3x10°(67.6%)
1- or 3-prong decay 2363(80%) 549(76.2%) | 6.1x10%(47.1%)
Ao ) 2323(98.3%) 523(95.2%) 610%(98.8%)
Opposite charge 2300(99%) 483(92.4%) | 5.4x10%(90.3%)
Eqes 786(34.2%) 268(55.4%) 4865(9%)
total efficiency 0.136% 0.012% 8.2x1071%
Expected events at 30 fb=1 786 268 4865




Signal significance

M%) 80 GeV | 90 GeV | 110 GeV | 130 GeV
Signal significance 5.3 4.7 3.6 2.7

Table 5: Signal significance in T E7*® final state for different m 4=y hypotheses.



the ppE7sS

final state|

M (pt) 80 GeV 90 GeV 110 GeV | 130 GeV
Total cross section [fb] 783 H21 265 150
Number of events at 30 fb~ H8T2 3907 1987 1125

N Muons = 2 1338(22.8%) | 1078(27.6%) | 724(36.4%) | 490(43.6%)
N Jets = 0 052(71.1%) T 5(70%) | 495(68.4%) | 329(67%)
[nv Mass(p., 1) >120 GeV 881(92.5%) | 706(93.4%) 464(93.6%) 309(93.9%)
Ao ) 880(99.9%) | 705(99.9%) | 461(99.4%) | 304(98.6%)
Opposite charge 880(100%) | 705(100%) | 461(100%) | 304(100%)
EJss 417(47.4%) | 394(55.9%) | 306(66.5%) | 223(73.5%)
total efficiency 7.1% 10.1% 15.4% 19.9%
Expected events at 30 b~ 417 394 306 223




Background

Process W~ tt W-jets J+jets
Total cross section [ph| 115.5 878.7 187.1x10° 258.910°
Nurnber of events at 30 fb~" 38713 2.9x10° 5.9%10° 2.6x10°

N Muons = 2 4084(10.5%) | 53070(18.3%) | 2635(45x107*%) | 62010(2.4x10*%)
N Jets = ( 2872(70.3%) | 1615(3%) 1219(46.3%) 20467(47.5%)
[nv Mass(p, p)>120 GeV | 2570(89.5%) | 1412(874%) |  1160(95.2%) 17462(59.3%)
AT 2058(99.5%) | 1389(98.4%) |  1160(100%) 17462(100%)
Opposite charge 2058(100%) | 1290(92.9%) |  1082(93.2%) 17462(100%)
Ess 708(27.7%) | T791(61.3%) 295(27.3%) 0(0%)
total efficlency 1.8% 0.27% 5x107°% 0%
Expected events at 30fb~" 708 791 205 0




Signal significance

M(p+) 80 GeV | 90 GeV | 110 GeV | 130 GeV
Signal significance 9.8 9.3 7.2 5.3

Table 8: Signal significance in ppE7**** final state for different M pt) hypothe-
ses.



Deriving couplings

ANs Aes  ANg, ANp
Ns e  Ns — Ng

ANg B (&J . AL . Aeg Np
Ns ‘o L = e ' Ng

Taking 3% uncertainty for LHC luminosity

10% uncertainty on background cross sections,

ANpg ANpg
— 178 J -
8 () = 178%, S

(np) = 52%



Signal

Channel Mass Point 7 TeV to 14 TeV Ratio
mg+y = 80 GeV 0.4
ot~ mg+y = 90 GeV 0.39
C mgs) = 110 GeV 0.37
mp+) = 130 GeV 0.35
dda2 | mgry =80 GeV 0.4

Background

Channel 7 TeV to 14 TeV Ratio
W W~ 0.38
tt 0.19
Wjets 0.49




30 fb!

Signal
Channel Mass Point Signal significance
M s+, = 80 GeV 3.1
dte~ — TuEmie | Mgr) = ) GeV 2.6
i g+ = 110 GeV 2.0
gy = 130 GeV 1.4
ma+y = 80 GeV 7.1
dT ™ — puEm=T | Myt = ) GeV 6.3
Mgty = 110 GeV 4.6
gty = 130 GeV 3.3
¢t da — 7 Emine My+y = 80 GeV (.9
¢ty — pEies My+y = 80 GeV 2.5




Another mode

> Charged lepton+missing
energy



Summary

A model linking neutrino mass and dark matter

Low energy sector plus high energy sector
Signature at LHC:

Discovery for 14 TeV

Measuring parameters??



Mass terms for ¢

5 & M2
,C-m__q;; = '}??..zfjfi'cj.f} -+ ( 5 OO H,C.) —

s

(2 2 42 NT2] 4
'?'?1% D1 + Moy — IIIIHI ](,Ulqag_‘

N (P14 1)

,  m*+Re[M?] 3nd , m?*— Re[M?]

'i'??.-i = 5 Mo = 9

CP > M? is real. | > No mixing




Mass term for fermions

§ —?T?.-RR(EQ:;BR!&TCBIS +H.c=—mpp {(U;%)TCUR - (E;)TCEH +H.c

No need for extra fermions (not like fourth generation)

—ﬁgm;, :g&ﬁE}TRTfLQ + h.c.
—ﬁg“ﬁ = '_a*ﬁtjf}RTfL& + h.c.

— Zin = (Ga)aRT A lr, +hec.



Scalar masses

bo VA :)\HﬁqﬁHTiﬂ'zﬁTHqﬁT + h.c.

A" = (A; +iA,)/vV2 and 6 = (61 +i62)/ V2.

e

n b

2
"”r;‘.al

0

2
e

h2

l.'} e 4—}
mo A+ mg A 0
2 52
0 —mg A + MG
m= ()
A

e 2
LN

\




Neutrino mass scheme

(my)as = [9a(Ga)s + 95(9a)a)n + [Ga(9a) s + G3(0a)a 7

Det ['m,,] — 0 > Hierarchical neutrino mass scheme

Anomaly cancelation < > Hierarchical neutrino mass scheme




Annihilation of dark matter

0(5151 — Lf&y.g) = 5(5151 — ‘,j_,&‘,;ﬁ)
Ty ¢ % * o ) 2
|Sll1 200 (ga(gfi)ﬁ + gd(Q&)a)!

&7 Mhp

22&,;‘3 i‘f::'-((-fjl(-\51 — V;:J.:L”'I.-B) — 10_36 (*,1112

/ _ 007 2 '}T}__RR 2

sin” o



LFV rare decay modes

Lo (310 GeV\ ] ComE ’
Br(j1 — e7) = 10 ‘5( — ) 919e + K (—2)(gA)ul9)e
‘KRR 'RR
310 GeV'\* m3 :
Br(r — a7) =5 x 107° ( - ) 05 Ga + K (—2-)(98)+ (90)
MpR Mpp

: - : 0.07 \° MRR 2
Max[g> (ga)3] ~ 1077 , ( : ) :
a(9a)3l sin® oy 300 GeV

Br(p — ev) < 1.2x107H
Br(r — ev) < 1.1x1077
Br(t — puy) < 6.8x107% .

To satisfy the bound, there should be a small hierarchy:
e ™ 0.1‘9‘#, OlgT (gijft - Dl(ﬁi);hgl(ﬁfjj*



Flavor Structure in Normal
o Hierarchical Scheme
(3)a and  (ga)a = |9al[cos ¥(3) 4 + sin e (2),] .

Ja =9
ov=c. . T

.
5 R 1) B T R, I 1 R 1 - I 1, B 1
2 = (.512{;13(,—.513.5{ €, CC12023 — €512523513€  — 8823C13€ ° , —CC12523 — €S12513C23€  — SC23C13¢ )
b L I {2 | IR, 1. i e e o i
3 = (.*512{:135—\—{:.‘;13{’( ) . (120938 — §128238138¢ + 89301306, —(125238 — §125130938€ -I—i:ggf:lgf:fi{“)

where ¢ = cos# and s = sim# 1 which

§ =tan"’ (i/&-m.gd;’rﬁ;ngtm) ~ 0.4 .

sin < 0.2.



Flavor Structure in Inverted
o Hierarchical Scheme

g=1912" . ga = |gal(1’sine’ + 2" cosv)

(cos@ —sinf 0]
[T Q” :3;] = C-'Tpﬂ.fwg - Isinf cosf 0O
0 0 1

p = arctan /Am?2,,, /(Am?

‘atm

+ Am? ) ~ 7 /4

sol



Exciting prediction

- Accommodating the neutrino data without fine tuning:
e ™ U-lg,uw Dlg’r (gﬂ.)e ~~ 0-1(,{?&)#10-1{&&)7

Br(p — ev) is very close to present bound

d

MEG will detect abundant number of events.



Scale of neutrino mass

2 2 . .3
ms5 — 7 Sl (v COs” vy —
gga _ 9 ™~ '\/A"r”atm
Mnip 167

As in SLIM scenario:

mpR 0.054

ms5 —my ~ ( eV) 300 GeV gga




Scale of new physics

“Dark matter abundance:

f 0.07 \* MRR 2
Max[g? (ga)3] ~ 1073 ( )
&‘{[Qa(g—“x)ﬁ] (SmQ 0:1) 300 GeV

jt — ey ——» upperboundon g, and (9a)a

mpp ~ 00 GeV |:> E;r En LffR VR



At LHC

Br(Ey — £5012)  |gal”.

T(ATT — 050501,02) o |(9a)ags + (92)59al”

One can cross check the direct measurement of (9a)a
and Ya atthe LHC, with the derivation from
neutrino data combined with Br(u — ev)



Signatures at LHC

| 2 2
) o M4y + NMAo
MaA+ = 5

=

2) Missing Higgs: Aor¢pdH'H
If A\yu>4 GeV/(H), the invisible decay modes,
H — 5101.6905 , can dominateover H — bb .



Summary and conclusions

¢ SLIM scenario can establish a link between neutrino
masses and dark matter. Two possibilities:

)
3x 107" 5<§ =107, testable by meson decay
my < my ~ 10 MeV

2) No upper boundon 1M
(1 MeV)? < |m%bl — m%b_) < (20 MeV)>.

If ¢, is 20-100 MeV, LENA experimentcan indirectly
detect it.

SLIM affects supernova cooling and energy spectrum of
neutrinos from SN



Summary and conclusions

A model that embeds the low energy scenario:

A high signal for ;1 — e7 to be discovered by MEG.
Rich phenomenology in LHC

Upper limit on the new physics scale:

Discovery of [“R] and [E}?]
Eg Vg



Summary and Conclusions

LHC — ‘gl and ‘gil <:|{ Neutrino mass

‘BL‘(;.’ — {"'})!




Invisible decay modes of the Z
o boson

1€ SN vy SN (v

050,01 — 010,05 M
sin 6, cos 8., 02 wol ! ”’2}

in case that My + My < my

€2 sin” oy sin? avg

F(Z — (51(52) —

_ myz
487 sin” 0, cos? 6,



An example
Boehm and Fayet, NPB683 (04) 219

D =

Lg

N

goeasDLs ¢ =(d) +id)/V2

Since this time N carries quantum numbers it cannot
have Majorana mass. Majorana mass can be achieved
after electroweak symmetry breaking. Adding a new
singlet, /N; ,there will be a “mirror seesaw’:

YN H -

D

My

\rT cNy Myp ~ mpw Y ~1

ZySymmetry: D —D N, — —Np, ¢— —0¢



Complex SLIM
b =(d) +ihy)/V2

¢, and ¢, are real fields with masses Mgy, and m,, .

Difference between mqgl and mgbzcan be
explained by

[

L= —M?¢"¢ —m*(¢pp — H.c.) =

M? 4 Re[m?] ,  M? —Re[m?] | -
_ +9 e[m ]@% B 9 elm ]@ié m(m2]6 6

For CP-conserving case Im[m?] = 0 and thus there
is no mixing between @[ and @2



nmy

C)l -+ 36)2

V2

L =goNv = Nv

Without mixing:

2

2 2 2
__5 mz\{ " hl( o ) "o, ln(—m%v )}
2 2 2 2
327 (my — mgbl) my, (m%, — m%bz) m%bz

No cutoff dependence! With mixing, cutoff would
reappear.

In the limit My, = My, | the neutrino mass vanishes.

In this limit, o oo MPON
ﬁ-m.u:} =m-o'o+ ( 0y

lepton number is conserved:
( L=-1 for® and L=0 forN)



Dark matter candidate

Suppose M1y, << My .Then, o1 — QovV

The lighter one will be DM.

Self annihilation of @ (co-annihilation with OB 12h

(0(P202 — vv)) = (0(P202 — D))

qg* m3

16w (m3, +m3,)?




Dark matter candidate

Inserting the couplings:

nm, = {ov,) m2 1n m%\, — m?2 In TN
1287 P m%b b2 m%b

MmN
Mg,

(1 MeV)* < |m%bl — m%b2| < (20 MeV)?.

For 10 < < 10° , we find

But there is no upper bound on the right-handed
neutrino mass in the complex SLIM case.



Remarks

No upper bound on 1 ‘ NN can have
electroweak interactions.

The masses of @1 and 92 can be much larger than
|0 MeV provided that they are quasi-degenerate.

If the masses are larger than the pion and kaon mass
then they cannot be probed by their decay.



nmy

éfa(gf,B‘mN 2

m + m? N,

(060 = v,rg)n) = (oldd = 7,7m) = - | 57 2

For complex case:

2 2

2
m
¢

2 2
-5 l (mN ) = (mN )}
= my In In( —~
3272 {(mjzV — m%bl) %bl (mjzv — m%bz) m%bz

No upper bound on the right-handed neutrino mass

(1 MeV)* < |m%bl — m%b2| < (20 MeV)?.



Complex case

TABLE II.  The same notation as i Table I, but with complex

.
MNI [M@V] A{N2 [MCV] !’Hd)l [M@V] m-qu [MCV]
N [P 1P 3.3
[ [P 1P 3.7
N J.8 J.8 2.0 8
[ 6.6 6.6 29 2.0
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