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Why dark matter?

o



Dark matter

< postulated by Fritz Zwicky in 1930’s
to explain missing mass of the Coma cluster _
< a conjectured form of matter: 158

2.0 T T T T

undetectable by electromagnetic radiation
presence can be inferred from gravitational effects

< accounts for 23% of the total mass-energy of the .
Universe |
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Observational evidence of DM
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DM direct detection

% Recently, some direct detection experiments reported interesting results.
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Seesaw?

P



Massive neutrino

arXiv:1103.0734

parameter best fit £1lo 20 30
Am3, [10-%eV?] 7.591 030 7.24-7.99 7.09-8.19
‘ . 2.45 4 0.09 2.28 — 2.64 2.18 — 2.73
Am3, [10~%eV?
ma [077eVIL g gyv0a0) (217 — 2.54) (2,08 — 2.64)
sin? 0o 0.3127001% 0.28-0.35 0.27-0.36
51+0. 41-0.61
sin? fog 0-51£0.06 041706 0.39-0.64
0.52 4+ 0.06 0.42-0.61
oy 0.01070097 < 0.027 < 0.035
sin” 013 1 5+0.009 . ac
0.013" 007 < 0.031 < 0.039

The T2K experiment observes indications of v, — 1. appearance in data accumulated with
1.43 x 10%Y protons on t.argetass all selection criteria at the far detector. In a three-
flavor neutrino oscillation scenario with [Am3,| = 2.4 x 1072 eV?, sin® 2623 = 1 and sin? 2613 = 0,
the expected number of such events is 1.5+0.3(syst.). Under this hypothesis, the probability to

observe six or more candidate events is 7x 1073, equivalent gniﬁcance. At 90% C.L.,

he data are consistent with 0.03(0.04)< sin® 2013 < 0.28(0.34) for dcp = 0 and normal (inverted)
arXiv:1106.2822

hierarchy.



Seesaw mechanism o vser 0o,

Yanagida (1979),
Gell-Mann, Ramond & Slansky (1980)
+ To explain smallness of v masses — heavy RH neutrinos, N

L, = ydoN + MyNN + h.c.
+ In (v, N) basis, with Mp = y,(¢)

Mo 0 M}
g Mp My

<+ If My »M,,, mass matrix for light v’s:
M, ~ MpHMy " Mp ~ (y,v)* My

— A explanation for small neutrino masses




Colliders
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LH sneutrino DM

+ LH sneutrinos: annihilate too rapidly via Z-exchange
— too small relic density
» Very light (O(GeV)): invisible width of the Z gauge boson

Hagelin, Kane & Raby, NPB 241 (1984); Ibanez, PLB 137 (1984)
> Very heavy (O(TeV)): excluded by direct DM searches
Falk, Olive & Srednicki, PLB 339 (1994)
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RH sneutrino DM

+ RH sneutrino: a SM singlet

— cannot be thermalized 1n the early universe through SM
gauge interactions

» Non-thermal production
Asaka, Ishiwata & Moroi, PRD 73 (2006)
Gopalakrishna, Gouvea & Porod, JCAP 0605 (2006)
— The scenario is possible, but less predictive.

» Mixed sneutrinos: large mixing angle between LH & RH sneutrinos
Arkani-Hamed, Hall, Murayama, Smith & Weiner, PRD 64 (2001)
Borzumati & Nomura, PRD 64 (2001)
Belanger, Kakizaki, Park, Kraml & Pukov, JCAP 1011 (2010)
Belanger, Kraml & Lessa, arXiv:1105.4878

> An extra singlet field (~NMSSM)
Deppisch & Pilaftsis, JHEP 0810 (2008)
Cerdeno & Seto, JCAP 0908 (2009)

» Additional gauge symmetry (Z’ resonance)
Lee, Matchev & Nasri, PRD 76 (2007)
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Type 1 seesaw with U(1)

o7 of E
« Particle content / | °

SU(5) \10F 50 L(N) |54 5H\1(X)\1(Sl) 1(S2)
2/10Q'| -1 3 —5[2 —2| 0 | 10 —10

+ Superpotential of the neutrino sector

AN, ~y (H.,)?
Wseesaw = yszzHuNj + “S1N; N, e— Mmi; = —YikYjk
2 U mpy,
/ K 3 ~ vlu
= A\ X —X QNI/ ~
W AX 5159 + 3 Jomm

% Current limit on Z’ mass (EWPD)
Mz > 1.14 TeV for ¢ = \/5/3g2 tan Oy ~ 0.46
Erler, Langacker, Munir & Pena, JHEP 0908 (2009)




New LHC Iimit

ATLAS public results

--- Expected limit
s =7 TeV " Expectedz 1o
Z — | Expected + 26

— Observed limit
— Z,SSM

_Z’;C
_Z”J

c B [pb]

W

\V

e:| Ldt=167 pb’ uu:J L dt = 236 pb
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RH sneutrino DM

+ Scalar potential V' = Viuoy + Viort + Vb

2
oW
‘/susy — E 8—gb
qb:X:Sl 7SQ:N?7HU7L?

~ - A -~ o~
‘/soft — |:yVAz/LHuN + TNAN»SlNN + AASXSLSQ + gA,{XS + h.c.

+mX X7+ mi [[S1]7 + [S2]] + m%|N|?
/2

~ 2
Vb = - [, 1512 + Q, S22 + QN2 + -]
+ RH sneutrino mass
1 .1 o
Vinass = (miy +m% — ZmQZ,c%;)|N|2 — 5 Bymy(NN + N*N7)

N = (Nl —I—ZNQ)/\@
Real & imaginary components get a mass splitting "~ Bymy term.
=== Lighter scalar field V;is taken to be the LSP.



Couplings with U(1)’

ffz' | igd(Q, PrL - i Pry" | hAZ —ig' QY sin(a + 3)q"
A ig Q" HAZ ig'Qly cos(a+ 3)g"
fufZ —~iv/29'Q), Pr HTH~Z' ig'Qly, ¢
fRfZ' —i -\/ing} , P hZZ' —iV2g' Mz QY cos(a+ B3)gH”
NN Z D i Qv HZZ' —iV2¢' Mz Q' sin(o + 3)gH"
NN, Z' —ig' Q' Pr hyVZ' —ig'Qy (Nyicos o + Ng;sina) Pr
NNy Z' q'Q'vPr HVZ' —ig'Qy (Nyisina — Ng; cos o) Pp
5125792 ig le ,q" AXOZ’ q' Q. (Ny; cos 3 — Ny sin 3) P
S1981 27" ig'Qls, " H*FZ' | —iv24' Q). (Vi cos 3 Pr — Us;sin 3 Pr)
S1951 97" —iv2¢'Qs, , P
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Z,,
o
v NN !
< Boltzmann equations
) B 2
del = —3Hng — (05 vz, ) [(nﬁlﬁ _ (%mv) ]
dn X 2
dr —3Hny — (onUN) [(TEN)2 — (n?\(fl)ﬂ T (0N1UN1> [(nﬁlp - (QN1 nN) ]
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o
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1 N
”Z"r
Z-’
N NN
+ Boltzmann equations
dn 3 g 2
N1 N o N2 N
T = —3Hngy — (o5 vy,) [(an) — (g_NlnN) ]
d?’LN o 2 eq\ 2
W = —3Hny — (UNUN> [(TLN) — (TLN) } + (O’N U5y
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+ Boltzmann equations

dn 3 g 2

N 2 N
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m,=103 eV

mp, =300 GeV, my=260 GeV,

10—6? M,=1.2 TeV, mz=600 GeV

10710}

m,=1075 eV
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M=300 GeV, M,=1.2 TeV
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Production & decay of 72’ 1
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Production & decay of 7’ 11
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7’ gaugino pair production
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Strong production
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7’ gaugino from cascade
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Signatures of N

« Pair production of N: pp — 7/ — NN
pp — Z'7 — NNNN;
» Decaysof N: N — [W,vZ, vh,vH,vA,IH™"
» Multi-lepton signals: pp — 2’ (Z’Z’) — FEWTWT (+pr)
— 3l+j or 4l or SSD+4j

+ Higgs signal from N: displaced production ("-'y,) & decay to bb

pp— 2, 27— hIEWT)Z+pr  Br(NN — hwi*WF)=10%
« 7 Tev LHC:

olpp— Z' — NN) ~ 70 fb for Mz =1 TeV

o(pp — Z'Z' — NN) ~ 43 tb for Mtyong = 1 TeV
o(hI*WT) = 210r 4.3 b
% 14 Tev LHC: J(hliW:F) ~ 105 or 130 fb




Branching fraction

Decays of N
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Decay length of N
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More signatures
« Small tanpB: large Br(N — H:I)
pp — Z'(Z2'Z") — HEWEITIT (+ pp)
— displaced multi-jet (t or b) & multi-|

+ Slepton NLSP: one displaced & one prompt vertex

C WHEITIFIT+ pr
ZO1F 17+ iy
hIF 1T+ iy

\ HEIF I+ php

pp—>Z’Z~’—> <

¢ ... NLSP: work in progress
+ Displaced decay of N can remove the SM background.
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Conclusion

» RH sneutrino in supersymmetric U(1), seesaw can be a good

thermal DM candidate.
» New type of freeze out.

» In LHC, interesting signals from U(1), gauge boson & gaugino

production and decay to N.
» Displaced decay of N — low SM background.

» More analysis on collider signatures is in progress.







