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= First results on sin?(20,;) ~0.05 are expected to be available within a half
year

- Goal: ~0.07 (end of this yr)
~0.05 (March, 2012)
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« RENO group hope to tell the value of sin®(26,,) at the anticip

ated time
- Goal: Neutrino 2012 @ Kyoto (June, 2012)




Dark Matter

» Unidentified dark matter 23%

WMAP7 + BAO + H,
Komatsu et al. 2010

Oy h? = 0.0226 +/- 0.0008
Q h? = 0.0005 ~ 0.0047
Qpy h2 = 0.1123 +/- 0.0035
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Why RHsN DM?

» Combines two evidences for physics BSM.
» It may be the LSP.
» It may be tested at LHC.

clean seesaw signatures:

same-sign dileptons, displaced vertices + MET

8 "U(l)" seesaw & RHsN DM"  EJChun@KIAS Bethe Forum, 201 1-11-11



SUSY DM

Standard particles SUSY particles

Large Z0 interaction excluded by direct detection Good DM candidates
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The Model: SUSY U(1) seesaw at TeV
» U(lY = U(1)gy, U(1),, or U(1), from GUT.
W%:%LHﬂV+%ASNN
my = \(S)

» TeV seesaw: M, ~ 1023 GeV.
W =y, LHyN + %mNNN
_ Yo (H3)”
my
» DM: Right-Handed sNeutrino N
» LHC: Z'/N,Z'/N

m,, Yy, ~ 10—6:7
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LHC pushes up 2’
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EWPD and Tevatron

7z’ Mz [GeV] sinf@zz X in
electroweak CDF DO | LEP 2 sinfy 7 sin 07, | sin6%%7
Zy 1.141 892 800 673 —0.0004 —0.0016 0.0006 || 47.3
Zy 147 878 763 481 —0.0005 —0.0018 0.0009 | 46.5
Zy 427 082 810 434 —0.0015 —0.0047 0.0021 || 47.7
Zr 1,204 789 692 0.0003 —0.0005 0.0012 || 47.4
Zg 1,257 821 719 —0.0003 —0.0013 0.0005 || 47.3
ZN 623 861 744 —0.0004 —0.0015 0.0007 || 47.4
ZR 442 —0.0003 —0.0015 0.0009 || 46.1
ZLR 998 630 804 —0.0004 —0.0013 0.0006 || 47.3
7y (303) (740) —0.0015 | —0.0004 | 0.0081 || 47.7
2SI 1,403 1,030 950 1,787 —0.0008 —0.0026 0.0006 || 47.2
Zstring 1.362 0.0002 —0.0005 0.0009 || 47.7
SM 0 0 48.5
Langacker,0801.1345
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How to produce? Dirac neutrino (I)

» Nonthermal production.

» Thermal regeneration. Asaka, etal., 0512118

W =y, LHN

m, = yy(Hg) = Y, ~ 10~ 13

2
100

< 01
~c
,C_‘:Jl — *AUHULLJR —}_ h.{::-
y . . _ ay =1
Ay = apypmy
L1 11 I L1 11 L1 11 I L1 11
0.01
- 2
. sz g% A v - 100 110 120 130 140 150
VO L inige A .
W VRV L 6477 ?H?JL _ IH?E?R W myg, (GeV)

mpp = 100 GeV, my;, = 300 GeV, and pg = 150 GeV
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How to produce? Dirac neutrino (II)
» U(I): Q' = Qy cosbps + Qysinbpg

NN*—>Z'—>ff 10% |
101
N o 100

,.C'.

éﬂ‘
101

Z!
1072
N* f
10-3
14
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Lee, et.al.,, 0702223
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How to produce? Majorana neutrino ()

» Too huge thermal regeneration:
y,~ 107 =2 Qpy >>1.

» Need thermalization: large Yukawa or gauge.

» Large A term: Arkani-Hamed, et.al., 00063 12
Borzumati-Nomura, 0007018

Viort = A JLH, N with A, ~ 100GeV
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How to produce? Majorana neutrino (II)

y L7
» RHsN mass splitting: v — N, + iV,

1 1

7 2 2 2 AT|2 - _ NT AT NTH AT
Vinass = (my + my — 1??’1 zicop )| N|° — 583.-??13.-(;- N 4+ N*N™)

m2 = m2 L
My, = My +m

%~ imy F Bymy

» Z’: too heavy, off-diagonal coupling.

e

Ny f
DM—

e —

N, 7
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Can U(1)’ gaugino help?

Z}'

» Yes! How?
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U(1), model

» New fields and anomaly-free charge assignment:

5 5 |1(X)|1(S1) 1(S2)
) —2\ 0 \ 10 —10

SU(5) [10p 5p 1(N)
2/10Q'| =1 3 -5

» Gauge invariant Yukawas:

4 nNT )\-L'?\f'r' ~ AT AT
W seesaw — Yij Lg Hu N j + L5 1 N ~\1

_ i i _ o i A _
W' = pt."bﬁ Sy or W =)2XSS9 + 3 X?
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Left-Right Mixing

» L-R mixing (Dirac) mass leads to a small mixing between
LH neutrino/sneutrino and RH neutrino/sneutrino:

ﬁmiscing = mpVvN +mmpvrvN

Oy, ~ Ll 0 - — (mn £ AL F peot By
INv =~ — "Nijovg 1 IV (12 m2
V2muy 2VR, \/Z(m.ﬁr_l - m..ﬁ,RJ)

» RH neutrino/sneutrino couples not only to Higgs bosons
but also to Z/W bosons through mixing;

Wt 7 o, H*
/
e
Ve
<
N N
g QNI/ yV
. v v T
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RHN decays

1 m2 \
I'(N —vh) =T (N — vh) = gt 87?2\ (1 — &) cos o,
T |

| m2\ >
(N = vH) =T (N — vH) = 81 8”“ (1—m—H) sin?
T '

2
1 , :2
I'(N -vA)=T1(N —VA) = v, mN (1 — m;) cos® 3
S 87 may
m?2

m2,., /
H cos? s,
may
2

_ |
(N = [HY) = (N = [H )= -" SN (1 -

4 87 %
2 2 e
(N = vZ)=T(N = 0Z)=-* o () MENT () oMy sin? 3 |
S 87 m%,- -m%,—
2
W

_ 112 M2 N M2,
L(N = 1WF) = D(N = 1W7) = 2 YN (1— ! ) (1+2 ;‘).gm? 3.

8 may may
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U(1) gaugino Z’

» U(l) gaugino-Higgsino mass matrix:

(Z', 81, 5%)
| muy Myicg —Myisg |
M = M Z1C3! 0 p,-"
—M Z'53/ p,-f 0

» Gaugino lighter than Z': M, Mz << i’

2
Mz, = My — ?’ << 1TeV
M
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U(1)’ gauge interactions

frz' ig'(Q, Pr — Q_} 1 Pr)yH hAZ' —ig'Qy, sin(a + )¢
frez iq Q} q" HAZ ig' QY cos(a+ 3)g"
fLfZ' ~iv29'QYy, Pr H'H 7 i Qy,¢"
friZ' —z’ﬂg’@’f ; P hzZ' —iV/2¢' Mz QY cos(a+ B)gH
NNy Z' g Qg HZ7Z' —iv24¢' My Q. sin(a + 3)g"”
NN, Z' —ig'Q'\ Pr hy 7' —ig' Q. (Naj cos a + Na;sina)Pg
NNyZ' g QN Pr H ){'?Z ! —ig' Q. (Nyisina — N3; cos ) P
51,2577 iqg Qsl N AYY 7' g' Q. (Naj cos 3 — N3 sin 3) Pr
S1951 97" ig'Qs, 7 HYYZ' | —iv24g' Q) (Vi cos 5 Py — Uy sin 3 )
51,2:‘;1,22&’ —iv2¢' QSLQ
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Thermal abundance of RHsN (I)

» RHsN annihilation to RHN; RHN to the usual thermal

fermions:
N N A f
Z'f
Zf
Nl_ - N N f

» Boltzmann equations to solve:

dn 3 g 9
i?\'l 1 - l / — . —_— Y — ; — 2 o i?\' 1 - i
C['{' — v3 H TI j\-‘rl <(Ti'-'\|,"1 ?_ j\lrl > |V( ?’1 4_'?\".1 ) ( g}\r Tl-j\- ) “

9N,

a4

f AT ¢ eqh’ : :
(Z;; = —3Hny — (oNUN) [(-n;\.-—)z — (n\l)ﬂ + (04&}1 '1"5{-*1> [(?14{—1)2 - ( P ?1;\') ]
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Solution (I): too large!

0.01F - - I
1074}
o 1076

1075}

'10—10 T ——————

1 10 100
mﬁrl/T

mz, = 600GeV, mz = 1200GeV
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Thermal abundance of RHsN (II)

» Include the decay and inverse-decay of RHN:

H_.-‘:I:_ 7 . Hi - —— = =2 )
, 7 >/vwn<
s e
e

i:l\"r :\T " \a) ' ! () f
g 9NU y]’/ \ W z &, H?
IT.v v T L 4§ o ﬂ/,
» Boltzmann equations: "
dn a-~ 2
Ni _ _apre e oa m- V2 _ [Nt
dny — —3Hnn ) [ A )2 €92 g )2 INy ’
o = —3Hny - (onun) [(nn)° = (n3d)?] + (O'Nl t.-Nl) (ng,)" — g—\n\

—Tn(ny —nYy) .
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Solution (II)

» Although suppressed by small Yukwas y , ~ 10-%, the decay
and inverse-decay processes maintain in thermal
equilibrium longer the RHN and thus also the RHsN.

» The RHsN DM relic density can be in the right range
unless y,, is small.

» To see a peculiar dependence on y, , define an effective

neutrino mass: Yy ‘2?)2

M

my

26 "U(l)" seesaw & RHsN DM"  EJChun@KIAS Bethe Forum, 201 1-11-11



Decay/inverse-decay effect

0.01F ' '

m, = 107 %eV 1

0.001F

10-6¢
1077F 1 i
ST o
10-10¢
107} 1 g
\
\
\\
-14
10715} \ I
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}?t_ir];“T
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DM mass dependence . =10"%eV, mz = 1.2TeV

2
Oy
12{]{} lﬂﬂﬂjl L T L T T T 7]
1000 20T 0.4 7
_ - — 000} -
Z 800 = -
< s -]
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= I = 850t ]
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Dependency ony,

2
Q5 -
rr -~~~ T~ 1T T T T T T T T *T [ —* —* T 1 ] 600j T
1200 i
I 5501
1000_ 500;
> _ s
4] ) L
© 800 < 450}
| &
I 400F
600 I
I 350}
400 _
L+ v 0 N T L 300:.
100 150 200 250 300
my (GeV)
m, = 10" teV
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Dependency on Z’ mass my, =300GeV, i, = 107"V

600F 600F [ -
550} 550(
500} 500} i
>
L L
< 450 450 ]
S }
400} 400} !
350} 350} !
300:. 1 i \ \ . ! 1 \ . . \ 1 . . \ . 1 . \ ! \ 1 300__. 1 | \ . . ! 1 . . . \ 1 \ . . . 1 . . . . 1
100 150 200 250 300 150 200 250 300
my (GeV) my (GeV)
myr = 2TeV my = 4TeV
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Dependency on g’ mz = 1.2TeV, m, = 10~ %eV

440 440 200F
420 420}
190}
400} 400}
S 380 S 380 < 1801
L L] L)
9 < 9
e Fa s
360} 360}
340 ||| 3401 |
] i 1601
320} 320
30005 j . : A 3000 1% . : . g 150t : . : : : g
100 150 200 250 300 100 150 200 250 300 100 110 120 130 140 150
my (GeV) my; (GeV) My (GeV)

J =03 g =0.25 g =0.2
myg, = 300GeV my, = 300GeV myg, = 150GeV
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LHC signatures
» Discover RHN: SSD and/or displaced vertices
pp — Z' — NN — IFITWFTWT (45)
N = IW.vZ,vh vH, vA IH"
Probe Majorana nature of neutrino

» Similar with large missing E+:
pp — Z'Z' — NNNi1N; — [F1545 + By
» Probe the Higgs channel(s) (with MET)?

pp — Z’(Z’Z') S FWTFuh (+E7)
— ITWFITHT (+Hy)
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Discovery channels

q — QZB_L Dijet, same—-sign dilepton, MET
‘ Dijet, displaced b-jet(s), MET

b AW L7

) for Msqua=1.5 TeV ‘ bb

1=0.2cm
for m,=1073eV and m=200GeV

001

0.001
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Displaced vertex

1Ty Incm

34
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N decay branching fraction

35

Branching fraction
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alpp -> Z')Br infb

Z’ production and decay

Heavy Higges decoupled

1e+06 T T T o
oBr(Z->Il) ==
oBr(Z->vv) e
NN aBr( -,>NN; —
10000 - oBr(Z->uu b
6Br(Z ->dd) ===
oBr(Z->Z h)
100
1
0.01 -
0.0001 + -
1000 1500 2000 2500 3000
Mz in GeV
36

o(pp -> Z)Brin fb
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o(pp > Z)Brinfb

’ production and decay at LHC

Heavy Higges non-decoupled

1e+08 T T T il T T T il
oBr(Z-=ll) === GBr(Z ->l) ===
A e | )
oBr(Z- rEsTw K
10000 - cBr(Z,->uu; 7 I oBr(Z->uu)
E ) e S
oBr(Z - o g
AT - -:hzri 1 £ & SEQ(Z:EE}?%
oBr(Z->H A o} 100 | o oBr z-:ﬂAg .
1 [ 6Br(Z->H'H ™ = N GBr(Z->HH
A R TR,
g 1L e o
=
0.01 |
0.0001 | .
I I I 0.0001 k£ I I I I -
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
M5 in GeV Mz in GeV

ma = 162GeV, my+ = 180GeV, my = 164GeV
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U(1)’ gaugino production
» Cascade decay from gluinos/squarks:
pp — 44 — q9Z'Z" — ggN NNy N,

» Maximied if U(l)" gaugino is the NLSP.
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39

Cascade production of U(1)’ gaugino

Gstrong IN PD

1000 ¢

100 ¢

10 ",
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Squark decay to U(1)’ gaugino

. T T TR LR LR
Ty e
PPTTTTILILALL

e m>=500 GeV

1 T T T T T 1
U ->uZ, =——
ts->uZ,
Efi->d2 ---------
0.8 | dg->dZ e 0.8 |
06 1 06 |
™~ N
e m>=300 GeV 4
o o
04| 1 04 |
0.2 | - 0.2 |
0 1 1 1 1 0
500 600 700 800 9200 1000 550
mg in GeV
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Discovery prospect: rough numbers

» SSD channel: BR(NN-> | IW W)~12%
» Higgs channel: BR(NN-> hv | W)~10% .

» For U(l)’ gaugino as NLSP:

LHC7 o(pp— Z' — NN) ~ 10 fb for mz = 1.5 TeV
o(pp — Z'Z" — NN) ~ 1 fb for Mstrong = 1.5 TeV
= o(hlW(+MET)) ~ 1 (0.1) fb

LHCI4 = o(hW(+MET)) ~ 10 (10) fb

» Needs a careful background study.
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Conclusion

» RHsN: a good dark matter candidate in U(l)’ seesaw.

» Right freeze-out relic density from U(I)’ gaugino

exchange + Z’ scattering, decay and inverse-decay of the
RHN.

» Unique LHC signatures: SSD w/ and w/o MET.

» Probe the Higgs channel, h = bb, associated with
lepton+W, in particular, at displaced vertices.
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