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® Neutrinos:

# solar sector
o athmospheric sector
» 013, the reactor’ angle

® Supersymmetry in a nutshell
+ lepton flavour violation

® Supersymmetric neutrino mass models and their tests
» Dirac neutrinos
» Majorana neutrinos in Seesaw models
» Neutrino masses via R-parity violation

® (Conclusions
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Neutrino physics
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Where do Neutrinos Appear in Nature?

v Nuclear Reactors |k

Sun v

N | Supernovae

v’ Particle Accelerators

| | (Stellar Collapse)

SN 1987A v

v Earth Atmosphere
(Cosmic Rays)

Astrophysical
Accelerators Soon ?

Earth Crust
(Natural
Soon ? Radioactivity)

Cosmic Big Bang
(Today 330 v/cm?)
Indirect Evidence

Georg Raffett, Max-Planck-Institut fir Physik, Minchen, Germany

ISAPP, 28§ June-% July 2004, LHGS, Gran Sasso, Hak
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= If neutrin rem ive... P
WURZBURG eutrinos are massive = 5
In general: flavour eigenstates # mass eigenstates Var, = >, (UV)_; ViL
—is
C12C13 S$12C13 S13€
U = — 512023 — €12523513€*  c1aca3 — 5125235130 s23C13
$12823 — C12¢23513€"0  —c12823 — S12¢23513€0  ca3c13
1 0 0 C13 0 3136_”6 C192 s1o2 O
= 0 c23 5923 0 1 0 —S12 c12 O
O —s93 923 —5136“S 0 C13 0 0 1
1 0 0
V — 0 em 0 Cij = COS Qij y Sij = sin eij
0 0 ef

023 atmospheric neutrinos, long baseline experiments
15 reactor experiments

012 solar neutrinos, KamLAND

«, 3. Majorana phases, Ov23-decay (?)
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QM picturef
Ve B cos 6 sin 6 %1
Vi —sinf cosf 1)
ve(t) = etflty, = ¢iF1t cog Ov1 + €2t sin Ouy

m2
p>m; , Ei~p+
2p
2 2
—ipt Py a2
ve(t) = e "' e "2p cosfOry +e 2P sinfuo

express v; via first eq. =

T for comparision of QM and QFT pictures see:
E. K. .Akhmedov, J. Kopp, JHEP 1004, 008 (2010) [arXiv:1001.4815 [hep-ph]].
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 m7 ™3
N — —ipl [ iRl 29 4 i l2 g
ve(l) = wvee e 2r cos“f+e 2P sin
2 2
—ipl : —ily o 2
+ vue cos@sinf | —e "2 4e " 2p

and the oscillation propability is

[Am?
Pve »v,) = sin? 20 sin? (ﬂ>
4p
Am%Q = m% — m%
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NORMAL

|mass]

Am3, <0

D.: I’: I‘:
A = s3]

® Neutrino oszillations
® Amg;: atmospheric, lang baseline
® Ameg;: solar, KamLAND

® Absolute v mass scale (?)

DESY Hamburg, CP3 school, 12/13 Oct. 2011
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® Tritium S-decay

/2 92 9 2 2 2 2 92\1/2
mpg = (013012m1 + c13819m5 + 313m3)

mg < 2.33 eV (95% CL) Troitsk, Mainz
KATRIN sensitivty mg ~ 0.2 eV

® Neutrinoless double 5-decay (0v2/3-decay)

2 2 2 2 ' 2 2 i
mpp = cf3ciami + cf3siamae’® + sizmie’”

claimin "Ge mgg € [0.16,0.52] eV (20)
20 upper limit from Cuoricino mgg < [0.23,0.85] eV

® Cosmology: 95% CL bounds® on >~ m; = m1 +mo + m3 + ...

o

e o 0 0

CMB < 1.19eV

CMB + LSS < 0.71 eV

CMB + HST + SN-la < 0.75 eV

CMB + HST + SN-la + BAO < 0.60 eV
CMB + HST + SN-la + BAO + Ly < 0.19 eV

t Fogli et al., PRD78 (2008) 033010

DESY Hamburg, CP3 school, 12/13 Oct. 2011
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® two-neutrino approximation
Am3; < Ams,

® solar + KamLAND: 612, Am2,
® CHOOZ: 613, Am3,
® atmospheric + LBL: 23, Am2,

® three-neutrino analysis

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg —p. 10
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WURZBURG 2 Versus 3 v analysis ,t:“g

® two-neutrino approximation
Am3; < Ams,

® solar + KamLAND: 612, Am2,
® CHOOZ: 613, Am3,
® atmospheric + LBL: 23, Am2,

® three-neutrino analysis
® solar + KamLAND: 012, Am3,, 015
® CHOOZ: 05, Am2,, 012
® atmospheric + LBL: 023, Am3,, 015, Am3,

all data samples are connected =- global 3v analysis required

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg —p. 10
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( reaction flux (em=2s71)
pp cycle pp — detv pp  5.97(1 £ 0.006) - 1019
pe”"p — dv pep  1.41(140.011) - 108
3Hep — “Heetv hep  7.90(1 £ 0.15) - 103
4p — *He + 2e™ + 2ve + 79 "Bee~ — “Livy  "Be  5.07(1 4+ 0.06) - 10°
8B — 3Be*etv 8B 5.94(1+£0.11) - 10°
CNO 1SN — 13Cetv 13N 2.88(1+£0.15) - 108
150 — BNetry 150 2.15(1 T91f) - 108
\ 1"F — 170etv 7F 5.82(1 10-19) - 106

Pena-Garay, Serenelli, arXix:0811.2424

SSM predictions

DESY Hamburg, CP3 school, 12/13 Oct. 2011
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reaction flux (em=2s71)
pp cycle pp — detv pp  5.97(1 £ 0.006) - 1019
" - - —  1.41(1£0.011) - 10°
1o BPS(GS98) 2008 1 7.90(1+0.15) - 103
+0.57% Neutrino Spectrum (+1¢) 3
Lot 4 5.07(1£0.06) - 107
108 "Be— |:5.8% E: 5.94(1 + 0.11) . 106
D ST R ] 2.88(1£0.15) - 10%
— . - - ! \ =
T - - e +h0.1% 3 0.17
P IR S ] !:)_> \ - 2.15(1 J—r0.16) - 10°
= Pl BTl N E +0.19 6
3/ 105 17 +19% _ - - | \‘: BB_>i11.3% _; 5.82(1 _017) * 10
b —’17%_ - | E
£ BT P 1 erenelli, arXix:0811.2424
. 5
. _— ] SSM predictions
! E
10° : hep—>+15.5% E:
102 : B .
10t . /%/ . a
0.1 1.0 10.0

Neutrino Energy in MeV

DESY Hamburg, CP3 school, 12/13 Oct. 2011

W. Porod, Uni. Wurzburg —p. 11



julius-Maximitlans-

UM_WERSITET . ) : : -
WURZBURG The first ones: radiochemical experiments ):“3

® Chlorine experiment

® gold mine in Homestake (South Dakota)
615 tons of perchloro-ethylene (C2CLy)
detection process: v. + 37Cl — 37Ar +e~
only 1/3 of SSM prediction detected:

e o b

R23M  — 812+ 1.25SNU
Rcr, = 2.5640.16 +0.16 SNU

} item Gallium experiments (GALLEX/GNO, SAGE] |

R25M = 126.2 4+ 8.5SNU
RGALLEX/GNO — 693i41i368NU
Rsagre = 66.943.9+3.6SNU

= 50% deficit

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg —p. 12
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® water cherenkov detector :

® sensitiv to all neutrino flavour: v,e™ — v e , 50,000 ton water Cherenkov detector
(22,500 ton fiducial volume)

® threshold energy ~ 4-5 MeV

® real-time detector: (E,t) El- T

il g R
. 1200 PMT(Inner detector)
111900 PMT(Outer detector)

1000m underground

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg —p. 13
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® water cherenkov detector :

® sensitiv to all neutrino flavour: vye™ — voe™ , 50,000 ton water Cherenkov detector
(22,500 ton fiducial volume)

® threshold energy ~ 4-5 MeV

® real-time detector: (E,t) e

Data/SSM(2004)
o

o

o

o

SK-1I] 226
8 T T E
Q
© L
o
6] + 9 %24
+ S|
4 1]L+++++++++J@ Jr{t%ti igiasies el -
F per-K detects only 40920t
95 I stat. uncertainty only ) ]
Dashed line: SK-IlIl average
05— 10 15 20
f Total electron energy (MeV)

! - 1

dici; by-

200 PMT(Inner detector)

900 PMT (Outer detector)

1000m underground

the SSM

JAN

FEB

MAR |

APR
MAY
JUN
JUL
AUG [
SEP |
OCT|[
NOV
DEC

DESY Hamburg, CP3 school, 12/13 Oct. 2011
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All experiments detect less neutrinos than expected (30-50%)

o

L I I

experimental errors?
— different kinds of experiment

Standard Solar Model incorrect?
somthing is happening to neutrinos?

new particles needed?

Electron neutrino detectors

Chlorine

CNO
7Be

Gallium

Water
vie—v+e

Gallex/GNO (Super-)

l

~30%

l

~50%

l

~40%

DESY Hamburg, CP3 school, 12/13 Oct. 2011
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SNO is sensitive to all v flavours
The Sudbury Neutrino Observatory SNO interactions
Elastic-scattering (ES): ,,
6000 m.w.e. overburden y.te v ae & ;Jter:annagndl?‘rectional
sensitivity

1000 tons D,0 Charged-currents (CC):

: d—> - W . - _ correlated
Ve+ prpte with E

Neutral-currents (NC): .,

12 m Diameter Acrylic Vessel

1700 tons Inner Shield H,0

Al flavors equally
v.+d=>p+n+v, " Total neutrino flux
D P

Support Structure 9500 PMTs,
60% coverage

NC, 3 phases

® D,0phase
n+d—t+ v+ 6.25 MeV

® Salt phase (D20 + 2 tons NaCl)

5300 tons Outer Shield H,0

etoll 35 35 /
ve-flux (CC)): ¢§ﬁo = 0.301 4+ 0.033 30% n + °°Cl — °°Cl ++'s+ 8.6 MeV
NC
total v-flux (NC): 3707 = 5.541055 1050 ® NCD phase (3He proportional
= 100% counters)

n +3He — p + t+ 0.76 MeV

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg —p. 15
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Electron neutrino detectors All flavors

Chlorine Gallium "ﬁiater _ Heavy water Heavy water
Vet € = Ve*€ |y +d—p+prev+d—optn+v

B
v

77
L

Gallex/GNO (Super-)

Sun produces v, that arrive as 1/3 ve +1/3 v, +1/3 v
= neutrino oscillations

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg —p. 16
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’ Homestake (EV > 0.814 MeV) 10-2§ LRI B R R AL AR R E
Ve +37Cl — 3TAr +e~ 0L all solar
® SAGE/GALLEX-GNO (E, > 0.233 MeV) m_i_ Cl E
ve + 1Ga — "1Ge +e™
® Super-Kamiokande (E. > 5 MeV) 0E E
ve +eT = vz t+e” 3, 10°E SK SNOW -
® SNO (E. > 5MeV) o L ]
=] E =
[CClve +d —>p+p+e” _SE :
INClve +d —ve +p+n 0
[ES]lve + e = vgp +e™ 107
10’”’%—
10-11_4 3 -2 -1 [y 7
10 10° 10?107 1" 10
tan”0g,

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wirzburg—p. 17
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Borexino: low energy solar neutrinos

® 300 ton liquid scintillator
® first real-time measurement of “Be neutrinos (< 5% error)

O first real-time measurement of 8B flux below 4 MeV

— Peetlo
g BX' 'Be!

Borexino Design 2200 ¢ Thom EMIFMTs

o
~J

400 withor light cones)

L 100 ten
fiducial volume

Stainless Sreel #{  (1800with light oolls cters
Sphere 137m 7
a&r
Pal
o /4 R ~J
W
/

=
n

Nylan film
Rnoarrier

o
(%

—— : —— gX 5B (>3 MeV)
7 paintirg PMTs 06F —*— BX &g (>5 MeV)

SNO %8

Survival Probability for v,, P..
o
o

02¢ 5
% 0.1 05 10 50 100
~ ; — N Energy (MeV)
\ “— Holdirg Strings
“__ Stainess Steol Watar Tank ™ Steel Shieldng Plates
18n O Amx Bm x 10en anddm x ém x dem

consistent with LMA parameters
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West fSnie

D . +tp—oset+n
® average distance ~ 180 km
9

sensitive to Am32, ~ few 107° ev? (Am? LMA)

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg —p. 19
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® 2002: firste evidence v. disappearance — confirmation of solar LMA v oszillation
KamLAND coll., PRL 90 (2003) 021802

® 2004: specral distortions (L/E)
KamLAND coll., PRL 94 (2005) 081801

® 2008: 1-period oscillations observed — high precision determination of Am32,
KamLAND coll., PRL 100 (2008) 221803

80 - v
T L ) [ o Data-BG-GeoV
I —— no-oscillation ZOMeV PO g Kl AND data - — Expectation based on osci. paramelers
I accidentals analysis threshold  ___poct fit oscillation - .
L o 13 16 ) L determined by KamLAND
b W “Cenyo || T e best-fit decay > -
> L spallation best-fiit decoherence = L
2 E== best-it oscillation + BG E 0.3
“ —e— KamLAND data o -
[S\] I 2 8 -
S 40 g & 0.6 + —
T i s e ERN: '
g | g 041
20 & r +
I 02
0 '"'"""""'6'0""71)""8( ] I T FES FEVEY FEUTE SPUTE FERT IR
0 20 30 40 50 60 70 80 90 104
L/E. (km/MeV) Ly/E_ (km/MeV)
& Vo

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 20
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KamLAND confirms LMA

best fit point:
_ +0.20 —
Am3, = T7.5971g - 107° eV?

sin? 012 = 0.31270 017

| J

max. mixing excluded at 7o

bound on 612 dominated by solar data

| I I

bound on Am3, dominated by Kam-
LAND

_I | I | I | | | I_
- KamLAND i
%_) - globaH
l'r.) : N :
O 10 ¢ —
g — I . =
od E B 1'\ E gi
E Gl N -
<] _ J
= solar =
o _I 11 I L 11 I L1 1 I | | l_

01 02 03 04 05

T. Schwetz, M. Tortola, J. W. F. Valle, arXiv:1103.0734 [hep-ph]

. 2
sSin 912

DESY Hamburg, CP3 school, 12/13 Oct. 2011

W. Porod, Uni. Wurzburg —p. 21
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Atmospheric neutrino anomaly |

Cosmic rays interacting with the

— Ut

no —e + vyt e

_ NI/M + NDM ~
Nue + ND
FREJUS
t + IMB
- + + + + B L
[ NUSEX  SOUDAN2 KAM  KAM

UNIVERSITAT
WURZBURG
N
atmosphere
9
T
® Expectation
Bye
® However
o 1.5
=
b
~ 1
3
o
0.5
o !

SK
multi sub rSnKuIti sub

DESY Hamburg, CP3 school, 12/13 Oct. 2011
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Atmosperhic neutrino anomaly Il

9

Super-K. coll., PRL 81 (1998) 1563

® 2004: oscillatory L/E pattern

Super-K. coll., PRL 93 (2004) 101801

Am?2, L
P,, = 1—sin? 2053 sin? 31 )
i 23 ( 1 E.
18 k
g 18 SK -1/1T
1.4}
S 1.2]
=3 '1 decoherence
& 0.8}
S 0.6
B 0.4
§ 0.2
o 2 3 4
1 10 10 10 10
L/E (km/GeV)

1998: Evidence for v, oscillations at Super-K

Flux(lO'lscm'Zs'lsr'l)

»

[

-

=1

hmthwonwihiaks

=]

F

+

F
-1 -0.8 -0.6 -0.4 -0.2 O
cosO

E‘“‘\““\““\““\”wm*_u
ot *
§ 1+
rof

1.4
1.2

1
0.8
0.6
0.4

0.2 |
0 TR L T - el el
-1 -0.8 -0.6 -60.4 -0.2 0

COoSs

DESY Hamburg, CP3 school, 12/13 Oct. 2011
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® Three-neutrino analysis including latest Super-K data
® 90% CL and 30 regions

’ Best flt pOIﬂt (IH) 5 _I L | T 171 T T R I_
o 4L N
sin? o3 = 0.54 > 40 )
2 —3 _\/2 @ r ]
Amgl == 214 . 10 eV ™M 3 N //—'—1' N
O I ,I _]
™ B ! =
b 2 __ i ¢ __
o] C‘*—) : \\\ :
- =5 E
<t SKI ]
O _I | | | L 111 | 11 I_
0 025 05 075 1
e
sin 923

T. Schwetz, M. Tortola, J. W. F. Valle, arXiv:1103.0734 [hep-ph]

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 24
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Use fixed target experiments to generate pions

p+X — 7T:|:—|—Y

at - ,LL+—|—I/,u O O R o 7
,LL+—>€+—|—I/6—|—17M p —e +lVe+vy,

= beam can be focalized to select only neutrinos or anti-neutrinos

Goal: test atmospheric oscillations and improve parameter determination

= need to adjust parameters to be sensitive to Am? ~ 1073 eV?
® KoK:L~250km, E,,u~ 1.3 GeV
®» MINOS: L ~735km, E,u ~ 3 GeV

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wirzburg — p. 25
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K2K: KEK — Kamioka MINOS: Fermilab — Soudan

Fermilab

250 km

=]

.....

E T I N LEE L | T T T T | L T T 1T | T | T | |
I : KeK™ 151
@16 | . - MINOS
Sk o | +
E E H 8 —4—
€19 [ . ] 1
212} ‘ ] § i _L L
s L ® ., disappearance g L 1
: ® spectral distortions 2
- | 2 058" + *  MINOS data
L . & 1 — Best oscillation fit
- | H —— Best decay fit
: Lo 5 — Best decoherence fit |
{}:~ '* , ] ) o P N SRRV S e
0 1 9 3 4 5 0 5 10 15 20 30 50
Efff GeV Reconstructed neutrino energy (GeV)

atm v oscillations confirmed by laboratory experiments

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 26



julius-Maximitlans-
UNIVERSITAT
WURZBURG MINOS results ,t:“g

® ., + v, disappearance data e T o
% t--- MINOS v, 68% --- MINOS v, 68% |
™ 5_0 Bestv, Fit ® Besty, Fit N
Plv, —»v,) ~ 1-— Sin2(2@23) O “I 171x10"POT 724107 POT,
2 S T
Y i 1.27(Am2,/eV?)(L/km) 54— -
E/GeV S |
c 3_
© v S e
IAm2| = 2.3570-11 aV2 &in2(26) > 0.91 (90% CL) oo X
- - —0.08 _ - ° 2 I | | | | —
|Am?2| = 3.361705 eV? sin?(20) = 0.86 £+ 0.11 05 06 0.7 0.8 0.9 1
consistent at 2o sin®(26) and sin’(28)

® . appearance data

1.27(Am2, /eV?)(L/k
P(vy — ve) =~ sin?(fa3)sin®(2013)sin ( ( mg%eev)( / m>>
54 e~ observed, 49.1 + 7.0 + 2.7 expected
= NH:sin?(26;3) < 0.12 (90% CL)

IH: sin?(26013) < 0.20 (90% CL)

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wirzburg —p. 27
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4 . I | FT T | IR | [ | 4 L | I | T T | 1 |
— | NH global :
N ;
> i . |
) | —
¥ ] ]
O —| -
= . 1 B . .
< G atmospheric < i atmospheric
L1 | | | L1 1| i Ll 1| | 1 | I A Y | | L1 1 i I | I [ | |
10 025 05 075 1 10 025 05 075 1
n 5 . 2e
Sin 03 Sin 03

® atm data = precision on 623
® LBL data= precision on Am3,

NH  sin?(26023) = 0.51 + 0.06, Am32, = (2.45 £+ 0.09)1073 eV?
IH  sin?(2023) = 0.52 4+ 0.06, Am2, = —(2.34 4+ 0.10)103 eV?

® Best fit:

T. Schwetz, M. Tortola, J. W. F. Valle, Vortrag.tex-arXiv:1103.0734 [hep-ph]

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 28
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principle: Decay “Kink” ¥

i e T 3
oscillation T

L =732 km
(E) ~ 17 GeV
2010: first obs. of v+ in v, beam

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 29
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arXiv:1109.4897: some v travel with v > ¢ and

V—C

= (2.48 £ 0.28(stat.) &+ 0.30(sys.)) x 107°
C

afterwards: about 65 papers until yesterday
various ideas, suggestions, critics ...

°

very difficult to combine with oszillation data and SN 1987a
Lorentz violation? = equivalent to Cherenkov radiation?
Deformed Lorentz transformations?

Extra dimensions?

Domain walls?

Additional (dark) neutrinos?

oo 00 b

Dark Gravity Theories?

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 30
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® disappearance of reactor v.s
® 2, approximation

Chooz B
Nuclear Power Station
2 % 4200 MWth

Am3, L
P(ve = ve) =~ 1—sin?(2613)sin? (%)

distance = 1.0 km

® non-observation of v, disappearance

LR X

100 E T T TTT T | ——
C 3 [ ]
: : PR EEEEEERER w
107 & .
— E 3 Chooz Underground Neutrino Laboratory
Al C . Ardennes, France
> L ]
2 |
- 10" F E
:\JEC") - ]
< i ]
-3 [ _|
10" E
10‘4 -2 1 1 1 L1 1 11 | -1 1 1 1
10 10

.2
sin 813
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® solar + KamLAND + SBL: sin? 613 < 0.072 (3 o)

® athmospheric + LBL: sin? 615 < 0.057 (0.075) for NH (IH) (3 o)

® CHOOZ + SBL: sin? 613 < 0.038 (3 0)

® Gilobal bound: sin? 613 < 0.035 (0.039) for NH (IH) (3 o)

® weak 1.8 ¢ indication of 613 # 0: sin? 613 = 0.01079-999 (0.01310-097) for NH (IH)

I

G

2

am?, (10° oV

1

IIIIIII

GLOBAL
SK;KEK#.‘I[NOS

."" S
i:::?(

e

Sol | Reactors

IIIII

90°¢ CL (2 dof)

0

0.05 0.1
o &
S

015

T. Schwetz, M. Tortola, J. W. F. Valle, arXiv:1103.0734 [hep-ph]

13

_I | L I L | LI ,\ |,l'| L I LI |.|,_
L [—— ca+pv+sBL] [/ ral
—|-—- sol+KL+SBL B
~|-—-- atm+LBL ¥ e
H — global 2011 J o=
[| -~ global 2010 '
L g J
- /~ P —
B L i
B 2 30 7]
- ] ./_’/' il
- Kl a1
L 2 1l
B F N
L. i 4
3 90% CL |

. kit
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0 002 004 0.06 0.08 01
sin'®
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e

}V”‘___"' Ve _——---/'
® search for v. appearance

1.27(Am2,/eV?)(L/km)
E/GeV

P(v,, — ve) ~ sin?(A23) sin® (2601 3) sin?

® Expected number of events for sin? #13 = 0: 1.5 events

® after all selection cuts: 6 candidates remain (2.5 o significance)

YW ¥
(assuming sin?2823=1, d¢p=0) < —4— Data
Weg—m— T3 © i < P77 Osc. v, CC

g 3 = 3r = B
_ L ol 551 NC
- 4L = %7 (MCW.’
> 10 c @ sin?2813=0.1)
\3 E dg 2 —»—%
R | ®
E 4 Y— 2%
g 10°F = Al
E = Best fit to T2K dita 8 /%’
L 60% CL g
]04!“."'9.‘............. Z %
0 0 -2 0 -4 0 -6 0 -8 1 0 ~ I o e e W R NN e e < D |, G|
8 0 1000 2000 3000
sin"26,, Reconstructed v energy (MeV)

T2K coll. arXiv:1106.2822
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# \What Is the nature of dark matter ?

What is the origin of the observed baryon asymmetry?

Why three generations ?
Why do have neutrinos so tiny masses?

# "Why does electroweak symmetry break?” or
"Why is 1* < 0 in the SM?”

# Hierarchy problem

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 35
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Standard Model MSSM

matter: &

gauge sector: . . - . &

Higgs sector: . =3
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Standard Model MSSM

matter: &

gauge sector: . . - . &
Higgs sector: . .. . =

R-Parity: (—1)B3(B—=L)+2s)
(3,2°, A9, hY) — X2, (0, h*) — X7

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 36
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N
W= H™
M e M Vi e
X0 = (7,2°,19, hY) X; =W ,h7)
Y Y
L, o X7
H X3 e M Vg e
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v
negligible

~

negligible sraall

W = H—
= e L oz .
0= (2% hg, h) %= (@, h)
i g
Iy, ;o X
I X E e v Vg e

= anomalous magnetic moment, electric dipole moment,

rare lepton decays, e.g. BR(u — ev) < 2.4 - 10712

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wirzburg —p. 37
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Neutrinos: tiny masses Neutrinos: large mixings
Am?2, ~25.1073 eV? |tan 023]? ~ 1
Am?2_, ~7.6-107° eV? |tanf12|? ~ 0.4
3H decay: m, < 2eV sin %5 < 0.05
strong bounds for charged leptons
BR(p — evy) < 2.4-10712 BR(p~™ — e ete) < 10712
BR(T — ey) <1.1-1077 BR(T — py) < 4.5-1078

BR(r — 1I') < O(1078) (I,I' = e, p)

lde| < 10727 ecem, |dy| < 1.5-10718 eem, |dr| < 1.5-1071% e cm

SUSY contributions to anomalous magnetic moments

|Aae| < 10712, 0 < Aay, <43-10719, |Aa,| < 0.058

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 38
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analog to leptons or quarks

Y Hv, v — Y v, vRp = my VL, VR

requires Y, < Ye

= no impact for future collider experiments

Exception: g is LSP and thus a candidate for dark matter
= long lived NLSP, e.g. t; — [Tbig

Remark: mg, hardly runs =-e.g. mg, ~ mgin mSUGRA
mg, ~ 0in GMSB

S. Gopalakrishna, A. de Gouvea and W. P., JHEP 0611 (2006) 050
S. K. Gupta, B. Mukhopadhyaya, S. K. Rai, PRD 75 (2007) 075007
D. Choudhury, S. K. Gupta, B. Mukhopadhyaya, PRD 78 (2008) 015023

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 40
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Neutrino masses due to

i(HL)(HL)
A

e e \\ /

S . 0,
\Y/ @ \\\ /I

[ \ > )
A Yy Yy
|
|

* P. Minkowski, Phys. Lett. B 67 (1977) 421; T. Yanagida, KEK-report 79-18 (1979);

M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity, North Holland (1979), p. 315;

R.N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 912 (1980); M. Magg and C.Wetterich,
Phys. Lett. B 94 (1980) 61; G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181
(1981) 287; J. Schechter and J. W. F. Valle, Phys. Rev. D25, 774 (1982);

R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44 (1989) 441.
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Relevant SU(5) invariant parts of the superpotentials at Mgy
$ Type-l

_ 1
WrHN = YN N¢Bas -5 + 5 Mp NE¢N€

» Type-ll

1 _ _ 1. - _ 1 _
WisH :EY% 5ar - 15 -5y + E>\15H 15 -5 + E>\25H 15 -5y

+Mi515 - 15

$ Type-lll

— 1
Woun = 5240 Y 150 + 524MM2424M

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 42
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Under SU(3) x SUL(2) x U(1l)y

® The 5,10 and 55 contain

3]\4 — (dC7L)7 10 = (U’Caec7Q)7 5H — (HcyHU)7 5I‘I — (ﬁcaHd)

® The 15 decomposes as

2 1

® The 24 decomposes as

— 5

— 5

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 43



julius-Maximitlans-

UNIVERSITAT
WURZBURG ~cesaw |

1B

Postulate very heavy right-handed neutrinos yielding the following superpotential below

MauT:
Wr =Wnrssym +Wo

~ ~ o~ 1 ~ ~
W, =N°Y, L - H, + §NCMRNC :

Neutrino mass matrix
2

My = —%‘”YVTMlleV
Inverting the seesaw equation gives Y, a la Casas & lbarra
Y, = V2—\/Mp - R/, - U
Vu

., Mg ...diagonal matrices containing the corresponding eigenvalues
U.......... neutrino mixing matrix
R.......... complex orthogonal matrix.

DESY Hamburg, CP3 school, 12/13 Oct. 2011

W. Porod, Uni. Wurzburg —p. 44
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Below My the superpotential reads

1 ~~ A~ ~ o~ o~ ~ o~ o~
Wrir = Wanssyv + E(YTLTlL + YsDclec) +Y,DZ1L

+ —WH T Hy+ MoH,ToHy,) + MpTyTo + Mz Z1 Zo + MgS1 5o

N

fields with index 1 (2) originate from the 15-plet (15-plet).

The effective mass matrix is

2
V2 A9
my = —— ——Yr.

2 M~

Note that
Yr=UT .Yy U,

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 45
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In the SU(5) broken phase the superpotential becomes

~ o~ 3 ~ ~ ~
Wirr = Wussm + Hi(WuYn — 4/ EBMYB>L + H, X Yx D€
‘|‘§BMMBBM + §GMMGGM + §WMMWWM + X Mx X
giving
5 4

2
v 3 _ 1 _ _
my = = (—10 YAMg'Yp + 5Y{frzwwlyw> ~ 2 —10Y‘TVMW1YW

last step: valid if Mg ~ My, and Y ~ Y
= Casas-lbarra decomposition for Yy, as in type-1 up to factor 4/5

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 46
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MSSM: (bl, ba, bg) = (33/5, 1, —3)
per 15-plet Ab; =7/2 = typellmodel Ab; =7
per 24-plet Ab; =5 = type lll model Ab; = 15

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 47
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MSSM: (bl, ba, bg) = (33/5, 1, —3)
per 15-plet Ab; =7/2 = typellmodel Ab; =7
per 24-plet Ab; =5 = type lll model Ab; = 15

2500 ! T ! T ! T ! T 2230 ! T ! T ! T ! T
M3 B B B B B B ¢
| | | e 2000
2000 e P P }‘""';;'—'"’{;7"/'}"'"—
s | [ s
""" /‘, <
S | e | 3 1750
3] I b et s i )
& 1500 L e =
= | ’ s = 1500
& =
= 1000 | o o A o - =
: " : : (e]
> 2 /,’: — ; 1250
s P SRR s
L My T _—
500 P ——— 1000
I B |
I N N N SR T} A RN S B
102 103 10™4 10" 108 10'2 10" 10™ 10" 106
MSeesaw (GeV) |v'Seesaw (GeV)

QleeV,monl/Q=1TeV,A()=0,tanﬁleand,u>0

Full lines ...seesaw type |, dashed lines ...type ll, dash-dotted lines ...type lll
degenerate spectrum of the seesaw particles

J. N. Esteves, M. Hirsch, W.P., J. C. Romao, F. Staub, arXiv:1010.6000
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1000 : —— —— —— — 2000 T — T — T T

My

800 e e

< 5 Il ’ s

S 600 okt R - 1

3 e S 7

£

o= | L. 7

€ 400 |7 mX? """""""""""""" , "____—-";;—;w—

= T

Pl s PR s i

______ s s T s s 3

200 [ e e — |

/ /‘/‘: : !

My, 7 | |

R N ) E Y S ER

10'2 10'3 10" 10'° 10'® 10'2 10'3 10" 10'° 10'®
IVlSeesaw (GeV) IVISeesaw (GeV)

mo = My, =1TeV, Ag =0,tan3 =10and p > 0

Full lines ...seesaw type |, dashed lines...type Il, dash-dotted lines ...type lll
degenerate spectrum of the seesaw particles

J. N. Esteves, M. Hirsch, W.P., J. C. Romao, F. Staub, arXiv:1010.6000

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 48



Juljus-Maximilians-

UNIVERSITAT ot ~IR

2

1

2 /M
)/ M7

2
Il

m
2
U

Seesaw | (~ MSSM)

2
"D
— m

(mn
2
Q

L
10

)/ M,
’Z)/Ml27 (’I’I’L~

— ™
— ™

2
E
2
E

2
%,
2
I

(m
(m7

1.5

102 108 10" 0B ol
M15 = M24 [G@V]

1L
10

(solution of 1-loop RGES)

M. Hirsch, S. Kaneko, W. P., Phys. Rev. D 78 (2008) 093004
J. Esteves, M.Hirsch, J. Romao, W. P, F. Staub, arXiv:1010.6000
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WURZBURG ’ yp >R
S m
48 ~ \
- VoA \ SPS3 \ SPS3
" ‘| ‘\ mgo = 0.5 My, =1 TeV > ‘| mo = 0.5, My, =1 TeV|
~~ 35 4 my =t Mz =1tTFcV ~tR \ mo =1/ M, =1 TeV
C:'TL\Q Voo S 4 “
\\ \‘ | \‘
| 3 \ \‘ \\ ‘ > \\
e \ RN \ E/ 3 \ \
— 25 ‘\ \\ —c|2 3 )A N

A
|
)
f
E

1.5

|

1013 1014 1015 1016 1 Ll L

M24 [GeV] M24
blue lines ...SPS3

light blue lines ... mo = 500 GeV and M, ,, = 1 TeV
redlines...mo = M, =1 TeV

black line ... analytical approximation

full (dashed) lines . ..2-loop (1-loop) results

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 50



julius-Maximitlans-

UNIVERSITAT
WURZBURG Landau Poles ,t:“g

207

1.8~

1.4

JcuT

12}

1.0 -

0.8

1Og(A]\4Seesaw/G’e\/v)

mo = M9 =1TeV, Ag =0,tan8 =10and > 0

MaoyTr = 2 x 1016 GeV

black lines ... seesaw type-ll

green lines ... seesaw type-Ill with three 24-plets with degenerate mass spectrum
full (dashed) lines . ..2-loop (1-loop) results

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wirzburg — p. 51
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one-step integration of the RGEs assuming mSUGRA boundary

ag k, k
AME ;= = = (3m3 + A7) (Y TLYN)U
3
T (YeYJ@’TLY]’@)ij

AM%’U ~ 0
Lij == IH(MGUT/M@')(SU
for ¢ # j with Y. diagonal

9
CL[=1, a”:6and aIII:g
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Juljus-Maximilians-

UNIVERSITAT

WURZBURG LFV in the slepton sector: approximate formulas, Il

1B

(AM?%);5 and (A4;);; induce

i — Ly, LTS
lj — l'L)Z(s)
Xs — lZZk

Neglecting L-R mixing:

om?2);q|?
Br(l; = 1;v) o a’m} ( A,Lg)wl tan? 3
¢ m

Br(72 = e+ xY) N ((AM%)13)2
B’r‘(7~'2 — U+ X(l)) - (AMI%)QB

Moreover, in most of the parameter space

Br(l; = 3l;) a(log( iy U
Br(l; =1 +~v) 3w m?

DESY Hamburg, CP3 school, 12/13 Oct. 2011

W. Porod, Uni. Wurzburg — p. 53
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take all parameters real

S-Sk o

Use 2-loop RGEs and 1-loop corrections including flavour effects

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Warzburg — p. 54
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A 10'6 5 Q 1 E_ ................. S
™ 107 | 3 [ Brt-ey
3 [ OO SRR SO
0 110" By
5 0 T
A 10'10 : m 102 ._ .............................
& ypil L n :
~~10 S, g
T - H m 103 i mv1—0 ev .........................
- T H
Bg b Excluded by
E =
3 S S S Briu—ey)
10°
10'6 j—---I--I-I-I-I-I-I—Ii-----lﬂ--l--I-I-HIIi----- ol

1010 1011 1012 1013 1014 1015 1016
M (GeV)

degenerate vp
SPS1a’ (Mo = 70 GeV, M ;o = 250 GeV, Ag = —300 GeV, tan 8 = 10, p > 0)

M. Hirsch et al. Phys. Rev. D 78 (2008) 013006
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§ 1 EE Q 1 EE ...... ~ ......... ......................................................................
O 2 [ —Brt-ey)
A L N AU SO SO SUUVUOO OOV

I 10 ; I 10 Br(»c_)ux) ///
m 102 m 102 I -SSR S-S
R R
o 10° 0 10°
1 1
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@ @

10° ¢ 10° ¢
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1010 1011 1012 1013 1014 1015 1016 1010 1011 1012 1013 1014 1015 1016
M, (GeV) W, (GeV)

degenerate v hierarchical v
(M1 = M3 = 1010 GeV)

SPS3 (Mo = 90 GeV, M,/ = 400 GeV, Ag = 0 GeV, tan 8 = 10, u > 0)

M. Hirsch et al. Phys. Rev. D 78 (2008) 013006
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Texture models, hierarchical vr

real textures "complexification” of one texture
E I T T TTTTT0 T T TTTITT T T TTTITI T \HHHE 10_6? I T TTTTTTI T TTTTTTI T T TTTT l \HHHE
10, | _
107 gy = 107
) _12 ~~
?10 N A ?10—10
SRl 3 102
b o]
a8 o a8
10—145
10_18i | N [ | [ A [ \HHE l/ [ [ | I B N W I A
1011 1012 1013 1014 1015 1011 1012 1013 1014 1015
s /GeV s /GeV

SPS1a’ (Mo = 70 GeV, M, ;o = 250 GeV, Ag = —300 GeV, tan 8 = 10, p > 0)

F. Deppisch, F. Plentinger, G. Seidl, JHEP 1101 (2011) 004
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10 1
e Bi(1om) 1o
10—6 1y ~ 10 -
— Bi(u-ey 8 S Bi(%,- y )
08 Br(t-ey T o | /
~ ‘ & — b= Y
i -10 // : 10_3
? 10 V4 E 4 i
=0t ///' D 105
bl . / =107 |
5 - i ? 10 | / / Excluded by
, [r o (U Br(p - ¢y)
107 g / /
? R 44 10 / /
0t 0% 10" 0% 108 10" TS 1SS (USS AS (A (
Mjs = Mr[GeV] Mjs = My[GeV]
A1 = A2 =0.5

SPS3 (My = 90 GeV, M, ;, = 400 GeV, Ag = 0 GeV, tan 8 = 10, pu > 0)

M. Hirsch, S. Kaneko, W. P., Phys. Rev. D 78 (2008) 093004.
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my=M;,,=1000 (GeV), tanp=10, Ay=0 (GeV) my=M;,,=1000 (GeV), tanp=10, Ay=0 (GeV)
10° — B A A T T B 107 p—— AR 3
e ool JW, dDirac =0
s L J P R . S J 3 : :

F - ”I: 5Di7“ac =T
10710 |

T L] N T v — = : B
o 10 | | | % | | o 107" 3 |, 5Dirac =0
T : : : : : : T E _
= o : 21012 & l, dDirac = T
R e A S S (- S
| : 1 | | 107
ol S T | :
10 .y
10 e 10
10 10" 10" 10" 10" 10" 10'® 10
MSeesaw (GeV) 2

S13
degenerate spectrum of the seesaw particles, Mscesaw = 1014 GeV

J. Esteves, M.Hirsch, J. Romao, W.P,, F. Staub, arXiv:1010.6000
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G. Polesello

1500 — —

e
o
o
o

Events/1 GeV/100 fo"

500

Xl m(ll) (GeV)

5 kinematical observables depending on 4 SUSY masses
e.g.. m(ll) =77.02+0.05+0.08

= mass determination within 2-9%

For background suppression
N(eTe )+ N(uTp~) = N(eTp™) = N(ute™)
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Seesaw | + ll, signal at LHC

1B

| — m =100 GeV
. m =200 GeV
H — m =300 GeV
E— m =500 GeV

[ e —)

=

...............

...............

..................................

..........................................................

..................................................................

................

M

12 [
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a(pp — X3) X BR(x3 = 22, ; Lil; — pE7FRY)

—m
l—m
Sl—m

| — m =100 GeV
=200 GeV
=300 GeV
=500 GeV

o o o O
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J.N. Esteves et al., arXiv:0903.1408
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general problem up to now: m, ~ 0.1 eV = Y2 /M fixed
forbid dim-5 operator, e.g. Z3 + NMSSMT

(LH,)?%S (LH,)?S?
M2 ’ M3

solves at the same time the u-problem

1. Gogoladze, N. Okada, Q. Shafi, Phys. Lett. B 672 (2009) 235
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WURZBURG M2 oy Ariji X3 — Lily = Lol XS ;:“:2)

27
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Variations around SPS1a
(Mo = 100 GeV, M; ;5 = 250 GeV, A9 = —100 GeV, tan 3 = 10)

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 63



julius-Maximitlans-

UNIVERSITAT  Fay0ur mixing and edge variables

\7/
=

WURZBURG
100 dP(>28—>liil;.F>2(1) 100 dT(x§—111" %9
Ptot  dm(i;1T) Tiot  dm(ti™)
I! . /’l
0.08 et T i 005 ete” (=utu™)[LFC] |
/ |
0.04 R
0.06 S i
0.03 ol ut )
0.04
0.02
0.02 001
0 0
m(l;1F) [GeV] m(I+17) [GeV]

A. Bartl et al., Eur. Phys. J. C 46 (2006) 783
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Basis idea: transfer of SUSY breaking from hidden sector via messenger fields

using gauge interactions
Messenger scale:  M;(Mpys) ~ g(x)a;Ag
MJQ(MM) ~ f(z) Y Cia?AZ
r=Ac/Mwm, f(z),9(x) = (ns + 3n10)O(1)

Generic prediction: light gravitino being the LSP
NLSP: x0 orir (I = e, p, 7)

add bilinear R-parity violating terms:

W = Wussm +€L;iHy
Viory = VMSSM 4 B, L;H,.

= sneutrino vevs v;
in the following: take v; as free parameters instead B;

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wiirzburg — p. 65
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basis /"7 = (—iX, —i\?, H), HY), ve, vy, vr) We get:

M0 mT
My =
m 0
[ M 0 Lo Loty B 1 7 1 7
1 29 d 29 U —§g’U1 59’01 0 €1
1 1
M B O M2 §g’l)d —§g’l)u B ,
0 = . ) , M = —59'v2 5gv2 0 e
—59'vd 594 0 —
1 1
| 59'vu —3gvu —p 0 | —39'v3 39v3 0 ez

Approximate diagonalization as in usual seesaw mechanism gives

A2 AjAs ALAY
A1As A5 A2Ag| A; = pv; +vge;
A1As AsAs A2

Mig%+Msag'?
m,, —
eff 4det(./\/lxo)
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second v mass via loops
2

"
2 4+ h2sin(20:)m. log 5
m*

2 ~ -
mz, (6% + 6%)
12

1
1lp 2 -
m ~ 3hi sin(20; )my lo
1
€ = Vj'éej
mixing angles
€1

Ao 2 A
A3 /A% 4 A% €9

experimental data require:

A

\ /det./\/lfco

W. Porod, Uni. Wirzburg —p. 67
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Two examples of neutrino masses as function of €2 /|A|
(other parameters fixed):

101 Myy s Muy Mg [€V] 101 Muyy, Mus yMus [€V]
€2A2/(€3A3) > O 62A2/(€3A3) < O
-1 ~1 B
10 10
1073 1073
10_542 1 ‘ 1 2 10_542 1 ‘ 1 2
10° 10" 10° 10" 10° 10® 10° 10" 10° 10" 10° 10°
& /|A| e /|A|
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dominant modes R-parity violating modes

A2
D(xy - WHiF) o« —i—
¢ det./\/l>~<0
rxy—=> 2Zv) ~ 2> 1R —w*ih)
€2
F(xy —vrtly) o =%

R-parity conserving mode

) M0 15,100 eV 2
(%0 = Gv) =~ 1.2><10_6/-£,2Y( X1 ) (—e) eV
100 GeV m3/2

total width

I'~ (1074 —107%)eV
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BR(xY — >, W)

0.2 N
0175 \
0.15

0.125

0.075

0.05

100 200 300 400 500
mo [GeV]

00 200 300 400 500
m.o [GeV]

—tanB =10, u > 0,--tanB =10, u < 0,—tan B8 =35, 4 >0,--tan B8 =35, u <O
mg/o = 100eV,n5 =1

M. Hirsch, W. P. und D. Restrepo, JHEP 0503, 062 (2005)
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Correlations

BR(xY — Wu)/BR(X? — Wr) BR(x9 — ver) BR(X? — vur)
107 S — 100 S
5 | 5
2 | 2
/ | 1
05 0.5
0.2
0.2 01
0.1+ o o A o -
0102 051 2 5 10 0102 051 2 5 10

tan? (Qatm) tan? (Qsol)
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9

m%loc 1

m>~<(i) z\/ n5

= for n5 > 3 hardly points with x{ LSP
[r NLSPs: BR(Iv) > BR(IG)
ns = 2: BR(G~) reduced by a factor 2-3

oo o

G decays via R-parity violating couplings, however:

3
_16mw[eV] M3/2
0.05eV M2,

I'(G) ~3.5-10 = 7(G) ~ O(1031)Hubbletimes
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# Neutrino physics

o QOscillations are established
s good knowledge of m%l sin® 619, \m%l\ sin? fy3

» Open questions

absolute mass scale

normal or inverse hierarchy
values of #;3 and the phases
are there steril neutrinos
OPERA ?

e o o @ ©

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wirzburg —p. 73



fulius-Madimillans-
UNIVERSITAT
I WURZBURG —ummary, Il }:“22)

# Tests of SUSY neutrino mass models
s Dirac neutrinos: displaced vertices if o LSP,
e.g. 7?1 — [bvp
(but NMSSM: t; — 1bvxY)

s Seesaw models:
s in case of Seesaw Il, lll; different mass ratios
s promosing: 7» decays
s very difficult to test at LHC, signals of O(10 fb) or
below

s R-parity violation
s Interesting correlations between v-physics and
LSP decays, testable at LHC
s displaced vertices
s Can the model be pinned down?

DESY Hamburg, CP3 school, 12/13 Oct. 2011 W. Porod, Uni. Wirzburg —p. 74
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WURZBURG
10 1
10—6 """ Br(7- py) . 3—: 10_1 :
— Bi(y-ey 8 , —Bilh-ne
g~ — Biroey) 107
108 o / N — (T
L //, g e o
- 1010 . p ¥ g
0 S 10
:'1: 10—12 . // 0
R S /{ d S0 / / Excluded by
-4 P i
. /J/ I 10 / / Br( i > ey)
RTE / ! i
10 16 , /// : 10—7 /
0t 0% 10" 0% 108 10" TS 1SS (USS AS (A (
Mjs = My[GeV] M;s = My[GeV]
A1 = X2 = 0.05

SPS3 (Mo = 90 GeV, M; ;, = 400 GeV, Ag = 0 GeV, tan 8 = 10), u > 0

M. Hirsch, S. Kaneko, W. P., Phys. Rev. D 78 (2008) 093004.
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WURZBURG
10 1
P
4§ ~ 10
10 7 >< ) BI‘( 7~'2 =
'8 "" / T 10_
/;‘ 10 '.‘,- // v ;ﬁ' 3 Br(fz_))
=00 a / d ¢ 1077
T /. e
I 107
o R e ey /
T N Bi(r - y) v 1075 -
= 104 / — Br(p-ey) ) § /
/4 - — -Biroey) | 10
10716 /7 Sl /
4 c 10
NN N T / .
1012 1013 1014 1015 1016 1012 1013 1014 1015 1016
Mjs = My[GeV] M;s = My[GeV]
A1 = X2 =0.5

SPS1a’ (Mo = 70 GeV, M ;5 = 250 GeV, Ag = —300 GeV, tan 8 = 10), u > 0

M. Hirsch, S. Kaneko, W. P., Phys. Rev. D 78 (2008) 093004.
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07400 600 800

M, , [GeV]

a(pp — X3) X BR(x3 = 22, ; Lil; — pE7FRY)
mo = 100 GeV Ag = 0, tan 8 = 10, u > 0, A1 = 0.02

J.N. Esteves et al., arXiv:0903.1408
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Connection to trilinear R-parity violation: rotate (ﬁd, Ei) such, that €, = 0; gives in leading
order of €; /p:

/ Ei(s
ik Jk'tdy
7

and

€ €
A121 = hef, A22 = hp,gl, A23 =0

>\131 — h'ee_B, )\132 = O, )\133 — h,Te—l
K %
€ €
A231 =0, A232 = hp =k, A2z = hr 2
Nijk = —Ajik
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Approximation formula gives : tan?fg ~ <E—1>
€2
10°

102;

101;

tan? 0o

101 10° |

107" - i

\ L \ \ Lo 10_2‘;'..'5?".‘”””\ L L L
1072 10~ 10° 1072 101 10° 107 102

(€1/€2)? (€1/€2)?

—  Left figure: Neutralino LSP, b-b; loop usually dominant

= Right figure: Stau LSP, both, b—b; and Sf—;zlf
(j=1,.,7, k=1,..,5), equally important
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Standard thermal history of the universe:

ms /2 100
0 hZ:O.ll( )( .~ 90 — 140
3/2 100 eV G (g )

Current data:
Qcparh? ~ 0.105 + 0.008

= mg /o =~ 100 eV if DM candidate, warm dark matter

constraints from Lyman-a forest: myy pas 2 550 eV
(M. Viel et al., arXiv:astro-ph/0501562)
= assume additional entropy production, e.g. non-standard decays of messenger particles

(E. Baltz, H. Murayama, astro-ph/0108172; M. Fujii and T. Yanagida hep-ph/0208191)
does not work in practice: F. Staub, W. P., J. Niemeyer, arXiv:0907.0530
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10—4 ; mco = 400 GeV

10 - m<o = 100 GeV

= 500 GeV

X
- mgo = 300 GeV
i Mo = 200 GeV

il X\

10 20 50 102210° 510°10%210° 10 20 50 10°210% 510° 10° 210°
mg /o [€V] mg3 /o [eV]

ns = 1, tan 8 = 10
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Decay length (e, /1, 7 ) [cm]

1 ;‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘;
- - = ¢, i, T can be separated
107t £ . 1
: . in this model.
1072 3 E
107 ¢ - Moreover
107 ¢ = ['(7) (YT>2 msz
= , () Yu mp
: STESOE =1l Y vk, qf
Lo b b e e 8 k

100 150 200 250 300 350 400

my [GeV]
M. Hirsch, W. Porod, J. C. Romé&o and J. W. F. Valle, Phys. Rev. D66 (2002) 095006.
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1B

BSR(él — ,u,l/i)/ BR(él — TVi) BR(ﬁl — eVi)/ BR(ﬁl — TVi)

100
1 10
05
1
0
005 0
005 01 05 1 : R Y R ST
(e2/€3)? (€1/€3)?

Cross check possible: (e1/€3)?/(e1/€2)? = (e2/e3)?
= Measure 2 ratios, 3rd is fixed.

BR(7~'1 — 61/7;)/ BR(7~'1 — ,Lu/i)
100

10

0.1

0.01 0.1 1 10 100
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bilinear R-parity violation, reach in mSUGRA

1B
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multi-lepton channel
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1000

400

R conserving mu\ﬁ\eptonsl
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D4
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L =100fb~1, Ag = —100 GeV, tan 8 = 10, x > 0

F. de Campos et al., JHEP 0805, 048 (2008)

displaced vertex

displaced vertex search
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talk by |. Borjanovic at 'Flavour in the era of LHC’, Nov.05, CERN

L=100 fb! | Fit results
Edge  Nominal Value Fit Value

m(11) e 77.077 77.024 {ms {}.{15
(gl )=dee 431.1 431.3

(gl )8 302.1 300.8 311

m (gl )se 380.3 379.4

qu)*hﬁﬁ 203.0 204.6 2.{}

Mass reconstructlon
5 endpoints measurements, 4 unknown masses

w{ﬁ}-af‘]’r

e-ya-x [

i __ pmom i fit i Egeale
E'Jf,- = Ej- + a0 + Hﬂ'j

m(y,%) = 96 GeV

m(ly) =143GeV | Am(y,%)=4.8 GeV, Am(x,%)=4.7 GeV,
m(y,’) =177 GeV
m(q) = 540 Gev | Am(lp) =4.8 GeV,  Am(q )=8.7 GeV

Gjelsten, Lytken, Miller, Osland, Polesello, ATL-PHYS-2004-007
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R.A. Knopp et al., Astrophys. J. 598 (2003) 102 L. Roszkowski, astro-ph/0404052
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2
R G SRR ¢ om? = ~N(f) ez A2 +
/
oo I
G G-l b sm? = N(f) o A?

exacte SUSY: ém?2 =0

softly broken SUSY: ém? m? log(m?/m?)
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