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Die Bausteine der Natur
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Das Standardmodell der Teilchenphysik

Eich- Beschreibt

bosonen e Quarks, Leptonen

e elektromagnetische, starke
und schwache WW

e Higgsboson

Quarks

Leptonen
SHBEEL

Probleme:

e keine Gravitation

S b

e keine Dunkle Materie

Schwachstellen:
H o keine Vereinigung der WW
'e8> e Hierarchieproblem
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Hierarchieproblem

Higgs-Masse:

m = (m -+ An?

h
Am? = ____Q___

groB!
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Hierarchieproblem

Higgs-Masse:
m = (m -+ B
t
h
2
Amp = ____Q___
t
i P
- \ !
h - “\ N
+ ----d --- + ------ R el =0

fals m=m;, Qe =Q;, lh =k, T =T;

= Supersymmetrie
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Minimales Supersymmetrisches Standardmodell (MSSM)

Eich-

Gauginos
bosonen
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Higgs-Bosonen Higgsinos
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Brechung der Supersymmetrie

Problem: SUSY-Partner bisher nicht gefunden

4

Supersymmetrie muss gebrochen sein!

Starke der Brechung parametrisiert durch:

mg, M, Ao
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Vorteil des MSSM: Dunkle Materie-Kandidat

Dunkle Materie

Baryonische Materie

Dunkle Energie

8/31



Vorteil des MSSM: Eichkopplungsvereinigung
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Schwachstelle des MSSM: p-Problem

Lmssm = p(HiHo2)

1 hat seinen Ursprung an GUT-Skala
= 1~ My ~ 10% GeV

Aber andererseits: y festgelegt durch
Elektroschwache Symmetriebrechung
(EWSB) an Mz-Skala

= /1~ Mz ~ 10% GeV

Losung: p ersetzen durch neues Higgs-Boson s

Kopplungsstarke

1.2

11+ -

09l " MSSM
08 |

07|
06

05 -

0.4 L L L L L
100 10* 10° 10° 1012 1019
Mz Energie | Gev ~ Mx

= Nachst-Minimales Supersymmetrisches Standardmodell

(NMSSM)
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Next-to-MSSM (NMSSM)
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Problem des NMSSM: Domanenwande

Problem: diskrete Rotationssymmetrie um 120°
= Domaéanenwinde

Losung: neue kontinuierliche Eichsymmetrie U(1)’

= U(1)'-erweitertes Supersymmetrisches Standardmodell (USSM)
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U(1)'-erweitertes Supersymmetrisches Standardmodell

(USSM)
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Problem des USSM: Anomalien

Problem: U(1)-Ladungen sind beliebig.
= Ungeschickte Wahl kann zu Anomalien fiihren:

Z/

Z/
Losung: anomaliefreie Eichgruppe, z.B. SO(10) oder Eg

= Exzeptionelles Supersymmetrisches Standardmodell (EgSSM)
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Exzeptionelles Supersymmetrisches Standardmodell

(EsSSM)
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Zusammenfassung Supersymmetrie

Supersymmetrische Modelle sind attraktive Erweiterungen des SM.

Vorteile:
e Losung des Hierarchieproblems
e Dunkle Materie
e Eichkopplungsvereinigung

e Verbindung zu Supergravitations-Modellen

Hierarchie- Domé’men
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Warum Berechnung des Massenspektrums?

L(Eb,&,...;8yr--")

l

Massenspektrum
my, mg, mg,

l

Observablen:
g — q8
h — ~v
(g — 2)#

Simulation

l

Vergleich mit
Experiment
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Physikalische Problemstellung

Energie-
skala Q@
1 GroBe Vereinheitlichte
My .
Theorie (GUT)
A
RGEs:
Y
Elektroschwache
Ms .
Symmetriebrechung
A
RGEs
Y
Matchin
My &
aemv aSv MZ: LRI

ov
Olog Q 76‘/
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Ziel dieser Promotion

Prazise Berechnung von Massenspektren in SUSY-Modellen

I N

Energie-
skala @
Mx GUT
Dazu:
. v _ | ___ 1. Berechnung von 3,
RGEs: [ giog@ = ) in allg. SUSY-Modell

2. Genaueres Matching

Ms EWSB J--77 im EgSSM

T <___3. Neuer NMSSM-
RGEs L7 Spektrumgenerator
Iy, Matching 4. Allg. SUSY-
z - - -
Qem, a5, Mz, ... Spektrumgenerator
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Inhalt

® Inhalt der Promotion

Allgemeiner SUSY-Spektrumgenerator-Generator
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Allgemeiner SUSY-Spektrumgenerator-Generator

FlexibleSUSY

EsSSM MSSM ussm
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Erzeugung eines Spektrumgenerators

Modelldefinition
L(t,b,&,...;8i Yfy---)

SARAH

\
My, X5, By, -
(Mathematica)

FlexibleSUSY

Y
Spektrumgenerator
(C++)
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Erzeugung eines Spektrumgenerators

_Modelldefinition | ;’ZQ@%}P 777777777777 O
L(t,b,&,...:8Yr---)| RNz 3
wa()E)
SARAH | |
o+ |

Mz, X3, By, - - -

(Mathematica)

FlexibleSUSY

Y
Spektrumgenerator
(C++)
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Erzeugung eines Spektrumgenerators

Modelldefinition ‘ ..
L(t,b,&,...; 81 Yfs---) My=1

SARAH CTi= ey ot |
' | w (3 , 3 |
M%’ Z%' BVl"" ’//’/‘6‘/1:167'('2 (]-Og12+2g22)+1
(Mathematica) o S e A .
FlexibleSUSY
Spektrumgenerator
(C++)
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Erzeugung eines Spektrumgenerators

Modelldefinition
L(t,b,&,...;8i Yfy---)

Matrix<2,2> get_mass_matrix_St() {
Matrix<2,2> mass_matrix;

mass_matrix (0,0)
mass_matrix (0,1)
mass_matrix (1,0)
mass_matrix(1,1)

SARAH

return mass_matrix;

\
My, X5, By, -
(Mathematica)

}

complex<double> self_energy_St() {
complex<double> self_energy;

+

self_energy
self_energy .3
self_energy s

B

+
[}

+

FlexibleSUSY

return self_energy;

!
|
|
|
!
!
|
|
|
|
|
|
|
|
|
!
!
|
|
|
|
|
|
Y
4
!
!
!
|
|
|
|
|
\

Y
e double beta_vi() {
Spektrumgenerator | _- double bote vi:
((:%__F) beta_vl = v1x*(0.3*Sqr(gl)
+ 1.5xSqrt(g2))/(16.%Sqr(Pi) + ...;
return beta_vil;
s /



Algorithmus zur Berechnung des Massenspektrums

GUT-RB
mg, M1/2, Ao

RGEs

Y

EWSB

Y

Massenspektrum

RGEs

\

Energie-
skala
A
Mx
RGEs
Ms
Mz Start

Berechnung
von gi, yr
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Algorithmus zur Berechnung des Massenspektrums

Iterationsschritt 1: Eichkopplungen an Mz

1L 83 |
82 -
05| g . .
0| i
—05 | .
_1 I I I I I I I I
100 1b2 104+ 106 108 101 10 10% 10%6 108
Mz

Energieskala / GeV
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Algorithmus zur Berechnung des Massenspektrums

Iterationsschritt 1: RG-Laufen der Eichkopplungen zu Mx

1L 83 o |
80
82
05 ¢ 81 T
0L i
—05 | 1
_1 I I I I I I L L
100 102 10* 105 108 10 102 10 10%6 1018

Energieskala / GeV Mx
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Algorithmus zur Berechnung des Massenspektrums

Iterationsschritt 1: Randbedingungen setzen an Mx

1 L
80
05 * My
.
0} Ao
—05 |
_1 I I I I I I L L
100 102 10* 105 108 10 102 10 10%6 1018

Energieskala / GeV Mx
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Algorithmus zur Berechnung des Massenspektrums

Iterationsschritt 1: RG-Laufen zu Mg, EWSB

05

s ,

71 I I I I I I I L
100 102 T 104 106 10%8 101 1012 10 1016 1018
Ms Energieskala / GeV
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Algorithmus zur Berechnung des Massenspektrums

Iterationsschritt 1: RG-Laufen zu M,

05

os | |

71 "' I I I I I I L
100 1b2 104 106 10%8 101 1012 10 1016 1018
Mz Energieskala / GeV
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Algorithmus zur Berechnung des Massenspektrums

Iterationsschritt 2:

05

71 : I I I I I I L
100 102 10* 10° 108 10 1012 104 1016 1018
Energieskala / GeV
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Algorithmus zur Berechnung des Massenspektrums

Iterationsschritt 3:

05

o) T |

71 T I I I I I I L
100 102 10* 10° 108 10 1012 104 1016 1018
Energieskala / GeV
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Algorithmus zur Berechnung des Massenspektrums

Iterationsschritt 8: Konvergenz

—05 | T ]

_1 \/ I I I I | I I
10° 102 10* 105 108 10%° 10'2 10'* 10%'® 10'®
Energieskala / GeV
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Algorithmus zur Berechnung des Massenspektrums

GUT-RB
mg, M1/2, Ao

RGEs

Y

EWSB

Y

Massenspektrum

RGEs

\

Energie-
skala
A
Mx
RGEs
Ms
Mz Start

Berechnung
von gi, yr
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MSSM-Parameterscan

mb® / GeV

mg [ TeV
—
1S5

-

S T T T T T T T T T[T T [T T[T 171117

o

My)2 = Ao =5TeV,signu = +1

Higgs-Massenkonturen bei m

pole
h
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50
tan 8

135

130

125

120

115

110

105

100

95
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NMSSM-Parameterscan

mb® / GeV

,_.
15}
AR NRRRN RN RRRANRRRRN AN RNRRARERRAN] \Hu

135

mg [ TeV

130

125

120

115

110

105

100

T IR AR
40 45 50
tan 8

My, = —Ag = 5TeV, A\(Mx) = 0.1,signvs = +1
Higgs-Massenkonturen bei mP®'® = (125.7 + 0.4) GeV
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USSM-Parameterscan

mh'® / GeV

mg [ TeV

tan 8

Myjp = Ag = 5TeV,\(Mx) = 0.1, vs = 10 TeV

pole

Higgs-Massenkonturen bei m;~" = (125.7 & 0.4) GeV

28 /31



EcSSM-Parameterscan

mb°l | GeV

mg / TeV

I
50
tan 3

M1/2 = Ao = 5TeV, )\(Mx) = K,(Mx) = 0.1, Vs = 10 TeV
Higgs-Massenkonturen bei mEOIe = (125.7 £ 0.4) GeV
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Zusammenfassung

Ziel dieser Promotion:
Prazise Berechnung von Massenspektren in SUSY-Modellen

Dazu:

e Berechnung von f3, auf 1- und 2-Loop-Niveau

e EgSSM-Spektrumgenerator mit genauerem Matching
(CE6SSMSpecGen)

o Neuer NMSSM-Spektrumgenerator (NMSSM-SOFTSUSY)

o Allgemeiner, automatischer
SUSY-Spektrumgenerator-Generator (FlexibleSUSY)
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Vielen Dank!

EsSSM MSsSM ussm
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Backup



Kleines Hierarchieproblem

pole

(mEP)2 = (mif*)? + Am} = (125.7GeV)?

(mtree)2 ~ 2 29 A2V 02 1% E ?
h ~ m3cos 283 + sin“ 23 + 14+ - cos23
—_—— 2 4 4
MSSM
NMSSM
USSM,E¢SSM
=
(87 GeV)2 MSSM = my > my
Am? ><{ (55GeV)? NMSSM = m; > my

(32GeV)2 UMSSM, EgSSM = mz > m,

31/31



Berechnung der Higgs-Masse im MSSM

> _ (M
i (1
1
(MP)x = mi, + [ + 2 (3 + 83)(3v3 — v2)

8
1 L1
(MP)12 = —E(Bqu Bu*) — Zvuv(/(gu% +g3)

1
(MR)e2 = mi, + Il + 5 g% + &2)(3v — o)

Higgs-Massen sind Nullstellen von
0= det [p?1 — M + $4(p?)|
mit
£h(p%) = Ta(p?) — M, + (P> — M3)5Z,

OME = Th(p?)| , 0Zh=—Th(p?)|,
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MSSM EWSB-Gleichungen (tree-level)

0_87\/(1 mthdJr’M’ZVd—BMVqu%(de—VS)Vd
ov g2
0= v :ml21uVu+|M|2Vu_B,U/Vd_i(vs_vle)vu
u

mit 2% = g{ + g3
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Renormierung von v

Allgemeine Renormierungstransformation:
(p+v) = VZo+v+dv
oder (¢4 v) = VZ(¢+v+v)
Mit VZ =1+ 267 folgt:
ov = %5Zv + v
Trick: Hintergrundfeld einfiihren
¢ = e = O+ S+ 0
beif = VZ [¢>+ \/E@Jr \7)}
Damit folgt fiir ¢ =0
sv = % (62+062)v

Bv=(v+A)v
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Berechnung von S,

Allgemeine Eichtheorie:

Bv=(y+A)v
v ...anomale Dimension des Higgsfeldes

4 ...anomale Dimension eines Hintergrundfeldes

unbekannt!
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Berechnung von S,

4o ¢ o L Ko
= =§\ /'___
R R [m k- O
=
. §
W= oL g>C%(S)
. §
@ = o 2C2(S)
27— ¢
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EcSSM-Schwellenkorrekturen

g " MQ) = g M(Q) + 8gi(Q) (1=1,23),

3 (1 ;1 3. 2 .
Aé;’s(Q):(‘f’;f_')2 5—2log%—6 >, Zzlog%
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CEgSSM-Massenspektrum

6000
E no threshold corrections ———
including threshold corrections m—
5000
4000 g

/ GeV

3000

=

L=

-
=

-

M

Particle mass

2000

1000

[ ]
=

0 L L L L L I L L L L L L L L fN\ L L
21 BB Xp X X XY XQ @1 B2 @ 20§ B ha R RG) B9,

tan 3 =35, A23=r123=02, vs=10TeV,
W =my =mp =10TeV, Bu' =0,
Tmatch = %TO .. -2T0, To =1.9TeV
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NMSSM Higgs-Masse SOFTSUSY vs. NMSPEC

140

120

100 u

80 - 8

/ GeV

pole
h

60 - 8

m

40 - R

20 | .
Softsusy 3.4.1 =
0 NMSPEC 4.2.1 o

0 5 10 15 20 25 30 35 40 45 50
tan 8

mo = My, = —Ag = 5TeV, \(Ms) = 0.1,sign vs = +1
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NMSSM Higgs-Masse FlexibleSUSY vs. SOFTSUSY

/ GeV

pole
h

m

120

115
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100

95
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Egggﬁggggiﬁﬁiiwau
[®| - g
& s,

" L}
]
) ]
)
1 FlexibleSUSY 1.0.2 =

SOFTSUSY 3.4.1 o

5 10 15 20 25 30 35 40

tan 8

mg = M1/2 = —Ao = 1TeV,)\(Mx) = 0.1,sign Vs = +1



CMSSM-Laufzeitvergleich

02

0.15

run-time [s]

0.1
0.05 L
0 T T

Core 2 Duo (1 core) Core 2 Duo (2 core)

05
04
03
02

run-time [s]

0.1

Core 2 Duo (1 core) Core 2 Duo (2 core)

g++ 4.8.0, ifort 13.1.3 20130607

2x Xeon (2x6 cores)

2x Xeon (2x6 cores)

M FS-NoFV 1.0.0
 SPheno 3.24
SOFTSUSY 34.0

B FS-FV 1.00
B SPhenoMSSM 4.1.0
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MSSM-Parameterscan

mb® / GeV

mg [ TeV

tan 8

My)2 = Ao =5TeV,signu = +1
Higgs-Massenkonturen bei mP®'® = (125.7 + 0.4) GeV
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NMSSM-Parameterscan

mb® / GeV

135

mg [ TeV
RTT T T T T T T T T T T T[T TTT T TTTT]TTT1T \Hu

130

125

120

115

110

105

100

95

tan 8

My, = —Ag = 5TeV, A\(Mx) = 0.1,signvs = +1

pole

Higgs-Massenkonturen bei m,°" = (125.7 + 0.4) GeV
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USSM-Parameterscan

mh'® / GeV

mg [ TeV

tan 8

Myjp = Ag = 5TeV,\(Mx) = 0.1, vs = 10 TeV

pole

Higgs-Massenkonturen bei m;~" = (125.7 & 0.4) GeV
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EcSSM-Parameterscan

mb°l | GeV

mg / TeV

I
50
tan 3

M1/2 = Ao = 5TeV, )\(Mx) = K,(Mx) = 0.1, Vs = 10 TeV
Higgs-Massenkonturen bei mEOIe = (125.7 £ 0.4) GeV
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Einfluss der S-Funktionen-Loop-Ordnung (MSSM)

1200 = ; ; ; T

2-loop
1000 + g

800 .

600 — 8

pole mass / GeV

00 |

200 s ;

hi he A KE X8 X N g o di @
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Einfluss der Selbstenergie-Loop-Ordnung (MSSM)

pole mass / GeV

1200

1000 |

800

600

400

200

‘ O—ldop ,,,,,,,

1-loop ----------

2-loop |
hiohy AR X)X X X g @ A @
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Einfluss der Schwellenkorrekturen-Loop-Ordnung (MSSM)

pole mass / GeV

1400

1200

1000

800

600

400

200

w/0 thresholds
w/ thresholds

hi he A KE 8 X N § W

dq
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NMSSM-SOFTSUSY vs. NMSSM-FlexibleSUSY

NMSSM-SOFTSUSY NMSSM-FlexibleSUSY

Decay interface for NMHDECAY  FlexibleDecay

optimized couplings automatically generated couplings

2 EWSB variants user-defined

BCs via C++ BCS via Mathematica

fast pole masses fast RGE running

stable code basis automatically generated

few dependencies requires Mathematica, SARAH, Boost, etc.
G, input My input
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Verfligbare SUSY-Spektrumgeneratoren

Modell Spektrumgenerator

MSSM ISASUSY, SOFTSUSY, SPheno,
SuSeFlav, SuSpect

NMSSM NMSPEC, SOFTSUSY

USSM -

CE¢SSM CE65S5MSpecGen

beliebiges SUSY-Modell SARAH, FlexibleSUSY
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FlexibleSUSY Design-Ziele

e modularer, gut lesbarer C++-Code
Grund: groBe Vielfalt an SUSY-Modellen
— Benutzereingriff wahrscheinlich

¢ hohe Rechengenauigkeit
Grund: Higgsmasse gemessen mit o ~ 0.4 GeV

¢ verschiedene RGE+RB-Losungsalgorithmen
Grund: Konvergenzprobleme

¢ hohe Rechengeschwindigkeit
Grund: viele freie Modellparameter
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NMSSM-Spektrumgenerator in FlexibleSUSY

1. Get the source code from https:/ /flexiblesusy.hepforge.org
2. Create a NMSSM spectrum generator:

$ ./install-sarah

$ ./createmodel --name=NMSSM

$ ./configure --with-models=NMSSM

$ make

3. Calculate spectrum for given parameter point (SLHA format):

$ ./models/NMSSM/run_NMSSM.x \
--slha-input-file=models/NMSSM/LesHouches.in.NMSSM

Block MASS
1000021 5.05906233E+02
1000024 1.46609728E+02
1000037 3.99399367E+02
37 4.33363816E+02
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https://flexiblesusy.hepforge.org

Definition der NMSSM-Randbedinungen

‘$ cat models/NMSSM/FlexibleSUSY.m

FSModelName = "NMSSM";

MINPAR

{ {1, mo}, {2, mi12}, {3, TanBeta}, {5, Azero} };
EXTPAR = { {61, LambdalInputl} };

EWSBOutputParameters = { \[Kappal, vS, ms2 };

SUSYScale = Sqrt[M[Sul[1]]1*M[Sul6]11]1;

HighScale = gl == g2;

HighScaleInput = {
{mHd2, m0~2}, {mHu2, m07°2}, {mq2, UNITMATRIX[3] m0~2},

};
LowScale = SM[MZ];

LowScaleInput = { ... };
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Generated NMSSM spectrum generator C++ code

typedef Two_scale T;

NMSSM<T> nmssm;
NMSSM_input_parameters input;
QedQcd qgedqcd;

std::vector<Constraint <T>*> constraints = {
new NMSSM_low_scale_constraint<T>(input, qedqcd),
new NMSSM_susy_scale_constraint<T>(input),
new NMSSM_high_scale_constraint <T>(input)

};

RGFlow<T> solver;
solver.add_model (&nmssm, constraints);
solver.solve () ;

nmssm.calculate_spectrum() ;
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MSSM

5U(3)C X SU(2)|_ X U(l)y

Wwissm = u(Hi1H2) — y§(HiL)E; — v (1 Q) D — v (QiH2) Uj

W L0 [ I
1 \/5 1 2 \/§ 2
mSUGRA GUT constraint:
(m%)U(MX) = m%5U (f: q7€7 u, d7 e, h17h2)7
Al(Mx) = Ao, (f = u,d,e),
Mi(Mx) = My, (i=1,2,3).

EWSB output: u(Ms), Bu(Ms)
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NMSSM

SU(3)C X SU(2)|_ X U(l)y

Whanmssm = AS(HLH2) — v (HiLi)E; — y§ (H1Q) Dy — v (QiHz2) U

K
g8
+ 3
Ty~ N R N Qe
1 \/5 1 2 \/i 2 \/§
mSUGRA-inspired GUT constraint:
(m?)(Mx) = m5d; (f =q,0,u,d, e b1, hy),
Al(Mx) = Ao, (f =u,d, e, \ k),
Mi(Mx) = My (i=1,2,3).

EWSB output: x(Ms), vs(Ms), m2(Ms)
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USSM

SUB)e x SU(2)L x U(1)y x U(LY

Wussm = AS(HiHz) — y§(HhLi)Ej — v (H1Qi)D; — v (QiH2) Uj

h0—>£—|—h0, h0—>£+h0, s = 4
VG 2 V2t V2
mSUGRA-inspired GUT constraint:
(m%)U(MX) = mg(SU (f: qafv U,d,e),
Afi(Mx) = Ao, (f = u,d,e,\),
Mi(MX) = M1/2 (I = 1727374)‘

EWSB output: mfn (Ms), m,z,z(/\/ls), m2(Ms)
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EsSSM

SUG)e x SU(2)L x U(1)y x U(1)w

Wesssm = A3S3(HizHas) — y§(HisLi)Ej — y§ (Hi3 Qi) D; — v§(QiHa3) U
+ £ S3(XiX)) + AapSs(HiaHag) + 1/ (H'H')

%1 Vo V.
Ry — —= + hd, h) — —= + hj, s— —+s
P2 2 Vvt V2
mSUGRA-inspired GUT constraint:
(m%),-j(/\/lx) = mgé,-j (V scalars, except hy, ha, s),
Al(Mx) = Aq, (f =u,d, e\ k),
Mi(MX) = M1/2 (I = 1a2a3a4)'

EWSB output: mfn (Ms), m,z,z(/\/ls), m2(Ms)
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EcSSM-Teilcheninhalt

Feld Gsm x U(1)n SU(5) x U(1)n Es
Q=(Qu Qa) (3,2,51);
Ui (3.1,-2,1); (10, 1);
Ei (17 1717 1)1
D (3.1,1,2), _
éi = (Ll/i Le/‘) §17 27 1_%7 2;[ (572)I (2 )

i 37 ].7 §7 73 i — 7 i

5,-3);

Hii = (HY Hy) 51,27_%,_3;, (5,-3)
Xi 3,1,-3,-2);
Ho = (H5 HS) (1,2,3,-2); (5.~2)
‘E’. (17 17075)i (1,5),
N (1,1,0,0), (1,0);
H = (H/O H-) (1,2, _%’2) 5 (5,2) 5 (27
H = (I-_IﬂL ,‘-_I/O) (1,2, %’ ~2) 5 (5,-2) 5 (ﬁ)/
Vga (8a 17070) > (24,0) = (78)
Viv (1,3,0,0) > (24,0) 5 (78)
Vy (1,1,0,0) > (24,0) 5 (78)
VN (17 17070) > (170) E) (78)
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Brechung der Eg

het. Stringtheorie:

SUSY-Eichtheorie:

het. Stringtheorie:

SUSY-Eichtheorie:

Eg x Ef
!
Es — SO(10) x U(1)y
L su(5) x U(1),
L SU(3)c x SU(2)L x U(1)y

—U(1)em

50(32)
1
S0(10) x U(1)y
L SU(5) x U(1),
L SU(3)e x SU(2)L x U(1)y
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Brechung der Eg

Zerlegung der Eg beziiglich SO(10) x U(1)y:

(27)g, — (16,1) + (10, —-2) + (1,

4)
(78)g, — (45,0) + (16,—-3) + (16,3) + (1,0)
Zerlegung der SO(10) beziiglich SU(5) x U(1)y:

(10)s0(10) — (8. —2) +(5,2)
(45)so0(10) — (24,0) + (10, —4) + (10,4) + (1,0)
(16)50(10) — (10,1) + (g, -3)+(1,5)
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Dynkin-Diagramme halbeinfacher Lie-Algebren

Order Cartan’s  Group Dynkin Solutions
Notation Diagram
(+2) 4 su(g+1) o—o0—o---0 eg—eli,j=1,...,1+1)
ay oy o
121+ 1) B; So@2l+1) o—o0—o0—--c™» teand teteij=1,..,0)
122 oy Oy o
QI+1) G Sp(2!) oo -« +2and tetelj=1,..,1)
>3 LI ) *
-1 D SO(2l) oy tete(ij=1,....1)
1>4 O—0—O———
o o %z O
14 G, G, == e—eij=1,23i#j)
LI 1 2 Fey Fexlijk=1,23,i#j#k)
52 F. Fa o—aT—»e As for B, plus the 16 solutions
a @ s Htetertested
78 E¢ Ee ay X O3 O Xs As for As plus solutions
0—0—0—0—0 + /2e, and
it Hteteteste, +estes)tel/2
u (an arbitrary choice of 3 “ + " and
3
3 “ ~ " signs for the terms in parentheses)
133 E, E; oy % &3 Og Xs O As for A, plus the solutions
Htetetestetesteste tes)
o (an arbitrary choice of 4 “ + " and
a 4 “ — " signs for the terms in parentheses)
248 Es Eg oy ap O3 Og As O Oy As for Dy plus the solutions

U(1) € SU(2) C SU(3) C SU(4) c SU(5) C SO(10) C Es C E7 C Eg

Htetetestestestestertes)
with an even number of plus signs.
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EsSSM EWSB-Gleichungen (tree-level)

0= g—\‘//d = m,2,13vd — )\i[AZM VsVy + %‘%(v,f +v2)va + %2(‘/3 —V2)vy

0= g‘\; = m,2,23vu _ )‘3\//45)\3 VeVg + %%(de + V2 )vu + %2(v3 —V3)Vu
+ %ﬁl < Ng“ vi+ NZB vo+ A?’vf) N;B Vu

0= g‘\: = mivS - )\i//4§)‘3 Vg Vy + ’\é(vﬁ + vf)vs

2
N N N N
+gzN( 2t 2+2$>25

mit 2° = gy + &
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Sanfte Supersymmetrie-Brechung

1
Looft = — m5¢7¢1 — 5 (M)\aAa + hC)

1 1
+ <3|Aijk¢i¢j¢k - EBU(ﬁ;(lﬁj + Cio; + h.C.)
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Gravity Mediated SUSY Breaking (PMSB)

Superpotential includes effective gravitational interactions:

1 " "
W = Wussm — Vm {yX’JkXCD,-CDJ-CDk + ,UXUXq),'(Dj + .- }

1 7 ) 1
— ol 4+ = | =ixtl T, - — rixxTold.
K =00+ [niX + AIXT] ofa; g K ele;
X and X' break SUSY via an F-term VEV:
X — 00(F) X' — 66(F)*

Integrate X out =

F ) ) .
—Looft = /<\/IP>| [fA)\AAA + g”kqb,-gqubk + hu¢i¢j + k’qb,' + h.C.}
+
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Gauge Mediated SUSY Breaking (GMSB)
Messenger Superfields transform under SU(3). x SU(2). x U(1)y:
Q=(3,1,-1/3), ¢=(1,2,1/2), Q, ¢
Coupled to a gauge singlet S in the messenger sector:
Wness = ¥2S00 + y35QQ

Scalar and F-component of S get VEVs (S) and (Fs)
= SUSY broken in messenger sector
SUSY breaking is communicated to the MSSM via loop diagrams:

(Fs)
oo 2 & (Fs),
B7 Wag % (471')2 <5> >\I>\I
(5)
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model GmTY Jets EY™ [Lanm Reference
T
MSUGRACMSSM 0 26jes Yes 203 | ATTOV! mig-nie)
MSUGRAIGMSSM feu  36jels Yes 203 | 127V any i) ATLAS.CONF-2013.062
@ | MSUGRACMSSM 0 70 Yes 203 | 11TeV any ma) 1208.1641
5 i 0 26jets  Yes 203 |4 850 Ge) 1120 GeV. m(1° gen. G)=m (2" gen. ) 14057875
0 266 Yes 203 [ 133 TeV G 14057875
2 Teu  36jels Yes 203 | 1.18TeV mmmu e 05 | AAS CONE 2012062
[ 2ew e 23 | 1127V mie)-o ATLAS CONF-2013.089
et Yes 47 tar.
1—2“01 ¢ o2s Yes 203 [& s 1407 0603
Yos 203 & 128TeV. mii)50GeV ATLAS CONF-2014.001
= Tewsy - Yes 48 )-s0Gev ATLAS.CONF 2012144
GGM (higgsino-bino NLSP) ¥ 1b Yes 48 1)>220 G
GGM (higgsino NLSP) 2e0(2) 03jels Yes 58 NLSP)>200GeV. ATLAS CONF 2012 152
Graviino LSP 0 monojet Yes 105 @10 oV ATLAS CONF 2012147
53 Fobbfl 3b  Yes 201 [E 1.25TeV. mi})<400 GV 1407.0800
82 0 70l Yes 203 [ 11 TeV ) <350GoV 1308.1841
T E oten  ab Yo 201 |& 13TV mit)d00Gev 14070600
O gty Otep 3b  Yes 201 |E 13TeV. mif)<300 GeV. 1407.0600
1. by—hi} 0 25 Yes 201 |b 100-620 GeV. mift)<90Gev 1308.2831
by} 26488 035 Yes 203 | 275440 i) 14042
25 i wmowm . .
(ight) 7, >WHT}, 2ep  02jels Yes 203 |iy 130210 GeV. )-m(m 50001 mii<<mi) 140.4853
§ (medium), i £} 2ep 2jets  Yes 203 |7 215-530 GeV. mMy 1Ge 14034853
2 (mecium). 7, +hT; 0 26 ves 201 |a 150-580 GeV m )<2mGe\l e pmid)-5 eV 12082631
§ (heavy), i 17} ten 1 Yes 20 |a 210640 GeV' i) 1407.0583
13 ream, HM o 2h Y 201 |0 260640 GeV i) 1406 1122
s 0 monojetctagYes 203 | @ 90240 GeV i ooy 1407.0808
204 1b s 203 |n 160-580 GeV i} 150GeV 14035222
3en®  1b s 203 |0 290-600 GeV mit)<200 Gev 14035222
2en 0 Yes 203 1409 5294
2eu 0 ves 23 sy 14035284
=3 2r S Yes 203 v miEh) 14070350
L A Seu 0 Y 203 . o 0,mi 14027029
R 23ep 0 Yes 203 m (). m(2})-0,septons dcoupled | 1403.5294, 14027028
frans At Tew 2 Yes 203 (Eh) miE})-0,seplonsdecoupled | ATLAS-CONF-2013.093
XS X it dep [ Yes 203 mm»-mw:’x‘mw‘h <0, mi, 5)=0.S(m(F2)mi¥)) 1405.5
3 ot 11 ot gl ] Dogp ol Yer 203 U
S8 Sude soppess - hacror 1Siets  Yes 279 13106584
BT uss sulorHi-re e 120 - ] ATLAS CONF 2013.058
§' e e ) D e a7 otenrears g
Ty, T dsplvix - - 23 ATLAS CONF 2013.062
LRV ppsis + XFre + 1 2en - < as Tzierz
LV ppoiy + Koot leusr - - s 12121272
3 BinewrevoysoH TuES 03s s g 135 TeV. 14042500
S WL e, e s 750ev s sose
i ey Srnﬂ - 203 450 GeV. 1405 5086
¥5gda 67jets - 203 916 Gev. AL
it iobs 259 035 v 33 850 GeV 1404250
Scalargloon palr, sgluon—+q7 3 des - 4 T 100287Gev. incl it rom 1110.2693 12104820
8 scalarguonpar sguon—i  2c.u(SS)  2h  Yes 143 | soon 350800 GeV ATLAS.CONF 2013051
S | WIMP interacton (D5, Dirac ) 0 monojel Yes 105  70aGev M(1)<80 GeV, it of<687 GeV for DB ATLAS CONF-2012-147
n L
T
- - o ! Mass scale [TeV]

“Only a selection of the available mass limits on new states or phenomena s shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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squarkgluino production

stop

sbotiom

slepton EWK gauginos

Summary of CMS SUSY Results* in SMS framework

ICHEP 2014

CMS Preliminary
For decays with intermediate mass,

Mhcmagae = X AR,

!
1200

L
0 200 400 1000

*Observed limits, theory uncertainties not included

Only a selection of available mass limits

Probe *up to* the quoted mass limit

1 1
1600 1800
Mass scales [GeV]

!
1400
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