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The Standard Modell of particle physics

Quarks

Lepton

Gauge
bosons

d s b

Higgs

Describes
e Quarks, Leptons, Higgs

e electromagnetic, strong,
weak interactions

Problems:
e no gravitation

e no dark matter

Weaknesses:
e no unification of gauge
couplings
o hierarchy problem

e prediction of (g —2),
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Hierarchy problem

Higgs pole mass:

(mzole)2 _ (mzree)Z + Am%

t

h 2
Am} = ____Q___ P —m? <1—Iogm§> large!
w
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Hierarchy problem

Higgs pole mass:

|
(mioe)Z _ (mzree)Z + Am%,
t
h
2
Amh = ————Q___
5
E,‘ ,' \\
h —~ \ /I
/ \ \
S U T T AR =0

if m; = my and appropriate couplings I';z3+ and I3+

= supersymmetry
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Minimal Supersymmetric Standard Modell (MSSM)
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Minimal Supersymmetric Standard Modell (MSSM)

Field SU@)e x SU@2)L x U(1)y SU(s)
Qi - (Qu; Qd,-) (37 27 %)l

U; (3,1,-2), (10);
E; (1,1,1);

D; (3,1,1); -
Li=(Ly, Le) (1,2, i%)l ®):
o= (M) HD) (12,-)) ®)
o= (Hf HY) (1,2,}) ®)
7 (8,1,0) > (24)
Vi, (1,3,0) > (24)
Vy (1,1,0) > (24)
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Minimal Supersymmetric Standard Modell (MSSM)

Wissm = p(HiHz) — yi(HiL)E — v (H1Qi)Dj — v (QiH2) U
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Breaking of Supersymmetry

Soft breaking of supersymmetry

L1
Ly = — m3¢, ¢j = 5 (Ma>\a>\a =4F hC)

1 1
I (aAijk@fﬁﬂbk = EBU¢i¢j + Cigi + h.c.)

mSUGRA constraint:
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Advantage of the MSSM: Dark Matter Candidate

Dark matter

Baryonic matter

Dark energy
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Advantage of the MSSM: Gauge Coupling Unification

12 T T T T T T T T T

11} g2 e 1 - §

N 1l i
09 t Standard Modell { } MSSM
s | Inl i
., .

0.6 [ e 11
0.5

04 ! ! ! ! ! ! ! ! ! !
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w/ GeV w/ GeV M
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Weakness of the MSSM: Fine-tuning problem

(mP'®)2 = m2 cos? 25 + AmZ,

mP°'® ~ 125 GeV
mz = 01 GeV
= Amy 2 87 GeV

= large splitting between m; and m;,
= large SUSY breaking terms

= spoils SUSY's solution to hierarchy problem
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Weakness of the MSSM: p-Problem

Wwssm = p(H1Ho)

On the one hand: 12
w has its origin at the GUT scale Mx R
tr 1
= 11~ My ~ 10'® GeV bl wssw |
08 | p
On the other hand: or
p fixed by EWSB at M ij
0.4 T
= 1~ Mz ~ 10% GeV 10° o 100 10° 102 10
Mz u/ GeV Mx

Solution: introduce new Higgs singlet S with VEV v,

= Next-to Minimal Supersymmetric Standard Modell
(NMSSM)
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Next-to-MSSM (NMSSM)

Field SUG). x SU)L x U(1)y SU(s)
i = (Qui Qdi) (3727 6)'

0 G.1.2), (10),

E; (1,1,1);

Di (3717 l)/ =

L=(L, L) (L2,-1), )

o= (M) H) (12,1 ®)

Ho=(HF HD) (12,1 ®)

S (1,1,0) (1)

Ve (8,1,0) 5 (24)

Viy (1,3,0) > (24)

Vy (1.1,0) S (29)
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Next-to-MSSM (NMSSM)

/
Witssmas = AS(H1Ha) + 253 + %52 F &S

+ p(H1H2) — yijf(HlLi)Ej - y,-jl(Hl Q)D; — y,-j-’(Q,-Hz)UJ-
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Next-to-MSSM (NMSSM)

. /
Witssmas = AS(H1Ha) + g53 + %52 F &S

+ u(HiHp) — ye(HLL)E; — v (H1Qi)D; — v (QiH2) U

Impose Z3 symmetry to forbid dimensionful couplings and solve the
p-problem
=

Whimssm = AS(H1Hz) + 253
—y,-j-(HlLi)Ej _Y;(Hlai)bj —yﬁ(Q,‘Hz)Dj
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Advantage of the NMSSM: Reduced my Fine-tuning

)\2 2
(M) ~ m%cos?23 + T‘/sin2 26 + Am3

MSSM

NMSSM

= Amy 2 55 GeV

MSSM: Amy, 2 87 GeV
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Problem of the NMSSM: Domain Walls

Problem: Wymsswm has a discrete Z3 symmetry.
= domain walls

Solution: new continuous gauge symmetry U(1)’

= U(1)'-extended Supersymmetric Standard Modell (USSM)
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U(1)'-extended Supersymmetric Standard Modell (USSM)

Field Gsm x U(1) SU(5) x U(1)
Q" = (QU/‘ Qd,’) (3 2’ év )
Ui (3a 17 37 NU),’ (107 NlO)i
Ei (la 1: ]-7 NE)
D; (3,1, é, b)i _ _
Li=(Ly L) (L2,-1Ny) (3. Ng)i
5, Nz
o= (HY HD) (L2~ V) (5. 1%)
5, .
o= (HF HY) (12,3 M) (5, )
s (1,1,0, Ns) (1, M)
vz (8,1,0,0) 5 (24,0)
Viy (1,3,0,0) > (24,0)
Vy (1,1,0,0) > (24,0)
VN (17100) ( O)
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U(1)'-extended Supersymmetric Standard Modell (USSM)

If Ns #0 and Ns + Ny, + Ny, =0
= all S” terms forbidden

Wussm = AS(H1Ha) — y§(HhLi)Ej — v (H1Qi)D; — v (QiH2) Uj
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Advantage of the USSM: Reduced m, Fine-tuning

(m™)? = (m*)® + Am
22,2 2 1 2
(mir*®)? ~ m%cos®2f + AV in? 26 + Mz (1+ cos2ﬁ>
NI 2 4 4
MSSM
NMSSM

USSM

= Amy > 32GeV

MSSM: Amy, 2 87 GeV
NMSSM: Amy, = 55 GeV
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Problem of the USSM: Anomalies

Problem: U(1)-charges are arbitrary
(as long as Wysswm is gauge invariant)
= unsuitable choice can lead to gauge anomalies:

Zl

Z/
Solution: anomaly-free gauge group, e.g. SO(10) or Eg

= Exceptional Supersymmetric Standard Modell (E¢SSM)
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Exceptional Supersymmetric Standard Modell (EsSSM)

Field Gsm x U(1)n SU(5) x U(1)w =3
C_\)i =(Qu Qa) (§,27 %7 1)i
Ui (3.1,-3,1) (10,1);
E; (1,1,1,1);
Di (§7 17 %72)1' 3
L=(L, L) (1,2,-12) 5.2)
Xi (3,1,3,-3); = (27);

— 57 -3 i
By = (4D, M) (1.2.-3-3) 5.3
X; (3, 1,3, =2);

5,-2);

Hoi = (H3; HS) (1,2,5,-2); ( )
Si (1,1,0,5); (1,5);
N; (1,1,0,0); (1,0);
H = (H° H-) (1.2,-12) > (5.2) 5 (27
A = (A" A°) (1,21, -2) > (5,-2) > (27)
Vg (8,1,0,0) > (24,0) 5 (78)
Vi, (1,3,0,0) > (24,0) 5 (78)
Vy (1,1,0,0) > (24,0) 5 (78)
Vi (1,1,0,0) > (1,0) > (78)
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Exceptional Supersymmetric Standard Modell (EsSSM)

Wesssm = A3S3(Hi3Has)
— y§(Hi3Li)Ej — v (Fi3Qi)Dj — y§{(QiHa3) U
+ #S3(XiX;) + XagS3(HiaHag) + 1/ (H'H')
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Summary Supersymmetry

Supersymmetric Modells are attractive extensions of the SM.

Advantages:

Solution of the hierarchy problem

Dark matter candidate particles

e Gauge coupling unification

hierarchy domain

.
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Why calculate the mass spectrum?

£(

t

,E,",...;g;,yf,...

l

Mass spectrum
my, mg, mg,

l

Observables:
g — q8
h — ~v
(g — 2)#

Simulation

l

Comparison
with experiment
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Physical problem statement

Energy
scale Q
A
M Grand Unified Theory
X (GUT)
A
RGEs: 8I(ZgQ =By
A\
Y, Electroweak
S symmetry breaking
A
RGEs
A\
Matching
M
z Qem, s, Mz, ...
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Publicly available SUSY spectrum generators

Model spectrum generator

MSSM ISASUSY, SOFTSUSY, SPheno,
SuSeFlav, SuSpect

NMSSM NMSPEC, SOFTSUSY

USSM -

CEgSSM CE6SSMSpecGen

any SUSY-Modell SARAH, FlexibleSUSY
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FlexibleSUSY: a SUSY spectrum generator generator

FlexibleSUSY

EsSSM MSSM ussm
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How a spectrum generator is generated

mNodeI definition
L(t,b,&....;gf,-.)

SARAH

\
My, X5, By, -
(Mathematica)

FlexibleSUSY

Y
spectrum generator

(C++)
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How a spectrum generator is generated

_model definition | {£—|p,E2 R
L(t,b,&,...:8Yr---)| -\ [t
w0 ()
SARAH | |
] 4. §

Mz, ¥z, va

(Mathematica)

FlexibleSUSY

Y
spectrum generator

(C++)
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How a spectrum generator is generated

model definition ! .
‘C(%7b7g—7-~-;gi7yf7---) Mf: ..

SARAH CTi= ey ot |
' | w (3 , 3 |
M?! va va--- ’//’/“6‘/1:1671'2 (]_Og12+2g22)+"'1
(Mathematica) o S e A .

FlexibleSUSY

Y
spectrum generator

(C++)
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How a spectrum generator is generated

mNodeI definition
L(t,b,g,....8yf-..)

SARAH

\
My, X5, By, -
(Mathematica)

FlexibleSUSY

Y
spectrum generator P

(C++)

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)

return mass_matrix;

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

+

self_energy
self_energy .3
self_energy s

B

+
[}

+

return self_energy;
double beta_vi() {
double beta_vl;

beta_vl = v1x*(0.3*Sqr(gl)
+ 1.5%Sqrt(g2))/(16.%Sqr(Pi) +

return beta_vil;



FlexibleSUSY Design Goals

¢ Modular, well readable C++ code
Reason: large variety of SUSY models
— User intervention likely

¢ High precision
Reason: Higgs mass measurement with ¢ =~ 0.4 GeV

¢ different RGE+BC solvers
Reason: convergence problems in some regions

e High speed
Reason: many model parameters
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Algorithm to calculate the mass spectrum

Energy-

scale

A

Mx

Mz

RGEs

GUT-BC
mg, M1/2, Ao

RGEs

Y

EWSB

Y

mass spectrum

RGEs

\

Start

Calculate
8i, yr
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Algorithm to calculate the mass spectrum

Iteration step 1: calculate gauge couplings g,-DR(I\/IZ)

0.5

83

82 -
81

100

1b2

Mz

10%

106 108 1019 1012 1014

renormalization scale / GeV

10%°

10'8
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Calculate gauge coupling g?(/\/lz)

Input: aSS),’\ZTS(MZ):QllSS

%
5),MS
s VT T T Nagsm(Mz) — Aas(Myz)
with
s 2 m
Aassm(p) =5 {—3| g/j]
as |1 my¢
Aas(u) = % 5 — Z Tf IOg —
SUSY particle f K
=
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Algorithm to calculate the mass spectrum

Iteration step 1: calculate gauge couplings g,-DR(I\/IZ)

0.5

83

82 -
81

100

1b2

Mz

10%

106 108 1019 1012 1014

renormalization scale / GeV

10%°

10'8
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Algorithm to calculate the mass spectrum

Iteration step 1: RG running of gauge couplings to Mx

1L & . 1
80
82
05 ¢ 81 i
0l l
—05 | 1
_1 I I I I I I L L
100 102 10* 10° 108 101 102 104 10

renormalization scale / GeV

Mx

1018
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Algorithm to calculate the mass spectrum

Iteration step 1: impose boundary conditions at Mx

1 ,
8o
0.5 My A
“mo
0 'Ao .
-0.5 i
-1 1 1 1 1 I

100 102 10* 105 108 10 102 10 10%6 1018

renormalization scale / GeV Mx
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Algorithm to calculate the mass spectrum

Iteration step 1: RG running to Ms, impose EWSB conditions

100 102 | 10 10° 108 10 1022 10M 106 10'8
Ms

-1

renormalization scale / GeV
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Solve EWSB conditions

Solve EWSB conditions by fixing N model parameters (py, ...

8 Vtree
0= Gv,-

— ti(my¢) (i=1,...,N)

For example: CMSSM solve for (i, Bu)

=2

0= mﬁlvl + |u|2V1 — Buw, + %(V12 — V22)V1 — tl(mf)
=2

0= mp,vo + |u>va — Buvi — %(Vf — v3)va — ta(my)

where g% = g§ + g3
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Algorithm to calculate the mass spectrum

Iteration step 1: RG running to Ms, impose EWSB on (u, Bu)

71 I I I I I I I L
100 102 T 104 106 108 101 1012 10 1016 1018
Ms

renormalization scale / GeV
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Algorithm to calculate the mass spectrum

Iteration step 1: RG running to Mz

_1 \“ I I I I I I I
100 1b2 104+ 106 108 101 10 10% 10%6 108

renormalization scale / GeV
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Algorithm to calculate the mass spectrum

Iteration step 2:

—-0.5 |

100

102

10*

106 108 101 10!2 10 1016 1018

renormalization scale / GeV
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Algorithm to calculate the mass spectrum

Iteration step 3:

—-0.5 |

-1

100

102

10*

106 108 101 10!2 10 1016 1018

renormalization scale / GeV
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Algorithm to calculate the mass spectrum

Iteration step 8: convergence

—05 | T ]

_1 \/ I I I I I I L
10 102 10* 108 108 1019 1012 10'* 1016 1018

renormalization scale / GeV

32/43



Algorithm to calculate the mass spectrum

Energy-

scale

A

Mx

Mz

RGEs

GUT-BC
mg, M1/2, Ao

RGEs

Y

EWSB

Y

mass spectrum

RGEs

\

Start

Calculate
8i, yr

33/43



Calculate the pole mass spectrum

Solve for each particle f:
0 = det {pzl — M + i,c(pz)]

For example f = Higgs:

i
2

1
(Mp)11 = mp, + |ul® + §(g$ +85)(3v§ — v3)

1 L1
(Mp)12 = —5(/3# + Bu*) — 1 2vi(gy + &3)

—
SN
>
~— —
=
N
—_
SN
N
N =
NN
N——

1
(Mp)22 = mj, + |l + g(g»% +85)(3v3 — v})

24(p%) = Ta(p?) — SM} + (p*1 — M3)6Z,
My = TP, Zh=— TP
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Parameters scans in the CMSSM, NMSSM, USSM, E¢SSM

Models: CMSSM, NMSSM, USSM, EgSSM

mSUGRA-inspired GUT scale BCs:

(m?)i(Mx) = mg;;
Al (Mx) = Ao
Mi(Mx) = My 5

parameters fixed by EWSB conditions at Ms:

CMSSM:  u, Bu
NMSSM: &, vs, m?
USSM: m,271,m,272,m
EsSSM: m,%l, m,272, m

2-dimensional scan over: mg, tan 8 = v»/v;
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CMSSM parameter scan

mb® / GeV

mg [ TeV

tan 8

My)2 = Ao =5TeV,signu = +1
Higgs mass contours at mP®® = (125.7 4 0.4) GeV
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NMSSM parameter scan

mb® / GeV

135

mg [ TeV
TT T TTT T[T T[T T T TTTTTITTT]TTTT \Hu

130

125

120

115

110

105

100

95
40 45 50
tan 8

My, = —Ag = 5TeV, A\(Mx) = 0.1,signvs = +1
Higgs mass contours at mP®® = (125.7 4 0.4) GeV
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USSM parameter scan

mb® / GeV

mg [ TeV

tan 8

Myjp = Ag = 5TeV,\(Mx) = 0.1, vs = 10 TeV
Higgs mass contours at mZOIe = (125.7 £ 0.4) GeV
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EcSSM parameter scan

mP' / GeV

mg / TeV

b b b b b B b
0 5 10 15 20 25 30 35 40 45 50
tan 3

M1/2 = Ao == 5TeV,)\(Mx) == K,(Mx) == 0.1, Vs = 10 TeV

pole

Higgs mass contours at m,~~ = (125.7 4 0.4) GeV
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Conclusions
Non-minimal SUSY models are attractive extensions of the SM.

Advantages:
e Solution of the hierarchy problem
e Solution of the p-problem of the MSSM
e Dark matter candidate particles

Gauge coupling unification

FlexibleSUSY:: general SUSY spectrum generator generator

Supported models:
e MSSM, CMSSM, NUH-MSSM, NMSSM, SMSSM, USSM,
NUHM-EgSSM, MRSSM, TMSSM, uvSSM, ...

https://flexiblesusy.hepforge.org J
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https://flexiblesusy.hepforge.org

Future

plans for FlexibleSUSY

More applications!
(currently studied: MRSSM, EgSSM, NEgSSM)

support non-SUSY models (currently developed)
2-loop my, from RGEs (currently developed)
decays (h — 7, ...)

some observables ((g —2),, ...)

interface to HiggsBounds

automatic tower of effective field theories

complex parameters (to study CP violation, etc.)
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Thank you!

MSSM ussm

43/
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Backup



little Hierarchy problem

(mzole)2 _ (m';ree)2 + Am,2, = (125.7 GeV)2
22,2 2 1 2
(m’zree)Z ~ m% cos 268 + 7vsin2 28 + mz (]_ + - C052,8>
N 2 4 4
MSSM
NMSSM
USSM,E¢SSM

=

(87 GeV)? MSSM = my > m;

Am? > < (55GeV)? NMSSM = mg > my

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

110

105

100

95

90

85

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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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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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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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)

_ov
78V1

:%

T Ovs

mit 2° = gy + &

2
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2

T2

2

53 Vs —

gﬁ(

T2

= n’lh13 Vi —

8
2

= mh23 Vo —

gﬁ(

)\3/4,\3
V2

NH13 2
p at

A3Ax,
V2
N,
f2413 V12 +
My,
V2

Nuys 2
p it

s

S

A2
V2 + —

AZ =2
+ 73(‘/22 + 2w + i(vf — V5

NH23 2

2

Nuyy 2

2

Nigs 2 Ny v2>
s

3(v1 + v, )v (v2

N Has
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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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