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The Standard Modell of particle physics
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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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Minimal Supersymmetric Standard Modell (MSSM)
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Next-to-MSSM (NMSSM)
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U(1)'-extended Supersymmetric Standard Modell (USSM)
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Exceptional Supersymmetric Standard Modell (EsSSM)
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Comparison with experiment

L(t,b.g, ...;g.y--")

l

Mass spectrum
msz, mE, mg,

l

Observables:
g — q8
h — vy
(g — 2)M

Simulation

!

Comparison
with experiment
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Publicly available SUSY spectrum generators

Model spectrum generator

SM SMH

THDM 2HDMC

MSSM ISASUSY, FeynHiggs, SOFTSUSY,
SPheno, SuSeFlav, SuSpect, SUSYHD

NMSSM NMSPEC, SOFTSUSY

USSM -

CE¢SSM 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

m~ode| definition
L(t,b,&....;8f,-.)

SARAH

\
Mz, 25, By, -
(Mathematica)

FlexibleSUSY

Y
spectrum generator

(C++)
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How a spectrum generator is generated

anodel definition | ‘,Z;’ib;{:l[? 777777777777 *\“
L(t, b8, :8Yrs--)| Nz 3
()
SARAH |
) +- §
Mz, X3, By, - -

(Mathematica)

FlexibleSUSY

Y
spectrum generator

(C++)

10 /12



How a spectrum generator is generated

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

SARAH CTi= ey ot |
' | w (3, 3 |
Mfr Z?v 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

m~ode| definition
L(t,b,g,....8yf,-..)

SARAH

\
Mz, 25, 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;



Available models in FlexibleSUSY

Supersymmetric models:

MSSM, NMSSM, SMSSM, USSM, E¢SSM, TMSSM, MRSSM,
NEgSSM, uvSSM, . ..

Non-supersymmetric models:

SM, SM + split, THDM, THDM + Higgsinos, THDM + split, SM
+ singlet, TSM, ...

https:/ /flexiblesusy.hepforge.org |
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https://flexiblesusy.hepforge.org

Thank you!

EsSSM MSSM ussm
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Backup



Available models with MSSM high-scale origin

Model RGEs h self-energy matching conditions
contributions to the MSSM

MSSM 3L 1L 4+ 2L O((at + ap)as) —

(“full model”) + 2L O((ar + ap)?)

THDM 2L 1L 1L A O((ae + ap + ar)a;)
+ 2L \; O(a%as) [1508.00576

THDM + h; 2L L 1L A O((ar + ap + ar)ay)
+ 2L A; O(afas) [1508.00576

THDM + split 2L 1L 1L A O((ae + ap + ar)a;)
+ 2L )\,‘ O(afas) [1508.00576

SM + split 2L 1L + 2L O(a¢(as +ar)) 1L g5 O(a: + «;)

+ 3L gluino O(ara2)  + 1L A O((a + «;)?)
+ 2L )\ O(O(SCV%) [1407.4081]

SM 3L 1L + 2L O(ae(as +ar)) 1L X O((ar + ai)? + a2 + a?)

(“EFT”) +2L A O((as + ar)a?)
[1407.4081, 1504.05200]

SM 3L 1L 1L X + O(p?/M2) terms

(“automatic EFT")
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Minimal Supersymmetric Standard Modell (MSSM)

Field SU(3)e x SU(2)L x U(1)y SU(5)
i = (Qu,' Qd,-) (3727 %)'
U; (3,1,-2), (10);
E; (1,1,1);
D; (3,1,1); _
L=(L, L) (L2} )
= (H) HD) (L2.-3) ©
Ho= (M M) (12,) ®)
vz (8,1,0) 5 (24)
Viy (1,3,0) > (24)
Vy (1,1,0) 5 (24)
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Minimal Supersymmetric Standard Modell (MSSM)

Wissm = p(HiHz) — yi(HiL)E; — v (H1Qi)Dj — v (QiH2) U

12/12



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 ! ! ! ! ! ! ! ! ! !
10° 103 10° 10° 10%2 10%5 109 10° 105 10° 1012 10%9

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

Wussm = 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) (12,3 ®)

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 (24)
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Next-to-MSSM (NMSSM)

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

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

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

+ u(HiHp) — y(HiL)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)Uj
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Advantage of the NMSSM: Reduced my Fine-tuning

)\2 2
(mP)? ~ 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: Wymssm 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 Gem x U(1) SU(5) x U(L)
Qi = (QU/‘ er') (33 2a %7 NQ)I
Ui (§a17_%aNU)i (107 NlO)i
Ei (1a1:17NE)i
Di (§71a%7ND)i =
Ns)i

Li = (Ll/i LEi) (13 2’ _%a NL)i (5’ 5)

5, N
m= () H) 2-bng) [ O

5.
H2 = (H2Jr Hg) (1523%7NH2) ( 5)
s (1,1,0, Ns) (1, N1)
Vg (8,1,0,0) > (24,0)
Vi (1,3,0,0) > (24,0)
Vy (1,1,0,0) > (24,0)
Vi (1,1,0,0) 5 (1,0)
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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§(HiLi)Ej — v (H1Qi)D; — v (QiH2) Uj
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Advantage of the USSM: Reduced m, Fine-tuning

(mp™)? = (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, 2 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)

12/12



Exceptional Supersymmetric Standard Modell (EsSSM)

Field Gsm x U(1)n SU(5) x U(1)n =3

C_\)i = (Qui Qdi) (3’27 %7 1)1'

Ui (3.1,-3,1) (10,1);

E (1,1,1,1);

b (3,1,1,2); =

Li=(L, L) (1,2,-1,2); (5.2

X; (3,1,1,-3); . (27);
Hy = (9, M) (1,2,-3,-3) 5, =3)

X; (3,1,-%,-2); _

Ho = (M5 HY) (1,2,%,-2), 5, -2)

S (1,1,0,5); (1,5);

N; (1,1,0,0); (1,0);

H = (H° H-) (1,2,-1,2) > (5.2) > (27)
A=At A% 1,21 -2 5 (5,-2) 5 (27)
Vg (8,1,0,0) > (24,0) > (78)
Vi, (1,3,0,0) > (24,0) > (78)
Vy (1,1,0,0) > (24,0) > (78)
Vi (1,1,0,0) > (1,0) > (78)
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Exceptional Supersymmetric Standard Modell (EsSSM)

Wesssm = A353(H13Ho3)
— y§(HisLi)Ej — v (Fi3Qi)D; — v§(QiHas) U
+ ki S3(XiX;) + AapS3(HiaHag) + 1/ (H'H')
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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, as, Mz, ...

12/12



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; R(Mz)

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):0.1185

%
5),MS
s T 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; R(Mz)

0.5

83

82 -
81

100

1b2

Mz

10%

106 108 1019 1012 1014

renormalization scale / GeV

10%°

10'8

12/12



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 M

_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
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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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Calculate the pole mass spectrum

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

For example f = Higgs:

o

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

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

1
(Mp)22 = mj, + |ul® + g(g»% +g3)(3v3 — v{)
Sh(p?) = Th(p?) — IME + (p*1 — M?)5Z),
OME = Th(p?) s 0Zy=—Th(p)

—
X X
>
~— —
=
N o=
—_
X X
N
N =
NN
N————

A
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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 = va/wvy
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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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