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Benchmarck Searches for SUSY Models

� Scan:

∗ Identify relevant parameters of the SUSY Higgs sector in question (MSSM, NMSSM, ...)

∗ Huge parameter space: identify most important parameters and meaningful range for scan

M. Mühlleitner, Exotic Higgs Decays, 21 May 2015

2



Benchmarck Searches for SUSY Models

� Scan:

∗ Identify relevant parameters of the SUSY Higgs sector in question (MSSM, NMSSM, ...)

∗ Huge parameter space: identify most important parameters and meaningful range for scan

� Constraints:

∗ Theory: perturbativity of parameters, correct minimum (no charge/colour breaking min) etc.

∗ Experiment: compatibility with Higgs data from LEP, Tevatron, LHC; with LHC SUSY

searches; with low-energy observables; with relic density

∗ Caveats for 125 GeV signal: possible superposition of two resonances near 125 GeV; possible

signal from heavier Higgs-to-Higgs decays
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Benchmarck Searches for SUSY Models

� Scan:

∗ Identify relevant parameters of the SUSY Higgs sector in question (MSSM, NMSSM, ...)

∗ Huge parameter space: identify most important parameters and meaningful range for scan

� Constraints:

∗ Theory: perturbativity of parameters, correct minimum (no charge/colour breaking min) etc.

∗ Experiment: compatibility with Higgs data from LEP, Tevatron, LHC; with LHC SUSY

searches; with low-energy observables; with relic density

∗ Caveats for 125 GeV signal: possible superposition of two resonances near 125 GeV; possible

signal from heavier Higgs-to-Higgs decays

� Tools: Use state-of-the art tools

∗ Production/Decay (→ rates): include higher order corrections, off-shell decays

∗ Specify tools used: reproducable results

∗ Ideal: use tools recommended by LHCXSWG (however, not available for all models yet)

→ upcoming NMSSM tools meeting
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Benchmarck Searches for SUSY Models

� Scan:

∗ Identify relevant parameters of the SUSY Higgs sector in question (MSSM, NMSSM, ...)

∗ Huge parameter space: identify most important parameters and meaningful range for scan

� Constraints:

∗ Theory: perturbativity of parameters, correct minimum (no charge/colour breaking min) etc.

∗ Experiment: compatibility with Higgs data from LEP, Tevatron, LHC; with LHC SUSY

searches; with low-energy observables; with relic density

∗ Caveats for 125 GeV signal: possible superposition of two resonances near 125 GeV; possible

signal from heavier Higgs-to-Higgs decays

� Tools: Use state-of-the art tools

∗ Production/Decay (→ rates): include higher order corrections, off-shell decays

∗ Specify tools used: reproducable results

∗ Ideal: use tools recommended by LHCXSWG (however, not available for all models yet)

→ upcoming NMSSM tools meeting

� Bechmark identification: Among resulting scenarios from scan, compatible with the constraints

∗ select benchmarks according to criteria (exotic final states; light stops; Higgs-to-Higgs etc)
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NMSSMCALC

• NMSSMCALC: Fortran package for the calculation in the real & complex NMSSM of the

� loop-corrected NMSSM Higgs boson masses at one-loop and at two-loop at O(αtαs)

� NMSSM Higgs boson decay widths and branching ratios

• Input and output files feature the SUSY Les Houches Accord (SLHA) Skands eal; Allanach eal

• Decay Widths: extension of HDECAY to the NMSSM Djouadi,Kalinowski,MM,Spira

• Reference:

NMSSMCALC: A Program Package for the Calculation of

Loop-Corrected Higgs Boson Masses and Decay Widths in the (Complex) NMSSM

J. Baglio, R. Gröber, MMM, D.T. Nhung, H. Rzehak, M. Spira, J. Streicher and K. Walz

Comput. Phys. Commun. 185 (2014) 12 [arXiv:1312.4788]
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The NMSSM Higgs Sector

• The Z3 invariant NMSSM:
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• Tadpole parameters:

∂V

∂φi

����
min

= tφi , φ = (hd, hu, hs)

Minimization condition requires: tφi = 0 at tree-level

• Parameter basis:

� exploit tadpole conditions to replace m
2
Hu

, m
2
Hd

, m
2
S

by thu , thd , ths

� replace g, g
�
, vu, vd by e, MW , MZ , tanβ = vu/vd

� replace Aλ by MH±

� parameter set: thu , thd , ths , e, MW , MZ , MH± , tanβ, λ, κ, vs, Aκ
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• Tadpole parameters:

∂V

∂φi
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= tφi , φ = (hd, hu, hs)

Minimization condition requires: tφi = 0 at tree-level

• Parameter basis:

� exploit tadpole conditions to replace m
2
Hu

, m
2
Hd

, m
2
S

by thu , thd , ths

� replace g, g
�
, vu, vd by e, MW , MZ , tanβ = vu/vd

� replace Aλ by MH±

� complex NMSSM: thu , thd , ths , tad , tas , e, MW , MZ , MH± , tanβ, |λ|, |κ|, vs, Re|Aκ|, ϕy
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Program Description

• Webpage:

http://www.itp.kit.edu/∼/maggie/NMSSMCALC

• Files: wrap file: nmssmcalc.f, makefile for compilation, additional help files

� 3 main files:

CalcMasses.F (mass corrections),

bhdecay.f and bhdecay c.f (decay widths and BRs)

� input files

inp.dat (in SLHA format), bhdecay.in (setting of CKM parameters and flags)

• Input file inp.dat: in SLHA format

� Flags: CP-conserving/violating, 1-/2-loop mass corrections, OS/DR sheme in top/stop sector

(for 2-loop corrections)

� Block SMINPUTS: SM input parameters

� Block EXTPAR: soft SUSY breaking parameters, NMSSM specific parameters, tanβ, MH±

� complex NMSSM: additionally blocks IMEXTPAR (imaginary parts of complex parameters) and

CMPLX (phase ϕu)

M. Mühlleitner, Exotic Higgs Decays, 21 May 2015

9



http://www.itp.kit.edu/∼maggie/NMSSMCALC
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Output F ile: SLHA Format
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Output F ile: SLHA Format
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Search for NMSSM Benchmarks

• Benchmarks -1:

∗ h → ss or h → aa with s, a the lightest CP-even, CP-odd scalar ← mainly singlet-like

∗ further decays into SM quarks and leptons

• Benchmarks -2:

∗ h → χ̃
0
1χ̃

0
2, χ̃

0
2χ̃

0
2

∗ χ̃
0
1: LSP, mainly singlino neutralino, χ̃

0
2: mainly bino neutralino

∗ χ̃
0
2 → sχ̃

0
1 or χ̃

0
2 → γχ̃

0
1 � final state: 2 fermions + MET or 1γ + MET

Work in Progress
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Search for NMSSM Benchmarks - Scan

Mixing angle tan β and NMSSM couplings λ, κ:

1 ≤ tanβ ≤ 30 , 0 ≤ λ ≤ 0.7 , −0.7 ≤ κ ≤ 0.7

with perturbativity requirement
�

λ2 + κ2 ≤ 0.7

Soft SUSY breaking trilinear NMSSM couplings and µeff:

−2 TeV ≤ Aλ ≤ 2 TeV , −2 TeV ≤ Aκ ≤ 2 TeV , −1 TeV ≤ µeff ≤ 1 TeV

Remaining Parameters:

−2 TeV ≤ AU , AD, AL ≤ 2 TeV

600 GeV ≤ M
t̃R

= M
Q̃3
≤ 3 TeV , 600 GeV ≤ Mτ̃R = M

L̃3
≤ 3 TeV , M

b̃R
= 3 TeV

MũR,c̃R = M
d̃R,s̃R

= M
Q̃1,2

= MẽR,µ̃R = M
L̃1,2

= 3 TeV

100 GeV ≤ M1 ≤ 1 TeV , 200 GeV ≤ M2 ≤ 1 TeV , 1.3 TeV ≤ M3 ≤ 3 TeV
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NMSSM Scan

• Conditions on the parameter scan:

∗ At least one CP-even Higgs boson Hi ≡ h with: 124 GeV <
∼

Mh
<
∼

127 GeV

∗ Compatibility with µ
exp

XX
(X = b, τ, γ, W, Z): |µscan

XX
(h)− µ

exp

XX
| ≤ 2σ

∗ Relic density Ωch
2 below PLANCK result (Ωch

2)NMSSM ≤ 0.1187± 0.0017 [PLANCK]

Constraints from low-energy observables, from LEP, Tevatron and LHC searches [NMSSMTools]

• Signal can be superposition of two Higgs boson rates close in mass: h and Φ = Hi, Aj

µXX(h) ≡ Rσ(h) R
BR

XX
(h) +

�

Φ �= h

|MΦ−Mh| ≤ δ

Rσ(Φ) R
BR

XX
(Φ) F (Mh, MΦ, dXX)

δ : mass resolution in the respective XX final state

F (Mh, MΦ, dXX): Gaussian weighting function

dXX : experimental resolution of final state XX [NMSSMTools]
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Experimental Signal Rates

Based on: ATLAS-CONF-2013-034; CMS-PAS-HIG-13-005; combination à la Espinosa,MMM,Grojean,Trott

channel best fit value 2× 1σ error

V H → V bb 0.97 ±1.06

H → ττ 1.02 ±0.7

H → γγ 1.14 ±0.4

H → WW 0.78 ±0.34

H → ZZ 1.11 ±0.46
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T hank You For Your Attention!
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Interpretation within SUSY: The NMSSM Higgs Sector

• Supersymmetric Higgs Sector: SUSY & anomaly-free theory ⇒ 2 complex Higgs doublets

• Most economic version: Minimal Supersymmetric Extension of the SM (MSSM):

2 complex Higgs doublets

• Next-to-Minimal Supersymmetric Extension of the SM: NMSSM
Fayet; Kaul eal; Barbieri eal; Dine eal; Nilles eal; Frere eal; Derendinger eal; Ellis eal;

Drees; Ellwanger eal; Savoy; Elliott eal; Gunion eal; Franke eal; Maniatis; Djouadi eal; Mahmoudi eal; ...

2 complex Higgs doublets plus one complex singlet field �

• Solution of the µ-problem: µ must be of O(EWSB scale) Kim,Nilles

µ generated dynamically through the VEV of scalar component of an

additional chiral superfield field Ŝ: µ = λ�S� from: λŜĤuĤd
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The NMSSM Higgs Sector

• Enlarged Higgs and neutralino sector: 2 complex Higgs doublets Ĥu, Ĥd, 1 complex singlet Ŝ

7 Higgs bosons: H1, H2, H3, A1, A2, H
+
, H

−

5 neutralinos: χ̃
0
i

(i = 1, ..., 5)

• Higgs mass eigenstates:

superpositions of doublet and singlet components �
the more singlet-like

the smaller couplings to SM particles

• Significant changes of Higgs boson phenomenology

∗ light Higgses not excluded, Higgs-to-Higgs decays

∗ degenerate Higgs bosons around 125 GeV possible

∗ very light singlino-like lightest SUSY particle (LSP)

∗ � invisible Higgs decays

∗ tree-level CP violation ...

M. Mühlleitner, Exotic Higgs Decays, 21 May 2015
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One Loop Corrections

• One-Loop masses: obtained in Feynman diagrammatic approach

[Ender(→ Walz),Graf,MMM,Rzehak]

• Renormalization scheme:

thu , thd , ths , e, MW , MZ , MH± ,� �� �
on-shell

tanβ, λ, κ, vs, Aκ� �� �
DR

• Complex NMSSM: obtained in Feynman diagrammatic approach [Graf,Gröber,MMM,Rzehak,Walz]
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T he Higgs Sector at T ree Level of the Complex NMSSM

• Two complex Higgs doublets and one complex singlet field

Hd =




1√
2
(vd + hd + iad)

h
−
d



 , Hu = e
iϕu



 h
+
u

1√
2
(vu + hu + iau)



 , S =
e

iϕs

√
2

(vs + hs + ias)

• Superpotential:

W = ûYu(Q̂T
�Ĥu)− d̂Yd(Q̂T

�Ĥd)− êYe(L̂T
�Ĥd) + λŜ(ĤT

u
�Ĥd) +

1
3
κŜ

3

• Soft SUSY breaking Lagrangian:

Lsoft = −m
2
Hu

H
†
u
Hu −m

2
Hd

H
†
d
Hd −m

2
S
|S|

2
−

�
λAλ(HT

u
�Hd)S +

1
3
κAκS

3 + h.c.

�
+ ...

• MSSM µ term: generated dynamically

λS(HT

u
�Hd) →

λvs
√

2
e

iϕs(HT

u
�Hd) ≡ µ(HT

u
�Hd)
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T he Higgs Sector at T ree Level of the Complex NMSSM

• Tadpole parameters:

∂V

∂φi

����
min

= tφi , φ = (a, as, hd, hu, hs)

Minimization condition requires: tφi = 0 at tree-level

• Phase combinations appearing in tadpoles and mass matrices at tree level

ϕx = ϕAλ + ϕλ + ϕs + ϕu

ϕy = ϕκ − ϕλ + 2ϕs − ϕu

ϕz = ϕAκ + ϕκ + 3ϕs

tad = 0, tas = 0 � eliminate ϕx and ϕz � only ϕy
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One Loop Corrections

• One-Loop masses: obtained in Feynman diagrammatic approach

[Ender(→ Walz),Graf,MMM,Rzehak]

• Renormalization scheme:

thu , thd , ths , e, MW , MZ , MH± ,� �� �
on-shell

tanβ, λ, κ, vs, Aκ� �� �
DR

• Complex NMSSM: obtained in Feynman diagrammatic approach [Graf,Gröber,MMM,Rzehak,Walz]

• Renormalization scheme:

thu , thd , ths , tad , tas , e, MW , MZ , MH± ,� �� �
on-shell

tanβ, |λ|, |κ|, vs, |Aκ|, ϕs, ϕu, ϕλ, ϕκ� �� �
DR
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T wo-Loop Corrections

• Two-loop order O(αtαs): with αt = y
2
t

4π
[MMM,Nhung,Rzehak,Walz]

largest contribution ∼ m
2
t
αtαs

NMSSM specific contributions that are proportional to λ

• Approximations:

� vanishing gauge couplings:

e, MW , MZ → 0 but sin θW , v = 2MW sin θW /e fixed

� In two-loop diagrams of charged Higgs self-energy: mb = 0

� vanishing external momenta in all self-energies (neutral Higgs bosons, charged Higgs bosons,

gauge bosons): p, MH± → 0

• Renormalization at O(αtαs)

thd , thu , ths , tad , tas , M
2
H± , v

� �� �
on-shell scheme

,tanβ, |λ|, vs, |κ|, ReAκ, sϕy� �� �
DR scheme

• Top/Stop sector renormalization at O(αs): 2 options: On-shell and DR scheme
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Decay W idths

• Decay Widths:

� include dominant higher order QCD corrections

� down-type leptons: HO SUSY-EW, down-type quarks: SUSY-QCD, bottoms: SUSY-QCD&EW

� off-shell decays into V V (V = Z, W ), V +Higgs, Higgs pair, tt̄; H
+ → tb̄

� real NMSSM: SUSY-QCD to decays into stop, sbottom pairs
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Superposition of Signal Rates
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