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NMSSM has one additional Higgs singlet

→ additional terms in superpotential leads to more free parameters

and leads to modification in the Higgs and neutralino sector

Parameters MSSM vs. NMSSM
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Problem with scanning NMSSM parameter space

large parameter space

parameters are highly correlated, so random scan 

of parameter space very inefficient without 

correlation matrix

we do not know the correlation matrix

How to solve?

Idea: if we would have measured all the Higgs masses, 

would we be able to determine the parameters?

Result: yes, but not necessarily a unique solution

Wim de Boer, ETP
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𝝌𝟐 Function has no unique solution

Region I: 𝝀-𝜅 large, tan𝛽 small → large NMSSM specific contribution

Region II: 𝝀-𝜅 small, tan 𝛽 large → CMSSM like

CMSSM NMSSM specific

In NMSSM the mixing with singlet increases Born term by large couplings at small 

𝑡𝑎𝑛𝛽 (Region I) or by a combination of small couplings and large 𝑡𝑎𝑛𝛽 (Region II)

Wim de Boer, ETP

𝑀𝐻
2 ≈ 𝑀𝑍

2 cos2 2𝛽 + Δ ሚ𝑡 + 𝜆2𝑣2 sin2 2𝛽 −
𝜆2

𝜅2
𝜆 − 𝜅 sin 2𝛽 2
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Idea: scan Higgs mass space instead of parameters

6 parameters spanning the 6D parameter space: 𝐭𝐚𝐧𝜷 , 𝝀, 𝜿, 𝑨𝝀, 𝑨𝜿, 𝝁𝒆𝒇𝒇

6 Higgs masses 

spanning the 

6D parameter 

space:

𝑴𝑯𝟏,𝑴𝑯𝟐,
𝑴𝑯𝟑,𝑴𝑨𝟏,
𝑴𝑨𝟐,𝑴𝑯±

Fit Constraints: 

𝑴𝑯𝟐 = 𝟏𝟐𝟓 𝑮𝒆𝑽, 𝑴𝑯𝟏 =
𝑴′𝑯𝟏,

𝑴𝑨𝟏= 𝑴′𝑨𝟏, 𝑴𝑯𝟑 =
𝑴𝑨𝟐 = 𝑴𝑯± = 𝑴′𝑯𝟑,

for a given point 

𝑴′𝑯𝟏 , 𝑴′𝑯𝟑, 𝑴′𝑨𝟏 in 3D 
𝑴𝑯𝟑

𝑴𝑯𝟏

𝑴𝑨𝟏

3D

𝑴′𝑯𝟏, 𝑴′𝑯𝟑, 𝑴′𝑨𝟏+ ⇒

NMSSMTools

Why: Higgs masses hardly correlated and more constraints, if we 

assume the decoupling limit with all heavy Higgs masses to be close 

to degenerate

Wim de Boer, ETP
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BRs for light (singlet-like) Higgs boson 

Large coupling to down-type fermions → dominant decay into b quarks 

as expected in the SM.

Region I – NMSSM-like  
large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽

𝑚𝐴1/𝜒 > 0.5𝑚𝐻1

Wim de Boer, ETP
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BRs for light (singlet-like) Higgs boson 

Region II – MSSM-like 
small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

MSSM-like Region different BRs compared to SM due to zero crossing 

of 𝑆11 leading to broad allowed bands for BRs. 

𝑚𝐴1/𝜒 > 0.5𝑚𝐻1

Bands include 68% of the 

sampled points around 

the most probable 

branching ratio indicated 

by the lines

Wim de Boer, ETP
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Couplings to fermions and allowed range for 

Higgs mixing elements

𝑆11 large and positive in 

Region I 

𝑆11 almost zero due to 

zero crossing in Region II 

→ 𝑡𝑎𝑛𝛽 enhancement 

small compared to small 

𝑆11 values 

𝐻𝑖𝑡𝐿𝑡𝑅
𝑐 ∶ −

ℎ𝑡

2
𝑆𝑖2

𝐻𝑖𝑏𝐿𝑏𝑅
𝑐 ∶ −

ℎ𝑏

2
𝑆𝑖1

𝐻𝑖𝜏𝐿𝜏𝑅
𝑐 ∶ −

ℎ𝜏

2
𝑆𝑖1

ℎ𝑡 =
𝑚𝑡

𝑣 sin 𝛽

ℎ𝑏 =
𝑚𝑏

𝑣 cos𝛽

ℎ𝜏 =
𝑚𝜏

𝑣 cos 𝛽

Region I

Region II

Wim de Boer, ETP
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Region II

Couplings to fermions and allowed range for 

Higgs mixing elements

𝑆11 large and positive in 

Region I 

𝑆11 almost zero due to 

zero crossing in Region II 

→ 𝑡𝑎𝑛𝛽 enhancement 

small compared to small 

𝑆11 values 

𝐻𝑖𝑡𝐿𝑡𝑅
𝑐 ∶ −

ℎ𝑡

2
𝑆𝑖2

𝐻𝑖𝑏𝐿𝑏𝑅
𝑐 ∶ −

ℎ𝑏

2
𝑆𝑖1

𝐻𝑖𝜏𝐿𝜏𝑅
𝑐 ∶ −

ℎ𝜏

2
𝑆𝑖1

ℎ𝑡 =
𝑚𝑡

𝑣 sin 𝛽

ℎ𝑏 =
𝑚𝑏

𝑣 cos𝛽

ℎ𝜏 =
𝑚𝜏

𝑣 cos 𝛽

Region I

Region II

Wim de Boer, ETP
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Discovery potential for final states @14TeV

𝝉𝝉: in both Regions 

𝜸𝜸: in both Regions 

𝒁𝜸: for 𝑚𝐻1 > 95 GeV

𝑾𝑾/𝒁𝒁: for 𝑚𝐻1 > 80/90 GeV, small because of phase space

Double Higgs Production

𝑨𝟏𝑨𝟏/ 𝜒1
0 𝜒1

0 : XS x BR compatible to SM decay H → 𝛾𝛾

Wim de Boer, ETP
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Discovery potential for final states @14TeV

𝝉𝝉: in both Regions 

𝜸𝜸: in both Regions 

𝒁𝜸: for 𝑚𝐻1 > 95 GeV

𝑾𝑾/𝒁𝒁: for 𝑚𝐻1 > 80/90 GeV, small because of phase space

Double Higgs Production

𝑨𝟏𝑨𝟏/ 𝜒1
0 𝜒1

0 : XS x BR compatible to SM decay H → 𝛾𝛾

See details for 𝜏𝜏 and double Higgs Production on backup slides. 

Other final states are small and 𝐴1𝐴1/ 𝜒1
0 𝜒1

0 are only possible in a 

restricted parameter space where 𝑚𝐴1/𝜒1
0 < 0.5𝑚𝐻1

NOTE: 𝐴1 and 𝜒1
0 masses are correlated, so both signatures happen in 

the same region of parameter space (see backup slides)

Wim de Boer, ETP
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Summary

Project 6D parameter space on 3D Higgs parameter space to allow 

efficient sampling with full coverage

We find two regions where the Higgs mass constraints are 

fulfilled, called Region I (NMSSM-like) and II (MSSM-like)

We provide benchmark points (see backup, 1712.02531) for 

different 𝑯𝟏 masses and discovery channels which allows a 

detailed simulation and studies of the background and efficiencies

The phase space of a light Higgs boson below 125 GeV allows 

comparable XS @14TeV with the observed SM Higgs boson in 

many discovery channels like 𝝉𝝉 and 𝜸𝜸 for both regions for 

the whole 𝑯𝟏 mass range although 𝑯𝟏 is singlet-like 

Wim de Boer, ETP
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Backup
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Discovery potential for tau final states
Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽

𝜎𝑔𝑔𝑓

𝜎𝑏𝑏ℎ

@14TeV

Color coding corresponds to the

ratio
𝜎×𝐵𝑅

𝜎×𝐵𝑅 𝑆𝑀

Red means 20-100% 𝜎 × 𝐵𝑅 𝑆𝑀

and green 1‰-1% 𝜎 × 𝐵𝑅 𝑆𝑀

b

b
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Discovery potential for tau final states
Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽 Region II – small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

𝜎𝑔𝑔𝑓

𝜎𝑏𝑏ℎ

@14TeV

Region II: XS has large allowed range because of to zero crossing of 𝑆11.
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Possible double Higgs production channels (if 

kinematically accessible)

Lightest scalar Higgs boson 

Second lightest scalar Higgs boson

Third scalar Higgs boson

Second pseudo-scalar Higgs boson

See backup slides for corresponding BR plots and upper limits

Dominant 𝐴1 decay modes in bb, 𝜏𝜏 and MET see backup slides 

𝐻1 → 𝐴1𝐴1

𝐻2 → 𝐴1𝐴1
𝐻2 → 𝐻1𝐻1

𝐴2 → 𝐴1𝐻1
𝐴2 → 𝐴1𝐻2

𝐻3 → 𝐴1𝐴1
𝐻3 → 𝐻1𝐻1
𝐻3 → 𝐻2𝐻2
𝐻3 → 𝐻1𝐻2
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Summary of Higgs boson branching ratios (SI)
For comparison of the discovery channels the XS x BR for the 125 GeV Higgs 

boson are for the ggf channel γγ : 112 fb, ZZ : 1321 fb, Zγ : 76 fb, τ τ : 3090 fb and 

for the bbh channel γγ : 1.3 fb, ZZ : 15.4 fb, Zγ : 0.8 fb, τ τ : 36 fb.
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Summary of Higgs boson branching ratios (SII)
For comparison of the discovery channels the XS x BR for the 125 GeV Higgs 

boson are for the ggf channel γγ : 112 fb, ZZ : 1321 fb, Zγ : 76 fb, τ τ : 3090 fb and 

for the bbh channel γγ : 1.3 fb, ZZ : 15.4 fb, Zγ : 0.8 fb, τ τ : 36 fb.
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MSSM

NMSSM: Mixing with singlet

radZh Mvm   2cos2sin 222222

Ellwanger, arXiv 1108.0157

Loop corrections 𝚫𝒓𝒂𝒅
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Zm

Why we are interested in the NMSSM

Increases Higgs mass for large 

values of  already at Born level

NMSSM: mh=125 GeV for TeV instead of multi-TeV stops
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𝝌𝟐 Function 𝜒𝑡𝑜𝑡
2 = 𝜒𝐻1

2 + 𝜒𝐻2
2 + 𝜒𝐻3

2 + 𝜒𝐿𝐸𝑃
2 +𝜒𝐿𝑯𝑪

2

𝜒𝐻1
2 =

𝑚𝐻1−𝑚𝑔𝑟𝑖𝑑,𝐻1

2

𝜎𝐻1
2

𝑚𝑔𝑟𝑖𝑑,𝐻1 : Chosen point in the 3D mass space

𝑚𝐻1: below observed Higgs boson, 𝜎𝐻1
2 set to 2 GeV

𝜒𝐻2
2 =

𝑚𝐻2−𝑚𝑜𝑏𝑠
2

𝜎𝑆𝑀
2 + σ𝑖 𝑐𝐻2

𝑖 − 𝑐𝑜𝑏𝑠
2
/𝜎𝑐𝑜𝑢𝑝

2

125 GeV Higgs boson with SM couplings , 𝑐𝐻2
𝑖 : reduced couplings of 𝐻2, 

ratio of couplings of 𝐻2 to particle 𝑖 = 𝑓𝑢, 𝑓𝑑,𝑊, 𝑍, 𝛾. Observed coupling 

𝑐𝑐𝑜𝑢𝑝 agree within 10% with the SM couplings, so 𝜎𝑐𝑜𝑢𝑝
2 = 0.1. 

𝜒𝐻3/𝐴1
2 =

𝑚𝐻3/𝐴1−𝑚𝑔𝑟𝑖𝑑,𝐻3/𝐴1

2

𝜎𝐻3/𝐴1
2

𝜒𝐿𝐸𝑃
2 : includes the LEP constraints on the couplings of a light Higgs 

boson below 115 GeV and the limit on the chargino mass

𝜒𝐿𝐻𝐶
2 : includes the LHC constraints as implemented in NMSSMTools
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Benchmark Points for different mass ranges

BMPs have been selected to have a maximal cross section times 

branching ratio for the corresponding decay mode

See backup slides for corresponding mass spectrum
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Benchmark Points for different mass ranges

BMPs have been selected to have a maximal cross section times 

branching ratio for the corresponding decay mode

See backup slides for corresponding mass spectrum
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Upper bound for NMSSM double Higgs 

production BRs (if kinematically accessible)

Region I

large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽
Region II

small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

𝐵𝑅 𝐻1 → 𝐴1𝐴1 80% 100%

𝐵𝑅 𝐻2 → 𝐴1𝐴1 8% 1%

𝐵𝑅 𝐻2 → 𝐻1𝐻1 7% 6%

𝐵𝑅 𝐴2 → 𝐴1𝐻1 25% 0%

𝐵𝑅 𝐴2 → 𝐴1𝐻2 30% 2%

𝐵𝑅 𝐻3 → 𝐴1𝐴1 2.5% 0%

𝐵𝑅 𝐻3 → 𝐻1𝐻1 35% 0%

𝐵𝑅 𝐻3 → 𝐻1𝐻2 70% 5%

𝐵𝑅 𝐻3 → 𝐻2𝐻2 2% 0.5%

See backup slides for corresponding BR plots

Dominant 𝐴1 decay modes in bb, 𝜏𝜏 and MET see backup slides 
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6 free parameter (6D) are needed to describe the Higgs sector in the

NMSSM consisting of 6 Higgs bosons (6D) 

Principle Fitting procedure

* D. Das, U. Ellwanger, and A. M. Teixeira, arXiv:1106.5633 

𝑡𝑎𝑛𝛽, 𝐴𝜅, 𝐴𝜆, 𝜆, 𝜅, 𝜇𝑒𝑓𝑓
(𝑚0, 𝑚1/2, 𝐴0)

𝐻1, 𝐻2, 𝐻3, 𝐴1, 𝐴2, 𝐻
±

calculated with NMSSMTools* 

Question: Can we invert the problem and fit the free couplings and 

NMSSM parameters for fixed Higgs masses to determine range for BRs?
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Reduction of the 6D Higgs mass space

𝐻3, 𝐻
± and 𝐴2 are considerd to be degenerate in mass

One observed 125 GeV Higgs with SM couplings

Provide 3D grid for unknown 𝑚𝐻1-𝑚𝐻3- 𝑚𝐴1 masses

For each mass combination MINUIT* is used to determine

corresponding NMSSM parameters

→ 3 undetermined free Higgs masses in the NSSM (3D)

* F. James and M. Roos, Comput.Phys.Commun. 10 (1975) 343-367

Efficient sampling of the 

parameter space and 

determination of the 

couplings

𝑚𝐻1 𝑚𝐻3

𝑚𝐴1
500 GeV

2 TeV125 GeV
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Efficient sampling of Parameter Space - Example

Dividing the axis of the 3D space into X~100 bin require a total of X^3 Minuit 

fits, which is quite feasible instead of random sampling in the 6D parameters of 

the Higgs parameters

E.g. efficient sampling of parameter space allows to find points in parameter 

space which will elude the future searches for dark matter at the Darwin 

experiment 
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Light Higgs production cross section

Small 𝑡𝑎𝑛𝛽 value leads to dominant ggf XS 

𝑆13: Singlet component of 𝐻1

Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽

b

b

~𝑡𝑎𝑛𝛽2
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Light Higgs production cross section

No 𝑡𝑎𝑛𝛽 enhancement  for bbH XS and large spread  

→ Coupling not only proportional to 𝑡𝑎𝑛𝛽 but also Higgs mixing matrix 

elements 𝑆11 and 𝑆12

Region II – small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

b

b

~𝑡𝑎𝑛𝛽2



Dark Matter @ LHC 2018, Heidelberg
29 05.04.2018

Special BRs for light (singlet-like) Higgs boson 

Small region in parameter space where 𝒎𝑨𝟏 < 𝟎. 𝟓 𝒎𝑯𝟏 leads to 

dominant BR into light pseudo-scalar Higgs 

Light pseudo-scalar Higgs boson mass and lightest neutralino mass are 

correlated

𝒎𝑨𝟏 < 𝟎. 𝟓 𝒎𝑯𝟏 implies 𝒎𝝌𝟏
𝟎 < 𝟎. 𝟓 𝒎𝑯𝟏

Region I

large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽
Region II

small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

𝐵𝑅 𝐻1 → 𝐴1𝐴1 0-80% 0-100%

𝐵𝑅 𝐻1 → 𝜒1
0 𝜒1

0 0-70% -

Light Neutralinos < 0.5 𝑚𝐻1 not possible in Region II 

→ Decays with MET only possible in Region I 
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BRs for light Higgs boson, if 𝒎𝑨𝟏 < 𝟎. 𝟓 𝒎𝑯𝟏

(implies 𝒎𝝌𝟏
𝟎 < 𝟎. 𝟓 𝒎𝑯𝟏) 

Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽

Light pseudo-scalar Higgs boson mass and lightest neutralino 

mass are correlated



Dark Matter @ LHC 2018, Heidelberg
31 05.04.2018

BRs for light Higgs boson, if 𝒎𝑨𝟏 < 𝟎. 𝟓 𝒎𝑯𝟏

Region II – small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

Light Neutralinos < 0.5 𝑚𝐻1 not possible in Region II 
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NMSSM – neutralino sector

Mass matrix M0 has an additional singlino component in NMSSM
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5x5 neutralino mixing matrix

M1

M2

LSP and A1 < 60 GeV possible but small region in parameter 

space

NMSSM

𝟐
𝜿

𝝀
𝝁𝒆𝒇𝒇

MSSM

SHHWB
~~~~~~

21

0

1  

Small ratio
𝜿

𝝀
and 

small 𝝁𝒆𝒇𝒇 needed

2/132/122/11 7.2,8.0,4.0 mMmMmM 
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BRs x XS for light Higgs Boson 

(in comparison with 125 GeV Higgs Boson)
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Discovery potential for 𝜸 final states
Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽 Region II – small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

𝜎𝑔𝑔𝑓

𝜎𝑏𝑏ℎ

@14TeV

𝜸𝜸: in both Regions the whole mass range is accessible
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Discovery potential for 𝐙𝜸 final states
Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽 Region II – small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

𝜎𝑔𝑔𝑓

𝜎𝑏𝑏ℎ

@14TeV

𝐙𝜸: in both Regions the mass range above 95 GeV is accessible
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Discovery potential for 𝒁 final states
Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽 Region II – small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

𝜎𝑔𝑔𝑓

𝜎𝑏𝑏ℎ

@14TeV

𝐙𝐙: for mass range above the maximal ratio is 1 ‰ because of phase space
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Discovery potential for 𝑨𝟏 final states

𝜎𝑔𝑔𝑓

𝜎𝑏𝑏ℎ

Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽

@14TeV

Color coding corresponds

to the number of events for

ℒ𝑖𝑛𝑡 = 3000𝑓𝑏−1

Events for SM 

Higgs in 𝛾𝛾 and  

ϵ = 1 ⟶
𝑁𝑔𝑔𝑓~0.3𝑒6

Events for SM 

Higgs in 𝛾𝛾 and  

ϵ = 1 ⟶
𝑁𝑔𝑔𝑓~4𝑒3

b

b
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Discovery potential for 𝑨𝟏 final states

𝜎𝑔𝑔𝑓

𝜎𝑏𝑏ℎ

Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽 Region II – small 𝜆, 𝜅, large 𝑡𝑎𝑛𝛽

@14TeV

𝑨𝟏𝑨𝟏: number of events N of the order of 1e7 for both production modes 

if kinematically allowed  
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Discovery potential for MET final states

𝜎𝑔𝑔𝑓

𝜎𝑏𝑏ℎ

Region I – large 𝜆, 𝜅, small 𝑡𝑎𝑛𝛽

Color coding corresponds

to the number of events for

ℒ𝑖𝑛𝑡 = 3000𝑓𝑏−1

Events for 𝛾𝛾 and  

ϵ = 1 ⟶
𝑁𝑔𝑔𝑓~0.3𝑒6

Events for 𝛾𝛾 and  

ϵ = 1 ⟶
𝑁𝑔𝑔𝑓~4𝑒3

@14TeV

𝝌𝟏
𝟎 𝝌𝟏

𝟎 : number of events N of the order of 1e7 for both production modes 

only possible for Region I  
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NMSSM double Higgs production 

BRs 
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Double Higgs production in 𝑯𝟐 decays

𝐵𝑅 𝐻2 → 𝐴1𝐴1

𝐵𝑅 𝐻2 → 𝐻1𝐻1

𝒎𝑯𝟐 in GeV

𝒎𝑯𝟐 in GeV
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Double Higgs production in 𝑨𝟐 decays

𝐵𝑅 𝐴2 → 𝐴1𝐻1

𝐵𝑅 𝐴2 → 𝐴1𝐻2

𝒎𝑨𝟐 in GeV

𝒎𝑨𝟐 in GeV
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Double Higgs production in 𝑯𝟑 decays

𝐵𝑅 𝐻3 → 𝐴1𝐴1

𝐵𝑅 𝐻3 → 𝐻1𝐻1
𝒎𝑯𝟑 in GeV

𝒎𝑯𝟑 in GeV
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Double Higgs production in 𝑯𝟑 decays

𝐵𝑅 𝐻3 → 𝐻1𝐻2

𝐵𝑅 𝐻3 → 𝐻2𝐻2
𝒎𝑯𝟑 in GeV

𝒎𝑯𝟑 in GeV


