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Introduction 

Higgs Mass Predictions in the CP-Violating NMSSM 
  

- fixed order 
- EFT approach 

𝓞(𝜶t(𝜶s+𝜶t)) corrections to the trilinear Higgs 
self-coupling in the CP-violating NMSSM 
  

- impact on Higgs pair production 

Conclusions
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Fundamental Physics

The Standard Model is Structurally Complete
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The Standard Model is Structurally Complete - But

Fundamental Physics

!!! O
pen Questio

ns !!!
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 Open 
Questions 

  

Dark  
Matter

Matter 
Anti-Matter 
Asymmetry

CP  
Violation

Unification  
Of 

Fundamental 
Forces

Neutrino 
Mass

How 
include 
gravity?

Why 
3 genera- 

tions? 
…



Status

Discovered Higgs Boson 
behaves very SM-like

Consistency Test 
of the SM 

at the quantum level

No direct discovery of 
New Physics so far
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Where is New Physics?

New physics is heavy, with new  

particles at a large mass scale 

New physics may be light, but with  

small couplings 

=> New physics is subtle:  

              
          small cross sections  

              
          novel signatures
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Where is New Physics?

New physics is heavy, with new  

particles at a large mass scale 

New physics may be light, but with  

small couplings 

=> New physics is subtle:  

              
          small cross sections  

              
          novel signatures

Test of New 
Physics: 

at Energy or 
Intensity 
Frontier 
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The Role of the Higgs Boson Mass

✦ Present Accuracy:                                                                                            [ATLAS,CMS]

MH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV 

✦ Why precision?

∗ Self-consistency test of SM at quantum level  
   (e.g.: Higgs loop corrections to W boson mass)  
 
  

∗ MH ↔ stability of the electroweak vacuum                                       [Degrassi eal;Bednyakov eal] 
 
∗ Higgs mass uncertainty feeds back in uncertainty on Higgs observables 
 
 

∗ Test parameter relations in beyond-SM theories  

   ⇒ indirect constraint of viable BSM parameter space!  

M. Mühlleitner (KIT), 4 May 2024                                       CATCH22+2                                                                                   6



The Role of the Higgs Boson Mass

✦ Present Accuracy:                                                                                            [ATLAS,CMS]

MH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV 

✦ Why precision?

∗ Self-consistency test of SM at quantum level  
   (e.g.: Higgs loop corrections to W boson mass)  
 
  

∗ MH ↔ stability of the electroweak vacuum                                       [Degrassi eal;Bednyakov eal] 
 
∗ Higgs mass uncertainty feeds back in uncertainty on Higgs observables 
 
 

∗ Test parameter relations in beyond-SM theories  

   ⇒ indirect constraint of viable BSM parameter space!  
indirect constraints 

on viable BSM 
parameter space
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Higgs Mass in New Physics Extensions - Supersymmetry

Higgs boson mass: 

* SM: fundamental parameter, not predicted by the theory 

* Supersymmetry: calculable from input parameters; 
quantum corrections (∆mH)2 are important! 

MSSM:  mH2 ≈ MZ2 cos22𝛃 + (𝚫mH)2 ← (85 GeV)2!

∗ Test parameter relations in beyond-SM theories
indirect constraints 

on viable BSM 
parameter space
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BSM Example: Supersymmetry

✦ Motivation:                                                                                          

∗ maximal possible symmetry compatible with Poincaré group (space-time symmetry) 

∗ solves some of the open problems of the SM: 
  

    - candidate for Dark Matter 
  - inclusion of gravity 
  - unification of fundamental forces
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Supersymmetry

✦ Motivation:                                                                                          

✦ Implications:

∗ maximal possible symmetry compatible with Poincaré group (space-time symmetry) 

∗ solves some of the open problems of the SM: 
  

    - candidate for Dark Matter 
  - inclusion of gravity 
  - unification of fundamental forces

∗ enlarged particle spectrum: each SM particle has supersymmetric partner particle 

∗ enlarged Higgs sector
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✦ Next-to-MSSM (NMSSM): 2 complex Higgs doublets plus complex singlet field

✦ Enlarged Higgs and neutralino sector:

✦ Supersymmetry: requires at least 2 complex Higgs doublets

✦ Minimal Supersymmetric extension (MSSM): 2 complex Higgs doublets

4

5 h, H, A, H+, H—

SUSY Higgs Spectrum

4
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✦ Next-to-MSSM (NMSSM): 2 complex Higgs doublets plus complex singlet field

✦ Enlarged Higgs and neutralino sector:

✦ Supersymmetry: requires at least 2 complex Higgs doublets

✦ Minimal Supersymmetric extension (MSSM): 2 complex Higgs doublets

4

5 h, H, A, H+, H—

SUSY Higgs Spectrum

4

* less important loop corrections needed compared to the MSSM 

* solves little hierarchy problem
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Higgs Mass Predictions in  
the CP-Violating NMSSM



Spectrum Calculations

Fixed-Order Calculations: exp. exclusion limits push SUSY masses to high scales 
~> terms ~ yx ln(MSx/Mx) with yx Yukawa coupling, Mx (MSx) mass of (SUSY partner) particle 
most important contribution from top/stop sector ~> large hierarchy~> large logs ~> resummation! 
needed for reliable results

Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid 

full (N)MSSM perturb.  
series truncated at  

fixed order 
reliable for not too 
heavy SUSY masses

some very heavy 
SUSY masses: 

large logarithms 
require  

resummation

combines virtues 
of  

fixed order  
and EFT  

calculation

EFT calculations: full theory matched to to effective low-energy theory at high-scale;  
RGE running from high scale to EW scale resums large logs
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Spectrum Calculations

Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid 

full (N)MSSM perturb.  
series truncated at  

fixed order 
reliable for not too 
heavy SUSY masses

some very heavy 
SUSY masses: 

large logarithms 
require  

resummation

combines virtues 
of  

fixed order  
and EFT  

calculation

Status MSSM spectrum calculations:  
FO: up to 2-loop in on-shell (OS) and DR scheme, partial 3-loop in DR scheme 
EFT: up to N2LL (included in calculators), N3LL 
Hybrid: FeynHiggs, FlexibleEFTHiggs, N3LO+N3LL QCD corrections 

Status NMSSM spectrum calculations:  
FO: up to 2-loop in mixed OS-DR scheme and in DR-scheme 

   EFT: matching to quartic coupling in NMSSM w/ all BSM particles at TeV scale  
   e.g. [Gabelmann,MM,Staub,´18,´19][Bagnaschi eal,´22] 
   Hybrid: FlexibleEFTHiggs, SARAH+SPheno

[Harlander,Klappert,Voigt,´19]
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NMSSM Spectrum Calculators
- FlexibleSUSY [Athron,Bach,Harries,Kotlarski,Kwasnitza,Park,Stöckinger,Voigt,Ziebell]: DR, FO & hybrid,  
      through FlexibleEFTHiggs 

- NMSSMCALC:[Baglio,Borschensky,Dao,Gabelmann,Gröber,Krause,Le,MM,Rzehak,Spira,Streicher,Walz]: 
   FO, real & complex NMSSM, DR and mixed OS-DR  
- NMSSMTools [Ellwanger,Gunion,Hugonie]: FO, DR scheme 
- SOFTSUSY [Allanach,Athron,Bednyakov,Tunstall,Voig,RuizdeAustri,Williams]: FO, DR scheme 

- SPheno [Porod,Staub]: FO, DR scheme                                                                               

Remarks: 
- comparison of codes in DR scheme: [Staub,Athron,Ellwanger,Gröber,MM,Slavich,Voigt,’15] 
  FlexibleSUSY,NMSSMCALC,NMSSMTools, SOFTSUSY,SPheno 

- comparison of codes in mixed OS-DR scheme: [Drechsel,Gröber,Heinemeyer,MM,Rzehak,Weiglein,’16] 
  FeynHiggs, NMSSMCALC 
- solution of Goldstone boson catastrophe [Braathen,Goodsell,´16], [Braathen,Goodsell,Staub,’17] 
- advances in FeynHiggs: [Drechsel,Galeta,Heinemeyer,Hollik,Liebler,Moortgat-Pick,Paßehr,Weiglein]  

   real&complex NMSSM, GNMSSM: 1-loop in, 2-loop&resummation of HO log-effects only in  
  MSSM limit, no public code yet  

- OS masses CP-violating NMSSM, consistent description production/decay [Domingo,Drechsel,Paßehr]

, quartic and pole mass matching

M. Mühlleitner (KIT), 4 May 2024                                       CATCH22+2                                                                                  12



The Code NMSSMCALC

Implementation of mass corrections in our code NMSSMCALC 
[Baglio,Borschensky,Dao,Gabelmann,Gröber,Krause,MM,Le,Rzehak,Spira,Streicher,Walz]

One-loop masses [Ender,Graf,MM,Rzehak,’12], [Graf,Gröber,MM.Rzehak,Walz,’12] 
Two-Loop 𝓞(𝞪t𝞪s) [MM,Nhung,Rzehak,Walz,’15] 
Two-Loop 𝓞(𝞪t+𝞪t𝞪s) [Dao,Gröber,Krause,MM,Rzehak,’19] 

Two-Loop 𝓞((𝞪t+𝞪𝞴+𝞪𝞳)2 + 𝞪t𝞪s) [Dao,Gabelmann,MM,Rzehak,’21]

The Fortran Code NMSSMCALC: 
  - Calculator of one- and two-loop Higgs mass corrections and Higgs self-couplings as well 

as of Higgs decay widths in the CP-conserving and CP-violating NMSSM 
  - Computation of the muon magnetic and the electric dipole moment 

  - Computation of the rho parameter and the W mass prediction up to two-loop EW NMSSM

Commercial Break
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𝓞(𝛼new2)≡𝓞((𝛼𝛌+𝛼𝛋+𝛼t)2+𝛼t𝛼s) Mass Corrections in the CP-Violating NMSSM 

Corrections to hu-like Higgs (≙SM-like Higgs)                                [Dao,Gabelmann,MM,Rzehak,’21]

: remaining theoretical error: 𝓞(few%)
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Corrections to hu-like Higgs (≙SM-like Higgs)                                [Dao,Gabelmann,MM,Rzehak,’21]

NMSSM specific 
couplings 𝝺, 𝝹 
related to new 
singlet field 
in superpotential

: remaining theoretical error: 𝓞(few%)
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Corrections to hu-like Higgs (≙SM-like Higgs)                                [Dao,Gabelmann,MM,Rzehak,’21]

Zoomed: 
compatible w/ 
HiggsSignals after 
including the new 
correction

: remaining theoretical error: 𝓞(few%)
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Corrections to hu-like Higgs (≙SM-like Higgs)                                [Dao,Gabelmann,MM,Rzehak,’21]

: remaining theoretical error: 𝓞(few%)

allowed 𝞴 range

Zoomed: 
compatible w/ 
HiggsSignals after 
including the new 
correction
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EFT Approach



Spectrum Calculations - EFT Approach

Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid 

full (N)MSSM perturb.  
series truncated at  

fixed order 
reliable for not too 
heavy SUSY masses

some very heavy 
SUSY masses: 

large logarithms 
require  

resummation

combines virtues 
of  

fixed order  
and EFT  

calculation

EFT calculations, Matching: 
   

- SUSY couplings matched to corresponding couplings in EFT theory such that physics at  
   matching scale 𝛍R is the same  
- In case we have only SM particles plus heavy SUSY particles:  
   EFT is the SM => 𝛌SM(𝛍R) = 𝛌BSM(𝛍R) [receives only BSM contributions] 
- We have terms like yx ln(MSx/Mx), respectively yx ( ln(MSx/𝛍R2) + ln(𝛍R2/Mx2) ), with 𝛍R=MSx => 
   yx ln(𝛍R2/Mx2) <= resummed via RGEs for yx
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[Bagnaschi eal,´22] for real NMSSM 
our work: complex NMSSM

m (M) light 
(heavy) mass 
scale

Tree-level 
exemplary 
diagrams

Quartic Coupling Matching
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Matching Conditions

renormalized self-energy

Pole Mass Matching
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Results [Borschensky,Dao,Gabelmann,MM,Rzehak]

PRELIMINARY
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Results [Borschensky,Dao,Gabelmann,MM,Rzehak]

PRELIMINARY

hybrid: pole 
mass matching

EFT: quartic  
cplg. matching

SM mass value

Singlet-like 
Higgs mass

contains terms 
v/MSUSY

red band:  
uncertainty
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𝓞((𝜶t(𝞪t+𝞪s)) corrections to the  
trilinear Higgs self-coupling 

  

in the CP-violating NMSSM



[Borschensky
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- determines shape of the Higgs potential 
- Sensitive to beyond-Standard-Model physics 
- Important input for Higgs pair production 
- Important input for Higgs-to-Higgs decays 
- Important input for electroweak phase transitions

𝜶t(𝜶s+𝜶t))



mt At

/Higgsino field, e.g.
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𝜶t(𝜶s+𝜶t))



[Borschensky,Dao,Gabelmann,MM,Rzehak,´22]

+
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[Borschensky,Dao,Gabelmann,MM,Rzehak,´22]

+
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[Borschensky,Dao,Gabelmann,MM,Rzehak,´22]

+
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Impact on Higgs 
Pair Production



New Physics Effects in Higgs Pair Production

✦Cross section: - different trilinear couplings - different Yukawa couplings  
- novel particles in the loop - resonant enhancement 

[taken from Dao,MM eal’13]✦Example NMSSM:

resonant enhancement 
for mHk = 2*mh

stop, sbottomdiffering 
from SM value

differing 
from SM value
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New Physics Effects in Higgs Pair Production

✦Cross section: - different trilinear couplings - different Yukawa couplings  
- novel particles in the loop - resonant enhancement 

[taken from Dao,MM eal’13]✦Example NMSSM:

resonant enhancement 
for mHk = 2*mh

stop, sbottomHO  
effect?

differing 
from SM value
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[Borschensky,Dao,Gabelmann,MM,Rzehak,´22]
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[Borschensky,Dao,Gabelmann,MM,Rzehak,´22]
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[Borschensky,Dao,Gabelmann,MM,Rzehak,´22]

1-loop

2-loop 
O(𝞪t2 

+𝞪s𝞪t)

<
<
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- ’inp’: loop-corrected masses and mixing angles (-> Yukawa & trilinear couplings) in  
          tree-level-like formulae: HO corrections to input parameters 

- ’proc’: additionally including loop-corrected trilinear Higgs self-coupling ->  
          HO corrections to observable included (though only partially) 

- ’inp’: scheme dependence of input parameters uncanceled by scheme dependence  
of process-dependent corrections (at the same order) 

- ’proc’: remaining large uncertainty (14.6%): remaining missing EW corrections  
might be important



Conclusions

✦ New physics search at intensity frontier 
  - Indirect constraints on parameter space 
  - Higher order corrections indispensable 

✦ Two-loop mass corrections to NMSSM Higgs boson masses: 
  - remaining theoretical uncertainty few percent 
  - high-mass exclusion limits: fixed order ~> EFT approach 

✦ Two-loop corrections to trilinear Higgs self-couplings 
  - results comply w/ SM value within theoretical uncertainties 

✦ Impact on di-Higgs production 
 - remaining relatively large uncertainties require full calculation of  
   EW corrections
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Thank you for 
your attention!



The NMSSM Higgs Sector

✦ Tree-level Higgs potential: (neglecting D-term contributions)                                                                                          

✦ CP violation in the Higgs sector: can be complex

✦ Higgs fields after electroweak symmetry breaking (EWSB):

effective 𝜇 parameter:

𝛌, 𝛋, A𝛌, A𝛋



Masses and Tadpoles

✦ Input parameters: NMSSM parameters complex phases

✦ The Higgs potential:

✦ Tadpoles: (zero at tree level)

✦ Mass matrices: neutral           , charged  

+2
_1



The Higgs Spectrum

✦ Tree-level Higgs potential: (neglecting D-term contributions)                                                                                            
  

   CP-conserving (CPC): 3 CP-even Higgs bosons Hi (i=1,2,3),  
                                    2 CP-odd Higgs boson Aj (j=1,2),  
                                    2 charged H+,H-  

   

   CP-violating (CPV):    5 CP-mixing Higgs bosons Hk (k=1,…,5),  
                                    2 charged Higgs bosons H+, H-

✦ Higgs boson mass: 

* SM: fundamental parameter, not predicted by the theory 

* Supersymmetry: calculable from input parameters; 
quantum corrections ∆m2H are important! 

MSSM: 
  

NMSSM:

✦ NMSSM: less important loop corrections needed compared to the MSSM, rich phenomenology  
See e.g. [Miller,Nevzorov,Zerwas,’03] [King,MM,Nevzorov,’12,’14] [Carena,Haber,Low,Shah,Wagner,’15]  
[Ellwanger,Rodriguez-Vazquez,’15] [Baum,Freeze,Shah,Shakya,’17] [Baum,Shah,Freeze,’19]  
[Biekötter,Grohsjean,Heinemeyer,Schwanenberger,Weiglein,’21]

✦ Why precision predictions for Higgs masses?for conclusions on allowed parameter values



Higher-Order NMSSM Higgs Boson Masses
✦ After EWSB: hi (i=1,…,5) ordered by mass, no CP eigenstates <- CP-violating NMSSM

✦ HO Higgs masses: real parts of propagator poles; iteratively obtained from (no Goldstone boson  
  admixture taken included, numerically small)

[Dao eal,’19]

✦ Renormalized self-energies: 

with

computed at non-zero p2 in the CP-conserving and CP-violating NMSSM in [Ender eal,’11;Graf eal,’12]

computed at p2=0 and in gaugeless limit in the CP-violating NMSSM at                and              
in [MM eal,’14;Dao eal,’19]                                                                                         This work: 



[Bagnaschi eal,´22] for real NMSSM 
our work: complex NMSSM



[Baglio,Borschensky,Dao,Gabelmann,Gröber,Krause,Le,MM,Rzehak,Spira, 
 Streicher,Walz]

[Bagnaschi eal,´22] for real NMSSM 
our work: complex NMSSM



Leading terms in expansion in v/MSUSY



Schematic Procedure Implemented in NMSSMCALC



Pikelner

Red uncertainty band:



~ ~



Di-Higgs Beats Single-Higgs 

[Abouabid,Arhrib,Azevedo,El Falaki,Ferreira,MM,Santos,’21]

singlet-like 
H2

Possible for models w/ singlet-dominated (suppressed couplings to SM particles) and/or hd-like 
(suppressed direct production) non-SM-like Higgs boson => NMSSM benchmark:



Di-Higgs Beats Single-Higgs 

[Abouabid,Arhrib,Azevedo,El Falaki,Ferreira,MM,Santos,’21]

Possible for models w/ singlet-dominated (suppressed couplings to SM particles) and/or hd-like 
(suppressed direct production) non-SM-like Higgs boson => NMSSM benchmark:

H2 is singlet-like: dominant decay channel into A1 A1 

Single Higgs Production (4b final state) 

Di-Higgs Production (6b final state)



Parameter Point Samples

✦ Scans in parameter spaces of the models w/ ScannerS:  
 
take into account all relevant theoretical and experimental constraints  
+ limits from di-Higgs searches

4b: [ATLAS-CONF-Note-2021-030, ATLAS,1804.06174], WW𝝲𝝲: [ATLAS,1807.08567] 
bb𝝲𝝲: [ATLAS,1807.04873]; bbWW: [ATLAS,1811.04671, bbZZ: [CMS,2006.06391] 
bb𝞃𝞃: [ATLAS,1808.00336;ATLAS-CONF-Note-2021-035;ATLAS,2007.14811], 4W: [ATLAS,1811.11028]

✦ Computation of Higgs pair production cxn:  
 
HPAIR [Spira] for C2HDM [Gröber,MM,Spira,’17], NMSSM [Dao,MM,Streicher,Walz,’13],  
2HDM [MM], N2HDM [MM]: Born-improved HTL cxn; K-factors 1.4-2.1

✦ Scatter plots:  
 
LO cxn times factor 2 (to approx. account for NLO QCD), benchmark points include 
NLO QCD calculated w/ HPAIR



Allowed values of the trilinear Higgs self-coupling
[Abouabid,Arhrib,Azevedo,El Falaki,Ferreira,MM,Santos,’21]



Allowed values of the trilinear Higgs self-coupling

some models: 𝝺HHH compatible  
w/ zero still possible

[Abouabid,Arhrib,Azevedo,El Falaki,Ferreira,MM,Santos,’21]



Stability of the Electroweak Vacuum

[Degrassi,Di Vita,Elias-Miro,Espinosa,’12]                                    [Bednyakov,Kniehl,Pikelner,Veretin,’15]


