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Introduction

Goals of the Project

> Calculate the supersymmetric particle decays in the (complex)

next-to-minimal supersymmetric extension of the Standard Model (NMSSM)

> Update the code SDECAY [M. Mühlleitner, Djouadi, and Mambrini 2005] from the MSSM to

the NMSSM

> Link the code to NMSSMCALC [Baglio et al. 2014] to calculate Higgs masses

> Caveat in SUSY models: scalar masses are derived quantities, no ”easy”

scan of viable benchmark points with desired masses

⇒ set up program chain to perform ”intelligent” scans, including current

experimental limits
Illustration by Sandbox Studio, Chicago
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Introduction

Reviews for SUSY

> MSSM: [Dawson 1997; Martin

1998; DJOUADI 2008]

> NMSSM: [Maniatis 2010;

Ellwanger, Hugonie, and Teixeira

2010]
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Introduction to the NMSSM

NMSSM Lagrangian

> NMSSM Superpotential WNMSSM and soft breaking Lagrangian Lsoft
NMSSM:

WNMSSM =Yuû(Q̂
TεĤu)− Yeê(L̂

TεĤd)− Ydd̂(Q̂
TεĤd) + λŜ(ĤT

uεĤd) +
1

3
κŜ3 ,

Lsoft
NMSSM =−m2

Hd
H†

dHd −m2
Hu

H†
uHu −m

2
Q̃Q̃

†Q̃−m
2
L̃L̃

†L̃

−m
2
ũR

ũ∗
RũR −m

2
d̃R
d̃∗Rd̃R −m

2
l̃R
l̃∗R l̃R

−
(
−TlH

T
dεL̃l̃

∗
R − TdH

T
dεQ̃d̃∗R + TuH

T
uεQ̃ũ∗

R

+
M1

2
B̃B̃ +

M2

2
W̃iW̃i +

M3

2
G̃G̃+ h.c.

)
−m2

S |S|2 +
(
TλSH

T
dεHu − 1

3
TκS

3 + h.c.

)
,

> All parameters in brackets can be complex
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Superfield scalar fermion generations (U(1)Y, SU(2)L, SU(3)C)

quark-squark Q̂ Q̃ = (ũL, d̃L)
T Q = (uL, dL)

T 3 ( 1
6
, 2, 3)

û ũ∗
R u†

R 3 (− 2
3
, 1, 3)

d̂ d̃∗R d†R 3 ( 1
3
, 1, 3)

lepton-slepton L̂ L̃ = (ṽ, l̃L)
T L = (v, lL)

T 3 (− 1
2
, 2, 1)

l̂ l̃∗R l†R 3 (1, 1, 1)

Higgs-Higgsino Ĥu Hu = (H+
u , H0

u)
T H̃u = (H̃+

u , H̃0
u)

T 1 ( 1
2
, 2, 1)

Ĥd Hd = (H0
d , H

−
d )T H̃d = (H̃0

d , H̃
−
d )T 1 (− 1

2
, 2, 1)

Ŝ S S̃ 1 (0, 1, 1)

Vector boson fermion

B-Bino B̂ B B̃ 1 (0, 1, 1)

W-Wino Ŵ W W̃ 1 (0, 3, 1)

gluon-gluino Ĝ g g̃ 1 (0, 1, 8)
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Introduction to the NMSSM

Summary

> NMSSM: MSSM with an additional singlet superfield ⇒ solves the µ problem,

more parameters

> NMSSM provides an interesting extended scalar sector, a DM candidate and

overall rich phenomenology

Illustration by Sandbox Studio, Chicago
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Sparticle Decays in the NMSSM

Decay Channels

> Two-body decays (+ QCD corrections)

> Three-body decays

> Radiative loop decays
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[A. Denner et al. 1992; Ansgar Denner et al. 1992]
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Two-Body Decays

Notation

> Φ: neutral Higgs scalars

> f , f ′: are generic fermions; q, q′ generic quarks (suppressed generation indices)

> Tilde indicates the corresponding superpartners

> χ̃0
i : neutralinos (i = 1, ..., 5 , j = 1, ..., 4)

> χ̃±
k charginos (k = 1, 2)

Two-Body Decay Channels

• Slepton (l̃) decays: l̃ → χ̃0
i l, χ̃

−
k ν, H

−ν̃, W−ν̃, Φl̃, Zl̃

• Sneutrino (ν̃) decays: ν̃ → χ̃0
i ν, χ̃

+
k l, H

+ l̃, W+ l̃

• Neutralino (χ̃0) decays: χ̃0
i → W±χ̃∓

k , H
±χ̃∓

k , Zχ̃0
j , Φχ̃

0
j , f̃ f̄ , f̃

∗f

• Chargino (χ̃+) decays: χ̃+
k → W+χ̃0

i , H
+χ̃0

i , Zχ̃+
1 , Φχ̃

+
1 , f̃f

′

• Gluino (g̃) decays: g̃ → q̃∗q, q̃q̄
• Squark (q̃) decays: q̃ → χ̃0

i q̃
′, χ̃±

k q̃
′, g̃q̃′, H±q̃′, W±q̃′, Φq̃′, Zq̃′
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Three-Body Decays

Three-Body Decay Channels

> If two-body decays are kinematically forbidden, three-body decays become important.

• Neutralino (χ̃0) decays: χ̃0
i → ff̄ χ̃0

j , ff̄
′χ̃±

k , qq̄g̃
• Chargino (χ̃+) decays: χ̃+

k → ff̄ χ̃+
1 , ff̄

′χ̃0
i , qq̄

′g̃
• Gluino (g̃) decays: g̃ → qq̄χ̃0

i , qq̄
′χ̃±

k , q
′q̃H±/W±

• Squark (q̃) decays: q̃ → q′χ̃0
iW

±/H±, q′g̃W±/H±, q′f̄ ′f̃ , q̃′f ′f̄
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Radiative Loop Decays [Haber and Wyler 1989]

Radiative Neutralino Decay

> χ̃0
i → χ̃0

jγ kinematically always allowed (i, j = 1, ..., 5, i > j)

χ̃0
i

χ̃0
j

γ

f̃

f

f χ̃0
i

γ

χ̃0
j

f̃

f

f̃ χ̃0
i

χ̃0
j

γ

H+/G+/W+

χ̃+
k

χ̃+
k χ̃0

i

γ

χ̃0
j

H+/G+/W+

χ̃+
k

H+/G+/W+

Notation

> Electrically charged fermions f , and superpartners f̃

> Charginos χ̃+
k (k = 1, 2), charged Higgs boson H±, charged Goldstone boson G±

> Diagrams with inverted arrows also have to be considered.
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NLO QCD Corrections to Two-Body Decays

Literature

> NLO QCD corrections in the MSSM: [S. Kraml et al. 1996; Beenakker, Höpker, and Zerwas 1996; Djouadi, Hollik, and Jünger 1997;

Beenakker, Höpker, Plehn, et al. 1997; Bartl, Eberl, Hidaka, Kon, et al. 1997; Bartl, Eberl, Hidaka, S. Kraml, et al. 1998; Arhrib et al. 1998]

> Compared results also with [Hollik, Lindert, and Pagani 2013; R. Gröber et al. 2015; Gavin et al. 2015]

QCD Corrections to Two-Body Decays

> QCD corrections to Neutralino/Chargino/Gluino decays into squark-quark pairs and all squark decays

> Dimensional regularization breaks supersymmetry → SUSY restoring counterterms

> Numerical checks for UV and IR finiteness, small gluon and quark mass as IR and colinear regulators

> Implementation of loop integrals taken from QCDloop [Ellis and Zanderighi 2008]
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Field Renormalization

Field and Mass Renormalization

q̃0 =

(
1 +

1

2
δZ q̃

)
q̃ , m2

q̃,0 = m2
q̃ + δm2

q̃ ,

qL/R,0 =

(
1 +

1

2
δZqL/R

)
qL/R , mq,0 = mq + δmq ,

g̃L/R,0 = (1 +
1

2
δZ g̃L/R)g̃L/R , mg̃,0 = mg̃ + δmg̃ ,

Σq
ij(p

2) = /pΣ
q,L
ij (p2)PL + /pΣ

q,R
ij (p2)PR +Σq,Ls

ij (p2)PL +Σq,Rs
ij (p2)PR ,

U0,qL/R = (1+ δuqL/R)UqL/R , W 0,q̃ = (1+ δwq̃)W q̃ ,

Notation

> q (q̃): quark (squark fields, g̃:
gluino field

> δZ: wave function renormalization

constant

> PL/R = (1∓ γ5)/2

> UqL/R (W q̃): quark (squark)

rotation matrix

> Σq
ij : quark self-energy
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Squark Self-Energy

q̃i q̃i

g

q̃i q̃j

g̃

qm
q̃i q̃j

q̃l

Quark Self-Energy

qi qi

g

qi qj

g̃

q̃l

Gluino Self-Energy

g̃ g̃

g

g̃ g̃

q̃l

qm
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Field Renormalization

Wave Function Renormalization Constants

δZ q̃
st =


− R̃e

∂Σq̃
ss(p

2)

∂p2

∣∣∣
p2=m2

q̃s

s = t

2
m2

q̃s
−m2

q̃t

R̃eΣq̃
st(p

2 = m2
q̃t) s 6= t .

,

δZ
qL
ij =

2

m2
qi −m2

qj

(
mqi R̃eΣ

q,Ls
ij (m2

qj ) +mqj R̃eΣ
q,Rs
ij (m2

qj ) +m2
qj R̃eΣ

q,L
ij (m2

qj ) +mqimqj R̃eΣ
q,R
ij (m2

qj )
)
(i 6= j) ,

δZ
qR
ij =

2

m2
qi −m2

qj

(
mqj R̃eΣ

q,Ls
ij (m2

qj ) +mqi R̃eΣ
q,Rs
ij (m2

qj ) +mqimqj R̃eΣ
q,L
ij (m2

qj ) +m2
qj R̃eΣ

q,R
ij (m2

qj )
)
(i 6= j) ,
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Field Renormalization

Counterterms for Mixing Matrices

δuqL/R =
1

4

(
δZqL/R − δZqL/R†

)
δwq̃ =

1

4

(
δZ q̃ − δZ q̃†

)

> Problem arises if squark masses are degenerate, or if quarks are massless.

> Overall Vertex CT remains finite (do limit carefully)
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Renormalization of the Strong Coupling Constant

Counterterm for Strong Coupling Constant

g0s = gs + δgs ,

δgMS
s = −αs

8π
β0∆UVgs ,

> 5-flavour scheme for the running of the coupling.

> Decouple the top quark and all heavy SUSY particles:

δgMS,5
s = δgMS

s − αs

8π

[
2 log

m2
g̃

µ2
R

+
1

6

12∑
i=1

log
m2

q̃i

µ2
R

+
2

3
log

m2
t

µ2
R

]
gs

Notation

> MS: minimal subtraction scheme

> µ2
R: renormalization scale

> β0 = 3

> ∆UV = ε−1 − γE + log 4π
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Dimensional Regularization and SUSY [Martin and Vaughn 1993]

SUSY Restoring Counterterms

> Dimensional regularization (DReg) breaks SUSY in contrast do dimensional reduction (DRed)

> Additional counterterms to restore SUSY:

ĝDRegs = ĝDReds

(
1 +

g2s
32π2

5

3

)
, ĝDReg2 = ĝDRed2

(
1− g2s

32π2

4

3

)
,

gDRegs = gDReds

(
1− 3g2s

96π2

)
, Ŷ DReg

q = Ŷ DRed
q

(
1− g2s

32π2

4

3

)
,

mDReg
q = mDRed

q

(
1 +

g2s
16π2

4

3

)
, ZL/R,DReg

q = ZL/R,DRed
q

(
1 +

g2s
16π2

4

3

)
,

mDReg
g̃ = mDRed

g̃

(
1 +

g2s
16π2

3

)
, Z

L/R,DReg
g̃ = Z

L/R,DRed
g̃

(
1 +

g2s
16π2

3

)
,
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Conversion of DR to OS Parameters [Bartl, Eberl, Hidaka, Kon, et al. 1997; Heinemeyer et al.

2007; Margarete Mühlleitner et al. 2015]

Squark Mass Matrix

Mũ =

(
m2

Q̃
+m2

u +
−g21+3g22

24
v2 cos(2β) mu

(
A∗

ue
−iϕu − µeff cotβ

)
mu

(
Aue

iϕu − µ∗
eff cotβ

)
m2

ũR
+m2

u +
g21
6
v2 cos(2β)

)
,

Md̃ =

m2
Q̃
+m2

d +
−g21−3g22

24
v2 cos(2β) md

(
A∗

d − µeffe
iϕu tanβ

)
md

(
Ad − µ∗

effe
−iϕu tanβ

)
m2

d̃R
+m2

d − g21
12
v2 cos(2β)

 ,

q̃m = W q̃ q̃ ,(
mq̃21

0

0 mq̃22

)
= W q̃Mq̃W

q̃† .
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Conversion of DR to OS Parameters [Bartl, Eberl, Hidaka, Kon, et al. 1997; Heinemeyer et al.

2007; Margarete Mühlleitner et al. 2015]

Squark Mass Matrix Counterterms

W q̃†(1+ δwq̃†)

(
m2

q̃1 + δm2
q̃1 0

0 m2
q̃2 + δm2

q̃2

)
(1+ δwq̃)W q̃ =

W q̃†
(
m2

q̃1 + δm2
q̃1 δYq̃

δY ∗
q̃ m2

q̃2 + δm2
q̃2

)
W q̃ ,

with δYq̃ defined as

δYq̃ ≡ δwq̃
12(m

2
q̃1 −m2

q̃2) .
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Conversion of DR to OS Parameters [Bartl, Eberl, Hidaka, Kon, et al. 1997; Heinemeyer et al.

2007; Margarete Mühlleitner et al. 2015]

Squark Mass Matrix Counterterms

W ũ†
(
δm2

ũ1
δYũ

δY ∗
ũ δm2

ũ2

)
W ũ =

(
δm2

Ũ
+ δm2

u δmu

(
A∗

ue
−iϕu − µeff cotβ

)
+ δA∗

umue
−iϕu

δmu

(
Aue

iϕu − µ∗
eff cotβ

)
+ δAumue

iϕu δm2
ũR

+ δm2
u

)
,

W d̃†

(
δm2

d̃1
δYd̃

δY ∗
d̃

δm2
d̃2

)
W d̃ =

(
δm2

D̃
+ δm2

d δmd

(
A∗

d − µeffe
iϕu tanβ

)
+ δA∗

dmd

δmd

(
Ad − µ∗

effe
−iϕu tanβ

)
+ δAdmd δm2

d̃R
+ δm2

d

)
,

Remark

> Considere up-type squarks ũ and down-type squarks d̃ separately

> Introduce two counterterms δm2
Ũ
, δm2

D̃
for m2

Q̃
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Conversion of DR to OS Parameters [Bartl, Eberl, Hidaka, Kon, et al. 1997; Heinemeyer et al.

2007; Margarete Mühlleitner et al. 2015]

Translation of Counterterms

δAu =
e−iϕu

mu

(
W ũ

11W
ũ∗
12 δm

2
ũ1

+W ũ∗
22 W

ũ
21δm

2
ũ2

+W ũ∗
12 W

ũ
21δYu +W ũ∗

22 W ũ
11δY

∗
u

−δmu

(
Aue

iϕu − µ∗
eff cotβ

))
,

δAd =
1

md

(
W d̃

11W
d̃∗
12 δm

2
d̃1

+W d̃∗
22 W

d̃
21δm

2
d̃2

+W d̃∗
12 W

d̃
21δYd +W d̃∗

22 W
d̃
11δY

∗
d

−δmd

(
Ad − µ∗

effe
−iϕu tanβ

))
,

δm2
Q̃ = |W q̃

11|
2δm2

q̃1 + |W q̃
21|

2δm2
q̃2 +W q̃∗

11 W
q̃
21δYq̃ +W q̃∗

21 W
q̃
11δY

∗
q̃ − 2mqδmq ,

δm2
qR

= |W q̃
12|

2δm2
q̃1 + |W q̃

22|
2δm2

q̃2 +W q̃∗
12 W

q̃
22δYq̃ +W q̃∗

22 W
q̃
12δY

∗
q̃ − 2mqδmq ,

AOS
q = ADR

q − δAfin
q ,

m2,OS

Ũ
= m2,DR

Q̃
− δm2,fin

Ũ
, m2,OS

D̃
= m2,DR

Q̃
− δm2,fin

D̃
,

m2,OS
q̃R

= m2,DR
q̃R

− δm2,fin
q̃R

, mOS
g̃ = |MDR

3 | − δmfin
g̃ .
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NLO Vertex Corrections

Neutralino/Chargino Decays

X̃

q

q̃∗

g X̃

q

q̃∗

q̃l

qm

g̃

Gluino Decays

g̃

q

q̃∗

g g̃

q̃∗

q
g

g̃

q

q̃∗
g

g̃

q

q̃∗

q̃l

qm

g̃

Squark Decays to Scalars

q̃i

Φ

q̃j
g

q̃i

Φ

q̃j

qm

qm

g̃

q̃i

Φ

q̃j

q̃r q̃l

Squark Decays to Vector Bosons

q̃i

V

q̃j
g

q̃i

V

q̃j

qm

qn

g̃

q̃i

q̃j

V

g

q̃i

q̃j

V

g
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Absorptive Corrections

Remarks

> OS scheme: Only the real parts of the loop integrals are absorbed (R̃e)

> Imaginary parts may appear, play a role if couplings are complex

> Only squark self energies have to be considered (gluino does not mix, quarks are always lighter than

squarks)

Feynman Diagrams

q̃i

Φ

q̃j

qm

q̃l

g̃

q̃i

Φ

q̃j

q̃l
qm

g̃
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Code Implementation

Implementation

> Analytic results implemented into a new code and linked to NMSSMCALC

> DR/OS parameter conversion is implemented iteratively

> 3-body decays are calculated if necessary

> Results are appended to output in SLHA format
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Phenomenological Analysis

Setup

> Use code BSMArt to link NMSSMCALC + decay code to HiggsTools, SModels and other tools

> Do intelligent parameter scan (i.e. active learning, MCMC, ...) to scan the vast parameter regions

> Do phenomenological analysis
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NMSSMCALC [Ender et al. 2012; Graf et al. 2012; Nhung et al. 2013; Baglio et al. 2014; Mühlleitner et al. 2015; King et al. 2015;

Mühlleitner et al. 2015; Dao, Gröber, et al. 2019; Dao et al. 2021; Borschensky et al. 2023; Dao et al. 2022, 2023]

Program Summary

> Calculation of Higgs boson masses including loop corrections (up to O(αtαs + (αt + αλ + ακ)
2)) and

Higgs decay widths and branching ratios

> Calculation of trilinear Higgs couplings including loop corrections (up to O(αtαs + α2
t ))

> Additional precision predictions (W boson mass, muon anomalous magnetic moment, electric dipole

moments)
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Program Chain

BSMArt NMSSMCALC HPAIR
SusHi

HiggsTools
DM constraints

SModels

Setup

> BSMArt [Goodsell and Joury 2024]: handling of scan procedure, generation of input parameters. Several options

(MCMC, active learning,..) ⇒ dedicated search for benchmark points with interesting mass

scenarios

> Calculation of electroweakino production with additional code

> Calculation of di-Higgs production with adapted version of HPAIR for the NMSSM [Nhung et al. 2013] and

single-Higgs production with SusHi [Harlander, Liebler, and Mantler 2013, 2017]

> HiggsTools [Bahl et al. 2023]: limits from Higgs searches and measurements

> SModels [Sabine Kraml et al. 2014; Ambrogi et al. 2017, 2020; Alguero et al. 2022; Altakach et al. 2023]: limits from SUSY searches

> Dark matter (DM) constraints (relic density, direct detection) ⇒ work in progress
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Example Benchmark Points

Benchmark Point 1

> mh1,2,3 = 127, 305, 664GeV, mA1,2 = 660, 1309GeV (2L)

> σ(gg → h1h1) = 100 fb (NLO HTL, SM: 32 fb)

> λh1h1h1 = 0.65(LO) , 0.91(1L) , 0.98(2L) (normalized to 3m2
h1
/v)

> ΓNLO
t̃1

= 26GeV (mt̃1
= 1575GeV, QCD corrections: -44%)

Benchmark Point 2

> mh1,2,3 = 124.7, 294, 625GeV, mA1,2 = 538, 615GeV (2L)

> σ(gg → h1h1) = 158 fb (NLO HTL)

> λh1h1h1 = 0.6(LO) , 0.93(1L) , 1.02(2L) (normalized to 3m2
h1
/v)
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Example Benchmark Points

Benchmark Point 1

> mh1,2,3 = 127, 305, 664GeV, mA1,2 = 660, 1309GeV (2L)

> σ(gg → h1h1) = 100 fb (NLO HTL, SM: 32 fb)

> λh1h1h1 = 0.65(LO) , 0.91(1L) , 0.98(2L) (normalized to 3m2
h1
/v)

> ΓNLO
t̃1

= 26GeV (mt̃1
= 1575GeV, QCD corrections: -44%)

Benchmark Point 2

> mh1,2,3 = 124.7, 294, 625GeV, mA1,2 = 538, 615GeV (2L)

> σ(gg → h1h1) = 158 fb (NLO HTL)

> λh1h1h1 = 0.6(LO) , 0.93(1L) , 1.02(2L) (normalized to 3m2
h1
/v)
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Conclusion

Summary

> Implementation of supersymmetric particle decays

> Setup of program chain to perform parameter scans, including current experimental limits

> First sample scans, discussion of benchmark points

Outlook

> Implementation of dark matter constraints and other tools (Prospino [Beenakker, Hopker, Spira, Plehn], vacuum

stability, ...)

> Setup and execution of intelligent scans with BSMArt
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