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The Next-to-Minimal Supersymmetric Standard Model

Complex Next-to-Minimal Supersymmetric Standard Model
Superpotential of the ℤ3-symmetric NMSSM

WNMSSM = [𝑦𝑒�̂�𝑑 ⋅ �̂� ̂𝐸𝑐 + 𝑦𝑑�̂�𝑑 ⋅ �̂��̂�𝑐 − 𝑦𝑢�̂�𝑢 ⋅ �̂��̂�𝑐] − 𝜆�̂��̂�𝑑 ⋅ �̂�𝑢 +
1
3𝜅�̂�

3

▶ Complex scalar singlet extension of the MSSM (𝜆, 𝜅 complex, e.g. 𝜆 = |𝜆|𝑒𝑖𝜑𝜆)

▶ ℤ3 symmetry forbids linear and bilinear terms
⇒ Solves the 𝜇 problem (no dimensionful couplings in the superpotential)
▶ 𝜇 parameter is generated dynamically:

𝜇eff =
𝑒𝑖𝝋𝑺𝑣𝑆𝜆
√2
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3

▶ Complex scalar singlet extension of the MSSM (𝜆, 𝜅 complex, e.g. 𝜆 = |𝜆|𝑒𝑖𝜑𝜆)
Higgs sector

𝐻𝑑 = (
𝑣𝑑 + 𝒉𝒅 + 𝑖𝒂𝒅

√2
𝒉−𝒅

) , 𝐻𝑢 = 𝑒
𝑖𝝋𝒖 (

𝒉+𝒖
𝑣𝑢 + 𝒉𝒖 + 𝑖𝒂𝒖

√2

) , 𝑆 = 𝑒𝑖𝝋𝑺
√2
(𝑣𝑆 + 𝒉𝑺 + 𝑖𝒂𝑺)

𝒉𝒅, 𝒉𝒖, 𝒉𝑺, 𝒂𝒅, 𝒂𝒖, 𝒂𝑺 and 𝒉±𝒅, 𝒉±𝒖 mixing to 𝒉1, 𝒉2, 𝒉3, 𝒉4, 𝒉5, 𝑮0 and 𝒉±, 𝑮±
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Higgs mass calculations in the NMSSM

Constraining the NMSSM parameter space with the 𝒎SM
𝒉 measurement

Fixed-order status:
▶ Full 1L, 2L, in different renormalisation schemes (DR, mixed OS-DR)
[Ellwanger et al. ’93, ’05][Elliot et al. ’93][Pandita ’93][King, White ’95][Degrassi, Slavich ’10][Staub et al. ’10][Drechsel et al. ’17][Ham et al. ’01-
’07][Funakubo, Tao ’04][Cheung et al. ’10][Goodsell, Staub ’17][Domingo et al. ’17][Goodsell et al. ’15][Ender et al. ’12][Graf et al. ’12][Mühlleitner et
al. ’14][Dao et al. ’19-’21]

▶ Tools: FlexibleSUSY [Athron et al.], NMSSMCALC [Baglio et al.], NMSSMTools [Ellwanger et al.],
SOFTSUSY [Allanach et al.], SARAH/Spheno [Porod, Staub]

Status of effective field theory (EFT) approach:
▶ Pole-mass matching in FlexibleEFTHiggs [Athron et al. ’17], SARAH/Spheno [Staub, Porod ’17]

▶ Automated full 1L EFT matching in SARAH [Gabelmann et al. ’18-’19]

▶ Full 1L + (NMSSM-specific) 2L EFT matching in the real NMSSM [Bagnaschi, Goodsell, Slavich ’22]

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 5



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Higgs mass calculations at higher orders

Fixed-order calculations for the Higgs mass:
▶ Full perturbative series truncated at fixed order
▶ Reliable for not too high SUSY masses
▶ Dominant corrections from top/stop sector, e.g. at 1-loop: Δ𝑀2

ℎ ∼
𝑚4
𝑡

𝑣2
ln
𝑚2

̃𝑡
𝑚2
𝑡
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Higgs mass calculations at higher orders

Fixed-order calculations for the Higgs mass:
▶ Full perturbative series truncated at fixed order
▶ Reliable for not too high SUSY masses
▶ Dominant corrections from top/stop sector, e.g. at 1-loop: Δ𝑀2

ℎ ∼
𝑚4
𝑡

𝑣2
ln
𝑚2

̃𝑡
𝑚2
𝑡

If SUSY masses (e.g. stops) are heavy: large separation of scales

EW scale: 𝑚𝑡 ∼ 𝑣 ≪ SUSY scale: 𝑚 ̃𝑡 ∼ 𝑀SUSY ⇒ ln
𝑀2
SUSY
𝑣2

≫ 1

Large logs ln
𝑀2
SUSY
𝑣2

from higher orders are relevant and need to be resummed!
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Effective field theory approach to calculating 𝑀ℎ

Assuming all SUSY particles are heavy:

Consider the SM as a (renormalisable) effective field theory (EFT) valid at the
EW scale ∼ 𝑚𝑡 ∼ 𝑣, and the NMSSM as its UV completion at the high scale ∼ 𝑀SUSY

𝜇𝑅
𝑄match ∼ 𝑀SUSY

𝑚𝑡 ∼ 𝑣
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Effective field theory approach to calculating 𝑀ℎ

Assuming all SUSY particles are heavy:

Consider the SM as a (renormalisable) effective field theory (EFT) valid at the
EW scale ∼ 𝑚𝑡 ∼ 𝑣, and the NMSSM as its UV completion at the high scale ∼ 𝑀SUSY

Effective field theory calculations:
▶ Full SUSY theory matched to low-energy EFT at high matching scale 𝑄match

▶ RGE running from high down to EFT scale: resummation of large logarithms

ln(𝑀2
SUSY/𝑣2) = ln(𝜇2𝑅/𝑣2)⏟

resummed by RGEs

+ ln(𝑀2
SUSY/𝜇2𝑅)⏟

part of matching conditions
at 𝜇𝑅 ∼ 𝑄match ∼ 𝑀SUSY

→ Non-log terms O(𝑣2/𝑀2
SUSY) not included: EFT only valid for 𝑣/𝑀SUSY ≪ 1!
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Matching the NMSSM parameters to the SM

Matching conditions relate the SM and NMSSM couplings such that both theories
describe the same physics at the high scale 𝑄 = 𝑄match

𝜆SM(𝑄) ↔ 𝜆NMSSM(𝑄), 𝑌SM𝑖 (𝑄) ↔ 𝑌NMSSM𝑖 (𝑄), 𝑔SM𝑗 (𝑄) ↔ 𝑔NMSSM𝑗 (𝑄), …

In general (at the scale 𝑄match):

!=

𝑛-loop 𝑚-point amplitudes with the same external (light) states should yield the same results

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 8
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Quartic-coupling matching

“𝜆SM = 𝜆NMSSM”
▶ Matching of 4-point functions
▶ Evaluate directly in 𝑣 → 0 limit
→ Analytical expressions
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→ Analytical expressions

Pole-mass matching

“𝑀SM
ℎ = 𝑀NMSSM

ℎ ”
▶ Matching of 2-point functions
▶ Partial O(𝑣2/𝑀2

SUSY) terms included
→ Numerical expressions
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describe the same physics at the high scale 𝑄 = 𝑄match
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→ Numerical expressions

⇒ Compare both approaches, estimate size of O(𝑣2/𝑀2
SUSY) terms
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Matching the NMSSM parameters to the SM

Matching conditions relate the SM and NMSSM couplings such that both theories
describe the same physics at the high scale 𝑄 = 𝑄match

𝜆SM(𝑄) ↔ 𝜆NMSSM(𝑄), 𝑌SM𝑖 (𝑄) ↔ 𝑌NMSSM𝑖 (𝑄), 𝑔SM𝑗 (𝑄) ↔ 𝑔NMSSM𝑗 (𝑄), …

Yukawa couplings only appear starting from one-loop corrections

⇒ For one-loop matching of 𝜆SM, match Yukawa couplings at tree level, e.g.:

𝑌NMSSM,DR𝑡 = 𝑌SM,MS𝑡 / sin 𝛽
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Matching the NMSSM parameters to the SM

Matching conditions relate the SM and NMSSM couplings such that both theories
describe the same physics at the high scale 𝑄 = 𝑄match

𝜆SM(𝑄) ↔ 𝜆NMSSM(𝑄), 𝑌SM𝑖 (𝑄) ↔ 𝑌NMSSM𝑖 (𝑄), 𝑔SM𝑗 (𝑄) ↔ 𝑔NMSSM𝑗 (𝑄), …

Gauge couplings already appear at tree level

⇒ For one-loop matching of 𝜆SM, match gauge couplings at one loop:

𝑔NMSSM,DR𝑖 = 𝑔SM,MS𝑖 + 𝛿𝑔reg𝑖 + 𝛿𝑔thr𝑖

▶ 𝛿𝑔reg𝑖 : one-loop regularisation scheme shifts (DR → MS)
▶ 𝛿𝑔thr𝑖 : one-loop gauge threshold corrections

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 8

𝑉SM ⊃ 𝜆SM|𝐻|4



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Quartic-coupling matching

Evaluated in limit of unbroken EW symmetry (i.e. 𝑣𝑢, 𝑣𝑑 → 0) and vanishing ext.
momentum, but keeping tan𝛽 = const., 𝑣𝑆 ≠ 0:

𝜆SM(𝑄match)
!= 𝜆NMSSM(𝑄match)

with

𝜆NMSSM,MS(𝑄match) = 𝜆
NMSSM,tree
ℎ + Δ𝜆NMSSM,1lℎ + Δ𝜆MSSM,2lℎ

Note: Δ𝜆MSSM,2lℎ : 2L QCD and mixed QCD-EW corrections in the limit of the
CP-conserving MSSM (not sensitive to the CPV phases in 𝜆NMSSM,treeℎ and Δ𝜆NMSSM,1lℎ )

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 9

[SusyHD: Pardo Vega, Villadoro ’15]
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[SusyHD: Pardo Vega, Villadoro ’15]
[Bagnaschi et al. ’19]expressed in terms of MS parameters



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Quartic-coupling matching: tree-level contribution

𝜆NMSSM,MS(𝑄match) = 𝜆
NMSSM,tree
ℎ + Δ𝜆NMSSM,1lℎ + Δ𝜆MSSM,2lℎ

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 10
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Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Quartic-coupling matching: tree-level contribution

𝜆NMSSM,MS(𝑄match) = 𝜆
NMSSM,tree
ℎ + Δ𝜆NMSSM,1lℎ + Δ𝜆MSSM,2lℎ
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𝜆NMSSM,treeℎ = 18 (𝑔
2
1 + 𝑔22) cos2 2𝛽⏟⏟⏟⏟⏟⏟⏟⏟⏟
MSSM-like terms

+ 14|𝜆|
2 sin2 2𝛽⏟

NMSSM-like terms

− 1
48|𝜅|2𝑀2

𝑆(3𝑀2
𝑆 + 𝑀2

𝐴𝑠
) (3|𝜅|

2𝑀2
𝐻± (1 − cos 4𝛽)

+ (3𝑀2
𝑆 + 𝑀2

𝐴𝑠
) (|𝜅||𝜆| cos𝜑𝑦 sin 2𝛽 − 2|𝜆|2) )

2

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑠/𝑡/𝑢-channel 𝑆

− 3
16𝑀2

𝐴𝑠
|𝜆|2(3𝑀2

𝑆 + 𝑀2
𝐴𝑠
) sin2 2𝛽 sin2𝜑𝑦

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑠/𝑡/𝑢-channel 𝐴𝑠

hu

hu hu

hu

S

hu

hu hu

hu

As

hu

hu hu

hu



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Quartic-coupling matching: one-loop contribution

𝜆NMSSM,MS(𝑄match) = 𝜆
NMSSM,tree
ℎ + Δ𝜆NMSSM,1lℎ + Δ𝜆MSSM,2lℎ

with
Δ𝜆NMSSM,1lℎ = Δ𝜆� + Δ𝜆△ + Δ𝜆SE + Δ𝜆CT + Δ𝜆reg + Δ𝜆gauge-thr

▶ DR → MS shifts: Δ𝜆reg =
1

64𝜋2
[
𝑔42
3 cos2 2𝛽 − 12 (𝑔

4
1 + 2𝑔21𝑔22 + 3𝑔42)]

▶ 1L gauge thresholds: Δ𝜆gauge-thr =
1
4 (𝑔1𝛿𝑔

thr
1 + 𝑔2𝛿𝑔thr2 ) cos2 2𝛽 + O((𝛿𝑔𝑖)2)

(same as in the MSSM)
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Quartic-coupling matching: one-loop contribution

𝜆NMSSM,MS(𝑄match) = 𝜆
NMSSM,tree
ℎ + Δ𝜆NMSSM,1lℎ + Δ𝜆MSSM,2lℎ

with
Δ𝜆NMSSM,1lℎ = Δ𝜆� + Δ𝜆△ + Δ𝜆SE⏟⏟⏟⏟⏟⏟⏟⏟⏟ + Δ𝜆CT + Δ𝜆reg + Δ𝜆gauge-thr

▶ box contributions: Δ𝜆�

▶ vertex contributions: Δ𝜆△ = −12
𝑔ℎℎ𝑆
𝑀2
𝑆
Δ𝑔ℎℎ𝑆 −

1
2
𝑔ℎℎ𝐴𝑠
𝑀2
𝐴𝑠
Δ𝑔ℎℎ𝐴𝑠

▶ self-energy contributions: Δ𝜆SE =
1
2 (

𝑔ℎℎ𝑆
𝑀2
𝑆
)
2

Σ𝑆𝑆(0) +
1
2 (

𝑔ℎℎ𝐴𝑠
𝑀2
𝐴𝑠
)
2

Σ𝐴𝑠𝐴𝑠(0) +
𝑔ℎℎ𝐴𝑠𝑔ℎℎ𝑆
𝑀2
𝐴𝑠
𝑀2
𝑆
Σ𝑆𝐴𝑠(0)
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…

1L amplitudes from SARAH
with SM part already sub-
tracted [Gabelmann et al. ’18]



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Quartic-coupling matching: one-loop contribution

𝜆NMSSM,MS(𝑄match) = 𝜆
NMSSM,tree
ℎ + Δ𝜆NMSSM,1lℎ + Δ𝜆MSSM,2lℎ

with
Δ𝜆NMSSM,1lℎ = Δ𝜆� + Δ𝜆△ + Δ𝜆SE + Δ𝜆CT⏟ +Δ𝜆reg + Δ𝜆gauge-thr

Δ𝜆CT = 2𝜆
NMSSM,tree
ℎ 𝛿(1)𝑍ℎ −

𝛿(1)𝑡ℎ𝑠
2𝑣𝑆

(
𝑔2ℎℎ𝑆
𝑀2
𝑆
+
𝑔2ℎℎ𝐴𝑠
𝑀2
𝐴𝑠
) +

𝛿(1)𝑡𝑎𝑠
2𝑣𝑆

(3
𝑔2ℎℎ𝐴𝑠
𝑀2
𝐴𝑠
tan𝜑𝜔 − 2

𝑔ℎℎ𝐴𝑠𝑔ℎℎ𝑆
𝑀2
𝐴𝑠
𝑀2
𝑆

−
𝑔2ℎℎ𝑆
𝑀2
𝑆
tan𝜑𝜔)

+ 𝛿(1) Im𝐴𝜆 (
𝑔ℎℎ𝐴𝑠
𝑀2
𝐴𝑠

𝜕𝑔ℎℎ𝐴𝑠
𝜕 Im𝐴𝜆

+
𝑔ℎℎ𝑆
𝑀2
𝑆

𝜕𝑔ℎℎ𝑆
𝜕 Im𝐴𝜆

) |
min
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WFR + Contributions from
singlet tadpoles𝛿(1)𝑍ℎ = −

𝑑Σℎℎ
𝑑𝑝2

|
𝑝2=0

evaluated at the minimum of the potential



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Quartic-coupling matching: one-loop contribution

𝜆NMSSM,MS(𝑄match) = 𝜆
NMSSM,tree
ℎ + Δ𝜆NMSSM,1lℎ + Δ𝜆MSSM,2lℎ

with
Δ𝜆NMSSM,1lℎ = Δ𝜆� + Δ𝜆△ + Δ𝜆SE + Δ𝜆CT⏟ +Δ𝜆reg + Δ𝜆gauge-thr

Δ𝜆CT = 2𝜆
NMSSM,tree
ℎ 𝛿(1)𝑍ℎ −

𝛿(1)𝑡ℎ𝑠
2𝑣𝑆

(
𝑔2ℎℎ𝑆
𝑀2
𝑆
+
𝑔2ℎℎ𝐴𝑠
𝑀2
𝐴𝑠
) +

𝛿(1)𝑡𝑎𝑠
2𝑣𝑆

(3
𝑔2ℎℎ𝐴𝑠
𝑀2
𝐴𝑠
tan𝜑𝜔 − 2

𝑔ℎℎ𝐴𝑠𝑔ℎℎ𝑆
𝑀2
𝐴𝑠
𝑀2
𝑆

−
𝑔2ℎℎ𝑆
𝑀2
𝑆
tan𝜑𝜔)

+ 𝛿(1) Im𝐴𝜆 (
𝑔ℎℎ𝐴𝑠
𝑀2
𝐴𝑠

𝜕𝑔ℎℎ𝐴𝑠
𝜕 Im𝐴𝜆

+
𝑔ℎℎ𝑆
𝑀2
𝑆

𝜕𝑔ℎℎ𝑆
𝜕 Im𝐴𝜆

) |
min
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WFR + Contributions from
singlet tadpoles𝛿(1)𝑍ℎ = −

𝑑Σℎℎ
𝑑𝑝2

|
𝑝2=0

evaluated at the minimum of the potential

𝑎𝑑 tadpole: non-vanishing contribution for 𝑣 → 0 and CPV!



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Intermezzo: treatment of tadpoles and counterterms

Work in DR or MS scheme→ no finite counterterm (CT) contributions

Exception: tadpoles are calculated in a “tadpole-on-shell scheme”:

+
t
(1)
i δ

(1)
ti

= 0

such that 𝛿(1)𝑡𝑖 = −𝑡
(1)
𝑖
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Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Intermezzo: treatment of tadpoles and counterterms

Work in DR or MS scheme→ no finite counterterm (CT) contributions

Exception: tadpoles are calculated in a “tadpole-on-shell scheme”:

+
t
(1)
i δ

(1)
ti

= 0

such that 𝛿(1)𝑡𝑖 = −𝑡
(1)
𝑖

▶ Minimum of 𝑉𝐻 does not move: tree-level VEV corresponds to the true VEV
▶ No explicit tadpoles in loop diagrams (exactly cancelled by the tadpole CTs)
▶ However: tadpole CTs 𝛿(1)𝑡𝑖 appearing in mass and vertex CTs
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Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Intermezzo: tadpole equation for 𝑎𝑑
Tree-level tadpole equation for the 𝑎𝑑 component (CP-odd doublet):

𝑡𝑎𝑑
𝑣 sin 𝛽 =

1
2|𝜆|𝑣𝑆 (−|𝜅|𝑣𝑆 sin𝜑𝑦 + √2Im𝐴𝜆 cos(𝜑𝜔 − 𝜑𝑦) + √2Re𝐴𝜆 sin(𝜑𝜔 − 𝜑𝑦))

⇒ Im𝐴𝜆 =
√2

|𝜆|𝑣𝑆 cos(𝜑𝜔 − 𝜑𝑦) sin 𝛽
𝑡𝑎𝑑
𝑣 +

|𝜅|𝑣𝑆
√2

sin𝜑𝑦
cos(𝜑𝜔 − 𝜑𝑦)

− Re 𝐴𝜆 tan(𝜑𝜔 − 𝜑𝑦)

with the tree-level tadpole 𝑡𝑎𝑑 = 𝑡
(0)
𝑎𝑑 = 0 at the minimum.
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Intermezzo: tadpole equation for 𝑎𝑑
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with the tree-level tadpole 𝑡𝑎𝑑 = 𝑡
(0)
𝑎𝑑 = 0 at the minimum.

→ Finite CT contribution from 𝑡𝑎𝑑 → 𝑡(0)𝑎𝑑 + 𝛿
(1)𝑡𝑎𝑑 (all other pars. renormalised DR):

𝛿(1) Im𝐴𝜆 =
√2

|𝜆|𝑣𝑆 cos(𝜑𝜔 − 𝜑𝑦) sin 𝛽
𝛿(1)𝑡𝑎𝑑
𝑣
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Non-vanishing contribution from 𝛿(1)𝑡𝑎𝑑/𝑣 for 𝑣 → 0!



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Pole-mass matching

Demand that the pole masses 𝑀𝑋
ℎ (𝑋 = SM, NMSSM) of the SM-like Higgs states are

the same:

(𝑀SM
ℎ )2 != (𝑀NMSSM

ℎ )2

with (𝑀𝑋
ℎ)2 = (𝑚𝑋

ℎ)2 − Re Σ̂𝑋ℎ(𝑝2 = (𝑀𝑋
ℎ)2)

▶ 𝑚𝑋
ℎ: SM(-like) MS (DR) Higgs mass in the SM (NMSSM)

▶ Σ̂𝑋ℎ: MS (DR) renormalised self energies in the SM (NMSSM)

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 14

e.g. [Athron et al. ’16],
[Braathen et al. ’18]
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with (𝑀𝑋
ℎ)2 = (𝑚𝑋

ℎ)2 − Re Σ̂𝑋ℎ(𝑝2 = (𝑚𝑋
ℎ)2) (first iteration, expanded to 1L)
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Pole-mass matching

Demand that the pole masses 𝑀𝑋
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the same:
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ℎ )2

with (𝑀𝑋
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ℎ)2 − Re Σ̂𝑋ℎ(𝑝2 = (𝑚𝑋
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▶ 𝑚𝑋
ℎ: SM(-like) MS (DR) Higgs mass in the SM (NMSSM)

▶ Σ̂𝑋ℎ: MS (DR) renormalised self energies in the SM (NMSSM)

Expansion of self energy around small external momenta:

Re Σ̂𝑋ℎ((𝑚𝑋
ℎ)2) = Σ̂𝑋ℎ(0) + (𝑚𝑋

ℎ)2 Σ̂𝑋′ℎ (0) + O((𝑚𝑋
ℎ)4)
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e.g. [Athron et al. ’16],
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▶ Σ̂𝑋ℎ: MS (DR) renormalised self energies in the SM (NMSSM)

Expansion of self energy around small external momenta:

Re Σ̂𝑋ℎ((𝑚𝑋
ℎ)2) = Σ̂𝑋ℎ(0) + (𝑚𝑋

ℎ)2 Σ̂𝑋′ℎ (0) + O((𝑚𝑋
ℎ)4)
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e.g. [Athron et al. ’16],
[Braathen et al. ’18]

Gauge thresholds
at one loop:

(𝑚NMSSM
ℎ )2 ≡ (𝑚NMSSM

ℎ (𝑔NMSSM,DR𝑖 → 𝑔SM,MS𝑖 + 𝛿𝑔𝑖))
2

= (𝑚NMSSM
ℎ (𝑔SM,MS𝑖 ))

2
+ 𝛿gauge𝑚2

ℎ + O((𝛿𝑔𝑖)2)



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Pole-mass matching: tree-level contribution

At tree level, pole masses = tree-level masses:

(𝑀SM
ℎ )2 != (𝑀NMSSM

ℎ )2 ⇒ (𝑚SM
ℎ )2 != (𝑚NMSSM

ℎ )2

Use MS relation (𝑚SM
ℎ )2 = 2(𝑣SM)2𝜆SMℎ and solve for 𝜆SMℎ :

𝜆SMℎ =
(𝑚NMSSM

ℎ )2

2(𝑣NMSSM)2

where 𝑣NMSSM = 𝑣SM and 𝛿𝑔𝑖 = 0 (tree-level matching of the VEV and the 𝑔𝑖)
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𝜆SMℎ =
(𝑚NMSSM

ℎ )2

2(𝑣NMSSM)2

where 𝑣NMSSM = 𝑣SM and 𝛿𝑔𝑖 = 0 (tree-level matching of the VEV and the 𝑔𝑖)

Analytical diagonalisation of tree-level mass matrix & expansion in 𝑣/𝑀SUSY:
obtained same expression as for tree-level quartic-coupling matching!
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Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Pole-mass matching: one-loop contribution

At one loop, take into account 1L self energies (reuse from implementation for
fixed-order calculations in NMSSMCALC):

(𝑀SM
ℎ )2 != (𝑀NMSSM

ℎ )2 ⇒ (𝑚SM
ℎ )2 − Re Σ̂SMℎ ((𝑚SM

ℎ )2) != (𝑚NMSSM
ℎ )2 − Re Σ̂NMSSMℎ ((𝑚NMSSM

ℎ )2)
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ℎ )2 ⇒ (𝑚SM
ℎ )2 != (𝑚NMSSM
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Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Pole-mass matching: one-loop contribution

At one loop, take into account 1L self energies (reuse from implementation for
fixed-order calculations in NMSSMCALC):

(𝑀SM
ℎ )2 != (𝑀NMSSM

ℎ )2 ⇒ (𝑚SM
ℎ )2 != (𝑚NMSSM

ℎ )2 − Re Σ̂NMSSMℎ ((𝑚NMSSM
ℎ )2) + Re Σ̂SMℎ ((𝑚SM

ℎ )2)

Expand for small ext. moms., again use (𝑚SM
ℎ )2 = 2(𝑣SM)2𝜆SMℎ , and solve for 𝜆SMℎ :

𝜆SMℎ = 1
2(𝑣NMSSM)2

[(𝑚NMSSM
ℎ )2 (1 − 2ΔΣ̂′ℎ) − ΔΣ̂ℎ]

with ΔΣ̂(′)ℎ ≡ Σ̂NMSSM(′)ℎ (0) − Σ̂SM(′)ℎ (0)

⇒ Consistent expansion at 1L, get 𝑣/𝑀SUSY corrections for free!
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Large cancellations!

(𝑣SM)2 = (𝑣NMSSM)2 + 𝛿𝑣2; 𝛿𝑣2
𝑣2 = ΔΣ̂′ℎ + O( 𝑣2

𝑀2SUSY
)

(One-loop matching of the VEV, e.g. [Braathen et al. ’18])

Numerical limit of 𝑣 → 0: excellent agreement
with 𝜆SMℎ from quartic-coupling matching!



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

NMSSMCALC algorithm to determine SM Higgs mass prediction 𝑀ℎ

1a) SM low-scale OS input:
GF /α(MZ), αS(MZ),

Mt, MW , MZ , Mh.

First
guess
for Mh

1b) NMSSM high-scale DR input:
gNMSSM,DR
i (Qinp), Y

NMSSM,DR
t (Qinp),

vNMSSM,DR(Qinp), λ(Qinp), κ(Qinp),
Aλ(Qinp), Aκ(Qinp), At(Qinp),
mQ̃3

(Qinp), mũR3
(Qinp), . . .

2) SM MS parameters at Mt:
gSM,MS
i (Mt), Y

SM,MS
t (Mt),

λSM,MS
h (Mt), vSM,MS(Mt).

3) SM+NMSSM parameters at Qmatch:
gSM,MS
i (Qmatch), Y

SM,MS
t (Qmatch),

λSM,MS
h (Qmatch), vSM,MS(Qmatch),

λ(Qmatch), κ(Qmatch), Aλ(Qmatch),
Aκ(Qmatch), At(Qmatch), . . .

4) Matching:
obtain λNMSSM,MS

h (Qmatch) using effective quar-
tic Higgs coupling or hu-like Higgs pole mass.

5) Compare:
∆λ(Qmatch)

6) Output:
OS Higgs mass MOS

h equal
to the SM input Mh.

OS → MS conversion
full one-loop and partial two-loop

SM RGEs at full two-loop
+ partial three- and four-loop

MS→DR
conversion

NMSSM
two-loop RGEs

∆λ ≡ (λSM,MS
h − λNMSSM,MS

h )/λSM,MS
h

|∆λ| ≤ ϵ

converged

|∆λ| > ϵ

st
ar

t
ne

w
it

er
at

io
n

w
it

h
M

h
→

M
h
+

sg
n(
∆
λ
)
·ε
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(Qinp), . . .

2) SM MS parameters at Mt:
gSM,MS
i (Mt), Y

SM,MS
t (Mt),

λSM,MS
h (Mt), vSM,MS(Mt).

3) SM+NMSSM parameters at Qmatch:
gSM,MS
i (Qmatch), Y

SM,MS
t (Qmatch),

λSM,MS
h (Qmatch), vSM,MS(Qmatch),

λ(Qmatch), κ(Qmatch), Aλ(Qmatch),
Aκ(Qmatch), At(Qmatch), . . .

4) Matching:
obtain λNMSSM,MS

h (Qmatch) using effective quar-
tic Higgs coupling or hu-like Higgs pole mass.

5) Compare:
∆λ(Qmatch)

6) Output:
OS Higgs mass MOS

h equal
to the SM input Mh.

OS → MS conversion
full one-loop and partial two-loop

SM RGEs at full two-loop
+ partial three- and four-loop

MS→DR
conversion

NMSSM
two-loop RGEs

∆λ ≡ (λSM,MS
h − λNMSSM,MS

h )/λSM,MS
h

|∆λ| ≤ ϵ

converged

|∆λ| > ϵ

st
ar

t
ne

w
it

er
at

io
n

w
it

h
M

h
→

M
h
+

sg
n(
∆
λ
)
·ε

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 17



Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Uncertainty estimate (I)

▶ SM uncertainties:

▶ missing EW corrections (from choice of input scheme): ΔSM𝐺𝐹/𝛼𝑀𝑧 = |𝑀
𝐺𝐹
ℎ − 𝑀

𝛼𝑀𝑍
ℎ |

▶ missing h.o. terms in MS-OS conversion between 𝜆SM,MSℎ and 𝑀ℎ:

0 != 𝑝2 − 2𝜆SM,MSℎ (𝑄EW)𝑣2(𝑄EW) + Re Σ̂
SM,MS
ℎ (𝑝2, 𝑄EW)

Solve iteratively for 𝑝2 = 𝑀MS,pole
ℎ (𝑄EW), vary 𝑄EW:

ΔSM𝑄EW = max {|𝑀
OS
ℎ − 𝑀MS,pole

ℎ (2𝑀𝑡)|, |𝑀OS
ℎ − 𝑀MS,pole

ℎ (𝑀𝑡/2)|}

▶ missing 3𝐿 top corrections: ΔSM𝑌𝑡 = 𝑀ℎ(𝑌
O(𝛼2𝑠 )
𝑡 ) − 𝑀ℎ(𝑌

O(𝛼3𝑠 )
𝑡 )
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Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Uncertainty estimate (II)

▶ SUSY uncertainties:
▶ variation of the matching scale 𝑄match with respect to the SUSY input scale 𝑀SUSY:

ΔSUSY𝑄match = max {|𝑀
𝑀SUSY/2
ℎ − 𝑀𝑀SUSY

ℎ |, |𝑀2𝑀SUSY
ℎ − 𝑀𝑀SUSY

ℎ |}
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Next-to-Minimal Supersymmetric Standard Model Calculating 𝑀ℎ in the high-scale NMSSM Numerical analysis Summary

Uncertainty estimate (II)

▶ SUSY uncertainties:
▶ variation of the matching scale 𝑄match with respect to the SUSY input scale 𝑀SUSY:

ΔSUSY𝑄match = max {|𝑀
𝑀SUSY/2
ℎ − 𝑀𝑀SUSY

ℎ |, |𝑀2𝑀SUSY
ℎ − 𝑀𝑀SUSY

ℎ |}

Combined uncertainty:

Δ𝑀 II
ℎ = [(ΔSM𝐺𝐹/𝛼𝑀𝑧)

2
+ (ΔSM𝑄EW)

2
+ (ΔSM𝑌𝑡 )

2
+ (ΔSUSY𝑄match)

2
]
1
2

Δ𝑀 IV
ℎ = [ (Δ𝑀 II

ℎ)
2 + ( 𝑀 II

ℎ − 𝑀 IV
ℎ⏟

≡ ΔSUSY
𝑣2/𝑀2SUSY

)2]
1
2
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For pole-mass
matching 𝑀 II

ℎ :

For quartic-coupling
matching 𝑀 IV

ℎ :
“EFT uncertainty”
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Comparison with previous works
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The case of a light singlet
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The case of a light singlet
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Allowed region

Singlet-like Higgs mass

𝑀IVℎ : quartic-coupling matching

𝑀IIℎ : pole-mass matching
(contains 𝑣/𝑀SUSY terms)

Red band:
total SM + SUSY uncertainty

Small 𝑀𝑠: large impact
of partial 𝑣/𝑀SUSY terms
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𝑣/𝑀SUSY effects
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Parameter scan:
100GeV ≤ 𝑀1, 𝑀2 ≤ 1.5 TeV, 100GeV ≤ 𝜇eff ≤ 1.5 TeV,

1 TeV ≤ 𝑚�̃�𝐿3
, 𝑚 ̃𝑡𝑅3

≤ 2.5 TeV, 𝑀SUSY = √𝑚�̃�𝐿3
𝑚 ̃𝑡𝑅3

,

𝑀3 = max{𝑀SUSY, 2.3 TeV}, − 2.5 TeV ≤ 𝐴𝜅 ≤ 100GeV,

−2.5 TeV ≤ 𝐴𝜆 ≤ 2.5 TeV, − √6 ≤ �̂�𝑡 ≤ √6,
1 ≤ tan𝛽 ≤ 20, 0.05 ≤ 𝜆, 𝜅 ≤ 1.0

Bounds and constraints:
▶ 𝑀 ̃𝑡1

> 1310GeV, 𝑀�̃� > 2.3GeV, 𝑀𝐻+ > 500GeV

▶ 122GeV ≤ 𝑀 II
ℎ ≤ 128GeV

▶ Using HiggsTools [Bahl et al. ’22] to check for
compatibility with data from LEP, Tevatron, LHC

[CB, Dao, Gabelmann, Mühlleitner, Rzehak ’24]
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Effects of CP-violating phases
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Effects of CP-violating phases
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𝑑𝑒/𝑑
exp.
𝑒 > 1:

excluded by electron EDMs

Loop-induced CPV phases

Solid: pole-massmatching; dashed: quartic-couplingmatching (shifted)
Solid vs. dashed: 𝑣/𝑀SUSY effects from CPV phases

Bands: total uncertainty

Tree-level CPV phases
more strongly constrained
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Summary

Calculation of the SM-like Higgs mass in the EFT approach for the CPV NMSSM

▶ Applicable for heavy SUSY masses (𝑣/𝑀SUSY ≪ 1), resums large logarithms
▶ Implementation at full 1L (+2L MSSM) via quartic-coupling & pole-mass matching

→ Excellent agreement found for CPC and CPV case in 𝑣 → 0 limit!
→ Estimate of 𝑣/𝑀SUSY contributions for EFT uncertainty
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Summary

Calculation of the SM-like Higgs mass in the EFT approach for the CPV NMSSM

▶ Applicable for heavy SUSY masses (𝑣/𝑀SUSY ≪ 1), resums large logarithms
▶ Implementation at full 1L (+2L MSSM) via quartic-coupling & pole-mass matching

→ Excellent agreement found for CPC and CPV case in 𝑣 → 0 limit!
→ Estimate of 𝑣/𝑀SUSY contributions for EFT uncertainty

Implementation in our code NMSSMCALC (https://itp.kit.edu/~maggie/NMSSMCALC)
[Baglio, CB, Dao, Gabelmann, Gröber, Krause, Mühlleitner, Le, Rzehak, Spira, Streicher, Walz]
▶ Spectrum calculator of 1L & 2L Higgs masses, self couplings, decay widths
▶ For the CP-conserving and CP-violating NMSSM
▶ …and more: electron EDMs, muon 𝑔 − 2, 𝜌 parameter, 𝑀𝑊
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NMSSM tree-level Higgs masses in the unbroken phase limit

Higgs mass matrixM𝑖𝑗 becomes block-diagonal for 𝑣 → 0, easy to diagonalise
analytically (after applying tadpole equations):

ℎ1 ∼ ℎ𝑢 ∶ 𝑚2
ℎ1 ≡ 𝑚

2
ℎSM = 0 (since it is ∝ 𝑣2)

ℎ2 ∼ 𝑎𝑠 ∶ 𝑚2
ℎ2 ≡ 𝑀

2
𝐴𝑠 = −

3|𝜅| Re 𝐴𝜅𝑣𝑆
√2 cos𝜑𝑤

ℎ3 ∼ 𝑎𝑑 ∶ 𝑚2
ℎ3 = 𝑀

2
𝐻± =

|𝜆|𝑣𝑆 (√2Re𝐴𝜆 + |𝜅|𝑣𝑆 cos𝜑𝑤)
sin 𝛽 cos 𝛽 cos(𝜑𝑤 − 𝜑𝑦)

ℎ4 ∼ ℎ𝑑 ∶ 𝑚2
ℎ4 = 𝑚

2
ℎ3

ℎ5 ∼ ℎ𝑠 ∶ 𝑚2
ℎ5 ≡ 𝑀

2
𝑆 =

|𝜅|𝑣𝑆 (4|𝜅|𝑣𝑆 + √2
Re𝐴𝜅
cos𝜑𝑤 )

2

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 25



Backup

Quartic-coupling matching: couplings

𝑔ℎℎ𝑆 =
1
2𝑣𝑠

(|𝜅||𝜆|𝑣2𝑠 sin(2𝛽) cos𝜑𝑦 − 2|𝜆|2𝑣2𝑠 + 𝑀2
𝐻± sin

2(2𝛽)) ,

𝑔ℎℎ𝐴𝑆 = −
3
2|𝜅||𝜆|𝑣𝑠 sin(2𝛽) sin𝜑𝑦 ,

𝜕𝑔ℎℎ𝑆
𝜕 Im𝐴𝜆

= −|𝜆| sin(2𝛽) sin(𝜑𝜔 − 𝜑𝑦) ,

𝜕𝑔ℎℎ𝐴𝑆
𝜕 Im𝐴𝜆

= −|𝜆| sin(2𝛽) cos(𝜑𝜔 − 𝜑𝑦)
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Contribution of 𝑎𝑑 tadpole for 𝑣 → 0
One-loop contribution from stops (after expanding stop mixing matrices to O(𝑣)):

𝛿(1)𝑡𝑎𝑑 = 𝑣
3|𝜆||𝐴𝑡|𝑣𝑆𝑌2𝑡
16𝜋2√2 sin 𝛽

𝐵(𝑚�̃�3
, 𝑚�̃�𝑅,3

) sin(𝜑𝜔 − 𝜑𝑦 + 𝜑𝐴𝑡)

with 𝐵(𝑥, 𝑦) = (𝐴(𝑥) − 𝐴(𝑦))/(𝑥2 − 𝑦2) and 𝐴(𝑥) = 𝑥2 (1 + ln(𝜇2/𝑥2))

General way of computing the contributions: one-loop effective potential:

𝛿(1)𝑡𝑎𝑑 = 𝑣 ⋅
𝜕𝑡𝑎𝑑
𝜕𝑣 |

𝑣=0
+ O(𝑣2) = 𝑣 ⋅

𝜕2𝑉(ℎ, 𝑎𝑑, … )
𝜕𝑎𝑑𝜕ℎ

|
ℎ=𝑎𝑑=0;𝑣=0

+ O(𝑣2)

= 𝑣 ⋅ Σℎ→𝑎𝑑(𝑝
2 = 0)|

𝑣=0
+ O(𝑣2)

= 𝑣 ⋅ (sin 𝛽Σℎ→𝐺(𝑝2 = 0) − cos 𝛽Σℎ→𝐴(𝑝2 = 0))|𝑣=0 + O(𝑣
2)

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 27



Backup

One-loop gauge thresholds
e.g. [Bagnaschi, Giudice, Slavich, Strumia ’14]

𝛿𝑔thr1 = −
𝑔31

512𝜋2
[12 ln

𝜇2eff
𝑄2

+ 3 ln
𝑀2
𝐻±

𝑄2
+∑
𝑖=3
(3 ln

𝑚2
�̃�𝑖

𝑄2
+ 6 ln

𝑚2
̃𝑒𝑅,𝑖

𝑄2
)

+
3

∑
𝑖=1
(ln

𝑚2
�̃�𝑖
𝑄2

+ 8 ln
𝑚2
�̃�𝑅,𝑖
𝑄2

+ 2 ln
𝑚2

̃𝑑𝑅,𝑖
𝑄2

)] ,

𝛿𝑔thr2 = −
𝑔32

192𝜋2
[8 ln

𝑀2
2

𝑄2
+ 4 ln

𝜇2eff
𝑄2

+ ln
𝑀2
𝐻±

𝑄2
+∑
𝑖=3
(ln

𝑚2
�̃�𝑖

𝑄2
+ 3 ln

𝑚2
�̃�𝑖
𝑄2

)] ,

𝛿𝑔thr3 = −
𝑔33

192𝜋2
[12 ln

𝑀2
3

𝑄2
+

3

∑
𝑖=1
(2 ln

𝑚2
�̃�𝑖
𝑄2

+ ln
𝑚2
�̃�𝑅,𝑖
𝑄2

+ ln
𝑚2

̃𝑑𝑅,𝑖
𝑄2

)]
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SM input parameters

𝐺𝐹 = 1.1663788 × 10−5 GeV−2, 𝛼(𝑀𝑍) = 1/127.955 ,
𝛼𝑠(𝑀𝑍) = 0.1181 , 𝑀𝑡 = 172.69GeV ,
𝑚MS
𝑏 = 4.18GeV , 𝑀𝜏 = 1.77682GeV ,

𝑀𝑊 = 80.377GeV , 𝑀𝑍 = 91.1876GeV ,
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Benchmark points (I)

BP1: [Bagnaschi et al. ’22]
BP2: [Slavich et al. ’20]
BP3: our own scan

tan𝛽 𝜆 𝜅 𝑀1 𝑀2 𝑀3 𝐴𝑡 𝐴𝜆 𝐴𝜅 𝜇𝑒𝑓𝑓. 𝑚�̃�𝐿3
𝑚 ̃𝑡𝑅3

BP1 3.0 0.6 0.6 1.0 2.0 2.5 12.75 0.3 -2.0 1.5 5.0 5.0
BP2 20.0 0.05 0.05 3.0 3.0 3.0 -7.20 -2.85 -1.0 3.0 3.0 3.0
BP3 1.27 0.73 0.62 0.24 1.18 2.3 -0.39 0.06 -1.44 0.49 1.79 1.51

𝑀 II
ℎ 𝑀 IV

ℎ 𝑚ℎ2 𝑚ℎ3 𝑚𝐴1 𝑚𝐴2 𝑚𝐻+

BP1 124.29 (ℎ𝑢) 124.31 (ℎ𝑢) 2407.6 (ℎ𝑠) 2971.8 (ℎ𝑑) 2905.7 (𝑎) 3000.2 (𝑎𝑠) 2967.1
BP2 125.26 (ℎ𝑢) 125.28 (ℎ𝑢) 2996.4 (ℎ𝑑) 5744.4 (ℎ𝑠) 2985.3 (𝑎𝑠) 3010.5 (𝑎) 2997.8
BP3 127.18 (ℎ𝑢) 129.47 (ℎ𝑢) 305.5 (ℎ𝑠) 659.5 (ℎ𝑑) 663.8 (𝑎) 1308.7 (𝑎𝑠) 658.4
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Benchmark points (II)

Other SUSY masses:

𝑚 ̃𝑡1
𝑚 ̃𝑡2

𝑚𝜒01 𝑚𝜒02 𝑚𝜒03 𝑚𝜒04 𝑚𝜒05 𝑚𝜒+1 𝑚𝜒+2
BP1 4829.6 5168.2 997.2 1491.5 1502.4 2010.5 3003.3 1490.2 2010.5
BP2 2831.6 3164.7 2932.7 3000.0 3000.0 3067.9 6000.0 2940.9 3060.0
BP3 1514.2 1799.1 232.8 484.1 498.2 835.4 1192.7 477.3 1192.6

Uncertainties:

Δ𝑆𝑀𝑌𝑡 ΔSM𝑄𝐸𝑊 Δ𝑆𝑀𝐺𝐹/𝛼𝑀𝑍 Δ𝑆𝑈𝑆𝑌𝑄𝑚𝑎𝑡𝑐ℎ Δ𝑆𝑈𝑆𝑌𝑣2/𝑀2
SUSY

Δ𝑀 II
ℎ Δ𝑀 IV

ℎ

BP1 -738 208 -19 376 -21 854 836
BP1 -679 212 -69 403 -12 819 820
BP1 -401 197 21 834 -2294 947 2452
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Quartic-coupling vs. pole-mass matching for 𝑣 → 0

0 50 100 150 200 250
v [GeV]

−200

−150

−100

−50

0

M
II h
−
M

IV h
[M

eV
]

BP1 with |λ| = |κ| = 1

ϕi = 0

ϕu = 0.4, ϕM1 = 1.2ϕu,
ϕλ = 0.9ϕu, ϕκ = 0.8ϕu,
ϕµ = 1.3ϕu, ϕAt = 1.5ϕu

Christoph Borschensky – Higgs Mass Predictions in the CPV High-Scale NMSSM 32

[CB, Dao, Gabelmann, Mühlleitner, Rzehak ’24]



Backup

Comparison between EFT and fixed-order results
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