
Rare photo from Stonehenge:

Workers move the stones by one hour to accomodate daylight saving time:
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1. Introduction

What do we mean with SUSY here? ⇒ MSSM, NMSSM, . . .

Superpartners for Standard Model particles
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Why do we need codes?

Many observables are measured (LHC, low-energy experiments, . . . )

(SUSY) predictions are complicated once a certain precision is required

We can re-invent the wheel or . . .

. . . use existing calculations for the known stuff

and have time to concentrate on the new one

Use existing calculations = Code

Caution: (particulary for students)

Do not let the black box be too black!

Always try to undertand what the code is doing

and check whether it makes sense

Side remark: A dedicated code is (nearly) always better than a code that

does “everything”.
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Types of codes: ⇒ focus on PUBLIC tools

1. Spectrum generators

− SUSY spectrum

− Higgs spectrum

2. Production and Decay codes

− SUSY particle production and/or decay

− Higgs production and decay, di-Higgs, . . .

3. Single Number predictors

− (g − 2)µ

− MW

− DM relic density

− DM DD cross section

4. Testing SUSY predictions vs. “complicated” exp. data

− SUSY production/decay at the LHC

− SUSY Higgs production at the LHC/Tevatron/LEP/. . .

− h125 measurements at the LHC

5. Global SUSY interpretations

− testing a model against “everything”
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2. Spectrum generators

The classic ones: (I will only give the names of the codes)

− Isajet
− Suspect
− Spheno
− SoftSUSY

⇒ high-scale input

assuming a certain soft SUSY-breaking scenario

running to low energies (mt, MZ, . . . ) with RGEs

⇒ spectrum at low-energies ⊕ other observables

− SUSY BRs

− mixing angles

− . . .

⇒ low-scale input (not all of them)

⇒ spectrum, mixing angles, BRs, . . .
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The generator generators

− FlexibleSUSY (using Sarah)
− Sarah/Spheno ⇒ main author left the field

Input:

− gauge group(s)

− field content (and mixings)

− superpotential

− soft SUSY-breaking terms

− boundary conditions (at high/low scales)

From this the code obtains:

− RGEs

− mass matrices

− self-energies and tadpoles

− EWSB conditions

Output: Fortran/C++/. . . code for your preferred SUSY

(or even BSM) realization: masses, BRs, . . .
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Higgs spectrum generators

Difference w.r.t. SUSY codes: at least one Higgs has been discovered

Needed for LHC/HL-LHC/. . . physics:

Precise and consistent prediction of

• Higgs boson masses

• Higgs boson mixings

• Higgs boson couplings

• Higgs boson production cross sections

• Higgs boson decay widths/branching ratios

• . . .

⇒ best – or approximated – in Higgs spectrum generatos

Sven Heinemeyer – SUSY23, Southampton, 21.07.2023 7



Working group on Mh predictions: sites.google.com/site/kutsmh

⇒ latest meeting: 04/2023 at CERN (now with broadened focus)
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MSSM Codes on the market: Review: [KUTS report, P. Slavich, S.H. (eds.) ’20]

1.) MSSM fixed order codes: good for all scales low

− SuSpect
− SPheno/SARAH
− SoftSUSY/FlexibleSUSY
− H3m

2.) MSSM EFT codes: good for all scales high

− SusyHD ⇒ main author left the field

− MhEFT
− HSSUSY

3.) MSSM hybrid codes: good always?!

− FeynHiggs
− FlexibleEFTHiggs
− SPheno/SARAH

Obviously: quality depends on the details implemented

Sven Heinemeyer – SUSY23, Southampton, 21.07.2023 9



Codes for other models: Review: [KUTS report, P. Slavich, S.H. (eds.) ’20]

4.) NMSSM fixed order codes: good for all scales low

− NMSSMTools
− NMSSMCalc ⇒ see excellent talk by Maggie yesterday!

5.) µνSSM hybrid codes: good always?!

− munuSSM (using FeynHiggs)

6.) Other models: (fixed order) good for all scales low

⇒ generator generators:

− FlexibleSUSY (using SARAH)
− Spheno/SARAH ⇒ main author left the field

Obviously: quality depends on the details implemented

Side remark: A dedicated code is (nearly) always better than a code that

does “everything”.
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Improved predictions for MSSM scenarios

Are these improved calculations relevant?

Are they relevant in any “realistic” scenario?

Example for: − CMSSM with stop co-annihiliation

− large gluino masses

Comparison of hybrid codes:

FeynHiggs 2.10.0 (first hybrid code in 2013)

− log-resummation with MS

− 2L RGEs, 1L thresholds

− mMS
t at NLO

FeynHiggs 2.14.1 (state-of-the-art 2018)

− log-resummation with MS

− Inclusion of EWino mass scale in RGE’s

− Inclusion of gluino mass scale in RGE’s

− 3L RGEs, 2L thresholds

− mMS
t at NNLO

− Inclusion of EW effects in RGE’s and mMS
t
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Stop-coannihilation in the CMSSM: [E. Bagnaschi et al. ’18]

⇒ clear impact of improved Mh calculation

⇒ O
(
α2
t

)
non-degenerate threshold corr. crucial!
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Large gluino mass:

[H. Bahl, S.H., W. Hollik, G. Weiglein ’19] [H. Bahl, I. Sobolev, G. Weiglein ’19]

⇒ only latest FeynHiggs version gives accurate results

⇒ note the small uncertainty band (green)!
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Crucial for Mh calculations: theory uncertainty [H. Bahl et al. ’19]

⇒ estimate in several benchmark scenarios with FeynHiggs 2.16.0

⇒ ∆Mh ∼ 2 GeV – but point-by-point evaluation crucial!

⇒ every code should provide predictions with uncertainty estimates
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3. Production and Decay codes

SUSY production at the LHC:

− Prospino
− Resummino

Example for SUSY production: [Prospino collaboration]

As in QCD: NLO corrections are crucial!
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SUSY production at NLO QCD: [Prospino collaboration]

⇒ uncertainties crucial – and provided! :-)

Sven Heinemeyer – SUSY23, Southampton, 21.07.2023 16



MSSM Higgs production at the LHC:

− some spectrum generators contain approximations

− SusHi

MSSM di-Higgs production at the LHC:

− HPAIR (exists also for other BSM Higgs sectors)

MSSM Higgs production at e+e− colliders:

− FeynHiggsXS (outdated and with known bugs, update w.i.p.)

Beyond MSSM Higgs production at e+e− colliders:

− most physicists are happy with a rescaling of the V V h1 coupling ;-)
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MSSM Higgs decays

− all the Higgs spectrum generators do that

− HDECAY NMSSM: ⇒ see excellent talk by Maggie yesterday!

The best of both worlds: combination of FeynHiggs and HDECAY

“Official” calculation of MSSM BR’s: [LHCH(XS)WG ’11 - ’23]

Γφ = ΓFH
φ→ττ +ΓFH

φ→µµ +Γ
FH/P4f

φ→W (∗)W (∗) +Γ
FH/P4f

φ→Z(∗)Z(∗)

+ΓHD
φ→b̄b

+ΓHD
φ→tt̄ +ΓHD

φ→cc̄ +ΓHD
φ→gg +ΓHD

φ→γγ +ΓHD
φ→Zγ

ΓH± = ΓHD(H± → tb) + ΓFH(H± → τντ) + ΓFH(H± → µνµ)

+ ΓHD(H± → cs) + Γ...(H± → AW ) + Γ...(H± → HW ) + . . .

⇒ BRs calculated accordingly
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MSSM particle decays

− most spectrum calculators do that (tree-level, some NLO QCD)

− SDECAY (NLO QCD) NMSSM: ⇒ see excellent talk by Maggie yesterday!

Embarrasing situation: EW corrections:

Γ(χ̃0
4 → χ̃0

3h1): dependence on φM1
[A. Bharucha, S.H., F. v.d. Pahlen, C. Schappacher ’12 ]
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⇒ EW one-loop corrections can be large

⇒ never put into a code ⇒ shame on the authors!
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Some comments on higher-order calculations in the chargino/neutralino sector:

Higher-order calculations require a renormalization of the sector

4+2 masses, but only 3 free parameters: M1, M2, µ

⇒ OS renormalization for 3 masses:

CCN1:

([
R̃eΣ̂χ̃−(p)

]
ii
χ̃−
i (p)

)∣∣∣∣
p2=m2

χ̃±
i

= 0 (i = 1,2) ,

([
R̃eΣ̂χ̃0(p)

]
11

χ̃0
1(p)

)∣∣∣∣
p2=m2

χ̃0
1

= 0

⇒ Scheme can easily be extended to other variants, e.g.

CCNi (i = 1,2,3,4) or CNNijk (i = 1,2; j, k = 1,2,3,4)

⇒ Scheme requires a shift of three (neutralino) masses to their OS value:

∆mχ̃0
i
=−

1

2
Re

{
mχ̃0

i

(
Σ̂L

χ̃0
i
(m2

χ̃0
i
) + Σ̂R

χ̃0
i
(m2

χ̃0
i
)

)
+ Σ̂SL

χ̃0
i
(m2

χ̃0
i
) + Σ̂SR

χ̃0
i
(m2

χ̃0
i
)

}

mOS
χ̃0
i

= mχ̃0
i
+∆mχ̃0

i
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Example: e+e− → χ̃0
1χ̃

0
2: [S.H., C. Schappacher ’17]

❈◆◆�✷✱✶✱✸❪✿ ▼✁ ❂ ✹✺✵ ❢✉❧❧
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▼✁ ❂ ✹✺✵ ❢✉❧❧

▼✁ ❂ ✖✂✷ ❢✉❧❧

❈❈◆�✶❪✿ ▼✁ ❂ ✖✂✷ tr❡❡
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✆
✁

✛✴❢❜
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✷✞✺
✷

✶✞✺
✶

✵✞✺
✵

⇒ CCN1 breaks down for µ = M2 = 450 GeV
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Generic problems for BSM loop calculations:

Problem # 1:

we do not know the values of the BSM parameters

⇒ “normal” in the investigation of BSM models: parameter scans

or at least predictions as a function of the relevant parameters

Problem # 2:

External (BSM) particles should be on-shell particles

⇒ OS renormalization of BSM model required

⇒ known cases that no “good” renormalization scheme exists

for the “full” parameter space

⇒ point-by-point decision on RS?!

All automated SUSY codes face this problem!

Solution: [S.H., F. v.d. Pahlen ’23]

⇒ new method proposed to decide on the RS before the calculation

Method is based on the matrix that connects mass and parameter CTs

⇒ see talk by S.H. on Wednesday :-)
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Example: Γ(χ̃±
2 → χ̃0

1W
±) with µDR varied

[S.H., F. v.d. Pahlen ’23]

loop correction final result

⇒ new method selects a good scheme and yields a smooth result!

Sven Heinemeyer – SUSY23, Southampton, 21.07.2023 23



4. Single Number Predictors

⇒ mostly MSSM
⇒ partially in the generator generators (with limited success)

Anomalous magnetic moment of the muon:

− GM2Calc

W -boson mass: (⇒ other EWPO: sad story . . . )

− included in FeynHiggs ⇒ partially also sin2 θeff
− included in FlexibleSUSY

DM relic density:

− micrOMEGAs
− DarkSUSY
− SSARD (not fully public)

DM direct detection cross sections:

− micrOMEGAs
− DarkSUSY
− SSARD (not fully public)
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Consistent combination of all these single number predictors:

[E. Bagnaschi, M. Chakraborti, S.H., I. Saha, G. Weiglein ’20-’22 ]

⇒ precise prediction of MW crucial (beyond ∆ρ)
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5. SUSY predictions vs. experimental data

SUSY production/decay at the LHC [taken from S. Kraml, SUSY ’23]

⇒ check Sabine’s excellent talk!
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Relevance of recast (I): χ̃±
1 -coannihilation: mχ̃0

1
-ml̃1

plane: CheckMATE

[M. Chakraborti, S.H., I. Saha ’21 ] (new (g − 2)µ)

⇒ important: l̃-pair prod. searches ⇒ see talk by M. Chakraborti yesterday
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Relevance of recast (I): χ̃±
1 -coannihilation: mχ̃0

1
-ml̃1

plane: CheckMATE

[M. Chakraborti, S.H., I. Saha ’21 ] (old (g − 2)µ)

⇒ important: l̃-pair prod. searches

⇒ naive application of LHC bounds fails
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Relevance of recast (II): l̃-coannihilation: mχ̃0
1
-m

χ̃±
1

plane: CheckMATE

[M. Chakraborti, S.H., I. Saha ’21 ] (new (g − 2)µ)

⇒ important: χ̃±
1 χ̃

0
2 production searches ⇒ see talk by M. Chakraborti yesterday

Sven Heinemeyer – SUSY23, Southampton, 21.07.2023 29



Relevance of recast (II): l̃-coannihilation: mχ̃0
1
-m

χ̃±
1

plane: CheckMATE

[M. Chakraborti, S.H., I. Saha ’21 ] (old (g − 2)µ)

⇒ important: χ̃±
1 χ̃

0
2 production searches

⇒ naive application of LHC bounds fails
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SUSY Higgs searches ⇒ BSM Higgs searches

− HiggsBounds

Most important BSM Higgs searches for (N)MSSM:

pp → H/A → τ+τ−

ATLAS and CMS published −2 lnL values for 13 TeV

− ATLAS with full Run 2 data

− CMS (so far) full Run 2 data

Narrow resonance (φ) toy model in three dimensions: mφ, σggφ, σbbφ

⇒ full −2 lnL result for many BSM models in HiggsBounds
via simple algorithm [P. Bechtle, S.H., O. St̊al, T. Stefaniak, G. Weiglein ’15 ]

⇒ re-interpretation in the (N)MSSM possible
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Experimental data [ATLAS ’20]

expected observed

⇒ note the nice excess at ∼ 400 GeV :-)
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Validation: [HiggsBounds 5 ’20]

⇒ χ2(H/A → τ+τ−) can reliably be used in the MSSM
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hSUSY
125 properties

− HiggsSignals (⇒ including all relevant Run 2 data already)

− Lilith

Example: 2HDM type II (mA = mA = mH± = m12/
√
sinβ cosβ = 800 GeV)
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6. Global SUSY interpretations

− MasterCode
− Gambit

Combine:

− SUSY searches (LHC)

− Higgs searches (LHC/Tevatron/LEP)

− h125 properties

− DM relic abundance and DD limits

− flavor observables (SuperIso)
− (g − 2)µ

− electroweak precision observables

Investigated models: (mostly MasterCode)
⇒ CMSSM, NUHM1, NUHM2 mAMSB, sub-GUT, mSUGRA, SU(5),. . .

⇒ pMSSM7/10/11, . . .

⇒ one result in the pMSSM11
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Remeber the ATLAS and CMS excess of SUSY23?

⇒ m
χ̃±
1
∼ 250 GeV, mχ̃0

1
∼ 220 GeV

⇒ what does an MSSM fit to all data say to this?
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pMSSM11: m
χ̃±
1
–mχ̃0

1
plane [2017]

⇒ best-fit point exactly where ATLAS and CMS see the excess! :-)
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7. Conclusinos

• SUSY appears to be close to discovery! :-)

• We need precision SUSY predictions for (HL-)LHC, e+e− colliders,

precision observables, . . .

• Many predictions for SUSY and SUSY-Higgses are

available in public codes/tools
− sometimes with sufficient precission

− sometimes with (very) insufficient precission

⇒ use them!!

(but not as a black black box!)

⇒ concentrate on the new, umexplored phenomenology

• . . . and do not forget to give proper citation!
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Example I: Γ(χ̃±
2 → χ̃0

1W
±) with µDR varied: |detAl|
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Example I: Γ(χ̃±
2 → χ̃0

1W
±) with µDR varied: tree
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Example I: Γ(χ̃±
2 → χ̃0

1W
±) with µDR varied: loop
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Example I: Γ(χ̃±
2 → χ̃0

1W
±) with µDR varied: full
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Example I: Γ(χ̃±
2 → χ̃0

1W
±) with µDR varied: best
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