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1. Motivation

Fact I:

We have a discovery!
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1. Motivation

Fact I:

We have an SM-like discovery!
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Fact II:

The SM cannot be the ultimate theory!

Some facts:

1. gravity is not included

2. the hierarchy problem

3. Dark Matter is not included

4. neutrino masses are not included

5. anomalous magnetic moment of the muon shows a ∼ 4σ discrepancy
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Fact I & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs”!
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The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs”!

Q: Does the BSM physics have any (relevant) impact on the Higgs?

Q’: Which model?
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Fact I & II:

We have a discovery!

The SM cannot be the ultimate theory!

Conclusion: It cannot be “the SM Higgs”!

Q: Does the BSM physics have any (relevant) impact on the Higgs?

Q’: Which model?

A1: check changed properties

A2: check for additional Higgs bosons

A2’: check for additional Higgs bosons above and below 125 GeV
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Which model should we focus on?

Some “recent” measurements:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)
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Which model should we focus on?

Some “recent” measurements:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)

Simple SUSY models predicted correctly:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)
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Which model should we focus on?

Some “recent” measurements:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)

Simple SUSY models predicted correctly:

− top quark mass

− Higgs boson mass

− Higgs boson “couplings”

− Dark Matter (properties)

⇒ good motivation to look at SUSY! :-)
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2. NMSSM Higgs boson decays

Needed for LHC/ILC/CLIC/. . . 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 ⇐ focus here

• . . .

⇒ (partially) provided by FeynHiggs
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The MSSM:

⇒ Superpartners for Standard Model particles
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MSSM Higgs sector: Two Higgs doublets
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a
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+
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8︸ ︷︷ ︸

(H1H̄1 −H2H̄2)
2 +

g2

2︸︷︷︸
|H1H̄2|2

gauge couplings, in contrast to SM

physical states: h0, H0, A0, H±

Goldstone bosons: G0, G±

Input parameters: (to be determined experimentally)

tanβ =
v2
v1

, M2
A = −m2

12(tanβ + cotβ )
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NMSSM Higgs sector (Z3 invariant NMSSM)

MSSM Higgs sector: Two Higgs doublets
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NMSSM Higgs sector (Z3 invariant NMSSM)

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
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Free parameters:

λ, κ, Aκ, MH±, tanβ, µeff = λvs
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Higgs spectrum:

CP−even : h1, h2, h3

CP−odd : a1, a2

charged : H+, H−

Goldstones : G0, G+, G−

Neutralinos:

µ → µeff

compared to the MSSM: one singlino more

→ χ̃0
1, χ̃

0
2, χ̃

0
3, χ̃

0
4, χ̃

0
5
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Mass of the lightest CP-even Higgs:

m2
h,tree,NMSSM = m2

h,tree,MSSM +M2
Z
λ2

g2
sin2 2β

Mass of the CP-odd Higgs:

MSSM : M2
A = −m2

12(tanβ + cotβ ) = µB(tanβ + cotβ )

NMSSM : ”M2
A” = µeffBeff(tanβ + cotβ )

with Beff = Aλ + κ s, µeff = λ s ⇒ one very light a1

Mass of the charged Higgs:

MSSM : M2
H± = M2

A +M2
W = M2

A +
1

2
v2g2

NMSSM : M2
H± = M2

A + v2
(

g2

2
− λ2

)
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Mass of the lightest CP-even Higgs:

m2
h,tree,NMSSM = m2

h,tree,MSSM +M2
Z
λ2

g2
sin2 2β

Mass of the CP-odd Higgs:

MSSM : M2
A = −m2

12(tanβ + cotβ ) = µB(tanβ + cotβ )

NMSSM : ”M2
A” = µeffBeff(tanβ + cotβ )

with Beff = Aλ + κ s, µeff = λ s ⇒ one very light a1

Mass of the charged Higgs:
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2
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H± = M2
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(
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⇒ M
MSSM,tree
h1

≤ M
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, one light a1, M
MSSM,tree
H± ≥ M

NMSSM,tree
H±
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The FeynHiggs Ansatz for masses (taken from talk by [P. Drechsel ’16] )

General idea: treat the MSSM part exactly as in the MSSM

⇒ any deviation from the MSSM can directly attributed

to the extended model!

⇒ kind of obvious, but only FeynHiggs does it . . .
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The FeynHiggs Ansatz for masses (taken from talk by [P. Drechsel ’16] )

General idea: treat the MSSM part exactly as in the MSSM

⇒ any deviation from the MSSM can directly attributed

to the extended model!

⇒ kind of obvious, but only FeynHiggs does it . . .

⇒ same Ansatz for Higgs decays!
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What is included in FeynHiggs (so far):

Evaluation of all MSSM Higgs boson masses and mixing angles

• Mh1,Mh2,Mh3,MH± , αeff, Zij, Uij, . . . ⇒ precision disussed before

Evaluation of all neutral MSSM Higgs boson decay channels (so far)

• total decay width Γtot

• BR(hi → ff̄): decay to SM fermions: full 1L, running mq at 3L, Zij

• BR(hi → Z(∗)Z(∗),W (∗)W (∗)): decay to massive SM gauge bosons:

Prophecy4f ⊕ coupling factors, Uij

• BR(hi → γγ, gg): decay to massless SM gauge bosons:

NLO QCD, gg: NNLO, NNLL from SM, Uij

• BR(hi → hjZ
(∗), hjhk): decay to gauge and Higgs bosons:

hjZ
(∗): Uij, hjhk: full 1L, log-resum, Zij

• BR(hi → f̃if̃j): decay to sfermions: Uij

• BR(hi → χ̃±
i χ̃

∓
j , χ̃

0
i χ̃

0
j ): decay to charginos, neutralinos: Uij
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FeynHiggs “workflow”:
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Idea for this work: [slide from F. Domingo]

In the future: FeynHiggs 3.0

⇒ few numerical examples for the Higgs decays
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Bringing the NMSSM to the same level: NMSSM in the MSSM limit

[slide from F. Domingo]
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Bringing the NMSSM to the same level: NMSSM [slide from F. Domingo]
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Bringing the NMSSM to the same level: NMSSM [slide from F. Domingo]
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Overall (N)MSSM Higgs decay uncertainty estimates

• hi → qq̄: SM-like: SM NNLO QCD, EW NNLO, SUSY 2L: ∼ 5%

heavy: as SM-like, Sudakov logs: ∼ 5− 10%

• hi → ℓℓ̄: SM-like: <∼ 1%

heavy: Sudakov logs for very heavy Higgses <∼ 10%

• hi → WW (∗), ZZ(∗): SM-like: <∼ 1%

heavy: missing 2L (very small width): <∼ 50%

• hi → γγ, gg, γZ: γγ: NNLO QCD, EW: <∼ 4%

gg: NNLO QCD, EW: <∼ 4%

γZ: NLO: ∼ 5%

• hi → SUSY SUSY: [S.H., C. Schappacher ’14-’16]

1L effects 10− 20%, 2L?

• all decays: Uij, Zij: few %, effects close to threshold?

⇒ approaching LC precision for SM-like Higgs (not for heavy Higgses yet)
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3. φ96 → γγ

− What was seen in Run I?

− What was seen in Run II?

− What was seen at LEP?

− Should we get excited?

− What about the NMSSM?
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What was seen at Run I? [S. Shotkin, talk at HDays17]
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What was seen at Run II? [S. Shotkin, talk at HDays17]
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What was seen at Run II? [S. Shotkin, talk at HDays17]
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What was seen at Run II? [S. Shotkin, talk at HDays17]
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What was seen at Run II? [S. Shotkin, talk at HDays17]

µCMS(96 GeV) = [σ(pp → h1)×BR(h1 → γγ)]exp/SM = 0.6± 0.2
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What about ATLAS?

Note: ATLAS gives fiducial cross section! Conversion factor: 1/0.45

⇒ ATLAS and CMS exclusion limit identical! (120 fb)

Q: why does ATLAS has same sensitivity with twice amount of data?
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What was seen at LEP?

µLEP(98 GeV) =
[

σ(e+e− → Zh1)×BR(h1 → b̄b)
]

exp/SM
= 0.117± 0.057
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Should we get excited? [talk by L. Finco, HiggsHunting 18]

Q: When do you dare to something “significant”?
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What about the NMSSM?

Parameters:

λ = 0.6, κ = 0.035, tanβ = 2, µeff = (397 + 15x) GeV, MH± = 1 TeV,

Aκ = −325 GeV, MSUSY = 1 TeV, At = Ab = 0

⇒ both “excesses” can be fitted simultaneously!
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4. Conclusinos

• High precision predictions in BSM models for Higgs physics are needed!

→ to match experimental accuracy at the LHC and ILC/CLIC

• FeynHiggs provides these predictions for the MSSM

(⇒ code adopted by the LHCHXSWG)

• It is high time for MSSM → NMSSM

. . . with the same workflow!

FeynHiggs Ansatz: combine genuine NMSSM calculations

with higher-order MSSM corrections

• Re-vamp the Higgs decay calculations:

− check/improve MSSM

− NMSSM in exactly the same way

− numerical examples to show the size of the effects

• φ96 → γγ:

− CMS sees interesting “excess”, ATLAS has the same limits

− LEP saw φ98 → b̄b

⇒ NMSSM can explain both excesses simultaneously
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