
Carlos’ 60th birthday at HH22:
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Discoveries through the Higgs Boson(s)

Sven Heinemeyer, IFT (CSIC, Madrid)

Chicago, 05/2023

• Two joint papers (out of many)

• BSM Higgs physics (what connects us)

• I found >
∼ 100 photos

→ will show only a tiny fraction ;-) (→ 3 intermezzi)

. . . surprizingly few photos in which Marcela or Carlos are working . . .
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My first recollection . . .

DESY Theory workshop in 1996(?)
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My first recollection . . .

DESY Theory workshop in 1996(?)

A young physicist doing his PhD gives a parallel talk

In the back row a guy is sitting, feet up, constantly making strange remarks

⇒ Carlos

Little did I know that Carlos and Marcela would become close friends

with common interests,

with the same passion (for BSM Higgs physics),

and that we will have many interesting(?) papers together (cit. av. >
∼ 300)

Even the age difference goes to zero . . .
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The earliest photo that I found: Uli’s birthday party in Naperville 2004

Sven Heinemeyer, Marcela-Carlos-Fest, 05/27/2023 3



Now for the two papers:

Inspire: a carena, m. and wagner, c. and heinemeyer → 23 (9) results

The first and the last:

They have more in common than one may think . . .
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First the first paper: (the second paper comes in the end)

⇒ note the arXiv number!

⇒ the second paper in the new millenium (modulo 2000 vs. 2001)
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Light BSM Higgs bosons
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Case study: Search for pp → φ → γγ: excess at mφ ∼ 95 GeV

[CMS ’17, ATLAS ’18, S.H., T. Stefaniak ’18] µCMS = 0.6± 0.2

⇒ if there is something, it would look exactly like this!
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NEW: Full Run 2 results from CMS: [CMS ’23]

µγγ = [σ(gg → h95)×BR(h95 → γγ)]exp/SM = 0.33+0.19
−0.12
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New CMS/ATLAS comparison: [T. Biekötter, S.H., G. Weiglein ’23]

⇒ ATLAS update expected for May/June ’23 . . .
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Last week . . .
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ATLAS latest low-mass γγ results:
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ATLAS latest low-mass γγ results:

⇒ only for mγγ ≤ 70 GeV ARGH! ⇒ I need a break
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Intermezzo I: first workshop photos: LCWS 2006 Vancouver
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Intermezzo I: first workshop photos: LCWS 2006 Vancouver
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Intermezzo I: first HDays 2009
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Intermezzo I: Aspen 2013
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End of intermezzo I: SUSY 2014
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Remember the LEP excess?

µbb(98 GeV) =
[

σ(e+e− → Zh)×BR(h → b̄b)
]

exp/SM
= 0.117± 0.057

Sven Heinemeyer, Marcela-Carlos-Fest, 05/27/2023 18



S2HDM:

Three neutral CP-even Higgses:
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Coupling to fermions: (same pattern as in 2HDM)

u-type (chitt) d-type (chibb) leptons (chiττ)

type I Ri2
sβ

Ri2
sβ

Ri2
sβ

type II Ri2
sβ

Ri1
cβ

Ri1
cβ

type III (lepton-specific) Ri2
sβ

Ri2
sβ

Ri1
cβ

type IV (flipped) Ri2
sβ

Ri1
cβ

Ri2
sβ

“Physical” input parameters:

α1,2,3 , tanβ , v , vS , mh1,2,3 , mA , MH± , mχ , m2
12
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Needed to fit the two excesses: mh1 ∼ 95 GeV, mh2 ∼ 125 GeV

− c2h1V V strongly reduced for µLEP

− ch1bb reduced to enhance BR(h1 → γγ)

− ch1tt not reduced for µCMS

− ch1ττ possibly reduced to enhance BR(h1 → γγ)

Decrease ch1b̄b
No decrease ch1tt̄ No enhancement ch1τ τ̄

type I (R12
sβ

) :-) (R12
sβ

) :-( (R12
sβ

)

type II (R11
cβ

) :-) (R12
sβ

) :-) (R11
cβ

)

type III (R12
sβ

) :-) (R12
sβ

) :-( (R11
cβ

)

type IV (R11
cβ

) :-) (R12
sβ

) :-) (R12
sβ

)

Type II and IV: ch1bb and ch1tt independent

Type II vs. IV: ch1ττ can be suppressed or enhanced

⇒ only type II and IV can fit CMS and LEP excesses
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The new τ+τ− excess [CMS ’22]

Can you spot the excess?
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The new τ+τ− excess [CMS ’22]

Can you spot the excess? At 95− 100 GeV?
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Better visible here, focusing on 100 GeV: [CMS ’22]

⇒ clear excess of ∼ 3σ at ∼ 100 GeV
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Now we have three excesses at ∼ 95 GeV

µexpbb = 0.117± 0.057, µexpγγ = 0.35± 0.12, µexpττ = 1.2± 0.5

corresponding to

µexpbb ∼ 2σ, µexpγγ ∼ 3σ, µexpττ ∼ 2.4σ

Three (effectively) independent channels

⇒ no LEE (as theorist I am allowed to add naively)

⇒ ∼ 4.3σ

χ2
95 =

(µtheobb − 0.117)2

(0.057)2
+

(µtheoγγ − 0.35)2

(0.12)2
+

(µtheoττ − 1.2)2

(0.5)2

Can we fit all excesses together? ⇒ first another break
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Intermezzo II: before the pandemic: HH16
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Intermezzo II: before the pandemic: SUSY16

Sven Heinemeyer, Marcela-Carlos-Fest, 05/27/2023 25



Intermezzo II: before the pandemic: HPNP17
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End of intermezzo II: before the pandemic: HPNP17
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S2HDM type II vs. type IV [T. Biekötter, S.H., G. Weiglein ’23]

Color coding: χ2
125 from HiggsSignals

⇒ both type II and IV can fit the γγ and bb excesses
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S2HDM type II vs. type IV [T. Biekötter, S.H., G. Weiglein ’23]

Color coding: χ2
125 from HiggsSignals

⇒ only type IV can fit marginally the γγ and ττ excesses
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SUSY realizations

What about SUSY??

⇒ first a final intermezzo
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Intermezzo III: during the pandemic: (g − 2)µ with a beer (2021)
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Intermezzo III: after the pandemic: back to normal at HH22
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Sven Heinemeyer, Marcela-Carlos-Fest, 05/27/2023 33



Intermezzo III: after the pandemic: women power at HDays22
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Intermezzo III: HDays22: the Marcela-Rule
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End of intermezzo III: HDays22: the γγ bet
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SUSY realizations

What about SUSY??
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SUSY realizations

What about SUSY??

⇒ type II is needed for SUSY

⇒ ττ excess most strongly in contradiction with other measurements

⇒ leave ττ excess out for a moment . . .
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SUSY realizations

What about SUSY??

⇒ type II is needed for SUSY

⇒ ττ excess most strongly in contradiction with other measurements

⇒ leave ττ excess out for a moment . . .

⇒ models with an additional singlet??

− NMSSM

− µνSSM

− . . .

Q: Can the models fit the excesses despite the additional SUSY

constraints on the Higgs sector ???
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What about the NMSSM? [F. Domingo, S.H., S. Passehr, G. Weiglein ’18]

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 well with new µγγ!
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What about the µνSSM?

µνSSM: [D. Lopez-Fogliani, C. Muñoz ’06]

µνSSM: NMSSM + well motivated RPV (in simple terms)

⇒ EW scale seesaw to reproduce the neutrino data

Sven Heinemeyer, Marcela-Carlos-Fest, 05/27/2023 39



What about the µνSSM?

µνSSM: [D. Lopez-Fogliani, C. Muñoz ’06]

µνSSM: NMSSM + well motivated RPV (in simple terms)

⇒ EW scale seesaw to reproduce the neutrino data

Can the µνSSM explain the two excesses?

[T. Biekötter, S.H., C. Muñoz ’17]
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Can the µνSSM explain the two excesses?

[T. Biekötter, S.H., C. Muñoz ’17]

⇒ Yes! :-)

using the new µγγ!

Sven Heinemeyer, Marcela-Carlos-Fest, 05/27/2023 40



Why does SUSY prefer the new µγγ?

[T. Biekötter, S.H., C. Muñoz ’19]

⇒ SUSY enforces strong correlation!

⇒ LEP excess enforces µγγ <
∼ 0.35
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And very finally: a photo from SUSY’09 . . .

. . . that introduces the second paper
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Howie and Marcela as a model for the poster of the KUTS workshop series:
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The final KUTS report: (with topical overlap with the first paper ;-)

In 2020 we got it out juuuuust in time :-)
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Happy Birthday, Marcela and Carlos!!

One down, four to go!
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