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Where do we stand?

• After decades of work, the Higgs discovery was a big 
success for particle physics.

• More and more precision measurements and 
searches.

• The SM precisely describes a large variety of 
processes over many order of magnitudes.

• So, particle physics is doing great?!
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“We crave for new sensations but soon become 
indifferent to them. The wonders of yesterday are 
today common occurrences.”
Nikola Tesla

Neutrino masses …..
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“We crave for new sensations but soon become 
indifferent to them. The wonders of yesterday are 
today common occurrences.”
Nikola Tesla

→ So far no evidence for BSM physics…

Dark matter

Nature of EWSB

Baryon asymmetry
Neutrino masses

Naturalness

…..

Goal for future collider: Bring as closer to answering these questions!

But: motivation to search for BSM physics is still unbroken.
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Where can we go from here?

Where should we go from here?

Ideally, we want to construct a “no-loose” experiment.

Side note: the LHC was such an experiment, since without the Higgs the SM is inconsistent.
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Where to search for new physics?

• Long time expectation:

• BSM physics close to the EW scale with 
couplings of SM size.

• Based on naturalness arguments (SUSY, 
composite Higgs, …).

• By now many alternative scenarios which don’t 
require BSM physics close to the EW scale.

• Example: DM models with masses from 10!"" 
eV to 10#" eV
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Where to search for new physics?
• Plethora of BSM models with all type of masses 

and couplings.

• How can we learn about light BSM physics?
• How can we learn about heavy BSM physics?

→ talk outline: discuss examples for both.
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Constraining light BSM physics
The top lamppost and rare decays [HB,Koren,Wang, 2307.11154]
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Top quarks are produced in large numbers at hadron colliders:
• → ∼ 10$   top quarks at the end of HL-LHC
• → ∼ 10#" top quarks at FCChh

⇒ Unique opportunity to search for rare top-quark decays induced by             
     BSM physics!

Existing experimental searches (examples):

• SM final states: 𝑡 → 𝐻𝑞, 𝑍𝑞, 𝛾𝑞, ℓ%ℓ!𝑞

• BSM final states: 𝑡 → 𝑋(→ 𝑏0𝑏)𝑞 with 𝑋 being a scalar

Can we do this in a more systematic manner?

Searching for light BSM physics: rare top decays
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• Rare top-quark decays with SM final state can be 
parameterized using SMEFT (see e.g. [Bradshaw & Chang 
2304.06063]).

ℒ = ℒ&' +5
(,*

𝑐*
Λ(
𝒪(*

• Additionally, we also consider the possibility of light BSM 
particles:

• scalar singlet 𝑆 (e.g. ALP),
• fermionic singlet 𝑁 (e.g. sterile neutrino),
• light gauge boson 𝑍+ (e.g. from gauging 𝐵, − 𝐿,),
• not discussed here: light charged Higgs boson.

⇒ New operators and final states.

Rare top decays — EFT classification
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Rare top-quark decays I

• Investigate operators individually.
• Set Λ = 1 TeV, 𝑐(* = 1, and 𝑚- = 𝑚. = 𝑚/! = 10 

GeV as a benchmark.
• Calculate branching ratio for different final states.
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Rare top-quark decays I

• Investigate operators individually.
• Set Λ = 1 TeV, 𝑐(* = 1, and 𝑚- = 𝑚. = 𝑚/! = 10 

GeV as a benchmark.
• Calculate branching ratio for different final states.

• Sizeable branching ratios/number of 
events for various operators.

• Various final states which can be 
probed with current and future data.

⇒ Huge potential for future searches!
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Rare top-quark decays II
• Decays of BSM particles can be parameterized by adding 

additional operators (not involving the top-quark):

• e.g. 𝑆 → 𝑏0𝑏, 𝜏%𝜏!, 𝛾𝛾 etc.                                                                                    
(e.g. [Banerjee et al. 1806.02836, Bhattacharyya et al. 2212.09061]),

• potentially long-lived depending on size of Wilson 
coefficients                                                                                     
(see e.g. discussion of 𝑡 → ALP + 𝑞 in [Carmona et al. 2202.09371]).
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What if we just have top-decay operators?



Rare top-quark decays III
Considering only top decay operators, the BSM particles can either be

• stable if only operators involving two BSM particles are 
considered   (e.g. due to ℤ" symmetry)                                                     
→ missing energy signature,

• decay via loop-induced corrections: e.g. 𝑁 → 𝜈𝑏0𝑏 .

• Depending on the lifetime, we have different signatures:
• missing energy signature,
• LLP signature,
• prompt decays.

• Second top quark in di-top events is a natural trigger.
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Rare top-quark decays III
Considering only top decay operators, the BSM particles can either be

• stable if only operators involving two BSM particles are 
considered   (e.g. due to ℤ" symmetry)                                                     
→ missing energy signature,

• decay via loop-induced corrections: e.g. 𝑁 → 𝜈𝑏0𝑏 .

• Depending on the lifetime, we have different signatures:
• missing energy signature,
• LLP signature,
• prompt decays.

• Second top quark in di-top events is a natural trigger.

Many interesting unexplored signatures for prompt and long-lived searches.
Henning Bahl 12



Other searches for rare BSM decays
Similar possibilities for other SM particles and for lepton colliders:

• rare 𝑍 boson decays (e.g., ∼ 10#" 	 𝑍+s at FCCee),

• rare Higgs boson decays,

• …
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Constraining heavy BSM physics
The Higgs lamppost and the interplay with precision 
measurements 
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What to learn from Higgs precision measurements?

Express these constraint 
e.g. using SMEFT

Henning Bahl 15
[Elmer et al., 2312.12502]
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Higgs precision at future colliders

• Great tool to benchmark different 
colliders against each other.

• But how can we connect this to the 
“big open questions”?

• E.g.: study of strong 1st order phase 
transitions using EFTs very limited. 
(see e.g. [Postma&White, 2012.03953])

• And what about the interplay with 
searches?

Henning Bahl 16
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Constraining concrete BSM models

• Higgs precision measurements put 
stringent constraints on many BSM 
scenarios.

[Snowmass 2209.07510]

Simplified scaling analysis:

• 1% precision constrains BSM particles 
with mass from 100 GeV to several TeV.

Henning Bahl 17



Case study: Higgs singlet extension
Very simple model allowing for strong 1st order phase transition:

𝑉&&' Φ, 𝑆 = 𝑉&' Φ + #
"
𝜇-"𝑆" +

#
0!
𝜆-𝑆0 + 𝜆-2𝑆"Φ3Φ 

If 𝑆 receives a vev (𝑆 = 𝑣- + 𝑠), it mixes with the SM Higgs

ℎ = cos𝛾	ℎ4 + sin𝛾	𝑆,
𝑠 = −s𝑖𝑛𝛾	ℎ4 + cos𝛾	𝑆,

All interactions of ℎ are modified by cos𝛾.

5"#
$ 6"

$

"7%
$

6$

7%
$ ≃ sin" 𝛾

1% precision on Higgs couplings → 1% limit on sin" 𝛾 .

Assuming 𝜆-,-2 ≃ 1, this limits 𝑚- ≲ 1.7 TeV .
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What about direct searches? — SSM

• Consider VBF production of s at a future 
muon collider (𝜎 ∝ sin"𝛾) with 𝑠 → ℎℎ → 𝑏𝑏𝑏𝑏

• Strong constraints from direct searches 
(without assumption on size of 𝜆-,-2).
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Direct searches are often stronger than precision measurements!

Also true at the LHC and holds also for other models!
Henning Bahl 19

[Ali et al., 2103.14043]



What about direct searches? — MSSM

Henning Bahl 20

[HB et al., 2005.14536]



What about direct searches? — MSSM

Henning Bahl 20

[HB et al., 2005.14536]



What about direct searches? — MSSM

Henning Bahl 20

[HB et al., 2005.14536]



What about direct searches? — 2HDM

𝑝𝑝 → 𝜙 → 𝜏𝜏

• Precision measurements and searches are 
complementary.

• We need benchmark models to exploit this 
complementarity!
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𝑝𝑝 → 𝜙 → 𝜏𝜏

• Precision measurements and searches are 
complementary.

• We need benchmark models to exploit this 
complementarity!

Just looking at projected precision levels is 
underselling the potential of future colliders!

What if the BSM sector is protected 
by a 𝑍" symmetry?

21
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The SSM ”nightmare” scenario
𝑉&&' Φ, 𝑆 = 𝑉&' Φ +

1
2𝜇-

"𝑆" +
1
4! 𝜆-𝑆

0 + 𝜆-2𝑆"Φ3Φ

If there is an exact 𝑆 → −𝑆 symmetry, 𝑆 does not get a vev.

• No mixing with SM Higgs.

• All Higgs couplings are SM-like at the tree level.

• Also searches very difficult, since 𝑆 has to be pair produced via the 125 GeV Higgs.

What about loop-level effects on the Higgs couplings?
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Loop-level deviations in the SSM

The dominant correction to single Higgs couplings scale like (𝑚-
" = 𝜇-" + 𝜆-2𝑣"):
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Loop-level deviations in the SSM

The dominant correction to single Higgs couplings scale like (𝑚-
" = 𝜇-" + 𝜆-2𝑣"):
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What about multi-Higgs couplings?
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Deviation in 𝜆@@@  enhanced by a factor 7"
$

6$5#
'( 1 − >"

$

7"
$  w.r.t. to other Higgs couplings!
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The Higgs trilinear as a precision probe

Similar results in 
other models.
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The Higgs trilinear as a precision probe

The Higgs trilinear is not only an indicator for a strong 1st order phase transition but also 
probes parameter regions not accessible by other measurements/searches!

Similar results in 
other models.
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Conclusions
• Many possibilities for BSM physics.

• Precise investigation of SM particles allows us to
• search for low-mass BSM particles via rare decays,
• probe high-mass BSM physics via precision 

measurements.

• Looking at simple extensions of the SM allow to 
• connect the experimental results to the big open 

questions,
• exploit the complementarity between precision 

measurements and searches (and astro/cosmo).

• Each piece of information (coupling, search, etc.) is 
important!
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• Many possibilities for BSM physics.

• Precise investigation of SM particles allows us to
• search for low-mass BSM particles via rare decays,
• probe high-mass BSM physics via precision 

measurements.

• Looking at simple extensions of the SM allow to 
• connect the experimental results to the big open 

questions,
• exploit the complementarity between precision 

measurements and searches (and astro/cosmo).

• Each piece of information (coupling, search, etc.) is 
important!

SM
 particles

Thanks for your attention!
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