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Dark Hadrons: Long-Lived Particles
Suppressed coupling: long-lived

[J. Antonelli]

Interesting: emerging/semivisible jets 

containing dark hadrons

[T. Adams, et al.]

LLPs 

in the SM

Dark hadrons?

[P. Schwaller, et al.] [T. Cohen et al.] [Cheng, Li, and E. Salvioni]

Displaced decays

https://indico.cern.ch/event/517268/contributions/2041293/attachments/1272363/1886050/Antonelli_CMS_LLP_May12.pdf
https://arxiv.org/pdf/1903.04497.pdf
https://arxiv.org/pdf/1502.05409.pdf
https://arxiv.org/pdf/1503.00009.pdf
https://arxiv.org/pdf/2110.10691.pdf


asymmetric dark matter 
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Dark QCD

The SM SU(3)C × SU(2)L × U(1)Y

QCD may give hints on the dark sector.

neutral naturalness 
Top partners gauged under hidden SU(3): 


to avoid strong bounds

Dark QCD

[Burdman. et al.]
[Chacko. et al.]

The (mirror) baryon number stabilises DM.


[D. Kaplan et al.]

Multiple motivations

https://arxiv.org/pdf/hep-ph/0609152.pdf
https://arxiv.org/pdf/hep-ph/0506256.pdf
https://arxiv.org/pdf/0901.4117.pdf
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Dark QCD
Visible world:


QCD: hadrons, like pion

Dark sector:

QCD-like:  dark hadrons, like dark pion

Mixing

π

̂π

an edible pie

a moldy pie
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Dark QCD and U(1)’: Mixing with the SM

Quark Mixing Gauge Mixing

[Cheng. et al.] [Cheng, Li. et al.]

Q: heavy EW Doublet

ℒ ∼
ci

2M2 (iH† ↔
Dμ H)(ψ̄′￼i γμ ψ′￼i) : SM chargelessψ′￼i

Z’: additional U(1)

To replace Higgs w VEV:

https://arxiv.org/pdf/1906.02198.pdf
https://arxiv.org/pdf/2110.10691.pdf


Mainly constrained by 

EW precision observables: not strong 6

Kinetic, mass and scalar mixing
Φ : U(1)’ scalar, dominantly for M̂Z′￼

Dark QCD and U(1)’: Mixing with the SM

Heavy Z’: to integrate it out: EFTs
Relative light Z’ (above  meson mass):Υ

~10 GeV
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Dark showers (DS) initiated by Z(Z’) decays

Exotic decay BR of Z(Z’)

Dark Showers

LLP!Z(Z′￼) → ψ̄D ψD ⟹ ̂π
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Decays with FCNC
Dark hadrons: light enough

b → s : B → K ̂π
LLP!

Z or Z’ as mediator, but EFT reads:

Dark current SM down-type FCNC

[He, Tandean and Valencia]

c → u : D → π ̂π
s → d : K → π ̂π

https://arxiv.org/pdf/0909.3638.pdf


9

Decay Modes
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ALP-like dark pion [Cheng, Li, and E. Salvioni]

Di-muon dominates at light masses;

Still relevant for heavy cases

3-pi channel 

be important,


w 

dark pion 


being heavy

Excellent Channel!

̂π → μ+μ−

https://arxiv.org/pdf/2110.10691.pdf
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Z-Factory
CEPCFCC-ee

 circular 
collider

e+e−
Z factory

Europe China
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Z-Factory

Abundant b-hadrons
4 Tera-ZBkg Free: Nsig = 3

Z abundance:

Clean env for 

Z exotic decay studies

∼ 𝒪(1012)
DS

FCNC

m ̂π = 0.65 or 2 GeV
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(HL-)LHC(b)

Displaced dimuon candidate search at LHCb;

Dimuon trigger stream (scouting) at CMS.
[LHCb Collaboration]

[CMS Collaboration]

Large combinatoric backgrounds 


However, 

Limited detector geometry


CMS:  
ℓxy(μ+μ−) < 11 cm

https://arxiv.org/pdf/2007.03923.pdf
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/index.html
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Auxiliary Detectors for LLPs

[FASER Collaboration]

Run 3: FASER collecting data!

FASER w cylinder structure to probe forward region
Only muons and neutrinos in the SM

Codex-b [Berlin, and Kling.]

[Kling, and Trojanowski]

Mathusla [MATHUSLA Collaboration.]

https://arxiv.org/pdf/1811.12522.pdf
https://arxiv.org/pdf/1810.01879.pdf
https://arxiv.org/pdf/2105.07077.pdf
https://arxiv.org/pdf/2203.08126.pdf
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FCNC at Auxiliary Detectors
FCNC:

m ̂π = 3.5 GeV

Nsig = 3
Believe to be bkg free!

FASER: to validate soon!

Preliminary

B → K ̂π (b → s), D → π ̂π (c → u), K → π ̂π (s → d)

Different in geometry:

sensitive to 


various lifetime

[Credit: Royal Society / Emma Torro Pastor]
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Summary and Many Thanks

Hints from QCD;

Dark QCD: dark hadrons, well-motivated.

Dark hadrons to be long-lived, 

as long as with a suppressed coupling.

Z factories like CEPC,

and auxiliary detectors like FASER: 

to be promising!
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Back-Up
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Direct Searches

pp → . . . → B → K ̂π( → μ+μ−)
B moves away from PV 


before its decay.

LHCb: search for di-muon resonances [LHCb Collaboration]

inclusive produced
prompt produced

5.1 fb−1

HL-LHCb
300 fb−1

https://arxiv.org/pdf/2007.03923.pdf
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Opportunities at (HL-)LHC
ATLAS/CMS: larger luminosity and decay vessel.
A dedicated dimuon trigger stream (scouting)

[CMS Collaboration]

ℓxy ∈ [0, 11] cm
di-muon transverse displacement

Limited by detector geometry

Large bkg

conservative or aggressive
Benchmarks of trigger efficiency:

But both improved

95 % C.L.@13/14 TeV

https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/index.html

