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Hidden Valley Models
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Hidden Valley Models: t-channel mediator
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Hidden Valley Models: t-channel mediator
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DM candidate: dark baryon



Hidden Valley Models: t-channel mediator
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DM candidate: dark baryondark pion dark matter is also possible!



Dark pion dark matter in Hidden Valleys
expand SM by:
•  GSM ×  𝑆𝑈(3)𝐷• 𝐧𝐟  > 3 dark quarks charged under 𝑆𝑈(3)𝐷
⟹ nf2 − 1 dark pions
flavour symmetry breaking now:
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Dark pion dark matter in Hidden Valleys

V is unitary nf × nf matrixU is unitary 3 × 3 matrix
D is diagonal nf × 3 matrix
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Dark pion dark matter in Hidden Valleys

V is unitary nf × nf matrix, 𝐧𝐟 = 4U is unitary 3 × 3 matrix ⟹
D is diagonal nf × 3 matrix
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Dark pion dark matter in Hidden Valleys

⟹

⟶ 3 decaying diagonal dark pions
⟶ 6 decaying off-diagonal dark pions
⟶ 6 stable off-diagonal dark pions
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Dark pion interactions
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Boltzmann Equations

Christiane Scherb Co-decaying dark matter in a Hidden Valley 15



Boltzmann Equations
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Boltzman equations
Assumptions:
1. kinetic equilibrium:
2. thermal equilibrium:
3. decaying dark pions decay instantly
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Boltzman equations
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Dark Matter parameter space

19Co-decaying dark matter in a Hidden ValleyChristiane Scherb

PREL
IMINA

RY



Dark Matter parameter space
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indirect detection

CMB

direct detection(1cm)

direct detection(0.01cm)
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Dark Matter parameter space
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Dark pion production at LHC
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Signatures
1.decaying dark pions decay promptly ⟶ four jets/semi-visible
jets
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Couplings to up-type quarks
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Coupling to up-type quarks
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Couplings to down-type quarks
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Parameter space

Christiane Scherb Co-decaying dark matter in a Hidden Valley 30

PREL
IMINA

RY



Parameter space
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LHC bounds depend on dark hadronization modeling



Dark jets
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dark sector shower

dark sector hadronization

dark hadron decay

SM shower

SM hadronization
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Lund String Fragmentation
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Lund String Fragmentation
• when quarks separate force between them increases forming string-likepotential
• for large enough potential energy string breaks
⟶ creates new quark-antiquark pair
⟶ continues until only hadrons remain
• fragmentation function gives probability of hadron with momentum z beingcreated
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Thoughts on hadronization
• number of constituents in jet isvery susceptible to hadronizationmodel
⟶ analyses with cuts on that hardto interpret
• QCD fewer constituents than darkjets
⟶ makes sense since they havesecondary shower andhadronization
⟶ even that is model dependent!
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Thoughts on hadronization
depending on parameters to scanover, the behavior can becomevery problematic
⟶ e.g. just changing the darkhadron masses can result in majorchanges to the jet substructure
⟶ Lund Jet Plane separatesdifferent jet regions
(Dreyer, Salam, Soyez ‘18)
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Lund Jet Plane

Dark Sector Showers in the Lund Jet PlaneChristiane Scherb 39



Lund Jet Plane
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Lund Jet Plane
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(1807.04758, 2007.06578)

https://arxiv.org/pdf/2007.06578.pdf
https://arxiv.org/pdf/1807.04758.pdf


Dark sector jets in the Lund Jet Plane
first check that MC predictions reproduce expected behavior
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Dark sector jets in the Lund Jet Plane
look at Lund Jet Plane at various stages of event generation

dark hadronization has largest impact on low-kt region
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Dark sector jets in the Lund Jet Plane
look at Lund Jet Plane at various stages of event generation

SM shower doesn’t have strong impact due to small dark hadron mass
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Dark sector jets in the Lund Jet Plane
look at Lund Jet Plane at various stages of event generation

SM hadronization shows small changes in low-kt region
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Using Lund Jet Plane for searches
different hadronization parameter choices give very different Lund JetPlanes
⟶ can translate into large differences in variables, e.g. number oftracks
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Impact of Hadronization
define new observable:# emissions above 𝒌𝒕 cutcompare to
• jet energy sharing 𝐷𝑝𝑡• # jet constituents 𝑁𝑐𝑜𝑛𝑠𝑡𝑖𝑡• jet mass

using
• background rejection 𝑝 =  ϵ𝐷

𝜖𝑄𝐶𝐷• resilience against hadronization
           𝜁 = 𝛥𝜖𝐷

𝜖𝐷

2
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with
• Δ𝜖 = 𝜖 − 𝜖′,
• 𝜖  =  (𝜖 + 𝜖′)/2 
• 𝜖𝐷 dark sector jet efficiency
• 𝜖𝑄𝐶𝐷 QCD jet efficiency
• 𝜖 efficiency for default hadronization
• 𝜖′ efficiency for larger hadronization
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Summary & Outlook
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• QCD-like dark sectors are an interesting dark matter scenario
• nf > 3 allows dark pion dark matter
⟶ full Boltzmann equations need to be studied
• low mass dark matter region can be probed by LHC and flavor
• collider analysis can be dependent on hadronization model
• Lund Jet Plane can be used to construct hadronization independent variables
⟶ optimal transport might allow to decorrelate hadronization parameters
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Back-up



Direct Detection
Scattering of dark pions on nuclei via

both and interactions leading to
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Anand, Fitzpatrick, Haxton ‘13Bishara, Brod, Grinstein, Zupan ‘17



Indirect detection
DM self-annihilation to SM particles
⟶ in our case cascade via decaying dark pions
gamma-ray flux:
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LHC searches
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