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Dark matter: where are we? 
Snowmass cosmic frontier arXiv:2211.09978
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Can dark matter be composite instead of elementary? 

ρ

π

baryons

Spectrum

Gluon

Dark quarks

ΛD

mqD
≪ ΛD

In IR

• UV and IR dynamics are correlated with each other; learning about UV can teach us about 
IR and vice-versa 

•  leads to gluebells mqD
≫ ΛD
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Conceptual setup

DS
SMContains a confining

non-Abelian group
with scale

External mediator: feeble
interactions with SM, scale

• External SM - DS mediator necessary to keep thermal equilibrium with SM sector, 
typically done by introducing a new U(1)D gauge group

• DM longevity needs to be ensured  
• Impose external symmetries  
• Use accidental symmetries e.g. lightest 

baryon (proton) is stable in the SM due to 
baryon number conservation 

• Construct models to ensure stability

∼ Tr[Q2T0] = 0

→ Q2 ∝ 1

Hochberg et al arXiv:1512.07917
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(Side remark SM mediators)

No lattice results

If dark sector if charged under the Standard Model, there are typically no jets

J. Butterworth, L. Corpe, S.K. et. al. arXiv:2105.08494

η = mπD
/mρD

New ATLAS results here

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/
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New avenues

• Experimental search program in 
infancy 

• Lack of understanding between 
theory space and experimental 
signatures

• Large self interactions consistent with 
DM abundance

nπD
⟨σv⟩3→2 ∼ H ⟹

mπD

fπD

∝ m3/10
πD

σπDπD→πDπD

mπD

∝ (
mπD

fπD
)

4

× 1
m3πD

• Relic density

• Self-scattering

Hochberg et al arXiv:1512.07917, Kribs  et al arXiv: 1604.04627, 
Cline et al arXiv:2108.10314, Beriln et al  arXiv:1801.05805

SM quarks/hadron

Dark quarks/hadron

}
}

Dark Parton Shower + hadronization 

SM Parton Shower + hadronization 

Braat, Potsma arXiv:2301.04513
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New avenues - real representations

• (Dark) jets can only be simulated for 
SU(Nc) gauge theories with fermions 
in fundamental representation

• For  SU(2Nf)/SO(2Nf) coset spaces, 
theories with two Dirac flavours do 
not work

Kulkarni and Pomper (in preparation)

SM quarks/hadron

Dark quarks/hadron

}
}

Dark Parton Shower + hadronization 

SM Parton Shower + hadronization 
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Why strongly interacting theories

• Composite Higgs: dark sector (DS) scale related to SM  

• This talk: no relation between DS and SM scales

New class of signatures 

New dark matter candidates

π

π

ππ

π

Nussinov Phys.Lett.B 165 (1985) 55-58, Chivakula 
et al, Nucl.Phys. B329 (1990) 445, Hietanen et al., 
arXiv:1308.4130, Kribs et al.,arXiv:0909.2034, 
Buckley et al,arXiv:1209.6054 , Francis et 
al.,arXiv:1809.09117 , LSD, arXiv:1301.1693, 
Boddy et al., arXiv:1402.3629 , Detmold et al. 
arXiv:1406.2276 , Farrar et al arXiv:2007.10378, 
Kaplan et. al. arXiv:0909.0753

Strassler et al hep-ph/0604261 
Cohen et al  arXiv:1503.00009 

Schwaller et al arXiv:1502.05409 
LLP community report 

arXiv:1903.04497 
Kahlhoefer et.al. arXiv:1907.04346 

Hofman et al  arXiv:0803.1467 
Strassler arXiv:0801.0629 

Knapen et al arXiv:1612.00850

Hochberg et al arXiv:1512.07917 
Kribs  et al arXiv: 1604.04627 
Cline et al arXiv:2108.10314 

Beriln et al  arXiv:1801.05805 
Fransden et al. arXiv:1103.4350 

Soni et al  arXiv:1602.00714,  
1610.06931, 1704.02347 

Decay to SMHV parton
showering,
hadronization

Production
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• Only thinking about new  gauge group uncharged under the SM with s-channel 
DS - SM mediators

SU(Nc)

What we have in mind

⇒ Darkshowers } • Jets with large MET inside  
• Jets with displaced vertices 
• Jets with too many or too 

few tracks

Decay to SMHV parton
showering,
hadronization

Production

DS
SMContains a confining

non-Abelian group
with scale

External mediator: feeble
interactions with SM, scale
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Simulation challenges

• Thanks to the existence of data, SM QCD continues to enjoy it’s success story

• Venturing into regime with no data requires extreme care

dσ ∼ ℒ × dσH(Q) × PS(Q → μ) × MPI × Had(μ → Λ)

• Aim: To make educated choices for free parameters in absence of data

QCD strong coupling  αs
Top mass

Pion mass
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Semivisible jets

11

Emerging jets

LHC phenomenology

• Unstable dark mesons decay promptly via 
two body decays 

•   

• Small : dijet search strategy;              
Large : monojet searches;        
Intermediate : Dedicated searches

rinv = Nstable /(Nstable + Nunstable)
rinv
rinv

rinv

• Dark mesons with finite lifetime: jet with 
multiple displaced vertices  

• Unflavoured case: one lifetime for all dark 
hadrons 

• Flavoured case: diagonal, off-diagonal 
dark hadrons have different lifetime

First experimental for semivisible jets

Phenomenology has not always been realistic e.g. missing particles and symmetry constraints; now 
updated within snowmass study

Cohen, Lisanti, Lou 
arXiv:1503.00009

Schwaller, Stolarski & Weiler 
 arXiv:1502.05409

C
M

S collaboration 
arXiv:1810.10069

C
M

S collaboration 
arXiv:2112.11125

First experimental for emerging jets
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• Dark mesons with finite lifetime: jet with 
multiple displaced vertices  

• Unflavoured case: one lifetime for all dark 
hadrons 

• Flavoured case: diagonal, off-diagonal 
dark hadrons have different lifetime

First experimental for semivisible jets

Phenomenology has not always been realistic e.g. missing particles and symmetry constraints; now 
updated within snowmass study

Cohen, Lisanti, Lou 
arXiv:1503.00009

Schwaller, Stolarski & Weiler 
 arXiv:1502.05409

C
M

S collaboration 
arXiv:1810.10069

C
M

S collaboration 
arXiv:2112.11125

First experimental for emerging jets

All st
udies use PYTHIA8(<8.307) H

V module
Carloni, S

jostra
nd et al 

arXiv:1006.2911, 1102.3795
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Strongly interacting theories: pathways

Symmetries and 
symmetry breaking 

mechanisms

Lattice simulations

Chiral perturbation 
theory/EFT techniques

New cosmological 
analysis of DM

New experimental 
signatures

New understanding of 
non-perturbative 

dynamics?

Strongly 
interacting dark 
matter theories

DM stability
Low energy  

multiplets

Masses, 
 LECs, 

Pertu
rbative

 

 ca
lcu

latio
ns

 cross sections

N.B. All calculations can be done on lattice, but they are expensive, 
perturbative analysis is pragmatic way out

How to make systematic progress in the landscape of darkshowers? 
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Dark sector: composition

UV physics contains 

• Gauge fields (gluons) 

• Matter fields i.e. Dirac/Majorana fermions, 
scalars (in representation ) 

• This talk: mass degenerate Dirac fermions 
in fundamental representation of  
( event generators limitation)

Nr

SU(NCD
)

ρD

πD

baryons

Spectrum

Dark Gluon

(Mass 
degenerate)
Dark quarks

ΛD

mqD
≪ ΛD

In IR

• Two discrete parameters  

• Two continuous parameters  (UV) 

•  or  (IR) 

• : fundamental representation in 
SU(2) gauge group is pseudo-real 

• : 1 flavour theory has no pions

NcD
, NfD

mqD
, αD(μ)

ΛD, mπD
/ΛD mπD

, mπD
/mρD

NcD
≠ 2

NfD ≠ 1

Confinement 
(Chirally broken phase)

Flavour, parity, CP conserving  theoriesSU(NCD
)
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Non-  gauge groupsSU(NCD
)

• Number of pions and rho mesons in 2 flavour theories 
• Complex:  
• Pseudo-real:  
• Real:  

• Colour flows are different for pseudo-real and real gauge groups; not encoded in current 
event generators

NπD
= 3, NρD

= 3
NπD

= 5, NρD
= 10

NπD
= 9, NρD

= 6

Axial anomaly

Chiral condensate
deg. mass

Snowmass dark shower incl. S.K., S. Mee, M. Strassler arXiv:2202.09053 
S.K., A. Maas, S. Mee, M. Nikolic, J. Pradler, F. Zierler arXiv:2202.05191 
S.K., J. Pomper (in preparation)
See also Hochberg et al arXiv:1512.07917
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 collider signaturesSU(NCD
)

Few different regimes in signature space

Theories make (dark) jets 
(QCD-like theories) 

Small ’t Hooft coupling

Theories don’t make (dark) jets 
They make 

Soft Unclustered Energy Patterns (SUEPs) 
Large ’t Hooft coupling

Event shapes in between Not in this talk 
Out of scope of current 

event generators

In this talk 
Can simulate with PYTHIA8

Few special tools exist
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QCD-like theories

• QCD-like theories: asymptotically free theories and are in chirally broken phase

• For mass degenerate fermions theory has  four free parameters NcD
, NfD, mπD

/ΛD, ΛD

arXiv:2008.12223

Nc Nf
3 << 9

4 << 13

5 << 16

6 << 18

Fundamental

Adjoint

Antisymmetric

Symmetric

Theory is 
asymptotically free 
(QCD-like)

arXiv:2008.12223
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Mass spectrum

mπD

Λ̃D
= 5.5

mqD

Λ̃D

mρD

Λ̃D
= 5.76 + 1.5

m2
πD

Λ̃2
D

• Lattice data used to derive (  independent ) fitsNcD
, NfD

•  theory with  mass degenerate quarks has  mass degenerate 
dark rho, pions, plus 1 spin -0 and spin -1 singlet
SU(NcD

), NcD
> 2 NfD N2

fD − 1

+ η′ +ϕ

BR(ρD
→ πDπD) ≈ 1

 must decay for 
visible darkshowers
πD

ΠSM = ρ μ,SM =

• Currently ignored singlets phenomenology
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Flavour symmetry breaking leads to (dark)showers

π++
D , π−−

D

π0
D

πD, πD,qD (u, d)D πD

Coupling with Z’

SU(NCD
) Fund . rep . , SU(NFD

) = 2,

ρ++
D , ρ−−

D

ρ0
D

ρD, ρD,
ρD

QD = Diag(+1, − 1)

• Example 1: ; ;  
Doublet   
Singlets  

 mixing leads to visible decays 
For charges of type Diag(+1… -1) only one diagonal  mixes 
with  

• Example 2: ; ;  
All diagonal  mix with 

NfD = 2 nπD
= nρD

= 3; QD = Diag(+1, − 1)
(π++

D , π−−
D ); (ρ++

D , ρ−−
D )

(π0
D); (ρ0

D)
ρ0

D − Z′ 

ρ0
D

Z′ 

NfD = 4 nπD
= nρD

= 15; QD = Diag(−1, + 1, − 2, + 2)
ρ0

D Z′ 

Fig. From Kahlhoefer et.al. arXiv:1907.04346
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Dark rho meson decays
• Analysis of broken symmetries and chiral Lagrangian set dark meson decays

Regime 1 Regime 2 Regime 2

• Regime 2, : 

-       ⇒ Potential LLPs! 

- Not captured in previous LHC phenomenology 

• Example 1:  both off-diagonal  decay via 
three body 

• Example 2:  seven  decay via three body

mρD
< 2mπD

Γ(ρD → πD f f̄ ) ∝
m11

ρD

Λ6
D m4

Z′ 

NfD = 1 ρD

NfD = 4 ρD

ρD → πDπD ρD ↛ πDπD

Beriln, Blinov, Gori, Schuster, Toro  arXiv:1801.05805

ρD ↛ πDπD

0 5 10 15 20 25 30 35 40 45 50
 [GeV]qqM

0

1000

2000

3000

4000

5000

6000A.
U

.  = 13 TeVs

 = 10 GeVDΛ

 = 4
Df

  = 3, N
DcN

31 GeV = 
D
ρm

17 GeV = 
Dπ

m

1 TeV = Z'm

See also Born, Karur, Knapen, Shelton arXiv:2303.04167
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Dark pion decays

qD

q̄D

Z′ 

qD

q̄D

hD

UV theories

IR portals

LHC signatures

X
ρD Z′ πD G0

D /Z′ 

SVJ composition depends  on 
 propertiesZ′ 

SVJ typically rich in HF

In addition to Z′ 

See Strassler, Zurek hep-ph/0604261
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Effects on jets

• : jet transverse momentum dispersion  

• The details of jet structure depend on the details of the decay modes and number of 
stable/unstable particles  

• Careful analysis design is necessary to circumvent too much dependence on jet 
properties

pT D pT D ≈ 2p2
T /(2pT)

Snowmass darkshowers 
arXiv:2202.05191
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Hadronization uncertainties

Slide from S. Plätzer
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Hadronization uncertainties

• Angularities for two different dark QCD benchmarks  

• Angularities differ significantly depending on the details of the model 

τα,β = τ0.3,2 τα,β = τ2,1

Kulkarni, Plätzer, Stafford in progress
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Conclusions

• Strongly interacting dark sectors lead to interesting dark matter 
candidates and present interesting opportunities at the experiments 

• A strong phenomenological and experimental program exists 
• A successful exploration of strongly interacting sectors benefits from understanding the 

theories in UV and IR and is further complemented by lattice simulations 
• Exemplified some theories with mass degenerate Dirac fermions  
• In depth explorations of such scenarios is necessary in order to make systematic progress  
• More SM - DS portals can be constructed and can lead to more exotic dark showers


