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Particles of the theory 
Bound states made up of dark quarks and gluons

Particles of the theory
Dark quarks (NfD

 number of flavors)

Dark gluons

SU(NCD
) dark sector theory
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E~ΛD

Energy

ℒ𝐶ℎ ⊃
𝑓𝜋𝐷

2

4
Tr 𝐷𝜇𝑈𝐷𝜇𝑈 +

𝜇𝐷
3

2
Tr M𝑞𝑈† + h.c. ℒ𝑈𝑉 = −

1

4
𝐺𝐷𝜇𝜈

𝑎 𝐺𝐷
𝑎𝜇𝜈

+ ത𝑞𝑑(𝑖𝛾𝑢𝐷𝜇 − 𝑀𝑞)𝑞𝐷

Confinement / breakdown of UV theory
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Consider the lightest bound state – the dark pion

❖ Pseudo-Goldstone boson of chiral symmetry breaking

❖ Can be stable – dark matter candidate

Dark bound states
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Consider the lightest bound state – the dark pion

❖ Pseudo-Goldstone boson of chiral symmetry breaking

❖ Can be stable – dark matter candidate

Dark pions can freeze out via 3𝜋𝐷→2𝜋𝐷 interactions – the SIMP miracle
See Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker, Phys. Rev. Lett. 113, 171301, [1402.5143]

❖ Interactions induced by Wess-Zumino-Witten (WZW) anomaly term

❖ Relic abundance (Ω𝐷ℎ2 ≲ 0.12) achievable for sub-GeV dark pions

❖ Coupling to SM can yield detectable signals
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Strongly interacting dark sectors with light vector mesonsNicoline Hemme

𝝅𝑫
Pseudo-scalar

3/10

15th International Workshop on the Identification of Dark Matter, July 9th 2024 – L’Aquila, Italy

https://arxiv.org/pdf/1402.5143


1402.5143

Consider the lightest bound state – the dark pion

❖ Pseudo-Goldstone boson of chiral symmetry breaking

❖ Can be stable – dark matter candidate

Dark pions can freeze out via 3𝜋𝐷→2𝜋𝐷 interactions – the SIMP miracle
See Y. Hochberg, E. Kuflik, T. Volansky, and J. G. Wacker, Phys. Rev. Lett. 113, 171301, [1402.5143]

❖ Interactions induced by Wess-Zumino-Witten (WZW) anomaly term

❖ Relic abundance (Ω𝐷ℎ2 ≲ 0.12) achievable for sub-GeV dark pions

❖ Coupling to SM can yield detectable signals

    

Dark bound states
Strongly interacting dark sectors with light vector mesonsNicoline Hemme

h
tt

p
s
:/

/w
w

w
.e

s
a
.in

t/
E

S
A

_M
u

lt
im

e
d
i

a
/I

m
a
g

e
s
/2

0
0

7/
0

7/
Th

e
_B

u
ll

e
t_

C
lu

s
t

e
r2

Self-interaction cross section:

𝜎𝑆𝐼  ∝
𝜉4

𝑚𝜋
2

≤ BC limit

to satisfy BC use higher mass

General SIMP cross section:

𝜎𝑣2
3→2 =

𝛼eff
𝑚𝜋𝐷

5

higher mass → less efficient FO 
→ too large relic abundance

𝝅𝑫
Pseudo-scalar
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To satisfy relic abundance the dark pion 
must have large self-interactions that 

violate constraints from the Bullet Cluster!

https://arxiv.org/pdf/1402.5143


Consider now also the second-lightest bound state – the dark rho meson

❖ Usually unstable, decays to DS or SM 

Dark bound states
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Consider now also the second-lightest bound state – the dark rho meson

❖ Usually unstable, decays to DS or SM 

If 𝑚𝜌𝐷
< 2𝑚𝜋𝐷

 the channel 3𝝅𝑫→𝝅𝑫𝝆𝑫 opens up

See E. Bernreuther, NH, F. Kahlhoefer, S. Kulkarni [2311.17157] 

❖ Favorable velocity dependence (s-wave), over the 3𝜋𝐷→2𝜋𝐷 (d-wave) 

❖ 𝜌𝐷 is forced to decay to SM

Dark bound states
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mass

https://arxiv.org/abs/2311.17157


𝜌𝐷

𝜋𝐷

𝜌𝐷

𝜋𝐷

𝜋𝐷

𝜌𝐷

𝜌𝐷

𝜋𝐷

Early (hot) Universe
High energy is enough to produce many new particles

Relic abundance
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𝜌𝐷

𝜋𝐷

𝜌𝐷

𝜋𝐷

𝜋𝐷

𝜌𝐷

𝜌𝐷

𝜋𝐷

Freeze-out point
Energy falls below threshold to produce more of these 

particles while some decay or annihilate

Relic abundance
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𝜋𝐷

Relic abundance reached

Relic abundance
Strongly interacting dark sectors with light vector mesonsNicoline Hemme 5/10

𝜋𝐷

𝜋𝐷

𝜋𝐷
𝜋𝐷

𝜋𝐷

𝜋𝐷

𝜋𝐷

𝜋𝐷

Universe with heavy 𝜌𝐷 Universe with light 𝜌𝐷

15th International Workshop on the Identification of Dark Matter, July 9th 2024 – L’Aquila, Italy



Relic abundance
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To calculate the relic abundance we must first discuss the parameters 

E. Bernreuther, NH, F. Kahlhoefer, S. Kulkarni [2311.17157]

We need to specify NCD
 and NfD

❖ These parameters are discrete 

❖ Our range of interest is limited to NCD
, NfD

∈[2,3,4]

      (due to simulation tool (PYTHIA) and ~ SM QCD)

→ Not a problem!
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We need to specify NCD
 and NfD

❖ These parameters are discrete 

❖ Our range of interest is limited to NCD
, NfD

∈[2,3,4]

      (due to simulation tool (PYTHIA) and ~ SM QCD)

→ Not a problem!

Then, a QCD-like strongly interacting dark sector will have    
2 free parameters:

▪ A mass scale, 𝒎𝒒𝑫
 (UV) or 𝒎𝝅𝑫

 (mass-degenerate quarks)

▪ A mass ratio,
𝒎𝒒𝑫

𝚲𝑫
  (UV) or  

𝒎𝝅𝑫

𝒇𝝅𝑫
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To calculate the relic abundance we must first discuss the parameters 

E. Bernreuther, NH, F. Kahlhoefer, S. Kulkarni [2311.17157]

We can determine the meson mass spectrum (i.e. 𝒎𝝆𝑫
) via lattice simulations (non-perturbative) and obtain the relation:

We explore the range 1.45 <
mρD

mπD

< 2, corresponding to  4 ≲ 𝜉 ≲ 5.7 

(safe from perturbativity limit at 𝜉~4π)  

We need to specify NCD
 and NfD

❖ These parameters are discrete 

❖ Our range of interest is limited to NCD
, NfD

∈[2,3,4]

      (due to simulation tool (PYTHIA) and ~ SM QCD)

→ Not a problem!

Then, a QCD-like strongly interacting dark sector will have    
2 free parameters:

▪ A mass scale, 𝒎𝒒𝑫
 (UV) or 𝒎𝝅𝑫

 (mass-degenerate quarks)

▪ A mass ratio,
𝒎𝒒𝑫

𝚲𝑫
  (UV) or  

𝒎𝝅𝑫

𝒇𝝅𝑫

 

Using results from P. Maris and P. C. Tandy, 
Nucl. Phys. B Proc. Suppl. 161 (2006), 136–152
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We must then solve the Boltzmann equation

E. Bernreuther, NH, F. Kahlhoefer, S. Kulkarni [2311.17157]

ሶ𝑛𝜋𝐷
+ 3𝐻𝑛𝜋𝐷

= 𝜎𝑣2
3𝜋𝐷→𝜋𝐷𝜌𝐷

𝑛𝜋𝐷
𝑛𝜋𝐷

𝑒𝑞 2
− 𝑛𝜋𝐷

2

𝜎𝑣2
3𝜋𝐷→𝜋𝐷𝜌𝐷

=
𝑀 3𝜋𝐷→𝜋𝐷𝜌𝐷

2

144𝜋𝑆𝛼𝑆𝛽𝑚𝜋𝐷
3 4 − 5𝑦 + 𝑦2     (with 𝑦 =

𝑚𝜌𝐷
2

4𝑚𝜋𝐷
2 )
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Classic SIMP-scenario:

Ratio:

R >1 for relevant space
R↑ as y→1 (𝒎𝝆𝑫

→𝟐𝒎𝝅𝑫
)

R↑ as x↑ (universe cools) 

𝜎𝑣2
3𝜋𝐷→2𝜋𝐷

=
5 5𝑁𝐶𝐷

2 𝜉10

4608𝜋5𝑚𝜋𝐷
5 𝑥2𝑁𝑓𝐷
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𝑅 ≡
𝜎𝑣2

3𝜋𝐷→𝜋𝐷𝜌𝐷

𝜎𝑣2
3𝜋𝐷→2𝜋𝐷

=
𝛼3𝜋𝐷→𝜋𝐷𝜌𝐷

eff

𝛼3𝜋𝐷→2𝜋𝐷

eff

≈ (1800 − 8500) ×
1

𝑁𝑓𝐷

2 𝜉4

𝑥2

1 − 𝑦

https://arxiv.org/abs/2311.17157
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Results – Freeze-out of 𝝅𝑫

E. Bernreuther, NH, F. Kahlhoefer, S. Kulkarni [2311.17157]
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❖ For mπD
~150 MeV:

     3𝜋𝐷 ↛ 𝜋𝐷𝜌𝐷 : DM overproduced (need lower mass)

     3𝜋𝐷 → 𝜋𝐷𝜌𝐷 : DM produced at correct relic abundance

     

❖ We can go to higher masses without overproducing DM

      → Does this solve tension with BC constraints?  

2311.17157

Results – Freeze-out of 𝝅𝑫

E. Bernreuther, NH, F. Kahlhoefer, S. Kulkarni [2311.17157]
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Results – Comparison to BC constraints

E. Bernreuther, NH, F. Kahlhoefer, S. Kulkarni [2311.17157]
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❖ Light vector mesons enhance the dark pion depletion, 
helping us to avoid SI constraints from BC 

      → Yes, we found one way to solve this tension and 
      so far the parameter space of this model is wide open

❖ Enhancement of cross section as m𝜌D
→2mπD

 (as expected)

❖ Note no NfD
=2 model for classic SIMP 

      (WZW 5-pnt interaction only exists for NfD
>2)

Results – Comparison to BC constraints

E. Bernreuther, NH, F. Kahlhoefer, S. Kulkarni [2311.17157]
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Phenomenology (dark showers)
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Generally, the ρD will mix with the SM photon, 
and/or we can add a portal* between the SM and DS

*Popular choice: Z’ boson 

❖ The gauge boson of a U(1)’ symmetry (dark photon)

❖ Will assign “dark charges” and give 𝜋𝐷
± (stabilization)

❖ Potential of Z’ detection by bump-hunt
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Dark showers and signatures
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Generally, the ρD will mix with the SM photon, 
and/or we can add a portal* between the SM and DS

*Popular choice: Z’ boson 

❖ The gauge boson of a U(1)’ symmetry (dark photon)

❖ Will assign “dark charges” and give 𝜋𝐷
± (stabilization)

❖ Potential of Z’ detection by bump-hunt

Figure: E. Bernreuther, F. Kahlhoefer, M. Krämer, P. Tunney [1907.04345]
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Dark showers and signatures

❖ Long-lived 𝜌𝐷 can yield displaced vertices 
       (BaBar, Belle II, SHiP, FASER, NA64)
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Dark showers and signatures

❖ Long-lived 𝜌𝐷 can yield displaced vertices 
       (BaBar, Belle II, SHiP, FASER, NA64)

❖ Prompt decays can still yield distinct signatures if there is a 
mix of stable (invisible) and unstable SM-decaying (visible) 
particles: semi-visible jets 

      (LHCb, CMS, ATLAS)
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Conclusion

I introduced a strongly interacting dark sector with 𝒎𝝆𝑫
< 𝟐𝒎𝝅𝑫

❖ The 3𝜋𝐷→𝜋𝐷𝜌𝐷 process dominates freeze-out and enhances DM depletion

❖ The 𝜋𝐷 is the DM candidate and can explain DM with 𝑚𝜋𝐷
~150-250 MeV

❖ The 𝜌𝐷 will decay to SM particles and may leave distinct signatures 

      in collider experiments
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Some very interesting questions left for future work (hopefully):

❖ What are the sensitivities of existing and upcoming collider experiments to the 𝜌𝐷 decay?

❖ Can we detect and/or distinguish such a dark sector in other ways? 

      (Like in indirect detection experiments or effects on astrophysical objects such as dark
      matter haloes?)

Figure: E. Bernreuther, F. Kahlhoefer, M. 
Krämer, P. Tunney [1907.04345]

Figure: E. Bernreuther, NH, F. Kahlhoefer, 
S. Kulkarni [2311.17157]

https://arxiv.org/abs/1907.04346
https://arxiv.org/abs/2311.17157


Displaced vertices

Figure: E. Bernreuther, T. Ferber, F. Kahlhoefer, A. Morandini et al. (2022)

Projected sensitives at Belle II

Projected sensitives explored in E. Bernreuther, T. Ferber, 
F. Kahlhoefer, A. Morandini et al. (2022)

Signature will highly depend on multiplicity of 𝜌𝐷 

Significantly affected by:

• 𝑚𝜌𝐷
 (𝑚𝑍′, 𝜏𝜌𝐷

)

• Probability to create 𝜌𝐷 over 𝜋𝐷 in the shower

Figure: E. Bernreuther, T. Ferber, F. 
Kahlhoefer, A. Morandini et al. (2022)
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Thermal width

Backup slide
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With the 2-pion scattering cross section 

Thermal width is exponentially suppressed at low temperatures 
due to low number density of pions.

Thermal width contributes <1% in region of interest.

See details in [2311.17157]

https://arxiv.org/abs/2311.17157
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Bullet Cluster constraints

Figure and description from D. Wittman, N. Golovich and W. A. Dawson (2017) See also: A. Robertson, R. Massey and V. Eke (2016) for similar discussions
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Dark shower signatures: Semi-visible jets

      Invisible track                Visible track

         MET vector                     Jet vector

Δϕ

Events with small Δϕ look like QCD background. Such events 
are discarded to eliminate QCD background 

⇨ Unexplored signature!

CMS published the first collider search for semi-visible jets in 

2021 [2112.11125] (sensitive only to GeV-scale DM)

Strongly interacting dark sectors with light vector mesonsNicoline Hemme IDM2024
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ℒ𝐶ℎ ⊃
𝑓𝜋𝐷

2

4
Tr 𝐷𝜇𝑈𝐷𝜇𝑈 +

𝜇𝐷
3

2
Tr M𝑞𝑈† + h.c.

With   𝑈 ≡ 𝑒2𝑖𝝅𝐷/𝑓𝜋𝐷 ,    𝐷𝜇 = 𝜕𝜇𝑈 + 𝑖𝑔𝜋𝐷𝜋𝐷𝜌𝐷
𝑈, 𝜌𝐷𝜇

,    and    𝑔𝜋𝐷𝜋𝐷𝜌𝐷
≈

𝑚𝜌𝐷

2𝑓𝜋𝐷

ℒ𝐶ℎ ⊃
𝑓𝜋

2

4
Tr 𝐷𝜇𝜋𝐷𝐷𝜇𝜋𝐷 + 𝑚𝜋𝐷

2 Tr 𝜋𝐷
2 +

𝑚𝜋𝐷
2

3𝑓𝜋
2
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Dark shower signatures

• Visible prompt
All DS particles decayed to the SM promptly

• Visible displaced
All DS particles decayed to the SM but with a significant lifetime 

• Invisible
All DS particles were stable or very long lived

• Semi-visible
Some DS particles were stable or very long lived 
and some DS particles decayed to the SM 

SM jet originating from the DS
SM-like

Displaced vertex and emerging jets
Distinct from SM

MET – requires ISR to detect
WIMP-like

MET aligned with jets
Distinct from SM

Strongly interacting dark sectors with light vector mesonsNicoline Hemme IDM2024

Backup slide
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Strongly interacting dark sectors with light vector mesonsNicoline Hemme IDM2024

Backup slide

Dark showers can come in (roughly) 3 different forms:

Invisible All DS particles were stable

Semi-visible Mix of stable DS particles and 
unstable DS that decayed to SM

Visible All DS particles decayed to SM

MET opposite some ISR jet → WIMP-like

Unstable DS particles (ρD) can give displaced vertices 
if long-lived → distinct from SM 

MET aligned with jets → distinct from SM 

SM jet if decays are prompt → SM-like

15th International Workshop on the Identification of Dark Matter, July 9th 2024 – L’Aquila, Italy
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