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Model Motivation:
• Dark showers are a signature that arise from hidden valley models

• Hidden valley models are theoretically motivated as they can solve ongoing 
problems such as the little hierarchy problem (Twin Higgs etc…)

• In the case where there is no light states with dark colour below the 
dark confinement scale, the only hadronic states that can form are 
‘dark glueballs’, composite dark gluon states
• Very few quantitative studies of dark glueball showers, due to 

the fact all known hadronization models no longer hold
• Interested in the case that DM is uncharged under dark colour, but 

annihilates through the dark sector
• DM + DM --> dark glueballs --> SM
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Indirect Detection 
Motivation
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One benefit of indirect detection experiments is that they probe astrophysical length scales, 
possibly giving insight into more of the dark sector spectrum, not just the short living states

Zero-th order Q: How does this 

annihilation channel change DM 

constraints / excesses?

More interesting Q: Can we probe the 
dark sector itself through this process???
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What are the 
dark glueball 
properties?
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How do the dark glueballs 
decay to the SM?

What are the 
dark glueball 
properties?
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How to we simulate dark 
gluon hadronization to 

dark glueballs ?

What are the 
dark glueball 
properties?
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How do the dark glueballs 
decay to the SM?



Dark Glueball Properties:

• Confined state of only dark gluons

• Majority of knowledge comes from 

Lattice QCD studies

• Spectrum of 12 stable states (in 
absence external couplings)

• Masses entirely parameterized by the 

confinement scale (𝑚!~6Λ)
7
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Dark Glueball Decay Modes
• Couples to standard model via heavy quark loop:

• Dimension 6 Higgs operator

• Dimension 8 Gauge operator

• We consider three cases:

• Purely Dim 6 (Higgs Portal)

• Purely Dim 8 (Gauge Portal)

• Dim 6 and Dim 8, but Dim 8 suppressed by higher 

scale (Twin Higgs like) 8

Here YL and YR are left and right hypercharge of the emitted fermions. Decay to electrons
and muons will be reconstructable as a resonance, so despite its uncertain branching fractions,
this decay mode is mode is worthy of careful consideration.

One can also generalize formulas (3.17) and (3.18) to include the radiative decays of the
heavier C-odd v-glueballs. Easy computations show that

ΓJ→0++γ =
αα3

v χ
2

4πM8

(J + 1) (J !)2

2J J (2J)! (2J + 1)

(m2
J −m2

0+)
2J+1

m2J+1
J m2J−2

0+

(MΩ

J0++)2 (3.20)

ΓJ→2++γ =
αα3

v

48πM8
χ2 (m

2
J −m2

2+)
2J+1

m2J+3
J m2J

2+

2J−7(J !)2

3 J (2J)! (2J + 1)
(

2(71J + 65)m2
Jm

2
2++ + 3(5J + 3)m4

J + 3(5J + 3)mJ
2++

)

(MΩ

J2++)2. (3.21)

with similar expressions for the modes J → 0−+γ and J → 2−+γ.

3.3 Summary of decays

In table 4 we summarize the final states for the most important decay channels of the v-
glueballs in figure 1 for D = 6 and D = 8 operators. We therefore see the presence of

State D = 6 operators D = 8 operators

0++ bb, W+W−, ZZ, hh gg, WW , ZZ, Zγ, γγ

2±+ 0±+h(h∗) gg, WW , ZZ, Zγ, γγ

0−+ - gg, WW , ZZ, Zγ, γγ

3++ 0−+h, 2±+h(h∗) 0−+gg 2++gg, 1+−γ

1+− - 0±+γ, 2−+γ

1−− 1+−h(h∗) 0±+γ, 2±+γ, ff

0+−, 2+−, 3+− JP−h(h∗) 0±+γ, 2±+γ

2−−, 3−−

Table 4: Possible final states of the various v-glueballs in figure 1 generated by D = 6 and
D = 8 operators. Note the absence of Higgs-mediated decay modes for the 0−+ and 1+−

v-glueballs. Here JP− denotes a C-odd v-glueball state.

operators of different mass dimensions opens a plethora of decay modes, which is particularly
interesting from the phenomenological point of view, but complex to analyze. It is the purpose
of the next two sections to disentangle the effects fromD = 6 andD = 8 operators, and extract
the most frequent decay modes.
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Juknevich, arXiv:09z11.5616
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one-particle glueball states from the vacuum. For example [39],

S = tr(Xµ⌫Xµ⌫) ! 0++

P = tr(Xµ⌫
eXµ⌫) ! 0�+

Tµ⌫ = 1
2 tr(Xµ↵X ↵

⌫ )� 1
4⌘µ⌫S ! 2++, 1�+, 0++

⌦(1)
µ⌫ = tr(Xµ⌫X↵�X↵�) ! 1��, 1+�

⌦(2)
µ⌫ = tr(X ↵

µ X �
↵ X�⌫) ! 1��, 1+�

(3)

Here, Xµ⌫ = Xa
µ⌫t

a is the dark gluon field strength contracted with the generators of the funda-

mental representation of the group normalized to tr(tatb) = �ab/2.

The two matrix elements of greatest interest to us are

↵xF
S

0++ ⌘ ↵xh0|tr(Xµ⌫X
µ⌫)|0++

i ⇠ m3
x (4)

↵3/2
x M1+�0++ ⌘ ↵3/2

x h0++
|
�
⌦(1)
µ⌫ �

5

14
⌦(2)
µ⌫

�
|1+�

i ⇠

r
4⇡

N
m3

x , (5)

where the estimates on the right hand sides are based on large-N and NDA, and ↵x = g2x/4⇡ is
the dark gauge coupling. In the second line, we have also suppressed the Lorentz structure of the
matrix element, ✏µ⌫↵� p↵"� , where p↵ is the outgoing momentum and "� is the polarization of the
initial state [39]. The first of these matrix elements, FS

0++ , has been computed on the lattice for
N = 3 with the result [59, 69]

4⇡↵xF
S

0++ = 2.3(5)m3
x , (6)

which agrees reasonably well with our large-N and NDA estimate and is scale independent. In
contrast, the second matrix element has not been calculated on the lattice. We use the lattice

value of FS

0++ and the NDA estimate ↵3/2
x M1+�0++ =

p
4⇡/N m3

x in the analysis to follow.

III. CONNECTIONS TO THE SM AND GLUEBALL DECAYS

With the SM uncharged under the dark gauge group Gx, gauge invariance forbids a direct renor-
malizable connection of the dark gluons to the SM. However, massive mediator states that couple
to both sectors can generate non-renormalizable operators connecting them. If the characteristic
mass scale of the mediators is M � ⇤x, the leading operators have mass dimension of eight and
six, and take the form [39, 40]

O
(8a)

⇠
1

M4
tr(FSMFSM ) tr(XX) , (7)

O
(8b)

⇠
1

M4
Bµ⌫ tr(XXX)µ⌫ , (8)

O
(6)

⇠
1

M2
H†H tr(XX) , (9)

where X and FSM refer to the dark gluon and SM field strengths. If present, these operators
allow some or all of the glueballs to decay to the SM. In this section we illustrate simple mediator
scenarios that generate these operators, and we compute the glueball decay rates they induce.
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Pure Glue Hadronization
• We use GlueShower, publicly 

available Nf = 0 QCD Monte Carlo 
event generator
• Implement pQCD to calculate gluon 

splittings
• Non-perturbative production of 

glueballs suppressed due to large 
mass hierarchy 
• Gives upper bound on final state 

multiplicity
• Jet-like shower, similar to SM

9

2

Curtin, Gemmell, Verhaaren, arXiv:2202.12899



2

Pure Glue Hadronization
• Nuisance parameters

• Hadronization scale multiplier
• Scales upwards, reduces final state multiplicity

• Hadronization temperature multiplier
• Explores different relative multiplicities of dark 

glueball species

• Plasma-like shower
• Large virtuality gluons form excited states at 

the end of perturbative shower
• Plasma decays isotropically by thermal glueball 

emission
• Define 8 benchmark points that bracket 

the range of possible hadronization 
phenomena

10

⇤had = c ⇤ (2m0)

⇤had = 2m0

PJ / (2J + 1)
⇣

mJ
m0

⌘3/2
e�(mJ�m0)/Thad

Thad = d ⇤ Tc

1

⇤had = c ⇤ (2m0)

⇤had = 2m0

PJ / (2J + 1)
⇣

mJ
m0

⌘3/2
e�(mJ�m0)/Thad

Thad = d ⇤ Tc

1
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High energy FFs 
resemble 

fragmentation 
functions used in SM
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Fragmentation Functions
Low energy FFs 

dominated by two-body 
decays in jet-like case 
(captures finite mass 

effects)

Across all C.O.M. 
energy ranges 

plasma-like case 
favors low energy 

(‘soft’) production of 
glueballs, higher 

multiplicity events
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Indirect Detection 
methodology
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Fermi-LAT Dwarf Spheroidal 
Constraints
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(arXiv: 1611.03184)• Calculate energy flux for each 
bin from photon spectra

• Use publicly released likelihood 
profiles for each of the dwarf 
galaxies
• Follow Fermi-LAT methodology, 

profile over J-factor uncertainty

7

available from the Fermi Gamma-Ray Space Telescope.
Indeed the Fermi Collaboration has set stringent limits
on the DM annihilation cross-section using the dwarfs
[37], and together with the DES Collaboration have used
8 newly discovered dwarf satellites [59, 60] to set indepen-
dent limits [61]. We note in passing that several groups
have pointed out an apparent gamma-ray excess in the
direction of one of the new dwarfs, Reticulum II [61–
63], albeit with considerable variation as to its signifi-
cance (with estimates ranging from ∼ 3σ to completely
insignificant). We will not discuss this tentative excess
here, other than to note as it appears roughly consistent
with the emission coming from the GCE, the implica-
tions for dark sector cascades will be analogous to those
discussed in [13].
Here we focus on understanding how the presence

of cascade annihilations can modify the limits obtained
from these dwarf galaxies. In order to do this we use the
publicly released bin-by-bin likelihoods provided for each
of the dwarfs considered in [37].6 This analysis made use
of 6 years of Pass 8 data and found no evidence for an
excess over the expected background. Note the Fermi
collaboration produced an earlier analysis of the same
dwarfs using 4 years of Pass 7 data in [64]. In App. C we
show that the results are similar between the two, but
that the limits set using the newer analysis are usually
about half an order of magnitude stronger.
Although [37] considered 25 dwarf galaxies, when set-

ting limits they restricted this to 15, choosing a non-
overlapping subset of dwarfs with kinematically deter-
mined J-factors. Specifically the 15 dwarfs consid-
ered were: Bootes I, Canes Venatici II, Carina, Coma
Berenices, Draco, Fornax, Hercules, Leo II, Leo IV,
Sculptor, Segue 1, Sextans, Ursa Major II, Ursa Minor,
and Willman 1.
For a given dwarf Fermi provides the likelihood curves

as a function of the integrated energy flux in each of
the energy bins considered in their analysis, covering the
energy range from 500 MeV to 500 GeV. Thus to obtain
the likelihood curves for our cascade models we need to
firstly determine the integrated energy flux per bin. This
will be a function of the DM mass mχ, annihilation cross-
section 〈σv〉, and shape of the cascade spectrum dN/dx
– which itself depends on the number of cascade steps,
the identity of the final state particle and possibly either
εf or mφ. For an energy bin running from Emin to Emax,
the energy flux in GeV/cm2/s is:

ΦE =
〈σv〉
8πm2

χ

[

∫ Emax

Emin

E
dN

dE
dE

]

Ji , (10)

where Ji is the J-factor appropriate for the individual
dwarf i. Treating the energy bins as independent, we

6 These results are available for download from
http://www-glast.stanford.edu/pub data/1048/

can simply multiply the likelihoods for the various bins
to obtain the full likelihood for a given dwarf i: Li (µ|Di),
which is a function of both the model parameters µ and
the data Di. At a given mass and for a given channel
(final state and number of cascade steps), µ just describes
the annihilation cross-section 〈σv〉. There is, however,
one additional source of error that should be accounted
for: the uncertainty in the J-factor. Following [37] we
incorporate this as a nuisance parameter on the global
likelihood, modifying the likelihood as follows:

L̃i (µ, Ji|Di) = Li (µ|Di)

×
1

ln(10)Ji
√
2πσi

e−(log10(Ji)−log10(Ji))
2
/2σ2

i ,
(11)

where for log10(Ji) and σi we use the values provided
in [37] for a Navarro-Frenk-White profile [65]. This ap-
proach allows us to account for the J-factor uncertainties
using the profile likelihood method [66]. We obtain the
full likelihood function by multiplying the likelihoods for
each of the 15 dwarfs together.
Using this likelihood function, for a given DM mass

and cascade spectrum we can then determine the 95%
confidence bound on the annihilation cross-section. We
follow this procedure for cascade annihilations with 0-
6 steps, for final state electrons, muons, taus, b-quarks,
W -bosons, Higgses, photons and gluons, considering two
different values of εf or mφ where appropriate.
Results are shown in Fig. 9. For the final states consid-

ered in [37], our direct/0-step results are in agreement.
Recall that there is a physical limitation on realizing a
given cascade scenario set by mχ ≥ 2nmf/εf , as men-
tioned in Sec. II. The constraints corresponding to sce-
narios that satisfy this condition are indicated by darker
lines, but we also show the limits for cases that do not sat-
isfy this condition (and so cannot be physically realized
as a cascade annihilation of the type we have considered),
to demonstrate the effect of spectral broadening.
Before discussing results for each final state indepen-

dently, there are a few generic features worth pointing
out. Recall that higher-step cascades have a spectrum
peaked at lower x = Eγ/mχ. Thus in order to produce
emission at an equivalent energy, higher-step cascades re-
quire a larger DM mass, which in turn requires a larger
cross-section to inject the same amount of power (as
the DM number density scales inversely with the mass).
Equivalently, at a fixed mass and cross-section, larger
numbers of cascade steps will tend to produce a larger
number of lower-energy photons; at low masses, some of
these photons may lie outside the energy range of the
Fermi analysis, and the astrophysical backgrounds will
also generally be larger at low energies. These factors
tend to weaken the constraints, and indeed we see a sys-
tematic trend for weaker bounds with increasing n for
low-mass DM, for all channels.
Nevertheless this conclusion is not inevitable. Specific

energy bins may allow stronger constraints than neigh-
boring bins, purely due to statistical accidents; adding



AMS-02 Antiproton Constraints
• We use DRAGON2 to propagate 

cosmic rays from SM background and 
DM signal
• Propagation parameters taken from    

De La Torre Luque, arXiv:2107.06863
• To account for solar modulation due to 

the heliosphere we use the force field 
approximation with charge-dependent 
potential
• Keep propagation parameters fixed but 

vary solar modulation parameters and 
antiproton flux normalization in fit
• Fit only above 5 GeV to minimize influence 

of solar modulation assumptions

15

(Calore et al., arXiv: 2202.03076)(Evoli et al., arXiv: 1607.07886)



Galactic Centre Excess
• Take excess as recently 

calculated in arXiv:2101.11027
• Get best fit from chi-squared test 

using statistical errors from the 
base model
• Different interpretations exist of 

the excess (DM, millisecond 
pulsars) but the existence of an 
excess is agreed upon

16

(Di Mauro, Winkler, arXiv: 2101.11027)



Preliminary
results
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Dark Matter Constraints
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Dark Glueball Sector Constraints (Higgs Portal)
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• We fit the GCE and 
find antiproton 
constraints across 
the eight benchmark 
points

• We find that some 
hadronization 
models are 
inconsistent with 
current era 
astrophysical 
observations
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Dark Glueball Sector Constraints (Higgs Portal)
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Dark Glueball Sector Constraints (Gauge Portal)
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• Repeat for different higher dimension 
operators

• We use the GCE fits to exclude the higher 
hadronization temperature benchmark 
points (shown left)

• Antiproton constraints rule out the
remaining benchmark points



Dark Glueball Sector Constraints (Gauge Portal)
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• Repeat for different higher dimension 
operators

• We use the GCE fits to exclude the higher 
hadronization temperature benchmark 
points (shown left)

• Antiproton constraints rule out the
remaining benchmark points



Dark Glueball Sector Constraints (Twin Higgs like)
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• Repeat for different higher dimension 
operators

• We use the GCE fits to exclude the higher 
hadronization temperature benchmark 
points (shown left)

• Antiproton constraints rule out only. The 
jete-like benchmark points



Dark Glueball Sector Constraints (Twin Higgs like)
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• Repeat for different higher dimension 
operators

• We use the GCE fits to exclude the higher 
hadronization temperature benchmark 
points (shown left)

• Antiproton constraints rule out only the jet-
like benchmark points
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Conclusions:
• Dark showers are a general signature of hidden valley models, motivated as 

solutions to the little hierarchy problem and its evasion of current constraints
• Zero flavour case is a previously unstudied parameter space due to uncertainty 

around pure glue hadronization process
• GlueShower is the first Monte Carlo glueball generator, additionally can explore 

various regimes of glueball production
! Able to calculate theoretical uncertainty range on observables/constraints
! Outputs are relatively robust to range of benchmark parameters we provide

• Multimessenger analysis allows us to probe the physics of the dark sector
! Already with current era indirect detection data we can begin to constrain the pure glue 

dark sector

25Contact: caleb.gemmell@mail.utoronto.ca
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Higgs Portal Decays

Antiproton Spectra (Galactic Frame)
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! had/2 m0 = 6, Thad/ Tc = 1, plasma-like

! had/2 m0 = 6, Thad/ Tc = 2, plasma-like
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• Across wide range 
of benchmarks, <10 
factor difference in 
multiplicity/energy
• ~3 for inclusive 

observables
• Larger uncertainty 

on exclusive 
predictions

• In the high energy 
regime, correctly 
follows the analytical 
trend expected from 
pQCD



0.0 0.2 0.4 0.6 0.8 1.0
x = 2EGB/ M

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

dN
/d

x

Fitting Function

M / m0 = 10

M / m0 = 25

M / m0 = 100

0.0 0.2 0.4 0.6 0.8 1.0
x = 2EGB/ M

0

5

10

15

20

25

dN
/d

x

Fitting Function

M / m0 = 10

M / m0 = 25

M / m0 = 100

Jet-like

Plasma-like



1 2 3 4 5 6 7 8
! had/2 m0

2

3

4

5

6

7

8

9

!N
"

Jet-like

Plasma-like



5 10 20 50 100
M / m0

0.005

0.010

0.020

0.050

!P
e

xt
ra

g
lu

e
b

a
ll"

pe
r

ev
en

t

Nc = 3

Upper Bound


