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WHY DARK MATTER?
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Vera Rubin 1928-2016
Established Rotation Curve anomaly

Colliding Clusters:
Gravitational wells

nowhere near visible peaks

“Not modified gravity”

Galactic Rotation curves:
Stars move faster

than expected

Anomalies on 3 different
astrophysical scales!

Cosmic Microwave 
Background:

Fluctuations measure Dark Matter
as 27% of Universe’s energy (Planck)



IS IT?
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Something like Black Holes?Something like Gravity?

Something like a neutrino!

1019 GeV

Boson excluded

100 eV
Tremaine-

Gunn

Fermion Excluded

axion
10-20-10-11 GeV

102-104 

GeV
WIMP

104-1019 

GeV
UHDM

10-43 eV 10-22 eV

XKCD (2018) cf. 1705.05567
Cf. Serpico talk



WIMP MIRACLE
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See Dimopoulos PLB 246(1990):347-52

WIMP can be simple addition
to known particles & forces.

WHY?

DM density decreases:
Ω: Annihilation & expansion 

Y: Annihilation



STARTING SIMPLE W/ WIMPS
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χ

χ

X

ψ̄

ψ

<σv>annihilation ~  C α2/Mχ2 

Maybe we already know 
everything here except χ?

X: Z-boson, Higgs?
ψ: Elementary Fermion, Higgs?

α: αweak?



UNITARITY LIMIT
• Dark matter relic abundance 
Ωh2 = 0.12 set by annihilation cross section

• Unitarity precludes too-large DM mass

• < 116 TeV (Unenhanced in early 
Universe)

• < 194 TeV (Saturating Unitarity 
throughout)

• Particles with σv << 2.5 x 10-26 cm3/s 
inconsistent with observation.
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TWO FRONTS IN HEAVY DARK MATTER

• Electroweak WIMPs (Specific models, 
precise calculations, Effective Field 
Theory crucial)

• Ultra-Heavy Dark Matter (UHDM) 
(Bottom-up, precise cosmology 
unspecified, model-building 
opportunities)

• “Right here, right now” tests via 
indirect detection

7
VERITAS γ-ray telescope at dusk



FRONT 1: “HEAVY NEUTRINO” WIMP
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Simple Candidates!
 Dark Matter ↔ Weak Scale:

 Weak Triplet: “Wino”
Weak Doublet: “Higgsino”

Weak Quintuplet
Correct Dark Matter

Density fixes Mχ:
Wino: 3 TeV

Higgsino: 1 TeV
Quintuplet: 14 TeV

ΩDM = 0.27
Measured Dark Matter

Density
Weak Force
“Charges”

2107.09688: Bottaro et al.
Simple thermal relic masses

for real reps of SU(2)

Naive Unitarity



• 3 separate threats to perturbation theory!

• Mχ/mw >> 1 → Long range force

• Mχ/mw >> 1 → Electroweak shower

• Log(1-zcut) → Phase space restriction

• Proliferation of scales → Effective Field Theory
EFTs: Modified versions of Soft-Collinear Effective Theory

&
NRQCD



LL RESUMMED PHOTON SPECTRUM FROM WINO
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MB et al.: 1712.07656

Factorization holds to NLL!
MB et al.: 1808.08956

MB, N. Rodd, T. Slatyer, and V. Vaidya: 2309.xxxxx 
Same result for any real SU(2) representation

with appropriate F0,1



CUMULATIVE RESUMMED ANNIHILATION RATES
@ THERMAL RELIC MASSES
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PROJECTED HESS WINO LIMITS
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Update to HESS 2013 
analysis projected to rule out by 30x, 

halo loophole 1-1.5 kpc

More aggressive analysis with 
better galactic center understanding,

halo loophole closes, rc>2.5 kpc

Rinchiuso et al.: 1808.04388

Hooper: 1608.00003 limit of 2 kpc



PROJECTED QUINTUPLET LIMITS
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Error bar from thermal mass uncertainty

X. Ou, A-C. Eilers, L. Necib, A. Frebel:  2303.12838
Some evidence for few-kpc core in Milky Way



EVADING UNITARITY
• Unitarity limit assumes maximal coupling, but 

structureless particles.

• Heavier-mass DM allowed if abundance set 
by multiple angular momentum channels. E.g.:

• Capture to bound states

• Composite dark matter 

• Geometric cross section observed in  
hydrogen/anti-hydrogen scattering 
(“rearrangement reaction”)
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Cf. 1808.07720: Geller et al. 



FRONT 2: UHDM
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4 Tak et al.
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Figure 1. A comparison of our estimated limits for annihilation to tt̄ against various theoretical benchmarks. The black solid
curve refers to the standard thermal-relic cross section (2.4⇥ 10�26 cm3/s; Steigman et al. 2012), and the region shaded in gray
is the conventional parameter space associated with a point-like thermal relic. For Segue 1, the J = 0 partial-wave unitarity
limit on a point-like annihilation cross section is shown in orange—irrespective of the early Universe cosmology, the point-like
particles can only annihilate at a rate below this. Composite states are not so restricted, however, and can annihilate up to the
various composite unitarity bounds. For a detailed discussion, see Sec. 2.

Universe, but amounts to assuming that DM finds a way to annihilate at the limiting cross-section value throughout
the era that set its relic abundance.
The presence of additional structure in either the DM particles themselves or the final states they capture into can

weaken even this conservative limit, though. For example, if capture into bound states is possible, then selection rules
can open up annihilation channels into higher partial waves. The total relic abundance of DM is necessarily set by the
sum over all channels, but each partial wave respects the limit from unitarity,

�J 
4⇡ (2J + 1)

M2
�v

2
rel

. (2)

As discussed in Bottaro et al. (2022), even for the straightforward scenario of thermal relics that are just multiplets of
the electroweak group SU(2)L, this allows DM consistent with unitarity up to ⇠325 TeV. It would seem uncontroversial
to analyze the full regime that allows this simple scenario.
To relax the bound farther, as mentioned above, the unitarity limit of roughly one hundred TeV assumes a point-like

particle. This was explicitly recognized in the classic 1990 reference on the matter. If, however, DM is a composite
particle, then the relevant dimensionful scale that sets the annihilation rate can be its geometric size, R, which may be
much larger than its Compton wavelength ⇠ 1/M�. It is thus possible to realize a thermal-relic scenario for masses �

100 TeV (e.g., the example of Harigaya et al. 2016 discussed above).4 For pointing telescopes like VERITAS, HESS,
or CTA to have a discovery advantage, one needs a scenario, like compositeness, with non-negligible DM annihilation,
since the resulting flux will scale like ⇢2. Bound-state particles with a heavy constituent, whether obtained as thermal
relics or by a more complicated cosmology, provide a means to get annihilation rates h�vi � Cunitary/M2

�, where
Cunitary is the largest factor consistent with quantum mechanics in a single partial wave. One may therefore consider
this as a generalization of the “sum over partial waves” loophole we first mentioned in the bound-state capture scenario.
As we see in Fig. 1, there is a large region of parameter space beyond the point-like unitarity limit. Furthermore,
we project that the limits from CTA exceed those from HAWC out to several PeV, and are primed for testing these
models.
The generic possibility of a geometric cross section for composite particles can be seen with atomic (anti)hydrogen,

as pointed out in Geller et al. (2018), whose arguments we briefly recap. In a hydrogen-antihydrogen collision,

4 Alternatively, to get to very high masses, one can decouple the DM abundance from its annihilation rate. In this approach, one forfeits
the WIMP-miracle in favor of an alternate cosmological history. As an example, some other particle could populate the Universe, which
ultimately decays to the correct quantity of DM (cf. Carney et al. 2022 for discussion and references). If DM is non-thermal, then additional
structure is needed for detection. One straightforward possibility is to construct DM that is cosmologically stable, but decays with an
observable rate (e.g. Kolb et al. 1999).

2208.11740: D. Tak, MB, N. Rodd, E. Pueschel

Using HDMSpectra (2007.15001): C. Bauer, N. Rodd, B. Webber 
for signal

Using compositeness
to evade Unitarity limit,
We can bound size of 
UHDM at a given mass

with ON/OFF maximum 
likelihood analysis 

Projected Limits from 
observing Segue 1 



TESTING DARK MATTER TO 30 PEV, TODAY!
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2302.08784: D. Tak, MB, N. Rodd, E. Pueschel, & VERITAS

Limits on DM size given mass and annihilation channel 
VERITAS data for 4 DSphs

7

Figure 3. A comparison of VERITAS upper limit curves for two annihilation channels against UHDM theoretical benchmarks
(Tak et al. 2022). The blue solid lines are the 95% confidence upper limits obtained from the combined analysis and the red
solid curve is the thermal-relic cross section (2.4 ⇥ 10�26 cm3/s). The purple line refers to the unitarity limit on a point-like
velocity-weighted annihilation cross section for a particle that respects partial-wave unitarity. Above the partial-wave unitarity
limit, various composite states can be possible; three possible composite unitary bounds, the purple dashed lines, are plotted as
examples.

Figure 4. VERITAS 95% confidence upper limits curves on the radius, in terms of femtometers and the inverse of
energy, of a composite dark matter particle as a function of mass, for the nine annihilation channels considered. The shaded
areas denote exclusion regions.

galaxies (Martinez et al. 2011; McGaugh et al. 2021). Our results not only constrain part of the allowed region of a170

point-like dark matter cross section, but also limit the radius of UHDM in a mass range from about 100 TeV to 30 PeV.171

This is visible from Fig. 3 and depicted explicitly in Fig. 4. For example, below a dark matter mass of approximately172

1 PeV, an UHDM model with the UHDM particle size of 0.6 fm or larger can be rejected at the 95% confidence level173

in all annihilation channels.174

Fig. 5 shows our upper limits compared with results from the Fermi -LAT, MAGIC, VERITAS, H.E.S.S., and HAWC175

collaborations. Since we use the previously published VERITAS observations, our results are similar to the published176

ones below 100 TeV, with the di↵erences coming entirely from the method of extracting upper limits. Our results177

extend limits on the dark matter velocity-weighted annihilation cross section into a mass range which has not previously178

been explored.179

In this paper, we have presented an indirect search for an UHDM annihilation signal, using previously published180

VERITAS observations to access a novel dark matter parameter space. We search for final-state �-rays from nine181

annihilation channels, using 216 hours of observations of four dwarf spheroidal galaxies: Segue 1, Ursa Minor, Boötes,182

See D. Tak’s TeVPA 2023 talk for a preliminary update



UP NEXT
• The simplest models of  WIMP Dark Matter are all alive, but will be hunted down in he next decade.

• Computation of thermal relic masses with NLO potential greatly needed!

• Higgsino also isn’t a simple reshuffling of group theory factors

• Low thermal-relic mass (1 TeV) means poor convergence in EFT

• Power-suppressed operators may be needed

• Combine VERITAS DSphs data with wino and quintuplet signals for limits independent of  
Milky Way halo modeling

• Model Building challenges for UHDM

• Geometric cross sections, really?

• How to realize UHDM with complex structure as thermal or nonthermal relic?
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Figure 6. 95% C.L. expected upper limits on the line Higgsino annihilation cross section as a function of its mass for the
Einasto profile (red solid line) and cores of size from 300 pc to 5 kpc. The theoretical cross section is printed in gray. Top
left panel: Limits computed assuming mass splittings �mN = 200 keV and �m+ = 350 MeV. The mean expected limits are
shown at 2� (red solid line) and 5� (red dashed line), respectively. Top right panel: Limits computed assuming mass splittings
�mN = 2 GeV and �m+ = 480 MeV. Bottom panels: 95% C.L. expected mean upper limits for CTA on the Higgsino annihilation
cross section as a function of its mass, for an Einasto DM profile and 500 hour homogeneous exposure in a 10�-side squared
region centered at the GC region. The expected limits (red solid line) are shown together with the 1� (green band) and 2�
(yellow band) containment band obtained from the Asimov dataset. Only the residual background is considered here. The
predicted LO cross section is shown (solid gray line) and the thermal Higgsino DM mass is marked (cyan solid line and bands).
The sensitivity is computed for the mass splittings �mN = 200 keV and �m+ = 350 MeV (bottom left panel) and �mN = 2 GeV
and �m+ = 480 MeV (bottom right panel). The line-only constraints are shown as red dotted lines.

perimental systematic uncertainties arising, for instance,
from instrumental and observational conditions. System-
atic uncertainties will likely dominate the statistical un-
certainties, given the large amount of data expected in
the GC region. For estimates of the impact of the sys-
tematic uncertainties on the sensitivity, see, for instance,

Refs. [113, 114, 117].

2008.00692: Rinchiuso et al.
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FIG. 3. Expected SI cross-sections for di↵erent complex WIMPs for minimal splitting as defined in Sec. III. The blue
dots correspond to Dirac WIMPs and the red dots to complex scalar WIMPs. The vertical error bands correspond to
the propagation of LQCD uncertainties on the elastic cross-section (Eq. 18), while the horizontal error band comes from
the uncertainty in the theory determination of the WIMP freeze out mass in Table I. The light green shaded region
is excluded by the present experimental contraints from XENON-1T [36] and PandaX-4T [5], the green dashed lines
shows the expected 95% CL reach of LZ/Xenon-nT [8, 9] and DARWIN [10, 11].

A. Direct Detection prospects

The spin independent scattering cross-section �SI

of DM on nuclei receives two contributions: i) from
purely EW loop diagrams ii) from Higgs mediated
tree-level diagrams generated by bothO0 andO+. For
minimal splitting Higgs mediated scattering is sub-
dominant and �SI can be computed by considering
only EW loop diagrams.

Following [17, 42], the Lagrangian describing the

spin-independent (SI) DM interactions with quarks
and gluons is
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where mh is the mass of the Higgs and c =
1.32, b = 1.19, t = 1. Furthermore we have de-
fined a

V

q
= T3q/2 � Qqs

2
w
, aA

q
= �T3q/2 with cw, sw

being the cosine and the sine of the Weinberg angle,
respectively. The terms proportional to Y correspond
to the exchange of Z bosons inside the EW loops.

After the IR matching of these interactions at the
nucleon scale [42], we can express �SI per nucleon (for
MDM � mN ) as
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where the nucleon form factors are defined as
fTq = hN |mq q̄q|Ni/mN , fTG = 1 �

P
q=u,d,s

fTq,

and hN(p)|Oq
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m
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gµ⌫)(q(2) +

q̄(2))/mN , and q(2), q̄(2) are the second moments of
the parton distribution functions for a quark or an-
tiquark inside the nucleon [17]. The values of these
form factors are taken from the results of direct com-
putation on the lattice, as reported by the FLAG Col-

DIRECT DETECTION?
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FIG. 8. In dark green we show the present contraints from XENON-1T [83] and PandaX-4T [84], the green dashed line
shows the reach of LZ [85] and the brown green dot-dashed line the ultimate reach of DARWIN [19]. The light gray region
show the neutrino floor for 200 ton/year exposure derived in Ref. [86]. Left: Expected spin independent (SI) direct detection
cross-section for Majorana n-plets (red) and for real scalar n-plets (blue) (assuming the Higgs portal coupling �H = 0). The
vertical error bands correspond to LQCD uncertainties on the elastic cross-section in Eq. (41) while the horizontal error band
comes from the theory determination of the WIMP freeze out mass. Right: Current and future reach on the Higgs portal
quartic �H defined in Eq. (1) for scalar DM. In the shaded dark red region the quartic modifies the freeze-out cross-section by
O(1) or more. The dashed red contours indicate smaller ratios of the Higgs-portal and the EW annihilation cross-sections.

where the Wilson coe�cient was computed in Ref. [90]
and we expanded it at zeroth order in M�/mh � 1. The
corresponding SD cross-section is too small to be probed
even at a very large exposure experiment like DARWIN.

Finally, we comment on the new opportunities for di-
rect detection that arise for scalar DM. Here, a non-zero
Higgs portal quartic in Eq. (2) leads to a new contribu-
tion to the SI DM scattering cross-section with the nuclei,
which again in the M� � mN limit reads

�
H
SI =

4

⇡
m

4
N
|k

H
N
|
2
, (43)

where
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H
N

'
�HfN

4m2
h
M�

, (44)

with fN ' 0.31 obtained from lattice QCD results
(see [95] for a more detailed discussion on the scalar
triplet). In the right panel of Fig. 8 we show the re-
gions of parameter-space where the Higgs-portal inter-
action can be tested in direct detection. The require-
ment of not significantly a↵ecting the freeze-out dynam-
ics bounds the annihilation cross-section induced by the
Higgs portal to be smaller than the EW cross-section,
�
H

ann/�
EW
ann . 1, which results in an upper bound on

the quartic coupling �H shown by the red shading in
Fig. 8. An estimate for this bound can be obtained by
comparing the hard annihilation cross-sections, and reads
�
2
H

. (n2
�3)(n2

�1)g42/8. Interestingly, XENON1T and
PANDAX-4T already exclude a large part of the region
where the Higgs portal induces O(1) modifications of the
freeze-out predictions, while LZ will completely exclude
this possibility.

VII. CONCLUSIONS

After many years of hard experimental and theoretical
work, the possibility that Dark Matter is part of an EW
multiplet is still open and deserves theoretical attention
in view of the future plans for experimental searches. In
this paper we made a first step in sharpening the theo-
retical predictions computing all the calculable thermal
WIMP masses for real EW representations with vanish-
ing hypercharge. We included both Sommerfeld enhance-
ment and bound-state-formation e↵ects at LO in gauge
boson exchange and emission. Our results are summa-
rized in Table I.

We find that the largest calculable SU(2) n-plet at LO
is the 13-plet, which is as heavy as 350 TeV. Stronger
requirements about the perturbativity of the EW sector
up at high scales can further lower the number of vi-
able candidates. We consistently assign a theory error
to our predictions by estimating the NLO corrections to
the SE. The latter dominate the theory uncertainty for
n � 7, while for n = 5 the error is dominated by the ap-
proximate treatment of EW symmetry-breaking e↵ects
in the computation of the BSF cross-sections.

Given the updated mass predictions from thermal
freeze-out, we re-examined various phenomenological
probes of WIMP DM.

High energy lepton colliders in the 10 – 30 TeV range,
such as a future muon collider, can directly produce EW
multiplets with n  5. In order to probe a Majorana
fermion with n = 3 (n = 5) with missing-mass searches,
a collider with at least

p
s ⇠ 12 TeV (

p
s ⇠ 35 TeV) and

the baseline integrated luminosity of Eq. (24) would be
required. The highest mass reach is obtained by means
of an inclusive mono-W search.
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