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Particle “content” of the 
Universe is largely 

unknown

Atoms
In Energy chart they are
4%. In number density 
chart ~ 5 ×10-10 relative to g

We have no idea about DM number densities. (WIMPs ~ 10-8 cm-3; 
axions ~ 109 cm-3. Dark Radiation, Dark Forces – We don’t know). 

Number density chart for axionic universe:    

Lack of precise knowledge about nature of dark matter leaves a lot of 
room for existence of dark radiation, and dark forces – dark sector in 
general.  
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Typical BSM model-independent approach is to include all possible 
BSM operators once very heavy new physics is integrated out

New IR degrees of freedom = light (e.g. 
sub-eV) beyond-Standard-Model states

LSM+BSM= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) + 

(Wilson coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

But is this framework really all-inclusive – it is motivated by new 
heavy states often with sizeable couplings?

The alternative possibility for New Physics – weakly coupled light new 
physics - is equally viable 
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Typical BSM model-independent approach is to include all possible 
BSM operators once very heavy new physics is integrated out

New IR degrees of freedom = light (e.g. 
sub-eV) beyond-Standard-Model states

LSM+BSM= - mH
2 (H+

SMHSM) + all dim 4 terms (ASM, ySM,  HSM) + 

(W.coeff. /L2) × Dim 6 etc (ASM, ySM,  HSM)  + …

all lowest dimension portals (ASM, ySM,  H, ADS, yDS,  HDS) ×
portal couplings

+ dark sector interactions (ADS, yDS,  HDS)

SM = Standard Model

DS – Dark Sector



A simple model of dark sector

§ “Effective” charge of the “dark sector” particle c is Q = e × e
(if momentum scale q > mV ). At q < mV one can say that 
particle c has a non-vanishing EM charge radius, . 

§ Dark photon can “communicate” interaction between SM and 
dark matter. Very light c can be possible. 5
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Figure 1: The interaction through the exchange by a mixed � � A⇥ propagator between the
SM particles and particles ⌅ charged under new U(1)⇥ group. In the limit of mA� ⇧ 0 the
apparent electromagentioc charge of ⌅ is e⇥.

In the simplest example, a new fermionic field charged under both U(1)’s will gener-
ate an additional contribution to the mixing angle that scales as �⇥ ⇤ g⇥e/(12⇤2) ⇥
log(⇥2

UV /M)2. In principle, the two sectors can be ”several loop removed”, so that one
can entertain a wide range of mixing angles.

2. If both groups are unbroken, mV ⇧ 0, then ⌅ represent the ”millicharged particles”
with electric charge q� = e⇥. For mV ⌥= 0, at |q2| < m2

V , the particles ⌅ can be thought
of as neutral particles with a non-vanishing electric charge radius, r2� ⌃ 6⇥m�2

V . The
diagram, describing basic interaction between the two sectors is shown in Fig. 1.

3. If there are no states charged under U(1)⇥ (or they are very heavy), and mV is taken to
be zero, then the two sectors decouple even at non-zero ⇥. This leads to the suppression
of all interactions for a dark photon inside a medium, if mV becomes smaller than the
characteristic plasma frequency, and all processes with emission or aborption of dark
photons decouple as ⇤ m2

V [8].

4. New vector boson, interacting with the SM via the electromagnetic current, conserves
all discrete symmetries (parity, flavour, CP etc). Also, importaintly, A⇥ does not couple
directly to neutrinos. As a consequence, the interaction strength due to the exchange of
A⇥ can be taken to be stronger than that of weak interactions, (e⇥)2/m2

A� ; (e⇥g⇥)/m2
A� ⌅

GF . This property proves very useful in constructing the light dark matter models with
the use of vector portal.

Although this model was known to theorists and well-studied over the years (e.g. Refs.
[9,10]), a revival of interest to models based on kinetically-mixed A⇥ occurred in last 10 years,
as a response to various astrophysical anomalies, that this model allows to explain in terms
of weakly-interacting dark matter. Subsequent searches of the dark photon triggered new
analyses of the past or existing experiments [11–20], and generated new dedicated experi-
ments in di⇤erent stages of implementation [21–24]. In this chapter, we are going to show
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1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the
electromagnetic current. A mass term, or in general a mass matrix for the vector states, is
protected against additive renormalization due to the conservation of the electromagnetic
current. If the mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then
the theory contains one massless vector, to be identified with a photon, and several massive
vector states.

This is the model of ‘paraphotons’, introduced by Okun in early 1980s [6], that can be
reformulated in equivalent language using the kinetic mixing portal. Following Holdom [7],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the
kinetic Lagrangian, and a mass term for one of the vector fields.

L = L⌅,A + L⇤,A� � ⇥

2
Fµ⇥F

�
µ⇥ +

1

2
m2

A�(A�
µ)

2. (1.1)

L⌅,A and L⇤,A� are the standard QED-type Lagrangians,

L⌅,A = �1

4
F 2
µ⇥ + ⌅̄[�µ(i⌥µ � eAµ)�m⌅]⌅

L⇤,A� = �1

4
(F �

µ⇥)
2 + ⇤̄[�µ(i⌥µ � g�A�

µ)�m⇤]⇤, (1.2)

with Fµ⇥ and F �
µ⇥ standing for the fields strength tensors. States ⌅ represent the QED

electron fields, and states ⇤ are similar particles, charged under ”dark” U(1)�. In the limit
of ⇥ ⇧ 0, the two sectors become completely decoupled. In eq. (1.1), the mass term for A�

explicitly breaks the second U(1), but is protected from additive renormalization, and hence
is technically natural. Using the equations of motion, ⌥µFµ⇥ = eJEM

⇥ , the interaction term
can be rewritten as

� ⇥

2
Fµ⇥F

�
µ⇥ = A�

µ ⇥ (e⇥)JEM
µ , (1.3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor ⇥. The generalization of (1.1) to the SM is straightforward, by
subsituting the QED U(1) with the hypercharge U(1) of the SM.

There is a multitude of notations and names referring to one and the same model. We
shall call the A� state as ”dark photon”. It can also be called as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle ⇥, and throughout this
chapter assume ⇥ ⌅ 1. In contrast, one does not have to assume a smallness of g� coupling,
which can be comparable to the gauge couplings of the SM, g� ⇤ gSM.

Athough the model of this type is exceedingly simple, one can already learn a number of
instructive features.

1. The mixing parameter ⇥ is dimensionless, and therefore can retain information about
the loops of charged particles at some heavy scale M without power-like decoupling.
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal
……….

Classes of portal interactions



Excellent framework for light DM
some WIMP examples

§ Scalar dark matter talking to the SM via a “dark photon” 
(variants: Lmu-Ltau etc gauge bosons). With 2mDM < mmediator.

§ Fermionic dark matter talking to the SM via a “dark scalar” that 
mixes with the Higgs. With mDM > mmediator.

After EW symmetry breaking S (“dark Higgs”) mixes with 
physical h, and can be light and weakly coupled provided that 
coupling A is small. 

Take away point: with lots of investment in searching for DM with 
masses > GeV, models with sub-GeV DM can be a blind spot. 7
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g-2 motivation for dark photons
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Figure 2: One-loop correction to the muon magnetic moment due to dark photon exchange
diagram.

3.1 A possibility of extra U(1)s in top-down physics, and natural range for
masses and mixing angles

3.2 Putative solution to the muon g � 2 discrepancy

The persistent discrepancy of the measured muon g � 2 and the standard model (SM)
prediction at the level of ⇤3⌅ [44] has generated a lot of experimental and theoretical activity
in search of a possible explanation. The intense scrutiny of the SM contributions to the
g � 2 has not produced any obvious candidate for an extra contribution �ae ⇤ +3 ⇥ 10�9

that would cover a theoretical shortfall and match the observed value. Among the new
physics explanations for this discrepancy are weak scale solutions [45], as well as possible
new contributions from light and very weakly coupled new particles (see, e.g., [13, 46, 47]).
With the LHC continuously squeezing the available parameter space for the weak-scale g�2-
relevant new physics, solutions with light particles appear as an attractive opportunity.

It is easy to see that light vector particles coupled to muons via vector portal provide an
upward correction to the g � 2. In most models the new vector particle does not have an
axial-vector coupling to charged leptons, and the simple one loop diagram, Fig. 2 gives a
positive correction to the magnetic anomaly

aVl =
�

2⇤

�
g⇥

e

⇥2

⇥
⌃ 1
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dz
2m2

l z(1� z)2

m2
l (1� z)2 +m2

V z
=

�

2⇤

�
g⇥

e

⇥2

⇥

⇤
⇧

⌅
1 for ml ⇧ mV ,

2m2
l /(3m

2
V ) for ml ⌅ mV .

(3.1)
In this expression, g⇥/e is the strength of Vµ coupling to the muon vector current in units
of electric charge. For the kinetically-mixed dark photon A⇥, g⇥/e = ⇥. For the choice of
⇥ ⇤ few⇥10�3 at mV ⇤ mµ, the new contribution is capable to bring theory and experiment
in agreement. Since 2008, a lot of experimental and theoretical work has been done that
scrutinized this possibility. The following picture has emerged:
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FIG. 6. Parameter space for dark photons (A⇥) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A⇥ can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of �. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for � > 10�4 � 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller �. While there is no clear minimum

for �, values in the 10�12 � 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A⇥ is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A⇥ could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di�erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21

Dark photon with kinetic mixing 
~ 10-3 is the simplest model that 
can account for anomalous  
Daµ~3 10-9, MP, 2008

Search for dark photons (A’à e+e-) 
has become an important part of the 
intensity frontier program, Snowmass 
exercise, Minneapolis, 2013

By 2018, there is a large community in 
place (”Cosmic Vision” summary, 100s 
of authors, 2017), where the search for 
dark photon is one of the priorities. 
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If dark photon decays invisibly, for example to a pair of DM 
particles, the search for dark photon is the search for “anomalous 
energy loss”, such e+e- à g + A’ à g + cc

Plot is from recent review M. Fabbrichesi, E. Gabrielli, G. 
Lanfranchi, 2005.01515. NA64, in particular, probes the part of 
parameter space motivated by the freeze-out dark matter. 

Pair  production of dark matter via vector portal
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This year [hopefully] the Fermilab-based experiment is going to 
present results that more than double the existing dataset. 

Independently of that one can question whether other models can 
provide viable upward correction to g-2. 

§ Models based on muon-tau lepton number, with gauge coupling at 
g ~ 10-3 level and mass above ~ 10 MeV (BBN) and below ~ 210 
MeV (4-muon signal at B-factories, + trident neutrino + high-
energy excludes higher masses). These models can be probed with 
NA64 style experiment with incoming muons (Gninenko, 
Krasnikov et al.)

§ Models based on scalars coupled to leptons with “new Yukawa” at 
the level of SM Yukawa, but with light scalars. They are hard to 
build (see e.g. Batell et al., 2016, Chen et al, 2015)

Are there any more models that can correct g-2?
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In a minimal flavour violation framework, the coupling to leptons is 
proportional to their masses. Therefore the bremsstrahlung of 
scalars in e+ + e- à tau+ + tau- + Scalar, with its subsequent decay 
to electrons or muons, is the promising channel (Batell et al, 
2017)

In an impressive new analysis led by B. Echenard and B. Shuve, 
Babar published a constraint from a corresponding search: 

Recent constraints from BaBar

Beam dump regions are 
slightly too optimistic, 
based on old ”recast”, 
and will be updated 
soon. 



New Physics paradigm that include light 
particles have enormous flexibility in 

”explaining” anomalies
§ For example, cosmic positron fraction (“Pamela anomaly”)

12

Light new mediator particles V can A. 
dynamically enhance the annihilation cross 
section at low velocity, B. kinematically
limit the annihilation products to electrons 
and positrons.

• Self-interaction of dark matter can be an 
attractive possibility to address over-
concentration of cold dark matter in the 
central parts of galactic haloes. Self-
scattering cross section of 10-24 cm2/GeV 
implies that either DM or mediator is 
light, or both. (Plot from Tulin et al.)
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FIG. 6: Parameter space consistent with astrophysical bounds for attractive (left) and repulsive (right) poten-
tials for different �X . Blue regions show where DM self-scattering solves small scale structure anomalies,
while red (green) show bounds on Milky Way (cluster) scales. Numerical values give �⇥T ⇥/mX in cm2/g
on dwarf (“dw”), Milky Way (“MW”), and cluster (“cl”) scales. See text for details.
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Physics Beyond Colliders and its mission

§ an exploratory study aimed at exploiting the full scientific 
potential of CERN's accelerator complex and its scientific 
infrastructure through projects complementary to the LHC, 
HL-LHC and other possible future colliders. These projects 
would target fundamental physics questions that are 
similar in spirit to those addressed by high-energy 
colliders, but that require different types of beams and 
experiments'

13
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An attempt for a comprehensive overview has been made in 2016 and 
2017, and in the on-going Physics Beyond Colliders exercise at CERN

… very long list of authors

CERN PBC exercise led by 

Jaeckel, Lamont, Vallee
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Models vs Experiments
Benchmark Cases (MP and PBC, 2018)

1. Dark photon
2. Dark photon + light dark matter
3. Millicharged particles
4. Singlet scalar mixed with Higgs
5. Quartic-dominated singlet scalar
6. HNL, e-flavour dominance
7. HNL, µ-flavour dominance
8. HNL, t-flavour dominance
9. ALPs, coupling to photons
10. ALPs, coupling to fermion
11. ALPs, coupling to gluons

Experimental proposals, mostly CERN

§ SHiP
§ NA62+
§ FASER
§ MATHUSLA
§ Codex-B
§ MilliQan
§ NA64
§ KLEVER
§ REDTOP
§ IAXO
§ ALPs-II
§ ……..

I hope that in the end, a clear strategy for building up CERN intensity 
frontier program will emerge, with new sensitivity to sub-EW scales
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Benchmark Cases (MP and PBC, 2018)

1. Dark photon
2. Dark photon + light dark matter
3. Millicharged particles
4. Singlet scalar mixed with Higgs
5. Quartic-dominated singlet scalar
6. HNL, e-flavour dominance
7. HNL, µ-flavour dominance
8. HNL, t-flavour dominance
9. ALPs, coupling to photons
10. ALPs, coupling to fermion
11. ALPs, coupling to gluons

Experimental proposals, mostly CERN

§ SHiP Beam Dump
§ NA62+ Flavour, possible BD
§ FASER LHC add-on
§ MATHUSLA   large LHC add-on
§ Codex-B LHC add-on
§ MilliQan LHC add-on
§ NA64 missing momentum
§ KLEVER flavour
§ REDTOP                       fixed target
§ IAXO                           axion exp
§ ALPs-II axion exp
§ ……..

I hope that in the end, a clear strategy for building up CERN intensity 
frontier program will emerge, with new sensitivity to sub-EW scales
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Highlights from recent PBC publication
G. Lanfranchi et al, BSM group

Figure 19: PBC projects on ≥ 5 year timescale: upper limits at 90 % CL for Dark Photon
in visible decays in the plane mixing strength ‘ versus mass mAÕ . The vertical red line
shows the allowed range of e ≠ X couplings of a new gauge boson X coupled to electrons
that could explain the 8Be anomaly [70, 71].

competing with SeaQuest, LHCb, HPS, and others as shown in Figure 18. MATHUSLA200
in this scenario is instead not competitive, mostly due to the fact that the Dark Photon is
produced forward.

Figure 20: Future upper limits at 90 % CL for Dark Photon in visible decays in the plane
mixing strength ‘ versus mass mAÕ for PBC projects on a ≥ 10-15 year timescale. The
vertical red line shows the allowed range of e≠X couplings of a new gauge boson X coupled
to electrons that could explain the 8Be anomaly [70, 71].

– 82 –

Figure 21: Current limits (filled areas) and experimental landscape for projects not PBC
related (solid or dashed lines) for Dark Photon in invisible decays in the plane mixing
strength ‘ versus dark photon mass mAÕ .

Figure 22: Dark Photon decaying to invisible final states. Prospects for PBC projects
on a timescale of 5 years (NA64++(e), green line) and 10-15 years (LDMX, red line and
KLEVER, cyan line) compared to the current bounds (solid areas) and future experimental
landscape (other solid and dashed lines) as explained in Figure 21.

On the contrary, results from accelerator-based experiments, are largely independent
of the assumptions on a specific DM nature as DM in this case is produced in relativistic
regime and the strength of the interactions with light mediators and SM particles is only
fixed by thermal freeze-out.

Future initiatives that could explore a still uncovered parameter space in the plane

– 85 –

Benchmark cases 1 and 2, 
models with visible [top] 
and invisible [bottom] 
decays of dark photons 
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Highlights from recent PBC publication
G. Lanfranchi et al, BSM group

Benchmark cases 4 and 6, 
models with Higgs-mixed 
scalar [top] and muonic
HNL [bottom]

Figure 28: BC4: prospects on 10-15 year timescale for PBC projects for the Dark Scalar
mixing with the Higgs in the plane mixing angle sin2 ◊ versus dark scalar mass m

S

.

Figure 29: BC5: prospects on 10-15 year timescale for PBC projects for the dark scalar
mixing with the Higgs in the plane mixing angle sin2 ◊ versus dark scalar mass m

S

under
the hypothesis that both parameters ⁄ and µ are di�erent from zero. The sensitivity curves
have been obtained assuming BR(h æ SS) = 10≠2. The NA62++ and KLEVER curves
correspond still to the case of ⁄ = 0, and, hence, should be considered conservative.

– 96 –

Physics reach of PBC projects on 10-15 year timescale

Figure 33 shows the 90 % CL exclusion limits from MATHUSLA200, FASER2, CODEX-
b and SHiP in a 10-15 years time scale. Also in this case the curves are obtained under the
assumption of zero background, for which the same considerations drawn in the previous
paragraph hold.

Figure 33: BC7: Sensitivity to Heavy Neutral Leptons with coupling to the second lepton
generation only. Current bounds (filled areas) and 10-15 years prospects for PBC projects
(SHiP, MATHUSLA200, CODEX-b and FASER2) (dotted and solid lines). Projections for
the LBNE near detector with 5 ◊ 1021 pot and FCC-ee with 1012 Z0 decays are also shown.

9.3.3 Neutrino portal with tau-flavor dominance (BC8)

In this Section we consider the case in which HNLs couple only to third SM generation and
the sensitivity plots are shown in the plane {|U· |2, mN }.

Current bounds and experimental landscape

Current bounds and future experimental landscape in the next ≥ 5 years, including
some PBC projects, is shown in Figure 34 for the case of HNL coupling only to the third
lepton generation and masses in the MeV-GeV range. Also in this case the allowed range of
couplings is bounded from below by the BBN constraints [263], and the see-saw limit [286].

Main bounds in this benchmark case arise from CHARM [291], NOMAD [292], and
again the same data from DELPHI [267] used for the other two benchmark cases (BC6 and
BC7).

- CHARM: limits on the square mixing strength |U· |2 in a mass range 10-290 MeV
were set by re-interpreting the null result of a search for events produced by the decay
of neutral particles into two electrons performed by the CHARM experiment using

– 103 –



19

What did I learn from PBC BSM? 

§ PBC exercise has come up with an attempt of systematic approach to 
light New Physics in the sub-10-GeV regime. CERN will decide 
which experiments eventually to pursue [in additional to multi-decade 
LHC project]. 

§ It paid off to have a uniform set of models O(10) addressed by all 
collaborations.

§ Scientific potential of our community is strong: in the process of PBC 
preparation several new ideas appeared, mistakes were corrected, and 
new results obtained (e.g. for the ALP coupling to gluons). 

§ Because of the PBC mandate, some of interesting physics was left out. 

§ What did PBC miss and/or under-emphasized and what Snowmass 
may choose to address? 
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Missing/under-explored 1

§ Models with dim=6 and higher mediation, (SM current)×(Dark 
current) = e.g. (ySM gµ ySM)(cDS gµ cDS) ×L-2, with subsequent decay 
and/or scattering of c. (Many of these operators were explored in the 
DM at LHC studies, as well as LLP studies. Close to the hidden 
valley scenarios.)

This will emphasize collider connection more. Are there well-motivated 
yet economical frameworks that can be addressed by Snowmass? 
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Missing/under-explored 2

§ Additional gauging of SM quantum numbers: B-L, Lmu-Ltau and 
other possibilities. 

If mV << weak scale, g << e, making it perhaps more exotic than dark 
photon. Yet Lmu-Ltau is less constrained if mV < 210 MeV, leaving some 
room for large g-2 of the muon correction. Perhaps worth including?

Note that anomalous symmetries, such as B, are well constrained by 
flavor. 
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Missing/under-explored 3

§ Models with light-ish sterile neutrinos, capable of inducing 
interesting effects in neutrino physics. “Secret neutrino interactions”, 
including electromagnetic form-factors for active and sterile?

PBC was *not* dealing with the neutrino physics other than with the 
“beam dump” mode. Yet many short baseline anomalies persist, and US 
community is in the best position to find out of some of it is new physics 
[or old misunderstood physics]. 
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Missing/under-explored 4

§ Origin of mass in the dark sector, and ”interplay” of portals. All 
vector portals dealing with massive A’ took the Stuckelberg mass. 
Alternative [dark] Higgs origin of the mass has serious 
phenomenological consequences. 

Is the Higgsed version of dark photon models worth including into 
studies? 
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Missing/under-explored 5

§ Neutron portal to dark sectors. Interactions of type (udd)cDS ×L-2 

can lead to several novel phenomena in neutron decays, rare decay 
type physics in underground detectors etc. If c is Majorana –
neutron-anti-neutron oscillations. 

Would perhaps a minimal model of c-n mixing at O(10-10) level be 
worth including, as it provides an interesting bridge to nuclear physics?
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Missing/under-explored 6

§ LHC as an intensity machine, and in particular copious Z,W 
production. Certain rare modes, t were barely visible at LEP, such as 
Z àµµg, are now used to calibrate the detectors etc. They are under-
utilized wrt new physics searches. 

PBC *mostly* stopped at 10 GeV  invariant mass of new physics and 
probes. Should we make an effort to consistently expand all reported 
plots to the weak scale. (Done for subset of models.)
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Missing/under-explored 7

§ More complicated energy level structures for Dark matter. Split – or 
inelastic dark matter – is giving a much wider range of phenomena 
both in direct detection and in colliders/beam dumps. 

Perhaps should be included with simple 2-level structure and Dm
between states into the analyses (done for some models).
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Conclusions

From 2001 Snowmass where DM ~ QCD axions + neutralinos, 2013 
made a big step into dark sectors. By 2020, both experimental and 
theoretical progress, put the systematic and inclusive studies of dark 
sectors firmly on the map of particle physics. 

Are we missing any interesting/motivated physics in our theoretical 
models, and more importantly are there big experimental gaps that 
possibly need addressing?


