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• Is there an underlying simplicity behind vast 
phenomena in Nature?

• Einstein dreamed to come up with a unified 
description

• But he failed to unify electromagnetism and 
gravity (GR)
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• at least five missing pieces in the SM
• dark matter
• neutrino mass
• dark energy
• apparently acausal density fluctuations

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Wikipedia
Model building is a hobby and career that involves the creation of physical models 
either from kits or from materials and components acquired by the builder. The kits 
contain several pieces that need to be assembled in order to make a final model. 
Most model-building categories have a range of common scales that make them 
manageable for the average person both to complete and display. A model is 
generally considered physical representations of an object and maintains accurate 
relationships between all of its aspects.
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Model building is not exclusively a hobbyist pursuit. The complexity of assembling 
representations of actual objects has become a career for several people, and is 
heavily applicable in film making. There are, for instance, those who build models/
props to commemorate historic events, employed to construct models using past 
events as a basis to predict future events of high commercial interest.
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Requires skills

The model building kits can be classified according to skill levels that 
represent the degree of difficulty for the hobbyist. These include skill level 1 
with snap-together pieces that do not require glue or paint; skill level 2, 
which requires glue and paint; and, skill level 3 kits that include smaller and 
more detailed parts. Advanced skill levels 4 and 5 kits ship with components 
that have extra-fine details. Particularly, level 5 requires expert-level skills.
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represent the degree of difficulty for the hobbyist. These include skill level 1 
with snap-together pieces that do not require glue or paint; skill level 2, 
which requires glue and paint; and, skill level 3 kits that include smaller and 
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that have extra-fine details. Particularly, level 5 requires expert-level skills.

Lagrangian

free particles interactions
weak interactions

confined particles

non-perturbative dynamics

Caption Box



What do we do?



Caption Box

Our aim
• Write down the Lagrangian that describes the entire Universe


• At some point we may have to go beyond Lagrangian such as in string 
theory in quantum spacetime


• should include all success of the SM


• new particles, new interactions


• no contradictions with data: collider limits, FCNC, lepton and baryon 
violation, Neff, dark matter abundance, baryon asymmetry, spectral 
index, tensor fluctuations, dark energy equation of state, …
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What drives us
• Naturalness


• Supersymmetry


• Warped Extra Dimension


• Neutral Naturalness


• Cosmological Selection


• Strong CP and Axions


• Swampland
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Naturalness works!

• Why is the Universe big?


• Inflation


• horizon problem


• flatness problem


• large entropy

Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is

8
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model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the
best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
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What drives us
• Dark Matter


• Interaction Mechanisms


• Models


• Baryogenesis


• Flavor Model


• Inflation
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Power of Expedition

10181016101410121010108106104102

experimental reach [GeV]
(with significant simplifying assumptions)
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Our role
• Address Big Problems in our field

• Make use of all available wisdom/expertise

• exploit all available experimenta/observational data

• build a hypothesis (“attractive” in whatever 

definition)

• Make sure to derive testable prediction of the 

models

• in particular, signatures not considered before


• but often fall into ideological debates
Caption Box



Guidelines

“The mathematical sciences 
particularly exhibit order, 
symmetry, and limitation; and 
these are the greatest forms of 
the beautiful.”

http://upload.wikimedia.org/wikipedia/commons/a/ae/Aristotle_Altemps_Inv8575.jpg

Aristotle

Caption Box
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Guidelines

“I have deep faith that the principle 
of the universe will be beautiful and 
simple.”

http://en.wikipedia.org/wiki/Albert_Einstein#mediaviewer/File:Albert_Einstein_(Nobel).png

Albert Einstein
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http://en.wikipedia.org/wiki/Albert_Einstein#mediaviewer/File:Albert_Einstein_(Nobel).png


Guidelines

]

http://it.wikipedia.org/wiki/Richard_Feynman#mediaviewer/File:Richard-feynman.jpghttp://meetville.com/quotes/tag/physics/page5

Richard Feynman
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Guidelines

“Symmetry, as wide or as narrow 
as you may define it, is one idea 
by which man through the ages 
has tried to comprehend and 
create order, beauty, and 
perfection.”

http://en.wikipedia.org/wiki/Hermann_Weyl#mediaviewer/File:Hermann_Weyl_ETH-Bib_Portr_00890.jpg

Hermann Weyl

Caption Box
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Guidelines

“Symmetry, as wide or as narrow 
as you may define it, is one idea 
by which man through the ages 
has tried to comprehend and 
create order, beauty, and 
perfection.”

http://en.wikipedia.org/wiki/Hermann_Weyl#mediaviewer/File:Hermann_Weyl_ETH-Bib_Portr_00890.jpg

Hermann Weyl

Caption Box
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Amalie Emmy Noether
1882-1935

Symmetry → Conservation law



Amalie Emmy Noether
1882-1935

Symmetry → Conservation law
Symmetry ← Conserved charge



Guidelines

“Science is beautiful when it 
makes simple explanations of 
phenomena or connections 
between different observations. 
Examples include the double helix 
in biology and the fundamental 
equations of physics.”

http://www.brucebergerrecords.com/category/stephen-hawking/
Stephen Hawking

http://www.brucebergerrecords.com/category/stephen-hawking/


Guidelines

http://www.nobelprize.org/nobel_prizes/physics/laureates/1969/gell-mann-bio.html
Murray Gell-Mann

http://www.nobelprize.org/nobel_prizes/physics/laureates/1969/gell-mann-bio.html


Guidelines

“For every complex 
natural phenomenon there 
is a simple, elegant, 
compelling, wrong 
explanation.” 

Thomas Gold
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Guidelines

“This is often the way it is in physics - 
our mistake is not that we take our 
theories too seriously, but that we do 
not take them seriously enough. It is 
always hard to realize that these 
numbers and equations we play with 
at our desks have something to do 
with the real world. Even worse, there 
often seems to be a general 
agreement that certain phenomena are 
just not fit subjects for respectable 
theoretical and experimental effort.” Steven Weinberg
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What we thrive
• Rely on most updated data and make forecasts for


• energy frontier, neutrino frontier, cosmic frontier, rare processes and 
precision frontier


• use advancements in our understanding of QFT, EFT, experimental tools


• theory frontier, computational frontier, instrumentation frontier, accelerator 
frontier, underground facilities and infrastructure frontier


• include everybody interested


• community engagement
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What shall we do?
Energy

low-energy 
collidersbeam dump 

fixed target

astrophysics 
cosm

ology

H

dark 
sector / 

baryo
genesis

Coupling

EFT
upgradesHiggs Factory

LHC

~$10M R&D for ILC-
related technologies 
in Japan likely for the 

next fiscal year



baryogengesis + DM

SU(2) x U(1)
SU(2) x U(1)

SU(3)SU(3)

SMdark sector

Bdark=Ldark νR

LSM→BSM

Dark baryon: ~1.5 GeV (or ~60 GeV)

Higgs

ndark γ’ – γ mixing
e+e–

π0
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Introduction Higgs to invisible

Caterina Doglioni - 2019/05/13 - European Strategy Update

Comparison to direct detectionBSM scalar mediator

Higgs portal, plot for direct searches

 24
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• Limits on BR can be translated to 
limits in the DM-nucleon plane 
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Caveat: EFT validity 
in Higgs-DM 

interaction not 
guaranteed beyond 

HL-LHC

e+e–

HL-LHCChinese Physics C Vol. 41, No. 6 (2017) 063102

(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.
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Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics

063102-12
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Unified description of SIDM

• Hans Bethe: effective 
range theory

• only two parameters to 
describe scattering at low 
velocities

• fully unitary and non-
perturbative

• ideal for simulations and 
phenomenology!

• resonance, bound states, 
virtual states
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Figure 5: Figure taken from [93]. Panels (a), (b) show the ⇡+⇡� and !⇡ invariant mass projections of data from the BES
analysis of J/ ! !⇡+⇡�. Panels (c) and (d) show the JPC = 0++ and 2++ projections, respectively. The shaded area in
(c) corresponds to the � contribution. The contribution of the f0(980) can be seen as a small peak on top of the shaded
area right below 1 GeV. Compare the height of the peak and the asymmetric shape of the � in (c) to the height and shape
of the f2(1275) resonance in (d). Reprinted from Phys. Lett. B 598, 149, 2004, M. Ablikim et al. [BES Collaboration],
“The sigma pole in J/ ! !⇡+⇡�,”. Copyright 2004, with permission from Elsevier.
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FIG. 15. Pole singularities for the 20 S-wave amplitudes
discussed in Section III B. Color indicates Riemann sheet of
pole: sheet I(purple), II(red), III(blue), and IV(green). Thick
black points indicate the particular amplitude defined by Eq. 3.
Upper panel: complex s-plane. Lower panel: complex kKK-
plane. Contours of constant complex energy plotted in lower
panel to aid visualization of proximity of poles to physical
scattering which occurs along the positive imaginary axis below
KK threshold and along the positive real axis above the KK
threshold.

observe ⇡⇡ and KK couplings of comparable magnitudes,
and a coupling to ⌘⌘ that is somewhat smaller, albeit
with some scatter under changes in parameterization.

3. The KK threshold region

The f0 resonance pole described in the previous section
dominates the amplitude in the energy region around the
KK threshold, and in this region, the e↵ect of the distant
� bound-state is limited to providing a smoothly varying
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FIG. 16. Couplings for the 20 S-wave amplitudes discussed
in Section III B from factorized residues at the sheet II pole.
Thick black points indicate the particular amplitude defined
by Eq. 3.

‘background’. Given this, it is worthwhile to attempt
to describe just that part of the spectrum lying above
atEcm = 0.17 using amplitudes that need not lead to
an explicit � bound-state pole. In Figure 17 we show 9
parameterizations which describe 41 levels in the energy
region 0.17 < atEcm < 0.24, all with �2/Ndof < 1.05. As
in the previous section we note that the degree of coupling
of the ⇡⇡,KK sector to the ⌘⌘ sector is somewhat impre-
cisely determined, but that otherwise there is very little
variation in amplitude with change in parameterization.
There is again always a sheet II pole, but we note that
it is systematically at a slightly lower mass than in the
previous section. We observe there to be somewhat less
scatter in the ⇡⇡ and KK couplings, which show a small
systematic shift in phase with respect to the previous
section, but which have very similar magnitudes.

Note that some, but not all, of these amplitudes do
feature a bound-state pole in roughly the position of the
�, but that this pole position is not precisely determined
due to the energy levels below atEcm = 0.17 not being
included in the fit. In those amplitudes which do not
feature a bound-state pole, the e↵ect of the � is being
handled by smooth energy dependences that we might
think of as ‘background’.

Raul A. Briceno, Jozef J. Dudek, Robert G. Edwards, David J. Wilson, arXiv:1708.06667
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covers pretty much the entire range for leptogenesis!
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A

0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A

0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A
0 couples to a light DM particle � (mA0 > m�), then the pa-

rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵EM this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A

0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A

0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A
0 couples to a light DM particle � (mA0 > m�), then the pa-

rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵EM this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.
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Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A

0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A

0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A
0 couples to a light DM particle � (mA0 > m�), then the pa-

rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵EM this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.
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tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers �> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 3: Schematic of the experimental setup. A high-intensity multi-GeV electron
beam impinging on a beam-dump produces a secondary beam of dark sector states. In
the basic setup, a small detector is placed downstream with respect to the beam-dump
so that muons and energetic neutrons are entirely ranged out.

e↵orts to search for dark photons independently of their connection to dark matter,
the success of these e↵orts relies on the assumption that the A

0 is the lightest particle
in its sector and that its primary decay channel only depends on ✏. Furthermore, if
the A

0 decays predominantly to SM particles, this explanation of the (g�2)µ anomaly
has been ruled out (see discussion in Sec. 5).

If, however, the A
0 couples to a light DM particle � (mA0 > m�), then the pa-

rameter space for reconciling theory and experiment with regard to (g � 2)µ remains
viable. For large values of ↵D, this explanation of the anomaly is under significant
tension with existing constraints, but for ↵D ⌧ ↵EM this explanation is still viable
and most of the remaining territory can be tested with BDX@JLab (see discussion in
Sec. 5).

In the remainder of this section, we review the salient features of LDM production
at an electron fixed-target facility. Secondly, we give an overview of the status of LDM
models parameter space, and the capabilities of present, and near future proposals
to make progress in the field. Finally, we highlight how BDX uniquely fits in this
developing field.
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Figure 4. The sensitivity of NA64 to DarkPhotons with the full statistics collected in 2016 - 2018. Left
plot: in terms of the mixing strength ✏. Right plot: in terms of the variable y, assuming ↵D = 0.1 and
mA0 = 3m�, shown together with the predictions of some popular thermal Dark Matter models.

lengths shifting fiber read-out. Immediately after WCAL there is a veto counter V2, the
tracking detectors, the signal counter S4. They are followed by the ECAL that was used in
the invisible mode and the same detectors downstream of it (VETO and HCAL). The energy
of the e+e� pair is measured by the ECAL.

The candidate events were selected with the following criteria chosen to maximize the
acceptance of signal events and to minimize the number of background events, using both MC
simulation and data: (i) No energy deposition in the V2 counter exceeding about half of the
energy deposited by the minimum ionizing particle (MIP); (ii) The signal in the decay counter
S4 is consistent with two MIPs; (iii) The sum of energies deposited in the WCAL+ECAL is
equal to the beam energy within the energy resolution of these detectors. At least 25% of the
total energy should be deposited in the ECAL; (iv) The shower in the WCAL should start to
develop within a few first X0, which is ensured by the preshower part energy cut; (v) The cell
with maximal energy deposition in the ECAL should be (3,3) (vi) The lateral and longitudinal
shape of the shower in the ECAL are consistent with a single e-m one. This requirement does
not decrease the e�ciency to signal events because the distance between e� and e+ in the
ECAL is very small. The rejection of events with hadrons in the final state was based on the
VETO and/or the energy deposited in the HCAL.

In order to check various e�ciencies and the reliability of the MC simulations, we se-
lected a clean sample of ' 105 µ+µ� events with EWCAL < 0.6Ebeam originated from the
QED dimuon production in the dump. This rare process is dominated by the reaction
e�Z ! e�Z�; � ! µ+µ� of a hard bremsstrahlung photon conversion into the dimuon pair
on a dump nucleus. We performed various comparisons between these events and the corre-
sponding MC simulated sample, and applied the estimated e�ciency corrections to the MC
events. These corrections do not exceed 20%.

In order to further increase the sensitivity to short-living X bosons (higher ✏) the following
optimization steps were performed before the 2018 run: (i) Beam energy increased to 150
GeV (ii) Thinner counter V2 was prepared and installed immediately after the last tungsten
plate inside the WCAL box. In addition, the vacuum pipe was installed immediately after the
WCAL, the distance between the WCAL and ECAL was increased.
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✓ An order of magnitude better sensitivity than other beam dump experiments
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Figure 1: Model Building’s connections to other facets of the Snowmass process.

broadly, the peculiar structure of fermion masses and mixings).108

The scope of ideas to address the hiearchy puzzles has grown substantially. This in-109

cludes such well-known scenarios as low-scale supersymmetry, composite Higgs, and extra110

dimensions as standard frameworks for BSM physics (for a recent review [33]). However,111

the lack of evidence for new states at the LHC has widened the playing field to new ideas,112

such as neutral naturalness, that may be able to address part of the hierarchy problem113

while avoiding the substantial constraints from experiment. These various proposals are114

discussed in turn below. Moreover, models that solve the naturalness problems of the Stan-115

dard Model often have one or more dark matter candidates, having the potential to solve116

multiple problems within one framework. In this section, we focus on the naturalness, while117

in Sec. 3, we discuss dark matter models and mechanisms.118

2.1 Supersymmetry119

Supersymmetry is perhaps the best known solution to the electroweak hierarchy problem,120

and proceeds by making the mass of a scalar proportional to that of a fermion, which is itself121

protected by chiral symmetry. This symmetry must be softly broken in order to be consistent122

with the non-observation of degenerate superpartners. For an excellent review, see e.g. [34].123

One of the conceptual virtues of supersymmetry, beyond the fact that supersymmetry is the124

most general space-time symmetry allowed by Nature, is that it provides a very concrete125
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