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Why we (might) need BSM physics

•Neutrino masses 

•Baryogenesis

•Dark Matter

• Inflation and cosmological constant/quintessence

•Quantum gravity

•Explain anomalies…

•Fermion masses and mixings 

•Strong CP problem

•Hierarchy Problem

•Gauge coupling unification

•Explain anomalies…
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22. Big-Bang nucleosynthesis
3

Figure 22.1: The abundances of 4He, D, 3
He, and 7Li as predicted by the standard

model of Big-Bang nucleosynthesis —
the bands show the 95%

CL range. Boxes

indicate the observed light element abundances. The narrow vertical band indicates

the CMB measure of the cosmic baryon density, while the wider band indicates the

BBN concordance range (both at 95% CL).
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Dark Matter

•DM makes up 27% of the mass-energy of universe
•Gravitates like ordinary matter, but is non-baryonic 
•Is dark i.e. neutral under SM (not coloured, or charged)
•Does not interact much with itself
•Does not couple to massless particle
•Non-relativistic at time of CMB
•Long lived  NO SUCH PARTICLE IN SM



So far all probes have been 
gravitational in nature

Advance in Perihelion of Mercury needed new physics 
(general relativity) to explain it. (Originally thought to be 
planet Vulcan!)

Curious

Neptune discovered by wobble in orbit of Uranus
—original DM!

What about other interactions?
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an ideal preparation to tackle problems in broad areas of basic science, engineering, industry, and even the
financial sectors.

In this paper, we discuss the context for direct detection experiments in the search for dark matter and
describe briefly the current state of theoretical models for WIMPs. A brief review of the technologies
and experiments is presented, along with a discussion of facilities and instrumentation that enable such
experiments, and a description of other physics that these experiments can do. We end with a discussion
of how the field is likely to evolve over the next two decades, with a specific roadmap and criteria for new
experiments.

The international dark matter program is expected to evolve from currently-running (G1) experiments to
G2 experiments (defined as in R&D or construction now), to G3 experiments which will eventually reach
the irreducible neutrino background. Down-selection and consolidation will occur at each stage, given the
growing financial cost and manpower needs of these experiments. The DOE has a formal down-selection
process for one or more major G2 experiments. Since substantial NSF contributions are also expected,
XENON1T is considered to be a joint NSF/international US-led G2 experiment. Additional G2 experiments
may also move to construction in the coming year by either having relatively low overall cost or relatively
low cost to DOE/NSF. It is unclear when and how the U.S. funding agencies will select G3 experiments, but
such a stage is on their planning horizon. It is expected that only one or two U.S.-led G3 experiments at
the $100M range will be financially tenable.

3 Dark Matter Direct Detection in Context

Direct detection is only one method to search for dark matter. Because dark matter can potentially interact
with any of the known particles or, as in the case of hidden sector dark matter, another currently unknown
particle (as shown in Fig. 5), it is important to place direct detection in the larger context of dark matter
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Figure 5. Dark matter may have non-gravitational interactions with any of the known particles as well as
other dark particles, and these interactions can be probed in several di↵erent ways.

research. The Snowmass Cosmic Frontier Working Group CF4 has prepared a report [2] exploring the

Community Planning Study: Snowmass 2013

FIGURE 2. Simulated GLAST allsky map of neutralino DM annihilation in the Galactic halo, for a fiducial observer located 8
kpc from the halo center along the intermediate principle axis. We assumed Mχ = 46 GeV, ⟨σv⟩ = 5×10−26 cm3 s−1, a pixel size
of 9 arcmin, and a 2 year exposure time. The flux from the subhalos has been boosted by a factor of 10 (see text for explanation).
Backgrounds and known astrophysical gamma-ray sources have not been included.

DM ANNIHILATION ALLSKY MAP

Using the DM distribution in our Via Lactea simulation, we have constructed allsky maps of the gamma-ray flux from
DM annihilation in our Galaxy. As an illustrative example we have elected to pick a specific set of DM particle physics
and realistic GLAST/LAT parameters. This allows us to present maps of expected photon counts.

The number of detected DM annihilation gamma-ray photons from a solid angle ΔΩ along a given line of sight (θ ,
φ ) over an integration time of τexp is given by

Nγ (θ ,φ) = ΔΩ τexp
⟨σv⟩
M2
χ

[

∫ Mχ

Eth

(

dNγ
dE

)

Aeff(E)dE
]

∫

los
ρ(l)2dl, (2)

where Mχ and ⟨σv⟩ are the DM particle mass and velocity-weighted cross section, Eth and Aeff(E) are the detector
threshold and energy-dependent effective area, and dNγ/dE is the annihilation spectrum.

We assume that the DM particle is a neutralino and have chosen standard values for the particle mass and annihilation
cross section: Mχ = 46 GeV and ⟨σv⟩= 5×10−26 cm3 s−1. These values are somewhat favorable, but well within the
range of theoretically and observationally allowed models. As a caveat we note that the allowed Mχ -⟨σv⟩ parameter
space is enormous (see e.g. [7]), and it is quite possible that the true values lie orders of magnitude away from the
chosen ones, or indeed that the DM particle is not a neutralino, or not even weakly interacting at all. We include only
the continuum emission due to the hadronization and decay of the annihilation products (b  b and u  u only, for our low
Mχ ) and use the spectrum dNγ/dE given in [8].

For the detector parameters we chose an exposure time of τexp = 2 years and a pixel angular size of Δθ = 9 arcmin,
corresponding to the 68% containment GLAST/LAT angular resolution. For the effective area we used the curve
published on the GLAST/LAT performance website [9] and adopted a threshold energy of Eth = 0.45 GeV (chosen to
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

3. Measurement of annual modulation. In the case of
a 6 GeV/c2 WIMP, next generation experiments
could reach sufficiently high statistics to disen-
tangle the WIMP and the neutrino contributions
using the 6% annual modulation rate of dark mat-
ter interactions [54]. However, in the case of hea-
vier WIMPs, very large and unrealistic exposures
would be required to obtain enough events to detect
such predicted annual modulation for cross sections
around 10−48 cm2. Furthermore, the atmospheric
neutrino event rate also undergoes annual modula-
tion due to the change in temperature of the atmos-
phere throughout the year [50]. A dedicated study
taking into account systematic uncertainties in the
neutrino fluxes and their modulations is required
to assess the feasibility of annual modulation dis-
crimination in light of atmospheric neutrino back-
grounds.

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)

16

Thermal relic?



DRAFTSIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS426

Given the wide range of possible dark matter candidates, it is useful to focus the search427

for dark matter by putting it in the context of what is known about our cosmological history428

and the interactions of the Standard Model, by posing questions like: What is the (particle429

physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of430

the abundance of dark matter seen today? How do dark matter particles interact, both431

with one another and with the constituents of familiar matter? And what other observable432

consequences might we expect from this physics, in addition to the existence of dark matter?433

Might existing observations or theoretical puzzles be closely tied to the physics of dark434

matter? These questions have many possible answers — indeed, this is one reason why435

13

Theories of Dark Matter

[Feng-US Cosmic Visions White papers]

10�21eV 1015eV 1067eV

Bosonic Fermionic/Bosonic



WIMP
• DM interacts through weak (or weak scale) couplings
• Lee-Weinberg and Unitarity constrain mass range 

• ~1 GeV —~10 TeV
• Usually consider a thermal relic
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
LUX62 and PandaX-II63.
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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WIMP
• DM interacts through weak (or weak scale) couplings
• Lee-Weinberg and Unitarity constrain mass range 

• ~1 GeV —~10 TeV
• Usually consider a thermal relic
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cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
LUX62 and PandaX-II63.
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
LUX62 and PandaX-II63.
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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Figure 3 | Upper limits on the spin-dependentWIMP–neutron scattering
cross-section set by di�erent xenon-based experiments. Limit curves from
LUX62 and PandaX-II63.
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Figure 4 | The projected sensitivity (dashed curves) on the
spin-independentWIMP–nucleon cross-sections of a selected number of
upcoming and planned direct detection experiments, including
XENON1T34, PandaX-4T, XENONnT34, LZ35, DARWIN36 or PandaX-30T,
and SuperCDMS56. Currently leading limits in Fig. 1 (see legend), the
neutrino ‘floor’20, and the post-LHC-Run1 minimal-SUSY allowed
contours21 are overlaid in solid curves for comparison. The di�erent
crossings of the experimental sensitivities and the neutrino floor at around
a few GeV/c2 are primarily due to di�erent threshold assumptions.

cross checks from indirect and collider searches (for example, see
SUSY contours from Figs 1 and 4). This calls strongly for a world-
wide multi-faceted programme for dark matter detection. Finally,
one cannot ignore the importance of those null searches which
have been setting tighter constraints to many theoretical models,

and which may eventually direct us on a completely di�erent path
towards understanding this mysterious component of our Universe.
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We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

mDM ⇠ ↵ann (TeqMPl)
1/2

⇠ TeV , (1)

where ↵ann is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵ann ' 1/30 above, Teq is the matter-radiation
equality temperature and MPl is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵ann ' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

mDM ⇠ ↵e↵

�
T

2
eqMPl

�1/3
⇠ 100 MeV , (2)

where ↵e↵ is the e↵ective strength of the self-interaction
of the DM which we take as ↵e↵ ' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z2 symmetry, leads to DM in the keV

↵e↵ ' 1 ↵e↵ ' 1

DM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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FIG. 8: Left: Constraints and projections (90% c.l.) for the DM-nucleon scattering cross
section. Thick gray lines are current world-leading constraints [108, 116, 129, 130]. Projections are
shown with solid/dashed/dotted lines indicating a short/medium/long timescale, respectively, with
the same meaning as in Fig. 6. Blue lines denote the DoE G2 experiment projections. Yellow region
denotes the WIMP-discovery limit from [131] extended to lower masses for He-based experiments.
Right: As in left plot, but focused on the 100 MeV to 10 GeV DM mass range.

FIG. 9: Constraints from direct-detection experiments (solid lines), colliders and indirect detection
(labelled, dashed), and projections for new experiments (labelled, dashed/dotted lines) for the
spin-dependent scattering cross section for protons or neutrons o↵ nuclei. Constraints
are shown from PICO-60 [116], LUX [132], PICO-2L [133], PICO-60 CF3I [134], and IceCube [135].
Projections from PICO (proton) and LZ (neutron) are also shown [115]. The expected background
from atmospheric, supernova and solar neutrinos in both xenon and C3F8 is shown by the shaded
regions [131].
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of its energy and that there is no additional SM activity downstream.

which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ mZ) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

Bµ⌫ , H
†
H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional
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Figure 2: An illustration of the dark matter production modes and elastic scattering signatures.
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Figure 3: Top: The production of a WIMP pair through neutral meson decay. Bottom: The scattering
of a WIMP in the MiniBooNE detector. The cross again represents the kinetic mixing between the vector
mediator V and the photon.

p+p(n) → V ∗ → χ†χ. The second is through decays of mesons with large radiative branching
such as π0 and η in the form π0, η → V γ → χ†χγ. Once produced, the dark matter beam can
be detected via elastic scattering on nucleons or electrons in the detector, as the signature
is similar to the neutral current scattering of neutrinos. The basic production and detection
principle is summarized in Fig. 2.

At MiniBooNE, the most relevant production mechanisms are via π0 and η which subse-
quently decay to vectors that in turn decay to WIMPs. These WIMPs can then scatter on
the nuclei or electrons in the MiniBooNE detector. This process is detailed in Fig. 3. We
estimate the π0 and η production by averaging and scaling [5] the π+ and π− Sanford-Wang
distributions used in Ref. [30] and use the cuts from the analysis of neutral current scattering
(on nucleons) in Ref. [30] to obtain a total efficiency of about 35%. (Similar efficiencies were
adopted in analyzing electron scattering.) Contours in the parameter space of the model
were computed corresponding to 1, 10, and 1000 neutral current-like scattering events on
nucleons or electrons with 2× 1020 POT at MiniBooNE. While the Sanford-Wang distribu-
tion used corresponds to a beryllium target, the results are not expected to differ much when
steering the beam into the iron beam dump since the ratio of the charged hadron production
(which sets the number of neutrinos produced) to neutral hadrons (which sets the number
of WIMPs produced) does not strongly depend on atomic number.

In Fig. 4, these contours are shown in the plane of direct-detection scattering cross
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F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "

2 parameter range, with sensitivity in mA0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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Figure 1: The shaded region is the available range of recoil energies on a nuclear target, for a given
DM mass splitting and incoming DM speed in the laboratory frame. The contours indicate mass
splitting � = 0 in solid, � = 100, 200, 300, 400, 500 keV in dashed, dotted-dashed, dotted, long-
dashed, and fine dotted, respectively. The dashed grey horizontal lines indicate the maximum recoil
energy windows used by collaborations including CDMS [24,25], PICO-60 [26], Xenon Experiments
(LUX [27], PandaX II [28], XENON100 [29]), and CRESST II [30]. Note that the maximum incoming
terrestrial dark matter speed is expected to be 780+54

�41
km/s, Ref. [31].
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TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.6± 0.3stat

distribution [31], and the expectations based on the
screening results and the independent assay of the
natural Kr concentration of 3.5 ± 1 ppt (g/g) in the
xenon gas [36] where we assume an isotopic abundance
of 85Kr/natKr ⇠ 2 ⇥ 10�11 [31, 34]. Isotopes created
through cosmogenic production were also considered,
including measured levels of 60Co in Cu components.
In situ measurements determined additional intrinsic
background levels in xenon from 214Pb (from the 222Rn
decay chain) [32], and cosmogenically-produced 127Xe
(T1/2 = 36.4 days), 129mXe (T1/2 = 8.9 days), and
131mXe (T1/2 = 11.9 days). The rate from 127Xe in the
WIMP search energy window is estimated to decay from
0.87 mDRUee at the start of the WIMP search dataset
to 0.28 mDRUee at the end, with late-time background
measurements being consistent with those originating
primarily from the long-lived radioisotopes.

The neutron background in LUX is predicted from
detailed detector BG simulations to produce 0.06 single
scatters with S1 between 2 and 30 phe in the 85.3 live-
day dataset. This was considered too low to include in
the PLR. The value was constrained by multiple-scatter
analysis in the data, with a conservative 90% upper C.L.
placed on the number of expected neutron single scatters
of 0.37 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keVee

x-ray from 127Xe.
Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

ratio (PLR) test statistic [37], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus
three Gaussian-constrained nuisance parameters which
encode uncertainty in the rates of 127Xe, �-rays from
internal components and the combination of 214Pb and
85Kr. The distributions, in the observed quantities, of
the four model components are as described above and
do not vary in the fit: with the non-uniform spatial
distributions of �-ray backgrounds and x-ray lines from
127Xe obtained from energy-deposition simulations [31].
The PLR operates within the fiducial region but the
spatial background models were validated using data
from outside the fiducial volume.

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [38], with v0 = 220 km/s; vesc = 544 km/s;
⇢0 = 0.3 GeV/cm3; average Earth velocity of 245 km s�1,
and Helm form factor [39, 40]. We conservatively
model no signal below 3.0 keVnr (the lowest energy for
which a direct light yield measurement exists [30, 41],
whereas indirect evidence of charge yield exists down
to 1 keVnr [42]). We do not profile the uncertainties
in NR yield, assuming a model which provides excellent
agreement with LUX data (Fig. 1 and Fig. 6), in addition
to being conservative compared to past works [23]. We
also do not account for uncertainties in astrophysical
parameters, which are beyond the scope of this work (but
are discussed in [43]). Signal models in S1 and S2 are
obtained for each WIMP mass from full simulations.

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.

LUX(and others) 
“blind” to iDM with 
splittings above 

~200 keV

5

bration data sets are dominated by recoils of a particular
nucleus (e.g. iodine in the pion beam data of [25]), they
do contain contributions from all three nuclei. In the
global fit, the size of the contribution from each individ-
ual recoil are allowed to float to minimize sensitivity to a
given dark matter candidate. As an example, the curves
used to determine the sensitivity to a 20 GeV SD WIMP
are shown as the dashed lines in the top panel of Fig. 4.
Since the SD sensitivity mostly arises through fluorine
interactions, our analysis assumes the weakest possible
response for fluorine allowed by the data by maximizing
the contributions from carbon and iodine. The bottom
panel of Fig. 4 shows the curves used to determine sensi-
tivity to a 20 GeV SI WIMP, where the iodine response
is reduced in favor of increased carbon and fluorine re-
sponses.

As 75% of the livetime was accumulated at thresholds
within 20% of 13.6 keV, deviations from the characteris-
tic observed E/ET scaling behavior have a small e↵ect on
the final result. To give an extreme example, if all data
taken at ET < 13.6 followed the same response function
as that measured at 13.6 keV (i.e. assuming no improve-
ment in sensitivity at the lower Seitz thresholds) and we
scale by E/ET for ET > 13.6, the final results presented
in Sec. VI for both SI and SD WIMP scattering would be
13% less sensitive for a 100 GeV WIMP mass and 10%
less sensitive for WIMP masses greater than 200 GeV.

IV. BACKGROUND MODELING AND
PREDICTION

Neutrons in the active volume can be produced by
(↵,n) reactions and fission neutrons from radioactivity
in the detector components, by cosmogenic activation,
and by photonuclear interactions. Before installation, all
detector components in proximity to the active volume
were screened for radioactivity, and the results from this
screening are incorporated into a detailed Monte Carlo
simulation of the detector. Neutron production rates and
energy spectra for (↵,n) reactions are evaluated with a
modified version of the SOURCES-4c code [23, 27], where
the contributions to neutron backgrounds primarily come
from alpha decays in the 238U, 232Th and 235U decay
chains. The rate and angular distribution of cosmogenic
neutrons produced in the cavern rock are taken from [28]
and normalized to the muon flux measured by the SNO
experiment [29]. The neutrons are propagated through
the detector using GEANT4 [30] (version 4.10.00p03)
to the target fluid. The predicted number of neutron-
induced single-bubble events during the WIMP search
data is 1.0± 0.3. The simulation returns the same num-
ber of multiple-bubble events as single-bubble events,
and the predicted number of neutron-induced multiple-
bubble events is also 1.0 ± 0.3. The uncertainty on the
prediction arises from a combination of screening uncer-
tainties, (↵,n) cross section uncertainties, and imperfect
knowledge of the material composition of some compo-
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FIG. 4. The best fit iodine (black), fluorine (red), and car-
bon (magenta) e�ciency curves for ET = 13.6 keV data are
shown by the solid lines, and the light blue band shows the
calculated Seitz threshold with the experimental and theoret-
ical uncertainties (the solid curves are the same in both the
top and bottom panels). In the top panel, the dashed lines
show the curves used to determine sensitivity for a 20 GeV
SD WIMP, corresponding to the set of curves with the least
sensitivity to 20 GeV SD WIMP scattering consistent with
the calibration data at 1�, while the dashed lines in the bot-
tom panel show the curves used to determine sensitivity for
a 20 GeV SI WIMP. The onset of nucleation for fluorine and
carbon recoils occurs at energies greater than twice the Seitz
threshold, while the response to iodine is much closer to the
Seitz model.

nents. The leading source of events is cosmogenic neu-
trons produced in the rock and punching through the
water shield, accounting for about 1/3 of the neutron
backgrounds. The remainder come primarily from a com-
bination of (↵,n) sources in acoustic sensor cabling, a set
of thermocouples in the pressure vessel, and the retrore-
flector used for illumination.

We use the Monte Carlo simulations with input from
screening of materials to predict the rate of gamma in-
teractions in the detector from the 238U, 232Th and
235U decay chains, as well as from 40K decays. Previ-
ously we found the nucleation e�ciency for gamma in-
teractions to decrease exponentially with threshold, from
5 ⇥ 10�8 at 7 keV threshold to < 10�9 for thresholds
above 11 keV [10], where the e�ciency is defined as the
fraction of above-threshold interactions of any kind that
nucleate bubbles. This excellent gamma rejection was
confirmed with in situ gamma calibrations and results in
an expectation of fewer than 0.1 electronic recoil nucle-
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Figure 1: The shaded region is the available range of recoil energies on a nuclear target, for a given
DM mass splitting and incoming DM speed in the laboratory frame. The contours indicate mass
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terrestrial dark matter speed is expected to be 780+54

�41
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TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys
Total observed 3.6± 0.3stat

distribution [31], and the expectations based on the
screening results and the independent assay of the
natural Kr concentration of 3.5 ± 1 ppt (g/g) in the
xenon gas [36] where we assume an isotopic abundance
of 85Kr/natKr ⇠ 2 ⇥ 10�11 [31, 34]. Isotopes created
through cosmogenic production were also considered,
including measured levels of 60Co in Cu components.
In situ measurements determined additional intrinsic
background levels in xenon from 214Pb (from the 222Rn
decay chain) [32], and cosmogenically-produced 127Xe
(T1/2 = 36.4 days), 129mXe (T1/2 = 8.9 days), and
131mXe (T1/2 = 11.9 days). The rate from 127Xe in the
WIMP search energy window is estimated to decay from
0.87 mDRUee at the start of the WIMP search dataset
to 0.28 mDRUee at the end, with late-time background
measurements being consistent with those originating
primarily from the long-lived radioisotopes.

The neutron background in LUX is predicted from
detailed detector BG simulations to produce 0.06 single
scatters with S1 between 2 and 30 phe in the 85.3 live-
day dataset. This was considered too low to include in
the PLR. The value was constrained by multiple-scatter
analysis in the data, with a conservative 90% upper C.L.
placed on the number of expected neutron single scatters
of 0.37 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keVee

x-ray from 127Xe.
Confidence intervals on the spin-independent WIMP-

nucleon cross section are set using a profile likelihood
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FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

ratio (PLR) test statistic [37], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus
three Gaussian-constrained nuisance parameters which
encode uncertainty in the rates of 127Xe, �-rays from
internal components and the combination of 214Pb and
85Kr. The distributions, in the observed quantities, of
the four model components are as described above and
do not vary in the fit: with the non-uniform spatial
distributions of �-ray backgrounds and x-ray lines from
127Xe obtained from energy-deposition simulations [31].
The PLR operates within the fiducial region but the
spatial background models were validated using data
from outside the fiducial volume.

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [38], with v0 = 220 km/s; vesc = 544 km/s;
⇢0 = 0.3 GeV/cm3; average Earth velocity of 245 km s�1,
and Helm form factor [39, 40]. We conservatively
model no signal below 3.0 keVnr (the lowest energy for
which a direct light yield measurement exists [30, 41],
whereas indirect evidence of charge yield exists down
to 1 keVnr [42]). We do not profile the uncertainties
in NR yield, assuming a model which provides excellent
agreement with LUX data (Fig. 1 and Fig. 6), in addition
to being conservative compared to past works [23]. We
also do not account for uncertainties in astrophysical
parameters, which are beyond the scope of this work (but
are discussed in [43]). Signal models in S1 and S2 are
obtained for each WIMP mass from full simulations.

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
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bration data sets are dominated by recoils of a particular
nucleus (e.g. iodine in the pion beam data of [25]), they
do contain contributions from all three nuclei. In the
global fit, the size of the contribution from each individ-
ual recoil are allowed to float to minimize sensitivity to a
given dark matter candidate. As an example, the curves
used to determine the sensitivity to a 20 GeV SD WIMP
are shown as the dashed lines in the top panel of Fig. 4.
Since the SD sensitivity mostly arises through fluorine
interactions, our analysis assumes the weakest possible
response for fluorine allowed by the data by maximizing
the contributions from carbon and iodine. The bottom
panel of Fig. 4 shows the curves used to determine sensi-
tivity to a 20 GeV SI WIMP, where the iodine response
is reduced in favor of increased carbon and fluorine re-
sponses.

As 75% of the livetime was accumulated at thresholds
within 20% of 13.6 keV, deviations from the characteris-
tic observed E/ET scaling behavior have a small e↵ect on
the final result. To give an extreme example, if all data
taken at ET < 13.6 followed the same response function
as that measured at 13.6 keV (i.e. assuming no improve-
ment in sensitivity at the lower Seitz thresholds) and we
scale by E/ET for ET > 13.6, the final results presented
in Sec. VI for both SI and SD WIMP scattering would be
13% less sensitive for a 100 GeV WIMP mass and 10%
less sensitive for WIMP masses greater than 200 GeV.

IV. BACKGROUND MODELING AND
PREDICTION

Neutrons in the active volume can be produced by
(↵,n) reactions and fission neutrons from radioactivity
in the detector components, by cosmogenic activation,
and by photonuclear interactions. Before installation, all
detector components in proximity to the active volume
were screened for radioactivity, and the results from this
screening are incorporated into a detailed Monte Carlo
simulation of the detector. Neutron production rates and
energy spectra for (↵,n) reactions are evaluated with a
modified version of the SOURCES-4c code [23, 27], where
the contributions to neutron backgrounds primarily come
from alpha decays in the 238U, 232Th and 235U decay
chains. The rate and angular distribution of cosmogenic
neutrons produced in the cavern rock are taken from [28]
and normalized to the muon flux measured by the SNO
experiment [29]. The neutrons are propagated through
the detector using GEANT4 [30] (version 4.10.00p03)
to the target fluid. The predicted number of neutron-
induced single-bubble events during the WIMP search
data is 1.0± 0.3. The simulation returns the same num-
ber of multiple-bubble events as single-bubble events,
and the predicted number of neutron-induced multiple-
bubble events is also 1.0 ± 0.3. The uncertainty on the
prediction arises from a combination of screening uncer-
tainties, (↵,n) cross section uncertainties, and imperfect
knowledge of the material composition of some compo-
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FIG. 4. The best fit iodine (black), fluorine (red), and car-
bon (magenta) e�ciency curves for ET = 13.6 keV data are
shown by the solid lines, and the light blue band shows the
calculated Seitz threshold with the experimental and theoret-
ical uncertainties (the solid curves are the same in both the
top and bottom panels). In the top panel, the dashed lines
show the curves used to determine sensitivity for a 20 GeV
SD WIMP, corresponding to the set of curves with the least
sensitivity to 20 GeV SD WIMP scattering consistent with
the calibration data at 1�, while the dashed lines in the bot-
tom panel show the curves used to determine sensitivity for
a 20 GeV SI WIMP. The onset of nucleation for fluorine and
carbon recoils occurs at energies greater than twice the Seitz
threshold, while the response to iodine is much closer to the
Seitz model.

nents. The leading source of events is cosmogenic neu-
trons produced in the rock and punching through the
water shield, accounting for about 1/3 of the neutron
backgrounds. The remainder come primarily from a com-
bination of (↵,n) sources in acoustic sensor cabling, a set
of thermocouples in the pressure vessel, and the retrore-
flector used for illumination.

We use the Monte Carlo simulations with input from
screening of materials to predict the rate of gamma in-
teractions in the detector from the 238U, 232Th and
235U decay chains, as well as from 40K decays. Previ-
ously we found the nucleation e�ciency for gamma in-
teractions to decrease exponentially with threshold, from
5 ⇥ 10�8 at 7 keV threshold to < 10�9 for thresholds
above 11 keV [10], where the e�ciency is defined as the
fraction of above-threshold interactions of any kind that
nucleate bubbles. This excellent gamma rejection was
confirmed with in situ gamma calibrations and results in
an expectation of fewer than 0.1 electronic recoil nucle-

Bubble chamber experiments 
(e..g PICO) have no high 

energy cutoff
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Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated
luminosities, event rates, and nuclear masses for LUX [30, 40], PandaX II [31], PICO-60 [29], and
CRESST II [33]. Presently available recoil energy ranges (ER) used to derive bounds are indicated,
along with extended “inelastic frontier” recoil energy ranges. The dotted horizontal line indicates
the approximate Higgsino-nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands
show how bounds vary within the 90% confidence allowed values of the escape velocity given in [34],
vesc = 533+54

�41
km/s.

e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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Appendix: SIGNAL MODEL DETECTOR
RESPONSE TABLE

In this appendix we describe digital tables which can
be used to construct an accurate signal model for this
analysis given any input recoil spectrum dR/dE arising
from a theoretical model. A visualization of the tables is
shown in Fig. 9, and in section 1 we show a simple exam-
ple Python code of how to use the supplied tables. Cur-
rently we provide these tables only for the high-energy
analysis region.

The signal model for the high-energy analysis region
can be expressed analytically in the form:

dR

dcS1
=

Z
dR

dE
· ✏S1(cS1) · ✏S20(E) · pS1(cS1|E) dE

(A.1)

=

Z
dR

dE
G(cS1, E) dE (A.2)

where ✏S1(cS1) and ✏S20(E) represent analysis cut e�-
ciencies, pS1(cS1|E) encodes detector e↵ects, and dR/dE

gives the theoretically predicted nuclear recoil rate from
WIMP scattering. In the second line we emphasis that
all the detector and analysis e↵ects can be encoded in a
single function G(cS1, E). To make a signal prediction
for the bins in our analysis, this expression needs to be
integrated over the appropriate range of cS1 for each bin
(and divided by two to account for the banding structure
in cS2b):

Rbini =
1

2

Z upperi

loweri

dR

dcS1
dcS1 (A.3)

With some simple rearrangement this rate can be written
in terms of an integral over the detector response function
G as follows

Rbini =
1

2

Z
dR

dE

Z upperi

loweri

G(cS1, E) dcS1 dE (A.4)

=

Z
dR

dE
G

0
i(E)dE (A.5)

where in the last line we absorb the factor of 1/2 into
the definition of G

0
i. We see here that the signal rate for

each bin can be expressed as an integral over the recoil
spectrum times a detector response function G

0
i for that

bin. It is these detector response functions which are
shown in Fig. 9, and which we provide digitally for use
by the community. A low-resolution example is given in
Table II. With these tables it is simple to produce a signal
model for our analysis for any theoretical recoil spectrum.
The functions G

0
i are provided for three values of the nui-

sance variable Le↵ , namely the median value and values
at ±1� in Le↵ . From these, along with the measured
background rates given in table I, one may construct a
likelihood which accounts for uncertainties in Le↵ , Alter-
natively simply using the �1� value produces quite an
accurate prediction and is generally conservative.
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e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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Appendix: SIGNAL MODEL DETECTOR
RESPONSE TABLE

In this appendix we describe digital tables which can
be used to construct an accurate signal model for this
analysis given any input recoil spectrum dR/dE arising
from a theoretical model. A visualization of the tables is
shown in Fig. 9, and in section 1 we show a simple exam-
ple Python code of how to use the supplied tables. Cur-
rently we provide these tables only for the high-energy
analysis region.

The signal model for the high-energy analysis region
can be expressed analytically in the form:

dR

dcS1
=

Z
dR

dE
· ✏S1(cS1) · ✏S20(E) · pS1(cS1|E) dE

(A.1)

=

Z
dR

dE
G(cS1, E) dE (A.2)

where ✏S1(cS1) and ✏S20(E) represent analysis cut e�-
ciencies, pS1(cS1|E) encodes detector e↵ects, and dR/dE

gives the theoretically predicted nuclear recoil rate from
WIMP scattering. In the second line we emphasis that
all the detector and analysis e↵ects can be encoded in a
single function G(cS1, E). To make a signal prediction
for the bins in our analysis, this expression needs to be
integrated over the appropriate range of cS1 for each bin
(and divided by two to account for the banding structure
in cS2b):

Rbini =
1

2

Z upperi

loweri

dR

dcS1
dcS1 (A.3)

With some simple rearrangement this rate can be written
in terms of an integral over the detector response function
G as follows

Rbini =
1

2

Z
dR

dE

Z upperi

loweri

G(cS1, E) dcS1 dE (A.4)

=

Z
dR

dE
G

0
i(E)dE (A.5)

where in the last line we absorb the factor of 1/2 into
the definition of G

0
i. We see here that the signal rate for

each bin can be expressed as an integral over the recoil
spectrum times a detector response function G

0
i for that

bin. It is these detector response functions which are
shown in Fig. 9, and which we provide digitally for use
by the community. A low-resolution example is given in
Table II. With these tables it is simple to produce a signal
model for our analysis for any theoretical recoil spectrum.
The functions G

0
i are provided for three values of the nui-

sance variable Le↵ , namely the median value and values
at ±1� in Le↵ . From these, along with the measured
background rates given in table I, one may construct a
likelihood which accounts for uncertainties in Le↵ , Alter-
natively simply using the �1� value produces quite an
accurate prediction and is generally conservative.
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FIG. 6: The 90% C.L. upper limits (red solid line) for
the SI WIMP-nucleon cross section �n from the

PandaX-II run 9 data with expanded signal window at
two reference dark matter masses of 1 TeV/c2 (top) and
10 TeV/c2 (bottom). The 1 and 2-� sensitivity bands
are shown in green and yellow, respectively, and the
medians of the sensitivity band are given in black

dashed line. The red dotted line gives the upper limits
calculated with the original data selection window.

Upper limits calculated with a tuned NEST model by
LUX are indicated by the blue solid line. The blue

squares indicate the possible WIMP mass splittings and
nucleon scattering cross sections by the CRESST
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LLP: new detectors @ LHC
An external LLP detector for the HL- or HE-LHC

CMS

ATLAS
Reliance on well-understood technology 

(RPC, plastic scintillators) means this 
could be implemented in time for the 

HL-LHC. But design not set in stone, 
will explore other options!

Unofficial cost estimates of current design: 
~ 40 million USDChou, DC, Lubatti 

1606.06298
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SIGNAL:
neutral

 LLP
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Scintillator
surrounds
detector

Multi-layer
tracker in the 

roof

LHC beam pipe

ATLAS
or CMS

Surface

Air

A general-purpose dedicated 
LLP detector for the HL/HE-LHC

MATHUSLA

Chou, DC, Lubatti 1606.06298
DC, Peskin 1705.06327

DC, Drewes, McCullough, Meade, Mohapatra, Shelton, Shuve, + 70 [in preparation]
… & more 

* MAssive Timing Hodoscope for Ultra Stable neutraL pArticles
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For LLP production in exotic Higgs decays: 

3 orders of magnitude better cross section/lifetime reach 
than ATLAS search for single DV in MS (due to backgrounds!)

Get close to 
BBN limit!

Comparison:
h→invis 

HL-LHC limit

Chou, DC, Lubatti 
1606.06298

Cross section limit 
~ applies to other LLP 
production processes
(up to boost factors)

CODEX-b @ LHCb
DAQ will be moved out of LHCb cavern in 2020. Opportunity to 
instrument ~ (10m)3 to detect LLPs, same principle as MATHUSLA. 
(Double the volume if DELPHI museum piece could be moved…)

Requires additional 
shielding and vetos.

Collision BGs can be 
estimated by putting 
small cosmic ray 
telescope in cavern. 
Doing this soon!?

Could be integrated 
LHCb subdetector.

CODEX-b

CODEX-b Sensitivity
Higgs-portal LLP produced in B-decays LLPs produced in Higgs decays

CODEX-b is much smaller than MATHUSLA and LHCb has lower lumi 
than ATLAS/CMS collision point, but highly complementary.
→ at long lifetimes, only 1/200 the LLP xsec sensitivity (1/50 if fry VELO)
→ probably cheaper
→ could afford more granular instrumentation 
            ⇒ might have advantage in reconstructing very light LLPs < ~GeV?



FASER

near location

Exploit extremely high rates of forward proton inelastic scattering 
(~1017) in HL-LHC collisions to produce light LLPs.

Small cylindrical detector r ~ 0.1m, L ~ 5-10m,  
with modest 0.1T B field to split final states of LLP decay. 

Consider three 
possible locations:

near on-axis (150m)

far on-axis
(400m, better BG 
rejection)

off-axis

FASER

HL-LHC Reach 
of full milliQan

FASER Sensitivity @ (HL-) LHC
Dark Photons produced in proton bremsstrahlung

Faser:  
black contour

Faser:  
black contour

Very similar to proposed fixed-target experiments like SeaQuest 
Is FASER cheaper/better than e.g. SeaQuest in some way?

SHiP is the light-LLP super power…

MilliQanMilliQan

LLP: new detectors @ LHC



• Models of DM have come a long way in 20 years
• Result of vibrant experiment-theory interface
• Entering a new era in Dark Matter research, involving 
physics on many scales (nuclear, cond. matt., and atomic)

• Many possibilities, many search opportunities
• Dark sectors possible (likely?) — non-trivial dynamics

DM Outlook 
No longer your 

advisor’s DM

DM exists
No non-gravitational 

detection yet



!20

Hierarchy (Naturalness) problem

L2 = ±µ
2|H|2
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Why is    so much smaller than               ?μ MGUT, MPl

Unlike fermions (and gauge bosons) no symmetry 
protects scalar mass parameter

1.Nature is fine-tuned (anthropics?)

2.The SM has no high scales (gravity?, unification?)

3.New dynamics/symmetries keeps mass scale low

The hierarchy problem
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Hierarchy (Naturalness) problem

L2 = ±µ
2|H|2
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Why is    so much smaller than               ?μ MGUT, MPl

Unlike fermions (and gauge bosons) no symmetry 
protects scalar mass parameter

1.Nature is fine-tuned (anthropics?)

2.The SM has no high scales (gravity?, unification?)

3.New dynamics/symmetries keeps mass scale low

The hierarchy problem

There is something fascinating about science. One

gets such wholesale returns of conjecture out of such

a trifling investment of fact.

—Mark Twain

xi

(BSM model builder)



New particles coupled to Higgs

Usually have similar quantum numbers as the top, W, etc


e.g. SUSY, little Higgs

Strong constraints from LHC

Twin Higgs resurgence—no coloured partners
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Overview of SUSY results: squark pair production

July 2018CMS

36 fb�1 (13 TeV)

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities �M and x represent the absolute mass di↵erence between the primary sparticle and the LSP, and the di↵erence between the intermediate
sparticle and the LSP relative to �M , respectively, unless indicated otherwise.



Twin Higgs

Higgs is a PNGB, and Higgs potential is O(8) symmetric

SMA ⇥ SMB ⇥ Z2

L � y QAHAU
c
A + y QBHBU

c
B

[Chacko, Goh, Harnik]

The Vector-like Twin
[NC, S. Knapen, P. Longhi, & M. Strassler ’16]
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Higgs portal between A and B sectors

V = �m
2
⇣
H

†
AHA +H

†
BHB

⌘
+ �

⇣
H

†
AHA +H

†
BHB

⌘2

• Higgs mixing and corrections to Higgs pheno at v
2

f2

• Higgs invisible decay width, to light B sector stuff

FIG. 2. In blue, a plot of the rate of Higgs events into SM states normalized to the SM. The green

line is the invisible branching ratio of the Higgs into mirror twin particles. The vertical orange and

red lines are the 95% confidence bound from precision electroweak constraints for a 1 TeV and 5

TeV cuto↵ respectively.

mass. Their analysis was carried out assuming a cuto↵ ⇤ =3 TeV. In general, however, the

leading contributions to the oblique parameters go like

↵T ⇠ �✏
2 ln

⇣
⇤
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⌘
, ↵S ⇠ ✏

2 ln
⇣

⇤
mZ

⌘
, (31)

where mZ is the mass of the Z boson. For ✏ su�ciently small we expect these parameters

to dominate the analysis. In that case we may translate the bound on ✏ at ⇤ to a bound on

✏
0 at ⇤0 by

✏
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02 ln

✓
⇤0
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◆
. (32)

The 2� bound on ✏
0 can be translated into a limit on the top partner mass. In Fig. 2 we

denote bound corresponding to a 1 TeV and 5 TeV cuto↵ by the vertical orange and red

lines respectively.

Finally, we estimate the tuning �m of the Higgs mass parameter m2 as a function of the

top partner mass as a measure of the naturalness of the MTH model. We use the formula

�m =

����
2�m2

m
2
h

����
�1

(33)

12

[1411.3310]



Are there any deviations in Higgs couplings?

Already ruled out 4th generation (also direct searches)
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New searches

TABLE I. Existing two-body exclusive final state resonance searches at
p
s = 8 TeV. The ? symbol indicates no

existing search at the LHC.

e µ ⌧ � j b t W Z h

e ±⌥[4],±±[5] ±±[5, 6] ±⌥[6, 7] [7] ? ? ? ? ? ? ?
µ ±⌥[4],±±[5] [7] ? ? ? ? ? ? ?
⌧ [8] ? ? ? [9] ? ? ?
� [10] [11–13] ? ? [14] [14] ?
j [15] [16] [17] [18] [18] ?
b [16] [19] ? ? ?
t [20] [21] ? ?
W [22–25] [23, 24, 26, 27] [28–30]
Z [23, 25, 31] [28, 30, 32, 33]
h [34–37]

TABLE II. Theory models motivating two-body final state resonance searches. Here Z
0 and W

0 denote additional
gauge bosons, 6R denotes R-parity violating decays of sparticles in supersymmetry, H

±± denotes doubly-charged
Higgs bosons, H denotes additional neutral scalar or pseudoscalar Higgs bosons, L⇤ and Q

⇤ denote excited fermions,
XKK denote various Kaluza-Klein excitations of gravitons or Standard Model fields, ⇢ denotes neutral or charged
techni-rhos, LQ denotes leptoquarks, T 0, B0, Q0 denote vector-like top, bottom, and light-flavor quarks, and Q denotes
quirks. See also [38].
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Existing 2-body searches:



New searches

TABLE I. Existing two-body exclusive final state resonance searches at
p
s = 8 TeV. The ? symbol indicates no

existing search at the LHC.
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Higgs-photon resonance: Z0 ! h0�

B.A. Dobrescu, P.J.. Fox and J. Kearney, 1705.08433

F is the top quark or an anomalon.
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Figure 3: Upper limits at 95% CL on signal cross section times branching fraction to Hg for the
b-tagged (upper left), untagged (upper right), and statistical combination of the two (lower)
channels. The background-only hypothesis is consistent with the observed limits within two
sigma.
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F is the top quark or an anomalon.
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decaying to W� as a function of the resonance mass. The inner and outer bands give the ±1 and ±2 standard
deviations of expected limits. The local deviations of the observed upper limits from the expected ones on �B are
a result of small deviations in the data from the best-fitting background-only model.
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deviations of expected limits. The local deviations of the observed upper limits from the expected ones on �B are
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• First analyses (ATLAS 
and CMS) searching this 
channel

the background increases by a factor of about 3, while the increase in the signal cross

section depends on the initial state, which is model dependent.

Additional Higgs decays can be used to search for h0� resonances. For example, a

search in the a photon-plus-lepton final state would be sensitive to h0 ! WW ⇤ ! `⌫jj

and h0 ! ⌧+⌧�. Also, the production of an h0� resonance followed by the Higgs boson

decays into photon pairs would lead to a spectacular 3� peak, that would allow a precise

determination of the resonance mass. There is an ATLAS search for a 3� resonance [13],

but it is not sensitive enough to be applied to h0� resonances because the Higgs branching

fraction into photons is too small.

Other Z 0 decay channels may be important. The relative branching fractions and the

search sensitivities of various channels will determine whether h0� represents a potential

discovery channel for the new resonance or a precision probe of a resonance discovered

in another channel. The possible Z 0 decays are model dependent, but certain other

channels may be particularly relevant. For instance, as the Z 0 must be produced in

hadron collisions, it is likely to have a sizeable branching fraction to jets. Meanwhile, for

a vector resonance, the Z 0 may also be able to decay to lepton pairs, as will be discussed

in the next section. Comparing the estimated 8 TeV sensitivity to h0� with those to

dijet [14] and dilepton [15] resonances, we find that the dijet channel is 10–100 times

less sensitive in the high mass regime, while the dilepton channel is approximately 10–30

times more sensitive. Below, we will discuss the impact of these other channels, and their

importance for interpreting the results of an h0� search in specific models.

3 Vector boson decays to h0�

A new vector boson Z 0 can decay to h0� via an operator of the form

c� e v

(4⇡)2 m2
0

hZ 0
µ⌫
F µ⌫ , (3.1)

where Z 0
µ⌫

= @µZ 0
⌫
�@⌫Z 0

µ
, and Fµ⌫ is the electromagnetic field strength; m0 is the mass of

some particle running in the loop, e ⇡ 0.3 is the electromagnetic gauge coupling, v ⇡ 246

GeV is the weak scale. The factor of (4⇡)2 in the denominator is associated with the loop

integral, so that the model-dependent dimensionless parameter c� is typically of order one

or smaller.

An additional operator, h eZ 0
µ⌫
F µ⌫ , can also contribute to Z 0 ! h0�. However, the

coe�cient of that operator vanishes in the limit of CP conservation, and we will ignore

6
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Flavour anomalies
2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.56 [�2.12, �1.10] [�2.87, �0.71] 4.1�

Cµ
10 +1.20 [+0.88, +1.57] [+0.58, +2.00] 4.2�

Ce
9 +1.54 [+1.13, +1.98] [+0.76, +2.48] 4.3�

Ce
10 �1.27 [�1.65, �0.92] [�2.08, �0.61] 4.3�

Cµ
9 = �Cµ

10 �0.63 [�0.80, �0.47] [�0.98, �0.32] 4.2�

Ce
9 = �Ce

10 +0.76 [+0.55, +1.00] [+0.36, +1.27] 4.3�

Ce
9 = Ce

10 �1.91 [�2.30, �1.51] [�2.71, �1.10] 3.9�

C0µ
9 �0.05 [�0.31, +0.21] [�0.57, +0.46] 0.2�

C0µ
10 +0.03 [�0.21, +0.27] [�0.44, +0.51] 0.1�

C0 e
9 +0.07 [�0.21, +0.37] [�0.49, +0.69] 0.2�

C0 e
10 �0.04 [�0.30, +0.21] [�0.57, +0.45] 0.2�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient, taking into account only
LFU observables.

with the following four-fermion contact interactions,

O
`
9 = (s̄�µPLb)(¯̀�µ

`) , O
0 `
9 = (s̄�µPRb)(¯̀�µ

`) , (6)

O
`
10 = (s̄�µPLb)(¯̀�µ

�5`) , O
0 `
10 = (s̄�µPRb)(¯̀�µ

�5`) , (7)

and the corresponding Wilson coe�cients C
`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [56] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [57, 58]. Imposing SU(2)L invariance, these bounds
cannot be avoided [59]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [60]).

For the numerical analysis we use the open source code
flavio [61]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K

⇤
`
+
`
� angular observ-

ables DP 0
4,5

(see below), we construct a �
2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. We use the default theory uncer-
tainties in flavio, in particular B ! K

⇤ form factors
from a combined fit to light-cone sum rule and lattice re-
sults [62]. The experimental uncertainties are presently
dominated by statistics, so their correlations can be ne-
glected. For the SM we find �

2
SM = 24.4 for 5 degrees of

freedom.
Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

LFUV observables 
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The e↵ective Z 0 model, in which we introduce vectorlike top partners charged under the U(1)0 and
turn on their mixings with the SM top quark with the VEV of a new scalar field. And the gauged top
model, where the SM right-handed top quark is directly charged under the U(1)0 and the new fermions
that cancel the anomaly are chiral under the U(1)0. These additional states may be su�ciently heavy
that they only show up in loop processes. Similarly, the e↵ective couplings of the Z 0 to µ and ⌫µ

can be generated by introducing heavy vector-like leptonic partners. Since they are not colored the
constraints on their masses, and mixings with SM partners, are weaker.

6.1 B-physics anomalies

Global fits [50–54] to the LHCb excesses, as well as various sets of other B-physics observables, show
that they can be fit with two four-fermion operators,

H = �4GFp
2

VtbV
⇤
ts

↵em

4⇡

⇣
Cµ

9 O
µ

9 + Cµ

10O
µ

10

⌘
+ h.c. , (6.2)

with O`

9 = (s̄�µPLb) (`�µ`) and O`

10 = (s̄�µPLb) (`�µ�5`), and that the best fit region lives in the
quadrant with �C9 < 0 and �C10 > 0. An interesting feature of the Z 0 models is that the couplings of
the Z 0 do not change the quark flavors. Any FCNC e↵ect induced by the Z 0 must occur at loop level,
through diagrams involving additional sources of flavor violation e.g. W± or H± bosons running in
loops [11]. This not only reduces the number of new parameters but also requires the Z 0 mass to be not
far above the electroweak scale in order to give a significant contribution to the e↵ective operators,
O9 and O10. It is also worthwhile pointing out that because s̄�µPLb is a conserved current if the
quark masses are omitted, the O9,10 operators have no anomalous dimensions from QCD radiative
corrections between the scale where these e↵ective operators are generated and the B-meson mass
scale.

E↵ective Z 0

Figure 6: Feynman diagram
for the e↵ective Z 0 model con-
tribution to b! sµµ.

If we embed the low-energy Lagrangian Eq. (6.1) in the context of
the e↵ective Z 0 model described in Subsection 3.1, the couplings of
the Z 0 to the SM top quark and the heavy vectorlike fermion T take
the approximate form,

ctR = gX sin2 ✓R , ctL ' 0 ,

cTR = gX cos2 ✓R , cTL ' gX ,
(6.3)

where ✓R is the mixing angle between the right-handed tR and TR and
we have taken MT � mt. The loop contribution is shown in Fig. 6.
It is finite because the Z 0bs coupling originates from a dimension 6
operator in the complete theory, (s̄�µPLb)(�⇤ !D µ�). The corrections
to the Wilson coe�cients are,

�C9,10 =
gX sin2 ✓R (cE ± cL) m2

t
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The best fit region favors cL � cE in the low-energy Lagrangian Eq. (6.1). Assuming cE = 0,
the region of parameter space that could account for the B-physics anomalies is shown by the green
regions in Fig. 8. Fig. 8 shows the B-physics favored parameter space in the gX -MZ0 plane, with two
sets of values of ✓R and cL. For the coupling gX to remain perturbative, we must resort to sub-TeV
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The e↵ective Z 0 model, in which we introduce vectorlike top partners charged under the U(1)0 and
turn on their mixings with the SM top quark with the VEV of a new scalar field. And the gauged top
model, where the SM right-handed top quark is directly charged under the U(1)0 and the new fermions
that cancel the anomaly are chiral under the U(1)0. These additional states may be su�ciently heavy
that they only show up in loop processes. Similarly, the e↵ective couplings of the Z 0 to µ and ⌫µ

can be generated by introducing heavy vector-like leptonic partners. Since they are not colored the
constraints on their masses, and mixings with SM partners, are weaker.

6.1 B-physics anomalies

Global fits [50–54] to the LHCb excesses, as well as various sets of other B-physics observables, show
that they can be fit with two four-fermion operators,
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9 = (s̄�µPLb) (`�µ`) and O`

10 = (s̄�µPLb) (`�µ�5`), and that the best fit region lives in the
quadrant with �C9 < 0 and �C10 > 0. An interesting feature of the Z 0 models is that the couplings of
the Z 0 do not change the quark flavors. Any FCNC e↵ect induced by the Z 0 must occur at loop level,
through diagrams involving additional sources of flavor violation e.g. W± or H± bosons running in
loops [11]. This not only reduces the number of new parameters but also requires the Z 0 mass to be not
far above the electroweak scale in order to give a significant contribution to the e↵ective operators,
O9 and O10. It is also worthwhile pointing out that because s̄�µPLb is a conserved current if the
quark masses are omitted, the O9,10 operators have no anomalous dimensions from QCD radiative
corrections between the scale where these e↵ective operators are generated and the B-meson mass
scale.

E↵ective Z 0

Figure 6: Feynman diagram
for the e↵ective Z 0 model con-
tribution to b! sµµ.

If we embed the low-energy Lagrangian Eq. (6.1) in the context of
the e↵ective Z 0 model described in Subsection 3.1, the couplings of
the Z 0 to the SM top quark and the heavy vectorlike fermion T take
the approximate form,

ctR = gX sin2 ✓R , ctL ' 0 ,

cTR = gX cos2 ✓R , cTL ' gX ,
(6.3)

where ✓R is the mixing angle between the right-handed tR and TR and
we have taken MT � mt. The loop contribution is shown in Fig. 6.
It is finite because the Z 0bs coupling originates from a dimension 6
operator in the complete theory, (s̄�µPLb)(�⇤ !D µ�). The corrections
to the Wilson coe�cients are,

�C9,10 =
gX sin2 ✓R (cE ± cL) m2
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. (6.4)

The best fit region favors cL � cE in the low-energy Lagrangian Eq. (6.1). Assuming cE = 0,
the region of parameter space that could account for the B-physics anomalies is shown by the green
regions in Fig. 8. Fig. 8 shows the B-physics favored parameter space in the gX -MZ0 plane, with two
sets of values of ✓R and cL. For the coupling gX to remain perturbative, we must resort to sub-TeV
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The physics that generates these operators must be below 
100 TeV

Accessible at LHC if loop generated



Flavour anomalies

No new flavour violation, a new U(1)’

[Kamenik, Soreq, Zupan; PF, Low, Zhang]  

The e↵ective Z 0 model, in which we introduce vectorlike top partners charged under the U(1)0 and
turn on their mixings with the SM top quark with the VEV of a new scalar field. And the gauged top
model, where the SM right-handed top quark is directly charged under the U(1)0 and the new fermions
that cancel the anomaly are chiral under the U(1)0. These additional states may be su�ciently heavy
that they only show up in loop processes. Similarly, the e↵ective couplings of the Z 0 to µ and ⌫µ

can be generated by introducing heavy vector-like leptonic partners. Since they are not colored the
constraints on their masses, and mixings with SM partners, are weaker.

6.1 B-physics anomalies

Global fits [50–54] to the LHCb excesses, as well as various sets of other B-physics observables, show
that they can be fit with two four-fermion operators,

H = �4GFp
2

VtbV
⇤
ts

↵em

4⇡

⇣
Cµ

9 O
µ

9 + Cµ

10O
µ

10

⌘
+ h.c. , (6.2)

with O`

9 = (s̄�µPLb) (`�µ`) and O`

10 = (s̄�µPLb) (`�µ�5`), and that the best fit region lives in the
quadrant with �C9 < 0 and �C10 > 0. An interesting feature of the Z 0 models is that the couplings of
the Z 0 do not change the quark flavors. Any FCNC e↵ect induced by the Z 0 must occur at loop level,
through diagrams involving additional sources of flavor violation e.g. W± or H± bosons running in
loops [11]. This not only reduces the number of new parameters but also requires the Z 0 mass to be not
far above the electroweak scale in order to give a significant contribution to the e↵ective operators,
O9 and O10. It is also worthwhile pointing out that because s̄�µPLb is a conserved current if the
quark masses are omitted, the O9,10 operators have no anomalous dimensions from QCD radiative
corrections between the scale where these e↵ective operators are generated and the B-meson mass
scale.

E↵ective Z 0

Figure 6: Feynman diagram
for the e↵ective Z 0 model con-
tribution to b! sµµ.

If we embed the low-energy Lagrangian Eq. (6.1) in the context of
the e↵ective Z 0 model described in Subsection 3.1, the couplings of
the Z 0 to the SM top quark and the heavy vectorlike fermion T take
the approximate form,

ctR = gX sin2 ✓R , ctL ' 0 ,

cTR = gX cos2 ✓R , cTL ' gX ,
(6.3)

where ✓R is the mixing angle between the right-handed tR and TR and
we have taken MT � mt. The loop contribution is shown in Fig. 6.
It is finite because the Z 0bs coupling originates from a dimension 6
operator in the complete theory, (s̄�µPLb)(�⇤ !D µ�). The corrections
to the Wilson coe�cients are,

�C9,10 =
gX sin2 ✓R (cE ± cL) m2

t

4M2
Z0e2


ln
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t
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T

◆
. (6.4)

The best fit region favors cL � cE in the low-energy Lagrangian Eq. (6.1). Assuming cE = 0,
the region of parameter space that could account for the B-physics anomalies is shown by the green
regions in Fig. 8. Fig. 8 shows the B-physics favored parameter space in the gX -MZ0 plane, with two
sets of values of ✓R and cL. For the coupling gX to remain perturbative, we must resort to sub-TeV
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Z 0 mass and sizable mixing angle ✓R & 0.1. Using the parameter relation Eq. (3.5) we find that the
vectorlike fermion T cannot be arbitrarily heavy, and in turn, the logarithmic factor in Eq. (6.4) is
not large, and the finite correction terms in the square bracket are also important.

Gauged top model

On the other hand, if we embed the low-energy Lagrangian Eq. (6.1) in the context of the gauged top
model described in Subsection 3.2, the Z 0 coupling to the top quark and the muon is tied closely to
each other. In the µ ! 0 limit, the heavy vectorlike top do not mix with the light one and do not
contribute to the b ! s transition. The relevant couplings are

ctR = cL = gX , ctL = 0 , cTL = cE = 0 . (6.5)

The calculation of the new contribution to �C9,10 in this model is more complicated, and since cL � cE

we have fixed cE = 0 for simplicity. The result is of course finite, but there is a non-trivial cancellation
among the UV divergent parts. We give more details of this calculation in the Appendix B. In the
heavy H± limit, the Wilson coe�cients of interest to the b ! sµµ process are,

�C9,10 = ⌥g2
X
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(6.6)
In the gauged top model, with cE = 0, we always have the relation that �C9 = ��C10. We set
MH± = 10TeV in our calculation, which is large enough to suppress all the O

�
m2

t
/M2

H

�
correction

terms. Because the gauged top model is a two-Higgs doublet model, we choose to work in the alignment
limit which is most consistent with the LHC Higgs rate measurements [59–61]. The B-physics favored
parameter space in the gX -MZ0 plane is shown in Fig. 10.

It is also worth pointing out that the above calculation is done by assuming no kinetic mixing
between the U(1)0 and hypercharge gauge bosons, which is a marginal and gauge invariant operator in
the complete theory. Dressing the SM penguin diagrams with this mixing and the Z 0-muon coupling
will make additional contribution to C9,10. If the e↵ective Z 0 is further embedded in more unified
models, it is conceivable that the kinetic mixing vanishes at high scale and is only generated through
the running e↵ect. In this case, its contribution to C9,10 would be at two-loop level and negligible
compared to the one-loop contributions given in Eq. (6.4).

6.2 LHC dimuon resonance search for Z 0

Figure 7: Feynman diagram
for the e↵ective Z 0 model con-
tribution to b ! sµµ.

An important message from Fig. 8 is that the mass of Z 0 in this
model must lie below ⇠ TeV scale in order to account for the
B-physics anomalies. Because the Z 0 must couple to muons, the
dilepton resonance search at the LHC [1] serves as one of the leading
measurements to test such an explanation.

As discussed in Section 4, there are two important production
channels of a top-philic Z 0 boson at the LHC. One occurs at tree-level,
where the Z 0 is produced in association with tt̄. A representative
Feynman diagram for this process is shown in Fig. 7. The second
channel is to produce the Z 0 at loop level in association with a
jet, as shown by Fig. 2. As we have discussed in great detail, the
anomaly cancellation plays an important role in such loop processes
and the heavy T must be taken into account when calculating the
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The LHC dimuon constraint amounts to require that �(pp ! Z 0+X)⇥Br(Z 0 ! µ+µ�)⇥e�ciency
to be below the upper bound provided in [1]. In Fig. 8, the blue shaded regions are excluded by the
present LHC result. The bound is stronger in the right plot because of the Z 0 is more abundantly
produced at LHC with the larger value of ✓R. The production cross section is proportional to
sin4 ✓R. Assuming the sensitivity scales as / L�1/2, we estimate the future LHC reach with integrated
luminosity equal to 300 (3000) fb�1 and show the expect reach using the blue dashed (dotted) curves.
Interestingly, the future high luminosity running of LHC could potentially cover much of the remaining
region able to explain the present B physics anomalies.

6.3 ⌫ trident production

With cL 6= 0, the Z 0 necessarily couples to neutrinos and it can contribute to the neutrino trident
production process ⌫N ! N⌫µ+µ�, as shown by Fig. 9. The rate for this process has been measured
(at CHARM-II and CCFR) to be near the SM value. The ratio of the trident cross section in the
model Eq. (6.1) to that in the SM, is given by [63],

�Z0

�SM

=

⇣
cL(cL+cE)

M
2
Z0

+
p

2(1 + 4s2
W

)GF

⌘2
+
⇣

cL(cL�cE)
M

2
Z0

+
p

2GF

⌘2

2G2
F

(1 + (1 + 4s2
W

)2)
. (6.8)

Figure 9: Feynman diagram
for the e↵ective Z 0 model con-
tribution to b ! sµµ.

We require that this ratio lies within 2� of the observed value i.e.

�Z0/�SM < 1.38. In Fig. 8, the parameter space excluded by the
trident observation corresponds to the red regions. Here, we find
an interesting interplay between the LHC dimuon resonance search
and the ⌫ trident production measurement. In the left plot, we take
a relatively larger Z 0-muon (and neutrino) coupling cL and in this
case, the trident bound completely excludes the B-physics favored
region. In the right plot, we reduce cL in order to evade the trident
bound but increase the Z 0-top coupling (through the parameter ✓R),
so that the B-physics favored region remains. In this case, the LHC
dimuon search bound gets stronger and the present data have already
excluded part of the favored region. The further running of LHC with
slightly higher luminosity will enable us to either discover the Z 0 or

exclude this model as an explanation for RK , R⇤
K

.

6.4 Electroweak precision constraints on Z � Z 0 mixing

In the gauged top model, the VEV of the Higgs doublet which is charged under both SM and the new
U(1)0 yields a tree level mixing between the Z and Z 0 bosons. Their mass matrix has been shown in
Eq. (3.8) (see also Eq. (B.2)). As a consequence, the Z boson mass is shifted, while the W boson mass
remains SM-like. This gives a contribution to the �⇢ parameter. The current constraint on ⇢ based
on a global fit with the S, T, U parameters is [64], ⇢ = 1.0006 ± 0.0009. As shown in Fig. 10, this sets
a strong constraint on the gauged top model and all the parameter space for explaining the B-physics
anomalies have been excluded.

6.5 Additional constraints

There are further constraints on the model, which could be important if we vary the parameters
beyond the scope of Fig. 8.
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Figure 8: Favored regions and constraints on the parameter space (the gX -MZ0 plane) of the e↵ective
Z 0 model, defined in Eq. (6.1) and (6.3), with MT = 1TeV, sin ✓R = 0.3, cL = 2gX , cE = 0 (left);
MT = 1.3 TeV, sin ✓R = 0.5, cL = gX/2, cE = 0 (right). The green region in each plot is favored for
explaining the LHCb anomalies at 2� C.L. [53], which corresponds to Cµ

9 = �Cµ

10 and �1 < Cµ

9 <
�0.32. The red shaded regions are excluded by the neutrino trident production measurement. The
blue shaded region is excluded by the LHC dimuon resonance search. The dashed (dotted) blue curve
corresponds to the future LHC reach with an integrated luminosity 300 (3000)/fb.

cross sections using FeynArts and FormCalc. We take both production channels into account in our
analysis. The comparisons in Fig. 4 shows that for most of the parameter space with MT > MZ0 , the
tree-level cross section is higher than the loop-level one by a factor of a few.‡

On the other hand, although the dimuon resonance is an inclusive search which allows additional
activity in each event, when the Z 0 is produced together with tt̄ the top quark decay products could
reduce the selection e�ciency of isolated muons in the final states. In order to estimate the e�ciency,
we use MadGraph [62] to simulate the Z 0tt̄ events, run the hadronization with PYTHIA and the detector
simulation with Delphes using the default isolation criterion. Requiring that the two leading isolated,
opposite-sign muons to be reconstructed, we find the selection e�ciency for this channel is roughly
0.4. In contrast, the e�ciency for the loop produced Z 0 channels is almost 1. With these e�ciency
factors taken into account, we find the contribution from loop level Z 0 + j production can be as large
as 50% of that from the tree level Z 0tt̄ channel.

The three dominant decay modes of the Z 0 boson are,

�(Z 0 ! µ+µ�) =
c2
L

+ c2
E

24⇡
MZ0 ,

�(Z 0 ! ⌫̄⌫) =
c2
L

24⇡
MZ0 ,

�(Z 0 ! t̄t) =
c2
tR

8⇡

✓
1 � m2

t

M2
Z0

◆s

1 � 4
m2

t

M2
Z0

MZ0 .

(6.7)

‡There are also loop production channels of the Z0 which involve electroweak interactions, such as tjZ0, tWZ0 and
WWZ0. We find their cross sections are all negligibly small.
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Flavour anomalies
New flavour violation, a new U(1)’ or leptoquarks


[Allanach et al] 
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Figure 1. Feynman diagrams of the two tree-level possibilities for mediating an e↵ective operator
that explains discrepancies in B ! K(⇤)µ+µ� decays as compared to SM predictions. The diagram
on the left hand side shows mediation by a scalar, whereas the right-hand side shows mediation by
a flavour dependent Z 0.

in a global fit including other observables, which shows a clear preference for non SM

contributions in decays to muons rather than in decays to electrons11. We shall therefore

assume new physics to reside solely in the muonic sector and in c̄µLL in particular. This

restricts the type of heavy particles that can be integrated out to give c̄µLL in the EFT, as

we discuss next.

2.2 Z 0
and LQ models to explain the discrepancy

At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or

vector, and Z 0 vector bosons. We shall assume that in each scenario, the new fields are

unique representations of the Lorentz group and the SM, i.e. we are not considering multiple

identical fields. Feynman diagrams for the relevant interactions are shown in Fig. 1. When

the mass of the LQ or Z 0 is much larger than the mass of the decaying B meson, matching

to the e↵ective field theory in Eq. 2.1 should provide an accurate approximation to order

mB/⇤, where ⇤ is the mass of the LQ or Z 0.

Other explanations for the anomalies arise at the loop level. In this case, in order

to explain the required size of the non-standard contributions to B ! K(⇤)µ+µ� decays,

the new particles mediating the interaction must be relatively light and so are more easily

discoverable; we therefore restrict our attention to the more conservative case of heavier

tree-level induced new physics.

The preference of fits for the O
µ
LL operator picks out particular combinations of quan-

tum numbers allowed for the LQs [23, 25, 28] . For the scalar case this is the triplet LQ S3,

with quantum numbers (3̄, 3, 13) under SU(3)c⇥SU(2)L⇥U(1)Y , whose Yukawa couplings

to the quark and lepton doublets Q and L are of the form

y3QLS3 + yqQQS†
3 + h.c. . (2.5)

The term proportional to yq induces proton decay and is typically set to zero by imposing

baryon number conservation. For the vector case, the OLL operator may be generated by

integrating out a singlet V1 or a triplet V3 with quantum numbers (3̄, 1, 23) and (3, 3, 23),

respectively. The possible couplings are

y03V
µ
3 Q̄�µL+ y1V

µ
1 Q̄�µL+ y01V

µ
1 d̄�µl + h.c. . (2.6)

11
Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though
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Figure 5. Summary of b-anomaly explaining Z 0 search sensitivity in the mass-coupling plane for
various di↵erent future hadron collider options in the näıve model and the 33µµ model. The blue
shaded region shows the expected sensitivity at the future collider from di-muon resonance searches
derived from Fig. 2. The red region extending to the right hand side of each plot shows the limit
coming from Bs � B̄s mixing measurements. The grey shaded region violates the narrow width
approximation.

we omit its plot.

To summarise the projected reach, we now study the behaviour of the bounds and

future collider coverage of Z 0 models shown in Figs. 3 and 4 for a continuously varying MZ0 ,

shown on the abscissa. We scan along the central green line in those figures, corresponding

to the central inferred value of c̄µLL = �1.33 [28], and plot the value of gµµL � gsbL along

this line on the ordinate. We see from the right-hand side plots in Fig. 5 that the näıve

model is not covered much at all by di-muon resonance searches at the LHC, even at high

luminosity, but that a 100 TeV 10 ab�1 collider can cover all of the viable parameter space

where the Z 0 is narrow (we note that the sensitivity at low masses is underestimated by our

limit extrapolation technique, as explained in Section 3.1). However, the näıve model is a

limiting case that underestimates both the potential sensitivity and the current constraints

for a more realistic model. We see in the left-hand plots that in a more complete 33µµ

model, a 14 TeV 1 ab�1 LHC can cover a decent portion of the viable parameter space and

a 33 TeV LHC collider is sensitive to all of it.
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LHC has delivered ~150/fb per EXP!!



LHC and HL-LHC

• LHC 

• 300 fb-1 by 2023 

• 30 fb-1 Run 1 

• >100  fb-1 so far 

• … 

• HL-LHC 

• ~3000 fb-1  

by ~2035 

• levelled luminosity 9

HL-LHC parameters and timeline

Nominal LHC:   √s = 14 TeV, L= 1x1034 cm-2 s-1        (Note: achieved 1.2 x1034 cm-2 s-1 in Run 2 already!)
Integrated luminosity to ATLAS and CMS: 300 fb-1 by 2023 (end of Run 3)

HL-LHC:          √s = 14 TeV, L= 5x1034 cm-2 s-1  (levelled)
Integrated luminosity to ATLAS and CMS: 3000 fb-1 by ~ 2035   

LS2 (2019-2020):
� LHC Injectors Upgrade (LIU)
� Civil engineering for HL-LHC equipment @ P1,P5
� First 11 T dipoles P7; cryogenics in P4
� Phase-1 upgrade of LHC experiments 

LS3 (2024-2026):
� HL-LHC installation 
� Phase-2 upgrade of ATLAS and CMS

Project timeline driven by radiation damage to some machine components: end of lifetime ~2023

High Lumi/High Energy LHC
HL-LHC: √ s = 14 TeV; L = 3 ab-1; HE-LHC: √ s = 27 TeV; L = 15 ab-1 (post 2040?)

Will shed light on existing anomalies, find new ones?

High lumi allows for novel search strategies

LLP searches, new detectors, new analyses


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TeV
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TeV
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�

How to probe DM

Guess: DM is a thermal relic of the early universe.
Weak-scale interactions with SM.
Can look for production at colliders.
Complication: comparison with Direct and Indirect
Detection (DD, ID) very model dependent.
Need theoretical guidance: LHC DM forum.

arXiv:1603.04156

A.-M. Magnan CERN, 31/10/2017 3 / 23



Collider Excesses in Higgs Searches

• Hint at excess seen at LEP

• 𝑡 ҧ𝑡ℎ searches at the Tevatron sees an 

excess in inclusive cut-and-count vs 

exclusive BDT analyses with same final state

• CMS and ATLAS see 

excesses around 95 GeV

(ATLAS puts limits on the

fiducial cross section, must 

convert first)

• Can 𝑯 be responsible 
for these excesses?

OCTOBER 6TH, 2018 EVAN JOHNSON, 6TH PIKIO 2018 7
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SM contribution BSM contribution

Another diphoton resonance?
Long standing LEP excess, Tevatron tth, CMS/
ATLAS diphoton

2HDM (type 1) with a light H

Can it also strengthen EWPT?

[PF, Weiner; 
Haisch, 

Malinauskas]
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FIG. 3. Contours of f2

FP
as a function of s� and tan�. Pink regions show areas consistent with

the LEP excess (0.05 < ⇠
2
< 0.15) while the brown (left) or blue (right) region shows the area

consistent with the CMS excess (0.05 pb < �BRH!�� < 0.1 pb). Left - H production arising only

from ggF, VBF, VH processes. Right - H production including cascade decays from top quarks

with mH+ = 140GeV. For the right plot, the approximate range (hashed) to explain the leptonic

tt̄h excesses is 4 <
⇠ tan� <

⇠ 6 [18]. For s� > 0, the Higgs is fermiophilic (i.e., f2

fp
< 1) and the ��

rates are suppressed.

to explain the LEP excess in this tan � regime, one is naturally in the moderately fermiopho-

bic regime, and is a non-trivial consistency check of this scenario. While it was noted by [18]

that one could explain the LEP and tt̄h signals simultaneously, the near-inevitable boosted

�� signal was not recognized at the time. The global consistency of all three anomalies is

shown in Fig.3 (right), for mH+ = 140GeV. Note that increasing the charged Higgs mass
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Abstract

With the Higgs search program already quite mature, there is the exciting possibility of discov-

ering a new particle with rates near that of the SM Higgs. We consider models with a signal in ��

below the SM Higgs mass, taking the recent 2.9� (local) CMS excess at 95 GeV as a target. We

discuss singlet models with additional vectorlike matter, but argue that a Type-I two Higgs doublet

model provides a more economical scenario. In such a setup, going into regions of moderate-to-

strong fermiophobia, the enhanced �� branching ratio allows signals from V H+VBF production

to yield � ⇥ BR�� comparable to total SM rates. Light H production can be dominated via rare

top decays t ! bH
+
! bW

⇤
H, which provides an alternate explanation of the excess. We consider

this in the context of other Higgs anomalies, namely the LEP Higgs excess near the same mass,

and excesses in tt̄h searches at Tevatron and LHC. We find that with 140GeV < mH+ < 160GeV,

tan� ⇠ 5 and a coupling to gauge bosons of sin2 � ⇠ 0.1, such a scenario can produce all the

excesses simultanously, where tth arise from contamination from the rare top decays, as previously

proposed. An implication of the Type-I scenario is that any �� excess should be associated with

additional elements that could reduce background, including b-jets, forward jets or signs of vector

boson production.
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