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HIERARCHY PROBLEM

top 
partner

• Conventional naturalness: top partner with QCD, weak charges

• Perfect for hadron colliders, spectacular signatures!

• Usually comes with whole host of “friends”: WIMPs, baryogenesis, …
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NEW WEAK-SCALE PHYSICS?
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(ATLAS SUSY summary)
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FIG. 1. Constraints on the DM annihilation cross section at 95% CL for the bb̄ (left) and ⌧+⌧� (right) channels derived from
a combined analysis of 15 dSphs. Bands for the expected sensitivity are calculated by repeating the same analysis on 300
randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected
sensitivity while the bands represent the 68% and 95% quantiles. For each set of random locations, nominal J-factors are
randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
analysis of four years of Pass 7 Reprocessed data and the same sample of 15 dSphs [13]. The dashed gray curve in this and
subsequent figures corresponds to the thermal relic cross section from Steigman et al. [5].

FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb̄ (left) and ⌧+⌧� (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3� limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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2.3 signal events across the full mass range, e.g. 1.9 at
10 GeV/c2 and 2.6 at 1 TeV/c2. This limit is about a
factor of three more constraining than our previous re-
sults [3] (using the CLs approach [23, 24]), and represents
the most stringent limit on elastic WIMP-nucleon spin-
independent cross section for WIMP mass larger than
100 GeV/c2.

In summary, we report the combined WIMP search re-
sults using the data with an exposure of 54 ton-day, the
largest of its kind, from the PandaX-II experiment. Like
the previous attempts, no WIMP candidates have been
identified. This yields a most stringent limit for WIMP-
nucleon cross section for masses larger than 100 GeV/c2.
Theoretical models indicate the importance of enhancing
the current search sensitivity by another order of mag-
nitude. PandaX-II detector will continue to run until a
future upgrade to a multi-ton scale experiment at CJPL.
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FIG. 5: The 90% C.L. upper limits vs. m� [(a) log
scale, (b) linear scale between 40 GeV/c2 to 10 TeV/c2]
for the spin independent WIMP-nucleon elastic cross
sections from the combined PandaX-II Run 9 and Run
10 data (red), overlaid with that from PandaX-II
2016 [3] (blue), LUX 2017 [2] (magenta), and
XENON1T 2017 [4] (black). The green band represents
the ±1� sensitivity band.
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For more on WIMPs, see Dan Hooper’s talk!
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randomized in accord with their measurement uncertainties. The solid blue curve shows the limits derived from a previous
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of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ⇢� = 0.389 GeV cm�3. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16–19].
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SUSY Dark Matter: elastic scattering cross section

• The ‘standard’ progress plot
� Direct-search experimental bounds

• Theory
� Sample SUSY parameter space
� Apply accelerator and model-specific 

particle physics constraints
� Apply cosmological bound on relic density

⇒ Extract allowed region for WIMP-nucleon 
cross-section versus WIMP mass 060227062301

  http://dmtools.brown.edu/
           Gaitskell&Mandic
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Baltz and Gondolo, 2004, Markov Chain Monte Carlos
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x  x  x Ellis et. al Theory region post-LEP benchmark points
Kim/Nihei/Roszkowski/de Austri 2002 JHEP
Baer et. al 2003
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DATA listed top to bottom on plot

Broad theoretical landscape: 
much of it testable with next 
and next-next generation DM 

searches and/or next and next-
next generation accelerators
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D. Akerib talk, 2007 For more on WIMPs, see Dan Hooper’s talk!
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• Weak-scale physics may be harder to find than we thought…

Chacko, Goh, Harnik, arXiv:hep-ph/0506256; +Burdman, arXiv:hep-ph/0609152;  
Cai, Cheng, Terning, arXiv:0812.0843 
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NEW WEAK-SCALE PHYSICS?

All of these may be signs of new 
physics below the weak scale!



8

OUTLINE

• Overview of hidden sectors

• Hidden sectors at the LHC

• Hidden sectors at low-energy experiments
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SINGLE PARTICLE: DARK PHOTON
• Single-particle pheno (often) dominated by lowest-dimension 

coupling to SM

• 4 basic “portals”: simple and predictive

• Example 1: dark photon
A0 A"

B. Holdom, PLB 166 (1986)



11

SINGLE PARTICLE: DARK PHOTON
• Single-particle pheno (often) dominated by lowest-dimension 

coupling to SM

• 4 basic “portals”: simple and predictive

• Example 1: dark photon
A0 A"

B. Holdom, PLB 166 (1986)

A0
f̄

f

f̄

f

Qf "

e�

e+

�

A0
f̄

f

⇡0 A0

�

p



12

SINGLE PARTICLE: SCALAR

• A scalar can mix with the Higgs, giving mass-proportional couplings

h�
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Silveira and Zee, PLB 161 (1985)
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SINGLE PARTICLE: SCALAR

• Dominant coupling of scalar can be to 
two SM gauge bosons: axion

V

V

�

Peccei and Quinn, PRL 38 (1977)
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SINGLE PARTICLE: SCALAR

• Dominant coupling of scalar can be to 
two SM gauge bosons: axion
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Peccei and Quinn, PRL 38 (1977)
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SINGLE PARTICLE: NEUTRINO

• Example: neutral fermion (sterile 
neutrino) can mix with SM neutrino 

N ναsin θαN ⌫V↵N

Minkowski, PLB 67 (1977); Yanagida Conf. Proc C7902131 (1979); Mohapatra and Senjanovic, PRL 44 (1980)…
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SINGLE PARTICLE: NEUTRINO

• Example: neutral fermion (sterile 
neutrino) can mix with SM neutrino 

N ναsin θαN ⌫V↵N
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Figure 4.2: Production (left) and subsequent decay (right) of the particle NI .

the Universe (see Section 4.6.1 for the formulation of the problem). Moreover, the same parti-
cles can be responsible for both neutrino masses and matter-antimatter asymmetry generation.
HNLs with the masses ranging from O(MeV) to O(1012 GeV) provide mechanisms of generation of
matter-antimatter asymmetry, described in Sections 4.6.2–4.6.4.2 below. In particular, the suc-
cessful baryogenesis is possible when HNL have experimentally accessible masses (Sections 4.3.2.2,
4.3.2.3). This opens an exciting possibility of direct experimental resolution of these BSM puzzles
by finding HNLs experimentally. The phenomenology of neutrino oscillations provides (under cer-
tain assumptions, discussed above) the lower bound on Yukawa couplings, while the requirement
of successful baryogenesis provides an upper bound on their values.

Right-handed neutrinos can appear as a part of a wider theory, for example as a part of the
fermion representation of a gauge group in GUT theories, see Section 4.3.2.1. Interestingly HNLs
can be postulated as the only new particles beyond the Standard Model up to a very high energy
scale, providing explanations of all major observational BSM phenomena (Section 4.8 below). This
brings the questions of the complete UV theory (discussed in Section 4.8.3). The SM supplemented
by 3 HNLs, with Majorana mass terms for all of them, and all possible Yukawa couplings with the
Higgs boson and left-handed lepton doublets has an intriguing property of charge quantisation. The
Majorana mass term (4.1.2) means that the hypercharge of NI is zero and therefore hypercharges of
left lepton double and Higgs field are the same. As a result of this, the requirement of cancellation
of gauge chiral anomalies has a unique solution in terms of charges [327], quantised exactly as it is
observed. In other words, the charge quantisation may be a requirement of the self-consistency of
the theory, rather than a consequence of a larger symmetry, as in Grand Unified Theories.

4.2 Active neutrino phenomenology

Neutrino physics provides strong motivation for the existence of HNLs. Although properties of
HNLs cannot be fully fixed by data from low-energy neutrino experiments, it serves as a source of
important constraints. Therefore we review main results of neutrino theory and experiments below.

4.2.1 Three-flavour neutrino oscillations. A theoretical overview

A decade of revolutionary neutrino experiments has established that the SM neutrinos are massive
and mix like quarks do. The measurement of their tiny masses has been possible thanks to neutrino
oscillations, a quantum phenomenon first conjectured by Pontecorvo [328]. Neutrinos are produced
and detected via weak processes, therefore by definition they are produced or detected as flavour
states (ie. the states that couple to the e, µ and ⌧ leptons respectively). However, such states
of a definite flavour are superpositions of the vacuum Hamiltonian eigenstates or mass eigenstates

– 65 –

Minkowski, PLB 67 (1977); Yanagida Conf. Proc C7902131 (1979); Mohapatra and Senjanovic, PRL 44 (1980)…
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Figure 1. Exotic Higgs decays to four leptons induced by intermediate dark photons in the higgsed dark U(1)
model. Left: h ! ZDZ

(⇤)
! 4` via the hypercharge portal. Right: h ! ZDZD ! 4` via the Higgs portal.

hypercharge portal, allowing us to peer deeply into the hidden sector.
Existing data from LHC Run I (7 and 8 TeV run) are already able to set new limits on dark

photons. An initial study in [67] used LHC Run I data to set limits on the exotic Higgs decays
h ! ZZD ! 4` and h ! ZDZD ! 4`, shown in Fig. 1. While the former decay probes a
region in the ✏ � mZD plane that was already disfavored from EWPTs, the latter generates the first
constraints on Higgs portal couplings for dark photon masses above a few GeV. Both analyses are
proofs-of-principle that future exotic Higgs decay searches are sensitive to dark photons. Meanwhile,
experimental searches for the NMSSM-motivated signal h ! aa ! 4µ, in the region ma < 2m⌧ ,
provide limits on Higgs portal couplings for dark photons in the same mass range [83–86] . Other
studies [71, 72] pointed out that existing LHC data constrains the production of dark photons in DY
events, disfavoring previously open parameter space.

The upcoming HL-LHC and a future 100 TeV collider will significantly extend the sensitivity
of these direct searches. Furthermore, the LHC and a future ILC/GigaZ collider will improve the
measurement of certain important electroweak precision observables (EWPOs). In this paper, we
compare the reach of all these experimental probes. As part of this comparison, we perform a full fit
to electroweak precision measurements, presenting a new current bound on dark photons, in addition
to forecasting future sensitivity.

The organization of this paper is as follows. Sec. 2 reviews the theory of a kinetically mixed
U(1)D. Secs. 3, 4, and 5 analyze existing constraints and future prospects for dark photons being
probed via the hypercharge portal only, using EWPOs, the exotic Higgs decay h ! ZZD ! 4`,
and DY events, respectively. If the dark Higgs mixes with the ordinary Higgs, then the decay h !

ZDZD ! 4` opens up, which we discuss in Sec. 6. In Sec. 7 we vary the assumed detector capabilities
at a future 100 TeV proton collider and discuss the impact this has on our limit projections. Sec. 8
contains our conclusions. Supplementary information about calculations in the dark photon model are
provided by three Appendices.

– 3 –

�/h A0

A0

• To capture these effects, consider 1-2 extra states



17
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model. Left: h ! ZDZ
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hypercharge portal, allowing us to peer deeply into the hidden sector.
Existing data from LHC Run I (7 and 8 TeV run) are already able to set new limits on dark

photons. An initial study in [67] used LHC Run I data to set limits on the exotic Higgs decays
h ! ZZD ! 4` and h ! ZDZD ! 4`, shown in Fig. 1. While the former decay probes a
region in the ✏ � mZD plane that was already disfavored from EWPTs, the latter generates the first
constraints on Higgs portal couplings for dark photon masses above a few GeV. Both analyses are
proofs-of-principle that future exotic Higgs decay searches are sensitive to dark photons. Meanwhile,
experimental searches for the NMSSM-motivated signal h ! aa ! 4µ, in the region ma < 2m⌧ ,
provide limits on Higgs portal couplings for dark photons in the same mass range [83–86] . Other
studies [71, 72] pointed out that existing LHC data constrains the production of dark photons in DY
events, disfavoring previously open parameter space.

The upcoming HL-LHC and a future 100 TeV collider will significantly extend the sensitivity
of these direct searches. Furthermore, the LHC and a future ILC/GigaZ collider will improve the
measurement of certain important electroweak precision observables (EWPOs). In this paper, we
compare the reach of all these experimental probes. As part of this comparison, we perform a full fit
to electroweak precision measurements, presenting a new current bound on dark photons, in addition
to forecasting future sensitivity.

The organization of this paper is as follows. Sec. 2 reviews the theory of a kinetically mixed
U(1)D. Secs. 3, 4, and 5 analyze existing constraints and future prospects for dark photons being
probed via the hypercharge portal only, using EWPOs, the exotic Higgs decay h ! ZZD ! 4`,
and DY events, respectively. If the dark Higgs mixes with the ordinary Higgs, then the decay h !

ZDZD ! 4` opens up, which we discuss in Sec. 6. In Sec. 7 we vary the assumed detector capabilities
at a future 100 TeV proton collider and discuss the impact this has on our limit projections. Sec. 8
contains our conclusions. Supplementary information about calculations in the dark photon model are
provided by three Appendices.
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hypercharge portal, allowing us to peer deeply into the hidden sector.
Existing data from LHC Run I (7 and 8 TeV run) are already able to set new limits on dark

photons. An initial study in [67] used LHC Run I data to set limits on the exotic Higgs decays
h ! ZZD ! 4` and h ! ZDZD ! 4`, shown in Fig. 1. While the former decay probes a
region in the ✏ � mZD plane that was already disfavored from EWPTs, the latter generates the first
constraints on Higgs portal couplings for dark photon masses above a few GeV. Both analyses are
proofs-of-principle that future exotic Higgs decay searches are sensitive to dark photons. Meanwhile,
experimental searches for the NMSSM-motivated signal h ! aa ! 4µ, in the region ma < 2m⌧ ,
provide limits on Higgs portal couplings for dark photons in the same mass range [83–86] . Other
studies [71, 72] pointed out that existing LHC data constrains the production of dark photons in DY
events, disfavoring previously open parameter space.

The upcoming HL-LHC and a future 100 TeV collider will significantly extend the sensitivity
of these direct searches. Furthermore, the LHC and a future ILC/GigaZ collider will improve the
measurement of certain important electroweak precision observables (EWPOs). In this paper, we
compare the reach of all these experimental probes. As part of this comparison, we perform a full fit
to electroweak precision measurements, presenting a new current bound on dark photons, in addition
to forecasting future sensitivity.

The organization of this paper is as follows. Sec. 2 reviews the theory of a kinetically mixed
U(1)D. Secs. 3, 4, and 5 analyze existing constraints and future prospects for dark photons being
probed via the hypercharge portal only, using EWPOs, the exotic Higgs decay h ! ZZD ! 4`,
and DY events, respectively. If the dark Higgs mixes with the ordinary Higgs, then the decay h !

ZDZD ! 4` opens up, which we discuss in Sec. 6. In Sec. 7 we vary the assumed detector capabilities
at a future 100 TeV proton collider and discuss the impact this has on our limit projections. Sec. 8
contains our conclusions. Supplementary information about calculations in the dark photon model are
provided by three Appendices.
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SIMPLIFIED HIDDEN SECTORS
• These models are interesting phenomenologically:

• Hidden-sector particles may decay through different couplings 
than production
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Figure 1. Exotic Higgs decays to four leptons induced by intermediate dark photons in the higgsed dark U(1)
model. Left: h ! ZDZ

(⇤)
! 4` via the hypercharge portal. Right: h ! ZDZD ! 4` via the Higgs portal.

hypercharge portal, allowing us to peer deeply into the hidden sector.
Existing data from LHC Run I (7 and 8 TeV run) are already able to set new limits on dark

photons. An initial study in [67] used LHC Run I data to set limits on the exotic Higgs decays
h ! ZZD ! 4` and h ! ZDZD ! 4`, shown in Fig. 1. While the former decay probes a
region in the ✏ � mZD plane that was already disfavored from EWPTs, the latter generates the first
constraints on Higgs portal couplings for dark photon masses above a few GeV. Both analyses are
proofs-of-principle that future exotic Higgs decay searches are sensitive to dark photons. Meanwhile,
experimental searches for the NMSSM-motivated signal h ! aa ! 4µ, in the region ma < 2m⌧ ,
provide limits on Higgs portal couplings for dark photons in the same mass range [83–86] . Other
studies [71, 72] pointed out that existing LHC data constrains the production of dark photons in DY
events, disfavoring previously open parameter space.

The upcoming HL-LHC and a future 100 TeV collider will significantly extend the sensitivity
of these direct searches. Furthermore, the LHC and a future ILC/GigaZ collider will improve the
measurement of certain important electroweak precision observables (EWPOs). In this paper, we
compare the reach of all these experimental probes. As part of this comparison, we perform a full fit
to electroweak precision measurements, presenting a new current bound on dark photons, in addition
to forecasting future sensitivity.

The organization of this paper is as follows. Sec. 2 reviews the theory of a kinetically mixed
U(1)D. Secs. 3, 4, and 5 analyze existing constraints and future prospects for dark photons being
probed via the hypercharge portal only, using EWPOs, the exotic Higgs decay h ! ZZD ! 4`,
and DY events, respectively. If the dark Higgs mixes with the ordinary Higgs, then the decay h !

ZDZD ! 4` opens up, which we discuss in Sec. 6. In Sec. 7 we vary the assumed detector capabilities
at a future 100 TeV proton collider and discuss the impact this has on our limit projections. Sec. 8
contains our conclusions. Supplementary information about calculations in the dark photon model are
provided by three Appendices.
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SIMPLIFIED HIDDEN SECTORS
• These models are interesting theoretically:

• Couplings control DM production, 
annihilation f̄
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FIG. 2: The cross section exclusion reach (left axis) at 95% confidence level for 1 kg·year of exposure, assuming only the
irreducible neutrino background (note that additional unknown backgrounds are likely to exist, which would weaken the
sensitivity — see Fig. 4). This corresponds to the cross section for which 3.6 events are expected after 1 kg·year. The right axis
shows the event rate assuming a cross section of �e = 10�37 cm2. Results are shown for xenon (blue), argon (red), germanium
(brown), and helium (green) targets. Left: Models with no DM form-factor. The green shaded area indicates the allowed
region for U(1)D (hidden photon) models with mAD

>
⇠ 10 MeV. The orange shaded area is the region in which a particular

model of “MeV” DM can explain the INTEGRAL 511 keV �-rays from the galactic bulge [9]. Right: Models with a very
light scalar or vector mediator, for which FDM = ↵2m2

e/q
2. The blue region indicates the allowed parameter space for a hidden

U(1)D model with a very light (⌧ keV) hidden photon. The darker blue band corresponds to the “Freeze-In” region. For
illustration, constant gD contours are shown with dashed lines, assuming mAD = 8 MeV and " = 2 ⇥ 10�3 (left plot) and
mAD = 1 meV and " = 3⇥ 10�6 (right plot). For more details see the text and the Appendix.

existing detectors cannot reconstruct the z-position of
very low energy events.

Secondary events. The primary signal of a higher-
energy background may be accompanied by a num-
ber of very low energy events. This e↵ect was ob-
served for single-electron events in ZEPLIN-II [30] and
Xenon10 [31, 32]. One possible explanation is the sec-
ondary ionization of impurities (e.g. oxygen) or of xenon
atoms by primary scintillation photons. Such a back-
ground could be reduced by vetoing events occurring too
close in time to a large event. Another possible explana-
tion is that electrons captured by impurities may eventu-
ally be released and detected a significant time after the
primary event that produced them. The long lifetime of
ionized impurities (e.g. an O

�
2 ion takes several seconds

to drift to the anode in ZEPLIN-II) may limit the e↵ec-
tiveness of a timing veto, and in this case improvements
in purification would be important.

Neutrons. Current direct detection experiments are ef-
fective at shielding against neutron backgrounds. Modi-
fication of existing designs to minimize the very low en-
ergy neutron scattering relevant for LDM detection could
yield further improvements.

Neutrinos. Neutrino scattering with electrons and nu-
clei generates a small but irreducible background. As
with WIMP searches, this may set the ultimate limit to
the reach of LDM direct detection experiments. The neu-
trino background is overwhelmingly dominated by solar
neutrinos, which are theoretically well understood but
only partially measured. Solar neutrinos have typical en-

ergies between 100 keV and 20 MeV and scatter with a
rate given by:

dR

dER
=

Z 1

Emin
⌫

dE⌫
d�⌫

dE⌫

d�

dER
, (14)

where E
min
⌫ '

1
2 (ER +

p
E2

R + 2ERm) is the minimal
neutrino energy required to recoil a particle of mass m

with energy ER, d�/dER is the scattering cross section,
and d�⌫/dE⌫ is the solar neutrino flux [44–46]. We cal-
culate the di↵erential rate for di↵erent materials in Fig. 1
(see also e.g. [47–49]). Electron recoils have energies well
above the expected DM signal and should be easily dis-
tinguished. Recoiling nuclei, on the other hand, have
energies typically below a keV. The e�ciency in convert-
ing this energy into ionized electrons is unknown at these
low energies, but it is expected to be very small [28, 32].
Therefore the neutrino-induced background, for events
in which only one or a few electrons are seen, is at most
O(1) per kg·year and probably much lower.

RESULTS

We now present expected rates of ionization by DM–
electron scattering in LDM direct detection experiments.
A systematic study of possible target materials is beyond
the scope of this letter, but we present illustrative results
for xenon, argon, helium, and germanium. Noble gases
and semiconductors, particularly xenon and germanium,

Essig, Mardon, Volansky, arXiv:1108.5383

• Freeze-in, freeze-out, 
SIMPs, ELDERs …

Boehm, Fayet, hep-ph/0305261  
Pospelov, Ritz, Voloshin, arXiv:0711.4866  
Pospelov, arXiv:0811.1030  
Hochberg et al., arXiv:1402.5143  
BS and Yavin, arXiv:1403.2727  
Izaguirre et al., arXiv:1411.1404  
Izaguirre, Krnjaic, BS, arXiv:1508.03050  
Kuflik et al., arXiv:1512.04545  
Knapen, Lin, Zurek, arXiv:1709.07882….
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COMPLETE MODELS
• Model is specified & predictive; signatures model-dependent!

• When do we need the full model?
• Rich spectra or dynamics. Ex: dark confining force

3m

1m

Figure 1: A schematic depiction of pair production of dark quarks forming two emerging jets.
Shown is an x � y cross section of a detector with the beam pipe going into the page. The
approximate radii of the tracker and calorimeter are also shown. The dark mesons are represented
by dashed lines because they do not interact with the detector. After traveling some distance,
each individual dark pion decays into Standard Model particles, creating a small jet represented
by solid colored lines. Because of the exponential decay, each set of SM particles originates a
di↵erent distance from the interaction point, so the jet slowly emerges into the detector.

3

Schwaller, Stolarski, Weiler, arXiv:1502.05409

FIG. 1. Schematic representation of a soft bomb event with ⇠ 100 tracks, showing electrons and

muons in blue and green respectively. The cylinder represents the inner boundary of the ECAL.

An O(1) fraction of the tracks are too soft to reach the ECAL, generating Emiss

T
if the bomb itself

is recoiling against other hard particles in the event.

existing level 1 (L1) trigger. (For VBF and VH production of Higgs bombs, associated

hard jets or leptons permit the same.) Moreover, a sizable fraction of the final states –

so called ‘loopers’ – are too soft to reach the electromagnetic calorimeter (ECAL), as

shown schematically in Fig. 1. This means that a soft bomb recoiling against a hard

object can generate sizable E
miss

T
, and thereby also pass the (L1) Emiss

T
trigger with a

reasonable e�ciency.

ii) At the HLT level, we search for a highly localized population of hits compared to the

more di↵use background from pile-up interactions. To minimize the spreading of the

signal hits, we focus on the innermost layer of the tracker.

iii) In an o↵-line analysis it should be possible to fully reconstruct the event, and enhance

background rejection via requirements on track multiplicities. In addition, it may be

possible to extract extra information from the factorial moments and cumulants of

the multiplicity distributions [49]. Variables based on the track multiplicity are also

promising for more weakly coupled hidden valleys [50].

To explore the e�cacy of this strategy, we simulate soft bomb generation and propagation

inside a simplified model of the ATLAS detector for a number of representative benchmark

points and estimate the signal e�ciencies that can be obtained at both stages of the trigger.

We show that the triggering e�ciencies for bombs of mass several ⇥ 100 GeV could be as

high as ⇠ 10%. Further, the acceptance rate for Higgs bombs triggered in the manner is

5

Knapen et al., arXiv:1612.00850

• Very large number of decay modes (or complicated decays)

Also e.g., Strassler, Zurek, hep-ph/0604261; 
 Cohen, Lisanti, Lou, arXiv:1503.00009;…
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HIDDEN SECTORS AT THE LHC
• Already an impressive number of hidden sector searches! E.g.:
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FIG. 1. Diagrams of the benchmark models studied in this analysis: (a) the Higgs boson or scalar boson model, (b) the
Hidden Valley Z

0model, and (c) the Stealth SUSY model. The long-lived particles in these processes are represented by double
lines and labeled (a) ⇡v, (b) ⇡

±
v , and (c) S̃. The gravitino, G̃, has very low mass and does not carry away a substantial amount

of energy.

The decay width (and, consequently, the life-
time) of the singlino is determined by both the
mass splitting �M and the SUSY-breaking scale

p
F :

�
S̃ ! SG̃

⇡ m
S̃
(�M)4/⇡F 2 [7]. The SUSY-breaking

scale
p
F is not a fixed parameter, and thus the singlino

has the possibility of traveling an appreciable distance
through the detector, leading to a significantly displaced
vertex.

V. DATA AND SIMULATION SAMPLES

The dataset used in this analysis was recorded by the
ATLAS detector in the 2012 run during periods in which
all subdetectors relevant to the analysis were operating
e�ciently. The integrated luminosity is 20.3 fb�1. The
Muon Cluster channel uses only 19.5 fb�1 of data because
the trigger was not active at the beginning of the run.
The uncertainty on the integrated luminosity, estimated
following the methodology described in Ref. [31], is 2.8%.

Monte Carlo (MC) simulation samples are produced
for scalar boson, Z 0, and Stealth SUSY models. The
masses are chosen to span the accessible parameter space,
and the proper lifetime values are chosen to maximize the
distribution of decays throughout the ATLAS detector
volume. The masses for each sample are listed in Ta-
ble II. Approximately 400,000 events are generated for
each sample.

For the scalar boson model, the MC simulation events
are generated with Pythia8 [32]. The Z 0events are sim-
ulated in a two-step process. An external generator,
HVMC, is used to simulate Z 0production and decay to
hidden-sector particles [33]. The decay of ⇡v to SM par-
ticles and their subsequent decays, as well as the shower-
ing and hadronization of SM partons, are simulated us-
ing Pythia8. Stealth SUSY events are generated with
MadGraph5 [34], and Pythia8 is used for hadroniza-
tion. The parameterization used for the proton parton
distribution function (PDF) for the scalar boson and
Z 0simulations is MSTW2008 [35], while CTEQ 6L1 [36]

is used for Stealth SUSY.

TABLE II. Mass parameters for the simulated scalar boson,
Z

0and Stealth SUSY models.

Scalar boson mass [GeV] ⇡v mass [GeV]

100 10, 25
125 10, 25, 40
140 10, 20, 40
300 50
600 50, 150
900 50, 150

Z
0mass [TeV] ⇡v mass [GeV]

1 50
2 50
2 120

g̃ mass [GeV] S̃, S mass [GeV]

110 100, 90
250 100, 90
500 100, 90
800 100, 90
1200 100, 90

For all simulated samples, the propagation of particles
through the ATLAS detector is modeled with Geant4
[37] using the full ATLAS detector simulation [38] for
all the simulated samples. In addition, each MC sample
is overlaid with zero-bias data events that are selected
from bunch crossings corresponding to one full revolu-
tion around the LHC after a high-pTinteraction. This
overlaid data sample correctly represents all sources of
detector background such as cavern background (a gas
of thermal neutrons and photons filling the ATLAS cav-
ern during ATLAS operation), beam halo, cosmic rays
and electronic noise. It also correctly reproduces pileup
interactions (multiple interactions per bunch crossing).
The analysis employs data-driven techniques to esti-

mate the backgrounds. Two separate samples from data
are used: multijet and minimum-bias [39] events. The
ATLAS minimum bias trigger selects events with activ-
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Ñ1

l
�

l
�

l
�

l
�

l
�

l
�

l
�

l
�

l
+

l
+

l
+

l
+

l
+

l
+

l
+

l
+

E/T

E/T

l
�

l
+

Figure 1: An example of a Higgs decay to lepton jets, through the neutralino production portal of

Section 3.1. The hidden sector cascades can lead to many leptons per Higgs decay, in this case 18.

This example uses the particle content and vertices of the minimal U(1)d hidden sector described

in section 2.2. A larger hidden sector can lead to even larger multiplicities. If the neutralinos

are heavy enough to be produced close to rest, their decay products will be well-separated, and

the leptons will partition into 4 distinct lepton jets. Alternatively, if the neutralinos are light and

boosted, the event will consist of two groups of collimated leptons, neutralino jets.

not address the aforementioned anomalies and concentrate instead, on the collider signatures

of such hidden sectors.

As a simple example, we consider a hidden sector with U(1)d gauge symmetry broken at

the GeV scale. U(1)d couples to the visible sector through kinetic mixing with hypercharge,

implying that (i) the hidden photon can decay to the light SM fermions, and (ii) the LVSP

can decay to the hidden sector. Consequently, once the Higgs decays, it initiates a hidden

sector cascade, producing in addition to the true LSP, many hidden photons and scalars

which decay to highly boosted lepton jets. An example of such a Higgs decay is shown in

Fig. 1. To demonstrate that a light Higgs can be accommodated in the above scenario, we

simulate Higgs decays to lepton jets and determine the sensitivity of a wide range of LEP

and Tevatron searches. We consider the experimental observables that are relevant for Higgs

4

Exotic Higgs decays to photons, leptons, lepton jets, inv…
CMS, arXiv:1506.00424  
CMS, arXiv:1507.00359 
ATLAS, arXiv:1509.05051  
ATLAS, arXiv:1511.05542  
ATLAS-CONF-2016-042 
CMS, arXiv:1610.09218 
ATLAS, arXiv:1708.09624  
ATLAS, arXiv:1802.03388

CMS, arXiv:1411.6530 
ATLAS, arXiv:1504.03634 
LHCb, arXiv:1705.07332
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 LOW-MASS STATES AT THE LHC
• Difficult to trigger on signatures of low-mass states

h

h
h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h h h

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

FIG. 2: The exotic Higgs decay topologies we consider in this document, along with the labels

we use to refer to them. Every intermediate line in these diagrams represents an on-shell, neutral

particle, which is either a Z-boson or a BSM particle.

parentheses we list the section numbers where a particular decay mode will be discussed in

more detail. A pair of particles in parentheses denotes that they form a resonance.

• h ! 2

This topology occurs for Higgs decays into BSM particles with a lifetime longer than

detector scales. It includes h ! invisible decays [24, 46–48] and, in principle, h ! R-

hadrons, although the latter scenario is strongly constrained. In this paper, we consider

only:

1. h ! invisible (E/T ) (§2)

• h ! 2 ! 3

Here the Higgs decays to one final-state particle that is detector-stable and another

one that decays promptly or with a displaced vertex. Possibilities include

1. h ! � + E/T (§12).

2. h ! (bb) + E/T (§18).

3. h ! (⌧⌧) + E/T (§19).

15

• E.g., rare, exotic Higgs decays

h
• Challenging for all-hadronic decays, 

decays to 4-tau, or semi-visible decays
X

X • Also challenging for long-lived particles!

Curtin et al., arXiv:1312.0018
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more detail. A pair of particles in parentheses denotes that they form a resonance.

• h ! 2

This topology occurs for Higgs decays into BSM particles with a lifetime longer than

detector scales. It includes h ! invisible decays [24, 46–48] and, in principle, h ! R-

hadrons, although the latter scenario is strongly constrained. In this paper, we consider

only:

1. h ! invisible (E/T ) (§2)

• h ! 2 ! 3

Here the Higgs decays to one final-state particle that is detector-stable and another

one that decays promptly or with a displaced vertex. Possibilities include

1. h ! � + E/T (§12).

2. h ! (bb) + E/T (§18).

3. h ! (⌧⌧) + E/T (§19).

15

• E.g., rare, exotic Higgs decays

h
• Challenging for all-hadronic decays, 

decays to 4-tau, or semi-visible decays
X

X • Also challenging for long-lived particles!

• Opportunity: Higgs comes with friends!

Curtin et al., arXiv:1312.0018
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ASSOCIATED OBJECT TAGGING
• Triggering on/tagging associated objects is a fruitful strategy!

W+
µ+

N

µ+

e�

⌫̄e

sterile neutrinos low-mass dijet resonances  
(ISR)

 [GeV]Z’m
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qg
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Expected 95% CL limit

σ1 ±Expected limit 

σ2 ±Expected limit 

ATLAS
-1 = 13 TeV, 36.1 fbs

Figure 6: Observed and expected limits at 95% confidence level on the coupling (gq), for the combination of the
ISR jet and ISR � channels.

11

ATLAS, arXiv:1801.08769  
also, CMS, arXiv:1710.00159

Izaguirre, BS, arXiv:1504.02470
(see also Helo, Hirsch, Kovalenko, arXiv:1312.2900)
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• Triggering on/tagging associated objects is a fruitful strategy!

• ISR jet + MET + (soft leptons, soft photon, soft LLP, 
disappearing track, …)

�

jet
jet

`+`�, qq̄

�1

�1

�1

�1

Bai, Tait, 1109.4144; Weiner, Yavin, 1206.2910; Izaguirre, Krnjaic, BS, 1508.03050; Ismail, Izaguirre, BS, 1605.00658; 
Giudice et al., 1004.4902; Schwaller, Zurita, 1312.7350; Han et al., 1401.1235; Primulando, Salvioni, Tsai, 
1503.04204; Bramante et al., 1401.1235, 1412.4789, …

ASSOCIATED OBJECT TAGGING
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• These strategies are already working
• LHC is “electroweak intensity frontier” machine, can already 

beat LEP in some places!

W+
µ+

N

µ+

e�

⌫̄e

7

sions of Fig. 1, with potential signals superimposed, are provided in Appendix A. We see no
evidence for a significant excess in data beyond the expected SM background. We compute
95% confidence level (CL) upper limits on |VeN|2 and |VµN|2 separately, while assuming other
matrix elements to be 0, using the CLs criterion [84, 85] under the asymptotic approximation for
the test statistic [86, 87]. A simultaneous fit of all search regions is performed and all systematic
uncertainties are treated as log-normal nuisance parameters in the fit.

The interpretation of the results is presented in Fig. 2. The N lifetime is inversely proportional
to m

5
N|V`N|2 [45, 50]. At low masses this becomes significant, resulting in displaced decays and

lower efficiency than if the decays were prompt, illustrated by comparison of the black dotted
line in Fig. 2 (prompt assumption) with the final result. This is accounted for by calculating the
efficiency vs. N lifetime, and propagating this to the limits on mixing parameter vs. mass.

1 10 210 310
 (GeV)Nm

5−10

4−10

3−10

2−10

1−10

1

2 |
eN

|V

95% CL upper limits
Expected
 2 std. deviation±

 1 std. deviation±
Observed

decays
prompt N
Observed,

DELPHI prompt
DELPHI long-lived
L3
ATLAS
CMS 8 TeV

CMS

 (13 TeV)-135.9 fb
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decays
prompt N
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DELPHI prompt
DELPHI long-lived
CMS 8 TeV
ATLAS

CMS

 (13 TeV)-135.9 fb

Figure 2: Exclusion region at 95% CL in the |VeN|2 vs. mN (left) and |VµN|2 vs. mN (right) planes.
The dashed black curve is the expected upper limit, with one and two standard-deviation
bands shown in dark green and light yellow, respectively. The solid black curve is the ob-
served upper limit, while the dotted black curve is the observed limit in the approximation of
prompt N decays. Also shown are the best upper limits at 95% CL from other collider searches
in L3 [36], DELPHI [33], ATLAS [23], and CMS [22].

In summary, a search has been performed for a heavy neutral lepton N of Majorana nature
produced in the decays of a W boson, with subsequent prompt decays of N to W`, where the
vector boson decays to `n. The event signature consists of three charged leptons in any com-
bination of electrons and muons. No statistically significant excess of events over the expected
standard model background is observed.

Upper limits at 95% confidence level are set on the mixing parameters |VeN|2 and |VµN|2, rang-
ing between 1.2 ⇥ 10�5 and 1.8 for N masses in the range 1 GeV < mN < 1.2 TeV. These results
surpass those obtained in previous searches carried out by the ATLAS [23] and CMS [22, 24]
Collaborations, and are the first direct limits for mN > 500 GeV. This search also provides the
first probes for low masses (mN < 40 GeV) at the LHC, improving on the limits set previously
by the L3 [29] and DELPHI [33] Collaborations. For N masses below 3 GeV, the most stringent
limits to date are obtained from the beam-dump experiments: CHARM [26, 31], BEBC [25],
FMMF [32], and NuTeV [34].
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EXPLOITING MULTIPLICITY
• Hidden sector signatures can also give high multiplicities

Z

A′

A′

A′

hD

• Up to six soft leptons, multiple 
resonances

• Need to keep thresholds low…

6

FIG. 2: Projected 95% c.l. sensitivity of an LHC search with L = 40 fb�1 at
p
s = 13 TeV for Z ! hDA

0
! 4` + X

where 4` are required to reconstruct mhD . Each curve is labeled by the value of mhD in GeV. The dotted line gives
the sensitivity of the Drell-Yan search from Ref. [32]. We also show existing constraints from electroweak precision
observables [32], BABAR [40] and LHCb [45]. The three sets of lines from bottom (dark) to top (light) correspond
to ↵D = 0.5, 0.1, and 0.01.
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FIG. 3: Sensitivity projections for the Z ! hDA
0
! 4` + X search for integrated luminosity of 300 fb�1 (upper dark

lines) and 3000 fb�1 (lower faint lines) at
p
s = 13 TeV and ↵D = 0.1. The dotted green line shows the projected

LHCb sensitivity with 15 fb�1 from Ref. [29], while the dashed lines show the projections for the proposed Drell-Yan
search from Ref. [32]. Notation and existing bounds are the same as in Fig. 2.

where the renormalization-scale-dependent mixing term
scales as

(µ) ⇠
↵↵D "

2

(4⇡)2
log

⇣
µ

⇤

⌘
+ (⇤), (19)

where ⇤ is an ultraviolet (UV) energy scale. The decay
hD ! ff̄ due to the the mixing in Eq. (19) is parametri-
cally similar to the A

0-loop-induced and four-body decay

modes. The precise value of this loop-induced mixing de-
pends explicitly on the UV value of . The mixing  can
in principle be zero in the infrared, but this represents a
tuning of model parameters. Thus, the decay width of
hD for mA0 > mhD , whether radiatively or via Higgs mix-
ing, depends sensitively on the value of  at UV energies
and its renormalization-group evolution.

Because of this model dependence, we take a bottom-

Prompt decays:

Blinov, Izaguirre, BS, arXiv:1710.07635

Long-lived dark Higgs: 8
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�
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mhD =

�D = 0.1

Optimal c�hD , L = 40 fb�1

FIG. 5: Projected sensitivity to the scenario where mhD < mA0 , which gives rise to displaced decays of the dark
Higgs. Projections are shown for

p
s = 13 TeV and L = 40 fb�1. In the top panel, we compute the sensitivity for 10

signal events after cuts to " in the (mA0 , ") plane for di↵erent values of mhD (labeled in GeV); for each mA0 point we
have selected the hD lifetime that gives the optimal reach in ". In the bottom panel we compute the expected
sensitivity in the (mA0 , c⌧hD) plane for mhD = 15 GeV. The projected reach of the displaced search exceeds the
existing constraints from electroweak precision observables (LHCb prompt search, showing the envelope of the
exclusion contour) within the solid (dotted) black contours.

V. DISCUSSION AND CONCLUSIONS

In this article, we have shown that rare decays of the
Standard Model Z boson are powerful probes of hidden
sectors. Using a dark Abelian Higgs model as a bench-
mark, we have demonstrated how studying rare Z decays
into hidden sector particles can allow for the discovery of
exotic particles through the same interactions responsible
for generating hidden-sector particle masses.

Z decays into hidden-sector particles typically give rise

to large multiplicities of soft particles. When the hidden-
sector particles can decay leptonically, such as in the dark
Abelian Higgs scenario, this results in striking events
with up to six soft leptons. We have demonstrated a
range of prompt and displaced signatures that can oc-
cur in this model, providing a path for experimentally
discovering or constraining these new particles.

Crucial to the success of the strategies we outline in
this article is the fact that trigger and reconstruction
thresholds for leptons must be kept low. Because the Z
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WHAT ABOUT LHCb?
• Trigger not a concern, but need to compensate for coverage + lumi

• Already leading the way in dark photon searches at the LHC

1 10

7−10

6−10

5−10

4−10

3−10

m(A0) [ GeV ]

"2

LHCb

LHCb prompt-like

BaBar

KLOE

90% CL exclusion regions on [m(A0), "2]

Figure 2: Regions of the [m(A0), "2] parameter space excluded at 90% CL by the prompt-like A0

search compared to the best existing limits [27, 38].

nA0
ob[m(A0)], from which an upper limit at 90% confidence level (CL) is obtained. The

signal PDFs are determined using a combination of simulated A0
! µ+µ� decays and

the widths of the large resonance peaks observed in the data. The strategy proposed in
Ref. [65] is used to select the background model and assign its uncertainty. This method
takes as input a large set of potential background components, which here includes all
Legendre modes up to tenth order and dedicated terms for known resonances, and then
performs a data-driven model-selection process whose uncertainty is included in the
profile likelihood following Ref. [66]. More details about the fits, including discussion on
peaking backgrounds, are provided in Ref. [61]. The most significant excess is 3.3� at
m(A0) ⇡ 5.8GeV, corresponding to a p-value of 38% after accounting for the trials factor
due to the number of prompt-like signal hypotheses.

Regions of the [m(A0), "2] parameter space where the upper limit on nA0
ob[m(A0)] is

less than nA0
ex [m(A0), "2] are excluded at 90% CL. Figure 2 shows that the constraints

placed on prompt-like dark photons are comparable to the best existing limits below
0.5GeV, and are the most stringent for 10.6 < m(A0) < 70GeV. In the latter mass
range, a nonnegligible model-dependent mixing with the Z boson introduces additional
kinetic-mixing parameters altering Eq. 1; however, the expanded A0 model space is highly
constrained by precision electroweak measurements. This search adopts the parameter
values suggested in Refs. [67,68]. The LHCb detector response is found to be independent
of which quark-annihilation process produces the dark photon above 10GeV, making it
easy to recast the results in Fig. 2 for other models.

For the long-lived dark photon search, the stringent criteria applied in the trigger
make contamination from prompt muon candidates negligible. The dominant background
contributions to the long-lived A0 search are as follows: photon conversions to µ+µ� in
the silicon-strip vertex detector (the VELO) that surrounds the pp interaction region [69];
b-hadron decays where two muons are produced in the decay chain; and the low-mass
tail from K0

S ! ⇡+⇡� decays, where both pions are misidentified as muons. Additional
sources of background are negligible, e.g. kaon and hyperon decays, and Q-hadron decays
producing a muon and a hadron that is misidentified as a muon.

Photon conversions in the VELO dominate the long-lived data sample at low masses. A

4

• Currently unique coverage at short  
lifetime, low mass

1 Exotic long-lived particles

10−2 10−1 1 10 102 103
cτ (cm)

20
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60m
(G
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/c
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mH ≥ 200

CMS

mH = 120–140

ATLAS

D0

mH = 90–200

CDF

mH = 130–170

LHCb

mH = 120

Figure 1.8: Illustration of the parameter space regions probe by different experiments, as-
suming pair-production of πv particles in the decay of a Brout-Englert-Higgs boson, whose
assumed mass range (in GeV/c2) is indicated in each region. The vertical dotted lines indic-
ate the proper lifetime where each search is the most sensitive. For a full comparison, also
the sensitivity of each search and the experimental signature, one or two vertices, should
be taken into account.

22

P. David’s thesis, 2016

LHCb, arXiv:1710.02867
based on Ilten et al., arXiv:1603.08926



30

WHAT ABOUT LHCb?
• Limited solid angle not an issue for high multiplicities, dark showers

4

FIG. 2: Projected bounds from various ATLAS/CMS dis-
placed muons search strategies, see text for details. The
brown curve represents an extrapolation of a current analysis,
while the green curve represents only a minor modification.
The orange and purple projections have aggressive assump-
tions about backgrounds and will likely weaken following de-
tailed detector simulations. The band widths correspond to
10  hNvi  30. The blue band is derived from the LHCb
search proposed in this work.

tribute to missing energy,8 motivating a search for /ET

in combination with soft (displaced) muons. An AT-
LAS /ET+DV search [13] triggered on events with /ET ,
then further (at the analysis level) required a hard muon
(pT > 55 GeV). To optimize for our signal, we relax the
/ET down to the trigger requirement [35]. We then relax
the muon pT cut, demanding instead two dimuon DVs: 9

• /ET � 110 GeV.

• Reconstruct � 2 DVs, each with `T 2 [1, 30] cm.

• Each muon has pT > 10 GeV.

The DV `T requirement ensures they are inside the silicon
detector (before the transition radiation tracker) in order
to reconstruct the muon track in the tracker. With a
displaced vertex reconstruction e�ciency of 0.4 and an
optimistic assumption that the search is background-free,
the corresponding reach is shown in Fig. 2 (orange band),
which is weaker than our LHCb projection.

(iii) Hard displaced muon. Following the analysis in
[13], we require:

• � 1 reconstructed DV, each with `T 2 [1, 30] cm.

8
Here we define /ET as the opposite of the vector sum of all well-

constructed objects. We do not include the (displaced) muons in

this category. With this choice, our /ET definition should align

with that in [33, 34].
9
The idea of using multiple displaced vertices in similar scenarios

was also discussed in Ref. [36].

• � 1 muon with pT � 55 GeV and transverse impact
factor > 1.5 mm, and pT > 10 GeV for the other
displaced muon from this vertex.

For light hidden hadrons, the DV invariant mass cut im-
posed in [13] must be removed. There are already O(1)
background events in the low invariant mass region in this
8 TeV, 20.3/fb search (see Fig. 9 in Ref. [13]); the precise
number is di�cult to estimate since the dominant back-
ground is likely combinatoric in nature. Regardless, this
search has a slightly weaker projected reach than LHCb
even when assumed to be background-free (Fig. 2, purple
band). We expect the sensitivity to significantly improve
if the stringent pT (µ) cut, detrimental for the generically
soft hidden hadrons from SH processes, could be relaxed
while maintaining low background.

HEAVY FLAVOR DECAY CHANNELS

We focus on the cc̄ channel and comment on the bb̄
channel later.

LHCb Strategies

For hidden hadron decays to cc̄, subsequent SM
hadronization often produces two D mesons, D0

(s), D̄
0
(s)

or D±. The non-negligible lifetimes of charmed hadrons
creates an additional separation between the DV from
the two D meson decays, resulting in two vertices with
large separation from the primary vertex and a small but
significant separation from each other. Resolving the sec-
ondary vertices should be straightforward as the position
resolution in the VELO is O(10)µm while a D meson
has proper decay length O(100)µm. We do not explicitly
impose a minimum separation requirement between the
two vertices, but note this could be implemented as an
additional powerful handle to reject background if nec-
essary. Several strategies to identify D mesons at LHCb
exist; some do not require the D meson to be fully recon-
structed [37]. Given the sizable probability for a single D
meson decay to create three or more charged tracks that
can be well-reconstructed in the VELO, we consider the
following increasingly inclusive search strategies:

• Two nearby reconstructed displaced D mesons.
(2D)

• One displaced reconstructed D meson and one DV
with � 3 charged tracks nearby. (1D1V)

• Two DV, each with � 3 charged tracks, near each
other. (2V)

When reconstructing a D meson, we focus on decay
channels containing only charged particles: BR(D+

!

K�2⇡+) ⇠ 9.5%, BR(D0
! K�2⇡+⇡�) ⇠ 8%, and

5

BR(D+
s
! K+K�⇡+) ⇠ 5%. Meanwhile, requiring � 3

charged tracks in a DV rather than a reconstructed D
meson selects the decays BR(D+

! 3�prong) ⇠ 18.6%,
BR(D0

! 4 � prong) ⇠ 14.5% and BR(D+
s

! 3 �

prong) ⇠ 12%.
A well-defined track is required to have pT > 0.1 GeV

and hit at least three disks in the VELO; with these, we
expect good track reconstruction resolution despite the
displacement from the primary vertex. To retain ⇠ 90%
of the signal while rejecting cosmic rays and combina-
toric background, we impose varying maximum displace-
ment requirements. For 2D events, the boost factor for
each D meson is known, and we require dD ⇠

< 5c⌧D�max,
where dD is the distance between the two D mesons in
the lab frame, and �max is the larger of the two D meson
boost factors. For 1D1V events, we require dD < 5c⌧D�D
and dT,D < 8c⌧D, where dT,D is the transverse distance
between the D meson vertex and the DV. Finally, for
2V events, we require dT,D < 5c⌧D and dZ,D < 30c⌧D,
where dZ,D is the distance between the two vertices along
the beam direction. We require that the D meson decay
> 10c⌧D away from the primary vertex to eliminate SM
heavy quark backgrounds. Following the B0

! D+D�

search in [9], when reconstructing a D meson, we require
the scalar sum of the pT of the charged tracks exceed
1.8 GeV. When identifying a D meson pair, we require
the scalar sum of the pT of the two mesons and the total
momentum exceed 5 and 10 GeV respectively.

The background is expected to come dominantly from
combinatorics [9], necessitating a detailed detector sim-
ulation. Since this is beyond the scope of this paper, we
instead present our results in Fig. 3 assuming 0, 100 back-
ground events with 15 fb�1 data. The limits degrade with
increasing lifetime because the decay particles are more
likely to escape the VELO without leaving a su�cient
number of hits. The limits also degrade at shorter decay
lengths (analogous to Figures 1, 2), but we do not plot
this region as SM backgrounds are expected to become
important for displacement

⇠
< O (cm).

ATLAS/CMS searches

An ATLAS search for long-lived hadronic decays [10],
targeting HV Zp and stealth supersymmetry models, ap-
plies two di↵erent triggers: jet+/ET , and a Muon Region
of Interest (RoI) cluster trigger. Post trigger, both re-
quire � 2DV at the analysis level. Two types of DV
are considered: an inner detector (ID) vertex, covering
5 cm<r< 30 cm, or an MS vertex, covering the region
between the outer edge of the hadronic calorimeter and
the middle station of the muon chambers, 4m< r< 6.5m.
The jet+/ET trigger requires a leading jet with pT > 120
GeV, /ET> 200 GeV, and � 7 charged tracks in each DV.
Given the small probability of getting � 7 tracks in our
scenarios (see BR into 3–prong and 4–prong topologies

FIG. 3: Projected bounds from various displaced cc̄ search
strategies, see text. Purple curves: ATLAS/CMS reach esti-
mate for DV decays into � 5 charged tracks, with either two
DV in the muon spectrometer (solid) or one DV in the inner
detector and one in the muon spectrometer (dotted). Brown:
analogous ATLAS/CMS reach for !v ! bb̄,m!v = 11 GeV.

listed earlier), this trigger is not optimal for our signal.
In the Muon RoI cluster triggered events, � 5 charged

tracks are required at each DV. Triggering the signal re-
quires � 3 tracks with pT > 10 GeV from the MS ver-
tices. We estimate bounds for both two MS displaced
decays or one MS vertex and one ID vertex in Fig. 3,
rescaling the background in [10] to 300 fb�1. While this
extension naively appears weaker than the LHCb reach,
further optimization might yield improvement. For in-
stance, the number of charged tracks required in Ref. [10]
was optimized for specific benchmark models and may
not be ideal for all scenarios. Requiring more displaced
vertices, however, does not appear promising: while this
may eliminate background, we find that the signal e�-
ciency is such that the reach worsens.
The above analyses can be repeated without major

modifications for the bb̄ channel as the decay of a B
meson is very likely to produce a D meson. At LHCb,
more detailed B meson reconstruction will likely allow
further background rejection, leading to comparable or
potentially better reach than the cc̄ channel. At AT-
LAS/CMS, a greater number of tracks in bb̄ decay favors
the � 7 charged tracks requirement but reduces the pT of
each track, resulting in worse reach than the cc̄ channel
(Fig. 3, brown curves). The relative sensitivity to the cc̄
and bb̄ channels depends on mZp as well as hN!v i.

CONCLUSIONS

We have demonstrated that LHCb provides an ideal
environment to search for decays of soft long-lived par-
ticles in dimuon and heavy flavor channels as realized in
confining Hidden Valley scenarios, with good reach for

• Other possibilities that exploit excellent vertex resolution, PID?

Pierce et al., arXiv:1708.05389
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WHAT ABOUT LHCb?
• Also has excellent coverage for clean, rare meson decays due to 

HUGE statistics. For example:

Br(B0 ! K⇤�,� ! µ+µ�) . 10�9

• Search for sterile neutrino in B+ ! µ+N, N ! µ+⇡�

• Not currently competitive with B-factories for most masses

LHCb, arXiv:1508.04094

LHCb, arXiv:1401.5361
BS and Peskin, arXiv:1607.04258

Cvetic, Kim, arXiv:1606.04140 

• Could look more inclusively (     decays, different production/
decay modes, OSSF leptons, …)    

Bc
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WHAT ABOUT LONG-LIVED PARTICLES?

• Long-lived particles (LLPs) can show up in almost every hidden 
sector model

• Growing body of searches for LLPs: great development in past few 
years!

• Many are SUSY-oriented, stringent cuts on pT, LLP mass, …
• Tend to be targeted for particular models

• Challenge: LLP models introduce new parameter (lifetime)

• Detector objects very different for LLPs
• Reconstruction highly sensitive to lifetime
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WHAT ABOUT LONG-LIVED PARTICLES?
• Recent developments: series of workshops culminating in two 

community meetings (April 2017 @ CERN, October 2017 @ ICTP)

• Progress on:
• Developing space of simplified models for LLPs

• Mapping current experimental coverage & identifying gaps

• Providing recommendations for presentation of results

• Motivating LLP studies for upgrades & trigger development

• “Frontier” areas where more development work needed 
(mainly dark showers)

• White paper in progress (ETA: late spring 2018)
• Editors: J. Beacham & BS, includes theory+ATLAS+CMS+LHCb
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LHC SUMMARY

• Associated objects can be used to trigger on and reconstruct many 
hidden-sector signals

• High-multiplicity, low-threshold triggers and analyses should be 
maintained where possible

• Simplified hidden sector models are very useful, but we should 
avoid over-optimizing to them

• Long-lived particles offer a lot of opportunities and challenges
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OUTLINE

• Overview of hidden sectors

• Hidden sectors at the LHC

• Hidden sectors at low-energy experiments
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HIDDEN SECTORS AT LOW ENERGIES

• If we directly produce lighter particles, many experiments in play

• LHC only place to look if accessible particle mass is > 10 GeV!
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HIDDEN SECTORS AT B-FACTORIES

• Low-energy accelerators can give just as wide a range of 
signatures as high-energy colliders! 

• If new particles are gauge singlets, could be at any mass

• Growing search program for hidden sectors at B-factories:
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the frequentist profile-likelihood limits [29]. Figure 5
compares our results to other limits on " in channels
where A0 is allowed to decay invisibly, as well as to the
region of parameter space consistent with the (g � 2)µ
anomaly [5]. At each value of mA0 we compute a limit
on " as a square root of the Bayesian limit on "2 from
Fig. 4. Our data rules out the dark-photon coupling as
the explanation for the (g�2)µ anomaly. Our limits place
stringent constraints on dark-sector models over a broad
range of parameter space, and represent a significant im-
provement over previously available results.

We are grateful for the excellent luminosity and ma-
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ing organizations that support BABAR. The collaborat-
ing institutions wish to thank SLAC for its support and
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• What if there is a suppressed coupling to electrons?

• Can hidden-sector particles evade these searches?

• E.g., gauge boson coupled to                 orLµ � L⌧
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• What if there is a suppressed coupling to fermions?

• Can hidden-sector particles evade these searches?

b s

W�

t
�

• E.g., axions           

X
2

di dju/c/t

a

W

FIG. 1. Axion-like particle production in flavor-changing
down-type quark decay, di ! dj + a .

bosons,

L = (@µa)2 � 1

2
M2

aa2 � gaW

4
a W a

µ⌫W̃ aµ⌫ , (2)

where the gaW coupling is the leading term in the EFT
expansion. This situation could arise if all fermions
charged under the PQ symmetry possess only SU(2)W

gauge interactions, although models where a additionally
couples to the hypercharge gauge bosons give qualita-
tively similar results. After electroweak symmetry break-
ing, the coupling gaW generates interactions between a
and W+W�, as well as ZZ, Z�, and �� in ratios given
by the weak mixing angle.

We have computed the contribution of Eq. (2) to the
amplitude for di ! dja depicted in Fig. 1. The result is
replicated by the following e↵ective interaction (assuming
negligible up-quark mass):

Ldi!dj � �gadidj (@µa) d̄j�
µPLdi + h.c., (3)

gadidj ⌘ �3
p

2GFM2
W gaW

16⇡2

X

↵2c,t

V↵iV
⇤
↵jf(M2

↵/M2
W ),

f(x) ⌘ x [1 + x(log x � 1)]

(1 � x)2
,

where GF is the Fermi constant and Vij are the rele-
vant entries of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Note that f(x) ⇡ x for x ⌧ 1 such that the
interaction is proportional to M2

↵/M2
W for M↵ ⌧ MW .

There is an additional contribution to the e↵ective cou-
pling suppressed by factors of the external quark masses
(⇠ M2

di
/M2

W ) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite

and depends only on the IR value of the e↵ective
coupling gaW : while individual diagrams in Fig. 1 are
UV divergent, the divergences cancel when summed
over intermediate up-type quark flavors. Because the
divergent terms are independent of quark mass, the
unitarity of the CKM matrix requires that they sum
to zero. This is contrast with models possessing a
direct ALP-quark coupling, in which the FCNC rate is
sensitive to the UV completion of the theory [44, 45].

Diphoton Searches for ALPs: We now discuss the
prospects for the sensitivity of current and future probes

to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: sec-
ondary ALP production from rare decays of SM mesons,
and primary ALP production at colliders.

ALP production in rare meson decays is, by far, the
most promising new search mode. The quark coupling
in Eq. (3) mediates FCNC decays of heavy-flavor mesons
such as B ! K(⇤)a and K ! ⇡a. To compute the rates
of B-meson decays to pseudoscalar and vector mesons,
we employ the hadronic matrix elements calculated using
light-cone QCD sum rules [50, 51]. For K± ! ⇡±a, we
use the hadronic matrix element resulting from the Con-
served Vector Current hypothesis [52–54] in the flavor-
SU(3) limit assuming small momenta. The matrix ele-
ment for K0 ! ⇡0a is related to that of K± ! ⇡±a by
isospin symmetry, and so the matrix element for the KL

(KS) mass eigenstate is found by taking the imaginary
(real) part of the K± ! ⇡±a matrix element [55]. We
keep only the leading terms from Eq. (3) that are unsup-
pressed by external momenta. The decay rates are:

�(B ! Ka) =
M3

B
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|gabs|2

✓
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where �Ka =
h
1 � (Ma+MK)2

M2
B

i h
1 � (Ma�MK)2

M2
B

i
, along

with analogously defined �K⇤a, and �⇡+,0a. f0(q) and
A0(q) are appropriate form factors from the hadronic
matrix elements, obtained from Refs. [50] and [51], re-
spectively. For the a mass range we study, Ma ⌧ MW ,
the dominant decay mode is a ! ��.

We begin our phenomenological study with the sig-
nature B ! K(⇤)a, a ! ��, which has the best sensi-
tivity to ALPs. While the same rare meson decay with
a ! �� is also predicted in models with pseudoscalars
possessing only direct quark couplings [48], the diphoton
mode is only dominant for ALP masses below the pion
threshold in those scenarios. Moreover, to our knowledge,
no such search has been carried out, nor has the SM
continuum process B ! K(⇤)�� been previously mea-
sured [56]. There are measurements of the processes
B ! K(⇤)⇡0, ⇡0 ! �� at BaBar and Belle [57–60],
which are similar to our proposed ALP searches but are
restricted to M�� ⇠ M⇡0 . These branching ratios are
measured with 2� uncertainties ⇠ 10�6, thus this value
serves as a concrete benchmark for conservatively esti-
mating the sensitivity to B ! K(⇤)a. Since the ALP
searches are a straightforward resonance search, however,
backgrounds can be estimated using sidebands, and we
expect current and future B-factories will have even bet-
ter sensitivity to Br(B ! K(⇤)a).

di u/c/t dj

a
W�

�

HIDDEN SECTORS AT B-FACTORIES
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• Can hidden-sector particles evade these searches?
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W ) that we have neglected to write in Eq. (3).
For flavor-changing couplings, the result is finite

and depends only on the IR value of the e↵ective
coupling gaW : while individual diagrams in Fig. 1 are
UV divergent, the divergences cancel when summed
over intermediate up-type quark flavors. Because the
divergent terms are independent of quark mass, the
unitarity of the CKM matrix requires that they sum
to zero. This is contrast with models possessing a
direct ALP-quark coupling, in which the FCNC rate is
sensitive to the UV completion of the theory [44, 45].

Diphoton Searches for ALPs: We now discuss the
prospects for the sensitivity of current and future probes

to the ALP model in Eq. (2). We divide our discussion
according to the two principal production modes: sec-
ondary ALP production from rare decays of SM mesons,
and primary ALP production at colliders.

ALP production in rare meson decays is, by far, the
most promising new search mode. The quark coupling
in Eq. (3) mediates FCNC decays of heavy-flavor mesons
such as B ! K(⇤)a and K ! ⇡a. To compute the rates
of B-meson decays to pseudoscalar and vector mesons,
we employ the hadronic matrix elements calculated using
light-cone QCD sum rules [50, 51]. For K± ! ⇡±a, we
use the hadronic matrix element resulting from the Con-
served Vector Current hypothesis [52–54] in the flavor-
SU(3) limit assuming small momenta. The matrix ele-
ment for K0 ! ⇡0a is related to that of K± ! ⇡±a by
isospin symmetry, and so the matrix element for the KL

(KS) mass eigenstate is found by taking the imaginary
(real) part of the K± ! ⇡±a matrix element [55]. We
keep only the leading terms from Eq. (3) that are unsup-
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A0(q) are appropriate form factors from the hadronic
matrix elements, obtained from Refs. [50] and [51], re-
spectively. For the a mass range we study, Ma ⌧ MW ,
the dominant decay mode is a ! ��.

We begin our phenomenological study with the sig-
nature B ! K(⇤)a, a ! ��, which has the best sensi-
tivity to ALPs. While the same rare meson decay with
a ! �� is also predicted in models with pseudoscalars
possessing only direct quark couplings [48], the diphoton
mode is only dominant for ALP masses below the pion
threshold in those scenarios. Moreover, to our knowledge,
no such search has been carried out, nor has the SM
continuum process B ! K(⇤)�� been previously mea-
sured [56]. There are measurements of the processes
B ! K(⇤)⇡0, ⇡0 ! �� at BaBar and Belle [57–60],
which are similar to our proposed ALP searches but are
restricted to M�� ⇠ M⇡0 . These branching ratios are
measured with 2� uncertainties ⇠ 10�6, thus this value
serves as a concrete benchmark for conservatively esti-
mating the sensitivity to B ! K(⇤)a. Since the ALP
searches are a straightforward resonance search, however,
backgrounds can be estimated using sidebands, and we
expect current and future B-factories will have even bet-
ter sensitivity to Br(B ! K(⇤)a).
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FIG. 2. Sensitivity of proposed searches in the ALP param-
eter space assuming the ALP decays primarily to two pho-
tons. We show the reach of our proposed B ! Ka (dashed
lines) and B ! K⇤a searches (dot-dashed lines), for sensitiv-
ity to branching ratios of 10�6 and 10�8. We also derive new
constraints from rare K decays from K+ ! ⇡+a (red) and
KL ! ⇡0a (purple). The dotted red lines indicate the reach
we find from dedicated searches for e+e� ! a� at current
and upcoming B-factories. Existing projections are shown
with dotted lines for a proposed dedicated search in beam-
dump mode at NA62 (gray), and for a recently-proposed
beam-dump experiment, SHiP (gray). Shaded regions indi-
cate current bounds from beam-dump experiments (gray) and
LEP (light blue).

We therefore show in Fig. 2 our projections for ALP

searches in B± ! K±(⇤)
a, a ! �� for two branching

fraction benchmark sensitivities (10�6 and 10�8). We do
not consider ALP masses around the ⇡0, ⌘, and ⌘0 masses,
and we conservatively require that the ALP decay within
L < 30 cm of the collision point to be observable. Cur-
rent BaBar and Belle data, as well as the upcoming Belle
II experiment [61], have the potential to improve sensi-
tivity to the ALP coupling gaW by up to three orders
of magnitude over current constraints, providing a clear
motivation for new ALP searches in rare meson decays.

The ALP can also be produced in decays K ! ⇡a, a !
��, and we derive bounds that are indicated by the
shaded red and purple regions in Fig. 2. We extract
the bounds from existing measurements of the processes
K± ! ⇡±�� and KL ! ⇡0�� that have been carried
out by E949 [62], NA48/2, NA62 [63], and KTeV [64].
For K± ! ⇡±��, we obtain limits for Ma > 100 MeV
using measurements by NA48/2+NA62 of the branching
fraction in bins of M�� [63], requiring that the signal can-
not exceed the central value + 2� in each bin. Taking
into account the kaon beam energy, we further require
that a decay within 10 m of the K± decay vertex so that
its photons are registered in the detector. We use the

E949 search for K± ! ⇡±�� [62] for Ma . 100 MeV,
taking their bound on the partial branching fraction of
2.3⇥10�8 for p⇡ > 213 MeV and requiring that a decays
within 80 cm of the stopped kaon. For the KTeV search
in KL ! ⇡0�� [64], we require that a decay within 1 m
of the primary KL decay (given a detector resolution of
⇡ 0.3 m [65]), apply the provided signal acceptance and
require that the ALP signal not exceed the observed num-
ber of events (+2�) in each M�� bin. We emphasize that
a dedicated sideband resonance search for ALPs in either
channel could improve the sensitivity to K ! ⇡a produc-
tion. Neither search constrains ALP masses around M⇡0 ;
while measurements of KL ! ⇡0⇡0 at KTeV are, in prin-
ciple, sensitive to ALPs around the ⇡0 mass [66], they
are subdominant to existing limits.

In addition to ALP production in meson decays, di-
rect production of ALPs through their couplings to pho-
tons, at either lepton colliders or proton beam-dump fa-
cilities, is a promising possibility. At low-energy lepton
colliders, the reaction e+e� ! �a, a ! �� [33] can give
a diphoton resonance in 3-photon final states. To our
knowledge, such a search has not been carried out at B-
factories. We compute the estimated sensitivity of dedi-
cated searches at BaBar and Belle II to gaW in this final
state (shown in Fig. 2), accounting for the leading-order
3� background. The signal region consists of events with
three photons (E� > 200 MeV, �0.8 < cos ✓� < 0.97,
and �R�� > 0.1) and one photon pair with M�� within
�Ma of ma. The mass resolution �Ma varies from 7 � 70
MeV at BaBar [67] and comparable resolution at Belle
II across the 100 MeV < Ma < 10 GeV range; these val-
ues are consistent with the BaBar M�� resolution at the
⇡0 mass rescaled to higher/lower masses [68]. In addi-
tion to the 3� search mode, we also considered exclusive
e+e� ! e+e�a, a ! �� production [38] and found it
to be subdominant to other channels. At proton fixed-
target experiments, Ref. [36] proposed a dedicated run
in beam-dump mode at NA62, as well as estimated the
prospects for the recently proposed SHiP experiment [69],
and we show their projections for comparison in Fig. 2.

At high-energy lepton colliders, the ALP is highly
boosted and photons from a decay are merged, such
that the signature Z ! �a, a ! �� is constrained by
diphoton searches at LEP [35]. LEP currently gives the
strongest constraints on a over much of the parameter
space we consider, although it can easily be superseded
by searches for a in rare meson decays.

The Invisible ALP: Up to this point, we have assumed
that the ALP is produced and decays through the mini-
mal interaction given in Eq. (2). However, since ALPs are
relatively weakly coupled to SM particles, they are also
excellent candidates for mediators between the SM and
hidden sectors. If the hidden-sector particles are lighter
than a, the ALP can have a large branching fraction to
invisible states. Our results for invisibly decaying ALPs
are summarized in Fig. 3.

Invisible ALP production in rare meson decays can be

M� (GeV)

g �
W

(G
eV

�
1
)

Izaguirre, Lin, BS, arXiv:1611.09355 

HIDDEN SECTORS AT B-FACTORIES
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• Many possibilities, but we are only now scratching surface!

• More generally, there is a need for comprehensive searches for 
hidden-sector particles at B-factories

• Ex: long-lived particles

• “Model-independent” search by BABAR but applies only to 
two-body visible LLP decays (ee, mumu, e-mu, pipi, pi-K, KK)

• Belle has search for sterile neutrinos, but requires particular 
production mode, B ! `N +X,N ! `⇡

• Need to think more systematically LLP decay modes (ll+MET, 
hadrons+MET?) and production modes

Ongoing work with N. Blinov,  E. Izaguirre

HIDDEN SECTORS AT B-FACTORIES
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• For event lower masses, fixed targets and beam dumps become 
important!

OTHER LOW-ENERGY PROSPECTS
parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are shown in Fig. 22. These searches are set to
continue testing the top-down motivated values of ✏ in the near future.
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H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
feature of o↵ering considerable model-independence in its sensitivity to the details of
the dark sector, and can uniquely probe all predictive models.

79

U.S. Cosmic Visions, arXiv:1707.04591

e� e�A0

p p

�

�̄

• Muon beam fixed target could cover heavy-flavour-philic models
Gninenko, Krasnikov, Matveev, arXiv:1412.1400
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• What can we look for beyond the minimal case?

• New experiments can cover interesting hidden sectors. E.g.:

OTHER LOW-ENERGY PROSPECTS

e.g., SHiP and MATHUSLA theory cases; Morrissey, Spray, arXiv:1402.4817;  
Izaguirre, Kahn, Krnjaic, arXiv:1703.06881; Berlin et al., arXiv:1801.05805; Batell, Pospelov, BS, in progress 
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SUMMARY

• Much more we can be doing to:

• Tease out signals of low-mass hidden sectors and/or 
compressed spectra at the LHC, unusual signatures

• Robust ongoing theoretical and experimental efforts covering 
simplest/most generic hidden-sector signatures

• Exploit physics being studied at low-energy experiments

• Understand/organize models and elucidate phenomenology

• Relatively minimal variations are currently missed but can be 
covered with a somewhat more extensive program
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CITATIONS FOR MODELS

· · ·
Single 

particle
“Simplified 

model”
Complete 

model

Dark U(1)+Higgs 
Z’ + sterile neutrino 
Dark photon + DM

Recent study: Curtin et al., arXiv:1412.0018 

Recent study: Batell, Pospelov, BS, arXiv:1604.06099 

Boehm, Fayet, hep-ph/0305261 
Pospelov, Ritz, Voloshin, arXiv:0711.4866

…and MANY more references therein
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CITATIONS FOR MODELS

· · ·
Single 

particle
“Simplified 

model”
Complete 

model

Dark-sector SUSY 
nuMSM 
LR-symmetric model 
Twin Higgs, dark QCD

See, e.g., Falkowski et al., arXiv:1002.2952 

Asaka, Shaposhnikov hep-ph/0503065, hep-ph/0505013

Pati, Salam, PRD10 (1975); Mohapatra, Pati PRD11 (1975)

Chacko, Goh, Harnik, arXiv:hep-ph/0506256
Strassler, Zurek, hep-ph/0604261
e.g., Bai, Schwaller, arXiv:1306.4676
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(SUB-)GEV-SCALE PHYSICS?
• Models well motivated by dark matter, neutrino masses, 

baryogenesis, naturalness, …

Low-threshold targets
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Athermal Phonon Collection Fins (Al)

Figure 1. Schematic designs for superconducting detectors that are sensitive to DM-electron scattering.
Left: Quasiparticles produced by a recoiling e� in a large aluminum arbsorber are collected by tungsten
quasiparticle collection fins and then their energy is sensed by a TES.Right: Athermal phonons produced
by a recoil e� in a large tantalum absorber are collected by aluminum collection fins and then their energy
is sensed by a TES.

athermal phonons and quasiparticles have very long lifetimes, and as such can potentially be

collected before they thermalize. Thus in the systems we consider, detection of DM operates via

the breaking of Cooper pairs in a superconducting target. We consider this idea in more detail

next.

2.2 Detector design with milli-eV sensitivity

Our detector concept is based on collecting and concentrating long lived athermal excitations

from DM interactions in a superconducting target absorber onto a small volume (and thus highly

sensitive) sensor. The collection and concentration of long lived excitations is a general concept

that has been a core principle of detector physics, from ionization in semiconductor CCDs to

athermal phonon collection in CDMS. Here we propose that this general detection philosophy be

applied in large volume (very pure, single crystal) superconductors to search for DM with mass

as low as the warm DM limit of a keV using standard superconducting sensor technology that

has been pushed to its ultimate theoretical sensitivity. A schematic of two proposed detector

concepts for light dark matter, that we describe in greater detail through the remainder of this

section, is shown in Fig. 1.

Detection of dark matter in such detectors is comprised of a three part process:

• Dark Matter Scattering on Target Absorber and Subsequent Excitation Production. A DM

particle scatters o↵ an e� in the target metal or superconducting absorber. In subse-

quent interactions, the recoil energy is converted into long lived athermal phonons and

quasiparticles.

• Collection of Excitations. The resulting excitations must be collected and concentrated

onto a small volume (and thus very sensitive) sensor; this is typically done via ‘collection
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SINGLE PARTICLE: Z’
• Z’ can couple directly to SM fermions according to their charges

• Most common example is B-L, but others are far less constrained!

Z 0

q̄

q

B � L Lµ � L⌧

µ+

µ�

Z 0µ/⌧
�/Z

µ/⌧

q

q̄
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SINGLE PARTICLE: SUMMARY
• Each portal comes with its own distinctive production & decay modes

• Relatively straightforward to devise searches
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0
! `+`�. Left:

Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

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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dark photon sterile neutrino 

arXiv:1608.08632

Neutrinos and Collider Physics 12
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Figure 4. Limits on the mixing between the muon neutrino and a single heavy
neutrino in the mass range 100 MeV - 500 GeV. For details, see text.

2.2.2. Peak Searches in Meson Decays Peak searches in weak decays of heavy leptons

and mesons are powerful probes of heavy neutrino mixing with all lepton flavors. The

most promising are the two-body decays of electrically charged mesons into leptons and

neutrinos: X±
! `±N [168–170], whose branching ratio is proportional to the mixing

|V`N |
2. Thus, for a non-zero mixing and for a fixed meson momentum, one expects the

lepton spectrum to show a second monochromatic line at

E` =
M2

X +m2

` �M2

N

2MX
, (12)

apart from the usual peak due to the active neutrino ⌫L`. For sterile neutrinos heavier

than the charged lepton, the helicity suppression factor inherent in leptonic decay rate is

weakened by a factor M2

N/m
2

` [169] due to which the sensitivity on |V`N |
2 increases with

MN till the phase space becomes relevant. Peak searches have been performed in the

channels ⇡ ! eN [171–175], ⇡ ! µN [176–180], K ! eN [181] and K ! µN [181–185].

The current 90% C.L. limits on |V`N |
2 (for ` = e, µ) derived from these searches are

shown in Figures 3 and 4, labeled as ‘X ! `⌫’ (with X = ⇡, K and ` = e, µ). The limit

from ⇡ ! µN is not shown here, since it is only applicable in the mass range 1 MeV

 MN  30 MeV.

The peak searches could in principle be extended to higher masses with heavier

meson/baryon decays [186–188]. For instance, the Belle experiment [189] used the decay

mode B ! X`N followed by N ! `⇡ (with ` = e, µ) in a data sample of 772 million

Deppisch, Dev, Pilaftsis, arXiv:1502.06541
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SIMPLIFIED MODEL: SUMMARY
• 2-3 particles in hidden sector

• Many different mass/coupling regimes

• Cast spotlight on parameters that solve outstanding problems in SM

• Still only representative of hidden sectors, may over-simplify

• Approach successfully used for SUSY, dark matter, top partners, …
Alves et al., arXiv:1105.2838; Abdallah et al., arXiv:1506.03116; Buchmueller et al., arXiv:1704.06515… 
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SIMPLIFIED HIDDEN SECTORS
• These models are interesting theoretically:

• Couplings control DM production, 
annihilation f̄

f A0 �

�̄
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SIMPLIFIED HIDDEN SECTORS
• These models are interesting theoretically:

• Couplings control DM production, 
annihilation f̄

f A0 �

�̄ 5
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existing detectors cannot reconstruct the z-position of
very low energy events.

Secondary events. The primary signal of a higher-
energy background may be accompanied by a num-
ber of very low energy events. This e↵ect was ob-
served for single-electron events in ZEPLIN-II [30] and
Xenon10 [31, 32]. One possible explanation is the sec-
ondary ionization of impurities (e.g. oxygen) or of xenon
atoms by primary scintillation photons. Such a back-
ground could be reduced by vetoing events occurring too
close in time to a large event. Another possible explana-
tion is that electrons captured by impurities may eventu-
ally be released and detected a significant time after the
primary event that produced them. The long lifetime of
ionized impurities (e.g. an O

�
2 ion takes several seconds

to drift to the anode in ZEPLIN-II) may limit the e↵ec-
tiveness of a timing veto, and in this case improvements
in purification would be important.

Neutrons. Current direct detection experiments are ef-
fective at shielding against neutron backgrounds. Modi-
fication of existing designs to minimize the very low en-
ergy neutron scattering relevant for LDM detection could
yield further improvements.

Neutrinos. Neutrino scattering with electrons and nu-
clei generates a small but irreducible background. As
with WIMP searches, this may set the ultimate limit to
the reach of LDM direct detection experiments. The neu-
trino background is overwhelmingly dominated by solar
neutrinos, which are theoretically well understood but
only partially measured. Solar neutrinos have typical en-

ergies between 100 keV and 20 MeV and scatter with a
rate given by:

dR

dER
=

Z 1

Emin
⌫

dE⌫
d�⌫

dE⌫

d�

dER
, (14)

where E
min
⌫ '

1
2 (ER +

p
E2

R + 2ERm) is the minimal
neutrino energy required to recoil a particle of mass m

with energy ER, d�/dER is the scattering cross section,
and d�⌫/dE⌫ is the solar neutrino flux [44–46]. We cal-
culate the di↵erential rate for di↵erent materials in Fig. 1
(see also e.g. [47–49]). Electron recoils have energies well
above the expected DM signal and should be easily dis-
tinguished. Recoiling nuclei, on the other hand, have
energies typically below a keV. The e�ciency in convert-
ing this energy into ionized electrons is unknown at these
low energies, but it is expected to be very small [28, 32].
Therefore the neutrino-induced background, for events
in which only one or a few electrons are seen, is at most
O(1) per kg·year and probably much lower.

RESULTS

We now present expected rates of ionization by DM–
electron scattering in LDM direct detection experiments.
A systematic study of possible target materials is beyond
the scope of this letter, but we present illustrative results
for xenon, argon, helium, and germanium. Noble gases
and semiconductors, particularly xenon and germanium,

Essig, Mardon, Volansky, arXiv:1108.5383
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

Izaguirre et al., arXiv:1411.1404
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COMPLETE MODELS
• Model is completely specified, predictive

• Signatures may be highly model dependent!

• When do we need the full model?

• Large number of decay modes dilute sensitivity of simplified 
models

• Challenging to develop effective strategies to cover many 
complete models with few searches!

• Rich spectra or dynamics. Ex: dark confining force
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HIDDEN SECTORS AT THE LHC

• LHC searches so far have excellent coverage for new, high-mass 
states with hard objects! This program should continue.

• Where do the gaps exist in coverage?

• Z’ constraints extend to 4-5 TeV!
• Gluino and squark constraints extend to 1.5-2 TeV!

• Soft objects (low mass and/or compressed spectra)
• High boosts, non-isolated objects

• Long-lived particles

• LHC only (current) place to look if accessible particle mass is > 
10 GeV!
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RARE Z DECAYS: DISPLACED
• So far, we have only looked at A’ 

masses where at least one is on-shell

• What about for 

• hD lifetime tends to be very long

mhD < mA0?

• Striking signature: prompt leptons from direct A’ decay, 
displaced leptons and/or tracks from dark Higgs decay

• Dilepton trigger, assign 50% vertex efficiency

• Plot sensitivity to 10 signal events (to suppress backgrounds, 
can do bump hunt prompt dilepton mass)

2

Z

A0

A0

A0

hD

FIG. 1: Feynman diagram illustrating dark Higgs (hD)
and dark photon (A0) production in rare Z boson
decays. The dark photons in hD decay can be on- or
o↵-shell.

cays into leptons and a dark gauge boson [30], as well
as in decays of the SM Higgs boson [18, 31–33]. Finally,
Ref. [34] evaluated the prospects for discovering A

0 and
hD via Higgs-strahlung at future lepton colliders, where
they focused on decays to invisible hidden-sector states.

While our study is phenomenologically driven, we
demonstrate sensitivity to models of hidden sectors that
are well motivated by various shortcomings of the SM,
especially the need to account for dark matter but also
potentially outstanding problems in neutrino physics and
other areas. Indeed, low-mass dark matter scenarios are
typically only viable with additional low-mass mediators
in the hidden sector [8, 35, 36]. Hidden sectors can also
generically arise in ultraviolet completions of the SM such
as string theory [37–39].

We outline our benchmark hidden-sector model in Sec-
tion II. We then enumerate the signatures of rare Z decay
into the hidden sector, focusing on signals with high lep-
ton multiplicities and hidden-sector resonances. We give
projected LHC sensitivities to prompt hidden-sector sig-
nals in Section III and we discuss displaced signals in
Section IV. Our outlook is given in Sec. V.

II. AN ABELIAN HIDDEN SECTOR

The benchmark model we consider is one of the sim-
plest examples of a hidden sector: a minimal U(1)D gauge
interaction spontaneously broken by a non-decoupled
Higgs field. The model is specified by the following La-
grangian:

L � �
1

4
F

0
µ⌫
F

0µ⌫ +
"Y

2
F

0
µ⌫
B

µ⌫

+ |@µHD � ieDA
0
µ
HD|

2
� V (H,HD), (1)

where F
0µ⌫ (Bµ⌫) is the U(1)D (hypercharge) field

strength, eD =
p

4⇡↵D is the U(1)D gauge coupling, and

V is the scalar potential

V (H,HD) = �µ
2
H

|H|
2

� µ
2
HD

|HD|
2 + |H|

2
|HD|

2

+ �|H|
4 + �D|HD|

4
. (2)

The SM and dark Higgs acquire vacuum expectation val-
ues (VEVs) hHi = (0, v/

p
2) and hHDi = vD/

p
2, break-

ing the electroweak and U(1)D gauge symmetries, respec-
tively. As a result, gauge eigenstates undergo mixing [26].
For a recent review of the model, see Ref. [32].

The kinetic and mass terms for the gauge bosons can
be simultaneously diagonalized using the transformation
(to leading order in "Y and ✓Z)

Zµ ! Zµ � (✓Z + " tan ✓W)A0
µ
, (3)

A
0
µ

! A
0
µ

+ ✓ZZµ, (4)

Aµ ! Aµ + "A
0
µ
, (5)

where " ⌘ "Y cos ✓W, ✓W is the weak mixing angle, and

✓Z = �
" tan ✓W m

2
Z

m
2
Z

� m
2
A0

+ O("3) (6)

is the gauge-boson mixing angle. The Z and A
0 bosons

have masses equal to the unshifted values at O("), while
the photon A remains exactly massless.

The scalar states can also undergo mixing after gauge-
symmetry breaking. The mass eigenstates are

✓
h

hD

◆
=

✓
cos ✓h � sin ✓h

sin ✓h cos ✓h

◆✓
h

(0)

h
(0)
D

◆
, (7)

where h
(0)

, h
(0)
D are the CP -even gauge eigenstate com-

ponents of H and HD, respectively. In the limit of small
mixed quartic coupling , the h � hD mixing angle is
given by

sin ✓h ⇡


2

vvD

�Dv
2
D � �v2

. (8)

Except where otherwise noted, we assume that the dom-
inant hidden-sector portal to the SM is via the coupling
between gauge bosons, ".

Because the U(1)D gauge symmetry is spontaneously
broken, the masses of hidden-sector particles are related
to the symmetry-breaking parameter. In particular, the
dark Higgs VEV gives a mass to the dark gauge boson,
leading to a dark Higgs-strahlung hD �A

0
�A

0 vertex by
analogy with the symmetry breaking pattern in the SM.
After the vector and scalar eigenstates mix, we obtain
the following mass-basis Lagrangian:

L � ghDA0Z hDA
0
µ
Z

µ+ghDA0A0 hDA
0
µ
A

0µ+g
A0f̄f A

0
µ
f̄�

µ
f,

(9)
along with additional terms not relevant for the phe-
nomenology we study. The approximate couplings may
be expressed simply in the mA0 ⌧ mZ limit,

ghDA0Z = 2eD✓Z cos ✓hmA0 , (10)

ghDA0A0 = e
2
DvD, (11)

g
A0f̄f = "eQf . (12)

`+`�



57

HIDDEN SECTORS AT LOW ENERGIES

• Low-energy accelerators can give just as wide a range of 
signatures as high-energy colliders! 

• If new particles are gauge singlets, could be at any mass

• Growing search program for hidden sectors at B-factories:
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FIG. 1. Previous and planned experimental bounds on dark photons (adapted from [1]) compared to the anticipated LHCb
reach for inclusive A0 production in the di-muon channel (see the text for definitions of prompt, pre-module, and post-module).
The red vertical bands indicate QCD resonances which would have to be masked in a complete analysis. The LHCb D⇤

anticipated limit comes from [48], and Belle-II comes from [49].

where X is any (multiparticle) final state. Ignoring
O(m2

A0/m2

Z) and O(↵EM) corrections, this process has
the identical cross section to the prompt SM process
which originates from the EM current

BEM : pp ! X�⇤
! Xµ+µ�, (7)

up to di↵erences between the A0 and �⇤ propagators and
the kinetic-mixing suppression. Interference between S
and BEM is negligible for a narrow A0 resonance. There-
fore, for any selection criteria on X, µ+, and µ�, the
ratio between the di↵erential cross sections is

d�pp!XA0!Xµ+µ�

d�pp!X�⇤!Xµ+µ�
= ✏4

m4

µµ

(m2
µµ �m2

A0)2 + �2

A0m2

A0
, (8)

where mµµ is the di-muon invariant mass, for the case
�A0 ⌧ |mµµ�mA0 | ⌧ mA0 . The ✏4 factor arises because
both the A0 production and decay rates scale like ✏2.

To obtain a signal event count, we integrate over an
invariant-mass range of |mµµ � mA0 | < 2�mµµ , where
�mµµ is the detector resolution on mµµ. The ratio of
signal events to prompt EM background events is

S

BEM

⇡ ✏4
⇡

8

m2

A0

�A0�mµµ

⇡
3⇡

8

mA0

�mµµ

✏2

↵EM(N` +Rµ)
, (9)

neglecting phase space factors for N` leptons lighter
than mA0/2. This expression already accounts for the

A0
! µ+µ� branching-fraction suppression when Rµ is

large. Despite the factor of ✏4 in (8), the ratio in (9) is
proportional to ✏2 because of the ✏2 scaling of �A0 .
We emphasize that (9) holds for any final state X (and

any kinematic selection) in the mA0 ⌧ mZ limit for tree-
level single-photon processes. In particular, it already in-
cludes µ+µ� production from QCD vector mesons that
mix with the photon. This allows us to perform a fully
data-driven analysis, since the e�ciency and acceptance
for the (measured) prompt SM process is the same as
for the (inferred) signal process, excluding A0 lifetime-
based e↵ects. The dominant component of BEM at small
mA0 comes from meson decays M ! µ+µ�Y , especially
⌘ ! µ+µ��, and is denoted as BM (which includes feed-
down contributions from heavier meson decays). There
are also two other important components: final state
radiation (FSR) and Drell-Yan (DY) production. Non-
prompt �⇤ production is small and only considered as a
background.
Beyond BEM, there are other important sources of

backgrounds that contribute to the reconstructed prompt
di-muon sample, ordered by their relative size:

• B⇡⇡
misID

: Two pions (and more rarely a kaon and
pion) can be misidentified (misID) as a fake di-
muon pair, including the contribution from in-flight
decays. This background can be deduced and sub-
tracted in a data-driven way using prompt same-

Ilten et al., arXiv:1603.08926
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• What if there is a suppressed coupling to electrons?

• Can hidden-sector particles evade these searches?

• E.g., leptophilic dark scalar                
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FIG. 1. Left panel: Constraints on the coupling to leptons (in terms of both ⇠S
`

= g`(v/m`) and ✏e↵ = ge/e) as a function of the scalar
mass, based purely on the e↵ective theory in Eq. (3). The region where (g � 2)µ is discrepant at 5� is shaded in red, while the green
shaded band shows where the current discrepancy is brought below 2�. We show constraints from the beam dumps E137, Orsay, and E141.
The projected sensitivities from µ ! 3e, NA48/2, NA62, HPS, analyses of existing data from COMPASS and B-factories, as well as a
projected sensitivity at BELLE II are also shown. (See Section 3 for details.) Right panel: Constraints on the L2HDM+' UV completion
of the e↵ective theory in Eq. (3), as described in Sec. 2. Model independent results are as in the left panel. In addition, for this particular
UV completion, there are constraints on the model from searches for h ! SS ! 2µ2⌧ , B ! K(⇤)`+`�, and Bs ! µ+µ�. We have set
tan� = 200, mH = m

H± = 500 GeV, and m12 = 1 TeV. (See Section 4 for details.)

particle couples to leptons with a coupling strength on
the order of the SM lepton Yukawa couplings, which in
the case of the muon is mµ/v ' 4⇥10�4, the muon g�2
problem can be solved. Thus we are motivated to study
the e↵ective Lagrangian of an elementary scalar S,

Le↵ =
1

2
(@µS)

2
�

1

2
m2

S
S2 +

X

l=e,µ,⌧

g`S``, (3)

with gl ⇠ ml/v as a promising phenomenological model.
Given that S is not the SM Higgs boson, the interac-
tion terms in (3) may appear to contradict SM gauge
invariance. Thus, at minimum, Eq. (3) requires an ap-
propriate UV completion, generically in the form of new
particles at the electroweak (EW) scale charged under the
SM gauge group. On the other hand, if a UV-complete
model is found that represents a consistent generalization
of (3), the light scalar solution to the muon g � 2 prob-
lem deserves additional attention. Another impetus for
studying very light beyond-the-SM (BSM) scalars comes
from the existing discrepancy of the muon- and electron-
extracted charge radius of the proton [13].

This paper presents a detailed study of light scalars
with enhanced coupling to leptons, and provides a vi-
able UV-completion of Eq. (3) through what we dub
the ‘leptonic Higgs portal’. We also analyze a variety of
phenomenological consequences of the model. The phe-
nomenology of a light scalar coupled to leptons resembles
in many ways the phenomenology of the dark photon, but
with the distinct feature that the couplings to individual

flavors are non-universal and proportional to the mass.
As a result, at any given energy the production of such
a scalar is most e�cient using the heaviest kinematically
accessible lepton. We identify the most important search
modes for the scalar that could decisively explore its low
mass regime. Our main conclusion is that an elementary
scalar with coupling to leptons ` scaling as m` can be
very e�ciently probed, and in particular the whole mass
range consistent with a solution of the muon g � 2 dis-
crepancy can be accessed through an analysis of existing
data and in upcoming experiments.

Our full UV-complete model is based on the lepton-
specific two Higgs doublet model with an additional light
scalar singlet. The mixing of the singlet with compo-
nents of the electroweak doublets results in the e↵ective
Lagrangian of Eq. (3). The model also induces addi-
tional observables, and thus constraints, due to the fact
that S receives small but nonvanishing couplings to the
SM quarks and gauge bosons. We note that the UV
completion presented in this work is not unique. For
an alternative UV completion of the same model utiliz-
ing vector-like fermions at the weak scale, see Ref. [14].
While many aspects of the low-energy phenomenology
based on the e↵ective Lagrangian (3) are similar in both
approaches, the UV-dependent e↵ects are markedly dif-
ferent (especially for flavor-changing observables).

This paper is organized as follows. In the next section
we discuss light scalars coupled to leptons and a possi-
ble UV completion of such models via the leptonic Higgs

Batell et al., arXiv:1606.04943
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HIDDEN SECTORS AT B-FACTORIES
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• New technologies for direct detection of dark matter in a 
hidden sector

• Many more that I don’t have time to go over…

OTHER LOW-ENERGY PROSPECTS

• Experiments that exploit coherence properties of ultra-low-
mass boson dark matter

• Semiconductors
• Superconductors

• Superfluid helium

• Ex: CASPEr, ABRACADABRA
Budker et al., arXiv:1306.6089; Kahn, Safdi, Thaler, arXiv:1602.01086; …

Essig, Mardon, Volansky, arXiv:1108.5383; Essig et al., arXiv:1206.2644; Graham et al., arXiv:1203.2531;  
Essig et al., arXiv:1509.01598; Hochberg, Zhao, Zurek, arXiv:1504.07237; Hochberg, Lin, Zurek, arXiv:1604.06800; …


