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Hidden Valley models with a light gauge boson at the 
GeV scale

• Motivated by observed e+/e- excess

• Dark sector particles decay to highly collimated 
group of electrons/muons/taus (lepton-jets)

• Lepton-jets can be prompt/displaced

• Higgs, Z’ can have rare decays to hidden sector

LEPTON JET SEARCHES

Event display with candidate 
muon-jet
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• If we only observe DM gravitationally, why do we expect 
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Dark Matter & Dark Sectors
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Dark Mediator Signatures

↵a�↵aSM

M2
�
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TeV2

Option 1:
• Need high-energy particles in 

event to pass trigger

• Often get boosted, long-lived 
visible particles

• Associated prompt production

c.f. hidden valleys: Strassler, Zurek 2006
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Dark Mediator Signatures
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Option 2:

Options 3+: (In)direct detection, cosmology, …



6

Outline for Rest of Talk

• Searches for New Mediators

• Multi-Particle Dark Sectors
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Simple Portals

• In the simplest cases, the mediator acquires a coupling proportional 
to SM coupling
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• Based on spectrum, can decay either visibly or invisibly
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Dark Vector Signatures
• Visible decays: Strong limits (and stronger all the time!)
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Figure 14. Summary of dark photon constraints and prospects (see Sec. 1 for references). High-energy collid-
ers (LHC14, 100 TeV, ILC/GigaZ) are uniquely sensitive to dark photons with mZD & 10 GeV, while precision
QED observables and searches at B- and �-factories, beam dump experiments, and fixed target-experiments
probe lower masses. Dark photons can be detected at high-energy colliders in a significant part of open pa-
rameter space in the exotic decay of the 125 GeV Higgs boson, h ! ZZD ! 4`, (blue curves) in Drell-Yan
events, pp ! ZD ! ``, (red curves) and through improved measurements of electroweak precision observ-
ables (green/purple dashed curves). Note that all constraints and prospects assume that the dark photon decays
directly to SM particles, except for the precision measurements of the electron/muon anomalous magnetic mo-
ment and the electroweak observables. If, in addition to kinetic mixing, the 125 GeV Higgs mixes with the
dark Higgs that breaks the dark U(1), then the decay h ! ZDZD would set constraints on ✏ that are orders of
magnitude more powerful than other searches down to dark photon masses of ⇠ 100 MeV, see Fig. 10.

8 Discussion and Conclusions

Dark sectors with a broken U(1)D gauge group that kinetically mixes with the SM hypercharge are
well motivated and appear in a variety of new physics scenarios. In this paper, we showed that high-
energy proton-proton and electron-positron colliders, like the LHC14, a 100 TeV collider, and an
ILC/GigaZ, have excellent sensitivity to dark photons. In fact, they may provide the only probe for

– 30 –

taken from Curtin et al., 2014

• Prospects also good for future ee collider Karliner et al., 2015

Ilten et al., 2015, 2016 
Haisch, Kamenik, 2016

• Also, new LHCb 
proposals:
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Dark Vector Signatures
• Invisible decays: Look for missing momentum (also, 

production of DM + downstream decays)

Essig et al., 2013; Raggi et al., 2015… 
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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 the ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Also plotted are the projections for an SPS style setup
[17] using our Monte Carlo for 109 and 1012 EOT. The black
curve is the region for which the � has a thermal-relic anni-
hilation cross-section for mA0 = 3m� assuming the aggressive
value ↵D = 1; for smaller ↵D and/or larger mA0/m� hierar-
chy the curve moves upward. Below this line, � is generically
overproduced in the early universe unless it avoids thermal
equilibrium with the SM. Combined with the projected sen-
sitivity of Belle-II with a mono-photon trigger [18], the miss-
ing energy-momentum approach can decisively probe a broad
class of DM models. Without making further assumptions
about dark sector masses or coupling-constants, this parame-
ter space is only constrained by (g � 2)e [19, 20], and (g � 2)µ

[21]. If m0
A � m�, there are additional constraints from on-

shell A0 production in association with SM final states from
BaBar [18, 20], BES (J/ ) [22], E787 (K+) [23], and E949
(K+) [24].

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

1
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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.

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.

II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [57–62], resolve puzzles
in simulations of structure formation [63, 64], modify
the number of relativistic species in the early universe
[65, 66], explain the “cosmological coincidence” between
dark and visible energy-densities [14, 15], resolve the
proton charge radius anomaly [67–70] and explore novel

NA64: Andreas et al., 2013
LDMX: Izaguirre et al., 2014
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FIG. 3: Bottom: signal fit for mA0 = 6.21 GeV to a com-
bination of ⌥ (2S) and ⌥ (3S) datasets, shown for illustration
purposes. The signal peak (red) corresponds to the local sig-
nificance S = 3.1 (global significance of 2.6�). Blue solid
line shows the full PDF, while the magenta dashed line cor-
responds to the background contribution. Top: distribution
of the normalized fit residuals (pulls).

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-
chine conditions provided by our PEP-II colleagues, and
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FIG. 4: Upper limits at 90% CL on A0 mixing strength
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kind hospitality. This work is supported by DOE and
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(France), BMBF and DFG (Germany), INFN (Italy),
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Israel). Individuals have received support from the Marie
Curie EIF (European Union) and the A. P. Sloan Foun-
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We wish to acknowledge Adrian Down, Zachary Jud-
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BABAR, arXiv:1702.0332
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Dark Scalar Signatures

visible invisible 3
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FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
using the e-� coupling, ge, because this is always present for this range of masses. Left: Parameter space for m� < m� compared against the
relic density contour computed assuming m� = 3m� (solid black curve). The curve bifurcates near m� ⇠ m⇡ where there is disagreement in
the literature about light Higgs couplings to hadronic states (see text). To illustrate the near invariance of the relic density curve, we also plot
the upper portion of the m� = 50m� contour (black, dotted) which only varies by a small amount relative to the upper boundary of the solid
black curve; computations for even larger ratios yield results very similar to the dotted curve. Like the relic density contour, the direct detection
constraints are also invariant under different assumptions about the mass ratio and DM-mediator coupling since the SM-DM scattering cross
section is proportional to the variable plotted on the vertical axis. However, for meson decay and collider constraints, which only constrain the
mediator-Higgs mixing, we adopt the conservative values g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)
4 for comparison with

the solid black relic curve; choosing smaller values of either quantity makes these constraints stronger – see text for details. Right: Same
as left, but in the resonant annihilation region m� ⇡ 2m�. which is the only regime in which the relic density curve moves appreciably. As
on the left plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now
computed for m�/m� = 1/2.2 instead.

direct annihilation topology m� < m� is above the relic den-
sity contour (See Fig 2. and discussion below), so this is also
ruled out; for particle-antiparticle symmetric scalars, which
have an s-wave annihilation rate, the relic density contour will
be slightly lower in the parameter space by a an O(1) amount,
but everything else remains quantitatively similar.

Inelastically Coupled DM In principle, an extended dark
sector can couple inelastically to the mediator �, which can
sharply suppress direct detection limits. A full treatment of
this scenario is beyond the scope of this work, but we note
that a minimal DM model can not easily snare that the sin-
glet scalar couple predominantly inelastically. The simplest
such mechanism in the case of a vector mediator involves a
pseudo-Dirac splitting of Weyl fermions with both Dirac and
Majorana masses [32], which yields a predominantly inelastic
coupling in the mass eigenbasis and offers distinctive direct
detection and collider phenomenogloy [33, 34]. However, for
a scalar mediator, the analogous procedure yields comparable
elastic and inelastic contributions, so the scenario is qualita-
tively similar to the benchmark model we consider through-
out this paper; all of the same bounds will apply, but there
will be order one variations from the existence of additional
couplings.

III. THERMAL RELIC COMPARISON

Direct Annihilation (m� < m�)

In the regime where the mediator is heavier than the DM,
the annihilation can only proceed via direct-annihilation to
SM fermions through the s-channel 1 To leading order, the
annihilation rate for Dirac fermion annihilation into elemen-
tary fermions ��̄ ! ¯ff is p-wave

�v(�� ! f ¯f) =

g2�g
2

fm
2

�v
2

8⇡(m2

� � 4m2

�)

2

/ g2�g
2

f

✓
m�

m�

◆
4

, (5)

where yf is a SM yukawa coupling. Away from resonance at
m� ⇠ 2m� (and up to corrections of order m2

�/m
2

�), for a
fixed value of g2�g2f (m�/m�)

4, the annihilation rate is inde-
pendent of the m�/m� ratio or the individual values of g� and

1 For an interesting counterexample see [15] where DM annihilates predom-
inantly to pairs of heavier mediators (the so-called “forbidden” channel)
by sampling the tail of the DM Boltzmann distribution at freeze out. For
completeness, we also mention the possibility of 2 ! 3 [35] and 3 ! 2
annihilation [36] though the cases studied in these papers represent depar-
tures from the Higgs-mixing benchmarks considered in this paper

4
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FIG. 3. Existing constraints on the mediator-Higgs mixing in the visibly decaying � ! SM SM regime. Top row: The DM is a particle-
antiparticle symmetric thermal relic whose abundance is set by t-channel �� ! �� annihilation, which determines the requisite g� coupling
for a given DM mass point. Note that most of the parameter space is covered by direct searches for the mediator decaying into SM particles, so
except for direct detection, the plots do not require any assumption about the DM provided that the mediator decays visibly. For direct detection,
we show two different regimes: m� ⇡ m� (but with a slightly lighter mediator) which is the least constrained regime, and m� = 10m�; for
m�/m� > 10, the DM is no longer light in this parameter space, so this regime is beyond the scope of this work. Bottom row: Same as top
row, but with g� = 1, which corresponds to couplings larger than thermal, but still compatible with asymmetric DM, whose antiparticles have
all been depleted by annihilation; these plots represent the most aggressive bounds and projections compatible with both DM-SM equilibration
and perturbative unitarity. Combined, these four plots bracket the full parameter space of interest; smaller mass ratios than shown on the left
column would invalidate the visibly decaying assumption; larger mass ratios than the right column would no longer correspond to the light
DM regime; smaller DM-mediator couplings than the top row would overclose the universe; larger DM-mediator couplings than the bottom
row would require a UV completion near the GeV scale.

gf . In the regime where annihilation is predominantly to elec-
trons, the � achieving the observed relic abundance requires

g2�g
2

e

✓
m�

m�

◆
4

' 10

�11

✓
0.1

⌦�h2

◆⇣ m�

10 MeV

⌘
2

. (6)

At the m� ⇠ mµ threshold, the right hand side is rescaled by
approximately (me/mµ)

2 and adjusted accordingly for each
additional threshold. For a more careful treatment of thermal
freeze out , see Appendix B.

For m� ⇠> ⇤

QCD

, the annihilation also proceeds through
several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡+⇡�). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-
Higgs bosons [37] with the ansatz

gf (s) ' sin ✓

r
8⇡

mh
�(h ! SM)

����
m

h

=

p
s

, (7)

Krnjaic, 2015
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Variations on a Theme

• Many of the constraints are due to electron and quark interactions

a V

Vheavy  
fermions

Z 0
µ�, ⌧�

µ+, ⌧+

�

M`

v
y`+g0

`�

Lµ � L⌧ , µR, . . . leptophilic scalar
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New Leptonic Forces
• For muon/tau-philic interactions, can produce mediators via FSR

e�

e+

µ+

µ�

µ+

µ�

Z 0

• Allows a more model-independent test of new couplings to 
muons

• Look for a bump in 4-muon events carrying full beam energy

BS with BABAR, arXiv:1606.03501

�⇤
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New Leptonic Forces
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FIG. 4: The 90% CL upper limits on the cross-section
�(e+e� ! µ+µ�Z0, Z0 ! µ+µ�) as a function of the Z0

mass. The dark gray band indicates the region excluded from
the analysis.
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lous magnetic moment of the muon within 2� is shaded in red.

meinschaft (Germany), the Istituto Nazionale di Fisica
Nucleare (Italy), the Foundation for Fundamental Re-
search on Matter (The Netherlands), the Research Coun-
cil of Norway, the Ministry of Education and Science of
the Russian Federation, Ministerio de Economı́a y Com-
petitividad (Spain), the Science and Technology Facili-
ties Council (United Kingdom), and the Binational Sci-
ence Foundation (U.S.-Israel). Individuals have received
support from the Marie-Curie IEF program (European
Union) and the A. P. Sloan Foundation (USA).

⇤ Now at: Wuhan University, Wuhan 43072, China
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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 = mH± = 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

SS
2 +

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., 1606.04943

Chen et al., 1511.004715; Batell et al., 1606.04943
New Leptonic Scalars
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Axion-like Particles

a V

Vheavy  
fermions

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
M

2
aa

2 � 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

2GFM

2
W gaW

16⇡

2

X

↵2c,t

V↵iV
⇤
↵jf(M2

↵/M

2
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 M

2
↵/M

2
W for M↵ ⌧ MW .

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

2
di

/M

2
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 K

0 ! ⇡

0
a 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) =
M

3
B

64⇡

|gabs|2
✓

1 � M

2
K

M

2
B

◆2

f

2
0 (M2

A) �

1/2
Ka ,

�(B ! K

⇤
a) =

M

3
B

64⇡

|gabs|2 A

2
0(M

2
a ) �

3/2
K⇤a,

�(K+ ! ⇡

+
a) =

M

3
K+

64⇡

✓
1 �

M

2
⇡+

M

2
K+

◆2

|gasd|2 �

1/2
⇡+a,

�(KL ! ⇡

0
a) =

M

3
KL

64⇡

✓
1 �

M

2
⇡0

M

2
KL

◆2

Im(gasd)
2
�

1/2
⇡0a,

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�

Mimasu, Sanz, 2014 Izaguirre, Lin, and BS, 2016

�⇤
�

a

e�

e+
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FIG. 3. Sensitivity of existing and planned searches to the
ALP parameter space assuming the ALP decays invisibly. We
apply a BaBar search for B ! K⌫⌫̄ to constrain the decay
B ! Ka (shaded blue); this bound can be further improved
with Belle II (dashed blue). Similarly, data from E787 and
E949 is used to constrain K ! ⇡a in two mass ranges (shaded
red), with expected improvements from NA62 (dot-dashed
red). We show bounds on e+e� ! a� from a BaBar mono��
search (shaded orange) and the estimated reach for the same
search at Belle II (dotted).

final state at the level of 10�5 in branching fraction [70],
and provided limits in bins of M

2
inv/M

2
B with a maximum

value of M

2
inv/M

2
B  0.8. We applied the results of the

seach for the B

+ ! K

+
⌫⌫̄ final state to B

+ ! K

+
a,

taking the 2� upper limit from the appropriate bin for a
given Ma. This result is shown in Fig. 3, along with a
projection for Belle II, where we assume that the statis-
tical uncertainty dominates in the measurement.

We also derive a 90% CL limit on ALP production in
K ! ⇡a, a ! invisible (shown in Fig. 3) using the re-
sults of E787 and E949 [71], which searched for the SM
process K

± ! ⇡

±
⌫̄⌫ in two separate momentum bins

[72, 73]. We include a projection for the results of the up-
coming NA62 experiment, the goal of which is to observe
80 signal events for K

± ! ⇡

±
⌫̄⌫ with very high signal

purity [74]. In our projection, we scale the E787/E949
results by the ratio of the uncertainty on the SM process,
assuming only statistical uncertanties for NA62.

Direct production of invisibly-decaying ALPs
at lepton colliders arises from processes such as
e

+
e

� ! �a, a ! invisible via the ALP couplings to
�� and �Z. An existing monophoton and missing
momentum search at BaBar constrains invisible ALPs
within kinematic reach. We re-interpret the results of a
search for untagged ⌥(3S) ! �A

0
, A

0 ! invisibles from
Ref. [75] (for more details, see Refs. [76, 77]). We find a
limit from BaBar of gaW ⇠ (500 GeV)�1, as shown in

Fig. 3. Moreover, we estimate that Belle II will extend
coverage to gaW ⇠ (2 TeV)�1 for Ma > 1 GeV, where
the search is statistics-limited. For Ma < 1 GeV, there is
a large systematic error and the improvement in sensitiv-
ity for Belle II is less pronounced, although this could be
ameliorated by improvements in background estimation
methods. We find that production of ALPs in meson
decays provide superior sensitivity for Ma < Mb, while
monophoton searches provide complementary sensitivity
above the B mass. Analogously, LEP monophoton and
missing momentum searches provide complementary
coverage at still larger masses [78], although we find
these searches are subdominant to B-factories for ALP
masses below ⇠ 10 GeV.

Conclusions and Discussion: In this Letter, we have
studied the overlooked coupling of axion-like particles to
W

± bosons. We find that ALPs in the 10 MeV < Ma ⇠<
10 GeV mass range can be exquisitely probed with cur-
rent and upcoming low-energy, high-intensity accelerator
experiments. In particular, rare FCNC meson decays,
along with dedicated direct searches for ALP production
at B-factories, have the potential to improve sensitivity
to ALP-SM couplings by almost three orders of magni-
tude.

We have restricted our study to the e↵ective interac-
tion shown in Eq. (3), which is independent of the spe-
cific UV completion of the EFT in Eq. (2). However, we
note that additional direct couplings of the ALP to SM
fermions can be generated by renormalization-group evo-
lution from the UV cuto↵, resulting in cuto↵-dependent
contributions to gadidj [44, 45]. The cuto↵ ⇤ satisfies ⇤ ⇠
↵W g

�1
aW , and we find that the UV-dependent contribu-

tions to ALP production are always subdominant to the
UV-independent coupling in Eq. (3) for our parameter
space. These UV-dependent couplings could, however,
induce very rare ALP decays such as a ! µ

+
µ

�, which
could be discovered in future B ! K

⇤
a, a ! µ

+
µ

�

searches and allow for a determination of the UV scale in
combination with measurements in the diphoton channel.

Finally, the portal studied in this Letter is ripe for ex-
ploration at high-energy hadron colliders due to the en-
hanced coupling of the ALP to electroweak gauge bosons
and rates that grow with energy in the EFT. Since high-
energy probes can depend on the UV completion of the
theory, it is beyond the scope of the low-energy probes
proposed here and we leave them for future study [79].
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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
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Multi-Particle Dark Sectors
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Simple Example: Inelastic DM

• Two dark states that couple 
inelastically

�1

�̄2

jet

SM

�2

�1

�1
• Looks like monojet + MET + (soft, 

collimated) SM particles

Bai, Tait, 2011; Izaguirre, Krnjaic, BS, 2015

• For large splitting, can trigger on decay products w/o monojet
Weiner, Yavin, 1206.2910;  Primulando, Salvioni, Tsai, 2015; …
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Simple Example: Inelastic DM
• Ex: dark photon model, monojet + MET + displaced muon jet
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Izaguirre, Krnjaic, BS, 2015
see also Izaguirre et al., 2017
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Simple Example: Inelastic DM

• The heavier particle could also be 
charged

�1

�±
2

�

jet

�0
�±

Ismail, Izaguirre, BS, 2016
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FIG. 4: Projected signal significance for the Higgsino model
with 3 ab�1 of integrated luminosity at the HL-LHC in the
� + j + /ET search (blue), assuming either 5% (solid) or 2%
(dashed) background systematic uncertainties. The estimated
j + /ET (gray) sensitivity is also shown for comparison, along
with a näıve combination of monojet and photon + monojet
sensitivities (magenta). The shaded region is excluded by
LEP.

The performance of the � + j + /ET search is limited
by the photon emission rate. At higher energies, the �±

states are more highly boosted and emit more copious
collinear radiation, improving the search prospects. In
Fig. 5, we demonstrate the reach of a 100 TeV proton
proton collider with 3 ab�1 of integrated luminosity. BS:

Can we justify such a low ET(�) cut at 100 TeV?

Perhaps it would be worth running one bench-

mark point with a higher threshold Again, we see
that the � + j + /ET search o↵ers improved sensitivity to
Higgsinos and a 2� reach of M� . 350 GeV for 5% sys-
tematics, 150 GeV larger than the monojet search alone.
This yields superior performance to the monojet search
for doublet masses below approximately 500-550 GeV.
The combination could be sensitive to M� . 425 GeV.
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FIG. 5: Projected signal significance for the Higgsino model
with 3 ab�1 of integrated luminosity at a future 100 TeV p�p
collider. The curves are the same as in Fig. 4.

Figures 6 and XX show the analogous sensitivity of our

search to the quintuplet. Since the weak charge is greater
and there are more states than in the doublet case, both
our photon + jet search and the monojet search perform
better. Furthermore, the photon + jet analysis achieves
an even greater significance relative to the monojet anal-
ysis, because of the increased photon radiation of the
doubly charged quintuplet states. The Q2 enhancement
provides su�cient statistics for the photon + jet search
to provide dominant sensitivity for quintuplet masses up
to....AI: Need to add quintuplet plots and num-

bers.

200 400 600 800 10001

2

3

4

5

6

mc HGeVL

Si
gn
ifi
ca
nc
e

s = 14 TeV, 3 ab-1

FIG. 6: Projected signal significance for the quintuplet model
with 3 ab�1 of integrated luminosity at the HL-LHC. The
curves are the same as in Fig. 4. AI: Simulate diphoton
+ MET. Also, check other limits on quintuplets.

V. DISCUSSION AND CONCLUSIONS

In this article, we have proposed a new way of search-
ing for electroweak states at hadron colliders. In partic-
ular, we demonstrated that, when a soft final-state pho-
ton is radiated from a charged electroweak state that
subsequently decays to largely invisible particles, the
kinematics of the photon are su�ciently distinct from
SM backgrounds to substantially improve the signal-to-
background rate. We projected the results of this search
for two generic signal models, namely a new electroweak
doublet and quintuplet, respectively. The former can be
readily realized in popular extensions of the SM, such as
Natural SUSY, while the latter is a standard minimal DM
candidate. In this context, the photon + jet search that
we have presented o↵ers a new generic method of search-
ing for electroweak multiplets, taking advantage of the
kinematics of photon FSR. For future colliders, this mo-
tivates the development of detectors that retain as much
sensitivity to soft photon as possible.
The new class of searches that this article proposes

rely on the achievement of systematic uncertainties for
the j+�+ /ET signature that are comparable to the con-
ventional monojet searches. Fortunately, the final state
we consider is also amenable to data-driven estimates of

monojet
monojet+Ɣ
comb.

si
gn

ifi
ca

nc
e

doublet mass (GeV)

LE
P 

ex
cl

solid = 5% syst.  
dotted = 2% syst.

• Look for soft photon collinear with 
MET (from FSR)
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Dark Radiation
• As dark force coupling, can get more dark radiation

q̄

q

Z 0

�

�̄

A0
A0

A0
A0

FIG. 1: Feynman diagram for dark matter pair production at the LHC through an s-channel Z 0 resonance,
followed by “dark radiation”, i.e. emission of several— mostly soft or collinear—dark photons.

where m

A

0 and m

�

are the masses of A0 and �, respectively. We denote by F

µ⌫ and F

0µ⌫ the
field strength tensors of the SM photon and the dark photon A

0, respectively. The dimensionless
coupling constant ✏ describes the strength of the kinetic mixing between the A

0 and the photon.
Due to SU(2) invariance, the A

0 should also mix kinetically with the Z, but e↵ects of this mixing
are suppressed by factors of m2

A

0

/M

2

Z

and are therefore neglected in the following.
Since the kinetic mixing between A

0 and the photon is too small to lead to significant DM
production at the LHC, we assume an additional DM–SM coupling. For definiteness, we take this
coupling to be through a heavy s-channel vector resonance Z

0 with couplings to all quark flavors
and to dark matter. Since the dynamics of dark radiation does not depend on the primary DM
production mechanism but only on the production cross section and to some extent on the DM
energy spectrum, our results will apply to any model in which DM particles can be produced in
significant numbers at the LHC, including for instance models with contact interactions, t-channel
mediators, or Higgs portal interactions. The relevant terms in the Lagrangian of our toy model are

L
Z

0 ⌘ g

q

X

f

q̄

f

/

Z

0

q

f

+ g

�

�̄

/

Z

0

� , (2)

where q
f

is the SM quark field of flavor f and g

q

, g
�

are the Z 0 couplings to quarks and DM particles,
respectively. For simplicity, we have assumed the coupling to quarks to be flavor universal.

Fig. 1 illustrates DM pair production at the LHC via s-channel Z 0 exchange, followed by radi-
ation of several dark photons. Due to the assumed lightness of � and A

0, the emission is enhanced
in the collinear direction. Due to this enhancement, with a moderate dark fine structure constant
↵

A

0 ⇠ O(0.1), we typically expect a few dark photons to be radiated in each DM pair produc-
tion process. We will discuss the dynamics of this “dark radiation” in sec. III using a formalism
analogous to parton showers in QCD.

B. Benchmark points

We define two benchmark points in the parameter space of our toy model, which we will use
to illustrate our main points in secs. III and IV. In sec. IV, we will also discuss in detail how
departing from these benchmark points a↵ects our results. The two benchmark points A and B
are summarized in table I, together with several phenomenological observables derived from them.

In both cases, we assume a Z

0 mass of 1 TeV. We choose g

q

and g

�

such that the resonant Z 0

production cross section is about 1 pb at the 8 TeV LHC for benchmark point A, and about a
factor of 10 smaller for benchmark point B. In both cases, the Z

0 has a branching ratio ⇠ 85%
for the decay Z

0 ! �̄�. We choose both m

�

and m

A

0 to be of order GeV or below. Together
with a moderately large dark fine structure constant ↵

A

0 = 0.2, this leads to the radiation of
a significant number of A0 bosons when DM is produced at the LHC. Note that the number of

3

Cheung et al., 2009; recent works: Gupta, Primulando, Saraswat 2015; Bai, Borbeau, Lin 
2015; Autran et al. 2015; Buschmann et al. 2015; Schwaller, Stolarski, Weiler 2015; Cohen, 
Lisanti, Lou 2015; Hochberg, Kuflik, Murayama, 2015; Knapen et al., 2016; …

Run 1 Results: ATLAS + CMS

Combined results for γd
interpretation:

• Complementary 

coverage in γd
parameter space

• In regions other 

experiments were 

unable to reach! 

▫ ATLAS & CMS limits 

have extra 

parameter (BR for   

h → hidden)

Searches with Displaced Lepton-Jet Signatures 20

[arXiv:1506.00424]

• For sufficiently strong force, 
get bound states and 
showers
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Long-Lived Particle Community

Albert de Roeck (CMS)  
James Beacham (ATLAS)  
Xabier Cid Vidal (LHCb)  
Brian Shuve (theory)

• Need whole community efforts to systematically cover gaps

CERN  
April 24-26, 2017

• Already significant work towards a community document on 
proposing simplified models and searches

• Excellent response already from theory community — let me 
know if you want to be involved!
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Summary

• Light dark matter is an exciting and relatively unconstrained 
possibility

• Combination of collider, accelerator, direct/indirect detection, 
and cosmology needed to hone in on this hidden universe!

• Thermal dark matter can easily extend beyond WIMP models

• New searches for mediators and dark-sector states at low-energy 
accelerators & high-energy colliders needed
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Back-up slides
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Dark Matter & Dark Sectors

10

FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-

�

µ µ

shape of the resonance [40], but it is definitely different
from the shape of the forward or backward asymmetry [40].
Therefore, the above experimental data make the interpre-
tation of the observed anomaly less probable as being the
consequence of some kind of interference effects.
The deviation cannot be explained by any γ-ray related

background either, since we cannot see any effect at off
resonance, where the γ-ray background is almost the same.
To the best of our knowledge, the observed anomaly can
not have a nuclear physics related origin.
The deviation observed at the bombarding energy of

Ep ¼ 1.10 MeV and at Θ ≈ 140° has a significance of 6.8
standard deviations, corresponding to a background fluc-
tuation probability of 5.6 × 10−12. On resonance, the M1
contribution should be even larger, so the background
should decrease faster than in other cases, which would
make the deviation even larger and more significant.
The eþe− decay of a hypothetical boson emitted iso-

tropically from the target has been simulated together with
the normal IPC emission of eþe− pairs. The sensitivity of
the angular correlation measurements to the mass of the
assumed boson is illustrated in Fig. 4.
Taking into account an IPC coefficient of 3.9 × 10−3 for

the 18.15 MeV M1 transition [32], a boson to γ branching
ratio of 5.8 × 10−6 was found for the best fit and was then
used for the other boson masses in Fig. 4.
According to the simulations, the contribution of the

assumed boson should be negligible for asymmetric pairs
with 0.5 ≤ jyj ≤ 1.0. The open circles with error bars in
Fig. 4 show the experimental data obtained for asymmetric

pairs (rescaled for better separation) compared with the
simulations (full curve) including only M1 and E1 con-
tributions. The experimental data do not deviate from the
normal IPC. This fact supports also the assumption of the
boson decay.
The χ2 analysis mentioned above to judge the signifi-

cance of the observed anomaly was extended to extract the
mass of the hypothetical boson. The simulated angular
correlations included contributions from bosons with
masses between m0c2 ¼ 15 and 17.5 MeV. As a result
of the χ2 analysis, we determined the boson mass to be
m0c2 ¼ 16.70# 0.35ðstatÞ MeV. The minimum value for
the χ2=f was 1.07, while the values at 15 and 17.5 MeV
were 7.5 and 6.0, respectively. A systematic error caused by
the instability of the beam position on the target, as well as
the uncertainties in the calibration and positioning of the
detectors is estimated to be ΔΘ ¼ 6°, which corresponds to
0.5 MeV uncertainty in the boson mass.
Since, in contrast to the case of 17.6 MeV isovector

transition, the observed anomalous enhancement of the
18.15 MeV isoscalar transition could only be explained by
also assessing a particle, then it must be of isoscalar nature.
The invariant mass distribution calculated from the

measured energies and angles was also derived. It is shown
in Fig. 5.
The dashed line shows the result of the simulation

performed for M1þ 23%E1 mixed IPC transition (the
mixing ratio was determined from fitting the experimental
angular correlations), the dotted line shows the simulation
for the decay of a particle with mass of 16.6 MeV=c2 while
the dash-dotted line is their sum, which describes the
experimental data reasonably well.
In conclusion, we have measured the eþe− angular

correlation in internal pair creation for the M1 transition
depopulating the 18.15 MeV state in 8Be, and observed a
peaklike deviation from the predicted IPC. To the best of
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FIG. 4. Experimental angular eþe− pair correlations measured
in the 7Liðp; eþe−Þ reaction at Ep ¼ 1.10 MeV with
−0.5 ≤ y ≤ 0.5 (closed circles) and jyj ≥ 0.5 (open circles).
The results of simulations of boson decay pairs added to those
of IPC pairs are shown for different boson masses as described in
the text.
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Dark Mediator Signatures
LEPTON COLLIDERS
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Neutrino Portal

Dark Mediator Signatures

• Gives mass to SM neutrinos (also 
baryon asymmetry?)

N ⌫V↵N

• Majorana particle: violates lepton number
N

µ±

W⌥
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The Neutrino Portal

• Best limits above b mass: LEP?!

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

taken from Deppisch, Dev, Pilaftsis, 2015
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The Neutrino Portal
• The HL-LHC will make 0.7 trillion W bosons!
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lepton jet

95% CL reach

SHiP
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dash-dot = 8 TeV  
dashed = 13 TeV, 300/fb

Izaguirre, BS, 2015
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Neutrino Portal Signatures

• Simplest model for neutrino masses: seesaw mechanism

39

Looking Forward
• And there are many more exciting connections between unsolved problems in 

cosmology and particle physics that I seek to uncover

• Non-WIMPy dark matter

• Connections with neutrinos

• Why are we made of matter and not antimatter?

m⌫ SM =
hHi2y2

MN

L = y L̄HN +
MN

2
N̄ cN

• After EWSB, the LH and RH neutrinos mix

N ναsin θαV↵N

V↵N ⇠ y↵hHi
MN
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Dark Radiation
• In models with large dark force coupling, can get dark radiation

• Get mono-Z’ or multi-Z’ in association with MET, often 
boosted

q̄

q

Z 0

�

�̄

A0
A0

A0
A0

FIG. 1: Feynman diagram for dark matter pair production at the LHC through an s-channel Z 0 resonance,
followed by “dark radiation”, i.e. emission of several— mostly soft or collinear—dark photons.

where m

A

0 and m

�

are the masses of A0 and �, respectively. We denote by F

µ⌫ and F

0µ⌫ the
field strength tensors of the SM photon and the dark photon A

0, respectively. The dimensionless
coupling constant ✏ describes the strength of the kinetic mixing between the A

0 and the photon.
Due to SU(2) invariance, the A

0 should also mix kinetically with the Z, but e↵ects of this mixing
are suppressed by factors of m2

A

0

/M

2

Z

and are therefore neglected in the following.
Since the kinetic mixing between A

0 and the photon is too small to lead to significant DM
production at the LHC, we assume an additional DM–SM coupling. For definiteness, we take this
coupling to be through a heavy s-channel vector resonance Z

0 with couplings to all quark flavors
and to dark matter. Since the dynamics of dark radiation does not depend on the primary DM
production mechanism but only on the production cross section and to some extent on the DM
energy spectrum, our results will apply to any model in which DM particles can be produced in
significant numbers at the LHC, including for instance models with contact interactions, t-channel
mediators, or Higgs portal interactions. The relevant terms in the Lagrangian of our toy model are

L
Z

0 ⌘ g

q

X

f

q̄

f

/

Z

0

q

f

+ g

�

�̄

/

Z

0

� , (2)

where q
f

is the SM quark field of flavor f and g

q

, g
�

are the Z 0 couplings to quarks and DM particles,
respectively. For simplicity, we have assumed the coupling to quarks to be flavor universal.

Fig. 1 illustrates DM pair production at the LHC via s-channel Z 0 exchange, followed by radi-
ation of several dark photons. Due to the assumed lightness of � and A

0, the emission is enhanced
in the collinear direction. Due to this enhancement, with a moderate dark fine structure constant
↵

A

0 ⇠ O(0.1), we typically expect a few dark photons to be radiated in each DM pair produc-
tion process. We will discuss the dynamics of this “dark radiation” in sec. III using a formalism
analogous to parton showers in QCD.

B. Benchmark points

We define two benchmark points in the parameter space of our toy model, which we will use
to illustrate our main points in secs. III and IV. In sec. IV, we will also discuss in detail how
departing from these benchmark points a↵ects our results. The two benchmark points A and B
are summarized in table I, together with several phenomenological observables derived from them.

In both cases, we assume a Z

0 mass of 1 TeV. We choose g

q

and g

�

such that the resonant Z 0

production cross section is about 1 pb at the 8 TeV LHC for benchmark point A, and about a
factor of 10 smaller for benchmark point B. In both cases, the Z

0 has a branching ratio ⇠ 85%
for the decay Z

0 ! �̄�. We choose both m

�

and m

A

0 to be of order GeV or below. Together
with a moderately large dark fine structure constant ↵

A

0 = 0.2, this leads to the radiation of
a significant number of A0 bosons when DM is produced at the LHC. Note that the number of
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Figure 6: On the left we depict the normalized distributions for the expected number of radiated
dark photons in rare Z0 decays into the dark sector. On the right is a contour plot of the number
of soft dark photon emissions per neutralino as a function of the dark gauge coupling αd and the
neutralino mass MÑ . The linear dependence on αd and logarithmic dependence on MÑ is in accord
with the naive expectation, Eq. (3.1). The plots were produced using a 3 GeV pT cut on the dark
photons. Both plots are for LHC at 10 TeV center of mass energy.
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Figure 7: The pT distribution of radiated dark photons for rare Z0 decays and neutralino cascades.

Altogether, the effects of radiation in rare Z0 decays into the dark sector are rather mild.

The energy scale involved is somewhat lower as compared with neutralino pair production and

subsequently the radiation is softer and less pronounced. On the other hand, for neutralino

cascades into the dark sector the effects of radiation are important. The presence of these

extra radiated photons modifies and enriches the structure of the resulting lepton jets as we

discuss in the next section.

10

(M
eV

)

Z ! ÑÑ

Cheung et al., 2009

Cheung et al., 2009; recent works: Gupta, Primulando, Saraswat 2015; Bai, Borbeau, Lin 
2015; Autran et al. 2015; Buschmann et al. 2015; …
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Dark Radiation
• Already nice results for multiple lepton jets

Cone%of%opening%angle%ΔR%
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Figure 2. Schematic picture of the LJ classification according to the �d decay final states: left
TYPE0 LJ (only muons), centre TYPE1 LJ (muons and jets), right TYPE2 LJ (only jets). LJs
containing only one �d contribute only to TYPE0 and TYPE2.

SA) has to be used. The search is limited to the pseudorapidity interval �2.5 to 2.5 corre-
sponding to the ID coverage.
An anti-kt calorimetric jet search algorithm [44, 45] with the radius parameter R = 0.4, is
used to select �d decaying into an electron or pion pair. Jets must satisfy the standard AT-
LAS quality selection criteria [46] with the cut pT � 20 GeV. The jet energy scale correction
as defined in ref. [47] is applied. In the simulated LJ gun MC samples, LJs produced by
one or two dark photons decaying to electron/pion pairs, are mostly reconstructed by the
anti-kt algorithm as a single jet.
LJs are reconstructed using a simple clustering algorithm that combines all the muons and
jets lying within a cone of fixed size in (⌘, �) space. The algorithm is seeded by the highest-
pT muon. If at least two muons and no jets are found in the cone, the LJ is classified as
TYPE0. Otherwise, if there are at least two muons and only one jet in the cone, the LJ
found is of TYPE1. The search is then repeated with any unassociated muon until no muon
seed is left. The remaining jets with electromagnetic (EM) fraction less than 0.4 and no
muons in the cone are defined as TYPE2 LJ.5 The LJ line of flight is obtained from the
vector sum over all muon and jet momenta in the LJ. Figure 2 schematically shows the LJ
classification according to the final state.
The size of the search cone for the various LJ types is optimized using the LJ gun MC
samples. The cone size �R =

p
(�⌘)2 + (��)2 around the LJ line of flight is chosen as

the �R that contains almost all the decay products (muons and jets) of the dark photons.
Figure 3 shows the opening angle

p
(⌘1 � ⌘2)2 + (�1 � �2)2 between the two muons for �d

! µµ, with both muons reconstructed in the MS, for the three �d masses. Figure 4 shows
the maximum opening

p
(⌘i � ⌘k)2 + (�i � �k)2 between the reconstructed objects in the

TYPE0 and TYPE1 LJs, produced by the decay of two �d ! µµ or one �d ! µµ and one
�d ! ee/⇡⇡, for various masses of the hidden scalar and of the dark photon. All these
distributions show that a �R = 0.5 is adequate to contain almost all the decay products.
In summary the LJs are classified as:

5EM fraction is defined as the ratio of the energy deposited in the EMCAL to the total jet energy. From
the LJ gun MC results, �d decaying inside the HCAL has EM fraction always below 0.4.

– 6 –

3 Lepton-jet models

It is important to evaluate the performance of the LJ search criteria by setting limits on
models that predict LJs in the final state. Of particular relevance are models which predict
non-SM Higgs boson decays to LJs. Indeed, the phenomenology of the Higgs boson is
extremely susceptible to new couplings, and new decay channels may thus easily exist.
Since the structure of the unknown hidden sector may greatly influence the properties of
the LJ, a simplified-model approach is highly beneficial. The two Falkowski–Ruderman–
Volansky–Zupan (FRVZ) models [6, 38], which predict non-SM Higgs boson decays to LJs
are considered. Figure 1 shows diagrams for the decay of the Higgs boson to LJs in the two
models. The Higgs boson, H, decays to pairs of hidden fermions, fd2 . In the first model
(left in figure 1) fd2 decays to a dark photon, �d, and to a lighter hidden fermion, HLSP
(Hidden Lightest Stable Particle). In the second model (right in figure 1) fd2 decays to a
HLSP and to a hidden scalar, sd1 that in turn decays to pairs of dark photons. For the �d
decays, only electron, muon and pion final states are considered. In general, radiation in
the hidden sector may occur, resulting in additional hidden photons. The number of such
radiated photons, however, varies on an event-by-event basis and depends on unknown
model-dependent parameters such as the hidden gauge coupling ↵d.2 Therefore such a
possibility is not considered here.

γd 

H 

fd 2 

fd 2 

γd 

HLSP 

HLSP 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

γd 

H 

fd 2 

fd 2 

γd 
HLSP 

HLSP 

γd 

γd sd 1 

sd 1 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

ℓ  + 

ℓ  - 

ℓ  + 
ℓ  - 

Figure 1. Diagrams of the two FRVZ models used as benchmarks in the analysis. `+ `� corresponds
to electron/muon/pion pair decay in the final state.

4 Lepton-jet search

There are a large number of possible LJ topologies resulting from different possible hidden
sectors. For instance, the LJ shape is controlled, in part, by the typical boost of the hidden
particles, which in turn is determined by the ratio of the decaying visible-sector particle’s

2See equation 3.1 in ref. [41]
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Dark Radiation
• As the coupling gets stronger, get more radiation and bound 

state formation

• Sensitive to self-interacting DM

2

As discussed in the introduction, sufficiently strong
dark interaction strength and light dark photon will re-
sult in the formation of dark matter particles (��̄). The
two lowest (1S) bound states, 1S

0

(JPC
= 0

�+) and 3S
1

(JPC
= 1

��), will be called ⌘D and ⌥D, respectively.
The condition for their existence has been determined nu-
merically [26] 2, 1.68mV < ↵Dm�, with ↵D = g2D/(4⇡).
Their quantum numbers suggest the following production
mechanisms at colliders:

e+e� ! ⌘D+V ; e+e� ! ⌥D+�; p+p ! ⌥D+X (2)

The last process represents the direct production of ⌥D

from qq̄ fusion. All production processes are mediated by
a mixed � � V propagator, as shown in Fig. 1.

FIG. 1. Diagram for ⌘D and ⌥D production and decay at
B-factories.

In order to obtain the rate for the first process in (2),
we calculate the amplitude of e+e� ! ��̄V with �, �̄
having the same four momentum p (with p2 = m2

�), and
apply the projection operator,

⇧⌘ =

s
1

32⇡m3

�

R⌘D (0)( 6p+m�)�5( 6p�m�) , (3)

to select the ⌘D bound state [28]. We find a leading-order
differential cross section:

d�e+e�!⌘DV

d cos ✓
=

4⇡↵↵2

D2

[R⌘D (0)]
2

(1 + cos

2 ✓)

m�s3/2(s� 4m2

� +m2

V )
2

|p|3 , (4)

where ✓ is the angle between ⌘D and the ini-
tial e� in the center-of-mass (CM) frame, and
|p| is the spatial momentum of ⌘D, |p| =p

[s� (2m� +mV )
2

][s� (2m� �mV )
2

]/(2
p
s). We

neglect the binding energy for ⌘D, and set m⌘D ' 2m�.
An analytic form for R⌘D (0), the wave function at

origin, is obtained using the Hulthén potential V (r) =

�↵D�e��r/(1� e��r
) with � = (⇡2/6)mV , which is

known as a good approximation of the Yukawa poten-
tial V (r) = �↵De�mV r/r [29]. In that case, R⌘D (0) =

(4� �2a2
0

)

1/2a
�3/2
0

, where a
0

= 2/(↵Dm�).
The scalar bound state ⌘D dominantly decays into two

dark photons, each subsequently decaying into a pair of

2 It is known that too large ↵D would run to the Landau pole very
quickly at higher scale [27]. Hereafter, we focus on ↵D  0.5,
and work with leading-order results in ↵D.

SM particles via kinetic mixing. These decays are all
prompt for the relevant region of parameter space. The
above decay chain eventually results in the final states
containing six charged tracks, which can be electrons,
muons or pions, depending on the dark photon mass.

We turn to the calculation of ⌥D production via ini-
tial state radiation (Fig. 1). In the ⌥D rest frame, the
non-relativistic expansion can be used, taking the dark
matter field in the form: � = eim�t

[⇠,� · p/(2m�)⇠]
T
+

e�im�t
[� · p/(2m�)⇣, ⇣]

T , where ⇠, ⇣ are the 2-spinor an-
nihilation (creation) operators for particle (antiparticle).
We use the relation between matrix element and wave
function [30],

h0|⇣†�µ⇠|⌥Di =
r

1

2⇡
R

⌥D (0) "
µ
⌥D

, (5)

where "µ
⌥D

is the polarization vector of ⌥D and R
⌥D (0) '

R⌘D (0) is the radial wave function at origin. Taking into
account the kinetic mixing between dark photon and the
photon, we derive the effective kinetic mixing term be-
tween ⌥D and the photon,

L
e↵

= �1

2

DFµ⌫⌥
µ⌫
D , D =

r
↵D

2m3

�

R
⌥D (0) . (6)

In the limit mV ⌧ ↵Dm�, the term D reduces to D =

↵2

D/2. We obtain a differential cross section:

d�e+e�!�⌥D

d cos ✓
' 2⇡↵222

D

s

 
1�

4m2

�

s

!

⇥
"

8s2(s2 + 16m4

�) sin
2 ✓

(s� 4m�)
2

(s+ 4m2

e � (s� 4m2

e) cos 2✓)
2

� 1

#
, (7)

where ✓ is the the angle between � and the initial e� in
the CM frame. In the denominator, the electron mass
must be retained in order to regularize the ✓ integral, as
for me = 0 the cross section is divergent in the forward
direction [31].

Compared to the e+e� ! ⌘DV process, the e+e� !
�⌥D cross section is suppressed by a factor ↵/↵D, al-
though the latter contains a logarithmic enhancement
from the angular integral. Moreover, the cross-section
e+e� ! ⌘DV contains an additional m2

�/s factor, which
brings additional suppression of lighter dark matter. For
↵D & 0.1 and m� ⇠

p
s, the two processes have similar

cross-sections, and we will combine them to set the limit
on this model.

The ⌥D particle will subsequently decay into three
dark photons. We calculate the differential decay rate
following the approach in Ref. [28] by generalizing it to
the massive dark photon case,

d�(⌥D ! 3V )

dx
1

dx
2

=

2↵3

D [R
⌥D (0)]

2

3⇡m2

�

⇥ 39x8

+ 4x6F
6

� 16x4F
4

+ 32x2F
2

+ 256F
0

(x2 � 2x
1

)

2

(x2 � 2x
2

)

2

(x2

+ 2(x
1

+ x
2

� 2))

2

,(8)

4

FIG. 2. Left: Constraint on the dark photon parameter space from the BABAR dark Higgsstrahlung searches, adapted to the
production and decay of dark bound states ⌘D and ⌥D. The solid purple curve corresponds to the current BABAR limit for the
parameters ↵D = 0.5, m� = 3.5GeV. The dashed purple curve shows the future reach of B-factories. Right: Current constraints
on the m� �mV plane for the SIDM scenario are shown with 2 = 10�7 and different values of ↵D. The green (blue) region is
favored for SIDM solving the galactic small-scale structure problems [3] for ↵D = 0.3 (0.5). The combined constraints via the
e+e� ! (⌘DV, ⌥D) ! 3V channels are shown in thick purple curves, and the constraints via the e+e� ! ��̄ + 3V channel
are shown in thin blue curves. Allowed regions are in the arrow direction. Assuming no SM background, the constraints via
the e+e� ! ��̄ + 2V channel are shown in dot-dashed black curves for ↵D = 0.3, 0.4, 0.5 (bottom-up). The brown region is
excluded by CDMSlite [37] and LUX [38]. The region mV . 30MeV is ruled out by the XENON10 electron recoil analysis [39]
for ↵D = 0.3.

beams, the most important production channel is from
the quark-anti-quark fusion, qq̄ ! ⌥D. Generalizing cal-
culations of [42], the production cross section is given by

�pp(n)!⌥D
=

4⇡2↵22

D

s

X

q

Q2

q

Z
1

⌧

dx

x

⇥
h
fq/p(x)fq̄/p(n)

⇣⌧
x

⌘
+ fq̄/p(x)fq/p(n)

⇣⌧
x

⌘i
, (10)

where ⌧ = m2

V /s, fq/p(n) and fq̄/p(n) are the relevant
structure functions for this process, and Qq is the quark
charge in units of e. Unlike B-factories, only muonic de-
cays of dark bound states, such as ⌥D ! 3V ! 3(µ+µ�

),
constitute a useful signature, as backgrounds in other
channels are likely to be too large. The multi-dark pho-
ton FSR channels can also be relevant for the proton
beam experiments.

Among the possible candidates of proton-on-target ex-
periments, we focus our discussion on SeaQuest [43] and
the planned SHiP [44] facilities. Note that only a fixed
target mode of operation, rather than a beam dump
mode that would try to remove prompt muons, is suit-
able for the search of ⌥D. Taking a point in the param-
eter space, m� = 2 GeV, 2

= 10

�7, mV = 300 MeV,
↵D = 0.5 and the energy of incoming proton beam
of 400 GeV, we estimate a probability of producing a
⌥D decaying to 3(µ+µ�

) for a 1 mm tungsten target,
P = n�` ⇠ 2 ⇥ 10

�17. With O(10

20

) particles on tar-
get, one could potentially expect up to 2⇥ 10

3 six muon
events. The large multiplicity of signal events gives some
hope that this signal could be extracted from large num-
ber of muons produced per each proton spill. Given the

current uncertainties in estimating the background, we
refrain from showing the potential reach of proton ex-
periments in Fig. 2, noting that in any case, it would
not cover the most interesting region for SIDM, namely
mV < 200 MeV.
Outlook. Among the various probes of dark sectors sug-
gested and conducted in recent years, only a few are
sensitive to both the dark force and dark matter at the
same time. We have pointed out that in case of relatively
strong self-interaction, the presence of dark force greatly
facilitates the discovery of the entire sector, as it leads
to the formation of dark bound states, and causes dark
FSR radiation that decay into multiple charged parti-
cles of the SM. The existing searches at BABAR and Belle
already limit this possibility, and further advance in sen-
sitivity can be made by searching for the missing energy
plus pairs of charged particles.
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tion non-perturbative e↵ects.
Further, as we will discuss in a later section, if mmed ⌧

10 MeV, the decay length of the mediators from the DM
annihilation is generically too long for collider searches.
We thus limit the discussion to mediator masses mmed ⇠>
10 MeV. DM particles with mass around O(1�100) GeV
is our focus from a collider point of view, thus we have
m�v/mmed ⇠< 1, where v ⇠ 10�4 is the viral velocity of
dwarf galaxies. Under this choice of parameters, quasi-
bound states of DM can form, in which case the quan-
tum mechanical resonances and anti-resonances emerge
for the SIDM interaction. The analytical approximation
obtained in this regime is written as (for the full expres-
sion, please see [16])

�T =
16⇡

m2
�v2

sin2 �0. (18)

For an attractive force, the resonance e↵ect makes
sin �0 ! 1 when ↵�m�/1.6mmed = n2, n = 1, 2, 3, ...
in the small velocity limit. On the other hand, anti-
resonance, with vanishing s-wave cross section, happens
when sin �0 ! 0, i.e. n ⇡ 1.69, 2.75, 3.78, .... If the force
is repulsive, which happens in an asymmetric DM model
with a dark photon mediator, there is no resonance or
anti-resonance e↵ect, and the cross section is calculated
by the full expression in Eq. (18). For the DM mass
and couplings we study below, the self-interacting cross
section satisfies the Bullet Cluster and cluster shape con-
straints with the typical velocity v ⇠ 10�2 and �T /m� ⇠<
1 cm2/g [45, 46].

For a given value of (m�,↵�), we can obtain the medi-
ator mass mmed that gives the right scattering cross sec-
tion (0.5�50 cm2/g) by solving Eq. (18). The solution is
not unique due to the finite range of the scattering cross
section and the resonance/anti-resonance behavior in the
attractive case. When the m� is heavy (light), the solu-
tion of the mediator mass in the attractive case is closer
to the (anti-)resonance region. We make sure the medi-
ator mass as the solution also satisfies mmed < ↵�m�/2
required by the bound state production. In the following
study, we make sure each choice of (m�,↵�) has a cor-
responding mmed satisfying the above constraints. How-
ever, since the bound state production is insensitive to
the mediator mass, we keep the value of mmed implicit
when showing the results.

In a thermal relic DM scenario, the size of ↵� has an
upper bound from the DM density, which limits the col-
lider production of the DM bound states. However, as
this bound can be avoided in various scenarios, such as
the context of asymmetric DM or non-thermal produc-
tion, we will not take it into account for the study.

A. Darkonium Production

In order to study the bound state production rate, we
parameterize the DM-SM interaction by e↵ective opera-

FIG. 3. Darkonium production and decay at the LHC.

tors

0� :
mq(q̄�5q)(�̄�5�)

vh M2
⇤

, 1� :
(q̄�µ�5q)(�̄�µ�)

M2
⇤

.

(19)
Here vh = 174 GeV, and the quark mass in the pseudo
scalar coupling can come from a straightforward UV com-
pletion in which the chiral symmetry breaking induces a
Yukawa coupling insertion. The �5 in the vector media-
tion causes velocity suppression in DM direct detection
experiments. Also, the scattering with DM and nucleus
is spin-dependent. Thus this operator is less constrained.
In contrast to the missing energy search at high energy
colliders, the use of e↵ective operators in bound state
production is well justified. The center of mass energy is
fixed to be around 2m�. This is much lower than 4⇡M⇤,
which can be probed in collider searches.

For the 0� state from the quark production, the decay
rate from the bound state into quarks is written as

�0�!qq̄ =
3

⇡M2

✓
M

M⇤

◆4 ✓mq

vh

◆2

| (0)|2. (20)

where M is the mass of the bound state. The result
includes a color factor and a summation of the correct
spin configurations that match the J = 0 state. Using
Eq. (2), the production cross section is written as

�0� =
⇣(3)↵3

�

48 s

✓
M

M⇤

◆4

(21)

⇥
"
X

q
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mq

vh

◆2 Z 1

M2/s

dx

x
fq(x) fq̄(

M2

x s
) + (q $ q̄)

#
.

In Fig. 4 we show the region of mediation scale M⇤ that
gives at least 1 fb bound state production rate with dif-
ferent choices of the SIDM coupling. The smaller M⇤
region is excluded by the ATLAS heavy quark search at
the LHC Run 1. For this operator, the b-quark domi-
nates the production. When the center of mass energy is
larger for heavier DM production, b-quark PDF decreases
faster compared to that of light quarks. This makes the
bound on 0� weaken faster than the production chan-
nels, which are dominantly through light quarks, e.g. 1�

as discussed later. We require ↵� < 1 for perturbation
calculation, which implies that the parton in the bound
state is non-relativistic.

Similar to the Higgsino case, the bound state produc-
tion of 1� through the axial-vector mediated process can
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FIG. 4. Left: The mediation scale M⇤ for having a 1 fb 0� bound state production through the pseudo-scalar mediation at
13 TeV LHC. The red-shaded region shows the 95% CL exclusion bound from the 8 TeV ATLAS heavy quark+MET search
[47]. The dashed curve shows the 95% CL bound from the mono-b search estimated in [48], assuming 300 fb�1 of data at 14
TeV LHC. The purple-shaded region has the DM scattering �/m� < 0.5cm2/g at dwarf galaxies (assume v = 10�4), assuming
mmed matches the size of (m�,↵�) that gives sin �0 = 1 in Eq. (18). The gray-shaded region corresponds to ↵� > 1, for which
the non-relativistic calculation of the bound state production fails. Right: The 1 fb region of the 1� state through the vector
coupling. The red-shaded region corresponds to the 95% CL exclusion bound from the 8 TeV ATLAS monojet search [49]. The
dashed curve shows the 95% CL bound from the mono-jet search estimated in [50], assuming 300 fb�1 of data at 14 TeV LHC.

be obtained by Eq. (13) with gV = 1 and MV = M⇤ � M

�1� =
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In the right plot of Fig. 4, we show the region of mediation
scale M⇤ which gives at least 1 fb bound state production
cross section with various choices of the SIDM coupling.

B. Annihilation Decay Channels

With large self couplings, the SIDM bound states pre-
fer to decay into light mediators rather than the SM
quarks. Instead of surveying a comprehensive list of pos-
sible mediators, we focus on a few illustrative examples.
For vector bound state 1�, we consider the case where
the mediator is a scalar. The decay of the bound state
into two light scalars can be characterized by a deriva-

tive coupling V µ
1��⇤i

$
@µ� [51]. This decay rate is of order

⇠ ↵5
�M/8⇡, which gives a prompt 1� ! ��⇤ decay.

Generically, the force mediators are not stabilized by a
symmetry (for exceptions, see [52, 53]) and can decay into
SM particles. For the scalar mediator �, we parameterize
the decay using the e↵ective coupling ŷij�L̄iHEj/⇤ �
✏�,ij�¯̀

i`j , where ŷij is aligned to the SM Yukawa cou-
pling. The scalar can also couple to SM through the
Higgs mixing, but the coupling is generically more sup-
pressed due to constraints from the Higgs coupling mea-
surement [54], as well as the small Yukawa coupling to

the light SM fermions. If the e↵ective coupling is gen-
erated by an EW scale mediation, and ŷij is indeed the
SM Yukawa coupling, ✏�,ee can be as small as O(10�6).
Fig. 3 (left) shows the production and decay of the bound
state.

On the other hand, we assume the 0� bound state
decays into dark photons. The decay of 0� can be de-
scribed by a pseudo-scalar coupling i

⇤0 a0�F 0
µ⌫ F̃

0µ⌫ . In
the microscopic picture, the annihilation ��̄ ! �0�0 that
generates the F 0

µ⌫ F̃
0µ⌫ interaction needs to break the par-

ity. This requires the dark photon to couple chirally to
the DM fermions. Further, dark photons decay to SM
through kinetic mixing ✏�0Fµ⌫F 0µ⌫ to the normal pho-
ton. Currently, the bound from the various dark photon
searches requires ✏�0 ⇠< 10�3 for m�0 > 10 MeV [55].
We will study the �0 decay with a mixing satisfying the
bound. Fig. 3 (right) shows the production and decay of
the bound state.

We focus on the mediator decay into e+e�. As heavier
mediators open up other decay channels such as muon
and pion, we leave a more complete analysis for future
work. The two types of mediator decay have lengths

c⌧�!e+e� ' ��

 
✏2� m�

8⇡

!�1

' 5 cm ⇥ ��

✓
100 MeV

m�

◆✓
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✏�

◆2

, (23)

c⌧�0!e+e� ' ��0

 
e2✏2�0 m�0
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!�1
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✓
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m�0

◆✓
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.(24)
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Multi-Particle Sector Summary

• Boosted, long-lived particles are common

• Is there a good way to organize searches to ensure that we don’t 
miss something?

• Many different strategies to look for these!

• Signatures range from mostly-MET to mostly-visible


