
INELASTIC DARK MATTER 
AT COLLIDERS

ATLAS Dark Sector Workshop, Cosenza
9 February 2016

Brian Shuve
SLAC

E. Izaguirre, G. Krnjaic, BS, arXiv:1508.03050



2

Discovering Dark Matter

• MET searches are model-independent, but suffer large 
backgrounds
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Discovering Dark Matter

• When there are more dark particles, there are more probes

A Broader Hidden Sector Paradigm

Beyond the SM physics that lives in a “dark sector”

SM Dark Sector

Mediator

Well-motivated by e.g. light (thermal) DM 
For light DM interactions between the DS and SM mediated by a light field

One organizing principle for probing it: focus on lowest-dimension allowed interactions:  
vector portal, Higgs portal, neutrino portal

✏⌫Lh ✏h|h|2|�|2✏Y B
µ⌫F 0

µ⌫

SM dark
sector

• Can be whole new sector with confining forces (c.f. hidden valley)
Strassler, Zurek, hep-ph/0604261; Strassler, Zurek, hep-ph/0605193; 

Strassler, hep-ph/0607160;  Han et al., 0712.2041   

• Can be simple with just a few new particles
Holdom, 1986; Pospelov, Ritz, Voloshin, 0711.4866; Arkani-Hamed at al., 0810.0713; 

Cheung et al., 0909.0920; Falkowski et al., 1002.2952; and many more...
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Dark Sector Collider Signals

• If most dark sector energy dumped back to visible particles:

4

τ pairs may assist with triggering and event selection. If
the π0

v is light, the jet pairs may be soft, may often merge,
or be otherwise hard to identify, making triggering and
event selection subtle; displaced vertices may assist in
any discovery. If the π0

v is heavy, the jets will be harder,
but the number of b pairs may be smaller, decays will be
prompt, and both QCD and Z plus jets will be irreducible
backgrounds. However, in this case LEP constraints are
completely evaded and production cross-sections could
be much larger.
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FIG. 3: A possible event in the two-light-flavor regime; note
π±

v is electrically neutral and invisible.

The 1LF regime, with a greater variety of v-hadrons
and final states, produces more lepton pairs. The ωv

will appear as a $+$− resonance; this will be drowned
in Drell-Yan background unless events are required to
have many bs or an unusual displaced vertex. Especially
interesting are the final states from σv and σ′

v, where
f f̄ pair emission is followed by an η′

v decay. One may
observe σ′ → µ+µ−bb̄, with mbb̄ = mη′

v

and mµ+µ− <
mσ′

v

− mη′

v

. Even more spectacular decays are possible,
with several objects emanating from a displaced vertex
(or two), if the C is unstable. One challenge is that lepton
isolation may be subtle here; another is that displaced
vertices may appear in the beampipe, the tracker, or even
the calorimeter. Moreover, a given event may produce
several v-hadrons, which can combine these distinctive
signals into a busy and unusual event (as in Fig. 4), in
which identification of jets may be challenging. As in the
2LF regime, large Λv means fewer v-hadrons per event
and fewer displaced vertices, but any jets and leptons
are harder, and the LEP constraints on the total cross-
section are weaker or absent.

_
σ

η’η’

v

v

v

v

v

d

dZ’

U

Uq

q

ω

b
b

b

bη’v

e+
e b

b

FIG. 4: A possible event in the one-light-flavor regime.

Let us add a few assorted remarks.
• The model we have chosen is a bit pessimistic [7], in
that the Z ′ has large couplings to leptons (increasing
LEP constraints) and small couplings to u quarks (re-
ducing Tevatron and LHC production rates.) The con-
straints quoted here are conservative; many models can
have larger cross-sections at both LHC and the Tevatron.

• The high multiplicity of v-hadrons, especially for small
Λv, has many implications. In events where most parti-
cles decay in the detector, jets and isolated leptons can be
difficult to identify. Conversely, in models where the av-
erage v-hadron decays promptly, or in models with most
decays outside the detector, the multiplicity increases the
odds of seeing a straggler that decays with a visible ver-
tex. It also enhances the possibility of detecting decays
of long-lived v-hadrons (as might occur for unstable C,
and would occur in the model mentioned below) by in-
strumenting the detector hall or a nearby cavern.
• Given (6), a GigaZ machine would likely be able to
observe Z decays to light v-hadrons. A high-luminosity
e+e− collider could also study vector v-meson resonances
and their v-hadronic decay products.
• There has been interest in Higgs decays to multiple
scalars, which in turn decay to heavy-flavor pairs [2, 4].
Our v-model may initially mimic this scenario, since the
2LF and 1LF regimes both have a (possibly light) pseu-
doscalar with Br(πv , η′

v → f f̄) ∼ m2
f .

• We have taken the Ni to be stable, but this need not
be the case. Their striking decays in usual Z ′ models [7]
would be further augmented by v-hadronic final states.

Higgs Mixing: Potentially of great importance is the
effect of the mixing of H with φ, via a |H |2|φ|2 coupling,
along the same lines as [3]. This allows gg → h → QQ̄,
which is unaffected by LEP constraints and can poten-
tially increase the v-hadron production rate at the LHC
and especially at the Tevatron. Decay modes for some
v-hadrons may be affected. Kinematics permitting, the
Higgs can even decay to v-hadrons. Though rare, these
exotic Higgs decays could be so distinctive, if they have
displaced vertices and/or leptons, as to possibly allow
the Tevatron to discover the Higgs with its present data.
This requires asking the right analysis questions, such
as [16], though in a more systematic and comprehensive
fashion. The masses, mixings and branching fractions of
the H and φ are very model-dependent; a separate study
of these phenomena will be required.

Other Models: Other regimes of this theory, models
with more v-quarks, and other Z ′ models will typically
have similar phenomenology but differ in important de-
tails. (For instance, if mU , mC $ Λv, the many sta-
ble glueballs will have longer lifetimes; many will de-
cay outside the detector, and displaced vertices will be
common.) Z ′ models with supersymmetry, a little higgs,
extra dimensions, etc., would have additional diverse v-
phenomenology that we will not discuss here. Instead, to
provide a wider perspective, we conclude with a class of
models that generate qualitatively different phenomena.

Consider adding to the SM an SU(nv) gauge group,
and particles X, X̄ charged under both color and SU(nv),
with mX ∼ 0.5−3 TeV. The v-spectrum includes several
metastable v-glueballs of mass ∼ Λv and various spins
[17]. A loop of X particles induces dimension-eight op-
erators including O8 ≡ tr G2 tr G2

v, where G (Gv) is the
field strengths for gluons g (v-gluons gv.) All v-glueball
states can decay through these operators; those that

Strassler, Zurek, hep-ph/0604261

23

Jets

Jet

e+ e- vertex

Long-Lived Particle  Dileptons

MET

MJS 2009 talk

Strassler, 2009

• Get many hard objects: displaced vertices, “emerging jets”, “semi-
visible jets”, lepton jets, photon jets, ...
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Dark Sector Collider Signals

• If dark sector decays mostly into invisible particles...

23

Jets

Jet

e+ e- vertex

Long-Lived Particle  Dileptons

MET

MJS 2009 talk
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Dark Sector Collider Signals
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Outline

• Model: Inelastic Dark Matter
• An iDM Benchmark Model

• Proposals for iDM Searches
• Dark Photon
• Magnetic iDM
• Other Applications (if time)
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Inelastic Dark Matter
• In Inelastic Dark Matter (iDM) scenarios, interactions always 

involve two different dark sector particles

�1

�̄2
Tucker-Smith, Weiner, hep-ph/0101138

DM
� ⌘ M2 �M1 > 0
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Inelastic Dark Matter
• In Inelastic Dark Matter (iDM) scenarios, interactions always 

involve two different dark sector particles

�1

�̄2
Tucker-Smith, Weiner, hep-ph/0101138

DM
� ⌘ M2 �M1 > 0

• Can greatly suppress DM signals today!

�1 �2

p p �2
f

f̄�1
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Inelastic Dark Matter
• By contrast, colliders can easily produce both (� . TeV)

q

q̄ �1

�̄2
�̄1

SM

SM

Weiner, Yavin, 1206.2910; Primulando et al., 1503.04204
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Inelastic Dark Matter
• By contrast, colliders can easily produce both (� . TeV)

q

q̄ �1

�̄2
�̄1

SM

SM

Weiner, Yavin, 1206.2910; Primulando et al., 1503.04204

• If decay products too soft, use monojet + MET

q

g
q �1

�̄2
�̄1

SM

SM

Bai, Tait, 1109.4144; Izaguirre, Krnjaic, BS, 1508.03050
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An Inelastic Benchmark

• Higgsed dark QED

Tucker-Smith, Weiner, hep-ph/0101138; Izaguirre, Krnjaic, BS, 1508.03050

A0

 +

 �

L � ig0 ̄�µ A0
µ �M  ̄ 
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An Inelastic Benchmark

• Higgsed dark QED

Tucker-Smith, Weiner, hep-ph/0101138; Izaguirre, Krnjaic, BS, 1508.03050

A0

 +

 �

+ y� ̄c 

�

 +

 �

L � ig0 ̄�µ A0
µ �M  ̄ 
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An Inelastic Benchmark

• Higgsed dark QED

Tucker-Smith, Weiner, hep-ph/0101138; Izaguirre, Krnjaic, BS, 1508.03050

A0

 +

 �

+ y� ̄c 

�

 +

 �

M 

 +  � �2

�1

yh�i

L � ig0 ̄�µ A0
µ �M  ̄ 
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An Inelastic Benchmark
• How do !1,2 interact under force?

A0
 +

 �

!1,2 are Majorana (particle = antiparticle):

�̄i�
µ�iA

0
µ = 0?
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An Inelastic Benchmark
• How do !1,2 interact under force?

A0
 +

 �

!1,2 are Majorana (particle = antiparticle):

�̄i�
µ�iA

0
µ = 0

• If parity conserved, only inelastic 
interaction allowed

A0

�2

�1L � ig0�̄2�
µ�1A

0
µ

?
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An Inelastic Benchmark

q

g
q �1

�̄2
�̄1

SM

SM?

? A0
A0
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An Inelastic Benchmark

q

g
q �1

�̄2
�̄1

SM

SM?

? A0

• The dark photon can kinetically mix with visible photon

A0 Aheavy 
particles

A0
f̄

f

Qf ✏
L
mix

= � ✏

2
Fµ⌫F

0µ⌫

• We consider the spectrum hierarchy � ⌧ M1,2 . MA0

For other hierarchies, see: “Secluded DM”, Pospelov, Ritz, Voloshin, 0711.4866;
Autran et al., 1504.01386; Bai et al., 1504.01395; Buschmann et al., 1505.07549

A0
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Inelastic Freeze-out
A Viable DM Candidate?

DM could have obtained its present abundance from thermal freeze-out

In the early universe, in thermal contact with SM predominantly through

�1

�2

SM

SM

Co-annihilation most efficient when 

� = m2 �m1 ⌧ m1

In this talk: Will focus on unexplored territory of  100 MeV - 100 GeV

y ⌘ ✏2↵D

✓
M1

MA0

◆4

h�vi / ✏2↵DM2
1

M4
A0

=
y

M2
1

• Choose large value of "D to avoid over-stating bounds
(Izaguirre et al., 1505.00011)

(MA0 � M1)

• Many parameters -- we want to connect DM freeze-out to lab probes

A0
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An Inelastic Benchmark
Dark Photon Model: Thermal Target to Aim For

Re
lic
De
nsi
ty

Hg-2Lm LEP

BaBar

LHC8

0.1 1 10 100
10-10

10-9

10-8

10-7

10-6

10-5

10-4

m1 HGeVL

y
=
e2
a
D
Hm 1ê

m
A'
L4

Fermion Thermal Relic iDM, D = 0.1 m1

Vast unexplored (thermal) territory!

EI, Krnjaic, Shuve, 1508.03050

Smaller        

would overstate sensitivity 
of  various experiments

Similarly for smaller ↵D

e.g. B-factory signal yield
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Proposals for iDM Searches

Dark Photon

E. Izaguirre, G. Krnjaic, BS, arXiv:1508.03050
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Improving the Searches

q

g
q �1

�̄2
�̄1

SM

SM

A0

A0



16

Improving the Searches

q

g
q �1

�̄2
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A0
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Improving the Searches

q

g
q �1

�̄2
�̄1

µ+

µ�

A0
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Improving the Searches

• Get displaced decay!

��2 ⇠ ↵↵D✏2�5

M4
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Improving the Searches

• For small splittings, leptons are 
soft, so trigger on monojet + MET

�2

�1

A0(⇤)

`�

`+
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FIG. 10: pT distributions for the leading and subleading muons in �2 ! �1µ
+

µ

� decays at the LHC at
p

s = 13 TeV in the
A

0-mediated scenario for representative masses and splittings.

We expect backgrounds from resonances (arising from
the decay of a hadron, or through radiative return)
in this channel to be low, particularly after requiring
significant /E and removing dilepton pairs consistent with
hadronic resonances. Studies of backgrounds in related
searches for B0 ! J/ � [99] and radiative decays of
⌥ ! �(A0 ! µ+µ�) [100] (where A0 is a light exotic
scalar) suggest that this may indeed be the case for our
proposed channel. Additionally, from Ref. [101], another
potential background is that from �⇡+⇡�, and �� with
one of the � converting to a `+`� pair. However, the
former can be reduced with the requirement that the
tracks originate from a high impact parameter vertex,
and the both the former and the latter could be reduced
through a combination of a missing mass cut and a cut
on the invariant mass of the tracks.

Results: The above proposed searches at BaBar prove
complementary to the searches at the LHC that we ad-
vocate. In particular, we find they have the poten-
tial to cover thermal-relic territory for the O(10)% frac-
tional mass splittings that are the focus of our analysis.
Figs. 2 – 4 illustrate the potentially powerful reach that
BaBar could achieve with a dedicated monophoton + dis-
placed tracks search. Additional improvements could be
achieved by future B-factories [96] depending on whether
or not they are instrumented with a monophoton trigger,
especially outside of the control region where the sensitiv-
ity scales as

pL; therefore, our analysis provides further
motivation for the development of a monophoton trigger
for Belle II.

B. Magnetic Dipole Interaction

LHC

The second simplified model we consider is dark matter
coupled inelastically via a magnetic dipole moment (see
Sec. II). In this scenario, the excited DM state �

2

decays
via �

2

! �
1

+ �. We are interested specifically in the
m� ⇠ 100 MeV-100 GeV, O(10%) splitting inelastic limit
considered earlier. As before, the decay products of �

2

!
�
1

+ � are typically too soft to serve as the main trigger
objects, and so we rely on the associated production of
a high-p

T

jet. Thus, we predict a pp ! j + /E
T

+ �
signature. Existing work has studied the scenario with
a hard photon originating from larger splittings between
DM states in both the prompt and long-lived limits [40,
47].

There are two principal distinctions between the dipole
scenario and the dark photon considered earlier. The
dipole is a dimension-5 operator, and so the decay width
of �

2

through the dipole µ� in the limit of small splittings
� goes like � ⇠ µ2

��3 (see Appendix A); by contrast, de-
cays through an o↵-shell dark photon scale like �5/m4

A0

and is suppressed by 3-body phase space. As a result,
the decays are prompt over a wide range of the dipole
parameter space, and consequently the backgrounds are
significantly larger than in the displaced muon jet anal-
ysis. Furthermore, it is more challenging to reconstruct
soft photons than soft muons, with the photon recon-
struction e�ciency > 0.5 only above E

T

= 15 GeV (see,
for example, Ref. [102]). Thus, the sensitivity of a dedi-
cated search for the existence and kinematics of the soft
photon is lower than for the dimuons. Nevertheless, we
find that dedicated monojet + photon + missing energy
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FIG. 10: pT distributions for the leading and subleading muons in �2 ! �1µ
+

µ

� decays at the LHC at
p

s = 13 TeV in the
A

0-mediated scenario for representative masses and splittings.

We expect backgrounds from resonances (arising from
the decay of a hadron, or through radiative return)
in this channel to be low, particularly after requiring
significant /E and removing dilepton pairs consistent with
hadronic resonances. Studies of backgrounds in related
searches for B0 ! J/ � [99] and radiative decays of
⌥ ! �(A0 ! µ+µ�) [100] (where A0 is a light exotic
scalar) suggest that this may indeed be the case for our
proposed channel. Additionally, from Ref. [101], another
potential background is that from �⇡+⇡�, and �� with
one of the � converting to a `+`� pair. However, the
former can be reduced with the requirement that the
tracks originate from a high impact parameter vertex,
and the both the former and the latter could be reduced
through a combination of a missing mass cut and a cut
on the invariant mass of the tracks.

Results: The above proposed searches at BaBar prove
complementary to the searches at the LHC that we ad-
vocate. In particular, we find they have the poten-
tial to cover thermal-relic territory for the O(10)% frac-
tional mass splittings that are the focus of our analysis.
Figs. 2 – 4 illustrate the potentially powerful reach that
BaBar could achieve with a dedicated monophoton + dis-
placed tracks search. Additional improvements could be
achieved by future B-factories [96] depending on whether
or not they are instrumented with a monophoton trigger,
especially outside of the control region where the sensitiv-
ity scales as

pL; therefore, our analysis provides further
motivation for the development of a monophoton trigger
for Belle II.

B. Magnetic Dipole Interaction

LHC

The second simplified model we consider is dark matter
coupled inelastically via a magnetic dipole moment (see
Sec. II). In this scenario, the excited DM state �

2

decays
via �

2

! �
1

+ �. We are interested specifically in the
m� ⇠ 100 MeV-100 GeV, O(10%) splitting inelastic limit
considered earlier. As before, the decay products of �

2

!
�
1

+ � are typically too soft to serve as the main trigger
objects, and so we rely on the associated production of
a high-p

T

jet. Thus, we predict a pp ! j + /E
T

+ �
signature. Existing work has studied the scenario with
a hard photon originating from larger splittings between
DM states in both the prompt and long-lived limits [40,
47].

There are two principal distinctions between the dipole
scenario and the dark photon considered earlier. The
dipole is a dimension-5 operator, and so the decay width
of �

2

through the dipole µ� in the limit of small splittings
� goes like � ⇠ µ2

��3 (see Appendix A); by contrast, de-
cays through an o↵-shell dark photon scale like �5/m4

A0

and is suppressed by 3-body phase space. As a result,
the decays are prompt over a wide range of the dipole
parameter space, and consequently the backgrounds are
significantly larger than in the displaced muon jet anal-
ysis. Furthermore, it is more challenging to reconstruct
soft photons than soft muons, with the photon recon-
struction e�ciency > 0.5 only above E

T

= 15 GeV (see,
for example, Ref. [102]). Thus, the sensitivity of a dedi-
cated search for the existence and kinematics of the soft
photon is lower than for the dimuons. Nevertheless, we
find that dedicated monojet + photon + missing energy

subleading

leading

� = 0.4m1m1 = 50 GeV
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Improving the Searches

• DM recoils off monojet, so 
typically boosted
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•                    between lepton jet and MET
20

Improving the Searches
µ

µJ
/ET

p p

j

• Two displaced muon tracks, pT > 5 GeV, with impact parameter 
between 1 mm and 30 cm

/HT > 120 GeV

|��| < 0.4

•  

• Leading jet pT > 120 GeV, veto 3rd jet 
pT > 30 GeV

• One DV: Closest distance of approach of muons < 1 mm

• #R < 0.4 between muons
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Improving the Searches
Backgrounds:

• Hard to simulate, should be small
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FIG. 9: The distribution of dilepton-vertex candidates in terms of the vertex mass versus the number of lepton candidates in
the vertex, in the (a) µ

+

µ

�, (b) e

±
µ

⌥, and (c) e

+

e

� search channels. The data distributions are shown with red ovals, the
area of the oval being proportional to the logarithm of the number of vertex candidates in that bin. The gray squares show the
g̃(600 GeV) ! qq[�̃0

1

(50 GeV) ! µµ⌫/eµ⌫/ee⌫] signal MC sample. The shape of the background m

DV

distribution arises partly
from the lepton-candidate p

T

requirements. The signal region defined by the two-lepton and m

DV

> 10 GeV requirements is
indicated.

(1504.05162)
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Improving the Searches
Backgrounds:

• Hard to simulate, should be small
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FIG. 9: The distribution of dilepton-vertex candidates in terms of the vertex mass versus the number of lepton candidates in
the vertex, in the (a) µ
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⌥, and (c) e
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� search channels. The data distributions are shown with red ovals, the
area of the oval being proportional to the logarithm of the number of vertex candidates in that bin. The gray squares show the
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indicated.
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Improving the Searches
Backgrounds:

• Hard to simulate, should be small
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LHC Results
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LHC Results
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Proposals for iDM Searches

Magnetic iDM

E. Izaguirre, G. Krnjaic, BS, arXiv:1508.03050
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Magnetic iDM
• We can (and should!) consider monojet + MET + other objects, 

such as photons:

�2

�1

�, Z L =
µ�

2
�̄2�

µ⌫�1Bµ⌫

Masso, Mohanty, Rao, 0906.1979; Chang, 
Weiner, Yavin 1007.4200

• Decays promptly or too boosted to see non-pointing photon

2. Photon reconstruction:
• Must be harder (ET > 15 GeV), cut tighter to reject fakes

3. Large, irreducible backgrounds:
• Large W + jet background with W → $ + MET + gamma

1. Lifetime (2-body) decay:
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Magnetic Dipole iDM

• Assume 10% systematic
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Other Possibilities for Photons

• Can use monojet + soft object tagging for non-iDM scenarios

• E.g., “pure Higgsino”

H̃±

H̃0
c⌧(H̃± ! H̃0⇡±) ⇠ 5 mm

• Disappearing charged track, but too short!
Thomas, Wells, hep-ph/9804359, ...
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Other Possibilities

• Instead, use photon FSR
q

g

q0

W±
H̃±

H̃0

�

• Helps when systematics 
dominated

HL-LHC

(Ismail, Izaguirre, BS, preliminary!)

100 TeV, 3/ab
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Summary

• It is sometimes better to use associated objects (monojet+MET) for 
trigger + background suppression (also true for Higgs portal!)

• Dedicated searches can have good sensitivity to thermal DM & 
other scenarios

• iDM can predict one displaced vertex!

• iDM is a simple benchmark exhibiting soft signatures 
characteristic of hidden sectors


