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Figure 1: Artistic view of the DM theory space. See text for detailed explanations.

exchanges. This comes with the price that they typically involve not just one, but a handful
of parameters that characterize the dark sector and its coupling to the visible sector.

(III) While simplified models capture some set of signals accurately at LHC energies (and beyond),
they are likely to miss important correlations between observables. Complete DM models
close this gap by adding more particles to the SM, most of which are not suitable DM
candidates. The classical example is the Minimal Supersymmetric SM (MSSM), in which
each SM particle gets its own superpartner and the DM candidate, the neutralino, is a weakly
interacting massive particle. Reasonable phenomenological models in this class have of order
20 parameters, leading to varied visions of DM. At the same time, they build-in correlations
from symmetry-enforcing relations among couplings, that would look like random accidents
in a simplified model description. Complete DM models can in principle answer any question
satisfactorily, but one might worry that their structure is so rich that it is impossible to
determine unambiguously the underlying new dynamics from a finite amount of data (“inverse
problem”) [24].

Given our ignorance of the portal(s) between the dark sector and the SM, it is important that
we explore all possibilities that the DM theory space has to o↵er. While the three frameworks
discussed above have their own pros and cons, they are all well-motivated, interesting, and each
could, on its own, very well lead to breakthroughs in our understanding of DM. Ignoring whole
“continents” of the DM theory landscape at Run II, say EFTs, would be shortsighted, and might
well make it impossible to exploit the full LHC potential as a DM discovery machine.

In recent years, a lot of progress has been made in exploring and understanding both DM-EFTs
and a variety of complete models. The same cannot (yet) be said about simplified models that
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z � ⇤⇤)+ j and (W � �inv⇤)+ j final states. In the latter case the charged lepton � is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |�(j1)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |�(j2)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |�(j1)| < 2, and events
are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV or
�⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |�(j1)| < 2, and
events are vetoed if there is a second jet with |�(j2)| < 4.5 and with either pT (j2) > 60 GeV
or �⌅(j2, /ET ) < 0.5. Any further jets with |�(j2)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |�(e)| < 2.47
and pT (e) > 20 GeV and for muons as |�(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|�(j1)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is �⌅(j1, j2) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.
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FIG. 1. Sample Feynman diagrams for monojet t-channel. In the EFT limit only the first row

dominates.

searches can be simply applied to DM DD in the limit that the mediator mass, m
M

, is well

above the typical production energies at the collider, m
M

� ŝ. The typical diagrams for

DM pair production in association with a single jet are shown in Fig. 1. By taking the

heavy mass mediator limit, only diagrams (a-c) contribute and are encoded in a dimension

six operator with a gluon attached to one of the external legs, while (d-e) contribute at

dimension eight. In this case, the collider DM production cross-section scales roughly as

�
t

⇠ g

4
M

m

4
M

⌘ 1
⇤4
DD

. (3)

In this limit, ⇤
DD

maps uniquely to a constraint on the direct detection cross-section, �
DD

,

which scales precisely the same way, so that monojet constraints can be compared uniquely

to the results from direct detection experiments. However, as already explained in the intro-

duction, when the momentum transfer (i.e. the o↵-shellness of one of the quarks interacting

with the DM) in diagrams (a-c) becomes of the order of the squark mass, the cross-section

will be dependent on the full squark propagator structure. Since the momentum transfer is

controlled by the largest between the p
T

cut on the mono-jet and the MET cut, for the EFT

to be valid m
M

� max
�
pj
T

, /E
T

�
. On the other hand current LHC searches happen to be

sensitive to values of ⇤
DD

not too far from the MET cut, so that the EFT limit requires

both g
M

and m
M

to be large.
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Collider only sensitive to all 4 parameters over a narrow range 

But mapping collider constraints to direct/indirect detection 
now requires assumptions 
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distributions
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Figure 8: Comparing monojet and dijet constraints. The solid, dashed and dotted curves are for
ATLAS dijet resonance search, ATLAS monojet search with VeryHighPT cut and CDF dijet search,
respectively. The red, green, blue, pink and black are for gD/gZ0 = 1, 3, 5, 10, 20, respectively. The
mass of DM is assumed to be 5 GeV.

68], we calculate the ⇧2 which defined as

⇧2 =
�

i

(⌅̄new
i + ⌅̄QCD

i � ⌅̄exp
i )2

⇥2exp + ⇥2QCD

, (4.1)

where ⌅̄new
i , ⌅̄QCD

i and ⌅̄exp
i are the new contributions, QCD background and experimental

value in the i-th bin for certain Mjj group, respectively. ⇥exp and ⇥QCD are the uncertainties

of experimental values and QCD background. To get 95% C.L. constraint on gZ0 for certain

values of gD and MZ0 , we require that in each mjj group the possibility to get calculated ⇧2

should be smaller than 0.05. The constraints on gZ0 from CMS and D0 are shown in Fig. 9,

where the red and green curves are for D0 and CMS respectively; and the corresponding

constraints on direct detection cross sections are shown in Fig. 7.

Since Tevatron is a pp̄ collider, the main background is from qq̄ ⌅ jj and gg ⌅ jj. The

dominant contribution to the signal is from qq̄ ⌅ Z � ⌅ qq̄, where Z � can be either on or

o⇥ shell. gg ⌅ gg provides dominant background in the energy region of
⌃
ŝ < 300 GeV.

However, it drops steeply at
⌃
ŝ ⇧ 500 GeV, where qq̄ ⌅ jj becomes dominant with a much

smaller rate. At the same time, Z � with MZ0 ⇥ 500 GeV can still be produced on-shell.

Therefore, we see from red curve in Fig. 9 that the constraint gets stronger at around 500

to 800 GeV. For larger MZ0 , Z � on-shell production is strongly suppressed by the steeply

falling PDF. As a result, the constraint on the coupling gets weaker and eventually reaches

the limit of the contact interaction, which is illustrated by the plateau of the red dashed

curve in Fig. 7. The height of the plateau can be interpreted as � ⇤ 2 TeV for a quark

composite operator (2⇤/�2)(q̄�µq)2 which agrees with the result from the compositeness

search at D0 [66].

At the LHC, the major background comes from gg ⌅ jj and qq ⌅ jj. The signal contains

two contributions which are shown in Fig. 10, where (a) is an 1/NC suppressed interference

– 14 –

dijet

monojet

g�/gq

[An,Ji,Wang, 1202.2894]

MDM=5GeV
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Figure 3: Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant
contribution to a mono-jet signature. Right: A tree-level graph that leads to a /ET + tt̄ signal.

3.1.1. LHC Searches

Under the assumption of MFV, supplemented by gv = gu = gd = g`, the most relevant couplings
between DM and the SM arising from (11) and (12) are those that involve top quarks. Two main
strategies have been exploited to search for scalar and pseudoscalar interactions of this type using
LHC data. The first possibility consists in looking for a mono-jet plus missing energy signal /ET +j,
where the mediators that pair produce DM are radiated from top-quark loops [36], while the second
possibility relies on detecting the top-quark decay products that arise from the tree-level reaction
/ET+tt̄ [37]. In the first paper [36] that discussed the /ET+j signal the e↵ects of DM fermions coupled
to heavy-quark loops were characterized in terms of e↵ective higher-dimensional operators, i.e. with
mediators being integrated out. The e↵ects of dynamical scalar and pseudoscalar messengers in the
s-channel mediating interactions between the heavy quarks in the loop and DM were computed in
characterizing the LHC signatures for DM searches in [38, 33, 39, 40, 41].

Final states involving top-quark pairs were considered in the articles [42, 43, 44, 45, 39, 41].
Searches for a /ET + bb̄ signal [37, 42, 45] also provide an interesting avenue to probe (11) and
(12), while the constraints from mono-jet searches on the scalar and pseudoscalar interactions
involving the light quark flavors are very weak due to the strong Yukawa suppression (as discussed
in detail in [38, 46]), and thus are unlikely to be testable at the LHC. Scenarios where the DM-SM
interactions proceed primarily via gluons have also been considered [47].

Predicting mono-jet cross sections in the simplified models (11) and (12) is complicated by
the fact that the highly energetic initial-state and/or final-state particles involved in the process
are able to resolve the structure of the top-quark loops that generate the /ET + j signal (see the
left-hand side of Figure 3). Integrating out the top quark and describing the interactions by an
e↵ective operator of the form �Ga

µ⌫G
a,µ⌫ (aGa

µ⌫G̃
a,µ⌫) with Ga

µ⌫ the field strength tensor of QCD

and G̃a,µ⌫ = 1/2✏µ⌫�⇢Ga
�⇢ its dual, is in such a situation a poor approximation [36, 38]. Already in

the LHC Run I environment the mt ! 1 limit overestimates the exact cross sections by a factor of
5 (40) for m� ' 10 GeV (m� ' 1 TeV) [41]. Removing the top quark as an active degree of freedom
becomes even less justified at 13 (14) TeV, where the /ET and pT,j selection requirements have to
be harsher than at (7) 8TeV to di↵erentiate the DM signal from the SM background. In order to
infer reliable bounds on (11) and (12), one therefore has to calculate the mono-jet cross section
keeping the full top-quark mass dependence. Such calculations are now publicly available at leading
order (LO) in MCFM [38] and at LO plus parton shower (LOPS) in the POWHEG BOX [41]. Given that
the /ET + tt̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see the right-hand side
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strategies have been exploited to search for scalar and pseudoscalar interactions of this type using
LHC data. The first possibility consists in looking for a mono-jet plus missing energy signal /ET +j,
where the mediators that pair produce DM are radiated from top-quark loops [36], while the second
possibility relies on detecting the top-quark decay products that arise from the tree-level reaction
/ET+tt̄ [37]. In the first paper [36] that discussed the /ET+j signal the e↵ects of DM fermions coupled
to heavy-quark loops were characterized in terms of e↵ective higher-dimensional operators, i.e. with
mediators being integrated out. The e↵ects of dynamical scalar and pseudoscalar messengers in the
s-channel mediating interactions between the heavy quarks in the loop and DM were computed in
characterizing the LHC signatures for DM searches in [38, 33, 39, 40, 41].

Final states involving top-quark pairs were considered in the articles [42, 43, 44, 45, 39, 41].
Searches for a /ET + bb̄ signal [37, 42, 45] also provide an interesting avenue to probe (11) and
(12), while the constraints from mono-jet searches on the scalar and pseudoscalar interactions
involving the light quark flavors are very weak due to the strong Yukawa suppression (as discussed
in detail in [38, 46]), and thus are unlikely to be testable at the LHC. Scenarios where the DM-SM
interactions proceed primarily via gluons have also been considered [47].

Predicting mono-jet cross sections in the simplified models (11) and (12) is complicated by
the fact that the highly energetic initial-state and/or final-state particles involved in the process
are able to resolve the structure of the top-quark loops that generate the /ET + j signal (see the
left-hand side of Figure 3). Integrating out the top quark and describing the interactions by an
e↵ective operator of the form �Ga

µ⌫G
a,µ⌫ (aGa

µ⌫G̃
a,µ⌫) with Ga

µ⌫ the field strength tensor of QCD

and G̃a,µ⌫ = 1/2✏µ⌫�⇢Ga
�⇢ its dual, is in such a situation a poor approximation [36, 38]. Already in

the LHC Run I environment the mt ! 1 limit overestimates the exact cross sections by a factor of
5 (40) for m� ' 10 GeV (m� ' 1 TeV) [41]. Removing the top quark as an active degree of freedom
becomes even less justified at 13 (14) TeV, where the /ET and pT,j selection requirements have to
be harsher than at (7) 8TeV to di↵erentiate the DM signal from the SM background. In order to
infer reliable bounds on (11) and (12), one therefore has to calculate the mono-jet cross section
keeping the full top-quark mass dependence. Such calculations are now publicly available at leading
order (LO) in MCFM [38] and at LO plus parton shower (LOPS) in the POWHEG BOX [41]. Given that
the /ET + tt̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see the right-hand side
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ũ

ũ�
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associated mediator production (middle). Initial-state gluon splitting processes and gluon emission from the t-channel
mediator is also possible but not shown. Pair production of the mediator ũ in gluon fusion leads instead to /ET + 2j
events (right). Quark-fusion pair production either via s-channel gluon or t-channel DM exchange also contributes
to the latter signal.

left and in the middle of Figure 6. In addition, if the colored mediator ũ is su�ciently light it
may be pair produced from both gg or uū initial states. This gives rise to a /ET + 2j signature
as illustrated by the graph on the right-hand side in the same figure. If the DM particle is a
Majorana fermion also the uu and ūū initial states contribute to the production of mediator pairs.
The latter corrections vanish if � is a Dirac fermion. From this brief discussion, it should be clear
that t-channel models can be e↵ectively probed through both mono-jet and squark searches.

6.1.1. Mono-Jet Searches

Given that in all recent mono-jet analyses a second hard jet is allowed, the corresponding
LHC searches are sensitive in t-channel models to the contributions not only from initial-state
gluon radiation and associated production, but also to mediator pair production. Since the relative
importance of the di↵erent channels depends on m�, M

1

, and g
1

as well as the imposed experimental
cuts, all corrections should be included in an actual analysis. General statements about the leading
partonic channel are however possible. For what concerns /ET + j events the diagram in the middle
of Figure 6 usually gives the dominant contribution. Compared to uū ! ��̄ + g, this process
benefits from a phase-space enhancement, the larger gluon luminosity, and the fact that jets from
initial state radiation tend to be softer. If the mass M

1

is small, diagrams with gluon emission from
the mediator can also be important, but these graphs are subdominant if the mediator is heavy,
since they are 1/M2

1

suppressed. Notice that the dominance of the associated production channel
is a distinct feature of t-channel models that is not present in the case of s-channel mediators, nor
is it relevant in supersymmetric theories where the mediator is a squark. The relative importances
of the di↵erent /ET + j and /ET + 2j channels depend sensitively on how g

1

compares to the strong
coupling constant gs. In the limit g

1

⌧ gs, pure QCD pair production dominates, while in the
opposite case graphs with DM exchange are more important. Detailed studies of the bounds on the
coupling g

1

as a function of M
1

and m� that arise from Run I mono-jet data have been presented
in [105, 108].

6.1.2. Squark Searches

If the t-channel mediator is light it can be copiously produced in pairs at the LHC and then
decay into DM and a quark. The resulting phenomenology is very similar to squark pair production
in the MSSM with a decoupled gluino. There is however one important di↵erence which has
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Depending on whether DM is a Dirac fermion � or a complex scalar ', the interactions this new
spin-1 mediator take the form [18, 85, 21, 86, 87, 88]

L
fermion,V � Vµ �̄�µ(gV� � gA� �

5

)� +
X

f=q,`,⌫

Vµ f̄�µ(gVf � gAf �
5

)f , (40)

L
scalar,V � ig'Vµ('⇤@µ' � '@µ'⇤) +

X

f=q,`,⌫

Vµ f̄�µ(gVf � gAf �
5

)f , (41)

where q, ` and ⌫ denote all quarks, charged leptons and neutrinos, respectively. Under the MFV
assumption the couplings of V to the SM fermions will be flavor independent, but they can depend
on chirality (such that gAf 6= 0). For Majorana DM, the vector coupling gV� vanishes, while a real
scalar cannot have any CP-conserving interactions with V .

In the literature, one often finds a distinction between vector mediators with vanishing axi-
alvector couplings (gAf = 0) and axialvector mediators with vanishing vector couplings (gVf = 0).
Neglecting the couplings to neutrinos, the relevant parameters in the former case are

�
m�, MV , gV� , gVu , gVd , gV`

 
, (42)

while, in the latter case, the corresponding set is

�
m�, MV , gA� , gAu , gAd , gA`

 
. (43)

Note, however, that it is rather di�cult to engineer purely axialvector couplings to all quarks, while
being consistent with the SM Yukawa interactions and MFV (as explained below). In the following,
we will consider the general case with non-zero vector and axialvector couplings. Although in this
case the spin-1 mediator is not a parity eigenstate, we will refer to it as a vector mediator for
simplicity.

5.1.1. The Higgs Sector

The most straightforward way to generate the mass of the vector mediator is by introducing an
additional dark Higgs field � with a non-zero VEV. Generically, this particle will not couple directly
to SM fermions, but it could in principle mix with the SM Higgs, leading to a phenomenology similar
to that of Higgs portal models described in Section 4. The mass of the dark Higgs cannot be very
much heavier than that of the vector mediator, and so � may need to be included in the description
if MV is small compared to the typical energies of the collider.

Moreover, if the theory is chiral, i.e. if gA� 6= 0, the dark Higgs will also be responsible for
generating the DM mass. In order for the Yukawa interaction ��̄� to be gauge invariant, we have
to require that the U(1)0 charge of the left-handed and the right-handed component of the DM field
di↵er by exactly qL � qR = q

�

. Consequently, the axialvector coupling of DM to the mediator will
necessarily be proportional to q

�

. The longitudinal component of V (i.e. the would-be Goldstone
mode) then couples to � with a coupling strength proportional to gA� m�/MV . Requiring this
interaction to remain perturbative gives the bound

m� .
p

4⇡

gA�
MV , (44)

implying that the DM mass cannot be raised arbitrarily compared to the mediator mass.
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Figure 5: Left: An example of a LO diagram that leads to mono-jet events through the s-channel exchange of a
spin-1 vector resonance V . Right: At the NLO level both virtual and real corrections have to taken into account in
order to obtain a infrared finite result.

of the quark coupling gVq , because the change in the production cross section is compensated by the
change in the invisible branching ratio. If, on the other hand, invisible decays dominate, both the
production cross section and the invisible branching ratio will be invariant under a (small) change
in the coupling gV� .

The same general considerations apply for axialvector couplings instead of vector couplings.
In particular, the production cross section of the vector mediator is largely invariant under the
exchange gVq $ gAq . Note, however, that for m� ! MV /2 the phase space suppression is stronger
for axialvector couplings than for vector couplings, such that for m� ' MV /2 the monojet cross
section is somewhat suppressed for a mediator with purely axialvector couplings.

In many situations invisible decays and decays into quarks will both lead to a non-negligible
contribution to �V as given in (48) and furthermore this width may become so large that one
cannot use the NWA to derive simple scaling laws. If m� becomes close to MV /2 there can also
be contributions from both on-shell and o↵-shell mediators. As a result, all relevant parameters
(m�, MV , gV� and gVq ) must in general be taken into account in order to calculate mono-jet cross
sections.

Di-Jets

Searches for di-jet resonances exploit the fact that any mediator produced from quarks in the
initial state can also decay back into quarks, which lead to observable features in the distribution
of the di-jet invariant mass and their angular correlations. However, for small mediator masses
the QCD background resulting from processes involving gluons in the initial state completely over-
whelms the signal. The most recent di-jet searches at the LHC therefore focus mostly on the region
with di-jet invariant mass mjj & 1 TeV. For smaller mediator masses, the strongest bounds are in
fact obtained from searches for di-jet resonances at UA2 and the Tevatron [98]. An interesting op-
portunity to make progress with the LHC even in the low-mass region is to consider the production
of di-jet resonances in association with other SM particles, such as W or Z bosons, which su↵er
from a significantly smaller QCD background [99, 100].

An important complication concerning searches for di-jet resonances results from the fact that
the width of the mediator can be fairly large. The steeply falling parton distribution functions then
imply that the resonance will likely be produced at lower masses, leading to a significant distortion
of the expected distribution of invariant masses mjj . Existing searches for narrow resonances
therefore typically do not apply to vector mediators with couplings of order unity. Nevertheless,
the shape of the resonance can still be distinguished from SM backgrounds and it is still possible
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Types of Simplified models

•Landscape of simplified models is broad and varied
•Spin/parity of DM and mediator 
•MFV 
•Kinetic mixing
•Higgs portal
•Vector DM
•Other dark sector states alter thermal history & BRs
•Electroweak-inos, singlet-doublet DM, etc
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•The Higgs exists. DM exists.        

• The Higgs is a motivated candidate for mediator of DM 
interaction. a.k.a. the Higgs Portal.

•Assuming Standard Higgs production:

Limit on invisible Higgs.

Limit on Higgs-DM coupling.

Limit on direct detection.

Higgs and DM [Fox, Harnik, Kopp, Tsai]
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Figure 10: Left: Projected 95% C.L. upper bounds on dark matter–nucleon scattering mediated by a Higgs
boson from future ATLAS searches for invisible Higgs decays. Limits are shown for the Z +H and vector
boson fusion (VBF) production modes, and for Higgs masses of 120 GeV and 250 GeV [72]. Right: Lower
95% C.L. bounds on dark matter–nucleon scattering mediated by a Higgs boson, derived from the CMS
exclusion of a Standard Model Higgs boson in certain mass ranges [73], assuming that the Higgs was missed
at the LHC due to its large invisible width. The direct detection limits we show for comparison are the
same as in figures 5 and 9.
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Using these bounds and equation (16), we can set upper limits on the direct detection cross section.
These limits are shown in the left panel of figure 10 for various Higgs masses and production
channels. These dark matter–nucleon scattering cross section bounds are more stringent than the
mono-jet and mono-photon bounds of the previous sections due to the smallness of the Higgs–
nucleon coupling. The bounds deteriorate when the dark matter mass approaches the kinematic
limit for invisible Higgs decay at m� = mh/2. Comparing the results for di↵erent Higgs masses,
the bound for a 250 GeV Higgs is weaker than the one for mh = 120 GeV because at 120 GeV,
the SM Higgs width �(SM) is small, allowing the invisible channel to compete even for moderate
couplings. At 250 GeV, the SM decay rate is dominated by decays to W and Z bosons, and in
order for the Higgs to have a sizeable invisible branching fraction, the coupling to dark matter
must be quite large. This e↵ect over-compensates the 1/m4

h suppression in the direct detection
cross section which pushes the limits in the opposite direction.

6.2. A Lower Bound on Dark Matter–Nucleon Scattering from Current Higgs Limits

In the previous subsection we discussed the future reach of the LHC in discovering dark matter
“directly” through invisible Higgs decay. But if dark matter indeed couples to the Standard Model
through Higgs exchange, there is always an interesting connection between the Higgs search and

[Fox, Harnik, Kopp, Tsai]
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What next?

“Mono” searches: ��(j1, j2) < 2.5 Njet  2

LHC is a jets “factory”, can we do better?

Steal from SUSY jets+MET analyses

[Rogan 1006.2727]
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here pT = |✏pT |. Note that the missing transverse energy, ✏/ET is calculated from all activity

in the calorimeters whereas ✏p
j1,2
T involve just the jets above our cuts.

MR provides an estimate of the underlying scale of the event. MT
R is the transverse

observable that also estimates event-by-event the value of the underlying scale. The “razor”

variable R2 is designed to reduce QCD multijet background to manageable levels. R is

correlated with the angle between the megajets. Events where the two mega-jets are roughly

co-linear have R2 ⇤ 1 while events with back-to-back megajets have small R2. In general

R2 has a maximum value of approximately 1, and the QCD multijet background peaks at

R2 = 0. Thus, by imposing a cut on R2, one can essentially eliminate the QCD multijet

background.

B. Analysis

The razor analysis uses a set of dedicated triggers which allow one to apply low thresholds

on MR and R2. The events that pass the triggers are then classified into six disjoint boxes

which correspond to di�erent lepton selection criteria [27]. For our purposes, we consider

only the HAD box which contains all the events that fail lepton requirements, described

below. After QCD is removed using a strong R2 cut, the dominant backgrounds to our

process are (Z ⌅ �̄�)+jets, (W ⌅ ↵inv�)+jets, (W ⌅ ⇥h�)+jets, and tt̄, where ↵inv denotes a

lepton that is missed in the reconstruction, and ⇥h is a hadronically decaying tau-lepton. We

have simulated the dominant SM backgrounds using MadGraph5 [28] at the matrix element

level, Pythia 6.4 [29] for parton showering and hadronization, and PGS [30] as a fast detector

simulation. We generate W/Z + n jets, where n = 1, 2, 3 for the background, and use MLM

matching [31] with a matching scale of 60 GeV. We generate both matched and unmatched
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2 2 The CMS detector
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Figure 1: Feynman diagrams for the pair production of DM particles corresponding to an ef-
fective field theory using a vector or axial-vector operator (left), and a scalar operator (right).

in the monojet searches. The resulting sensitivity is comparable to that of monojet searches [36,
37]. This strategy also offers the possibility to search for DM particles that couple preferentially
to b quarks [38], as proposed to accommodate the observed excess of photons with energies
between 1 and 4 GeV in the gamma ray spectrum of the galactic center data collected by the
Fermi-LAT gamma-ray space telescope [39]. The results are interpreted using an effective field
theory approach and the Feynman diagrams for DM pair production are shown in Fig. 1.

Unlike the SUSY razor searches [33, 35], which focus on events with large values of MR, this
study also considers events with small values of MR, using R2 to discriminate between signal
and background, in a kinematic region (R2 > 0.5) excluded by the baseline selection of Refs. [33,
35].

A data sample corresponding to an integrated luminosity of 18.8 fb�1 of pp collisions at a
center-of-mass energy of 8 TeV was collected by the CMS experiment with a trigger based on a
loose selection on MR and R2. This and other special triggers were operated in 2012 to record
events at a rate higher than the CMS computing system could process during data taking. The
events from these triggers were stored on tape and their reconstruction was delayed until 2013,
to profit from the larger availability of processing resources during the LHC shutdown. These
data, referred to as “parked data” [40], enabled the exploration of events with small MR values,
thereby enhancing the sensitivity to direct DM production.

This paper is organized as follows: the CMS detector is briefly described in Section 2. Section 3
describes the data and simulated samples of events used in the analysis. Sections 4 and 5
discuss the event selections and categorization, respectively. The estimation of the background
is described in Section 6. The systematic uncertainties are discussed in Section 7, while Section 8
presents the results and the implications for several models of DM production. A summary is
given in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintil-
lator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. When
combining information from the entire detector, the jet energy resolution amounts typically to
15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV [41]. Muons are measured in gas-ionization
detectors embedded in the steel flux-return yoke outside the solenoid. Forward calorimeters
extend the pseudorapidity (h) [42] coverage provided by the barrel and endcap detectors. The
first level (L1) of the CMS trigger system, composed of custom hardware processors, uses infor-
mation from the calorimeters and muon detectors to select the most interesting events in a fixed

CMS dedicated razor DM search
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shown.

 (GeV)χM
1 10 210 310

 (G
eV

)
Λ

310

410

510

610
 90% CL limit: AV EFT operatorµRazor-0

Expected limit, with uncertainty

Observed limit

-W+IceCube W
COUPP 2012
SIMPLE 2012

-W+Super-K W
XENON 100
PICO
PICASSO

 (8 TeV)-118.8 fb

CMS

 (GeV)χM
1 10 210 310

 (G
eV

)
Λ

310

410

510

610
 90% CL limit: V EFT operatorµRazor-0

Expected limit, with uncertainty

Observed limit

XENON 100
SIMPLE 2012
COUPP 2012
superCDMS
CDMSII
CRESSTII
CRESSTII LT
LUX 2013

 (8 TeV)-118.8 fb

CMS

Figure 9: Lower limit at 90% CL on the cutoff scale L as a function of the DM mass Mc in the
case of axial-vector (left) and vector (right) currents. A selection of direct detection experimen-
tal bounds are also shown.

8.2 Limits on dark matter production from the 0µb and 0µbb samples 17

 (GeV)χM
1 10 210 310

)2
 (c

m
χN

σ

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10

34−10

33−10

32−10

31−10

30−10

2Λ

q)
5
γµγq) (χ

5
γ

µ
γχ(

: AVO

Spin Dependent

µRazor-0

-W+IceCube W
SIMPLE 2012
COUPP 2012

-W+Super-K W
XENON 100
PICO
PICASSO

 (8 TeV)-118.8 fb
CMS

 (GeV)χM
1 10 210 310

)2
 (c

m
χN

σ

46−10

45−10

44−10

43−10

42−10

41−10

40−10

39−10

38−10

37−10

36−10

35−10

34−10

33−10

32−10

31−10

30−10

2Λ

q)µγq) (χ
µ
γχ(

: VO

Spin Independent

µRazor-0

XENON 100
SIMPLE 2012
COUPP 2012
superCDMS
CDMSII
CRESSTII
CRESSTII LT
LUX 2013

 (8 TeV)-118.8 fb
CMS

Figure 8: Upper limit at 90% CL on the DM-nucleon scattering cross section sNc as a function of
the DM mass Mc in the case of spin-dependent axial-vector (left) and spin-independent vector
(right) currents. A selection of representative direct detection experimental bounds are also
shown.

 (GeV)χM
1 10 210 310

 (G
eV

)
Λ

310

410

510

610
 90% CL limit: AV EFT operatorµRazor-0

Expected limit, with uncertainty

Observed limit

-W+IceCube W
COUPP 2012
SIMPLE 2012

-W+Super-K W
XENON 100
PICO
PICASSO

 (8 TeV)-118.8 fb

CMS

 (GeV)χM
1 10 210 310

 (G
eV

)
Λ

310

410

510

610
 90% CL limit: V EFT operatorµRazor-0

Expected limit, with uncertainty

Observed limit

XENON 100
SIMPLE 2012
COUPP 2012
superCDMS
CDMSII
CRESSTII
CRESSTII LT
LUX 2013

 (8 TeV)-118.8 fb

CMS

Figure 9: Lower limit at 90% CL on the cutoff scale L as a function of the DM mass Mc in the
case of axial-vector (left) and vector (right) currents. A selection of direct detection experimen-
tal bounds are also shown.

Similar sensitivity but 
more inclusive set of 

events 



Complementarity

•Direct detection limited to DM above GeV, needs DM 
nearby moving in the right way

•No upper limit on mass probed, learn about DM in cosmos
• Indirect detection very sensitive to astrophysics
•Halo shapes can probe DM-DM interactions
•Collider searches have kinematic upper limit, no astrophysics 
systematics, but many others

Complementary taken together provide complete picture 



Complementarity

•Direct detection limited to DM above GeV, needs DM 
nearby moving in the right way

•No upper limit on mass probed, learn about DM in cosmos
• Indirect detection very sensitive to astrophysics
•Halo shapes can probe DM-DM interactions
•Collider searches have kinematic upper limit, no astrophysics 
systematics, but many others

Many exciting new ideas for probing light DM e.g. scattering off electrons in 

semi/super conductors

Complementary taken together provide complete picture 



Complementarity

•Direct detection limited to DM above GeV, needs DM 
nearby moving in the right way

•No upper limit on mass probed, learn about DM in cosmos
• Indirect detection very sensitive to astrophysics
•Halo shapes can probe DM-DM interactions
•Collider searches have kinematic upper limit, no astrophysics 
systematics, but many others

Complementary taken together provide complete picture 



Higgsinos, Wino, Bino admixtures

mass of the top quark, the QCD coupling, and other details. In principle, there is also a constraint on
cos β if one requires that yb and yτ do not become nonperturbatively large. This gives a rough upper
bound of tan β <∼ 65. However, this is complicated somewhat by the fact that the bottom quark mass
gets significant one-loop non-QCD corrections in the large tan β limit [205]. One can obtain a stronger
upper bound on tan β in some models where m2

Hu
= m2

Hd
at the input scale, by requiring that yb does

not significantly exceed yt. [Otherwise, Xb would be larger than Xt in eqs. (6.5.39) and (6.5.40), so
one would expect m2

Hd
< m2

Hu
at the electroweak scale, and the minimum of the potential would have

⟨H0
d ⟩ > ⟨H0

u⟩. This would be a contradiction with the supposition that tan β is large.] The parameter
tan β also directly impacts the masses and mixings of the MSSM sparticles, as we will see below.

8.2 Neutralinos and charginos

The higgsinos and electroweak gauginos mix with each other because of the effects of electroweak
symmetry breaking. The neutral higgsinos (H̃0

u and H̃0
d ) and the neutral gauginos (B̃, W̃ 0) combine

to form four mass eigenstates called neutralinos. The charged higgsinos (H̃+
u and H̃−

d ) and winos (W̃+

and W̃−) mix to form two mass eigenstates with charge ±1 called charginos. We will denote† the
neutralino and chargino mass eigenstates by Ñi (i = 1, 2, 3, 4) and C̃±

i (i = 1, 2). By convention, these
are labeled in ascending order, so that m

Ñ1
< m

Ñ2
< m

Ñ3
< m

Ñ4
and m

C̃1
< m

C̃2
. The lightest

neutralino, Ñ1, is usually assumed to be the LSP, unless there is a lighter gravitino or unless R-parity
is not conserved, because it is the only MSSM particle that can make a good dark matter candidate.
In this subsection, we will describe the mass spectrum and mixing of the neutralinos and charginos in
the MSSM.

In the gauge-eigenstate basis ψ0 = (B̃, W̃ 0, H̃0
d , H̃

0
u), the neutralino mass part of the Lagrangian is

Lneutralino mass = −1

2
(ψ0)TM

Ñ
ψ0 + c.c., (8.2.1)

where

M
Ñ

=

⎛

⎜⎜⎝

M1 0 −g′vd/
√
2 g′vu/

√
2

0 M2 gvd/
√
2 −gvu/

√
2

−g′vd/
√
2 gvd/

√
2 0 −µ

g′vu/
√
2 −gvu/

√
2 −µ 0

⎞

⎟⎟⎠ . (8.2.2)

The entries M1 and M2 in this matrix come directly from the MSSM soft Lagrangian [see eq. (6.3.1)],
while the entries −µ are the supersymmetric higgsino mass terms [see eq. (6.1.4)]. The terms propor-
tional to g, g′ are the result of Higgs-higgsino-gaugino couplings [see eq. (3.4.9) and Figure 3.3g,h], with
the Higgs scalars replaced by their VEVs [eqs. (8.1.6), (8.1.7)]. This can also be written as

M
Ñ

=

⎛

⎜⎜⎝

M1 0 −cβ sW mZ sβ sW mZ

0 M2 cβ cW mZ −sβ cW mZ

−cβ sW mZ cβ cW mZ 0 −µ
sβ sW mZ −sβ cW mZ −µ 0

⎞

⎟⎟⎠ . (8.2.3)

Here we have introduced abbreviations sβ = sin β, cβ = cos β, sW = sin θW , and cW = cos θW . The
mass matrix M

Ñ
can be diagonalized by a unitary matrix N to obtain mass eigenstates:

Ñi = Nijψ
0
j , (8.2.4)

†Other common notations use χ̃0
i or Z̃i for neutralinos, and χ̃±

i or W̃±
i for charginos.
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Ñ
can be diagonalized by a unitary matrix N to obtain mass eigenstates:
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Neutralinos

Charginos (Higgsinos, Winos) 

values of the parameters; in particular the above labeling of Ñ1 and Ñ2 assumes M1 < M2 ≪ |µ|. This
limit, leading to a bino-like neutralino LSP, often emerges from MSUGRA boundary conditions on the
soft parameters, which tend to require it in order to get correct electroweak symmetry breaking.

The chargino spectrum can be analyzed in a similar way. In the gauge-eigenstate basis ψ± =
(W̃+, H̃+

u , W̃−, H̃−
d ), the chargino mass terms in the Lagrangian are

Lchargino mass = −1

2
(ψ±)TM

C̃
ψ± + c.c. (8.2.12)

where, in 2× 2 block form,

M
C̃

=
(
0 XT

X 0

)
, (8.2.13)

with

X =
(
M2 gvu
gvd µ

)
=
(

M2

√
2sβmW√

2cβmW µ

)
. (8.2.14)

The mass eigenstates are related to the gauge eigenstates by two unitary 2×2 matrices U and V

according to
(
C̃+
1

C̃+
2

)
= V

(
W̃+

H̃+
u

)
,

(
C̃−
1

C̃−
2

)
= U

(
W̃−

H̃−
d

)
. (8.2.15)

Note that the mixing matrix for the positively charged left-handed fermions is different from that for
the negatively charged left-handed fermions. They are chosen so that

U∗XV−1 =
(
m

C̃1
0

0 m
C̃2

)
, (8.2.16)

with positive real entries m
C̃i
. Because these are only 2×2 matrices, it is not hard to solve for the

masses explicitly:

m2
C̃1
,m2

C̃2
=

1

2

[
|M2|2 + |µ|2 + 2m2

W

∓
√
(|M2|2 + |µ|2 + 2m2

W )2 − 4|µM2 −m2
W sin 2β|2

]
. (8.2.17)

These are the (doubly degenerate) eigenvalues of the 4 × 4 matrix M
†
C̃
M

C̃
, or equivalently the eigen-

values of X†X, since

VX†XV−1 = U∗XX†UT =

(
m2

C̃1

0

0 m2
C̃2

)

. (8.2.18)

(But, they are not the squares of the eigenvalues of X.) In the limit of eq. (8.2.7) with real M2 and µ,
the chargino mass eigenstates consist of a wino-like C̃±

1 and and a higgsino-like C̃±
2 , with masses

m
C̃1

= M2 −
m2

W (M2 + µ sin 2β)

µ2 −M2
2

+ . . . (8.2.19)

m
C̃2

= |µ|+ m2
W I(µ+M2 sin 2β)

µ2 −M2
2

+ . . . . (8.2.20)

Here again the labeling assumes M2 < |µ|, and I is the sign of µ. Amusingly, C̃1 is nearly degenerate
with the neutralino Ñ2 in the approximation shown, but that is not an exact result. Their higgsino-like
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Slightly less simple—electroweakinos
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mass of the top quark, the QCD coupling, and other details. In principle, there is also a constraint on
cos β if one requires that yb and yτ do not become nonperturbatively large. This gives a rough upper
bound of tan β <∼ 65. However, this is complicated somewhat by the fact that the bottom quark mass
gets significant one-loop non-QCD corrections in the large tan β limit [205]. One can obtain a stronger
upper bound on tan β in some models where m2

Hu
= m2

Hd
at the input scale, by requiring that yb does

not significantly exceed yt. [Otherwise, Xb would be larger than Xt in eqs. (6.5.39) and (6.5.40), so
one would expect m2

Hd
< m2

Hu
at the electroweak scale, and the minimum of the potential would have

⟨H0
d ⟩ > ⟨H0

u⟩. This would be a contradiction with the supposition that tan β is large.] The parameter
tan β also directly impacts the masses and mixings of the MSSM sparticles, as we will see below.
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Ñ

=

⎛

⎜⎜⎝

M1 0 −cβ sW mZ sβ sW mZ

0 M2 cβ cW mZ −sβ cW mZ

−cβ sW mZ cβ cW mZ 0 −µ
sβ sW mZ −sβ cW mZ −µ 0

⎞

⎟⎟⎠ . (8.2.3)

Here we have introduced abbreviations sβ = sin β, cβ = cos β, sW = sin θW , and cW = cos θW . The
mass matrix M

Ñ
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In this subsection, we will describe the mass spectrum and mixing of the neutralinos and charginos in
the MSSM.

In the gauge-eigenstate basis ψ0 = (B̃, W̃ 0, H̃0
d , H̃

0
u), the neutralino mass part of the Lagrangian is

Lneutralino mass = −1

2
(ψ0)TM

Ñ
ψ0 + c.c., (8.2.1)

where

M
Ñ

=

⎛

⎜⎜⎝

M1 0 −g′vd/
√
2 g′vu/

√
2

0 M2 gvd/
√
2 −gvu/

√
2

−g′vd/
√
2 gvd/

√
2 0 −µ

g′vu/
√
2 −gvu/

√
2 −µ 0

⎞

⎟⎟⎠ . (8.2.2)

The entries M1 and M2 in this matrix come directly from the MSSM soft Lagrangian [see eq. (6.3.1)],
while the entries −µ are the supersymmetric higgsino mass terms [see eq. (6.1.4)]. The terms propor-
tional to g, g′ are the result of Higgs-higgsino-gaugino couplings [see eq. (3.4.9) and Figure 3.3g,h], with
the Higgs scalars replaced by their VEVs [eqs. (8.1.6), (8.1.7)]. This can also be written as

M
Ñ

=

⎛

⎜⎜⎝
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0 M2 cβ cW mZ −sβ cW mZ

−cβ sW mZ cβ cW mZ 0 −µ
sβ sW mZ −sβ cW mZ −µ 0

⎞

⎟⎟⎠ . (8.2.3)

Here we have introduced abbreviations sβ = sin β, cβ = cos β, sW = sin θW , and cW = cos θW . The
mass matrix M

Ñ
can be diagonalized by a unitary matrix N to obtain mass eigenstates:

Ñi = Nijψ
0
j , (8.2.4)

†Other common notations use χ̃0
i or Z̃i for neutralinos, and χ̃±

i or W̃±
i for charginos.
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values of the parameters; in particular the above labeling of Ñ1 and Ñ2 assumes M1 < M2 ≪ |µ|. This
limit, leading to a bino-like neutralino LSP, often emerges from MSUGRA boundary conditions on the
soft parameters, which tend to require it in order to get correct electroweak symmetry breaking.

The chargino spectrum can be analyzed in a similar way. In the gauge-eigenstate basis ψ± =
(W̃+, H̃+

u , W̃−, H̃−
d ), the chargino mass terms in the Lagrangian are

Lchargino mass = −1

2
(ψ±)TM

C̃
ψ± + c.c. (8.2.12)

where, in 2× 2 block form,

M
C̃

=
(
0 XT

X 0

)
, (8.2.13)

with

X =
(
M2 gvu
gvd µ

)
=
(

M2

√
2sβmW√

2cβmW µ

)
. (8.2.14)

The mass eigenstates are related to the gauge eigenstates by two unitary 2×2 matrices U and V

according to
(
C̃+
1

C̃+
2

)
= V

(
W̃+

H̃+
u

)
,

(
C̃−
1

C̃−
2

)
= U

(
W̃−

H̃−
d

)
. (8.2.15)

Note that the mixing matrix for the positively charged left-handed fermions is different from that for
the negatively charged left-handed fermions. They are chosen so that

U∗XV−1 =
(
m

C̃1
0

0 m
C̃2

)
, (8.2.16)

with positive real entries m
C̃i
. Because these are only 2×2 matrices, it is not hard to solve for the

masses explicitly:

m2
C̃1
,m2

C̃2
=

1

2

[
|M2|2 + |µ|2 + 2m2

W

∓
√
(|M2|2 + |µ|2 + 2m2

W )2 − 4|µM2 −m2
W sin 2β|2

]
. (8.2.17)

These are the (doubly degenerate) eigenvalues of the 4 × 4 matrix M
†
C̃
M

C̃
, or equivalently the eigen-

values of X†X, since

VX†XV−1 = U∗XX†UT =

(
m2

C̃1

0

0 m2
C̃2

)

. (8.2.18)

(But, they are not the squares of the eigenvalues of X.) In the limit of eq. (8.2.7) with real M2 and µ,
the chargino mass eigenstates consist of a wino-like C̃±

1 and and a higgsino-like C̃±
2 , with masses

m
C̃1

= M2 −
m2

W (M2 + µ sin 2β)

µ2 −M2
2

+ . . . (8.2.19)

m
C̃2

= |µ|+ m2
W I(µ+M2 sin 2β)

µ2 −M2
2

+ . . . . (8.2.20)

Here again the labeling assumes M2 < |µ|, and I is the sign of µ. Amusingly, C̃1 is nearly degenerate
with the neutralino Ñ2 in the approximation shown, but that is not an exact result. Their higgsino-like
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Slightly less simple—electroweakinos



Electroweakinos general strategies 

Monojet

[Low and Wang]

Disappearing tracks

Soft leptons

[Gori, Jung, Wang, Wells]

Hard ISR jet boosts chargino/neutralino system

Pure Higgsino/Wino have small (loop) splittings.  Long 
lived charginos.  Sensitive to higher order operators

e.g. Production of Wino NLSP and chargino.  Possible to 
find relic Higgsino if Wino NLSP< 3TeV

[Cirelli, Sala, Taoso]

VBF

Tag forward jets with rapidity gap



Electroweakinos at 100 TeV

Small splittings mean that decays involve soft photons 
and leptons
ISR to boost system and get large MET (and trigger!)
Background and signal scale very differently with pT
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Figure 6. Illustration of how pmax

T cuts on the lepton or photon reduce the W� background. These cuts
will gain in e�cacy as missing transverse momentum becomes much larger than inter-electroweakino mass
splittings, as will occur at a 100 TeV collider, because the electroweakino Lorentz boosts (��0

2
and ��±

1
) and

mass splittings typically produce smaller lepton and photon transverse momenta.

the anti-kT jet algorithm [112, 113] for clustering partons into jets, with R = 0.5. We simulate the

detector acceptance using Delphes3 [114], with the Snowmass detector card [115]. For generator-

level cuts we require one jet with pT,j > 600 GeV and a minimum missing transverse momentum

/pT > 1.5 TeV. Our results only rely on the leading order pp ! �0

2

�±

1

j cross-sections, which

will be increased by NLO contributions [106, 116, 117], threshold and transverse momentum

resummation [118, 119], and weak boson fusion [96].

To illustrate why this analysis works with maximum cuts on lepton and photon momenta, we

show the lepton and photon transverse momentum distributions for a m� = 200 GeV bino-wino

with a 10 GeV inter-neutralino mass splitting in Figure 7. For the LHC with 14 TeV we find many

W�j background events with a soft lepton and a soft photon. As the collider energy and the cuts

on the hard jet and the missing transverse momentum increase, the background lepton and photon

become harder. Both of them show a correlation with the missing transverse momentum cut of

/pT > 1.5 TeV, making it easier to remove this background with a maximum photon and lepton

pT requirement.

We now proceed to the analysis of the bino-wino portion of the relic neutralino surface. To

probe this parameter regime we decouple the higgsino fraction at |µ| = 4 TeV. Adjusting M
1

and M
2

allows us to follow the line with the correct relic density. As the mass splitting varies as

we traverse the surface, one would ideally optimize the cuts at each M
1

,M
2

point to maximize

the e�ciency. Here, for simplicity, we work with only two sets of cuts; one set for M
1

below

⇠ 900GeV, where the LSP is more bino-like, and one set for M
1

> 900GeV where the LSP is

more wino.
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Figure 5. Relic neutralino surface with the �0

2

�±
1

production cross-section (left) and the �0

2

! �0

1

�

branching ratio (right).

The rate is large, (& 10 fb) for most of the relic neutralino surface. In particular, the �±

1

�0

2

cross

section is sizable even in the bino-wino regions where the spin-independent cross are so small they

sit below the solar neutrino background cross-section (see Figure 3).

The cross section we are really interested in is not pp ! �±

1

�0

2

, but electroweakinos produced

in association with hard initial state radiation, pp ! �±

1

�0

2

+j. Accounting for the extra radiation,

the cross sections shown in Fig. 5 need to be adjusted, however this adjustment is a function of

the pT of the radiated jet and will be the same for all electroweakino processes. The final state

pp ! �0

2

�±

1

j ! �
��0

1

� �
`±⌫�0

1

�
j (3.2)

is e↵ective because the background can be reduced by requiring a soft photon and a lepton in

association with a large amount of missing transverse momentum and a hard jet. The underlying

decay processes are illustrated in Figure 6. The dominant background to the neutralino-chargino

signature is pp ! W±

` �j. A missing transverse momentum cut in the TeV range makes direct

use of the increased collider energy of 100 TeV. For the background, the W -boson has to be

strongly boosted itself, giving pT,` ⇠ pT,⌫ ⇠ /pT . The background photon will sometimes inherit

a significant amount of transverse momentum from recoiling against a very hard jet and a very

hard W -boson. In contrast, electroweakino decays produce large missing transverse momentum

through the boosted pair production process with two un-balanced LSPs. The lepton momentum

will be set by the inter-electroweakino mass splitting, pT,` / ���m���0
1
/2, where �� is the boost

factor of the heavy decaying electroweakino, as illustrated in Figure 6. Altogether, this allows

for e�cacious electroweakino searches at a 100 TeV hadron collider sensitive to pT = 5� 50 GeV

photons and leptons in events triggered by large /pT .

To determine how well the hard missing transverse momentum cut together with lepton and

photon cuts discriminate the electroweakino signal from the W�j background, we generate tree-

level signal and background events in Madgraph5 [110]§ combined with Pythia6.4 [111] and

§

We used the default Madgraph5 parton density functions, factorization and renormalization schemes for all

simulated events.
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Look for 5-50 GeV leptons and photons in events 
with large MET
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Figure 1. Left panel: relic neutralino surface with the largest fraction of primordial annihilation products
indicated by color. All points shown predict a dark matter relic density of ⌦h2 ' 0.12. Regions ruled out by
LEP constraints are occluded with a dark box. Planar surfaces of relic higgsinos, winos, bino–winos, bino-
higgsinos, and wino-higgsinos are indicated with white letters. Right panel: mass of the lightest neutralino,
the LSP, in TeV.

the observed relic abundance for masses very di↵erent than in the case of pure neutralino gauge

eigenstates.

To generate the relic neutralino surface shown in Figures 1 to 4 we calculate MSSM masses us-

ing Suspect3 [103] and the frozen out relic abundance of the LSP using micrOmegas3 [104]. We

do not include loop corrections to the neutralino masses, which are dominated by the scalar states,

whose masses were set to 8 TeV, including the CP-odd Higgs [105–107]. Note that micrOmegas3

also calculates relic abundance at leading order. For most of the parameter space, after fixing

the values of M
2

and µ, we vary M
1

until micrOmegas3 produces the correct relic abundance,

⌦h2 ' 0.12. For parameter space where the relic abundance is attained with a decoupled bino,

notably the wino-higgsino surface, we hold µ fixed and scan over M
2

. Note that in Figures 1 to 4

the Suspect3 and micrOmegas3 calculations were performed with the parameters M
1

, M
2

and

µ, defined at the decoupled scale (8 TeV) and tan� defined at mZ . If tan� = 10 at mZ , this will

run to tan� = 9.4 at 8 TeV. We found that if instead all parameters are defined at mZ the relic

surface moves by no more than ⇠ 10% in M
1

, M
2

and µ.

We begin our journey across the relic neutralino surface with the relic wino. When |µ| and
M

1

decouple, with values above 2 TeV, two plateaus at M
2

= 2 TeV correspond to pure wino dark

matter with a mass around 2 TeV. For tan� = 10 the features of the relic neutralino surface are

almost perfectly symmetric around µ = 0. The dominant annihilation channel for the pure wino

is co-annihilation with the close-by chargino through an o↵-shell W -boson, subsequently decaying

to light-flavor quarks. micrOmegas3 does not include the Sommerfeld enhancement [108–113] to

wino annihilation, so this surface lies below the usual value of M
2

' 2.8 TeV. (The relic higgsino

mass, on the other hand, is unaltered by Sommerfeld annihilation enhancement [114]). Edges of

the pure wino plateau fall o↵, at smaller M
1

and |µ| respectively, to sloped bino-wino and wino-
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Figure 10.13: Contributions to the annihilation cross-section for neutralino dark matter LSPs from (a)
t-channel slepton and squark exchange, (b) near-resonant annihilation through a Higgs boson (s-wave
for A0, and p-wave for h0, H0), and (c) t-channel chargino exchange.
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Figure 10.14: Some contributions to the co-annihilation of dark matter Ñ1 LSPs with slightly heavier
Ñ2 and C̃1. All three diagrams are particularly important if the LSP is higgsino-like, and the last two
diagrams are important if the LSP is wino-like.
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Figure 10.15: Some contributions to the co-annihilation of dark matter Ñ1 LSPs with slightly heavier
sfermions, which in popular models are most plausibly staus (or perhaps top squarks).

the hierarchy problem. However, for lighter higgsino-like or wino-like LSPs, non-thermal mechanisms
can be invoked to provide the right dark matter abundance [183, 285].

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Ñ1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to ⟨σv⟩. The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. 10.13a is effective in reducing
the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes from ẽR, µ̃R, and τ̃1 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon “bulk region”, because it corresponded to the main allowed region
with dark matter density less than the critical density, before ΩDMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 10.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the MSUGRA framework
described in section 7.6, the viable bulk region remaining after LEP usually takes m0 and m1/2 less
than about 100 GeV and 250 GeV respectively, depending on other parameters. Within MSUGRA,
this part of parameter space has now been excluded by the LHC. If the final state of neutralino pair
annihilation is instead tt, then there is no p-wave suppression. This typically requires a top squark
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the hierarchy problem. However, for lighter higgsino-like or wino-like LSPs, non-thermal mechanisms
can be invoked to provide the right dark matter abundance [183, 285].

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Ñ1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to ⟨σv⟩. The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. 10.13a is effective in reducing
the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes from ẽR, µ̃R, and τ̃1 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon “bulk region”, because it corresponded to the main allowed region
with dark matter density less than the critical density, before ΩDMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 10.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the MSUGRA framework
described in section 7.6, the viable bulk region remaining after LEP usually takes m0 and m1/2 less
than about 100 GeV and 250 GeV respectively, depending on other parameters. Within MSUGRA,
this part of parameter space has now been excluded by the LHC. If the final state of neutralino pair
annihilation is instead tt, then there is no p-wave suppression. This typically requires a top squark
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Figure 6. Top panel: The mass splitting between the NLSP and LSP. Right panel: The mass splitting
between the lightest chargino (CLSP) and lightest neutralino (LSP). Parameters excluded by LEP are
occluded with a black box. If the CLSP-LSP mass splitting is below roughly 1 GeV, the point is accessible
with charged track searches; if CLSP-LSP and NLSP-LSP mass splittings are between 10-60 GeV, the point
is accessible with compressed electroweakino searches.

one-loop results [99–102]. Because micrOMEGAs4 does not include Sommerfeld enhancement for
neutralino parameter space where (N2

12

< 0.9), this prescription produces conservative bounds.
In Figure 5 we indicate bounds on relic neutralino dark matter from gamma ray line searches con-

ducted by H.E.S.S. [119] along with those projected for the Cerenkov Telescope Array (CTA) [120]
(see also HAWC [121]). We vary the dark matter profiles. Excluding pure wino dark using HESS
and Fermi-LAT data, assuming Einasto or NFW profiles, has been studied extensively, in e.g.
[115–117]. The right panel of Figure 5 shows that, for mixed electroweakinos, wino-like LSPs with
a small bino or higgsinos component and mass above 2 TeV can be excluded under the assumption
of an Einasto or NFW profile. However, the assumption of a more cored profile lifts bounds on
some heavier relic bino-winos and wino-higgsinos. Comparing the LSP wino fraction in Figure 1
with Figure 5 shows that exclusions on relic neutralino annihilation increase with wino fraction.
It is also interesting to note that, under the assumption of an Einasto profile [96, 97], CTA will
probe the entire wino-higgsino surface, and all bino-winos for which the LSP is wino-like.

V. 100 TEV COLLIDER

Because most models of dark matter are weakly-coupled to Standard Model particles, generic
collider dark matter searches focus on events with large missing transverse momentum (/pT ), arising
when weakly-interacting dark matter recoils o↵ Standard Model particles (i.e. jets, photons, lep-
tons). On the other hand, collider searches directed at a relic, co-annihilating neutralino–chargino
sector benefit from searching for electroweak radiation, emitted in inter-electroweakino decays.

For a nearly pure wino LSP, almost mass-degenerate charginos decaying to neutralinos deposit
electroweak radiation as charged tracks. Around the wino plateau, the mass splitting between the
lightest chargino and the lightest neutralino becomes compressed, as shown in Figure 6. For these
points, the chargino-neutralino mass di↵erence is set by loop e↵ects, the chargino-neutralino decay
width decreases, and the chargino lifetime is long enough for the chargino to leave noticeable paths
in the detectors. Thus, typical mass splittings around 100 MeV shown in Figure 6 are ideal for
disappearing charged track searches [74, 122–133].

Recently, a number of strategies for compressed electroweakino searches have been developed,
targeting supersymmetric dark matter with 10 � 60 GeV inter-electroweakino mass splittings [1,
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is accessible with compressed electroweakino searches.
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[115–117]. The right panel of Figure 5 shows that, for mixed electroweakinos, wino-like LSPs with
a small bino or higgsinos component and mass above 2 TeV can be excluded under the assumption
of an Einasto or NFW profile. However, the assumption of a more cored profile lifts bounds on
some heavier relic bino-winos and wino-higgsinos. Comparing the LSP wino fraction in Figure 1
with Figure 5 shows that exclusions on relic neutralino annihilation increase with wino fraction.
It is also interesting to note that, under the assumption of an Einasto profile [96, 97], CTA will
probe the entire wino-higgsino surface, and all bino-winos for which the LSP is wino-like.
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Because most models of dark matter are weakly-coupled to Standard Model particles, generic
collider dark matter searches focus on events with large missing transverse momentum (/pT ), arising
when weakly-interacting dark matter recoils o↵ Standard Model particles (i.e. jets, photons, lep-
tons). On the other hand, collider searches directed at a relic, co-annihilating neutralino–chargino
sector benefit from searching for electroweak radiation, emitted in inter-electroweakino decays.

For a nearly pure wino LSP, almost mass-degenerate charginos decaying to neutralinos deposit
electroweak radiation as charged tracks. Around the wino plateau, the mass splitting between the
lightest chargino and the lightest neutralino becomes compressed, as shown in Figure 6. For these
points, the chargino-neutralino mass di↵erence is set by loop e↵ects, the chargino-neutralino decay
width decreases, and the chargino lifetime is long enough for the chargino to leave noticeable paths
in the detectors. Thus, typical mass splittings around 100 MeV shown in Figure 6 are ideal for
disappearing charged track searches [74, 122–133].

Recently, a number of strategies for compressed electroweakino searches have been developed,
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between the lightest chargino (CLSP) and lightest neutralino (LSP). Parameters excluded by LEP are
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with charged track searches; if CLSP-LSP and NLSP-LSP mass splittings are between 10-60 GeV, the point
is accessible with compressed electroweakino searches.
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ducted by H.E.S.S. [119] along with those projected for the Cerenkov Telescope Array (CTA) [120]
(see also HAWC [121]). We vary the dark matter profiles. Excluding pure wino dark using HESS
and Fermi-LAT data, assuming Einasto or NFW profiles, has been studied extensively, in e.g.
[115–117]. The right panel of Figure 5 shows that, for mixed electroweakinos, wino-like LSPs with
a small bino or higgsinos component and mass above 2 TeV can be excluded under the assumption
of an Einasto or NFW profile. However, the assumption of a more cored profile lifts bounds on
some heavier relic bino-winos and wino-higgsinos. Comparing the LSP wino fraction in Figure 1
with Figure 5 shows that exclusions on relic neutralino annihilation increase with wino fraction.
It is also interesting to note that, under the assumption of an Einasto profile [96, 97], CTA will
probe the entire wino-higgsino surface, and all bino-winos for which the LSP is wino-like.
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Because most models of dark matter are weakly-coupled to Standard Model particles, generic
collider dark matter searches focus on events with large missing transverse momentum (/pT ), arising
when weakly-interacting dark matter recoils o↵ Standard Model particles (i.e. jets, photons, lep-
tons). On the other hand, collider searches directed at a relic, co-annihilating neutralino–chargino
sector benefit from searching for electroweak radiation, emitted in inter-electroweakino decays.

For a nearly pure wino LSP, almost mass-degenerate charginos decaying to neutralinos deposit
electroweak radiation as charged tracks. Around the wino plateau, the mass splitting between the
lightest chargino and the lightest neutralino becomes compressed, as shown in Figure 6. For these
points, the chargino-neutralino mass di↵erence is set by loop e↵ects, the chargino-neutralino decay
width decreases, and the chargino lifetime is long enough for the chargino to leave noticeable paths
in the detectors. Thus, typical mass splittings around 100 MeV shown in Figure 6 are ideal for
disappearing charged track searches [74, 122–133].

Recently, a number of strategies for compressed electroweakino searches have been developed,
targeting supersymmetric dark matter with 10 � 60 GeV inter-electroweakino mass splittings [1,
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fusion, or tagging on the soft Standard Model objects in the final state. Requiring the initial state radiation
of a hard jet is called the monojet channel and looks for a high pT jet and large missing energy. This
scenario was studied in [80] and found to have a mass reach from 550 GeV to 850 GeV depending on the
level of systematic uncertainty assumed, as shown in Fig. 42 (left). Recasts of 8 TeV monojet searches
have been performed and show that the mass reach at 8 TeV is less than 100 GeV [344]. In the vector
boson fusion channel, one looks for two forward jets and missing energy. This process typically has a
lower rate than the monojet channel but one may have smaller backgrounds so it is not obvious apriori
how the reach will compare to monojet. This was studied in [86] and was found to have a mass reach of
150 GeV to 500 GeV, also shown in Fig. 42 (right).

The next case is an SU(2)L triplet with Y = 0 (also called the wino in the context of supersym-
metry). Now there is one neutral state �0 and one charged state �± with a mass splitting of �m ' 166
MeV [345]. Both the monojet search and vector boson fusion searches can be performed and the mass
reach is 0.9 TeV to 1.4 TeV, shown in Fig. 43. Again, the monojet channel is more sensitive than vector
boson fusion.
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An additional search that can be effectively utilized for the triplet case is the disappearing tracks
search where one looks for a track from the charged state that suddenly disappears when it decays into
the neutral state and a soft pion. The triplet mass splitting of 166 MeV results in a lifetime of the �±

of c⌧ ⇠ 6 cm which is long enough that some of the �±’s will decay in the region where the detector
is likely to have a tracker. There are no physics backgrounds to this search, but there are a number of
backgrounds arising from detector effects. At the LHC, this is the most sensitive search for the pure wino
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The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.

channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case

– 11 –

[Low and Wang]



where the scale radius of the halo Rs = 20 kpc and for the Einasto profile, we use ↵ = 0.17. The characteristic
density ⇢s is determined by the local dark matter density at the sun, ⇢(r�). The distance between the sun and the
galactic center is taken to be r� = 8 kpc throughout this paper.2

Now we illustrate the uncertainties in calculating the J factor by varying ⇢(r�) and thus ⇢s in dark matter
profiles. A recent study of microlensing and dynamical observations of our galaxy mapped out 2� boundaries of
⇢(r�) for NFW and Einasto profiles [49]. For the NFW profile, ⇢(r�) = 0.29� 0.54 GeV/cm3 and for the Einasto
profile, ⇢(r�) = 0.25� 0.48 GeV/cm3 at the 2� level fixing r� = 8 kpc. We rescale the bounds in [42], which used
exclusively the lower (conservative) end of the 2� range of Ref. [49], and plot the band of bounds in Fig. 1 by
varying ⇢(r�) in the 2� ranges listed above. As the Einasto profile has a steeper inner slope than NFW, it leads to a
bigger J factor and thus a stronger bound for searches concentrating near the galactic center, all else being equal.
This is demonstrated in Fig. 1, in which the lighter shaded band of bounds from Einasto profiles is lower than the
darker shaded band of bounds from NFW profiles. In Fig. 1, we also plot the bound assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3, which is a common value used in setting bounds, as a darker reference curve. In Sec. 2.3, we
will discuss dark matter profiles with softened cusps such as cored profiles.

We also present the production cross section as a function of neutralino dark matter mass in Fig. 1. In cal-
culating the wino annihilation cross section, we take into account the Sommerfeld enhancement and one-loop
corrections using the fitting functions in [50]. For the higgsino annihilation cross section, we use fitting functions
in [51], which only take into account Sommerfeld enhancement. For the plot, the splitting between the charged
and neutral winos is set to be 0.2 GeV and the higgsino mass splitting is 0.5 GeV. These are reasonable approxi-
mations to the expected splittings, which have little effect on these tree-level rates. We review the physics of these
mass splittings in Appendix A.

From Fig. 1, one could see that conservatively, the Fermi dwarf galaxy data rules out pure wino dark matter
up to around 385 GeV and pure higgsino dark matter up to around 160 GeV. The dwarf galaxy data also rules out
wino dark matter with mass around 2.4 TeV, where the first resonance enhancement peak lies. The galactic center
photon continuum data rules out wino dark matter up to around 700 GeV and higgsino dark matter up to 300 GeV
for either NFW or Einasto profiles.
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Figure 1: Constraints on the cross section of annihilation into W W (+ZZ ) final state and wino/higgsino annihilation cross
section as a function of neutralino mass. The black dot-dashed curve is the constraint from the continuum photon spectrum
of Milky Way satellite galaxies [41]; the dark blue curve is the constraint from the photon continuum in our galactic center
assuming an NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc [42]. The blue (lighter blue) bands are derived by varying
⇢(r�) of NFW (Einasto) dark matter profiles as discussed in the text. The burgundy solid (cyan dashed) curve is the cross section
of wino (higgsino) annihilation into W W (+ZZ ) final states.

2A popular choice of r� in setting the bounds is 8.5 kpc, which corresponds to larger ⇢s for fixed ⇢(r�) and thus stronger bounds.
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[Fan and Reece, see also Cohen et al.]
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D
SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,
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The couplings to the Higgs field and residual mass
matrix are respectively given by
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g21p
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#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
plies that the partner state contributes at leading

[Hill and Solon]

Higgsino

Wino

Thermal Higgsino 
DM will be tough 
to find



0 100 200 300 400 50010-45

10-43

10-41

10-39

10-37

10-35

10-33

Higgsino DM

σ n
  (c

m
2 )

δ  (keV)

σ n
  (c

m
2 )

Present Bounds
mX = 1 TeV

CR
ES

ST
 II

PICO-60

                   ER (keV)
LUX-PandaX    1-30
PICO              10-103

CRESST         30-120

LU
X-Pan

da
X 20

16

0 100 200 300 400 50010-45

10-43

10-41

10-39

10-37

10-35

10-33

Higgsino DM

σ n
  (c

m
2 )

δ  (keV)

σ n
  (c

m
2 )

LUX-PandaX 2016

CRESST I
I

PICO-60 Inelastic Frontier
mX = 1 TeV

                   ER (keV)
LUX-PandaX   1-500
PICO             10-103

CRESST        30-500

0 100 200 300 400 500 60010-44

10-42

10-40

10-38

10-36

10-34

10-32

Higgsino DM

σ n
  (c

m
2 )

δ  (keV)

σ n
  (c

m
2 )

CR
ES

ST
 II

PICO-60

LU
X-P

an
da

X 20
16

Present Bounds
mX = 10 TeV

                   ER (keV)
LUX-PandaX    1-30
PICO              10-103

CRESST         30-120

0 100 200 300 400 500 60010-44

10-42

10-40

10-38

10-36

10-34

10-32

σ n
  (c

m
2 )

Higgsino DM

δ  (keV)

CRESST II

PICO-60

LUX-PandaX 2016
Inelastic Frontier

mX = 10 TeV

                   ER (keV)
LUX-PandaX   1-500
PICO             10-103

CRESST        30-500

Figure 5: Constraints on dark matter nucleon scattering (90% confidence), assuming integrated
luminosities, event rates, and nuclear masses for LUX [27, 37], PandaX II [28], PICO-60 [26], and
CRESST II [30]. Presently available recoil energy ranges (ER) used to derive bounds are indicated,
along with extended “inelastic frontier” recoil energy ranges. The dotted horizontal line indicates
the approximate Higgsino-nucleon inelastic cross-section for reference (⇠ 10�39 cm2). The bands
show how bounds vary within the 90% confidence allowed values of the escape velocity given in [31],
vesc = 533+54

�41 km/s.

e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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e�ciencies as before. In the case of PICO, which collects events with recoil energies up to ⇠ 1 MeV,
no improvement is possible. For LUX-PandaX and CRESST, with no high-recoil background publicly
available, we assume zero background events in the high energy bins, i.e that LUX-PandaX contains
no events between 30 � 500 keV, and CRESST II observes no events between 120 � 500 keV – but
the overall exposure and e�ciency rescaling factors are kept the same. Since e�ciencies are typically
better at high recoil energy, where the bulk of signal events would reside for large � dark matter, we
anticipate that this rescaling will give conservative results. The resulting sensitivities are shown in
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Winos~3 TeV [Low and Wang, see also Cirelli et al.]

of a track. While no upper limit on track length is enforced in Fig. 2, as the distribution

is exponential the value of the upper limit, dtrack ⇠ 80 cm for ATLAS [61], has a negligible

impact4.

Since the dominant background for a disappearing track search would be mismeasured

low pT tracks, it is not possible to accurately project the background in a yet-to-be-designed

detector at a 100 TeV proton-proton collider. Nevertheless, Fig. 2 can serve as a rough

guide. For example, one could require d

track
> 30 cm and there be tens of signal events

passing all cuts, which is roughly where the 8 TeV ATLAS limit is set. We choose to attempt

a more systematic approach and naively extrapolate the dominant ATLAS background of

mismeasured tracks. The ATLAS search selects events with one or two hard jets and large
/

ET where neither of the jets can be too close to the /

ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets rate. Additional details on our scaling procedure are found in App. A. The

results of the extrapolation are shown in Fig. 3 with � = 10% and � = 20%. The band is

generated by varying the background normalization up and down by a factor of 5.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. A are considered.

The results are summarized in Table 1. In the monojet channel, we find that a 100 TeV

collider extends the wino mass reach about 4�5 times that of the LHC entering the TeV mass

range. A much more promising search, however, is the disappearing track search. Already at

4The pure wino scenario results in a chargino lifetime of c⌧ ⇠ 6 cm in the bulk of the mass range. Even

with the boost dtrack = ��c⌧ , most charginos decay before reaching the end of the inner detector. However, if

the chargino lifetime were modified such that c⌧ ⇠ dtracker, then the length of the tracker becomes a relevant

parameter.

– 8 –

winos to have a mass m�̃ . 1.6 TeV3. Future independent detection experiments, like CTA,

could move this bound down to m�̃ . 1.1 TeV [74, 75]. These limits, however, are subject to

a number of astrophysics uncertainties. Choosing di↵erent halo profile can move the HESS

limit as low as m�̃ ⇠ 0.5 TeV and as high as m�̃ ⇠ 2.2 TeV [70]. Non-thermally produced, but

relic density saturating, winos are ruled out across the parameter space up to m�̃ . 25 TeV.

Direct detection is another avenue through winos could be discovered. In the heavy

wino limit, the spin-independent scattering cross-section has been calculated to be �SI =

1.3 ⇥ 10�47 cm2 [76]. Future experiments are projected to probe this cross-section for dark

matter masses of a few hundred GeV [77]. TeV-scale dark matter is not only beyond the

predicted reach, but also sits along the neutrino coherent scattering floor [77].

As direct detection cannot probe thermally-saturating winos and indirect detection in-

volves astrophysics uncertainties, there is a potentially interesting window in parameter space

left open. As will be shown, the LHC will not be able to cover it, as it is only sensitive to

m�̃ ⇠ 280 � 380 GeV winos. A 100 TeV collider, on the other hand, may be able to reach

1.4� 2.9 TeV and cover the parameter space.

The wino is an electroweak triplet which results in one neutral and one charged state at

low energies. The pair production of charginos proceeds via the Drell-Yan-like process of

an s-channel Z going to a pair of charginos, which subsequently decay to the LSP and soft

standard model particles. Charginos can also be produced directly along with a neutralino

via an s-channel W±.

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Wino
1-2% syst.

Monojet

95%

σ5

100 TeV
14 TeV

Figure 1: The mass reach in the pure wino scenario in the monojet channel with L =

3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

3Thermally produced winos with a mass m�̃ . 3.1 TeV would only comprise part of the relic abundance.

– 6 –

Sommerfeld enhancement, which kicks in around a TeV wino mass. The details of the calculations and matching
between different calculations can be found in Appendix B. We have not plotted the higgsino annihilation rate,
which is too small for current experiments to exclude.

Matched calculation
Fermi H1305.5597L
HESS H1301.1173L

100 300 500 103 300010-28

10-27

10-26

10-25

10-24

10-23

10-22

mW
é @GeVD

H2s
gg
+
s
Zg
Lv@c

m
3 êsD

Figure 3: Constraints on the cross section of wino annihilation into photon(s). The burgundy solid curve is the wino anni-
hilation cross section by matching one-loop calculation [54–57] and the Sommerfeld enhancement calculation [50]. Details
can be found in Appendix B. The purple curve is the constraint from the Fermi line search [52] assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The purple (lighter purple) bands are derived by varying ⇢(r�) of NFW (Einasto) dark
matter profiles as discussed in the text. The green curve is the constraint from the HESS line search [53] assuming an NFW
profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The green (lighter green) bands are derived by varying ⇢(r�) of NFW (Einasto)
dark matter profiles as discussed in the text. The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

2.2.2 Constraints from Fermi and HESS line searches

Both the Fermi and HESS collaborations have reported dark matter constraints from photon line searches in the
galactic center [52, 53]. The constraints rule out a cross section h�v i ⇠ 10�27 � 10�26 cm3/s depending on the
dark matter mass. The quantitative bounds are presented in Fig. 3. The Fermi line search defined four regions
of interest for annihilating dark matter, with each region optimized for a particular dark matter halo profile. The
HESS line search has one search region of interest contained within a 1� circle near the galactic center, and hence
is weakened more for less concentrated halo profiles. Both Fermi and HESS analyses assumed r� = 8.5 kpc and
⇢(r�) = 0.4 GeV/cm3.

To have a unified normalization of dark matter profiles and estimate the astrophysical uncertainties, we fol-
lowed the same strategy we used in setting the bounds from continuum photons in the galactic center as discussed
in Sec. 2.1. Again we only focused on cuspy profiles, i.e., NFW and Einasto profiles, in this section. In Fig. 3, we
rescale the bounds in [52, 53] and plot the bounds assuming the NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8
kpc as reference curves. We also plot the bands of bounds in Fig. 3 by varying ⇢(r�) in the 2� range from [49]. No-
tice that for the Fermi line constraints, the NFW band and Einasto band have different shapes because the Fermi
line analysis used different search regions for NFW and Einasto profiles. In Sec. 2.3, we will discuss dark matter
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D
SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,
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The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21p

2
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+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
plies that the partner state contributes at leading

[Hill and Solon]



Sommerfeld enhancement, which kicks in around a TeV wino mass. The details of the calculations and matching
between different calculations can be found in Appendix B. We have not plotted the higgsino annihilation rate,
which is too small for current experiments to exclude.
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Figure 3: Constraints on the cross section of wino annihilation into photon(s). The burgundy solid curve is the wino anni-
hilation cross section by matching one-loop calculation [54–57] and the Sommerfeld enhancement calculation [50]. Details
can be found in Appendix B. The purple curve is the constraint from the Fermi line search [52] assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The purple (lighter purple) bands are derived by varying ⇢(r�) of NFW (Einasto) dark
matter profiles as discussed in the text. The green curve is the constraint from the HESS line search [53] assuming an NFW
profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The green (lighter green) bands are derived by varying ⇢(r�) of NFW (Einasto)
dark matter profiles as discussed in the text. The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

2.2.2 Constraints from Fermi and HESS line searches

Both the Fermi and HESS collaborations have reported dark matter constraints from photon line searches in the
galactic center [52, 53]. The constraints rule out a cross section h�v i ⇠ 10�27 � 10�26 cm3/s depending on the
dark matter mass. The quantitative bounds are presented in Fig. 3. The Fermi line search defined four regions
of interest for annihilating dark matter, with each region optimized for a particular dark matter halo profile. The
HESS line search has one search region of interest contained within a 1� circle near the galactic center, and hence
is weakened more for less concentrated halo profiles. Both Fermi and HESS analyses assumed r� = 8.5 kpc and
⇢(r�) = 0.4 GeV/cm3.

To have a unified normalization of dark matter profiles and estimate the astrophysical uncertainties, we fol-
lowed the same strategy we used in setting the bounds from continuum photons in the galactic center as discussed
in Sec. 2.1. Again we only focused on cuspy profiles, i.e., NFW and Einasto profiles, in this section. In Fig. 3, we
rescale the bounds in [52, 53] and plot the bounds assuming the NFW profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8
kpc as reference curves. We also plot the bands of bounds in Fig. 3 by varying ⇢(r�) in the 2� range from [49]. No-
tice that for the Fermi line constraints, the NFW band and Einasto band have different shapes because the Fermi
line analysis used different search regions for NFW and Einasto profiles. In Sec. 2.3, we will discuss dark matter
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Sommerfeld enhancement

Figure 4: Dominant diagram in the Wino- or Higgsino-like neutralino annihilation at

O(ααn
2 ), in which n weak gauge bosons are exchanged.

Thus, the one-loop cross section exceeds the bound for the extremely heavy neu-

tralino. It means that the higher-order corrections should be included. The domi-

nant higher-order contribution comes from the ladder diagrams. The n-th order (αn
2 )

ladder diagram, in which n weak gauge bosons are exchanged, is depicted in Fig. 4.

The corresponding amplitude An of the diagram is roughly given by

An ≃ α

(

α2m

mW

)n

. (12)

When the neutralino mass m is large enough, the diagrams are enhanced by a factor

of α2m/mW for each weak gauge boson exchange. The higher-order loop diagrams

become more and more important when α2m >∼mW .

Enhancement of ladder diagrams in non-relativistic limits is related to a threshold

singularity. Recall that a threshold singularity appears in the non-relativistic µ+µ−

pair annihilation cross section. When the relative velocity v of the muon pair is

smaller than α, the amplitude of the n-order ladder diagram, in which n photons are

exchanged between the muon pair, is proportional to α(α/v)n, and the perturbative

expansion by α breaks down. The internal muons are close to non-relativistic on-

shell states. The muon and photon propagaters are proportional to 1/v2 and each

loop integration gives αv5. Thus, the diagrams are enhanced by α/v for each photon

exchange. This is because the kinetic energy of muon pair, mµv2/4, is smaller than

the Coulomb potential energy, α2mµ, and the wave function of the incident particles

is deformed from plane waves. We need to systematically resum the ladder diagrams

or to use the wave function under the Coulomb potential in order to get the precise

annihilation cross section.

In the non-relativistic EWIMP pair annihilation, the sub-diagram corresponding

to the process χ̃0χ̃0 → χ̃+χ̃− in each ladder diagram is very close to the threshold
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For heavy DM W,Z exchange becomes a “long range” force

1

MW
>

1

↵Wm�

[Hisano et al.]

Zero energy bound states increase annihilation cross section
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Figure 10. Indication of the current bounds and future prospects for the elec-
troweak triplet Dark Matter candidate. Solid contours show the current bounds.
Dashed contours refer to the reach of future experiments. For the collider analysis
we have considered the 95 % CL sensitivity. For definiteness, at a 100 TeV collider
we show the reach for L = 3 ab�1 and 1% of background systematics. As discussed
in the text, for disappearing tracks the estimate of the background at future col-
liders is particularly challenging. In this case, the reach refers to a moderate choice
of the background uncertainty (the dashed line in Fig. 7).

running of the quartic coupling of the Higgs, stabilizing the Higgs vacuum.
Moreover, it does not introduce large radiative corrections to the Higgs mass,
and it helps to achieve the unification of the gauge couplings. This particle
emerges also in more general scenarios, like SUSY models [33, 36–42], GUT
constructions [34], and also in other contexts [87, 88].

Searches of this Dark Matter candidate with Direct Detection experiments
are challenging, since the loop-induced scattering cross-section o↵ nuclei is
very small, well below the sensitivity of current experiments. Indirect Detec-
tion strategies are more promising. Gamma-rays and anti-protons observa-
tions exclude the range M� . 1 TeV and 1.7 TeV . M� . 3.5 TeV, although
we remind that these limits are subject to large astrophysical uncertain-
ties. Moreover they hold under the assumption that the electroweak fermion
triplet accounts for all of the observed Dark Matter abundance. Likely, new
astrophysical observations will improve current Indirect Detection bounds in
the near future.

In this work we have studied the reach of future proton colliders for
the electroweak fermion triplet. We have focussed on two scenarios: Lhc at

22

Complementarity, again
[Cirelli, Sala, Taoso]
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production and decay process on the relic neutralino surface is

pp ! (�̃0

2

! ��̃0

1

) (�̃±
1

! `±⌫`�̃
0

1

)j ! �̃0

1

�̃0

1

`±⌫`�j , (12)

where the one-loop radiative decay of �̃0

2

will be more probable as the neutralino mass splitting
decreases.

As noted in the introduction to this section, for M
2

. 2 TeV, thermal relic neutralino mass
states are arranged so that a wino-like NLSP is 10 � 40 GeV heavier than a bino-like LSP. This
electroweakino spectrum is especially amenable to searches at a 100 TeV proton-proton collider,
because the lepton and photon in the dominant Standard Model background process pp ! W±�j !
⌫``

±�j tend to have higher transverse momenta whenever the final state neutrino carries enough
momentum to fulfill a hard /pT & TeV requirement. The cuts we employ in this study are

pT,` = [10 � 60] GeV |⌘`| < 2.5

pT,� = [10 � 60] GeV |⌘� | < 2.5 �R`� > 0.5

pT,j > 0.8 TeV |⌘j | < 2.5 M
(�,`)
T2

< 10 GeV

/pT > 1.2 TeV . (13)

The cut on the lepton-photon separation, �R`� , reduces background events in which the lepton
or W± radiates a photon. The upper limit on the stransverse mass [173–176] of the lepton and

photon, M
(�,`)
T2

, removes W�j background events: in these events the photon direction is less
correlated with /pT than for a decaying neutralino, �̃0

2

! ��̃0

1

. We specifically use the bisection-
based asymmetric MT2

algorithm of [177]. To reject hadronic backgrounds, events with more than
two jets with pT,j > 300 GeV are vetoed. To reject electroweak backgrounds, events with more
than one lepton or photon are rejected. For a lengthy discussion of this search, including the e↵ect
of background events with jets faking photons, see Ref. [1].

In the right panel of Figure 7 we show the significance attained, assuming 5% signal and
background uncertainty (↵ = � = 0.05), after 15 ab�1 luminosity at a 100 TeV collider, ob-
tained by simulating the signal given in Eq.(12) with the dominant W�j background. In this
collider study, supersymmetric masses are set with SuSpect [73] (without loop corrections, but
with inter-chargino-neutralino mass splittings manually determined using loop-level custodial sym-
metry breaking mass splittings, as described in Section II). The decay widths are computed with
SUSY-HIT [178], and events are generated at tree-level in MG5aMC@NLO [167] and Pythia6.4 [168].
Jets are clustered using the anti-kT algorithm [171] in Delphes3 [170], with the Snowmass 100 TeV
detector card introduced in Ref. [179].

VI. CONCLUSIONS

We have systematically studied the phenomenology of the thermal relic neutralino dark matter
surface, incorporating the e↵ect of Sommerfeld-enhancement in setting the relic abundance at
neutralino freeze-out. Spin-independent direct detection experiments will explore much of the
relevant parameter space, including that of nearly-pure higgsino LSP, so long as M

1

, M
2

< 4 TeV.
Regions of nearly-pure wino LSP with will be probed by future galactic center gamma ray searches,
and also with charged track searches at a future 100 TeV hadron collider. Regions with a bino-like
LSP, and particularly the bino-wino space with M

1,2 < 2 TeV and |µ| & 1.5 TeV can only be
accessed with future compressed electroweakino searches at a 100 TeV collider (or a

p
s � 4 TeV

electron-positron machine [180]). We plot 2� exclusions of di↵erent futures experiments in Figure 8,
finding a solid coverage of the sommerfelded thermal relic neutralino surface.
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Figure 7. Left panel: Points on the relic neutralino surface, which will be excluded or discovered using
a disappearing track search with 15 ab�1 at a 100 TeV collider. At smaller values of |µ| the higgsino still
mixes enough to cause the mass splitting of the wino plateau to be too large for the disappearing track
search to be e↵ective. Right panel: Points which will be excluded or discovered using a compressed search
for pp ! `±�j/pT .

All other cuts are identical to the ATLAS analysis. For each of the data points we calculate the
Gaussian significance

#� =
Sp

B + ↵2B2 + �2S2

, (11)

where S and B are the number of signal and background events passing the cuts assuming 15 ab�1

of data. The systematic uncertainties on the background and signal are conservatively given as
↵ = 20% and � = 10% [130, 131]. As we are scanning over a range of model parameter space with
di↵erent characteristics, there is no good way to display a band of significances for the 20 � 500%
backgrounds. Instead, we will only quote the central background estimate. The left panel of
Figure 7 shows the representative sample of points that we used mapped on the surface as well as
the calculated significance. It appears that most of the wino plateau is covered and that the search
works better for larger values of |µ|.

For the points on the relic neutralino surface, if the decay length is less than 15 mm, the
charginos have almost no chance of traveling far enough to be registered as a track. We find that
for tracks longer than this, at least in the range we are considering, the points can be fit well
by a cubic function. We focus on the relic neutralino points with a mass di↵erence between the
chargino and the neutralino smaller than 0.5 GeV and find their significance based on the best fit
cubic curve. We then plot the points that can be discovered at 5� and those which can be excluded
at 2�. The result is shown in Figure 7. We see that most of the wino plateau is within reach,
but as mixing with bino and higgsinos grows, so does the chargino-neutralino mass splitting. The
chargino decay length then decreases, making the search less e↵ective.

B. Compressed search

Our compressed bino-wino search is directed at neutralinos with mass eigenstates separated by
1 � 40 GeV and follows the previous study of Ref. [1]. It targets events with missing transverse
momentum, photons, and leptons emitted in the decay of heavier neutralinos. The dominant



9

tan β=10

½σχχ➛γZ + σχχ➛γγ = ●>10-24 | ●10-25 | ●10-26 | ●10-27 | ●10-29  | ●10-31 |●<10-33 cm3/s
LSP annihilation to γγ, γZ

-4 -3 -2 -1 0 1 2 3 4

m@TeVD0
1
2
3
4

M
1@Te

V
D 0

1

2

3

4

M
2@Te

V
D

tan β=10

-4 -3 -2 -1 0 1 2 3 4

m@TeVD0
1
2
3
4

M
1@Te

V
D 0

1

2

3

4
M
2@Te

V
D

Excluded: HESS-Burk●| HESS-NFW●●| HESS-Ein●●●
Projected Exclusion: CTA-Ein●●●●

Figure 5. Left panel: The neutralino annihilation cross-section to �� and 1
2Z� is given for Milky Way

velocities, as detailed in the text. Right panel: Relic neutralino parameters excluded by the HESS gamma
ray line search, assuming Einasto, NFW, and cored (Burkert, 3 kpc) profiles, along with the projected CTA
exclusion for an Einasto profile.

where we take ↵ = 0.17 and R = 20 kpc. This is the halo profile model that best fits micro-lensing
and star velocity data [96, 97]. Third, we consider a Burkert or “cored” profile, with constant DM
density inside radius rc = 3 kpc,

⇢
Burk

(r) =
⇢�

(1 + r/rc) (1 + (r/rc)2)
, (7)

For this profile, rc sets the size of the core — we assume rc = 3 kpc. Assuming such a large core
results in very di↵use dark matter at the galactic center, and therefore yields the weakest bound
on neutralino self annihilation. On the other hand, assuming a core of smaller size (e.g. 0.1 kpc)
only alters DM annihilation constraints by an O(1) factor [98].

In Figure 4, we illustrate the three halo profiles. The impact on gamma ray flux of di↵erent
dark matter halo profiles is conveniently parameterized with a J factor,

J /
Z

�⌦

d⌦

Z

l.o.s.
dl ⇢2�̃(l) ⇠

Z
dr ⇢2�̃(r). (8)

We show J factors integrating over the approximate H.E.S.S. galactic center gamma ray search
range, r ' 0.05 to 0.15 kpc, and normalizing so that J(⇢

NFW

) = 1.

Galactic center gamma ray bounds on MSSM neutralinos depend on our knowledge of the
cross-sections for neutralino annihilation to electroweak bosons. Neutralino annihilation rates to
photons and Z bosons are known including one-loop corrections [99–102]. In addition, neutralinos
annihilating non-relativistically with masses greater than ⇠ TeV will again exhibit a Sommerfeld
enhancement [56, 82, 103–111]. This can enhance pure wino annihilation to photons and weak
bosons by orders of magnitude for m�̃ = 1 � 5 TeV with a typical Milky Way DM velocity
v ⇠ 0.001 [112–114].

While a number of papers have addressed galactic center constraints including sommerfelded
pure winos [115–117]), we provide indirect bounds on mixed neutralinos. We use the following
prescription: if the neutralino LSP is more than 90% wino (N2

12

> 0.9), we use the sommerfelded,
pure wino one-loop results of Ref. [108] for ��̃�̃!�� , ��̃�̃!�Z , and ��̃�̃!W+W� . If the neutralino
LSP is less than 90% wino we compute these cross-sections with micrOMEGAs4 [118], which utilizes
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Figure 1.1: New physics that can be explored at intensity frontier experiments and its compli-
mentarily with the energy frontier

Alternatively, some of the new particles, responsible for the resolution of the BSM puzzles, can be
heavy or do not interact directly with the SM sector. These “hidden sectors” may nevertheless be
accessible to the intensity frontier experiments via few su�ciently light particles, which are cou-
pled to the Standard Model sectors either via renormalizable interactions with small dimensionless
coupling constants (“portals”) or by higher-dimensional operators suppressed by the dimensionful
couplings ⇤�n, corresponding to a new energy scale of the hidden sector.

For the Standard Model, renormalizable portals can be classified into the following 3 types,
depending on the mass dimension of the SM singlet operator.

Dimension GeV2, Vector portal: new particles are Abelian fields, A0
µ with the field strength

F 0
µ⌫ , that couple to the hypercharge field Fµ⌫

Y via

LVector portal = ✏F 0
µ⌫Fµ⌫

Y , (1.0.1)

where ✏ is a dimensionless coupling characterising the mixing between the new vector field with the
Z-boson and the photon. The phenomenology of the vector portal is discussed in Section 2.

Dimension GeV2, Scalar portal: new particles are neutral singlet scalars, Si that couple to
the square of the Higgs field |�|2:

LScalar portal = (�iS
2
i + giSi)(�

†�) , (1.0.2)

where �i are dimensionless and gi are dimensionful couplings. The phenomenology of the scalar
portal is discussed in Section 3.

Dimension GeV
5
2 , Neutrino portal: the singlet operators (L̄↵ ·�̃) couple to new neutral singlet

fermions NI

LNeutrino portal = F↵I(L̄↵ · �̃)NI .
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PAMELA excess

Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-

posed to the older Pamela data [53] and the new Ams-02 data. The curve labelled ‘fiducial’ assumes

the reference values for the di↵erent contributions to the uncertainties: best fit proton and helium

fluxes, central values for the cross sections, Med propagation and central value for the Fisk potential.

We stress however that the whole uncertainty band can be spanned within the errors.

than primary, p̄/p flux. Notice that the shaded yellow area does not coincide with the Min-
Med-Max envelope (see in particular between 50 and 100 GeV): this is not surprising, as it
just reflects the fact that the choices of the parameters which minimize and maximize the p̄/p
secondaries are slightly di↵erent from those of the primaries. However, the discrepancy is not
very large. We also notice for completeness that an additional source of uncertainty a↵ects the
energy loss processes. Among these, the most relevant ones are the energy distribution in the
outcome of inelastic but non-annihilating interactions or elastic scatterings to the extent they
do not fully peak in the forward direction, as commonly assumed [55]. Although no detailed
assessment of these uncertainties exists in the literature, they should a↵ect only the sub-GeV
energy range, where however experimental errors are significantly larger, and which lies outside
the main domain of interest of this article.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following figures). We de-
scribe this process in the usual force field approximation [52], parameterized by the Fisk po-
tential �

F

, expressed in GV. As already mentioned in the introduction, the value taken by �
F

is uncertain, as it depends on several complex parameters of the Solar activity and therefore
ultimately on the epoch of observation. In order to be conservative, we let �

F

vary in a wide
interval roughly centered around the value of the fixed Fisk potential for protons �p

F

(analo-
gously to what done in [25], approach ‘B’). Namely, �

F

= [0.3, 1.0] GV ' �p

F

± 50% �p

F

. In
fig. 1, bottom right panel, we show the computation of the ratio with the uncertainties related
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positron fraction data (Figure 4). At energies below 5 GeV, PAMELA results are system-
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FIG. 4: PAMELA and other recent measurements of the positron fraction: TS93 [34],

HEAT94+95 [35], CAPRICE94 [29], AMS-01 [31, 33], HEAT00 [41], Aesop [36], Fermi [32], AMS-

02 [5]. The PAMELA, Fermi, AMS-01 and AMS-02 results are from space-borne experiments.

atically lower than other data (except AMS-02 [5] and Aesop data [36]). This low energy

discrepancy with data collected during the 1990s, i.e., from the previous solar cycle that

favored positively-charged particles, is interpreted as a consequence of charge-sign solar
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Figure 2.5: Sequential annihilation of heavy WIMP dark matter, first to light metastable media-
tors, with their subsequent decay to light SM states.

On the phenomenological side, the light dark matter can be behind an unexpectedly strong
emission of 511 keV photons from the galactic bulge, as observed by SPI/INTEGRAL [102]. It is
presently unclear whether new physics needs to be invoked for the explanation of such emission,
and we refer readers to the on-going discussions in the literature [103]. Nonetheless, a dark-matter-
related origin of 511 keV excess, in which the non-relativistic or semi-relativistic positrons are
products of DM annihilation or decay, is possible [104]. For example, scalar dark matter charged
under the new U(1)0 with a mass in the m� ⇠few MeV range can pass all the existing constraints
[100], and supply the requisite source for positrons. Direct calculations in the model where mediation
of the SM-DM interaction occurs due to the dark photon, as in Fig. 2.4, gives the annihilation cross-
section in the form

�annih(v/c) ' 8⇡↵↵D✏2(m2
� + 2m2

e)v
2

3(m2
A0 � 4m2

�)2

q
1 � m2

e/m2
�. (2.3.4)

Here ↵D = (g0)2/(4⇡), and m� � me is assumed. The extra factor of the squared relative velocity
in this formula is indicative of the p-wave annihilation, and is what ultimately allows this model to
escape strong constraints on light dark matter annihilation imposed by the accurate measurements
of CMB anisotropies. The least constrained region of the parameter space corresponds to very light
mediators, mA0 < 100 MeV, and 2m� < mA0 . With this choice of parameters, �annih(v/c) can be
significantly larger than 1 pbn, making MeV-scale dark matter possible.

Another prominent astrophysical anomaly that has generated a great deal of speculation as
a possible sign of dark matter is the observation of the rise in the fractional positron flux as a
function of energy. In 2008, the results of PAMELA satellite experiment [105, 106] indicated that
the fractions of galactic anti-proton flux, np̄/(np +np̄), as a function of energy, behaves according to
the fiducial expectations from the astrophysical modelling of the cosmic ray origin and propagation.
In contrast, the corresponding fraction of positrons, nē/(ne+nē), exhibits a significant upturn above
E > 10 GeV, prompting speculations about the necessity of additional primary sources of energetic
positrons. This measurement was independently confirmed through FERMI-LAT observations [107],
and brought to the new level of accuracy by the AMS-2 experiment [108]. The annihilation of
heavy dark matter with m� > MW could be a theoretically attractive source of such positrons. Yet
the simplest WIMP models do not fit the positron excess because of two problems. The required
annihilation rate capable of supplying the positron excess is above the WIMP freeze-out annihilation
rate by ⇠ two orders of magnitude. In addition, models where the final state annihilation products
are heavy SM particles (b, t, W, Z, h) will necessarily produce antiprotons and are therefore are
tightly constrained by np̄/(np + np̄).

It was soon realized that these problems can be rather e�ciently circumvented if the heavy
WIMP dark matter is interacting with the SM via relatively light mediators [109, 110], and the
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Throghout this chapter, we denote the new vector state as Vµ, or simply V . We will also often
employ a superscript to indicate the SM current coupled to the new vector state, e.g. V (B�L), V (B)

etc. Furthermore, the new (beyond the SM) states that couple to Vµ will be generically called �,
while the new dark Higgs states associated with U(1)0 group will be called h0.

2.1.1 Kinetic mixing

Consider a QED-like theory with one (or several) extra vector particle(s), coupled to the electro-
magnetic current. A mass term, or in general a mass matrix for the vector states, is protected
against additive renormalization due to the conservation of the electromagnetic current. If the
mass matrix for such vector states has a zero determinant, det(M2

V ) = 0, then the theory contains
one massless vector, to be identified with a photon, and several massive vector states.

This is the model of ‘para-photons’, introduced by Okun in early 1980s [40], that can be
reformulated in an equivalent language using the kinetic mixing portal. Following Holdom [41],
one writes a QED-like theory with two U(1) groups, supplemented by the cross term in the kinetic
Lagrangian and a mass term for one of the vector fields,

L = L ,A + L�,A0 � ✏

2
Fµ⌫F

0
µ⌫ +

1

2
m2

A0(A0
µ)2. (2.1.1)

L ,A and L�,A0 are the standard QED-type Lagrangians,

L ,A = �1

4
F 2

µ⌫ +  ̄[�µ(i@µ � eAµ) � m ] ,

L�,A0 = �1

4
(F 0

µ⌫)
2 + �̄[�µ(i@µ � g0A0

µ) � m�]�, (2.1.2)

with Fµ⌫ and F 0
µ⌫ standing for the field strength tensors. States  represent the QED electron fields

while states � are charged under the ”dark” U(1)0. In the limit of ✏ ! 0, the two sectors become
completely decoupled. In eq. (2.1.1), the mass term for A0 explicitly breaks the second U(1) but is
protected from additive renormalization and hence is technically natural1. Using the equations of
motion, @µFµ⌫ = eJEM

⌫ , the interaction term can be rewritten as

� ✏

2
Fµ⌫F

0
µ⌫ = A0

µ ⇥ (e✏)JEM
µ , (2.1.3)

showing that the new vector particle couples to the electromagnetic current with strength, reduced
by a small factor ✏. The generalization of (2.1.1) to the SM is straightforward, by subsituting the
QED U(1) with the hypercharge U(1) of the SM.

There are a multitude of notations and names referring to one and the same model. We shall
refer to the A0 state as the ”dark photon”. It can also be denoted as V (Y ), a vector state coupled
to the hypercharge current. We choose to call the mixing angle ✏, and throughout this chapter
assume ✏ ⌧ 1. In contrast, one does not have to assume a smallness of g0 coupling, which can be
comparable to the gauge couplings of the SM, g0 ⇠ gSM.

Although the model of this type is an exceedingly simple and minimal extension of the SM,
one can already learn a number of instructive features:

1. The mixing parameter ✏ is dimensionless, and therefore can retain information about loops
of charged particles at some heavy scale M without power-like decoupling. In the simplest
example, a new fermionic field charged under both U(1)’s will generate an additional contri-
bution to the mixing angle that scales as �✏ ⇠ g0e/(12⇡2)⇥ log(⇤2

UV /M)2. Alternatively, the

1When breaking of U(1)0 is triggered by a Higgs mechanism, there can be an additional ”gauge hierarchy” issue
related to the naturalness of the h0 mass term.

Kinetic mixing

No SM fields charged under U(1)’

Dark photon (Z’?) couples proportional to charge

Kinetic mixing allows multiple ways to search for light 
mediator:
production at proton colliders, lepton colliders, beam 
dump, fixed target, neutrino experiments, beams in front 
of DM experiments
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Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

2.1 Important Variations

2.1.1 Inelastic Dark Matter (iDM)

If the A0 couples to a DM fermion with both Dirac and Majorana masses, the leading
interaction is generically o↵-diagonal and

A0

µJ
µ
DM ! A0

µ�̄1

�µ�
2

, (6)

where the usual Dirac fermion � decomposes into two Majorana (“pseudo-Dirac”)
states �

1,2 with masses m
1,2 split by an amount �. This kind of scenario is well moti-

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A0

�J
�
SM ! gV A0

µ

�
ē��e + ⌫̄e�

�⌫e � µ̄��µ + ⌫̄µ�
�⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
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FIG. 4: Left: Experimental scenario for benchmark point A (✏ ⇠ 10�5, mA0 ⇠ 50 MeV). An electron beam is incident on a 10
cm thick tungsten target. Behind the target is a 10 cm (or thicker) shield followed by an instrumented decay region consisting
of a combination of tracking planes, electromagnetic calorimetry and scintillator triggers. Right: Reaches of the high- and
low-energy dump configurations described in Section IVA, delineated by regions with 10 or more events and the following
configurations — Blue (inner) Solid Contour: 0.3 C total charge dumped with a 200 MeV electron beam, a 20 cm shield, and
a detector with 5 cm radius 50 cm behind the front of the target. The lepton pair must have total energy exceeding 100 MeV.
Blue (inner) Dashed Contour: same configuration, but with no shield. Green (outer) Solid Contour: 0.1 C (100 nA beam ⇥
106 s) total charge dumped with a 6 GeV electron beam, a 3.9 m shield, and a detector with 10 cm radius 7 m downstream.
The lepton pair must have total energy exceeding 3 GeV. Green (outer) Dashed Contour: same configuration, but with 0.9 m
of shielding. Gray contours and Orange Stripe: exclusions from past experiments (E137 and E141) and the region that explains
DAMA/LIBRA in a simple model — see Figure 1 for more details.

of the ⇢, with a leading charged pion from the rho de-
cay undergoing a charge-exchange reaction into a ⇡

0 a
few radiation lengths in front of the detector region. We
have used the experience obtained in E141 to make rough
estimates, which indicate that such backgrounds are sur-
mountable. But the soft backgrounds such as neutrons
and hard x-rays also need to be carefully studied.

B. Thin Target and Double Arm Spectrometer;
✏ = 3⇥ 10�5; mA0 = 200 MeV

Modern micro-vertex detectors allow much better life-
time resolution than the above example. When ✏ is in-
creased from the previous example, the rate of A

0 pro-
duction per incident electron increases, and a thin target
can be used instead of a beam dump. For the parame-
ters of interest here, we consider a 0.1 radiation length
tungsten target. We choose a 6 GeV beam with an av-
erage current of 100 nA. Downstream of the target is
a two-arm mini-spectrometer with silicon strip detectors
as the tracking elements, backed up with fast calorime-
ter/scintillator triggers.

With these parameters, the A

0 production rate (before
acceptance) out of the target is about 10 per hour. The
angular divergence of the A

0 beam is only about 5 mrad.
The laboratory decay length is about 1 cm, and the de-
cay products of the A

0 have an average angle of about

35 mrad from the beam axis. A spectrometer with polar
angle coverage of 20 to 55 mrad and 50% azimuthal an-
gle coverage has about 25% acceptance for the A

0 decay
products. The trigger requirement includes the demand
that the energies in each of the calorimeters are between
1 and 5 GeV, with the sum between 5 and 6 GeV. The
tracking system must identify one track in each arm that
points to the calorimeter hit (if the calorimeter is seg-
mented) and is consistent with a decay-vertex origin. Af-
ter reconstruction, additional kinematic constraints pro-
vide rejection power. In Figure 5, we show the reach
of this experimental scenario for various geometries and
di↵erent beam currents.

A major background is simultaneous elastic coulomb
scattering in each arm. An elastically scattered electron
deposits 6 GeV in the calorimeter, and is rejected, but
the singles rate must be below one per timing window
(100 MHz or less for fast calorimeters). This require-
ment is safely met by the beam intensity quoted above.
The elastic-scattering radiative tails will contribute to
the trigger, but at a significantly lower rate of 10 kHz or
so. Other sources for background triggers, such as Bethe-
Heitler pair production (cf. Figure 3), lead to smaller or
comparable trigger rates. When one of the two scattered
electrons scatters again in the first layer of silicon, the
intersection of the two reconstructed tracks is displaced.
We find that the rate for these fake vertices is adequately
suppressed if the first layer is placed close to the target,
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FIG. 1: �+ /E production channels for LDM coupled through
a light mediator. Left: Resonant ⌥(3S) production, followed
by decay to � + �� through an on- or o↵-shell mediator.
Right: The focus of this paper – non-resonant � + �� pro-
duction in e+e� collisions, through an on- or o↵-shell light
mediator A0(⇤). (Note that in this paper, the symbol A0 is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course of data

taking.
The rest of the paper is organized as follows. In Sec. II

we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e

+

e

� colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e

+

e

�

collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
⇤CDM cosmology [58, 59].

The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is su�cient
to characterize it by a simple model with just two parti-
cles, the DM particle � and the mediator A

0 (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:

(i) m� (the DM mass)

(ii) mA0 (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) g� (the coupling of the mediator to DM).

In most of the parameter space only restricted combi-
nations of these four parameters are relevant for �� pro-
duction in e

+

e

� collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited e↵ect on their
production rates, but will have a more significant e↵ect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, �, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.

The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden

photon. In this scenario, the A

0 is the massive mediator
of a broken Abelian gauge group, U(1)0, in the hidden
sector, and has a small kinetic mixing, "/ cos ✓W , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A

0 with coupling strength
ge = " e qi. The variables ", g�, m�, and mA0 are the free
parameters of the model. We restrict

g� <

p
4⇡ , (perturbativity) (1)

in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing �A0

/mA0 . 1
which is necessary for the A

0 to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.

In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge / ye ⇠ 3 ⇥ 10�6. As a result, low-energy e

+

e

� col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.

For simplicity we consider only fermionic LDM, as the
di↵erences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e� COLLIDERS

Fig. 1 illustrates the production of � + /

E events at
low-energy e

+

e

� colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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FIG. 6. Parameter space for dark photons (A0) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A0 can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of ✏. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for ✏ > 10�4 � 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller ✏. While there is no clear minimum

for ✏, values in the 10�12 � 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A0 is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A0 could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di↵erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic
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FIG. 9. Parameter space for dark photons (A0) decaying invisibly to dark-sector states � for various

m�. Constraints from the electron (red) and muon (green) anomalous magnetic moment [120] are

independent of the A0 decay mode (see also Fig. 6). Constraints from (on-shell) A0 decays to any

invisible final state arise from the measured K+ ! ⇡+⌫⌫̄ branching ratio [120, 223, 263] (brown)

and from a BABAR mono-photon search [264–266] (blue); significant improvements are possible

with DarkLight [267] (dark blue dashed), VEPP-3 [135, 136] (magenta dashed), ORKA [265] (brown

dashed), and BELLE II [265] (light blue solid). If the � are long-lived/stable and re-scatter in a

downstream detector, constraints arise also from LSND (gray) for m0
A < m⇡0 , m� < m0

A/2 [268].

Additional parameter space can then also be probed at existing/future proton beam-dump facilities

like Project X, LSND etc., (the solid dark green line shows a proposed MiniBooNE beam-o↵-target-

run [223]), and at electron-beam dumps at JLab (dark red), the ILC (purple), and other facilities

like SLAC, SuperKEKB etc. (not shown) [266]. Supernova constraints are applicable for lower

✏ [131] (not shown).
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Vector decays invisibly, DM can scatter downstream of 
production, or show up as MET
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an ideal preparation to tackle problems in broad areas of basic science, engineering, industry, and even the
financial sectors.

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

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

3 Dark Matter Direct Detection in Context

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

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

Community Planning Study: Snowmass 2013


