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Figure 22.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [14] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).
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Figure 21.1: This shows the preferred region in the Ωm–ΩΛ plane from the
compilation of supernovae data in Ref. 17, and also the complementary results
coming from some other observations. See full-color version on color pages at end of
book. [Courtesy of the Supernova Cosmology Project.]

Two major studies, the ‘Supernova Cosmology Project’ and the ‘High-z Supernova
Search Team’, found evidence for an accelerating Universe [16], interpreted as due to
a cosmological constant, or to a more general ‘dark energy’ component. Current results
from the Supernova Cosmology Project [17] are shown in Fig. 21.1 (see also Ref. 18).
The SNe Ia data alone can only constrain a combination of Ωm and ΩΛ. When combined
with the CMB data (which indicates flatness, i.e., Ωm + ΩΛ ≈ 1), the best-fit values are
Ωm ≈ 0.3 and ΩΛ ≈ 0.7. Future experiments will aim to set constraints on the cosmic
equation of state w(z). However, given the integral relation between the luminosity
distance and w(z), it is not straightforward to recover w(z) (e.g., Ref. 19).
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•23% of universe energy/matter is 
a new type of (non-baryonic) 
matter
•73% is a new type of energy 
(cosmological constant)
•SM is 4%
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Coma Cluster

Galactic rotation curves

CMB, LSS etc

Evidence for Dark Matter

e.g. Bullet cluster
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Recap on DM’s (gross) properties

•DM makes up 23% of the universe
•Gravitates like ordinary matter, but is non-baryonic 
•Is dark i.e. neutral under SM (not coloured, or charged)
•Does not interact much with itself
•Does not couple to massless particle
•Was no relativistic at time of CMB
•Is long lived  (>10^22 s!)

���

m�

<⇠ 100GeV�3
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•DM makes up 23% of the universe
•Gravitates like ordinary matter, but is non-baryonic 
•Is dark i.e. neutral under SM (not coloured, or charged)
•Does not interact much with itself
•Does not couple to massless particle
•Was no relativistic at time of CMB
•Is long lived  (>10^22 s!)

No such particle exists in the SM
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WIMPs
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χχ ↔ f̄f

DM as a thermal relic “The weak shall inherit the Universe”

If there are DM-SM couplings leading to annihilation/
production, DM will be produced in the hot early universe
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FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

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

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

mG̃ =
F√
3M∗

, (11)
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Some examples
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•A weak scale annihilation x-sec gives correct abundance
•Mass range is

•DM makes up 23% of the universe
•Gravitates like ordinary matter, but is non-baryonic 
•Is dark i.e. neutral under SM (not coloured, or charged)
•Does not interact much with itself
•Does not couple to massless particle
•Was no relativistic at time of CMB
•Is long lived  

IF DM is a thermal relic:

10 MeV <⇠ m� <⇠ 70 TeV
cold �v <⇠

4⇡

m2
�
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Alternatives

– 6 –

Fig. 2.— Total number of expected events versus lens
mass for the combined MACHO and EROS results.
The five EROS models are shown on the top plot and
the eight MACHO models are shown on the bottom.
Also shown in the top plot is the contribution to
the results for model 1 from the EROS results (thin
dotted line) and the MACHO results (dot-dash line).
The relative contributions are roughly the same for
all models.

Fig. 3.— Halo fraction upper limit (95% c.l.) versus
lens mass for the five EROS models (top) and the
eight MACHO models (bottom). The line coding is
the same as in Figure 2.

astro-ph/9803082Macho constraints

MOdified Newtonian Dynamics (Milgrom, ’83) 
TeVeS - puts MOND on firmer footing but seems to still 
have stability issues, and problems with Bullet cluster?

– 5–
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

In the DFSZ model [17], the tree-level coupling coefficient

to electrons is

Ce =
cos2 β

3
, (8)

where tanβ is the ratio of two Higgs vacuum expectation values

that are generic to this and similar models.

For nucleons, Cn,p are related to axial-vector current matrix

elements by generalized Goldberger-Treiman relations,

Cp = (Cu − η)∆u + (Cd − ηz)∆d + (Cs − ηw)∆s ,

Cn = (Cu − η)∆d + (Cd − ηz)∆u + (Cs − ηw)∆s .
(9)

Here, η = (1 + z + w)−1 with z = mu/md and w = mu/ms " z

and the ∆q are given by the axial vector current matrix element

∆q Sµ = 〈p|q̄γµγ5q|p〉 with Sµ the proton spin.

Neutron beta decay and strong isospin symmetry considera-

tions imply ∆u−∆d = F +D = 1.269±0.003, whereas hyperon

decays and flavor SU(3) symmetry imply ∆u + ∆d − 2∆s =

3F − D = 0.586 ± 0.031 [21]. The strange-quark contribution

August 21, 2014 13:17

Axions
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6

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

Dark Matter 
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taus, neutrinos 
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Other dark 
particles 
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Indirect 
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Direct 
Detection 

DM DM 
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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
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

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

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

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

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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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

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.
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Figure 12: Left : Neutrino isoevent contour lines (long dash orange) compared with current limits and regions of interest. The
contours delineate regions in the WIMP-nucleon cross section vs WIMP mass plane which for which dark matter experiments
will see neutrino events (see Sec. IIID). Right : WIMP discovery limit (thick dashed orange) compared with current limits
and regions of interest. The dominant neutrino components for different WIMP mass regions are labeled. Progress beyond
this line would require a combination of better knowledge of the neutrino background, annual modulation, and/or directional
detection. We show 90% confidence exclusion limits from DAMIC [55] (light blue), SIMPLE [56] (purple), COUPP [57] (teal),
ZEPLIN-III [58] (blue), EDELWEISS standard [59] and low-threshold [60] (orange), CDMS II Ge standard [61], low-threshold
[62] and CDMSlite [63] (red), XENON10 S2-only [64] and XENON100 [65] (dark green) and LUX [66] (light green). The filled
regions identify possible signal regions associated with data from CDMS-II Si [1] (light blue, 90% C.L.), CoGeNT [67] (yellow,
90% C.L.), DAMA/LIBRA [68] (tan, 99.7% C.L.), and CRESST [69] (pink, 95.45% C.L.) experiments. The light green shaded
region is the parameter space excluded by the LUX Collaboration.

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

4. Measurement of the nuclear recoil direction as

suggested by upcoming directional detection expe-
riments [51]. Since the main neutrino background
has a solar origin, the directional signal of such
events is expected to be drastically different than
the WIMP-induced ones [52, 53]. This way, a
better discrimination between WIMP and neutrino
events will enhance the WIMP detection signifi-
cance allowing us to get stronger discovery limits.
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•velocity distribution is MB
•scattering is elastic

(see  PF, Liu, Weiner for a way out of 
some of these problems)

14Friday, 4 December 15



6

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

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

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

3 Dark Matter Direct Detection in Context

Direct detection is only one method to search for dark matter. Because dark matter can potentially interact
with any of the known particles or, as in the case of hidden sector dark matter, another currently unknown
particle (as shown in Fig. 5), it is important to place direct detection in the larger context of dark matter
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Figure 5. Dark matter may have non-gravitational interactions with any of the known particles as well as
other dark particles, and these interactions can be probed in several di↵erent ways.
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.

Acknowledgements: We would like to thank Doug

Finkbeiner for his help in processing the FGST data. We
would also like to thank Greg Dobler and Neal Weiner
for their helpful comments. DH is supported by the
US Department of Energy, including grant DE-FG02-
95ER40896, and by NASA grant NAG5-10842.

[1] P. Ullio, L. Bergstrom, J. Edsjo and C. G. Lacey, Phys.
Rev. D 66, 123502 (2002) [arXiv:astro-ph/0207125];
A. V. Belikov and D. Hooper, arXiv:0906.2251 [astro-
ph.CO]; S. Profumo and T. E. Jeltema, JCAP 0907, 020
(2009) [arXiv:0906.0001 [astro-ph.CO]].

[2] F. Stoehr et al., Mon. Not. Roy. Astron. Soc. 345,
1313 (2003) [arXiv:astro-ph/0307026]; V. Springel et al.,
arXiv:0809.0894 [astro-ph].

[3] G. D. Martinez et al., JCAP 0906, 014 (2009)
[arXiv:0902.4715 [astro-ph.HE]]; N. W. Evans, F. Fer-
rer and S. Sarkar, Phys. Rev. D 69, 123501 (2004)
[arXiv:astro-ph/0311145]; L. Bergstrom and D. Hooper,
Phys. Rev. D 73, 063510 (2006) [arXiv:hep-ph/0512317].

[4] M. Kuhlen, J. Diemand and P. Madau, arXiv:0805.4416
[astro-ph]; L. Pieri, E. Branchini and S. Hofmann, Phys.
Rev. Lett. 95, 211301 (2005) [arXiv:astro-ph/0505356].

[5] L. Bergstrom, P. Ullio and J. H. Buckley, As-
tropart. Phys. 9, 137 (1998) [arXiv:astro-ph/9712318];
V. Berezinsky, A. Bottino and G. Mignola, Phys. Lett.
B 325, 136 (1994) [arXiv:hep-ph/9402215]; A. Cesarini,
F. Fucito, A. Lionetto, A. Morselli and P. Ullio, As-
tropart. Phys. 21, 267 (2004) [arXiv:astro-ph/0305075];

[6] A. M. Ghez et al., Astrophys. J. 601, L159
(2004) [arXiv:astro-ph/0309076]; A. Eckart et al.,
arXiv:astro-ph/0512440.

[7] V. Vitale [FERMI-LAT Collaboration], AIP Conf. Proc.
1112, 164 (2009); C. Meurer [Fermi LAT Collaboration],
AIP Conf. Proc. 1085, 719 (2009); T. Ylinen, Y. Ed-
monds, E. D. Bloom and J. Conrad [FERMI-LAT Col-
laboration], arXiv:0812.2853 [astro-ph].

[8] S. Dodelson, D. Hooper and P. D. Serpico, Phys.
Rev. D 77, 063512 (2008) [arXiv:0711.4621 [astro-ph]];
D. Hooper and B. L. Dingus, Phys. Rev. D 70, 113007
(2004) [arXiv:astro-ph/0210617].

[9] http://www-glast.slac.stanford.edu/software/IS/
[10] F. Aharonian et al. [The HESS Collaboration], Astron.

Astrophys. 425, L13 (2004) [arXiv:astro-ph/0408145];
See also C. van Eldik [HESS Collaboration], Nucl. In-
strum. Meth. A 588, 72 (2008).

[11] K. Kosack et al. [The VERITAS Collaboration], Astro-
phys. J. 608, L97 (2004) [arXiv:astro-ph/0403422]; J. Al-
bert et al. [MAGIC Collaboration], Astrophys. J. 638,
L101 (2006) [arXiv:astro-ph/0512469].

[12] F. Aharonian and A. Neronov, Astrophys.
J. 619, 306 (2005) [arXiv:astro-ph/0408303];
arXiv:astro-ph/0503354; AIP Conf. Proc. 745, 409
(2005); A. Atoyan and C. D. Dermer, Astrophys. J. 617,
L123 (2004) [arXiv:astro-ph/0410243].

[13] G. Zaharijas and D. Hooper, Phys. Rev. D 73, 103501
(2006) [arXiv:astro-ph/0603540].

[Goodenough and Hooper, 2009]

10

FIG. 9: The raw gamma-ray maps (left) and the residual m
aps after subtractin

g the best-fit Galactic di↵use model, 20 cm

template, point sources, and isotropic
template (right), in units of photons/c

m2/s/sr. The right frames clearly contain a

significant
central an

d spatially extended
excess, pe

aking at ⇠1-3 GeV. Results are
shown in galactic coordinate

s, and all maps

have been smoothed by a 0.25
� Gaussian.

of the Galactic Plane, wh
ile values gre

ater than
one are

preferentia
lly extended

perpendicu
lar to the plane. In

each case, the p
rofile slope

averaged over all or
ientations

is taken to be � = 1.3 (left) and 1.2 (right). From this

figure, it is clear that the gamma-ray excess prefers to

be fit by an approximately spherically
symmetric distri-

bution, an
d disfavors any axis ratio which departs from

unity by more than approximately 20%.

In Fig. 11, we generalize
this approach

within our

Galactic Center analysis to test morphologie
s that are

not only elongated
along or perpend

icular to the Galac-

tic Plane, but along any arbitrary
orientation

. Again,

we find that that
the quality of the fit worsens

if the the

template is significant
ly elongated

either along or per-

pendicular
to the directi

on of the Galactic Pla
ne. A mild

statistical
preference

is found, h
owever, fo

r a morphology

with an axis ratio
of ⇠1.3-1.4 elongated

along an axis ro-

tated ⇠35� counterclo
ckwise from the Galactic Plane in

galactic coordinate
s (a similar prefer

ence was also found

in our Inner G
alaxy analysis).

While this m
ay be a statis

-

(See JiJi’s and Alex’s talks 

on Saturday)

15Friday, 4 December 15



6

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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other dark particles, and these interactions can be probed in several di↵erent ways.
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FIG. 2: The gamma ray spectrum measured by the FGST within 0.5◦ (left) and 3◦ (right) of the Milky Way’s dynamical
center. In each frame, the dashed line denotes the predicted spectrum from a 28 GeV dark matter particle annihilating to
bb̄ with a cross section of σv = 9 × 10−26 cm3/s, and distributed according to a halo profile slightly more cusped than NFW
(γ = 1.1). The dotted and dot-dashed lines denote the contributions from the previously discovered TeV point source located
at the Milky Way’s dynamical center and the diffuse background, respectively. The solid line is the sum of these contributions.

pion decay taking place with a roughly spherically sym-
metric distribution around the Galactic Center, for ex-
ample, could be difficult to distinguish. Further informa-
tion will thus be required to determine the origin of these
photons.

Acknowledgements: We would like to thank Doug

Finkbeiner for his help in processing the FGST data. We
would also like to thank Greg Dobler and Neal Weiner
for their helpful comments. DH is supported by the
US Department of Energy, including grant DE-FG02-
95ER40896, and by NASA grant NAG5-10842.

[1] P. Ullio, L. Bergstrom, J. Edsjo and C. G. Lacey, Phys.
Rev. D 66, 123502 (2002) [arXiv:astro-ph/0207125];
A. V. Belikov and D. Hooper, arXiv:0906.2251 [astro-
ph.CO]; S. Profumo and T. E. Jeltema, JCAP 0907, 020
(2009) [arXiv:0906.0001 [astro-ph.CO]].

[2] F. Stoehr et al., Mon. Not. Roy. Astron. Soc. 345,
1313 (2003) [arXiv:astro-ph/0307026]; V. Springel et al.,
arXiv:0809.0894 [astro-ph].

[3] G. D. Martinez et al., JCAP 0906, 014 (2009)
[arXiv:0902.4715 [astro-ph.HE]]; N. W. Evans, F. Fer-
rer and S. Sarkar, Phys. Rev. D 69, 123501 (2004)
[arXiv:astro-ph/0311145]; L. Bergstrom and D. Hooper,
Phys. Rev. D 73, 063510 (2006) [arXiv:hep-ph/0512317].

[4] M. Kuhlen, J. Diemand and P. Madau, arXiv:0805.4416
[astro-ph]; L. Pieri, E. Branchini and S. Hofmann, Phys.
Rev. Lett. 95, 211301 (2005) [arXiv:astro-ph/0505356].

[5] L. Bergstrom, P. Ullio and J. H. Buckley, As-
tropart. Phys. 9, 137 (1998) [arXiv:astro-ph/9712318];
V. Berezinsky, A. Bottino and G. Mignola, Phys. Lett.
B 325, 136 (1994) [arXiv:hep-ph/9402215]; A. Cesarini,
F. Fucito, A. Lionetto, A. Morselli and P. Ullio, As-
tropart. Phys. 21, 267 (2004) [arXiv:astro-ph/0305075];

[6] A. M. Ghez et al., Astrophys. J. 601, L159
(2004) [arXiv:astro-ph/0309076]; A. Eckart et al.,
arXiv:astro-ph/0512440.

[7] V. Vitale [FERMI-LAT Collaboration], AIP Conf. Proc.
1112, 164 (2009); C. Meurer [Fermi LAT Collaboration],
AIP Conf. Proc. 1085, 719 (2009); T. Ylinen, Y. Ed-
monds, E. D. Bloom and J. Conrad [FERMI-LAT Col-
laboration], arXiv:0812.2853 [astro-ph].

[8] S. Dodelson, D. Hooper and P. D. Serpico, Phys.
Rev. D 77, 063512 (2008) [arXiv:0711.4621 [astro-ph]];
D. Hooper and B. L. Dingus, Phys. Rev. D 70, 113007
(2004) [arXiv:astro-ph/0210617].

[9] http://www-glast.slac.stanford.edu/software/IS/
[10] F. Aharonian et al. [The HESS Collaboration], Astron.

Astrophys. 425, L13 (2004) [arXiv:astro-ph/0408145];
See also C. van Eldik [HESS Collaboration], Nucl. In-
strum. Meth. A 588, 72 (2008).

[11] K. Kosack et al. [The VERITAS Collaboration], Astro-
phys. J. 608, L97 (2004) [arXiv:astro-ph/0403422]; J. Al-
bert et al. [MAGIC Collaboration], Astrophys. J. 638,
L101 (2006) [arXiv:astro-ph/0512469].

[12] F. Aharonian and A. Neronov, Astrophys.
J. 619, 306 (2005) [arXiv:astro-ph/0408303];
arXiv:astro-ph/0503354; AIP Conf. Proc. 745, 409
(2005); A. Atoyan and C. D. Dermer, Astrophys. J. 617,
L123 (2004) [arXiv:astro-ph/0410243].

[13] G. Zaharijas and D. Hooper, Phys. Rev. D 73, 103501
(2006) [arXiv:astro-ph/0603540].

[Goodenough and Hooper, 2009]

10

FIG. 9: The raw gamma-ray maps (left) and the residual m
aps after subtractin

g the best-fit Galactic di↵use model, 20 cm

template, point sources, and isotropic
template (right), in units of photons/c

m2/s/sr. The right frames clearly contain a

significant
central an

d spatially extended
excess, pe

aking at ⇠1-3 GeV. Results are
shown in galactic coordinate

s, and all maps

have been smoothed by a 0.25
� Gaussian.

of the Galactic Plane, wh
ile values gre

ater than
one are

preferentia
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perpendicu
lar to the plane. In

each case, the p
rofile slope

averaged over all or
ientations

is taken to be � = 1.3 (left) and 1.2 (right). From this

figure, it is clear that the gamma-ray excess prefers to

be fit by an approximately spherically
symmetric distri-

bution, an
d disfavors any axis ratio which departs from

unity by more than approximately 20%.
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this approach
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s that are
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tic Plane, but along any arbitrary
orientation

. Again,

we find that that
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galactic coordinate
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ence was also found

in our Inner G
alaxy analysis).

While this m
ay be a statis

-
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Figure 13. Differential fluxes for the 15� ⇥ 15

� region about the GC of the
NFW component with spectrum modelled with an exponential cut-off power
law. The envelopes include the fit uncertainties for the normalisation and
spectral index. Hatch styles: Pulsars, intensity-scaled (red, vertical); Pulsars,
index-scaled (black, horizontal); OBstars, intensity-scaled (blue, diagonal-
right); OBstars, index-scaled (green, diagonal-left). Results from selected
other works are overlaid. Filled symbols: Hooper & Slatyer (2013), different
symbols bracket the results obtained when different regions of the sky are
considered in the fit; Angled crosses: Gordon & Macı́as (2013); Open sym-
bols: Abazajian et al. (2014), front-converting events shown with triangles,
front- and back-converting events shown with squares and circles, depend-
ing on the modelling of the fore-/background. Stars : Calore et al. (2015a).
Note: the overlaid results are rescaled to the DM content over the 15� ⇥ 15

�

region for an NFW profile with index �=1.

stant for each IEM, the interplay between the centrally peaked
positive residual template and the interstellar emission com-
ponents is not surprising. Because the IC component is max-
imally peaked toward the GC for all IEMs an additional tem-
plate that is also peaked there will also be attributed some
flux when fit. Over all IEMs the effect of including the NFW
model for the residual results in an IC annulus 1 contribution
that is up to three times smaller and H I annulus 1 contribution
that is up to three times larger.

Note that even if a centrally peaked template is included as
a model for the positive residual, it does not account for all of
the emission. This can be seen in Fig. 14, which shows the
residual counts for the NFW template and IEM with the best
spectral residuals (Pulsars index-scaled). Qualitatively, the re-
mainder does not appear distributed symmetrically about the
GC below 10 GeV, and still has extended positive residuals
even at higher energies along and about the plane.

5. DISCUSSION
5.1. Interstellar Emission

This study is the first using the Fermi–LAT data that has
made a separation between the large-scale interstellar emis-
sion of the Galaxy and that from the inner ⇠ 1 kpc about the
GC. The IC emission from annulus 1 is found to dominate
the interstellar emission from the innermost region, and rep-
resents the majority of the IC brightness from this component
along and through the line-of-sight toward the GC. The con-

Pulsars index-scaled IEM was tested by also setting them to the GALPROP
predictions and refitting for the annulus 1 interstellar emission, point sources,
and residual model parameters. The normalisation and cut-off energy of the
residual model did not appreciably change, indicating that the majority of any
effect related to the structured fore-/background from the index-scaled IEMs
is likely from annulus 4.

tribution by the IC from annulus 1 to the total flux depends on
the IEM and whether the residual is fitted (Sec. 4.3). For the
latter case the IC from annulus 1 is still up-scaled compared
to the GALPROP predictions, but by a factor ⇠ 2 lower than
if fitted solely for the interstellar emission components and
point sources. The remainder is distributed across the H I-
related ⇡

0-decay annulus 1 component and the template used
to fit the residual centred on the GC. For either case (residual
template used/not-used), the fitted fluxes attributed to the IC
annulus 1 component across all IEMs are within a factor ⇠ 2

– the flux and its range is the important quantity, instead of
the individual (model-dependent) scaling factors.

The Pulsars intensity-scaled IEM with the residual tem-
plate gives the minimal ‘enhanced’ flux for IC annulus 1.
The average CR electron intensity & 5 GeV in the Galac-
tic plane is estimated for this model within ⇠ 1 kpc of the
GC as ⇠ 2.8± 0.1⇥ 10

�4 cm�2 s�1 sr�1, where the uncer-
tainty is statistical only. This energy range is used because its
lower bound corresponds to the CR electron energies produc-
ing ⇠ 1 GeV IC �-rays. This is ⇠ a factor of two higher than
the local total CR electron density for this same energy range
for the Pulsars baseline model. On the other hand, the OB-
stars intensity-scaled IEM fitted without the residual compo-
nent gives the maximal ‘enhanced’ flux for IC annulus 1. The
average CR electron intensity & 5 GeV in the Galactic plane
within ⇠ 1 kpc of the GC for this IEM is ⇠ 9.4± 0.1⇥ 10

�4

cm�2 s�1 sr�1.
Measurements of the interstellar emission at hard X-ray

energies to MeV �-rays by INTEGRAL/SPI (Bouchet et al.
2011) show that the majority is due to IC scattering by ⇠GeV
energy CR electrons off the infrared component of the ISRF21.
The GALPROP calculations, which follow the same “conven-
tional” model normalisation condition to local CR measure-
ments as used in this paper, made to interpret the SPI measure-
ments indicate that IEMs with at least factor of 2 higher CR
densities toward the inner Galaxy are a plausible explanation
for the data. Another possible explanation is a higher intensity
for the radiation field energy density in the inner Galaxy than
used in the standard ISRF model of Porter et al. (2008); these
possibilities are not tested here because they require detailed
investigations that are beyond the scope of the current work.
The higher CR electron densities obtained from this analy-
sis are plausible given the same electrons are IC scattering
different components of the ISRF to produce the interstellar
emission & 1 GeV and at SPI energies.

The purpose for fitting the baseline IEMs to the data
was to obtain estimates for the interstellar emission fore-
/background. However, the fit results for the individual rings
for each IEM potentially give some information on the large-
scale distribution of CRs througout the Galaxy. Tables 5 and 6
in Appendix A.1 give the fit coefficients and fluxes for the
scaled IEMs, while Fig.15 shows the integrated fluxes for the
1–10 (top) and 10–100 GeV (bottom) energy ranges, respec-
tively, over the 15�⇥ 15

� region for the GALPROP-predicted
and scaled version of each IEM for the Pulsars (left) and OB-
stars (right) source distributions.

The fitting procedure generally increases the intensity of
each annulus relative to the nominal model. The coeffi-
cients for the intensity-scaled Pulsars and OBstars IEMs are
mostly higher than the GALPROP predictions toward the in-
ner Galaxy (annuli 2 � 3). Those for the OBstars IEM are

21 The majority of the IC �-rays in the energy range of this study are
produced by scattering off the optical component of the ISRF.

[Fermi (Simona Murgia)]

(See JiJi’s and Alex’s talks 

on Saturday)
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Are the excess photons from the Galactic centre DM?

•Source is spherical, with the expected radial dependence
•Cross section is close to thermal
•Centred in the right place
•Statistical significant, and Fermi-team sees it too

•Galactic centre is a confusing place
•Not as clear as a spectral line
•Milli-second pulsars (but we would have seen more, also 
spectrum different from those observed)

•Look at other DM “bright spots”--dwarf galaxies
•Cosmic ray anti-particles
•Correlated signals, LHC, direct detection
•Interesting times ahead
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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

Astrophysical  
Probes 

DM DM 

DM DM 

 

 

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

DM self interactions, probed by galaxies and galaxy clusters

Help core-vs-cusp, missing satellite and too big to fail problems?

Light mediators give velocity dependence, need simulations
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Particle 
Colliders 

SM DM 

SM DM 

FIG. 1: Dark matter may have non-gravitational interactions with one or more of four categories of particles:
nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions may then
be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and
astrophysical probes. The lines connect the experimental approaches with the categories of particles that
they most stringently probe (additional lines can be drawn in specific model scenarios). The diagrams give
example reactions of dark matter with standard model particles (SM) for each experimental approach.

future colliders, produce dark matter particles, which escape the detector, but are discovered
as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its
impact on astrophysical observables. In particular, dark matter’s non-gravitational interac-
tions could observably impact the densities of dark matter present in the central regions of
galaxies, or the amount of dark matter substructure found in halos. Such interactions may
also alter the cooling rates of stars, and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

These search strategies are each shown in Fig. 1 and are connected to the particle interactions
that they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. II,
we return in Sec. III to these four pillars in more detail, discussing the current status and fu-
ture prospects of direct, indirect, and collider searches for dark matter, as well as the impact of
astrophysical observations. In Sec. IV we begin the discussion of the complementarity between
di↵erent dark matter search strategies at a qualitative level. We extend this further in Sec. V,
discussing quantitatively the interplay between experimental approaches, considering a number of
representative particle physics frameworks. Finally, we summarize our conclusions in Sec. VII.

II. DARK MATTER CANDIDATES

In this section, we briefly summarize a number of specific dark matter candidates and candidate
classes that have been considered in the literature. While certainly not exhaustive, this discussion
is intended to reflect a representative sample of how the particle physics community currently views
the form that dark matter particles might take.

•Many models with DM (e.g. 
SUSY), searches are model specific
•Many kinematic quantities
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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.

•Collider stable = cosmologically stable?
•No astrophysical assumptions
•Limited by kinematic reach

“Traditional” searches

“Monojet” searches

•Only search for DM, “model 
independent”
•Direct link to direct detection
•Few kinematic quantities
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FIG. 1: Dark matter may have non-gravitational interactions with one or more of four categories of particles:
nuclear matter, leptons, photons and other bosons, and other dark particles. These interactions may then
be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and
astrophysical probes. The lines connect the experimental approaches with the categories of particles that
they most stringently probe (additional lines can be drawn in specific model scenarios). The diagrams give
example reactions of dark matter with standard model particles (SM) for each experimental approach.

future colliders, produce dark matter particles, which escape the detector, but are discovered
as an excess of events with missing energy or momentum.

• Astrophysical Probes. The particle properties of dark matter are constrained through its
impact on astrophysical observables. In particular, dark matter’s non-gravitational interac-
tions could observably impact the densities of dark matter present in the central regions of
galaxies, or the amount of dark matter substructure found in halos. Such interactions may
also alter the cooling rates of stars, and influence the pattern of temperature fluctuations
observed in the cosmic microwave background.

These search strategies are each shown in Fig. 1 and are connected to the particle interactions
that they most stringently probe.

After summarizing many of the most promising particle candidates for dark matter in Sec. II,
we return in Sec. III to these four pillars in more detail, discussing the current status and fu-
ture prospects of direct, indirect, and collider searches for dark matter, as well as the impact of
astrophysical observations. In Sec. IV we begin the discussion of the complementarity between
di↵erent dark matter search strategies at a qualitative level. We extend this further in Sec. V,
discussing quantitatively the interplay between experimental approaches, considering a number of
representative particle physics frameworks. Finally, we summarize our conclusions in Sec. VII.

II. DARK MATTER CANDIDATES

In this section, we briefly summarize a number of specific dark matter candidates and candidate
classes that have been considered in the literature. While certainly not exhaustive, this discussion
is intended to reflect a representative sample of how the particle physics community currently views
the form that dark matter particles might take.

•Many models with DM (e.g. 
SUSY), searches are model specific
•Many kinematic quantities
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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.

•Collider stable = cosmologically stable?
•No astrophysical assumptions
•Limited by kinematic reach

“Traditional” searches

“Monojet” searches

•Only search for DM, “model 
independent”
•Direct link to direct detection
•Few kinematic quantities

(see e.g. Oliver, James, 

Joe, and many other 

talks in workshop)
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Figure 3: Missing transverse energy Emiss
T after all selections for data and SM backgrounds. The

processes contributing to the SM background are from simulation, normalised to the estimation
from data using the Emiss

T threshold of 500 GeV. The shaded bands in the lower panel represent
the statistical uncertainty. Overflow events are included in the last bin.

ciency of the selection, which has the additional requirement that there be at least one isolated
muon in the event, is also estimated from simulation. It is corrected to account for differences
in the measured muon reconstruction efficiencies in data and simulation. The uncertainty in
the Z(nn) prediction includes both statistical and systematic components. The sources of un-
certainty are: (1) the statistical uncertainty in the numbers of Z(µµ) events in the data, (2)
uncertainty due to backgrounds, (3) uncertainties in the acceptance associated with the PDFs
and the size of the simulation samples, (4) the uncertainty in the selection efficiency as deter-
mined from the difference in measured efficiencies in data and simulation and the size of the
simulation samples, and (5) the theoretical uncertainty on the ratio of branching fractions [49].
The dominant source of uncertainty in the high Emiss

T regions is the statistical uncertainty in the
number of Z(µµ) events, which is 11% for Emiss

T > 500 GeV. Table 1 summarizes the statistical
and systematic uncertainties.

Table 1: Summary of the statistical and systematic contributions to the total uncertainty on the
Z(nn) background.

Emiss
T (GeV) ! >250 >300 >350 >400 >450 >500 >550

(1) Z(µµ)+jets statistical unc. 1.7 2.7 4.0 5.6 7.8 11 16
(2) Background 1.4 1.7 2.1 2.4 2.7 3.2 3.9
(3) Acceptance 2.0 2.1 2.1 2.2 2.3 2.6 2.8
(4) Selection efficiency 2.1 2.2 2.2 2.4 2.7 3.1 3.7
(5) RBF 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Total uncertainty (%) 5.1 5.6 6.6 7.9 9.9 13 18

The second-largest background arises from W+jets events that are not rejected by the lepton
veto. This can occur when a lepton (electron or muon) from the W decays (prompt or via
leptonic tau decay) fails the identification, isolation or acceptance requirements, or a hadronic
tau decay is not identified. The contributions to the signal region from these events are es-
timated from the W(µn)+jets control sample in data. This sample is selected by applying
the full signal selection, except the muon veto, and instead requiring an isolated muon with
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How to quantify nothing?

12 7 Interpretation

Table 10: ADD Model observed and expected limits on MD in TeV/c2 as a function of d at LO
and NLO, with K-factors of 1.5 for d = 2,3 and 1.4 for d = 4,5,6.

LO NLO
d Exp. Limit Obs. Limit Exp. Limit Obs. Limit
2 5.12 5.10 5.70 5.67
3 3.96 3.94 4.31 4.29
4 3.46 3.44 3.72 3.71
5 3.11 3.10 3.32 3.31
6 2.95 2.94 3.13 3.12

The limits on L as a function of the DM mass for the vector interaction and the axial-vector
interaction are shown in Figure 6, together with a comparison with limits from the previous
CMS analysis using 5 fb�1 at 7 TeV. The observed and expected limits at the 90% CL on the
DM-nucleon scattering cross section for the vector, axial-vector and scalar operators are shown
in Tables 11, 12, 13 and Figures 7 and 8.

Also considered is the case in which the mediator is light enough to be accessible to the LHC.
Figure 9 shows the observed limits on L as a function of the mass of the mediator, assuming
vector interactions and a dark matter mass of 50 GeV/c2 and 500 GeV/c2. The width (G) of the
mediator is varied between M/3 and M/8p [13]. It shows the resonant enhancement in the
production cross section once the mass of the mediator is within the kinematic range and can
be produced on-shell. At large mediator mass, the limits on L approximate to those obtained
in the effective theory framework [13].
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Figure 6: Limits on the contact interaction scale L as a function of the DM mass for the current
analysis using 19.5 fb�1 of 8 TeV data. Also shown is the result from the previous analysis
using 5 fb�1 of 7 TeV data.

The results can also be interpreted in the context of Unparticle production. Shown in Figure 10
are the expected and observed 95% C.L limits on the cross-sections for S = 0 Unparticles with
dU = 1.5, 1.6, 1.7, 1.8 and 1.9 as a function of LU for a fixed coupling constant l = 1. The
observed 95% C.L limit LU for these values of dU is shown in Table 14. This can be compared

Vector coupling

2

well as missing energy signals associated with invisible decays of the Higgs boson. Where available,
we will use existing LHC data to set limits on the dark matter–quark and dark matter–gluon
couplings in an e⇥ective field theory framework, and we will demonstrate the complementarity of
these limits to those obtained from direct and indirect dark matter searches. We will also compare
several mono-jet analyses that have been carried out by ATLAS and CMS, and we will outline a
strategy for discovering dark matter or improving bounds in the future.

Dark matter searches using mono-jet signatures have been discussed previously in the context
of both Tevatron and LHC searches [1–7], and have been shown to be very competitive with
direct searches, especially at low dark matter mass and for dark matter with spin-dependent
interactions. In a related work, SSC constraints on missing energy signatures due to quark and
lepton compositeness have been discussed in [8]. The mono-photon channel has so far mostly
been considered as a search channel at lepton colliders [9–11], but sensitivity studies exist also
for the LHC [12, 13], and they suggest that mono-photons can provide very good sensitivity to
dark matter production at hadron colliders. Combined analyses of Tevatron mono-jet searches and
LEP mono-photon searches have been presented in [14, 15]. The mono-photon channel su⇥ers from
di⇥erent systematic uncertainties than the mono-jet channel, and probes a di⇥erent set of DM–SM
couplings, it can thus provide an important confirmation in case a signal is observed in mono-jets.

The outline of this paper is as follows: After introducing the e⇥ective field theory formalism
of dark matter interactions in section 2, we will first discuss the mono-jet channel in section 3.
We will describe our analysis procedure and then apply it to ATLAS and CMS data in order to
set limits on the e⇥ective dark matter couplings to quarks and gluons. We also re-interpret these
limits as bounds on the scattering and annihilation cross sections measured at direct and indirect
detection experiments. We then go on, in section 4, to discuss how our limits are modified in
models in which dark matter interactions are mediated by a light . O(few TeV) particle, so that
the e⇥ective field theory formalism is not applicable. In section 5, we will perform an analysis
similar to that from section 3 in the mono-photon channel. A special example of dark matter
coupling through a light mediator is DM interacting through the Standard Model Higgs boson,
and we will argue in section 6 that in this case, invisible Higgs decay channels provide the best
sensitivity. We will summarize and conclude in section 7.

2. AN EFFECTIVE THEORY FOR DARK MATTER INTERACTIONS

If interactions between dark matter and Standard Model particles involve very heavy (&
few TeV) mediator particles—an assumption we are going to make in most of this paper—we
can describe them in the framework of e⇥ective field theory. (We will investigate how departing
from the e⇥ective field theory framework changes our results in sections 4 as well as 6.) Since our
goal is not to do a full survey of all possible e⇥ective operators, but rather to illustrate a wide
variety of phenomenologically distinct cases, we will assume the dark matter to be a Dirac fermion
⇥ and consider the following e⇥ective operators1

OV =
(⇥̄�µ⇥)(q̄�µq)

�2
, (vector, s-channel) (1)

OA =
(⇥̄�µ�5⇥)(q̄�µ�5q)

�2
, (axial vector, s-channel) (2)

Ot =
(⇥̄PRq)(q̄PL⇥)

�2
+ (L � R) , (scalar, t-channel) (3)

1 Other recent studies that have used a similar formalism to describe dark matter interactions include [1–5, 7, 11, 16–
20].
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Light Mediators & Dressing up the EFT

For all but the lightest mediators EFT is good for direct detection

12

can enhance the production cross section once the mass of the s-channel mediator is within the
kinematic range and can be produced on-shell. This enhancement is particularly strong when the
mediator has a small decay width �, though it should be noted that within our assumptions � is
bounded from below due to the open decay channels to jets and to dark matter.

On the other hand, colliders have a relative disadvantage compared to direct detection experi-
ments in the light mediator case. The reason is that, from dimensional analysis, the cross section
for the collider production process pp ⇧ ⌅̄⌅+X scales as,

⇤(pp ⇧ ⌅̄⌅+X) ⇤
g2qg

2
�

(q2 �M2)2 + �2/4
E2 , (12)

where E is of order the partonic center-of-mass energy, M is the mass of the s-channel mediator
and q is the four momentum flowing through this mediator. At the 7 TeV LHC,

�
q2 has a broad

distribution which is peaked at a few hundred GeV and falls slowly above. The mediator’s width
is denoted by �, and gq, g� are its couplings to quarks and dark matter, respectively. The direct
detection cross section, on the other hand, is approximately

⇤(⌅N ⇧ ⌅N) ⇤
g2qg

2
�

M4
µ2
�N , (13)

with the reduced mass µ�N of the dark matter and the target nucleus.
When M2 ⌅ q2, the limit that the collider sets on g2�g

2
q becomes independent of M , whereas

the limit on g2�g
2
q from direct detection experiments continues to become stronger for smaller M .

In other words, the collider limit on ⇤(⌅N ⇧ ⌅N) becomes weaker as M becomes smaller. On
the other hand, when m� < M/2 and the condition

�
q2 ⌃ M can be fulfilled, collider production

of ⌅̄⌅+X experiences resonant enhancement. Improved constraints on ⇥ can be expected in that
regime.

In figure 7, we investigate the dependence of the ATLAS bounds on the mediator mass M more
quantitatively including both on-shell and o⇤-shell production. Even though dark matter–quark
interactions can now no longer be described by e⇤ective field theory in a collider environment, we
still use ⇥ ⇥ M/

⌥
g�gq as a measure for the strength of the collider constraint, since ⇥ is the

quantity that determines the direct detection cross section. As before, we have used the cuts from
the ATLAS veryHighPt analysis (see section 3). We have assumed vector interactions with equal
couplings of the intermediate vector boson to all quark flavors.

At very large M (& 5 TeV), the limits on ⇥ in figure 7 asymptote to those obtained in the
e⇤ective theory framework. For 2m� ⌅ M . 5 TeV, resonant enhancement leads to a significant
improvement in the limit since the mediator can now be produced on-shell, so that the primary
parton–parton collision now leads to a two-body rather than three-body final state. As expected
from equation (12), the strongest enhancement occurs when the mediator is narrow. In figure 7,
this is illustrated by the upper end of the colored bands, which corresponds to � = M/8⇥.6 The
shape of the peaks in figure 7 is determined by the interplay of parton distribution functions, which
suppress the direct production of a heavy mediator, and the explicit proportionality of ⇥ to M
according to its definition. Below M ⌃ 2m�, the mediator can no longer decay to ⌅̄⌅, but only to
q̄q, so in this mass range, it can only contribute to the mono-jet sample if it is produced o⇤-shell.
In that regime, the limit on ⇥ is rather weak (even though the limit on g2�g

2
q is independent of M

there as discussed above), and the dependence on � disappears.

6 � = M/8� corresponds to a mediator that can annihilate into only one quark flavor and helicity and has couplings
g�gq = 1. Since in figure 7, we have assumed couplings to all quark helicities and flavors (collider production
is dominated by coupling to up-quarks though), and since g�gq > 1 in parts of the plot (see dashed contours),
� = M/8� should be regarded as a lower limit on the mediator width.

What fraction of collider events have momentum transfers 
sufficient to probe the UV completion? 

gqg�
q2 �M2

q2⌧M2

�����! 1

⇤2
⇤2 =

M2

gqg�

4

q

q̄

�

�̄

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.

q χ

q̄ χ
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FIG. 8: m�� distribution for signal events with u-quark vector couplings with R2 > 0.81 and

MR > 250 GeV. The red dashed line corresponds to the unitarity bound m�� = ⇤/0.4. The three
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fractions of events which lie beyond the bound are 8%, 11% and 80% respectively.

it is useful to interpret the limit in Eq. 16 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
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0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with

Fraction of events where 
EFT breaks down may be 
non-negligible
Depends on DM mass 

[PF et al, 1203.1662]

8%

80%

[Shoemaker and 
Vecchi, 1112.5457]

Unitarity bound

19

0 1000 2000 3000 4000 5000 6000 7000

2

4

6

8

10

Dark matter invariant mass @GeVD

N
um
be
ro
fe
ve
nt
sê20

0
G
eV

mc=1 GeV
L=631 GeV

(a) m� = 1 GeV

0 1000 2000 3000 4000 5000 6000 7000
0

2

4

6

8

10

Dark matter invariant mass @GeVD

N
um
be
ro
fe
ve
nt
sê20

0
G
eV

mc=100 GeV
L=644 GeV

(b) m� = 100 GeV

0 1000 2000 3000 4000 5000 6000 7000
0

2

4

6

8

10

Dark matter invariant mass @GeVD

N
um
be
ro
fe
ve
nt
sê20

0
G
eV

mc=500 GeV
L=480 GeV

(c) m� = 500 GeV

FIG. 8: m�� distribution for signal events with u-quark vector couplings with R2 > 0.81 and

MR > 250 GeV. The red dashed line corresponds to the unitarity bound m�� = ⇤/0.4. The three

panels show the distribution for DM masses of (a) 1 GeV, (b) 100 GeV, and (c) 500 GeV. The

fractions of events which lie beyond the bound are 8%, 11% and 80% respectively.
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quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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it is not. This amounts to replacing the
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This substitution allows us to make contact with any DM production process being probed
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qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
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0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with

Fraction of events where 
EFT breaks down may be 
non-negligible
Depends on DM mass 

[PF et al, 1203.1662]

8%

80%

[Shoemaker and 
Vecchi, 1112.5457]

Unitarity bound

19

0 1000 2000 3000 4000 5000 6000 7000

2

4

6

8

10

Dark matter invariant mass @GeVD

N
um
be
ro
fe
ve
nt
sê20

0
G
eV

mc=1 GeV
L=631 GeV

(a) m� = 1 GeV

0 1000 2000 3000 4000 5000 6000 7000
0

2

4

6

8

10

Dark matter invariant mass @GeVD

N
um
be
ro
fe
ve
nt
sê20

0
G
eV

mc=100 GeV
L=644 GeV

(b) m� = 100 GeV

0 1000 2000 3000 4000 5000 6000 7000
0

2

4

6

8

10

Dark matter invariant mass @GeVD

N
um
be
ro
fe
ve
nt
sê20

0
G
eV

mc=500 GeV
L=480 GeV

(c) m� = 500 GeV

FIG. 8: m�� distribution for signal events with u-quark vector couplings with R2 > 0.81 and

MR > 250 GeV. The red dashed line corresponds to the unitarity bound m�� = ⇤/0.4. The three

panels show the distribution for DM masses of (a) 1 GeV, (b) 100 GeV, and (c) 500 GeV. The
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it is useful to interpret the limit in Eq. 16 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with

Vector coupling
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quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
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0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.
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it is useful to interpret the limit in Eq. 16 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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it is useful to interpret the limit in Eq. 16 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
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0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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it is useful to interpret the limit in Eq. 16 as a limit, not on the energy of the incoming

quarks, but on the center of mass energy of the DM system, m��. For the exclusive process,

qq̄ ! ��̄, these two scales are obviously the same, but in an inclusive process, qq̄ ! ��̄+X,

it is not. This amounts to replacing the
p
ŝ by the invariant mass of the DM system m��,

or

m�� <
⇤

0.4
. (17)

This substitution allows us to make contact with any DM production process being probed

at the collider.

We can now ask the following question. Assuming a contact interaction of quarks with
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[Racco, Wulzer, Zwirner,1502.04701]

Figure 3. The solid lines enclose the excluded regions in the plane (mDM,M⇤), for some repre-
sentative values of g⇤, combining the four signal regions of ref. [42]. The black line is the limit
one would obtain with the naïve EFT. The grey triangle is theoretically forbidden because of the
self-consistency requirement M⇤ > 2mDM/g⇤, for g⇤ = 4⇡. The dashed lines show, with the same
colour code as for the solid lines, how the grey triangle expands for smaller values of g⇤.

Making progress in this direction would require more energy and integrated luminosity
at the LHC, as expected in the forthcoming runs, but also improving the sensitivity to
the small M

cut

region as explained above. Indeed, the lower exclusion limits, in the low
m

DM

region, are predicted by eq. (2.7) to occur near g⇤M⇤ = Emin

cm

' 2pjet

T

, where we
take the lowest possible value for pjet

T

, corresponding to 120 GeV for SR1 of [42]. This
shows once again the importance of keeping the first signal region at the lowest pjet

T

and
Emiss

T

values compatible with the trigger and background conditions. As a last comment,
we remind the reader that not all the points in fig. 3 are theoretically allowed within the
EFT framework. We are working here under the assumption of heavy-mediator DM, which
means, as explained in the introduction, that m

DM

should be well below M
cut

, or at least
m

DM

< M
cut

/2, because otherwise there is no hope for the DM being produced within the
range of validity of the EFT. This leads to the constraint M⇤ = M

cut

/g⇤ > 2m
DM

/g⇤. For
g⇤ = 4⇡ this produces the grey theoretically forbidden region in fig. 3. For g⇤ < 4⇡ the
boundary of the grey triangle moves as indicated by the dashed lines, with g⇤ specified by
the same colour code as for the solid lines. However, eq. (2.7) guarantees that (in contrast
with what we would obtain in the naïve EFT), the experimentally excluded region can at
most approach the theoretically excluded one. Indeed, the closeness of the solid lines to
the corresponding dashed lines gives a measure of how much the available EFT parameter
space has been explored for the different values of g⇤.

– 11 –

Require that Ecm < Mcut = g⇤
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

To sum over the possible p

T

, ⌘ of the jets, we integrate the cross sections over values typically

considered in the experimental searches and we can thus define the following ratio of total cross

sections

R

tot

⇤

⌘ �

e↵

|
Qtr<⇤

�

e↵

=

R
1TeV

p

min
T

dp
T

R
2

�2

d⌘
d2�

e↵

dp
T

d⌘

����
Qtr<⇤

R
1TeV

p

min
T

dp
T

R
2

�2

d⌘
d2�

e↵

dp
T

d⌘

. (4.6)

As an example, we consider two cases: p

min

T

= 120GeV, 500GeV, used in the signal regions SR1,

SR4 of [6], respectively. The results are shown in Fig. 4. Notice that both ratios R
⇤

, R

tot

⇤

get closer

to unity for smaller DM masses, which confirms the qualitative analysis on hQ
tr

i in Section 3, and

also for larger ⇤, when the e↵ect of the cuto↵ becomes negligible. On the other hand, R
⇤

goes to

zero at ⇤ = 2m
DM

, as the phase space of DM pair production Q

tr

� 2m
DM

gets closed. Notice also

that the ratios involving di↵erential and total cross sections (R
⇤

and R

tot

⇤

) are very similar, as a

consequence of the fact that the integrands are very peaked at low p

T

and at ⌘ = 0.

We stress that this calculation does not rely on any specific UV completion of the EFT, but it

is completely rooted in the e↵ective operator and the requirement of a consistent use of it within its

range of validity. Its only limitations are the lack of a precise identification of the cuto↵ scale and

that it applies to the case in which the momentum transfer occurs in the s-channel. The quantities

in Eqs. (4.5)-(4.6) cannot be computed straightforwardly by MonteCarlo simulations of the events,

7

respectively, where Q

tr

is given by Eq. (3.4). The corresponding cross sections initiated by the

colliding protons are

d2�
e↵

dp
T

d⌘
=

X

q

Z
dx

1

dx
2

[f
q
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q̄

(x
2

) + f
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, (4.3)

d2�
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dp
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=

X

q
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dx

1

dx
2

[f
q
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1

)f
q̄

(x
2

) + f

q

(x
2

)f
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(x
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)]
d2�̂

UV

dp
T

d⌘
. (4.4)

The explicit derivation of the Eqs. (4.1)-(4.2) can be found in Appendix A. Throughout this work

we will identify the emitted gluon with the final jet observed experimentally. For numerical results

at NLO see Ref. [31].

The cross sections for the mono-jet processes are measured with a precision roughly of the order

of 10%, although this number can fluctuate due to many factors (jet energy scale, PDFs, etc.).

However, as we are going to show, the e↵ect of taking into account a cuto↵ scale can be larger

than the precision of the cross section measurement, so the concern about the validity of the EFT

approach is justified.

4.1 The e↵ect of the EFT cuto↵

Let us suppose we know nothing about the UV completion of the EFT. Even so, we know that

adopting only the lowest-dimensional operator of the EFT expansion is accurate only if the transfer

energy is smaller than an energy scale of the order of ⇤, see Eqs. (2.1), (2.5). However, up to what

exact values of Q
tr

/⇤ is the EFT approach justified? Let us consider the ratio of the cross section

obtained in the EFT by imposing the constraint Q
tr

< ⇤ on the PDF integration domain, over the

cross section obtained in the EFT without such a constraint

R

⇤

⌘

d2�
e↵

dp
T

d⌘

����
Qtr<⇤

d2�
e↵

dp
T

d⌘

. (4.5)

This ratio quantifies the fraction of the di↵erential cross section for qq̄ ! ��+gluon, for given p

T

, ⌘ of

the radiated object, mediated by the e↵ective operator (2.3), where the momentum transfer is below

the scale ⇤ of the operator. Values of R
⇤

close to unity indicate that the e↵ective cross section is

describing processes with su�ciently low momentum transfers, so the e↵ective approach is accurate.

On the other hand, a very small R
⇤

signals that a significant error is made by extrapolating the

e↵ective description to a regime where it cannot be fully trusted, and where the neglected higher-

dimensional operators can give important contributions.

This ratio is plotted in Fig. 3 as a function of ⇤ and m

DM

, for various choices of p
T

and ⌘. Our

results indicate that if one would measure the cross section for the mono-jet emission process within

the EFT, but without taking into account that Q

tr

should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p

T

, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale

of an EFT is somewhat arbitrary, with no knowledge of the underlying UV theory; therefore one

should consider the values of R
⇤

with a grain of salt.
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Figure 3: The ratio R

⇤

defined in Eq. (4.5) for

p
s = 8TeV, ⌘ = 0. Top row: R

⇤

as a function of ⇤, for

various choices of m

DM

, for p

T

= 120GeV (left panel), p
T

= 500GeV (right panel). Bottom row: R

⇤

as a

function of m

DM

, for various choices of p

T

, for ⇤ = 1.5TeV (left panel), ⇤ = 2.5TeV (right panel).

To sum over the possible p
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, ⌘ of the jets, we integrate the cross sections over values typically
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As an example, we consider two cases: p
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= 120GeV, 500GeV, used in the signal regions SR1,
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⇤
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tot
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tot
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The explicit derivation of the Eqs. (4.1)-(4.2) can be found in Appendix A. Throughout this work

we will identify the emitted gluon with the final jet observed experimentally. For numerical results

at NLO see Ref. [31].
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the EFT, but without taking into account that Q
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should be bounded from above, one makes an

error which may even be very large, depending on the values of the DM mass, the scale ⇤ of the

operator and the p
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, ⌘ of the emitted object. Of course, the precise definition of the cuto↵ scale
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Figure 5: Top row: Contours for the ratio R

tot

⇤

, defined in Eq. (4.6), on the plane (m
DM

,⇤). We setp
s = 8TeV, |⌘|  2 and p

min

T

= 120GeV (left panel), p

min

T

= 500GeV (right panel). Bottom row: 50%

contours for the ratio R

tot

⇤

, varying the cuto↵ Q

tr

< ⇤/2 (dotted line), ⇤ (solid line), 2⇤ (dashed line), 4⇡⇤

(dot-dashed line). We have also shown the contour corresponding to ⇤ < m

DM

/(4⇡) (see Eq. (2.6)), which is

often used as a benchmark for the validity of the EFT. We set

p
s = 8TeV, |⌘|  2 and p

min

T

= 120GeV (left

panel), pmin

T

= 500GeV (right panel).

row of Fig. 5, for the representative contour R

tot

⇤

= 50%. The extreme, and most conservative,

situation Q

tr

< 4⇡⇤, corresponding to couplings in the UV theory at the limit of the perturbative

regime, is also shown. Yet, the corresponding 50% contour is above the limit ⇤ > m

DM

/(4⇡) (see

Eq. (2.6)), which is often used as a benchmark for the validity of the EFT. This means that the

parameter space regions of validity of the e↵ective operator approach can be smaller than commonly

considered.

4.2 Comparing the e↵ective operator with a UV completion

Let us now turn to quantify the validity of the EFT by comparing cross sections for the production

of DM plus mono-jet or mono-photon in the simple example of a theory containing a DM particle

� and a heavy mediator S with the Lagrangian described in Eq. (2.2) with its e↵ective counterpart

given by the operator in Eq. (2.3). The matching condition implies ⇤ = M/

p
g

q

g

�

. Let us study

9
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Simplified Models

4

q

q̄

�

�̄

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.

7
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FIG. 12: The dimension-7 operator contributing to processes such as gg ! ��̄ on the left is resolved on the

right in a model with new colored scalars (dashed line) and fermions (double line) that couple to the WIMP

�. Several other diagrams contribute aside from the one shown, see ref. [63] for details.

with colored mediators as was done for example in refs. [63, 64] and is shown in Fig. 12. A simple

example of such a model is one with new colored scalars and fermions that couple to the WIMP

through a Yukawa-type interaction. The coupling of the dimension-7 operator is then related to

the mass and coupling of these new states through,

↵s

4⇤3

/ ↵s�2

�

M3

med

(28)

where M
med

is the mass of the mediators and �� is their coupling to the WIMP. Evidently, one

needs fairly light mediators to generate the scale bounded by searches at the LHC, ⇤ ⇠ 350 GeV

as in ref. [8]. Such new colored states are much easier to search for in other channels by producing

them directly. Thus, this model is not very useful in providing a simplified framework to look for

the process gg ! ��̄.

To conclude this section we reiterate that resolving dimension-7 operators of the type discussed

above (D11-D14 of ref. [14]) in terms of simplified models is not as straightforward as it is for

operators associated with quarks (e.g. D1-D10). Because of their high dimensionality using these

EFT operators at the LHC is particularly problematic as was recently shown in [30]. Perhaps the

simplest way of making sense of such operators is through a new higgs-like scalar (or pseudoscalar)

that couples directly to the WIMP through a Yukawa coupling and to gluons through a dimension

five operator as in Eqs. (24) and (25).

s-channel loop

There are additional states/channels to search for

“Full” simplified model alters kinematics, search 
strategies, brings in new model dependence

Nothing new, we can deal with this
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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.
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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
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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

0 500 1000 1500 2000 2500 3000
0.0

0.5

1.0

1.5

2.0

2.5

MZ'B (GeV)

g B

UA2

CDF Run I

CDF 1.1 fb-1

CMS
0.13 fb-1

ATLAS 1 fb-1

CMS
4 fb-1

CMS 5 fb-1

CMS 20 fb-1

ATLAS
13 fb-1

ATLAS
20.3 fb-1

32Friday, 4 December 15



Light Mediators

Look for the light mediator directly-dijet resonance/angular 
distributions

[An,Ji,Wang:1202.2894;March-
Russell, Unwin, West: 1203.4854]

q q

q̄ q̄

100 200 500 1000 2000 5000
10�44
10�43
10�42
10�41
10�40
10�39
10�38
10�37
10�36

MZ ' �GeV⇥

⇥
SI
�cm2 ⇥

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
⌃
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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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mh = 120 GeV 0.75 0.55

mh = 250 GeV – 0.85

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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didate is considered and is either a scalar, a vector or a
Majorana fermion. The Higgs–nucleon coupling is taken
as 0.33+0.30

�0.07 [62], the uncertainty of which is expressed
by the bands in the figure. Spin-independent results
from direct-search experiments are also shown [63–70].
These results do not depend on the assumptions of the
Higgs-portal scenario. Within the constraints of such
a scenario however, the results presented in this Letter
provide the strongest available limits for low-mass DM
candidates. There is no sensitivity to these models once
the mass of the DM candidate exceeds mH/2. A search
by the ATLAS experiment for DM in more generic mod-
els, also using the dilepton + large Emiss

T final state, is
presented in Ref. [71].
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Where are we going?

Considerable discussion in the 
community about how to 
implement DM searches at 
Run II.  

EFTs provide an easily digestible 
encoding of LHC results, should also 
use a simple, conservative truncation.  
Ultimately we will use a few self-
consistent simplified models
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•Colliders can place strong constraints on dark matter
•Competitive with direct detection searches

•Light DM
•Spin dependent
•Independent of all astrophysics uncertainties

•Must be aware of caveats in results (as always)
•Light mediators alter collider bounds, more parameters, more 
things to search for
•Simplified models provide a good framework
•Beware of model dependence
•Correlated searches (mono-X, jets+MET, dijets,...)

Lots of work to do!

Conclusions
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