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(for discussion?) 
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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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Baryons amount to 
4% of the Universe.

(PD
G

 review
 on BBN

)From other sources:
Total matter is 22%.

DM is non-baryonic.
(there went my theory of “sneaker dark matter”)

2 sigma+systematic

2 sigma



The nice plot
BAO= baryon acoustic 
oscilations. Power spectrum of 
large scale structure.

SNe = supernovae type 1A

CMB=CMB.

Notice theat each technique 
alone has a “degenerate 
direction.

The combination rocks.

CMB

• Temperature fluctuations in the CMB encodes information about the evolution since 
recombination (z~1100).

• Fluctuations determine the dark energy, baryonic matter
and total matter.

[Hu, 2008]



Did anyone find 
DM in their beer?



cold:                                                                
Simulations of the formation of large scale structure 
seems to favors cold (a.k.a non-relativistic) DM.

long lived:                                                        
DM is still around today. It should not decay faster 
than the age of the Universe. If it decays to SM 
particles the limits are much stronger:

DM Properties
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TABLE I: A lower limit on the lifetime of a dark matter
particle with mass in the range 100 GeV . mDM . 10 TeV,
decaying to the products listed in the left column. The ex-
periment and the observed particle being used to set the limit
are listed in the right column. All the limits are only approx-
imate. Generally conservative assumptions were made and
there are many details and caveats as described in [1].

THEORETICAL SETUP

To study the observational consequences of decay-
ing dark matter in SUSY GUTs one may follow an ef-
fective field theory approach and consider an extended
MSSM with higher dimensional operators parametriz-
ing GUT e↵ects and leading to dark matter decay. A
detailed analysis of possible higher dimensional opera-
tors and the ways to generate them from concrete mi-
croscopic SUSY GUTs was presented in [1]. Here, for
definiteness, we will work in the context of the SO(10)
models described in [1]. As an example, in addition to
the standard MSSM interactions, we introduce an addi-
tional vectorlike (16m, 1̄6m) multiplet at the TeV scale
and 10GUT multiplet at the GUT scale. The relevant
superpotential interactions involving these fields are

W 0 = �16m16f10GUT +m16m1̄6m +MGUT10GUT10GUT

(2)
We will assume that the singlet Sm is the lightest compo-
nent of the 16m and will therefore be dark matter. After
GUT scale matter and gauge fields are integrated out
one obtains the dimension 5 operator 16m16m16f16f in
the superpotential and dimension 5 and 6 Kahler terms
16m16m10†, 16†m16m16†f16f involving m-fields. Of all
these, the only operator that involves two singlet Sm

components of 16m is the dimension 6 Kahler term yield-
ing S†

mSm16†f16f (assuming right-handed neutrinos are
heavy). Consequently, in this model a thermal relic
abundance of singlet fields is produced through dimen-
sion 5 decays of the charged components of 16m close to
the BBN epoch. These decays are interesting in their
own right, as they may explain the observed Lithium
abundances [3]. On the other hand, dimension 6 decays
between di↵erent components of the singlet supermulti-

plet may lead to observable astrophysical signals that we
discuss in the rest of the paper.

Note that these decays may go through operators
generated by integrating out the heavy U(1)B�L gauge
boson, or by integrating out heavy 10GUT fields. In the
former case decays are flavor universal, while the latter
generically lead to flavor non-universal decays. In the
case of flavor non-universal decays, since the decay rate
scales as the fourth power of the coupling, it is easy to
have decays to one flavor dominate over the rest. De-
pending on the relative strength of gauge and superpo-
tential couplings and the masses of the heavy fields, both
possibilities can be realized.

One may worry that this picture could be spoiled by
lower dimension operators, such as Kahler kinetic mix-
ings 10†GUT10h and 16†m16f . However, these are forbid-
den by R-parity (under which 16m is even, and 10GUT

is odd), and m-parity under which both 16m and 10GUT

are odd.
For simplicity, in this paper we will focus on the case

in which the scalar s̃ receives a TeV scale vev. In this
case dimension 6 operators lead to two body decays of
the singlet fields to the MSSM fields. We are thus lead
to two interesting observations:

• In this case dark matter decay products necessar-
ily contain MSSM superpartners, because direct
decays of a scalar into two light fermions are sup-
pressed by helicity.

• The production of superpartners, combined with
the generic expectation that sleptons are lighter
than squarks leads to decays dominantly into lep-
tonic channels due to kinematics.

These lead to a possible connection between the branch-
ing fraction of dark matter and the spectrum of its de-
cay products on the one hand, and the supersymmetric
spectrum and the decay cascades of superpartners on the
other.

ASTROPHYSICAL SIGNALS

Electrons and Positrons

GUT induced dark matter decays lead to several
generic expectations for electron/positron spectra. As
discussed in the previous section, the dark matter is a
combination of the scalar (s̃) and fermion (s) compo-
nents of the Sm superfield. The two body decay of dark
matter will involve sleptons (l̃, the superpartner of a lep-
ton) in the final state. The slepton then further decays



DM Properties
does not interact much:                                 
Obviously. Its dark.                                             
But due to halo shapes we know-       

it does not interact strongly with itself, otherwise halos 
would be too spherical (e.g. Fox and Buckley 2009).

it does not interact with massless particles, otherwise 
those could be radiated, and the halo would collapse to 
a disk. 

Does it have any 
non-gravitational interactions?



Relic abundance:  WIMPS
What sets the amount of DM?

Lets assume that DM has a weak interaction with 
matter:

What happens if we add such a particle to the 
primordial hot soup?

q

q̄

DM

DM

it can annihilate.



Relic abundance:  WIMPS
Disney Version:
Initially DM is in thermal equilibrium.

As the T drops below the mass it is “energetically 
favorable” for DM pair to convert to SM particles.   

At some point, DM particles will not find friend to 
annihilate with.  The abundance is set. Freeze-out.   

��$ f̄f

DM abundance begins to drop.



Relic abundance:  WIMPS
When is it that two WIMPs can’t find each other?

annihilation rate     ~ Expansion rate 
of the Universe

nDMh�vi ⇠ ȧ

a
⇠ T 2

Mpl

or

(Cosmology)(Particle Physics)

(but in practice we solve a boltzman equation)

This gives an intriguing result...



Relic abundance:  WIMPS
Abundance is independent of 
initial conditions.  :-)

Set by annihilation cross-
section:

DM as a thermal relic

A weak scale particle (WIMP) freezes out to leave the 
correct relic abundance - the WIMP “miracle”

“The weak shall inherit the Universe”

WIMP

superWIMP

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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or

EW cross-sections! what a coincidence!



WIMPs  :-)
Experiment:                                                     
A new particle with weak scale mass and cross 
section around1 pb. sounds good! Could lead to:

Scattering off a nucleus.

Annihilation in our galaxy.

Production at a collider.

q

DM DM

q

q

q̄

DM

DM

q

q̄

DM

DM

direct 
detection

indirect 
detection

Production.
(though we’d better find 

another diagram)

Just keep turning the diagram on its side.... (more later)



WIMPs :-)
Theory:                                                             
Dark matter needs to annihilate with weak-scale 
cross-sections. 

Experiment (again):                                       
Many of these theories have new colored particles. 
Produced strongly. Decay to DM.    

New physics at the weak or TeV scale .
We have plenty of those lying around!

For examples, see Lian Tao’s Talk: 
SUSY, Extra dimensions, compsiteness...

High rates for NP signals with MET !!!



At this point I was going to tell 
you about DM in SUSY.

I won’t.

you can check out the “deleted scenes” 
section of these slides.



Searches for DM
Direct & Indirect

How can we devise collider searches that 
complement these experiments directly?



Direct detection
Direct detection places limits on                       .

Heroic effort with remarkable results:
Devise an ultra sensitive detector w/ low threshold.

Build this detector from ultra clean materials.

Find a deep (and dirty!) mine.

Set up your detector don there (keeping it clean).

Wait till a WIMP kicks your detector

DM velocity ~ 10-3.                                                  
Kinetic energy ~few-100 keV.                                
Energy threshold need to be this low!

q

DM DM

q



Direct Detection
Parameter Space - spin independent:

5

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

]2WIMP Mass [GeV/c
6 7 8 910 20 30 40 50 100 200 300 400 1000

]2
W

IM
P-

N
uc

le
on

 C
ro

ss
 S

ec
tio

n 
[c

m

-4510

-4410

-4310

-4210

-4110

-4010

-3910

DAMA/I

DAMA/Na

CoGeNT

CDMS (2010/11)
EDELWEISS (2011/12)

XENON10 (2011)

XENON100 (2011)

COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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FIG. 5: (Color online) The 90% C.L. limit for this result is
shown in blue, interpreting all 20 observed single recoil events
as WIMP candidates with no background subtraction. The
band represents the systematic uncertainty in the bubble nu-
cleation efficiency of fluorine recoils (see Sec. IV). A previous
COUPP result [8] is shown for comparison. Direct detec-
tion limits from the PICASSO experiment [30], cyan, and the
KIMS experiment [31], pink, are shown. A limit from the
SIMPLE experiment is shown in dark green [24, 32]. Limits
on neutralino annihilation in the sun from the IceCube [33],
magenta, and Super Kamiokande [34], black, neutrino obser-
vatories are also plotted. The indirect detection limits from
the neutrino observations have additional dependence on the
branching fractions of the annihilation products. The gold
region indicates favored regions in cMSSM [35].

recoil events, the effective exposure was 311.4 kg-days,
yielding 8 single nuclear recoil events compared to a pre-
diction of 3.5. At this threshold, we observed 1 two-
bubble event (with 100% detection efficiency) compared
to a prediction of 1.0. Because of the generous separa-
tion observed between alpha particles and nuclear recoils
in Figure 1, and because some of the events can be ac-
counted for as neutron backgrounds, we do not anticipate
that alpha rejection failure represents a large fraction of
the observed single recoil candidate events in the 15.5 keV
sample. If, however, we interpret all of the 8 events at
the 15.5 keV threshold as alpha discrimination failures,
then based on 1733 tagged alpha decays we derive a 90%
C.L. upper limit on the binomial probability of an alpha
decay registering in the nuclear recoil signal region to be
< 0.7%.

Shorter exposures at 7.8±1.1 and 11.0±1.6 keV thresh-
olds yielded 6 single nuclear recoil events each in 70.6
and 88.5 total kg-days, respectively. Two three bubble
events were observed during the 11 keV exposure. The
observed single recoil rates at lower threshold are signif-
icantly higher than the 0.7(0.8) events predicted by the
neutron simulations at the 7.8(11.0) keV thresholds, sug-
gesting an excess of single nuclear recoil events in the
7-15 keV range.
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independent WIMP-proton elastic scattering from the data
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result [8] is shown for comparison. Direct detection limits
from the XENON10 [36] and XENON100 [37] experiments are
shown in magenta, and the CDMS experiment [38] in black.
The gold region indicates favored regions in cMSSM [35].

We note however that this low threshold population
of candidate nuclear recoil events differs in three ways
from what would be expected from true single nuclear
recoils. First, the AP distribution for the single nuclear
recoil events in the low threshold samples is noticeably
broader than was observed in calibration neutron events
taken under the same operating conditions and has a
significant tail to higher values of AP . This can been
seen in Figure 1. Whereas the nominal AP cut has
been measured to be 96% efficient for calibration neu-
tron events, relaxing our AP cut to 0.7−1.5 increases the
number of nuclear recoil candidates from 6(6) to 10(8) in
the 7.8(11.0) keV samples. The AP distribution for the
15.5 keV sample is consistent with the neutron calibra-
tion data.

Second, a significant fraction of the events in the
7.8 keV sample occur in statistically unlikely clusters.
Using the less restrictive 0.7− 1.5 AP cut, and addition-
ally considering events with acceptable AP but narrowly
rejected for other data quality cuts, we obtain a sam-
ple of 12 nuclear recoil candidate events or near misses
distributed over a period of fourteen days. Three of the
twelve events occur in a three hour time period, with
two occurring eight minutes apart. A second group of
five events occur in an eight hour time period, with three
events occurring in a ten minute interval. Two events in
the 11.0 keV sample are separated by three minutes. No
time clustering is observed in the 15.5 keV samples.

Third, a significant fraction of the low threshold events
are correlated in time with a bubble in the previous ex-
pansion. A time isolation cut of 530 seconds[29] would
have eliminated all of the high AP events and all of the

Direct Detection
Parameter Space - spin independent:
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band represents the systematic uncertainty in the bubble nu-
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COUPP result [8] is shown for comparison. Direct detec-
tion limits from the PICASSO experiment [30], cyan, and the
KIMS experiment [31], pink, are shown. A limit from the
SIMPLE experiment is shown in dark green [24, 32]. Limits
on neutralino annihilation in the sun from the IceCube [33],
magenta, and Super Kamiokande [34], black, neutrino obser-
vatories are also plotted. The indirect detection limits from
the neutrino observations have additional dependence on the
branching fractions of the annihilation products. The gold
region indicates favored regions in cMSSM [35].

recoil events, the effective exposure was 311.4 kg-days,
yielding 8 single nuclear recoil events compared to a pre-
diction of 3.5. At this threshold, we observed 1 two-
bubble event (with 100% detection efficiency) compared
to a prediction of 1.0. Because of the generous separa-
tion observed between alpha particles and nuclear recoils
in Figure 1, and because some of the events can be ac-
counted for as neutron backgrounds, we do not anticipate
that alpha rejection failure represents a large fraction of
the observed single recoil candidate events in the 15.5 keV
sample. If, however, we interpret all of the 8 events at
the 15.5 keV threshold as alpha discrimination failures,
then based on 1733 tagged alpha decays we derive a 90%
C.L. upper limit on the binomial probability of an alpha
decay registering in the nuclear recoil signal region to be
< 0.7%.

Shorter exposures at 7.8±1.1 and 11.0±1.6 keV thresh-
olds yielded 6 single nuclear recoil events each in 70.6
and 88.5 total kg-days, respectively. Two three bubble
events were observed during the 11 keV exposure. The
observed single recoil rates at lower threshold are signif-
icantly higher than the 0.7(0.8) events predicted by the
neutron simulations at the 7.8(11.0) keV thresholds, sug-
gesting an excess of single nuclear recoil events in the
7-15 keV range.
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from the XENON10 [36] and XENON100 [37] experiments are
shown in magenta, and the CDMS experiment [38] in black.
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We note however that this low threshold population
of candidate nuclear recoil events differs in three ways
from what would be expected from true single nuclear
recoils. First, the AP distribution for the single nuclear
recoil events in the low threshold samples is noticeably
broader than was observed in calibration neutron events
taken under the same operating conditions and has a
significant tail to higher values of AP . This can been
seen in Figure 1. Whereas the nominal AP cut has
been measured to be 96% efficient for calibration neu-
tron events, relaxing our AP cut to 0.7−1.5 increases the
number of nuclear recoil candidates from 6(6) to 10(8) in
the 7.8(11.0) keV samples. The AP distribution for the
15.5 keV sample is consistent with the neutron calibra-
tion data.

Second, a significant fraction of the events in the
7.8 keV sample occur in statistically unlikely clusters.
Using the less restrictive 0.7− 1.5 AP cut, and addition-
ally considering events with acceptable AP but narrowly
rejected for other data quality cuts, we obtain a sam-
ple of 12 nuclear recoil candidate events or near misses
distributed over a period of fourteen days. Three of the
twelve events occur in a three hour time period, with
two occurring eight minutes apart. A second group of
five events occur in an eight hour time period, with three
events occurring in a ten minute interval. Two events in
the 11.0 keV sample are separated by three minutes. No
time clustering is observed in the 15.5 keV samples.

Third, a significant fraction of the low threshold events
are correlated in time with a bubble in the previous ex-
pansion. A time isolation cut of 530 seconds[29] would
have eliminated all of the high AP events and all of the

Direct Detection
Parameter Space - spin independent:

Coherence lost



Direct detection
Heroic effort with remarkable results.

DD has some “weaknesses”:
Low mass.

Spin-dependent cross sections.

Astrophysical uncertainties.

Threshold uncertainties.

As you will see colliders are complementary.  
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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Direct Detection - EFT
Direct detection experiments probe ~100 MeV. 
The interaction is always “contact”. Effective field 
theory (EFT) valid:

SI, vector exchange

SD, axial-vector exchange

SI (or SD), t-channel 
“squark exchange”
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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].

3

Og = �s
(⇤̄⇤) (Ga

µ�G
aµ�)

�3
. (scalar, s-channel) (4)

In these expressions, ⇤ is the dark matter field, q is a Standard Model quark field, Ga
µ� is the gluon

field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

⇧
g⇥gq, where M

is the mass of the mediator, g⇥ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇥, where OSM involves only Standard Model fields and O⇥ involves only dark
matter, so that the matrix element ⇤N |OSM|N⌅ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as

1

�2
(⇤̄PRq)(q̄PL⇤) + (L ⇥ R) =

1

4�2
[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =

1

4�2
(OV �OA) . (5)

If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].

SI gluon operator

Two possibilities:
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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
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(⇥̄�µ⇥)(q̄�µq)
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field strength tensor, and PR(L) = (1±⇥5)/2. Since couplings to leptons cannot be directly probed
in a hadron collider environment, we will not concern ourselves with these in this paper (see [11]
for collider limits on dark matter–electron couplings).

In setting bounds we will turn on operators for up and down quarks separately. The bound
for couplings to any linear combination of quark flavors can be derived from these bounds (see
section 3). The denomination “s-channel” or “t-channel” in equations (1)–(4), refers to the most
straightforward ultraviolet (UV) completions of the respective operators. For instance, OV arises
most naturally if dark matter production in pp collisions proceeds through s-channel exchange of
a new heavy gauge boson, and Ot is most easily obtained if the production process is t-channel
exchange of a heavy scalar. In such a UV completion, � would be given by M/

⇧
g⇥gq, where M

is the mass of the mediator, g⇥ is its coupling to dark matter and gq is its coupling to Standard
Model quarks. (The gluon operator Og is somewhat special in this respect since the coupling of
a scalar mediator to two gluons is in itself a dimension-5 operator). In supersymmetric theories
the dominant interaction of dark matter with quarks is often induced by squark exchange. For the
case of degenerate left and right handed squarks an operator of the form Ot is predicted (but with
⇤ being a Majorana fermion). Here we have assumed that DM is a Dirac fermion, the case of a
Majorana fermion [7] would not greatly alter our results, except in the case of the vector operator
OV , which vanishes if ⇤ is a Majorana fermion.

Ultimately we wish to compare the collider bounds to direct detection bounds, and when match-
ing quark level operators to nucleon level operators the coupling between the SM and DM must
be of the form OSMO⇥, where OSM involves only Standard Model fields and O⇥ involves only dark
matter, so that the matrix element ⇤N |OSM|N⌅ can be extracted [18]. An operator like Ot, which
is not in this form, can be converted into it by a Fierz transformation. This leads to a sum of
several operators that can all contribute to the interaction. Typically, for direct detection, one of
these operators will dominate, but at colliders there can be considerable interference. For instance,
we can rewrite equation (3) as
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[(⇤̄⇥µ⇤)(q̄⇥µq)� (⇤̄⇥µ⇥5⇤)(q̄⇥µ⇥5q)] =
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If ⇤ is a Dirac fermion both the OV and the OA components contribute to ⇤ production at colliders,
but in direct detection experiments, the spin-independent interaction induced by OV dominates
over the spin-dependent interaction due to OA. For Majorana dark matter, of course, OV would
vanish in all cases.

3. MONO-JETS AT THE LHC

In this section we will derive bounds on dark matter operators with mono-jet searches. In the
following subsection we will compare the reach of several mono-jet searches, a low luminosity (36
pb�1) CMS search and three ATLAS searches with varying jet pT cuts using 1 fb�1 of data.2 For
simplicity we will make this comparison only for the vector operator OV , with dark matter coupling
only to up quarks. We will find that the highest jet pT cuts are most e⇥ective in setting bounds
on this dark matter interaction. In the next subsection we will proceed to use the analysis based
on these highest jet-pT cuts to set bounds on all e⇥ective operators discussed in section 2.

2 As we were completing this manuscript, CMS has also updated its mono-jet analysis using 1.1 fb�1 of data [21].
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EFT - valid or not?
The EFT is valid for direct detection(                 ):

At a collider consider two extreme limits:

χ

q

χ

q

1 Introduction

From astronomical and cosmological observations it is now clear that ∼ 25% of the matter-energy

content of the universe if made up by dark matter (DM). Although DM has so far only been observed

through its gravitational interactions the quest for a more direct observation of DM is taking place

simultaneously on many fronts. Indirect searches look for signals of standard model (SM) particle

production from DM annihilations in our galaxy, direct searches look for interactions of DM with SM

particles in underground detectors and colliders attempt to produce the DM and measure it. We will

concentrate here on direct detection and collider searches.

If dark matter is to be observed in direct detection searches it must couple to quarks or gluons 1.

The same couplings lead to direct DM production at hadronic colliders such as the Tevatron, and

we wish to investigate the connection between the two types of search. We will do so in a model

independent fashion [1]; we will assume that the DM is fermionic and that there is some massive state

whose exchange couples DM to quarks. The mediator may be a SM gauge boson, the Higgs or a new

particle (if the new particle is very heavy we can describe its effects with an effective contact operator).

Although the processes that give direct detection and those that give DM production occur through

s- and t-channel exchange of the same mediator, the regimes probed in the two types of experiment

are very different. The momentum exchange during a DM-nucleus recoil is ∼ 100 MeV whereas at the

Tevatron the typical momentum exchange is 10− 100 GeV. This leads to two interesting regimes to

consider when comparing bounds from the two types of experiments: heavy mediators M ! 100 GeV

and light mediators M " 100 GeV.

The momentum exchange at direct detection experiments is sufficiently low that for all but the

lightest mediators below O(100 MeV), which we do not consider here, the mediator can effectively be

integrated out and the scattering rate in both regimes scales as,

σDD ∼ g2
χ g2

q
µ2

M4
, (1)

where, for simplicity, we have ignored form factors and possible momentum and velocity dependence

in the cross section. Here, gχ and gq are couplings of the mediator to DM and quarks. µ is the reduced

mass of the DM-nucleon system.

In contrast the two regimes behave very differently at colliders. Concentrating on direct production

of a pair of DM particles and an initial state emission of a jet, we estimate the mono-jet + /ET

1DAMA and CDMS, which unlike other experiments are also sensitive to DM-electron recoils, are two exceptions to
this.

1

µ =
mχmN

mN + mχ

q ∼ 100 MeV

� � M
⇥

gqg�

q χ

q̄ χ

production cross section in the two cases to be

σ1j ∼











αs g2
χ g2

q
1

p2
T

M ! 100 GeV ,

αs g2
χ g2

q
p2

T

M4 M " 100 GeV ,

(2)

where αs is the QCD coupling and pT is the transverse momentum of the jet. Thus, for the heavy

mediator case the production cross section at the Tevatron, where pT ∼ 100 GeV, is O(1000) times

larger than the direct detection cross section for µ ∼ 1 GeV when the DM is heavier than the nucleon

mass. The CDF mono-jet search [2] analysed ∼ 1 fb−1 and saw no significant discrepancy from the

SM, thus limiting the DM + mono-jet production cross section to be smaller than ∼ 500 fb. Due

to the factor of 1000 mentioned above, this will translate to bounds in the neighborhood of 0.5 fb in

direct detection experiments.

This is to be compared with direct detection current searches. Null results from experiments such

as CDMS [3], XENON[4, 5] and others, place strong constraints on the cross section of DM to recoil

from a nucleus, σ ! 10−3 − 10−4 fb for a 10-100 GeV WIMP scattering elastically through a spin

independent (SI) interaction. Thus, for this situation it seems that direct detection has greater reach.

However, due to the threshold to detect a DM recoil in these experiments there is a DM mass below

which these experiments are no longer sensitive, typically this lower bound is mχ ∼ 5− 10 GeV, there

is no such threshold in collider searches.

Furthermore, the DAMA collaboration [6] have observed a signal consistent with DM scattering

from NaI which is inconsistent with bounds on a standard WIMP from CDMS and other experiments.

This has motivated the introduction of non-standard DM scenarios that can make these seemingly

discrepant results consistent. The cross sections necessary to explain DAMA are considerably larger

than 10−3fb and may allow these scenarios to be probed directly at the Tevatron, due to the increase

in cross section described above. Another possibility that has been motivated both by DAMA and

the recent CoGeNT [7] excess is that dark matter is light, below about 10 GeV, and is thus transfers

small momenta to nuclei giving a signal near threshold. The Tevatron will place a strong bound for

dark matter particles below 5 GeV. Finally, spin-dependent (SD) WIMP-nucleus scatterings are not

coherent and therefore are not enhanced by an A2 factor. Typical bounds on a SD WIMP-proton

scatter from direct detection are ∼ 1 fb , and will be severely impacted by the mono-jet bounds

presented here.

We will begin our discussion with a model independent operator analysis, corresponding to very

heavy mediation particles (such as a heavy Z ′ or squarks). In Section 2 we will introduce some

representative four fermion operators supressed by a cutoff scale. We will then place limits on the

2

M >
�

s�

M �
⇥

s�

There’s an interesting middle region...
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Figure 1: The distribution of (a) Emiss
T and (b) pT( j1) for data (black full points with error bars)

and simulation (histograms) for Emiss
T > 350 GeV/c after the full event selection criteria are

applied. The Z(nn)+jets and W+jets backgrounds are normalized to their estimates from data.
An example of a dark matter signal (for axial-vector couplings and Mc = 1 GeV/c2) is shown
as a dashed blue histogram and an ADD signal (with MD = 2 TeV, d = 3) is shown as a dotted
red histogram.

consistent with pp collision events. The application of these data cleanup requirements would
reject approximately 2% of the dark matter signal and 3% of the ADD signal.

The signal sample is selected by requiring Emiss
T > 200 GeV/c and the jet with the highest trans-

verse momentum ( j1) to have pT( j1) > 110 GeV/c and |h( j1)| < 2.4. The triggers used to collect
these data are fully efficient for events passing these selection cuts. Events with more than
two jets (Njets > 2) with pT above 30 GeV/c are discarded. As signal events typically contain
jets from initial- or final-state radiation, a second jet ( j2) is allowed, provided Df( j1, j2) < 2.5.
This angular requirement suppresses QCD dijet events. To reduce background from Z and W
production and top-quark decays, events with isolated muons or electrons with pT > 10 GeV/c
are rejected. Events with an isolated track with pT > 10 GeV/c are also removed as they come
primarily from t-lepton decays. A track is considered isolated if the scalar sum of the trans-
verse momentum of all tracks with pT > 1 GeV/c in the annulus of 0.02 < DR < 0.3 around
its direction is less than 1% of its pT. Table 1 lists the numbers of data and SM background
events at each step of the analysis. Efficiencies for representative dark matter and ADD models
relative to the event yield passing Emiss

T > 200 GeV/c selection are also shown. The dominant
background is Z(nn̄)+jets and the next largest source of background is W+jets. The event yields
for Emiss

T > 250, 300, 350, and 400 GeV/c are also shown. A study of the Emiss
T requirement using

the signal samples showed that Emiss
T > 350 GeV/c is the optimal value for both the dark matter

and ADD models searches.

The Emiss
T and pT( j1) distributions are shown in Fig. 1, where the Z(nn̄)+jets and W+jets back-

grounds are normalized to the rate determined from data (Section 5) and other backgrounds
are normalized to the integrated luminosity.
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Figure 1: The distribution of (a) Emiss
T and (b) pT( j1) for data (black full points with error bars)

and simulation (histograms) for Emiss
T > 350 GeV/c after the full event selection criteria are

applied. The Z(⇧⇧)+jets and W+jets backgrounds are normalized to their estimates from data.
An example of a dark matter signal (for axial-vector couplings and M� = 1 GeV/c2) is shown
as a dashed blue histogram and an ADD signal (with MD = 2 TeV, ⇥ = 3) is shown as a dotted
red histogram.

consistent with pp collision events. The application of these data cleanup requirements would
reject approximately 2% of the dark matter signal and 3% of the ADD signal.

The signal sample is selected by requiring Emiss
T > 200 GeV/c and the jet with the highest trans-

verse momentum ( j1) to have pT( j1) > 110 GeV/c and |⌅( j1)| < 2.4. The triggers used to collect
these data are fully efficient for events passing these selection cuts. Events with more than
two jets (Njets > 2) with pT above 30 GeV/c are discarded. As signal events typically contain
jets from initial- or final-state radiation, a second jet ( j2) is allowed, provided �⇤( j1, j2) < 2.5.
This angular requirement suppresses QCD dijet events. To reduce background from Z and W
production and top-quark decays, events with isolated muons or electrons with pT > 10 GeV/c
are rejected. Events with an isolated track with pT > 10 GeV/c are also removed as they come
primarily from ⌃-lepton decays. A track is considered isolated if the scalar sum of the trans-
verse momentum of all tracks with pT > 1 GeV/c in the annulus of 0.02 < �R < 0.3 around
its direction is less than 1% of its pT. Table 1 lists the numbers of data and SM background
events at each step of the analysis. Efficiencies for representative dark matter and ADD models
relative to the event yield passing Emiss

T > 200 GeV/c selection are also shown. The dominant
background is Z(⇧⇧̄)+jets and the next largest source of background is W+jets. The event yields
for Emiss

T > 250, 300, 350, and 400 GeV/c are also shown. A study of the Emiss
T requirement using

the signal samples showed that Emiss
T > 350 GeV/c is the optimal value for both the dark matter

and ADD models searches.

The Emiss
T and pT( j1) distributions are shown in Fig. 1, where the Z(⇧⇧̄)+jets and W+jets back-

grounds are normalized to the rate determined from data (Section 5) and other backgrounds
are normalized to the integrated luminosity.
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Figure 1: The measured EmissT distribution (black dots) compared to the SM (solid lines), SM+ADD LED (dashed
lines), and SM+WIMP (dotted lines) predictions, for two particular ADD LED and WIMP scenarios. The back-
ground contributions fromW/Z+jets, γ+jets, and multi-jet processes are taken from theMC simulations normalized
to the data-driven estimations, as discussed in the text. For data only statistical uncertainties are included. The
band around the total background prediction includes uncertainties on the data-driven background estimates and
statistical uncertainties on the MC samples.

interactions is driven by the results from collider experiments with the assumption of the validity of the
effective theory. The upper limits presented in this note improve upon CDF results at the Tevatron [4] and
are similar to those obtained by the CMS experiment [6] which uses axial-vector operators to describe
spin-dependent interactions.

8 Conclusion

In summary, we report results on the search for new phenomena in events with an energetic photon and
large missing transverse momentum in proton-proton collisions at

√
s = 7 TeV, based on ATLAS data

corresponding to an integrated luminosity of 4.6 fb−1. The measurements are in agreement with the SM
predictions for background. The results are translated into model-independent 90% and 95% confidence
level upper limits on σ × A × ε of 5.6 fb and 6.8 fb, respectively. The results are presented in terms
of new improved limits on MD versus the number of extra spatial dimensions in the ADD LED model
and upper limits on the spin-independent and spin-dependent contributions to the nucleon-WIMP elastic
cross section as a function of the WIMP mass.
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Figure 5: ATLAS 90% CL lower limits on M∗ for different masses of χ. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1σ band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1σ limit lines around the observed

limit. The M∗ values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [32]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the effective field theory

approach breaks down [32]. The upper two plots are based on SR3, the lower two plots on SR4.

17

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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Figure 1: The distribution of (a) Emiss
T and (b) pT( j1) for data (black full points with error bars)

and simulation (histograms) for Emiss
T > 350 GeV/c after the full event selection criteria are

applied. The Z(⇧⇧)+jets and W+jets backgrounds are normalized to their estimates from data.
An example of a dark matter signal (for axial-vector couplings and M� = 1 GeV/c2) is shown
as a dashed blue histogram and an ADD signal (with MD = 2 TeV, ⇥ = 3) is shown as a dotted
red histogram.

consistent with pp collision events. The application of these data cleanup requirements would
reject approximately 2% of the dark matter signal and 3% of the ADD signal.

The signal sample is selected by requiring Emiss
T > 200 GeV/c and the jet with the highest trans-

verse momentum ( j1) to have pT( j1) > 110 GeV/c and |⌅( j1)| < 2.4. The triggers used to collect
these data are fully efficient for events passing these selection cuts. Events with more than
two jets (Njets > 2) with pT above 30 GeV/c are discarded. As signal events typically contain
jets from initial- or final-state radiation, a second jet ( j2) is allowed, provided �⇤( j1, j2) < 2.5.
This angular requirement suppresses QCD dijet events. To reduce background from Z and W
production and top-quark decays, events with isolated muons or electrons with pT > 10 GeV/c
are rejected. Events with an isolated track with pT > 10 GeV/c are also removed as they come
primarily from ⌃-lepton decays. A track is considered isolated if the scalar sum of the trans-
verse momentum of all tracks with pT > 1 GeV/c in the annulus of 0.02 < �R < 0.3 around
its direction is less than 1% of its pT. Table 1 lists the numbers of data and SM background
events at each step of the analysis. Efficiencies for representative dark matter and ADD models
relative to the event yield passing Emiss

T > 200 GeV/c selection are also shown. The dominant
background is Z(⇧⇧̄)+jets and the next largest source of background is W+jets. The event yields
for Emiss

T > 250, 300, 350, and 400 GeV/c are also shown. A study of the Emiss
T requirement using

the signal samples showed that Emiss
T > 350 GeV/c is the optimal value for both the dark matter

and ADD models searches.

The Emiss
T and pT( j1) distributions are shown in Fig. 1, where the Z(⇧⇧̄)+jets and W+jets back-

grounds are normalized to the rate determined from data (Section 5) and other backgrounds
are normalized to the integrated luminosity.
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Figure 1: The measured EmissT distribution (black dots) compared to the SM (solid lines), SM+ADD LED (dashed
lines), and SM+WIMP (dotted lines) predictions, for two particular ADD LED and WIMP scenarios. The back-
ground contributions fromW/Z+jets, γ+jets, and multi-jet processes are taken from theMC simulations normalized
to the data-driven estimations, as discussed in the text. For data only statistical uncertainties are included. The
band around the total background prediction includes uncertainties on the data-driven background estimates and
statistical uncertainties on the MC samples.

interactions is driven by the results from collider experiments with the assumption of the validity of the
effective theory. The upper limits presented in this note improve upon CDF results at the Tevatron [4] and
are similar to those obtained by the CMS experiment [6] which uses axial-vector operators to describe
spin-dependent interactions.

8 Conclusion

In summary, we report results on the search for new phenomena in events with an energetic photon and
large missing transverse momentum in proton-proton collisions at

√
s = 7 TeV, based on ATLAS data

corresponding to an integrated luminosity of 4.6 fb−1. The measurements are in agreement with the SM
predictions for background. The results are translated into model-independent 90% and 95% confidence
level upper limits on σ × A × ε of 5.6 fb and 6.8 fb, respectively. The results are presented in terms
of new improved limits on MD versus the number of extra spatial dimensions in the ADD LED model
and upper limits on the spin-independent and spin-dependent contributions to the nucleon-WIMP elastic
cross section as a function of the WIMP mass.
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Figure 5: ATLAS 90% CL lower limits on M∗ for different masses of χ. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1σ band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1σ limit lines around the observed

limit. The M∗ values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [32]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the effective field theory

approach breaks down [32]. The upper two plots are based on SR3, the lower two plots on SR4.
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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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Figure 1: The distribution of (a) Emiss
T and (b) pT( j1) for data (black full points with error bars)

and simulation (histograms) for Emiss
T > 350 GeV/c after the full event selection criteria are

applied. The Z(⇧⇧)+jets and W+jets backgrounds are normalized to their estimates from data.
An example of a dark matter signal (for axial-vector couplings and M� = 1 GeV/c2) is shown
as a dashed blue histogram and an ADD signal (with MD = 2 TeV, ⇥ = 3) is shown as a dotted
red histogram.

consistent with pp collision events. The application of these data cleanup requirements would
reject approximately 2% of the dark matter signal and 3% of the ADD signal.

The signal sample is selected by requiring Emiss
T > 200 GeV/c and the jet with the highest trans-

verse momentum ( j1) to have pT( j1) > 110 GeV/c and |⌅( j1)| < 2.4. The triggers used to collect
these data are fully efficient for events passing these selection cuts. Events with more than
two jets (Njets > 2) with pT above 30 GeV/c are discarded. As signal events typically contain
jets from initial- or final-state radiation, a second jet ( j2) is allowed, provided �⇤( j1, j2) < 2.5.
This angular requirement suppresses QCD dijet events. To reduce background from Z and W
production and top-quark decays, events with isolated muons or electrons with pT > 10 GeV/c
are rejected. Events with an isolated track with pT > 10 GeV/c are also removed as they come
primarily from ⌃-lepton decays. A track is considered isolated if the scalar sum of the trans-
verse momentum of all tracks with pT > 1 GeV/c in the annulus of 0.02 < �R < 0.3 around
its direction is less than 1% of its pT. Table 1 lists the numbers of data and SM background
events at each step of the analysis. Efficiencies for representative dark matter and ADD models
relative to the event yield passing Emiss

T > 200 GeV/c selection are also shown. The dominant
background is Z(⇧⇧̄)+jets and the next largest source of background is W+jets. The event yields
for Emiss

T > 250, 300, 350, and 400 GeV/c are also shown. A study of the Emiss
T requirement using

the signal samples showed that Emiss
T > 350 GeV/c is the optimal value for both the dark matter

and ADD models searches.

The Emiss
T and pT( j1) distributions are shown in Fig. 1, where the Z(⇧⇧̄)+jets and W+jets back-

grounds are normalized to the rate determined from data (Section 5) and other backgrounds
are normalized to the integrated luminosity.
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Figure 1: The measured EmissT distribution (black dots) compared to the SM (solid lines), SM+ADD LED (dashed
lines), and SM+WIMP (dotted lines) predictions, for two particular ADD LED and WIMP scenarios. The back-
ground contributions fromW/Z+jets, γ+jets, and multi-jet processes are taken from theMC simulations normalized
to the data-driven estimations, as discussed in the text. For data only statistical uncertainties are included. The
band around the total background prediction includes uncertainties on the data-driven background estimates and
statistical uncertainties on the MC samples.

interactions is driven by the results from collider experiments with the assumption of the validity of the
effective theory. The upper limits presented in this note improve upon CDF results at the Tevatron [4] and
are similar to those obtained by the CMS experiment [6] which uses axial-vector operators to describe
spin-dependent interactions.

8 Conclusion

In summary, we report results on the search for new phenomena in events with an energetic photon and
large missing transverse momentum in proton-proton collisions at

√
s = 7 TeV, based on ATLAS data

corresponding to an integrated luminosity of 4.6 fb−1. The measurements are in agreement with the SM
predictions for background. The results are translated into model-independent 90% and 95% confidence
level upper limits on σ × A × ε of 5.6 fb and 6.8 fb, respectively. The results are presented in terms
of new improved limits on MD versus the number of extra spatial dimensions in the ADD LED model
and upper limits on the spin-independent and spin-dependent contributions to the nucleon-WIMP elastic
cross section as a function of the WIMP mass.
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Figure 5: ATLAS 90% CL lower limits on M∗ for different masses of χ. Observed and expected lim-

its including all but the theoretical signal uncertainties are shown as thick black and red dashed lines,

respectively. The gray ±1σ band around the expected limit is the variation expected from statistical

fluctuations and experimental systematic uncertainties on SM and signal processes. The impact of the

theoretical uncertainties is demonstrated with the thin red dotted ±1σ limit lines around the observed

limit. The M∗ values at which WIMPs of a given mass would result in the required relic abundance

are shown as green lines (taken from [32]), assuming annihilations in the early universe proceeded ex-

clusively via the given operator. The shaded light-gray regions indicate where the effective field theory

approach breaks down [32]. The upper two plots are based on SR3, the lower two plots on SR4.
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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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Similar.
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ATLAS Limits

Similar.
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CDF Limits:
CDF (+ 3 theorists) did a 
dedicated shape 
analysis of monojet 
spectra (with 6.7 fb-1).
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Indirect Detection
Thermal relic cross sections are being probed!
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= 0.24 (cf. ref. [15]). The thick solid lines are the observed limits

excluding theoretical uncertainties, the observed limits corresponding to the −1σtheory lines in figure 5

are shown as thin dotted lines. The ATLAS limits are for the four light quark flavors assuming equal

coupling strengths for all quark flavors to the WIMPs. For comparison, high-energy gamma-ray limits

from the Fermi LAT [71] for Majorana WIMPs are shown, scaled up by a factor of two to make them

comparable to the ATLAS Dirac WIMP limits. All limits shown here assume 100% branching fractions

of WIMPs annihilating to quarks. The horizontal dashed line indicates the value required for WIMPs to

make up the relic abundance set by the WMAP measurement.

limits are below the value needed for WIMPs to make up the cold dark matter abundance, assuming

WIMPs have annihilated exclusively via the particular operator to SM quarks while they were in thermal

equilibrium in the early universe. In this case WIMPs would result in relic densities that are too large

and hence incompatible with the WMAP measurements. For masses of mχ ≥ 200 GeV the ATLAS

sensitivity worsens substantially compared to the Fermi LAT one. This will improve when the LHC

starts operations at higher center-of-mass energies in future.

The value of using an effective field theory for WIMPs coupling to SM particles is that only two

parameters, M∗ and mχ, can describe WIMP pair production at the LHC, WIMP-nucleon scattering

measured by direct-detection experiments, and WIMP annihilation measured by indirect-detection ex-

periments. The complementarity between the different experimental approaches can hence be explored

under a number of important assumptions: the effective field theory must be valid, WIMPs must interact

with SM quarks or gluons exclusively via only one of the operators of the effective field theory (since a

mix of operators with potential interference effects is not considered here), and the interactions must be

flavor-universal for the four light quarks. In the future, should there be a WIMP signal in at least one of
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What happens when the mediator is light?
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Figure 7: ATLAS limit on ⇥ ⇥ M/
⇧
g�gq as a function of the mass M of the particle mediating dark

matter–quark interactions. We have assumed s-channel vector-type interactions, and we have considered
the values m� = 50 GeV (red) and m� = 500 GeV (blue) for the dark matter mass. We have varied the
width � of the mediator between the values M/3 (lower boundary of colored bands) and M/8� (upper
boundary of colored bands). Dashed dark gray lines show contours of constant

⇧
g�gq.

In light of this result it is important to revisit our limits from section 3 and check that they are
consistent with the e⇤ective theory in which they were derived. In other words, we have to verify
that models which saturates our limits can still be described in e⇤ective field theory. Inspecting
the dashed contours of constant mean coupling

⇧
gqg� in figure 7, we see that for mediator masses

above ⇤ 5 TeV, where the limits derived in the full renormalizable theory asymptote to those
derived in the e⇤ective theory, our limits would correspond to

⇧
gqg� ⇤ 5–10, depending on m�.

This is still below the
⇧
gqg� = 4�, which for small m� would be reached at M ⇤ 10 TeV. We

thus see that there is considerable parameter space available in the renormalizable model in which
e⇤ective theory provides a good low-energy approximation. Moreover, we have seen that even
for lighter mediators, M ⇤ few � 100 GeV, the limits derived from the e⇤ective theory are valid,
though overly conservative. However, for very light mediators, M � 100 GeV, the collider bounds
on direct detection cross sections are considerably weakened.

Even though we have only quantitatively demonstrated the above conclusions for dark matter
with vector couplings here, the results of references [4, 11] show that they can be generalized to
other types of e⇤ective operators, in particular axial vector OA and scalar t-channel Ot. For the
gluon operator Og, we remark that its most natural UV-completion is through a diagram in which
the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.
Due to the additional loop factor which need not be present in UV completions of OV and OA, the
masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger
than ⇤ 1 TeV for a theory that saturates our limit ⇥ ⇤ 500 GeV (see figure 4). Therefore, as one
can see from figure 7, e⇤ective field theory is not strictly applicable in such a model, but the limit
it gives is on the conservative side.

Let us finally comment on the case of scalar dark matter–quark couplings of the form

OS ⇥ (⇥L⇥R)(qLqR)

⇥2
+ (L ⌅ R) , (14)

which we have not considered so far in this paper. As any UV completion of that operator has to

EFT limits are 
conservative 
so long as the 

mediator is above
a few hundred GeV
(and the mediator 

decays to DM).
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matter–quark interactions. We have assumed s-channel vector-type interactions, and we have considered
the values m� = 50 GeV (red) and m� = 500 GeV (blue) for the dark matter mass. We have varied the
width � of the mediator between the values M/3 (lower boundary of colored bands) and M/8� (upper
boundary of colored bands). Dashed dark gray lines show contours of constant
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g�gq.

In light of this result it is important to revisit our limits from section 3 and check that they are
consistent with the e⇤ective theory in which they were derived. In other words, we have to verify
that models which saturates our limits can still be described in e⇤ective field theory. Inspecting
the dashed contours of constant mean coupling

⇧
gqg� in figure 7, we see that for mediator masses

above ⇤ 5 TeV, where the limits derived in the full renormalizable theory asymptote to those
derived in the e⇤ective theory, our limits would correspond to

⇧
gqg� ⇤ 5–10, depending on m�.

This is still below the
⇧
gqg� = 4�, which for small m� would be reached at M ⇤ 10 TeV. We

thus see that there is considerable parameter space available in the renormalizable model in which
e⇤ective theory provides a good low-energy approximation. Moreover, we have seen that even
for lighter mediators, M ⇤ few � 100 GeV, the limits derived from the e⇤ective theory are valid,
though overly conservative. However, for very light mediators, M � 100 GeV, the collider bounds
on direct detection cross sections are considerably weakened.

Even though we have only quantitatively demonstrated the above conclusions for dark matter
with vector couplings here, the results of references [4, 11] show that they can be generalized to
other types of e⇤ective operators, in particular axial vector OA and scalar t-channel Ot. For the
gluon operator Og, we remark that its most natural UV-completion is through a diagram in which
the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.
Due to the additional loop factor which need not be present in UV completions of OV and OA, the
masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger
than ⇤ 1 TeV for a theory that saturates our limit ⇥ ⇤ 500 GeV (see figure 4). Therefore, as one
can see from figure 7, e⇤ective field theory is not strictly applicable in such a model, but the limit
it gives is on the conservative side.

Let us finally comment on the case of scalar dark matter–quark couplings of the form

OS ⇥ (⇥L⇥R)(qLqR)

⇥2
+ (L ⌅ R) , (14)

which we have not considered so far in this paper. As any UV completion of that operator has to

EFT limits are 
conservative 
so long as the 

mediator is above
a few hundred GeV
(and the mediator 

decays to DM).
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width � of the mediator between the values M/3 (lower boundary of colored bands) and M/8� (upper
boundary of colored bands). Dashed dark gray lines show contours of constant
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Even though we have only quantitatively demonstrated the above conclusions for dark matter
with vector couplings here, the results of references [4, 11] show that they can be generalized to
other types of e⇤ective operators, in particular axial vector OA and scalar t-channel Ot. For the
gluon operator Og, we remark that its most natural UV-completion is through a diagram in which
the two gluons as well as a new scalar s-channel mediator couple to a triangular heavy quark loop.
Due to the additional loop factor which need not be present in UV completions of OV and OA, the
masses of the new heavy scalar and the new heavy quark propagating in the loop cannot be larger
than ⇤ 1 TeV for a theory that saturates our limit ⇥ ⇤ 500 GeV (see figure 4). Therefore, as one
can see from figure 7, e⇤ective field theory is not strictly applicable in such a model, but the limit
it gives is on the conservative side.

Let us finally comment on the case of scalar dark matter–quark couplings of the form
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Does Higgs have anything to do with DM?



Higgs Exchange
Current DD limits are probing Higgs exchange.

If DM is light, Higgs could decay to a DM pair.
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 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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......Higgs-exchange...

Invisible Higgs searches can be 
redrawn as direct detection limits.
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Direct detection is 
parametrically smaller!
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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 [66]. 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 [67], 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.

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
the search for dark matter. This is true both for bounds on the Higgs, as well as for a potential
Higgs discovery.

For example, the recent LHC exclusions [67, 68] of a SM Higgs between � 140 GeV and
� 400 GeV have an amusing interpretation as a possible lower bound on the dark matter scattering
rate expected at direct detection experiments. In particular, if the Higgs has a sizeable branching



Summary
DM is real and exciting!

You can probe in in new and complementary ways 
at the LHC.

Go find it!

cheers.
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WIMPs in BSM e.g. SUSY

In many theories a new parity was needed to, say, 
prevent proton decay (in SUSY):

More couplings?

- Gauge invariance and SUSY allows for more 

couplings. For example

Figure 6.5: Squarks would mediate disas-

trously rapid proton decay ifR-parity were

violated by both ∆B = 1 and ∆L = 1 in-

teractions. This e
xample shows p → e+π0

mediated by a strange (or botto
m) squark.
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in

eq. (6.2.1) violate
total lepton number by 1 unit (as well as th

e individual lepton
flavors) and those in

eq. (6.2.2) violate
baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since
corresponding B- and

L-violating processes have not been seen experimentally. The most obvious experimental constraint

comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both

λ′ and λ′′ couplings were
present and unsuppressed, the

n the lifetime of the proton would be extremely

short. For example, Feynman diagrams like the one in Figure 6.5
† would lead to p+ → e+π0 (shown) or

e+K0 or µ+π
0 or µ+K

0 or νπ+ or νK
+ etc. depending on which components of λ

′ and λ′′ are largest.
‡

As a rough estimate based on dimensional analysis,
for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11
i |2/m4

d̃i
,

(6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have

masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is

known experimentally to be in excess of 10
32 years. Therefore,

at least one of λ′ijk or λ′′11
k for each of

i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes al
so give strong constraints

on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this

is clearly a step backward from the situation in the Standard Model, where the conservation of these

quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact

that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there

is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are

known to be necessarily violated by non-perturbative
electroweak effects [69] (even though those effects

are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a

new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the

renormalizable superpotential, w
hile allowing the good terms in eq. (6.1.1). This new symmetry is

called “R-parity” [8] or equivalently
“matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B
−L)

(6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all

have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and

gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity

PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in

the superpotentia
l) is allowed only if the product of PM for all of the fields

in it is +1. It is easy to see

that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forb
idden, while the g

ood and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion

label refer to physical particle
states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-

metrically. That is
why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, fo

r u, d quarks in the proton.
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Proton decay: 

These couplings must be extremely tiny!

Monday, August 6, 12

Lightest SuperPartner (LSP) is stable

•
•• even

odd
LSP

SM

Monday, August 6, 12

“Bad” coupling 
forbidden. Lightest odd particle is 

stable (for “free”? No).

(ripped from Lian Tao’s talk)
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RELIC DENSITY
• Neutralinos annihilate through many processes. [Æ]

But there are typically two dominant classes: 

• F are Majorana fermions, so Pauli 
exclusion Æ Sin = 0, L conservation Æ
ࡳ P -wave suppression: Vv ~ V0 + V1v2, 

mv2/2 = 3T/2 Æ v2 ~ 3T/m ~ 0.1
ࡳ mf /mW suppression

• Gauge boson diagrams
suppressed for F § Bino

Bottom line: annihilation is typically suppressed, :DMh2 is typically high

But it can annihilate via 
sparticle exchange. 

sparticle mass is set to 
solve other problems!



SUSY WIMPs
In fact, neutralinos can annihilate in many many ways:

20 Jun 11 Feng  36

NEUTRALINO ANNIHILATION

Jungman, Kamionkowski, Griest (1995)



SUSY WIMPs
A variety of possibilities: interesting 
phenomenology, but also...

Connections between experiments are highly 
model dependent.

No longer turning a single diagram on its side...

For example:
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Indirect

direct

relic abundance
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And Colliders?



SUSY & Colliders
SUSY particles are produced via colored squarks 
or gluinos.

This is great for discovering New Physics, but hard 
to make the connections to dark matter.              
(nature can certainly be this way).

Model dependent searches at LHC 
(e.g. SUSY)

•Hierarchy problem motivates new coloured states 
(squarks)
•SM observables (proton decay/PEWO) require 
introduction of new parity (R-parity)
•SM fields even, new states odd
•LPOP (LSP) stable    DM candidate?
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Indeed, I wish we had this problem....

Model dependent searches at LHC 
(e.g. SUSY)

•Hierarchy problem motivates new coloured states 
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•SM observables (proton decay/PEWO) require 
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•LPOP (LSP) stable    DM candidate?

P1

P2

g̃

g̃

χ̃±

χ̃±

q
q̄

ν
l±
χ̃0
1

χ̃0
1

l±
ν

q
q̄

P1

P2

g̃

g̃

q̄

q

χ̃0
1

χ̃0
1

q̄

q

Thursday, 2 August 2012



SUSY Limits
Limits on SUSY also are model dependent:
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Which means there are ways to evade them!  :-)
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Other DM Candidates
Other Wimps-

KK-photons (extra dimensions), LTP (little Higgs), 
Inert doublet,

Axions- (not a WIMP!)                        
Originally proposed to for the strong CP problem. 

it is a very weakly coupled and very light particle. 

Searches are far fewer (opportunity!), and non-collider.

Asymmetric DM- (also not a WIMP)
Exploit the fact that                                    .

Invoked an asymmetry b/w DM and anti-DM (like us).

Signals are model dependent, but possible everywhere. 

⇢DM ⇠ few⇥ ⇢matter



Many More...

20 Jun 11 Feng  25

DARK MATTER CANDIDATES

• There are many

• Masses and interaction 
strengths span many, 
many orders of 
magnitude, but the 
gauge hierarchy 
problem especially 
motivates Terascale
masses

HEPAP/AAAC DMSAG Subpanel (2007)
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