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Working Group B:
Charges

• Craft a vision for the suite of future dark 
matter search experiments needed, which 
cover the parameter space described by our 
benchmark models.

• Review the impact of direct searches for dark 
matter on our knowledge of the generic 
properties of dark matter.



Quarks

W

Leptons�Gluons

Photons

Z

Higgs

LHC

Direct Scattering

Gamma Rays

Neutrinos

ILC?

LEP

Anti-matter

Dark Matter 
Interactions
with the SM



Dirac WIMP
Name Operator Coe�cient

D1 ⌅̄⌅q̄q mq/M3
�

D2 ⌅̄⇥5⌅q̄q imq/M3
�

D3 ⌅̄⌅q̄⇥5q imq/M3
�

D4 ⌅̄⇥5⌅q̄⇥5q mq/M3
�

D5 ⌅̄⇥µ⌅q̄⇥µq 1/M2
�

D6 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/M2
�

D7 ⌅̄⇥µ⌅q̄⇥µ⇥5q 1/M2
�

D8 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/M2
�

D9 ⌅̄⇤µ⇥⌅q̄⇤µ⇥q 1/M2
�

D10 ⌅̄⇤µ⇥⇥5⌅q̄⇤µ⇥q i/M2
�

D11 ⌅̄⌅Gµ⇥Gµ⇥ �s/4M3
�

D12 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/4M3
�

D13 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/4M3
�

D14 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/4M3
�

D15 ⌅̄⇤µ⇥⌅Fµ⇥ M

D16 ⌅̄⇤µ⇥⇥5⌅Fµ⇥ D

M1 ⌅̄⌅q̄q mq/2M3
�

M2 ⌅̄⇥5⌅q̄q imq/2M3
�

Name Operator Coe�cient

M3 ⌅̄⌅q̄⇥5q imq/2M3
�

M4 ⌅̄⇥5⌅q̄⇥5q mq/2M3
�

M5 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/2M2
�

M6 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/2M2
�

M7 ⌅̄⌅Gµ⇥Gµ⇥ �s/8M3
�

M8 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/8M3
�

M9 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/8M3
�

M10 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/8M3
�

C1 ⌅†⌅q̄q mq/M2
�

C2 ⌅†⌅q̄⇥5q imq/M2
�

C3 ⌅†⌃µ⌅q̄⇥µq 1/M2
�

C4 ⌅†⌃µ⌅q̄⇥µ⇥5q 1/M2
�

C5 ⌅†⌅Gµ⇥Gµ⇥ �s/4M2
�

C6 ⌅†⌅Gµ⇥G̃µ⇥ i�s/4M2
�

R1 ⌅2q̄q mq/2M2
�

R2 ⌅2q̄⇥5q imq/2M2
�

R3 ⌅2Gµ⇥Gµ⇥ �s/8M2
�

R4 ⌅2Gµ⇥G̃µ⇥ i�s/8M2
�

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, M,

C, R apply to WIMPs that are Dirac fermions, Majorana fermions, complex scalars or real scalars

respectively.

recent interest in dark matter with dipole interactions, which have the potential to reconcile

the DAMA signal while remaining consistent with the null search results from CDMS and

XENON [35–39].

The complete list of operators that we consider is shown in Table I. We adopt a naming

convention where the initial letter refers to the spin of �: D for Dirac fermion, M for

Majorana, C for complex scalar, and R for real scalar and the number specifies the particular

operator belonging to a given WIMP spin. Within each family, the earlier numbers refer

to coupling to quark scalar bilinears (D1-4, M1-4, C1-2, and R1-2), the middle numbers to

7

In the limit of heavy particles 
mediating the interaction between 
DM and quarks or gluons, there are 

14 leading Lorentz structures.

Goodman, Ibe, Rajaraman, Shepherd, TMPT,  Yu
PRD 82, 116010 (2010)         [1008.1783]
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the DAMA signal while remaining consistent with the null search results from CDMS and
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recent interest in dark matter with dipole interactions, which have the potential to reconcile

the DAMA signal while remaining consistent with the null search results from CDMS and

XENON [35–39].
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recent interest in dark matter with dipole interactions, which have the potential to reconcile

the DAMA signal while remaining consistent with the null search results from CDMS and

XENON [35–39].

The complete list of operators that we consider is shown in Table I. We adopt a naming

convention where the initial letter refers to the spin of �: D for Dirac fermion, M for
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�

C6 ⌅†⌅Gµ⇥G̃µ⇥ i�s/4M2
�

R1 ⌅2q̄q mq/2M2
�

R2 ⌅2q̄⇥5q imq/2M2
�

R3 ⌅2Gµ⇥Gµ⇥ �s/8M2
�

R4 ⌅2Gµ⇥G̃µ⇥ i�s/8M2
�

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, M,

C, R apply to WIMPs that are Dirac fermions, Majorana fermions, complex scalars or real scalars

respectively.

recent interest in dark matter with dipole interactions, which have the potential to reconcile

the DAMA signal while remaining consistent with the null search results from CDMS and

XENON [35–39].

The complete list of operators that we consider is shown in Table I. We adopt a naming

convention where the initial letter refers to the spin of �: D for Dirac fermion, M for

Majorana, C for complex scalar, and R for real scalar and the number specifies the particular

operator belonging to a given WIMP spin. Within each family, the earlier numbers refer

to coupling to quark scalar bilinears (D1-4, M1-4, C1-2, and R1-2), the middle numbers to
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Dirac WIMP
Name Operator Coe�cient

D1 ⌅̄⌅q̄q mq/M3
�

D2 ⌅̄⇥5⌅q̄q imq/M3
�

D3 ⌅̄⌅q̄⇥5q imq/M3
�

D4 ⌅̄⇥5⌅q̄⇥5q mq/M3
�

D5 ⌅̄⇥µ⌅q̄⇥µq 1/M2
�

D6 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/M2
�

D7 ⌅̄⇥µ⌅q̄⇥µ⇥5q 1/M2
�

D8 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/M2
�

D9 ⌅̄⇤µ⇥⌅q̄⇤µ⇥q 1/M2
�

D10 ⌅̄⇤µ⇥⇥5⌅q̄⇤µ⇥q i/M2
�

D11 ⌅̄⌅Gµ⇥Gµ⇥ �s/4M3
�

D12 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/4M3
�

D13 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/4M3
�

D14 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/4M3
�

D15 ⌅̄⇤µ⇥⌅Fµ⇥ M

D16 ⌅̄⇤µ⇥⇥5⌅Fµ⇥ D

M1 ⌅̄⌅q̄q mq/2M3
�

M2 ⌅̄⇥5⌅q̄q imq/2M3
�

Name Operator Coe�cient

M3 ⌅̄⌅q̄⇥5q imq/2M3
�

M4 ⌅̄⇥5⌅q̄⇥5q mq/2M3
�

M5 ⌅̄⇥µ⇥5⌅q̄⇥µq 1/2M2
�

M6 ⌅̄⇥µ⇥5⌅q̄⇥µ⇥5q 1/2M2
�

M7 ⌅̄⌅Gµ⇥Gµ⇥ �s/8M3
�

M8 ⌅̄⇥5⌅Gµ⇥Gµ⇥ i�s/8M3
�

M9 ⌅̄⌅Gµ⇥G̃µ⇥ i�s/8M3
�

M10 ⌅̄⇥5⌅Gµ⇥G̃µ⇥ �s/8M3
�

C1 ⌅†⌅q̄q mq/M2
�

C2 ⌅†⌅q̄⇥5q imq/M2
�

C3 ⌅†⌃µ⌅q̄⇥µq 1/M2
�

C4 ⌅†⌃µ⌅q̄⇥µ⇥5q 1/M2
�

C5 ⌅†⌅Gµ⇥Gµ⇥ �s/4M2
�

C6 ⌅†⌅Gµ⇥G̃µ⇥ i�s/4M2
�

R1 ⌅2q̄q mq/2M2
�

R2 ⌅2q̄⇥5q imq/2M2
�

R3 ⌅2Gµ⇥Gµ⇥ �s/8M2
�

R4 ⌅2Gµ⇥G̃µ⇥ i�s/8M2
�

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, M,

C, R apply to WIMPs that are Dirac fermions, Majorana fermions, complex scalars or real scalars

respectively.
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Momentum-dependent

E/M Dipole
Need Work!

All direct detection experiments are 
sensitive to finite momentum 

transfer.  They can say something 
about these interactions, even if 

they are suppressed at low velocity.  
What are they telling us about 

them?

It’s not clear which experiments are 
providing the best limits on these 

types of interactions.



Nuclear Response
• There are five different nuclear 

responses to low energy scattering 
with dark matter.

• (The usual SI is one and SD is a linear 
combination of two others).

• Different target materials are sensitive 
to different combinations of the 
various response types.

• A large part of understanding those 
momentum-suppressed interactions 
on the previous slides would be 
captured by understanding how they 
map onto the response functions and 
how existing and future experiments 
map them out.

Fitzpatrick, Haxton, Katz, Lubbers, Xu
JCAP 302, 4 (2013     [1203.3542]
                           &   [1211.2818]
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Figure 1: Constraints on representative operators of the five independent nuclear responses,

for each individual experiment.
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Dipole Interactions

Figure 1: 90% confidence level (CDMS-II, XENON100, DAMA, CoGeNT, LEP, Tevatron)
and 5σ reach (LHC) plots for direct detection and collider experiments for DMDM with
magnetic dipole moment. The dash line corresponds to the 90% confidence level plot for the
low threshold CDMS analysis.

5 Discussion and Conclusion

We have considered a dark matter particle which interacts with the Standard Model through
an electric or magnetic dipole moment. This is an interesting portal connecting the dark
sector to ordinary matter, mediated by the massless photon. As such, it is also one of the
most challenging cases for colliders, because its rate drops rapidly with the mass of the
WIMP.

We have considered updated direct detection bounds from CDMS, the thermal relic
density, and collider constraints from LEP II and the Tevatron. We have also considered
the long-term LHC prospects for a discovery in the channel of ψψ̄+ jet. Our results are
summarized in Figures 1 and 2.

For masses between a few to 100 GeV, direct detection constraints are already quite

8

Dipole interactions are 
very challenging at 
colliders, but are 

effectively probed by 
direct searches.

JF Fortin, TMPT
PRD85, 063506 (2012)

[arXiv:1103.3289]

Magnetic Dipole (D15)



Lepton Interactions?
• Lepton interactions are difficult for 

direct detection, because the electron 
wave functions are too diffuse at the 
characteristic momentum scale.

• But there are interesting things to be 
said!  See Peter Graham’s talk from 
this morning!

• There are also connections between 
lepton couplings and the E/M dipole 
interactions.

• Direct detection can be better than 
LEP for some masses!

8
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�

p+

p+

Figure 4: Diagram for vector-type dark matter-proton scattering at the one-loop level.

are sensitive is only induced at the loop-level [8].4 The cross section for loop-induced dark matter-
proton scattering through the diagram shown in Figure 4 is

�

1�loop

' 4↵2

µ

2

p

182⇡3⇤4

·
h X

`=e,µ,⌧

f(q2,m`)
i
2

, (5)

where ↵ is the electromagnetic fine structure constant, µp = mpm�/(mp+m�) is the dark matter-
proton reduced mass, and the loop factor f(q2,m`) is given by

f(q2,m`) =
1

q

2


5q2 + 12m2

` + 6(q2 + 2m2

` )

s

1� 4m2

`

q

2

arcoth

✓s

1� 4m2

`

q

2

◆
� 3q2 log

⇥
m

2

`/⇤
2

ren

⇤�
.

(6)

We take the renormalization scale ⇤
ren

to be equal to ⇤. Moreover, we make the approximation
that all the dark matter is moving at the local escape velocity, which we take to be v� = 500 km/sec,
and that the momentum exchanged in the scattering is maximal, i.e. the scattering angle is 180�

in the center-of-momentum frame. This will overestimate the rate of observed recoils at a direct
detection experiment and will lead to a conservative upper bound. With these assumptions the
four-momentum exchanged between the dark matter and the target nucleus is q2 = �4µ2

v

2

�, where
µ is the invariant mass of the dark matter particle and the target nucleus.

The bounds on dark matter-nucleon cross sections quoted by direct detection experiments are
derived from the actually measured dark matter-nucleus cross sections under the assumption that
the dark matter couples equally to protons and neutrons and that the cross section is independent
of q2. Here, however, it only couples to protons and there is a q

2 dependence in the loop factor
f(q2,m`). Thus, to enable a straight comparison, we rescale the quoted bounds on �p by A

2

/Z

2 ⇥
(
P

` f(q
2

p,m`)/
P

` f(q
2

/m`))2, with q

2

p = �4µ2

pv
2

�; and we take ⇤
ren

= 500 GeV, the result is only
very weakly sensitive to this choice. Note that (5) and (6) are only approximations in the e↵ective
theory formalism. The exact form of the loop factor depends on the embedding of the e↵ective
theory into a complete renormalizable model.

In Figure 5 we show the LEP bounds on dark matter in the absence of tree-level couplings to
quarks. Since loop-induced dark matter-nucleon scattering is forbidden for axial-vector interactions

4 Dark matter-electron scattering is irrelevant in all direct detection experiments including DAMA [8] and Co-
GeNT [9]. Even though DAMA and CoGeNT would not reject bulk electron recoils as background, kinematics
dictates that the recoil energy can only be above the detection threshold if the electron enters the interaction with
an initial state momentum & 10 MeV. The probability for this is very small due to the fast drop-o↵ of the electron
wave functions at high momentum [5, 8, 9].

Fox, Harnik, Kopp, Tsai
PRD 84, 014028 (2011)

[1103.0240]
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Figure 5: DELPHI upper limits on the cross section for spin-independent dark matter–nucleon scattering
for the case of dark matter with tree level couplings only to electrons, but loop level couplings also to
quarks, compared to results from the direct detection experiments DAMA [10], CoGeNT [11], CDMS [30],
and XENON-100 [31]. The DAMA and CoGeNT allowed regions are based on our own fit [36] to the data
from refs. [10, 11]. We conservatively assume qNa = 0.3± 0.1 and qI = 0.09± 0.03 for the DAMA quenching
factors. All limits are computed at the 90% confidence level, while the DAMA and CoGeNT allowed regions
are shown at the 90% and 3� confidence levels.

and suppressed by two loops for s-channel scalar interactions [8], we consider only the vector-type
operator OV and the scalar t-channel operator Ot. As before, we apply the Fierz identity to Ot to
decompose the operator into a linear combination of s-channel operators, of which we keep only the
vector contribution. As is apparent from Figure 5, an explanation of the DAMA and/or CoGeNT
signal by a dominantly leptophilic dark matter candidate which couples to nuclei only through
loops is ruled out by LEP.

Here we only considered two benchmark cases, where dark matter couples universally to SM
fermions and when it couples only to leptons. Constraining a more general theory with a particular
ratio of quark to lepton couplings, Rq/l, is straightforward. In this more general case nuclear recoil
proceeds via both mechanisms, direct couplings to quarks and via a lepton loop. The limit on
the former may be obtained by rescaling the bounds of Figure 3 by R

2

q/l, whereas the limit on the
latter may be taken directly from Figure 5. Generically one of these limits will dominate the other
over the full dark matter mass range, and the less constraining bound should be taken.

5. LIMITS ON THE DARK MATTER ANNIHILATION CROSS SECTION

The LEP constraints on the suppression scale ⇤ of the e↵ective dark matter couplings can
also be converted to an upper bound on the annihilation cross section of dark matter into an
electron-positron pair. They can then be compared to results from astrophysical probes of dark
matter annihilation. Moreover, if dark matter is a thermal relic and if annihilation into electrons
and positrons is the dominant annihilation channel, a lower bound on the dark matter abundance
in the universe can be derived. If dark matter has also other annihilation modes, this bound is
weakened by a factor 1/BR(�̄� ! e

+

e

�).



More Interrelations...

Z

� �

t t

�

��

�

Z

Figure 1. Left: One-loop diagram with a closed top-quark loop that leads to a dipole-type operator.
Right: Feynman diagram for elastic DM scattering on a nucleus with electric charge Z. The black
squares in both graphs denote an operator insertion.

3 Constraints on tensor and pseudotensor operators

We consider the one-loop diagram shown on the left in Fig. 1. A straightforward calculation
shows that the insertion of O

T

into this graph induces a contribution to O
M

with a magnetic
dipole moment (in units M

2
⇤ ) that is approximately given by

C
M

' 3eQ

t

4⇡2
m

t

ln
M

2
⇤

m

2
t

, (3.1)

where Q

t

= 2/3 and m

t

' 163GeV are the electric charge and the mass of the top quark
and we have assumed that M⇤ > m

t

. Due to the chiral invariance of QED and QCD the
above result also holds for the coe�cient C

E

that results from the mixing of O
PT

into O
E

.
In order to get a more accurate estimate of C

M

, we resum the leading logarithms appearing
in (3.1) by employing renormalization group (RG) techniques (see e.g. [43]). Numerically this
resummation alters the induced magnetic dipole moment by below �10% for new-physics
scales M⇤ in the range [1, 100] TeV. Notice that also bottom- and charm-quark loops with
an insertion of O

T

and O
PT

will induce dipole moments. The corresponding expression for
C
M

(C
E

) is obtained from (3.1) by the simple replacements Q

t

! Q

b,c

and m

t

! m

b,c

. These
findings agree with the discussion of loop-induced DM dipole moments in the context of
leptophilic DM [16].

3.1 Direct detection bounds on dipole moments

Direct detection experiments aim to observe DM by measuring the energy transferred from
DM particles to target nuclei in elastic scattering processes. In the case of the dipole-type
operators (2.4) this scattering proceeds through the exchange of a photon, as shown on the
right-hand side of Fig. 1. In the non-relativistic limit the corresponding di↵erential cross
sections are [27, 28]
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Figure 2. Upper panel (Lower panel): bounds on the scale M⇤ suppressing the e↵ective operator
OT (OPT ) inferred from constraints on the DM magnetic dipole moment, LHC searches for jets
plus MET, and Fermi-LAT di↵use �-ray measurements. The orange (long dashed) curve indicates
the requirement for the correct relic density. For Fermi-LAT we show bounds with (dotted) and
without (solid) modelling of the astrophysical foreground. The width of the collider limit indicates
scale uncertainties, while the corresponding uncertainties for the dipole moments are not shown. For
XENON100 the latter errors can be found in Tab. 1.

an integrated luminosity of 4.7 fb�1 at
p

s = 7TeV [13]. For the signal region 4, compris-
ing events with /

E

T

, p

T

(j1) > 500GeV, the ATLAS results exclude new contributions to the
production cross section in excess of 6.9 fb at 95%CL.

In order to assess the theoretical errors in our analysis, we have studied the scale ambi-
guities of our results. Following common practice, we have set the renormalisation and fac-
torisation scales equal to each other (µ = µ

R

= µ

F

) and varied µ around (/E
T

)min = 500GeV
by a factor of 2. The resulting scale uncertainties amount to about ±30% at the cross-section
level. We do not consider the e↵ects of parton showering and hadronisation in our compu-
tations, but we do include secondary jets. The next-to-leading order (NLO) rate for the
operator O

AX

has recently been computed [22] and results in a modest increase of around
40% in the monojet cross section. NLO corrections of similar size are expected for O

T

,

– 6 –

Some of the quark interactions such as D9 feed into SI interaction types 
and get stronger bounds from DD than one would naively have guessed.

These also improve our predictions for signals (see Richard Hill’s talk from 
this morning).

Haisch, Kahlhoefer
[1302.4454]



There’s lots of work to do!

• A very positive step toward answering parts of the 
charges would be to flesh out these ideas and more.

• Let me emphasize the “more”.  These are random 
ideas for directions I am writing down... there are a 
lot more to discuss!

• Please send an email to me (ttait@uci.edu) with 
ideas for contributions.  I’ll try to put like-minded 
people together and coordinate.

• We’ll start having semi-regular meetings to discuss.

mailto:ttait@uci.edu
mailto:ttait@uci.edu




Bonus Material



Sketches Can Be Useful...



How about Simpler Theories?

UV Complete
Models

Effective Field Theories

Simplified
Models

MSSM

UED

mSUGRA

Little
Higgs

Higgs
portal

Z’

“Squarks”

Contact
Interactions

Dipole
Interactions

Less Complete

More
 Complete

Models

Sketches of Models

Can we meet in the middle?

dark
photon

Are sketches of models useful?



Contact Interactions
• Most of the work so far on the “less 

complete” end of the spectrum has been in 
the language of contact interactions 
describing ultra-heavy mediators.

• This is a natural place to start, since 
effective field theory tells us that many 
theories will show common low energy 
behavior when the mediating particles are 
heavy compared to the energies involved.

• The drawback to a less complete theory is 
that it can’t answer every question.

• E.g. Quark interactions are disconnected 
from lepton interactions.

• Outside of its domain of validity (at high 
enough energy), it just breaks down.

�

�

q

q
eq

�

�

q

q

g2

M2
q̃

$ Geff



Majorana WIMP
• As an example, we can write down 

the operators of interest for a 
Majorana WIMP interacting with 
quarks and/or gluons.

• There are 10 leading operators 
consistent with Lorentz and SU(3) x 
U(1)EM gauge invariance coupling the 
WIMP to quarks and gluons.

• Gluon operators are normalized by 
αS, consistent with their having been 
induced by loops of some heavy 
colored state.

• Each operator has a (separate) 
coefficient M* which parametrizes its 
strength.

UCI-HEP-TR-2010-09

Constraints on Light Majorana Dark Matter from Colliders

Jessica Goodman, Masahiro Ibe, Arvind Rajaraman, William Shepherd, Tim M.P. Tait, and Hai-Bo Yu
Department of Physics & Astronomy, University of California, Irvine, CA 92697

(Dated: August 13, 2010)

We explore model-independent collider constraints on light Majorana dark matter particles. We
find that colliders provide a complementary probe of WIMPs to direct detection, and give the
strongest current constraints on light DM particles. Collider experiments can access interactions
not probed by direct detection searches, and outperform direct detection experiments by about an
order of magnitude for certain operators in a large part of parameter space. For operators which are
suppresssed at low momentum transfer, collider searches have already placed constraints on such
operators limiting their use as an explanation for DAMA.

I. INTRODUCTION

Recently, there has been much interest in light (order
∼ GeV) mass dark matter [1–5]. This interest is partly
spurred by the fact that the DAMA signal of annual mod-
ulation [6] may be understood as consistent with null re-
sults reported by other experiments [7–11] if the dark
matter is a weakly interacting massive particle (WIMP)
of mass ! 10 GeV [12]. Further excitement is motivated
by the signal reported by CoGeNT, which favors a WIMP
in the same mass range [13] as DAMA with moderate
channeling (however, unpublished data from 5 towers of
CDMS Si detectors [14] provides some tension, see [4]).

A WIMP which is relevant for direct detection exper-
iments necessarily has substantial coupling to nucleons,
and thus can be produced in high energy particle physics
experiments such as the Tevatron and Large Hadron Col-
lider (LHC). In particular, light WIMP states can be pro-
duced with very large rates. These WIMPs escape un-
detected, and hence the most promising signals involve
missing energy from a pair of WIMPs recoiling against
Standard Model (SM) radiation from the initial state
quarks/gluons [15–17]. While such searches are compli-
cated by large SM backgrounds producing missing en-
ergy, we will find that colliders can provide stringent re-
strictions on the parameter space of light dark matter
models. Colliders can also access interactions which are
irrelevant for direct detection (either because they lead
to vanishing matrix elements in non-relativistic nucleon
states or are suppressed at low momentum transfer).

In this article, we explore the bounds colliders can
place on a light Majorana fermion WIMP, which we
assume interacts with the SM largely through higher
dimensional operators. By exploring the complete set
of leading operators, we arrive at a model-independent
picture (up to our assumptions) of WIMP interactions
with SM particles in the case where the WIMP is some-
what lighter than any other particles in the dark sec-
tor. We show that colliders can outperform direct detec-
tion searches significantly over a large area of parameter
space.

Name Type Gχ Γχ Γq

M1 qq mq/2M3
∗

1 1
M2 qq imq/2M3

∗
γ5 1

M3 qq imq/2M3
∗

1 γ5

M4 qq mq/2M3
∗

γ5 γ5

M5 qq 1/2M2
∗

γ5γµ γµ

M6 qq 1/2M2
∗

γ5γµ γ5γ
µ

M7 GG αs/8M3
∗

1 -
M8 GG iαs/8M3

∗
γ5 -

M9 GG̃ αs/8M3
∗

1 -
M10 GG̃ iαs/8M3

∗
γ5 -

TABLE I: The list of the effective operators defined in Eq. (1).

II. THE EFFECTIVE THEORY

We assume that the WIMP (χ) is the only degree of
freedom beyond the SM accessible to the experiments
of interest. Under this assumption, the interactions be-
tween WIMPs and SM fields are mediated by higher di-
mensional operators, which are non-renormalizable in the
strict sense, but may remain predictive with respect to
experiments whose energies are low compared to the mass
scale of their coefficients. We assume the WIMP is a SM
singlet, and examine operators of the form [16, 18, 19]

L(dim6)
int,qq = Gχ [χ̄Γχχ] × [q̄Γqq] ,

L(dim7)
int,GG = Gχ [χ̄Γχχ] × (GG orGG̃) , (1)

Here q denotes the quarks q = u, d, s, c, b, t, and G and G̃
the field strength of the gluon with G̃µν = εµνρσGρσ/2.
Ten independent Lorentz-invariant interactions are al-
lowed; by applying Fierz transformations, all other oper-
ators can be rewritten as a linear combination of opera-
tors of the desired form. In Table I, we present couplings
Gχ and Γχ,q for these ten operators, where we have ex-
pressed Gχ’s in terms of an energy scale M∗. In the table,
we have assumed that the coefficients of the scalar oper-
ators, M1-M4, are proportional to the quark masses, in
order to avoid large flavor changing neutral currents. We
will assume that the interaction is dominated by only one
of the above operators in the table.

Our effective theory description will break down at en-

X

q

G� [q̄�qq] [�̄���]
G� [�̄���]G2

Other operators may be rewritten in 
this form by using Fierz transformations.



EFT Cartoon
• Here are some cartoons for how a SUSY-like Majorana WIMP can pick up 

couplings to quarks and/or gluons.

• Quarks:

• Gluons:

• Each requires new states with masses heavier than the WIMP.

�

�

f

f
f̃

�

�

f

f
� g2

M2
f̃

⇥ 1
�2

f

=

�

�

g

g

�

�
C

eC g

g
⇠ ↵S

4⇡

g2

MCM2
eC
$ ↵S

⇤3
g

=



Quarks

W

Leptons�Gluons

Photons

Z

Higgs

LHC

Direct Scattering

Gamma Rays

Neutrinos

ILC?

LEP

Anti-matter

The point is to 
fill in the puzzle!
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From Mono-jets into Direct 
Detection

Original Theory mappings:  

Beltran, Hooper, Kolb, Krusberg, TMPT    JHEP [1002.4137]
Goodman, Ibe, Rajaraman, Shepherd, TMPT,  Yu     PLB [1005.1286] and PRD [1008.1783]

Rajaraman, Shepherd, TMPT,  Wijangco    PRD [1108.1196]
Bai, Fox, Harnik    JHEP [1005.3797]

Fox, Harnik, Kopp, Tsai   PRD [1109.4398]

 [ GeV ]χWIMP mass m
1 10 210 310
 ]2

W
IM

P-
nu

cle
on

 c
ro

ss
 s

ec
tio

n 
[ c

m

-4510

-4310

-4110

-3910

-3710

-3510

-3310

-3110

-2910
ATLAS , 90%CL-1 = 7 TeV, 4.7 fbs

Spin-independent

XENON100 2012
CDMSII low-energy
CoGeNT 2010

Dirac
)χχ j(→qD5: CDF q

Dirac
)χχ j(→qD5: CMS q

Dirac
)χχ j(→qD1: q

Dirac
)χχ j(→qD5: q

Dirac
)χχ j(→D11: gg

theoryσ-1 

Figure 5. Inferred 90% CL ATLAS limits on spin-independent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed
limits excluding theoretical uncertainties; the observed limits corresponding to the WIMP-parton
cross section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The
latter limits are conservative because they also include theoretical uncertainties. The ATLAS limits
for operators involving quarks are for the four light flavours assuming equal coupling strengths
for all quark flavours to the WIMPs. For comparison, 90% CL limits from the XENON100 [70],
CDMSII [71], CoGeNT [72], CDF [19], and CMS [21] experiments are shown.

scattering cross sections is done using equations (3) to (6) of ref. [32], and the results are

shown in figures 5 and 6.6 As in ref. [32] uncertainties on hadronic matrix elements are

neglected here. The spin-independent ATLAS limits in figure 5 are particularly relevant in

the low mχ region (< 10 GeV) where the XENON100 [70], CDMSII [71] or CoGeNT [72]

limits suffer from a kinematic suppression. Should DM particles couple exclusively to

gluons via D11, the collider limits would be competitive up to mχ of about 20 GeV, and

remain important over almost the full mχ range covered. The spin-dependent limits in

figure 6 are based on D8 and D9, where for D8 the M∗ limits are calculated using the D5

acceptances (as they are identical) together with D8 production cross sections. Both the

D8 and D9 cross-section limits are significantly smaller than those from direct-detection

experiments.

As in figure 4, the collider limits can be interpreted in terms of the relic abundance

6There is a typographical error in equation (5) of ref. [32] (cross sections for D8 and D9). Instead of

9.18 × 10−40cm2 the pre-factor should be 4.7× 10−39cm2.
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Figure 6. Inferred 90% CL ATLAS limits on spin-dependent WIMP-nucleon scattering. Cross
sections are shown versus WIMP mass mχ. In all cases the thick solid lines are the observed limits
excluding theoretical uncertainties, the observed limits corresponding to the WIMP-parton cross
section obtained from the −1σtheory lines in figure 4 are shown as thin dotted lines. The latter
limits are conservative because they also include theoretical uncertainties. The ATLAS limits are
for the four light flavours assuming equal coupling strengths for all quark flavours to the WIMPs.
For comparison, 90% CL limits from the SIMPLE [73], Picasso [74], CDF [19], and CMS [21]
experiments are shown.

of WIMPs [13, 15]. This is shown in figure 7 where the limits on vector and axial-vector

interactions are translated into upper limits on the annihilation rate of WIMPs to the four

light quark flavours. The annihilation rate is defined as the product of cross section σ and

relative velocity v, averaged over the dark matter velocity distribution (〈σ v〉). Equations
(10) and (11) of ref. [15] are used to calculate the annihilation rates shown in figure 7. For

comparison, limits on annihilation to bb̄ from Galactic high-energy gamma-ray observations

by the Fermi-LAT experiment [75] are also shown. The Fermi-LAT values are for Majorana

fermions and are therefore scaled up by a factor of two for comparison with the ATLAS

limits for Dirac fermions (see for example the description of equation (34) of ref. [76] for an

explanation of the factor of two). Gamma-ray spectra and yields from WIMPs annihilating

to bb̄, where photons are produced in the hadronisation of the quarks, are expected to be

very similar to those from WIMPs annihilating to lighter quarks [77, 78]. In this sense the

ATLAS and Fermi-LAT limits can be compared to each other. The figure also demonstrates

the complementarity between the two approaches. The Fermi-LAT experiment is equally
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(See also: CMS for D5 and D8 from mono-jets/photons)


