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Abstract We assess the status of a wide class of WIMP
dark matter (DM) models in light of the latest experi-
mental results using the global fitting framework GAM-
BIT. We perform a global analysis of e�ective field theory
(EFT) operators describing the interactions between a
gauge-singlet Dirac fermion and the Standard Model
quarks, the gluons and the photon. In this bottom-up
approach, we simultaneously vary the coe�cients of 14
such operators up to dimension 7, along with the DM
mass, the scale of new physics and 8 nuisance param-
eters that reflect uncertainties in the local DM halo,
nuclear form factors and the top quark mass. We in-
aankit.beniwal@uclouvain.be
bsanjay.bloor12@imperial.ac.uk
cgonzalo@physik.rwth-aachen.de
dkahlhoefer@physik.rwth-aachen.de

clude the renormalization group evolution of all operator
coe�cients and perform an automated matching to the
non-relativistic EFT relevant for DM scattering. Our
up-to-date likelihood functions include all relevant ex-
perimental constraints based on the latest data from
Planck, direct and indirect detection experiments, and
the LHC, in particular a very recent ATLAS monojet
search based on the full run 2 dataset. For light DM
(. 100 GeV), we find that it is impossible to satisfy all
constraints simultaneously unless the particle under con-
sideration constitutes only a DM sub-component and
the scale of the new physics is so low that the EFT
breaks down for the calculation of LHC constraints.
At intermediate values of the new physics scale (¥ 1
TeV), we find that our results are significantly influenced
by several small excesses in the LHC data such that
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(Some of the) Recent Developments in GAMBIT

• CosmoBit — Constraints from large-scale structure, Type Ia 
supernovae, Big Bang Nucleosynthesis and the cosmic 
microwave background (arXiv:2009.03286) 

• GAMBIT Universal Model machine (GUM) — Tool for easy 
implementation of new particle physics models into GAMBIT 
(arXiv:2107.00030) 

• New DarkBit Backends —  

• DirectDM — automatic calculation of running and matching 
of DM EFTs (Brod, et al., arXiv:1708.02678) 

• Capt’n General — accurate calculation of capture rate of 
DM in the sun (Avis Kozar, et al., arXiv:2105.06810)



Other Results
Electroweakinos 
(arXiv:1809.02097)

Axions 
(arXiv:1810.07192)

MSSM-7 (arXiv:1705.07917) 
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Question
How viable is a generic WIMP that interacts with quarks and/or 
gluons in light of all available constraints?

Model: 14 Operator DM EFT

4

experiments under consideration. Following the nota-
tion of Refs. [67, 68], the interaction Lagrangian for the
theory can be written as

Lint =
ÿ

a,d

C
(d)

a

�d≠4
Q

(d)

a , (1)

where Q
(d)

a is the DM-SM operator, d Ø 5 is the mass
dimension of the operator, C

(d)

a is the dimensionless
Wilson coe�cient associated to Q

(d)

a , and � is the scale
of new physics (which can be identified with the mediator
mass). The full Lagrangian for the theory is then

L = LSM + Lint + ‰
!
i /̂ ≠ m‰

"
‰ , (2)

such that the free parameters of the theory are the DM
mass m‰, the scale of new physics �, and the set of
dimensionless Wilson coe�cients {C

(d)

a }.
For su�ciently large �, the phenomenology at small

energies is dominated by the operators of lowest dimen-
sion, and we therefore limit ourselves to d Æ 7. However,
even this leaves a relatively large set of operators. The
DM EFT that is valid below the electroweak (EW) scale
(with the Higgs, W , Z and the top quark integrated
out) contains 2 dimension five, 4 dimension six, and 22
dimension seven operators (not counting flavour multi-
plicities), while the DM EFT above the EW scale for
a singlet Dirac fermion DM has 4 dimension five, 12
dimension six, and 41 dimension seven operators (again,
not counting flavour multiplicities) [68]. The large set of
possible operators poses a challenge for a global statisti-
cal analysis where bounds on � and {C

(d)

a } are derived
from experimental observations (see Sec. 3 for details).
An added complexity is that we consider both processes
where the typical energy transfer is above the EW scale
(such as collider searches and indirect detection) as well
as processes in which the energy release is small (di-
rect detection). The consistent implementation of these
bounds requires the combination of both DM EFTs,
together with the appropriate matching conditions be-
tween the two.

To make the problem tractable we focus in our nu-
merical analysis on a subset of DM EFT operators - the
dimension six operators involving DM, ‰, and SM quark
fields, q,

Q
(6)

1,q = (‰“µ‰)(q“
µ
q) , (3)

Q
(6)

2,q = (‰“µ“5‰)(q“
µ
q) , (4)

Q
(6)

3,q = (‰“µ‰)(q“
µ
“5q) , (5)

Q
(6)

4,q = (‰“µ“5‰)(q“
µ
“5q) . (6)

The di�erence between the DM EFT below the EW
scale and the DM EFT above the EW scale is in this

case very simple: above the EW scale the quark flavours
run over all SM quarks, including the top quark, while
below the EW scale the top quark is absent.

While the above set of operators does not span the
full dimension six bases of the two DM EFTs, it does
collect the most relevant operators. The full dimension
six operator basis contains operators where quarks are
replaced by the SM leptons. These are irrelevant for
the collider and direct detection constraints we consider,
and are thus omitted for simplicity. The basis of dimen-
sion six operators for the DM EFT above the EW scale
contains, in addition, operators that are products of DM
and Higgs currents. These are expected to be tightly
constrained by direct detection to have very small coe�-
cients such that they are irrelevant in other observables,
and are thus also dropped for simplicity.

To explore to what extent the numerical analyses
would change, if the set of considered DM EFT opera-
tors were enlarged, we also perform global fits including,
in addition to the dimension six operators (3)-(6), a
set of dimension seven operators that comprise interac-
tions with the gluon field either through the QCD field
strength tensor G

a
µ‹ or its dual ÂGµ‹ = 1

2
‘µ‹fl‡G

fl‡, as
well as operators constructed from scalar, pseudoscalar
and tensor bilinears:

Q
(7)

1
= –s

12fi
(‰‰)Gaµ‹

G
a
µ‹ , (7)

Q
(7)

2
= –s

12fi
(‰i“5‰)Gaµ‹

G
a
µ‹ , (8)

Q
(7)

3
= –s

8fi
(‰‰)Gaµ‹ ÂGa

µ‹ , (9)

Q
(7)

4
= –s

8fi
(‰i“5‰)Gaµ‹ ÂGa

µ‹ , (10)

Q
(7)

5,q = mq(‰‰)(qq) , (11)

Q
(7)

6,q = mq(‰i“5‰)(qq) , (12)

Q
(7)

7,q = mq(‰‰)(qi“5q) , (13)

Q
(7)

8,q = mq(‰i“5‰)(qi“5q) , (14)

Q
(7)

9,q = mq(‰‡
µ‹

‰)(q‡µ‹q) , (15)

Q
(7)

10,q = mq(‰i‡
µ‹

“5‰)(q‡µ‹q) . (16)

The definition of the operators describing interactions
with the gluons, Q

(7)

1–4
, includes a loop factor since in

most new physics models these operators are gener-
ated at one loop. Similarly, the couplings to scalar and
tensor quark bilinears, Q

(7)

5–10,q, include a conventional
factor of the quark mass mq, since they have the same
flavour structure as the quark mass terms (coupling
left-handed and right-handed quark fields). The mq sup-
pression of these operators is thus naturally encountered
in new physics models that satisfy low energy flavour
constraints, such as minimal flavour violation and its
extensions. Note that, unless explicitly stated otherwise,
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Q
(7)

7,q = mq(‰‰)(qi“5q) , (13)

Q
(7)
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The definition of the operators describing interactions
with the gluons, Q

(7)

1–4
, includes a loop factor since in

most new physics models these operators are gener-
ated at one loop. Similarly, the couplings to scalar and
tensor quark bilinears, Q

(7)

5–10,q, include a conventional
factor of the quark mass mq, since they have the same
flavour structure as the quark mass terms (coupling
left-handed and right-handed quark fields). The mq sup-
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in new physics models that satisfy low energy flavour
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Dimension 6
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To make the problem tractable we focus in our nu-
merical analysis on a subset of DM EFT operators - the
dimension six operators involving DM, ‰, and SM quark
fields, q,

Q
(6)

1,q = (‰“µ‰)(q“
µ
q) , (3)

Q
(6)

2,q = (‰“µ“5‰)(q“
µ
q) , (4)

Q
(6)

3,q = (‰“µ‰)(q“
µ
“5q) , (5)

Q
(6)

4,q = (‰“µ“5‰)(q“
µ
“5q) . (6)

The di�erence between the DM EFT below the EW
scale and the DM EFT above the EW scale is in this

case very simple: above the EW scale the quark flavours
run over all SM quarks, including the top quark, while
below the EW scale the top quark is absent.

While the above set of operators does not span the
full dimension six bases of the two DM EFTs, it does
collect the most relevant operators. The full dimension
six operator basis contains operators where quarks are
replaced by the SM leptons. These are irrelevant for
the collider and direct detection constraints we consider,
and are thus omitted for simplicity. The basis of dimen-
sion six operators for the DM EFT above the EW scale
contains, in addition, operators that are products of DM
and Higgs currents. These are expected to be tightly
constrained by direct detection to have very small coe�-
cients such that they are irrelevant in other observables,
and are thus also dropped for simplicity.

To explore to what extent the numerical analyses
would change, if the set of considered DM EFT opera-
tors were enlarged, we also perform global fits including,
in addition to the dimension six operators (3)-(6), a
set of dimension seven operators that comprise interac-
tions with the gluon field either through the QCD field
strength tensor G

a
µ‹ or its dual ÂGµ‹ = 1

2
‘µ‹fl‡G

fl‡, as
well as operators constructed from scalar, pseudoscalar
and tensor bilinears:

Q
(7)

1
= –s

12fi
(‰‰)Gaµ‹

G
a
µ‹ , (7)

Q
(7)

2
= –s

12fi
(‰i“5‰)Gaµ‹

G
a
µ‹ , (8)

Q
(7)

3
= –s

8fi
(‰‰)Gaµ‹ ÂGa

µ‹ , (9)

Q
(7)

4
= –s

8fi
(‰i“5‰)Gaµ‹ ÂGa

µ‹ , (10)

Q
(7)

5,q = mq(‰‰)(qq) , (11)

Q
(7)

6,q = mq(‰i“5‰)(qq) , (12)

Q
(7)

7,q = mq(‰‰)(qi“5q) , (13)

Q
(7)

8,q = mq(‰i“5‰)(qi“5q) , (14)

Q
(7)

9,q = mq(‰‡
µ‹

‰)(q‡µ‹q) , (15)

Q
(7)

10,q = mq(‰i‡
µ‹

“5‰)(q‡µ‹q) . (16)

The definition of the operators describing interactions
with the gluons, Q

(7)

1–4
, includes a loop factor since in

most new physics models these operators are gener-
ated at one loop. Similarly, the couplings to scalar and
tensor quark bilinears, Q

(7)

5–10,q, include a conventional
factor of the quark mass mq, since they have the same
flavour structure as the quark mass terms (coupling
left-handed and right-handed quark fields). The mq sup-
pression of these operators is thus naturally encountered
in new physics models that satisfy low energy flavour
constraints, such as minimal flavour violation and its
extensions. Note that, unless explicitly stated otherwise,



Likelihoods
• Direct Detection: Xenon1T, PandaX, DarkSide 50, CRESST-III, etc. 

• Indirect Detection: 

• Fermi search for gamma rays from dwarf spheroidal galaxies 

• IceCube solar neutrinos 

• Large Hadron Collider: ATLAS and CMS monojet analyses (capped and 
uncapped) 

• Cosmology - Planck: 

• DM density (as an overclosure limit) 

• Limits on energy injection from DM annihilation in the early universe 

• Nuisance likelihoods: DM halo parameters, top quark mass, DD nuclear 
parameters

ℒtotal = ℒDDℒIDℒLHCℒcosmoℒnuisance



Limits on DM Mass and New Physics Scale
Dimension 6 Operators Dimension 6 and 7 Operators
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Relic Density
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Large Hadron Collider
Removing the cap on the LHC likelihood (so that it can exceed 
the SM value), the best fit region is determined by small 
excesses in the ATLAS and CMS monojet searches.
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Figure 4: Measured distributions of ?recoil
T for the ?

recoil
T > 200 GeV selection compared with the SM predictions in

the signal region. The latter are normalized with normalization factors as determined by the global fit that considers
exclusive ?

recoil
T control regions (“CR fit”). For illustration purposes, the distributions of examples of dark energy

(DE), SUSY, and WIMP scenarios are included. The ratios of data to SM predictions after the CR fit are shown in
the lower panel (black dots), and compared with the same quantities when SM predictions are normalized to the
results of the global background-only fit when the signal region is also included (“SR+CR fit”, red dots). The error
bands in the ratio shown in the lower panel include both the statistical and systematic uncertainties in the background
predictions. Events with values beyond the range of the histogram are included in the last bin.

separately for each of the inclusive regions IM0–IM12. The results are collected in Table 9. Values of
f ⇥ � ⇥ n above 736 fb (for IM0) and above 0.3 fb (for IM12) are excluded at 95% CL.

8.2 Model-dependent exclusion limits

A simultaneous fit to the signal and control regions in the exclusive ?
recoil
T bins is performed, and used

to set observed and expected 95% CL exclusion limits on the parameters of the di�erent models under
consideration. Uncertainties in the signal and background predictions, and in the luminosity are considered,
and correlations between experimental systematic uncertainties in signal and background predictions are
taken into account. The contamination of the control regions by signal events is negligible.

8.2.1 Weakly interacting massive particles

As discussed in Section 1, simplified models are considered with the exchange of an axial-vector or a
pseudoscalar mediator in the B-channel. In the case of the exchange of an axial-vector mediator, and for
WIMP-pair production with </� > 2<j, typical � ⇥ n values for the signal models with a 2 TeV mediator

22
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The preferred region here is to some degree an artifact of how we implemented the EFT 
validity requirement. It should be interpreted with care!



Summary
• GAMBIT is a publicly available tool (download it and try it!) 

for undertaking global fits of essentially any BSM model. It is 
rapidly growing in scope, with particularly substantial new 
additions in cosmology.  

• We have used this code to do a global fit of a set of EFT 
operators that give rise to interactions between a WIMP, 
quarks, and gluons. 

• We find that even just considering the dimension 6 operators, 
nearly all of the WIMP parameter space remains open, and 
with the addition of the dimension 7 operators, it is possible 
for this WIMP to make up 100% of the DM down to low 
masses.



Backups



Operator Properties 9

SI scattering SD scattering Annihilations

Dimension-6 operators

Q(6)
1,q = (‰“µ‰)(q“µq) unsuppressed — s-wave

Q(6)
2,q = (‰“µ“5‰)(q“µq) suppressed — p-wave

Q(6)
3,q = (‰“µ‰)(q“µ“5q) — suppressed s-wave

Q(6)
4,q = (‰“µ“5‰)(q“µ“5q) — unsuppressed s-wave Ã m2

q/m2
‰

Dimension-7 operators

Q(7)
1 = –s

12fi
(‰‰)Gaµ‹Ga

µ‹ unsuppressed — p-wave

Q(7)
2 = –s

12fi
(‰i“5‰)Gaµ‹Ga

µ‹ suppressed — s-wave

Q(7)
3 = –s

8fi
(‰‰)Gaµ‹ ÂGa

µ‹ — suppressed p-wave

Q(7)
4 = –s

8fi
(‰i“5‰)Gaµ‹ ÂGa

µ‹ — suppressed s-wave

Q(7)
5,q = mq(‰‰)(qq) unsuppressed — p-wave Ã m2

q/m2
‰

Q(7)
6,q = mq(‰i“5‰)(qq) suppressed — s-wave Ã m2

q/m2
‰

Q(7)
7,q = mq(‰‰)(qi“5q) — suppressed p-wave Ã m2

q/m2
‰

Q(7)
8,q = mq(‰i“5‰)(qi“5q) — suppressed s-wave Ã m2

q/m2
‰

Q(7)
9,q = mq(‰‡µ‹‰)(q‡µ‹q) loop-induced unsuppressed s-wave Ã m2

q/m2
‰

Q(7)
10,q = mq(‰i‡µ‹“5‰)(q‡µ‹q) loop-induced suppressed s-wave Ã m2

q/m2
‰

Table 2: A full list of dimension-6 and 7 operators included in this study, and the types of interactions they induce. For the
DM-nucleon scattering cross-section, we distinguish between spin-independent (SI) and spin-dependent (SD) interactions, with
the former receiving a large coherent enhancement and the latter vanishing for nuclei with zero spin. We use “unsuppressed”
(“suppressed”) to denote tree-level contributions that do not vanish (that vanish) in the zero-velocity limit, while “loop-induced”
implies that an unsuppressed interaction is induced at the one-loop level. For the annihilation cross-section we use “s-wave”
(“p-wave”) to denote annihilations that do not vanish (that vanish) in the zero-velocity limit. Note that if the s-wave contribution is
helicity suppressed (i.e. proportional to m2

q/m2
‰), the p-wave contribution may dominate in the relic density calculation.

where the operators O
N
i depend only on the DM spin

S̨‰, the nucleon spin S̨N , the momentum transfer q̨ and
the DM-nucleon relative velocity v̨ [4, 53, 97].

The non-relativistic operators can be divided into
four categories according to whether or not they depend
on the nucleon spin S̨N , such that scattering is sup-
pressed for nuclei with vanishing spin, and whether or
not they depend on q̨ and/or v̨, such that scattering is
suppressed in the non-relativistic limit. Specifically, O

N
1

leads to spin-independent (SI) unsuppressed scattering,
O

N
4

leads to spin-dependent (SD) unsuppressed scatter-
ing, O

N
5

, O
N
8

, O
N
11

lead to SI momentum-suppressed
scattering and O

N
6

, O
N
7

, O
N
9

, O
N
10

, O
N
12

lead to SD
momentum-suppressed scattering, which is typically un-
observable. For the relativistic operators included in
this study we give the dominant type of interaction they
induce in the non-relativistic limit in Table 2.

The coe�cients c
N
i (q2) can be directly calculated

from the Wilson coe�cients of the relativistic operators
at µ = 2 GeV. The explicit dependence on the momen-
tum transfer q =

Ô
2mT ER is a result of two e�ects.

First, under RG evolution some of the e�ective DM-
quark operators mix into the DM dipole operators Q

(5)

1,2

(see Eq. (20)). These operators then induce long-range
interactions, i.e. contributions to the c

N
i (q2) that scale

as q
≠2. Since the momentum transfer can be very small

in direct detection experiments, these contributions can
be important in spite of their loop suppression. Second,
the coe�cients include nuclear form factors, obtained
by evaluating expectation values of quark currents like
ÈN

Õ
|q“

µ
q|NÍ. These form factors can be calculated in

chiral perturbation theory and exhibit a pion pole for
axial and pseudoscalar currents, i.e. a divergence for
q æ mfi [98, 99].

All of these e�ects are fully taken into account in
DirectDM, which calculates the coe�cients c

N
i (q2) for

given Wilson coe�cients C
(d)

a at a higher scale (see
App. A). These coe�cients are then passed onto DDCalc
v2.2.0 [52, 108], which calculates the di�erential cross-
section for each operator O

N
i (including interference)

and target element of interest. DDCalc also performs
the velocity integrals needed for the calculation of the
di�erential event rate, and the convolution with energy
resolution and detector acceptance needed to predict
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Fig. 9: Top panel: Examples of missing energy spectra for the CMS monojet search [93], illustrating di�erent choices for imposing
an EFT validity requirement on the signal prediction. For /ET > �, we scale the /ET signal spectrum with the factor ( /ET /�)≠a

as described in Sec. 2.2. The green distributions show the resulting signal predictions for four di�erent choices of a, from a = 0
(lightest green), corresponding to no modification of the spectrum, to a æ Œ (darkest green), which removes any signal contribution
in /ET bins above /ET = �. The SM background prediction (purple) and the observed event counts (black points) are taken from
Ref. [93]. The last bin, starting at /ET = 1250 GeV, contains any overflow and is thus not normalised to a given bin width. Bottom
panel: A small bar chart per bin showing the pulls, defined as (data ≠ prediction)/uncertainty, resulting from adding the indicated
signal prediction on top of the SM background prediction. The uncertainty includes the background uncertainty, signal uncertainty
and statistical data uncertainty, added in quadrature. The purple bars show the pulls when only including the SM background
prediction. The ‰2 values in the top panel legend correspond to the sum of the squared pulls in each case. These values are intended
for illustration only, i.e. they do not correspond directly to ≠2 ln LCMS where LCMS is defined in Eq. (39).

makes it challenging to find parameter points that satisfy
the relic density constraint, leading to comparably poor
sampling. We have confirmed explicitly that this is not a
physical e�ect, i.e. the allowed parameter region should
be smooth and extend to œ‰h

2 = 0.12 everywhere.

4.2 Full LHC likelihood

Dimension-6 operators only (relic density upper bound)

We now move onto the case where the full (rather than
capped) LHC likelihood is included in the scans. Fig. 8
shows the allowed parameter regions in terms of m‰

and � for the case where we introduce a hard cut-o� in
the missing energy spectrum for /ET > � (left panel),
and the case where we introduce a smooth cut-o� (right
panel), as discussed in Sec. 2.2. We see that in both cases,
the results di�er from Fig. 2, i.e. there is a preference
for higher � values. This preference arises due to data
excesses in a few high- /ET bins in the ATLAS and CMS
monojet searches.

The di�erence in the above two results can be under-
stood as follows. For /ET < �, the missing energy spec-

trum arising from DM is harder than the background,
while for /ET > �, we either set it to zero or assume that
it drops rapidly. Thus, the ratio of signal-to-background
is largest for /ET ¥ �, enabling our model to (partially)
fit local excesses in the data. This is illustrated in Fig. 9,
which shows the missing energy spectra for background
and signal in CMS when applying di�erent EFT validity
prescriptions. As seen in the distribution of pulls in the
bottom panel, the CMS search observes a couple of 1‡–
2‡ data excesses in bins around /E ¥ 700 GeV (purple
bars). By including a DM signal prediction on top of
the SM background, these excesses can be reduced, thus
reducing the pulls and improving the overall fit to the
data (green bars). However, unless the signal spectrum
dies o� su�ciently fast above /E ¥ 700 GeV, the model
will be penalized for causing larger pulls in the highest-
/ET bins, as seen for instance for the unmodified signal
spectrum (lightest green bars, corresponding to a = 0).

For the case where we impose a hard cut-o� (left
panel in Fig. 8), we find (at the 1‡ level) separate pa-
rameter regions preferred by the CMS analysis (� ¥

700 GeV) and the ATLAS analysis (� & 1 TeV), with
the overall best-fit point corresponding to the latter and


