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– acoustic oscillations which occur in the baryon–photon fluid at the time of photon decoupling. As discussed
in Section 1 the photons are initially strongly coupled to the still separate electrons and baryons, because the
two components interact electromagnetically through Thomson scattering. Following Eq.(1.49) the weak
interaction can be neglected in comparison to Thomson scattering for ordinary matter. On the other hand, we
can see what happens when a sizeable fraction of the matter in the Universe is not baryonic and only
interacts gravitationally and possibly through the weak interaction. Such new, dark matter generates
gravitational wells around regions of large matter accumulation.

The baryon–photon fluid gets pulled into these gravitational wells. For the relativistic photon gas we can
relate the pressure to the volume and the temperature through the thermodynamic equation of state PV / T .
If the temperature cannot adjust rapidly enough, for example in an adiabatic transition, a reduced volume
will induce an increased pressure. This photon pressure acts against the gravitational well. The photons
moving with and against a slope in the gravitational potential induces a temperature fluctuation located
around regions of dark matter concentration. Such an oscillation will give rise to a tower of modes with
definite wave lengths. For a classical box-shaped potential they will be equi-distant, while for a smoother
potential the higher modes will be pulled apart. Strictly speaking, we can separate the acoustic oscillations
into a temperature effect and a Doppler shift, which have separate effects on the CMB power spectrum.

– the effect of general relativity on the CMB photons, not only related to the decoupling, but also related to the
propagation of the streaming photons to us. In general, the so-called Sachs–Wolfe effect describes this
impact of gravity on the CMB photons. Such an effect occurs if large accumulations of mass or energy
generate a distinctive gravitational potential which changes during the time the photons travel through it.
This effect will happen before and while the photons are decoupling, but also during the time they are
traveling towards us. From the discussion above it is clear that it is hard to separate the Sachs–Wolfe effect
during photon decoupling from the other effects generating the acoustic oscillations. For the streaming
photons we need to integrate the effect over the line of sight. The later the photons see such a gravitational
potential, the more likely they are to probe the cosmological constant or the geometrical shape of the
Universe close to today.

Figure 3 confirms that the power spectrum essentially consists of a set of peaks, i.e. a set of angular scales at
which we observe a particularly strong correlation in temperatures. They are generated through the acoustic

Figure 3: Power spectrum as measured by PLANCK in 2015. Figure from the PLANCK collaboration [2].
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Properties and the Particle Physics of Dark Matter

• Cold and Neutral: Non relativistic today.
• Preserves the success of Big Bang Nucleosynthesis (Formation of Atoms and Nuclei in the early Universe)
• “Almost” Dark with respect to other forces of nature.
• Collisionless within the DM sector at large scales.
• Stable, on Cosmological time scales.
• Forms halos in the galaxy

Dark Matter belongs in Astronomy/Cosmology .  
Why should we care about colliders ?



Dark Matter at Colliders 

}
Comment : Even in the event of a  

missing energy signature, we can’t be 

sure it is dark matter



Classifying Dark Sector Searches

Dark Sector Probes at Colliders

Indirect Probes Prompt searches Unconventional 
Probes

Electroweak 
Precission Tests

Higgs/Z boson 
Invisible Widths MET + X 

searches
Resonance 

Searches of 
mediators

Long-Lived 
Particle 

Searches

Disappearing tracks, Kinks, 
emerging jets, leptons

Ionization, Bound State  
Formation 

Combinatorics/Data 
Mining, machine learning

Extended Higgs 
sectors, ALPS, new 
gauge mediators,  

SUSY …

SUSY Neutralinos, 
Twin Higgs Models, SUSY in all glory, 

Extra-Dimensions…. 



Theoretical Considerations
Theoretical Considerations for freeze-out : 

Thermal Freeze-Out
Through this, cosmology provides a strong 
motivation for direct, indirect, and collider 
searches…

specifically, at TeV scale.

Cosmological
constraints

Unitarity
bounds

5

Thermal Freeze-Out
Through this, cosmology provides a strong 
motivation for direct, indirect, and collider 
searches…

specifically, at TeV scale.

Cosmological
constraints

Unitarity
bounds

5

Cosmological considerations Unitarity

Can we push/evade these limits for colliders ? 


1. Relic Considerations : Superwimp mechanisms, non-thermal production


2. Collider Considerations : Build Bigger Colliders. 



 Heavy vs light Neutralino

Is the light thermal SUSY neutralino dead ? 

Example 1:

1. Depending on the mass and the gauge content of the neutralino,  it can annihilate via a variety of channels.
2. Requires a mediator particle that interacts with the standard model.

SUSY DM 

Neutralinos

Sneutrinos

R-Hadrons

Axinos

Gravitinos

Singlinos

For thermal freeze-out need efficient annihilation mechanism to 
deplete the abundance for SUSY DM

Higgs/Z Funnel, Dark Matter 
annhilation into SM through the 
Higgs



The Light Neutralino:  Alive in 2017 and may be dead in 2023

that allowed points are restricted to the funnel regions with the LSP mass near mZ/2 or mh/2.

After taking into account the constraints from the Higgs signal strengths which e↵ectively restrict the

coupling of the LSP to the Higgs, in fact reducing the higgsino component of the LSP thus also its

coupling to the Z, the mass of the LSP is forced to lie even closer to either resonance. The impact

of the Higgs coupling constraints is displayed in Fig. 2(a) which shows the branching fraction of the

CP-even light Higgs boson (h) to a pair of e�0
1 (Br(h ! e�0

1e�0
1)) as function of the LSP mass, Me�0

1
.

The grey points only satisfy the Higgs mass constraint, the flavor physics constraints and LEP limits

mentioned in Sec. 2, whereas the coloured points also satisfy the constraints from Higgs signal strength

measurements. We observe that after applying the latter, the Higgs to invisible branching fraction is

restricted to . 10%. A high invisible Higgs branching fraction severely a↵ects its branching to the

SM decay modes, resulting in the signal strength values receiving a strong shift from their SM values

and as a result, falling outside the 95% C.L. Higgs signal strength correlation contours discussed in

Sec. 2. We show the direct ILC reach in the Higgs to invisible mode (Br(h ! invi.) > 0.4% [25])

through a black dashed line in Fig. 2(a). It can be observed from Fig. 2(a) that the ILC will be able

to probe the entire Z funnel region through the Higgs to invisible branching. However, in the Higgs

resonance region, the Higgs to invisible branching fraction attains value as low as ⇡ 10�5, thus a

significant fraction of points will evade detection by ILC (through the Higgs to invisible decay mode).

The reason for the small invisible width is on one hand, the small LSP- Higgs coupling and on the

other hand, phase space suppression. Finally, note that the points for which the relic density falls

precisely within the observed range lie at the lower edge of the colored region in Fig. 2(a).

Figure 2: a) The Higgs to invisible branching Br(h ! e�0
1e�0

1) vs. the LSP mass Me�0
1
. The grey

(coloured) points distinguish the points allowed before (after) the Higgs signal strength constraints.

Yellow (green) points are excluded (allowed) by the current limits on SI WIMP-nucleon cross-section

from LUX-2016 [109]. The black-dashed line represents the ILC reach, Br(h ! e�0
1e�0

1) > 0.4% [25]. b.)

SI WIMP-nucleon cross-section vs Me�0
1
for all points allowed by collider and relic density constraints.

The blue-solid line show the current limit from LUX-2016 [109] and the blue-dashed lines shows the

projected reach for Xenon-1T [110] and Xenon-nT [110].
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Figure 3: a) SD WIMP-proton cross-section vs Me�0
1
for all points allowed by collider and relic density

constraints. The blue- solid line show the current limit from LUX-2013 [112] and the blue-dashed line

shows the projected reach for PICO-250 [113]. b.) SD WIMP-neutron cross-section vs Me�0
1
for all

points allowed by collider and relic density constraints. The blue-solid line show the current limit from

LUX-2013 [112] and the blue-dashed line shows the projected reach for LZ [112].

Figure 4: a) The normalized relic density, ⇠ = ⌦DM/0.122 vs the LSP mass, same color code as

in Fig. 2(a). b) higgsino mass parameter µ against the LSP mass, the black dashed line represents

the ILC sensitivity to probe µ < 500 GeV. Here, only the parameter points allowed by collider

constraints and LUX-2016 have been considered. The color code is described in the text.

• Probe via mode B only: These points, in brown correspond to Br(h ! e�0
1e�0

1) < 0.4% and

µ or M2 < 500 GeV.

• Cannot be probed by ILC: These points are shown in grey.

– 13 –
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The allowed regions consistent with constraints from H-> Invisible , Z-> Invisible, 
gaugino searches and direct detection are at the Z resonance and the Higgs resonance   

G. Belanger, B. Bhattacharjee, R. Barman,  
R. Godbole, DS. PRD2017, 095018
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FIG. 1. Scaled SI DM-nucleon cross-section (�SI ⇥ ⇠) for

µ > 0 (upper) and µ < 0 (center), along with scaled SD DM-

neutron cross-section (�SDn ⇥ ⇠) for µ < 0 (lower) as a func-

tion of the mass of the LSP neutralino DM in the region of pa-

rameter space satisfying LEP, flavor, Higgs constraints, relic

density, DM DD constraints from the XENON-1T, PICO-60

and PandaX-4T experiments (“Before LZ” in yellow circles),

“After LZ” in light green circles, overlayed with additional

constraints from electroweakino searches at the LHC (in dark

green circles). The current experimental limits from PandaX-

4T and LZ are shown (solid lines) as well as projections for

LZ 1000 days and XENON-nT (dashed lines).

standard cosmology, we require the relic density of the

LSP (⌦LSP) to be equal to the observed DM relic density

as measured by the PLANCK collaboration ⌦obs
DMh

2 =

0.120± 0.001 [73], which assuming a 2� interval can vary

from 0.118-0.122. Lifting up the requisite that the neu-

tralino LSP forms 100% of the observed DM relic owing

to the possibility of multicomponent DM, we can modify

the relic density constraint to ⌦LSP
<
⇠ 0.122. MicrOMEGAS

5.2.13 is used to compute the relic density of �̃0
1.

In addition to the relic density constraint, we take into

consideration the results from the current DD experi-

ments. These experiments constrain the spin-dependent

DM-neutron (SDn) and DM-proton (SDp) as well as the

spin-independent DD cross-sections of the lightest neu-

tralino LSP (�̃0
1) as a function of its mass. We use

MicrOMEGAS 5.2.13 to compute these cross-sections and

then compare them with the 90% confidence level (CL)

upper limits quoted by the XENON-1T (SI [31] and

SDn [32]), PICO-60 (SDp [33]), PandaX-4T (SI [34] and

SDn [36]), and LZ (SI,[35]) experiments. The DD limits,

typically derived by assuming that a single DM candidate

constitutes the entire relic, will weaken in the scenario

where the neutralino DM is underabundant by a factor

of ⇠ = ⌦LSP/0.120.

Moreover, we must consider the results from di-

rect electroweakino searches at the LHC. We use the

SModelS 2.2.1 [74–81] package to implement the elec-

troweakino search constraints on our scanned parame-

ter space. This version of SModelS includes results from

the recent search for electroweakinos in the leptonic final

states at CMS [26] and ATLAS [27] and in the hadronic

final states at ATLAS [28], all of which play significant

roles in excluding a large range of m�̃±
1
, m�̃0

2
and m�̃0

3
,

especially with the ATLAS analysis extending the sensi-

tivity to high masses with the hadronic final states.

We apply the constraints on our scanned parameter

space in three steps � first “Before LZ” with con-

straints from LEP, flavor, Higgs constraints, relic den-

sity, and the DD experiments XENON-1T, PICO-60, and

PandaX-4T, then with the constraint from the LZ exper-

iment, denoted as “After LZ”, and lastly, we add the

electroweakino constraints from the LHC. We iden-

tify interesting regions of the parameter space surviving

all the constraints and perform dedicated scans over these

regions again with an additional sample of size ⇠ 108,

which makes the total size of our scan 3 ⇥ 108. The up-

per panel of Fig. 1 shows the scaled (with ⇠) SI DD cross-

sections for the allowed parameter space with µ > 0 after

applying all the constraints from “Before LZ” in yellow,

“After LZ” in light green and from electroweakino con-

straints in dark green. We observe that the recent LZ

experiment, with only 60 days of data, has played a cru-
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G. Belanger, B. Bhattacharjee, R. Barman,  
R. Godbole, R. Sengupta. PRL2023



Heavy neutralinos, Winos and Higgsinos
Projected Wino Limits

Thermal 
Abundance

Annihilations in the early 
Universe determine, under 
some assumptions, the relic 
abundance:

For Winos, obtaining the 
abundance this way requires a 
mass in the ballpark of 2.9 TeV.
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Projected Wino Limits

Disappearing
Tracks

A promising search mode is for 
so-called “disappearing tracks”

The mass splitting is so small 
that the long-lived track 
essentially vanishes.
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Projected Wino Limits

Charged 
Fermions

Can produce the charged 
components at lepton colliders

The reach comes very close to 
the kinematic reach of the 
collider.
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Sources detailed in backup slides.

Projected Higgsino Limits
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Heavy neutralinos and light neutralinos
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Figure 28: The luminosity needed, assuming a 10 year run plan, to reach thermal target as
a function of ECM at high energy lepton colliders. This is built on the available studies for
muon colliders. The figure is taken from [445].
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM

LDM-EFT =
X

f=u,d,s,c,b,t,e,µ,⌧

 
Cf
1

⇤2 f̄ f �̄� + Cf
2

⇤2 f̄ �5f �̄�5� + · · ·
!

,

(1)

where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read

LDM-simp

= �ig�a�̄�5� � ia
X

j

�
guyuj ūj�5uj + gdydj d̄j�5dj + g`y`

j
¯̀ j�5`j

�
,

(3)

with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
�
m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf

2/⇤
2 =

g�gf yf /m2
a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
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m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf
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n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the
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s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
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s).
For example, the pp ! tja cross section is made finite by the
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM
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where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read
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with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
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In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf
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2 =
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a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy
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s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the
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s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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Fig. 1. Range of momenta probed in DD experiments, ID experiments and LHC searches. Prototypes of relevant Feynman diagrams are also shown.

Fig. 2. Diagrams contributing to the qb ! q0ta (upper row) and gg ! Za (lower
row) scattering processes. Only the graphs on the left-hand side appear in the
DM simplified model with a pseudoscalar, while in the 2HDM+a model in
addition the diagrams on the right-hand side are present. See text for further
details.

exchange of a charged Higgs H±, while in the case of pp ! Za an
additional scalar H unitarises the amplitude. The corresponding
diagrams are displayed on the right in Fig. 2. The cancellation of
unitarity-violating terms among the diagrams of the latter figure
is not at all accidental, but a direct consequence of the local gauge
invariance of the underlying model.

The additional degrees of freedom necessary to unitarise the
amplitudes may change substantially the phenomenology of the
DM simplified model. In fact, as shown by Fig. 2, the presence
of the H± (H) allows to produce a mono-top (mono-Z) signal
resonantly. Since resonant production is strongly enhanced com-
pared to initial-state radiation (ISR), the importance of the various
mono-X signals in the extended DM model may then differ from
the simplified model predictions [22,23,38]. In fact, we will see
that in a specific extension of (3) called 2HDM+a model, the
mono-Higgs, mono-Z and tX + Emiss

T signals can be as or even
more important than the t t̄ + Emiss

T and mono-jet channel, which
are the leading Emiss

T signatures in the DM simplified pseudoscalar
model [39–49]. We emphasise that the embedding of (3) is not
unique, since both the mediator and the DM particle can belong
to different EW multiplets. In this white paper, we consider
the simplest embedding with a single SM-singlet DM candidate,

but we will briefly comment on other possible embeddings and
related DM models in Section 5.

3. Description of the 2HDM+a model

The 2HDM+a model is a 2HDM that contains, besides the
Higgs doublets H1 and H2, an additional pseudoscalar singlet P . It
is the simplest renormalisable extension of (3) with an SM-singlet
DM candidate [20–24]. It is assumed that parity is conserved
in the interactions of the P with both the visible and invisible
sectors. The gauge symmetry is then made manifest by coupling
the P to the dark Dirac fermion � via

L� = �iy�P �̄ �5� , (6)

while the Higgs doublets couple to the SM fermions through

LY = �
X

i=1,2

⇣
Q̄ Y i

uH̃iuR + Q̄ Y i
dHidR + L̄Y i

`Hi`R + h.c.
⌘

. (7)

Here y� is a dark-sector Yukawa coupling, Y i
f are Yukawa ma-

trices acting on the three fermion generations (where indices
concerning the flavour of the fermion are suppressed), Q and L
are left-handed quark and lepton doublets, while uR, dR and `R
are right-handed up-type quark, down-type quark and charged
lepton singlets, respectively. Finally, H̃i = ✏H⇤

i with ✏ denoting
the two-dimensional antisymmetric tensor.

The particle that mediates the interactions between the dark
sector and the SM is a superposition of the CP-odd components of
H1, H2 and P . We impose a Z2 symmetry under which H1 ! H1
and H2 ! �H2, such that only one Higgs doublet couples to a
certain fermion in LY . The different ways to construct these terms
result in different Yukawa structures and in this white paper we
will, for concreteness, consider only the so-called type-II 2HDM.
This specific choice corresponds to setting Y 1

u = Y 2
d = Y 2

` = 0
in (7) — see for example Section 2.2 of [23] for further expla-
nations. The Z2 symmetry is the minimal condition necessary
to guarantee the absence of flavour-changing neutral currents
at tree level [50,51] and such a symmetry is realised in many
well-motivated complete ultraviolet (UV) theories in the form of
supersymmetry, a U(1) symmetry or a discrete symmetry acting
on the Higgs doublets. The fields P and � are Z2-even and Z2-odd,
respectively, i.e. they transform as P ! P and � ! �� . For these
choices, the coupling introduced in (6) is the only DM Yukawa
coupling that is allowed by symmetry, since a term of the form
L̄H̃1�R + h.c. is forbidden.
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making LHC searches particularly relevant to test the 2HDM+a or
other pseudoscalar DM models.

In order to motivate the introduction of the 2HDM+a model,
we describe in Section 2 the evolution of theories for LHC DM
searches, focusing on the relevant case of pseudoscalar SM–DM
interactions. A detailed description of the 2HDM+a model and
its parameters can be found in Section 3. The constraints on
the model parameters that arise from Higgs and flavour physics,
LHC searches for additional spin-0 bosons, electroweak (EW)
precision measurements and vacuum stability considerations are
summarised in Section 4. This section also provides guidance on
the choice of benchmark parameters to be used by LHC searches.
Section 5 is dedicated to a short summary of other DM models
that feature a 2HDM sector.

The more phenomenological part of this work commences
with Section 6, where we describe the basic features of the
most important mono-X channels and identify the experimental
observables that can be exploited to search for them. We discuss
both resonant and non-resonant Emiss

T signatures, emphasising
that only the latter type of signals is present in the DMF pseu-
doscalar model. The most important non-Emiss

T signatures that can
be used to explore the 2HDM+a parameter space are examined
in Section 7. In Section 8 we then estimate the current exper-
imental sensitivities in the mono-Higgs and mono-Z channel,
which represent two of the most sensitive Emiss

T signatures for
the 2HDM+a model. The constraints set on the parameter space
of the 2HDM+a model from DD and ID experiments, as well
as its DM relic density, are summarised in Sections 9 and 10,
respectively. In Section 11 we conclude by proposing four param-
eter scans that highlight many of the features that are special
in the 2HDM+a model and showcase the complementarity of
the various search strategies. Additional material can be found
in Appendices A–D.

2. Evolution of theories for LHC DM searches

The experimental results from DD and ID experiments are usu-
ally interpreted in the DM-EFT framework. The operators in these
DM-EFTs are built from SM fermions and DM fields. Schemati-
cally, one has in the case of spin-0 interactions and Dirac fermion
DM

LDM-EFT =
X

f=u,d,s,c,b,t,e,µ,⌧

 
Cf
1

⇤2 f̄ f �̄� + Cf
2

⇤2 f̄ �5f �̄�5� + · · ·
!

,

(1)

where the ellipsis represents additional operators not relevant for
the further discussion, the sum over f = u, d, s, c, b, t, e, µ, ⌧
includes all SM quarks and charged leptons, the DM candidate is
called � and �5 denotes the fifth Dirac matrix. The above DM-EFT
is fully described by the parameters
�
m� , Cf

n/⇤
2 . (2)

Here m� is the mass of the DM candidate, ⇤ is the suppression
scale of the higher-dimensional operators and the Cf

n are the so-
called Wilson coefficients. It is important to note that ⇤ and Cf

n
are not independent parameters but always appear in the specific
combination given in (2).

The DM-EFT approach is justified for the small momentum
transfer q2 ⌧ ⇤2 in DM–nucleon scattering (set by the non-
relativistic velocities of DM in the halo) and in DM annihilation
(set by the mass of the annihilating DM candidate). Fig. 1 illus-
trates the relevant energy scales explored by DD, ID and collider
experiments. Early studies [3–8] of DM searches at colliders quan-
tify the reach of the LHC in the parameter space in terms of (2)

and similar operators. The momentum transfer at the LHC is
however larger than the suppression scale, i.e. q2 � ⇤2, for
many theories of DM. In this case, the mediator of the interaction
between the dark sector and the SM can be resonantly produced
and predictions obtained using the DM-EFT framework often turn
out to be inaccurate (see for instance [6,25–33] for exceptions).

The kinematics of on-shell propagators can be captured in
DM simplified models, which aim to represent a large number
of possible extensions of the SM, while keeping only the degrees
of freedom relevant for LHC phenomenology [9,10]. In the case
of a pseudoscalar mediator a, the relevant DM–mediator and
SM-mediator interactions read

LDM-simp

= �ig�a�̄�5� � ia
X

j

�
guyuj ūj�5uj + gdydj d̄j�5dj + g`y`

j
¯̀ j�5`j

�
,

(3)

with j representing a flavour index. Since the mediator a is a
singlet, it can also couple to itself and to H†H , where H denotes
the SM Higgs doublet. The most general renormalisable scalar
potential for a massive a is therefore

VDM-simp = 1
2
m2

aa
2 + baa3 + �aa4 + bHaH†H + �Ha2H†H . (4)

Notice that for ba 6= 0 or bH 6= 0 parity would be softly
broken and we therefore assume that these coefficients are small
compared to ma. The parameter �H determines the couplings
between the a and the H fields, thereby altering the interactions
of the SM-like scalar h at 125 GeV as well as giving rise to possible
new decay channels such as h ! aa (see [34,35] for details on the
LHC phenomenology). Avoiding the resulting strong constraints
for ma . 100 GeV, requires that �H ⌧ 1 (cf. the related discussion
on invisible decays of the Higgs boson in Section 4.4). Under
these assumptions and noting that the self-coupling �a is largely
irrelevant for collider phenomenology, the DM simplified model
is fully described by the parameters
�
m� , ma , g� , gu , gd , g`

 
. (5)

In fact, in the limit of infinite mediator mass ma ! 1, the DM-
simp Lagrangian (3) matches onto the DM-EFT Lagrangian (1).
The corresponding tree-level matching conditions are Cf

2/⇤
2 =

g�gf yf /m2
a and Cf

n = 0 for all other Wilson coefficients. Here
yf denotes the Yukawa couplings of the fermions f entering (3).

Unfortunately, the operators in both LDM-EFT and LDM-simp vi-
olate gauge invariance, because the left- and right-handed SM
fermions belong to different representations of the SM gauge
group. In the case of the DM-EFT this suggests the Wilson coef-
ficients Cf

n introduced in (1) actually scale as Cf
n = cfnmfi/⇤ [14],

whereas for the DM simplified model restoring gauge invariance
requires the embedding of the mediator a into an EW multi-
plet. The absence of gauge invariance leads to unitarity-violating
amplitudes in DM simplified models (cf. [14,16–18,36,37]). In
the case of the DM simplified model described by (3), one can
show e.g. that the amplitudes A(qb ! q0ta) / p

s and A(gg !
Za) / ln2 s diverge in the limit of large centre-of-mass energy

p
s.

The Feynman diagrams that lead to this behaviour are depicted
on the left-hand side in Fig. 2. Similar singularities appear in
other single-top processes and in the mono-Higgs case. Since
the divergences are not power-like, weakly-coupled realisations
of (3) do not break down for the energies accessible at the LHC.
The appearance of the

p
s and ln2 s terms, however, indicates

the omission of diagrams that would be present in any gauge-
invariant extension that can be approximated by LDM-EFT in the
limit where all additional particles X are heavy (i.e. MX � p

s).
For example, the pp ! tja cross section is made finite by the
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2.2. Note about Spins

In many cases, there will be variations of the simplified model under consideration where the
DM is a real or complex scalar, Dirac or Majorana fermion, or even a neutral vector. In some
cases, even simple changes such as considering a Majorana instead of a Dirac fermion can lead
to big changes in the phenomenology of direct detection experiments and/or annihilation. The
classical examples are that for Majorana fermions the vector coupling vanishes identically and that
such DM particles cannot have an electric or magnetic dipole moment. In the context of simple cut-
and-count analyses at the LHC, the precise nature of the DM particle is generically less relevant
in the sense that it will to first order only a↵ect the total production cross sections. Angular
observables that are sensitive to the structure of the dark sector have however been constructed
and studied [32, 33, 34], but such analyses necessarily involve topologies beyond 2 ! /ET + 1.

3. Scalar s-channel Mediator

A scalar particle mediator can be a very simple addition to the SM. If it is chosen as a gauge
singlet, it can have tree-level interactions with a singlet DM particle that is either a Dirac or
Majorana fermion, or DM that is itself a scalar. The spin-0 mediator could still be chosen as either
a real or complex scalar, which are distinguished by the fact that a complex scalar contains both
scalar and pseudoscalar particles, whereas the real option contains only the scalar field. We will
consider here two choices for DM simplified models: one where the interaction with the SM is
mediated by the real scalar, and the second where we consider only a light pseudoscalar (assuming
that the associated scalar is decoupled from the low-energy spectrum).

Couplings to the SM fermions can be arranged by mixing with the SM Higgs. Such models have
intriguing connections with Higgs physics, and can be viewed as generalizations of the Higgs portal
to DM. The impact on Higgs physics is discussed in Section 4.2 below. The most general scalar
mediator models will of course have renormalizable interactions between the SM Higgs and the
new scalar � or pseudoscalar a, as well as �/a interactions with electroweak gauge bosons. Such
interactions are model-dependent, often subject to constraints from electroweak precision tests,
and would suggest specialized searches which cannot be generalized to a broad class of models
(unlike, for instance, the /ET + j searches). As a result, for this class of simplified models with
spin-0 mediators, we suggest to focus primarily on the couplings to fermions and the loop-induced
couplings to gluons. The possibility that the couplings to the electroweak sector can also lead to
interesting DM phenomenology should however be kept in mind, and can be studied in the context
of Higgs portal DM.

3.1. Fermionic DM

MFV dictates that the coupling of a scalar to the SM fermions will be proportional to the
fermion masses. However, it allows these couplings to be scaled by separate factors for the up-type
quarks, down-type quarks, and the charged leptons. Assuming that DM is a Dirac fermion �,
which couples to the SM only through a scalar � or pseudoscalar a, the most general tree-level
Lagrangians compatible with the MFV assumption are [23, 35]:

Lfermion,� � �g���̄� � �p
2

X

i

⇣
guy

u

i ūiui + gdy
d

i d̄idi + g`y
`

i
¯̀
i`i

⌘
, (11)

Lfermion,a � �ig�a�̄�5� � iap
2

X

i

⇣
guy

u

i ūi�5ui + gdy
d

i d̄i�5di + g`y
`

i
¯̀
i�5`i

⌘
. (12)

9

Here the sums run over the three SM families and we are using Yukawa couplings yf
i

normalized

as yf
i

=
p

2mf

i
/v with v the Higgs VEV. We parametrize the DM-mediator coupling by g�, rather

than by a Yukawa coupling y� =
p

2m�/v, since the the DM particle � most likely receives its mass
from other (unknown) mechanisms, rather than electroweak symmetry breaking.

The most general Lagrangians including new scalars or pseudoscalars will have a potential
containing interactions with the SM Higgs field h. As stated above, we choose to take a more
minimal set of possible interactions, and leave the discussions of the couplings in the Higgs sector
to the section on Higgs portal DM. Given this simplification, the minimal set of parameters under
consideration is

�
m�, m�/a, g�, gu, gd, g`

 
. (13)

The simplest choice of couplings is gu = gd = g`, which is realized in singlet scalar extensions of
the SM (see Section 4.2). If one extends the SM Higgs sector to a two-Higgs-doublet model, one
can obtain other coupling patterns such as gu / cot � and gd / ge / tan � with tan � denoting the
ratio of VEVs of the two Higgs doublets. The case gu 6= gd 6= g` requires additional scalars, whose
masses could be rather heavy. For simplicity, we will use universal couplings gv = gu = gd = g`
in the remainder of this section, though one should bear in mind that finding ways to test this
assumption experimentally would be very useful.

The signal strength in DM pair production does not only depend on the masses m� and m�/a

and the couplings gi, but also on the total decay width of the mediator �/a. In the minimal model
as specified by (11) and (12), the widths for the mediators are given by:

�� =
X

f

Nc

y2
f
g2vm�
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4m2
f

m2
�
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g2�m�
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with

f�(⌧) = ⌧


1 + (1 � ⌧) arctan2

✓
1p

⌧ � 1

◆�
, fa(⌧) = ⌧ arctan2

✓
1p

⌧ � 1

◆
. (16)

The first term in each width corresponds to the decay into SM fermions (the sum runs over all
kinematically accessible fermions, Nc = 3 for quarks and Nc = 1 for leptons). The second term
is the decay into DM (assuming that this decay is kinematically allowed). The factor of two
between the decay into SM fermions and into DM is a result of our choice of normalization of the
Yukawa couplings. The last term corresponds to decay into gluons. Since we have assumed that
gv = gu = gd = g`, we have included in the partial decay widths �(�/a ! gg) only the contributions
stemming from top loops, which provide the by far largest corrections given that yt � yb etc. At
the loop level the mediators can decay not only to gluons but also to pairs of photons and other
final states if these are kinematically accessible. The decay rates �(�/a ! gg) are however always
larger than the other loop-induced partial widths, and in consequence the total decay widths ��/a

are well approximated by the corresponding sum of the individual partial decay widths involving
DM, fermion or gluon pairs. Notice finally that if m�/a > 2mt and gu & g� the total widths of �/a
will typically be dominated by the partial widths to top quarks.
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Figure 3: Left: Two examples of one-loop diagrams with an exchange of a �/a mediator that provide the dominant
contribution to a mono-jet signature. Right: A tree-level graph that leads to a /ET + tt̄ signal.

3.1.1. LHC Searches

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

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

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

µ⌫G
a,µ⌫ (aGa

µ⌫G̃
a,µ⌫) with Ga

µ⌫ the field strength tensor of QCD

and G̃a,µ⌫ = 1/2✏µ⌫�⇢Ga

�⇢
its dual, is in such a situation a poor approximation [36, 38]. Already in

the LHC Run I environment the mt ! 1 limit overestimates the exact cross sections by a factor of
5 (40) for m� ' 10 GeV (m� ' 1 TeV) [41]. Removing the top quark as an active degree of freedom
becomes even less justified at 13 (14) TeV, where the /ET and pT,j selection requirements have to
be harsher than at (7) 8TeV to di↵erentiate the DM signal from the SM background. In order to
infer reliable bounds on (11) and (12), one therefore has to calculate the mono-jet cross section
keeping the full top-quark mass dependence. Such calculations are now publicly available at leading
order (LO) in MCFM [38] and at LO plus parton shower (LOPS) in the POWHEG BOX [41]. Given that
the /ET + tt̄ (bb̄) signals arise in the context of (11) and (12) at tree level (see the right-hand side
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The simplest choice of couplings is gu = gd = g`, which is realized in singlet scalar extensions of
the SM (see Section 4.2). If one extends the SM Higgs sector to a two-Higgs-doublet model, one
can obtain other coupling patterns such as gu / cot � and gd / ge / tan � with tan � denoting the
ratio of VEVs of the two Higgs doublets. The case gu 6= gd 6= g` requires additional scalars, whose
masses could be rather heavy. For simplicity, we will use universal couplings gv = gu = gd = g`
in the remainder of this section, though one should bear in mind that finding ways to test this
assumption experimentally would be very useful.

The signal strength in DM pair production does not only depend on the masses m� and m�/a

and the couplings gi, but also on the total decay width of the mediator �/a. In the minimal model
as specified by (11) and (12), the widths for the mediators are given by:
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The first term in each width corresponds to the decay into SM fermions (the sum runs over all
kinematically accessible fermions, Nc = 3 for quarks and Nc = 1 for leptons). The second term
is the decay into DM (assuming that this decay is kinematically allowed). The factor of two
between the decay into SM fermions and into DM is a result of our choice of normalization of the
Yukawa couplings. The last term corresponds to decay into gluons. Since we have assumed that
gv = gu = gd = g`, we have included in the partial decay widths �(�/a ! gg) only the contributions
stemming from top loops, which provide the by far largest corrections given that yt � yb etc. At
the loop level the mediators can decay not only to gluons but also to pairs of photons and other
final states if these are kinematically accessible. The decay rates �(�/a ! gg) are however always
larger than the other loop-induced partial widths, and in consequence the total decay widths ��/a

are well approximated by the corresponding sum of the individual partial decay widths involving
DM, fermion or gluon pairs. Notice finally that if m�/a > 2mt and gu & g� the total widths of �/a
will typically be dominated by the partial widths to top quarks.
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The first term in each width corresponds to the decay into SM fermions (the sum runs over all
kinematically accessible fermions, Nc = 3 for quarks and Nc = 1 for leptons). The second term
is the decay into DM (assuming that this decay is kinematically allowed). The factor of two
between the decay into SM fermions and into DM is a result of our choice of normalization of the
Yukawa couplings. The last term corresponds to decay into gluons. Since we have assumed that
gv = gu = gd = g`, we have included in the partial decay widths �(�/a ! gg) only the contributions
stemming from top loops, which provide the by far largest corrections given that yt � yb etc. At
the loop level the mediators can decay not only to gluons but also to pairs of photons and other
final states if these are kinematically accessible. The decay rates �(�/a ! gg) are however always
larger than the other loop-induced partial widths, and in consequence the total decay widths ��/a

are well approximated by the corresponding sum of the individual partial decay widths involving
DM, fermion or gluon pairs. Notice finally that if m�/a > 2mt and gu & g� the total widths of �/a
will typically be dominated by the partial widths to top quarks.
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4.1. Scalar Singlet DM

In the case where an additional real scalar singlet � is the DM candidate, the Lagrangian of
the scalar Higgs portal can be written as

Lscalar,H � ����4 � �p�
2|H|2 , (26)

where H denotes the usual SM Higgs doublet. Augmenting the Lagrangian with a discrete Z2

symmetry that takes � ! �� and H ! H leads to stable DM, and in addition guarantees that
there is no singlet-Higgs mixing, which leaves the couplings of the SM Higgs unaltered at tree level.
The self-coupling �� of the scalar � is in general irrelevant to determining how well the portal
coupling �p can be probed through LHC DM searches, and thus may be ignored.

For mh > 2m�, the most obvious manifestation of the interactions (26) is through their contri-
butions to the invisible decay of the Higgs. The corresponding decay width reads

�(h ! ��) =
�2
pv

2

2⇡mh

 
1 �

4m2
�

m2
h

!1/2

, (27)

with mh the Higgs mass and v its VEV. In fact, both ATLAS [77] and CMS [78] have already
interpreted their Run I h ! invisible searches in terms of the Higgs portal scenario (26). For DM
candidates with m� . 10 GeV these searches are competitive with or even stronger than the SI
results provided by direct detection experiments.

When mh < 2m�, the Higgs cannot decay on-shell to a pair of � particles, so that DM pair
production necessarily has to proceed o↵-shell. The cross section for this process is then suppressed
by an additional factor of �2

p as well as the two-body phase space, leading to a rate that rapidly
diminishes with m�. This feature makes a LHC discovery challenging even at 14 TeV and high
luminosity [61].

4.2. Fermion Singlet DM

A simple model including both a real scalar mediator s and a fermion DM singlet �, which
couple through a Higgs portal is given by

Lfermion,H � �µss
3 � �ss

4 � y��̄�s � µps|H|2 � �ps
2|H|2 , (28)

where y� is a Yukawa coupling in the dark sector, while the µp and �p terms provide the Higgs
portal between the dark and the SM sectors. The precise values of the Higgs potential parameters
µs and �s do not play an important role in the DM phenomenology at the LHC and therefore all
features relevant for our discussion can be captured within the restricted framework µs = �s = 0.

In general the Higgs potential in (28) develops nontrivial VEVs for both H and s, but in order
to keep the expressions simple it is assumed in the following that hsi = 0. The main physics
implications are una↵ected by this assumption. As a result of the portal coupling µp, the Higgs
and the real scalar fields mix, giving rise to the physical mass eigenstates h1 and h2:

✓
h1

h2

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
h
s

◆
. (29)

The mixing angle is defined such that in the limit ✓ ! 0 the dark sector is decoupled from the SM.
Analytically, one has

tan(2✓) =
2vµp

m2
s + �pv2 � m2

h

, (30)
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Figure 4: Left: One-loop diagrams with an exchange of a h1/h2 mediator that induces a mono-W and mono-Z
signal. Right: Two possible one-loop graphs that contribute to a mono-Higgs signal.

while the masses of h1 and h2 are given by mh1 ' mh and mh2 ' (m2
s +�pv2)1/2. The state h1 can

therefore be identified with the bosonic resonance discovered at the LHC.
To make contact with the scalar mediator model described in Section 3, we consider the Yukawa

terms that follow from (28). After electroweak symmetry breaking and rotation to the mass eigen-
state basis, one finds

L � � 1p
2

(cos ✓ h1 � sin ✓ h2)
X

f

yf f̄f � (sin ✓ h1 + cos ✓ h2) y��̄� . (31)

Identifying h2 with the field � in (11), one sees that as far as the couplings between h2 and the SM
fermions are concerned, the interactions (31) resemble those of the scalar mediator model described
in Section 3 with gu = gd = ge = gv = � sin ✓. The coupling between DM and the mediator, called
g� in (11), is instead given by g� = y� cos ✓.

Another important feature of (31) is that the e↵ective Yukawa coupling between h1 and the
SM fermions is not yf but yf cos ✓. In fact, the universal suppression factor cos ✓ appears not only
in the fermion couplings but also the h1W+W� and h1ZZ tree-level vertices as well as the loop-
induced h1gg, h1��, and h1�Z couplings. The mixing angle and hence (28) is therefore subject to
the constraints that arise from the ATLAS and CMS measurements of the signal strengths in Higgs
production and decay. Global fits [79, 80] to the LHC Run I data find sin ✓ . 0.4. Constraints on
the mixing angle also derive from the oblique parameters T (aka the ⇢ parameter) and S [63], but
they are typically weaker than those that follow from Higgs physics.

Like in the case of the scalar singlet DM model discussed before, the model (28) allows for invis-
ible decays of the Higgs boson, if this is kinematically possible, i.e. mh1 > 2m�. The corresponding
decay rate is

�(h1 ! ��̄) =
y2� sin2 ✓mh1

8⇡

 
1 �

4m2
�

m2
h1

!3/2

. (32)

After the replacements sin ✓ ! cos ✓ and mh1 ! mh2 the same expression holds in the case of h2,
if it is su�ciently heavy. In order to determine from (32) the invisible Higgs branching ratio, one
has to keep in mind that all partial widths of h1 to SM particles are suppressed by cos2 ✓ and that
depending on the mass spectrum also the decay h1 ! h2h2 may be allowed.

Turning our attention to the /ET signals, an important observation to make is that the phe-
nomenology of the fermion singlet DM scenario is generically richer than that of the scalar mediator
model (11). First of all, since the Lagrangian (28) leads to couplings between the scalars h1 and h2
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t-channel models
1. Strong constraints from direct detection searches
2. Strong constraints from collider searches
3. Radiative (1-loop) effects can be strong in direct detection

Let’s illustrate this using a Simplified Model

The analysis leading to these conclusions is organized as follows: In section 2, we give

a detailed description of the simplified t-channel models analyzed and the relevant processes

for the relic abundance calculation. In section 3, we illustrate some theoretical aspects of SE

and BSF in the simplified t-channel model and we discuss their impact on the relic density

and the model parameters in 4. In section 5, we summarize the constraints utilized from

spin-independent and spin-dependent searches, while in section 6, we explain how we exploit

prompt collider searches, including the search for BSF at the LHC, and long-lived particle

signatures. Finally, in section 7, we present our combined results and we elaborate on the

interplay of the various constraints and their potential to exclude parts of the parameter

space. Most importantly, we discuss the impact of SE and BSF on the estimation of the

correct exclusion limits. Moreover, we show the corresponding projected exclusion constraints

from future experiments and highlight the potential reach of long-lived particle searches and

of searches for dark sector bound states at the colliders. We conclude in section 8.

2 Simplified t-channel models and Dark Matter Cosmology

In this section, we briefly describe the t-channel simplified model [16–18, 37, 40] as well as

the various thermally averaged cross-sections that are relevant for evaluating the DM relic

abundance. The t-channel model we consider consists, in addition to the SM, a SM-singlet

Majorana fermion � which is the lightest dark sector particle, and three color-triplet complex

scalar fields Xi (i indicates the generation) which interact with � and the SM quarks via a

Yukawa coupling gDM. The scalars are charged under the SM gauge group (SU(3)⇥SU(2))Y
and its simplest form there are three possible quantum number assignments possible:

(3, 1)2/3, (3, 1)�1/3, (3, 2)�1/6. (2.1)

The three possible choices of the mediator’s quantum numbers correspond to three di↵erent

models, which we label as the uR, dR and qL models, respectively.

The dark sector features a Z2 symmetry such that � is the lightest stable particle and

our DM candidate. The interaction Lagrangian of the dark sector particles is thus given by:

L �

X

i

(DµXi)
†(Dµ

Xi) +
X

i,j

⇣
gDM,ijX

†
i
�̄PRqj + g

⇤
DM,ijXiq̄jPL�

⌘
, (2.2)

where Dµ is the covariant derivative and the index i runs over the quark and mediator flavours

of the model considered (up-type right-handed quarks, down-type right-handed quarks and

left-handed quarks). PL and PR are the left and right handed projectors respectively. The

Yukawa couplings,gDM , are chosen to be real valued, flavour-diagonal and flavour-universal

for simplicity, implying that gDM,ij = gDM�ij
1.

1In general it is possible to go beyond this approximation by allowing for o↵-diagonal Yukawa couplings,
which can be constrained by flavor observables as for instance top quark flavor changing neutral currents [41].
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Figure 1: Representative Feynman diagrams corresponding to the main subset of
processes contributing to (co-)annihilations described in Tab. ??. For simplicity,
we don’t show here possible interfering diagrams from crossing symmetries (for
example, we would have an u-channel for �� ! qq̄, XX

†
! qq̄ and XX ! qq). We

also only illustrated the gluon gauge vertices, since the strong coupling dominates.
In diagram 1h, we could also have the interaction of any other SM gauge boson
with the quarks, while in diagrams 1b, 1c, 1d, 1e and 1i, the gluon can be replaced
by a photon or a Z boson in the uR and dR models and additionally by W

± bosons
in the qL model.
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Figure 1: Representative Feynman diagrams corresponding to the main subset of processes con-
tributing to (co-)annihilations described in Tab. 1. For simplicity, we don’t show here possible in-
terfering diagrams from crossing symmetries (for example, we would have an u-channel for �� ! qq̄,
XX

†
! qq̄ and XX ! qq). We also only illustrated the gluon gauge vertices, since the strong coupling

dominates. In diagram 1h, we could also have the interaction of any other SM gauge boson with the
quarks, while in diagrams 1b, 1c, 1d, 1e and 1i, the gluon can be replaced by a photon or a Z boson
in the uR and dR models and additionally by W

± bosons in the qL model.

As a result of its Yukawa interaction 2, the DM number density depends both on direct

pair annihilation of DM, particles, �� ! SM SM, as well as co-annihilation and colored

annihilations processes into SM particles involving � � X, � � X
†, X � X

† and X � X

as initial scattering states. The latter determining the density of the scalar mediators. A

representative class of Feynman diagrams are shown in Fig. 1.

Under the assumption that all Z2-odd particles will finally decay into dark matter and

will be in equilibrium with each other until freeze-out [46], we track the evolution of the total

2For this work, we do not consider possible renormalizable interactions between the scalars and the Higgs
field, for example via a trilinear coupling. As shown in [42–44], such interactions can lead to sizeable e↵ects
from Sommerfeld enhancement and bound state formation and is subject to a follow-up work [45].
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A Majorana Fermion Dark Matter (Neutralino) interacting with Scalar Colored Scalar Mediators (Squarks)

QCD Colored Mediators

Dark Matter particle:
 A Majorana Fermion

the extrapolation to the time of freeze-out follows a standard cosmology, the inclu-

sive annihilation cross section (for � ⇠ 1/20) maps onto the expected dark matter

abundance. In Figure 14 we present the velocity averaged annihilation cross-section

in the non relativistic limit. We import the model files written in Feynrules in

micrOMEGAs5.0 [46] to evaluate h�vanni for gDM set to its maximally allowed value

obtained from Figure 13. The black shaded area of Figure 14 represents the region

of parameter space ruled out by LHC constraints, and the colored shaded regions

correspond to di↵erent values of h�vi normalized to 10�26cm3/s.5 Both the qL and uR

models have larger values of h�vi compared to the dR model. This can be understood

from the velocity-averaged annihilation cross-section into SM fermions,

h�vi ' N f

c
g4
DM

" m2

f

r
1�

m2
f

m2
�

64⇡(m2

q̃
+m2

�
�m2

f
)2

+ �2

(
m2

�

q
m4

�
+m4

q̃

32⇡(m2
�
+m2

q̃
)4

+O(m2

f
)

)#
, (5.1)

where N f

c
is the appropriate color factor for the species of fermion f , and � is the

velocity of the colliding DM particles (Mandelstam s = 4m2

�
/(1 � �2)), which is

about ⇠ 10�3. The first term is the velocity independent (s wave scattering) part

of the cross section, while the second piece is the velocity dependent part of the

annihilation (p wave scattering). For simplicity, in the term proportional to �2, we

only show the part of the expression that is independent of the quark mass (mf ).

The cross-section at zero velocity is proportional to the square of the quark mass,

and in the qL and uR models is dominated by annihilation into top quarks when

kinematically accessible. Annihilation to light quarks is dominated by the p-wave

contribution which is proportional to �2 and is therefore suppressed. This is also the

reason why h�vi has a sharp increases for the qL and uR models at the top threshold

where the s-wave dominates the contribution.

6 Outlook

The identity of the dark matter remains one of the most pressing questions con-

fronting particle physics, and the wealth of information from colliders, searches for

scattering with nuclei, and searches for dark matter annihilation complement each

other in terms of making progress toward that goal. As the precision of the ex-

perimental searches increases, there is a need for a corresponding improvement in

theoretical predictions, in order to realize the full potential of the experimental data.

5 A ballpark number for h�vi to saturate the DM relic density is 3 ⇥ 10�26cm3/s, with smaller

values indicating overabundant DM for a standard cosmological history.
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Direct Detection of Dark Matter 101
Direct Detection 101

Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
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where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];

�
T
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⇡

✓
MmT

M +mT

◆2

|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X

q=u,d,s

fqfTq +
X
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X

u,d,s

fTq ⌘ fTG ,

hN(p)|Oq

µ⌫
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4
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2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements
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0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )

fN/mN =
X
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fTq(fq) +
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.
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Look for elastic scattering of WIMPS with nuclei.

3 PRINCIPLES OF WIMP DIRECT DETECTION

WIMP-nucleus cross section, d�/dE shown in equation 4, can be written as the sum of

a spin-independent (SI) contribution and a spin-dependent (SD) one,

d�

dE
=

mA

2µ2
Av

2
· (�SI

0 · F
2
SI(E) + �

SD
0 · F

2
SD(E)). (8)

The WIMP-nucleus reduced mass is described by µA. For spin independent interactions,

the cross-section at zero momentum transfer can be expressed as

�
SI
0 = �p ·

µ
2
A

µ2
p

· [Z · f
p + (A� Z) · fn]2 (9)

where f p,n are the contributions of protons and neutrons to the total coupling strength,

respectively, and µp is the WIMP-nucleon reduced mass. Usually, f p = f
n is assumed

and the dependence of the cross-section with the number of nucleons A takes an A
2

form. The impact of f p
6= f

n (isospin-violating dark matter) on experimental results

is discussed in [111]. The form factor for SI interactions is calculated assuming the

distribution of scattering centres to be the same as the charge distribution derived from

electron scattering experiments [105]. Commonly, the Helm parameterisation [112] is

used to describe the form factor. Recent shell-model calculations [113] show that the

derived structure factors are in good agreement with the classical parameterisation.

To visualise the e↵ect of the target isotope and the form-factor correction, figure 2

(left) shows the event rate given in number of events per keV, day and kg (equation 4)

for spin-independent interactions in di↵erent target materials: tungsten in green, xenon

in black, iodine in magenta, germanium in red, argon in blue and sodium in grey.

A WIMP mass of 100GeV/c2 and a cross-section of 10�45 cm2 are assumed for the

calculation. In these curves both the A
2 dependence of the cross-section and the form

factor correction a↵ect the shape of the energy spectrum. Heavier elements profit from

the A2 enhancement with a higher event rate at low deposited energies but the coherence

loss due to the form factor suppresses the event rate especially at higher recoil energies.

Therefore, for lighter targets a low energy threshold is of less relevance than for the

heavier ones. Figure 2 (right) shows separately the WIMP mass and the form factor

e↵ect on the di↵erential event rate without considering the nuclear recoil acceptance

and the energy threshold of the detector. Solid lines show the expected rates for a

100GeV/c2 WIMP as in the left figure for a heavy and a light target as indicated in

green (tungsten) and blue (argon), respectively. In comparison to the heavy WIMP

mass the rates for a 25GeV/c2 dark matter particle (dashed line) drop steeper as the

momentum transfer is smaller. The form factor correction for a heavy target is more

important than for light targets. This can be seen by the dotted lines representing rates

for a 100GeV/c2 WIMP, calculated without the form factor correction.

For spin-dependent interactions, the form factor is written in terms of the

spin structure function whose terms are determined from nuclear shell model

calculations [114][115]. A common practice is to express the cross-section for the

interaction with protons and with neutrons

�
SD
0 =

32

⇡
µ
2
A ·G

2
F · [ap · hS

p
i+ an · hS

n
i]2 ·

J + 1

J
. (10)
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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|npfp + nnfn|
2
, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in

fN/mN =
X
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fqfTq +
X
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
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(pµp⌫ �
1

4
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N
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4
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2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Nuclear matrix elements

!19

0.94fG + 0.09fq + 0.29(g(1)G + g(2)G ) + 0.46(g(1)q + g(2)q )
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and up-type quarks mediated by ũ takes the form,

M = (�igDM )2(�̄PRu)
i
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where, in the second line, the propagator is expanded in the low momentum limit

and only leading terms are kept. As discussed in Section 3.1 and Appendix A, higher

order terms (which were dropped in Reference [11]) turn out to be important. In

the last line of Equation 3.1, we have dropped terms which are negligible in the non-

relativistic limit. Furthermore, we have dropped the quark mass from the expressions

above to simplify them. Majorana fermions are treated using the technology of

Refs. [20, 21]. Analogous results as above hold for dR and qL quarks mediated by

d̃ and q̃, respectively. The terms in the last line result in spin independent and

spin dependent scattering, respectively. However, since a Majorana fermion has a

vanishing vector bilinear (�̄�µ� = 0), only the SD terms are non-zero at this order1.

In order to assess the rate of SI scattering, it is necessary to go beyond the simple

leading order calculation.

Following the notation of Refs. [22] and [23] we write down the lagrangian for

the e↵ective field theory describing SI interactions with quarks and gluons,

L
e↵

SI
=
X

q=u,d,s

L
e↵

q
+ L

e↵

g
, (3.2)

where

L
e↵

q
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q
+

g(1)q

m�
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+

g(2)q

m2
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q,µ⌫
,(3.3)

L
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m2
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.(3.4)

1 It is worth noting that this feature is a consequence of having a single type of mediator. In

theories with both Q̃ and either ũ or d̃ type mediators, there may be renormalizable interactions

involving both mediators and a Higgs boson, which would open up the possibility for tree level

spin-independent scattering.
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as shown in a representative Feynman diagram in figure 1. The partonic matrix element

for interactions between fermionic (Dirac or Majorana) dark matter and up-type quarks

mediated by ũ takes the form,
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ũ
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where, in the second line, the propagator is expanded in the low momentum limit and

only leading terms are kept. As discussed in section 3.1 and appendix A, higher order

terms (which were dropped in Reference [11]) turn out to be important. In the last line

of equation (3.1), we have dropped terms which are negligible in the non-relativistic limit.

Furthermore, we have dropped the quark mass from the expressions above to simplify them.

Majorana fermions are treated using the technology of refs. [20, 21]. Analogous results as

above hold for dR and qL quarks mediated by d̃ and q̃, respectively. The terms in the last

line result in spin independent and spin dependent scattering, respectively. However, since

a Majorana fermion has a vanishing vector bilinear (χ̄γµχ = 0), only the SD terms are

non-zero at this order.1 In order to assess the rate of SI scattering, it is necessary to go

beyond the simple leading order calculation.

Following the notation of refs. [22] and [23] we write down the lagrangian for the

effective field theory describing SI interactions with quarks and gluons,

Leff
SI =

∑

q=u,d,s
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q + Leff

g , (3.2)

where

Leff
q = fqχ̄χ O(0)

q +
g(1)q

mχ
χ̄i (∂µγν + ∂νγµ)χ O(2)

q,µν +
g(2)q

m2
χ

χ̄(i∂µ)(i∂ν)χ O(2)
q,µν , (3.3)

Leff
g = fGχ̄χ O(0)

g +
g(1)G

mχ
χ̄i (∂µγν + ∂νγµ)χ O(2)

g,µν +
g(2)G

m2
χ

χ̄(i∂µ)(i∂ν)χ O(2)
g,µν . (3.4)

1It is worth noting that this feature is a consequence of having a single type of mediator. In theories

with both Q̃ and either ũ or d̃ type mediators, there may be renormalizable interactions involving both

mediators and a Higgs boson, which would open up the possibility for tree level spin-independent scattering.
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SI = 0 for Majorana fermion 
at tree level, Vector Bilinear vanishes 

We need to describe the effective theory of DM-Nucleon interaction at one loop

• Given a DM model, we need to calculate the spin-independent and spin-dependent 
cross sections at the quark level and match it at the nucleon level using form factors

• Spin-Indepedent limits at tree level more constraining than the spin-dependent part
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See K. Mohan, DS, T. Tait, B.Yan, C.P Yuan. JHEP 05 (2019) 115
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[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)]
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Constraints for the Simplified Model

We also need a Renormalization Group Evolution

RGE
• Nucleon DM cross-sections at Non-Relativistic velocities.


• At what scale do we define coupling and masses? If at 
scale µ~0, then to compare with LHC we should run up. If 
at µ~LHC energy, then to compare we should run down.


• RGE not necessary if no comparisons being made at 
different energy scales.

µl µh

Direct 
Detection 

(MeV)

LHC 
(TeV)

!24

At what scale do we define coupling and masses? 
If at nuclear scale, to compare to LHC we should run up, for the reverse, 
run down.

See K. Mohan, DS, T. Tait, B.Yan, C.P Yuan. JHEP 05 (2019) 115 for details

How important is RGE?

Gluonic spin-0 Wilson 
coeffs increase by factor 

of ~5.

Factor ~2 increase in matrix 
element when performing 

RGE.

Spin-2 Wilson coefficients 
do not run as strongly.

Factor ~4 enhancement in cross-section
!29

Complementarity of DD & LHC experiments

LHC Pair production
LHC Associated production

SI Limits

!36

SD Limits

Factor 4 enhancement in cross-section

Take home message
Precision Calculations can significantly improve 
constraints on the coupling (DM interaction )



Coannihilations, Radiative and Non-Perturbative Effects in Relic Density Calculation

Let’s go deeper into the same model, think of small mass gap between DM and mediator  

dark-sector comoving number density (or yield) Ỹ = ñ/s, where ñ is the total dark-sector

number density and s is the entropy density of the universe, resulting in the sum of the

comoving yields of the co-annihilating Z2-odd species:

Ỹ = Y� +
X

i=u,c,t

✓
YXi + Y

†
Xi

◆
= Y� + 2

X

i=u,c,t

YXi . (2.3)

We can then write an e↵ective Boltzmann equation for Ỹ as a function of the variable x =

mDM/T in the following form:

dỸ

dx
= �c g

1/2
⇤,e↵

h�e↵vreli

x2

⇣
Ỹ

2
� Ỹ

2
eq

⌘
, (2.4)

where

c =
p
⇡/45mPlm�, (2.5)

g
1/2
⇤,e↵ =

g⇤S
p
g⇤

✓
1 +

T

3g⇤S

dg⇤S
dT

◆
, (2.6)

Y
eq
� '

90

(2⇡)7/2
g�

g⇤S
x
3/2

e
�x

, (2.7)

Y
eq
X

= Y
eq
X† '

90

(2⇡)7/2
gX

g⇤S
[(1 + �)x]3/2 e�(1+�)x

, (2.8)

with g� = 2 and gX = 3 being the internal degrees of freedom of the Majorana particle �

and the colored scalars X, mPl the Planck mass, g⇤ (g⇤S) the number of e↵ective relativistic

degrees of freedom for the energy (entropy) density of the Universe and

� ⌘
mX �m�

m�

⌘
�m

m�

, �m ⌘ mX �m�. (2.9)

Hereby, the e↵ective annihilation cross-section in Eq. (2.4) is given by

h�e↵vreli =
X

ij

h�ijviji
Y

eq
i

Ỹ eq

Y
eq
j

Ỹ eq
, (2.10)

where h�ijviji comprises of all the annihilation cross-sections of two co-annihilating species

i and j. If the scalars are much heavier than DM, their abundance gets quickly Boltzmann-

suppressed and the only relevant process for determining the DM density is the direct �� �

annihilation. On the other hand, when � ⌧ 1, the scalar mediators continue interacting

for a longer time and their thermally-averaged (co-)annihilation cross-section contributions

to Eq. (2.10) are significant even around the freeze-out of the DM particle candidates. We

stress that in order to derive Eq. (2.10), two crucial assumptions are made. First, the rate

of elastic scatterings of dark sector particles with the SM bath is much larger than their
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number density and s is the entropy density of the universe, resulting in the sum of the

comoving yields of the co-annihilating Z2-odd species:
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Ỹ = Y� +
X

i=u,c,t

✓
YXi + Y

†
Xi

◆
= Y� + 2

X

i=u,c,t

YXi . (2.3)

We can then write an e↵ective Boltzmann equation for Ỹ as a function of the variable x =
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Two further novel effects can affect the velocity averaged cross section



Sommerfeld Enhancement and Bound State Formation in relic abundance
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Enhancement for 
 attractive potential

M. Becker, E. Copello, J. Harz K. Mohan, DS. JHEP08(2022) 145
Also see J. Harz, K. Petraki JHEP2018, Klasen, Harz, Wiggering,Sassi PRD2023

Non-relativistic enhancement of cross section due to 
an attractive potential
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Impact of Sommerfeld Enhancement and bound states

Importance of non-perturbative e*ects for the 
exclusion or discovery of dark matter models

Julia Harz

Impact of SE and BSF on exclusion limits

Becker, Copello, JH, Mohan, Sengupta (2022)

● DD and LHC searches set upper bound on gDM

● Requirement of non-overproduction sets lower bound on gDM

 → Correction on gDM due to SE and BSF lead to altered exclusion limits

 → opens up parameter space that was previously thought to be excluded

11

perturbative only + Sommerfeld e�ect + bound states

M. Becker, E. Copello, J. Harz K. Mohan, DS. JHEP08(2022) 145The package is  now implemented in MicrOmegas Dark Matter Tool  

1.The model tightly constrained by Direct Detection, 
2. Model parameters then relaxed by SE + BSF.



(Non-) Thermal mechanisms 

Freeze-In Super WIMPS

  

Freeze-in: general idea

Freeze-out

Freeze-in 1

21 3

2

1

2

DM produced from decays/annihilations of other particles.

DM production disfavoured → Abundance freezes-in

· DM interacts very weakly with the SM.

· DM has a negligible initial density.

Two basic premises :

Assume that in reaction A → B, ξ
A
�ξ

Β
 particles of type χ are destroyed/created. 

Integrated Boltzmann equation :

p.5Andreas Goudelis

Tweaked from arXiv:0911.1120

arXiv:hep-ph/0106249
arXiv:0911.1120
arXiv:1706.07442...
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FIMPS

Both set ups characterised by extremely weakly interacting particles  

Alternative Mechanisms of Dark Matter Production

Feng, Rajaraman, Takayama



Cosmological Probes of SuperWIMP Dark Matter
What if Neutralinos are not the Lightest SUSY particle, but next to lightest? 

• In Supergravity inspired Supersymmetry scenarios, the gravitino can be the lightest particle, and very very weakly coupled to 
the neutralino, leading to a long lived neutralino (decaying to a gravitino + a Photon).

•  The neutralino (a WIMP) can Freeze-out, and long afterwards decay to gravitino (SuperWIMP). 
• Being extremely long lived it will escape the detector without a trace (No prompt searches).
• However it will leave definite signatures in Cosmology due to energy dump as photon.

The gravitino mass is a free parameter related to the SUSY breaking scale F 
Feng, Rajaraman, Takayama hep-ph/0306204
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At this stage it is important to emphasise that, within
the general Minimal Supersymmetric Standard Model
(MSSM), the mechanism of thermal neutralino freeze-
out that generates the right relic abundance is quite re-
stricted given collider and electroweak precision observ-
ables, as well as constraints on the Higgs and Z-boson
invisible widths [X]. The mechanism of thermal freeze-
out for a relic neutralino depends on the nature of the
gauge composition of the neutralino.3 If the neutralino
is light, i.e., m�0

1
. 100 GeV, limits on the charged com-

ponents of the neutralino sector demands that the light
neutral component �

0
1 be predominantly bino. Then, im-

posing together the Planck-inferred dark matter density,
⌦DMh

2
 0.12 [31], on the neutral relic density leads

immediately to a lower limit of m�0
1
� 34 GeV on the

neutralino mass [32].4 Thus, on the light neutralino side,
assuming a thermal freeze-out mechanism the two places
with maximally e�cient enhancements in the annihila-
tion cross-section so as not to overclose the Universe are
at the Z-funnel and the Higgs funnel regions [32].5 Di-
rect detection constraints however rule out a significant
part of the neutralino parameter space in the 10 GeV-to-
1 TeV mass range [32, 34, 35], with limits depending on
the specifics of the model parameters. In general spin-
independent limits from Xenon-nT direct detection [X]
are quite constraining in the light dark matter scenario
(m�0

1
 200 GeV), leaving viable the Z/H funnel regions.

At higher masses, depending on the gauge content of
the neutralino and the SUSY mass spectrum, a variety
of new annihilation mechanisms can open up. Given the
strong limits from collider searches, the most promising
scenarios proceed through co-annihilations with sleptons
and squarks. For the latter, co-annihilations aided by
Sommerfeld enhancements can lead to the correct relic
density [2, 36]. To briefly conclude this discussion we also
add that if the neutralino has a sizable Higgsino compo-
nent, a TeV scale Higgsino can generate the relic abun-
dance of the Universe through co-annihilation with nearly
mass-degenerate charginos [37].6 Since the charginos are
TeV scale electroweak gauginos, collider limits can be
evaded if the rest of the SUSY spectrum is decoupled as
in the Split SUSY cases [38]. These considerations are
generally encoded within the idea of the so-called relic
neutralino surface [2]. General phenomenological and
simplified MSSM model studies for the electroweakino
sector using LHC data have shown that large swaths
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of parameter space are allowed within the gaugino sec-
tor, implying that there is no generic model-independent
lower bound on the light neutralino [35]. The situation
is relaxed further in non-minimal models like the next-
to-Minimal Supersymmetric Standard Model (NMSSM)
or the non-universal Gaugino Models (NUGM). We also
emphasise that, in models with over-abundant dark mat-
ter (e.g., models involving a light bino-like neutralino),
the superWIMP mechanism is a way to dilute the final
relic abundance.

In what follows, we briefly describe two well-motivated
SUSY superWIMPs, the gravitino G̃ and the axino ã.
As we shall see in section XX, irrespective of the freeze-
out/freeze-in mechanism that produces the NLSP neu-
tralino, energy injection constraints from CMB and BBN,
coupled with free-streaming bounds from the Ly↵ data
will constrain the bulk of their parameter spaces.

A. Gravitino superWIMPs

Gravitinos G̃ are spin-3/2 superpartners of gravitons.
Depending on the SUSY breaking mechanism, the grav-
itino mass—given approximately by mG̃ ' hF i/mpl,
where hF i is the SUSY breaking scale—can range from
keV to TeV and is thus essentially a free parameter in
this study. Because interactions of the gravitino are mPl-
suppressed, we do not expect them to be e�ciently pro-
duced via scattering in the early universe unless the re-
heating temperature is large.

Production from NLSP decay can proceed via the de-
cay of the lightest neutralino �

0
1. Stringent BBN con-

straints on hadronic energy injection from the decays
�

0
1 ! G̃h/Z essentially rules out a predominantly wino-

or Higgsino-like neutralino [4, 5]. Then, what remains
is a bino-like neutralino, which decays into a gravitino
predominantly via the two-body decay �

0
1 ! G̃�, whose

width is given by [5]

�(�0
1 ! G̃�) =

m
5
�0

1
cos2 ✓W

48⇡m
2
Plm

2
G̃

 
1 �

m
2
G̃

m
2
�0

1

!3 
1 + 3

m
2
G̃

m
2
�0

1

!
,

(2)
where mPl is the reduced Planck mass, and ✓W is the
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The gravitino mass is a free parameter related to the SUSY breaking scale F 
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At this stage it is important to emphasise that, within
the general Minimal Supersymmetric Standard Model
(MSSM), the mechanism of thermal neutralino freeze-
out that generates the right relic abundance is quite re-
stricted given collider and electroweak precision observ-
ables, as well as constraints on the Higgs and Z-boson
invisible widths [X]. The mechanism of thermal freeze-
out for a relic neutralino depends on the nature of the
gauge composition of the neutralino.3 If the neutralino
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strong limits from collider searches, the most promising
scenarios proceed through co-annihilations with sleptons
and squarks. For the latter, co-annihilations aided by
Sommerfeld enhancements can lead to the correct relic
density [2, 36]. To briefly conclude this discussion we also
add that if the neutralino has a sizable Higgsino compo-
nent, a TeV scale Higgsino can generate the relic abun-
dance of the Universe through co-annihilation with nearly
mass-degenerate charginos [37].6 Since the charginos are
TeV scale electroweak gauginos, collider limits can be
evaded if the rest of the SUSY spectrum is decoupled as
in the Split SUSY cases [38]. These considerations are
generally encoded within the idea of the so-called relic
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simplified MSSM model studies for the electroweakino
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E. Collider constraints

We assume from the outset that the neutralino is not
ruled out by conventional jets/leptons + missing energy
searches. In principle, within the scope of specific mass
spectrums, part of the parameter space can indeed be
ruled out; however this requires a larger global fit within
specific simplified or full SUSY models. Such an attempt
has already been performed with a gravitino LSP by the
Gambit collaboration within a simplified electroweakino
sector[35].Here we will restrict ourselves to LLP searches
due to the �

0
1 ! G̃(ã) + � decays.This is not an unrea-

sonable assumption given that LHC searches are insen-
sitive to a significant portion of the PMSSM parameter
space as well as model specific considerations such as split
SUSY, or mass-degenerate scenarios where the chargino-
neutralino mass gap is extremely small.

With the above caveats, since superWIMPS are ex-
tremely weakly coupled, collider constraints searches are
insensitive to a large part of the parameter space. Here
we summarize the collider constraints on the gravitino
and the axino LSP originating from the neutralino de-
cay. The neutralino proper decay length to gravitino as
a function of the fractional energy Eff can be expressed
as,

L = c⌧ ' 2.8 ⇥ 1022
m

2
G̃

✏
3
SMm

3
�0

1
(m2

�0
1
+ 3m

2
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or equivalently in terms of purely the energy released
and the mass of �

0
1 as,
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Collider experiments are sensitive to length scales of

about 100 m. This includes prompt decays that occur at
the interaction vertex, therefore sensitive to photons plus
missing energy signatures, or delayed decays leading to
sensitivity towards LLP searches. Therefore in order to
for colliders to be sensitive to this scenario, a large hierar-
chy is required between the neutralino and the gravitino.

The LEP experiment placed a lower bound on the
mass of the mass of the gravitino from the process
e
+
e
�

! G̃G̃� of mG̃ � 1.09 ⇥ 10�5 eV[44]. Further-
more, under the assumption that the rest of the SUSY
spectrum is decoupled apart from the selectron and the
neutralino �

0
1, the LEP searches exclude a neutralino

mass of up to m�0
1

' 200 GeV for a gravitino mass

of m�0
1

 10�5 eV. At the LHC, gravitino searches
have been conducted within the context of Gauge Me-
diated Supersymmetry (GMSB) breaking models. These
searches look for displaced photons assuming a SUSY
topology that yields the neutralino NLSP. Assuming a
decay channel with maximal production cross section in
the pp ! q̃q̃ ! qq�

0
1�

0
1, followed by the displaced photon

FIG. 1. Constraints on the gravitino parameter space in the
✏SM-⌧ plane.

FIG. 2. Constraints on the gravitino parameter space in the
m�-mG̃ plane.

signature of �
0
1 ! G̃�[45, 46]. The latest CMS result [46]

at 13 TeV with 78 fb�1 luminosity within these scenar-
ios exclude a neutralino mass between ' 200 GeV-550
GeV, for a c⌧ between 10 and 104 cm. We will use these
results for illustration purposes, but we emphasize that
these bounds are model dependent.

Similar considerations apply for axino dark matter. In
this case, we have an additional handle over the decay
width, namely the axion decay constant. The proper
length for the axion can be expressed as,

L = c⌧ '=
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✏3sm
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As is the case with collider constraints on axino
SWIMP scenario depends on the model specifics. In this
case, it depends both on the neutralino production mech-
anism as well as the specifics of the considered axino-
axion models. Regardless of the cosmology, just like the
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denoting the fraction of the neutralino mass released as
electromagnetic energy. Where kinematically allowed,
the additional decay channels �

0
1 ! G̃Z/h are also

available. But, as implied above, these channels are
suppressed for a bino-like �

0
1. Note that ✏SM  0.5,

where maximal energy injection, ✏SM ! 0.5, occurs as
mG̃ ! 0.7

B. Axino superWIMPs

Axinos ã are the supersymmetric partners of the axion,
the dynamic field that is expected to solve the strong CP
problem, and appears in the axion supermultiplet after
breaking of the Peccei-Quinn (PQ) symmetry in the form
A = (s+ia)/

p
2+

p
2✓a+✓

2
F , where a is the axion, s the

saxion,8 F the auxiliary superfield, and ✓ is the Grassma-
nian coordinate. The axion couples derivatively to quarks
and to the gauge bosons with interactions suppressed by
the PQ breaking scale fa; the accompanying SUSY in-
teractions can be found by simply supersymmetrising the
e↵ective SM-axion interactions, i.e., the axion supermul-
tiplet A couples to the vector supermultiplet Va. The
axion supermultiplet acquires a mass after SUSY is bro-
ken. While the saxion mass is roughly set by the the soft
SUSY breaking scale, the axino mass depends on the su-
perpotential. For the purposes of this work, we will take
the axino mass to be a free parameter, and note that its
mass can range from eV to TeV scales.

Like gravitinos, axinos can be produced in the early
universe in abundance via thermal scattering if the re-
heating temperature is large [40]. However, if the axino
is the LSP, production from the decay of a NLSP neu-
tralino population is also possible. Assuming a (pure)
bino decay, the decay width is given by [14, 17]
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Note that the limit mG̃ = 0 is ill-defined within theories of SUSY

breaking mechanisms. Since mG̃ is related to the SUSY breaking

scale hF i, the hF i ! 0 limit simply means a decoupled massless

gravitino. Swampland conjectures relate it to the massless limit of

an infinite tower of states and the breakdown of the e↵ective field

theory [39].
8
Although we will ignore the saxion for this work, saxions can also

form superWIMPs and be subject to cosmological energy injection

constraints.

Here, f
0
a ⌘ fa/N , where the factor N = 1 and N = 6

applies to the KSVZ and DFSZ axion, respectively; the
coe�cient CaY Y is a model-dependent O(1) number [14],
which we set to unity in this analysis without loss of gen-
erality; and ✏SM is given by Eq. (4), but with the replace-
ment mG̃ ! mã. Precision cosmology currently limits
the PQ breaking scale to fa � 108 GeV (via the axion
hot dark matter fraction) [X] for all axion models, while
the DFSZ axion is further subject to red-giant constraints
on the axion-electron coupling, such that fa � 1010 GeV
[X]. Note also that for fa � 1012, the axion can contribute
significantly to the observed dark matter abundance of
the Universe.9

As in the case of the �
0
1 decay to gravitino, where kine-

matically viable, the decay �
0
1 ! ãZ is also allowed al-

beit suppressed relative to �
0
1 ! ã� in both the decay

width and the accompanying electromageatic energy re-
lease. The possibility also exists that the gravitino (ax-
ino) is the NLSP and decays into the axino (gravitino)
LSP accompanied by the release of an axion: this pro-
cess has in fact been claimed to solve the Hubble tension
through the injection of dark radiation [29].

(YW: maybe no need to pre-empt this) As we will
demonstrate in the next section, for fa  108 GeV,
LLP and prompt searches with displaced vertices and
emerging tracks as well as photons + missing energy ser-
aches constrain a large part of the parameter space for
�

0
1 ! ã�. For fa � 109 GeV the �

0
1 is long lived enough

such that there are no collider constraints, but is con-
strained only by cosmological observables.

III. COSMOLOGICAL AND COLLIDER
PROBES OF SUPERWIMPS

From the cosmological perspective, the two defining
features of superWIMPs are (i) the NLSP decays to the
LSP on cosmological time scales, and (ii) the decay is
accompanied by the release of electromagnetic radiation.
Irrespective of whether the NLSP or LSP accounts for
the entirety of the observed dark matter, these features
can manifest themselves in precision cosmological observ-
ables either via the electromagnetic radiation or in the
kinematic properties of the LSP itself. We elaborate on
the relevant cosmological observables and how they can
be used constrain superWIMPs in the following N subsec-
tions. For completeness, we also discuss collider probes
of superWIMPs in section X.

9
If the misalignment angle is O(1), such as in the post-inflationary

scenario, then to explain the observed dark matter abundance of

the Universe fixes fa ⇠ 10
12

GeV. However, in the “anthropic” or

pre-inflationary scenario, the misalignment angle is random; in this

case there is no upper limit on fa.
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We analyze cosmological constraints on superWIMPs....

I. INTRODUCTION

(YW: need references in the first 3 paragraphs.)
The pursuit of signatures of beyond-the-Standard-Model
(BSM) physics and from which an explanation for the
dark matter of the Universe has been the holy grail
for particle physicists for over three decades. To this
end, the Large Hadron Collider (LHC) has probed large
swaths of parameter space in a variety of well motivated
BSM models. These include Supersymmetry (SUSY),
the leading BSM theory that not only solves the hierar-
chy problem but also provides a slew of particle candi-
dates for the dark matter. Within the context of specific
SUSY breaking scenarios (e.g., mSUGRA and CMSSM)
as well as simplified models, null measurements at the
LHC have translated into constraints on a significant
chunk of SUSY particles in the GeV-to-TeV mass range.

However, SUSY/BSM searches at the LHC rely pri-
marily on prompt decays or, at best, decays with proper
lengths of O(10� 100) m in the so-called long-lived par-
ticle searches. These searches also further subject to the
constraints that the produced particles are within kine-
matic reach of the LHC, i.e, their masses are at most
a few TeV, and that they are produced with a cross-
section su�cient to generate a detectable signal over
the enormous Standard-Model background. Extremely
weakly-interacting particles and/or those with very long
lifetimes—many of which also reside in well-motivated
SUSY/BSM model and parameter spaces—are thus in-
herently out of the LHC’s reach, even if their masses lie
within the conventional GeV-to-TeV collider window.

Interestingly, when the proper decay lengths/lifetimes
of these particles exceed of O(10) m, a second, albeit
less conventional, window to explore their properties
opens up. Disregarding concerns of naturalness, sce-
narios of extremely long particle lifetimes could be eas-
ily realised in a wide range of BSM theories by parti-
cle masses and couplings spanning orders of magnitude
[e.g., m ⇠ O(1) MeV � O(100) TeV]. In the context of
SUSY, these scenarios fall under the superWIMP class of
models, wherein quasi-stable particles can be e�ciently
produced in the early Universe and decay at a very late
time, i.e., t � O(1) s post-Big Bang, during the standard
cosmological history. Regardless of whether these quasi-
stable particles can account for all of the observed dark
matter abundance of the Universe at early times, late-
decaying particles leave potentially observable signatures

in the cosmic microwave background radiation (CMB),
as well as the light element abundances from Big Bang
Nucleosynthesis (BBN) and the large-scale matter distri-
bution particularly the Lyman-↵ (Ly↵) forest. Measure-
ments of these e↵ects can in turn be used to probe and
constrain regions of SUSY/BSM parameter space inac-
cessible to collider searches.

As a concrete example, consider the following. In R-
parity-conserving SUSY, the conventional lightest SUSY
particle (LSP) dark matter candidate is the lightest neu-
tralino, superpartner of the electroweak gauge particles.
With masses mLSP ⇠ O(0.1 � 1) TeV and Weak-like in-
teractions with the Standard Model (SM), the neutralino
easily satisfies the observed relic abundance of the uni-
verse and has a range of signatures at collider physics
experiments, as well as at direct and indirect dark mat-
ter searches[1, 2]. However, in models of Supergravity
or in SUSY models extended to include the axion, the
lightest neutralino may not be the LSP but can decay
to lighter particles of these theories, such as the grav-
itino G̃ or the axino ã. That is, the neutralino is now the
next-to-lightest supersymmetric particle (NLSP), while
the gravitino or the axino serves as the LSP.

In the latter scenarios, the decay widths of the NLSP
neutralino to G̃ and ã are generally suppressed, either by
the Planck mass mPl or by the axion decay constant fa,
such that the lifetime of the NLSP can be much longer
than its freeze-out time scale. In this case, the decay of
the NLSP can also generate a axino or gravitino popu-
lation. Provided that the reheating temperature is low
enough to avoid significant production of G̃ or ã from
thermal scattering in the very early Universe [3], it is the
late-time NLSP-to-LSP decay process that dominates the
final G̃ or ã abundance.

Then, the relic LSP production can be thought of as
a two-stage process. First, a neutralino NLSP popula-
tion is produced by interactions with the SM.1 Such a
neutralino population with the right observed relic den-
sity can build up either via the usual thermal freeze-out
mechanism through annihilations with SM particles, or
via freeze-in if extremely-weakly coupled to the parent
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We analyze cosmological constraints on superWIMPs....

I. INTRODUCTION

(YW: need references in the first 3 paragraphs.)
The pursuit of signatures of beyond-the-Standard-Model
(BSM) physics and from which an explanation for the
dark matter of the Universe has been the holy grail
for particle physicists for over three decades. To this
end, the Large Hadron Collider (LHC) has probed large
swaths of parameter space in a variety of well motivated
BSM models. These include Supersymmetry (SUSY),
the leading BSM theory that not only solves the hierar-
chy problem but also provides a slew of particle candi-
dates for the dark matter. Within the context of specific
SUSY breaking scenarios (e.g., mSUGRA and CMSSM)
as well as simplified models, null measurements at the
LHC have translated into constraints on a significant
chunk of SUSY particles in the GeV-to-TeV mass range.

However, SUSY/BSM searches at the LHC rely pri-
marily on prompt decays or, at best, decays with proper
lengths of O(10� 100) m in the so-called long-lived par-
ticle searches. These searches also further subject to the
constraints that the produced particles are within kine-
matic reach of the LHC, i.e, their masses are at most
a few TeV, and that they are produced with a cross-
section su�cient to generate a detectable signal over
the enormous Standard-Model background. Extremely
weakly-interacting particles and/or those with very long
lifetimes—many of which also reside in well-motivated
SUSY/BSM model and parameter spaces—are thus in-
herently out of the LHC’s reach, even if their masses lie
within the conventional GeV-to-TeV collider window.

Interestingly, when the proper decay lengths/lifetimes
of these particles exceed of O(10) m, a second, albeit
less conventional, window to explore their properties
opens up. Disregarding concerns of naturalness, sce-
narios of extremely long particle lifetimes could be eas-
ily realised in a wide range of BSM theories by parti-
cle masses and couplings spanning orders of magnitude
[e.g., m ⇠ O(1) MeV � O(100) TeV]. In the context of
SUSY, these scenarios fall under the superWIMP class of
models, wherein quasi-stable particles can be e�ciently
produced in the early Universe and decay at a very late
time, i.e., t � O(1) s post-Big Bang, during the standard
cosmological history. Regardless of whether these quasi-
stable particles can account for all of the observed dark
matter abundance of the Universe at early times, late-
decaying particles leave potentially observable signatures

in the cosmic microwave background radiation (CMB),
as well as the light element abundances from Big Bang
Nucleosynthesis (BBN) and the large-scale matter distri-
bution particularly the Lyman-↵ (Ly↵) forest. Measure-
ments of these e↵ects can in turn be used to probe and
constrain regions of SUSY/BSM parameter space inac-
cessible to collider searches.

As a concrete example, consider the following. In R-
parity-conserving SUSY, the conventional lightest SUSY
particle (LSP) dark matter candidate is the lightest neu-
tralino, superpartner of the electroweak gauge particles.
With masses mLSP ⇠ O(0.1 � 1) TeV and Weak-like in-
teractions with the Standard Model (SM), the neutralino
easily satisfies the observed relic abundance of the uni-
verse and has a range of signatures at collider physics
experiments, as well as at direct and indirect dark mat-
ter searches[1, 2]. However, in models of Supergravity
or in SUSY models extended to include the axion, the
lightest neutralino may not be the LSP but can decay
to lighter particles of these theories, such as the grav-
itino G̃ or the axino ã. That is, the neutralino is now the
next-to-lightest supersymmetric particle (NLSP), while
the gravitino or the axino serves as the LSP.

In the latter scenarios, the decay widths of the NLSP
neutralino to G̃ and ã are generally suppressed, either by
the Planck mass mPl or by the axion decay constant fa,
such that the lifetime of the NLSP can be much longer
than its freeze-out time scale. In this case, the decay of
the NLSP can also generate a axino or gravitino popu-
lation. Provided that the reheating temperature is low
enough to avoid significant production of G̃ or ã from
thermal scattering in the very early Universe [3], it is the
late-time NLSP-to-LSP decay process that dominates the
final G̃ or ã abundance.

Then, the relic LSP production can be thought of as
a two-stage process. First, a neutralino NLSP popula-
tion is produced by interactions with the SM.1 Such a
neutralino population with the right observed relic den-
sity can build up either via the usual thermal freeze-out
mechanism through annihilations with SM particles, or
via freeze-in if extremely-weakly coupled to the parent

1
The mechanics of this production depends on the nature of the

neutralino. For the light neutralino �0
1  100 GeV, one requires

a bino-like neutralino to have enough annihilations to avoid over-

closing the Universe.
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Dark Matter populated through extremely weakly coupled systems is difficult to probe 
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Figure 7. Summary of the LHC constraints for the lepton-like (upper panel) and the quark-like
(lower panel) FIMP scenarios. The lines correspond to contours of Ωsh2 = 0.12 for the values of
ms and TR given in the legend.

the values of TR = 50, 100, 160GeV are chosen in order to assess the prospects of test-

ing electroweak baryo- and leptogenesis, as discussed in section 3.3. The simultaneous

determination of cτ and mF would then allow to infer the maximum possible reheating

temperature TR by assuming the lightest possible DM mass of ms = 12 keV.

Within the leptonic model and for TR = 1010GeV, F masses as high as 600–650GeV

can be probed for proper lifetimes of cτ larger than 20 meters (or conversely DM masses

as low as a few MeV). For the smallest possible DM mass of 12 keV, the F lifetime ranges

between a few meters and tens of centimeters, and the excluded values of mF correspond
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Figure 7: 1-loop diagrams for the DM-gluon elastic scattering, which contribute to the spin-
independent DM-nucleon cross-section.

5 Limits on gDM from Direct Detection

To calculate direct detection constraints on the parameter space, we follow Ref. [37]19. Direct

detection (DD) constraints arise from the non-observation of DM-nuclei scattering on earth.

The constraints on the DM-nucleon cross-section come from spin-independent (SI) and spin-

dependent (SD) interactions. We use current spin-independent limits from Xenon-1T [4] and

spin-dependent limits from the PICO-60 experiment [5]. Future projections are considered for

the planned DARWIN experiment [67]. In our model, SD DM-nucleon scattering is mediated

at tree-level by the s-channel exchange of a colored mediator X and the SD DM-nucleon cross-

section increases with g
4
DM. For SI scattering however, due to the Majorana nature of the DM

candidate, the velocity unsuppressed tree-level contribution is absent. Thus, SI DM-nucleon

scattering is induced at the one-loop level, where it receives its dominant contribution from

the diagrams shown in Fig. 7. Just as in SD scattering, the parametric dependence to the

Yukawa coupling for the SI DM-nucleon cross-section also scales as g
4
DM. To compute the

spin-independent DM-nucleon scattering cross-section in this simplified model, we perform

a complete one-loop matching of the relevant Wilson coe�cients. Hereby, we consider all

possible diagrams and interference e↵ects. We also perform a renormalization group evolution

(RGE) from the scales of the mediator mass to the low-energy scale (' 1 GeV), relevant for

DM scattering with the heavy nucleon. A detailed account of this is provided in [37]. Including

the RGE evolution leads to an enhancement of roughly a factor of two at the amplitude level,

19See also [66].
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DD @ 1-Loop

The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].

L
e↵ =

X

q=u,d,s

L
e↵
q

+ L
e↵
g

, (14)

where
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¯̃��̃ q̄q +
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as

hN |mq q̄q|Ni/mN ⌘ fTq ,

1�
X

u,d,s

fTq ⌘ fTG ,

hN(p)|Oq

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) (q(2) + q̄(2)) ,

hN(p)|Og

µ⌫
|N(p)i =

1

mN

(pµp⌫ �
1

4
m

2
N
gµ⌫) G(2) . (35)

In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Evaluate matrix element for the elastic scattering process 
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Evaluate matrix element for the elastic scattering process 
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].

L
e↵ =

X

q=u,d,s

L
e↵
q

+ L
e↵
g

, (14)

where

L
e↵
q

= fqmq
¯̃��̃ q̄q +

g
(1)
q

m�

¯̃�i@µ
�
⌫
�̃ O

q

µ⌫
+

g
(2)
q

m2
�

¯̃�(i@µ)(i@⌫)�̃ O
q

µ⌫
, (15)

L
e↵
g

= fG
¯̃��̃Ga

µ⌫
G

aµ⌫ +
g
(1)
G

m�

¯̃�i@µ
�
⌫
�̃ O

g

µ⌫
+

g
(2)
G

m2
�

¯̃�(i@µ)(i@⌫)�̃ O
g

µ⌫
. (16)

and where

O
q

µ⌫
⌘

1

2
q̄i

✓
Dµ�⌫ +D⌫�µ �

1

2
gµ⌫ /D

◆
q ,

O
g

µ⌫
⌘

✓
G

a⇢

µ
G

a

⇢⌫
+

1

4
gµ⌫G

a

↵�
G

a↵�

◆
. (17)

The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Evaluate matrix element for the elastic scattering process 
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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, (33)

wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,
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and up-type quarks mediated by ũ takes the form,
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where, in the second line, the propagator is expanded in the low momentum limit

and only leading terms are kept. As discussed in Section 3.1 and Appendix A, higher

order terms (which were dropped in Reference [11]) turn out to be important. In

the last line of Equation 3.1, we have dropped terms which are negligible in the non-

relativistic limit. Furthermore, we have dropped the quark mass from the expressions

above to simplify them. Majorana fermions are treated using the technology of

Refs. [20, 21]. Analogous results as above hold for dR and qL quarks mediated by

d̃ and q̃, respectively. The terms in the last line result in spin independent and

spin dependent scattering, respectively. However, since a Majorana fermion has a

vanishing vector bilinear (�̄�µ� = 0), only the SD terms are non-zero at this order1.

In order to assess the rate of SI scattering, it is necessary to go beyond the simple

leading order calculation.

Following the notation of Refs. [22] and [23] we write down the lagrangian for

the e↵ective field theory describing SI interactions with quarks and gluons,
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1 It is worth noting that this feature is a consequence of having a single type of mediator. In

theories with both Q̃ and either ũ or d̃ type mediators, there may be renormalizable interactions

involving both mediators and a Higgs boson, which would open up the possibility for tree level

spin-independent scattering.
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Figure 7: 1-loop diagrams for the DM-gluon elastic scattering, which contribute to the spin-
independent DM-nucleon cross-section.

5 Limits on gDM from Direct Detection

To calculate direct detection constraints on the parameter space, we follow Ref. [37]19. Direct

detection (DD) constraints arise from the non-observation of DM-nuclei scattering on earth.

The constraints on the DM-nucleon cross-section come from spin-independent (SI) and spin-

dependent (SD) interactions. We use current spin-independent limits from Xenon-1T [4] and

spin-dependent limits from the PICO-60 experiment [5]. Future projections are considered for

the planned DARWIN experiment [67]. In our model, SD DM-nucleon scattering is mediated

at tree-level by the s-channel exchange of a colored mediator X and the SD DM-nucleon cross-

section increases with g
4
DM. For SI scattering however, due to the Majorana nature of the DM

candidate, the velocity unsuppressed tree-level contribution is absent. Thus, SI DM-nucleon

scattering is induced at the one-loop level, where it receives its dominant contribution from

the diagrams shown in Fig. 7. Just as in SD scattering, the parametric dependence to the

Yukawa coupling for the SI DM-nucleon cross-section also scales as g
4
DM. To compute the

spin-independent DM-nucleon scattering cross-section in this simplified model, we perform

a complete one-loop matching of the relevant Wilson coe�cients. Hereby, we consider all

possible diagrams and interference e↵ects. We also perform a renormalization group evolution

(RGE) from the scales of the mediator mass to the low-energy scale (' 1 GeV), relevant for

DM scattering with the heavy nucleon. A detailed account of this is provided in [37]. Including

the RGE evolution leads to an enhancement of roughly a factor of two at the amplitude level,

19See also [66].
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].

L
e↵ =

X

q=u,d,s

L
e↵
q

+ L
e↵
g

, (14)

where

L
e↵
q

= fqmq
¯̃��̃ q̄q +

g
(1)
q

m�

¯̃�i@µ
�
⌫
�̃ O

q

µ⌫
+

g
(2)
q

m2
�

¯̃�(i@µ)(i@⌫)�̃ O
q

µ⌫
, (15)

L
e↵
g

= fG
¯̃��̃Ga

µ⌫
G

aµ⌫ +
g
(1)
G

m�

¯̃�i@µ
�
⌫
�̃ O

g

µ⌫
+

g
(2)
G

m2
�

¯̃�(i@µ)(i@⌫)�̃ O
g

µ⌫
. (16)

and where

O
q

µ⌫
⌘

1

2
q̄i

✓
Dµ�⌫ +D⌫�µ �

1

2
gµ⌫ /D

◆
q ,

O
g

µ⌫
⌘

✓
G

a⇢

µ
G

a

⇢⌫
+

1

4
gµ⌫G

a

↵�
G

a↵�

◆
. (17)

The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
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From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Evaluate matrix element for the elastic scattering process 
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤
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2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Evaluate matrix element for the elastic scattering process 

in the non-relativistic limit.

Spin-2 

Operators

Tools: FeynArts, FORM, PackageX

Spin 0

!22

DD @ 1-Loop

The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Evaluate matrix element for the elastic scattering process 
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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The two terms in the last line of the equation above correspond to the spin independent
and spin dependent scattering. Since the majorana fermion has a vanishing vector bilinear
(�̄�µ

� ! 0), only the spin dependent term contributes. This result depends on an exact
cancellation of scalar (psedoscalar and tensor) quadrilinears which can give rise to SI
cross-sections. Writing the interactions as ũ⇤

�̄(a+ b�5)u, and using the relations in [3] we
find that the the matrix element will have terms / (a2 � b

2)�̄�ūu. This vanishes in the
case of maximal parity violation a = b.

From the discussion above we conclude that there is no bound on the spin-independent
scattering cross-section at tree level in the case of maximal parity violation. This however,
is not true at NLO. We will therefore determine the NLO contributions to this process.

Our first objective is to determine the wilson coe�cients for the operators in the
following e↵ective lagrangian that contributes to the SI cross-section [1].
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The Lagrangian involves Majorana fermions and we will use the Feynman rules as de-
rived in [4, 5]. Since the final states involve Majorana fermions diagrams with the fermion
flow in the loop reversed need to be included ( the di↵erent fermion flows correspond to
di↵erent currents).
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4 Calculating the SI Cross-section: taken from ref. [1]

The SI cross section of the WIMP with target nuclei T is expressed compactly in terms
of the SI coupling of the neutralino with nucleon fN (N = p, n) [8];
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wheremT is the mass of target nucleus, and np and nn are proton and neutron numbers
in the target nucleus, respectively. The SI coupling of the neutralino with nucleon is given
by the coe�cients and matrix elements of the e↵ective operators in
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The matrix elements of the e↵ective operators are expressed by using nucleon mass as
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In the matrix elements of twist-2 operators, q(2), q̄(2) and G(2) are the second moments
of the parton distribution functions (PDFs) of quark, antiquark and gluon, respectively,

q(2) + q̄(2) =

Z 1

0

dx x [q(x) + q̄(x)] ,

Evaluate matrix element for the elastic scattering process 
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Strategy
• Calculate RGE in full Theory. 


• Apply matching conditions at each threshold of the theory.


• We will have to recalculate for every different model.


• Alternate approach available— RGE with EFT.
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Figure 1. Effective Field Theories used in this work. The fields mediating DM interactions with
the SM are integrated out at the scale ⇤. The operators of the SM� EFT are evolved down to
the EWSB scale, where electroweak states are integrated out. There a matching onto the EMSM�

EFT is performed. Finally, the operators are evolved down to the nuclear scale probed by direct
searches.

models where loop effects are the dominant contribution.
The only DM interactions at the nuclear scale relevant for direct detection involve

the u, d, s quarks, gluons and photons. However, many motivated models have mediator
fields coupling the DM particle to heavy SM states and/or leptons. In these cases the
main contribution to direct detection rates comes from loop effects. Furthermore, different
light quarks couplings yield direct detection cross sections which could differ by orders of
magnitude, as Goodman and Witten showed in their seminal paper [72]. If the mediator
fields induce suppressed couplings to light quarks (e.g. DM velocity-suppressed and/or spin-
dependent interactions), loop-induced couplings to non-suppressed operators are again the
dominant contribution. The best current experimental limits come from XENON100 [73]
and LUX [74], and will be significantly improved soon by SCDMS, XENON1T, DARKSIDE
G2 and LZ (see for example Ref. [75]). They rule out electroweak processes with Z boson
exchange by orders of magnitude, and are therefore powerful enough to put constraints even
on loop-induced processes.

The paper is structured as follows. The bases of independent operators for both the
EFTs in Fig. 1 as well as matching conditions at the EWSB scale are discussed in Sec. 2.
The RGE equations in both EFTs are presented in Sec. 3, with details on loop calculations
contained in App. B. The reader only interested in our results, not in their derivation,
can safely jump from Sec. 2 to Sec. 4, where we present the applications of our results to
spin-independent searches. Consistently with the spirit of this work, we focus on examples
where the DM has either suppressed couplings to light quarks or couplings only to heavy
SM states. In these cases our loop effects are the main contribution to spin-independent
direct detection rates. In App. D we give a straightforward recipe that allows one to apply
our results and constrain UV complete fermion WIMP models that give rise to dimension
6 effective operators. Sec. 5 contains our conclusions.

2 The Effective Theories for Singlet Fermion Dark Matter

Our conceptual starting point is a renormalizable model for a fermion DM field � that is a
SM gauge singlet. Interactions between � and the SM degrees of freedom  SM are due to
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and up-type quarks mediated by ũ takes the form,

M = (�igDM )2(�̄PRu)
i

p2 �M2

ũ

(ūPL�)

⇡ (�igDM )2(�̄PRu)
�i
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ũ
�m2

�

(ūPL�) +O

 
1
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�2!

=
ig2

DM

M2

ũ
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�
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8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)

+(�̄�µ�5�)(ū�µu)� (�̄�µ�)(ū�µ�5u)]

⇡
ig2

DM

M2

ũ
�m2

�

1

8
[(�̄�µ�)(ū�µu)� (�̄�µ�5�)(ū�µ�5u)] (3.1)

where, in the second line, the propagator is expanded in the low momentum limit

and only leading terms are kept. As discussed in Section 3.1 and Appendix A, higher

order terms (which were dropped in Reference [11]) turn out to be important. In

the last line of Equation 3.1, we have dropped terms which are negligible in the non-

relativistic limit. Furthermore, we have dropped the quark mass from the expressions

above to simplify them. Majorana fermions are treated using the technology of

Refs. [20, 21]. Analogous results as above hold for dR and qL quarks mediated by

d̃ and q̃, respectively. The terms in the last line result in spin independent and

spin dependent scattering, respectively. However, since a Majorana fermion has a

vanishing vector bilinear (�̄�µ� = 0), only the SD terms are non-zero at this order1.

In order to assess the rate of SI scattering, it is necessary to go beyond the simple

leading order calculation.

Following the notation of Refs. [22] and [23] we write down the lagrangian for

the e↵ective field theory describing SI interactions with quarks and gluons,

L
e↵

SI
=
X

q=u,d,s

L
e↵

q
+ L

e↵

g
, (3.2)

where

L
e↵

q
= fq�̄� O(0)

q
+

g(1)q

m�

�̄i (@µ�⌫ + @⌫�µ)� O(2)

q,µ⌫
+

g(2)q

m2
�

�̄(i@µ)(i@⌫)� O(2)

q,µ⌫
,(3.3)

L
e↵

g
= fG�̄� O(0)

g
+

g(1)
G

m�

�̄i (@µ�⌫ + @⌫�µ)� O(2)

g,µ⌫
+

g(2)
G

m2
�

�̄(i@µ)(i@⌫)� O(2)

g,µ⌫
.(3.4)

1 It is worth noting that this feature is a consequence of having a single type of mediator. In

theories with both Q̃ and either ũ or d̃ type mediators, there may be renormalizable interactions

involving both mediators and a Higgs boson, which would open up the possibility for tree level

spin-independent scattering.
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