
(Particle) dark matter theory

ECFA-UK Meeting, IPPP, 23 September 2024

Christopher McCabe 

AIONAION

Laura Baudis 
on behalf of the XLZD consortium 

University of Zurich 
July 11, 2024

Identification of Dark Matter  2024 
L'Aquila

XLZD:  
A Next-Generation Liquid Xenon Observatory 
for Dark Matter and Neutrino Physics

NEWS-G@Boulby

DarkSPHERE



The problem isn’t discovering dark matter…

     ‘The Bullet Cluster’
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Existence of dark matter on astrophysical and 
cosmological scales is known and well characterised
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Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)

DM
dark matter

The problem is characterising dark matter…

4Christopher McCabe
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GALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHESGALACTIC WIMP SEARCHES

These limits are for weakly-interacting stable particles that may constitute
the invisible mass in the galaxy. Unless otherwise noted, a local mass
density of 0.3 GeV/cm3 is assumed; see each paper for velocity distribution

assumptions. In the papers the limit is given as a function of the X0 mass.
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1
TeV. Specific limits on supersymmetric dark matter particles may be found
in the Supersymmetry section.

Limits for Spin-Independent Cross SectionLimits for Spin-Independent Cross SectionLimits for Spin-Independent Cross SectionLimits for Spin-Independent Cross Section
of Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleonof Dark Matter Particle (X0) on Nucleon

Isoscalar coupling is assumed to extract the limits from those on X0–nuclei
cross section.

For mX 0 = 20 GeVFor mX 0 = 20 GeVFor mX 0 = 20 GeVFor mX 0 = 20 GeV
VALUE (pb) CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

<2.0 × 10−7 90 1 AGNESE 14 SCDM Ge

<3.7 × 10−5 90 2 AGNESE 14A SCDM Ge
<1 × 10−9 90 3 AKERIB 14 LUX Xe

<2 × 10−6 90 4 ANGLOHER 14 CRES CaWO4
<5 × 10−6 90 FELIZARDO 14 SMPL C2ClF5
<8 × 10−6 90 5 LEE 14A KIMS CsI
<2 × 10−4 90 6 LIU 14A CDEX Ge

<1 × 10−5 90 7 YUE 14 CDEX Ge
<1.08 × 10−4 90 8 AARTSEN 13 ICCB H, solar ν

<1.5 × 10−5 90 9 ABE 13B XMAS Xe
<3.1 × 10−6 90 10 AGNESE 13 CDM2 Si

<3.4 × 10−6 90 11 AGNESE 13A CDM2 Si

<2.2 × 10−6 90 12 AGNESE 13A CDM2 Si
<5 × 10−5 90 13 LI 13B TEXO Ge

14 ZHAO 13 CDEX Ge

<1.2 × 10−7 90 AKIMOV 12 ZEP3 Xe
15 ANGLOHER 12 CRES CaWO4

<8 × 10−6 90 16 ANGLOHER 12 CRES CaWO4
<7 × 10−9 90 17 APRILE 12 X100 Xe

18 ARCHAMBAU...12 PICA F (C4F10)

<7 × 10−7 90 19 ARMENGAUD 12 EDE2 Ge
20 BARRETO 12 DMIC CCD
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1. ACCELERATORPHYSICS OFCOLLIDERS

Revised July 2011 by D. A. Edwards (DESY) and M. J. Syphers (MSU)

1.1. Luminosity

X0 mass: m =?

X0 spin: J =?

X0 parity: P =?

X0 lifetime: ⌧ =?

X0 scattering cross-section on nucleons: ?

X0 production cross-section in hadron colliders: ?

X0 self-annihilation cross-section: ?

X0 spin: J =?

J = 1/2 These limits are for weakly interacting
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J = 1/2

This article provides background for the High-Energy Collider Parameter Tables that
follow. The number of events, Nexp, is the product of the cross section of interest, �exp,
and the time integral over the instantaneous luminosity, L:

Nexp = �exp ⇥
Z

L (t) dt. (1.1)

Today’s colliders all employ bunched beams. If two bunches containing n1 and n2
particles collide head-on with frequency f , a basic expression for the luminosity is

L = f
n1n2

4⇡�x�y
(1.2)

February 6, 2016 16:53

interactions with normal matter?
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Informs and limits the 
possible interactions 

Cosmology
Particle Physics

Explaining this value suggests dark and 
visible matter interactions are generic &

⌦DMh2 = 0.120± 0.001
<latexit sha1_base64="LtBLjPMc6raGmdhnXk+cHFSFMhQ="></latexit>

Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)

DM
dark matter

Cosmology and Particle Physics give clues
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DM landscape: classifying by mass
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Particle DM landscape: many possibilities 
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Cooley et al  
arXiv:2209.07426

Report of the Topical Group on Particle Dark Matter for Snowmass 2021
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Figure 6: Cartoon figure of the model space for direct detection. Included are candidates of thermal dark
matter, supersymmetry, asymmetric dark matter [16], SIMP/Elder [220–223], dark monopoles [226], WIM-
Pzillas [18], and hidden sector dark matter [25]. Note that the interaction cross-section can be for either
scattering with nucleons or electrons, depending on the specific model.

4.3 The path toward DM discovery with direct detection

Many candidates in the “heavy” range will not be tested by the suite of current generation experiments that
are under construction or operating. The next suite of experiments should have an order of magnitude larger
exposure and be able to significantly enhance our capabilities to probe much of this high-priority parameter
space. This future suite should probe models with spin-dependent interactions and others beyond the usual
coherent DM-nucleus interactions. In addition, we cannot a↵ord to eliminate support for successful DM
search programs with unique sensitivity. Similarly, many candidates in the “light” range will not be tested
with the current suite of “small scale projects”. Continued investment to scale up in mass and/or reduce
and understand low-energy backgrounds in programs to search for particle DM is thus crucial.

The benchmark for future generation experiments is to search for heavy DM candidates in the parameter
space that reaches to the neutrino “fog”, the expected background from the coherent elastic neutrino-nucleus
scattering (CE⌫NS) of solar and atmospheric neutrinos, or that advances sensitivity by an order of magnitude
beyond the reach of current generation experiments in spaces where the fog remains many orders of magnitude
distant, such as spin-dependent interactions. For light mass DM candidates the goal over the next decade is
to probe DM scattering down to 1 MeV and DM absorption down to 1 eV.

4.3.1 Enabling Discovery with Complementary Probes

The three categories of particle DM, as well as models within each category, give rise to distinct DM-SM
interactions and experimental signatures in direct detection setups. Discovering particle DM requires a
multi-faceted approach involving detectors that can measure di↵erent aspects of DM-SM interactions, as
well as provide information about the DM distribution in our galactic halo.

Heavy DM candidates, such as WIMPs, are traditionally probed via their interactions with nucleons in
the target material. Spin-independent interactions benefit from targets with high atomic mass due to the
coherent A

2 enhancement of the scattering rate. On the other hand, spin-dependent interactions require

22
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How can we make progress?

8Christopher McCabe

Delve deep (cover high priority targets e.g., WIMPs)  

Search wide (explore as much DM parameter space as possible)

Cooley et al  
arXiv:2209.07426

Cosmic Frontier’s recommendation:



High priority target: WIMPs
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- (Probably) the most studied DM candidate 

- ‘Natural’ mechanism to produce the observed 
relic abundance ‘WIMP-miracle’ 

- One-to-one correspondence with a single 
particle physics input: 

Annihilation cross-section with SM particles 

- Embedded in theories that alleviate the 
‘hierarchy problem’ (SUSY, etc) 

‣ Idea of ‘Natural WIMPs’ but ‘Unnatural 
WIMPs’ also work 

‘Delve deep’
7

the large factor 1 + ↵⇤(�/H)⇤ � 1 (see the dotted blue
curves in Fig. 4), with most of the residual annihilations
occurring for T⇤ � T >

⇠ T⇤/2. Thus, it is expected that
the value of (�/H)⇤ will have an impact on the predicted
relic density. Note that previous studies have ignored
the 1 in the denominator of Eq. (17) and have assumed
that ↵⇤ = 1. These approximations incur an error of
⇠ 3 � 5% and can a↵ect the calculation substantially,
especially for masses in the range 1� 10GeV, where the
impact of the changing values of g(T ) is large. As may be
seen from Fig. 4, both (�/H)⇤ and ↵⇤ depend strongly on
mass. Our analytical framework takes these e↵ects into
account.

3. Relic Abundance

Having determined Yf , (see Eq. (17)), calculating the
relic abundance is straightforward. The frozen out
WIMP abundance Yf is equal to the present day WIMP
abundance (Yf = Y0), so that the cosmological WIMP
mass fraction is

⌦ =
mYf s0

⇢crit

=
8⇡G

3H2
0

✓
mH⇤s0
h�vis⇤

◆✓
(�/H)⇤

1 + ↵⇤(�/H)⇤

◆
, (19)

resulting in

⌦h2 =
9.92⇥ 10�28

h�vi

✓
x⇤

g
1/2
⇤

◆✓
(�/H)⇤

1 + ↵⇤(�/H)⇤

◆
. (20)

Note that this result has no explicit mass dependence
but x⇤, g⇤, and↵⇤, and (�/H)⇤ are all mass-dependent.
Recall that the units for units for h�vi, here and
elsewhere, are cm3s�1. For 10�1

 m (GeV)  104

we find that 0.97 <
⇠ (�/H)⇤/(1 + ↵⇤(�/H)⇤) <

⇠ 1.07,
varying noticeably with mass, as shown in Fig. 4. In most
previous analyses the term involving (�/H)⇤ in Eq. (20)
is either ignored or assumed to be unity. This small but
non-negligible e↵ect is relevant for the low mass regime,
that is currently of great interest, and retaining it we find

1026h�vi = 0.902

✓
0.11

⌦h2

◆✓
x⇤

g
1/2
⇤

◆✓
(�/H)⇤

1 + ↵⇤(�/H)⇤

◆
.

(21)
This result for h�vi as a function of the WIMP mass,
assuming the a best-fit value for ⌦h2 = 0.11, is shown as
the dashed (red) curve in Fig. 5. This general result for
the relic abundance of a thermal WIMP, whether or not
it is a dark matter candidate, derived by an approximate
analytic approach to solving the evolution equation [6, 11]
agrees to better than ⇠ 3% with the results of the
direct numerical integration of the evolution equation
(solid black curve in Fig. 5) described below in §II C.
For analytic results accurate to ⇠ 5%, the last factor
in Eq. (21) may be approximated by 1.02.
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FIG. 5. The thermal annihilation cross section required for
⌦�h

2 = 0.11 as a function of the mass for a Majorana
WIMP. The solid (black) curve is from numerical integration
of the evolution equation and the dashed (red) curve is for
the approximate analytic solution in Eq. (20). Note that the
agreement between analytical and numerical results is better
than ⇠ 3%. For comparison, the thin horizontal line shows
the canonical value h�vi = 3⇥ 10�26 cm3s�1.

C. Numerical Results and Discussion

To compare with the approximate analytic results
we have calculated the relic abundance by numerically
integrating the WIMP evolution equation, Eq. (5). We
transform this equation into a simple dimensionless form,

dY

dx
= �


1 +

1

3

d(lngs)

d(lnT )

�
gs

g
1/2
⇢

1

x2
(Y 2

eq
� Y

2), (22)

where � ⌘ 2.76 ⇥ 1035mh�vi and Yeq =
0.145 (g�/gs)x3/2e�x (m is in GeV and h�vi in cm3s�1).
An approximation made here is to use the non-relativistic
expression for neq in Yeq. This has negligible impact on
our results. For m in the range 10�1

� 10 4 GeV and
h�vi in the range 10�26

� 10�25 cm3s�1, � has values in
the range 108 � 1014. The equation to be integrated is
therefore numerically sti↵. We find it useful to make the
replacement W = lnY and to integrate

dW

dx
=

�

x2


1 +

1

3

d(lngs)

d(lnT )

�
gs

g
1/2
⇢

(e(2Weq�W )
� eW ) , (23)

where W does not change by many orders of magnitude
over the range of integration. This significantly reduces
the computational e↵ort. In particular, one can work
with lower precision and still determine the solution quite
accurately.

Steigman et al,  PRD, 
arXiv:1204.3622 



High priority target: WIMPs
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‘Delve deep’

Indirect detection

Break it

Direct detection

Shake it

Collider

Make it

- The ‘single particle physics’ input focussed minds  

- Produced many complementary searches: 

+ …



- Also somewhat of an industry for theorists to probe models from many directions 

High priority target: WIMPs

11Christopher McCabe

‘Delve deep’

Indirect detection

Break it

Direct detection

Shake it
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Fig. 4: Summary of constraints, in the (ma,my) plane for a simplified s-channel portal with a fermionic DM Y and a CP-odd
mediator a. The three panels refer to different assignations of the relevant couplings (see Eq. (35)), reported at the top of
each plot. The colour code is the same as of the ones used for Fig. 2.

We start our discussion for the case of a scalar DM. Con-
cerning the relic density for this case, one has to consider
DM annihilation processes into f f and Z0Z0 final states, whose
cross-sections can be written as:

hsvi(cc⇤ ! f f )⇡
g4

c m2
c v2

3p
⇣

4m2
c �m2

Z0

⌘2

⇥Â
f

n f
c

⇣
|V Z0

f |2 + |AZ0
f |2

⌘
,

hsvi(cc⇤ ! Z0Z0) =
g4

c
8pm2

c
, (52)

in the limit m f ,mZ0 ! 0. Moving to the DD, for a more ef-
fective illustration of the feasible phenomenological prospects,
we will consider various possibilities of couplings depicted
in Eq. (51) individually:

– Only vectorial couplings among the SM fermions f
and the Z0 for a complex scalar DM , i.e., AZ0

f = 08 f :
the combination of the

�
c⇤∂µ c �c∂µ c⇤� operator with

a vectorial quark current would lead, in the NR limit, to a
SI operator that corresponds the following cross-section
of the DM over protons:

sSI
c p =

µ2
c p

p
g4

c

m4
Z0

[Z fp +(A�Z) fn]
2

A2 , with

fp = 2V Z0
u +V Z0

d , fn =V Z0
u +2V Z0

d . (53)

We see that although we are discussing the SI interac-
tions, the translation of the microscopic interaction be-
tween the DM and quarks into interactions between the
DM and nucleon is not the same as the case of a spin–
0 mediator (see Eq. (28)). Indeed, the bilinear operator
qgµ q once evaluated among the initial and final nucleon
states, is related to the electric charge of the nucleon. The

associated bilinear operator Ngµ N, with N being the nu-
cleon’s field, will be then determined only by the valence
quarks. The effective couplings fp,n will be then just lin-
ear combinations of the couplings of the Z0 with the up
and down quarks. Unless the Z0 has the same couplings
with the up and the down quarks, the DM will couple
differently to protons and neutrons; it is then essential to
account for the scaling factor related to the detector ma-
terial to perform a consistent comparison with the ex-
perimental outcome. Since, contrary to the case of the
spin–0 mediator, no small form factors are present, we
expect comparatively stronger limits.

– Only axial vector couplings among f and the Z0 for a
complex scalar DM, i.e., V Z0

f = 08 f : Here, integrating
out the Z0 mediator in the NR limit, one would obtain an
operator that can be mapped in ONR

7 (see Eq. (21)). This
operator depends on the nucleon’s spin (hence no coher-
ent enhancement) and would be suppressed by the DM
velocity. This picture, however, does not take into ac-
count a relevant fact. As already pointed out, once deter-
mining the interactions relevant for the DD, one should
take into account their low characteristic scale. Besides
integrating out the heavy do f , the running of the BSM
couplings from the initial high NP scale to 1 GeV should
also be accounted for. In this process, operator mixing
occurs in general, so that couplings which are set to zero
at some initial high energy scale, might re-appear again
at a lower energy by the renormalization group (RG)
evolution. As pointed out in Ref. [161], the RG running
of the axial couplings of the Z0 will generate vectorial
couplings at the scale µN = 1 GeV, whose approximate
expression is given by ( the mass of Z0, mZ0 , has been

Pseudoscalar model from 
Arcadi et al, arXiv: 2403.15860
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We start our discussion for the case of a scalar DM. Con-
cerning the relic density for this case, one has to consider
DM annihilation processes into f f and Z0Z0 final states, whose
cross-sections can be written as:

hsvi(cc⇤ ! f f )⇡
g4
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in the limit m f ,mZ0 ! 0. Moving to the DD, for a more ef-
fective illustration of the feasible phenomenological prospects,
we will consider various possibilities of couplings depicted
in Eq. (51) individually:

– Only vectorial couplings among the SM fermions f
and the Z0 for a complex scalar DM , i.e., AZ0

f = 08 f :
the combination of the

�
c⇤∂µ c �c∂µ c⇤� operator with

a vectorial quark current would lead, in the NR limit, to a
SI operator that corresponds the following cross-section
of the DM over protons:

sSI
c p =

µ2
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p
g4
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m4
Z0

[Z fp +(A�Z) fn]
2

A2 , with

fp = 2V Z0
u +V Z0

d , fn =V Z0
u +2V Z0

d . (53)

We see that although we are discussing the SI interac-
tions, the translation of the microscopic interaction be-
tween the DM and quarks into interactions between the
DM and nucleon is not the same as the case of a spin–
0 mediator (see Eq. (28)). Indeed, the bilinear operator
qgµ q once evaluated among the initial and final nucleon
states, is related to the electric charge of the nucleon. The

associated bilinear operator Ngµ N, with N being the nu-
cleon’s field, will be then determined only by the valence
quarks. The effective couplings fp,n will be then just lin-
ear combinations of the couplings of the Z0 with the up
and down quarks. Unless the Z0 has the same couplings
with the up and the down quarks, the DM will couple
differently to protons and neutrons; it is then essential to
account for the scaling factor related to the detector ma-
terial to perform a consistent comparison with the ex-
perimental outcome. Since, contrary to the case of the
spin–0 mediator, no small form factors are present, we
expect comparatively stronger limits.

– Only axial vector couplings among f and the Z0 for a
complex scalar DM, i.e., V Z0

f = 08 f : Here, integrating
out the Z0 mediator in the NR limit, one would obtain an
operator that can be mapped in ONR

7 (see Eq. (21)). This
operator depends on the nucleon’s spin (hence no coher-
ent enhancement) and would be suppressed by the DM
velocity. This picture, however, does not take into ac-
count a relevant fact. As already pointed out, once deter-
mining the interactions relevant for the DD, one should
take into account their low characteristic scale. Besides
integrating out the heavy do f , the running of the BSM
couplings from the initial high NP scale to 1 GeV should
also be accounted for. In this process, operator mixing
occurs in general, so that couplings which are set to zero
at some initial high energy scale, might re-appear again
at a lower energy by the renormalization group (RG)
evolution. As pointed out in Ref. [161], the RG running
of the axial couplings of the Z0 will generate vectorial
couplings at the scale µN = 1 GeV, whose approximate
expression is given by ( the mass of Z0, mZ0 , has been
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WIMPs: What has direct detection taught us so far?
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@~10-39 cm2: Z-mediated 
(spin-independent) 
interactions: excluded 

@~10-44 cm2 and below: Higgs-
mediated interactions: 
putting pressure on this 
channel 

‘Delve deep’

Amy Cottle - LIDINE ‘24 34

WS2024+WS2022 SPIN-INDEPENDENT LIMIT
• Two-sided profile likelihood ratio 

test statistic 

• Power constrained at -1σ as per 
recommended conventions 
EPJC 81, 907 ('21)

• Extra under-fluctuation from 
WS2022 result 

• Best limit from combined analysis of 
σSI = 2.2 × 10-48 cm2 for 43 GeV/c2 

LZ Preliminary
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Figure 13: The 90% CL upper limits on the spin-independent DM-nucleon scattering cross
section in Higgs-portal models, assuming a scalar (dashed orange) or fermion (dashed red)
DM candidate. Limits are computed as functions of mDM and are compared to those from
the XENON1T [80], CRESST-II [81], CDMSlite [82], LUX [83], Panda-X 4T [84], and DarkSide-
50 [85] experiments, which are shown as solid lines.

8 Summary

A search for the Higgs boson (H) decaying invisibly, produced in the vector boson fusion mode,
is performed with 101 fb�1 of proton-proton collisions delivered by the LHC at

p
s = 13 TeV

and collected by the CMS detector during 2017–2018. Building upon the previously published
results, an additional category targeting events at lower Higgs boson transverse momentum
is added. An additional highly populated control region, based on production of a photon
associated with jets, is used to constrain the dominant irreducible background from invisible
decays of a Z boson produced in association with jets. Compared with the strategy of the previ-
ously published analysis, these additions improve the expected limits by approximately 17%.
The observed (expected) upper limit on the invisible branching fraction of the Higgs boson,
B(H ! inv), is found to be 0.18 (0.12) at the 95% confidence level (CL), assuming the standard
model production cross section. The results are combined with previous measurements in the
vector boson fusion topology, for total integrated luminosities of 19.7 fb�1 at

p
s = 8 TeV and

140 fb�1 at
p

s = 13 TeV, yielding an observed (expected) upper limit of 0.18 (0.10) at the 95%
CL. This is currently the most stringent limit on B(H ! inv). Finally, the results are interpreted
in the context of Higgs-portal models. The 90% CL upper limits on the spin-independent dark-
matter-nucleon scattering cross section obtained from the observed LHC data collected during
2012–2018 complement the direct detection experiments in the range of dark matter particle
masses smaller than 12 (6) GeV, assuming a fermion (scalar) dark matter candidate.

CMS, PRD, arXiv: 2201.11585 

@~10-39 cm2: Z-mediated 
(spin-independent) 
interactions: excluded 

@~10-44 cm2 and below: Higgs-
mediated interactions: 
putting pressure on this 
channel 

…and complementary to collider 
probes of the Higgs coupling
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- XLZD (LXe): discovery 
machine for natural WIMPs 
down to the ‘neutrino fog’ 

- Liquid Argon experiments 
also on track to cover similar 
parameter space 

(see dedicated talks)

WIMPs: to come?
‘Delve deep’
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To come: non-natural WIMPs

- XLZD(ARWIN): will finally 
probe the ‘minimal dark 
matter’ family of models  

- Minimal dark matter: 
introduce a stable, weakly 
interacting particle as part of 
an SU(2) multiplet

20

section provides a limit of n < 14 [292, 295].
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FIG. 12. Expected spin-independent scattering cross-section
for Majorana multiplets (red) and for real scalar multiplets
(blue), assuming the Higgs portal coupling �H = 0). Ver-
tical errors correspond to LQCD uncertainties on the elas-
tic cross-section, horizontal errors indicate uncertainties from
the determination of the WIMP freeze out mass. The next-
generation experiment discussed here will fully probe these
classes of highly motivated WIMP dark matter models. Fig-
ure adopted from [292].

Sommerfeld enhancement [296–301] and bound state
e↵ects [302–306] need to be included in accurate cal-
culations of predictions. Target masses of the elec-
troweak multiplet dark matter are in the range of 1 to
30 TeV [288, 305, 307] for n < 7, but can approach
the unitarity bound for larger multiplets, which satu-
rates at n = 13 [292, 295]. These masses are beyond
the reach of the Large Hadron Collider [308–311] and
would require one of the proposed future high energy
colliders [292, 312–314]. In contrast, the direct detection
of the electroweak multiplet dark matter is through 1-
loop processes involving the Standard Model W, Z, and
Higgs bosons. The spin-independent cross sections have
been computed to be around 10�47 cm2 for the Majorana
triplet (wino) [315] and 10�48 cm2 for the Dirac dou-
blet (Higgsino) [316]. The other cases are expected to
be within the same order [295]. As shown in Figure 12,
this level of spin-independent cross section is well within
the reach of the next-generation liquid xenon detector
discussed here [292, 317, 318]. To avoid confusion, note
that the LZ line in [292] corresponds to the sensitivity
from the LZ Design Reports [94, 319] instead of the goals
shown Ref. [85].

L. Implications for Supersymmetry

One classic WIMP dark matter model is the lightest
supersymmetric partner (LSP). Supersymmetric models,
such as the Minimal Supersymmetric Standard Model
(MSSM), with an exact R-parity, predicts that a sta-
ble electrically neutral LSP could be a cold dark matter

candidate [126]. There are three possibilities for a stable
neutral LSP: sneutrino, gravitino and neutralino. Among
them, the most attractive scenario for direct detection is
neutralino dark matter. For a general review on super-
symmetry and its low-energy phenomenology, see [320].
In the MSSM, two neutral higgsinos and two neutral

gauginos could mix with each other after electroweak
symmetry breaking to form four mass eigenstates called
neutralinos. Current direct detection is sensitive to the
scattering of WIMPs o↵ nuclei through tree-level Higgs
exchange. Thus, existing data has ruled out a signifi-
cant part of the parameter space of the “well-tempered”
neutralino scenario [321], in which the LSP is a mixed
neutralino (e.g., mixed bino and higgsino) with the right
thermal relic abundance and couplings to the nucleus
through the Higgs boson.
Yet, there are large regions of parameter space un-

probed by current experiments. In the MSSM, the rea-
son is that for an LSP that is predominantly a bino,
there is a general reduction of the spin-independent di-
rect detection cross section for negative values of the hig-
gsino mass parameter µ. This reduction is induced by
a decrease of the coupling of the bino to the Higgs bo-
son [322], as well as by a destructive interference between
the contributions of the standard Higgs with the ones of
non-standard Higgs bosons [323, 324]. The same hap-
pens in other minimal supersymmetric extensions, like
the NMSSM, but for a singlino dark matter candidate,
the reduction occurs for positive values of µ [325]. More-
over, there are regions of parameter space, called blind
spots, in which the scattering amplitude is drastically re-
duced [322, 323, 325, 326]. The precise parameter space
associated with these blind spots is slightly modified by
loop corrections [327]. Quite generally, for the appropri-
ate signs of µ, the spin-independent scattering cross sec-
tion can easily be below 10�47 cm2 [325, 328–330]. This
range of cross sections are out of the reach of current
experimental searches but can be probed by next gener-
ation direct detection experiments like the one discussed
here.
In addition to the well-tempered neutralino at the

blind spot, nearly pure wino or higgsino dark matter can
scatter o↵ nuclei elastically at one-loop level with a small
cross section [205, 331]. The pure wino scenario has been
strongly constrained by indirect detection of gamma rays
from the Galactic center [332, 333] and local spheroidal
satellite galaxies [334, 335], although the former is sub-
ject to large uncertainty from the dark matter profile.
The spin-independent pure wino-nucleon cross section
is around 2 ⇥ 10�47 cm2 [315], which can be probed by
next-generation direct detection experiments. The elastic
scattering cross section of the higgsino is found to be be-
low 10�48 cm2 with a large theoretical uncertainty [316].
Depending on the mass splitting between neutral hig-
gsinos, the inelastic scattering of higgsino dark matter
could be potentially probed with such a future experi-
ment [241].
It is also possible that dark matter could have mul-

Aalbers, JPhyD 
arXiv:2203.02309

‘Delve deep’
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Figure 1: One loop DM/quark scattering for fermionic MDM with Y = 0. Two extra graphs
involving the four particle vertex exist in the case of scalar MDM.

An elastic cross section on nuclei is generated at loop level via the diagrams in fig. 1. An
explicit computation of the relevant one-loop diagrams is needed to understand qualitatively and
quantitatively the result. We find that non-relativistic MDM/quark interactions of fermionic
MDM with mass M ≫ MW ≫ mq are described by the effective Lagrangian

L
W
eff = (n2 − (1 ± 2Y )2)

πα2
2

16MW

∑

q

[

(
1

M2
W

+
1

m2
h

)[X̄X ]mq[q̄q] −
2

3M
[X̄γµγ5X ][q̄γµγ5q]

]

(16)

where the + (−) sign holds for down-type (up-type) quarks q = {u, d, s, c, b, t}, mh is the Higgs
mass and mq are the quark masses. The first operator gives dominant spin-independent effects
and is not suppressed by M ; the second operator is suppressed by one power of M and gives
spin-dependent effects. Parameterizing the nucleonic matrix element as

⟨N |
∑

q

mq q̄q|N⟩ ≡ fmN (17)

where mN is the nucleon mass, the spin-independent DM cross section on a target nucleus N
with mass MN is given by

σSI(DMN → DMN ) = (n2 − 1)2πα4
2M

4
Nf 2

64M2
W

(
1

M2
W

+
1

m2
h

)2. (18)

In the case of scalar MDM we find in the relevant non-relativistic limit: an M-independent
contribution to σSI equal to the fermionic result of eq. (18); an UV-divergent effect suppressed
by M that corresponds to a renormalization of |X |2|H|2 operators (that can produce a much
larger σSI if present at tree level); no spin-dependent effect.

Assuming mh = 115 GeV and f ≈ 1/37 (QCD uncertainties induce one order of magnitude
uncertainty on σSI) we plot in fig. 2 the MDM prediction for the standard nucleonic [1, 19, 22]

7To properly compute nuclear matrix elements one must keep quarks off-shell, finding several operators that
become equivalent on-shell [19]:

mq[X̄X ][q̄q], [X̄X ][q̄i∂/q],
4

3M
[X̄ i∂µγνX ][q̄i(∂µγν + ∂νγµ − ηµν

2
∂/ )q], . . .

Summing over all quarks the matrix elements are f ≈ (0.3 ÷ 0.6) [20] for the first operator, f ≈ 1.2 for the
third operator, while the matrix element of the second operator is unknown. In our computation, only the
first operator contributes to the SI effects suppressed by the higgs mass, while the other SI effects arise from
a combination of the various operators in proportion 0 : −1 : 2. Therefore cancellations are possible. We do
not fully agree with result of a previous computation [21], performed for the fermionic supersymmetric DM
candidates: wino (n = 3, Y = 0) and Higgsino (n = 2, |Y | = 1/2).

9

Cirelli et al, arXiv:0512090
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LXe-TPC

129Xe

130Xe

131Xe

132Xe

134Xe

136Xe

Isotopes with unpaired spin give sensitivity to interactions that couple to spin 
[e.g, 129Xe and 131Xe isotopes @~50% abundance] 

3

Type Abbrev. Operator Dimension Coherent Coe�cients

(Q) enhancement

Magnetic Dipole - �̄�µ⌫�Fµ⌫ 5 Partial CF

Electric Dipole - �̄�µ⌫�F̃µ⌫ 5 Yes C̃F

Vector⌦Vector V V �̄�µ�q̄�µq 6 Yes CV V
u,d,s

Axial-vector⌦Vector AV �̄�µ�5�q̄�µq 6 Yes CAV
u,d

Tensor⌦Tensor TT �̄�µ⌫�q̄�µ⌫q 6 Yes CTT
u,d,s

Pseudo-tensor⌦Tensor gTT �̄�µ⌫i�5�q̄�µ⌫q 6 Yes C̃TT
u,d,s

Scalar⌦Scalar SS �̄�mq q̄q 7 Yes CSS
u,d,s

Scalar-gluon Sg ↵s�̄�G
a
µ⌫G

µ⌫
a 7 Yes CS

g

Pseudo-scalar - gluon S̃g ↵s�̄i�5�G
a
µ⌫G

µ⌫
a 7 Yes C̃S

g

Pseudo-scalar⌦Scalar PS �̄i�5�mq q̄q 7 Yes CPS
u,d,s

Spin-2 - �̄�µi@⌫�✓̄
µ⌫
q(g) 8 Yes C(2)

u,d,s,g

Axial-vector⌦Axial-vector AA �̄�µ�5�q̄�µ�5q 6 No CAA
u,d,s

TABLE I. Summary of the ChEFT operators considered in the ChEFT analysis of this work, showing the abbreviation used
in the paper, the analytical expression of the operators, the dimension, and the respective coe�cients. The AA operator is
shown here, but it is not used for the single operator analysis, since it does not lead to a coherent enhancement in the nuclear
response.

ChEFT analysis: one is starting from the nuclear level
perspective, taking the SI cross section and reconstruct-
ing the nuclear response from chiral level, focusing on
the chiral contributions to the nuclear structure factors
[18–20], the other is finding a complete basis of ChEFT
operators in the three quark flavor EFT and create a
matching to the non-relativistic single nucleon EFT level
[30–34]. These two approaches have lead to the develop-
ment of two complementary frameworks, respectively, the
Generalised SI ChEFT framework [20] and the DirectDM
framework [31]. In this work we perform a ChEFT anal-
ysis of all the chiral operators that contribute to the nu-
clear response in a coherent way, using the full infor-
mation about the nuclear form factors from [20]. We
consider operators up to dimension-eight, coupled to a
large-scale shell model computation [35–39] of the nuclear
structure factors to compute possible WIMP-nucleus in-
teractions observable in the XENON1T detector, and set
constraints on the Wilson coe�cients and the interaction
scale, ⇤. In Tab. I we show a list of the operators, the ter-
minology and the coe�cients we investigate in this work.
For a set of operators that appear at leading order in
the most common WIMP models, we present constraints
obtained with both the Generalised SI framework and
the DirectDM framework. The full list of operators, the
matching and di↵erences between the two frameworks are
detailed in Appendix A.

Isospin-breaking Couplings

Besides the constraints on the individual Wilson coef-
ficients, we include the study of three benchmark models
of WIMP interactions corresponding to the most popular
DM models, where the leading contributions arise from

a single type of couplings within ChEFT:

• vector mediator for Majorana DM, with leading
contribution from the AV operators [40],

• vector mediator for Dirac DM, with leading contri-
bution from the V V operators,

• and scalar mediator for fermion DM, with leading
contribution from the SS operators.

In these models we study the e↵ect of isospin-breaking
interactions by changing the value of the u and d Wilson
coe�cients and computing the limits for various com-
binations of the two, neglecting possible contributions
from s and g couplings.
Turning on both u and d coe�cients, for a given ratio
r = Ca

u/C
a
d , we can set constraints on one of the coef-

ficients, which can then be extrapolated in constraints
on the Ca

u, C
a
d plane, given the symmetry under parity

transformation.

In the treatment of the vector mediator for Majorana
DM model, due to operators above the weak scale match-
ing onto both AV and Axial-vector⌦Axial-vector (AA)
operators, the AA contribution cannot be set to zero.
Thus, to retain the freedom to vary CAV

d and CAV
u inde-

pendently, we set CAA
u = 0 and CAA

d = CAV
d � CAV

u , to
maintain the relations of the above-weak-scale operators
[34], and study the limit on the signal rate as a function
of the ratio CAV

u /CAV
d . A more detailed description of

the treatment of the vector mediator for Majorana DM
model can be found in Appendix B.

Can test a menagerie of dark matter interactions 
that arise through more exotic mediators 

‘Search wide’Beyond Standard Model Mediators
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FIG. 2. Pictorial representation of saturated nuggets: bound states N
X of N fermions, X, with

N > Nsat. The rest energy per constituent, m̄X , and density, nsat, are determined as functions of

Lagrangian parameters. See Eq. (6) and Eq. (7). Even if pseudoscalars (a) and pseudovectors (Aµ)

mediate DM interactions, we expect only a scalar (�) and vector (V µ) mediator to contribute to

large-N properties. Saturated bound state solutions are generic as long as the scalar interaction is

su�ciently strong so that m̄X < mX .

As expected from Eq. (5), we see that the inclusion of a vector generally decreases nsat/m̄
3
X

. In

order for the solution to be self-consistent, it must be binding (m̄X < mX). This is possible as

long as CV < C�. The approximations break down as m̄X/mX ! 1.

It is instructive to fix a benchmark potential to see explicitly how the nugget parameters

(nsat/m̄
3
X

, m̄X/mX) are constrained based on Lagrangian parameters. Assuming the scalar

potential contains only a quartic term, V (�) =
g
4
�

3⇡2
��

4

2 , we have C
�2
�

= 3⇡2
m

2
�
/(g2

�
m

2
X

) + �.

Given that there is no symmetry forbidding the existence of a quartic term, a small � generally

requires tuning. Even in the limit where there is an approximate shift symmetry controlled by

g�, � is expected to be sizable given our choice of normalization.

As long as � 6= 0, we see that C
�2
�

is non-vanishing even in the limit m� ! 0, which will

impose an upper limit on the binding energy. Physically, we can interpret this as coming from

the e↵ective mass for the scalar mediator in the nugget, which caps the strength of the binding

force. Conversely, given (nsat/m̄
3
X

, m̄X/mX), one can solve for C
�2
�

to derive a maximum quartic

9

- Hidden sectors enrich the possibilities 
for dark matter 

- Consider dark particles that self 
interact through an attractive force: 

particles may bind together to form large 
composite states  

- Composite size on the strength and 
range of the force, and on the presence 
or absence of bottlenecks 

McCullough et al, arXiv: 1406.2276 
Wise et al, arXiv:1411.1772 
Hardy et al, arXiv:1411.3739 
Zurek et al, arXiv:1707.02313 
+ many, many more
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McCullough et al, arXiv: 1406.2276 
Wise et al, arXiv:1411.1772 
Hardy et al, arXiv:1411.3739 
Zurek et al, arXiv:1707.02313 
+ many, many more
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FIG. 5. Contours of the nugget number, kfo, (dashed red), and the typical mass of the nuggets, Mfo

(solid purple) for the large nugget populations exiting darkleosynthesis when a significant bottleneck

is present. The coupling is fixed at ↵� = 0.03 (left) and ↵� = 0.3 (right). Similar to Fig. 2, the

blue shaded region corresponds to ine�cient
2X fusion due to small binding energy, and the upper

(lower) cuto↵ for mX corresponds to
2X fusion rate always smaller than Hubble and Tsynth . 10Teq

respectively.

At this point, the average nucleation size will be k̄ ⇠ 1/(2p). Beyond this point, the 2
X

distribution is expected to rapidly become depleted, and the subdominant large-large fusion

will become significant. If �
3
trans < �

6/5
max, the discussion in Sec. IV C will then apply once again,

with a scaling law k̄ ⇠ �
5/6.

Fig. 5 shows the nugget sizes and masses for the nucleation sites exiting synthesis. We have

assumed that p is small enough that the 2
X population always dominates. Compared to Fig. 2,

the final nugget number and masses are significantly larger due to �
3
max scaling. This is expected

as the fusion rate is controlled by the 2
X densities which remain relatively large. One may be

concerned that the local 2
X density within a Hubble volume of a nugget may be depleted before

�max is reached, which would render our calculation invalid. Such a requirement will impose a

lower bound on p & H
3
/nX ⇠

m̄X
GeV

T 3

⌘m3

Pl

, which is negligibly small when the temperature is of

order GeV or smaller.

F. Nugget Distribution and Bottlenecks

Here we present a numerical investigation of the e↵ects of bottlenecks on the nugget distri-

bution. In Sec. IV E we argued that a significant bottleneck might occur due to 3
X and 4

X

26

Zurek et al, 
arXiv:1707.02313

- Hidden sectors enrich the possibilities 
for dark matter 

- Consider dark particles that self 
interact through an attractive force: 

particles may bind together to form large 
composite states  

- Composite size on the strength and 
range of the force, and on the presence 
or absence of bottlenecks 
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Figure 10: Current and projected experimental regions of ultraheavy parameter space excluded by cos-
mological/astrophysical constraints (green), direct detection DM detectors (blue), neutrino experiments
(red/orange), space-based experiments (purple), and terrestrial track-based observations (yellow). Both
models considered here assume di↵erent relations for the cross section scaling from a single nucleon to a
nucleus with mass number A. In the left plot, we assume no scaling with A; in the right plot, we assume
the cross section scales like A

4 (e.g. , with two powers coming from nuclear coherence, and two from kine-
matic factors). Limits are shown from DEAP-3600 [268], DAMA [269, 270], interstellar gas clouds [271,
272], a recast of CRESST and CDMS-I [273], a recast of CDMS and EDELWEISS [274, 275], a detector
in U. Chicago [276], a XENON1T single-scatter analysis [277], tracks in the Skylab and Ohya plastic etch
detectors [270], in ancient mica [278], the MAJORANA demonstrator [277], IceCube with 22 strings [279],
XQC [280], CMB measurements [281, 282], and IMP [283]. Also shown is the future reach of the liquid
scintillator detector SNO+ as estimated in [230, 284]. Reproduced from Ref. [9].

• Improved material cleaning and screening procedures are needed for dust, radon progeny, cosmogeni-
cally activated radioisotopes, and other bulk radioisotopes. New procedures are needed to avoid such
contamination, and improved ex situ models of residual background levels are needed.

• Additional R&D is needed to model, measure, and mitigate near-threshold backgrounds, such as from
secondary emission processes.

• Same-location, multi-method radioassay facilities are needed to simplify measurements of decay chains
and reduce systematic errors, alongside greater precision across techniques and increased assay through-
put/sensitivity. Also, development of software infrastructure to track large-scale assay programs across
the community is needed.

• Measurements of the ionization topology of nuclear recoils can be performed with recoil imaging direc-
tional detectors [285]. This will provide improved validation of nuclear recoil simulation tools such as
SRIM, and first experimental confirmation of the neutral Migdal e↵ect [235, 286].

• Finally, investment in underground infrastructure and detector technology (e.g. vetoes) will be needed
to mitigate backgrounds such as from radon, dust, cosmogenic activation, and neutrons.

4.3.4 Simulations and Computing to enable particle dark matter detection

This section draws heavily on WP4 [5].
Simulations are an essential component of modern physics experiments to translate between abstract

physics models and a real implementation of a detector. They are vital at every stage of the detector life-
cycle, starting with the initial design phase, all the way to final data analysis. In some cases, the associated
costs to support computing and code development may represent a large fraction of the experiment’s budget.
Therefore, it is essential to have an e�cient, well-maintained, well-understood and thoroughly validated

27

Direct searches for Planck scale candidates
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‘Search wide’Cooley et al, arXiv:2209.07426

Sensitivity scales with area of the detector 

Sensitivity scales with volume of the detector
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Essig et al 
arXiv: 2203.08297

Figure 4: Figures are adapted and updated from BRN report [94]. Top left: Current 90% c.l. constraints on
DM-electron scattering through a heavy mediator from direct-detection experiments (including bounds on
the solar-reflected DM component) (beige, as in Fig. 1 and from [204], but see also [203, 212]) together
with approximate regions in parameter space that can be explored in the next ⇠5 years (“near-term”, green)
and on longer timescales (“far-term”, blue). Orange regions labelled “Key Milestone” represent concrete
dark-matter benchmark models and are the same as in the BRN report [94]. Along the dotted line DM
would produce about three events in an exposure of 100 gram-year, assuming scattering off electrons in
a hypothetical target material with zero threshold. Top right: As for left plot, but assuming DM-nuclear
scattering; direct-detection bounds are from [50, 51, 56, 213, 214], while the cosmic-ray accelerated DM
bounds are from [42, 59]. Bottom left: As for top-left plot, but assuming scattering through an ultralight
mediator. Direct-detection bounds are as in Fig. 1, while other bounds are collected in [10, 57, 203]. Green
region at large cross section values is allowed for a subdominant DM component [57]. Bottom right: As for
top-left plot, but for the case of dark-photon dark matter absorption (bounds are as in Fig. 1).

will then depend both on the nature of the interaction with the target, and on the sensitiv-
ity of the readout. The former is covered in Sec. 2, and we note that sensitivity to ER also
implies sensitivity to DM-nucleus interactions via Bremsstrahlung and the Migdal effect. In

10

Figure 4: Figures are adapted and updated from BRN report [94]. Top left: Current 90% c.l. constraints on
DM-electron scattering through a heavy mediator from direct-detection experiments (including bounds on
the solar-reflected DM component) (beige, as in Fig. 1 and from [204], but see also [203, 212]) together
with approximate regions in parameter space that can be explored in the next ⇠5 years (“near-term”, green)
and on longer timescales (“far-term”, blue). Orange regions labelled “Key Milestone” represent concrete
dark-matter benchmark models and are the same as in the BRN report [94]. Along the dotted line DM
would produce about three events in an exposure of 100 gram-year, assuming scattering off electrons in
a hypothetical target material with zero threshold. Top right: As for left plot, but assuming DM-nuclear
scattering; direct-detection bounds are from [50, 51, 56, 213, 214], while the cosmic-ray accelerated DM
bounds are from [42, 59]. Bottom left: As for top-left plot, but assuming scattering through an ultralight
mediator. Direct-detection bounds are as in Fig. 1, while other bounds are collected in [10, 57, 203]. Green
region at large cross section values is allowed for a subdominant DM component [57]. Bottom right: As for
top-left plot, but for the case of dark-photon dark matter absorption (bounds are as in Fig. 1).

will then depend both on the nature of the interaction with the target, and on the sensitiv-
ity of the readout. The former is covered in Sec. 2, and we note that sensitivity to ER also
implies sensitivity to DM-nucleus interactions via Bremsstrahlung and the Migdal effect. In

10

- Hidden sectors enrich the 
possibilities for sub-GeV dark 
matter 

- Relic density from: 

‣ variations on the WIMP 
mechanism afforded by portal 
interactions (SIMP, ELDER, …) 

‣ Freeze-in mechanism 

- Exciting developments using 
existing detectors and proposing 
new technologies
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Figure 3: Illustration of regions of DM mass kinematically accessible with different detection concepts, detec-
tor target materials, and technologies. Elastic nuclear recoils will have an energy that lies in the “Elastic NR”
band (the width of the band is set by scattering off hydrogen and xenon, respectively). In contrast, inelastic
scattering allow for the extraction of an O(1) amount of the DM kinetic energy, that lies along the lines
labelled “Maximum Energy” and “Mean Energy” corresponding to DM moving at the galactic escape velocity
vesc ⇠ 544 km/s or the mean velocity vmean ⇠ 220 km/s, respectively. Recently developed technologies can
probe DM masses as low as ⇠1 MeV, while novel detectors are needed to achieve sensitivity to DM down to
near the fermionic DM bound at 10 keV.

collective excitation. For these processes to occur, the DM’s kinetic energy must be larger
than the energy needed to create the desired excitation, which depends on the properties
of the target material. For example, the binding energy of the least-bound electron in
atoms (e.g. Xe) is of O(10 eV), in insulators (e.g. diamond, NaI) of O(5 eV), in semicon-
ductors (e.g., Si, Ge, GaAs) of O(1 eV), and in low-gap materials (Dirac materials, doped
semiconductors, and superconductors) of O(few meV). This allows DM as light as 6 MeV
(O(keV)) to excite an electron in an atom (low-gap material) (see Eq. (3)). In addition,
solid-state targets (e.g., Si, Ge, GaAs) and superfluid He have phonon modes of O(meV)
that could be excited by the scattering of DM as light as O(keV). Fig. 3 shows several target
materials, their excitation energy thresholds, and the DM kinetic energy.

It is important to note that the “kinematic matching” for the inelastic processes is ex-
cellent in several materials, allowing DM to produce the excitation with a large rate. As an
example, we consider DM with masses in the MeV-to-GeV range that scatters off an elec-
tron in a semiconductor. While the electron momentum is not fixed, its typical momentum
is of O(↵me) ⇠ few keV. Since the electron is lighter and moving much faster than the
DM (ve ⇠ O(↵) versus v� ⇠ 10

�3), the momentum transfer from the DM to the electron is
also ⇠ ↵me, and hence the recoil energy of the electron is ⇠ ↵mev� ⇠ few eV. This recoil
energy is above the semiconductor band gap O(eV), and hence there is no suppression in
the rate from, e.g., requiring the initial electron momentum to be different from its typical
momentum. The same argument is often applicable also to lower-gap materials, as well as
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The search for particle dark matter continues unabated… 

Current strategy adopted by the international community summarised as 
 ‘delve deep and search wide’ 

Direct detection searches allow for the test of the  full mass range of particle dark matter: 
‣ Now: in the regime where experiments are probing Higgs-DM interactions  
‣ Future: definitively probes ‘natural-WIMPs’ to the neutrino floor, start to probe 

minimal DM models (loop-induced interactions) 
‣ Testing richer hidden sector extensions with candidates from the keV to Planck scale 

As we will hear: UK activities are at the forefront of the field with proposals for 
‘broadband’ searches (LZ, DarkSide, XLZD) and more focussed searches (DarkSPHERE, 
SOLAIRE, UltraDark…) 


