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In particle physics

‣ what are things (matter) made of?
‣ fundamentally!

‣ how do fundamental 
particles interact?

‣ two main questions:
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Standard Model Measurements

‣ SM tested with tremendous precision, only very few deviations

https://atlas.w
eb.cern.ch/Atlas/GROUPS/PHYSICS/Com

binedSum
m

aryPlots/SM
/

so, are we all done here?

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/
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Let’s think big

‣ the Universe

‣ that’s all we know!

‣ we are not 
going to talk 
more about this

‣ remainder of 
this lecture
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How do we know Dark Matter is there?
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A bit of Newton

stars in a galaxy orbit the galactic centre

from Newton:

mv2/r = GmM/r2

v = √(GM/r) ~ 1/√r

http://www.spitzer.caltech.edu/images/1074-
ssc2003-06d1-Infrared-Spiral-Galaxy-Messier-81

http://www.spitzer.caltech.edu/images/1074-ssc2003-06d1-Infrared-Spiral-Galaxy-Messier-81
http://www.spitzer.caltech.edu/images/1074-ssc2003-06d1-Infrared-Spiral-Galaxy-Messier-81


Ruth Pöttgen Feb 25, 2020!10

Rotation Curves
level of single galaxies

what’s actually observed:

“more mass than light"

http://www.learner.org/courses/physics/unit/text.html?unit=10&secNum=2
19
30
Me
Lu
F.
12
5.
..
.1
L
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30
Me
Lu
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first mentioned by              
Knut Lundmark in 1930

(see this presentation from April 2015)

http://www.learner.org/courses/physics/unit/text.html?unit=10&secNum=2
http://indico.ictp.it/event/a14282/session/98/contribution/549/material/slides/
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Rotation Curves
level of single galaxies

what’s actually observed:

Vera Rubin in the 1970s 
observed this effect in 
more than 200 galaxies!

“more mass than light"

http://www.learner.org/courses/physics/unit/text.html?unit=10&secNum=2

https://news.nationalgeographic.com/2016/12/vera-
rubin-dark-matter-galaxy-rotation-nobel-science/

http://www.learner.org/courses/physics/unit/text.html?unit=10&secNum=2
https://news.nationalgeographic.com/2016/12/vera-rubin-dark-matter-galaxy-rotation-nobel-science/
https://news.nationalgeographic.com/2016/12/vera-rubin-dark-matter-galaxy-rotation-nobel-science/
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Velocity Distribution in Galaxy Cluster

often claimed to have been the first to use the 
term “Dark Matter”: Fritz Zwicky in 1933

level of cluster of galaxies

measured velocity distribution 
of galaxies in Coma cluster

applied virial theorem to infer total mass of the cluster

compared this to total light output of the cluster

found that there was much more mass (=matter) than the 
light output suggested (today: factor of 10) 
=> dark matter

https://
writescience.wordpress.

com/tag/fritz-zwicky/

http://earthsky.org/clusters-nebulae-galaxies/
the-coma-berenices-galaxy-cluster

K = 1/2 |U|   (for a system in equilibirum)

https://writescience.wordpress.com/tag/fritz-zwicky/
https://writescience.wordpress.com/tag/fritz-zwicky/
https://writescience.wordpress.com/tag/fritz-zwicky/
http://earthsky.org/clusters-nebulae-galaxies/the-coma-berenices-galaxy-cluster
http://earthsky.org/clusters-nebulae-galaxies/the-coma-berenices-galaxy-cluster
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Gravitational Lensing

"mass bends light” (general relativity)

http://scienceblogs.com/startswithabang/2011/04/20/how-gravitational-lensing-show/

again, we see more bending than visible mass can account for

level of galaxy clusters
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Bullet Cluster
remnant of collision of two galaxy clusters animation

centre of gravity ≠ centre of visible mass
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https://www.youtube.com/watch?v=eC5LwjsgI4I
https://svs.gsfc.nasa.gov/30094
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Structure Formation
level of the entire Universe

simulations fail miserably to produce the observed structures 
in models that do not include Dark Matter

need the additional mass for sufficient "clumping"

simulation

http://cosmicweb.uchicago.edu/filaments.html

example: age of galaxies: 
galaxy formation starts earlier in presence of DM, which can explain 
existence of very old galaxies that shouldn’t be there otherwise

https://www.youtube.com/watch?v=8C_dnP2fvxk
http://cosmicweb.uchicago.edu/filaments.html
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Cosmic Microwave Background
‣ up to ~400 000 years after Big Bang: Universe opaque (photons can’t travel far)

‣ cooled and became transparent (“recombination" of e and nuclei to atoms)
‣ photons from this time have been travelling through space to us and can be 

detected => “afterglow of the big bang"

a few % of this is CMB

‣ discovered by accident by radio 
astronomers Penzias and Wilson
‣ they thought it to be noise from pigeon dung

‣ “too hot to shine"

‣ evidence that Big Bang theory is correct
‣ Nobel Prize 1978
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How do we know how much DM there is?
ESA PLANCK mission

one of them is the amount of Dark Matter, called “relic density”

Chapter 3. Dark Matter

Figure 3.5: The temperature fluctuations of the CMB as measured by PLANCK. [57, 59]

which are referred to as acoustic peaks, since they originate from acoustic waves in the photon-

baryon fluid before recombination and photon decoupling. These oscillations lead to spatial

variations in the CMB temperature and standing waves manifest themselves as harmonic peaks

in the multipole expansion. For example, the position of the first peak is sensitive to the

curvature of the universe and to a small extent also to the amount of dark energy. The shape

is determined by the density of baryons and dark matter, which are two of the primary fit

parameters. They are estimated to be

⌦bh
2 = 0.02207(33) and ⌦ch

2 = 0.1196(31) (3.20)

at 68% confidence level [59]. This is, within uncertainties, compatible with the result from the

WMAP satellite [60], which measured for example ⌦ch2 = 0.1120(56).

Moreover, the CMB measurements are consistent with a flat universe, as the total energy density

is close to the critical one. However, this requires an non-vanishing amount of dark energy which

was derived from the Planck data to be ⌦⇤ = 0.686(20).

The fact that the second peak appears suppressed with respect to the first and the third can be

explained by a substantial amount of dark baryons. The existence of a third peak as well as its

relative height provides further information on the dark matter density.

The best fit values from the Planck data yield the following picture of the composition of the

matter-energy-content of the universe: 68.3% is dark energy, dark matter accounts for 26.7%

and only 4.9% is baryonic matter.

Another indirect hint to the existence of an additional matter component from the study of

structure formation in the early universe. This is mostly done by N-body simulations, which

have greatly profited from the vast increase in computing power over the last decades. There is

broad agreement that the formation of structures cannot be modelled correctly without assuming

the presence of dark matter. The standard model of cosmology is thus often referred to as the

⇤CDM, as it contains both the cosmological constant as well as cold dark matter as essential

ingredients to explain the evolution of the universe to its present state.

Plenty of phenomena on very di↵erent scales have been observed with very di↵erent techniques

and are attributed to the existence of non-baryonic dark matter. There exist other attempts of

explanations, like modified gravity (for example [61–63]), for many of the observations, but to

27

tiny temperature fluctuations 
(anisotropies) in CMB

a different way of looking at it

cosmological parameters can be estimated from best fit to observation

level of the entire Universe
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position/height of peaks contains information about composition of the Universe

Nobel Prize 2019 for J. Peebles

http://www.esa.int/Our_Activities/Space_Science/Planck_overview
http://www.esa.int/Our_Activities/Space_Science/Planck_overview
http://www.esa.int/Our_Activities/Space_Science/Planck_overview
http://www.esa.int/Our_Activities/Space_Science/Planck_overview
http://www.esa.int/Our_Activities/Space_Science/Planck_overview
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Summary up to here

There are numerous observations on largely different cosmological scales that 
all indicate that there is more matter in the Universe than what we can see.

This additional (dark) matter is widely accepted to be the most convincing, 
consistent explanation of all of these phenomena.

Thanks to PLANCK (and similar measurements before) we know that it is 
about five times as abundant as normal matter.

In other words, we have close 
to no clue what >80% of the 
matter in our Universe is, even 
though we've known for almost 
100 years that it is there.
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What do we know?
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Dark Matter Properties

dark!                                                                
—> doesn't interact with photons                           
—> electrically neutral

stable (since it is still there)

must be non-relativistic 
(structure formation)                               
—> can’t be neutrinos (too light)

in fact, can’t be any of the SM particles!

what can it be?

has mass
g

W
Z

γ

non-baryonic (CMB)
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Relic abundance

Chapter 3. Dark Matter

Figure 3.1: Evolution of the co-
moving number density and freeze-

out in the early universe. [45]

H0 = 100h km s�1 Mpc�1:

⌦Xh2
⇡

1.07 ⇥ 109 GeV�1

MP l

xFp
g⇤
F

1

(a + 3b/xF )
. (3.16)

The number of relativistic degrees of freedom at freeze-out is given by g⇤
F
, MP l is the Planck

mass. To estimate the relic density within this approximation one thus has to calculate the

annihilation cross section and extract the mass-dependent parameters a and b, which allows to

derive xF . In an order-of-magnitude estimation equation (3.16) can be re-written as

⌦Xh2
⇡

3 ⇥ 10�27 cm3 s�1

h�vi
, (3.17)

from which it can be readily seen that the present abundance of the species X is determined

by the annihilation cross section at the time of freeze-out. In particular, for larger annihilation

cross section, the relic density is smaller, as a larger fraction of X could annihilate. Analogously,

a small annihilation cross section results in a larger relic abundance. This is also illustrated in

figure 3.1, in this version taken from [45], which shows the evolution of the comoving number

density2 as a function of x. The number density decreases exponentially with increasing x, until

the interaction rate becomes too small and the component freezes out, i.e. the comoving number

density does not change any more. This happens the earlier, the lower the annihilation cross

section is, which is sometimes referred to as the ‘survival of the weak’.

It has to be kept in mind that the above relations were derived under certain simplifying

assumptions that are not valid generally. The relic density can be changed significantly with

respect to the result obtained in the standard calculation by the presence of a scalar field in the

early universe, as shown in [46]. There are three other cases in which the treatment outlined

above does not hold, which are detailed in [47]: There could be resonant enhancement, the relic

particle could be close to a mass threshold, allowing for additional annihilation or there could

be coannihilations, when there is another species which shares a quantum number with species

X and has a similar mass.
2Since the universe is expanding, the density has to be considered w.r.t. to the ‘expanding volume’.

23

‣ equilibrium in the early Universe

‣ creation and annihilation of DM 
particles at the same rate

Ruth Pöttgen May 8, 2015

Why Mono-jet?

14

WIMPs do not interact => no signal 

need additional activity to trigger on

SM DM

DMSM

‣ Universe expanded & cooled
‣ interaction rate became “too low"

‣ amount of DM remained stable or “frozen" 
—> freeze-out

‣ the weaker the interaction, 
the more DM remained

‣ "survival of the weak"

‣ relic abundance depends on interaction 
cross section and mass of particles
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Dark Matter Particle Masses

10310210110-110-210-3

particle mass 
[GeV]

protonelectron topHiggs

Weakly Interacting Massive Particles 
(WIMPs)Light Dark Matter (LDM)

more down there, but different assumptions

‣ there are many other ideas, but I focus on 
these because this is what we work on in Lund

‣ measurement of DM amount (PLANCK) defines possible mass range
‣ under certain, well motivated assumptions
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Weakly Interacting Massive Particles
‣ special combination of mass and interaction strength 

yielding “correct" amount of Dark Matter:

‣ interaction strength typical for weak interaction (SM)
‣ masses in a range where we might expect new particles

‣ "WIMP miracle"

‣ without having to cook up some involved theory, these Dark 
Matter candidates just happen to be in a range that is… 

… pointed to by several extensions of the SM

(based on theories that set out to address other problems of the SM, like SUSY)

… experimentally well accessible

WIMPs have been the prime DM candidate for decades
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Light Dark Matter

‣ WIMPs cannot be lighter than a few GeV                                               
(otherwise amount of DM doesn’t come out right)

‣ How do we get light Dark Matter?

‣ need to add a new mediator particle

‣ modifies interactions such that relic abundance can still be obtained

‣ this particle is called a Dark Photon

‣ similar to SM photon, 
but mass is not 0

y

y

decay of Dark Photon into DM is the new kid on the block
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Other Options

‣ sterile neutrinos

‣ axions

‣ plenty of others…

‣ postulated to solve strong CP problem                                                                             
(the fact that there appears to be exactly no CP violation in 
the strong interaction for no reason)

‣ extremely light: µeV - meV  

‣ interacts even more feebly than usual (“active") neutrinos
‣ mixes with active neutrinos
‣ masses of order keV

‣ other candidates typically have different production mechanisms 
and fall in different mass ranges
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Let’s start conventional - WIMPS

SM DM

DMSM
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Let’s start conventional - WIMPS

SM DM

DMSM

indirect
detect annihilation products

direct 
detection (DD)

WIMP-nucleon 
scattering

collider
production of WIMPs

‣ each would merit their own lecture, of course
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Indirect Detection

‣ look for SM products of DM annihilation    
‣ from direction of heavy objects, where WIMPs can accumulate, e.g. sunNeutrinos – how does it work?

The cartoon version:
1 Halo WIMPs crash into the Sun
2 Some lose enough energy in the scatter to

be gravitationally bound
3 Scatter some more, sink to the core
4 Annihilate with each other, producing

neutrinos

5 Propagate+oscillate their way to the Earth,
convert into muons in ice/water

6 Look for Čerenkov radiation from the
muons in IceCube, ANTARES, etc

Pat Scott – Nov 5 – UK HEP Forum 2015 Indirect Detection of Dark Matter

Neutrinos – how does it work?

The cartoon version:
1 Halo WIMPs crash into the Sun
2 Some lose enough energy in the scatter to

be gravitationally bound
3 Scatter some more, sink to the core
4 Annihilate with each other, producing

neutrinos

5 Propagate+oscillate their way to the Earth,
convert into muons in ice/water

6 Look for Čerenkov radiation from the
muons in IceCube, ANTARES, etc

Pat Scott – Nov 5 – UK HEP Forum 2015 Indirect Detection of Dark Matter
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df ‣ what comes out can be 
photons,                           
neutrinos,                                 
e+/e-,                                         
W+/W-,                                      
proton/anti-proton…

‣ various experiments looking for 
one or several of these

‣ usually needs some "extreme" location, 
e.g. South Pole, desert, space…

http://astro.ic.ac.uk/sites/default/files/PS_UKHEP15.pdf
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Indirect Detection — Example: IceCube
‣ neutrino detector at the South Pole

http://icecube.wisc.edu

http://icecube.wisc.edu
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Indirect Detection — Example: HESS

‣ astrophysics of very high energy gamma-rays (up to O(10TeV))
‣ H.E.S.S. - High Energy Stereoscopic System https://www.mpi-hd.mpg.de/hfm/HESS/

‣ look for line in the gamma ray spectrum (E=mDM) from the galactic centre
‣ Cherenkov light from secondary particles produced in atmosphere
‣ TeV photon —> ~100 photons / m2 on ground

‣ H.E.S.S. site in Namibia

https://www.mpi-hd.mpg.de/hfm/HESS/
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FIG. 2: Constraints on the flux � (left panel) and on the velocity-weighted annihilation cross section h�vi (right panel) for
the prompt annihilation into two photons derived from H.E.S.S. observations taken over ten years (254 h of live time) of the
inner 300 pc of the GC region. The constraints are expressed in terms of 95% C. L. upper limits as a function of the DM mass
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realizations of the expected background derived from blank-field observations at high Galactic latitudes. The mean expected
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bands include the statistical and the systematic uncertainties. The observed limits derived in the analysis of four years (112
h of live time) of GC observations by H.E.S.S. [13] are shown as blue squares, together with the mean expected limit (blue
solid line) and the 68% containment band (blue shaded area) in the left panel. The natural scale for monochromatic �-ray line
signal is highlighted as a grey-shaded area in the right panel.

over the strongest constraints so far from 112 hours of
H.E.S.S. observations towards the GC region in the TeV
mass range [13]. The new constraints cover a DM mass
range from 300 GeV up to 70 TeV. They provide a signifi-
cant mass range overlap with the Fermi-LAT constraints.
They surpass the Fermi-LAT limits by a factor of about
four for a DM mass of 300 GeV [35].

Despite the gain in sensitivity, our upper limits are
still larger than the typical cross sections for thermal
WIMPs at h�vi ⇠ 10�29cm3s�1 expected for supersym-
metric neutralinos [8]. However, there are several WIMP
models which predict larger cross sections. While being
not thermally produced, they still produce the right relic
DM density. Among the wide class of heavy WIMP mod-
els, those with enhanced �-ray lines (see, for instance,
Ref. [38]) are in general strongly constrained by the re-
sults presented here. The present results can be applied
to models with wider lines while dedicated analyses tak-
ing into account the intrinsic line shapes are required.
They include models with �-ray boxes [39], scalar [40]
and Dirac [41] DM models, as well as the canonical Ma-
jorana DM triplet fermion known as the Wino in Super-
symmetry [42].

The limits obtained by H.E.S.S. in this work are com-
plementary to the ones obtained from direct detection
and collider production (i.e., LHC) searches. While the

latter ones are powerful techniques to look for DM of
masses of up to about hundred GeV, the indirect de-
tection with �-rays carried out with Fermi-LAT satellite
and ground-based Cherenkov telescopes is the most pow-
erful approach to probe DM in the higher mass regime,
as shown from several studies developed in the frame-
work of e↵ective field theory [43] and, more recently, us-
ing the simplified-model approaches (see, for instance,
Ref. [44]). Observations with ground-based Cherenkov
telescopes such as H.E.S.S. are unique to probe multi-
TeV DM through the detection of �-ray lines.

The upcoming searches with H.E.S.S. towards the in-
ner Galactic halo will exploit additional observations in-
cluding the fifth telescope at the center of the array. Since
2014, a survey of the inner galaxy is carried out with the
H.E.S.S. instrument focusing in the inner 5� of the GC.
This survey will allow us to probe a larger source region
of DM annihilations and alleviate the impact of the un-
certainty of the DM distribution in the inner kpc of the
Milky Way on the sensitivity to DM annihilations. A
limited dataset (⇠15 hours) of this survey using 2014 ob-
servations with the fifth telescope only was used to con-
strain the presence of a 130 GeV DM line in the vicinity
of the GC [45]. Observations including the fifth telescope
will allow us to probe DM lines down to 100 GeV. In ad-
dition, a higher fraction of stereo events in the energy

!30

Indirect Detection — Example: HESS

‣ recent result [Phys. Rev. Lett. 120, 201101 (2018)]
‣ no signal observed

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.201101
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inner 300 pc of the GC region. The constraints are expressed in terms of 95% C. L. upper limits as a function of the DM mass
mDM for the Einasto profile. The observed limits are shown as red dots. Expected limits are computed from 1000 Poisson
realizations of the expected background derived from blank-field observations at high Galactic latitudes. The mean expected
limit (black solid line) together with the 68% (green band) and 95% (yellow band) C. L. containment bands are shown. The
bands include the statistical and the systematic uncertainties. The observed limits derived in the analysis of four years (112
h of live time) of GC observations by H.E.S.S. [13] are shown as blue squares, together with the mean expected limit (blue
solid line) and the 68% containment band (blue shaded area) in the left panel. The natural scale for monochromatic �-ray line
signal is highlighted as a grey-shaded area in the right panel.

over the strongest constraints so far from 112 hours of
H.E.S.S. observations towards the GC region in the TeV
mass range [13]. The new constraints cover a DM mass
range from 300 GeV up to 70 TeV. They provide a signifi-
cant mass range overlap with the Fermi-LAT constraints.
They surpass the Fermi-LAT limits by a factor of about
four for a DM mass of 300 GeV [35].

Despite the gain in sensitivity, our upper limits are
still larger than the typical cross sections for thermal
WIMPs at h�vi ⇠ 10�29cm3s�1 expected for supersym-
metric neutralinos [8]. However, there are several WIMP
models which predict larger cross sections. While being
not thermally produced, they still produce the right relic
DM density. Among the wide class of heavy WIMP mod-
els, those with enhanced �-ray lines (see, for instance,
Ref. [38]) are in general strongly constrained by the re-
sults presented here. The present results can be applied
to models with wider lines while dedicated analyses tak-
ing into account the intrinsic line shapes are required.
They include models with �-ray boxes [39], scalar [40]
and Dirac [41] DM models, as well as the canonical Ma-
jorana DM triplet fermion known as the Wino in Super-
symmetry [42].

The limits obtained by H.E.S.S. in this work are com-
plementary to the ones obtained from direct detection
and collider production (i.e., LHC) searches. While the

latter ones are powerful techniques to look for DM of
masses of up to about hundred GeV, the indirect de-
tection with �-rays carried out with Fermi-LAT satellite
and ground-based Cherenkov telescopes is the most pow-
erful approach to probe DM in the higher mass regime,
as shown from several studies developed in the frame-
work of e↵ective field theory [43] and, more recently, us-
ing the simplified-model approaches (see, for instance,
Ref. [44]). Observations with ground-based Cherenkov
telescopes such as H.E.S.S. are unique to probe multi-
TeV DM through the detection of �-ray lines.

The upcoming searches with H.E.S.S. towards the in-
ner Galactic halo will exploit additional observations in-
cluding the fifth telescope at the center of the array. Since
2014, a survey of the inner galaxy is carried out with the
H.E.S.S. instrument focusing in the inner 5� of the GC.
This survey will allow us to probe a larger source region
of DM annihilations and alleviate the impact of the un-
certainty of the DM distribution in the inner kpc of the
Milky Way on the sensitivity to DM annihilations. A
limited dataset (⇠15 hours) of this survey using 2014 ob-
servations with the fifth telescope only was used to con-
strain the presence of a 130 GeV DM line in the vicinity
of the GC [45]. Observations including the fifth telescope
will allow us to probe DM lines down to 100 GeV. In ad-
dition, a higher fraction of stereo events in the energy

!30

Indirect Detection — Example: HESS

‣ recent result [Phys. Rev. Lett. 120, 201101 (2018)]
‣ no signal observed

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.201101
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FIG. 3: Comparison of constraints for prompt annihilation
into two photons obtained by H.E.S.S. for the Einasto (red
dots) and NFW (cyan dots) profiles, respectively, with the
limits from the observations of the Milky Way halo by Fermi-
LAT [35] (black triangles) as well as the limits from 157 hours
of MAGIC observations of the dwarf galaxy Segue 1 [36]
(green triangles). The grey-shaded area shows the natural
scale for a monochromatic �-ray line signal.

range from hundred to several hundred GeV is expected
from the increased number of stereo triggers between the
fifth telescope and one of the recently-upgraded smaller
telescopes. Beyond the sensitivity improvement expected
from increased photon statistics, the inner galaxy survey
will provide a larger fraction of photons in regions of de-
void of known standard astrophysical emissions, therefore
of prime interest for DM searches. Within the next few
years DM searches with H.E.S.S. will enable an even more
in-depth exploration of the WIMP paradigm for DM par-
ticles in the hundred GeV to ten TeV mass range.
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‣ no signal observed
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Indirect Detection — Next:CTA

‣ Cherenkov Telescope Array (CTA)

‣ >100 telescopes, two sites  
(Northern and Southern hemisphere)

‣ La Palma

‣ Chile

https://www.cta-observatory.org

‣ host agreement signed in Dec 2018 
link

https://www.cta-observatory.org
https://www.cta-observatory.org/final-agreements-signed-for-cta-southern-hemisphere-site-in-chile/
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Indirect Detection — Example: AMS

‣ Alpha Magnetic Spectrometer on ISS
http://www.ams02.org

‣ large magnet system to measure charge of particles 
—> distinguish particles and anti-particles

‣ several sub-systems for particle identification, 
energy/velocity measurements…

https://eoportal.org/web/eoportal/satellite-
missions/content/-/article/iss-utilisation-ams

‣ studies the composition and flux 
of cosmic rays outside the Earth’s 
atmosphere

http://www.ams02.org
https://eoportal.org/web/eoportal/satellite-missions/content/-/article/iss-utilisation-ams
https://eoportal.org/web/eoportal/satellite-missions/content/-/article/iss-utilisation-ams
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Indirect Detection — Interpretation

‣ interpretation can be difficult

Anti-protons – AMS-02

AMS-02 claims to have seen something DM-like in p̄ . . .

AMS-02, AMS Days 2015
Kappl et al, arXiv:1506.04145

Improved fit of cosmic ray diffusion using AMS boron to carbon
ratio (B/C) suggests otherwise.

Pat Scott – Nov 5 – UK HEP Forum 2015 Indirect Detection of Dark Matter

Anti-protons – AMS-02

AMS-02 claims to have seen something DM-like in p̄ . . .

AMS-02, AMS Days 2015
Kappl et al, arXiv:1506.04145

Improved fit of cosmic ray diffusion using AMS boron to carbon
ratio (B/C) suggests otherwise.

Pat Scott – Nov 5 – UK HEP Forum 2015 Indirect Detection of Dark Matter

‣ often not straight forward to exclude astrophysical sources for effects seen

‣ discovery somewhat difficult

‣ example from AMS
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Direct Detection Techniques
‣ general principle: detect elastic scattering of WIMPs in a detector
‣ deep underground to shield from backgrounds from cosmic rays

http://slideplayer.com/slide/10386524/

‣ many different 
techniques/materials 
and combination of 
those

http://slideplayer.com/slide/10386524/
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Direct Detection Techniques

‣ advantage of dual signal use:                                                                          
exploit correlation to increase signal/background separation

Chapter 3. Dark Matter

Figure 3.7: Schematic illustration of the principle of making use of two observation techniques
that provide discrimination between nuclear recoil and background. Events from nuclear and
electronic recoil populate the plane of channel 1 vs. channel 2 di↵erently (left), allowing to

define a rejection criterion (right). [75]

subtracting from that of the sun. The first e↵ect is only observable with gaseous detectors or

anisotropic response scintillators. The second e↵ect is of the order of a few percent and is only

detectable by experiments with a heavy target material.

Di↵erent techniques for the detection of the nuclear recoil and also combinations of those are

in use in the large number of direct detection experiments. The three basic types are obser-

vation of scintillation, phonons or ionisation. Many experiments make use of two techniques

at the same time, exploiting the fact that the nuclear recoil and background from for example

electronic recoil have a di↵erent energy sharing between the two channels. This is illustrated

schematically in figure 3.7 [75]: nuclear and electronic recoils occupy di↵erent region in the

phase space of the two detection channels (left), which o↵ers the possibility to define a criterion

to discriminate between the two types of events (right).

An overview of the current experimental search status is presented in figure 3.8. There are

claims of positive result s in the region below 100 GeV WIMP mass by DAMA/LIBRA [76],

CoGeNT [77] and CRESST [78] and CDMS-II [79]. These are challenged by exclusion limits

(90%CL) from other experiments, especially Xenon100 [80], LUX [81] and SuperCDMS [82].

DAMA uses a matrix of 25 highly pure NaI crystals, for a total detector mass of 250 kg, and

detects the scintillation light with photomultipliers. The setup was found to be very stable,

allowing to measure down to a threshold of 2 keV. The experiment observes a modulation in

the rate with a period of one year and a maximum around the end of May, which is in good

agreement with expectations from the motion of the Earth around the sun. However, an inde-

pendent confirmation is needed to establish this as a true dark matter signal. One possibility

– which is in preparation in form of the DM-Ice detector at the South Pole – is to repeat the

measurement at a di↵erent location (ideally a di↵erent hemisphere), to make sure it is not a

local e↵ect.

CoGeNT employs commercial Ge detectors, which allow to measure recoils as soft as 400 eV.

The collaboration has reported an excess of events below 3 keV, the origin of which is not clear

yet. There also is an 2.8� significance for an annular modulation which might turn out com-

patible with the DAMA result, but needs to be confirmed with more data.

CDMS-II (Cryogenic Dark Matter Search) is an example for an experiment using two di↵erent

techniques to discriminate nuclear from electronic recoil: The ionisation and phonon signals are

collected on either side of the 19 Ge and 11 Si detectors, which are cooled to a temperature of

less than 50mK. The Ge detectors weigh 230 g each, the Si detectors 100 g. The ionisation yield

32
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a particle interacts with the liquid xenon (LXe) target, the recoiling electrons (from interactions
of b - and g-rays) or nuclei (from neutrons and WIMPs) excite and ionize the xenon atoms. Some
of the deposited energy is also transferred into atomic motion, however, since the LXe is not in
crystalline form, this energy escapes detection. The excited Xe⇤ atoms form excimer states Xe⇤2
with neutral xenon atoms, which subsequently decay under the emission of scintillation light in the
vacuum-ultraviolet (VUV), at a mean wavelength of 178 nm [10]:

Xe⇤ +Xe��! Xe⇤2 ! 2Xe+hn . (2.1)

The target is ionized as well and the ions form singly ionized molecules Xe+2 with neutral atoms.
If the ionization electrons are not removed from the interaction site, they can recombine, leaving
behind excited xenon atoms, which eventually will again decay via the emission of scintillation
light:

Xe++ e
� +2 Xe���! Xe+2 +Xe +e

�
��! 2Xe+Xe⇤⇤ ! 2Xe+Xe⇤+heat (2.1)��! 4Xe+hn . (2.2)

Eqs. (2.1) and (2.2) show three things: First, if one finds a possibility to extract the ionization
electrons, not only the scintillation light but also the ionization charge signal from the interaction
can be measured, provided that there is a charge sensitive detector. Second, if the electrons are
removed, for example by an electric field, recombination is suppressed and the total light signal
from the interaction is reduced. Third, the total number of quanta, photons hn and electrons e

�,
is constant for a given energy deposition (ignoring fluctuations and the energy which goes into
heat). This means that the individual numbers are anti-correlated, which is exploited to improve
the energy resolution of LXe detectors [11]. More details are discussed in [12].

3. Dual Phase Time Projection Chambers

The principle of a dual phase time projection chamber (TPC) filled with a noble gas (xenon or
argon) has been first suggested by [13]. It was further developed and adapted for dark matter

Figure 1. A dual phase time projection chamber measures scintillation light (S1) and the ionization charge
signal, which is converted to a proportional scintillation signal (S2) in the xenon gas phase (GXe). The time
distance between the two signals and the pattern on the top PMT array is used to reconstruct the event vertex.
The ratio S2/S1 is different for nuclear and electronic recoils and used for background discrimination.

– 3 –
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Direct Detection - Example: Liquid Xenon
‣ uses both 

ionisation & 
scintillation

‣ example: Xenon(1T)
http://www.xenon1t.org

Sara!Diglio!

LIQUID$XENON$AS$A$DETECTOR$MEDIUM$LABORATORI$NAZIONALI$DEL$GRAN$SASSO$

Sara!Diglio!

Below$1400$m$of$rock$
(3.6$km$water$equivalent)$

XENON1T$
XENON100!

WIN!2017! 4"‣ below 1400m of rock

ht
tp

s:
//i

nd
ic

o.
fn

al
.g

ov
/e

ve
nt

/9
94

2/
se

ss
io

n/
2/

m
at

er
ia

l/s
lid

es
/0

?c
on

tri
bI

d=
36

a particle interacts with the liquid xenon (LXe) target, the recoiling electrons (from interactions
of b - and g-rays) or nuclei (from neutrons and WIMPs) excite and ionize the xenon atoms. Some
of the deposited energy is also transferred into atomic motion, however, since the LXe is not in
crystalline form, this energy escapes detection. The excited Xe⇤ atoms form excimer states Xe⇤2
with neutral xenon atoms, which subsequently decay under the emission of scintillation light in the
vacuum-ultraviolet (VUV), at a mean wavelength of 178 nm [10]:

Xe⇤ +Xe��! Xe⇤2 ! 2Xe+hn . (2.1)

The target is ionized as well and the ions form singly ionized molecules Xe+2 with neutral atoms.
If the ionization electrons are not removed from the interaction site, they can recombine, leaving
behind excited xenon atoms, which eventually will again decay via the emission of scintillation
light:

Xe++ e
� +2 Xe���! Xe+2 +Xe +e

�
��! 2Xe+Xe⇤⇤ ! 2Xe+Xe⇤+heat (2.1)��! 4Xe+hn . (2.2)

Eqs. (2.1) and (2.2) show three things: First, if one finds a possibility to extract the ionization
electrons, not only the scintillation light but also the ionization charge signal from the interaction
can be measured, provided that there is a charge sensitive detector. Second, if the electrons are
removed, for example by an electric field, recombination is suppressed and the total light signal
from the interaction is reduced. Third, the total number of quanta, photons hn and electrons e

�,
is constant for a given energy deposition (ignoring fluctuations and the energy which goes into
heat). This means that the individual numbers are anti-correlated, which is exploited to improve
the energy resolution of LXe detectors [11]. More details are discussed in [12].

3. Dual Phase Time Projection Chambers

The principle of a dual phase time projection chamber (TPC) filled with a noble gas (xenon or
argon) has been first suggested by [13]. It was further developed and adapted for dark matter

Figure 1. A dual phase time projection chamber measures scintillation light (S1) and the ionization charge
signal, which is converted to a proportional scintillation signal (S2) in the xenon gas phase (GXe). The time
distance between the two signals and the pattern on the top PMT array is used to reconstruct the event vertex.
The ratio S2/S1 is different for nuclear and electronic recoils and used for background discrimination.
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https://arxiv.org/abs/1405.7600

http://www.xenon1t.org
https://indico.fnal.gov/event/9942/session/2/material/slides/0?contribId=36
https://arxiv.org/abs/1405.7600
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search
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i.e. LHC
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Collider Searches - LHC Experiments

‣ ATLAS, CMS — general purpose experiments

‣ designed to study a lot of different questions

‣ LHCb, ALICE: more specialised
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ATLAS Collaboration
‣ ~5000 scientists from 180 institutes in 38 countries

Caterina Doglioni - Lund Masterclass February 2016

An ATLAS scientific paper (made in Lund)

40 40
(from Caterina Doglioni)
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ATLAS Collaboration
‣ ~5000 scientists from 180 institutes in 38 countries

Caterina Doglioni - Lund Masterclass February 2016

The author-list of an ATLAS paper

41 41(from Caterina Doglioni)



Ruth Pöttgen Feb 25, 2020!44

Particles in ATLAS
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Seeing the invisible

‣ vector sum of transverse momenta 
after collision has to sum up to 0!

beam 1

beam 2

transverse plane‣ initially: all momenta along beam line, 
no transverse momentum pT
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Seeing the invisible
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Seeing the invisible

‣ vector sum of transverse momenta 
after collision has to sum up to 0!

beam 1

beam 2

transverse plane

transverse 
plane

‣ initially: all momenta along beam line, 
no transverse momentum pT

ETmiss

‣ infer that some “invisible" particle(s) 
have escaped detection
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"Invisible Signatures"
‣ most of the searches for Dark Matter at colliders use missing energy
‣ to see anything, there must be something else in the event!

SM DM

DMSM
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"Invisible Signatures"
‣ most of the searches for Dark Matter at colliders use missing energy
‣ to see anything, there must be something else in the event!

‣ can be really anything,   
a photon, W, Z, Higgs…

SM DM

DMSM

SM DM

DMSM

ETmiss
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A jet+invisible event
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The Higgs Boson 

July 4, 2012
animations

final missing piece of the SM

https://cds.cern.ch/record/2230893?ln=en
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Example: Higgs+ETmiss

‣ discovery of a Higgs boson opens new possibilities to look for Dark Matter!

‣ different theoretical models than for other something+ETmiss searches
‣ Higgs couples to mass, so will not simply be emitted from initial state partons

‣ some examples:

‣ final state: Higgs + DM
‣ but Higgs not stable!
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Example: Higgs+ETmiss

‣ where to start?

‣ decay into bb most common:

‣ need to be able to identify jets originating from b-quarks (b-jets)
‣ luckily, we are (and we call it b-tagging)
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‣ look for collision events that have

Higgs(bb)+ETmiss  in a nutshell

‣ large amount of ETmiss

‣ 2 b-tagged jets or 1 big jet made of 2 b-jets
‣ high ETmiss: H is "boosted" 

—> b-jets merge into one

‣ nothing else (no electron, muons…)

‣ important background:                                                                      
production of Z boson together with (b-)jets, 
with Z—>𝜈𝜈   =>  ETmiss

‣ to estimate this and other backgrounds: use control samples
‣ events that have characteristics of a given background process

‣ statistical evaluation:                                                                                                                          
fit of background prediction to observed data, quantify the agreement

‣ improves confidence in and precision of background simulations

𝜈
𝜈
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Higgs(bb)+ETmiss  — The Signal Region
‣ large amount of information in such plots 
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Higgs(bb)+ETmiss  — The Signal Region
‣ large amount of information in such plots 

‣ no signal observed
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ATLAS Preliminary
√

s = 13 TeV, 79.8 fb−1

h(bb) + Emiss
T : Z’+2HDM simplified model

tan β = 1, gZ = 0.8, mχ = 100 GeV, mH = mH± = 300 GeV

!53

‣ a typical result plot: exclusion bounds ("limits")

Higgs(bb)+ETmiss  — The Outcome
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‣ a typical result plot: exclusion bounds ("limits")

Higgs(bb)+ETmiss  — The Outcome

excluded by 
2015/16 data
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‣ a typical result plot: exclusion bounds ("limits")

Higgs(bb)+ETmiss  — The Outcome
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‣ a typical result plot: exclusion bounds ("limits")

Higgs(bb)+ETmiss  — The Outcome

excluded by 
2015/16 data

excluded by 
2015/16/17 data

conclusions 
(exclusion) 
made in terms 
of mZ’, mA only 
valid for these 
assumptions 
about the other 
model 
parameters
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Accelerator-based Search 
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Light Dark Matter

‣ so, we have a lot of experiments searching for WIMPs, but no observation

‣ should start looking elsewhere —> lighter DM particles

‣ this isn’t really LHC realm anymore

‣ thermal relic —> mass constraint & minimum annihilation cross section
‣ WIMP too light —> annihilation inefficient —> overproduction of DM

‣ Lee-Weinberg bound: mχ > some GeV

10310210110-110-210-3

particle mass 
[GeV]

Weakly Interacting Massive Particles 
(WIMPs)

Light Dark Matter (LDM)

‣ take a different approach
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How to evade the Lee-Weinberg bound

‣ new, light mediator —> additional annihilation channels

‣ representative model:

 Dark Photon, A'

‣ mixes with SM photon (ε)                                   
—> interaction between SM 
and “dark sector"

‣ annihilation cross section ~ y * mχ-2

‣ mA' > 2mχ: invisible decay into DM

Pöttgen, EXMASS Part B2 !  of !3 15

solution to the cusp-core-problem. Moreover, models of asymmetric Dark Matter [19] typically also require 
new light mediators. The extension of the search for Dark Matter particles to the MeV range is therefore well 
motivated and overdue. 
The Dark Photon model mentioned above is a generic, minimal model, capturing all the essential features of 
a broad range of models with a new vector mediator. All of these models make similar predictions when it 
comes to detection of Dark Matter, and it is thus sufficient to consider the kinematically mixed Dark Photon 
as one example. This allows sensitivity comparisons between different experiments and the model 
accordingly is in wide use. It in principle contains four parameters: the masses of the Dark Photon and the 
Dark Matter particle, mA’  and m!, the mixing parameter, ε, and the coupling of the Dark Photon to the Dark 
Matter particle, αD. The annihilation rate can, however, be expressed just in terms of the Dark Matter mass 
and the dimensionless rate parameter, y = ε2αD(m!/mA’)4. The observed relic density for a given type of Dark 
Matter (e.g. scalar or pseudo-dirac fermion) then corresponds to a line in the (y,m!)-plane, cf. Fig. 1. Any 
combination of y and m! below this line would result in overproduction of Dark Matter in the early Universe 
and is thus excluded. These lines therefore define clear experimental targets for different types of thermal 
relic Dark Matter, also referred to as thermal targets. 

2.3 Experimental Signature 
In a fixed-target experiment, the Dark Photon would be produced via 
bremsstrahlung off the electron in the field of a target nucleus, 
analogously to the radiation of a Standard Model photon. The process 
is referred to as dark bremsstrahlung and illustrated in Fig. 2. The 
kinematics will, however, be distinctly different from Standard 
Model bremsstrahlung due to the non-zero mass of the Dark Photon. 
In particular, the Dark Photon as the heavier particle will carry most 
of the energy, i.e. the outgoing electron will have lost a large fraction 
of its energy. Moreover, the Dark Photon will be emitted under a 
small angle with respect to the incoming electron direction, and the 
outgoing electron will accordingly emerge under a wide angle, i.e. 
receive a large transverse momentum, such that the total momentum 
is conserved. The signature to look for is thus a single low-energy, 
significantly deflected electron with no other activity in the detector. 
In other words: large missing energy and large missing momentum.  
Measuring both of these quantities provides an effective means of rejecting the main background processes. 
Fig. 3 illustrates the conceptual setup of for such a measurement: The main components are a tracking 
system in a magnetic field both before and after the target to identify charged particles and measure their 
momenta, and a calorimeter system to measure the deposited energies.  
Apart from the trivial background of the 
electron not interacting at all in the target, the 
largest background is the radiation of a high-
energy Standard Model photon. Such events 
can easily be discarded for the most part by 
identifying two energy depositions in the 
calorimeter. The background rejection becomes 
more difficult if the radiated photon does not 
produce an electromagnetic shower in the 
calorimeter but instead converts into hadrons or 
a pair of muons, or induces photo-nuclear 
reactions resulting in a number of hadrons. 
These processes are increasingly rare, going 
down to below 1 in 109 electrons on target 
(EoT), but still need to be vetoed over four to 
five orders of magnitude to ensure optimal 
sensitivity to the signal process. 

2.3.1 Why Fixed Target? 
As hinted above, fixed-target experiments turn out to be the most promising way to search for light Dark 
Matter via the radiation of a Dark Photon. The production cross section is generally much larger than at a 
collider, and the detection efficiency is considerably higher than at beam dump experiments. 
At colliders with centre-of-mass energies (Ecm) typically much higher than the mediator mass, the production 
cross section is essentially independent of the mediator mass mA’, but inversely proportional to E2cm. 
Conversely, at a fixed target experiment, the cross section is approximately independent of the beam energy 

Figure 3 | Experimental concept of a fixed-target missing-
momentum experiment [14]. 
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Missing Energy vs. Missing Momentum

Missing energy experiments…

• have higher signal yields/EOT

• have greater acceptance

• are challenged by  
backgrounds beyond 1014 EOT 
that require e-! particle ID
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e ⌧ EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e ⌧ EB

e�
��̄

Invisible

A� Production in Target

A0

Z

e�

e�

�

�̄A0

FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.
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and leaves behind a feeble electron in the final state. b)
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cation of single charged particle final states. Additionally,
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ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

Missing momentum experiments…

• have pT as a signal discriminator

• have pT as a signal identifier,  
sensitive to mA′/m"

• are equipped for e-! particle ID

• include a missing energy experiment

Nothing prevents LDMX from doing a “missing energy” analysis, 
which probes backgrounds 3~10× beyond missing momentum statistics.

Figure 2 | Illustration of the “Dark 
Bremsstrahlung” in the field of a 
nucleus in the target
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Searching for Light Dark Matter at Accelerators

Beam Dump Experiment:

Produce a beam of DM and detect 
the DM particles downstream.

• convincing discovery signature

• can use very high beam intensities

• … rates are still low: 

Proposed: BDX experiment at JLab

Protons work too! MiniBoone at FNAL

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production
• High-energy, high-intensity e≠ beam impinging on a

dump
• ‰ particles pair-produced radiatively, trough AÕ emission

(both on-shell or o�-shell).

‰ detection
• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25
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BDχ: Beam - Related Background 

Mariangela Bondì 
ADMPP16 23 - 27 October 2016 Messina, Italy 

To evaluate these backgrounds, the interaction of the 11 GeV electron beam in the dump was simulated and the flux 
of secondaries was studied as a function of the distance from the dump….. 

neutrinos 
muons 

neutrons
detector 
position

Energy > 300 MeV

  Beam-related Background can be reduced to zero (except ν) with sizable shielding (660cm of iron and 150cm of 
concrete)

Neutrino irreducible bg represents the ultimate limitation for BDX  

BDX at JLab

‣ ‘thermal targets’ in y-mass-plane

14

 Four “minimal” LDM 
scenarios:

– Dirac fermion
– (Elastic) Complex Scalar

– Majorana (Inelastic)
 fermion

– (Inelastic) Complex Scalar

Landscape of Scenarios

The four minimal models all have a 
thermal DM parameter range of interest!
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not allowed 
down here!
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What about MA′ > 2MDM?

Assume abundance of light dark 
matter with dark photon 
interaction is determined by 
thermal origins.

Can calculate minimum cross 
section allowed to avoid producing 
too much DM.

Defines a parameter space with 
clear targets for light DM searches.

{

DM annihilation

A0 �

�

�̄

e�

e+

1

+ other modes↵D
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�v ⇠ ↵D✏2↵⇥
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m4
A0

⇥m2
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×

y ≡ dimensionless parameter
controlling cross-section

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 4

Current constraints

• Some assumptions are needed to plot constraints from 
missing mass/momentum/energy experiments

• We choose very conservative parameters: αD = 0.5 and mA/mχ = 3.
• These parameters lead to weak(est) constraints

For smaller values of αD or larger mass ratio, the constraints are weaker, while the 
targets are invariant.

‣ avoids overproduction of DM
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How to look for this?

‣ as said, not LHC…

‣ instead: fixed-target missing momentum experiment
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Why missing momentum?
13
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FIG. 5: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam.Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50MeV < Ee < Ecut. In all panels, the numbers next
to each curve indicate A0 mass. Also included in each plot is the corresponding inclusive single electron
background distribution.
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3 Detailed Project Description 
3.1 Experimental Concept and Collaboration 
The experiment to be conducted in this project is an electron-beam  
fixed-target, missing-momentum experiment, a technique that offers 
several advantages. For fixed luminosity, it provides a larger yield of 
Dark Matter particles than collider experiments due to the higher 
production rate of Dark Photons that then decay into Dark Matter. 
The detection efficiency is much higher than for beam-dump 
experiments, that require an (extremely rare) interaction of the Dark 
Matter itself after it has been produced. In this experiment, the Dark 
Matter will pass through the detector without interacting and its 
presence is inferred from the energy-momentum-imbalance. The 
measurement of the (missing) momentum improves the sensitivity 
greatly compared to an energy-only measurement.  
The Dark Matter production proceeds via a process referred to as 
dark bremsstrahlung, illustrated in Fig. 4: a beam of particles is 
steered onto a target, and in the strong electromagnetic field of a 
nucleus in the target the beam particle can radiate a Dark Photon, that 
subsequently decays into Dark Matter particles. Due to the non-zero 
mass of the Dark Photon, the kinematics are distinctly different from 
those of ordinary bremsstrahlung of a Standard Model photon. 
Fig. 5 shows a schematic of the experiment layout. The beam particle 
is deflected and loses most of its energy. It is captured in a detector  
(consisting of an electromagnetic and a hadronic calorimeter) behind 
the target, while the Dark Matter passes through without interacting. 
From a precise measurement of the captured particle, it can be inferred that undetected particles have carried 
away the missing energy and momentum. A crucial component here is the recoil tracker placed between the 
target and the calorimeter, that enables the measurement of the particle momentum and the track multiplicity 
as well as the distinction of electrons from photons, providing additional handles to separate signal and 
backgrounds. 
The experiment in this proposal is the only such experiment currently being prepared. We will leverage 
existing concepts developed for other high-energy physics (HEP) experiments which increases the feasibility 
of this project considerably. The experiment is to be operated at the SLAC National Accelerator Laboratory 
at Stanford, USA, where a suitable electron beam will be available. In order to reach sensitivity to the 
exceedingly low signal rates, the experiment needs a very large number of electrons on target (EoT), up to 
1016 in total in two stages, which in turn requires a high repetition rate of the beam (46 MHz and 186 MHz, 
respectively). This poses stringent requirements on the detectors, in particular on the electromagnetic 
calorimeter (ECAL). The ECAL needs high granularity to separate showers from several electrons. It has to 
sustain the high irradiation and has to be fast enough to handle the rate. These challenges will be very similar 
to those for the forward calorimeter of the CMS experiment [30] during the high-luminosity LHC [31] runs 
from 2026 on. The ECAL will thus draw heavily on the design of the upgraded CMS calorimeter [32], a 
high-granularity SiW sampling calorimeter. This is facilitated by the fact that one of the collaborators is a 
CMS member directly involved in the calorimeter upgrade. The schedule for this upgrade is such that the 
final components will be ready for mass-production well in time for the construction of our detector. For the 
central region of the ECAL, our experiment will have even higher granularity than CMS, and my team and I 
will provide the necessary specialised read-out electronics. The tracking system essentially adopts the 
successful design of the tracker of the Heavy Photon Search (HPS) [33] experiment, in which some of the 
collaborators are also involved. The experiment will feature a hadronic calorimeter to reject backgrounds that 
remain after fully exploiting the tracker and ECAL. The concept for this veto instrument is currently being 
optimised. 
The collaboration is fairly small for HEP standards, presently comprising about 20 researchers, to be 
compared to several hundreds up to thousands of scientists working on other Dark Matter searches or the 
LHC experiments . The LDMX collaborators collectively cover a wide range of expertise in HEP 1

experiments, and my specific set of competences in data analysis techniques and online selection systems 
efficiently complements those of others. The collaboration includes also theorists, ensuring that all aspects of 
the experiment can be addressed adequately. The moderate size of the collaboration is matched by the 
physical size of the detector. The tagging and recoil tracker have 7 and 6 layers spread over a length of 60cm 
and 17cm, respectively. The ECAL will consist of 30 layers with 7 modules each, corresponding to a depth 

 For example, the ATLAS collaboration I am a member of comprises about 3000 scientists. 1
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carried away by DM

No other activity in 
calorimeters

Kinematics

With massive mediator kinematics 
quite different from SM bremsstrahlung

Signal

Recoil Energy Distribution Recoil p
T
 Distribution

‣ due to mass of mediator, kinematics distinctly different from SM bremsstrahlung

‣ mediator carries most of the energy                                    
—> soft recoil electron, large missing momentum

‣ recoil electron gets transverse ‘kick’               
—> large  missing transverse momentum
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Challenge: Backgrounds!

7 August 2017 TeV Particle Astrophysics 2017 8

     Backgrounds

Incoming Outgoing

Irreducible neutrino backgrounds < 10-16

particularly 
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trigger rate (low energy): 10 kHz
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Light Dar Matter eXperiment

7 August 2017 TeV Particle Astrophysics 2017 9
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LDMX

28

Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.

LDMX	Final	Design

Install

HiLum	Physics	Run

LDMX	Build

FY22 FY23FY17 FY18 FY19 FY20

LDMX	Prelim	Design

FY21 FY24

Eng.	
Run

1st	Physics	Run

LDMX	Upgrade
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LDMX is a small experiment

7 August 2017

TeV Particle Astrophysics 2017
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LDMX

‣ very young experiment, still in planning phase

‣ will run at beam energies of 4 - 20 GeV (<< LHC)
‣ either at SLAC (California) or CERN

‣ detector components re-use methods from other experiments in 
unique combination —> unparalleled sensitivity

‣ main challenge: need extremely high background rejection to be 
able to pick out the very rare signal events

‣ several detector components being optimised to provide very 
high veto power for different kinds of backgrounds

‣ extremely exciting new project!
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any assumption about the nature of dark matter provided that the mediator decays invisibly on characteristic
experimental length scales. The bottom panel shows the same parameter space on the assumption that the
mediator couples to either scalar or fermion dark matter which scatters elastically off SM particles.
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Sensitivity
‣ LDMX will have better reach than any other experiment
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Summary

‣ Dark Matter one of the hottest topics in particle physics

+ :  we know it must be there
- :   we haven’t found anything where we thought it should be

‣ many different ways to look for Dark Matter, still lots to explore

‣ WIMPs still are the most popular candidates, 
but other options are moving into focus as well

‣ CERN experiments still have much more data to analyse

‣ new experiments like LDMX cover new ground

‣ very exciting times! :)
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Additional Material
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Why fixed-target?
‣ maximise DM yield (production & detection efficiency)

‣ collider                   
(mA’ << Ecm)

‣ fixed target ‣ beam-dump

7 August 2017 TeV Particle Astrophysics 2017 5

LDM Accelerator Searches

To maximize LDM yield, mediator 
production must be maximized!

Can also be 
off-shell

Largest cross section for 
production realized via dark 
bremsstrahlung
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DRAFT

name DSID � (AMI) [pb] Filt. E↵. k-fac. H.o. � [pb]
ttbar_hdamp258p75_nonallhad 410501 730.19 0.543 1.139 452.360
ttbar_hdamp258p75_dil 410503 730.19 0.10534 1.139 87.625

Table 15: tt̄ MC samples. The last column lists the higher order (H.o.) cross sections.

name DSID � (AMI) [pb] Filt. E↵. k-fac. H.o. � [pb]
singletop_tchan_lept_top 410011 43.739 1.0 1.00944237408 44.152
singletop_tchan_lept_antitop 410012 25.778 1.0 1.01931879898 26.276
Wt_inclusive_top 410013 34.009 1.0 1.054 35.845486
Wt_inclusive_antitop 410014 33.989 1.0 1.054 35.824406
Wt_dilepton_top 410015 3.5835 1.0 1.054 3.777009
Wt_dilepton_antitop 410016 3.5814 1.0 1.054 3.7747956
Wt_inclusive_top_HT500 407018 34.01 0.088461215 1.054 3.17102848195
Wt_inclusive_tbar_HT500 407020 33.99 0.088415243 1.054 3.16751675149
SingleTopSchan_noAllHad_top 410025 2.0517 1.0 1.00463518058 2.06121
SingleTopSchan_noAllHad_antitop 410026 1.2615 1.0 1.02153151011 1.288662

Table 16: Single top MC samples. The last column lists the higher order (H.o.) cross sections.
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Searching for Light Dark Matter at Accelerators

Beam Dump Experiment:

Produce a beam of DM and detect 
the DM particles downstream.

• convincing discovery signature

• can use very high beam intensities

• … rates are still low: 

Proposed: BDX experiment at JLab

Protons work too! MiniBoone at FNAL

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production
• High-energy, high-intensity e≠ beam impinging on a

dump
• ‰ particles pair-produced radiatively, trough AÕ emission

(both on-shell or o�-shell).

‰ detection
• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
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releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4
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1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
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BDχ: Beam - Related Background 
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To evaluate these backgrounds, the interaction of the 11 GeV electron beam in the dump was simulated and the flux 
of secondaries was studied as a function of the distance from the dump….. 
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  Beam-related Background can be reduced to zero (except ν) with sizable shielding (660cm of iron and 150cm of 
concrete)

Neutrino irreducible bg represents the ultimate limitation for BDX  
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Visible Signatures (Indirect)
‣ another approach: look for the mediator!

‣ Dark Matter has to interact in order to be produced 
—> there must be a mediator

‣ the mediator has to interact with the partons 
—> can decay back into them

q

q

Med

DM

DM

q

q

Med

q

q

‣ not looking for a signature of the actual Dark Matter
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Di-Jet Events
‣ exploit resonance feature q
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A beautiful di-jet event
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Mediator Searches
‣ from a real publication

‣ no clear signal seen so far 
(but we keep looking! 
much more data still to be 
analysed!)

https://atlas.web.cern.ch/Atlas/GROUPS/
PHYSICS/PAPERS/EXOT-2016-21/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-21/
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Directional Direct Detection
‣ direct detection uses only energy of recoiling nucleus
‣ using recoil direction in addition: powerful background removal tool

‣ details depend on theory parameters

‣ could go beyond “ultimate reach"

‣ DM looks distinctly different from 
other things (background)!

to discriminate statistically the WIMP interactions from neutrons, the particles that produce
the same expected signal, giving in addition a clear signature for events produced by particles in
our galactic halo. This can be achieved by searching for a correlation of the WIMP signal with
the solar motion around the galactic centre, observed as a direction dependence of the WIMP
stream [1], coming from (l = 90�, b = 0�) in galactic coordinates, which happens to be roughly
in the direction of the constellation Cygnus. The background events, coming from gamma rays
and neutrons produced in the atmosphere or in the rock should follow the rotation of the Earth,
isotropic in galactic coordinates and easy to discriminate from those coming from the Cygnus
constellation direction. A dedicated statistical study with simulated data analysis has shown
that even a low-exposure, directional detector could allow a high significance discovery of galactic
Dark Matter even with a background contamination or to a robust and competitive exclusion
curve [5], depending on the value of the unknownWIMP-nucleon cross section. In [7], a study has
been performed on the capability of directional detectors to probe neutralino dark matter in the
Minimal Supersymmetric Standard Model and the Next-to-Minimal Supersymmetric Standard
Model with parameters defined at the weak scale. It shows that directional detectors such as the
future MIMAC detector (50 m3) will probe spin dependent dark matter scattering on nucleons
that are beyond the reach of current spin independent detectors since the scalar and axial cross
section are not correlated [7].

Figure 1. From left to right: isotropic background distribution, WIMP-induced recoil
distribution in the case of an isothermal spherical halo and a typical simulated measurement :
100 WIMP-induced recoils and 100 background events with a low angular resolution. Recoils
maps are produced for a 19F target, a 100 GeV.c�2 WIMP and considering recoil energies in
the range 5 keV  ER  50 keV. Figures from [4].

The right panel of figure 1 presents a typical recoil distribution observed by a directional
detector : 100 WIMP-induced events and 100 background events generated isotropically. For
an elastic axial cross-section on nucleon �n = 1.5 ⇥ 10�3 pb and a 100 GeV.c�2 WIMP mass,
this corresponds to an exposure of ⇠ 1.6⇥ 103 kg.day in CF4, on their equivalent energy ranges
as discussed in ref. [4]. Low resolution maps are used in this case (Npixels = 768) which is
su�cient for the low angular resolution, ⇠ 15� (FWHM), expected for this type of detector. In
this case, 3D readout and sense recognition are considered, while background rejection is based
on electron/recoil discrimination by track length and energy selection [12]. In order to conclude
from the recoil map of figure 1 (right) that it does contain a fraction of WIMP events pointing
towards the direction of the solar motion a likelihood analysis has been developed. The likelihood
value is estimated using a binned map of the overall sky with Poisson statistics, as shown in
[4]. This is a four parameter likelihood analysis with m�, � = S/(B + S) the WIMP fraction
(B is the background spatial distribution taken as isotropic and S is the WIMP-induced recoil
distribution) and the coordinates (`, b) referring to the maximum of the WIMP event angular
distribution. The result of this map-based likelihood method is that the main recoil direction is
recovered and is pointing towards (` = 95�±10�, b = �6�±10�) at 68 % CL, corresponding to a
non-ambiguous detection of particles from the galactic halo. This is indeed the discovery proof
of this detection strategy [4]. As emphasized in ref. [2], a directional detector could allow for

background signal detector response

‣ distinguish between theories
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FIG. 9: Left: evolution of the discovery limit for a 6 GeV WIMP as a function of Xenon detector mass. The exposure time
was fixed at T = 1 year and the energy threshold was 0.1 keV. The limits shown are for each read-out strategy, 1d (red), 2d
(blue) and 3d (green) in cases both with (solid lines) and without (dashed lines) sense recognition, the limit made by the same
detector with no directional information is shown in orange. Right: the discovery limit as a function of WIMP mass for the
same read-out strategies as the left panel but with fixed detector set-up. The upper set of limits are for a low threshold-low
mass detector (0.1 keV, 0.1 ton) and the lower set of limits for a high threshold-high mass detector (5 keV, 104 ton). The
shaded region shows the neutrino floor from Ref. [10] and the Figures are taken from Ref. [189].

neutrino background, from Solar, atmospheric, and DSNB neutrinos, in the dimensions of recoil energy, recoil direction,
and event time. A CLs test [191] is performed to distinguish between the neutrino background and background +
Dark Matter signal hypotheses. This work considers both CF4 and Xe directional detectors, and includes detector
effects by smearing the probability distributions. The detector performance assumptions are moderately optimistic:
the angular resolution used is 30o/

√
Er, the energy threshold is 5 keV in CF4 and 2 keV in Xe, and the nuclear

recoil detection efficiency plateaus at 50%. In order to set limits, the log-likelihood ratio Q = −2 log Q̃ is used, where
Q̃ = L(X⃗, S +B)/L(X⃗, B) is the ratio of likelihoods of a set of recoils, X⃗, under signal+background and background
only hypotheses respectively [191]. The 90% confidence level limit is taken to be the cross section value at which the
overlap of the background only and signal+background distributions is 0.1.
The main results from this study are that direction-sensitivity adds approximately an order of magnitude sensitivity

beyond non-directional searches for light Dark Matter, and depending on the target species and energy threshold, this
sensitivity can leap far beyond the Solar neutrino bound. Further, directionality is more helpful for lighter targets
than heavier targets; for the light target material directional information is helpful for the complete Dark Matter mass
range, whereas for the heavy target nuclei, directional and non-directional detectors give the same limits for heavy
dark matter.
O’Hare et al. followed the work of Ref. [43, 177] to study the effect of direction-sensitivity on the neutrino floor

for experiments with only 1d and 2d recoil track information [189]. Figure 9 shows the discovery limits for a Xenon
detector located in the Modane underground lab, operated for one year with a range of detector masses. The discovery
limits in this work were defined as the minimum cross-section for which 90% of hypothetical experiments can reach
a 3σ discovery. They were derived using a profile likelihood ratio test accounting for the systematic uncertainties on
the various neutrino fluxes as nuisance parameters. The left panel of Fig. 9 shows the evolution of the discovery limit
for a 6 GeV WIMP in a 0.1 keV threshold detector as a function of detector mass. The discovery limits shown are
for each read-out strategy: 1d, 2d, and 3d both with and without sense recognition as well as a comparison to a limit
obtained by the same detector without any directional information (energy only). The plateauing of the energy-only
limit when the signal becomes saturated by neutrino events is what is commonly referred to as the neutrino floor.
Including directional information completely removes the neutrino floor at this WIMP mass. In the case of 3d read-out
with sense recognition, the limits represent the best-case scenario with a scaling going as the inverse of detector mass
maintained even to very high neutrino event numbers. In the case of 1d read-out without sense recognition which

‣ also important in case of no signal

adding directional information
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arxiv:1304.2255

‣ very active area!

https://arxiv.org/abs/1602.03781
https://arxiv.org/abs/1304.2255
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Directional Direct Detection

‣ most mature: low-pressure time projection chambers (TPCs)

‣ various techniques being explored

‣ example: MIMAC

‣ specific gas mixture to slow electrons 

‣ reconstruction of 3rd spatial component

‣ currently 5.8l prototype taking data

‣ next step: 1m3 demonstrator towards 50m3 TPC

a high significance discovery of galactic Dark Matter even with a small amount of background
contamination. This holds true even when astrophysical and experimental uncertainties are
taking into account. For very low exposures, competitive exclusion limits may also be imposed
[5].

There are many projects around the world [18], [19], [20], trying to show the ability to get
the directionality at low nuclear recoil energies summarized in [21]. The MIMAC (MIcro-tpc
MAtrix of Chambers) detector project [17] tries to get these elusive events by a double detection:
recoil ionization and track, at low gas pressure with low mass target nuclei (H, 19F or 3He). In
order to have a significant cross section we explore the axial, spin dependent, interaction on odd
nuclei. The very weak correlation between the neutralino-nucleon scalar cross section and the
axial one, as it was shown in [6], [7] makes this research, at the same time, complementary to
the massive target experiments.

2. The MIMAC bi-chamber prototype

The MIMAC bi-chamber prototype consists of two chambers of (10 cm x 10 cm x 25 cm) with
a common cathode, which is an elementary module of the future matrix. The purpose of this
prototype is to show the ionization and track measurement performances needed to achieve the
directional detection strategy. The primary electron-ion pairs produced by a nuclear recoil in
one chamber of the matrix are detected by driving the electrons to the grid of a bulk micromegas
[8] and producing the avalanche in a very thin gap (256µm).

anode

grid

cathode

recoil track

Sampling
@ 50 MHz

t=0 ns

t=20 ns

t=40 ns

t=60 ns

Figure 2. The anode is read every 20 ns and knowing the drift velocity of primary electrons,
the 3D track can be reconstructed from the consecutive number of images defining the event.

As pictured on figure 2, the electrons are collected towards the grid in the drift space and
are multiplied by avalanche to the pixellized anode thus allowing to get information on X and
Y coordinates. To have access to the X and Y coordinates a bulk micromegas with a 10 by 10
cm active area, segmented in pixels with a pitch of 424 µm was used as 2D readout [9]. In order
to reconstruct the third coordinate Z of the points of the recoil track, the LPSC developed a
self-triggered electronics able to perform the anode sampling at a frequency of 50 MHz. This
includes a dedicated 64 channels ASIC [15] associated to a DAQ [16].

In order to get the total recoil energy we need to know the ionization quenching factor (IQF)
of the nuclear recoil in the gas used. We have developed at the LPSC a dedicated experimental
facility to measure such IQF. A precise assessment of the available ionization energy has been
performed in 4He + 5%C4H10 mixture within the dark matter energy range (between 1 and 50
keV) by a measurement of the IQF [10]. For a given energy, an electron track in a low pressure
micro-TPC is an order of magnitude longer and showing more straggling than a recoil one. It
opens the possibility to discriminate electrons from nuclei recoils by using both energy and track
information, as it was shown in [11] and [12].

‣ coming years: can we built large scale detectors?

arxiv:1304.2255

‣ measure two coordinates, get the third one from drift time of charge signal

‣ important to get high enough rate

‣ very active research area!

https://arxiv.org/abs/1304.2255
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Identifying b-quarks
‣ quarks generally produce jets (spray of particles) in the detector
‣ maaaaany jets produced at a hadron collider

‣ need to find jets that originate from a b-quark (b-tagging) —> b-jet

‣ in jets, hadrons are formed, b-jets will contain B-hadrons (contain b-quarks)

‣ B-hadrons have “visible" lifetimes

‣ their “late" decay leads to secondary vertex

‣ resolved with excellent 
tracking resolution

‣ rather involved techniques using 
several variables at the same time 
used to distinguish b-jets from jets 
from lighter quarks
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https://amva4newphysics.wordpress.com/2016/01/04/b-tagging-101/
https://amva4newphysics.wordpress.com/2016/01/04/b-tagging-101/
https://amva4newphysics.wordpress.com/2016/01/04/b-tagging-101/

