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A bit of context
• Standard Model (SM) particles cannot fully explain structure & dynamics of the universe 
• 4 main observations which hint at the existence of dark matter (DM)

4.3 Cosmological Observations 25

that some other type of non-luminous matter existed and although his estimates
were o� by more than an order of magnitude with respect to today’s calculations
(mainly due to an obsolete value of the Hubble constant). Nevertheless he correctly
inferred that most of the matter was “dark”.

Afterwards, a strong evidence for the existence of DM came from the observation
in the 1970s of the rotation curves of galaxies, that is the circular velocity of stars
and gases as a function of their distance from the galactic centre [40]. The expected
Newtonian dynamics is well known and the rotation velocity, v(r), is:

v(r) =

Û
GN M(r)

r
, with M(r) = 4fi

⁄
fl(r)r2dr, (4.18)

where fl(r) is the visible matter density at a distance r from the galactic center. The
velocity should decrease as 1/

Ô
r moving beyond the centre of the galaxy, where most

of visible galactic mass is concentrated. This behavior is well reproduced only in
some cases and frequently the observations of galaxies are not in agreement with this
expectation. Two of the most popular and evident examples are shown in Figure 4.3
that illustrates the expected and observed radial velocity of the galaxies NGC 2903
and NGC 3198. The rotation velocity appears to be constant with respect to the
distance to the galactic centre, and this implies the existence of a missing invisible
mass has to be taken in account with a density fl‰ Ã r

2. This clearly supports the
presence of spherical DM halos within the galaxies.

Figure 4.3. Rotation curve of galaxies NGC 2903 and NGC 3198. The circular velocity
is shown as a function of the distance from the galactic centre, with the gas content
(dotted lines), matter content (dashed lines), and measured values (black circles). The
dash-dotted line shows the fitted di�erence between data and expectation given by the
addition the DM contribution in the halo [40].

Gravitational lensing is an e�ect predicted by Einstein’s theory of general rela-
tivity for which light rays from a luminous source are deflected when there is a large
amount of matter between the source and the observer because of the deformation
of the space-time curvature. This phenomenon can be used to measure cluster
masses without relying on observations of dynamics. Generally, this method proves
the impossibility to explain the gravitational e�ects due to lensing with the only
presence of the baryonic matter, and gives an important input to the DM existence.

1. rotation curves of galaxies 2. Strong gravitational lensing
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Fig. 2. Left: The foreground cluster of galaxies gravitationally lenses the blue background

galaxy into multiple images. Right: A computer reconstruction of the lens shows a
smooth background component not accounted for by the mass of the luminous objects.

Fig. 3. COMA Cluster: without dark matter, the hot gas would evaporate. Left panel:
optical image. Right panel: X-ray image from ROSAT satellite.

to hold on to the gas.

Figura 2.2. E�etto di lente gravitazionale, dovuto dalla frapposizione tra una galassia
lontana e la terra, di un ammasso di galassie. A destra è riportata la ricostruzione della
distribuzione della massa nel cluster stimata mediante tale e�etto [13]. Ulteriori dettagli
sono riportati nel testo.

immerse. Lo stesso e�etto si osserva per altri ammassi, e la materia luminosa
osservata è spesso insu�ciente per giustificare l’intensità degli e�etti misurati.

2.1.3 Collisioni tra ammassi di galassie

Recentemente è stato studiato l’e�etto della collisione tra un piccolo ammasso di
galassie, denominato bullet cluster, con uno più grande [14]. Nello scontro le galassie
dei rispettivi ammassi sono distanti di qualche megaparsec; la maggior parte del
contenuto di materia barionica di entrambi è sotto forma di gas dotati di alta
energia cinetica. Avvicinandosi questi gas vengono compressi e subiscono un brusco
riscaldamento che si traduce nell’emissione di una quantità significativa di raggi X,
che sono stati misurati dall’osservatorio di raggi X della NASA, Chandra.
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657�558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing � reconstruction with the outer contour level at � = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the � peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an �m = 0.3, � =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/�� plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear �g = ��/(1 � �). The shear
�� is the amount of anisotropic stretching of the galaxy
image. The convergence � is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, � is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, � is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of � in non-standard grav-
ity models, the locations of the � peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of �. One can combine
derivatives of �g to obtain (Schneider 1995; Kaiser 1995)

� ln(1��) =
1

1 � g2
1 � g2

2

�
1 + g1 g2

g2 1 � g1

� �
g1,1 + g2,2
g2,1 � g1,2

�
,

which is integrated over the data field and converted into
a two-dimensional map of �. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is e�ectively the true
mean of ln(1��) at the edge of the reconstruction. This
method does, however, systematically underestimate �
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of � in the peaks of the components are
only lower bounds.

For 1E0657�558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure �g. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the � reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 � m814 < 1.5,

Figura 2.3. A sinistra è riportata un’immagine della collisione tra l’ammasso di galassie 1E
0657-56 ed un bullet cluster [14]. Nello spazio tra due curve verdi concentriche successive
l’e�etto di lente gravitazionale è della stessa intensità. La linea bianca in entrambe le
figure corrisponde a 200 kpc alla distanza dell’ammasso di galassie. A destra è mostrata
l’emissione X dei gas coinvolti nella collisione sovrapposta alla mappatura della massa.

Come mostrato in Figura 2.3 combinando la misura della radiazione emessa con una
mappa dell’e�etto di lente gravitazionale è possibile vedere che la massa ricostruita

expected ∼
1

r
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Capitolo 2

La Materia Oscura

Uno dei più grandi misteri ancora irrisolti della fisica moderna è la natura della
Materia Oscura (DM) che, come accennato nel capitolo precedente, non è descritta
dal Modello Standard. Molteplici osservazioni astrofisiche svolte a partire dagli
anni ’30 mostrano come sia necessaria l’esistenza di una consistente quantità di
materia non barionica nell’universo, neutra e che interagisce gravitazionalmente con
la materia ordinaria. In questo capitolo sono descritte tali evidenze sperimentali
che motivano le diverse metodologie di ricerca che possono essere divise in ricerca
diretta, indiretta ed ai collisori di particelle, che producono risultati complementari
tra loro. Sono infine descritti i modelli semplificati di Materia Oscura studiati nel
corso di questo lavoro di tesi.

2.1 Evidenze sperimentali dell’esistenza della Materia
Oscura

2.1.1 Misure della velocità di rotazione delle galassie
Nel 1932 è stata misurata dall’astronomo J. H. Oort [10], tramite lo spostamento
Doppler delle righe spettrali, la velocità di movimento di alcune stelle lontane
localizzate nella Via Lattea. Questi risultati hanno mostrato come la materia
luminosa osservata non fosse su�ciente a giustificare gli e�etti gravitazionali necessari
a mantenerle in un’orbita limitata attorno al centro galattico. Negli stessi anni anche
nel cluster di galassie Coma è stato osservata una massa luminosa insu�ciente a
giustificare le velocità di dispersione delle galassie presenti [11].
Uno studio approfondito delle curve di rotazione di molteplici galassie è stato svolto
a partire dagli anni ’70, sempre sfruttando lo spostamento delle linee spettrali. Se si
ipotizza che la maggior parte della massa di una galassia è contenuta in un disco di
raggio R, di qualche kpc1, dalla dinamica newtoniana ci si attende che l’andamento
della velocità di rotazione di un corpo in funzione della distanza dal nucleo della
galassia, r, sia

vrot(r) =

Û
GM(r)

r
, con M(r) = 4fi

⁄
fl(r)r2

dr . (2.1)

1
Un parsec (pc) è definito come la distanza dalla terra di una stella che ha una parallasse annua

di un secondo d’arco, e corrisponde a 3.09 ◊ 10
16

m.
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Guglielmo Frattari  |  5 May 2021  |  Chasing dark matter with ATLAS at the Large Hadron Collider  | 3

3. bullet cluster collision

2.1 Evidenze sperimentali dell’esistenza della Materia Oscura 94 Title : will be set by the publisher

Fig. 2. Left: The foreground cluster of galaxies gravitationally lenses the blue background

galaxy into multiple images. Right: A computer reconstruction of the lens shows a
smooth background component not accounted for by the mass of the luminous objects.

Fig. 3. COMA Cluster: without dark matter, the hot gas would evaporate. Left panel:
optical image. Right panel: X-ray image from ROSAT satellite.

to hold on to the gas.

Figura 2.2. E�etto di lente gravitazionale, dovuto dalla frapposizione tra una galassia
lontana e la terra, di un ammasso di galassie. A destra è riportata la ricostruzione della
distribuzione della massa nel cluster stimata mediante tale e�etto [13]. Ulteriori dettagli
sono riportati nel testo.

immerse. Lo stesso e�etto si osserva per altri ammassi, e la materia luminosa
osservata è spesso insu�ciente per giustificare l’intensità degli e�etti misurati.

2.1.3 Collisioni tra ammassi di galassie

Recentemente è stato studiato l’e�etto della collisione tra un piccolo ammasso di
galassie, denominato bullet cluster, con uno più grande [14]. Nello scontro le galassie
dei rispettivi ammassi sono distanti di qualche megaparsec; la maggior parte del
contenuto di materia barionica di entrambi è sotto forma di gas dotati di alta
energia cinetica. Avvicinandosi questi gas vengono compressi e subiscono un brusco
riscaldamento che si traduce nell’emissione di una quantità significativa di raggi X,
che sono stati misurati dall’osservatorio di raggi X della NASA, Chandra.
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657�558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing � reconstruction with the outer contour level at � = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the � peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an �m = 0.3, � =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/�� plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear �g = ��/(1 � �). The shear
�� is the amount of anisotropic stretching of the galaxy
image. The convergence � is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, � is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, � is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of � in non-standard grav-
ity models, the locations of the � peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of �. One can combine
derivatives of �g to obtain (Schneider 1995; Kaiser 1995)

� ln(1��) =
1

1 � g2
1 � g2

2

�
1 + g1 g2

g2 1 � g1

� �
g1,1 + g2,2
g2,1 � g1,2

�
,

which is integrated over the data field and converted into
a two-dimensional map of �. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is e�ectively the true
mean of ln(1��) at the edge of the reconstruction. This
method does, however, systematically underestimate �
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of � in the peaks of the components are
only lower bounds.

For 1E0657�558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure �g. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the � reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 � m814 < 1.5,

Figura 2.3. A sinistra è riportata un’immagine della collisione tra l’ammasso di galassie 1E
0657-56 ed un bullet cluster [14]. Nello spazio tra due curve verdi concentriche successive
l’e�etto di lente gravitazionale è della stessa intensità. La linea bianca in entrambe le
figure corrisponde a 200 kpc alla distanza dell’ammasso di galassie. A destra è mostrata
l’emissione X dei gas coinvolti nella collisione sovrapposta alla mappatura della massa.

Come mostrato in Figura 2.3 combinando la misura della radiazione emessa con una
mappa dell’e�etto di lente gravitazionale è possibile vedere che la massa ricostruita
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657�558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing � reconstruction with the outer contour level at � = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the � peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
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cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
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with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 � m814 < 1.5,

Figura 2.3. A sinistra è riportata un’immagine della collisione tra l’ammasso di galassie 1E
0657-56 ed un bullet cluster [14]. Nello spazio tra due curve verdi concentriche successive
l’e�etto di lente gravitazionale è della stessa intensità. La linea bianca in entrambe le
figure corrisponde a 200 kpc alla distanza dell’ammasso di galassie. A destra è mostrata
l’emissione X dei gas coinvolti nella collisione sovrapposta alla mappatura della massa.

Come mostrato in Figura 2.3 combinando la misura della radiazione emessa con una
mappa dell’e�etto di lente gravitazionale è possibile vedere che la massa ricostruita

gravitational  
lensing map

X-ray emissions of high  
temperature matter

4. Cosmic Microwave Background spectrum

• allows for a quantitative estimate of different  
energy densities in the universe

Hints at the existence of a dark matter4.3 Cosmological Observations 27

to appear as a black body spectrum with a temperature of 2.7255 ± 0.0006 K [31]
with anisotropic fluctuations on the level of 10≠5 K, as shown in Figure 4.5. These

Figure 4.5. The full sky map of the CMB after foreground subtraction as derived from
the joint baseline analysis of Planck, WMAP, and 408 MHz observations. The colour
scheme varies from ≠300µK (blue) to 300µK (red) [32]

fluctuations are fundamental to constrain the cosmological parameters. They are
parameterized as an expansion of spherical harmonics Ylm(◊, „):

”T

T
(◊, „) =

Œÿ

¸=2

m=¸ÿ

m=≠¸

a¸mY¸m(◊, „) , (4.19)

where ¸ = 1, 2, ...Œ, m = ≠¸, ..., ¸ and a¸m indicates the multipole coe�cients.
Fitting a N -dimensional model to this spectrum, the N cosmological parameters

can be obtained and constrained extracting their best-fit values [44]. The latest
temperature power spectrum provided by Planck is shown in Figure 4.6 as a function
of the multipole moment ¸, which is related to the angular scale „ ≥ fi/¸. The
best-fit of the �CDM theoretical spectrum is performed on the data and represented
by the red line; the residues on the bottom part of the figure are also shown with
the relative uncertainty of ±1‡.

The e�ects given by the pressure of the photons lead to erase the temperature
anisotropies while the non-relativistic baryons tend to form clusters of matter. This
leave an imprint in the form of harmonic peaks in the multipole expansion. The
position, shape and relative height of the peaks retain important information coming
from the instant relative to the photon decoupling. The position of the first peak
is sensitive to the curvature of the universe �K and to a small extent also to the
amount of Dark Energy. The second and third peaks are related to the amount of
DM and Dark Energy in the universe, while in general the shape of the spectrum is
determined by the baryons and Dark Matter densities, which are estimated to be:

�bh
2 = 0.02226 ± 0.00023 , �ch

2 = 0.1186 ± 0.0020 , (4.20)

where �bh
2 is the baryon density and �ch

2 is the cold-DM density. Moreover, the
CMB measurements support the flat universe condition, being the total energy

normal matter dark matter dark energy
5% 26% 69%
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Weakly Interacting Massive Particles
• under the hypothesis of a particle nature for dark matter, it must: 

• be stable → it survived from the early stages of the universe 
• no strong, weak or EM, only gravitationally interacting with ordinary matter → hence dark 
• fulfil the observed relic density 

• neutrinos ruled out
• Weakly Interacting Massive Particles - WIMPs 
• searched in many different ways

WIMP

WIMP SM

SM

magic 
happening 

here

Indirect detection experiments

Direct detection 
experiments

Collider experiments

Good candidate:
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• to reach high energy with limited bending  
power:

5

The Large Hadron Collider
• the hottest & one of the coolest place in the universe! 

• proton-proton collisions at up to 13 TeV supplemented by superconducting magnets working at 1.9 K 
• features 4 main experiments, ATLAS, ALICE, CMS & LHCb

Why Large?

Why Hadrons?

p ∝ B ⋅ R

• further suppress bremsstrahlung:

• to reduce bremsstrahlung energy loss:

W ∝
E4

R2m4

We ≃ 1013 ⋅ Wp for fixed E

~8.6 Km
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Hadron-hadron collisions 101
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Hadron-hadron collisions 101

protons are collided
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Hadron-hadron collisions 101

protons are collided

partons actually collide

hard scattering 
interaction
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Hadron-hadron collisions 101

protons are collided

partons actually collide

hard scattering 
interaction

partons emit QCD 
radiaton & hadronize
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Hadron-hadron collisions 101

protons are collided

partons actually collide

hard scattering 
interaction

partons emit QCD 
radiaton & hadronize

unstable hadrons 
decay
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Hadron-hadron collisions 101

protons are collided

partons actually collide

hard scattering 
interaction

partons emit QCD 
radiaton & hadronize

unstable hadrons 
decay

EM radiation 
(photons!)
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Hadron-hadron collisions 101

protons are collided

partons actually collide multiple partonic interaction 
may happen

hard scattering 
interaction

partons emit QCD 
radiaton & hadronize

unstable hadrons 
decay

EM radiation 
(photons!)
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Our microscope: the ATLAS experiment
• A Toroidal Lhc ApparatuS is big, but how much big?

~ 13 x 17.3 Fiat Panda Young, 1998

• one blink of eye (~150 ms) ~ 6 million  
collisions between pp bunches 
(one every 25 ns) 

• trigger system selects events 
to be written to disk (rate ~1 kHZ) (25 m)

(44 m)

• several sub-detectors covering almost the 
full solid angle around the interaction point (IP)

p

p
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ATLAS in a nutshell

• inside a 2 T axial magnetic field 
• position of the IP determined up to ~5 µm 

Inner detector
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ATLAS in a nutshell

• measure the energy of particles in a destructive way 
• only muons & neutrinos do not interact with it

Calorimetric system

• inside a 2 T axial magnetic field 
• position of the IP determined up to ~5 µm 

Inner detector
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ATLAS in a nutshell

• measure the energy of particles in a destructive way 
• only muons & neutrinos do not interact with it

Calorimetric system

• inside a 2 T axial magnetic field 
• position of the IP determined up to ~5 µm 

Inner detector

Muon spectrometer
• 3 big toroidal magnetic fields to 
bend & measure most penetrating  
charged particles, muons!
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Hunting dark matter
• if produced in collisions, dark matter would not interact with ATLAS detectors 

• produce missing energy in the final states 

• fundamental property of the collisions: 
• happen along one axis → total momentum in the transverse plane = 0 
• we can search an object X recoiling against 
missing transverse momentum (MET)
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Hunting dark matter
• if produced in collisions, dark matter would not interact with ATLAS detectors 

• produce missing energy in the final states 

• fundamental property of the collisions: 
• happen along one axis → total momentum in the transverse plane = 0 
• we can search an object X recoiling against 
missing transverse momentum (MET) mono-X searches

WIMP

WIMP

SM

SM

X • different final states investigated 
• mono-jet 
• mono-photon 
• mono-V (W or Z boson) 
• mono-Higgs

largest cross-section

lowest cross-section

• mono-jet most sensitive search to WIMPs
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p
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2nd. apply offline an event selection to isolate candidate signal events

events mimicking the signal signature will still sneak into the Signal Region

13

Mono-jet analysis strategy
• goal: look for an excess of events with large imbalance in the transverse plane

1st. identify candidate events online 
      (i.e. while collisions are running @40 MHz)

MET trigger w. threshold to cope 
with available bandwidth

at least one energetic jet…

…recoiling against large missing transverse momentum
& many more
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Signal vs backgrounds

WIMP

WIMP

SM

SM

X

Reducible backgrounds

Irreducible backgrounds
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Figure 1. Representative LO contribution to V + 1 jet production.
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Figure 2. Representative virtual and real NLO EW contributions to V + 1 jet production.

is included, whereas for invisible Z-boson decays all neutrino species (νe, νµ, ντ ) are taken

into account trivially.

In general, NLO QCD and EW corrections have to be understood within a mixed

coupling expansion in α and αS, where Born and one-loop scattering amplitudes for a given

process consist of towers of O(αN
S αM ) contributions with a fixed overall order N +M that

is distributed among QCD and EW couplings in different possible (N,M) combinations.

The production and off-shell decay of V + 1 jet involves a unique LO contribution

of O(αSα2) and receives NLO QCD corrections of O(α2
Sα

2) and NLO EW corrections of

O(αSα3). Representative Feynman diagrams are illustrated in figures 1 and 2. Here it

is important to keep in mind a somewhat counter-intuitive feature of NLO EW correc-

tions, namely that real emission at O(αSα3) does not only involve photon bremsstrah-

lung (figure 2(b)) but also V + 2 jet final states resulting from the emission of quarks

through mixed QCD–EW interference terms (figure 2(c)).

The LO production and off-shell decay of V + 2 jets receives contributions from a

tower of O(αk
Sα

4−k) terms with powers k = 2, 1, 0 in the strong coupling. The contri-

butions of O(α2
Sα

2), O(αSα3) and O(α4) will be denoted as LO, LO mix and LO EW,

respectively. The two subleading orders contribute only via partonic channels with four

external (anti)quark legs, and the LO EW contribution includes, inter alia, the production

of dibosons with semi-leptonic decays. Representative Feynman diagrams for V +2 jet pro-

duction are shown in figures 3 and 4. The NLO contributions of O(α3
Sα

2) and O(α2
Sα

3) are

denoted as NLO QCD and NLO EW, respectively. They are the main subject of this paper,

while subleading NLO contributions of O(αSα4) or O(α5) are not considered. Apart from

the terminology, let us remind the reader that O(α2
Sα

3) NLO EW contributions represent

at the same time O(α) corrections with respect to LO and O(αS) corrections to LO mix

contributions. Therefore, in order to cancel the O(α2
Sα

3) leading logarithmic dependence

on the renormalisation and factorization scales, NLO EW corrections should be combined

with LO and LO mix terms.2

2LO mix and NLO EW contributions are shown separately in the fixed-order analysis of section 4, while

in the merging framework of section 5 they are systematically combined.
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Z

v

v

J
H
E
P
0
4
(
2
0
1
6
)
0
2
1

V

ℓ

ℓ̄ V

ℓ

ℓ̄

(a) O(αSα
2) LO

Figure 1. Representative LO contribution to V + 1 jet production.

V

ℓ

ℓ̄ V

ℓ

ℓ̄

V ′

(a) Virtual O(αSα
3) correction

γ
V

ℓ

ℓ̄
γ

V

ℓ

ℓ̄

(b) Real O(αSα
3) correction

ℓ

ℓ̄

V
V ′ ℓ

ℓ̄V

(c) Real O(αSα
3) correction

Figure 2. Representative virtual and real NLO EW contributions to V + 1 jet production.

is included, whereas for invisible Z-boson decays all neutrino species (νe, νµ, ντ ) are taken

into account trivially.

In general, NLO QCD and EW corrections have to be understood within a mixed

coupling expansion in α and αS, where Born and one-loop scattering amplitudes for a given

process consist of towers of O(αN
S αM ) contributions with a fixed overall order N +M that

is distributed among QCD and EW couplings in different possible (N,M) combinations.

The production and off-shell decay of V + 1 jet involves a unique LO contribution

of O(αSα2) and receives NLO QCD corrections of O(α2
Sα

2) and NLO EW corrections of

O(αSα3). Representative Feynman diagrams are illustrated in figures 1 and 2. Here it

is important to keep in mind a somewhat counter-intuitive feature of NLO EW correc-

tions, namely that real emission at O(αSα3) does not only involve photon bremsstrah-
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/v

exactly the same signature of  
the signal we search!

multi-jet production

Z(vv) + jets

V+jets dibosons production

• MET distribution shape helps in identifying any excess - precise prediction of backgrounds is needed

hard excess
SM

soft excess

MET

• rely on state of the art Monte Carlo generators & theoretical calculations

• data-driven estimates if MC predictions are not reliable 
• e.g. QCD processes

V = W± or Z0 weak boson
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The need for Control Regions
• data is N∞LO in both QCD and EW, MC predictions are not 

• predictions are corrected in regions orthogonal to the SR using data
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correction factor
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predictions
x

• ratio of MC predictions reduce associated uncertainties too! 

• minor extrapolation effects if keeping kinematics selections similar: 
• treating leptons as invisible particles in the CRs!

92 7. The Mono-jet Analysis

Three di�erent lepton CRs are defined to constrain the electroweak backgrounds
in the SR. In order to maintain a kinematic selection as close as possible to the
SR, the same SR selection is kept replacing the lepton vetoes with dedicated lepton
requirements. Furthermore, the missing transverse momentum is modified in some
cases in order to treat the reconstructed leptons as invisible objects emulating the
same processes that a�ect the SR.

The first CR is labelled as CR1µ and is defined requiring only one muon in the
final state in order to populate the region with events coming from W (µ‹)+jets
processes. The selected muon is not used in the E

miss

T
calculation and it is treated

as an invisible particle so that the missing transverse momentum acts as a proxy for
the vector boson pT. In this way, the W boson decay emulates a Z boson decaying
in two neutrinos as illustrated in the scheme in Figure 7.3.

Figure 7.3. Scheme of the Z(‹‹)+jets and of the W (µ‹)+jets processes that shows how
considering the muon as invisible particles the two processes are kinematically very
similar.

This CR is crucial to evaluate the irreducible background given by the Z(‹‹)+jets
process acquiring a major role in the analysis, and by construction it is also used to
estimate the W (µ‹)+jets contribution that has a non-negligible impact in the SR.
In fact, the events coming from this process can pass the SR selection if the muon
crosses a region outside the detector acceptance, or if it is identified as another object
or if does not fulfill some of the muon quality requirements. In order to increase the
purity of the CR, an additional cut on the transverse mass of the system, composed
by the muon and the neutrino coming from the W boson, is required. It is defined as

mT =
Ò

2pT,µpT,‹(1 ≠ cos(„µ ≠ „‹)) , (7.8)

and only the events selected in the transverse mass range 30 GeV < mT < 100 GeV
are kept, in order to suppress the contribution from the W ·‹+jets process in this
CR.

The other CR, labelled as CR1e, requires the presence of only one electron in the
final state that passes the LooseTrackOnly electron isolation working point while
the muon veto is applied. The CR is dominated by W (e‹)+jets by construction and,
di�erently from CR1µ, the selected electron is considered in the E

miss

T
calculation.

In this case the missing transverse momentum describes mainly the neutrino ET.
Therefore the choice of using the same calorimeter based E

miss

T
definition in the

two CRs leads to select events with di�erent W boson pT spectra with respect to
CR1µ. Figure 7.4 shows the distribution of the W boson pT at the truth level
in CR1µ (in red), CR1e (in blue) and in a version of CR1e in which the electron

μ

μ

Z(μμ)

Z(→ll)

jet

(e,µ)

(e,µ)
~ ~
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estimate the W (µ‹)+jets contribution that has a non-negligible impact in the SR.
In fact, the events coming from this process can pass the SR selection if the muon
crosses a region outside the detector acceptance, or if it is identified as another object
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by the muon and the neutrino coming from the W boson, is required. It is defined as
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2pT,µpT,‹(1 ≠ cos(„µ ≠ „‹)) , (7.8)

and only the events selected in the transverse mass range 30 GeV < mT < 100 GeV
are kept, in order to suppress the contribution from the W ·‹+jets process in this
CR.

The other CR, labelled as CR1e, requires the presence of only one electron in the
final state that passes the LooseTrackOnly electron isolation working point while
the muon veto is applied. The CR is dominated by W (e‹)+jets by construction and,
di�erently from CR1µ, the selected electron is considered in the E

miss
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calculation.

In this case the missing transverse momentum describes mainly the neutrino ET.
Therefore the choice of using the same calorimeter based E

miss
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definition in the

two CRs leads to select events with di�erent W boson pT spectra with respect to
CR1µ. Figure 7.4 shows the distribution of the W boson pT at the truth level
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Z(νν)

ν

νZ(→νν)

jet

example of ATLAS measurement 
of the cross-section of the Z+jets process
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Likelihood model and fit strategy
Fit strategy

1. estimate the backgrounds in the SR with only the CRs 
   → unbiased way to check for any excess in the SR

2. include the SR in the fit and derive: 
• model independent limits on the number  
of possible signal events 

• limits on the parameters of new physics models
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The money plot
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Figure 2. Representative virtual and real NLO EW contributions to V + 1 jet production.

is included, whereas for invisible Z-boson decays all neutrino species (νe, νµ, ντ ) are taken

into account trivially.

In general, NLO QCD and EW corrections have to be understood within a mixed

coupling expansion in α and αS, where Born and one-loop scattering amplitudes for a given

process consist of towers of O(αN
S αM ) contributions with a fixed overall order N +M that

is distributed among QCD and EW couplings in different possible (N,M) combinations.

The production and off-shell decay of V + 1 jet involves a unique LO contribution

of O(αSα2) and receives NLO QCD corrections of O(α2
Sα

2) and NLO EW corrections of

O(αSα3). Representative Feynman diagrams are illustrated in figures 1 and 2. Here it

is important to keep in mind a somewhat counter-intuitive feature of NLO EW correc-

tions, namely that real emission at O(αSα3) does not only involve photon bremsstrah-

lung (figure 2(b)) but also V + 2 jet final states resulting from the emission of quarks

through mixed QCD–EW interference terms (figure 2(c)).

The LO production and off-shell decay of V + 2 jets receives contributions from a

tower of O(αk
Sα

4−k) terms with powers k = 2, 1, 0 in the strong coupling. The contri-

butions of O(α2
Sα

2), O(αSα3) and O(α4) will be denoted as LO, LO mix and LO EW,

respectively. The two subleading orders contribute only via partonic channels with four

external (anti)quark legs, and the LO EW contribution includes, inter alia, the production

of dibosons with semi-leptonic decays. Representative Feynman diagrams for V +2 jet pro-

duction are shown in figures 3 and 4. The NLO contributions of O(α3
Sα

2) and O(α2
Sα

3) are

denoted as NLO QCD and NLO EW, respectively. They are the main subject of this paper,

while subleading NLO contributions of O(αSα4) or O(α5) are not considered. Apart from

the terminology, let us remind the reader that O(α2
Sα

3) NLO EW contributions represent

at the same time O(α) corrections with respect to LO and O(αS) corrections to LO mix

contributions. Therefore, in order to cancel the O(α2
Sα

3) leading logarithmic dependence

on the renormalisation and factorization scales, NLO EW corrections should be combined

with LO and LO mix terms.2

2LO mix and NLO EW contributions are shown separately in the fixed-order analysis of section 4, while

in the merging framework of section 5 they are systematically combined.
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c Mmed

12p

 
1 +

2m2
c

M2
med

!
bDMq(Mmed � 2mc) (2.3)

+ Â
q

3g2
qMmed

12p

 
1 +

2m2
q

M2
med

!
bqq(Mmed � 2mq),

GA
min =

g2
c Mmed

12p
b3

DMq(Mmed � 2mc) (2.4)

+ Â
q

3g2
qMmed

12p
b3

qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

Total uncertainty between 1.2% and 4%!
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is included, whereas for invisible Z-boson decays all neutrino species (νe, νµ, ντ ) are taken

into account trivially.

In general, NLO QCD and EW corrections have to be understood within a mixed

coupling expansion in α and αS, where Born and one-loop scattering amplitudes for a given

process consist of towers of O(αN
S αM ) contributions with a fixed overall order N +M that

is distributed among QCD and EW couplings in different possible (N,M) combinations.

The production and off-shell decay of V + 1 jet involves a unique LO contribution

of O(αSα2) and receives NLO QCD corrections of O(α2
Sα

2) and NLO EW corrections of

O(αSα3). Representative Feynman diagrams are illustrated in figures 1 and 2. Here it

is important to keep in mind a somewhat counter-intuitive feature of NLO EW correc-

tions, namely that real emission at O(αSα3) does not only involve photon bremsstrah-

lung (figure 2(b)) but also V + 2 jet final states resulting from the emission of quarks

through mixed QCD–EW interference terms (figure 2(c)).

The LO production and off-shell decay of V + 2 jets receives contributions from a

tower of O(αk
Sα

4−k) terms with powers k = 2, 1, 0 in the strong coupling. The contri-

butions of O(α2
Sα

2), O(αSα3) and O(α4) will be denoted as LO, LO mix and LO EW,

respectively. The two subleading orders contribute only via partonic channels with four

external (anti)quark legs, and the LO EW contribution includes, inter alia, the production

of dibosons with semi-leptonic decays. Representative Feynman diagrams for V +2 jet pro-

duction are shown in figures 3 and 4. The NLO contributions of O(α3
Sα

2) and O(α2
Sα

3) are

denoted as NLO QCD and NLO EW, respectively. They are the main subject of this paper,

while subleading NLO contributions of O(αSα4) or O(α5) are not considered. Apart from

the terminology, let us remind the reader that O(α2
Sα

3) NLO EW contributions represent

at the same time O(α) corrections with respect to LO and O(αS) corrections to LO mix

contributions. Therefore, in order to cancel the O(α2
Sα

3) leading logarithmic dependence

on the renormalisation and factorization scales, NLO EW corrections should be combined

with LO and LO mix terms.2

2LO mix and NLO EW contributions are shown separately in the fixed-order analysis of section 4, while

in the merging framework of section 5 they are systematically combined.
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into account trivially.
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coupling expansion in α and αS, where Born and one-loop scattering amplitudes for a given

process consist of towers of O(αN
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tions, namely that real emission at O(αSα3) does not only involve photon bremsstrah-
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through mixed QCD–EW interference terms (figure 2(c)).
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external (anti)quark legs, and the LO EW contribution includes, inter alia, the production
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Simplified dark matter models
• simple extension of SM, depending on few parameters 

• introduce a lepto-phobic new mediator and fermionic WIMPs, χ 
• can be compared to limits obtained in Direct Detection (DD) experiments

Guglielmo Frattari  |  14 April 2021  |  Dark matter searches with the ATLAS detector  | 2

Chasing dark matter at the LHC
• this talk will focus on selected results on simplified dark matter models & benchmark extensions 

• ATLAS results on more complex models covered in talks by A. Sharma (SUSY) & A. Leopold (2HDM+a, H→inv.)

• go beyond EFT approach (Run 1 approach) 
• introduce a new mediator and fermionic WIMPs 
• described  in general by few parameters  

{mX, mZ’, gq, gDM} 

Why simplified?
• mono-X final states: excess in the ET

miss distribution 
• di-jet resonant production: bump in mjj spectrum 
• over-production of HF + ET

miss final states

What we expect to see?

Phys.Dark Univ. 27 (2020) 100371

18 atlas+cms dark matter forum
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =
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q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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di tipo monojet, (d) segnature di tipo dijet osservabili a LHC e (e) segnatire dijet con
produzione associata.

a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
accessibile e�ettivamente. In figura 2.5 sono riportati alcuni esempi di processi
accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
Chiaramente la rate dei processi elencati sopra andrà con una potenza della costante
di accoppiamento che dipenderà dal processo stesso. Tutte strategie di analisi sono
quindi tra di loro complementari perché sono sensibili a regioni dello spazio dei
parametri di�erenti. In particolare per una ricerca ai collider per una risonanza
in due jet, data una sezione d’urto di produzione ‡R di tale risonanza, la rate di
produzione sarà il prodotto di quest’ultima per il branching ratio in stati visibili. Ad
esempio se la risonanza, prodotta on-shell, ha una larghezza di decadimento totale
data quasi completamente da stati finali in quark, si ha che

Rate Ã ‡R Ã g2
q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
di DM è accessibile o meno.
In generale un modello per uno Z Õ può essere ottenuto a partire dalla lagrangiana
generica
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ossia un modello con accoppiamenti del tipo V ≠ A e costanti di accoppiamento in
generale tutte diverse fra loro. La larghezza di decadimento di tale mediatore in
termine degli accoppiamenti è
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ZÕ , Nc = 3 per i quark e Nc = 1 per i leptoni. Ognuna delle

reazioni per sui si sono calcolate le larghezze 2.22 deve essere cinematicamente
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Chasing dark matter at the LHC
• this talk will focus on selected results on simplified dark matter models & benchmark extensions 

• ATLAS results on more complex models covered in talks by A. Sharma (SUSY) & A. Leopold (2HDM+a, H→inv.)

• go beyond EFT approach (Run 1 approach) 
• introduce a new mediator and fermionic WIMPs 
• described  in general by few parameters  

{mX, mZ’, gq, gDM} 

Why simplified?
• mono-X final states: excess in the ET

miss distribution 
• di-jet resonant production: bump in mjj spectrum 
• over-production of HF + ET

miss final states

What we expect to see?
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Figura 2.5. Esempi di processi e segnature accessibili in un modello in cui un nuovo bosone
vettore R è in grado di accoppiarsi con un settore visibile (q, q̄) e un settore Oscuro
(‰, ‰̄), con due costanti gq.‰ in generali di�erenti. I vari processi sono: (a) annichilazione
di Materia Oscura, (b) scattering di DM in esperimenti di ricerca diretta, (c) segnature
di tipo monojet, (d) segnature di tipo dijet osservabili a LHC e (e) segnatire dijet con
produzione associata.

a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
accessibile e�ettivamente. In figura 2.5 sono riportati alcuni esempi di processi
accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
Chiaramente la rate dei processi elencati sopra andrà con una potenza della costante
di accoppiamento che dipenderà dal processo stesso. Tutte strategie di analisi sono
quindi tra di loro complementari perché sono sensibili a regioni dello spazio dei
parametri di�erenti. In particolare per una ricerca ai collider per una risonanza
in due jet, data una sezione d’urto di produzione ‡R di tale risonanza, la rate di
produzione sarà il prodotto di quest’ultima per il branching ratio in stati visibili. Ad
esempio se la risonanza, prodotta on-shell, ha una larghezza di decadimento totale
data quasi completamente da stati finali in quark, si ha che

Rate Ã ‡R Ã g2
q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
di DM è accessibile o meno.
In generale un modello per uno Z Õ può essere ottenuto a partire dalla lagrangiana
generica
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ossia un modello con accoppiamenti del tipo V ≠ A e costanti di accoppiamento in
generale tutte diverse fra loro. La larghezza di decadimento di tale mediatore in
termine degli accoppiamenti è
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in cui z‰,f = m2
‰,f

/M2
ZÕ , Nc = 3 per i quark e Nc = 1 per i leptoni. Ognuna delle

reazioni per sui si sono calcolate le larghezze 2.22 deve essere cinematicamente
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r
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4m2
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Chasing dark matter at the LHC
• this talk will focus on selected results on simplified dark matter models & benchmark extensions 

• ATLAS results on more complex models covered in talks by A. Sharma (SUSY) & A. Leopold (2HDM+a, H→inv.)

• go beyond EFT approach (Run 1 approach) 
• introduce a new mediator and fermionic WIMPs 
• described  in general by few parameters  

{mX, mZ’, gq, gDM} 

Why simplified?
• mono-X final states: excess in the ET

miss distribution 
• di-jet resonant production: bump in mjj spectrum 
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miss final states
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:

GV
min =

g2
c Mmed

12p

 
1 +

2m2
c

M2
med

!
bDMq(Mmed � 2mc) (2.3)

+ Â
q

3g2
qMmed

12p

 
1 +

2m2
q

M2
med

!
bqq(Mmed � 2mq),

GA
min =

g2
c Mmed

12p
b3

DMq(Mmed � 2mc) (2.4)

+ Â
q

3g2
qMmed

12p
b3

qq(Mmed � 2mq) .

q(x) denotes the Heaviside step function, and b f =
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Figura 2.5. Esempi di processi e segnature accessibili in un modello in cui un nuovo bosone
vettore R è in grado di accoppiarsi con un settore visibile (q, q̄) e un settore Oscuro
(‰, ‰̄), con due costanti gq.‰ in generali di�erenti. I vari processi sono: (a) annichilazione
di Materia Oscura, (b) scattering di DM in esperimenti di ricerca diretta, (c) segnature
di tipo monojet, (d) segnature di tipo dijet osservabili a LHC e (e) segnatire dijet con
produzione associata.

a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
accessibile e�ettivamente. In figura 2.5 sono riportati alcuni esempi di processi
accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
Chiaramente la rate dei processi elencati sopra andrà con una potenza della costante
di accoppiamento che dipenderà dal processo stesso. Tutte strategie di analisi sono
quindi tra di loro complementari perché sono sensibili a regioni dello spazio dei
parametri di�erenti. In particolare per una ricerca ai collider per una risonanza
in due jet, data una sezione d’urto di produzione ‡R di tale risonanza, la rate di
produzione sarà il prodotto di quest’ultima per il branching ratio in stati visibili. Ad
esempio se la risonanza, prodotta on-shell, ha una larghezza di decadimento totale
data quasi completamente da stati finali in quark, si ha che

Rate Ã ‡R Ã g2
q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
di DM è accessibile o meno.
In generale un modello per uno Z Õ può essere ottenuto a partire dalla lagrangiana
generica

L
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Õ =
ÿ

f=q,¸

Z Õ
µ f̄ “µ(gV

f ≠ gA

f “5)f + Z Õ
µ ‰̄ “µ(gV

‰ ≠ gA

‰ “5)‰ (2.21)

ossia un modello con accoppiamenti del tipo V ≠ A e costanti di accoppiamento in
generale tutte diverse fra loro. La larghezza di decadimento di tale mediatore in
termine degli accoppiamenti è
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reazioni per sui si sono calcolate le larghezze 2.22 deve essere cinematicamente
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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• ATLAS results on more complex models covered in talks by A. Sharma (SUSY) & A. Leopold (2HDM+a, H→inv.)

• go beyond EFT approach (Run 1 approach) 
• introduce a new mediator and fermionic WIMPs 
• described  in general by few parameters  

{mX, mZ’, gq, gDM} 
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• mono-X final states: excess in the ET
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• di-jet resonant production: bump in mjj spectrum 
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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(‰, ‰̄), con due costanti gq.‰ in generali di�erenti. I vari processi sono: (a) annichilazione
di Materia Oscura, (b) scattering di DM in esperimenti di ricerca diretta, (c) segnature
di tipo monojet, (d) segnature di tipo dijet osservabili a LHC e (e) segnatire dijet con
produzione associata.

a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
accessibile e�ettivamente. In figura 2.5 sono riportati alcuni esempi di processi
accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
Chiaramente la rate dei processi elencati sopra andrà con una potenza della costante
di accoppiamento che dipenderà dal processo stesso. Tutte strategie di analisi sono
quindi tra di loro complementari perché sono sensibili a regioni dello spazio dei
parametri di�erenti. In particolare per una ricerca ai collider per una risonanza
in due jet, data una sezione d’urto di produzione ‡R di tale risonanza, la rate di
produzione sarà il prodotto di quest’ultima per il branching ratio in stati visibili. Ad
esempio se la risonanza, prodotta on-shell, ha una larghezza di decadimento totale
data quasi completamente da stati finali in quark, si ha che

Rate Ã ‡R Ã g2
q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
di DM è accessibile o meno.
In generale un modello per uno Z Õ può essere ottenuto a partire dalla lagrangiana
generica
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ossia un modello con accoppiamenti del tipo V ≠ A e costanti di accoppiamento in
generale tutte diverse fra loro. La larghezza di decadimento di tale mediatore in
termine degli accoppiamenti è
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reazioni per sui si sono calcolate le larghezze 2.22 deve essere cinematicamente
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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• ATLAS results on more complex models covered in talks by A. Sharma (SUSY) & A. Leopold (2HDM+a, H→inv.)

• go beyond EFT approach (Run 1 approach) 
• introduce a new mediator and fermionic WIMPs 
• described  in general by few parameters  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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

2.3 Oltre il Modello Standard 17

1
1 1 1 1

�

� q

q

g
l

l

� �

�

�

q qq

q

Z

q

q

q

q

q

q
(a) (b) (c) (d) (e)

q

q

RR� R(�)

g� gq

R

R�

g�

g�

gq

gq gqgq

gq gq

Figura 2.5. Esempi di processi e segnature accessibili in un modello in cui un nuovo bosone
vettore R è in grado di accoppiarsi con un settore visibile (q, q̄) e un settore Oscuro
(‰, ‰̄), con due costanti gq.‰ in generali di�erenti. I vari processi sono: (a) annichilazione
di Materia Oscura, (b) scattering di DM in esperimenti di ricerca diretta, (c) segnature
di tipo monojet, (d) segnature di tipo dijet osservabili a LHC e (e) segnatire dijet con
produzione associata.

a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
accessibile e�ettivamente. In figura 2.5 sono riportati alcuni esempi di processi
accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
Chiaramente la rate dei processi elencati sopra andrà con una potenza della costante
di accoppiamento che dipenderà dal processo stesso. Tutte strategie di analisi sono
quindi tra di loro complementari perché sono sensibili a regioni dello spazio dei
parametri di�erenti. In particolare per una ricerca ai collider per una risonanza
in due jet, data una sezione d’urto di produzione ‡R di tale risonanza, la rate di
produzione sarà il prodotto di quest’ultima per il branching ratio in stati visibili. Ad
esempio se la risonanza, prodotta on-shell, ha una larghezza di decadimento totale
data quasi completamente da stati finali in quark, si ha che

Rate Ã ‡R Ã g2
q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
di DM è accessibile o meno.
In generale un modello per uno Z Õ può essere ottenuto a partire dalla lagrangiana
generica
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
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accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
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q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
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ossia un modello con accoppiamenti del tipo V ≠ A e costanti di accoppiamento in
generale tutte diverse fra loro. La larghezza di decadimento di tale mediatore in
termine degli accoppiamenti è
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in cui z‰,f = m2
‰,f

/M2
ZÕ , Nc = 3 per i quark e Nc = 1 per i leptoni. Ognuna delle

reazioni per sui si sono calcolate le larghezze 2.22 deve essere cinematicamente
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diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).
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q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Dark matter from Higgs boson decays
• decay width of Higgs boson is predicted to be < 1% from the Standard Model 
• yet no sensitivity from collider experiments, only upper limits set 
→ still possible to find decays of the Higgs boson to new particles, like DM particles!
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Figure 2: Diagrams for the invisible Higgs production modes: ggF, VH, VBF and CC̄�.

Dark Energy (DE) is a term that refers to the accelerating expansion of the universe and its existence has366
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the DE and SM fields. An E�ective Field Theory (EFT) framework provides the most economical way376

to search for DE, since it integrates out the microscopic dynamics of the DE interactions, which are377
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• mono-jet search upper limit: 
BR(H→inv) < 34% @95% CL 

• second most stringent limit set 
by a single ATLAS analysis!

• current most stringent upper limit:  
11% obtained combining 3 different  
ATLAS analyses
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Conclusions
• mono-jet is a gold channel to probe new physics at the Large Hadron Collider 

• general signature: can be used to test several different hypothesis which provide a WIMP candidate 

• suggested readings: 
• ATLAS collaboration physics briefing - link 

 

• paper on the arXiv, submitted to Physical Review D for publication 
link

NOT

DID 

FIND

https://atlas.cern/updates/briefing/precision-search-dark-matter
https://arxiv.org/pdf/2102.10874.pdf
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Comparison to Direct Detection DM searches
Spin dependent interaction
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Comparison to Indirect Detection DM searches
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Likelihood model
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Process Nominal normalisation  � factor
Z (⌫⌫) + jets MC V

W (µ⌫) + jets MC V

W (⌧⌫) + jets MC V

W (e⌫) + jets MC V

Z (µµ) + jets MC V

Z (ee) + jets MC V

Z (⌧⌧) + jets MC V

tt̄ MC t t̄

single � t MC t

diboson MC –
multi-jet jet smearing (Section 6.7) –

non-collision background tagger (Section 6.6) –

Table 16: Source of the nominal prediction on each of the background processes in the signal region and applied
normalisation factor.  represents the normalisation factor.

to a corresponding change in the prediction for the W + jets and Z + jets backgrounds, modulo systematic906

uncertainties due to the fact that higher order QCD and EW corrections have di�erent impacts on the pT907

distribution of Z and W bosons, which are described in Section 7.4.1.908

Systematic uncertainties, described in detail in Section 7, are implemented as described in Ref. [75].909

6.3 Likelihood model910

Let:911

• i, with 1  i  Nbins, be the i-th precoil
T bin considered in the fit;912

• r run over the signal or control regions;913

• Nobs
r i be the observed total yield in the i-th precoil

T bin of region r;914

• NX
ri = NX

ri (✓) be the expected yield of process X in the i-th precoil
T bin of region r;915

• ✓ be the vector of nuisance parameters describing systematic uncertainties on the predicted yield of916

each background in each region and precoil
T bin;917

• µ � 0 be the scale factor associated to the normalisation of the considered signal (signal strength);918

•  be the vector of  � factors,  =
⇣
V , t t̄, t

⌘
.919

Then, the likelihood L is defined as920

L(µ, , ✓) =
Y

r

Y

i

Poisson
⇣
Nobs
r i | µN sig

r i (✓) + Nbkg
r i (, ✓)

⌘
fconstr(✓), (9)
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systematic uncertainties
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      Control-regions-only fit 
• over 106 events in Control Regions 
to constrain Signal Region  
backgrounds 

• excellent modelling of data in  
all regions

One muon control region One electron control region Top control region

Two electron control regionTwo muon control region


