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• Several theoretical arguments and some experimental results require 
an extension of the Standard Model (SM)

Search for new GeV resonances in the dimuon mass spectrum

• In particular, the SM cannot explain the nature of the Dark Matter (DM)

• At present, the most popular hypothesis on the DM is that it is 
composed of weakly interacting massive particle (WIMPs)

• However the existence of massive WIMPs is strictly constrained by the 
recent LHC results

• On the other hand, in the last years the idea that DM could be light 
started to gain popularity (because of DAMA and CoGeNT results…)

• In particular, the idea of light DM interacting with new 
O(1) GeV gauge bosons has been widely investigated1
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• Although both high-mass and low-mass (< 1 GeV) new resonances are 
highly constrained, limits on new IMR resonances are looser3

JHEP 0907:051,20093

• In addition to this new light (scalar) resonances are also expected in 
other scenarios like Two-Higgs-Doublet Models2, etc… arXiv:1412.33852
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FIG. 1: Perturbative QCD diagrams contributing to the dilepton production up to the order O(αS): (a) Drell-Yan mechanism,
(b) gluon Compton scattering (GCS), (c) vertex correction, (d) quark annihilation with gluon Bremsstrahlung. Virtual photons
(wavy lines) split into lepton pairs, spiral lines denote gluons, arrows denote quarks. In each diagram, the time runs from left
to right.

Recently, the PHENIX Collaboration has presented
first dilepton data from pp and Au + Au collisions at
Relativistic-Heavy-Ion-Collider (RHIC) energies of

√
s =

200 GeV [16–19]. The data show an even larger en-
hancement over hadronic sources in Au+Au reactions in
the invariant mass regime from 0.15 to 0.6 GeV, which
could not be explained in the scope of the HSD approach
neither by meson decays – in-medium or free – nor by
hadronic Bremsstrahlung [15]. It is of interest, whether
the excess at RHIC is due to the dominance of sources
in the QGP [15].

Early predictions of the dilepton emission from QGP
relied on perturbative formulae for the cross sections of
the virtual photon production in q + q and q + g colli-
sions [4, 20, 21]. Indeed, first concepts of the QGP were
guided by the idea of a system of partons which interact
weakly, with pQCD cross sections. However, most theo-
retical estimates of the temperatures, which are reason-
ably expected to be currently achieved in heavy ion colli-
sions are not extremely large compared to the QCD scale
ΛQCD [22]. Therefore, the QCD coupling αS is not small.
In agreement with this early expectation, experimental
observations at RHIC indicated that the new medium
created in ultra-relativistic Au+Au collisions was inter-
acting strongly - stronger than hadronic matter. More-
over, in line with theoretical studies in Refs. [23–25] the
medium showed phenomena of an almost perfect liquid
of partons [26–29] as extracted from the strong radial
expansion and elliptic flow of hadrons [26–29]. Studies
performed in the framework of the lattice regularized
QCD [30] have also shown that the high temperature
plasma phase is a medium of interacting partons which
are strongly screened and influenced by non-perturbative
effects even at temperatures as high as 10Tc.

Consequently, the concept of perturbatively interact-
ing quarks and gluons as constituents of the QGP had
to be given up. Due to large running coupling, the next-
to-leading order (NLO) gluon-quark interactions are ex-
pected to contribute considerably in addition to the lead-
ing order mechanism of quark-quark annihilation (qq̄ →

l+l−) to the QGP radiation spectrum. The importance
of the higher order corrections is long understood [31].
On the other hand, non-perturbative nature of the sQGP
constituents manifests itself not only in their strong cou-
pling, but also in the modified spectral densities and self
energies, which should be taken into account in consistent
calculations of dilepton production from the QGP.

A cure can be found in reordering perturbation the-
ory: by expanding correlation functions in terms of effec-
tive propagators and vertices instead of bare ones [32].
A powerful resummation technique was developed by
Braaten, Pisarsky [33] and Wong [34]. The production
of dileptons was calculated at leading order in the effec-
tive perturbation expansion in [33], using as the effec-
tive propagators the bare ones plus one loop corrections
evaluated in the high-temperature limit [35–38]. In this
approach the singularity of the production cross section
– that dominates the dilepton rate – is regularized by
the thermal masses of quarks mth and gluons mg, which
are in turn determined by the one-loop leading order re-
sult in the thermal perturbation theory (HTL). The ap-
proach has been extended to the dilepton radiation from
non-equillibrium plasmas in [39, 40].

However, since virtual photon rates need to be evalu-
ated at temperatures that are not very large compared
to Tc, it is important to take values for mth, mg not
from the HTL approximation but from, for instance, a
fit of the lattice QCD entropy by a gas of massive quarks
equation of state [41, 42], as has been done in [43, 44].
Alternatively, one might treat thermal masses in the cal-
culation of the dilepton rates as phenomenological pa-
rameters [45].

Not long ago, a first attempt appeared to calculate
directly on the lattice the production of dileptons in
QGP [46]. The suppression at small Q2 observed on the
lattice has attracted a lot of interest, because it is not
what one would expect from (resummed) perturbation
theory: The finite thermal masses would indeed produce
a drop of the Born (Drell-Yan) term q+q̄ → γ∗ because of
the threshold effect – as predicted [47] in relation to the
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• For Pb-Pb collisions the QGP provides an additional thermal source of 
dileptons (much larger than that from non-thermal prompt production)

J.Phys. G38, 025105 (2011)

Phys.Rev. D54, 2399 (1996)

• The use of p-p collisions to look for new O(1) GeV gauge bosons 
could be disfavored w.r.t Pb-Pb collisions Phys.Rev.C81:034911,2010

Search for new GeV resonances in the dimuon mass spectrum



• For these reasons a search for new O(1) gauge bosons decaying to 
muon pairs has been performed 

• The strategy is to perform a shape analysis of the invariant mass 
distribution of opposite-sign muon pairs, in the mass range [1.5, 8.0] 
GeV/c2 

• Pb-Pb data at 5 TeV, collected in 2015, have been used 

• Combinatorial background is estimated using the mixing technique 
and is subtracted from data 

• The search is performed in different bins of centrality and dimuon pT 

3Search for new GeV resonances in the dimuon mass spectrum
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• It is implemented in a 180 nm CMOS Imaging Process

• chip size: 15 mm x 30 mm containing 
a matrix of 512 x 1024 pixels

• pixel size: 29.24 μm x 26.88 μm

• A charged particle crossing the sensor liberates free charge carriers 
in the material by ionization

• The electrons released in the epitaxial layer diffuse laterally while 
remain vertically confined by potential barriers

• The signal sensing elements are n-well diodes (~2 μm diameter)

• ALPIDE chip is a CMOS Monolithic Active Pixel Sensor developed for 
the major upgrade of the Inner Tracking System (ITS) of ALICE
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•  For the simulation of the ALPIDE chip, a first approach was to develop 
a fully parametrized simulation (mainly because of the unknown analog 
response of the chip)

•  In this context, two contributions were considered: 

•  A contribution from physics to take into account the dependancy of 
average cluster size (ACS) on the energy deposited in the chip 
(ACS as a function of βγ was parametrised as below)

•  A detector contribution to take into account the dependency of the 
ACS on detector-based parameters like the particle crossing 
position, the threshold, Vbb, etc…
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The parametrized simulation of ALPIDE
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•  On May, Miljenko Šuljić and Jacobus W. van Hoorne presented a new 
“microscopic” simulations of MAPS

The microscopic simulation of ALPIDE

•  Carrier transportation in MAPS 
sensitive volume is due to both 
diffusion and drift

•  Simulation step is the sum of the diffusion and drift steps 

31/05/17 MAPS simulation - Miljenko Šuljić 5

Basic concept

● Electrons have different lifetime based 
on doping concentration
– Substrate highly doped → electron lifetime  

limited (< 100 ns)

– High resistivity epitaxial layer → electron 
lifetime infinite (wrt collection time) in absence 
of radiation damage

● Carrier transport in MAPS sensitive volume by both diffusion and drift

● Diffusion simulated as random walk of each individual electron

● Diffusion (spatial) step corresponds to elapsed time → also time step

● Drift calculated using electric field maps extracted from TCAD simulation

● Simulation step is a sum of diffusion and drift steps

•  The diffusion was simulated as a 
random walk of each individual electron  

•  The drift was simulated using the 
electric field maps extracted from a 
TCAD simulation

31/05/17 MAPS simulation - Miljenko Šuljić 10

Electric field maps – data from TCAD
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•  Total simulated volume: 5x5 pixels

•  Collection region is defined by n-well volume + 1⁄2 spacing and 2 μm 
thick “high field” region directly below 

31/05/17 MAPS simulation - Miljenko Šuljić 13

Algorithm

Set new electron
starting position

Is e- in
epi?

Calculate
diffusion and

drift step

Is e- in
sub?

Step
allowed? Step epi

Calculate
diffusion step

Is alive? Step sub

In collect.
region?

Save
status

Miljenko Šuljić

The microscopic simulation of ALPIDE
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•  The agreement between simulation and data is really amazing

31/05/17 MAPS simulation - Miljenko Šuljić 72

Cluster size at different thresholds (scaled)

W7R7, -3V

Sim, -3V

Miljenko Šuljić

The microscopic simulation of ALPIDE
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31/05/17 MAPS simulation - Miljenko Šuljić 73

Cluster shape ID at different thresholds (scaled)

W7R7, -3V

Sim, -3V

13

•  The agreement between simulation and data is really amazing

Miljenko Šuljić

The microscopic simulation of ALPIDE
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•  Because of these impressive results we all decided to stop the 
development of the parametrized simulation and to port the new 
microscopic simulation to O2

O2 implementation of the microscopic simulation

•  Miko’s simulation could not be ported to O2 as “it is”

•  We decided instead to use the simulation to produce a detector 
response table to be loaded and used in O2

16/06/17 Summable digits simulation - Miljenko Šuljić 2

Summable digits - grid
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Miljenko Šuljić
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31/05/17 MAPS simulation - Miljenko Šuljić 5

Basic concept

● Electrons have different lifetime based 
on doping concentration
– Substrate highly doped → electron lifetime  

limited (< 100 ns)

– High resistivity epitaxial layer → electron 
lifetime infinite (wrt collection time) in absence 
of radiation damage

● Carrier transport in MAPS sensitive volume by both diffusion and drift

● Diffusion simulated as random walk of each individual electron

● Diffusion (spatial) step corresponds to elapsed time → also time step

● Drift calculated using electric field maps extracted from TCAD simulation

● Simulation step is a sum of diffusion and drift steps

•  Using the simulation grid from Miko the (normalised) response matrix 
is obtained

•  The Nstep response matrices from each step are summed up and 
multiplied by Nele/Nstep which gives the distribution of the Nele electrons 
in the 5x5 pixels centred around the crossing position 

•  When we have a hit in a pixel, we divide the path of the crossing 
particle in the epitaxial layer into Nstep steps

•  The energy loss of the track in the 
chip is converted to Nele

•  For each step Nele/Nstep electrons are 
assumed to be generated at the step 
position (pixel reference frame)

O2 implementation of the microscopic simulation


