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The LHC Accelerator Complex
2 The Large Hadron Collider and the ATLAS detector
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Fig. 3.1 · ����’s accelerator complex (not to size) with the accelerator chain used for this analysis. The four
�agship experiments are located along the ��� ring. The energies indicate the design energy per
beam. Adapted from [129].

3.1.1 Experiments at the ���

At four interaction points along the ring, the beams inside the ��� collide. Around these points,
detectors have been built to measure the decay products of the collision. ����� [122] and ���
(�ompact �uon �olenoid) [123] are two general-purpose detectors located on opposite sides of the
ring, while ���b (���-beauty) [124] and ����� (� �arge �on �ollider �xperiment) [125] are two
specialised experiments, respectively used for investigating the decay of B hadrons and studying
the properties of high energy density nucleus–nucleus interactions.

Three smaller experiments are also located at the ���: ���f [126], two calorimeters located
���m from ����� and for the study of very forward production of neutral particles; �o����
[127], an experiment in the ���b cavern dedicated to searching for magnetic monopoles; and
����� [128], which is used to study elastic scattering and the total proton–proton cross-section, a
measurement used by all other experiments.

3.1.2 Accelerator complex and design

The ��� relies on previous accelerators built at ���� for the production of its proton beams.
Protons are pre-accelerated in several stages before being injected into the ���. Fig. 3.1 shows
this accelerator complex schematically.

Sample production and acceleration

All protons used in the experiments originate from a single bottle of hydrogen. Hydrogen atoms
are stripped of their orbital electrons to obtain protons, which are then accelerated to approxim-
ately ��MeV in the linear accelerator ����� 2. These protons are injected into the proton booster
to form the �rst bunches, squeeze these bunches and accelerate them to �:�GeV. Subsequently,

Figure 2.1: The CERN accelerator complex.

to the measurement of the forward production of neutral particles in p � p collisions.

2.1.2 Luminosity

The LHC event production rate is given by n = L · �, with � being the production cross
section of a particular process, depending on the centre-of-mass energy, and L being the
instantaneous luminosity. The latter depends only on the beam parameters and, assuming
a Gaussian beam distribution, can be written as [93] :

L =
N2

p nbfrev

4✏n�IP
F (2.1)

where Np is the number of particles per bunch, nb is the number of bunches per beam,
frev is the revolution frequency, ✏n is the normalised transverse beam emittance, �IP is
the beta function1 at the interaction point and F is a luminosity reduction factor due
to the geometry of the beams at the crossing point. This factor is defined, in Gaussian
approximation of the beam distribution, as

F =

 
1 +

✓
✓c�z

2�T

◆2
!� 1

2

(2.2)

1The beta function is defined as �IP = ⇡�2
T /✏n, where �T is the transverse size of the beam, and

represents the beams focusing at the interaction point.

26

Npp→X = L × σpp→X

L = Luminosity (beam params)
σpp→X = process X cross section

Month in Year
Jan Apr Jul Oct

]
-1

D
el

iv
er

ed
 L

um
in

os
ity

 [f
b

0

10

20

30

40

50

60

70

80
ATLAS Online Luminosity

 = 7 TeVs2011 pp  
 = 8 TeVs2012 pp  
 = 13 TeVs2015 pp  
 = 13 TeVs2016 pp  
 = 13 TeVs2017 pp  
 = 13 TeVs2018 pp  

Initial 2018 calibration

Month in Year
Jan '10

Jan '11
Jan '12

Jan '15
Jan '16

Jan '17
Jan '18

]
-1

 s
-2

 c
m

33
P

ea
k 

Lu
m

in
os

ity
 [1

0

0

5

10

15

20

25

30

 = 7 TeVs  = 8 TeVs  = 13 TeVs

ATLAS
Online Luminosity

Month in Year
Jan '10

Jan '11
Jan '12

Jan '15
Jan '16

Jan '17
Jan '18

P
ea

k 
in

te
ra

ct
io

ns
 p

er
 c

ro
ss

in
g

0

20

40

60

80

100

120

 = 7 TeVs  = 8 TeVs  = 13 TeVs

ATLAS
Online Luminosity

3 / 50



The ATLAS Experiment

General purpose
detector at the LHC

Trigger system L1, L2,
EventFilter (Run-1)
L1+HLT Farm (Run-2)

Liquid Argon (EM &
Endcap/Forward HCal)
and Tile (Barrel HCal)
Calorimeters
(|η| < 4.9)

Muon Spectrometer
(|η| < 2.7)

Inner Detector
(|η| < 2.5) comprises 3
different technologies

Silicon Pixel (Pixel, + IBL from Run-2)
Silicon Microstrips (Semiconductor Tracker, SCT)
Gaseous Straw Tubes (Transition Radiation Tracker, TRT)
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Search for SuperSymmetry (SUSY)
Standard Model (SM) of elementary
particles is a very successful theory

Completed by the discovery of the Higgs
boson in 2012 at LHC by ATLAS and
CMS

Some SM Shortcomings:

Dark Matter, Gauge coupling unification,
hierarchy problem, matter/anti-matter
asymmetry...

SUSY provides a framework capable
to give and answer to each Big
Question

m[GeV]

NLL-Fast

Introduction

Figure 1: Representation presented at the Snowmass 2013 meeting [7] of the issues unexplained

by the current scientific paradigm (big questions) and the theoretical models (big ideas)

proposed as a solution to them and as an extension of the current theory of particle physics.

the LHC experiments.

The LHC is currently the most powerful pp collider. The first Run lasted from

2010 to 2012. In this period the accelerator has delivered a total integrated lumi-

nosity of pp collisions of 5 and 20 fb−1 at a centre-of-mass energy of 7 and 8 TeV,

respectively. The A Toroidal LHC ApparatuS (ATLAS) experiment is one of four ex-

periments recording the collisions delivered by the LHC. In these three years, a large

crew of physicists and technicians has contributed to the operation of the ATLAS de-

tector, in order to guarantee the highest efficiency in recording the data delivered

by the accelerator and the healthy functioning of all sub-detectors.

In 2011, the main focus of the ATLAS experiment has been not only to probe for

the first time physics at the energy frontier, but also to improve the understanding

and calibration of the detector and the tuning and validation of the Monte Carlo sim-

4

Snowmass ’13 meeting

Supersymmetry and top squark (stop)

 WGσLPCC SUSY 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1206.2892
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each SM particle.
SUSY is spontaneously broken.
Super partners masses are not
known
R�parity framework:
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"Natural" Hierarchy problem
solution with top squark (t̃)
masses at the TeV scale

t̃ t̃⇤ pairs can be produced at LHC and detected by ATLAS
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Focused on t̃ t̃∗ search
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What was covered back then

ATLAS Run 1 searches for top squark pair production with χ0 Least
Supersymmetric Particle (LSP)1 Physics beyond the Standard Model
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Figure 1.6: Summary of the ATLAS Run 1 searches for top squark pair production under
the assumption that �̃0

1 is the LSP. The 95% Confidence Levels limits are shown
in the (mt̃, m�̃0

1
) plane. The top figure shows the limits obtained where no

supersymmetric particle other than the t̃1 and the �̃0
1 are involved. The bottom

figure shows the limits under the assumption of t̃1 ! b�̃±
1 with �̃±

1 ! W ⇤�̃0
1

in a scenario based on gauge universality with m
�̃±
1

= 2m�̃0
1

[85].
22

Focus on χ± and χ0 in the decay chain
Other searches with G̃ as LSP did not
include τ̃ in the decay chain
EPJC, 74, 6, p. 2883 (2014)

1 Physics beyond the Standard Model
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Figure 1.6: Summary of the ATLAS Run 1 searches for top squark pair production under
the assumption that �̃0

1 is the LSP. The 95% Confidence Levels limits are shown
in the (mt̃, m�̃0
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) plane. The top figure shows the limits obtained where no

supersymmetric particle other than the t̃1 and the �̃0
1 are involved. The bottom

figure shows the limits under the assumption of t̃1 ! b�̃±
1 with �̃±

1 ! W ⇤�̃0
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in a scenario based on gauge universality with m
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[85].
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No coverage on final state topologies
with hadronically decaying τ particles
Which possible SUSY scenarios allow for
that?
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A Gauge Mediated SUSY breaking scenario

Spontaneously broken SUSY model →
Auxiliary fields with finite and positive
VEV 〈Fi 〉 (〈Da〉) > 0
Extension of the MSSM → Hidden
Sector → Messenger fields
104 < Mmess < 1015

Gravitino as LSP

Phenomenology of GSMB

d̄ =
⇣

100 GeV
m⌧̃
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✓ p

F/k

100 TeV

◆4 q
E2

m2
⌧̃
� 1 ⇥ 10�2 cm.

if
p

F/k > 106, stable ⌧̃ ! dE/dx searches

if
p

F/k ⇠ 106 measurable decay length ! displaced vertex searches

if
p

F/k < 106 prompt decay ! final state with ⌧ particles
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1 Physics beyond the Standard Model
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Figure 1.1: Illustrative example of the particle masses spectrum and decay BRs for the
model discussed in the text. Thicker and darker dotted lines indicate larger
decay branching ratios. The spectrum is obtained via the pyshla package [61].

�(⌧̃ ! ⌧G̃) =
k2m5

⌧̃

16⇡ hF i2
= 2k2

⇣ m⌧̃

100 GeV

⌘✓100 TeVp
F

◆4

⇥ 10�3 eV. (1.23)

This decay rate has an important impact on the signature expected in the ATLAS
experiment. From Eq. 1.23 it is possible to obtain the average distance travelled by a ⌧̃
when produced with energy E

d̄ =

✓
100 GeV

m⌧̃

◆5
 p

F/k

100 TeV

!4r
E2

m⌧̃
� 1 ⇥ 10�2 cm. (1.24)

The value of
p

F/k drives the behaviour of the NLSP at particle colliders experiments.
If the value is larger than ⇠ 106 GeV, the NSLP decays outside the detector and behaves
like a stable particle. A value of

p
F/k ⇠ 106 GeV produces a ⌧̃ that has a measurable

16

1.2 Supersymmetry

the graviton, the gravitino. The mass of the gravitino is given by [58, 59]

m3/2 =
hF i

k
p

3MP

=
1

k

 p
hF i

100 TeV

!2

· 2.4 eV, (1.21)

where MP = (8⇡GN )�1/2 = 2.4⇥1018 GeV is the reduced Planck mass, k is a parameter
lower than one that varies within different GMSB models and depends on the strength
of the couplings between the hidden and the messenger sectors. Therefore the gravitino
is the LSP in GMSB models for any relevant value of hF i. In the following section, the
phenomenology of GMSB models will be introduced and briefly discussed.

1.2.4 GMSB phenomenology

The supersymmetric particle mass spectrum within GMSB theories is determined by a
small set of parameters including the supersymmetry-breaking scale msoft, the messenger
mass Mmess and tan� = vu

vd
, where vu and vd are the VEV of the two Higgs doublets.

Gauge mediated models have the advantage to be highly constrained and very predictive
for the superparticles mass spectrum and detailed analyses have been carried out and
presented in [50, 60].

As discussed in Sec. 1.2.3, the LSP for GMSB models is the gravitino G̃ whose mass can
be neglected for kinematic purposes. In the case of R-parity conserving supersymmetry,
every super particle has to eventually decay into a gravitino, either directly or through a
decay chain. The decay rate of any particle X̃ into its SM partner X plus a gravitino G̃ is
given by [50]

�(X̃ ! XG̃) =
m5

X̃

16⇡ hF i2

 
1 � m2

X

m2
X̃

!4

(1.22)

where mX and mX̃ are respectively the mass of the SM particle and its superpartner.
From Eq. 1.21 and Eq. 1.22 it is possible to see that the decay width becomes larger for
smaller m3/2, if the other masses are fixed. While this decay mode is usually negligible
with respect to the other particle decays, it is the only one allowed in the case of X̃ being
the next-to-lightest supersymmetric particle (NLSP). Even if in principle any of the MSSM
superparticles could be the NLSP, in GSMB models this role can be covered usually by
a neutralino, a charged slepton or, in a very restricted phase space, a sneutrino [50]. In
the case of a charged slepton being the NLSP, this role can be taken by more than one
super particle as the generated square masses for ẽR, µ̃R and ⌧̃R are identical. However,
when computing the mass eigenstates, one has to consider the mixing with ẽL, µ̃L and ⌧̃L.
In analogy with what has been discussed for the top squark in Sec. 1.2.1, the off-diagonal
term of the mixing matrix depends strongly on the Yukawa coupling. Therefore, while
the effects are very small for the two generations of sleptons which can be considered
degenerate in mass, the ⌧̃R and ⌧̃L have a large degree of mixing to a level that the lightest
mass eigenstate ⌧̃1 can be easily the lightest slepton with a mass that strongly depends on
tan�. The work presented in this thesis assumes a scalar tau as NLSP that, by virtue of
Eq. 1.22 and Eq. 1.21 has a decay rate in ⌧ + G̃ given by:
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Tau sleptons assumed to be NLSP.
R−parity conservation τ̃ → G̃τ

Phenomenology of GSMB
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1.3 Search for Supersymmetry at LHC

t̃

t̃

⌧̃
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p
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b ⌫
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⌧

⌫b

G̃

⌧

Figure 1.7: Diagram showing the decay topology of the signal process considered in this
thesis

SM prediction, hence a combined set of exclusion limits (see Sec. 6.5) at 95% confidence
level (CL) has been set. Figure 1.6 shows the combined limits over the two main scenarios
discussed above. Depending on the neutralino mass and the model considered top squark
masses up to around 720 GeV have been excluded.

Motivation for the search for scalar top decaying into scalar taus

The work presented in this thesis focuses on a set of possible SUSY scenarios arising from
the GMSB mechanism discussed in Sec. 1.2.4 that assumes a massless gravitino as LSP, a
stau lepton as NLSP and the top squark as the lightest squark. In the models considered,
the other supersymmetric particles have very large masses and do not contribute to the
top squark decay chain. The only open decay channel of the top squark is the three body
decay

t̃ ! b⌧̃⌫⌧ with ⌧̃ ! ⌧G̃. (1.27)

This model is not probed by the searches discussed above which consider neutralinos
and charginos in the top squark decay chain, neither by other searches with scalar top
decaying into gravitinos performed by ATLAS [90] which do not include the scalar tau
into the decay chain. The work presented in this thesis presents a dedicated search for pair
production of scalar tops in the final state with two tau leptons, two jets that contain a
b-hadron and two very light gravitinos that escape detection. The topology of the signal
considered is shown in Fig. 1.7. Two distinct analyses are reported in this dissertation
that focus on orthogonal final states with one hadronically decaying tau and a muon or an
electron in the final state or two hadronically decaying tau leptons, respectively.
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Figure 1.1: Illustrative example of the particle masses spectrum and decay BRs for the
model discussed in the text. Thicker and darker dotted lines indicate larger
decay branching ratios. The spectrum is obtained via the pyshla package [61].

�(⌧̃ ! ⌧G̃) =
k2m5

⌧̃

16⇡ hF i2
= 2k2

⇣ m⌧̃

100 GeV

⌘✓100 TeVp
F

◆4

⇥ 10�3 eV. (1.23)

This decay rate has an important impact on the signature expected in the ATLAS
experiment. From Eq. 1.23 it is possible to obtain the average distance travelled by a ⌧̃
when produced with energy E

d̄ =

✓
100 GeV

m⌧̃

◆5
 p

F/k

100 TeV

!4r
E2

m⌧̃
� 1 ⇥ 10�2 cm. (1.24)

The value of
p

F/k drives the behaviour of the NLSP at particle colliders experiments.
If the value is larger than ⇠ 106 GeV, the NSLP decays outside the detector and behaves
like a stable particle. A value of

p
F/k ⇠ 106 GeV produces a ⌧̃ that has a measurable

16

0<k<1 → hidden sector / messenger coupling√
F/k < 106 GeV → τ̃ prompt decay

Phys. Rept. 322 419-499 (1999),Nucl.Phys. B96 (1975) 331-352
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1.3 Search for Supersymmetry at LHC
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Figure 1.7: Diagram showing the decay topology of the signal process considered in this
thesis

SM prediction, hence a combined set of exclusion limits (see Sec. 6.5) at 95% confidence
level (CL) has been set. Figure 1.6 shows the combined limits over the two main scenarios
discussed above. Depending on the neutralino mass and the model considered top squark
masses up to around 720 GeV have been excluded.

Motivation for the search for scalar top decaying into scalar taus

The work presented in this thesis focuses on a set of possible SUSY scenarios arising from
the GMSB mechanism discussed in Sec. 1.2.4 that assumes a massless gravitino as LSP, a
stau lepton as NLSP and the top squark as the lightest squark. In the models considered,
the other supersymmetric particles have very large masses and do not contribute to the
top squark decay chain. The only open decay channel of the top squark is the three body
decay

t̃ ! b⌧̃⌫⌧ with ⌧̃ ! ⌧G̃. (1.27)

This model is not probed by the searches discussed above which consider neutralinos
and charginos in the top squark decay chain, neither by other searches with scalar top
decaying into gravitinos performed by ATLAS [90] which do not include the scalar tau
into the decay chain. The work presented in this thesis presents a dedicated search for pair
production of scalar tops in the final state with two tau leptons, two jets that contain a
b-hadron and two very light gravitinos that escape detection. The topology of the signal
considered is shown in Fig. 1.7. Two distinct analyses are reported in this dissertation
that focus on orthogonal final states with one hadronically decaying tau and a muon or an
electron in the final state or two hadronically decaying tau leptons, respectively.
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simulation
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backgrounds to data ! Control
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6 Search for a top squark decaying into a scalar tau lepton
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Figure 6.2: A schematic representation of the mt̃ � m⌧̃ plane. The region above the line
mt̃ = m⌧̃ + mb is kinematically forbidden and the region with m⌧̃ < 87 GeV
has been excluded by searches for direct production of ⌧̃ ’s at LEP [224–228].
The areas targeted by the different SRs described in the text are represented
with different colours.

and SM backgrounds. An optimisation procedure is ran in order to choose the best cut
value that maximises the signal efficiency and the background rejection. The final set of
optimised cuts is referred to as signal region (SR). This procedure is performed on Monte
Carlo simulation and the amount of data in the SR is kept blinded to avoid biases in
the optimisation procedure. The second step consists of evaluating the SM background
events that fall into the signal region selection using Monte Carlo simulation and data-
driven approaches. Each major background normalisation is constrained to the data
via a Likelihood fit in a control region (CR), characterised by a selection optimised to
enrich the contribution of that particular background process. In addition, the CRs are
required to be kinematically close to the SR, statistically independent and with a low
signal contamination. The fit on the control region provides normalisation scale factors to
be applied to the particular background MC estimate obtained in the signal region. The
validity of this extrapolation is checked for each constrained background on a validation
region (VR), orthogonal to the control region and signal region but kinematically closer
to the latter. When this whole procedure is validated, the data is unblinded in the SR
and an hypothesis test is run in order to assess if the SM-only hypothesis is statistically
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of the energy of the hardest jets in the event is necessary to produce large amounts of
fake-Emiss

T . Therefore, the fake-Emiss
T is aligned with the direction of those jets and such

events can be removed with a cut on
����(Emiss

T , jeti)
�� > 0.5 with i = 1, 2.

Variable Cut Value

Nµ + Nel =0
N⌧had =2
Njets � 2
jet1pT

� 40 GeV
Emiss

T � 150 GeV����(Emiss
T , jeti)

�� i = 1, 2 � 0.5

Table 7.1: Summary of the Preselection cuts applied for the had-had channel.

A summary of the preselection cuts is given in Tab. 7.1. These selections provide a basic
rejection of the SM backgrounds to the had-had channel and are the starting point for
the optimisation studies. A large set of kinematic variables has been studied in order to
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the invisible

�
qa
T, qb

T

�
and the visible

�
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momenta used in the calculation

are highlighted in the figure.

obtain a good discrimination between signal and background, but only the most powerful
variables are retained. These variables are described in the rest of this section, together
with a plot showing the separation between signal and background. In the plots, the total
SM prediction includes the combination of statistical and systematic uncertainties2. In
the plots the systematics are treated as uncorrelated between the processes, leading to an
overestimation of the systematic band with respect to the final results. In addition, the SM
backgrounds contributions are stacked up, while two signal models are superimposed to
show the power of these variables in discriminating different kinematic distribution shapes.

Transverse and Stransverse masses

The transverse mass is a kinematic variable defined as

mT (a, b) =
q

m2
a + m2

b + 2
�
Ea

TEb
T � pa

T.pb
T

�
, (7.1)

where m, pT and ET are the object mass, transverse momentum and transverse energy,
respectively. In this analysis, the objects used in the mT calculation are considered massless.
In the selected final state the sources of missing momentum are due to multiple invisible
particles, i.e. neutrinos coming from the W decays in W+jets and tt̄ events and neutrinos
produced by the ⌧ lepton decay which are present also in Z(! ⌧had⌧had)+jets decays. Since
the t̃ ! ⌧̃ signal is characterised by two additional gravitinos in the final state, a larger tail
in the mT distribution is expected. Due to the intrinsic ambiguity in the definition of this
variable caused by the presence of two ⌧had in the final state, two transverse masses are
defined using both the leading ⌧had (mT(⌧had,1)) and the sub-leading ⌧had (mT(⌧had,2)),
2A description of all the systematic uncertainties is given in Sec. 8.3.
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obtain a good discrimination between signal and background, but only the most powerful
variables are retained. These variables are described in the rest of this section, together
with a plot showing the separation between signal and background. In the plots, the total
SM prediction includes the combination of statistical and systematic uncertainties2. In
the plots the systematics are treated as uncorrelated between the processes, leading to an
overestimation of the systematic band with respect to the final results. In addition, the SM
backgrounds contributions are stacked up, while two signal models are superimposed to
show the power of these variables in discriminating different kinematic distribution shapes.

Transverse and Stransverse masses

The transverse mass is a kinematic variable defined as

mT (a, b) =
q

m2
a + m2

b + 2
�
Ea

TEb
T � pa

T.pb
T

�
, (7.1)

where m, pT and ET are the object mass, transverse momentum and transverse energy,
respectively. In this analysis, the objects used in the mT calculation are considered massless.
In the selected final state the sources of missing momentum are due to multiple invisible
particles, i.e. neutrinos coming from the W decays in W+jets and tt̄ events and neutrinos
produced by the ⌧ lepton decay which are present also in Z(! ⌧had⌧had)+jets decays. Since
the t̃ ! ⌧̃ signal is characterised by two additional gravitinos in the final state, a larger tail
in the mT distribution is expected. Due to the intrinsic ambiguity in the definition of this
variable caused by the presence of two ⌧had in the final state, two transverse masses are
defined using both the leading ⌧had (mT(⌧had,1)) and the sub-leading ⌧had (mT(⌧had,2)),
2A description of all the systematic uncertainties is given in Sec. 8.3.
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Figure 7.3: Distributions of the mT(⌧had,1) (a) and mT(⌧had,2) constructed with the leading
and sub-leading ⌧had, of the msum

T (⌧had, ⌧had) (c) and mT2 (⌧had, ⌧had) (d) after
preselection cuts.

respectively. The discrimination power can be improved considering the sum of the two
transverse masses:

msum
T (⌧had, ⌧had) = mT(⌧had,1) + mT(⌧had,2). (7.2)

This variable is particularly powerful in removing the Z+jets background. In fact in order
to pass the very hard Emiss

T requirement, large missing transverse momentum has to come
from the ⌫⌧ coming from the ⌧ decay. This configuration results in low transverse masses
since the neutrinos are essentially aligned with the taus. It is possible to extend the
transverse mass to a more general case when more than one invisible particles are expected
in the final state. The stransverse mass [235, 236] is defined as:

mT2 (a, b) =
r

min
qa
T+qb

T=pmiss
T

�
max

⇥
m2

T (pa
T,qa

T) , m2
T

�
pb

T,qb
T

�⇤�
, (7.3)

where the minimisation is performed over all the possible configurations of the vectors
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respectively. The discrimination power can be improved considering the sum of the two
transverse masses:

msum
T (⌧had, ⌧had) = mT(⌧had,1) + mT(⌧had,2). (7.2)

This variable is particularly powerful in removing the Z+jets background. In fact in order
to pass the very hard Emiss

T requirement, large missing transverse momentum has to come
from the ⌫⌧ coming from the ⌧ decay. This configuration results in low transverse masses
since the neutrinos are essentially aligned with the taus. It is possible to extend the
transverse mass to a more general case when more than one invisible particles are expected
in the final state. The stransverse mass [235, 236] is defined as:
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where the minimisation is performed over all the possible configurations of the vectors
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Table 3 Definition of the signal region (SRHH) for the hadron–hadron
analysis. The selections of the associated control regions for t t̄ and
single-top-quark (CRHHTop) and W+jets (CRHHWjets) events with

one fake hadronically decaying tau, as well as the validation regions
(VRHHTop and VRHHWjets), are also shown. The ℓ entering the mT2
and msum

T variables is either a τhad (SR) or a muon (CRs and VRs)

Region Nτhad Nµ Njet Nb-jet Emiss
T #φ( j1,2, pmiss

T ) mT2(τhad, ℓ) msum
T (τhad, ℓ)

SRHH 2 0 ≥2 ≥1 > 150 GeV ≥0.5 > 50 GeV > 160 GeV

CRHHTop 1 1 ≥2 ≥1 > 100 GeV ≥0.5 – [70, 120] GeV

CRHHWjets 1 1 ≥2 0 > 100 GeV ≥0.5 <40 GeV [80, 120] GeV

VRHHTop 1 1 ≥2 ≥1 > 120 GeV ≥0.5 <40 GeV [120, 140] GeV

VRHHWjets 1 1 ≥2 0 > 120 GeV ≥0.5 <40 GeV [120, 150] GeV

CRHHQCD ≥2a 0 ≥2 ≥1 > 150 GeV ≤0.5b – –

a For the multi-jet control region (CRHHQCD), no identification criteria are applied to tau leptons
b The #φ requirement only applies to the sub-leading jet j2

Table 4 Definition of the signal region SRLM used in the low-mass
lepton–hadron analysis. The selections of the associated control regions
for top-quark events with true taus (CRTtLM), top-quark events with

fake taus (CRTfLM), and W+jets (CRWLM), and of the validation
region (VRTLM) are also given

Region Nb-jet HT/meff
pℓ

T+p
τhad
T

meff
mT2(bℓ, b) mT2(bℓ, bτhad) mT(ℓ, pmiss

T ) meff

SRLM ≥2 <0.5 > 0.2 <100 GeV <60 GeV – –

CRTtLM ≥2 – > 0.2 <100 GeV 110–160 GeV > 100 GeV –

CRTfLM ≥2 – > 0.2 <100 GeV 110−160 GeV <100 GeV –

CRWLM 0 <0.5 > 0.2 – – > 40 GeV <400 GeV

VRTLM ≥2 > 0.5 > 0.2 <100 GeV 60−110 GeV – –

Table 5 Definition of the signal region SRHM used in the high-mass
lepton–hadron analysis. The selections of the associated control regions
for top-quark events with true taus (CRTtHM), top-quark events with

fake taus (CRTfHM), and W+jets (CRWHM), and of the validation
region (VRTHM) are also given

Region Nb-jet Emiss
T meff HT/meff mT2(bℓ, bτhad) mT2(ℓ, τhad) mT(ℓ, pmiss

T )

SRHM ≥1 > 150 GeV > 400 GeV <0.5 > 180 GeV > 120 GeV –

CRTtHM ≥1 > 150 GeV > 400 GeV <0.5 > 180 GeV 20–80 GeV > 120 GeV

CRTfHM ≥1 > 150 GeV > 400 GeV <0.5 > 180 GeV 20–80 GeV <120 GeV

CRWHM 0 > 150 GeV > 400 GeV <0.5 – 20–80 GeV 40–100 GeV

VRHM ≥1 <150 GeV > 400 GeV <0.5 > 180 GeV > 80 GeV –

less particles. The mT2(ℓ, τhad) variable is bounded from
above by theW boson mass for events where the light lep-
ton, the hadronically decaying tau and the missing trans-
verse momentum originate from the decay of a pair of W
bosons, which is the case for most of the background (t t̄
and Wt). The high-mass selection requires this variable
to be large, because its distribution for signal models with
heavy scalar taus and scalar tops peaks at higher values
than for the top-quark-dominated SM background.

• mT2(bℓ, bτhad) is calculated using the two jets with the
highest b-tagging weight. One of them is paired with
the light lepton and the other with the τhad. The four-
momentum vectors of the two resulting particle pairs are
then used in the mT2 algorithm. The missing transverse
momentum is assumed to be carried by two invisible
massless particles. For t t̄ events where the jet and the

lepton belong to the decay of the same top quark, this
variable is bounded from above by the top-quark mass.
Similarly, for signal events, the upper bound on this vari-
able is the scalar top mass. A maximum-value cut is there-
fore used in the low-mass selection and a minimum-value
cut in the high-mass selection. The calculation of the vari-
able requires the resolution of a two-fold ambiguity in the
pairing of the jets and the leptons. Only the pairings for
which m(bℓ) and m(bτhad) are both smaller than mt are
considered.4 If exactly one pairing satisfies the condition,
that pairing is used in the mT2 calculation. If both pair-

4 For top-quark pair production events where the lepton and the jet
belong to the decay of the same top quark, the invariant mass has an

upper bound at
√
m2

t − m2
W , approximately 152 GeV. The algorithm

tries to select pairs that satisfy this condition, loosened to account for
the detector resolution.
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SRHH

Estimated bkg events 3.7

tt̄ real ⌧had 1.89
tt̄ 1-fake ⌧had 1.23
tt̄ 2-fake ⌧had 0.07
single top real ⌧had 0.11
single top 1-fake ⌧had 0.12
single top 2-fake ⌧had 0.03
W+jets 0.01
Dibosons 0.14
Z+jets 0.04
tt̄ + V 0.04

Double Real ⌧

59%

Single fake ⌧

38%

Double fake ⌧
3%

tt̄

86%

Single top

7%

Other
7%

Table 7.3: Composition of the background in the SRHH selection estimated by MC simula-
tion. No uncertainty on the estimate is given at this stage since these results are
obtained before the background estimate procedure. The pie charts show the
composition in term of number of real or fake ⌧ and in term of SM processes.

First, seed events with well measured Emiss
T are selected from a data sample enriched

in multijet events, with similar kinematics and jet flavour content as the Signal Region.
Secondly, the energy of the jets present in each of the seed events is smeared according
to dedicated functions representing the calorimeter response in order to simulate large
amount of Emiss

T originating from detector resolution3. In order to obtain smooth multijet
pseudo-data kinematic distributions, it is very important that enough statistics is retained
in the seed events selection. For this reason, the jet-BDT identification criteria have been
dropped for reconstructed ⌧had and these objects will be indicated as noBDT�⌧had in the
following. The probability for a noBDT�⌧had to pass the tight identification criterion has
been calculated in order to estimate the multijet background in the SRHH , where two tight
⌧had are required. The steps to obtain the final estimate are summarised below.

No-BDT to tight ⌧had fake rate

The first step consists of the calculation of the fake rate in a data sample recorded by a
single un-prescaled4 single jet trigger with an online threshold of pT > 360 GeV. A cut of
3Hadronically decaying taus are smeared as ordinary jets even if their response function might differ

due to different out-of-cone activity and particle multiplicity. Dedicated smearing functions for this
particular type of jets constitute a possible improvement of the method.

4The rate of every trigger in ATLAS is scaled down by a multiplicative factor, called prescale factor,
in order to record events within the allowed bandwidth. During offline reconstruction, each event
recorded by a certain trigger obtains a weight equal to the prescale factor. An un-prescaled trigger
has a scaling factor equal to one.
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Real τhad : Estimated from MC
1 Fake τhad : Using MC, scaled
to observed data in two
dedicated CRs
2 Fake τhad : Using MC for
ElectroWeak contribution.
Data-driven estimate for
Multijet background from QCD
enriched CR.
Predictions are tested in
specially-designed VRs →
transfer to SR
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The contributions to the background from the double-fake
τhad sources are smaller than 4.5 % and therefore they are
estimated using simulation without normalising to data in a
control region.

A simultaneous likelihood fit is performed to determine
the normalisation factors of the single-fake τhad backgrounds,
with the number of data events in each CR as constraint, and
the systematic uncertainties described in Sect. 6 included as
nuisance parameters. The fit is used to predict the number
of background events in the CRs and the SR. The back-
ground modelling is verified using two validation regions
(VRs) by comparing the observed number of events in each
VR with the number derived from the fit. The single-fake
τhad backgrounds from top quark and W+jets events each
have a validation region, labelled VRHHTop and VRHHW-
jets. Like the control regions, they are defined using a muon
and tau to avoid signal contamination, and the selections are
summarised in Table 3. The validation regions are designed
to be kinematically close to the signal region without over-
lapping with the control or signal regions. The composition
of the control and validation regions after the fit is shown
in Fig. 3. The observed and expected background yields in
the VRs are in good agreement, with 50 observed events in
VRHHWjets (48.5 ± 6.9 expected) and 31 observed events
in VRHHTop (29.0 ± 4.1 expected). It has also been veri-
fied that a normalisation factor for the top quark background
with two real τhad would be compatible with one within
uncertainties.

The multi-jet background is estimated from data using
the jet smearing method described in Ref. [103]. A set of
single-jet triggers is used to select a sample of events with
at least two jets (of which at least one is required to be a
b-jet), and two τhad candidates. These events are required to
have a low Emiss

T significance,3 to retain topologies where
jets and tau candidates are well-balanced in the transverse
plane and suppress processes with genuine Emiss

T . The energy
of jets and tau candidates is then smeared within the reso-
lution of the calorimeter, in order to simulate Emiss

T arising
from mis-measurements. To minimise the statistical uncer-
tainty, no identification criteria are applied to τhad candidates
beyond the 1,3-track requirement, and a fake rate is used at a
later stage to account for the tau identification efficiency. The
pseudo-dataset obtained after smearing serves as a template
for the multi-jet background. Its normalisation is derived in
a multi-jet-enriched CR, labelled CRHHQCD in Table 3. To
estimate the background yield in the signal region, all SRHH
requirements except the tau identification are applied to the
normalised background template. A weight is then applied

3 The Emiss
T significance is defined as Emiss

T /√∑
jets ET + ∑

soft terms ET where soft terms correspond to clus-

ters of energy deposits in the calorimeter which are not associated with
any reconstructed object.
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Fig. 3 Background yields and composition after the fit in the two CRs
and the two VRs of the hadron–hadron channel analysis. Combined
statistical and systematic uncertainties are shown as shaded bands. The
observed number of events and the total (constrained) background are
the same by construction in the CRs

to each event according to the probability for a jet recon-
structed as a tau to satisfy the tight tau identification crite-
ria. This fake rate is measured in data using events which
fire a single-jet trigger, with at least two jets and a hadron-
ically decaying tau candidate. It is found to be of the order
of 1 % for 1-prong tau candidates and between 0.02 and
0.4 % (with a strong pT dependence) for 3-prong tau candi-
dates. The number of multi-jet events in the SR is estimated
to be 0.0043 ± 0.0007 (stat)+0.0039

−0.0008 (syst), and is therefore
neglected.

5.2 Lepton–hadron channel

The search in the lepton–hadron channel requires exactly
one hadronically decaying tau, exactly one isolated electron
or muon with pT > 25 GeV, and no further isolated electrons
or muons with pT > 10 GeV. The hadronically decaying tau
and the lepton are required to have opposite electric charge.
Each event must also contain at least two jets, where at least
one of the two jets must have pT > 50 GeV, and at least one
of the two must be b-tagged.

After this common preselection, two different signal
regions are defined to target signal models with a scalar top
mass large or small in comparison to the top-quark mass.
These are referred to as the low-mass (SRLM) and high-mass
(SRHM) selections in the following, and they have been opti-
mised with respect to the expected significance of the signal.
The selections for the two signal regions are summarised in
Tables 4 and 5. The low-mass selection requires a second b-
jet. Three mT2 variables are employed in the selections, with
different choices of the two visible four-momenta used in the
calculation from Eq. (2):

• mT2(ℓ, τhad) uses the momenta of the light lepton and
the hadronically decaying tau. The missing transverse
momentum is assumed to result from two invisible mass-
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Combination with Lep/Had + Lep/Lep and Results8 Results and Interpretation

Channel SRHH SRLM SRHM

Observed events 3 20 3
Pre-fit bkg events 3.7 25.8 2.2
Post-fit bkg events 3.1 ± 1.2 22.1 ± 4.7 2.1 ± 1.5

Limit on BSM events S95
obs(S

95
exp) 5.5 (5.5+2.1

�1.3) 12.4 (13.2+4.9
�3.5) 6.4 (5.2+2.6

�0.9)

Limit on (A✏�)95obs((A✏�)95exp) [fb] 0.27 (0.27+0.11
�0.06) 0.61 (0.65+0.24

�0.17) 0.31 (0.26+0.13
�0.04)

top only real ⌧had 2.0 ± 1.1 8.2 ± 3.9 0.2+0.3
�0.2

top � 1 fake ⌧had 0.9 ± 0.5 9.8 ± 4.5 1.2+1.4
�1.2

W+jets 0.01+0.02
�0.01 2.2 ± 0.6 0.4 ± 0.4

Z/�⇤+jets 0.04 +0.15
�0.04 1.9 ± 1.1 –

tt̄ + V 0.04 ±0.02 – 0.3 ± 0.1

Diboson 0.14 ± 0.02 – –

Table 8.1: Observed number of events and background fit results for the had-had and
lep-had channels of the t̃ ! ⌧̃ search. The total uncertainties include both
statistical and systematic sources. Since the systematics can be correlated
between different background components, they do not necessarily add up in
square sum to the total uncertainty. A dash indicates negligible background
contribution. The observed (expected) upper limit on the BSM signal events
S95

obs(S
95
exp) and on the visible cross section (A✏�)95obs((A✏�)95exp) are also given.

t̃ mass t̃ mass lepton–lepton lepton–hadron lepton–hadron hadron–hadron
[GeV] [GeV] A ⇥ ✏ A ⇥ ✏ (SRLM) A ⇥ ✏ (SRHM) A ⇥ ✏

153 87 - 1.29 ⇥ 10�4 - 2.27 ⇥ 10�4

195 87 - 1.36 ⇥ 10�4 - 4.46 ⇥ 10�4

195 148 1.71 ⇥ 10�4 7.80 ⇥ 10�5 - 7.00 ⇥ 10�4

195 185 8.01 ⇥ 10�4 - - -
391 148 7.32 ⇥ 10�4 - 9.44 ⇥ 10�4 3.40 ⇥ 10�3

503 493 1.03 ⇥ 10�2 - - -
561 87 - - 1.74 ⇥ 10�3 6.70 ⇥ 10�3

561 337 - - 1.30 ⇥ 10�2 9.90 ⇥ 10�3

561 500 - - 8.68 ⇥ 10�3 2.50 ⇥ 10�3

Table 8.2: Geometrical acceptance times reconstruction efficiency for the various signal
regions, for a few selected (mt̃, m⌧̃ ) signal mass hypotheses. For each signal
model, values are shown only for the channels targeting that point. The lep-
lep results are taken from the reinterpretation of Ref. [190].
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Figure 8.3: The dashed and solid lines show the expected and observed exclusion limit
at 95% CL in the (mt̃, m⌧̃ ) plane for the three channels combined. The LEP
limit of m⌧̃ � 87 GeV is indicated by a green band. The limits on the t̃ ! ⌧̃
production cross section in pb are reported for each signal hypothesis. The solid
red line and the dashed red lines indicate the observed exclusion limit and the
±1� variation on the theoretical signal production cross section, respectively.
The dashed black line and the yellow band indicate the expected exclusion limit
and its ±1� variation of the total uncertainty.

the had-had selection, the two lep-had selections and the statistical combination of the lep-
lep selections. The results for the single channels are shown in Fig. 8.2. The black dashed
and the red solid line represent the 95% CL expected and observed limit, respectively. The
had-had channel observed limit seems to coincide with the expected limit. This effect is
due the fact that the observed number of events is very similar to the SM expectation. All
the sources of systematics have been included apart from the the theoretical signal cross
section uncertainty. The yellow band around the expected limit shows the effect of the
±1� variation of the total uncertainty on the limit. The two dotted red lines around the
observed limit correspond to the ±1� variation on the theoretical signal production cross
section. The three channels show a good complementarity in covering the parameter space
of this simplified model. From Fig. 8.2 it is possible to observe that the lep-lep channel
provides a good exclusion in the compressed scenario, the two lep-had selections provide a
good coverage of the low stop and low stau masses as well as the bulk area of the phase
space up to large stop and stau masses. The had-had channel provides good coverage
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Event Reconstruction
Outgoing particles leave different
signatures in the sub-detectors
Muons:

Combined track in Inner
Detector and Muon
Spectrometer

Jets:

Tracks and EM/HAD
calorimeter deposit
Vertex reconstruction for
flavour tagging

Electrons:

Bremstrahlung corrected
tracking and EM calorimeter
deposit

Photons:

EM deposit, but tracking and
vertex reconstruction for
conversions and isolation

Tracking is a fundamental ingredient for
the reconstruction of every single
high-level object candidate
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The ATLAS Inner Detector

Axial 2T magnetic field
3 sub-detectors organised in Barrel and
Endcaps
From 2014: Insertable B-Layer (IBL)

2 The Large Hadron Collider and the ATLAS detector

composing the ATLAS ID are summarised. A description of the tracking algorithms
used for the reconstruction of the trajectories of the charged particles is given in Chapter
3, together with an extensive description of the alignment techniques used to precisely
determine ID geometry.

Subdetector Element size Intrinsic
resolution [µm]

Radius
barrel layers [mm]

IBL 50 µm⇥250 µm 8⇥40 33.2
Pixel 50 µm⇥400 µm 10⇥115 50.5, 88.5, 122.5
SCT 80 µm 17 299, 371, 443, 514
TRT 4 mm 130 from 554 to 1082

Table 2.2: Some basic characteristics of the ID subdetectors. The intrinsic resolution of
the IBL and the Pixel detector is reported along r–� and z, while for the SCT
and the TRT it is reported only along r–�. For SCT and TRT the element sizes
refer to the spacing of the readout strips and the diameter of the straw tubes,
respectively. The values for the Pixel, SCT and TRT are extracted from [92],
while those for the IBL are taken from [103].

Pixel detector

The Pixel detector consists of 1744 silicon pixel modules arranged in three barrel layers
and two end caps with three disks each. The barrel layer closest to the beam line is called
Pixel B-Layer, while the outer layers are called Layer-1 and Layer-2. The pixel modules are
formed by 16 front-end (FE) chips, each one with 2880 read-out channels and a n-type pixel
sensor with a thickness of 250 µm and a size of 50 ⇥ 400 µm2. The intrinsic hit resolution
of each module is 10 µm in the transverse direction and 115 µm in the longitudinal one,
i.e. z and r for the barrel and end-caps respectively.

In Run-2 the instantaneous luminosity is expected to exceed 2 ⇥ 1034 cm�2 s�1 causing
more radiation damage to the Pixel detector and a higher number of pileup events, implying
a degradation of the accuracy of the measurements of the impact parameters and a decrease
of the hit reconstruction efficiency due to the saturation of the data transmission. For
these reasons, the Pixel Detector has been dismounted from its location and equipped with
the new Service Quarter Panel (nSQP) during the LS1 [104, 105]. This permitted to repair
the problems appeared during Run-1, reducing the fraction of dead modules from 5% at
the end of Run-1 to 1.9% and to double the speed of the data transmission via optical
fibers for the second layer. The Pixel Detector in Run-2 has also been upgraded to a four
layer sub-system with the addition of a new innermost layer closer to the beam pipe, called
the Insertable B-Layer, described in detail in Section 2.2.3.

used to improve the spatial resolution of the sensitive modules

32

2.2 The ATLAS detector

(a)

(b)

Figure 2.4: A 3D visualisation of the structure of the barrel (a) and the endcap (b) of
the Inner Detector. In the picture the beam pipe, the IBL, the Pixel layers,
the Semiconductor Tracker and the Transition Radiation Tracker are shown
[92, 100].
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2.2 The ATLAS detector

(a)

(b)

Figure 2.4: A 3D visualisation of the structure of the barrel (a) and the endcap (b) of
the Inner Detector. In the picture the beam pipe, the IBL, the Pixel layers,
the Semiconductor Tracker and the Transition Radiation Tracker are shown
[92, 100].
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Track Reconstruction in ATLAS Inner Detector3 Event Reconstruction

Figure 3.1: Graphical view of the track parameters at the perigee. Figure taken from [119].

as the azimuthal and the polar angle of the track at its perigee1, respectively. Finally, the
ratio q/p defines the orientation and the curvature of the helix trajectory. The charged
particles trajectories are identified in the ATLAS ID using a set of local and global pattern
recognition algorithms, referred to as New Tracking[118], aiming to reconstruct tracks
originating from the proton-proton hard scatter (primary tracks), from the decays of long-
lived particles (secondary tracks) and from the interaction of particles with the material
(conversion tracks).

Primary tracks are defined as the trajectories of the charged particles with a mean
lifetime greater than 3 ⇥ 10�11 s or originated by the decay products of particles with
a shorter lifetime than this value. They are required to have a pT > 400 MeV and are
reconstructed in the region |⌘| < 2.5 using a inside-out algorithm. This algorithm starts
with the identification of triplets of hits in separate layers of the silicon sub-detectors,
commonly referred to as seeds. Starting from the seeds, measurements in the outwards
layers of the silicon detector, that are compatible with the track hypothesis, are added
through a combinatorial Kalman Filter [120, 121]. At this stage, a very loose track selection
is applied and the hits can be associated with a large set of track candidates. This ambiguity
is solved by a scoring algorithm [122] which assigns a weight to each track according to
its basic properties as well as the number of holes and shared hits associated to it. Holes
are defined as the sensor elements where a hit is expected by the track fit but none was
registered. Shared measurements are defined as hits that are assigned to multiple track
candidates. The tracking algorithms exploit a set of artificial neural networks to split the
shared hits in the Pixel detector [123] and assign them to the different tracks, improving
the track fit quality. Secondary and conversion tracks are then reconstructed using a

1In charged particles track reconstruction, the perigee is the point of closest approach of a reference
point.
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ATL-SOFT-PUB-2007-007

Charged particles in magnetic field →
helicoidal trajectory
τ = (d0, z0, φ0, θ, q/p)

Inside-out algorithm for primaries:

Space points from detector hits
Identification of triplets of hits seeds
Adding measurements in outward layers via
Kalman-Filter
Ambiguity solver to remove low-quality
track-candidates
From Run-2: artificial neural networks to
split shared hits more on this later
TRT extension for selected track-candidates
and global-χ2 fit

Outside-in algorithm for secondaries:

Starting from TRT seeds and adding
un-associated silicon hit from the
Inside-out algorithm
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From Tracks to Hadronic Taus
Hadronic Taus:

Identification based on
calorimeter and tracking
information
Combined in two BDTs for
1-prong or 3-prong
Strong requirement on the
identification robustness:
pT ∼ 101 GeV → W , Z , τ̃
pT ∼ 102 GeV → SUSY Higgs
search
pT ∼ 103 GeV → Z ’ search
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Fig. 4 Offline tau identification efficiency dependence on the num-
ber of reconstructed interaction vertices, for a 1-track and b 3-track
τhad-vis decays matched to true τhad-vis (with corresponding number of
charged decay products) from SM and exotic processes in simulated
data. Three working points, corresponding to different tau identifica-
tion efficiency values, are shown

interactions and migration of the number of reconstructed
tracks due to conversions or underlying-event tracks being
erroneously associated with the tau candidate.

3.3 Tau trigger implementation

The tau reconstruction at the trigger level has differences with
respect to its offline counterpart due to the technical limita-
tions of the trigger system. At L1, no inner detector track
reconstruction is available, and the full calorimeter granular-
ity cannot be accessed. Latency limits at L2 prevent the use
of the TopoCluster algorithm, and only allow the candidate
reconstruction to be performed within the given RoI. At the
EF, the same tau reconstruction and identification methods
as offline are used, except for the π0 reconstruction. In this
section, the details of the tau trigger reconstruction algorithm
are described.
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Fig. 5 Inverse background efficiency versus signal efficiency for the
offline tau identification, for a a low-pT and b a high-pT τhad-vis range.
Simulation samples for signal include a mixture of Z , W and Z ′ produc-
tion processes, while data from multi-jet events is used for background.
The red markers correspond to the three working points mentioned in
the text. The signal efficiency shown corresponds to the total efficiency
of τhad-vis decays to be reconstructed as 1-track or 3-track and pass tau
identification selection

Level 1 At L1, the τhad-vis candidates are selected using
calorimeter energy deposits. Two calorimeter regions are
defined by the tau trigger for each candidate, using trigger
towers in both the EM and HAD calorimeters: the core region,
and an isolation region around this core. The trigger towers
have a granularity of #η × #φ = 0.1 × 0.1 with a coverage
of |η| < 2.5. The core region is defined as a square of 2 × 2
trigger towers, corresponding to 0.2×0.2 in #η×#φ space.
The ET of a τhad-vis candidate at L1 is taken as the sum of
the transverse energy in the two most energetic neighbour-
ing central towers in the EM calorimeter core region, and in
the 2 × 2 towers in the HAD calorimeter, all calibrated at
the EM scale. For each τhad-vis candidate, the EM isolation is
calculated as the transverse energy deposited in the annulus
between 0.2 × 0.2 and 0.4 × 0.4 in the EM calorimeter.

To suppress background events and thus reduce trigger
rates, an EM isolation energy of less than 4 GeV is required
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and calorimeter quantities, and track momenta, combined in
BDT algorithms. In a second step, the algorithm combines
the kinematic information of tracks and of clusters likely
stemming from π0 decays. A candidate π0 decay is com-
posed of up to two clusters among those found in the core
region of τhad-vis candidates. Cluster properties are used to
assign a π0 likeness score to each cluster found in the core
region, after subtraction of the contributions from pile-up,
the underlying event and electronic noise (estimated in the
isolation region). Only those clusters with the highest scores
are used, together with the reconstructed tracks in the core
region of the τhad-vis candidate, to define the input variables
for tau identification described in the next section.

3.2 Discrimination against jets

The reconstruction of τhad-vis candidates provides very lit-
tle rejection against the jet background. Jets in which the
dominant particle3 is a quark or a gluon are referred to as
quark-like and gluon-like jets, respectively. Quark-like jets
are on average more collimated and have fewer tracks and
thus the discrimination from τhad-vis is less effective than for
gluon-like jets. Rejection against jets is provided in a separate
identification step using discriminating variables based on
the tracks and TopoClusters (and cells linked to them) found
in the core or isolation region around the τhad-vis candidate
direction. The calorimeter measurements provide informa-
tion about the longitudinal and lateral shower shape and the
π0 content of tau hadronic decays.

The full list of discriminating variables used for tau iden-
tification is given below and is summarized in Table 2.

– Central energy fraction ( fcent): Fraction of transverse
energy deposited in the region #R < 0.1 with respect
to all energy deposited in the region #R < 0.2 around
the τhad-vis candidate calculated by summing the energy
deposited in all cells belonging to TopoClusters with a
barycentre in this region, calibrated at the EM energy
scale. Biases due to pile-up contributions are removed
using a correction based on the number of reconstructed
primary vertices in the event.

– Leading track momentum fraction ( ftrack): The trans-
verse momentum of the highest-pT charged particle in
the core region of the τhad-vis candidate, divided by the
transverse energy sum, calibrated at the EM energy scale,
deposited in all cells belonging to TopoClusters in the
core region. A correction depending on the number of
reconstructed primary vertices in the event is applied to
this fraction, making the resulting variable pile-up inde-
pendent.

3 This is often interpreted as the parton initiating the jet or the highest-
pT parton within a jet; however, none of these concepts can be defined
unambiguously.

Table 2 Discriminating variables used as input to the tau identification
algorithm at offline reconstruction and at trigger level, for 1-track and
3-track candidates. The bullets indicate whether a particular variable
is used for a given selection. The π0-reconstruction-based variables,
mπ0+track, Nπ0 , pπ0+track

T /pT are not used in the trigger

Variable Offline Trigger

1-track 3-track 1-track 3-track

fcent • • • •
ftrack • • • •
Rtrack • • • •
Sleadtrack • •
N iso

track • •
#RMax • •
Sflight

T • •
mtrack • •
mπ0+track • •
Nπ0 • •
pπ0+track

T /pT • •

– Track radius (Rtrack): pT-weighted distance of the asso-
ciated tracks to the τhad-vis direction, using all tracks in
the core and isolation regions.

– Leading track IP significance (Sleadtrack): Transverse
impact parameter of the highest-pT track in the core
region, calculated with respect to the TV, divided by its
estimated uncertainty.

– Number of tracks in the isolation region (N iso
track): Num-

ber of tracks associated with the τhad-vis in the region
0.2 < #R < 0.4.

– Maximum #R (#RMax): The maximum #R between
a track associated with the τhad-vis candidate and the
τhad-vis direction. Only tracks in the core region are con-
sidered.

– Transverse flight path significance (Sflight
T ): The decay

length of the secondary vertex (vertex reconstructed
from the tracks associated with the core region of the
τhad-vis candidate) in the transverse plane, calculated with
respect to the TV, divided by its estimated uncertainty. It
is defined only for multi-track τhad-vis candidates.

– Track mass (mtrack): Invariant mass calculated from the
sum of the four-momentum of all tracks in the core and
isolation regions, assuming a pion mass for each track.

– Track-plus-π0-systemmass (mπ0+track): Invariant mass
of the system composed of the tracks and π0 mesons in
the core region.

– Number of π0 mesons (Nπ0 ): Number of π0 mesons
reconstructed in the core region.

– Ratioof track-plus-π0-system pT (pπ0+track
T /pT): Ratio

of the pT estimated using the track + π0 information to
the calorimeter-only measurement.
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From Tracks to b-jets

B-Tagging:

The b-tagging algorithms are
multivariate taggers

Combine outputs from low level taggers
into a single discriminant output

Important to the low level d0 resolution
and secondary vertex reconstruction

Impact Parameter 
Based Tagger 

(IP2D/3D)
Secondary Vertex 

Based Tagger 
(SV1)

Decay Topology 
Based Tagger 

(JetFitter)

ANN

MV-tagger

4.1 Properties of heavy-flavour jets 5

jet

jet

heavy-flavour
jet

PV

SV

displaced
tracks

IP

charged
lepton

Figure 1: Illustration of a heavy-flavour jet with a secondary vertex (SV) from the decay of
a b or c hadron resulting in charged-particle tracks (including possibly a soft lepton) that are
displaced with respect to the primary interaction vertex (PV), and hence with a large impact
parameter (IP) value.

of tracks with respect to the primary vertex is characterized by their impact parameter, which is
defined as the distance between the primary vertex and the tracks at their points of closest ap-
proach. The vector pointing from the primary vertex to the point of closest approach is referred
to as the impact parameter vector. The impact parameter value can be defined in three spatial
dimensions (3D) or in the plane transverse to the beam line (2D). The longitudinal impact pa-
rameter is defined in one dimension, along the beam line. The impact parameter is defined to
be positive or negative, with a positive sign indicating that the track is produced “upstream”.
This means that the angle between the impact parameter vector and the jet axis is smaller than
p/2, where the jet axis is defined by the primary vertex and the direction of the jet momentum.
In addition, b and c quarks have a larger mass and harder fragmentation compared to the light
quarks and massless gluons. As a result, the decay products of the heavy-flavour hadron have,
on average, a larger pT relative to the jet axis than the other jet constituents. In approximately
20% (10%) of the cases, a muon or electron is present in the decay chain of a heavy b (c) hadron.
Hence, apart from the properties of the reconstructed secondary vertex or displaced tracks, the
presence of charged leptons is also exploited for heavy-flavour jet identification techniques and
for measuring their performance in data.

In order to design and optimize heavy-flavour identification techniques, a reliable method
is required for assigning a flavour to jets in simulated events. The jet flavour is determined
by clustering not only the reconstructed final-state particles into jets, but also the generated
hadrons. To prevent these generated hadrons from affecting the reconstructed jet momentum,
the modulus of the hadron four-momentum is set to a small number, retaining only the di-
rectional information. This procedure is known as ghost association [34]. Jets containing at
least one b hadron are defined as b jets; the ones containing at least one c hadron and no b
hadron are defined as c jets. The remaining jets are considered to be light-flavour (or “udsg”)
jets. Since pileup interactions are not included during the hard-scattering event generation,
jets from pileup interactions (“pileup jets”) in the simulation are tentatively identified as jets
without a matched generated jet. The generated jets are reconstructed with the jet clustering
algorithm mentioned in Section 2 applied to the generated final-state particles. The match-
ing between the reconstructed PF jets and the generated jets with pT > 8 GeV is performed
by requiring the angular distance between them to be DR =

p
(Dh)2 + (Df)2 < 0.25. Using

this flavour definition, jets arising from gluon splitting to bb are considered as b jets. In Sec-
tions 6, 8 and 9, these g ! bb jets are often shown as a separate category. In this case, two b
hadrons without daughters should be clustered in the jet. The studies presented in Sections 4

3 Event Reconstruction
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Figure 3.11: Fractional JES uncertainty in 2012 measured as a function of ⌘ (a) and pT

(b) [159].
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Figure 3.12: Light-flavour jet rejection rate as function of b-jet efficiency for the MV1 tagger
in 2012 [161].

key importance for both selecting the SUSY signal and reducing the contribution of some
of the expected SM backgrounds. In ATLAS, various algorithms [160–162], based on the
information from the reconstructed tracks and displaced secondary vertices in the ID, are
used in order to identify b-jets, taking advantage of relatively long lifetime of B hadrons2.

A first classification is performed by the IP3D [163] algorithm, which exploits the fact
that charged tracks within heavy flavour jets have generally larger impact parameters with
respect to tracks associated to the primary vertex. To improve the discrimination between
heavy flavour and light flavour jets, a full three dimensional reconstruction of a displaced
vertex formed by the decay products of b hadrons is performed. This algorithm [164], takes
as input a list of tracks that are significantly displaced from the primary vertex and tries

2The lifetime of B hadrons is of the order of 1.6ps. Considering the mass of a B hadron of 5 GeV and
its energy of 30 GeV, the typical flight path is approximately ⇠ 3 mm.
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From Run-1 to Run-2

Design: 1× 1034 cm−2s−1 Run-2
record: 2.14 ×1034 cm−2s−1 (May
16th 2018)

Design: 19 <interactions/bc>
Run-2: 37 <interactions/bc>
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ATLAS Pixel Operation and Tracking Challenges

Pixel Detector:

Insertion of the new layer IBL

Maintain Pixel performance with
the B-Layer reaching the maximum
dose
Closer layer to interaction point →
improve d0, z0 resolution

Operate a detector in experimental
conditions harsher than the design
Counteract Synchronisation errors,
Radiation Damage, lower hit-on-track
efficiency

Tracking:

Ensure high track reconstruction
efficiency at high pile-up and low fakes

Update the alignment framework to
include the IBL

Improve tracking in dense
environments, i.e. when particles fly
close to each other → lot of competitors
for the same clusters
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Hardware Upgrade

Hardware Upgrade
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IBL in a nutshell

Single pixel detector layer on a thinner
new Beryllium beam-pipe (radius 29mm
→ 25mm
Closer to the interaction point
Smaller pixel size:50 µm×250 µm
IBL+beam pipe and structures: <2% X0
14 staves length 72.4 cm, 1.82 degrees
overlap in φ, no overlap in z, average
radius 3.27 cm
12M readout channels
Radiation hard up to 5×1015 neq/cm2

FEI4: 4-bit TOT, FEI3: 8-bit TOT

2 The Large Hadron Collider and the ATLAS detector

Figure 2.5: top: Transverse view of the design of the IBL detector transverse section. The
figure has been taken from [103] bottom: Design of an IBL stave showing the
positions in z of the planar modules and of the 3D ones. The figure has been
taken from [107]. Distances are expressed in mm.

along the z direction. Therefore, there is no overlap in ⌘ contrary to the other Pixel layers.
The staves are attached to the Inner Positioning Tube (IPT) by two mounting points and
are constrained to each other via a central ring which is placed in the middle of the stave.
Further details on the mechanical layout of the stave structure will be discussed in the
next section.

On each stave a total of 20 modules with two different silicon technologies are mounted:
the central 12 modules use planar silicon sensors while 4 modules on each side of the staves
mount 3D pixel sensors [108] as depicted in Fig. 2.5 (bottom), for a total of 12M pixels.
Each stave has in total 32 new generation IBM C-MOS FE-I4 front-end chips, two for the
planar modules and one for the 3Ds modules, which are connected to the readout service
bus, referenced as Stave Flex and mounted on the side of the stave opposite to the sensitive
surface. The IBL detector uses a CO2 cooling system [109] due to the gas capability of high
heat transfer and low material budget, which is fundamental to reduce multiple coulomb

34

FE-I4 chip
3

• The front-end chip developed for IBL.

• 336 x 80 pixels (26880 pixels)

• Pixel size: 50 x 250 μm2

• Chip size: 2 x 1.8 cm2

➢ ~4 times larger than FE-I3 used for Pixel 
detector existing since Run1.

• 130 nm CMOS technology

• 4-bit ToT (Time-Over-Threshold) for charge 
measurement

• Two (one) chips are used for a planar (3D) 
sensor module. 

FE-I4 chip

FE-I3 chip

IBL planar sensor module

2 The Large Hadron Collider and the ATLAS detector

Figure 2.5: top: Transverse view of the design of the IBL detector transverse section. The
figure has been taken from [103] bottom: Design of an IBL stave showing the
positions in z of the planar modules and of the 3D ones. The figure has been
taken from [107]. Distances are expressed in mm.

along the z direction. Therefore, there is no overlap in ⌘ contrary to the other Pixel layers.
The staves are attached to the Inner Positioning Tube (IPT) by two mounting points and
are constrained to each other via a central ring which is placed in the middle of the stave.
Further details on the mechanical layout of the stave structure will be discussed in the
next section.

On each stave a total of 20 modules with two different silicon technologies are mounted:
the central 12 modules use planar silicon sensors while 4 modules on each side of the staves
mount 3D pixel sensors [108] as depicted in Fig. 2.5 (bottom), for a total of 12M pixels.
Each stave has in total 32 new generation IBM C-MOS FE-I4 front-end chips, two for the
planar modules and one for the 3Ds modules, which are connected to the readout service
bus, referenced as Stave Flex and mounted on the side of the stave opposite to the sensitive
surface. The IBL detector uses a CO2 cooling system [109] due to the gas capability of high
heat transfer and low material budget, which is fundamental to reduce multiple coulomb
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IBL Readout
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Readout System 

  

•  On-detector (as of 2014): 
-  Readout per module (no multiplexing) at 80 Mbps (Layer 2, disk 1/3) and 160 Mbps (others). 
-  Configuration and commands to the modules at 40 Mbps. 
-  6.6 m (IBL 5 m) of twisted pair electrical readout cable. 
-  Conversion into optical signals on ID endplate. 

•  70-90 m of optical rad-hard multimode fiber. 
•  Off-detector (now unified using IBL readout hardware everywhere): 

-  116 Back-of-crate cards (BOC) and readout drivers (ROD) in VME crates. 
-  2 (4)  s-link fibers for Pixel (IBL) data output at 160 MB/s per s-link. 
-  Spartan 6 and Virtex 5 FPGAs. 
-  PowerPC on Virtex 5 (ROD) heavily used for configuration and monitoring.  

 

Off-detector On-detector 

Optical Fiber  
70-90 m

 

On-detector (as of 2014):

Readout per module at 80 Mpbs
(Ly2, Disks 1 and 3), 160 Mbps
(others). Configuration at 40 Mbps

Off-Detector (unified from 2018):

Back-of-crate cards (BOC) →
Rx/Tx from/to modules, data
output via S-Link to Readout
system
Readout Drivers (ROD) →
PowerPC, heavily used for
configuration and monitoring,
FW for data packaging

Single Event Upsets in the ATLAS IBL 
Frontend ASICs 

 Pierfrancesco Butti ( Cern )  
on behalf of the ATLAS Collaboration

[1]: M. Backhaus, The upgraded Pixel Detector of the ATLAS Experiment for run 2 at LHC, Hiroshima 10th Simposium proceedings, Vol 831, pp 65-70. 
[2]: IBL Collaboration, FE-I4B Manual. 
[3]: A. Polini et al., Design of the ATLAS IBL Readout System, TIPP 2011 proceedings, Vol 37, 2012, pp. 1948-1955. 

 

During operation at instantaneous luminosities of up to 1.5 /s/cm^2 the frontend chips of the ATLAS 
innermost pixel layer (IBL) experienced single event upsets affecting its global registers as well as the 
settings for the individual pixels, causing, amongst other things loss of occupancy, noisy pixels, and 
silent pixels. A quantitative analysis of the single event upsets as well as the operational issues and 
mitigation techniques will be presented.
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Abstract 
Latches based on the Dual Interlocked storage Cell or 

DICE are very tolerant to Single Event Upsets (SEU). 
However, for highly scaled processes where the sizes continue 
to decrease, the data in this latch can be corrupted by an SEU 
due to charge sharing between adjacent nodes. Some layout 
considerations are used to improve the tolerance of the DICE 
latches to SEU and especially the influence of sensitive nodes 
separation is tested for DICE latches designed with a 130 nm 
process. 

I. INTRODUCTION 
The requirement for total dose tolerance for the ATLAS 

pixel detector has been estimated to 50 Mrad. Because of this 
high level of irradiation, the performance of the innermost 
layer of ATLAS pixel detector, the so-called b-layer, will start 
degrading after 2-3 years of LHC working. So, it is proposed 
to upgrade the b-layer detector. For this purpose, 
improvement in the electronic design of the pixel front end is 
under study and development using the 130 nm process [4]. 

At the time of the b-layer replacement, the level of 
radiation will be 3 times higher than at the start of the LHC. 
The total dose is estimated to reach 150 to 200 MRad and 
peak fluencies are close to 1x108 particles/cm²/sec. 

In principle, the commercial 130 nm process used to 
design the front end chip is less sensitive than older process 
generations to the effect of the total ionizing dose and 
irradiation tests made on individual devices are very 
promising. 

However, we have to consider carefully the SEU for this 
highly scaled process. In fact, the device dimensions are small 
and the capacitance of storage nodes becomes lower. The 
supply voltage needed is low (1.0 V to 1.4 V for the 130 nm 
process). The critical charge needed to provoke an upset 
becomes lower than in older processes and digital designs 
become less tolerant against SEU. 

Traditional flip flops are not suitable to be used in the 
b-layer environment. D flip flops based on the dual 
interlocked cell (DICE) latches have redundant storage nodes 
and restore the cell original state when an SEU error is 
introduced in a single node [5]. The probability that multiple 
nodes are affected by an upset is low, making the DICE latch 
less sensitive to SEU. However, as the device size shrinks, the 

space between critical nodes is reduced. The redundancy 
becomes less efficient because of the charge sharing between 
sensitive nodes of the DICE latch. For this reason, some 
hardened by design (HBD) approaches are used to reduce the 
effect of charge sharing. 

A 130 nm test chip has been designed in order to study the 
effect of some layout techniques on the tolerance to SEU. 
Layout considerations are based on spatial separation of 
critical nodes, isolation techniques like isolated wells and 
guard rings and cell interleaving. Some prototype layout 
structures have been investigated in order to develop some 
rules to follow in the new design of the front end IC 
developed for the b-layer replacement. 

II. DICE LATCH STRUCTURE UNDER TEST 

A. DICE Structure 
The DICE latch structure is shown in Figure 1. It is based 

on the conventional cross coupled inverter latch structure. The 
4 nodes X1 to X4 store data as 2 pairs of complementary 
values. 

X1 X2 X3 X4

load

inb

load

in

MN1

MP1

MN2

MP2

MN3

MP3

MN4

MP4

out

outb

 
Figure 1: DICE latch structure 

For example, when the stored data are 0 then X1-X2-X3-
X4 = 0101 and particularly X1 is low and X4 is high. If we 
assume a positive upset pulse on the node X1, the transistor 

402

• X1 0    1 flip 
• MP2 and MN3  

blocked 
• X2-X3 preserve  

correct information

DICE SEU if (X1-X3) 
or (X2-X4) are flipped

• Schematic data-taking readout bit stream in ATLAS  
‣ Pixel and IBL detector receive a particular bit-stream with instructions from 

ATLAS Central Trigger Processor 

‣ The Level-1 Accept (L1A) signal triggers the readout of the hits from the FE-
I4 

‣ The Bunch Counter Reset (BCR) keeps the synchronisation between the 
readout and the bunches orbit 

‣ The Event Counter Reset (ECR) triggers a reset of the counters of the Pixel/
IBL readout 

• Continuous re-configuration of DICE latches 
‣ Possible to exploit ATLAS read-out data stream and timing to reconfigure 

IBL detector without causing dead-time 

‣ Every 5s, at the ECR arrival, IBL do not receive triggers for 1ms 

‣ Ad-hoc bit-stream containing Global and (partial) Pixel re-configuration 
instructions is inserted right after ECR, before the re-start of the actual 
data taking 

• IBL Detector fully reconfigured within 10 minutes 

• Exploits synergy of IBL read-out software and firmware 

• Safety of the hardware with respect to current 
transients has been assessed

• Front End I4 (FE-I4) Configuration 
‣ Global Configuration (32 Registers of 16 bits) + Pixel 

Configuration (13 Registers per Pixel) stored in Dual 
Interlocked CEll (DICE) based memory 

‣ These registers control output enable (hit Enable), local 
threshold (5-bit TDAC) and local feedback current for Time 
Over Threshold response (4-bit FDAC) 

• Single Event Upset (SEU) 
‣ The state of memory can be altered due to ionising and non-

ionising radiation damage 

‣ On-chip memory corruption leads to wrong operation of the 
FE-I4, detuning, increase of noise, reduction of hit-
efficiency 

➡ Peilian’s Poster on SEU measurements in IBL 

‣ During data-taking operation in ATLAS, SEUs accumulate 
as function of time 

• Read Back of chip configuration 
‣ Both global and local configuration can be read back 

from the chip at any time by sending instructions to the FE 

‣ Performing read back at different moments of the data-taking 
gives information on the amount of memory corruption

Fig. 2: DICE latches structure [2]
 Alessandro Polini et al.  /  Physics Procedia   37  ( 2012 )  1948 – 1955 1951

Fig. 2. Schematic view of the IBL readout system. From left to right the detector, the BOC, the ROD and the calibration farm. All
detector and readout fibers are located at the back of the crate (BOC). New user-pluggable connections (GBit Ethernet) are on the front
side (ROD). This configuration allows easy protection of critical connections within the crate by an interlocked door on the backside
of the racks.

front-end is done via two commercial SNAP12 4 RX modules while configuration data are sent either by
a SNAP12 TX module or a TX plugin like the ones used on the current BOC. The Spartan-6 devices will
replace all the functionality of the former custom made hardware (BPM encoding, synchronization, variable
delays). The S-Link connection is established via Small Form-factor Pluggable 5 (SFP) transceivers. The
configuration of the two Spartan-6 devices is handled by a third Spartan-6 (LX75T). As the IBL will return
a balanced 8b/10b encoded stream at 160 Mbit/s per link, the new receiver circuitry can implement several
advantages over the previous system:

• AC coupled receiver logic: due to the balanced encoding, the receiver circuitry can run AC coupled. It
therefore delivers a bias free stream, automatically adapting to subtle changes in the data transmission
line.

• Transition based code: regular transitions within the received stream allow to automatically synchro-
nise the received data with a local clock, embedding standard synchronisation techniques into the
BOCs central programmable device.

• Bytewise encoding: the receiver can be split into an 10b/8b decoder, delivering bytewise output and a
formatting section, knowing the frontend data coding scheme. Therefore the individual logic blocks
will get simpler in structure and easier to debug.

As for the detector link, the S-Link on the BOC will be implemented directly on the FPGAs and will support
twin-channel operation to provide the data stream also to a Fast Track Trigger [9] when needed. In the BOC
prototype one of the Spartan-6 connects to a single 1 × 4 SFP cage instrumented with 4 MGTs 6 while the
second one connects to a quad opto-transceiver (QSFP7). The total data throughput (640 MByte/s) is 4 times
larger than that of the existing BOC. For the interface to the ROD a so far unused connector (J0, 19×5 lines)
was added and the data rate increased to 80 Mbit/s. New features are a Gbit Ethernet interface, 512MByte
of DDR2 memory for each FPGA and an Embedded Local Monitor Board [10] to check temperatures and
humidity.

4SNAP12: 12 Channel Pluggable Optical Module MSA, Rev. 1.1, May 15 (2002).
5Small Form-factor Pluggable
6Multi Gigabit Transceiver
7QSFP, Zarlink ZL60505MKDB

Fig. 3: Schematic view of IBL Readout [3]

• The amount of SEUs in the IBL FE-I4 has been measured 
by reading back the configuration stored on-chip 

• Agreement with test-beam and noisy/quiet pixels 
measurements 

• Significant different between 0to1  and 1to0 bit flip 
transistions 

• Dedicated Software and Firmware have been developed 
and deployed in the detector to restore the full 
configuration every 10 minutes

• 14 Staves around at a radius of 
3.3cm from interaction point 

• 12 planar modules (2 FE-I4) and 8 
3D modules (1 FE-I4) per stave 

• FE-I4 Chip  
  - 80 x 336 pixels  
  - 250 µm x 50 µm

indicated in Fig. 4. The reason for including 3D-sensors in the IBL is
the expected superior radiation hardness due to the decoupling of
the sensor thickness from the drift distance of the charges. How-
ever the radiation testing in the R&D phase showed no improve-
ment in radiation hardness compared to the planar sensors.

Each individual production part of IBL has passed an intense
Quality Assurance test (QA) prior to its further integration. The IBL
modules are the smallest individually functional unit of the de-
tector and passed a full performance validation before being loa-
ded to the staves. A total number of 20 staves were been equipped
with modules, out of which 18 have been fully qualified [8]. During
this stave QA the discriminator threshold of the full stave has been
adjusted to equivalent signals at its input between 3000e and
1500e. This corresponds to a signal over threshold of about 5.3 and
10.7, as the expected signal before significant radiation damage
occurs is in the order of 16,000e. The resulting threshold dis-
tribution is an important performance characteristic of the IBL
detector. Fig. 5 presents the threshold distribution as a function of
the chip position along all the staves. The threshold is well ad-
justed independent of the chip position, with a maximum devia-
tion from the 1500e target below 2.7% (< e40 ).

The fraction of faulty pixels is measured on each stave using
high statistics radioactive source tests and noise hit probability
measurements. The pixels showing a failure in any of the tests are
counted and the fraction of faulty pixels is computed for each

readout-chip. The acceptance criteria for IBL staves is set to a
fraction of faulty pixels below 1%. All fully qualified staves fulfill
this criteria, see Fig. 6. The staves are ranked based on the η-
weighted fraction of faulty pixels and the best ranked 14 staves are
integrated on the beam pipe. As shown in Fig. 6, the 14 integrated
staves have only 0.09% faulty pixels, demonstrating the excellent
quality of the IBL in terms of operational channels.

After the integration of each stave onto the Inner Positioning
Tube (IPT) a quick functionality validation test has been performed
without the possibility of cooling the staves. No performance de-
gradation has been observed. The noise distribution as a function
of the chip position in this measurement is shown in Fig. 7. The
average noise of the planar modules is between 120e and 130e.
The 3D sensors have a higher detector capacitance, leading to a
noise of ∼180e. The slightly higher noise of the modules on the
A-Side originates from the slightly higher detector capacitance of
the FBK sensors, and the fact that the FBK modules are mainly
loaded on the A-side, while the CNM modules are mainly loaded
on the C-side.

4. IBL insertion and commissioning in the ATLAS detector

On May 7th of 2014 the IBL detector and the new beam pipe
were inserted into the ATLAS Pixel Detector, which had been

Fig. 4. Top: 3D rendering of the IBL detector with its 14 staves (some staves re-
moved to make the module side of staves visible). Bottom: Sketch of the loading
scheme of the different module types on the IBL staves.

Fig. 5. Average threshold distribution for all 18 staves as a function of chip number
[8]. The 3D modules correspond to the positions C8-2 to C7-1 and A7-1 to A8-2.

Fig. 6. Average bad pixel ratio distribution as a function on η for loaded and un-
loaded production staves [8].

Fig. 7. Average noise distribution for all 14 integrated staves measured after as-
sembly of the full detector package on the surface. The discriminator thresholds
settings obtained during the stave QA have been used for this measurement [5].
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Fig. 1: 3D rendering of Insertable B-Layer [1]

• Evolution of pixel 
configuration 
‣ Read back performed at the 

beginning, during and at the 
end of an LHC Fill 

‣ The configuration at a certain 
time depends on both the 
transitions  

‣ If only considering one type of 
transitions: 
 

• Bit-Flip cross section 
results 
‣ Observerd significant difference 

between the 0s and 1s 
transitions cross section 

‣ Results are in agreement with 
quiet / noise pixels 
observations and beam test 
results [quantify] 

‣ FE by FE difference can be 
addressed by slight difference 
in front end powering and 
configuration mode
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User interface distributed over a private
network which runs multithreading
applications for control, configuration,
monitoring and user actions
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Reconstruction Software upgrade

Reconstruction Software upgrade
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Tracking In Dense Environments

In the core of energetic jets, or boosted
hadronic τ , charged particles might have
an angular separation smaller than the
detector granularity

Shared measurements → worse
position estimate / track-fit quality →
track removal at ambiguity solver
stage673 Page 4 of 30 Eur. Phys. J. C (2017) 77 :673

(a) Single-particle pixel clusters (b) Merged pixel cluster

Fig. 2 Illustration of a single-particle pixel clusters on a pixel sensor and b a merged pixel cluster due to very collimated charged particles.
Different colours represent energy deposits from different charged particles traversing the sensor and the particles trajectories are shown as arrows

pixel-only and finally mixed-detector seeds, representing the
order of purity. A number of criteria are placed on the seeds
to maximize purity: first and foremost seed-type-dependent
momentum and impact parameter requirements. Also, the
use of space-points in multiple seeds is carefully controlled.
Purity is further improved by requiring that one additional
space-point is compatible with the particle’s trajectory esti-
mated from the seed. A combinatorial Kalman filter [11] is
then used to build track candidates from the chosen seeds
by incorporating additional space-points from the remaining
layers of the pixel and SCT detectors which are compatible
with the preliminary trajectory. The filter creates multiple
track candidates per seed if more than one compatible space-
point extension exists on the same layer.

These criteria result in a very high efficiency for recon-
structing primary particles (for example, the muon recon-
struction efficiency is greater than 99% [12]) and the removal
of tracks created from purely random collections of space-
points. Suppressing such purely combinatorial tracks is
essential in order to remain within the available CPU budget
for event reconstruction. From approximately 13 space-point
combinations created for an isolated charged particle travers-
ing the entire ID, the time-intensive combinatorial Kalman
filter is, on average, called in its entirety 1.1 times. As all
realistic combinations of space-points have been made, there
are a number of track candidates where space-points over-
lap, or have been incorrectly assigned. This necessitates an
ambiguity-solving stage.

3.3 Track candidates and ambiguity solving

In the ambiguity solver, track candidates considered to create
the reconstructed track collection are processed individually
in descending order of a track score, favouring tracks with

a higher score. This design relies on having an appropriate
track score definition that puts tracks into an order that scores
more highly the candidates likely to correctly represent the
trajectory of a charged primary particle.

The method used to determine the track score, discussed in
the following, applies a robust approach based largely on sim-
ple measures of the track quality. Clusters assigned to a track
increase the track score according to configurable weight
fractions reflecting the intrinsic resolutions and expected
cluster multiplicities in the different subdetectors. Holes2

reduce the score. The χ2 of the track fit is also considered
to penalize candidates with a poor fit. Finally, the logarithm
of the track momentum is considered to promote energetic
tracks and suppress the larger number of tracks with incor-
rectly assigned clusters, which typically have a low pT.

After the track scores have been calculated, the ambigu-
ity solver deals with clusters assigned to multiple track can-
didates. Clusters compatible with multiple track candidates
are a natural consequence of having merged clusters in dense
environments. High reconstruction efficiency is facilitated by
the identification of merged clusters, as explained in Sect. 3.4.
However, shared clusters, clusters used in multiple track can-
didates which are not identified as merged, must be limited
as they are a strong indicator of incorrect assignments.

To count shared clusters, a track candidate is only com-
pared to those tracks previously accepted by the ambiguity
solver. Clusters can be shared by no more than two tracks,
giving preference to tracks processed first in the ambiguity

2 Holes are defined as intersections of the reconstructed track trajec-
tory with a sensitive detector element that does not contain a matching
cluster. These are estimated by following closely the track trajectory
and comparing, within the uncertainties, the intersected sensors with
the clusters on the track. Inactive sensors or regions, such as edge areas
on the silicon sensors, are excluded from the hole definition.
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Fig. 2 Illustration of a single-particle pixel clusters on a pixel sensor and b a merged pixel cluster due to very collimated charged particles.
Different colours represent energy deposits from different charged particles traversing the sensor and the particles trajectories are shown as arrows

pixel-only and finally mixed-detector seeds, representing the
order of purity. A number of criteria are placed on the seeds
to maximize purity: first and foremost seed-type-dependent
momentum and impact parameter requirements. Also, the
use of space-points in multiple seeds is carefully controlled.
Purity is further improved by requiring that one additional
space-point is compatible with the particle’s trajectory esti-
mated from the seed. A combinatorial Kalman filter [11] is
then used to build track candidates from the chosen seeds
by incorporating additional space-points from the remaining
layers of the pixel and SCT detectors which are compatible
with the preliminary trajectory. The filter creates multiple
track candidates per seed if more than one compatible space-
point extension exists on the same layer.

These criteria result in a very high efficiency for recon-
structing primary particles (for example, the muon recon-
struction efficiency is greater than 99% [12]) and the removal
of tracks created from purely random collections of space-
points. Suppressing such purely combinatorial tracks is
essential in order to remain within the available CPU budget
for event reconstruction. From approximately 13 space-point
combinations created for an isolated charged particle travers-
ing the entire ID, the time-intensive combinatorial Kalman
filter is, on average, called in its entirety 1.1 times. As all
realistic combinations of space-points have been made, there
are a number of track candidates where space-points over-
lap, or have been incorrectly assigned. This necessitates an
ambiguity-solving stage.

3.3 Track candidates and ambiguity solving

In the ambiguity solver, track candidates considered to create
the reconstructed track collection are processed individually
in descending order of a track score, favouring tracks with

a higher score. This design relies on having an appropriate
track score definition that puts tracks into an order that scores
more highly the candidates likely to correctly represent the
trajectory of a charged primary particle.

The method used to determine the track score, discussed in
the following, applies a robust approach based largely on sim-
ple measures of the track quality. Clusters assigned to a track
increase the track score according to configurable weight
fractions reflecting the intrinsic resolutions and expected
cluster multiplicities in the different subdetectors. Holes2

reduce the score. The χ2 of the track fit is also considered
to penalize candidates with a poor fit. Finally, the logarithm
of the track momentum is considered to promote energetic
tracks and suppress the larger number of tracks with incor-
rectly assigned clusters, which typically have a low pT.

After the track scores have been calculated, the ambigu-
ity solver deals with clusters assigned to multiple track can-
didates. Clusters compatible with multiple track candidates
are a natural consequence of having merged clusters in dense
environments. High reconstruction efficiency is facilitated by
the identification of merged clusters, as explained in Sect. 3.4.
However, shared clusters, clusters used in multiple track can-
didates which are not identified as merged, must be limited
as they are a strong indicator of incorrect assignments.

To count shared clusters, a track candidate is only com-
pared to those tracks previously accepted by the ambiguity
solver. Clusters can be shared by no more than two tracks,
giving preference to tracks processed first in the ambiguity

2 Holes are defined as intersections of the reconstructed track trajec-
tory with a sensitive detector element that does not contain a matching
cluster. These are estimated by following closely the track trajectory
and comparing, within the uncertainties, the intersected sensors with
the clusters on the track. Inactive sensors or regions, such as edge areas
on the silicon sensors, are excluded from the hole definition.
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Neural Network and Combinatorial Filter:

3 sets of Neural Networks are used:

1 for cluster splitting: 1,2 or >2
particles
3 for X,Y position determination
(for each class)
6 for each direction uncertainty
Use of Combinatorial filter to
associate every possible
compatible cluster in a layer

Eur. Phys. J. C (2017) 77 :673 Page 5 of 30 673
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Fig. 3 Sketch of the flow of tracks through the ambiguity solver

solver. Also, a track can have no more than two shared clus-
ters. A cluster is removed from a track candidate if it causes
either the candidate or an accepted track to not meet the
shared-cluster criterion. The track candidate is then scored
again and returned to the ordered list of remaining candi-
dates. Track candidates are rejected by the ambiguity solver
if they fail to meet any of the following basic quality criteria:

• pT > 400 MeV,
• |η| < 2.5,
• Minimum of 7 pixel and SCT clusters (12 are expected),
• Maximum of either one shared pixel cluster or two shared

SCT clusters on the same layer,
• Not more than two holes in the combined pixel and SCT

detectors,
• Not more than one hole in the pixel detector,
• |dBL

0 | < 2.0 mm,
• |zBL

0 sin θ | < 3.0 mm,

where dBL
0 is the transverse impact parameter calculated with

respect to the measured beam-line position, zBL
0 is the lon-

gitudinal difference along the beam line between the point
where dBL

0 is measured and the primary vertex,3 and θ is the
polar angle of the track. In the remainder of the paper, all
studied tracks fulfil these requirement. A simplified flow of
track candidates through the ambiguity solver is shown in
Fig. 3.

3 All events considered in this analysis are required to have at least one
reconstructed primary vertex with at least two associated tracks [13].
Only tracks compatible with the primary vertex having the highest sum
of the squared transverse momenta of its associated tracks are consid-
ered.

3.4 Neural–network pixel clustering

To aid the ambiguity solver and minimize the loss of effi-
ciency due to limitations on the number of shared clusters
per track, an artificial neural network (NN) trained to iden-
tify merged clusters is used. The measured charge, which is
proportional to the deposited energy, and relative position of
pixels in the cluster can be used to identify merged clusters.
Additional information about the particle’s incident angle,
provided from the track candidate, significantly improves
the NN’s performance [14]. For merged clusters created by
two charged particles, the NN identification efficiency of
this cluster as being created by two particles is about 90%.
Merged clusters created by three charged particles are iden-
tified as such with an efficiency of 85%. Only a few percent
of single particle clusters are incorrectly identified as a two-
particle merged cluster and a negligible amount are identi-
fied as three-particle merged clusters. The NN is not able to
distinguish clusters from exactly three and more than three
charged particles. It is not possible for the NN to separate
the energy deposits of each charged particle in an identified
merged cluster and subsequently divide it into multiple clus-
ters. Unlike the Run-1 reconstruction algorithm [8], the NN
is consulted only when a cluster is used in multiple track
candidates largely mitigating the impact of misidentification
of merged clusters by the NN.

The inherent randomness of charged-particle interactions
with thin silicon layers prevents the NN from performing
perfectly. For example, the emission of δ-rays causes diffi-
culties as they can lead to bigger clusters and larger energy
deposits than expected from a single particle. These ineffi-
ciencies can be mitigated by correlating information from
consecutive layers of the pixel detector. In general, the sepa-
ration between collimated charged particles increases as they
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Tracking in Dense Environment - performance
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Figure 11: Di�erence between the neural network position estimation and the true hit position in the (left) local x
and (right) local y directions for true (a), (b) 1-particle, (c), (d) 2-particles and (e), (f) 3-particles clusters. The
distributions are produced separately for clusters in the IBL (square), barrel (circle) and endcap (inverted triangle)
regions. All sample means have negligible uncertainties while the full width at half minimum values have relative
uncertainties of less than 5%.
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Figure 11: Di�erence between the neural network position estimation and the true hit position in the (left) local x
and (right) local y directions for true (a), (b) 1-particle, (c), (d) 2-particles and (e), (f) 3-particles clusters. The
distributions are produced separately for clusters in the IBL (square), barrel (circle) and endcap (inverted triangle)
regions. All sample means have negligible uncertainties while the full width at half minimum values have relative
uncertainties of less than 5%.
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Figure 17: Di�erence between the neural network position estimation and the true hit position divided by the
estimated uncertainty in the (left) local x and (right) local y directions for true (a), (b) 1-particle, (c), (d) 2-particles
and (e), (f) 3-particles clusters. The distributions are produced separately for clusters in the IBL (square), barrel
(circle) and endcap (inverted triangle) regions. The means and standard deviations are estimated with truncated
Gaussian fits and are represented as dashed lines. All means and standard deviations have negligible uncertainties.
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Limitation due to the requirement of
shared SCT clusters

Reconstructible tracks: pass the SCT
cluster requirement

Recent work on SCT cluster splitting
(backup)Eur. Phys. J. C (2017) 77 :673 Page 13 of 30 673
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Fig. 14 The track reconstruction efficiency is compared for charged
primary particles in jets with |η| < 1.2 (|η| > 1.2) for the entire jet-pT
range as a function of a the jet pT and b the production radius of the

charged particle for simulated dijet MC events, where charged particles
are not required to be created before the IBL

normalized to the material density, and it therefore has units
of MeVg−1cm2.

As demonstrated in the previous sections, near the jet
core the charged-particle density is high and particles can
be highly collimated. The tracks of these particles are thus
more likely to create merged clusters, as shown in Fig. 5.
By fitting the cluster dE/dx for reconstructed tracks near
the core of the jet, single-particle clusters can be statistically
separated from merged clusters. The fraction of lost tracks
can therefore be inferred from the number of times only one
reconstructed track is associated with a cluster dE/dx com-
patible with two MIPs. At truth-level, this fraction is defined
as follows: the denominator is the number of truth particles
passing the analysis selections (listed in Sect. 6.1, and includ-
ing a pT > 10 GeV requirement), which have a B-layer clus-
ter created by exactly two charged particles; the numerator is
the subset of these particles which failed to be reconstructed.

For the IBL, ToT is encoded in four bits. Eight bits are
available in each of the remaining three pixel layers, which
therefore provide an enhanced ToT resolution compared to
the IBL, resulting in a superior energy resolution. For this
reason, the cluster dE/dx values corresponding to the B-layer
are used in this study.

6.1 Track selection

To enhance the contribution of high-quality collimated tracks
and suppress fake tracks to a negligible number, addi-
tional track selections beyond those outlined in Sect. 3.3 are
required for all tracks used in this analysis:

• Exactly one pixel cluster per layer,
• pT > 10 GeV,

• |η| < 1.2,
• |dBL

0 | < 1.5 mm,
• |zBL

0 sin θ | < 1.5 mm,
• Minimum of six SCT clusters.

6.2 Fit method

A measurement distribution of cluster dE/dx of tracks inside
the jet core is fit using two dE/dx template distributions: a
single-track template containing mainly tracks reconstructed
from a single-particle cluster, and a multiple-track template
mainly made up of tracks reconstructed from a merged clus-
ter. Both templates are derived directly from collision data
or from simulation for the corresponding efficiency measure-
ments.

As verified in simulation, most highly collimated tracks
are expected to be within #R(jet,trk) < 0.05 which then
defines the jet core for this method. Outside the jet core, the
contribution of collimated tracks is negligible, and therefore
all tracks are expected to be reconstructed from a single-
particle cluster. The single-track template is created using
tracks reconstructed from clusters which are neither iden-
tified as merged nor shared and that are well outside the jet
core (#R(jet,trk)> 0.1). The multiple-track template is taken
from tracks reconstructed from either B-layer clusters iden-
tified as merged or shared B-layer clusters inside the jet core.
These multiply used clusters are likely to be merged clusters.

Examples of the resulting distributions are shown in
Fig. 15. The single-track template, displayed as circles in
Fig. 15, contains a single peak at the dE/dx value expected
for a MIP traversing the B-layer of the pixel detector and
a long tail to higher values compatible with a Landau dis-
tribution. Contamination of merged clusters in this template
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Run-2 Commissioning

Run-2 Commissioning
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It’s insertable indeed

But... how de we know if it has been properly placed?

Photos by Claudia Marcelloni de Oliveira/CERN
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Inner Detector Alignment

Concept:Track fit worsened by
misplacement of sensitive element wrt
assumed geometry

Aim: Correct the assumed geometry
and determine the actual relative
positions of all active elements

Track based technique based on χ2

minimisation

χ2 =
∑

hits

(
mi−hi (~α)

σi

)2

mi measurements, hi extrapolated hits,
σi intrinsic resolution, ~α align parameters

Every alignment structure is assumed to
be a rigid body with 6 Degrees of
Freedom (DoF)

3 translations: Tx ,Ty ,Tz

3 rotations: Rx ,Ry ,Rz

Solve for small corrections iteratively

Alignment is an iterative procedure, that
adds corrections to a defined initial
condition
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ID Alignment Procedure

Alignment procedure is split in
hierarchical levels according to the
mechanical structure of the detector:

Collective movements of full
structures are corrected first
Single modules/wire alignment is
the last step

Weak Modes: deformations that global
χ2 track-base alignment is insensitive to:
External constraints to avoid
reconstruction biases

4.3 Alignment solution and Weak Modes

(a) (b)

Figure 4.1: Two examples of basic detector distortions creating a bias in the track recon-
struction without having an impact on the track quality. The curl (a) and the
radial (b) distortions affect the track parameters in a charge-antisymmetric and
charge-symmetric way, respectively. The schematic effect on the reconstructed
trajectory (full line) with respect to the true one (dashed line) is shown together
with the detector deformation. Figures taken from [177].

4.3 Alignment solution and Weak Modes

As discussed in the previous sections, the alignment solution involves the inversion of the
alignment second derivative matrix M. Since this matrix is symmetric, it is always possible
to find an orthogonal matrix U such that

M = UDUT (4.19)

where D is a diagonal matrix. The matrix U is composed by the eigenvectors of M, uj
i

while D is formed by its eigenvalues, di. In this basis, the covariance matrix is given by

C = UD�1UT (4.20)

Cij =
X

l
ul

iu
l
j

dl
(4.21)

showing that it depends on the inverse of the eigenvalues, implying that alignment
correction modes that have a very small associated eigenvalue carry a very large uncertainty.
In particular, in the case of vanishing eigenvalues, the alignment big matrix needs some
additional regularisation, such as discarding unconstrained modes, in order to be inverted.
These modes are usually referred to as weak modes [172, 173] and indicate unconstrained
geometrical distortions to which the track based alignment is not sensitive to since they
leave the �2 invariant up to the second order.

Such distortions of the ATLAS ID geometry, which can arise from deformation of the
detector or are pure artefacts of the alignment solution, are particularly dangerous since
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Inner Detector Alignment

> Well-aligned detector vital for efficient 
and precise track reconstruction 
• Track-based alignment based on Global 
χ2 minimisation of hit-to-track residuals 

> Performed at three different levels to 
capture different scales of movements 

• re-align continually (order 10 minutes); 
capture “rapid” detector movements from 
changing conditions during running

4 Inner Detector Alignment Procedure

Alignment level Detector Alignable Structure

Level 1/11 Pixel: barrel and end-caps 1
IBL: layer (from Run-2) 1
SCT: barrel and 2 end-caps 3
TRT: barrel and 2 end-caps 3
Total 7 (8 from Run-2)

Level 2 Pixel: barrel layers 3
Pixel: end-caps disks 6
IBL: layer (from Run-2) 1
SCT: barrel layers 4
SCT: end-cap disks 18
TRT: barrel modules 96
TRT: end-caps wheels 80
Total 207 (208 from Run-2)

Level 3 Pixel: barrel modules 1456
Pixel: end-caps modules 288
IBL: modules 280
SCT: barrel modules 2112
SCT: end-caps modules 1976
TRT: barrel wires 105088
TRT: end-cap wires 245760
Total: 356680 (356960 from Run-2)

Table 4.1: Summary of the main alignment levels for the Inner Detector during Run-2
including the IBL sub-detector.

the final step consists in determining the positions of the single sensitive elements, silicon
modules for Pixel and SCT and straws for TRT, individually and it is referred to as Level 3
(L3) alignment. In Tab. 4.1 the alignable structures corresponding to each level are shown.

For each alignment level, an alignment reference frame is defined depending on the type
of alignable structure whose spatial position and orientation need to be determined. These
reference frames are indicated as global and local coordinate systems. The global alignment
reference frame that is used for L1 corrections coincides with the ATLAS reference frame
described in Sec. 2.2.1. At higher levels, the reference frame describing the position and
orientation of the individual alignable structures is a right-handed reference frame with
the origin in the geometrical centre of each structure. At Level 2, for example, the Pixel
end-cap disks reference frame has the axes parallel to the ones of the global reference frame,
but the origin located in the centre of the disk. When aligning the single sensitive elements,
the local coordinate system (x0, y0, z0) is used. In this reference frame, the x0-axis points
along the most sensitive direction of the module. This corresponds to the shorter pitch
side for Pixel and IBL modules, perpendicular to the strip-orientation for the SCT, and
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IBL Alignment Commissioning

First alignment of the ATLAS ID after
LS1 and IBL insertion

Cosmic Ray Data → top-bottom tracks

Systematic distortions observed:

local-y elongation:
misplacement during gluing phase
local-x bowing in rφ direction:
parabolic stave distortion

ATL-PHYS-PUB-2015-009,CERN-
THESIS-2017-380,Run2-EventDisplay

5 Inner Detector Alignment in Run-1 and early Run-2
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Figure 5.4: Distributions of the q · pT (a) and ⌘ (b) of the collected cosmic ray data
in February (black) and March (green) 2015. The two distributions are not
normalised to each other to show the different statistics of the datasets.
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Figure 5.5: Distribution of the local x residuals integrated over the full IBL (a) and the
outer three layers of the Pixel Barrel (b). The march distribution has been
re-scaled to February’s number of entries.

higher flux of atmospheric µ+, due to a larger fraction of positively charged primary cosmic
rays [149], while the double peak distribution of ⌘ is due to the construction shafts used
to lower the ATLAS detector into the cavern that are open during cosmic ray data taking
to allow for higher data collection rate. The local x residual distributions for the IBL and
for the outer three layers of the Pixel detector are shown in Fig. 5.5. In order to quantify
the improvement on the track parameter resolution, the split tracks method is used [100].
The method consists of selecting the hits in the top and bottom shell of the ID from a
particular cosmic track and refit them separately into two split track segments. Even if
the difference between the track parameters of the top and bottom track segments has to
be zero since the two tracklets belong to the same track, detector resolution and biases
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Figure 5.7: The IBL mean of the local x (a) and local y (b) residuals distributions as a
function of the ⌘ position of the module indicated with its index along the
staves and integrated over �.

5.3.1 Measurement of the IBL distortion in Cosmic ray data

A correlation of the IBL operating temperature to the size of the stave distortion is studied
in a particular subset of the March cosmic ray dataset collected at different temperature
set points as defined in Sec. 2.2.4 ranging between +15

�
C and �20

�
C as shown in Fig. 5.8.

Each run contains more than 5⇥105 tracks and, after a basic track selection listed in [111],
about 17% of the tracks are retained for the distortion studies. In order to demonstrate the
effect due to temperature changes, a set of alignment constants with null corrections to the
ideal geometry of flat staves is used as reference for the reconstruction. The distribution of
the local x residuals integrated over the hits collected on all the staves is shown in Fig. 5.9.
From the diagram it is possible to observe that the staves are flat within 10µm at a cooling
pipe temperature of +15

�
C, corresponding to a module temperature close to the room

temperature of +20
�
C, and strongly distort in the r� direction when the temperature is

changed.
The measurement of the size of the distortion as a function of the set temperature is

obtained from a different baseline set of constants calculated up to Level 3 using data
collected at �20

�
C, as shown in Fig. 5.10. The averaged local x residual distribution mean

displacement rx is fitted with a parabolic function defined as:

rx(z) = B + M

✓
1 � z2

z2
0

◆
(5.1)

where z is the position of the module along the z-axis, z0 = 366.5mm is the fixing point
of each IBL stave at both ends, B is the baseline which describes a global overall translation
of the stave in the global r� direction and M is the magnitude of the stave distortion.
In the fit the baseline B has been fixed to zero for all temperature points because the
end-blocks of each stave are fixed mechanically and the only free parameter of the fit is the
magnitude M . This is justified also by the fact that the baseline B is highly correlated with
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Systematic distortions are corrected at
Level3 alignment
Not really a problem... as long as they
are static distortions
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Measurement of IBL Distortions using Cosmic Ray Data
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Figure 6: The track-to-hit residual mean in the (a) local-x and (b) the local-y direction. The residual mean is
averaged over all hits of modules at the same global-z positon. The alignment corrections derived at �20 �C are
applied to the local positions in the module frames. For local-x, each data set is fitted to a parabola which is
constrained to match to the baseline B = 0 at z = ±z0 = ±366.5 mm (see Eq. 2).
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Figure 6: The track-to-hit residual mean in the (a) local-x and (b) the local-y direction. The residual mean is
averaged over all hits of modules at the same global-z positon. The alignment corrections derived at �20 �C are
applied to the local positions in the module frames. For local-x, each data set is fitted to a parabola which is
constrained to match to the baseline B = 0 at z = ±z0 = ±366.5 mm (see Eq. 2).
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Figure 7: The magnitude of the distortion as a function of the temperature set point. Each data point is a best fit of a
parabola to the local-x residual mean as function of the global-z of the module position. The alignment corrections
derived at �20 �C are applied to the local positions in the module frames.

Since the thermal capacity of the cooling system is much larger than the module’s power consumption,
the cooling pipe temperature stability is assumed to be decoupled from the variation of the power con-
sumption.

The stability of the temperature of the IBL cooling system was investigated using the temperature sensor
monitoring system during the same cosmic-ray run studied in the previous section. There are 10 negative
temperature coe�cient (NTC) thermistors for each stave. They are composed of one NTC for every four
front-end chips (eight in total per stave) and one NTC for each of the inlet and outlet sides of the cooling
pipe at z ' ±700 mm. The precision of the NTC sensors on modules and the sensors on the cooling pipe
is estimated to be 0.02-0.03 K. The IBL employs a bi-phase CO2 cooling system [6]. The coolant, CO2,
is liquid at the inlet and it transits to bi-phase (gas and liquid) as it absorbs the heat dissipated in the stave.
The actual position of transition varies by staves. Therefore the outlet side is considered to represent the
temperature of the coolant temperature reference more accurate than the inlet side. On the other hand, the
NTC sensors on modules are used to evaluate the temperature stability at the modules.

For each sensor i of each run k, the temperature value is read out N (k )
i times in the detector control system,

while each run is a block of the data-taking period. The standard deviation and the peak-to-peak values
of each sensor i of each run k are defined as:

Standard deviation : �T (k )
i ⌘

s
1

N (k )
i

X

j

⇣
T (k )
i [ j] � hT (k )

i i
⌘2

; (4)

Peak to peak : �T (k )
i ⌘ max( j )

⇣
T (k )
i [ j]

⌘
�min( j )

⇣
T (k )
i [ j]

⌘
, (5)

where T (k )
i [ j] is the j-th temperature readout and hT (k )

i i represents the average temperature read out. For
the cooling pipe outlet, there are 14 sensors in total. The standard deviation of �T (k )

i over 14 sensors,
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A step back and little bit more details..

Staves with triangular cross
section

C-Side → screw, A-Side → pin
(±0.5 in z)

Coefficients of thermal
expansion (CTE):

Stave structure (carbon
fibre): negligible
Stave flexible bus: ∼30
ppm/K

Mid-stave central right:
constrain radial distortions

The FEA simulation shows that the stave bows to the negative �-direction in the ATLAS global coordinate
system1 when it is cooled down (Figure 3). The CTE of the bare stave is almost zero ppm, while the
polyimyde flex bus line (Stave Flex) glued on one side of the bare stave is several tens of ppm. It is
thought that the Stave Flex shrinks more than the bare stave, resulting in the bowing of the stave, towards
the azimuthal direction. The FEA simulation also predicts radial distortions other than the region around
the central ring.

The FEA simulation calculates that the magnitude of the bowing is expected to be approximately para-
bolic to the azimuthal direction with maximum at the center of the stave (Figure 3(b)). At �T = �60 �C
from the nominal temperature the magnitude of the displacement is calculated to be about �0.27 mm
at the center of the stave in the negative �-direction (or in the local-x direction; see the figure). Note
that the scale uncertainty of the calculation of the distortion magnitude is considered to be sizable due
to lacking the precise informations of some material properties (e.g. CTE of the Stave Flex) as well as
implementation of the detailed structure (e.g. glueing of components). It is calculated that the distortion
size is proportional to the temperature di↵erence from the nominal temperature.

Stave FlexCooling Pipe
Carbon Foam

Front-end ModuleBeam PipeInner Positioning Tube

Inner Support Tube

(a)

Cooling pipe Face plate

Carbon foam

End block

End block

Central fixation jig

(b)

Figure 1: (a) Cross-section view of the IBL Layout seen from the interaction point to +z-direction. (b) The layout
of the bare stave. The stave is constrained to the Inner Positioning Tube at the both end-blocks, and it is also fixed
to the central ring at the central fixation jig. For the end-block of the �z-direction side, the stave is tightened with a
screw and the positioning pin, and for the +z-direction side it is aligned with a pin and the stave is allowed to move
in z-direction by ±0.5 mm.

3 Measurement of distortion size as a function of set temperature

In order to study the temperature correlation to the size of the IBL distortion, cosmic-ray events were
collected in March 2015 at di↵erent temperature set points: +15 �C ! +7 �C ! 0 �C ! �10 �C !
�15 �C ! �20 �C. To quantify the size of the IBL distortion, track-based alignment corrections [4] are
applied to determine the positions of the IBL modules as well as their geometrical distortions relative to
the nominal (ideal simulated) geometry.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis along the beam pipe. The x-axis points from the interaction point to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r ,�) are used in the transverse plane, � being the azimuthal angle around the beam
pipe.
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2 The Large Hadron Collider and the ATLAS detector
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Figure 2.6: Cross section of the IBL Layout (a) and schematic representation of the com-
position of a stave (b).

(a) (b)

Figure 2.7: IBL stave fixation mechanism for the positive z direction side (A-side) (a) and
the negative z direction side (C-side) (b).

let, where the bi-phase system is full established. Here after, the set-point temperature
Tset indicates the outlet reading, more representative of the stave temperature

• Module temperature: Each module has a sensor to check for temperature changes.
The module temperature Tmod strongly depends on the power consumption which
varies with the total ionisation dose deposited during data taking. Even in absence of
collisions, the module temperature is higher with respect to the set point temperature
due to the powering system.

• Stave Flex temperature: This is the temperature at the stave flexible bus Tflex

which is the most representative temperature of the stave, it is not directly moni-
tored by the DCS system and it is correlated to the Tmod and Tset. Considering a
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(a) (b)

Figure 2: Photography of the IBL package around (a) the end-blocks and (b) the central ring which constrains staves
via the central fixation jig.

There are more than 5 ⇥ 105 events of cosmic-ray data accumulated at each temperature set point with
both the toroid field and the solenoid field on. The trigger for cosmic-ray events is the Fast-OR trigger of
the Transition Radiation Tracker (TRT), a hardware-based logical OR of the TRT wires having a hit along
a likely muon track path. The trigger e�ciency is over 90% [5] and an average rate of 4.84 Hz. Tracks
are reconstructed from hits measured by three subdetectors: the Pixel Detector (including the IBL), the
Semiconductor Tracker (SCT), and TRT. 17% of Fast-OR triggered events were used in the distortion
studies after a series of track quality cuts:

• NPixel + NSCT � 4: at least four silicon hits.

• NTRT � 25: at least 25 hits in the TRT.

• pTrack
T � 2 GeV: 2 GeV threshold of the transverse momentum.

The pTrack
T � 2 GeV is applied in order to reduce the impact of multiple scattering in the traversed

material.

The unbiased track-to-hit residual vector, ~rres, is used to quantify the distortion of the IBL. It is defined
as

~rres ⌘ ~rhit � ~rexp, (1)

where ~rhit is the vector of measurements of the hit position in the module and ~rexp is the expected position
according to the track fitting. Both are defined in the local coordinate system2 of the module register-
ing the hit. The schematic drawing of the local residual vector and the transformation from the local
coordinate system to the global coordinate system3 are shown in Figure 4. Residuals are defined as un-

2 In the IBL module frame, the x and y axes are defined in the detector plane with the x-axis pointing along the most precise
measurement direction. The x-axis is orientated along the transverse plane in the ATLAS coordinate system. The y-axis is
pointed along the beam direction.

3 The ATLAS reference frame is a right-handed Cartesian coordinate system, where the origin is at the nominal p–p interaction
point, corresponding to the centre of the detector. The positive x-axis points to the centre of the LHC ring, the positive y-axis
points upwards and the z-axis along the beam direction.
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2 In the IBL module frame, the x and y axes are defined in the detector plane with the x-axis pointing along the most precise
measurement direction. The x-axis is orientated along the transverse plane in the ATLAS coordinate system. The y-axis is
pointed along the beam direction.

3 The ATLAS reference frame is a right-handed Cartesian coordinate system, where the origin is at the nominal p–p interaction
point, corresponding to the centre of the detector. The positive x-axis points to the centre of the LHC ring, the positive y-axis
points upwards and the z-axis along the beam direction.
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Finite element analysis results
IBL Bowing is due to:

CTE mismatch between the flex services
and the carbon foam
Mechanics of the fixed points of the
staves:

The stave can rotate around the
A-side pin
The C-side screw does not hold the
distortion torque

The non-uniform stave cross section due
to the peek inserts at the fixed point
Parabolic distortion predicted by FEA
analysis

Introduction FEA Simulation and Mock-up measurement Temperature stability of the IBL during Collisions Data IBL Stability in 13 TeV Impact on physics Conclusions

FEA simulation of the stave bowing

Stave Bowing FEA simulation
Two independent Finite Element Analysis (FEA) simulations: Geneva and
Milan

IBL Bowing is due to:

Coefficient Thermal Expansion (CTE) mismatch between the flex services
and the carbon foam
Mechanics of the fixed points of the staves

The stave can rotate around the A-side pin
The C-side screw doesn’t hold the distortion torque

The non-uniform stave cross section due to the peek inserts at the fixed
point
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(a)

(b)

Figure 3: (a) Full package of the IBL staves with the central ring simulated by the 3D FEA representing the dis-
tortion. The size of the distortion is magnified for visualization. The color represents the relative size of the local
displacement. The temperature is set at �T = �60 K uniformly from the nominal temperature. The distortion
is magnified by factor 20. (b) Visualization of the distorted stave with magnified distortion size. The size of the
distortion is magnified for visualization. The color represents the magnitude of the displacement. The right bottom
graph shows the relative displacement size in local-x direction (xL) as a function of the global z-position at the face
plate surface of the stave.

5

(a)

(b)

Figure 3: (a) Full package of the IBL staves with the central ring simulated by the 3D FEA representing the dis-
tortion. The size of the distortion is magnified for visualization. The color represents the relative size of the local
displacement. The temperature is set at �T = �60 K uniformly from the nominal temperature. The distortion
is magnified by factor 20. (b) Visualization of the distorted stave with magnified distortion size. The size of the
distortion is magnified for visualization. The color represents the magnitude of the displacement. The right bottom
graph shows the relative displacement size in local-x direction (xL) as a function of the global z-position at the face
plate surface of the stave.
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Impact on physics performance

Beam Spot:

Rotation, displacement and size
(σx ,σy ) in transversal plane

Track impact parameters:

Biased local-x residuals → d0,φ
biases
More significant for high-pT tracks

B-Tagging:

Light-jet rejection decreases to
90% (50%) @ 70% wp for
∆T = 1K (2K) 5.3 Causes of the IBL Stave Distortion

�T [K] �x,L [µm] �y,L [µm] �z,L [µm]

0.0 13.9 ± 0.2 14.0 ± 0.2 53.3 ± 0.5
+0.2 13.9 ± 0.2 14.0 ± 0.2 53.3 ± 0.5
+0.5 14.1 ± 0.2 14.2 ± 0.2 53.3 ± 0.5
�1.0 14.3 ± 0.2 14.5 ± 0.2 53.3 ± 0.5
+1.0 14.5 ± 0.2 14.6 ± 0.2 53.3 ± 0.5
+2.0 16.9 ± 0.2 16.8 ± 0.2 53.3 ± 0.5

Table 5.2: The reconstructed beam spot sizes �x,L, �y,L and �z,L along the x-, y- and
z-axis respectively as a function of a change in IBL temperature.

change can be induced by varying the IBL cooling operating temperature.
However, radiation effects have an impact on the IBL low voltage (LV) current with a

consequent rise in the module and stave temperature [182, 183].
An example of the LV current rise in some of the IBL modules is observed during 2015

p � p collisions data taking and is shown in Fig. 5.13. The description of the mechanism
behind this effect is beyond the scope of this thesis but a detailed treatment of the causes
of this effect can be found in [184]. From the same figure, it is possible to observe that the
same trend is induced in the module temperature causing changes of up to 0.8

�
C within a

single data taking run. The correlation between the rise in the LV current and the average
temperature of the IBL modules follows a linear trend. As previously discussed the change
in the module temperature induces a change in the stave temperature according to Eq. 2.4,
causing a distortion of the IBL staves.

5.3.3 Impact on physics performance

It is clear that the bias on the residual distributions in the IBL induced by the distortion
driven by the CTE mismatch might negatively affect the reconstruction of physics objects as
well as the general ID performance. In particular, since the IBL provides the measurement
closest to the interaction point, it is expected that the track impact parameters are among
the quantities which are mostly affected by such distortion. The impact is evaluated on p�p

collision MC simulation reconstructed introducing artificial misalignments corresponding
to �T = 0.2, 0.5, 1.0, 2.0 K on top of a perfect geometry. The misaligned constants are
created moving the IBL modules position according to Eq. 5.2. Only a brief overview on
the impact on the reconstruction of the beam-spot position, the tracking performance and
on b-tagging algorithms is reported in this section, in order give a context for the necessary
alignment framework modifications discussed in Sec. 5.4.2.

Beam Spot

Since the IBL is the detector closest to the interaction point, its measurements have the
largest weight in the fit determining the beam spot position, size and rotation. The IBL
distortion is expected to have an impact on different beam spot parameters such as:
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Figure 5.14: The ratio of the bias of the d0 (a) and � (b) track parameters over its resolution
for each pT bin.

• The rotation of the beam spot in the x � y plane in the case of a non-spheric beam
spot shape.

• In the case of a displaced beam spot centre with respect to (0,0) in the transverse
plane, an additional shift is expected to be due to IBL distortion.

• The transverse size (�x,L, �y,L) of the beam spot is expected to be negatively affected
due to a reduced spatial resolution in determining the position of vertices or due to a
distortion in the reconstruction of small length scales close to the interaction point.

A MC di-jet sample, reconstructed with the aforementioned set of alignment constants,
is used to estimate the impact of these effects. Due to the nature of the simulated sample
that assumes a spherical beam spot centred in (0,0) in the transverse plane, only the effect
on the beam spot size is studied. The results of the study are reported in Tab. 5.2.

Tracking Performance

The track parameters most affected by local-x residual distribution biases and resolution
degradation are the transverse impact parameter d0 and azimuth �. The impact on tracking
performance is studied on a Z ! µµ MC simulated sample. The results were checked also
on a tt̄ MC simulated sample, reconstructed with the same distorted alignment constants,
and no dependence on the signal process is observed. The effect of the IBL distortion on
d0 (�) is quantified in terms of the ratio of the mean bias, obtained by the difference of
the reconstructed drec

0 (�rec) with the truth value of dtruth
0 (�truth), over its resolution �d0

(��). The results of the study are reported in Fig. 5.14 where it is possible to observe that
for �T < 0.2 K the bias induced by the IBL distortion is of the order of 10% of the track
parameter resolution. The behaviour of the ratio as a function of the track pT is due to the
convolution of two effects. Firstly, the bias between the reconstructed and the truth track

88

5 Inner Detector Alignment in Run-1 and early Run-2

[GeV]
T
p

1 10 210

> 0d
σ)/

0tru
-d

0re
c

<(
d

1.5−

1−

0.5−

0

0.5

1
(T)=0K∆
(T)=0.2K∆
(T)=0.5K∆
(T)=1K∆
(T)=2K∆

ATLAS Internal

Simulation

(a) [GeV]
T
p

1 10 210

> φ
σ)/

tru φ-
re
c

φ
<(

0

0.2

0.4

0.6

0.8

1

1.2

1.4 (T)=0K∆
(T)=0.2K∆
(T)=0.5K∆
(T)=1K∆
(T)=2K∆

ATLAS Internal

Simulation

(b)

Figure 5.14: The ratio of the bias of the d0 (a) and � (b) track parameters over its resolution
for each pT bin.

• The rotation of the beam spot in the x � y plane in the case of a non-spheric beam
spot shape.

• In the case of a displaced beam spot centre with respect to (0,0) in the transverse
plane, an additional shift is expected to be due to IBL distortion.

• The transverse size (�x,L, �y,L) of the beam spot is expected to be negatively affected
due to a reduced spatial resolution in determining the position of vertices or due to a
distortion in the reconstruction of small length scales close to the interaction point.

A MC di-jet sample, reconstructed with the aforementioned set of alignment constants,
is used to estimate the impact of these effects. Due to the nature of the simulated sample
that assumes a spherical beam spot centred in (0,0) in the transverse plane, only the effect
on the beam spot size is studied. The results of the study are reported in Tab. 5.2.

Tracking Performance

The track parameters most affected by local-x residual distribution biases and resolution
degradation are the transverse impact parameter d0 and azimuth �. The impact on tracking
performance is studied on a Z ! µµ MC simulated sample. The results were checked also
on a tt̄ MC simulated sample, reconstructed with the same distorted alignment constants,
and no dependence on the signal process is observed. The effect of the IBL distortion on
d0 (�) is quantified in terms of the ratio of the mean bias, obtained by the difference of
the reconstructed drec

0 (�rec) with the truth value of dtruth
0 (�truth), over its resolution �d0

(��). The results of the study are reported in Fig. 5.14 where it is possible to observe that
for �T < 0.2 K the bias induced by the IBL distortion is of the order of 10% of the track
parameter resolution. The behaviour of the ratio as a function of the track pT is due to the
convolution of two effects. Firstly, the bias between the reconstructed and the truth track
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5.4 ID Alignment campaign in early Run-2 collisions

Figure 5.15: Light jet rejection evaluated with the MV2c20 b-tagging algorithm as function
of the b-tagging efficiency for the nominal scenario (std) and distorted IBL
geometry at �T = 1K (p1C) and 2K (p2C).

parameters is bigger at low pT values. Secondly, the resolution on these track parameters
gets better with increasing track pT. Therefore, the pulls results show that the relative
bias on the track parameters induced by the IBL distortion is more significant for high pT

tracks.

B-Tagging performance

Dedicated investigations are performed to assess the impact on b-tagging performance
using MC simulation of tt̄ events at

p
s = 13 TeV that are reconstructed with �T =

0.2K, 0.5K, 1K, and 2K. The b-tagging performance is evaluated for the MV2c20 algorithm
[185, 186], which is the default for Run 2. The light-jet rejection decreases to 90% (50%)
of the nominal case at a b-tagging working point of 70% for �T = 1K (2K) as shown
in Fig. 5.15. In the case of �T = 0.2K and 0.5 K the b-tagging performance does not
deteriorate.

5.4 ID Alignment campaign in early Run-2 collisions

In this section the changes made to the Inner Detector Alignment procedure in order to cope
with the distortion of the IBL sub-detector and restore high-quality data reconstruction
are discussed. Finally, the procedure used to determine baseline constants for 2015 data
processing is presented.
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IBL and Pixel operation during Run-2

Figures of merit:

ROD synch Error: mismatch
between event-id information
received from trigger and from
module

MOD synch Error: mismatch
between event-id information
received on the module from
different FEs

Constant effort of Pixel DAQ
team in deploying updated
ROD FW → keep de-synch
stable with harsher conditions

Higher de-synch...
...lower Nhits on tracks...
...lower track quality and reconstruction
efficiency
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Desynchronization  

•  Luminosity and pile-up are much larger than originally specified. 
•  High occupancy can lead to buffer overflows resulting in event fragments being 

associated with the wrong event (“desynchronization”). 
•  A periodic reset of the frontend ASICs and of the firmware in the backend every 5 

seconds was introduced to resynchronize all data sources. 
 

Substantially improved data taking efficiency! 
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Radiation damage effect in Pixel and IBL

Cope with radiation damage →
significant for the detector
performance
Models are used to understand
and predict radiation damage
effects, which are now included
in ATLAS MC simulation
Will subdivide the radiation
effects in two "classes"
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Radiation Damage 

•  Radiation damage effects are getting to be 
significant for the performance of the detector. 

•  We are now somewhere around 40 - 50 % of 
the total fluence depending on the luminosity 
in run 3. 

•  Models are used to understand and predict 
radiation damage effects. 

•  The ATLAS Monte Carlo now includes 
radiation damage effects. 

•  The operational parameters (HV, thresholds, 
temperature) can be adjusted to counteract 
the effects. 

Layer End of Run 2 
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Limit 
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!2 Lorenzo Rossini -  INFN and Università di Milano - Pixel General Meeting

Re-iterate usual plot but with the new error bands
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Mid/Long time scale

Over several data-taking runs
Charge Collection Fraction (CCF)
reduction
Lorentz-Angle drift
Depletion Voltage evolution
Counteract adjusting operational
parameters

Short time scale:

Effects apparent in each single run
LV current increase
Detector detuning
Single Event upsets and Single Event
Transients
Require special counter actions →
dynamic detector evolution

The radiation damage effects enlightened in bold will be discussed today
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LV current increase: a hard start of Run-2
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Effects on IBL distortion

Change in LV current → Change in Tmod → Change in Tflex → IBL stave distortion

Not a static distortion:

Run-by-run and within run
dependence
L3 not feasible at prompt
processing...
... but analytic description is
known → new single DoF M

Simpler scheme:
prompt-calibration is possible

5.4 ID Alignment campaign in early Run-2 collisions

Level 11

Structure Tx Ty Tz Rx Ry Rz M

TRT (Barrel) 3 3 7 3 3 3 7

TRT (End-caps) 3 3 7 7 7 3 7

SCT (Barrel) Kept fixed as reference
SCT (End-caps) 3 3 7 7 7 3 7

Pixel 3 3 3 3 3 3 7

IBL 3 3 3 3 3 3 3

Level 16

TRT Kept Fixed as reference
SCT Kept Fixed as reference
Pixel Kept Fixed as reference
IBL 7 7 7 7 7 7 3

Table 5.3: List of the degrees of freedom and structures aligned for the time-dependent IBL
distortion correction. During the L16, 14 total d.o.f. are aligned corresponding
to the bowing magnitude for each IBL stave.

equation Eq. 5.1:

@rx

@M
=

z2 � z2
0

z2
0

(5.3)

where the position along the z axis of the alignable module in the alignment frame,
z0 = 366.5mm is the distance between the fixation points and the centre of the stave, M is
the IBL stave bowing alignment parameter and rx is the residual along local-x direction.
The baseline of Eq. 5.1 is determined at L11 by a global rotation around the z axis, Rz,
and by the translation along the x axis, Tx, at L16. Finally, the derivative of the residual
along local y is set to zero, since negligible dependence from this d.o.f. is observed. The
L11 alignment correction with the bowing d.o.f. included has been applied from the end of
September 2015 in order to correct the average drift of the IBL distortion and the results
are shown in Fig. 5.16. It is possible to observe that the average IBL bowing distortion
is corrected within 2µm. However, as shown in Fig. 5.17, the run averaged alignment is
not able to correct for movements within the run itself and it becomes necessary to derive
alignment constants with a finer time granularity. During Run-2, the alignment correction
to the bowing distortion has been calculated every 100 luminosity blocks (LBs)4 on top
of the L11 global movements corrections for each data-taking run. The configuration
of the alignment is reported in Tab. 5.3 showing the d.o.f. used to align the ID at the
various alignment levels. The results of the real-time alignment are shown in Fig. 5.17.
The distributions of the local x unbiased residuals integrated over all hits of the IBL
sub-detector are shown in Fig. 5.18 with the default alignment constants, the run averaged
alignment correction to the global IBL bowing and the time dependent corrections to the
bowing of each stave.

4A luminosity block corresponds to one minute of data-taking.
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TID Effects on IBL distortion

Developed a dynamic alignment
LB-group(∗) wise
Resolution improvement wrt
run-by-run alignment: ∼ ×2
FWHM: 21µm→ 13µm

Same stave-by-stave evolution
in agreement with constraining
mid-stave ring...

...but why only from LB>100?

5 Inner Detector Alignment in Run-1 and early Run-2
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Figure 5.17: The IBL distortion magnitude averaged over the 14 staves for the LHC fill
4560. The default alignment indicates the baseline constants derived in [187],
the fill-averaged alignment the constants obtained after the L11 correction
and LB corrected alignment the time-dependent L16 correction.
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Figure 5.18: The local-x unbiased residual distributions integrated over all hits-on-track in
the IBL layer modules. The default alignment indicates the baseline constants
derived in [187], the fill-averaged alignment the constants obtained after the
L11 correction and LB corrected alignment the time-dependent L16 correction.

5.4.2 Alignment of full 2015 p � p collisions dataset

The alignment of the full 2015 p� p collisions at
p

s = 13 TeV has been recomputed at the
end of the data-taking. A similar procedure to the one discussed in Sec. 5.1 is followed.
The full alignment reprocessing of the data collected during 2015 is performed in two steps.
Firstly a baseline set of constants is derived and a set of time dependent corrections to
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Figure 5.17: The IBL distortion magnitude averaged over the 14 staves for the LHC fill
4560. The default alignment indicates the baseline constants derived in [187],
the fill-averaged alignment the constants obtained after the L11 correction
and LB corrected alignment the time-dependent L16 correction.
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Figure 5.18: The local-x unbiased residual distributions integrated over all hits-on-track in
the IBL layer modules. The default alignment indicates the baseline constants
derived in [187], the fill-averaged alignment the constants obtained after the
L11 correction and LB corrected alignment the time-dependent L16 correction.

5.4.2 Alignment of full 2015 p � p collisions dataset

The alignment of the full 2015 p� p collisions at
p

s = 13 TeV has been recomputed at the
end of the data-taking. A similar procedure to the one discussed in Sec. 5.1 is followed.
The full alignment reprocessing of the data collected during 2015 is performed in two steps.
Firstly a baseline set of constants is derived and a set of time dependent corrections to
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Figure 5.21: Level 16 within-run alignment corrections to the IBL sub detector performed
on the LHC Fills 4449 (a) and 4452 (b) on top of the run-by-run corrections.
All the other sub-systems are kept fixed as outlined in Tab. 5.3.

movements global corrections, the dynamic correction of the IBL stave distortion has been
applied with the configuration outlined in Tab. 5.3. In Fig. 5.21 the alignment correction
to the bowing magnitude for two LHC fills is shown. The first 100 LB are dominated by
the movement of the outer layers of the Pixel detector along Ty that were already observed
and described in [133]. It is possible to notice that in this case the alignment produces
artificial corrections to the IBL bowing which are � dependent, as it would be expected
when instead a global vertical movement is present. After the outer pixel layers relaxation,
it is possible to notice that the corrections for the bowing magnitude follows a very similar
trend for all the staves, as it is expected due to the central support rings that introduce a
mechanical constraint. These dynamic corrections are of major importance to ensure good
tracking performance as discussed in Sec. 5.3.3.

5.4.3 Alignment Validation and systematics

The alignment validation is performed using Z ! µµ events that are selected requiring
exactly two muon candidates reconstructed by a combined fit using both the hits in the
ID and in the MS system with a Loose identification working point (see Sec. 3.2.2). The
data is compared to a MC Z ! µµ simulated data sample.

The muon tracks are required to be isolated imposing that the ratio between the sum
of the transverse momentum of all the other tracks around the muon in a cone of radius
�R = 0.4 over the muon transverse momentum is lower than 0.2. In addition, the two
muons invariant mass is required to be close to the Z boson mass in the window defined as
70  Mµ�µ+  110 GeV and the angular separation between the two muons is required to

be �R =
q

(�⌘)2 + (��)2 > 0.2. The track reconstructed in the Inner Detector associated
with the muon candidate is required to have a hit in the IBL, if a hit is expected, at least
two hits in the Pixel detector and at least 6 hits in the SCT, including dead modules
and at most one hole in the silicon sub-detectors. This selection is required to ensure
good quality tracks with a precise reconstruction of the track parameters. The plots used
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Figure 5.21: Level 16 within-run alignment corrections to the IBL sub detector performed
on the LHC Fills 4449 (a) and 4452 (b) on top of the run-by-run corrections.
All the other sub-systems are kept fixed as outlined in Tab. 5.3.

movements global corrections, the dynamic correction of the IBL stave distortion has been
applied with the configuration outlined in Tab. 5.3. In Fig. 5.21 the alignment correction
to the bowing magnitude for two LHC fills is shown. The first 100 LB are dominated by
the movement of the outer layers of the Pixel detector along Ty that were already observed
and described in [133]. It is possible to notice that in this case the alignment produces
artificial corrections to the IBL bowing which are � dependent, as it would be expected
when instead a global vertical movement is present. After the outer pixel layers relaxation,
it is possible to notice that the corrections for the bowing magnitude follows a very similar
trend for all the staves, as it is expected due to the central support rings that introduce a
mechanical constraint. These dynamic corrections are of major importance to ensure good
tracking performance as discussed in Sec. 5.3.3.

5.4.3 Alignment Validation and systematics

The alignment validation is performed using Z ! µµ events that are selected requiring
exactly two muon candidates reconstructed by a combined fit using both the hits in the
ID and in the MS system with a Loose identification working point (see Sec. 3.2.2). The
data is compared to a MC Z ! µµ simulated data sample.

The muon tracks are required to be isolated imposing that the ratio between the sum
of the transverse momentum of all the other tracks around the muon in a cone of radius
�R = 0.4 over the muon transverse momentum is lower than 0.2. In addition, the two
muons invariant mass is required to be close to the Z boson mass in the window defined as
70  Mµ�µ+  110 GeV and the angular separation between the two muons is required to

be �R =
q

(�⌘)2 + (��)2 > 0.2. The track reconstructed in the Inner Detector associated
with the muon candidate is required to have a hit in the IBL, if a hit is expected, at least
two hits in the Pixel detector and at least 6 hits in the SCT, including dead modules
and at most one hole in the silicon sub-detectors. This selection is required to ensure
good quality tracks with a precise reconstruction of the track parameters. The plots used

96

IDTR-2015-011,CERN-THESIS-2017-380

(*) A luminosity block (LB) is the amount of time during which the LHC conditions
are approximatively uniform, including (but not only) luminosity.
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ID Alignment is NOT Pixel Alignment Only
What in the end matters is
the combined alignment of
Pixel+SCT+TRT

ID Alignment weak modes can
have a large impact on
momentum scale, affecting
precision measurements, i.e.
mH , mW , ...

Proper modelling, timely
correction

4.4 Alignment with external constraints

track parameters of a track originating from the centre of the beam spot and the
beam spot position (xbs, ybs, zbs) is given by

d0 = �(xbs + z0↵bs) sin�0 + (ybs � z0�bs) cos(�0) (4.24)

where ↵bs and �bs are the beamspot tilt with respect to the global x and global y

axis, respectively. The matrix of the constraints derivatives assumes the simple form

F⌧ =

✓
1,

@d0

@z0
,
@d0

@�0
, 0, 0

◆
(4.25)

and the tolerance matrix is just the �d0 computed by propagating the uncertainties
on the beam spot parameters in Eq. 4.24. The use of the beam spot position in the
alignment effectively constrains global translations at Level 2 in the x and y direction
since the transversal size of the beam spot are typically of the order of ⇠ 5µm. On
the other hand it does not apply any significant constraint in translations along z

due to an uncertainty on the longitudinal beam spot size of the order of ⇠ 40mm.
To constrain the Tz d.o.f. , the position of the primary vertex (see Sec. 3.1.2) is used,
which provides a significant constraint on the z0 track parameter.

• Mass resonances: Some systematic deformations of the ATLAS Inner Detector
due to weak modes manifest themselves in biases on the track momentum that can
be evaluated by the effect on the reconstructed mass of standard candles, such as
the Z boson. Considering the decay of the Z boson into two muons, Z ! µµ, the Z

mass is given by

m2
Z = 2p1p2(1 � cos��) (4.26)

where �� is the opening angle of the two ultra relativistic muons of momenta p1 and
p2. There are two major classes of possible deformations that affect the momentum of
tracks [177]: sagitta deformations that alter the track curvature in an asymmetric way,
such as twist of the barrel detector, or radial deformations that are charge symmetric
instead. The effect of these distortions can be translated in transformation of the
tracks momentum such as

q/pT ! q/pT (1 + qpT�sagitta)�1 (sagitta)

pT ! pT (1 + �radial)
2 (radial)

(4.27)

where �sagitta and �radial parametrise the effect of the two classes of deformations
discussed above. Considering the sagitta deformation, the Eq. 4.26 gives

m̃2
Z = 2p1(1 � q1p1�sagitta,1)p2(1 � q2p2�sagitta,2)(1 � cos��) (4.28)
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Alignment Weak Modes

> Class of deformations leaving χ2 unaffected, 
biasing track parameters 

• Need “external” constraints 

>For example, “sagitta biases” on reconstructed 
momentum 

• Use primarily Z mass in Z→μμ and E/p ratio in 
Z→ee to constrain 

>Need sufficient statistics, so can only be corrected 
“after the fact” in data reprocessing

It’s of paramount importance keeping ID
systematics as low as possible.
State of the art Run-1 alignment → better
momentum scale led to smaller syst wrt
CMS in H → 4l

5

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Figure 2: Summary of Higgs boson mass measurements from the individual analyses of AT-
LAS and CMS and from the combined analysis presented here. The systematic (narrower,
magenta-shaded bands), statistical (wider, yellow-shaded bands), and total (black error bars)
uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column
indicate the central value and the total uncertainty of the combined measurement, respectively.

for the prefit case and

dmHpostfit = ±0.22 GeV = ±0.19 (stat.) ± 0.10(syst.) GeV (7)

for the postfit case, which are both very similar to the observed uncertainties reported in Eq. (3).

Constraining all signal yields to their SM predictions results in an mH value that is about
70 MeV larger than the nominal result with a comparable uncertainty. The increase in the
central value reflects the combined effect of the higher-than-expected H ! ZZ ! 4` measured
signal strength and the increase of the H ! ZZ branching fraction with mH. Thus, the fit
assuming SM couplings forces the mass to a higher value in order to accommodate the value
µ = 1 expected in the SM.

Since the discovery, both experiments have improved their understanding of the electron, pho-
ton, and muon measurements [16, 30–34], leading to a significant reduction of the systematic
uncertainties in the mass measurement. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the individual measurements and their com-
bination. The combined analysis incorporates approximately 300 nuisance parameters. Among
these, approximately 100 are fitted parameters describing the shapes and normalizations of the
background models in the H ! gg channel, including a number of discrete parameters that al-
low the functional form in each of the CMS H ! gg analysis categories to be changed [35]. Of
the remaining almost 200 nuisance parameters, most correspond to experimental or theoretical
systematic uncertainties.

Based on the results from the individual experiments, the dominant systematic uncertainties
for the combined mH result are expected to be those associated with the energy or momentum
scale and its resolution: for the photons in the H ! gg channel and for the electrons and
muons in the H ! ZZ ! 4` channel [14–16]. These uncertainties are assumed to be uncor-
related between the two experiments since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which are fully independent except for negli-
gible effects due to the use of the common Z boson mass [36] to specify the absolute energy and

PRL114(19):191803
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Table 4 Systematic uncertainties in the mW measurement from muon
calibration and efficiency corrections, for the different kinematic
distributions and |ηℓ| categories, averaged over lepton charge. The

momentum-scale uncertainties include the effects of both the momen-
tum scale and linearity corrections. Combined uncertainties are evalu-
ated as described in Sect. 2.2

|ηℓ| range [0.0, 0.8] [0.8, 1.4] [1.4, 2.0] [2.0, 2.4] Combined
Kinematic distribution pℓ

T mT pℓ
T mT pℓ

T mT pℓ
T mT pℓ

T mT

δmW [MeV]

Momentum scale 8.9 9.3 14.2 15.6 27.4 29.2 111.0 115.4 8.4 8.8

Momentum resolution 1.8 2.0 1.9 1.7 1.5 2.2 3.4 3.8 1.0 1.2

Sagitta bias 0.7 0.8 1.7 1.7 3.1 3.1 4.5 4.3 0.6 0.6

Reconstruction and isolation efficiencies 4.0 3.6 5.1 3.7 4.7 3.5 6.4 5.5 2.7 2.2

Trigger efficiency 5.6 5.0 7.1 5.0 11.8 9.1 12.1 9.9 4.1 3.2

Total 11.4 11.4 16.9 17.0 30.4 31.0 112.0 116.1 9.8 9.7
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Fig. 7 a Scale factors for the muon reconstruction, trigger and isola-
tion efficiency obtained with the tag and probe method as a function of
the muon pT. Scale factors for the trigger efficiency are averaged over
two data-taking periods as explained in the text. The error bars on the
points show statistical uncertainties only. b Distribution of the recon-
structed muons η in Z → µµ events. The data are compared to the

simulation including signal and background contributions. Corrections
for momentum scale and resolution, and for reconstruction, isolation,
and trigger efficiencies are applied to the muons in the simulated events.
Background events contribute less than 0.2% of the observed distribu-
tion. The lower panel shows the data-to-prediction ratio, with the error
bars showing the statistical uncertainty

pT-dependence of the corrections is observed in any of the
detector regions.

The selection of tag-and-probe pairs from Z → µµ

events is based on the kinematic requirements described in
Sect. 5.2. The tag muon is required to be a combined and
energy-isolated muon candidate (see Sect. 5.1) which fulfils
the muon trigger requirements. The selection requirements
applied to the probe muon candidate differ for each efficiency
determination: the selection requirement for which the effi-
ciency is determined is removed from the set of requirements
applied to the probe muon. All the efficiency corrections are
derived inclusively for the full data set, with the exception
of the trigger, for which they are derived separately for two
different data-taking periods. The resulting scale factors are
shown as a function of pℓ

T and averaged over ηℓ in Fig. 7a.

The trigger and isolation efficiency corrections are typically
below 0.3%, while the reconstruction efficiency correction is
on average about 1.1%. The corresponding impact on muon
selection inefficiency reaches up to about 20%.

The quality of the efficiency corrections is evaluated by
applying the corrections to the Z → µµ simulated sample,
and comparing the simulated kinematic distributions to the
corresponding distributions in data. Figure 7b illustrates this
procedure for the ηℓ distribution. Further distributions are
shown in Sect. 9.

The dominant source of uncertainty in the determination
of the muon efficiency corrections is the statistical uncer-
tainty of the Z -boson data sample. The largest sources of
systematic uncertainty are the multijet background contribu-
tion and the momentum-scale uncertainty. The correspond-
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ID Alignment is NOT Pixel Alignment - Weak Modes

Anthony Morley

Weak Modes

9

�x / y �y / y

Class of deformations leaving χ2

unaffected, biasing track parameters

Need external constraints

Charge dependent sagitta biases →
reconstructed momentum

Use of Z mass from Z → µµ and E/p
ratio in Z → ee to constrain

Impact parameters constrained by vertex
position and Z → µµ events

M
C

M
M

C
-M

re
co

M

0.02−

0.01−

0

0.01

0.02

η
2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

φ

3−

2−

1−

0

1

2

3

ATLAS Preliminary

-µ 

-µ+µ →Data 2016, Z 
 -1 = 13 TeV, 5.8 fbs

M
C

M
M

C
-M

re
co

M

0.02−

0.01−

0

0.01

0.02

η
2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

φ

3−

2−

1−

0

1

2

3

ATLAS Preliminary

+µ 

-µ+µ →Data 2016, Z 
 -1 = 13 TeV, 5.8 fbs

IDTR-2018-002
43 / 50

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2018-002/


TID Effects on IBL Calibration
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Figure 4: Top view of an NMOS transistor [7].

Figure 5: Top view of an NMOS transistor with a source-drain channel, indicated in yellow, that formed below the
gate [8].

by tunneling of an electron from the Si substrate. The electron has the ability to tunnel back and therefore
this e�ect is not permanent. Both e�ects are dependent on temperature and the applied electric field. The
interface traps will not be significantly annealed for the temperatures the chips will be exposed to during
operation [9]. When an NMOS transistor is irradiated, the radiation damage is initially dominated by
STI trapping, increasing the leakage current. As the TID increases, the interface trapping increases and
starts to compete with the STI trapping and thus the LV current reaches its peak value between 1 Mrad
and 3 Mrad; at higher TID the interface trapping dominates and the LV current decreases towards the
pre-irradiated value. This e�ect was found to be dose rate and temperature dependent, and it is referred to
as the rebound e�ect [7]. The parametrisation of the radiation induced leakage current increase of NMOS
transistors is described by a parasitic transistor along the STI in Ref. [8].

3.2 Measurements of single FE-I4 chips exposed to X-ray and proton radiation

To quantify the e�ects described above in the FE-I4 chip operation mode, several irradiations and electrical
tests were performed using X-ray [10, 11] sources. Measurements under di�erent temperature and dose rate
conditions have been performed, to quantify the dependence of TID e�ects on dose rate and temperature.

The purpose of first irradiation tests was to verify the rebound e�ect in the FE-I4 LV current at a given
temperature and dose rate. Figure 6(a) shows how the LV current increases for a FE-I4 chip in data taking

5

Three effects occur in NMOS :

positive charges trapping in STI
e− trapping in the Si-Si oxide interface
→ permanent annealing
e− tunnelling at irradiation stop from
Si substrate → temporary annealing

Result:

Drift in opposite directions
Continuous detector retuning
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Mid/Long time scale effects: Charge Collection Fraction

Major effect on IBL and B-Layer

Clusters on tracks associated to jets
0.1 < ∆R(trk, jet) < 0.4

Charge collection fraction loss, reduced
cluster size → expected worsening of
hit-resolution

Constant efforts from operation team
to maintain best possible detector
performance:

Bandwidth limitation in B-Layer in
2016 → emergency tuning.
Recovered in 2018.
Every few days → retuning of IBL
HV change during operation →
recover full depletion

Anticipation → parameters resolution /
LF-jets rejection degradation
Results not yet public.
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Figure: The dependence of the average cluster size and the measured dE/dx on
the delivered luminosity. Each point represents a single run, and only runs
recorded in 2016, 2017 and 2018 are shown (the 4.4 fb�1 delivered in 2015 is
not shown). Clusters are selected which match exactly one reconstructed
charged track with pT > 10 GeV and |⌘| < 1.4, associated to jets with
pT > 200 GeV by 0.1 < �R(track, jet) < 0.4. The lower cut is to reduce
contamination from two particle clusters. The impact on changing Time over
Threshold requirement in the B-Layer sensors is visible, while the impact on
dE/dx of changing the analog threshold from 3500e to 5000e is partially
mitigated by a recalibration. The gradual decrease of the measured hdE/dxi is
due to the reduced charge collection fraction due to radiation damage. Red
dotted lines mark the different data taking years. 3 / 6
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Figure: The dependence of the average cluster size and the measured dE/dx on
the delivered luminosity. Each point represents a single run, and only runs
recorded in 2016, 2017 and 2018 are shown (the 4.4 fb�1 delivered in 2015 is
not shown). Clusters are selected which match exactly one reconstructed
charged track with pT > 10 GeV and |⌘| < 1.4, associated to jets with
pT > 200 GeV by 0.1 < �R(track, jet) < 0.4. The lower cut is to reduce
contamination from two particle clusters. The impact on changing the high
voltage in the IBL is clearly visible.The gradual decrease of the measured
hdE/dxi is due to the reduced charge collection fraction due to radiation
damage. Red dotted lines mark the different data taking years.
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Effects on hit-on-track efficiency and resolution

CCF reduction + June 2016
emergency tuning: from 99%
(2015) to 94% hit-on-track
efficiency in |ηtrk | < 0.5.
Data 2018: Calibration software
improvement for first η

dependent detector tuning

Central η region → lower
threshold
High η region → high
threshold
DAQ upgrade + FW
improvements →< 80%
bandwidth usage
requirement

Recovered cluster-size and
hit-efficiency → improvement
of d0 resolution

 [GeV]
T

Track p
1 10

H
it-

O
n-

T
ra

ck
 e

ffi
ci

en
cy

0.955

0.96

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1

 PreliminaryATLAS
Run-2 Data
Pixel B-Layer

0.004%± Avg=98.706-1After 7 fb

0.005%± Avg=98.637-1After 11.5 fb

0.005%± Avg=98.439-1After 20 fb

0.006%± Avg=98.403-1After 35 fb

0.004%± Avg=98.706-1After 7 fb

0.005%± Avg=98.637-1After 11.5 fb

0.005%± Avg=98.439-1After 20 fb

0.006%± Avg=98.403-1After 35 fb

0.004%± Avg=98.706-1After 7 fb

0.005%± Avg=98.637-1After 11.5 fb

0.005%± Avg=98.439-1After 20 fb

0.006%± Avg=98.403-1After 35 fb

0.004%± Avg=98.706-1After 7 fb

0.005%± Avg=98.637-1After 11.5 fb

0.005%± Avg=98.439-1After 20 fb

0.006%± Avg=98.403-1After 35 fb

Introduction

The measurement of the efficiency
for a pixel sensor to produce a hit
when traversed by a charged
particle is a very important
quantity to asses the detector
performance
However, within ATLAS
environment, the measurement
depends on:

Track Selection
Type of tracks selected:
Hadrons, Muons, Primary,
Secondary, Fakes...
Track reconstruction algorithms
and hit to track association
efficiency

✏ =
hit-on-track
Total Hits

2 / 25
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Short time scale effects: Single Event Upsets/Transients
Single Event Upset (SEU):

A relevant amount of charge
deposit into a memory latch can
flip it’s logic state
Highly ionizing recoil nuclei and
showers from nuclear interactions
of the MIPs

Single Event Transients (SET):

Transient pulse caused by single
event effect that propagates along
the logic lines
The last loaded configuration
bitstream plays a role

Memory corruption

Developed read-back of module
configuration → corruption cross-section

LHC data agrees with test-beam and
FE simulation

Single Event Upset/Transient
6

Single Event Upset (SEU)
• The charges caused by a charged/neutral 

particle alter the state of memory.

• On-chip memory corruption leads to 
detuning and reduction of hit efficiency.

Single Event Transient (SET)
• A glitch caused by single event effect 

travels through combinational logic and 
is captured into storage element.

Single Event Upset/Transient
6

Single Event Upset (SEU)
• The charges caused by a charged/neutral 

particle alter the state of memory.

• On-chip memory corruption leads to 
detuning and reduction of hit efficiency.

Single Event Transient (SET)
• A glitch caused by single event effect 

travels through combinational logic and 
is captured into storage element.

Single Event Upset/Transient
6

Single Event Upset (SEU)
• The charges caused by a charged/neutral 

particle alter the state of memory.

• On-chip memory corruption leads to 
detuning and reduction of hit efficiency.

Single Event Transient (SET)
• A glitch caused by single event effect 

travels through combinational logic and 
is captured into storage element.
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Dynamic SEU/SET corrective actions
Joint effort between FW and SW:

Reconfiguration timed with ECR
re-synchronisation signal
In the shadow of the 0.02% of
ATLAS dead time

Global Register Reconfiguration:

In place from 2017 → fundamental
to recover module operation

Pixel Register Reconfiguration:

Tested in 2018 for the first time
Not possible in one go → dynamic
reconfiguration bitstream
Noise, quiet pixels, broken cluster...

Single Event Upsets in the ATLAS IBL 
Frontend ASICs 

 Pierfrancesco Butti ( Cern )  
on behalf of the ATLAS Collaboration

[1]: M. Backhaus, The upgraded Pixel Detector of the ATLAS Experiment for run 2 at LHC, Hiroshima 10th Simposium proceedings, Vol 831, pp 65-70. 
[2]: IBL Collaboration, FE-I4B Manual. 
[3]: A. Polini et al., Design of the ATLAS IBL Readout System, TIPP 2011 proceedings, Vol 37, 2012, pp. 1948-1955. 

 

During operation at instantaneous luminosities of up to 1.5 /s/cm^2 the frontend chips of the ATLAS 
innermost pixel layer (IBL) experienced single event upsets affecting its global registers as well as the 
settings for the individual pixels, causing, amongst other things loss of occupancy, noisy pixels, and 
silent pixels. A quantitative analysis of the single event upsets as well as the operational issues and 
mitigation techniques will be presented.
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Abstract 
Latches based on the Dual Interlocked storage Cell or 

DICE are very tolerant to Single Event Upsets (SEU). 
However, for highly scaled processes where the sizes continue 
to decrease, the data in this latch can be corrupted by an SEU 
due to charge sharing between adjacent nodes. Some layout 
considerations are used to improve the tolerance of the DICE 
latches to SEU and especially the influence of sensitive nodes 
separation is tested for DICE latches designed with a 130 nm 
process. 

I. INTRODUCTION 
The requirement for total dose tolerance for the ATLAS 

pixel detector has been estimated to 50 Mrad. Because of this 
high level of irradiation, the performance of the innermost 
layer of ATLAS pixel detector, the so-called b-layer, will start 
degrading after 2-3 years of LHC working. So, it is proposed 
to upgrade the b-layer detector. For this purpose, 
improvement in the electronic design of the pixel front end is 
under study and development using the 130 nm process [4]. 

At the time of the b-layer replacement, the level of 
radiation will be 3 times higher than at the start of the LHC. 
The total dose is estimated to reach 150 to 200 MRad and 
peak fluencies are close to 1x108 particles/cm²/sec. 

In principle, the commercial 130 nm process used to 
design the front end chip is less sensitive than older process 
generations to the effect of the total ionizing dose and 
irradiation tests made on individual devices are very 
promising. 

However, we have to consider carefully the SEU for this 
highly scaled process. In fact, the device dimensions are small 
and the capacitance of storage nodes becomes lower. The 
supply voltage needed is low (1.0 V to 1.4 V for the 130 nm 
process). The critical charge needed to provoke an upset 
becomes lower than in older processes and digital designs 
become less tolerant against SEU. 

Traditional flip flops are not suitable to be used in the 
b-layer environment. D flip flops based on the dual 
interlocked cell (DICE) latches have redundant storage nodes 
and restore the cell original state when an SEU error is 
introduced in a single node [5]. The probability that multiple 
nodes are affected by an upset is low, making the DICE latch 
less sensitive to SEU. However, as the device size shrinks, the 

space between critical nodes is reduced. The redundancy 
becomes less efficient because of the charge sharing between 
sensitive nodes of the DICE latch. For this reason, some 
hardened by design (HBD) approaches are used to reduce the 
effect of charge sharing. 

A 130 nm test chip has been designed in order to study the 
effect of some layout techniques on the tolerance to SEU. 
Layout considerations are based on spatial separation of 
critical nodes, isolation techniques like isolated wells and 
guard rings and cell interleaving. Some prototype layout 
structures have been investigated in order to develop some 
rules to follow in the new design of the front end IC 
developed for the b-layer replacement. 

II. DICE LATCH STRUCTURE UNDER TEST 

A. DICE Structure 
The DICE latch structure is shown in Figure 1. It is based 

on the conventional cross coupled inverter latch structure. The 
4 nodes X1 to X4 store data as 2 pairs of complementary 
values. 

X1 X2 X3 X4

load

inb

load

in

MN1

MP1

MN2

MP2

MN3

MP3

MN4

MP4

out

outb

 
Figure 1: DICE latch structure 

For example, when the stored data are 0 then X1-X2-X3-
X4 = 0101 and particularly X1 is low and X4 is high. If we 
assume a positive upset pulse on the node X1, the transistor 

402

• X1 0    1 flip 
• MP2 and MN3  

blocked 
• X2-X3 preserve  

correct information

DICE SEU if (X1-X3) 
or (X2-X4) are flipped

• Schematic data-taking readout bit stream in ATLAS  
‣ Pixel and IBL detector receive a particular bit-stream with instructions from 

ATLAS Central Trigger Processor 

‣ The Level-1 Accept (L1A) signal triggers the readout of the hits from the FE-
I4 

‣ The Bunch Counter Reset (BCR) keeps the synchronisation between the 
readout and the bunches orbit 

‣ The Event Counter Reset (ECR) triggers a reset of the counters of the Pixel/
IBL readout 

• Continuous re-configuration of DICE latches 
‣ Possible to exploit ATLAS read-out data stream and timing to reconfigure 

IBL detector without causing dead-time 

‣ Every 5s, at the ECR arrival, IBL do not receive triggers for 1ms 

‣ Ad-hoc bit-stream containing Global and (partial) Pixel re-configuration 
instructions is inserted right after ECR, before the re-start of the actual 
data taking 

• IBL Detector fully reconfigured within 10 minutes 

• Exploits synergy of IBL read-out software and firmware 

• Safety of the hardware with respect to current 
transients has been assessed

• Front End I4 (FE-I4) Configuration 
‣ Global Configuration (32 Registers of 16 bits) + Pixel 

Configuration (13 Registers per Pixel) stored in Dual 
Interlocked CEll (DICE) based memory 

‣ These registers control output enable (hit Enable), local 
threshold (5-bit TDAC) and local feedback current for Time 
Over Threshold response (4-bit FDAC) 

• Single Event Upset (SEU) 
‣ The state of memory can be altered due to ionising and non-

ionising radiation damage 

‣ On-chip memory corruption leads to wrong operation of the 
FE-I4, detuning, increase of noise, reduction of hit-
efficiency 

➡ Peilian’s Poster on SEU measurements in IBL 

‣ During data-taking operation in ATLAS, SEUs accumulate 
as function of time 

• Read Back of chip configuration 
‣ Both global and local configuration can be read back 

from the chip at any time by sending instructions to the FE 

‣ Performing read back at different moments of the data-taking 
gives information on the amount of memory corruption

Fig. 2: DICE latches structure [2]
 Alessandro Polini et al.  /  Physics Procedia   37  ( 2012 )  1948 – 1955 1951

Fig. 2. Schematic view of the IBL readout system. From left to right the detector, the BOC, the ROD and the calibration farm. All
detector and readout fibers are located at the back of the crate (BOC). New user-pluggable connections (GBit Ethernet) are on the front
side (ROD). This configuration allows easy protection of critical connections within the crate by an interlocked door on the backside
of the racks.

front-end is done via two commercial SNAP12 4 RX modules while configuration data are sent either by
a SNAP12 TX module or a TX plugin like the ones used on the current BOC. The Spartan-6 devices will
replace all the functionality of the former custom made hardware (BPM encoding, synchronization, variable
delays). The S-Link connection is established via Small Form-factor Pluggable 5 (SFP) transceivers. The
configuration of the two Spartan-6 devices is handled by a third Spartan-6 (LX75T). As the IBL will return
a balanced 8b/10b encoded stream at 160 Mbit/s per link, the new receiver circuitry can implement several
advantages over the previous system:

• AC coupled receiver logic: due to the balanced encoding, the receiver circuitry can run AC coupled. It
therefore delivers a bias free stream, automatically adapting to subtle changes in the data transmission
line.

• Transition based code: regular transitions within the received stream allow to automatically synchro-
nise the received data with a local clock, embedding standard synchronisation techniques into the
BOCs central programmable device.

• Bytewise encoding: the receiver can be split into an 10b/8b decoder, delivering bytewise output and a
formatting section, knowing the frontend data coding scheme. Therefore the individual logic blocks
will get simpler in structure and easier to debug.

As for the detector link, the S-Link on the BOC will be implemented directly on the FPGAs and will support
twin-channel operation to provide the data stream also to a Fast Track Trigger [9] when needed. In the BOC
prototype one of the Spartan-6 connects to a single 1 × 4 SFP cage instrumented with 4 MGTs 6 while the
second one connects to a quad opto-transceiver (QSFP7). The total data throughput (640 MByte/s) is 4 times
larger than that of the existing BOC. For the interface to the ROD a so far unused connector (J0, 19×5 lines)
was added and the data rate increased to 80 Mbit/s. New features are a Gbit Ethernet interface, 512MByte
of DDR2 memory for each FPGA and an Embedded Local Monitor Board [10] to check temperatures and
humidity.

4SNAP12: 12 Channel Pluggable Optical Module MSA, Rev. 1.1, May 15 (2002).
5Small Form-factor Pluggable
6Multi Gigabit Transceiver
7QSFP, Zarlink ZL60505MKDB

Fig. 3: Schematic view of IBL Readout [3]

• The amount of SEUs in the IBL FE-I4 has been measured 
by reading back the configuration stored on-chip 

• Agreement with test-beam and noisy/quiet pixels 
measurements 

• Significant different between 0to1  and 1to0 bit flip 
transistions 

• Dedicated Software and Firmware have been developed 
and deployed in the detector to restore the full 
configuration every 10 minutes

• 14 Staves around at a radius of 
3.3cm from interaction point 

• 12 planar modules (2 FE-I4) and 8 
3D modules (1 FE-I4) per stave 

• FE-I4 Chip  
  - 80 x 336 pixels  
  - 250 µm x 50 µm

indicated in Fig. 4. The reason for including 3D-sensors in the IBL is
the expected superior radiation hardness due to the decoupling of
the sensor thickness from the drift distance of the charges. How-
ever the radiation testing in the R&D phase showed no improve-
ment in radiation hardness compared to the planar sensors.

Each individual production part of IBL has passed an intense
Quality Assurance test (QA) prior to its further integration. The IBL
modules are the smallest individually functional unit of the de-
tector and passed a full performance validation before being loa-
ded to the staves. A total number of 20 staves were been equipped
with modules, out of which 18 have been fully qualified [8]. During
this stave QA the discriminator threshold of the full stave has been
adjusted to equivalent signals at its input between 3000e and
1500e. This corresponds to a signal over threshold of about 5.3 and
10.7, as the expected signal before significant radiation damage
occurs is in the order of 16,000e. The resulting threshold dis-
tribution is an important performance characteristic of the IBL
detector. Fig. 5 presents the threshold distribution as a function of
the chip position along all the staves. The threshold is well ad-
justed independent of the chip position, with a maximum devia-
tion from the 1500e target below 2.7% (< e40 ).

The fraction of faulty pixels is measured on each stave using
high statistics radioactive source tests and noise hit probability
measurements. The pixels showing a failure in any of the tests are
counted and the fraction of faulty pixels is computed for each

readout-chip. The acceptance criteria for IBL staves is set to a
fraction of faulty pixels below 1%. All fully qualified staves fulfill
this criteria, see Fig. 6. The staves are ranked based on the η-
weighted fraction of faulty pixels and the best ranked 14 staves are
integrated on the beam pipe. As shown in Fig. 6, the 14 integrated
staves have only 0.09% faulty pixels, demonstrating the excellent
quality of the IBL in terms of operational channels.

After the integration of each stave onto the Inner Positioning
Tube (IPT) a quick functionality validation test has been performed
without the possibility of cooling the staves. No performance de-
gradation has been observed. The noise distribution as a function
of the chip position in this measurement is shown in Fig. 7. The
average noise of the planar modules is between 120e and 130e.
The 3D sensors have a higher detector capacitance, leading to a
noise of ∼180e. The slightly higher noise of the modules on the
A-Side originates from the slightly higher detector capacitance of
the FBK sensors, and the fact that the FBK modules are mainly
loaded on the A-side, while the CNM modules are mainly loaded
on the C-side.

4. IBL insertion and commissioning in the ATLAS detector

On May 7th of 2014 the IBL detector and the new beam pipe
were inserted into the ATLAS Pixel Detector, which had been

Fig. 4. Top: 3D rendering of the IBL detector with its 14 staves (some staves re-
moved to make the module side of staves visible). Bottom: Sketch of the loading
scheme of the different module types on the IBL staves.

Fig. 5. Average threshold distribution for all 18 staves as a function of chip number
[8]. The 3D modules correspond to the positions C8-2 to C7-1 and A7-1 to A8-2.

Fig. 6. Average bad pixel ratio distribution as a function on η for loaded and un-
loaded production staves [8].

Fig. 7. Average noise distribution for all 14 integrated staves measured after as-
sembly of the full detector package on the surface. The discriminator thresholds
settings obtained during the stave QA have been used for this measurement [5].

M. Backhaus / Nuclear Instruments and Methods in Physics Research A 831 (2016) 65–70 67

Fig. 1: 3D rendering of Insertable B-Layer [1]

• Evolution of pixel 
configuration 
‣ Read back performed at the 

beginning, during and at the 
end of an LHC Fill 

‣ The configuration at a certain 
time depends on both the 
transitions  

‣ If only considering one type of 
transitions: 
 

• Bit-Flip cross section 
results 
‣ Observerd significant difference 

between the 0s and 1s 
transitions cross section 

‣ Results are in agreement with 
quiet / noise pixels 
observations and beam test 
results [quantify] 

‣ FE by FE difference can be 
addressed by slight difference 
in front end powering and 
configuration mode
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Figure 4 – Fraction of broken primary clusters versus integrated luminosity in fill 7018 from 
2018, in eight rings of 3D modules. The data are extracted from events randomly triggered in 
colliding bunches. The number of broken primary clusters in each LB is obtained by the fit to 
the “    ”distribution in Fig.10 in this record http://cds.cern.ch/record/2311222 .  The 
primary clusters have a length consistent with coming from the primary vertex. The 14 modules 
in the same ring have been studied together due to low statistics. The different starting points of 
each curve indicate the different ratios of dead pixels among the rings. In the selected 3D 
modules the average length of primary clusters is nine pixels, which makes broken clusters a 
very sensitive probe of quiet/inefficient pixels. The four 3D-moudle rings w/o reconfiguration 
show a similar increase rate of broken clusters. The four 3D-moudle rings with reconfiguration 
show a similar decrease rate of broken clusters, which is because the reconfiguration is every 
11 minutes and more time is needed to take the same amount of luminosity where the instant 
luminosity is lower. The modules on the IBL stave 6 got reconfigured (ROD Recovery) after 
~320 pb-1 data were collected. This corresponds to the changes of slope in the modules w/o 
reconfiguration. 
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Figure 2 – Fraction of noisy pixels versus integrated luminosity in fill 7018 from 2018, in eight 
3D modules on the same IBL stave 13. The data are extracted from events randomly triggered 
in colliding bunches. Only clusters the length of which along z is one pixel are used due to the 
lack of the pixels information of other clusters. The average occupancy of one pixel in 45 pb-1 
data of this fill is about 50. A pixel is assumed to be noisy if it fired more than 300 times during 
45 pb-1 data taking, the probability of which in a normal pixel is           .  In the modules 
without reconfiguration, more pixels go to noisy along data taking due to SEU. In the modules 
reconfigured every 11 minutes, the fraction of noisy pixels is more stable.  
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Figure 3 – Fraction of quiet pixels versus integrated luminosity in fill 7018 from 2018, in eight 
3D modules on the same IBL stave 13. The data are extracted from events randomly triggered 
in colliding bunches. Only clusters the length of which along z is one pixel are used due to the 
lack of the pixels information of other clusters.  The average occupancy of one pixel in 45 pb-1 
data of this fill is about 50. A pixel is assumed to be quiet if it never fired during 45 pb-1 data 
taking, the probability of which in a normal pixel is          . The different starting points 
of each curve indicate the different ratios of dead pixels among the modules. In the modules 
without reconfiguration, more pixels go to quiet along data taking due to SEU. In the modules 
reconfigured every 11 minutes, the fraction of quiet pixels is more stable. The small decrease of 
the fraction in these modules is caused by a higher number of reconfigurations for the points at 
the end of the fill; more time is needed to collect the same amount of integrated luminosity at 
the end of the fill where the instant luminosity is lower. 

 
 

 
 

 
 
 
 
 
 
 
 

 
 
  

Anticipation of the ITK trickle
reconfiguration concepts.
Mandatory for Run-3 due to longer
luminosity leveling time.
Full reconfiguration in 11 minutes
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Back to physics analysis: t̃ → τ̃ in Run-2
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from the had-had channel (right). The pulls in the control regions are small by construction as the normalization factors obtained from
the fit are applied. The hatched band gives the total statistical and systematic uncertainty in the background estimate in each region. The
contribution of tt̄ events to CR tt̄þ V and CR VV is below a percent and not drawn here.
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Wrap up: Pixel Operation Efforts Overview

Some of the Run-2 challenges: guarantee optimal data acquisition
at a Luminosity twice the original LHC (and Pixel) design and cope
with radiation damage effects
Full ATLAS Pixel readout upgrade to IBL readout type
Pixel coped well with Higher data rate ensuring 98.9% of data
acquisition efficiency in 2016, 100% in 2017 99.8% in 2018 thanks to
ATLAS Pixel DAQ operation team
Updates in detector calibration software

Improved SW stability for frequent retuning of IBL to correct for TID
effects
Development of η dependent tuning which led to hit-on-track efficiency
for B-Layer >98% despite radiation damage

Timely Firmware updates to cope with ROD/MOD desynchronisation
→ stable at a rate of 10−3 despite 2018 harsher conditions
Measurement of SEU/SET and development of dynamic
reconfiguration for Run-3 → recovers up to 30% noise occupancy and
∼ 2% quiet pixels
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Wrap up: Tracking and Alignment efforts Overview

Some of the Run-2 challenges: recover track reconstruction inefficiency
in dense environment and correct for short time scale detector
movements
Development of dynamic alignment corrections to correct for TID
induced IBL bowing and global movements of Pixel detector →
resolution improved of factor x2 in IBL
Correction of ID alignment weak modes during Run-2 to ensure
reduction of ID systematics → sagitta biases < 0.1 TeV−1

Pixel Neural Network pixel clustering and restructure of Ambiguity
solver steps → recovery of track efficiency in dense jet-cores: ∼ 6% of
tracks are lost (see backup)
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(Personal) Conclusions

Run-2 was particularly challenging for ATLAS Pixel, both in terms
of detector operation and alignment
The work performed in the areas of DAQ, detector operation,
tracking performance and alignment is beneficial for the excellent
performance of the object reconstruction algorithms → important
contribution for every analysis of the ATLAS Collaboration
The expertise gained working in this field is transferrable to other
scenarios as the basic tools and concepts are common amongst
different HEP experiments
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BACKUP

BACKUP
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Dense Environment Performance
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General Track Performance
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Impact of IBL
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SCT Cluster Splitting
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Lorentz Angle
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Radial Distortions
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Hit Occupancies
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Run1 align state of the art
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Recent align results
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Temperature stability during Cosmic Ray Data
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Figure 8: Stability of the outlet cooling pipes temperature sensors of the IBL during the comic-ray data-taking in
the commissioning phase. Each bar represents the block of data taking period called runs. The width of each
bar represents the duration of the data-taking of the run. For each cooling pipe sensor, the RMS and the peak-to-
peak values of the temperature readout during the run are calculated. The “RMS” bar in the figure represents the
variance of the RMS values of the 14 temperature sensors with indicating ±1 RMS range around the average RMS.
The “peak-to-peak” bar represents the variance of the peak-to-peak values of the 14 sensors with indicating the
maximum and the minimum values among peak-to-peak values among the 14 sensors.
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Figure 9: Stability of the module temperature sensors of the IBL during the comic-ray data-taking in the commis-
sioning phase. Each bar represents the block of data taking period called runs. The width of each bar represents the
duration of the data-taking of the run. For each module temperature sensor, the RMS and the peak-to-peak values
of the temperature readout during the run are calculated. The “RMS” bar in the figure represents the variance of the
RMS values of the 112 temperature sensors with indicating ±1 RMS range around the average RMS. The “peak-
to-peak” bar represents the variance of the peak-to-peak values of the 112 temperature sensors with indicating the
maximum and the minimum peak-to-peak values among the 112 temperature sensors.
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Effect of Bowing distortion and Dynamic Bowing correction
on track parameters
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Bandwidth usage (2017 left, 2018 right)
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More results of alignment dynamic corrections
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Data 2015 inefficiency due to IBL switch off
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Phenomenology of GSMB

d̄ =
(

100 GeV
mτ̃

)5
( √

F/k

100 TeV

)4√
E2

m2
τ̃
− 1 × 10−2 cm.

if
√
F/k > 106, stable τ̃ → dE/dx searches

if
√
F/k ∼ 106 measurable decay length → displaced vertex searches

if
√
F/k < 106 prompt decay → final state with τ particles
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Track reconstruction efficiency
3.1 Tracks and Primary Vertices
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Figure 3.2: Track reconstruction efficiency measured on a PYTHIA [126] Minimum Bias
[127] MC simulation [128] as a function of ⌘ (a) and pT (b). The error bands
represent the total systematic uncertainty. Loose indicate the default Run-1
selection. For (a) pT > 400 MeV and for (b) |⌘| < 2.5 requirements are applied.
Figures taken from [125].

outside-in algorithm starting from TRT segments and extrapolating back adding silicon
hits. This procedure is commonly referred to as back-tracking.

The track fitting algorithms can lead to the reconstruction of fake tracks arising from
random combinations of hits that, within the error associated to them, lie on a helix
trajectory that can not be matched with primary or secondary tracks. Since the probability
to reconstruct fake tracks increases with the Inner Detector occupancy and higher pile-
up conditions, the default track selection used in 2011, which required at least 7 silicon
(Pixel+SCT) hits and at most 2 pixel holes, has been tightened in 2012 data-taking. Tracks
are required to pass the robust selection, requiring at least 9 hits in the silicon detectors
and no holes in the pixel sub-system, in order to reduce the fake tracks rate to negligible
levels at higher pile-up values. The track reconstruction efficiency is measured with MC
simulation samples using a hit-based track-to-truth charged particle association and it is
parametrised as a function of track pT and ⌘ [124].

Following this strategy, in Run-2 the track quality cuts have been re-optimised in order
to cope with the expected higher pile-up conditions than Run-1 and with the new geometry
of the Inner Detector [125].

Three new sets of quality cuts have been developed for the reconstructed tracks:

• Loose: Track selection analogue to the default cuts used in Run-1. It targets a very
high track reconstruction efficiency at the cost of non-negligible fake rate. Tracks
passing this working point are required to have at least 7 silicon hits, at most 2 holes
in the silicon detector and at most 1 hole in the Pixel detector and at most one (two)
shared hit(s) on track in the Pixel (SCT).

• Loose-Primary: Track selection designed to improve the track quality and the
impact parameter measurements, maintaining an efficiency as high as possible for
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3 Event Reconstruction

Variable Description

Central energy fraction fcent Ratio between the ET deposited in the region
�R < 0.1 and all energy deposited in the region
�R < 0.2 around the direction of the ⌧had

Leading track momentum fraction
(ftrack)

Ratio between the pT of the leading track and
the total transverse energy in the core region of
a ⌧had

Track radius (Rtrack) pT-weighted distance of the associated tracks to
the ⌧had direction

Leading track d0 significance
(Sleadtrack)

Ratio between the transverse impact parameter
of the leading track in the ⌧had core region with
respect to the TV and its estimated error

Number of tracks in the isolation re-
gion N iso

track

Number of tracks associated with ⌧had within
0.2 < �R < 0.4

Maximum �R Maximum �R between an associated track to the
⌧had candidate and the ⌧had direction

Transverse flight path significance
(Sflight

T )
The decay length of the secondary vertex in the
transverse plane with respect to the TV. Only for
multi-track ⌧had.

Track mass (mtrack) Invariant mass calculated by the four-momenta
of the tracks associated to the core region of a
⌧had

Track-plus-⇡0-system-mass
(m⇡0+track)

Invariant mass of the system composed by the
tracks and ⇡0 reconstructed in the core region of
⌧had

Number of ⇡0’s N⇡0 Number of ⇡0 mesons reconstructed in the core
region

Ratio of tracks-plus-⇡0-system pT

(p⇡0+track
T /pT)

Ratio between the pT of the ⌧had estimated using
tracks and reconstructed ⇡0 and the calorimeter-
only measurement

Table 3.1: List of the variables used by the ⌧had identification BDT.
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Fig. 16 Data dE/dx measurement distributions (black circles) with fit
results (solid line) are shown for a 200 GeV < pjet

T < 400 GeV and
b 1000 GeV < pjet

T < 1200 GeV. The single-track template scaled by

1 − Fmerged is shown as the single-track contribution (dashed line) and
the multiple-track template scaled by Fmerged is shown as the multiple-
track contribution (dotted line). The bottom panel in each plot shows
the ratio of the fit to the data within the fit range (1.1–3.07 MeVg−1cm2)
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Fig. 17 The measured fraction of lost tracks, F lost2 , in the jet core
(!R(jet,trk)< 0.05) as a function of jet pT for data (black circles)
and simulation (red line). Vertical solid error bars indicate statistical
uncertainty, while the total uncertainty is represented by dashed error
bars for data and a shaded area for simulation

A comparison of F lost2 as a function of jet pT for data and
simulation is shown in Fig. 17. As the jet pT increases, so
does F lost2 , with a similar trend observed in both data and
simulation. This increase is caused by an increasing density
of charged particles, which thereby causes higher collima-
tion of the track pair, and is not due to confusion in correctly
assigning clusters to tracks. At a certain point, the two par-
ticles are so collimated that the reconstructed tracks start to
overlap completely up to the radius of the SCT detector. At
that point a similar effect as shown for tracks from the ρ decay
in Figs. 10 and 12 occurs. The cluster assignment efficiency
for reconstructed tracks remains constant with increasing jet

pT, indicating no degradation of performance due to the envi-
ronmental effects besides the second track. Only because of
their increasingly collimated nature, the probability of losing
one of the tracks rises. This effect was confirmed in simula-
tion for tracks selected by this analysis.

The measurements in data and MC simulation are consis-
tent across the whole studied jet-pT range.

7 Conclusion

This paper presents the performance of the ATLAS track
reconstruction chain with detailed studies in dedicated
topologies, such as the cores of high-pT jets and the decays
of τ -leptons, that are characterized by charged-particle sep-
arations comparable to the inner detector’s sensor gran-
ularity. The ambiguity-solver stage of the reconstruction
chain is described, including the usage of a neural-network-
based approach to identify pixel clusters created by multiple
charged particles. The current performance is demonstrated
with simulated samples of a single particle decaying to a set
of collimated charged particles. In the cores of jets, the num-
ber of IBL clusters on tracks, as well as the expected track
reconstruction efficiency, is robust up to the highest investi-
gated pT values.

A novel, fully data-driven technique, using the energy loss
to identify clusters as originating from two charged parti-
cles is introduced to measure the fraction of charged parti-
cles, creating these clusters, that fail to be reconstructed. The
results are presented using tracks with pT above 10 GeV
in the core of a jet from 3.2 fb−1 of 13 TeV proton–
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is 0.3–0.5% in the simulation. The multiple-track template,
displayed as squares in the same figure, instead exhibits a
peak in the dE/dx range expected for two MIPs. A third,
smaller peak occurs at dE/dx > 3.2 MeVg−1cm2 for clus-
ters created by three particles. The peak in the multiple-track
template dE/dx distribution at values expected for one MIP
is due to the fact that multiply used clusters can also originate
from shared clusters or clusters identified as merged which,
in truth, are not merged clusters.

The measurement distribution is created from tracks inside
the jet core that are reconstructed from a cluster which is nei-
ther identified as merged nor shared. No additional require-
ments are made on other tracks using this cluster, includ-
ing whether or not they satisfy the selections outlined in
Sect. 6.1. The resulting dE/dx distribution contains single-
particle clusters with a peak at the energy of one MIP and a
long tail to high values, as well as an enhanced contribution
of merged clusters from two particles. Contributions from
clusters from more than two particles are negligible. The true
two-MIP clusters are created from a pair of tracks where only
one track is reconstructed. Therefore, for every reconstructed
track in the measurement distribution with a merged cluster,
there is one particle which is not reconstructed. Using this
information, the number of tracks contributing to merged B-
layer clusters from two particles (NTrue

2 ) is found from the
sum of the number of reconstructed particles in the multiple-
track template (NReco

2 ) and twice the number of lost particles
(NLost),

NTrue
2 = NReco

2 + 2 · NLost. (1)

The sample of ρ decays discussed in Sect. 5.3 is used
to confirm that the multiple-track template captures merged
clusters and that the second MIP peak in the measurement
sample does in fact contain merged clusters where one con-
tributing particle is not reconstructed. Therefore, to obtain

the number of lost tracks (NLost), the measurement distri-
bution is fit with the two templates. The fraction of merged
clusters in the measurement distribution, Fmerged, is simply
calculated from the post-fit number of tracks in the multiple-
track template divided by the total number of tracks (NReco

Data ).
Finally, the fraction of lost tracks passing through the same
detector element as a reconstructed track is given by:

F lost2 = NLost

NTrue
2

, (2)

≈ NLost

NReco
2 + 2 · NLost

, (3)

where

NLost = Fmerged · NReco
Data . (4)

The relation is approximate due to the assumption that the
lost track of a pair of tracks has the same properties (e.g.
pT and hit content) as the reconstructed track. In simulation,
this assumption can be explicitly checked by requiring the
truth particle corresponding to the lost track to also pass the
analysis selections. This confirms that the deviation from the
approximation results in a less than 1.5% change in F lost2 .

To minimize the effect of clusters created by more than
two particles, the fit was performed over the range 1.1–3.07
(1.26–3.2) MeVg−1cm2 for data (simulation). Contributions
from clusters from more than two particles in this range
are of the order of a few percent. An offset in the distri-
butions observed in MC events compared to data requires an
adjustment of the respective fit ranges. The ranges are cho-
sen to have the same fraction of clusters inside the fit range
with respect to all clusters in the distribution. An imperfect
description of the leading edge of the measurement distri-
bution by the single-track template would affect the fitted
result. Since the area of interest lies at much higher dE/dx
values, the lower edge of the fit range was chosen to avoid
as much as possible the leading edge of the single-particle
dE/dx peak, while retaining a large sample for the remainder
of the distribution.

To study the dependence of lost tracks on jet pT, the fit
is performed in seven different bins of jet pT ranging from
200 GeV to 1600 GeV in steps of 200 GeV.

The measurement is performed both on data and simu-
lation samples. For simulation, separate templates are con-
structed for each jet-pT bin. For data, the single-track and
multiple-track templates are derived from the lowest jet-pT
bin, shown in Fig. 15, due to the small number of events
at higher jet pT. It was verified that within the statistical
uncertainty of the high-pT bins, the templates derived from
the lowest jet-pT bin have the same shape within the fitted
range.
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Fig. 16 Data dE/dx measurement distributions (black circles) with fit
results (solid line) are shown for a 200 GeV < pjet

T < 400 GeV and
b 1000 GeV < pjet

T < 1200 GeV. The single-track template scaled by

1 − Fmerged is shown as the single-track contribution (dashed line) and
the multiple-track template scaled by Fmerged is shown as the multiple-
track contribution (dotted line). The bottom panel in each plot shows
the ratio of the fit to the data within the fit range (1.1–3.07 MeVg−1cm2)
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Fig. 17 The measured fraction of lost tracks, F lost2 , in the jet core
(!R(jet,trk)< 0.05) as a function of jet pT for data (black circles)
and simulation (red line). Vertical solid error bars indicate statistical
uncertainty, while the total uncertainty is represented by dashed error
bars for data and a shaded area for simulation

A comparison of F lost2 as a function of jet pT for data and
simulation is shown in Fig. 17. As the jet pT increases, so
does F lost2 , with a similar trend observed in both data and
simulation. This increase is caused by an increasing density
of charged particles, which thereby causes higher collima-
tion of the track pair, and is not due to confusion in correctly
assigning clusters to tracks. At a certain point, the two par-
ticles are so collimated that the reconstructed tracks start to
overlap completely up to the radius of the SCT detector. At
that point a similar effect as shown for tracks from the ρ decay
in Figs. 10 and 12 occurs. The cluster assignment efficiency
for reconstructed tracks remains constant with increasing jet

pT, indicating no degradation of performance due to the envi-
ronmental effects besides the second track. Only because of
their increasingly collimated nature, the probability of losing
one of the tracks rises. This effect was confirmed in simula-
tion for tracks selected by this analysis.

The measurements in data and MC simulation are consis-
tent across the whole studied jet-pT range.

7 Conclusion

This paper presents the performance of the ATLAS track
reconstruction chain with detailed studies in dedicated
topologies, such as the cores of high-pT jets and the decays
of τ -leptons, that are characterized by charged-particle sep-
arations comparable to the inner detector’s sensor gran-
ularity. The ambiguity-solver stage of the reconstruction
chain is described, including the usage of a neural-network-
based approach to identify pixel clusters created by multiple
charged particles. The current performance is demonstrated
with simulated samples of a single particle decaying to a set
of collimated charged particles. In the cores of jets, the num-
ber of IBL clusters on tracks, as well as the expected track
reconstruction efficiency, is robust up to the highest investi-
gated pT values.

A novel, fully data-driven technique, using the energy loss
to identify clusters as originating from two charged parti-
cles is introduced to measure the fraction of charged parti-
cles, creating these clusters, that fail to be reconstructed. The
results are presented using tracks with pT above 10 GeV
in the core of a jet from 3.2 fb−1 of 13 TeV proton–
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