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Outlook

ATLAS detector
I Calorimeters : electromagnetic and hadronic

Jet definition, reconstruction and calibration
I jet algorithms, infra-red stability, pileup, topo-clusters, jet energy

calibration
Jet cross-section measurements at 13 TeV

I trigger strategy, event selection, detector effects, theory model,
quantitative data to theory comparison

Searches for a low-mass dijet resonance at 13 TeV
I trigger strategy, data analysis, fit model, interpretation
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LAr Calorimeter
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Tile Calorimeter
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Final JES precision
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Final JES precision
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Proton-proton collisions : final state truth at the
particle-levela proton-proton collision: FILLING IN THE PICTURE
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Proton-proton collisions : final state truth at the fixed
order
the master equation
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8 1. Quantum chromodynamics

The PDFs’ resulting dependence on µF is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [43], which to leading order (LO) read∗
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with, for example, P
(1)
q←g(z) = TR(z2+(1−z)2). The other LO splitting functions are listed

in Sec. 16 of this Review, while results up to NLO, α2
s, and NNLO, α3

s , are given in Refs.
44 and 45 respectively. Beyond LO, the coefficient functions are also µF dependent, for

example C
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As with the renormalization scale, the choice of factorization scale is arbitrary, but
if one has an infinite number of terms in the perturbative series, the µF -dependences
of the coefficient functions and PDFs will compensate each other fully. Given only N
terms of the series, a residual O(αN+1

s ) uncertainty is associated with the ambiguity in
the choice of µF . As with µR, varying µF provides an input in estimating uncertainties
on predictions. In inclusive DIS predictions, the default choice for the scales is usually
µR = µF = Q.

As is the case for the running coupling, in DGLAP evolution one can introduce flavor
thresholds near the heavy quark masses: below a given heavy quark’s mass, that quark
is not considered to be part of the proton’s structure, while above it is considered to
be part of the proton’s structure and evolves with massless DGLAP splitting kernels.
With appropriate parton distribution matching terms at threshold, such a variable flavor
number scheme (VFNS), when used with massless coefficient functions, gives the full
heavy-quark contributions at high Q2 scales. For scales near the threshold, it is instead
necessary to appropriately adapt the standard massive coefficient functions to account for
the heavy-quark contribution already included in the PDFs [46,47,48].

Hadron-hadron collisions. The extension to processes with two initial-state hadrons
can be illustrated with the example of the total (inclusive) cross section for W boson
production in collisions of hadrons h1 and h2, which can be written as
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∗ LO is generally taken to mean the lowest order at which a quantity is non-zero. This
definition is nearly always unambiguous, the one major exception being for the case of the
hadronic branching ratio of virtual photons, Z, τ , etc., for which two conventions exist:
LO can either mean the lowest order that contributes to the hadronic branching fraction,
i.e. the term “1” in Eq. (1.7); or it can mean the lowest order at which the hadronic
branching ratio becomes sensitive to the coupling, n = 1 in Eq. (1.8), as is relevant when
extracting the value of the coupling from a measurement of the branching ratio. Because
of this ambiguity, we avoid use of the term “LO” in that context.
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Proton-proton collisions : final state (visible by an
ideal detector)

A proton-proton collision: FINAL STATE
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(actual final-state multiplicity ~ several hundred hadrons)
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A proton-proton collision: INITIAL STATE
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More realistic picture of proton-proton collisions

Gavin Salam (CERN) QCD basics 4 ICTP-SAIFR school, July 2015
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Very realistic picture of proton-proton collisions

Gavin Salam (CERN) QCD basics 4 ICTP-SAIFR school, July 2015
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background radiation 
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Out of time pileup
(especially ATLAS)
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Total cross section

Intro to MC Event Generation L4: Underlying Event

Hadronic Cross Sections

The total hadronic cross section consists of various
components

σtotal = σelastic+σsingle−diffractive+σdouble−diffractive+· · ·+σnon−diffractive

�


��
�

Experimentally minimum bias ≈ all events with no bias from
trigger conditions

Theoretically σmin−bias ≈ σdouble−diffractive + σnon−diffractive

Peter Richardson Intro to MC Event Generation L4: Underlying Event
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Hard scattering + Underlying event
Intro to MC Event Generation L4: Underlying Event

Hadronic Cross Sections

�


��
�

underlying event

jet

pedestal height

The underlying is the additional activity from soft interactions
in additional to the primary hard partonic process.
This is a theoretical definition and such a separate is model
dependent.
However we except the description to be similar to the one we
need for the bulk of non-diffractive events.

Peter Richardson Intro to MC Event Generation L4: Underlying Event
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Underlying event

Intro to MC Event Generation L4: Underlying Event

Multiparton Interaction Models

If the interactions occur independently obeys Poissonian
statistics

Pn =
〈n〉n
n!

e−〈n〉

However energy-momentum conservation tends to suppressed
large numbers of parton scatterings.

Peter Richardson Intro to MC Event Generation L4: Underlying Event
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Intro to MC Event Generation L4: Underlying Event

Matter Distribution

1e-05

0.0001

0.001

0.01

0.1

1

0 1 2 3 4 5 6 7 8

O
(b

)

b

Tune A double Gaussian
old double Gaussian

Gaussian
ExpOfPow(d=1.35)

exponential
EM form factor p

p

b

Average activity at b proportional to A(b)

Central collisions more active, broader than Poissonian

Peripheral collisions normally give few if any collisions.
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Underlying event (color correlation)

Intro to MC Event Generation L4: Underlying Event

Colour Correlations

Colour correlations can have
a big influence on the final
state.

In particular 〈p⊥〉 vs nch is
very sensitive to the colour
flow.

Long string to remnants
many charged particles

Short strings less charged
particles.
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Multiple interactions : measurement
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Multiple interactions : measurement
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Standard Model total cross sections
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Data acquisition system

L1Calo : any
EM/HAD objects
L1Muon :
thresholds and
multiplicities
L1Topo :
Combines
information from
L1Calo/L1Muon
CTP : final
decision
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Trigger system
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L1Calo trigger system

L1Calo : Fixed
latency 2µs, HW
based on custom
electronics
∼300 VME modules
of 10 different types
housed in 17 crates
Off detector

I PPr : digitisation
and BCID

I CP : elec-
trons/photons/single
hadrons

I JEP: Jet findings
and energy
sums
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CP vs JEP

LHC, ATLAS & L1Calo Timing Calibration Internal Calibration Energy Calibration 1st Beam Summary

Region of Interests (RoIs) : Algorithms

The CP and JEP processors

Sliding, overlapping window algorithms

Local ET maximum with multiple thresholds & isolation

RoIs sent to Level-2 for further processing

Cluster Processor

e/γ or τ/single hadron

Granularity 0.1 x 0.1

Jet/Energy-sum Processor

Jets, Missing & total ET

Granularity 0.2 x 0.2

Summation of EM + Had

10 / 23
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L1Calo
LHC, ATLAS & L1Calo Timing Calibration Internal Calibration Energy Calibration 1st Beam Summary

L1Calo in USA15

Receivers & PreProcessors Processors Readout Drivers
11 / 23Receivers& PPr Processors Readout drives
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Preprocessor

LHC, ATLAS & L1Calo Timing Calibration Internal Calibration Energy Calibration 1st Beam Summary

A PreProcessor module

12 / 23
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MCM

LHC, ATLAS & L1Calo Timing Calibration Internal Calibration Energy Calibration 1st Beam Summary

A PreProcessor Multi Chip Module (MCM)

Each FADC chip represents a L1Calo trigger tower

13 / 23
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Timing calibration

The pp collisions take
place at the interaction
point
Time of flight to
calorimeters is
η-dependent
Large variation in cable
lengths from
calorimeters to L1Calo
Need to buffer early signals and process everything in time
If we get the timing wrong we record the wrong event
Timing calibration

I For high physics acceptance everything must be in time
I Coarse timing set in FIFO : Steps of 25 ns
I Fine timing set by Phos4 : Steps of 1 ns
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Finite Impulse response (FIR) filters

Calorimeter signal
pulses span many
bunch-crossings
The FIR
filter cofficients
improve:

I BCID
I Noise rejection
I Energy

measurement

LHC, ATLAS & L1Calo Timing Calibration Internal Calibration Energy Calibration 1st Beam Summary

FIR filter coeffs - optimising bunch-crossing ID

Finite Impulse Response (FIR)

Calorimeter signal pulses span
many bunch-crossings

The FIR filter coeffs improves:

BCID
Noise rejection
Energy measurement

Use FIR filter coeffs matched to
pulse shapes:

Coeffs ∝ pulse height
Filter “sharpens” the pulses

Each trigger tower can have its
own FIR filter coeff setting

19 / 23
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Proton-proton collision : Monte Carlo event

Intro to MC Event Generation L4: Underlying Event

A Monte Carlo Event

t

t̄

Hard Process, usually
calculated at leading order

Peter Richardson Intro to MC Event Generation L4: Underlying Event
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Proton-proton collision : Monte Carlo event

Intro to MC Event Generation L4: Underlying Event

A Monte Carlo Event

t

t̄

Initial- and final-
state parton showerp, p̄

p, p̄

Peter Richardson Intro to MC Event Generation L4: Underlying Event
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Proton-proton collision : Monte Carlo event

Intro to MC Event Generation L4: Underlying Event

A Monte Carlo Event
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Peter Richardson Intro to MC Event Generation L4: Underlying Event

Pavel Starovoitov (KIP HD) Physics at the LHC University Heidelberg 34 / 69



Proton-proton collision : Monte Carlo event

Intro to MC Event Generation L4: Underlying Event

A Monte Carlo Event
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Peter Richardson Intro to MC Event Generation L4: Underlying Event
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Proton-proton collision : Monte Carlo event

Intro to MC Event Generation L4: Underlying Event

A Monte Carlo Event
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Proton-proton collision : Monte Carlo event

Intro to MC Event Generation L4: Underlying Event

A Monte Carlo Event
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Levels of jet definition

Dag Gillberg, Carleton 2012-09-05Jet calibration schemes 6

Calorimeter jets
(EM or LCW scale)

Pile-up offset 
correction Origin correction Energy & ! 

calibration
Residual in situ 

calibration

Calorimeter jets
(EM+JES or 

LCW+JES scale)

Jet calibration

Changes the jet direction to 
point to the primary vertex. 
Does not affect the energy.

Calibrates the jet energy 
and pseudorapidity to the 
particle jet scale. 
Derived from MC.

Residual calibration derived 
using in situ measurements.
Derived in data and MC. 
Applied only to data.

Corrects for the energy 
offset introduced by pile-up. 
Depends on µ and NPV.
Derived from MC.

Jet reconstruction
jet constituents jets

Local cluster 
weighting

Calorimeter
clusters

(LCW scale)

Calorimeter
clusters

(EM scale)

Jet finding Calorimeter jets
(LCW scale)

Jet finding Calorimeter jets
(EM scale)

Tracks Track jets

Simulated
particles

Particle jets
(aka truth jets)

Calibrates clusters based on 
cluster properties related to 
shower development

Jet finding

Jet finding
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Unfolding
Jets (p. 9)

Introduction

Background Knowledge
QCD jets flowchart

Jet (definitions) provide central link between expt., “theory” and theory

And jets are an input to almost all analyses
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Jet cross section measurement

PT
PT

PT

Introduction

Jet 1
(p1T,y1)

Jet 2
(p2T,y2)

PT
7 TeV pp collision

ybin1

ybin2

ybin3

ybin4

13
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Triggering Inclusive jets
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Event selection
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Instrumental effects : problematic modules
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Instrumental effects : jet cleaning
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Instrumental effects : jet cleaning

Pavel Starovoitov (KIP HD) Physics at the LHC University Heidelberg 46 / 69



Instrumental effects : jet cleaning
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Instrumental effects : jet cleaning
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Systematic uncertainties propagation
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Unfolding matrix
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Unfolding efficiencies
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Unfolding bias
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Inclusive jets
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Dijets
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Non-perturbative
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Electroweak

Pavel Starovoitov (KIP HD) Physics at the LHC University Heidelberg 56 / 69



Cross section total uncertainty (fixed order theory)
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Cross section total uncertainty (fixed order theory)
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Cross section total uncertainty (exp)
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Inclusive jets
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Inclusive jets
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Inclusive jets

!8 TeV data !
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Inclusive jets

!2.76 + 7 TeV data !
Pavel Starovoitov (KIP HD) Physics at the LHC University Heidelberg 63 / 69



Inclusive jets
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Inclusive jets
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Correlation statistics
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Correlation total
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Quantitative comparison data to theory
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Quantitative comparison data to theory
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