Experimental High Energy Physics at Colliders

Lecture 2: Reconstruction of Objects -

1. Calorimeters, electrons, Jets

2. Muons
3. MET & Co
Tile Calorimeter (TileCal) Liquid Argon (LAr) Calorimeter
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(~)Y) Calorimeters: Energy Calibration and Resolution
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Calorimetry

Design goals:

Precise energy measurement of electrons,photons, jets & measurement of
missing transverse energy, MET.

Partial Particle-ID via shower reconstruction

Needs:
Good intrinsic energy resolution
High granularity, hermetic detector (“no cracks”)
Large depth to contain full shower

Trigger capabilities, i.e. fast identification of high energy deposits

Calorimeter energy resolution:
[complementary to tracker: resolution improves with energy]

olE = . : Shower leakage,
Q -2 b+ Stochastic term: calibration
shower fluctuations

E ~VE
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic
end-cap (EMEC)

LAr eleciromagnetic
barrel
LAr forward (FCal)
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ATLAS & CMS Calorimeters

Issue ATLAS CMS
Outside Inside
" solenoid coil solenoid coil
Position
i.e. up to 4 Xo dead material I.e. limited calorimeter depth
in front of ECAL [HCAL: only 7.2 A at n=0]
Lead/liquid argon (LAr) Homogeneous
ECAL sampling calorimeter crystal calorimeter [PbWOQO4]
i.e. excellent granularity excellent intrinsic
and longitudinal segmentation energy resolution for e/y
Sampling Calorimeter Sampling Calorimeter
HCAL Barrel: iron/scintillating tiles brass/scintillating tiles
End-caps: copper/LAr
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Fixed energy
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Position yields calibration

factor
Width yields energy
resolution
Nominal:
ATLAS :oe/E ~ 10%/\E

CMS  :Oe/E ~ 13%/E
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7 TeV Data
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Future

CMS Preliminary

"

N
o
o
]

[&]
o
o
o

n
(=3
Is3
s

1000

S/(S+B) Weighted Events / GeV

T ISR e

3
8
|
T
4

[ M=126.0 GeV, u=095 5.y weighted

Lol bviaa bl

SUoTOUd

o

200

100

-100

100

Physics at Hadron Colliders



Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2018-19

\‘ ? ATLAS 2009-12-08, 03:45 CET
JL EXPERIMENT run 141994, Event 566308
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Jet Energy Measurement

Neutral Hadrons

¥
0O
RDD Charged Hadrons Problems:

Photons Non-compensation
[hadronic vs. electromagnetic energy]

Missing energy
[e.g. muon tracks]

Double counting
[when using track momenta]

Electrons

Muons
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Jet

Particle ‘ Compensating ‘
Flow Calorimetry Calorimetry

Reduce role of ‘hadron’ calorimetry Correcting hadronic energy
to measurement of n, K° for nuclear-binding energy loss.
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Jet Energy Measurement, which

-----
SN

Jet?

T
o

Calorimeter Jet Measurement” ;

g [extracted from calorimeter clusters]

g, Understanding of detector response

g Knowledge about dead material !

s Correct signal calibration < “Theory”

(1] . .

b Potentially include tracks From measured energy
Hadron Jet to particle energy
[might include electrons, muons ...]
Hadronization Compensate energy loss
Fragmentation due to neutrinos, nuclear exc[tation

Parton shower

From particle energy to/
Particle decays :

original parton energy/

out of cone

Particlc \\ /(35

Compensate hadronization;
energy in/outside jet cone

Parton Jet

[quarks and gluons]

Proton-proton interactions |
underlying Initial and final state radiation ~ Needs
cvent Underlying event Calibration
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Jet Energy Measurement

LO partons NLO partons parton shower hadron level

Jat | Det' Jat | Dat” Jet | Def”® Jat | Det'

jet 1 jetz  jet1 etz jet1 jetz  jet1 jet 2

& 3 . S’ ™ s b1
N Mgt L e " Nt N #
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Jets may look different at different levels

Robust jet definition > stable on all jet levels

Physics at Hadron Colliders



lterative cone algorithms:

Jet defined as energy flow within a
cone of radius R in (y,®) or (n,$) space:

R=+/(y—yo)?+ (¢ — ¢o)?

Sequential recombination
algorithms:

Combine particles with
minimum dij below cut ...

Stop if minimum dijabove cut ...

e.g. kr-algorithm:
[see later]
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ARjj

d;; = min (k7 ;, k7 ;) =
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| Define distance measure dij !
alculate dijjtor all pairs of objects ...

+ Jet Cones in (y,$) Space

y  Sequential
recombination

Physics at Hadron Colliders
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Anti-) K, Jet clustering

The anti-k; jet clustering algorithm

Matteo Cacciari and Gavin P. Salam
LPTHE
UPMC Université Paris 6,
Université Paris Diderot - Paris 7,
CNRS UMR 7589, Paris, Franee

Gregory Soyez
Brookhaven National Laboratory, Upton, NY, USA

Abstract: The k, and Cambridge/Aachen inclusive jet finding algorithms for hadron-hadron col-
lisions can be seen as belonging to a broader class of sequential recombination jet algorithms,
parametrised by the power of the energy scale in the distance measure. We examine some prop-
erties of 2 new member of this class, for which the power is negative. This “anti-k” algorithm
essentially behaves like an iealised cone algorithm, in that jets with only soft fragmentation are
conical, active and passive areas are equal, the area anomalous dimensions are zero, the non-global
logarithms are those of a rigid boundary and the Milan factor is universal. None of these properties
hold for existing sequential recombination algorithms, nor for cone algorithms with split-merge
steps, such as SISCone. They are however the identifying characteristics of the collinear unsafe
plain “iterative cone™ algorithm, for which the anti-k, algorithm provides a natural, fast, infrared
and collinear safe replacement.

1 Introduction and definition

Jet clustering algorithms are among the main tools for analysing data from hadronic collisions.
Their widespread use at the Tevatron and the prospect of unprecedented final-state complexity
at the upcoming Large Hadron Collider (LHC) have stimulated considerable debate concerning
the merits of different kinds of jet algorithm. Part of the discussion has centred on the relative
advantages of sequential recombination (k¢ [1] and Cambridge/Aachen [2]) and cone (e.g. [3]) jet
algorithms, with an issue of particular interest being that of the regularity of the boundaries of the
resulting jets. This is related to the question of their sensitivity to non-perturbative effects like
hadronisation and underlying event contamination and arises also in the context of experimental
calibration.

Recently [4], tools have been developed that allow one, for the first time, to support the debate
with analytical calculations of the contrasting properties of boundaries of jets within different
algorithms. One of the main results of that work is that all known infrared and collinear (IRC)
safe algorithms have the property that soft radiation can provoke irregularities in the boundaries of
the final jets. This is the case even for SISCone [5], an IRC-safe jet algorithm based on the search
for stable cones, together with a split-merge step that disentangles overlapping stable cones. One
might describe current IRC-safe algorithms in general as having a ‘soft-adaptable’ boundary.

Toni Baroncelli - INFN Roma TRE

A priori it is not clear whether it is better to have regular (‘soft-resilient’) or less regular (soft-
adaptable) jets. In particular, regularity implies a certain rigidity in the jet algorithm’s ability to
adapt a jet to the successive branching nature of QCD radiation. On the other hand knowledge
of the typical shape of jets is often quoted as facilitating experimental calibration of jets, and
soft-resilience can simplify certain theoretical calculations, as well as eliminate some parts of the
momentum-resolution loss caused by underlying-event and pileup contamination.

Examples of jet algorithms with a soft-resilient boundary are the plain “iterative cone” algo-
rithm, as used for example in the CMS collaboration 6], and fixed-cone algorithms such as Pythia's
|7] CellJet. The CMS iterative cone takes the hardest object (particle, calorimeter tower) in the
event, uses it to seed an iterative process of looking for a stable cone, which is then called a jet.
It then removes all the particles contained in that jet from the event and repeats the prooadure
with the hardest available remaining seed, again and again until no seeds remain. The flxed-cone
algorithms are similar, but simply define a jet as the cone around the hardest seed, skipping the
iterative search for a stable cone. Though simple experimentally, both kinds of algorithm have the
crucial drawback that if applied at particle level they are collinear unsafe, since the hardest particle
is easily changed by a quasi-collinear splitting, leading to divergences in higher-order perturbative
calculations.!

In this paper it is not our intention to advocate one or other type of algorithm in the debate
concerning soft-resilient versus soft-adaptable algorithms. Rather, we feel that this debate can be
more fruitfully served by proposing a simple, IRC safe, soft-resibent jet algorithm, one that leads
to jets whose shape is not influenced by soft radiation. To do so, we take a quite non-obvious route,
becanse instead of making use of the conoept of a stable cone, we start by generalising the existing
sequential recombination algorithms, k. [1] and Cambridge/Aachen [2].

As usual, one introduces distances d;; between entities (particles, pseudojets) i and j and dig
between entity i and the beam (B). The (indusive) clustering prooseds by identifying the smallest
of the distances and if it is a d;; recombining entities i and j, while if it is dig calling i a jet and
removing it from the list of entities. The distances are recalculated and the procedure repeated
until no entities are left.

The extension relative to the k and Cambridge /Aachen algorithms lies in our definition of the
distance measures:

A.?.
dij = min(kif k)% | (1a)
dip = k¥ (1b)

s 7
where A’;} = (s —w;)* + (8: — ;)% and ky, y; and ¢; are respectively the transverse momentum,
rapidity and azimuth of particle i. In addition to the usual radius parameter R, we have added a
parameter p to govern the relative power of the energy versus geometrical (A;;) scales.

For p = 1 one recovers the inclusive k, algorithm. It can be shown in general that for p > 0
the behaviour of the jet algorithm with respect to soft radiation is rather similar to that observed
for the k, algorithm, because what matters is the ordering between particles and for finite A this
is maintained for all positive values of p. The case of p = 0 is special and it corresponds to the
inclusive Cambridge/Aachen algorithm.

!This & discussod in the appendix in dotail for the iterative cone, and there we also introduce the torminology
itarative cone with split-marge stops (IC-SM) and iterative cone with progressive remaoval (IC-PR), 50 as to distinguish
the two broad classes of iterative cone algorithms.

Physics at Hadron Colliders
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The ingredients and the method - T

As usual, one introduces distances d;; between entities (particles, pseudojets) ¢ and j and d;p
between entity 7 and the beam (B). The (inclusive) clustering proceeds by identifying the smallest
of the distances and if it is a d;; recombining entities 2 and j, while if it is d;p calling 7 a jet and
removing it from the list of entities. The distances are recalculated and the procedure repeated
until no entities are left.

A - distan ween obj ]
dij = min(k2, k27) =) d; distance between objects j

dip = k¥, dig distance between object i and Beam

where A?j = (y; — yj)2 + (i — ¢j)2 and ki;, y; and ¢; are respectively the transverse momentum,
rapidity and azimuth of particle 7. In addition to the usual radius parameter R, we have added a
parameter p to govern the relative power of the energy versus geometrical (A;;) scales.

For p = 1 one recovers the inclusive k; algorithm. It can be shown in general that for p > 0
the behaviour of the jet algorithm with respect to soft radiation is rather similar to that observed
for the k; algorithm, because what matters is the ordering between particles and for finite A this
is maintained for all positive values of p. The case of p = 0 is special and it corresponds to the
inclusive Cambridge/Aachen algorithm.

p=1is the k; algo, p=0 is the Cambridge/Aachen algo, p=-1 is the anti-k; algo

Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders
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; The distance dij

2

A .
X I 49 , _ 2
d;j = min(k;; ktjp ki = pr, R algorithm parameter
~__ A;-

0=0 is the Cambridae/Aachen — d;; —
A7 = (vi — y)° + (6i — ¢5)° \
Object i : Kk, ¢, M ®

o~
1 di;"@
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dq3<dy3<d;s dq3<dy3<ds,
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& The distance d,

A2, )
dij = mjn(k?zp’ k2p ki = pr, R#algorithm parameter
p=-2 is anti-k+ 2alqorl’[ 2 d;; ‘ min(k;?, k;;%)
A% = (yi —y5)* + (¢ — ¢J)
Obje ti: ktu (I)u i @ SOt
o~
M di; '@

Object | : ky, ¢, n

d; Is determined by hard particles — soft particles
cluster around hard ones!
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2

AZ;
dij = mjn(k?zp’ k2p ki = pr, R#algorithm parameter
- 2

p 2 s kr algorithm — d;; =2 min(kg;, kZ)
= (yi — yJ)Q + (@i qu)

ObJeCt L (I)i, N | @ SOt
t }
n Y hard
Object j : ky, ¢y, m, 0

d; is determined by soft particles — soft particles
cluster first!
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Negative values of p might at first sight pathological. We shall see that they are not.2 The
behaviour with respect to soft radiation will be similar for all p < (), so here we will concentrate on
p = —1, and refer to it as the “anti-k,” jet-dustering algorithm.

2 Characteristics and properties

2.1 General behaviour

The functionality of the anti-k, algorithm can be understood by considering an event with a few well-
separated hard particles with transverse momenta ke, ke, ...and many soft particles. The dy; =
min(1/k3, 1/k%)A,/R? between a hard particle 1 and a soft particle i is exclusively determined by
the transverse momentum of the hard particle and the A,; separation. The d;; between similarly
separated soft particles will instead be much larger. Therefore soft particles will tend to duster with
hard ones long before they cluster among themselves. If a hard particle has no hard neighbours
within a distance 2R, then it will simply accumulate all the soft particles within a circle of radius
R, resulting in a perfectly conical jet.

If another hard particle 2 is present such that R < A, < 2R then there will be two hard jets. It
is not possible for both to be perfectly conical. If ki % ko then jet 1 will be conical and jet 2 will
be partly conical, sinoe it will miss the part overlapping with jet 1. Instead if k,; = k,, neither jet
will be conical and the overlapping part will simply be divided by a straight line equally between
the two. For a general situation, k,, ~ kg, both cones will be clipped, with the boundary b between
them defined by ARy ke = Agy fkaa.

Similarly one can work out what happens with Ay2 < R Here particles 1 and 2 will cluster to
form a single jet. If k; = kg then it will be a conical jet centred on k. For ky; ~ kg the shape
will instead be more complex, being the union of cones (radius < R) around each hard particle plus
a cone (of radius R) centred on the final jet.

The key feature above is that the soft particles do not modify the shape of the jet, while hard
particles do. Le. the jet boundary in this algorithm is resilient with respect to soft radiation, but
flexible with respect to hard radiation.?

The behaviours of different jet algorithms are illustrated in fig. 1. We have taken a parton-level
event together with ~ 10* random soft ‘ghost’ particles (as in [4]) and then clustered them with
4 different jet algorithms. For each of the partonic jets, we have shown the region within which
the random ghosts are clustered into that jet. For the k, and Cambridge/Aachen algorithms, that
region depends somewhat on the specific set of ghosts and the jagged borders of the jets are a
consequence of the randomness of the ghosts — the jet algorithm is adaptive in its response to soft
particles, and that adaptiveness applies also to the ghosts which take part in the clustering. For
SISCone one sees that single-particle jets are regular (though with a radius /2 — as pointed out
in [4]), while compaosite jets have more varied shapes. Finally with the anti-k, algorithm, the hard
jets are all dreular with a radius R, and only the softer jets have more complex shapes. The pair
of jets near ¢ = 5 and y = 2 provides an interesting example in this respect. The left-hand one
is much softer than the right-hand one. SISCone (and Cam/Aachen) place the boundary between

*Nota that, for p < 0, min(kjT, &}7) diffors from anothor pomsible extensicn, [min (i, k%)[”, which can kad to
strange bohaviours.

*For compariscn, IC-PR algorithms bohave as follows: with R < Ar < 2R, the harder of the two jots will be
fully comical, while the softer will be clipped rogardless of whether py and pey are similar or disparate scalos; with
Agz < R the jot will be just a circle controd ca the final jot.

Toni Baroncelli - INFN Roma TRE
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Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For k, and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-k, instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-k, algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet's
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle py and a soft one p2, separated by a y — ¢ distance A2, In usual
IRC safe jet algorithms (JA), the passive area ajy p(Ay) is wR? when A, = 0, but changes when
Ayz is increased. In contrast, since the boundaries of anti-k, jets are unaffected by soft radiation,

Physics at Hadron Colliders
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Jets & Boosted
Objects

X ATLAS Italia Workshop
10/02/2015
Matteo Franchini



Jets

Jets are composite objects used to represent the final state partons
clustering together their decay products -—-’ best jet definition can
change depending on its purpose.

Different jet types exist depending on:
% jet-clustering algorithm used(Anti-k; k;, Cambridge/ Aachen C/A );
#* jet constituent (truth particle, tracks, topo-cluster);

% radius parameter, influencing the width of the jet;

Jets are the basic ingredients for many analyses (di-jets, top, exotics...).
Accurate measurements of jet 4-momenta are required.

Raw detector (calorimeter) signals need to be precisely calibrated
combining MC and in-situ (using data) calibration techniques.

Hadrons
clustere

togethor

make je

e ———

X : | M. Franchini



Jet reconstruction

Calorimeter jets
Calo jets are the standard jets used in ATLAS;

Components: 3D clusters of energy deposits in the calorimeter (topo-clusters).

Topo-cluster are built from topologically connected calorimeter cells with noise-threshold
requirements.

Jet reconstruction uses different sequential algorithms. Input topo-clusters are iteratively
merged minimising the distance p;. The radius parameter R is proportional to jet dimension.

pij = mm pT',pTJ@ ARU - (m 77;) ¥ (‘Pt ¢J)

AntiKt (p=-1) Cambridge/Aachen (p—O ) Kt (p=1)
g0 Py hmon aie st engon arias Panmey e

¢ lladlans]
¢ [mdioqa]
¢ [radians)
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Jet reconstruction

Track jets

Same reconstruction algorithms as for calo jets but ID tracks from the primary vertex are
used as constituents.

% Mainly used for calibration and CP tests; Combined Performance

% Have better resolution (<~500 GeV)and pile-up stabilitv. Can be matched with topo-
clusters.

Truth jets

Constituents: all MC truth stable particles (HepMC status code=1 and c - t > 10mm)
that are not:

#¥ Neutrinos and dressed electrons & muons not from hadrons; including
photons is analysis dependent;

Dressing: add the photons in a

% B-tagging done using b-meson ghost matching. small cone around the particle
to the particle itself.

Used in energy calibration, MC performance studies and fiducial phase-space
analyses (particle level).

Particle level object definition @ ATL-COM-PHYS-2014-439

X ATLAS Italia - Jets & Boosted Objects M. Franchini




Jet calibration

LCW — Local Calibration Weight

Calo jets

(EM or LCW)

Topo-clusters are divided in 2 categories primarily

depending on measured energy density and longitudinal
shower depth.

% EM scale (default) which correctly measures the
energy deposited in the calorimeter by particles
produced in electromagnetic showers (in EM case, the
calorimeter is compensating);

# Had. or Local Calibration Weight (LCW) scale: LCW
algorithm calibrates topo-clusters in order to correctly
reproduce the hadronic shower energy
(compensating correction) as a function of ), p and E.

Both energy corrections are derived from single charged
and neutral pion MC simulations.

X ATLAS Italia - Jets & Boosted Objects
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Mention to pile-up

Npy =# reconstructed primary vertices <u> = expected average # interactions

Proton-proton collisions in addition to the collision of interest, collectively
referred to as pile-up, present a serious challenge to physics analyses at the
Large Hadron Collider (LHC). In the ATLAS detector many of the subsystems
have sensitivity windows longer than 25 ns, which is the interval between
proton-proton bunch crossings. As a result, every physics object is affected
by pile-up in some way, from additional energy contributions in jets to the
mis-reconstruction of background as high-momentum muons.

* In-time pile-up: additional proton-proton collisions occuring in the same
bunch-crossing as the collision of interest;

« Qut-of-time pile-up: additional proton-proton collisions occuring in bunch-
crossings just before and after the collision of interest. \When detectors are
sensitive to several bunch-crossings or their electronics integrate over
more than 25 ns, these collisions can affect the signal in the collision of
interest;

Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders



Calo jets Pileup
(EM or LCW) Correction

Correction accounting for the energy excess due to pile-up interactions (both in-time and out-of-

time ones);
4 4

Derived from MC simulations as a function of the number of primary vertices (Npy) and the
expected average number of interactions (<p>) in bins of jet ) and py.

Improve the energy resolution and decrease pile-up fluctuations o< in-time pileup
pforeted — pr —[p - Ar|-la-(Npy —1) - 8- < pp > l B o< out-time pileup
Two method used: —— Residual conectio

¥ Jet area correction: pile up pr density p 1s evaluated depending on the jet area;

#* Residual pile-up correction: 2 different coefficients depending on <p> and Npy respectively.

X ATLAS Italia - Jets & Boosted Objects M. Franchini




Origin Correction

Calo jets Pileup

Correction

(EM or LCW)

Corrects the calorimeter jet direction making it point back to
the primary event vertex instead of the nominal centre of the

ATLAS detector.

Energy of the reconstructed jet is not affected by origin

correction;

Improves jet angular resolution, with small improvements to

P response

" Runl:

latest news: manpower

needed, migration not
yet completed.

X ATLAS Italia - Jets & Boosted Objects

 Calojets

—+  Trackjets

 Calojets + corr
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The plot shows jet ) resolution for:
» Calorimeter jets;
» Track jets;
e Calorimeter jets after origin
correction.
Angular resolution improved.
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In-Situ Calibration

Calo jets Pileup igi | Energy&n GS In-situ
(EM or LCW) Correction Calibration Calibration Correction

In-situ calibrations use well measurable objects or quantities from data in order to validate and
to correct MC calibrations. Ditferent techniques exists.

' Direct pr balance (DB): The transverse momentum of the jet with
the highest pr 1s corrected to the transverse momentum of the
reference Z boson or photon, balancing the total pr.

Runll: Z+jet: code to be tested, V+jet and other: work still ongoing.

reference jet

‘thod . . . - - . . . .
hoc) n-intercalibration: A relative calibration technique using the matrix

method to correct high-n jets with low-n in data (forward jets with Inl >
0.8). The response is found solving a linear system for all jet pairs.

ponse _
Pt e 24(A PR et igh

R = p{‘h = cc"" = 2—§A; A= TPT et < gpie t

e — ———

forward prebe jet L — ———

RunIl: Code migrated but not finalised yet.

. RunlIl: overall timescale = start of data taking.

| some 1deas about giving more importance to in-situ calibration wrt MC dependent ones.
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Boosted Jets

What are boosted jets? Standard jets characterised by high p1. (> ~200-300 GeV) A

Why? LHC energies allows to investigate new energy regions once forbidden

and high pr jets are the key for this unexplored physics.

Yes, but why different? High Lorenz boost brings decay products closer one
each other as their parton showers merge together. Impossible to distinguish in
separate jets.

Solution: include all the decay product’ showers in a single (larger) jet.

Moreover: decrease combinatorial (and physical) bkg.

' azz}ﬁ N
X — ~ 225 E
el ™. @ 1.8 - 1
/7 ervgn o\ AR=2m/pr T1% W PythiaZzs it Wb -
0.5t 7 . Earamenns \\ - 175 F '
/ p : \ 140
/ ¥z \ 130 ! ) . 25.
1288 ] :*
= 0.0 . L WU S - ! 3 1E_
* “ 1.co§ 08:’——
\ / s | top with pr =350 GeV 0.6"
s A A p:
0.50X y, was have AR < 1.0. 04
. / &
N / 0.2 0.2 -
S o -7 (SUUTIVRNTONNY WETUTIE TUUIE PO Aned IO I
By, b % 100 200 308400 500 600700 800 900
T e op p, [GeV]
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Boosted Jets

Since standard techniques are not efficient in boosted topologies —> new identification
algorithms developed. From “simple” grooming+variable-cut to complex algorithms.

Boosted regime very diffused in exotics searches but also top measurements (cross section,
charge asymmetry) and starting in ttH (interest from Bologna).

Boosted objects are mainly top quarks and 7/W bosons. Start looking at boosted Higgs,
many theoretical papers.

- — et

o o 3
3 - 3
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g b P N ——
05 . L
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MC / Data
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10

-

Data
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2 .
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v e W € &
v -
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Not easy to find a definite boundary between

resolved and boosted. One of the main future

challenges will be to merge coherently the 2 results.

w 4

% (B E s RS R T T™ T
310°y ATLAS -+ Data
§m‘: \s=8Te\:Jl.d=20lb" O
5 ¥ Preselecti CW+jets
F Single top
1 o e o )= x D
0§ m(n',.;“’)-woo,u(;o\/(u 100) @ Diboson
10° Wl Z+ets
F M iv
10 O Total sM

very high

boost

700 800 S00_ 1000
Large-R jetp_ [GeV]

Boosted jets divided in low, high and very high
boosted depending on jet pr. Algorithms

performances change among these regions.
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Toni

» Jet grooming: seeks to get rid of softer components in a jet from UE
or pileup and leave constituents from the hard scatter behind

» Better mass resolution expected after grooming

» Great for searching for boosted objects contained in a large-R jet!

* |s especially important to have these studies now so that we are prepared as LHC
ramps up luminosity

# Three algorithms studied: mass-drop/filtering, pruning, trimming

@ ATLAS results shown today: summarize the performance between various tunes
of groomed algorithms

Tuesday July 24, 2012 E. Thompson - Jet Grooming at ATLAS
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Toni Bar

Jet grooming

@ “Mass dropf/filtering” http://arxiv.org/abs/0802.2470

(J. Butterworth, A. Davidson, M. Rubin, G. Salam)

« |dentify relatively symmetric subjets, each with significantly smaller mass than their sum

» Was optimized for H— bb search using C/A jets...not applied to anti-kt jets!

Mass drop: create 2 subjets

Initial jet

J2
S
C/A "f-_o‘s}\) e O‘\‘
—_—> ' O
‘\ o O V..
nNg o
A O }

mj' /ﬂ/!jct < Mgac and Y > Yeur

min[(p))%, (pj)°]

(Miet)2 jioj2 = Yeut:

Tuned parameter: e
(Ycut Set to 0.09)

Filtering: constituents of j1, j2 are reclustered using C/A

-------

-------

Rix = min[0.3, 2]

Initial jet

Tuesd

Filtered jet

CA =

jet algorithm

Cambridge/Achen

(&)
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~ Jet grooming

@ “Trimming” http://arxiv.org/abs/0912.1342
(D. Krohn, J. Thaler, L. Wang)

« uses k; algorithm to create subjets of size Rg,p, from the constituents of the large-R jet:
any subjets failing pri/ pt < fcut are removed

-
~~~~~

A

; 1 % Tuned parameters:
O ® : o~ feut @and Rgyp

------

Initial jet @ p'}/ p';t < feut Trimmed jet

* “Pruning” http://arxiv.org/abs/0912.0033 (S. Ellis, C. Vermilion, J. Walsh)

» Recombine jet constituents with C/A or kt while vetoing wide angle (Rc¢yt) and softer (Zcut)
constituents. Does not recreate subjets but prunes at each point in jet reconstruction

""""

/0 LMY
korC/A f@ O o _ .
— ‘_, Tuned parameters:
\ e ¥ Reut and Zey
\\\s; ) Y ) ',,I
Initial jet O r?/ p/T'“ﬂ > Zeat or ARj, ;, < Reu Pruned jet

Toni Bar TTesday July 24, 2012 E. Thompson - Jet Grooming at AILAS 6°



HEPTopTagger

An algorithm combining grooming (mass drop filtering) and substructure variable
selection (jet mass) specifically tuned to tag top jets.

Trimming

. . Older ATLAS top tagging algorithm. C/A jets used. Possible tuning of the parameters.
Re-cluster using the kr_algorith

. . . i3 2 erin . Combin'e sub-jets
Remove each sub-jets satistyin o ‘\0 G Jrena sy \ fond
Q
{ 1 Remove some ‘b o\ — % ~ © —_— @
Ip Ti / ITI'; < ‘/‘Cu[ clust;rtse:gdmp 12( (\\\_-Tagthecase thhmas%
Initial et mh /mﬁ < Ptec closestto tquack

..... -
)
' h 061 - . 0.7y
\ . e

3 g .
H 11 I8 200cp fop) <240 eV
k‘ R R": / ‘| E 0_5: __: g 0.6 280<p_(100)<320 GeV
L iO .O E - | R pr(top) _z:+-t 2 osh H T g o]
\\ / * HEPTopTagger tagging § o nc *%—Ztn-‘ 1T § ok — 3
\ ‘ /"' efficiency on MC ttbar *5 0af- - [ § o's R <
e’ sample; 8 f = 1 8 F T T T
2 r * Bipcia ] 0.2 -1
< L " 1420 4 F ]
O p‘7ld: Jow * Tuning: default-025 o = t et E L

- s

. . . %o o 0 a0 w0 &0 %90 s 20 25 30 a5 40
The trimming improves the d s e, @ov :

| between top quark jets and ligg
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Mass Drop Filtering
% Divide the jet in two, j, and j,, where my; > my;

% ask for mass symmetry and angular asymmetry criteria (mass drop);

”

mln()" “A(p
| miniCr ). ”r”xARf jy > Yeurs
|l (mler)2 Jui2

| m’' /mje[ < Mfrac,

# re-cluster (C/A) with R =dR (j;, j») and taking only 3 most energefic sub-jets
(filtering);

X ATLAS Italia - Jets & Boosted Objects M. Franchini




Studies involved mainly
hadronic decaying W bosons.

Concentrating on grooming
+variable-cut techniques;
lots of substructure variables
considered (Planar flow, z-
splitting, sphericity, Fox-
Wolfram momentum, ... );

BDRS
(Butterworth,Davison,Rubin,
Salam): a mass-drop filtering
specifically tuned for boson
jets.

Pisa using boson tagging in

WV -> Ivjj & Iv] analysis

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2018-19
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QCD Jets

1-¢ T80

https: / / eds.cern.ch /record /1967511 / files / ATT - COM PHYS-2014-1450.pdf

Boosted Boson Tagging

Tagging N s : s
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Boosted Top Tagging

Many analysis still using simple grooming+variable-cuf techniques (tt resonance, tt cross
section l+jets, ...);

R _..._] Bologna’s working on that!
Other taggers also used, especially HEPTopTagger (tt cross section full-had [TOM+HEPTT],
4th generation quark [HEPTT], ...)

-
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w

[T

5“\-‘
H

o ATLAS Preliminary Simulation
~ fs=8TeV |

HTT (tight)
HTT (default)
HTT (lcose)

-SD
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Muon Systems

Alignment and Resolution Determination

l"l'ﬂ [ & A s\

¥ SRR W ST W S—

(e}
i
(00)
™
o
Al
S
()
h—
=
()
S
()
9
o
@)
e
©
0
Q
n
>
e
o
>
(@))
-
o
c
L
e
D
I
©
'
c
()
£
S
()
o
x
L
©
(&)
c
(©)
-
©
m
5
|_

Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders



Muon Systems

Design goals:
Reconstruct high-pt muons over large n-range
Trigger on high-pt muons
Needs:

Very good spatial resolution
Hermetic detector ("no holes")
Fast detector response

ATLAS & CMS:

Combination of muon system & magnet drove detector layout
ATLAS: standalone muon reconstruction (toroid magnets)

CMS: muon detection in iron flux return

Both: large scale precision detectors with excellent alignment
[precision mechanics & optical alignment system]

(e}
i
(e 0)
™
o
Al
| .
O]
h—
=
(72)
P
(O]
9
o
@)
e
©
0N
9
2
>
e
o
>
(@))
—
)
c
L
e
D
I
©
'
c
)
£
S
o
Q.
x
L
©
(&)
o
(©)
|
@
m
5
|_

Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders



Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2018-19

Muon Systems

Issue

ATLAS

CMS

Design

Air-core toroid magnets
Standalone muon reconstruction

Flux return instrumented
Tracks point back to collision point

Barrel Tracking

Drift tubes
Precision: 30—-50 um

Drift tubes
Precision: 100-500 um

End-cap Tracking

Cathode strip chambers
High rate capability

Cathode strip chambers
High rate capability

Barrel Trigger

Resistive plate chambers
Fast response [5 ns]

End-cap Trigger

Thin gap chambers
Fast response, high rates

Resistive plate chambers
Fast response [5 ns]

Toni Baroncelli - INFN Roma TRE
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http://atlas.ch

W->pv candidate in 7 TeV collisions

Run Number: 152221, Event Number: 388185
Date: 2010-04-01 00:31:22 CEST

PT(u+) = 29 GeV, niu+) = 0.66

ETmiss = 24 GeV

MT = 53 GeV

Physics at Hadron Colliders



pseudorapidity values (averaged over azimuth)

Muon Performance

TABLE 12 Main parameters of the ATLAS and CMS muon measurement systems as well as
a summary of the expected combined and stand-alone performance at two typical

Combined (stand-alone) momentum resolution at
ATLAS: better standalone p = 10 GeV and 5 = 0

-p = 10GeVand n = 2
erf. p _
P _ -p = 100 GeVand n =0
CMS: better combined -p = 100 GeVand n = 2
perf. -p = 1000 GeV and n =~ 0

-p = 1000 GeV and n = 2

1.4% (3.9%)
2.4% (6.4%)
2.6% (3.1%)
2.1% (3.1%)

10.4% (10.5%)

4.4% (4.6%)

Parameter ATLAS CMS
Pseudorapidity coverage
ATLAS: larger -Muon measurement In| <2.7 In] <2.4
coverage -Triggering In] <24 In] < 2.1
Dimensions (m)
-Innermost (outermost) radius 5.0 (10.0) 3.9(7.0)
-Innermost (outermost) disk (z-point) 7.0(21-23) 6.0-7.0 (9-10)
Segments/superpoints per track for barrel (end caps) 3 (4) 4(34)
Magnetic field B (T) 0.5 2
-Bending power (BL, in T- m) at || = 0 3 16
-Bending power (BL, in T- m) at || & 2.5 8 6

0.8% (8%)
2.0% (11%)
1.2% (9%)
1.7% (18%)
4.5% (13%)
7.0% (35%)
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Muon Reconstruction and Selection

Overview of Muon Reconstruction in ATLAS

MS : 3 stations

Muon reconstruction using information from tracking sub-detectors (ID, MS) and calorimeter:
» Combined (CB): ID + MS hits with full track re-fit. Main reconstruction type, bulk of the
muons

» Stand-alone (SA): MS-only track identification and reconstruction. Recovers muon
reconstruction for |n| > 2.5

» Segment-tagged (ST): muon tag with MS segment, momentum reconstructed with ID.
Recovers regions of poor coverage + low pt muons. Good purity

» CaloTag: reconstruction with ID and calorimetric MIP only. Used mostly for efficiency

studies. Low purity, fills MS gap at n =~ 0.
Combined muo
lmuon |
Calorimeter tagged muon

F. Sforza (CERN) MCP at the ATLAS Muon Week 12 October 2015, Manchen 4/23

Rough relative acceptances of reco-algorithms:

MuiDCo: CB outside-in, ~ 96%
MuUGIRL: CB inside-out, ~ 1%
CALOTAG calo-tagger, ~ 1.5%
MUTAGIMO: segment-tagger, ~ 0.5%
e MuUIDSA: MS SA reconstruction, ~ 1%




detector(s) is (are) used
SA, CB, ST, CaloTag

One muon traverses ID,
Calorimeters, Muon Spectrometer

= Stand—Alone (SA) mugns: the muon trajectory is re-
. ptllc MS. The parameters of the
muon track at the interaction point are determined by
extrapolating the track back to the point of closest
approach to the beam line, taking into account the es-
timated energy loss of the muon in the calorimeters.
In general the muon has to traverse at least two layers
of MS chambers to provide a track measurement. SA
muons are ma,inly used to extend the acceptance to the
7 which is not covered by the ID;

= Combmed (CB) muonj track reconstruction is perfor—
med independently in ghe ID and MS, and a combined

Toni Baroncelli - INFN Roma TRE

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2018-19

4 different types of reconstructed muons in ATLAS depending on which

track is formed from the successful combination of a
MS track with an ID track. This is the main type of

— Segment tagged (ST) myons: a track in the ID is clas-
; snab extrapolated to the MS, it

is associated with at least one local track segment in
the MDT or CSC chambers. ST muons can be used
to increase the acceptance in cases in which the muon
crossed only one layer of MS chambers, either because
of its low pr or because it falls in regions with reduced

[ Calorimeter-tagged (CaloTag) Imuons: a track in the
1S 1dentinied as a muon 11 1t could be associated to

an energy deposit in the calorimeter compatible with
a minimum ionizing particle. This type has the low-
est purity of all the muon types but it recovers accep-
tance in the uninstrumented regions of the MS. The
identification criteria of this muon type are optimized
for a region of || < 0.1 and a momentum range of
25 < pr < 100 GeV.

Physics at Hadron Colliders



Muon Reconstruction and Selection

Muon Selection Working Points for Physics Analysis == Quality

Goal: optimal and easy-to-use muon selection Working Points (WP):

" CB muons
| 10<p_<100 GeV
nPrecisonLayersz2

» Initial situation: knowledge of reconstruction algorithms,
Run | analysis experience

» WP optimization to be performed well before data-taking:

Backgrourd rejection

06

— Usage by early analysis
— Performance measurement

0.4:— ”‘b:.""PK"‘Jm ~ )
= ' d discriminating variables: e N :
ROC curves, tests on partially reprocessed Run | data o _j‘;

» Efficiency/rejection ratios of ID-tracks for truth-classified N SRS ISR PSR
simulated muons (signal or K/x backgrounds) Signal efficiency

»

WP definition for Run Il analysis:

Good signal/background separation power from 1/p significance: '%}’Mgl <7
D +oMms

» Loose: all muon algorithms, using calo/segment-tagged in |n| < 0.1 (H — ZZ Run-I-like)
» Medium: CB muons (SAin2.5 < |n| < 2.7), > 2 stations (or > 1in |n| < 0.1),

» Tight: > 2 stations, 1/p significance<5, x2, < 8

o

F. Sforza (CERN) MCP at the ATLAS Muon Week 12 October 2015, Minchen 5/23



Muon Reconstruction and Selection

Fake muon — muon

Muon WPs: Expected Efficiencies and Fake Rates from HF or wrong

» Expected efficiencies and fake rates from ttf simulation reconstruction
> Analveic of narf " . i
£ '/ -t LoossMons 3 Al S L LR IR BULLAL BURL
g F Al aouemal e 4 MidCo S F ATLAS Intemal -t~ LooseMuons
“ [ Prompt muons % - STACO g Rel. 20 MC, t ~#-MuidCo
B - MuTagIMO 10 All WK decays -#- STACO
10 & MuidSA 3 —+ MuTagIMO
- o, & MG 3 ~4- MuidSA
© o Do ' o]
E E 10" Wi g . W oy ¥
- o ] =]
0o B%n ®PY o gw ]
ok %@; %cpmd’ % é‘ﬂ% ] 10° #{,q‘? % q?r{z},%ﬁ
3 ; g ; P oy : o % W%%
w"lo,""_'a'“'L""é""l""é"“é- . S T I I S
n (0,520 GeV) 1073 2 = 0 1 2 3
T 1 (p,>20 GsV)
Prompt p1 from W: pr > 20 GeV Fake 1. from Hadrons: py > 20 GeV
pr in [4,100] sons ( 25ns )||_Prin[4.100] | Sons (* 25ns )
All Muons | 99.60 + 0.01 | 99.59 + 0.01 A':_M”°"S g-gf i g-g} 8-(‘53 i 8-81
Loose 98.68 + 0.01 | 97.88 + 0.01 oose : : : :
. Medium 0.37 £0.01 ] 0.39 =0.01
Medium 96.78 +0.02 | 96.00 + 0.01 Tight 031 +001| 032=001
Tight 96.10 £ 0.02 | 95.34 £ 0.02) '9 - ALY e
*Quoted uncertainties are statistical only
F. Sforza (CERN) MCP at the ATLAS Muon Week 12 October 2015, Minchen
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Tag & Probe

method

| Total reconstruction efficiency |

(comb) ]
ta+

><! [5({\15)]>< e
F—

Combinati

Inner tracker
reconstruction
efficiency

Muon on

Spectrometer efficiency

reconstruction
efficiency
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v

m 1
The muon

reconstruction
efficiency is
measured with
respect to Inner
Detector tracks

; T T LI III T T T LI III T T T L III
3 10 v L~40pb’
T2 EF_mul5
= 10y Y’ -

§ : ¥(2bs)
=z 10° '
© H

107

10

1.;;" ATLAS Preliminary
- Data 2010,\/s= 7 TeV
10—1§l 1 llllll 1 1 1 llllll 1 1 1 llllll

1 in 12

v

The J/\p—= WU decay is used to obtain a sample of low-pr
probes, while the Z—\\"\U decay provides high pT probes

In-situ measurement of muon reconstruction
efficiency using well known resonances.
Requires

1. A combined muon “Tag”

2. the tag is paired with an ID track giving an
invariant mass close to the considered
resonance mass

the fraction of reconstructed signal

“Probes” measures the muon identification

efficienc
Y Physics at Hadron Colliders




uncertainties.
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Fig. 3. Muon reconstruction efficiency as a function of 7 mea-
sured in Z — pp events for muons with pr > 10 GeV and
different muon reconstruction types. CaloTag muons are only
shown in the region |p| < 0.1, where they are used in physics
analyses. The error bars on the efficiencies indicate the sta-
tistical uncertainty. The panel at the bottom shows the ratio
between the measured and predicted efficiencies. The error bars
on the ratios are the combination of statistical and systematic
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Monte Carlo is most of the time too optimistic. Since simulation is a
fundamental ingredient of modern analysis we need to apply additional
smearing and/or scale factors to the ideal resolution / response of the
simulation. This is less obvious than it seems, degradation is often due
to several effects (mis-alignment, additional material, not only worse

resolution).
Toni Baroncelli - INFN Roma TRE Physics at Hadron Colliders



What do we want to do?

We want p; from simulation to be as
close to data as possible in terms of

e Scale

 Resolution

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2018-19
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Parametrization of ID & MS resolutions

multiple scattering contribution,
W1 (1€ cCOlNad Lerrr ae [10E
pr for0<|n[<20; the intrinsic resolution caused by
(2) the imperfect knowledge of the

magnetic field in the ID, by the

for 2.0 < || < 2.5 . spatial resolution of the detector
components, and by any residual
misalignment of the detector

components.

1D, Inner Detector
aID(n)H bin(n)

T iy

MS, Muon Spectrometer

The stand-alone muon resolution can be parameterised as follows:

c(n, 9)
pT DT ) (3)

o (pr)

bip(n) - PT
tan>(6)

osa(pr)

- Jf ams(1n, 0) EBIbMS(n, )

where the first two terms parameterise the effect of the multiple scattering and the contribution
of the intrinsic momentum resolution of the MS, respectively. The third term parameterises the
effect of the fluctuations of the muon energy loss in the calorimeters, jbut this is small for the
momentum range under consideration.
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Corrections to muon momentum

resolution and scale in MC

Samples of J/Psi, Upsilon and Z decays are used to study the muon
momentum scale and resolution. The (ATLAS) simulation includes the best
knowledge of the geometry, material distribution, and physics of the muon
interaction. Additional corrections are needed to reproduce the muon
momentum resolution and scale of experimental data at the level of
precision that can be obtained using high statistics samples of dimuon

resonances.
S scale, Ar, additional smearing

Det =MS, ID

depends onn, ¢

MC,De . MC,De
pr o+ ZSD ‘m,9) (PY")" | 2

Cor,Det

powers of pr:
O energy loss fluctuations

1.  mult. scattering, B
inhomogeneities, mis-
alignments

pT m—1
1+ a0 (A" g

(with si° = 0 and Ari° =0),

Intrinsic resolution

_%U(Pr)

=ro/pTr B T1 B T2 PT,

Toni Baroncelli - INFN Roma TRE

Jm gaussian distribution
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Corrections to muon momentum

resolution and scale in MC

Sy scale, Ar, additional smearing

Cor,Det
T

Toni Baroncelli -

‘Changes scale of pr ‘

MC,Det e MC,Det C :
Pr + Z sn°t (1, ¢)( ) ‘3: Intrinsic resolution

m—1
1+ % a0 (AO)" g

powers of pr (0,1,2):
1. energy loss fluctuations

2. mult. scattering, B
inhomogeneities, mis-
alignments

o(pr)
P

=ro/pr B T1 B T2 PT,

‘ Worsens resolution ‘

INFN Roma TRE

Jm gaussian distribution
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Corrections: results

The ATLAS collaboration: Measurement of the muon reconstruction performance of the ATLAS detector 13
| Region I A 1D . P [Tev~!] §IP
| D 'traC kS I In| < 1.05 0.0068+0-0010 | 0.146+0-030  _0.92+0-2% x 103 Ar can only
05 < |n| <2.0 0.0105%" 0.302+0-046 —0.86%)3 x 1072 |
In| > 2.0 0.0069%00121  (088+008¢ 0 49+L17 . 10-3 fluctuate up!

Table 1. Summary of ID muon momentum resolution and scale corrections used in Eq. 9, averaged over three main detector
regions. The corrections are derived in 18 77 detector regions, as described in Sect. 5.1.1, and averaged according to the n width
of each region. The uncertainties are the result of the sum in quadrature of the statistical and systematic uncertainties. Only
upper uncertainties are reported for the Ar parameters; lower uncertainties are evaluated by symmetrization, as described in

Sect. 5.1.2.
Region Ard'S [GeV] Ar}MS ArdS [Tev—1] )5 [GeV] s)s
In| < 1.05 (small) 0.115+0983 0 0p30+0-0079 0+0-21 —0.0357 0011 +3.57 080 x 1073
In| < 1.05 (large) 0.101+0-090 0 pp34+0-0081 p+0-11 —0.022+5:007  —0.22+537 x 103
1.05 < |n| < 2.0 (small) Q+0-080 0.0171+0-0059 0+0-22 —0.03230018  —1.07F 507 x 1072
1.05 < |n| < 2.0 (large) +0-080 0.0190+0-0047 0+0-17 —0.02635992 1. 46+g g;;’ x 1073
In| > 2.0 (small) 0+0-959 0,0022%°097 0+0:9 —0.03175037  —0.91755% x 1072
|| > 2.0 (large) Q+0-080 0.0171+0-0052 0+0-29 —0.057+0057 +0.40t},_§3 x 1073

upper uncertainties are reported for the A
Sect. 5.1.2.
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Table 2. Summary of MS momentum resolution and scale corrections for small and large MS sectors, averaged over three main
detector regions. The corrections for large and small MS sectors are derived in 18 77 detector regions, as described in Sect. 5.1.1,
and averaged according to the 5 width of each region. The parameters Ard'™S, for |n| > 1.05, and Ar3}'S, for the full 7 range,
are fixed to zero. The uncertainties are the result of the sum in quadra.ture of the statistical and systematic uncertainties. Only

valuated by symmetrization, as described in

MS tracks

Physics at Hadron Colliders




Reconstruction Efficiencies with 50 ns and 25 ns Datasets

Reconstruction Efficiencies Performance

» Data-driven reco-efficiencies are a test of our detector understanding
» Do them as soon as data is available = reliable tools and very quick turnaround from MCP

1= e
. R —'—-.—.—q— - - |
B 099l — T ™ -+ —
i
— 0.98— _+_ —
()
(7)) —_— —
S | ATLAS Intemnal neo n=0 —e— Poriods A-C 2015 (ropro)
o 0.6 ys=13Tev, 77pb" : ——
© Mediurm muons : Z—suu (50ns)
05— Stat only 3 Sys @ Stat 1
@ Q
8 % 1 -o---.---------0---.---.-—0-—-.--o-’.--.---.--.---‘7-0--0-—-0--.“-0---0-3
S -
0.95 Sasss
S -
. e e
Signed Detector region
z 1= =
| o R - S - —— g e e ™ O eyt
- 8 099 — T —— ma e
© o 0.98 T el
- — + —
-o — =
8 | ATLAS Intgem n<0 n>0 —e— Data (25ns) )
0.6[ {5137 ==
w0 Medlium mu e et Z—epipt (2508)
SB 5 0.5— Stat only B Sys @ Stat
(&) % 1 > ARG ASOT-Aagan g s nys sAP-AcPTALPL P CRPAILG-00.Q0ALALSE S0 ARPARG B ELLG G
m o 095 ERE RN RIS R R R R R R AR R R R AR R AR AR E
oc ’

{

racks

C‘
ek wa%%a'gé‘sc '7q~,p W;‘?;”’é"‘cfc w%m"w”"'ga IWWM % et A ;“t’%y, !p Yo, Daokln.lo- %a’u"’g;q b~y

Sianed Detector reqion

» Slight efficiency drop in 25ns dataset quickly identified and understood (thanks to
tracking-CP experts) to be due to TRT occupancy

F. Sforza (CERN)

MCP at the ATLAS Muon Week

12 October 2015, Minchen
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MET studies

Missing Transverse Momentum Measurement
usingthe ATLAS Detector

The ATLAS Collaboration
LHCC Poster Session, 4 March, 2015, CERN

Bo Liu (Academia Sinica/Shandong University) on behalf of ATLAS Ef== group

E-miss and Particle-Flow

Marianna Testa (LNF-INFN)

Performance of missing transverse momentum
reconstruction in ATLAS studied in proton-proton
collisions in 2012 at 8 TeV

Luis March
School of Physics, University of the Witwatersrand, Johannesburg 2050, South Africa

E-mail: lmarch@cern.ch

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2018-19
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MET is affected by PU pile-up

%
Missing ~ *. .
Transverse
Momentum

how to exclude non-PV objects from the
calculation of the hard-scattering HS
vertex?

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2018-19
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E-miss Reconstruction

MET_RefFinal is the basic recommended reconstruction for E;Mss.
It's the vectorial sum of high p; objects + clusters/tracks not associated to them.

The sequence of high-p; objects is by determined by the reconstruction quality of the
object:

o [ Unused
Electrons Photons Taus Jets | Muons clusters/

\PT>10 GeV | p>10GeV | p>20GeV | p>20GeV | p>4GeV | | {acks

v v v v v v

Go back to constituent clusters and tracks - Double-counting of signals is avoided by
checking if a cluster/track has been already used in the reconstruction sequence

l l l l |

MET_RefEle | + | MET_Refg | + | MET_RefT + MET_Reflet + MET_SoftTerm

\

+

| MET_RefMuon .I- | MET_Muon | = MET_RefFinal | ,‘,

\. \

l | High Affected by Pile-up

— miss ,calo — MISS ,muons —> IIss

Er + Er =FEr 3



Pile-up, PU, suppression or mitigation Jets
+ Soft Terms

Pile-up not only distorts the energy reconstructe but can also create
additional jets. To suppress the jets originating from pile-up, a cut is applied

based on the Jet Vertex Fraction (JVF), i.e. the fraction of momenta of tracks
matched to the jet which are associated with the hard scattering vertex. JVF

is defined as: JVE = Z prr/ Z PT

tracks .., PV tracks ;s
where the sums are taken over the tracks matched to the jet and PV denotes
the tracks associated to the Primary Vertex (PV).

Remove Jets with JVF < cut

The pile-up largely affects the} soft termITwo different methods for
suppressing the pile-up in the soft term are described in the following, one
based on the use of tracks and the other one based on the jet area method.
Tracks provide an excellent method for pile-up suppression, since they can
be associated with the primary vertex from the hard scattering collision.
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Correcting soft terms of MET

It is calculated, in a similar way as JVF, as:

STVF = Z pr/ Z pT

t'rG'CkSSoftTerm ,PV tTGCkSSof tTerm

where the sums are taken over the tracks unmatched to physics objects and
PV denotes the tracks associated to the primary vertex. The E;miss.Softlerm jg
multiplied by the STVF factor and the E™Miss; calculated, with this corrected
soft term, is named STVF.

The event transverse momentum density p is used to determine the
contribution due to pile-up in the jet area, which is subtracted from each jet:
peteor = pdet — pAlet, Two different E;miss.Softferm cajculations are considered
here and the E{™'ss is then recalculated using each of them. The two methods
differ only in their calculation of the p. One is named Extrapolated Jet Area
Method and the other named Jet Area Filtered.
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Beyond MET: Particle Flow?

Particle-Flow

Toni Baroncelli Experimental High Energy Physics at Colliders Winter 2018-19
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Particle-Flow: Introduction

TH HCAL

' : Clusters
neutral | .
hadron * ; detector

Tracks \

charged -
hadrons <3artlcle-flow “

The Particle Flow algorithm aims at identifying and reconstructing individual particles
from the collision by optimally combining the information from different subdetectors

List of individual particles is then used to reconstruct
jets, determine E;™'ss, T and tag b-jet

Through combination of information Particle Flow allows
to mitigate maximally Pile-up
11



Particle-Flow paradigm

In a typical jet

» 60% of jet energy in charged hadrons

» 30% in photons mainly from 10 2vyy

* 10% in neutral hadrony mainly n and K

+ ldealised PFlow approach:

- Charged particles measured in the tracker
- Photons in ECAL

- Neutral hadrons in the HCAL

+ Traditional calorimetric approach:
- Measure all components of jet in ECAL/HCAL

L A |y e
- %Ef" =

Ejer= Ecca ¥ Ejcal :> Eer= Errack *E, + E,

12




Jets with Particle-Flow

There are several benefits to use particle in Jet reconstruction

1) The tracker has a better energy resolution than the calorimeter at low p,

in ATLAS for p,<140 GeV
B e AN A AAAM AAARY AEA
s b .
8 25—ttt — T rACKOT /
S
z
1]
0 .lglxlgn.x.n;llA.l;lnl.lxle.ll;Alllx;ln;l;An;

0 50 100 150 200 250 300 350 400 450 500
Transverse Momentum p ' [GeV]
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Jets with Particle-Flow

There are several benefits to use particle in Jet reconstruction

1) The tracker has a better energy resolution than the calorimeter at low p,

in ATLAS for p,<140 GeV
2) In a jet soft charged particles are swept away by the magnetic field,

can be recovered by the tracker
3) Tracker can pick cup charged particles which would be below the calo noise threshold

4) The tracker has better n,® resolution
5) The tracker can tell which vertex the charged particles come from

Charged Hadron subtraction

JLEXPERIMENT

15




Particle-Flow in ATLAS

A cluster can
Match Tracks to Clusters contain a

single, many or
part of the shower

Does the cluster energy match the track (E/p)? |

.\.

NO [ Match all clusters in
AR<0.2 to recover
split showers

calo
P L \ %
Y / >
A\ 4 ]

" Subtract matched energy '
deposit cell-by-cell from
the calorimeter calo

ID
> 16
Y

YES

v

calo




Particle Flow at The End of LS1 y
Chris Young 7%

A
T
L
A
S

The Algorithm - Cell-By-Cell Subtraction
 Tracks <—plseect Traska] > [Pirch Toce] ] e lp e N e
iCIuster‘s,—’ | i Add Clusters ——m Compute E/p

» Having selected cluster(s) we subtract cell-by-cell if E; > p™ x (E/p):

» Each layer is split into rings around the extrapolated track.

» Shower profiles binned in E, |n| and LHED are used to determine the ring
with the highest expected energy density.

» These cells are removed and this is continued until Es,, = p"k x (E/p).

» Only a fraction of the energy in the final ring will be removed.
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Particle Flow at The End of LS1 y

Chris Young 7%

Match .T-Mh Shower N Cell Tracks +
MWTm—y lateh Compute E/p i _ W
iClus‘rers; =i Add Clusters — 3| Compute E/p

» Having selected cluster(s) we subtract cell-by-cell if E;; > p™ x (E/p):
» Each layer is split into rings around the extrapolated track.

» Shower profiles binned in E, |n| and LHED are used to determine the ring
with the highest expected energy density.

» These cells are removed and this is continued until Egs = p™ x (E/p).

» Only a fraction of the energy in the final ring will be removed.

——mmnnay
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Particle Flow at The End of LS1 y
Chris Young 7~

A
T
L
A
S

The Algorithm - Cell-By-Cell Subtraction
P e W v I »@ T
Y
iCIusfers; T >t Add Clusters — Compute E/p

» Having selected cluster(s) we subtract cell-by-cell if E; > p™ x (E/p):

» Each layer is split into rings around the extrapolated track.

» Shower profiles binned in E, |n| and LHED are used to determine the ring
with the highest expected energy density.

» These cells are removed and this is continued until Ey,, = p"k x (E/p).

» Only a fraction of the energy in the final ring will be removed.

29
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Particle Flow at The End of LS1 y

A
N T
% A Chris Young 7
S

— Is
Match Tracks Shower NN Cell Tracks +
P T e B T R o R
iClus*rers ,_’ f 1 Add Clusters |— 3w Compute E/p

» Having selected cluster(s) we subtract cell-by-cell if Ey > p™ x (E/p).

» Each layer is split into rings around the extrapolated track.

» Shower profiles binned in E, || and LHED are used to determine the ring
with the highest expected energy density.

» These cells are removed and this is continued until E,,;, = p"k x (E/p).

» Only a fraction of the energy in the final ring will be removed.
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Particle Flow at The End of LS1 y

Chris Young 7
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» Having selected cluster(s) we subtract cell-by-cell if E.; > p"™* x (E/p):
» Each layer is split into rings around the extrapolated track.

, Im| and LHED are used to determine the ring
with the highest expected energy density.

» These cells are removed and this is continued until Ey,, = p™ x (E/p).

» Only a fraction of the energy in the final ring will be removed.
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Particle Flow at The End of LS1 y

Chris Young 7%
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The Algorithm - Cell-By-Cell Subtraction
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Clusters 1 Add Clusters |— 3 Compute E/p

Clusters

» Having selected cluster(s) we subtract cell-by-cell if E; > p™™ x (E/p):
» Each layer is split into rings around the extrapolated track.

» Shower profiles binned in E, |n| and LHED are used to determine the ring
with the highest expected energy density.

» These cells are removed and this is continued until E., = p™ x (E/p).

» Only a fraction of the energy in the final ring will be removed.
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PFlow Jet p. resolution

Much better resolution at low p.

Two reasons: g  EM+JES(an13)
Er . EM+JES+GSC (May14)
_ £ 53 . LC+JES+GSC (May14)
1) Charged Hadron Subtraction: 3 «  Pflow EM+JES
removal of clusters associated to oot ] T CMS
pile-up tracks in the event = ml < 1.0
(0]
. . c -02 +
2) Usage of (calibrated) track instead &~ AR

of clusters, which are § 0
under-calibrated at low energy o
— The constituent scale B

of the jets is raised

. At high p (> ~100 GeV) the confusion
in crowded environment o
worsen the resolution 102
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