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ATLAS and the LHC

« ATLAS

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

Frederik Rihr (Freiburg), JYVMQ'16, Durham

» Air-toroid muon spectrometer

* High precision calorimetry

Highly granular
electromagnetic calorimeter
up to |n| < 3.2

Hadronic tile calorimeter barrel

and endcaps up to
In| < 3.2

Forward calorimeters for
3.2 <|n| < 4.9, granularity of
AnxAp=0.2x0.2

« Tracking coverage up to
In| =

2.5



ATLAS and the LHC
a | N

Overall diameter : 15.0 m
Overall length : 215 m

Magnetic field : 4 Tesla C MS er

PRESHOWER . CompaCt deS|gn
* Full silicon tracker

Tracking coverage up to
In| =2.5 neter

RETURN YOKE

SUPERCONDUCTING
MAGNET

FORWARD

e
4 CALORIMETER
r barrel
MUON CHAMBERS

In| < 3.2

 Forward calorimeters for
3.2 <|n| < 4.9, granularity of
AnxAp=0.2x0.2

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

« Tracking coverage up to
Inl =2.5

Toroid Magnets  Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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ATLAS, CMS and the LHC
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Inputs to jet finding: Topological Clusters

1

! « ATLAS focuses on ‘topo-clusters’ as calorimeter
input to jet finding
» 3-dimensional clusters of calorimeter cells

» Attempt to reconstruct particle showers in the
calorimetry while suppressing noise contributions
(electronic+pileup)
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« Topo-clusters are treated as massless to avoid picking up fake jet-mass from showering
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Inputs to jet finding: Topological Clusters

. . cp . i LR L N L N R
Result in significant reduction of number of cells  § 1o ATLAS ¢ | Emst
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Inputs to jet finding: Tracks

* Inner detector charged tracks with p; > 500 MeV are ‘ghost associated’ to jets

 allows the use of charged tracks (originating from hard scatter vertex) over
calorimeter pT and similar for pileup suppression

« track derived variables and jet moments are used to refine the jet calibration,
improve the jet energy resolution and in some physics analyses

« Track segments in the muon system are associated to jets to get a handle on
longitudinal shower leakage

« ‘Particle flow’ objects as input for jet finding are a hot R&D topic in ATLAS, but no
public results yet - stay tuned!

JATLAS

1A EXPERIMENT

Run Number: 201289, Event Number: 24151616

Date: 2012-04-15 16:52:58 CEST
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CMS: Particle flow objects

-0.75

-0.85
-0.9
-0.95

Tracking and calorimeter information is combined
to reconstruct particle flow objects

Profit from tracking resolution at low momenta

‘Overlap’ removal requires dedicated pre-
scriptions, e.g. for Bremsstrahlung clusters

from electrons

Added benefit: Can remove charged pileup after
track-cluster matching
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Jet Finding

« Jet finding wish list:

« Theoretically well behaved e A
* Infrared and collinear safety Rid
« Computationally feasible vt oot (der theshd) 1t (e svcpold)

* Detector independent
» Apply to reconstructed objects, particle level, final state partons, ...

+ Jets are not ‘fundamental’ objects like isolated charged leptons
» Specific jet-finding algorithms provide specific view on the activity of an event

» Different processes and measurements ask for different algorithms and
parameters

Frederik Rihr (Freiburg), JYVMQ'16, Durham . 10



Jet Finding: kt, antiKt and C/A

« Three jet algorithms used by ATLAS, belonging to the same A2,
(infrared and collinear safe) class of clustering algorithms dij = min(kfz?’, kff)R—g
* Typically used in the following cases: %
diB — ktz 3
small-R large-R jets sub-jets
R=04 1 R=10 | R=12 | R=02 L fATURS iy | LAY
p= _1' antikt X X 25_m,,=77.seev,mm=|asseev S:L"g'}g/fé:oz
p = 0, Cambridge/Aachen X 155_ -
p=1,Kt 5

‘Ghost association’: for jet finding tracks are treated as 4-vectors .
with infinitesimal magnitude, being picked up by the jet algorithms

T

<N-IIIIIIIIIIII[I|IIII|IIII|II-
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Jet Finding: kt, antiKt and C/A

* The three jet algorithms used by ATLAS belong to the same
(infrared and collinear safe) class of clustering algorithms

« Typically used in the following cases:

d;; = min(kZ?, LQP)

d;p = Ltz ,
small-R large-R jets sub-jets
R=04 | R=10 | R=12 | R=02 e o M
p = -1, antik: X X T
p = 0, Cambridge/Aachen X s - E
p=1,Kt 1_ E

‘Ghost association’: for jet finding tracks are treated as 4-vectors .
with infinitesimal magnitude, being picked up by the jet algorithms

\
cws T | e |
p =-1, antiKt X
p = 0, Cambridge/Aachen X
p=1, Kt
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Calibration references

parton level jet particle level jet calorimeter level jet

« The main reference for jet calibration are ‘particle jets’ in samples of simulated events
* Apply jet finding on stable (ct > 1 cm) particles, excluding muons and neutrinos

CMS
{ * Apply jet finding on stable (ct > 1 cm) particles, excluding and neutrinos 1

« Corresponds well to visible energy in inclusive jet selections, e.g. light quark and
gluon jets

» Depending on physics use case, other definitions can be better justified, but
the ‘universal’ Jet Energy Scale corrections are derived from QCD jet
production samples in any case, where differences in definition have a

negligible impact
Jié@

« Typical reference objects in data: D D
* isolated photons and Z(->Il) boson >

u /04

wle

Frederik Rihr (Freiburg), JYVMQ'16, Durham 13



Small Radius Jet Calibration and Performance

ATLAS

EXPERIMENT

Run: 279685
Event: 690925592
2015-09-18 02:47:06 CEST

Recorded event with dijet system with a mass of 8.8 TeV



Small-R Jet Calibration

EMor LCW

Origin Correction * Jet area based pile- Residual pile-up
constituent scale jets up correction correction
Jet finding applied to Changes the jet direction . . Function of p and NPV
topological clusters at to point to the primary egz:ng :;if vgzgp_g te aurg 2 applied to the jet at
EM or LCW scale vertex. Does not affect E. gy y J constituent scale

Global sequential
calibration

Residual in-situ
calibration

Absolute Eta)ES

Corrects the jet 4-vector Based on tracking and A final residual calibration

to the particle level scale. muon activity behind jets. is derived using in-situ
Both the energy and Reduces flavour dependence measurements and is

direction are calibrated. and energy leakage effects. applied only to data

Goals of the ATLAS jet calibration

« Calibrate the jet energy scale to the particle level of the hard interaction
Reduce the jet-to-jet variations, resulting in a good jet energy resolution
Achieve the above two goals with as small an uncertainty as possible

The jet calibration is derived and applied in a number of steps, the last one of these
only being applied to jets in data

Frederik Rihr (Freiburg), JYVMQ'16, Durham
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Small-R Jet Calibration

EM or LCW Orisi - Jet area based pile- Residual pile-up
: 3 rigin Correction ; -
constituent scale jets up correction correction
Jet finding applied to Changes the jet direction . _— Function of y and NPV
topological clusters at to point to the primary er’:— ggcng';r?;if V:ng.gf aurg 2 applied to the jet at
EM or LCW scale vertex. Does not affect E. gy 4 J

constituent scale

Global sequential
calibration

Absolute Eta)ES Residual in-situ

calibration

Corrects the jet 4-vector Based on tracking and A final residual calibration
to the particle level scale. muon activity behind jets. is derived using in-situ
Both the energy and Reduces flavour dependence measurements and is
direction are calibrated. and energy leakage effects. applied only to data
/CMS Ap)llmlt()( =

ata
“-‘-Hav“

Applied to simulation ————

only being applied to jets in data

Frederik Rihr (Freiburg), JVM0'16, Durham 16



(Jet area based) pileup corrections

:IlIIIIIIIIIIIIIIIII|||lI|IIII|IIlI||IlI||III:
1-2;_ATLAS Simulation Preliminary

1 Pythia Dijet s = 13 TeV =
0.gF-anti-k, EM R=0.4 E
" ]

Pileup is characterized using two variables

« <u> = expected average number of interactions
per bunch-crossing

« NPV = number of reconstructed primary vertices

In addition the ‘pile-up’ pT density p is reconstructed for 0'2:_ - B
C el il ]
every event Oi."*'*m‘;:f;wwm_,__._. I
« Fill the event (up to |n| < 2.0) with ‘ghosts’ and :0.2]- —#— Before any correction =
. " After pxA subtraction ]
reconstruct kKT 0.4 jets, then take 04F 4 After residual correction .
piet O_III(I)-ISIIII;III1I 5Illl2lllé élll3lllé“:_l)lll4lll4l_-5
— 1 |
o = median i i

4
[ ATLAS Simulation Preliminary
.4{-Pythia Dijet s = 13 TeV ]

- anti-k, EM R=0.4 .

« While this is usually called the pile-up density, it also
includes the underlying event

Individual jets are corrected first, fully data-driven, using p
and their active area
- _
corr _ € _prJet

T T -0.4— —¢— Before any correction -
] After pxA subtraction .

A simulation based residual correction is then applied, as _0_6: —— At residual comecton ]
a function of <y>, NPV and jet pseudorapidity n 0 e e e s

op, /o [GeV]
o
~
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(Jet area based) pileup corrections

* ATLAS characterizes pileup using two variables

<J> = expected average number of interactions
per bunch-crossing

NPV = number of reconstructed primary vertices

3, /N;, [GeV]

* In addition the ‘pile-up’ pT density p is reconstructed for
every event

Fill the event (up to |n| < 2.0) with ‘ghosts’ and
reconstruct kT 0.4 jets, then take

gFanti-k, EM R=0.4 E

-0_2 —&— Before any correction _f

‘0-4 —#—— After residual correction _;

:IlIIIIIIIIIIIIIIIII|||lI|IIII|IIlI||IlI||III:
- ATLAS Simulation Preliminary

1FPythia Dijet s = 13 TeV =

- After pxA subtraction

" ans

o

« Chybricl (pT,uncorrl 1, A]l P) =1-

Fill the event (up to |n| < 4.7) with kT 0.6 jets to
getp

the area based and residual correction are
performed in one step, including a correction to
add the underlying event density back in

[eo(n7) +pB(1) (1 + ¥(17) log(PTuncorr) )] Aj

PTuncorr
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Absolute EtalJES

o 1l :
o : @ E & Eyy =30 GeV 'ATLAS Simulation Preli E
«  With input clusters on the em-scale, there is 5 1Ea Er = 60GeV. p';;‘,:o",j’; e ':’;"}2\',” E
= =110 Ge . . B
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. ‘ : “ 4 3 2 44 0 1 2 3 4
- This is corrected by the so-called ‘EtaJES N
. . - . . det
correction, derived by fitting and inverting the
response functions in samples of simulated S N — _
2] C = ]
QCD events £ 0.08F5 72 a0 Gov ATLAS Spir;ﬁf lt)lf::t Prre"m::/y E
- - @ 0.06, g 0050y anti-k, EM jets R=0.4
» The reference are particle level jets, S 004k s 27200 Gov E™*520 GeV ]
obtained from all ‘stable’ particles in the £ 002F ‘ E
. . £ Tk " o % s, .
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Absolute EtalJES

With input clusters on the em-scale, there is

» Significant dependency of the jet energy
response on the jet energy and pseudo-
rapidity

« Bias of the jet axis in areas where the
energy response changes rapidly with
pseudorapidity

This is corrected by the so-called ‘EtaJES’
correction, derived by fitting and inverting the
response functions in samples of simulated
QCD events

» The reference are particle level jets,
obtained from all ‘stable’ particles in the
event, excluding muons and neutrinos

Frederik Rihr (Freiburg), JVMC>QD
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ATLAS Global Sequential Calibration

P, Response

0.9
0.1
0.05

" ATLAS Simulation Preliminary = |
1 .2|-Pythia Dijet Vs = 13 TeV _

—
—
L

SRS N 80<p{“™" < 100 GeV ]|

| EM+JESw/o GS R=0.4 anti-k, [n|<0.8
VA7) 30<pi" < 40 GeV

i + (T4 350 < p™™" < 400 GeV |
2 o +¢
- e

p; Response Arpitrary Units

o
o)

-
| N

| ATLAS Simulation Preliminary
| Pythia Dijet Vs = 13 TeV
_EM+JES w/o GS R=0.4 anti-k, n|<0.8

/47 600 < p"" < 800 GeV
1000 < p!™*" < 1200 GeV -
(@] 1600 < pi*" < 2000 GeV

—_—
22
N =

1073

Arbitrary Units
1

0> 2x10?

segments

GSC parameterizes the jet response as a function of jet
pr, N and one additional property X

» By design the mean jet response is not affected, but
the jet energy resolution is improved, and the
dependency of the response on the jet flavour
(gluon vs. quark) is significantly reduced

Derived and applied sequentially for several properties X

» fraction of the jet energy deposited in the first layer
of the hadronic calorimeter

» fraction of the jet energy deposited in the third layer
of the EM calorimeter

* number of inner detector tracks associated with the
jet with pT> 1GeV
* The ‘trackWIDTH’ of the jet based on the associated

tracks
* number of segments behind the jet in the muon
chambers
Frederik Rihr (Freiburg), JYVMQ'16, Durham 21



Relative jet response (1/c)

MC / data

1.2

Residual in-situ correction

Due to differences in simulated events compared to data in e.g.
« simulation of the underlying event, pile-up activity and jet formation, detector material

an additional correction is required to get jets in both data and simulation to the same
reference scale

Two components, both applied to data only
« Relative (inter-)calibration in pseudorapidity, derived from dijet events
» Absolute scale correction from y/Z+jet and multijet events

The Run-2 absolute in-situ correction is sizable compared to Run-1, due to a number of
changes in simulation, most prominently from QGSP-BERT to FTFP-BERT

LN L N L L L L I L I L L B o 1.1_' T LA | LI LU B T
~ ATLAS Preliminary. antik, R = 0.4, EM+JES ] 9> [ antik A=0.4, EM+JES ATL‘?gTP “\e,"";'gigﬁ
- - - v . L \S = ev, o. J
I Vs=13TeV,3.21b 85<p_ " <115 GeV 1 S 1.05[ Data2015 <08 =
[oX B . -

2] B T -

o N ]

ﬁ\:m 1= —

a C ]

()] - -

2 095 -

—¢- Data 2015 3 - ] ]

n Powheg+Pythia8 -+ Sh 1 @2 - A v4jet E
| | + |OW e?-'- yt. I|a.8 |v ° ?rpa | | c 09¢ o Z+jet B

: - » Multijet .

0.85— — Total uncertainty ]

C B Statistical component N

08 C I 1 1 Lo | 1 1 1 Lo | 1 i

20 30 10°  2x10° 10’ 2x10°

Py [GeV]
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Relative jet response (1/c)

MC / data
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Residual in-situ correction
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Jet Energy Scale Uncertainties

[ ] i I I 01 T T T LI B N T T T T T T T T T
Uncertainties on the jet energy scale result from [ oata 2015, 5 = 13 Tov ATLAS Proliminary-
a number of sources | anti-k, R =0.4, EM+JES + in situ correction
0.08—"= 0.0 [ Total uncertainty

* Physics and detector simulation
« Statistical uncertainties

* Uncertainties due to differences in quark/
gluon jet fractions and pileup conditions
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Jet Energy Scale Uncertainties
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o(p,) /b,

Small-R jet resolution

The jet energy resolution can be determined from data, for example using QCD dijet events
and the asymmetry

PT1st jet — PT,2nd jet OJER,probe _ UJER tag

A = o1k = ..
v d = D OPLI,dijet
PT1stjet T PT2nd jet Alra 2 2 ue

where K., is @ correction to zero radiation, op, the resolution of the particle level imbalance

- - cmMms . 19.7 b (8 TeV)
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Large-R Jets, Substructure and Object Tagging

AN 75 ' |1
| e > = !

EXPERIMENT

Recorded event with a top quark candidate with a pT of 600 GeV
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Large-R jets and grooming

ATLAS Preliminary Simulation Pythia di-jet

* Heavy objects with high pT decaying hadronically ; 1 A I
very common in LHC analyses

« Jet grooming: get rid of softer components of jet to
get constituents from hard scatter

» Search for boosted objects inside a
large-R jet

¢ [radians]

Trimming

« The most common approaches to reconstruct I T
properties of the heavy objects in ATLAS are st Sl ?5’.“/%}?#‘?‘-‘,,\,. P
+ ‘Reclustering’ antiKt 0.4 jets into large-R jets S b faaad x 2
* ‘Trimmed Jets’ - reconstruct antikT R = 1.0 jets,
trim by removing all R = 0.2 subjets with less
than 5% of the large-R jet p;

» ‘Mass-drop/filtered Jets’, reconstruct C/A
R = 1.2 jet, filter with a BDRS procedure

T

¢ [radians]
o
rrrrrrrrrrrrrrr*r T

Ll w &

M o cov) IR o vacico

& rrrr‘]“rr

Mass drop/filtering

-------
\\\\\\\\\\

~

~,
~~~~~~~~~~~

Initial jet oMt < > Yo o . AR
nitial je m't/ Hiac and Y > Yeur Initial jet Rax = min[0.3, 2242 ] Filtered jet
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(M) [GeV]

Large-R jets and grooming

300————————
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Reconstructed vertex multiplicity (N, ) Reconstructed vertex multiplicity (N, )

 Goal: Reconstruct observables of the ‘real’ boosted

object regardless of soft activity, examples:
* Reconstructed mass M
* N-subjettiness ratio 15, = T5/T, 0.04

0.07

ATLAS Preliminary
Simulation

200 GeV < P, < 500 GeV
Z it
—— multijet

0.06

0.05

Arbitrary Units

TT T[T T T[T T T[T T T [T T T[T [TTTT

_‘II\I‘\I\Il\ll\ll\l\‘l\ll‘ll\l‘\I\I

* N-subjettiness = “y?"-like likelihood of jet Zzz
having N sub-axes "~
GG B2 08 04 080807 08 09

1 . .
TN = % ;pl’k X mm(b'le,Jng, ...,(SRN;\.) R with d() — ;Prk X R
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Large-R jet calibration

« Simplified calibration procedure compared to
small-R jets
* No pileup subtraction before calibration
« Simulation based energy and mass
calibration
* In situ calibration of jet p; using multi-jet
balance
« Validation in data via double ratios
* jet moment over that from associated tracks
« Data over simulation
-:—ArLllas Prelimina;y I ,. Data 2016 —: /\g 1'6__ATL/|QS Preliminalry ‘ o Dotz 2016 .
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Top tagging

CMS

Simulation Preliminary

« Both ATLAS and CMS have commissioned and £ 10 Ty
compared a number of top taggers in Run-1 - 800 <p, <1000 GeV, fn| <1.5/7
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Top tagging

 Both ATLAS and CMS have commissioned
compared a number of top taggers in Run-’
» Substructure variable taggers based or
combinations of mass, T15,, splitting sca
« Shower deconstruction
« HEPTopTagger

In general CMS has larger flexibility in stud:
taggers due to particle flow input objects

dedicated calibrations
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Jet substructure validation in Run-2

3
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» First studies indicate good agreement of the performance of substructure variables and
boson/top tagging in data and simulated events
« Variables and taggers largely commissioned and already used in physics analyses

Detailed performance studies ongoing
* Both on ATLAS and CMS side
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Gluon Rejection

ATLAS Quark-Gluon Tagging

Quark-gluon tagging uses variables derived from the tracks associated to jets, e.g.
* number of tracks, p; or E; weighted track width, jet charge
in addition to calorimeter derived variables

£ : ‘ATLAS Preliminary !
& 5=8Tev 203" 5
- - 90 GeV/ < P; <120 GeV, In| < 0.8
Templates are extracted from data samples of dijet, |~ Extinctad- Horwlg—Fythla 8
gamma-+jet and Z+jet events Light Quarks. %
« Assumption of quark and gluon composition of e
these samples relies on simulated events g E
s E
09F il E
08F el -
0.7
0.6 * Uncertainty on gluon expectations
0.5 from simulation is one of the limiting
0.4 ) factors
03F Vs=8Tev 203" «  Unfolding the discriminating variables
0.2 40_G‘3v <P, < 99“G;eV, | <0.8 for use in generator tuning would
01 oft " benefit their use
O "%z o4 06 08 i

Light Quark Acceptance
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Gluon Rejection

Quark-Gluon Tagging
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* Uncertainty on gluon expectations
from simulation is one of the limiting
factors
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* Unfolding the discriminating variables

for use in generator tuning would
benefit their use
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Summary and Conclusions

« The LHC, ATLAS and CMS are performing well, currently about 30fb-" of proton-proton
data at 13 TeV recorded

» Jets are fundamental objects for physics analysis at the LHC, despite not being
‘fundamental objects’

« Even if not signal, often an important source of systematic uncertainties

* Huge effort in ATLAS and CMS goes into reconstructing, calibrating and
commissioning jet objects

« Performance of small-R jets well under control, despite challenging pileup
conditions

» Improvements still expected, as well as new approaches, e.g. particle flow at
ATLAS

« Treatment and use of large-R jets shows large variety
« Significant amount of development and studies still ongoing

Thanks for your attention!

Frederik Rihr (Freiburg), JVMOQ'16, Durham 36



Frederik Rihr (Freiburg), JYVMQ'16, Durham



1% 68% IQNRR )/ median(R )

ATLAS - Track-assisted large-R jets
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If one trusts quantities derived from associated
tracks for validation, why not directly use them?

 Track assisted mass TA

calo
m'A = —r xXm
track
p.l.

track

Performance is mixed when done on fat jet level,
apply on subjets -> TAS

 Alternative: Linear combination with cluster
based mass
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