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i« THE ANATOMY OF A JET

pMp Parton level
Quarks and gluons
! q‘ from the hard scattering

frw
n Particle level
Particles from the hadronization of
quarks and gluons

Calorimeter level
Energy deposited in the calorimeters
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SATLAS EXPERIMENTAL JETS, PART 1
JET FINDING AND CALORIMETERS

Energy deposits in

calorimeters Jet reconstruction
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ATLAS Calorimeiem )

Outline
Recap of jet algorithms Detectors for jets
- The need for a jet algorithm - Basics of hadronic interactions
- Recap of jet algorithms - Calorimeter basics
- Algorithms used at the LHC - ATLAS and CMS in brief

UNIVERSITE

DE GENEVE _ C. Doglioni — Experimental aspects of jets - HASCO, 22/07/14

EEEEEEEEEEEEEEEEEE



SATLAS EXPERIMENTAL JETS, PART 2
JET CALIBRATION AND PERFORMANCE

Energy deposits in

calorimeters Jet reconstruction

5 _w‘m ‘___"; —. jet_ find i_ng — _;%‘f—: P
' \\‘.‘\ l calibration i

ATLAS Calonmeters )

Outline
Concepts of jet calibration Jet calibration and performance
and performance in ATLAS and CMS
- Jet response and resolution - Pile-up subtraction
- Missing transverse momentum - JES calibrations
- Jet performance tools - Jet performance and uncertainty

- Jet identification
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SATLAS EXPERIMENTAL JETS, PART 3
JET MEASUREMENTS AND SEARCHES

(note: this did not happen yet)
Energy deposits in physicsworld.com

calorimeters 5
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ATLAS Calorimeters )

Outline
Measurements of jets Jet searches
- Inclusive jet / dijet jet cross section - Dijet resonance search
- Three jet cross section - Dark matter searches
- Top mass measurement - TTBar resonances
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SATLAS EXPERIMENTAL JETS, PART 1
JET FINDING AND CALORIMETERS

Energy deposits in

calorimeters Jet reconstruction -
\i o, ' d "
‘.?QFEE.._--‘( — jet finding = ”ZE%E ;; :
R AN . 285
L Qwﬁ}u calibration JTa,
;E\TLAS Calorimeiem )
Outline
Recap of jet algorithms Detectors for jets
- The need for a jet algorithm - Basics of hadronic interactions
- Recap of jet algorithms - Calorimeter basics
- Algorithms used at the LHC - ATLAS and CMS in brief

- Fat jets
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1.1 - REMINDER
OF JET ALGORITHMS
AND JET SUBSTRUCTURE
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ferisss THINK ABOUT A LHC COLLISION

Collision of two protons — two highly energetic objects are produced

high-pT jets
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CHAOS FROM ORDER, ORDER FROM CHAOS?

A high-p dijet event: how we see it

...from the back of an envelope...

pT, 1
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CHAOS FROM ORDER, ORDER FROM CHAOS?

A high-pp dijet event: how we see it

...according to QCD from a MC generator...

s AT AT TTRE) 5 ——
N SN B L
.' .:-::.- _‘_ _ o I ‘ il e T - e .--"—w__: e

| cheated: this is a semileptonic £t event from MCViz, but you get the idea
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¥4 CHAOS FROM ORDER, ORDER FROM CHAOS?

A high-pp dijet event: how we see it

...in the ATLAS calorimeter...

B N '|.'|||Ilr1

- -ll h
| - = m ol

Note: some 'cleaning’ already performed: ATLAS topological clustering algorithm
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¥4 CHAOS FROM ORDER, ORDER FROM CHAOS?

A high-pp dijet event: how we see it

...after applying a jet algorithm.
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¥4 JET ALGORITHMS FOR LHC EXPERIMENTALISTS

Goal: kinematics of jet <+ kinematics of underlying physics objects
Use a jet algorithm to cluster objects into a jet

Les Houches 2007 proceedngs, arxiv0803.0678 Appl}’ sdme JEt dEﬁnitiDn
to objects on different levels:
jet algorithm @ Partons
{P } ——— {J } 9 Particles

pa rr.lt.les
4-momenta,
calerimeter towers, ..

+ parameters (usually at least the radius R)
o T

@ Calorimeter objects
(ATLAS: Topoclusters)

Fram M. Cacciari, MPI&LHCOS
© A combination of calorimeter and
tracking information (CMS)

"2\ UNIVERSITE
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¥4 JET ALGORITHMS FOR LHC EXPERIMENTALISTS

Goal: kinematics of jet <+ kinematics of underlying physics objects
Use a jet algorithm to cluster objects into a jet

Apply same jet definition

x  F to objects on different levels:
\\/ v W " " @ Partons

LO partons NLO partons parton shower hadron level 9 PEI’t[C|ES
Jet | Def’ Jet | Defn Jet | Det’ Jet | Defn —Truth Jets
' ' (only particles from the hard scattering)

jet1 jet 2 jet1 etz jet1 jet 2 jet1 jet2
A A S A S A @ Calorimeter objects

N iy /,-' Oy ," ,__\ , /.f Y \ _.'J //

AN/ AN/ S N\ (ATLAS: Topoclusters)

W W W W — Reconstructed Jets

Q Tracks

Fram G. Salam, MCNet School 2008
— Track Jets

© A combination of calorimeter and
tracking information (CMS)
— Particle Flow Jets

b= C. Doglioni — Experimental aspects of jets — HASCO, 22/07/14
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Hiew JET ALGORITHMS: WISHLIST

No right jet algorithm
Different processes < different algorithms / parameters
(we'll see more of this later...)

Requirements:

1. Theoretically well behaved — no «v« dependence of jet configuration:

Infrared safety Collinear safety

"?W o -"iE'E'“i““PT“;.
Without gluon radiation: With gluon radiation: With collinear splitting: Without collinear splitting:

2 diff ¢ jets anly 1 jet no jet (under threshold) 1jet {over threshold})

2. Computationally feasible — fast
3. Detector independent

(2% UNIVERSITE
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$oes SAFETY WARNINGS

Crucial to analyse data
with infrared / collinear safe
jet algorithm!

Theory matters:

Among consequences of IR unsafety:

18

FACULTE DES SCIENCE S

Last meaningful order
JetClu, ATLAS | MidPoint | CMS it. cone | Known at
cone [Ic-sm| [1Cmp-5M) [IC-PR]
Inclusive jets LO NLO NLO NLO (— NNLO)
W/Z + 1 jet LO NLO NLO NLO
3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFM]
Mier in 2j + X none none none LO
NB: $30 — 50M investment in NLO
From G. Salam, MCNet School D8
(29 UNIVERSITE i . . i
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¥4 IMPLEMENTATION OF JET ALGORITHMS

Goal: kinematics of jet <+ kinematics of underlying physics objects
Use a jet algorithm to cluster objects into a jet

Basic algorithm: event display + physicist

\i

“Everyone knows a jet when they see it”
Note: don't try this at home when the LHC is running

...but what is really needed for communicating results:

@ full specification of algorithm and parameters — how to group objects
@ recombination scheme — how to merge objects characteristics

@ treatment of overlapping jets (if any) — how to avoid double counting

71 UNIVERSITE
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¥4 POPULAR JET ALGORITHMS FOR EXPERIMENTALISTZS0

Cone-based algorithms Sequential recombination algorithms

@ Coneiny — ¢ space around object @ Group objects based on
momentum vector minimum relative distance
@ Jet = objects in cone @ Jet = grouped objects
Available on the (ATLAS and CMS) market: Available on the (ATLAS and CMS) market:
@ ATLAS Cone unsafel @ K,
@ Seedless Infrared Safe Cone (515Cone) @ Cambridge-Aachen
@ Anti-K

What algorithms for data?

the cone gives
nice conical jets

kt's a vacuum
cleaner

From G. Salam, MCMNet School 2008

UNIVERSITE
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¥&14% DOES THE JET ALGO MAKE A DIFFERENCE? YES.

| Cam/Aachen, R=1 |

http://arxiv.org/abs/0802.1189

(&
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http://arxiv.org/abs/0802.1189

@AMAE‘B

EXPERIMENT

Algorithm specification: k;

@

© ©

. . AR?

: 2 2 .

diw._? - TrLtTL{PT,T-"-'pT,'I.-) DE
2

di,ﬂ'ea’m =Pr

D : algorithm parameter (= weight for angular
distance AR)

lterate:

For every pair of objects ¢, 7 calculate
drnin = 'r”*'i'“(di,j 1 di,bea’m)

i dmin = d; ; recombine objects
“lse i is a jet, remove it from list @

Recombination starts from soft objects

FATLAS default: inclusive algorithm

UNIVERSITE
DE GENEVE

FACULTE DES SCIENCE S

SEQUENTIAL RECOMBINATION ALGORITHM: KT

I1 Iﬂ

22

b)

C B eam

AB

"

d)

Idea:
pT din= dA.B a} pT
& B C *

¥
A= dnB,Eum
pT * C} pTl
&t
AB C *
¥

AB

C. Doglioni — Experimental aspects of jets - HASCO, 22/07/14



frties SEQUENTIAL RECOMBINATION ALGORITHM: C/A

Algorithm specification: Cambridge-Aachen
AR?
D2

@ D: algorithm parameter

o d'i,j — ;di..ﬂea'm =1

@ lterate:

@ For every pair of objects ¢, 7 calculate
drnin = '"L'i'“(di,j 1 di,bea’m)

Q "din = d; j recombine objects
“lse i is a jet, remove it from list @

@ Distance-based recombination

A ATLAS default: inclusive algorithm

UNIVERSITE
DE GENEVE
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C. Doglioni —

din= dA.B

Idea:

23
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d)
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¥4 SEQUENTIAL RECOMBINATION ALGORITHM: ANTI-KT24

Algorithm specification: Anti-k:

‘ 1 1 . AR? ldea:

@ d;; =min(—5—, 5—)—5

Pr; Pr; D ot bt b

]_ T dmin: dA.B a} T d| . d,ﬂ.E.H ]
di,ﬂ'ea’m = 5 i Beam

P ;

@ D : algorithm parameter .
jdt
@ lterate: 1
A B C AR C
' y

@ For every pair of objects 4, j calculate

tmin = minld; 5, d; )
wJr Y% beam y y
_ . . c) & d)
Q !/ dnin = d; j recombine objects
“lse 2 is a jet, remove it from list @ A= d e geun
@ Recombination starts from hard objects jlt
TATLAS default: inclusive algorithm T ; AE . C y

DE CENRVE. C. Doglioni — Experimental aspects of jets - HASCO, 22/07/14
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THE PRACTICAL DEMONSTRATION

| WILL NEED 10 VOLUNTEERS...
..oOME TALL, SOME SHORT

C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14
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¥4 MORE ADVANCED: CHOICES, CHOICES

Decision: choice of jet algorithm distance parameter (R)
“It's all fun and games until someone loses a hard constituent”

Example figures from original jetography paper arXiv 0810.1304:
Quantifying the performance of jets, G. Salam, J. Rojo, M. Cacciari

Advantages of wider distance parameters Disdvantages of wider distance parameters
(large-R): (wider jets):

@ Captures more QCD radiation:
—+ Smaller non-perturbative carrections when
comparing data to theary
—+ Better mass resolution for dijet resonances

@ Captures more of anything else:
— exlra energy not from hard scaltering (calorimeter
noise, other pp collisions)

004 [ opgatevh, ata | | ggeTev.h.Aetn | | gaeTev k. Ber1a
. : : : : : . : Oy 1y = 70 GaY Aty g = T8 GeY Qi 15 = BE Ga W
00 - i, a8 1 &, R=1.0 I BmECens, Ael.0, =075 1 c 003 b 4 {1t =
0Ll agu = 159 AN Ol soma = 79 8 =
E:u:ucl - 1 18 Enuz 4 F 1 f . ﬁ
z m
ool . = 1 L i L L L L L L
1000 2004 24100 22304 10060 2000 200 2300 1800 2004 2400 2240
L L L X Sijal mass FEev] dijgl maas [Gev] dijEl mass [3eV]
G ZTHH falli 1900 2000 Falli 1800 2000 falh] )
et mass (0] diet maga 36V} gl masa 1GaV] Dijet mass for resonance decaying into two gluons,
Dijet mass for resonance decaying into two gluons: !arge-relndnuszldetermrlatmr; in reISﬁluulmn when
improvement in resolution when increasing radius increasing pile-up as in left to right plot

@ with large kinematic boost, decay products of
heavy objects more collimated
...can we use this to our advantage?
Yes, with jet substructure!

O e C. Doglioni — Experimental aspects of jets — HASCO, 22/07/14
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¥4 SHORT INTRODUCTION TO FAT JETS

Example: boosted top candidate

When to make fat jets: | » E i
When more objects (e.g. from a decay) are collimated due . t
to kinematic boost: ;

@ collect everything in a large-R (fat) jet '

@ probe substructure of this large-R jet (e.g. sub-jets)
How to use fat jets:

@ exploit jet grooming techniques to:

@ separate QCD jets from jets from boosted objects
decays (background rejection)
o make jets more resilient to radiation/pile-up

@ use jet mass as a handle for mass of heavy object \ F/ /|
(e.g. W, or top) W L) | LEXPERIMENT
h'ldtuﬂrr“ﬁr fandidate

[ATLAS-CONF-2011-073]

UNIVERSITE
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$4Ie: A FAMOUS GROOMING ALGORITHM: BORS
@ Find Cambridge/Aachen R=1.2 jets

@ Undo last step of jet algorithm and obtain two proto-jets (71, 52)
© Only keep C/A jets where

e significant difference between original jet and 7 1: mjl/m

@ symmetric splitting between 51, 72: y =

C/A jet
/A e < Hfrac
min[(p7 12 . P )22
—C/Ajet ‘&Rﬂ j2 = Yeut
J2
f‘--ﬁ"'\\
CfA !I"'“"‘-u.\1 d\
— ] %o
\
|

b

O \
Ol

“J o)
L p——

m! M < pge and Y > Yew
@ Recluster constituents of the jet using C/A with distance parameter=R f;;;
only keep three hardest subjets

o ———
\ @ ] /
Initial jet
UNIVERSITE

. AR
Ry = min[0.3, —-2]
' DE GENEVE

FACU
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Filtered jet
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&4 WHAT IS IT USEFUL FOR?

It could be useful for Higgs decay in bb (overwhelming background):

mass drop

1a0f. (@ ~q
i SNE=4I5 ——V-I-]ETS
120} in 112-128GeV —\V
. —V+Higgs
Frequently Asked Questions o9

@ |Is it really useful for boosted Higgs?
We'll know at the LHC @ 14 TeV

@ |Is it useful for ATLAS analyses?
Yes, we'll see this later

Events / B_t_.'iav { 301b™
S

8 5 3 3

°u 060 60 immuumumum'
Mass (GeV)

" UNIVERSITE
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EXPERIMENT

JET MASS

Mass of single fat, groomed jet: handle on mass of heavy boosted objects = a
well known standard candle can be used to set mass scale in data

Mass distribution for C/A splitffiltered jets
in W —» -fb" Wlth FT w = 200 GE"I.I"

= 1 1 T I I o
& mm__ ATLAS - Data2011 |
[ wWw il
=4 _ Events containing W — u v - i |
% 800}~ GiA LGW jets with R=1.2 Single top
2 Fitered with u=0.67 W v 4 jels
| p, =200 GaV B —pv+jels
600~ J-Ldt 471 Ns =7 TeV I Multijet o
= + -
4001~ e 7]
i - i
.
.
200 +++ -
:._'.' g
T D S o
| " N
2 ~E " i i
= 1.25F
= 3
.
O 0.75¢
D'EO

& 1) UNIVERSITE
"7 DE GENEVE

FACULTE DES SCIENCES

40 60 B0 100
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120 140 160 180 200
Jet Mass [GeV]
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Fitto thE W mass distribution in 2011 data

- 300_ L L T T T T

o J‘Lm —47b'\s=7Tev  ATLAS

_u__? 250 N = = = Polynomial Bkg. .

b2 - — Signal + Bkg. ]
c

2 2001 W=869:08GeV

1L i :

150} )

100 .

5 it :

50 Jrjr # .

Z+—|— H §

i . 1

O idhansharl

! R L | L
50 100 150 200 250
Jet Mass [GeV]
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b FOR QUESTIONS UP TO HERE
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$oh4s HOW DOES A CALOR-IMETER WORK?

Particle interaction — energy loss = energy released in calorimeters
— energy measured through active material

E.g.: excitation of material = de-excitation photons —
v collection and amplification of photons = electrical impulses

EM-force: e.g. ionization and radiation
Strong and weak force: interactions with nuclei of calorimeter material

@

@CCM

5%@

“Look, our new total absorption calorimeter!”

UNIVERSITE
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¥4 CALORIMETER BASICS: PARTICLE SHOWERS

Hadronic showers

Electromagnetic showers

Processes involved (high E):

- Pair production

- Photon radiation by electrons
Particles involved:

- Electrons

- Photons

UNIVERSITE

Grupen,
Particle Detectors

Cambridge University Press (1996)

Processes involved:
- Nuclear interactions, de-excitations...
Particles involved:
- Baryons and mesons (mostly pions)
- Photons and electrons (EM-component)
- Muons and Neutrinos
(~ invisible to calorimeters!)

DE GENEVE _ C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14
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¥4 CALORIMETER BASICS: PARTICLE SHOWERS

Electromagnetic showers Hadronic showers

Gamma shower Hadronic shower

Narrower, shorter shape Longer, wider shape
More fluctuations in energy and shape

5 UNIVERSITE
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¥4 CALORIMETER BASICS: PARTICLE SHOWERS

Electromagnetic showers Hadronic showers

i : Ny,
R Esir - : : R P KR Er i T
b B i e Sl

B a7t L * . T &

How would you design a calorimeter?

4y

Gamma shower Hadronic shower

Narrower, shorter shape Longer, wider shape
More fluctuations in energy and shape

@32'&5@% C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14
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¥4 CALORIMETER DESIGN

Electromagnetic calorimeter Hadronic calorimeter
Shorter shower = more compact Longer showers — bigger calorimeter
Can afford to be homogeneous Usually: sampling calorimeters

- measure all energy in active material - absorb energy in passive material
(e.g. scintillating crystal) (e.g. iron)

- measure part of it in active material

In principle, not all particles have

the same response: hadronic showers
containing muons/neutrinos/slow neutrons
will depositless energy

energy measured
Response =
original particle energy

All particles have ~ the same
response (they all interact through
EM force, no invisible particles)

— need to calibrate hadronic showers
differently (alternative: compensating
calorimeters, see further reading)

UNIVERSITE

DE GENEVE _ C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14
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00 MANY ENERGY DEPOSITS: PILE-UP

Rho 2

UNIVERSITE
DE GENEVE
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30 Tower

The calorimeters will receive energy from
of them = how to avoid mixing up the jet
(we'll see more in the jet calibration lecture)

UNIVERSITE
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SATLAS WHAT IS JET GROOMING ALSO USEFUL FOR: PILE-UP

Original aim of jet filtering algorithms [arXiv 0802.2470]:
“filter away UE contamination
while retaining hard perturbative radiation from the Higgs decay products”

(extra energy proportional to number of additional interactions)

Impact of pile-up for anti-k jets Impact of pile-up for C/A jets R=1.2,
as a function of R before and after filtering
- L UL L BN B B - AARRN RRRAN RALRE REREE RELEN LARES LRRE RERRE RN
o 160:_ ATLAS fL=35 P _: o 260:_ ATLAS —a— Bealore Splitting/Filtering _:
= 140F anti-k, jets, p_=300 GeV, Iyl < 2 - = 249‘_J'L=35 pb! —— Aftar Splitting/Filtering
% E . = E —a— Altar Splitting Only
G} 120 — 3 EED:_ Cambridge-Aachen A=1.2 jels
B _ - SplivFiltered with B = 0.3 .
% 100f R=1.0: dm/d N, =30=0.1 ] ﬁ 200 pf'}msw_m{; E
% B0F ] 5 C :m =2.9=0.3 Gav
2 L i = 160 ! ]
& 60 R=06:dm/dNy, = 07201 = = 140: . 1
L, . — > - g = 01202 GeV =
= 40F ] = k- —— ===
. ] 120 — —
ool R=0.4:dm/d Ny = 0.2+0.1 ] . ;
D: | | | | | ] 1DD:_ :—”"=4.2=D.1 GaV B
e ———— STERIINETASRIRIERNIERTRERERNIRRRTE RERNARNE T
1 2 8 4 5 6 B s 5 e 7 89
Nov Ney
Technique can be employed to reduce impact of pile-up
UNIVERSITE
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¥4 MORE PILE-UP — OBESE JETS?

High-luminosity LHC (14 TeV, after Run-Il): number of additional &
. . \
interactions (p) could go up to 140 and more W o) 'E.ﬁj]—r
§ o 4
— will jet substructure techniques still work? \ & 14
Initial jet ..r'!r-'.l"'f' < Jfon Trimmed jet
Simulated impact of pile-up on QCD jet mass Simulated impact of pile-up on Z’ — tf jet mass
fr:n‘ R=1 0 antl—k']" ]EtS fﬂr R 1.0 antl kT ]EE
%HGD_ATFASISIWUEHQH Pr'aliminér:.- Is= 14TV ’ $0'22 ATLAS Simulation F‘tallmlnar;r
(O] Pythial dijels (QCD 2 2) 25 ns bunch spadng T 0.2[anbk, LOW jets with R=1.0, 0.0< ] < 1.2
ey anti-k, LCW jets with R=1.0 iy = 140, c::::{u=l4ﬂ;l E Triremed, jot 4-vecior pleup comackon | —®— W70 oo (u=30)
EE ?GD-U'E' < p': = 1 TeV, 0= | = 0.3 ] ED' 1a-ﬁ= 14 TeW, 25 ns bunch spacing e =al, Up::{"'dm ]
-~ o Mo jat grooming, no @t pileup correction N, 1500 ‘-'n':‘ < T GaV —=5— =, g*‘“'{l_,-aﬂ] 1
00 & Mo jat grooming, jet 4-vector plleup correction m Prlbiad 2' o i (m_=2 Tel) Ll T I‘Wﬂ w=140}
1 Trimmed, no jet pileun comection ED.‘M- : —e— =200, o"“"-:p =200}
500} w Trimmed, jet 4-vector pileup carection g
0121
400 4] 0.1
-}1:»0"0‘##0{'—
o A
00 P n-l:,w.‘rﬂ-ﬂ e 1 0.08
¢.";" .06}
200 . + o.04f
Stasetstoser, getrran, .-i—-l,- A
I-I—u-o—._.—..l_.__'_r Ea g Sy WO, oy e n e g F-— '+
1|:|DFF 'Hi - .-.-'._."'.".'-I-'HH_.' - i+ 0.02¢
L D 3 - 1 1
0 1 T T T o000 20" 300
PHCILY N m*® [GeV]

Need both trimming and pile-up correction, but it will work!
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454 TOO MUCH ENERGY: LEAKAGE (PUNCH-THROUGH)

Collection of energy from hadronic showers: statistical process, this may happen
(or calorimeter might just be too short to contain all shower — design considerations!)

Y 4 ¥ I T ¥ 1] 1 I T i T T 'i L
3 = -l
Hint: hits in the muon chambers 2 pions in iron
. 100L .3
Imnnermost la}ft‘:r » QULErmost 1:1}-*&1‘ ki ) E
tracking electromagnetic hadronic muoen & 6 :
system calorimeter calorimeter svstem = b ‘:11
- - i ; —
rotons a 2 ot
FB.OI'IS ‘g. " g
pions o 101 <
w B "
neutrons bt &= -l
KY g8 t 5 1
E 2k -
2 5 Ok,
A = I
. [.15:-|1r|'|:_1r|:|| - 2003 1 Ba 5 i L I | I i i1 2 & L
0 50 100 150

[ UNIVERSITE
) DE GENEVE

K

EEEEEEEEEEEEEEEEE
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@ATLAS

see THE ATLAS DETECTOR

m

25m

Tile calorimeters

LAr hadronic end-cap and
; forward calorimeters

Pixel detector
Toroid magnets

Muon chambers

LAr electromagnetic calorimeters
Solenoid magnet | Transition radiation tracker
Semiconductor tracker

/275 UNIVERSITE
47/ DE GENEVE
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Important for jets: inner detector, calorimeter system, (muon spectrometer)
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¥4 THE ATLAS INNER DETECTOR

Inner detector
@ Pixel detectors, semiconductor tracker (SCT), transition radiation tracker

@ = 87M readout channels, coverage up to || <2.5
@ Immersed in 2T magnetic field from solenoid

Am

e End-cap semiconductor tracker

UNIVERSITE
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¥4 THE ATLAS CALORIMETERS (1)

Electromagnetic and hadronic calorimeters
@ Subsystem technology and granularity <+ shower characteristics

@ transverse and longitudinal sampling
@ very fine granularity: & 200 000 readout cells up to || <4.9

@ Energy deposits grouped in noise-suppressed 3D topological clusters
noise definition includes pile-up and electronic noise

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

LAr electromagnetic
barrel

LAr forward (FCal)

UNIVERSITE
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$AIhAs THE CMS DETECTOR

Detector characteristics

Width:  22m ~ |
Diameter: 15m ‘\J/
Weight:  14'5001 ’
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¥4 THE CMS INNER DETECTOR

Inner detector

Only silicon detectors: pixels (close to interaction points) and strips
200 m? of silicon within 4T magnetic field from solenoid

" Th|s iconic background
§ isthe CMS tracker

UNIVERSITE
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¥4 THE CMS CALORIMETERS

Electromagnetic calorimeter (ECAL) | Hadronic calorimeter (HCAL)

Homogeneous crystal calorimeter Sampling calorimeter
Pre-shower calorimeter to distinguish Active material: plastic scintillator
electrons from photons Absorber: steel or brass (Russian navy!)

~ 78000 read-out channels

| br GEnve C. Doglioni — Experimental aspects of jets — HASCO, 22/07/14
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¥4 MAIN INPUTS TO JET ALGORITHMS AT THE LHC

CMS: A combination of charged

ATLAS: Topological clusters _ _
particle tracks and energy deposits

100100 in units of

Cluster Wo 10 0.. -
iQ~L1 .~ 3‘| _.:\ |E|/0n0|se :
Wo2m \

T Mo |13

MDD 1 (0
“I

3-dimensional groups
of cells containing energy deposits

ATLAS and CMS:
Simulated stable particles (truth jets)
Only tracks from charged particles (track jets)

% C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14
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¥4142 HOW TO CATCH A JET: ATLAS JET TRIGGERS

The ATLAS trigger system
@ 3-tier system (Level-1, Level-2, Event Filter)

@ Reduces data intake from ~ o(10) MHz to =~ 300 Hz

@ Jet triggers: allow for rejection of fakes at L2, anti-k1 jets at the event filter

ATLAS jet triggers (Summer 2011):

[ATL-DAQ-PROC-2011-034]

Trigger chains currently Threshalds Rates for 1x10%° cm~ %!
o Minimum Bias Scintillators running unprescaled L1 (GeV) L2 (GeV)|EF (GeV)|L1 (Hz)|L2 (Hz) EF (Hz)

Inclusive single-jet chains
(M BTS) 1 central jet 75 95 240 275 160 2.8
. . . 1 forward jet 75 05 100 39 1.1 0.6

9 SlngIE_JEt triggers Inclusive multi-jet chains
(central and forward) 3 central jets 3x50 | 3x70 | 3x75 12] 49 4.2
5 central jets 5x10 Hx25 5x30 60 7.9 3.0

o M ultijet triggers Topological and combination chains

1 central “fat” jet, anti-kt R = 1.0 75 95 240 275 160 2.7
o Topolog},- based triggers 2 forward |ets Wi‘thlﬁu =5 2230 250 2x55 2.2 =0.5 =0.5
1 central jet + E™ 50 4+ 20 |70 + 20| 75 4 45 711 338 20

&) e C. Doglioni — Experimental aspects of jets — HASCO, 22/07/14
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ATLAS

EXPERIMENT
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b FOR QUESTIONS UP TO HERE + 10° BREAK

C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14

52



/271 UNIVERSITE
**/ DE GENEVE

FACULTE DES SCIENCES

L Il L) L) LI I T T L) LE|
- anti-k, R=0.s, 0.3<n|<0.8, PYTHIA & |
. Underlying event (Perugian) O Fragmentation (MO8

- A

| ALPGEN, HERWIG &, JIMNY A Shifted Beam Spaot

} B  Additional Dead Material LI Hadronic Shower p

A 4 MNoise Thre 5 : ad
I N : - s.l'lafd... Trmess LANTIe Abzolute E &
3 ES calibration non-elosure [ motaiges Systematic |

F ATt 2 - JET CALIBRATION
AND PERFORMANCE

1@ ~
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20 30 40 10°  2x10? -
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SATLAS EXPERIMENTAL JETS, PART 2
JET CALIBRATION AND PERFORMANCE

Energy deposits in

calorimeters Jet reconstruction

5 _w‘m ‘___"; —. jet_ find i_ng — _;%‘f—: P
' \\‘.‘\ l calibration i

ATLAS Calonmeters )

Outline
Concepts of jet calibration Jet calibration and performance
and performance in ATLAS and CMS
- Jet response and resolution - Pile-up subtraction
- Missing transverse momentum - JES calibrations
- Jet performance tools - Jet performance and uncertainty

- Jet identification

UNIVERSITE
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2.1 - SOME NOTIONS
OF JET CALIBRATION
AND JET PERFORMANCE

" a.a g
L
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¥4 RESPONSE AND RESOLUTION

How will a calorimeter react to a particle?

Thought (blackboard) experiment (1):
shoot 10000 pions of E=100 GeV in our calorimeter

Draw the energy distribution of the jets
(assuming one pion per jet)

UNIVERSITE
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¥4 RESPONSE AND RESOLUTION

How will a calorimeter react to a particle?

Thought (blackboard) experiment (2):

Our calorimeter is non-compensating
there is inactive material (a tracker!) in front of it
Not all the shower is captured by the jet
There is extra energy due to pile-up (...)

What happens to our energy distribution?

UNIVERSITE

DE GENEVE _ C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14
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¥4 RESPONSE AND RESOLUTION

How will a calorimeter react to a particle?

Thought (blackboard) experiment (3):
There are fluctuations in the shower properties
— fluctuations in the collected energy
There is leakage (punch-through)

What happens to our energy distribution?

UNIVERSITE
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¥&14% RELATED: MISSING TRANSVERSE MOMENTUM

Missing transverse momentum: particles escaping
undetected...but also mismeasured jets!

Jet energy response and resolution need to be well
performing and well understood to discover e.g. SUSY

UNIVERSITE
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¥4 RESPONSE AND RESOLUTION

How will a calorimeter react to a particle?

Divide original jet energy by measured jet energy:
average — jet response
width — jet resolution

jets

| pt(reference): 150-175 GeV | &
1DUDj 5 5 5 S R

average

- width

PP DS RS SO WS N SO UL GO WO

2005t AL

Number of recoltruth matched

0 02 04 06 08 1 12 14
Ereco"fEtruth
UNIVERSITE
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¥4 PARAMETERISATION OF JET ENERGY RESOLUTION

Energy resolution: e.g. inhomogeneities

shower leakage e.g. electronic noise

sampling fraction variations
L L
* &

C
B —
S> @E

Fluctuations: i
Sampling fluctuations ’

, Typical:
Leakage fluctuations
Fluctuations of electromagnetic A: 0.5-1.0 [Record:0.35]
fraction
o B: 0.03-0.05
Nuclear excitations, fission, o
binding energy fluctuations ... C: few %

Heavily ionizing particles

http://www kip.uni-heidelberg.de/~coulon/Lectures/DetectorsSoSe 10/
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¥4 JET PERFORMANCE

How to quantify the performance of jets?

compare the jet to a reference object:

KReco Compare
@ linearity (response) L. = — . : :
y (resp ) Kieference different calibrations
- and corrections
: o(Kpgee
@ resolution R = ( , Reco)
}:&REC‘.D
Qo DUI'I'[Y a P = iNrRECG:._ﬂfﬂfEhE‘d
i?\"lﬂeca
@ efficiency ? £ = - L “‘f*:‘“"*"”“"d Extract uncertainties from
Nrrye systematic comparisons

of performance plots

a:% gnly available in MC comparison
y P (and kinematic distributions)

with K: kinematic quantity (e.g. E, py)

Reference object: true jet, track jet, better calibrated object

UNIVERSITE
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gatas CHECKING JET PERFORMANCE W-S/TU

EXPERIMENT

USING WELL-CALIBRATED OBJECTS

Exploit better calibrated objects recoiling against jet
to test jet energy scale and resolution

- e\ /e Z+jet method
P Check pT of jets with
T 4 respect to the pT of the

recoiling Z boson, measured
using its decay products
(leptons)

UNIVERSITE
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gatas CHECKING JET PERFORMANCE W-S/TU

EXPERIMENT

USING WELL-CALIBRATED OBJECTS

Exploit better calibrated objects recoiling against jet
to test jet energy scale and resolution

photon+jet method
R T (direct balance)
Y Check pT of jets with
pT Y respect to the pT of the
: recoiling photon

Alternative: niissing transverse
momentum projection fraction (MPF)

UNIVERSITE
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gatas CHECKING JET PERFORMANCE W-S/TU

EXPERIMENT

USING WELL-CALIBRATED OBJECTS

Exploit better calibrated objects recoiling against jet
to test jet energy scale and resolution

e Multi-jet balance
: . 0 Check pT of jet with high
recoil :

p S transverse momentum vs

group of jets with lower pT

UNIVERSITE
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gatas CHECKING JET PERFORMANCE W-S/TU

EXPERIMENT

USING WELL-CALIBRATED OBJECTS

Exploit better calibrated jets of the same origin as our jet
to test jet energy scale and resolution

L T S TN E L I Y

- track et

/ \\ track-jet method
Check pT ratio of calorimeter

jet vs track jet

UNIVERSITE
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gatas CHECKING JET PERFORMANCE W-S/TU

EXPERIMENT

USING WELL-CALIBRATED OBJECTS

Exploit better calibrated objects recoiling against jet
to test jet energy scale and resolution

ééHfrlaII v e 4 e II' ........................
| Check pT of forward jets with
respect to central jets

UNIVERSITE
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setties IN-SITU RESOLUTION

Exploit better calibrated objects recoiling against jet
to test jet energy scale and resolution

pT-balance
Width of pT asymmetry
distribution is connected
to width of pT distribution

Py — Pr
1 2
Py + Pr

ﬂAssuming p’~p.

Alternative: bisector method Opr =20,
Pr

A:

UNIVERSITE
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== JET IDENTIFICATION

Energy deposits in calorimeters — jet
But: energy deposits in calorimeters != always real jets
— experiments need criteria to remove fake jets

CMS Preliminary 2012

> 1 06 EI T | T T T T | T T T T | T T T T | T T T Ié > 107 E | T I L | L | 1T I_E
Q = i 3 E 3
o] = ATLAS Preliminary (] Fake jets sample S 0 11.5 " at Vs = 8 TeV
0 5[ , [C] after Looser cuts 7| o 10° 8 4
a 100 Data 2011,\s =7 TeV o = — 2 B zZ-w 3
N, = after Loose cuts 3 = F B W-iv(=e w1
..3 C [ after Medium cuts @8 10°% B Z-u(=e, ;x,r’) 5
'"0? 10* E @ after Tightcuts 35 § ) ] I top 3
° 5 = o 0ER ] QCD multijets E
2 10° - 4[ S B —— data (before 2012 cleaning) 1
[= S E ) 5 10° & —— data (after 2012 cleaning) =
S - - E 3
=z B = Qo = 3
107 5 / E g T ET
S 3 c E
- | " 1E |||I
1 iU : il :
. - 1 I I 11 1 | I | 11 1
0 500 1000 1500 2000 2500 107 500 1000 " 15055000500 5000
[ UNIVERSITE
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@ATLAS

EXPERIMENT

Number of jets / 0.05

Number of jets / (1/32) rad

k5 UNIVEI
// DE GENEVE
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JET IDENTIFICATION
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Characteristics of fake jets include:

[ Fake jets sample

108 ATLAS Preliminary D) after Looser cuts
- Data 2011,\'s =7 TeV @ after Loose cuts
10 ot [ after Medium cuts
10° plT >150 GeV @@ after Tight cuts
-©- Good jets sample
10° |
el o
10°
1o* Al deposited
energy eposite
10 in a single calorimeter
’
0 0.2 0.4 0.6 0.8 1

fEM

ATLAS Preliminary L] Fake jets sample

[ after Looser cuts
Data 2011,\s =7 TeV [ after Loose cuts
p'>150 GeV

[ after Medium cuts
[ after Tight cuts
- Good jets sample

Traversing the calorimeter
from top to bottom

3
¢ [rad]

Number of jets / 0.05

Number of jets / 2 ns

L L B B B L B L L B B
& ATLAS Preliminary 3 ater Looer ot
10 Data 2011,Ns = 7 TeV @ after Loose cuts 5
3 after Medium cuts 7
104 p'$1>150 GeV, |n|<2 [ after Tight cuts -
-5 Good jets sample 3
10° 5
md  No tracks from -
charged particles .
10 . .
behind the jet
1
fch
R B e N I I B e
wp  AmASPemy DTt
Data 2011 Ns =7 TeV [ after Loose cuts
5 o [ after Medium cuts
10 pJTt>150 GeV @@ after Tight cuts
4 - Good jets sample
10

10°
10?

10

TE. . n.ano.l. .. A ] v v R | T
-100 -80 -60 -40 -20 0 20 40 60 80 100
Out of sync with the collision tier 8]

L. DOgHonl — experimeritdl dspecis Or1 JelS — NADLU, £4/U/] 14
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fties JET IDENTIFICATION: PERFORMANCE

Cuts with various 'tightness': inefficiency (= cutting good jets)

Vs purity (= cutting all bad jets)

- — ]
(&) 1
S B —{+ .
5 0.98F LF .
E ~ —— .
© 0.96— A =
c = - ]
O 0.94F ]
5 N @ Looser
q_) 0.92F ATLAS Preliminary 4-Loose 1
? o9 f_ Data 2011 \Ns =7 TeV E Medium
- 0.3<n|<0.8 ¢ Tight
— 0.88— =
/' ]
0.86— =
| | M| —
Q 0.02F E
= 0.01F E
% Oi—énggggggggg
©-0.01F A E
-0.02F E

Most analyses

C. Doglioni —

30 102 2x10? 10°
P, [GeV]

use looser/loose working points
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¥ ExPERIMENT

2.2 - JET CALIBRATION
AND PERFORMANCE,
IN LHC DATA
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¥4 RECAP: FORMATION OF JETS IN ATLAS AND CMS |

CMS: particle flow jets
using both tracking and calorimeter info

parton level jet particle level jet

ATLAS: calorimeter jets
using topological clusters as input

calorimeter level jet

@32'&5@% C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14
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¥4 JET CALIBRATION IN A NUTSHELL

Measure energy from readout signal
— EM / hadronic calibration

to @ Non-compensating calorimeters
electromagnetic

@ Inactive material
scale EEM
ADC @ Qut-of-cone effects

EM callbratmn

Calorimeter jet response corrected for:

Further calibration steps:
to

jet energy @ pile-up correction to remove extra energy

EM scale JES from multiple interactions
{7} > {E"} ! -

HAD calibration @ correction based on in-situ balance
techniques (e.g. v+jet)

UNIVERSITE
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¥4 JET CALIBRATION FOR ATLAS AND CMS

Required Corrections Data
A
'd N\

ra N

Reconstucted L2L3

Jets Residual: n

. #

MC

- - Calorimeter jets
Calorimeter jets Pilesup offset: Origin|correction Energy & Residualin situ’ (EM+JES or
(EM or LCW scale) correction’ calibration calibration LCW +JES scale)

Corrects for the enargy Changes the jet direction to  Calibrates the jet energy Residual calibration derived

offset introduced by pile-up.  point to the primary vertex.  and pseudorapidity to the using in situ measurements.
Depends on i and Ney. Does not affect the energy. particle jet scale. Derived in data and MC.
Derived from MC. Derived from MC. Applied only to data.

(not explained today)

% C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14
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$41545 PILE-UP SUBTRACTION

Two kinds of pile-up:
in-time (extra interactions within same LHC bunch crossing)
— add “diffuse radiation” to jet
out-of-time (different bunch crossings)
— may affect calorimeter signal and energy reconstruction

In-time pile-up Out-of-time pile-up
_ _ ATLAS: calorimeters designed to cancel
QMS and ATLAS. event-by-event sub:tractlon in-time and out-of-time components
Of |n—t|me pl|e—up Component based on Jet area (bunch Crossings every 25 ns)
Additional/alternative “offset” correction for 2009 SPLASH EVENT _ EM BARREL LAYER 2

—IIIIIlIIIIlIIIIlIIIIlI T
= ATLAS Prellmmary —

g Negative 7

1500 * Data component

to ADC counts 7
-

%]
o]
o
=

residual effects, based on simulation or
on uncorrelated area (outside jet) in same event

ADC counts

i . 1’300; — Prediction
Cross-checks using track jets :

(can select only tracks from primary vertex) : . energy
Also: methods to reject spurious pile-up opreee . /

jets by checking tracks from PV exist (JVF method) s00- l..'.'.T.'.'.'.T.'.'.'.T.'.'. -

0 100 200 300 400 500 600 700 800
Time [ns]

5001 ‘ subtracting

:||||||1||||||||||

UNIVERSITE

DE GENEVE _ C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14

FACULTE DES SCIENCES



¥4 JES CORRECTION FOR ATLAS AND CMS

Main correction: from EM scale to hadronic scale

Generally based on MC simulation:
derive calibration constants from response of reconstructed jet after
full detector simulation wrt truth jet

CMS Preliminary

EM-scale response

c ' T T T T ' T T T T ' '
2 ol e ATLAS Preliminary » 03<n<0.8 7 o 0.2-
3 i a 21<p<28 a2 - :
E S v 3B6<n<4.4 T o s e S 5 i
3 i 7 @ F |
% : . . C . : g L : H ;
% 16l . Orrectlon B 0.4 R TR N
{ - 'y - - r i i
1.4—, . Y \ * e . ] T
12__ "'v:“;“."'*... ] '1_‘"'100""260"“39)0‘“'460"“51‘10""600
< A a, *ee. ] p, (GeV/c)
[ Antik, R = 0.6, EM+JES ]
1o '1-52 TR '1'63 PR The correction increases with
e X
piet [GeV] energy as there are more neutral
T

pions in the shower at high-pT—

Can be refined using other properties of jets EM component enhanced

UNIVERSITE
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flies CALIBRATION OF TOPOCLUSTER: LOCAL CALIBRATION

Topoclusters are designed to follow shower development
— they contain information on EM/HAD content, can be exploited in calibration

ion ion ion invisible invisible
Et‘e = I:Ec'r_—'- :| 5 I:Ece :| Et_‘ell — I:Et_'ell
active passive ' ’ dclive

e invisible
e Y g +| L
A | I: cell ] .
o Pdssive
_.,--'"",. [ - __:..-u--""""
<= - T =
- ‘\._\H — L= e

H“x,\ ~— & This cluster needs
A \ \ an energy boost
% B because of neutrino
e\ s
A% T\f“

http://atlas.physics.arizona.edu/~loch/HFS Llspringzom.html#LectJ 1

- - - This is going to be a mostly EM cluster —
E.;,: = I:E":“ :I R I:E:*“ :I | most of its energy is visible,
silve Gk no need for large correction

UNIVERSITE
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¥4 CALIBRATION OF TOPOCLUSTER: LOCAL CALIBRATIOﬁ

Calibrate clusters to had scale based on energy density and shape,
apply correction factor to cluster before jet formation
Local calibration also accounts for energy losses
due to dead material and out-of-cluster

JES calibration (smaller) accounts for remaining effects:

http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.htm#Lect_11

calt loss loss logs loss 1n 2t 1

E - E fep s Eu.l.:.'g + EFuu + E + Eu.'.u‘ E[Ej’_ QPU E;:“_
;E energy deposited in the calorimeter within signal definition

o charged particle energy lost in solenoid field N\
E, particle energy lost in dead material :

ow N of signall
E’ energy lost due to longitudinal leakage
E P energy lost due to jet algorithm/calorimeter signal definition
Ef e, energy added by underlying event and/or pile-up
= energy added by response from other nearby particles/jets

UNIVERSITE
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¥4 PARTICLE FLOW DETAILS

Aim: reconstruct all particles in the collisions (!), feed them to jet algorithm
— exploit all information from all subdetectors

Make a list of “elements”: < CMS preliminary, L=1.6fb" s=8TeV
tracks, energy deposits, muons = 0.9
£ os
Associate elements together, 3 0.7
each element is a particle: o
e.g. extrapolate tracks to calorimeter, find g 06
corresponding cluster o 0.5
— charged hadron 0.4
0.3
For each particle, optimally 0.2
combine information from various '
subdetectors: 0.1
e.g. charged hadrons: use more precise Q5 43 2 40 1 2 3% 5
tracker when possible n
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http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html#Lect_11

$4154% IN-SITU CALIBRATION

Use well-measured objects to check the scale of the calibrated jets

Compare balance in data and MC — combine, correct for differences
Alternative: absolute calibration, but e.g. theoretical uncertainties are a problem

—
—

- : ATLAS
anti-k, R=0.4, EM+JES E = 7 TeV, nj<1.2

Data 2011 |Ldt=4.71fb"

|

/Response, .
o
(&)

Data 5
—
||||||||||||||

|.||V|||||||.||||

@
w
-
o
& 0.95 o Z+et
D | PSR PSOROPIORes ASOROORPReReReeS
o B m y+jet precoil
0.9k s Multijet T
i:' — Total uncertainty ot
B Il Statistical component . AN
0.85 | | 1 1 | 1 1 | |2 1 2 1 1 | 1 | 1 (| 3
20 30 40 10 2x10 1,3
p; [GeV]
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semtises IN-SITU CALIBRATION

Use well-measured objects to check the scale of the calibrated jets

Compare balance in data and MC — combine, correct for differences
Alternative: absolute calibration, but e.g. theoretical uncertainties are a problem

CMS prellmlnary, 11 b \s =8 TeV
81 35_' L L R N R I i""éé'.-.'fr'a.'|.""“' e
= | PFCHS Jets . P
o B . ] T
O 1.3 — Dijet data — |
L - = forward
@) B isti inti ]
S1.050 B statistical Uncertainties E p_l_
= - [ ] JES uncertainty, p =100 GeV ] S
'8 1.2? ]
B1.15- .
& :
1.05F -
1= -
: | | | | ‘ L1 | | ‘ | | 1| ‘ | | | | ‘ | | | | | .
0% 2 T3 T4 s
In|
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¥4 JET ENERGY SCALE UNCERTAINTY

How well do we know the energy of a jet?
— systematic uncertainty on the jet energy scale

Milestone of 1% “baseline” JES uncertainty
reached by ATLAS and CMS after 1 year of data

D 18 T T T T T T T I T T T T T T T T I T ] R
-‘f\ - Anti- k A= ﬂ'-q- EM+JES ATLAS ] '_o' 10,CMS pr?llmlln\a\r\V‘, = \11 Fb\1 T T T va = 8\Te\\{
30 - | C . ]
5 0. 16: n=0.5 Baseline JES uncertainties ] S, gi B Total uncertainty
O 14 2011 in sit = > C ~ Absolute scale
57 E st . € s ~+ Relative scale
“ 012 - 2010 ] S - = Extrapolation
E T E « Before collisions ] o /- = Pile-up, NPV=14 -
@ 0.1 3 Q 6= = Jet flavor
= C ] S = ~Time stability
o 0.08E - O 5:
&  F . W Anti-k; R=0.5 PF
L 0.06F — 4l
0.04E-.... . 3
D e — ] o0
DIEE:K ------------------- __
- ] 1
n_ 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 .
20 30 40 102 2x10? 10°  2x10° 0~
jat
P! [GeV]
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ATLAS

EXPERIMENT

¥

» JET ENERGY RESOLUTION AND ITS UNCERTAINTY

How well do we calibrate jets — jet energy resolution

s=7 TeV, L=35.9 pb' CMS preliminary 2010

5 total systematlc uncertalnty Cal()..letsI -
5 0 3 B MC truth (c-term added) (Antl k R=0. 5) B
A — MC truth 0<|T]|<05
e —@— data

. L _
Q
-902—¢ -

Calorimeter jets
0.1+
0 | | L |
50 100 200

UNIVERSITE
DE GENEVE
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C. Doglioni —

P, [GeV]

resolution

o
w

T

jetp

o
N

\s=7 TeV, L=35.9 pb' CMS preliminary 2010

total systematlc uncertalnty PFJets

MC truth (c-term added) (Antl k R=0. 5)
0< |T]| <0.5

MC truth
—@— data

Particle flow jets

Experimental aspects of jets — HASCO,

100 200
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@AMA

mass—
tharge—
spin—+

name—

3 Mev

A
%)

U

up

1.24 Gav
A
Y2 C

charm

172.5 Gev
% t
Yo

top
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QUARK/GLUON/HEAVY FLAVOR DISCRIMINATION

Different properties of quark initiating the jet
— different properties/performance of jets
Can we distinguish them? Yes

£ Mey 95 Mev 4.2 GeV 0

=14 d -4 -4 b 0 g
s Ya S Ya 1

Quarks

b-tagging:

Exploit long lifetime of b-hadrons:

- reconstruct secondary vertex
- use track impact parameters

Sketch from DO single top public page

Displaced
Tracks

Secondary
Vertex

Jet LAl
s N

R
"dn

Jet

UNIVERSITE
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1. light quark vs gluon jets
2. light vs heavy flavor jets

) e I | o Useful for physics analysis (signal vs background)

quarks and gluon tagging:
Exploit different fragmentation:
- gluon jets wider than quark jets
- more charged particles for gluon jets

Quark Jet Gluon Jet
J. Gallicchio

Experimental aspects of jets — HASCO, 22/07/14
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ATLAS

EXPERIMENT
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@él,!;,ﬁ‘é EXPERIMENTAL JETS‘ PART 3: IOnIyatiny fraction shown todaE:/8
JET MEASUREMENTS AND SEARCHES

(note: this did not happen yet)
Energy deposits in i
physicsworld.com

calorimeters \
? > Home [ Blog Multi imedia Indepth Events

- /
/
/
/

Evidence for supersymmetry found

|
~

_— -
< >
\///

e
ATLAS Calorimeters )

Outline
Measurements of jets Jet searches
- Inclusive jet/dijet cross section - Dijet resonance search
- Three jet cross section - Dark matter searches:
- Top mass measurement - mono-jet
- mono-W
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CMS Preljl

? 7 Tev CMS Measurement L+

Ihje“;)- EEREEE E :::\\// ShMS Measurement (L.

- | ‘ . | | | :: : €ory prediction ‘

[ oy | | : : — 8 Tev Theory Prediction
; . i1 “cMsesyqL limit

z Ly
T wwlwz |, (s
Z w2y
gl Wwloa by ) . !
bech ¥
gH

B

”m, SllanJarol Moo[e,f as seen lfj CMS
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¥414% THE INCLUSIVE JET/DIJET CROSS SECTION

Measure cross section of jet events as a function of jet pT and rapidity
Measure cross section of dijet events as a function of invariant mass and separation

/s=8TeV antik,R=0.7 L=10.71f" CMS Preliminary OMS Preliminary ¥s=8TeV L=928" antHy R-07

1010 = — . ; ; . . — .-}-—- '“j: T T T T T T T T T T
==y —e— 00<y| <05
10° _ . . —e— 0.0<|y|<0.5(x 10°) @ 10 T P ‘
= _ Inclusive jet RSO O 407 Dijet o= 08 <l <10110)
108 ' ' s B —8— 10<ll, <1510
= gl —— 1.0<y]<1.5(x10% o 10 —8— 15<y| _ <2010}
107 e —r 15<)y<20(x 109 =10° *— 20 Y, <25 (x10)
o 10°E L e T, —+— 20<]yl<2.5(x 10 —E10* . S=a P
%J sEAL, e, “w 25<|y|<3.0 (x 10° = q40° e et = T
8 L , <30 (x 10°) 5 10 Lo ., oo T
r . ="10 -y e
8 o = - w%b fi*""l_._ ¥

d*a/d

e " 10 -ﬁﬁ% y ;
S ] 1 s i
c\_g g_n—mi’ 10" Le %%M Vi,
T 1o ) 10* e, %, ",1:"‘3";
" .

10° - o
1 . , 10" Mg =He=P" ‘l%h-q.

10" E~ —~NNPDF 2.1 NLO ® NP 5 ., o
10_2 1 . 10 B PRCD al NLO NNFDF 2.1 8 NP corrections l—.
2 10
I L L 1 L L | 1 10? [ 1 I L Lo | I I TT L
80 100 200 300 400 500 1000 2000 3
Jetp, (GeV) 10 M,(GeV)
CMS Preliminary \s=8TeV L=9.2f" anti-k, R=0.7
.'Eo.séf‘lélhblrl..u“l-" T LU B !
E o4E Total E
H . S pafp- —— Unsmearing -
JES/JER uncertainty: S *°E 2 Luminosty E
- - - 5 E 3
main experimental systematics gl N
é OE\.- - TR
o 01 —
-n.zi— =
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¥414% THE INCLUSIVE JET/DIJET CROSS SECTION

Measure cross section of jet events as a function of jet pT and rapidity
Measure cross section of dijet events as a function of invariant mass and separation

Vs = 8TeV anti-k . R=0.7 L=10.71fb

4_I T T T T T T T T T | ﬁ
: i —_—— [T UL T T T T T T 1T | T T T T T T 1T ‘ ]
a5 * Data/Theory 1.5 <|Y|< 2.0 : i g 0.24 = CMS Preliminary B
C "'Theﬂ. Uncertainty ; H a(f.l 022 E _ gmz ::d Jets @ DCS(M )=0.1185 0900;4515 _:
C i = -
K ml— Exp. Uncr—:-rtainly :- [ 0.2F 1 CMS tf:g-ross section —
C = I - CMS 3-Jet mass b
50 el 0.181 CMS Incl. Jets E
="F H C .
g T N 0.16[~ =
E C _ C .
£ 2- B 0.14 —
‘c‘v C ] C .
E E 0.1 :_ DO inclusive jets _:
E o mem N F D0 angular correlation ]
j== ] 008 o :
C .. 3 E ¢ ZEUS E
osp HERA1S5 CMS Preliminary %] 008 .
C c 10 10? 102
pl 1 1 1 [ R B 7] Q (GeV)
80 100 200 300 400 1000
Jet P, {GeV)

Measurements can constrain theory:
help determination of strong coupling constant and parton distribution functions

UNIVERSITE

DE GENEVE _ C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14

FACULTE DES SCIENCES



¥4 THREE JET CROSS SECTION

Measure cross section of three-jet events as a function of
invariant mass of three leading jets and their separation

% 10 | anti-k,R=0.4 o0 ATLAS Preliminary |
= Vv @) } -
% B ana,  TVw, o, [ra=ase! ]
Q B EEg © o 18=7Tev ]
: 102 - " u vv —
X ° Vv o
Z — e, NI -
o ®e A v
\\EE 1 . AAA 'vv Q ]
S NLO QCD®CT 10 @ u fa, Y
O - ®e "n La Y =
< P X non-pert. corr = A Q
L 10°F @ |yr<2 (x10%) s A, -
(] | A Y
© B 2<|Y*|<4 (x10") L . — -
1041 A 4<|Y*|<6 (x10?) ™ - |
T ¥V 6<|Y*|<8 (x10°%) &, = .
o O 8<|Y*|<10 (x10%) 1 ° .
1 = | 1 1 1 1 1
0" 400 2000 3000 GeV]

JJJ

Relative uncertainty [%]

30

20

10

-10

-20

-30
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Total |
Jet energy scale
[ Jet energy resolution

- Jet angular resolution -
- Other ]
- ATLAS Preliminary a
E \s=7TeV o ]
- anti-k, jets, R=0.6 ]
- Yi<2 , . ]
400 1000 2000 3000
m.. [GeV]

JES/JER uncertainty:

lii

main experimental systematics

Measurement will be useful to check and improve parton distribution function fits
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@AMAE‘B

EXPERIMENT

TOP QUARK MASS

@ | HC: top factory = surpass Tevatron statistics
@ Top quark crucial to understand consistency of SM
parameters (link between H, W and top mass)

@ Implications on New Physics constraints
; 80-5 B T T T T | T T T T | T T T T | T I T . T | T T I"J' | T T T T ]
(] ~ ] 68% and 95% CL fit contours i | m" Tevatron average + -
g C w/o M,, and m, measurements Iy
= 80.45 — 6% and 95% CL fit contours —]
L w/o M, m and M, measurements || 4
80.4 N M, world average * 1o ’f _
80.35 — —
80.3 —
80.25 :— 2 =
Tt o €] fitter]:J!
B I 1 1 | 1 1 1 1 ‘1" 1 1 1 F"‘l 1 ' | 1 | | 1 1 1 | 1 1 1 1 B
140 150 160 170 180 190 200

m, [GeV
JES uncertainty: one of the main experimental unc.

knowing the JES well = knowing the top mass well!
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LHC/Tevatron NOTE

ATLAS-CONF-Z0 144008
CDF Note 11071
CMS PAS TOP-13-014
Dl Note 6416

March 17, 2014

hitp://arxiv.org/abs/1403.4427

First combination of Tevatron and LHC measurements of the top-guark mass

Mtop = 173.3+0.3(stat)+0.7(syst) GeV

CMS TOPSummaryPlots

CMS combination 172.2+ 0.1+ 0.7 GeV
March 2014 (value + stat + syst)
Tevatron combination 173.2+ 0.6 + 0.8 GeV
Phys. Rev. D86 (2012) 092003 (value + stat + syst)
World combination 2014 173.3+ 0.3 £ 0.7 GeV
ATLAS, CDF, CMS, DO (value + stat + syst)

| | | 1 | 1 | | | 1 | | | | | 1 | 1 |

165 170 175 180

m, [GeV]
Mtop = 172.2+0.1(stat)+0.7(syst) GeV

http://arxiv.org/abs/1405.1756

FERMILAB-PUB-14-123-E

Precision measurement of the top-quark mass in lepton+jets final states

Mtop = 175.0+0.6(stat)+0.5(syst) GeV
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http://arxiv.org/abs/1403.4427
http://arxiv.org/abs/1405.1756
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryPlots

$&h4s DIJET "BUMP SEARCH

Jets: most copiously produced high-pT
objects at the LHC
— new physics could
show up early in jet signatures

New particles = new resonances

If resonance decays hadronically:
Bump in the invariant mass
spectrum of two central, leading jets

Background estimation: smooth fit to data
Crucial to have jet performance
under control to discover new particles!

No evidence of signal =
constraining TeV-scale masses for many new particles

UNIVERSITE
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do
dm

QCD Background

=» New Physics

>
Image by Dag Gillberg myj;j

[ I . :
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g | ATLAS
10 ‘
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a 10° — Fit
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¥4 SEARCH FOR MONOJETS/MONO-W

From cosmological and astroparticle experiment observations:

~ 95% of the universe is (directly or indirectly) evident but unexplained:
dark matter and dark energy

Mono-jet: look for excess of jets with high pT,
high missing transverse momentum
(after careful jet identification!)

gy, Z,or W=jet!

ATLAS

A EXPERIMENT

]

LHC experiments have a shot at finding a
particle candidate for dark matter:
dark matter interacts gravitationally =
could it interact weakly?

UNIVERSITE
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¥4 SEARCH FOR MONOJETS/MONO-W

From cosmological and astroparticle experiment observations:

~ 95% of the universe is (directly or indirectly) evident but unexplained:
dark matter and dark energy

Mono-W: use fat. groomed jets (C/A BDRS)

9.V, Z,or W=jet: to reconstruct the entlre W decay into a jet
% e ATLAS 20310 f5-8Tev | —e—Data ' 3
) gzsoz SR E;H-‘;.zs.nr GeV — iwir;{};fﬁtt}+19t g
£ 200:_ | | -DiIF::nson =
2 - 4744 uncertaint 7
%50 i _ggﬁuzcg]xioo —
g, s ;
R 22U T G

50

b

0

X é 35%‘5&: E™ > 500 GeV :gggﬂ:ﬁ]"fgz _g
— 30 —
g £ asp N E
LHC experiments have a shot at finding a N fz I// E
particle candidate for dark matter: ”"é 7 W :
dark matter interacts gravitationally =- e — T /
could it interact weakly? g-ﬂ e =
m, o [GeV]
UNIVERSITE .. : No evidence of signal =
e C. Doglioni — Experimental aSII constraining DM parameter space




¥

ATLAS

EXPERIMENT

UNIVERSITE

DE GENEVE

EEEEEEEEEEEEEEEEEE

b FOR QUESTIONS UP TO HERE

C. Doglioni — Experimental aspects of jets —- HASCO, 22/07/14

98



F DTN
(271 UNIVERSITE ATL A s
‘°2 DE GENEVE @

EXPERIMENT

EEEEEEEEEEEEEEEEEE

4. LET'S RECAP
EVERYTHING FOR TODAY

- The ob

'jﬂjfﬂgJe.-} J“L

22/07/2014 — HASCO Goettingen



100

¥4 JET ALGORITHMS AND CALORIMETERS

Jet algorithms

Most used jet algorithm at the LHC: Anti-kT
No perfect jet algorithm/perfect set of parameters, as long as theoretically safe
Use fatjets when objects are boosted and their decay products are collimated

Calorimeters
Basic principles:
- exploit interactions of particle with matter. Try to stop particle:
energy release — detection and measurement
- hadronic and electromagnetic showers: differences
- hadronic and electromagnetic calorimeters: differences

ATLAS and CMS calorimeters: design — inputs to jet algorithms

The influence of pile-up: extra energy (not always), corrected for offline

Calorimeter leakage (punch-through): influence on response (mean) and resolution (width
of the distribution E /E )

reco true

UNIVERSITE
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¥4 JET CALIBRATION AND PERFORMANCE

Concepts of jet calibration and performance

In-situ techniques: test JES and JER using well-calibrated objects balancing jet
Missing transverse momentum, affected by deterioration in JER
Jetidentification: check timing, EM energy fraction, number of tracks of jet...to be sure!

Jet calibration in action: ATLAS and CMS

Formation of jets in ATLAS and CMS: topocluster jets vs particle flow jets
Pile-up subtraction: first step event-based, then overall correction
JES calibration: compensate the calorimeter with software
Details on JES calibration:
- Topocluster calibration
- Particle-flow formation
Jet performance and Jet Energy Scale

UNIVERSITE
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¥&14> MEASUREMENTS AND SEARCHES WITH JETS

Measurements with jets

Inclusive jet/ dijet cross section, three-jet cross section € Importance of understanding
experimental performance to compare with theory (and improve it)
Top mass measurement € JES uncertainty main experimental uncertainty,

need to reduce / take care of correlations in combination

Searches with jets

Dijet resonance search € “smooth” JES assumption in background estimation
Mono-jet search ¢ jet identification and removal of fakes crucial
Mono-W search € use substructure technique to select jets containing W boson

UNIVERSITE
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¥4 THANKS FOR YOUR ATTENTION! + RESOURCES

For any questions: find me around or via e-mail

caterina DOT doglioni AT cern DOT ch

Simple overview of calorimeters
http://dorigo.wordpress.com/2008/04/06/calorimeters-for-high-energy-physics-experiments-part-1/
Lectures on detectors and calorimeters

http://www kip.uni-heidelberg.de/~coulon/Lectures/DetectorsSoSe 10/
http://atlas.physics.arizona.edu/~loch/HFSL_spring2010.html

LHC detector papers

http://jinst.sissa.it/LHC/

CMS JES paper

http://iopscience.iop.org/1748-0221/6/11/P11002/

ATLAS JES paper

http://arxiv.org/abs/1406.0076

CMS public jet/MET results
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsJME

ATLAS public jet/MET results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetEtmissPublicResults

CMS Standard Model results on jets
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP#Jet_Production
ATLAS Standard Model results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults#Jet_Physics
CMS Exotica results
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO

ATLAS Exotics results
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
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