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Introduction and recap

lllllllllll

Outline of the QCD lectures

o ecture 1: Quarks gluons and strong interactions
*1.1 From the hadron zoo to the quark model
e 1.2 Experimental proof of the quark model
¢ 1.3 Strong force: confinement and asymptotic
freedom
e Lecture 2 (Tuesday): Experimental aspects of QCD
* How to see quarks and gluons: jets
e Jet substructure
e Measurements of QCD at the LHC
* | ooking for bumps above QCD



Introduction and recap

IIIIIIIIIII

Recap: concepts for part 1.1

ePart 1.1: Quarks gluons and strong interactions

e From the hadron zoo to the quark model
e Protons and neutrons: isospin multiplet

e Characterizing hadrons: the eightfold way, color
e Classification by isospin / hypercharge
* Where there's structure there is substructure:

baryons and mesons contain quarks

e Color is theorised and experimentally verified



Introduction and recap
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Recap: concepts for part 1.2

ePart 1.2: Experimental verification of quarks
o F lastic scattering
e The proton is not point-like, but what's its structure?
e Deep inelastic scattering: ‘break’ protons using photons
e Structure functions (approximately) do not scale with
momentum transfer: sign that there are point-like
constituents within proton
* The proton is not just three quarks: sea and gluons



Introduction and recap
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Recap: concepts for part 1.3

e Part 1.3: The strong force
e Strong force as a spring: confinement
e QCD vs QED
* The gluon self-interacts, the photon does not
e Antiscreening vs screening
e Running of the coupling constant:
asymptotic freedom
e From partons to jets (in MC generators)
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Jet algorithms and substructure Measuring jets Searches with jets
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What is a jet?

Collision of two protons — two highly energetic objects are produced

high-pT jets
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What is a jet?

A high-pp dijet event: how we see it

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

pTl, 1

pT, 2
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What is a jet?
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A high-pr dijet event: how we see it

...according to QCD from a MC generator...
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| cheated: this is a semileptonic ¢t event from MCViz, but you get the idea
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What is a jet?

A high-pp dijet event: how we see it

...in the ATLAS calorimeter...

Note: some 'cleaning’ already performed: ATLAS topological clustering algorithm

10
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What is a jet?

A high-pr dijet event: how we see it

...after applying a jet algorithm.

11
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Searches with jets

A IVASS;
BEWYSIES

CATLAS
A EXPERIMENT
http://atlas.ch

Run: 280673
Event: 1273922482
2015-09-29 15:32:53 CEST
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What is a jet?

Parton level

Quarks and gluons
from the hard scattering

Particle level

Particles from the hadronization of
quarks and gluons

Calorimeter level
Energy deposited in the calorimeters

1V
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What is a jet?

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

Basic algorithm: event dlsplay P physucust

“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

LUNDS
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14



Jet algorithms and substructure Measuring jets Searches with jets

LUNDS

UNIVERSITET

What is a jet?

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

Les Houches 2007 proceedings, arXiv:0803.0678 Apply same JEt definition
to objects on different levels:
jet algorithm Q Partons
{P } ——— {j } Q Particles
| k

particles,
4-momenta,

calorimeter towers, .... e Ca|0rimeter ObjeCtS

ATLAS: Topoclusters
+ parameters (usually at |least the radius R) ( P ters)
® Tacis

From M. Cacciari, MPI@LHCO08

jets

© A combination of calorimeter and
tracking information (CMS)

15
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What is a jet?

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

Apply same jet definition

xR to objects on different levels:
v \‘;/ W ’ & @ Partons

LO partons NLO partons parton shower hadron level Q PartiC|eS
Jet | Defn Jet | Defn Jet | Def’ Jet | Def! —)Tr’uth Jets
‘ ’ | (only particles from the hard scattering)
jet2 jet 1 jet 2 jet1 jet 2 jet1 jet2
/O O-\ ’\\ //‘ ’\3 //‘ “’,,,.r"\‘) © Calorimeter objects

(ATLAS: Topoclusters)
— Reconstructed Jets

Q Tracks

From G. Salam, MCNet School 2008
— Track Jets

© A combination of calorimeter and
tracking information (CMS)

— Particle Flow Jets
16
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Wishlist for jet algorithms

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

Requirements:

1. Theoretically well behaved — no a5 dependence of jet configuration:

Infrared safety Collinear safety

With collinear splitting:  Without collinear splitting:

Without gluon radiation: With gluon radiation:
no jet (under threshold) 1 jet (over threshold)

2 different jets only 1 jet

2. Computationally feasible — fast
3. Detector independent

17
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Wishlist for jet algorithms
Crucial to analyse data Risk: .-
with infrared / collinear safe oy ' e % —
jet algorithm! W
Real life does not have infinities, but pert. infinity leaves a real-life trace
24+ad+alxoo—osal+ad+alxinp/AN=a2+ ad+ad
N——
BOTH WASTED
Among consequences of IR unsafety: Gavin Salam, CFHEP lectures, April 2014
Last meaningful order
JetClu, ATLAS | MidPoint | CMS it. cone | Known at
cone [IC-SMm] (ICmp-SM] [IC-PR]
Inclusive jets LO NLO NLO NLO (— NNLO)
W/Z + 1 jet LO NLO NLO NLO (— NNLO)
3 jets none LO LO NLO [nlojet++]
W/Z + 2 jets none LO LO NLO [MCFN]
Miee in 2j + X none none none NLO [Blackhat/Rocket/..]

NB: 50,000,000$/£/CHF /€ investment in NLO 18
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Wishlist for jet algorithms

Cone-based algorithms Sequential recombination algorithms

@ Cone in y — ¢ 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 unsafe! Q K,
@ Seedless Infrared Safe Cone (SISCone) @ Cambridge-Aachen
@ Anti-K¢
What algorithms for data?

the cone gives
nice conical jets

kt's a vacuum
cleaner

From G. Salam, MCNet School 2008

19
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Different jet algorithms

p, [GeV] kpR=1 |

LT
st
e
AT

e

suil (L T
TR '-,y}'.. )
e 2

-2

Ritteate:

http://arxiv.org/abs/0802.1189

20
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A jet algorithm in action

Algorithm specification: Anti-k;
1 1 AR?* Idea:

2 2 ) 2
Pr; Ppy D ! |
1 p' dmin: dA.B a) pl Qnin dABBen"l b)

’

@ d; ;j = min(

di,Beam — 5
P,
@ D : algorithm parameter

@ Iterate:

A B C j AB C

@ For every pair of objects 2, j calculate
dmin - Tn'in(di,j 3 di,beam)

Q !'d,.in = d; ; recombine objects
“lse i is ajet, remove it from list A=

@ Recombination starts from hard objects

*ATLAS default: inclusive algorithm ABC AR C

21
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A jet algorithm in action

Algorithm specification: Cambridge-Aachen

AR? j Dt
D2 ' di.Beam =1 '
@ D : algorithm parameter Opin= 1

@ lterate: i

dvnin= dA,B a) p’ | b)

Q di,j =

@ For every pair of objects 2, 7 calculate A B C v AB
dmin = min(d; j,di peam)

Q !'d,nin = d; j recombine objects

1 is a jet, remove it from list 2

@ Distance-based recombination
j$t

AB C AB C

22
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A jet algorithm in action

Algorithm specification: k; , Idea:

@ d in(pa .. p> \AR
i.j = man(pp ;. . ' $ '

’ Pr.oPT p2 Pldy=dus @) P b)

2
di,Beam = Pr.i

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

lterate:

A B C AB

For every pair of objects z, 7 calculate nin= 0 As Beam
dmin — 7nin(di,j y di,beavn)

© ©

"dyin = d; j recombine objects
= 1 is a jet, remove it from list @

Recombination starts from soft objects

AB C AB C

23
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Other jet algorithms Computational

we time for N inputs

dj = min(k;’, kP )ARZ/R?  dip = ki

ti

Alg. name Comment time
p=1 ks Hierarchical in rel. k;

CDOSTW '01-93; ES '93 Nin N exp.
p=0 | Cambridge/Aachen Hierarchical in angle

Dok, Leder, Moretti, Webber '07 Scan multiple R at once NinN

Wengler, Wobisch '08 <> QCD angular ordering
p = —1 | anti-k; Cacciari, GPS, Soyez 08 | Hierarchy meaningless, jets

~ reverse-K; Delsart like CMS cone (IC-PR) N3/2
SC-SM | SISCone Replaces JetClu, ATLAS

GPS Soyez '07 + Tevatron run |l '00 MidPoint (XC—SM) cones N2 In N EXP.

Gavin Salam, CFHEP lectures, April 2014

24
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A jet algorithm in action

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: @ Captures more of anything else:
— Smaller non-perturbative corrections when

— extra energy not from hard scattering (calorimeter

comparing data to theory noise, other pp collisions)
— Better mass resolution for dijet resonances —— N — S —
0.04 - gg2TeV, k., R=1.0 1 [ 092TeV, k,R«1.0 1 [ og2TeV, k, R=1.0
. . r . r y . . Qf’y 13 = 70 GeV Qffy 13 = 75 GeV Qfly 13 = 92 GeV »
0.04 I k. R«05 1 [ k.R=10 [ SISCone, R=1.0,1=0.75 | £ 003 1T 10 c
0;,‘_125.\4” 159 0;1'25.\«“95 0;41'25‘\1“79 5 g
-;, 0.03 | 4 ' - 8 ;0.02 - 4t 4} 3
S o002} {1t 1t 2 " 001 I IR Y ]
E @ T T, b L b —"‘-“
0.01 | i L i | ) i < 0 1 L ’.g“‘"‘—\"——- L 1 i L 1 A
T, JE LL||_ - Yy 1 1900 2000 2100 2200 1900 2000 2100 2200 1900 2000 2100 2200
0 X b -~ _, lL N ‘L“ ] dijet mass [GeV) dijet mass [GeV) dijet mass [GeV)
1800 2000 2100 1900 2000 2100 1900 2000 2100
ciet mass [V dfet mass [CeY) et mass [GeV) Dijet mass for resonance decaying into two gluons,
Dijet mass for resonance decaying into two gluons: !arge—rgdlus:| deterlorgtllo:‘l n rgsc}:lut:on 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!

25
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Jet grooming

Jet grooming:
“trying to make fat jets leaner”

Basic operative idea:

. v
. c Q - o , . 1250
Start with a large-radius jet = 2| 4 ATLAS Preliminary - Simulation-
Select which sub-components to keep < . of
oC 1.8 —
PN Pythla Z’—> it t— Wb 200
Why? 1.6 E
- a necessity for boosted objects 141 E
(all decay products end up in a single jet) 1.2F 4 150
- can be useful to remove pile-up 1E &
o 0.8 £
The LHC delivers n;;g?ns;:‘w:g?:tﬁ?:)s' collisions at a time 0‘6 E_ —f
0.4 =
(C) ATLAS JetETMiss WG 0.2 } {
0 Pl i FEET RS SEE S PR N EE RN 11 . 0
0 100 200 300 400 500 600 700 800 900

top p, [GeV]

IST00 n B HIGH! 26
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Jet substructure: basic idea

https://arxiv.org/pdf/@802.247@.pdf

b\ /b
9 —_— —_—
mass drop filter
If we know what we want to find : , -
« e . 1401 (9) M 7
inside a jet (e.g. decay products  SNB =45 —Vsjets
120[ in 112-128GeV | th vV

of another more massive particle),
we can use this information to
distinguish from QCD

—V+Higgs

Events / 8GeV / 30fb™
g
|

& 8 &8 8

(sometimes this is a necessity:
boosted decay products)

N
o
L

: L 4 4 “l]l.llllllll"‘lllll]l“‘l“‘l
% 20 40 60 80 100 120 140160 180 20
Mass (GeV) 27


https://arxiv.org/pdf/0802.2470.pdf

Jet algorithms and substructure Measuring jets Searches with jets

LUNDS

UNIVERSITET

A famous substructure technique: BDRS

@ Find Cambridge/Aachen R=1.2 jets

@ Undo last step of jet algorithm and obtain two proto-jets (51, 52)

© Only keep C/A jets where:
C/Ajet

e significant difference between original jetand 7 1: mjl/m < Kfrac
2 2
. r e min[(pk ),pT)] 2
@ symmetric splitting between 51, 72: y = —C/Ajet AR o > Yeut
J2 Note that y >~ min(p¢j, , Ptj, )/ Mmax(pPtj, , Ptj, )
/‘--~ .
C/A ,I'B\P O O
I O ‘\
> |‘ \Q O )
\O Iy
jl \\ O © \\O.-
Oh
\\?\ @) :"
Initial jet m’ M < pgae and Y > Yeu

© Recluster constituents of the jet using C/A with distance parameter=R 11, () TLAS JetETMiss WG
only keep three hardest subjets :

s’
- \
S0 1PUT A FEW EXTRA
Initial jet R = min[0.3, A—R’f'—"] Filtered jet WWBIHS I"m Yﬂlll""lﬂm 28
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Can we use Anti-kT? Reclustering

!IEBIIIS"!'!!II

https.//arxiv.orq/pdf/1407.2922v2.pdf

Jets from Jets:
Re-clustering as a tool for large radius jet
reconstruction and grooming at the LHC

Ys =8 TeV PYTHIA Z' — tt, m,=1.5TeV

-_g- :-r—l— §? ..: L L '-g' | %* T | |
> 2 P = > 2F -
c c |
< <
© ‘ © -
o £ s | |
‘ E 0 S Particles .o .‘. .. E 0 ;ngi:gms
E 7% .%% 2 I S«A;( R=1.0, r=0.3 Jets ﬁ
;, Y . . . >
% ' -2F - -2F R
L o ] L
; [, _ ] L o
AJET WITHIN A JET 2 02 2 0 2
[ Rapidity Rapidity

WITHIN A JET

memegenerator.nef]
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2.1.A Practical demonstration




Conclusions

Concepts for part 2.1

e Jets as representative of hard scatter patrons
e Definition of jet algorithm:
e Rules to cluster inputs

e Recombination scheme
e Split/merge (if needed)

* Requirements for jet algorithm:
e Theoretically viable
e Computationally fast
e Detector-independent
e A jet algorithm in action: Anti-kT
e Jet substructure and jet grooming

LUNDS
UNIVERSITET
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2.2 Measuring jets at the LHC
(with a strong ATLAS bias)
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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

particle flow jets being commissioned

calorimeter level jet

Images by Dag Gillberg

33
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Recap: calorimeters (ATLAS only)

Subsystem technology and granularity follows shower characteristics
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Energy deposits grouped in noise-suppressed 3D topological clusters

Cluster .’,EE:: in units of

‘QJIEE“ 0 0 IEl/OﬂOlSe
02 MEE:3 0
2o |1!.E 10
21010
ENM@mooo®
'I-EEE"
Not a
01@oo0
00111 CIuster

>N M. Petteni

Tile barrel Tile extended barrel

T e e ooy

aany |

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

See more in G.
Eigen’s lectures
about detectors

LAr eleciromagnetic
barrel

LAr forward (FCal)

34
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Jet algorithms and substructure Measuring jets Searches with jets

Fake jets, too

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

' I I ' I I I ' I l I l I l I l I ' l I l ' I I ' ' I l g % 1 06 :E T T T T l T T T T I T T T T I IDI F T k T . It T T I' T é:
- (] Fake jets sample 3 O] - ATLAS Preliminary ake jets sample 3

105 - ATLAS Prellmlnary D after Looser cuts l g 105 Lo Data 201 1 S = 7 TeV D after Looser cuts
Data 2011,\s =7 TeV = aféer kﬁoc:js?e cutst ?5 Ny E NS = [ after Loose cuts 35
. afior eclum ciss 2 - [ after Medium cuts

t
104 pe'>150 e.n|<2 g ggg;}g:t:afple E % 104 = B after Tight cuts 5
10° ] é 10k 4
e.g. No tracks from . '3 - .
1 02 . =5 Z 1 02
charged particles 3 . 3
10 behind the jet 0 = .
| il
1 i [
0 500 1000 1500 2000 2500

f

ATLAS: various cut definitions, different efficiencies aﬂﬁgew
purities + rejection of jets from pile-up 35
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Fake jets, too

Characteristics of fake jets include:

IT) T T T T T 7 L B B R B LA L R B
o . o . B
4 . [ Fake jets sample . A [ Fake jets sample 3
S 10° ATLAS Preliminary @ after Looser cuts ° = ATLAS Preliminary D after Looser cuts
o ~ Data 2011,\s =7 TeV [ after Loose cuts 2 Data 2011,\s =7 TeV [ after Loose cuts 3
s 10 @ after Medium cuts 2 @ after Medium cuts
ke 10° Py >150 GeV @ after Tight cuts T piy'>150 GeV, [n|<2 @ after Tight cuts -
g - Good jets sample -ES' - Good jets sample 3
5 .
g " g 10° E
P 104 " = 3
10° td No tracks from p
charged particles ;
1o* Al '
energy deposited 10 : !
o UGG CE RN behind the jet
in a single calorimeter 1
1
f<=h
T T T T L AL B @ IIIIIID'I:akItlpl
- _— [ Fake jets sample — e jets sample
&\ 105 ATLAS Prehmlnary D after Looser cuts &I 106 ATLAS Prellmlnary D after Looser cuts
% Data 2011\s =7 TeV @@ after Loose cuts .3 Data 2011,\s =7 TeV = after Loose cuts
- i = 5 after Medium cuts
> Py'>150 GeV = :::: 1M|ge:tu¢‘:rt?tsc e k) 10 P;'>150 GeV @B after Tight cuts
o -5 Good jets sample g 10# -5 Good jets sample
o £
— 4 >
5
< 10?

Traversing the calorimeter
from top to bottom

¢ [rad]

10

-100

-80

-60 -40

20 O
Out of sync with the collision

20 40 60 80 100
tt [NS]
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Intro to jet calibration

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)

37



Jet algorithms and substructure Measuring jets Searches with jets ‘/A\

Intro to jet calibration

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?
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Intro to jet calibration

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?

39



Jet algorithms and substructure Measuring jets Searches with jets

LUNDS

UNIVERSITET

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

40
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Jet energy response and resolution

Divide measured jet energy by original (truth) jet energy
average — jet response
width = jet resolution

pt(reference): 150-175 GeV I —— :

jets

1000}

average

| width

T4 7o) NSNS SSUUNUES SSUNNE SN SUSN SN S SR SO S

Number of reco/truth matched

% 02 04 05 08 1 12 14

E__JE

reco’ “truth
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Jet energy response and resolution

Energy resolution:

e.g. inhomogeneities
shower leakage

e.g. electronic noise
' sampling fraction variations

. ’

. ’
A ’
A ‘

—
L
L4

4

L s

A
VE

® B &

b

Fluctuations: o
Sampling fluctuations
Leakage fluctuations

Fluctuations of electromagnetic
fraction

Nuclear excitations, fission,
binding energy fluctuations ...

Heavily ionizing particles

Typical:

A: 0.5-1.0 [Record:0.35]
B: 0.03-0.05

C: few %

http://www kip.uni-heidelberg.de/~coulon/Lectures/Detectors505e 10/
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Jet calibration

Hadronic component of showers of particles in jets
involves invisible particles/processes (to non-compensating calorimeters)

Electromagnetic showers Hadronic showers
e

Particle Detectors

+ energy is lost in inactive material before calorimeters or outside jet cone
— calibration needed to restore jet energy scale

Calorimeter jets Pile-up offset ) ] Calorimeter jets
(EM or LCW scale) correction’ Origin correction m&anmabn @U&:UIID”E <ty LC(\::‘I;EJsEiczrle)

Corrects for the energy Changes the jet direction to Calibrates the jet energy Residual calibration derived
arXiV' 1 406 0076 offset introduced by pile-up.  point to the primary vertex. and pseudorapidity to the using in situ measurements.
' ' Depends on p and Npy. Does not affect the energy. particle jet scale. Derived in data and MC.
Derived from MC. Derived from MC. Applied only to data.

Refinements to this calibration scheme (e.g. calibrating constituents before jet finding, using jet properties to reduce
differences between quark- and gluon-initiated jets) are in use but not covered here 3
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Pile-up subtraction

Calorimeter jets Pile-up offset
(EM or LCW scale) correction @mm

Calorimeter jets
Energy &' Residualin situ’ (EM+JES or
icalibration calibration LCW +JES scale)

Corrects for the energy 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 p and Nev. Does not affect the energy. particle jet scale. Derived in data and MC.
Derived from MC. Derived from MC. Applied only to data.

® Pile-up: effects of additional
Interactions within the same or
neighboring bunch crossing
— Need to restore jet energy
scale and optimal MET resolution
® Event-by-event calibrations for
jets and MET (based on jet
areas/tracks)

Jet Vertex Fraction

® |dentification of jets from pile-up:

= [BELELEL BLBLELELE LRLELLE BLELELEL ILLELELE UL IR 3
[} r true _—
S 5: —e— Uncorrected 160 Py < 320 Ge .
%FZE g 7<va<24 _:
~© 4: —=— Corrected Anti-k, LCWR=0.6 ]
L Pythia Dijet, 1s=8TeV -
o E
2 —
- —— } .
Ire—e—% —@& @ o -
- - ]
O:.——F+++—I— —— ]
1 .
—ATLAS Slmulatlon Prellmmary e

0 05 1 15 2 25 3 3.5
ml
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Jet origin correction

Calorimeter jets
I . r : R -
(:; (:)TT:\::S::?I:) Pile-up offset: Energy &1 Residual in situ: (EM+JES or
correction icalibration calibration LCW+JES scale)
Corrects for the energy 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 p and Npy. Does not affect the energy. particle jet scale. Derived in data and MC.
Derived from MC. Derived from MC. Applied only to data.

Point the jet to the primary collision vertex,
rather than to the center of the detector

A
r
jet
t centroid
rgy clusters
"N L
(0,0,0) «———> z
primary vertex
(origin)

F. Guescini 45
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Energy correction

Calorimeter jets

Pile-up offset
correction

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

Origin correction

(EM or LCW scale)

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

Measuring jets

Searches with jets

Calorimeter jets

Residualin situ

(EM+JES or
LCW +JES scale)

Cilbration

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

Residual calibration derived
using in situ measurements.
Derived in data and MC.
Applied only to data.
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Compensate for energy losses in e.g. out-of-cone, dead material...

Jet response at EM scale

- A I LI B I L I L I LI ' L I LB I L I L L I T
1~ 2011 JES: Anti-k, R = 0.4, EM+JES -
- Barrel  Barmelendcap  ypg  HEC-FCal  pgy .
0.9 ransition Transition ]
i“““ A‘A AAbalda, E
08—— A“ N A‘ A‘A“ A“‘ R ]
: Tnﬂnﬂnnu Dnn A _oP0oog, . a ardTag ]
0 7: Op 5 Uu DDDUU A :
’ Boooo00 e 9 . Duunn ]
06;"...0 00000 o . A
i o 10 QOO A o -1
- .. . o © c ]
o 3 o -
05_— a” —
: e E=30GeV o E =400 GeV 7
0.4 TSTL?S © E=60GeV 4 E=2000GeV]
_ Simulation ]
03-llllllllllllllIIllllllIIIllll[lllllllllllllllll-
0 0.5 1 156 2 25 3 35 4 45

Jet mdml

—E 0.0G_'Illllllllll.ll!Illlllllllllllllllllllllllllllll—
] . ATLAS Preliminary . ]
£ 04l_Antik, A =06, EM+JES -
—_— - o -
_E;é - oooo o4, 1
f— A —
0.02- . 0% . )
| ° OO. DDD o 0 A A N
= 899’ O.OQEA“E : - 4 AD AA
Oleatfienig ?QQEWEE,D —
: A Agé‘ :
-0.02|- -
-0.04|- * E=80GeV o E=400GeV —
- o E=60GeV 4 E=2000GeV ]
_0.06— 141111411141111J111411114141111111A4111141411-
0 05 1 15 2 25 3 35 4 45
Jetn, |
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In-situ correction

. - Calorimeter jets
Calorimeter jets Pile-up offset Energy &1 Residual in situ; (EM+JES or
(EM or LCW scale) Correction: A XIS calibration calibration LCW+JES scale)

Corrects for the energy 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 y 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.

Use well-measured objects to check the scale of the calibrated jets
Compare balance in data and MC — combine. correct for differences

(@] 1 1 T T T LI . r ——T T
= ATLAS .
Y § - anti-k, R=0.4, EM+JES & =7TeV, n<t.2 -
Pr g 1.05 Daa20m [Lat=47f" ]
5 3 - -
jet g B -
JépT (Dg 1 [ A__
2 N .
o '_ -~ ]
@ 095 5 Z+jet -
: - = y+jet -
- s Multijet ]
09— . —
N — Total uncertainty .
- M Statistical component -
0-85 2 L L | " 1 " I PR S S S A | ;
20 30 40 10° 2x10 ; 3
[GeV]
i 47
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The

Measuring jets Searches with jets

jet energy scale uncertainty

..2\ 0-1 I | I I | I || | I I | | | | L | |
I= ~ \s=13TeV, 50 ns ATLAS Preliminary |
S " anti-k, EM+JES + in situ, R = 0.4 i

Q =0.0
o 0.08 _—'ﬂ [ Total uncertainty ]
= i [ Total uncertainty, 2012 .
CL{_DI — Absolute in situ JES (2012) |
D 0.06— «=«=« Relative in situ JES (scaled 2012) —
'© ~ w Flav. composition _
S - + Flav. response m
5 = Pileup, predicted 2015 conditions -
© 0.04— Punch-through, predicted 2015 conditions —
L - = =+ 2012 to 2015 extrapolation uncertainty 7
L '"'“""uﬂ'”,,, -
0.02f= ==y RN _
L ‘e, N ,',""4. A . _
L a "I,,I:'“.”. - -~ - 7____/ ]
" "taa,,, i "' L] lll-ll I
(0 ke Uilobdet bt LL LTI AT LT LT LAY e T 0 o o s s
20 30 40 102 2x102 10°  2x10°
jet

P [GeV]

A

LUNDS

UNIVERSITET

48



Jet algorithms and substructure Measuring jets Searches with jets AR

lllllllllll

Jets are everywhere

[Tree level ] [Monte Carlo} - - —| (N)NLO | (BSM searchesJ

\ / .
(Jets (theory tool) 3 [nggs physms]
CKKW E
MLM g’
[ MC + Tree ) top phy5|cs
Y

Y

(Detectbr sim.] 17)(-5‘*] \( MC valldatlonJ
\( PDF fits ]

Jet X-sct
(Detector unfoldingj

( DETECTOR | @

Gavin Salam, CFHEP lectures, April 2014
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Inclusive jet cross-section measurement

= 10°p T —— =
> ~ antik jets, R=0.6 ATLAS —
B = O 05<Jy|<1.0(x10%)
— -6 n

S 10°E e B 1.0<[y[<15(x10% _
-: = 0.... O 15<ly|<20(x10%)
5 10 - og 00.... A 20<|y[<25(x10"?)
I— _ 04 o ..0... A 2.5 <|y| <3.0 (x107%)
S 102F u 9000, %o, -
L) ~ "mg, ©o0 ®e —=
6 .F " * =
oL o5 "ap, OOOOOOQOO% ° i
© = Hogg - ", °o ]
108F R e = 3

A1 _
10 ]
A A —

10714 AN A, ]
0 B, A B :
Systematic A A —

uncertainties A ——

10777 . s =
NLOJET++ (CT10) x A —

20 Non-pert. corr. x EW corr. -

1 O I l | 1 1 [ I I | ]
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Inclusive jet cross-section unce
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Measuring jets

Searches with jets

T f £ 1 ATLAS
I F 8 2 15<|y] <2.0 3
\1'2: . f . ILdt=4.5fb’
a 1- a C v .
Q T o F " \s=7TeV
o F O f F -
0.8 =t 1 antik, jets, R=0.4
0.6F C 3
F -t i T Data
1.2F 5 ]
i - sy 1 NLOJET++
o .:: D EUALCONL R o0 ol : M o=p = p:“"
0-8F C 4 Non-pert and
C o 1 EWecorr.
0.6 : ]
F an 3 = CT10
1.2} - ‘f:.‘fizu: q — MSTW 2008
1: ‘: . TR0 T Y “m W :
: ; 1 —— NNPDF 2.1
08 : 0 5 L \‘_|_ 3
2

%, [GeV]

Relative uncertainty [%]

W
o

10

-10

-20

-30

In order to proceed with precision QCD measurements, both
theory and experiment need to make progress on uncertainties
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tainti
[ T T T T T T T ] ]
- NLO pQCD (NLOJet++, CT10) ==
T \s=7TeV I _
[ anti-k, jets, R=0.6 i_l
- r
- yl<05 Lr E
™ o
r =T i
- e —— B
r—--—-mmﬂ.-:':-. ...... e e tme. ormimimimimiar o
;——‘“‘:':"'-'-'-'-" AL AL AL AL L """""""“"---'-_-_‘l
— ‘ e —— :
r il
C Total v i
L Scale variation N
L —— PDF g
i (U ]
L 1 1 1 L I
2x10? 10°
p, [GeV]
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Concepts for part 3.2

e Inputs for jets in ATLAS and CMS:
calorimeter energy deposit but also tracks
e Jets need to be calibrated
e ATLAS “EM+JES" calibration scheme as example
e Pile-up correction
* Origin correction
e MC-based correction
 In-situ correction
e Jet energy scale uncertainty
e Jets are everywhere: inclusive jet cross-section
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2.2.A Some questions about jets
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Go to www.menti.com and use the code 30 31 60

4 0 I
[G—
Please enter the code
Q,
www.menti.com| (E——

Enter the code

a Grab your phone 9 Go to www.menti.com 30 31 60 and vote!

£

L https.//www.mentimeter.com/s/ea®581bbc5edea2e91ce’762d7d1339a5/3f41305ef@92

EXPERIMENT



https://www.mentimeter.com/s/ea0581bbc5e4ea2e91ce762d7d1339a5/3f41305ef092
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2.3 Searching above QCD
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The heart of the matter

Discovery of the Higgs boson:
guided by clues from the Standard Model of particle physics

125-6G

= 3
< = -
9 B R e = 30
iy 2011
7E =
; :
; :
s A A 20
3 Theory uncertainty =
[ —— Fit including theory errors g
2 ---- Fit excluding theory errors -
1 S VN -~V — 1o .
N e The Higgs boson mass as of May 2015

200 250 300 arXiv:1503.07589

e my = 125.09 + 0.24 GeV
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Where to look for new particles?

I The Standard Model of particle physics ;eptons | Theorised/explained
osons

Years from concept to discovery Quarh | Discovered
Udrks

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12
Electron | |
Photon | |

Muon I ‘—

Electron neutrino | |

Who ordered
THAT!?!?

Muon neutrino ' '

Down =

Strange H

Up B

Charm I

Tau |

Bottom |1

Gluon | |

W boson i |

Z boson | |

Top | |
Tau neutrino | |

HIGGS BOSON | |

Source: The Economist

Everywhere!
design model-independent searches for new phenomena
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How to look for new particles?

LHC-27%knt:

e

;rge Hadrbn Collider (LHC)

PR A S | T
S, =7 4
TN
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Proton-proton collisions at the LHC

Look for new particles
decaying to quarks and gluons (jets)
if they're created they should decay!

proton

proton

§ k
\{//‘//é(
2

lllllllllll
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Proton-proton collisions at the LHC

Look for new particles
decaying to quarks and gluons (jets)
if they're created they should decay!

proton

collision

\ qé&
uark
proton / E

lllllllllll
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Proton-proton collisions at the LHC

Look for new particles
decaying to quarks and gluons (jets)
if they're created they should decay!

unstable new particle

collision

\ quar
S interaction
proton /

E=mc?
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Proton-proton collisions at the LHC

Look for new particles
decaying to quarks and gluons (jets)
if they're created they should decay!

proton unstable new particle

collision decay

quar
/ quark interaction

‘ E=mc?
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Proton-proton collisions at the LHC

Look for new particles
decaying to quarks and gluons (jets)
if they're created they should decay!

proton unstable new particle

collision

quar
/ quark interaction

E=mc?
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The first 2015 ATLAS search paper

x] 4 Dec 2015

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
N

A
T
L
A ~7_ "
S
Submitted to: Phys. Lett. B CERN-PH-EP-2015-311

4th December 2015

Search for new phenomena in dijet mass and angular distributions
from pp collisions at /s = 13 TeV with the ATLAS detector

The ATLAS Collaboration
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Search for new physics with jets 101

Get the jets

N

Build distributions of
interesting observables

V% see any deviations?

Search phase:
compare data and

backaround No Yes

Limit setting phase:
constrain new physics models
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Search for new physics with jets 101

Get the jets

N

Build distributions of
interesting observables

V% see any deviations?

Search phase:
compare data and

backaround No Yes

Limit setting phase:
constrain new physics models
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Search for new physics with jets 101

Get the jets

N

Build distributions of
interesting observables

% see any deviations?

Search phase:
compare data and

backaround No Yes

Limit setting phase:
constrain new physics models
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Resonant phenomena producing jets

Look for new particles decaying to quarks and gluons (— jets)
appearing as “bump” over QCD background
(or dips, if interference with QCD)

et

SM QCD

Events

New physics!

_

>M “ jet

J+] invariant mass

Many models fit the bill: excited quarks, heavy boson partners...see
Exotics lectures! 68
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Search for new physics with jets 101

Get the jets

N

Build distributions of

interesting observables

% see any deviations?

Search phase:
compare data and
backaround

No
Yes

Limit setting phase:

constrain new physics models

69



Jet algorithms and substructure Measuring jets

Search phase: fit

Searches with jets

Compare data g
with smooth fit: -

TT

TRTTTTIR

f(z) =pi1(1 —z)P?zP?

ignificance

Data-MC Si
MC

I llllllll | llllllll

T lllllll

IIIIIII T Illlllll

LA B R L LN LRI IR

s=13TeV, 3.6 fb"
« Data
— Background fit
—— BumpHunter interval
o-q*,m_ =4.0TeV
- QBH’(BM), m_=6.5TeV

q*, ox3 .
QBH (BM) F
p-value = 0.67 2B
Fit Range: 1.1 -7.1 TeV

ly*l <0.6

[TTTTgTTTTTTTTIT ll‘lll

-

[l|‘l3lllllll IIlllIIlI Illllllll llIlIIlIl lIIlIIIII | 1}

LARN RARRRRELLY LALLLLLLE] LALLLL ¢
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Why fit? Because QCD is uncertain...
ATLAS
= 10— —————— [Ldt=45m" .
8 o ATLAS Sas BT | ey Extremely small signals!
o) e, O 155y<20 (x10° )5 anti-k, jets, R = 0.4
;3 10*E e g a ggifigg &:g;:
> :: .9-6.0'60 .."0.’ :: Statistical 2 - I -
9'\_, 10:: . 00009 *ou, :: —+= Uncertainty QC_) 5| ATLAS _—
S 102F i 9 © Oog,, —o— 3 Systematic >10" pg 4 E
% :: Lat=asm "'I. 0009 . (- uncertainties L . \s=13 TeV, 3.6 fb E
o 10°F \sa7Tev = e TR NLOJET++ i . Data ]
10_8:: anti-k, jets, R = 0.6 . .+ :: J’I:pT exp(0.3 ,V') 104 E_ — BaCkground f't —g
”::D Systematic e, B Non-pert. & EW corr. C —— BumpHunter interval I
10 E uncertainties -a--_-_ :: . —— o Z- (010), mz. - 15 Tev——
10ME Crioics, expl03 ) = ] cTio 10°¢ 5 Z'(0.10), m" =2.0 TeVZ
E Non-pen.&IEWcorr. 3 =.... HERAPDF1.5 - oy, = -
107 it EE R epATLJet13 - —
3x10" 1 2 3 4567 |t exp. only 10° £ E
m,, [TeV] 2iIl BePARDFLS - &
10 Z' (0.10), & x 100 —
Q) i T ' = p-value = 0.67 3
"(E 2 - y* < 0.5 ] - Fit Range: 1.1 - 7.1 TeV -
O et HERA - e Iyl <06 E
g - Pobs =0.530 P =0306 4 o e
- [&] — —
Q) 1 .5 [ l - % 2: E
c r - i g % E
= e £ -2F -
- n = e
1 2 3 4 S5 6 7
m; [TeV]
i : | Note: fit function has uncertainties/issues as
-1
3x10 1 2 3 4 well, and one can also do a full search for new
my, [TeV] physics using a MC background by profiling

uncertainties
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Search phase: mass selection

(/)] - L ""l""""'I""'”"l"'""”I”""‘”l”‘”‘f

Compare data S, 5L ATLAS -

] . o 10 s=13TeV, 3.6 fb™ -
with smooth fit: = . Data | -
10 Background fit =

1@ = pi(1 =22 : S
10°E - QBH'(BM), m, =6.5TeV5

Compare data with - - o N
. . . - QBH (BM) ! &t
simulation (Pythia) 10F aBH e
- Fit R :1.1-71TeV ™ =

as a cross-check L iy ° :
8 E:I | I | IIIIIIIIIIIIlll[ll[llllllllllllllll]

350 =

S §-2: —

!
llllllll

Data-MC Si
MC
o

IIIII IIIII Il
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Measuring jets

Search phase: mass selection

Compare data
with smooth fit:

Searches with jets

T T T T T T T T T T T

s=13 TeV, 3.6 fb™
« Data

TRTTTTIR 1T

v

f(z) =pi1(1 —z)P?zP?

Compare data with
simulation (Pythia)

Run BumpHunter
algorithm to find most

significant excess
(not significant)

Data-MC  Significance

MC
=)

data - fit
II\) o N

-

|
[y

—— Background fit

—o- g, m, .=4.0TeV

q*, ox3
QBH (BM)
p-value = 0.67
Fit Range: 1.1 -7.1 TeV
ly*l <0.6

— BumpHunter interval

- QBH‘(BM), m =6.5TeV

||l|l lllll ”

| Illlllll | llllllll | IIIIIII| | lIlIIllI | 1A

o
}

|||||| v1rh‘|’|1m|

|I'
4
|

Eu’m LUl

!
llllllll

G s )
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Search for new physics with jets 101

Get the jets

N

Build distributions of
interesting observables

V% see any deviations?

Search phase:
compare data and No
backaround

Limit setting phase:
constrain new physics models

not this time, sorry... 74
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Constraining new physics models

Example of model-dependent limits: SM
Z’ Dark Matter mediator

@ L B B | | 4 2
0.50 ATLAS oo WS
(s=13 TeV £
361" N 5 M
0.40 |y*| <06
25

030 5 SM DM
1.5 Med.

0.20
1 99 9x

0.10 0.5

SM DM

15 2 25 3 35
M, [GeV]

See more in M. Martinez's
lectures about BSM processes
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More on Dark Matter Mediator decays to jets

http://abstrusegoose.com/

S M sume a spherical f uniform del
10%¢ T T -
arXiv:1503.05916 s
&t
Q>pm N\
S
; /// // / while Ignoring the effects of gravity
) S ) o %
oM S v @"’
 I— , Y
('3 ) /// @Q;/ -
E 1 03 -_ // // // _.in & vacuum.
L [ / / SAEATHE
8 ) é\_/\-/ ¢m
. / ) <)
8 / A
2 /;1// ) Y / , / How do you sleep at night?
" Caution: very §if'npli,fied picture
For further info: see http://arxiv.orq/abs/1606.0760%
S A A _
S gy/9q =1
102 L L L Y1111 l/ L1l 1l ll L L L L L L 1
10 102 103 10*

Dark Matter mass [GeV]
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More on Dark Matter Mediator decays to jets

Mediator mass [GeV]

0

10%¢

i

., Most interesting region:

L arXiv:1503.05916
i Q>QDM {\’«
- Q
>
6\'\-
Q.
,,é E
&
A
glgy =1
....1.03 . .....1.04

Dark Matter mass [GeV]

Reason: compatibility
with relic density

9,° BR(R - j)

200 500 1000 2000
Mediator mass [GeV]

Reasons: trigger! large backgrounds
difficult to record all events 77
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Why? Too much data (mostly QCD)
. . Sounding balloon ( )
2i¢ LHC: if everything was recorded... G0 km) -
2K up to 4@ million collisions/second (MHz) 7 lyear HHC data
3k 1-1.5 MB/data per collision /‘; ™)

2K 40MHz*1MB = 40 TB/s

21 40 TB/s * 1@e+6 s/year = 0.05 ZB/year (15 m)
X
2 Facebook: o
3k 600 TB/day ~ 200 PB/year fraceboo —
(4.8 km)
LHC experiments need to: L

1. process all data, fast
2. select only interesting events

(after selecting interesting events) /,8


https://code.facebook.com/posts/229861827208629/scaling-the-facebook-data-warehouse-to-300-pb/
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Select interesting data only: jet triggers

OATLAS

e - Object
ant tiacten > reconstruction > Data analysis
(trigger) and calibration

Number of
Trigger and data acquisition: events —
select interesting events t Ssignal Statistical power

is not as good as
it could be if we
recorded all data!

First step: fast hardware selection (Level 1)
select max. 100000 events/second
Second step: computer farm (High-Level Trigger)

record max. 1000 events/second | | e

Y
L]
L}
L]
.
L]
L]
e,
.
L]
.
g
.
.
.
.
.

events
What this means for QCD (we need it all as

signals look like regular QCD jets):
Only a fraction of lower-energy jets are saved

Background
>

Mass of di-jet system

(~new particle mass) 79
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Let’s record tr igger jets! (and make them good enough)

Other LI/HLT event
reconstruction

if passed trigger

Trigger decision = even_t Standard_
reconstruction data analysis

Calorimeter event
reconstruction

YV Inany case

o) ! " T i i - TLAjets ' 3
= y ' T ' j Partial (trlgger— 100 82:ir{e je:s se:ec}eg gy any. singlle—jgttt{igger E
210 . | e— Ine jets selecte single-jet trigger_7]
= ~” [ | | | jet-only) event i YITID Snge et eser 4
- . o :_ *'4-_.__._.._-.'* =
10° E reconstruction 10°F E
10 ‘” =y [ L B i . - 2
1 ATLAS Trigger Operations 3 ; é‘ ‘é
E =k1I3 LA 4x10% cm? ; 10? i i
min : cm?s?! 1 = .
10 From singi ron. . - ATLAS Preliminary =
Data Scouting chain seeded by L1_J75 E = . = 1s=13TeV, 3.4 b’ =
102 Sum of rates of all single jet triggers 3 Tr I g g e r- Level An a I ys I s (T LA) 1 é— Iy.l <0.6 —é
P R R S . .F * 4 E
09:26 10:12 10:58 11:44 T 15F E
R A At MAE S I T e S S e
https://en.wikipedia.org/wiki/Three-letter_acronym g 05F E
. https://en.wikipedia.org/wiki/RAS syndrome < 500 600 700 800 900 1000
Bandwidth = Eve nt rate X Event size = m. [TeV]
JI}
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ere (yet)

O
Before 2015 LHC data
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...but we have a long way ahead with the LHC Run-2!

(LHC delivered ~4x the 2015 data as of this morning)
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Concepts for part 3.3

e Jets are everywhere at the LHC:
let’s search in hadronic final states
® Search for new particles in dijet final states
* Look for resonances (‘bumps’) above QCD background
* Fit with a smooth function to avoid QCD uncertainties
* No new physics found -> constrain new physics
models
* There is too much QCD to record it all
o Jet trigger system
* Overcome bandwidth limitation:
search at the trigger level
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General recap of the QCD lectures

e ecture 1: Quarks gluons and strong interactions
e From the hadron zoo to the quark model
e Characterizing quarks: the eightfold way, color
o E xperimental proof of the quark model
e Strong force: confinement and asymptotic
freedom
eLecture 2 (Tuesday): Experimental aspects of QCD
e How to see quarks and gluons: jets
e Jet substructure
e Measurements of QCD at the LHC

| ooking for bumps above QCD
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Some references (out of many)

The Experimental Foundations of Particle Physics, Cahn and Goldhaber (Cambridge 2009)
Particle Physics, B.R. Martin &. G. Shaw, 3rd edition (Wiley 2008).

Gavin Salam, TASI lectures on jets 2013

http://physicslearning.colorado.edu/tasi/tasi 2@13/tasi 2@13.htm

Lectures on detectors and calorimeters, prerequisites to jets
http.//www.kip.uni-heidelberg.de/~coulon/Lectures/DetectorsSoSel@/http.//atlas.physics.arizona.edu/~loch/

HFSL spring201@.html

LHC detector papers

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

CMS JES paper (2010)

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

ATLAS JES paper (2010)

http://arxiv.org/abs/1406.0076

CMS public jet/MET results
https.//twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults JME

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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