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Outline

e Experimental Methods
— Object Identification

— The Particle Flow Event Reconstruction

— Jet Substructure Techniques

— Physics of Hadron Collisions: Measuring Production Rates & Masses
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OBJECT IDENTIFICATION

From detector pulses to a particle trajectory
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Building Clusters

¢ Silicon trackers: Reverse-biased p-n junction

— Electric field sweeps out any thermally produced electron-hole pairs (fully
depleted sensor)

— Charged particle produces electron-hole pairs which induce signal on
implanted electrodes

— On-detector electronics amplify signal, apply threshold and/or pedestal
subtraction

— Adjacent pixel/strips with charge combined into clusters

particle most signal on these 2
trajectory strips/pixels
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time over threshold ~ charge

Building hits

advantage after irradiation

Start from charge information: cluster centroid

— Interpolate from edges or make a template fit - latter has significant

But need resolution of hit location for track fit

— Resolution = width of (Gaussian) distribution of residuals (difference

between track position and estimated cluster centroid)
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Building tracks

e Particle trajectory are reconstructed from hits in the detectors

e Seced tracks built with 3-4 hits in pixel detector

¢ Kalman filter for track extrapolation and subsequent fit to helical trajectory
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Fig. 29—1. Motion of a particle in a uniform magnetic field.



Tracking performance

e Tracking is fundamental to charged

particle reconstruction + ID

¢ Helical trajectory defined by 5
track parameters

— 2 impact parameters

— 2 angles

— curvature/momentum
¢ For each track, interested in

— Transverse momentum

— Impact parameter

 Displaced tracks from
decay of particles such as
b-quark hadrons

e Vertex reconstruction
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Tracking performance at CMS

CMS simulation CMS simulation
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Harder to measure curvature of straighter Harder to extrapolate lower-momentum tracks:
(higher-momentum) tracks scattering in material matters

For CMS:
magnetic field B=3.8 T
trackerradius L=1.2 m

curvature multiple scattering number of measurements N >10
Cecilia E. Gerber (UIC) - CLASHEP2019 8




HII||IIII4IIII~|I}IIII

I
/

|II‘III'II

\III:’

[

it

\

A"

\\

N\

I||\|IIIII|\||IIIIII\
\\ \

\\ N
\\/ i\ \
~ AN NN < N\
\ \ \

CMS E@egiment\atxb C,

N
b 3| Run/Event: 283876570
N3 Lumi | section: 389

\|

-

\

]
\

\

)
\

\.
\

\

\

|

N\
\‘\\

N

\

W
\

\\

\

\

\

\

\\

\

6. /:
)’/ﬂllllll/l/;

p=—2.84

viilllyy) = 2
NI / 4//, 7. ,

¢| Data recorded: Sun Oct23 07:45:

)

r=10.3 GeV | /[

=

/

IH|IIIIIIIIIIH/IIIIIIII|IIIIIIII||

L IIIIIV/

Jpr =111.3 GeV\
'n = —0.96
¢=-219

\.:\\ ~
ALK
N \
|||||T [N

‘\\\‘
\\\
NN
\H‘ \
IR AR



-2

IIIIIIIIIIIII[IlIl|III|[Ill||l||ll||l||]I|IIlIII|III|Il
)

IIHIII[IIIHIIIIIIIIIIIIII|II;HIHlIllIII“IIIIlIIIIIIIIII,

71T I]lll,lllI]IIII,IIIIIIIII]IHIII]I

-8 -6 4 ) 2 0 4 6 8
CMS Experiment at LHC, CERN pa
C S §| Data recorded: Sun Oct 23 07:45:55 2016 CEST 1
g| 'Run/Event: 283876/ 570269675 JH / :
=N N | Lumisection: 389 ; o \AK:L Jet
£ \ o/ - pr = 63.5 GeV
< \ ' =
:\\ \ . electron q n =0.35
<\ \ pr = 10.3 GeV ¢ = 0.97
A \ \ n=0.31 : Z
{ —0.96 ». muon
\ ; : S _ pr=14.0 GeV
S SN N n = 0.36
° o0 — Gese @ 4 oo o ¢ o
== : i
= = s L)A — (
AK4 jet 7, i \ =SS = =
pr = 31.0 GeV g e S -
n=—2.93 ‘ v
¢ = —2.84 . ,, ) =
’ AKA4 jet S
pr = 111.3 GeV
'n=—0.96
¢ =—2.19
-2 0 W2 4 6 8

L1 LA 1A 1 Illllllll|ll!llllll\l[lllllllllIHIJJIll

LIJII]LIlllIll1lllll\llllllllllllllllll

-2

IIIIlIIIIJIIHIIII|IIIIIIIII|IIIIIIIII||IIII[III|IIIIII




Muon |ldentification
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—— o Local Muon

- Hits from subdetectors

— Track Segments from hits
o Standalone Muon

— Combine track segments into a

muon trajectory in muon system

Global Muon

<

— Reconstruct Muon Tracker Track

— Combine Standalone muon and
Muon Tracker Track into a Global
Muon (global fit)
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Muon |ldentification

o Local Muon

- Hits from subdetectors

— Track Segments from hits
o Standalone Muon

- Combine track segments into a
muon trajectory in muon system

o Global Muon
— Reconstruct Muon Tracker Track

— Combine Standalone muon and
Muon Tracker Track into a Global
Muon (global fit)
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Muon |ldentification

Local Muon

<

—  Hits from subdetectors
— Track Segments from hits

Standalone Muon

<

- Combine track segments into a
muon trajectory in muon system

Global Muon

<

— Reconstruct Muon Tracker Track

— Combine Standalone muon and
Muon Tracker Track into a Global
Muon (global fit)
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Calorimeter Cluster Reconstruction

¢ Clusters are reconstructed from seeds, which start from minln
cells with the highest energy deposits (> 4c), clustered imy i
) ) CNEEENC]
with neighbors of > 2c OOomOoood
O

e Apply energy corrections and classify clusters in EM and
hadronic depending on the fraction of energy in each Cal

¢ Combine with tracking information

Classily Encray Built clusters from Classify cluster in em
deposits as EM/had. neighboring cells and hadronic clusters

- »| correct for energy
response for hadrons

Correct for energy losses
between modules and
subdetectors
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v/e Reconstruction

o 97% of unconverted photon is contained in a
5x5 crystal matrix.

o The electron energy is spread in ¢ due to the
solenoidal magnetic field

— Electrons radiate by bremsstrahlung

— Photons have 50% probability to convert to
e"e” in the tracker

o Define Superclusters to recover energy
— Narrow rows in 1, long in bending direction ¢

¢ Photons: no pixel hits consistent with track
from interaction region

e Electrons: pixel hits match required

— E & pr is a combination of Ecal and tracking
information.

Cecilia E. Gerber (UIC) — CLASHEP2019 15



Tau ldentification

v e Large mass (1.77 GeV) as compared to

) J 1 (106 MeV) and electron (0.5 MeV)
T

¢ Hadronic decay 2/3 of the time

W “i_<e MU
Vo Vd ¢ Typically one or three charged mesons
(mtt,m7), up to 2 neutral mesons (nY), and
a v, with n° decaying to two y

e Appears in detector as a narrow jet

¢ Additional ID obtained from tracking
information (1 and 3 prong decay)

¢ Leptonic decay typically included in
electron/muon final state with lower
efficiency due to the lower py of the
secondary lepton

Cecilia E. Gerber (UIC) — CLASHEP2019 16



Cecilia E. Gerber (UIC) - CLASHEP2019

Jets

Experimental signature of quarks and gluons
— spray of collimated colorless particles
Parton jet

— made of quarks and gluons (after hard
scattering and before hadronization)

Particle jet

— composed of final state colorless particles
(after hadronization)

Detector jet

— reconstructed from measured energy
depositions and tracks

17



Jet Ildentification

Calorimeter Jets

» using ECAL and HCAL
information

» using TRACKER
information

» using ECAL, HCAL, and
TRACKER information

o Clustering algorithm defines the jet
may be applied at any level (parton, particle, detector)
takes as input different elements (Calo, Tracks, PF)

o Two main types:

Fixed Cone & Sequential Clustering

Cecilia E. Gerber (UIC) — CLASHEP2019

neutral |

Particle Flow Jets

- | » from identified charged

and neutral hadrons, v,
e, u using all detector
components
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Jet Clustering Algorithms

Sequential Clustering
Fixed Cone

¢ Fixed Cone |R2 — 772 + ¢2I \ | % 2 \L

— Variations in how to choose seed and
cone size (R=0.3...1.0)

e Sequential Clustering

4
— Pairwise examination of input 4-vectors - /

— Merging determined by proximity in
space and transverse momentum arXiv:0802.1189

— If dij < dii, combine particles

o,[cfw CA, B =O
— Ifdii <dii, 11s a jet
AR?.
. . 2B 2 2B
dij = mll’l(pT,[D;’pTg RQ_U dii - pT,i
( A - Fixed R=1

_1; A.ntl-kT

p=1{ 0, Cambridge-Aachen

1, ky
N J
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b-jet Identification

Semileptonic decays of the b-quark
— B(b —»>u + X) = 20% = detect u in jets

e lifetime~1.5ps=ct~=0.5mm

— Look for secondary vertices or
tracks with large impact parameter
w.r.t. interaction point

OR

<l

e b-tagging algorithms combine
with a multivariate approach the

information from:

B Decay Products

!
.
.

S e
.
.
"
.®
g )
*
.
.
.

— 1mpact parameter significance of charged-particle tracks

— the presence of a lepton in the jet and its properties

— the presence and properties of reconstructed secondary vertices

Cecilia E. Gerber (UIC) - CLASHEP2019
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Missing Transverse Energy (MET)

M

o SM processes producing MET
— Leptonic decays of top and W boson
o New Physics processes producing MET
- Weakly interacting exotic particles in models
with extra dimensions: monojets + MET

— Production of Lightest SUSY Particles (LSP) in
cascade decays, which would go undetected.

o Fake MET originates from non-reconstructed particles or
from non-uniform detector response

We infer the presence of a neutrino
or any other particle that does not
interact with our detector from the

e imbalance in the transverse

momentum

Example of SUSY
cascade decay:

Cecilia E. Gerber (UIC) - CLASHEP2019 21



PARTICLE FLOW EVENT
RECONSTRUCTION



Set the Stage: Jet Composition

e Charged particles : ~60%

— Mostly charged pions, kaons and protons, but also some electrons and

muons
e Photons : ~25%

— Mostly from 7t%’s, but also some genuine photons (bremstrahlung)

e Long-lived neutral hadrons : ~10%
— K9, neutrons
¢ Short-lived neutral hadrons, “V0’s” : ~5%
— K% >, A>mp,...,butalsoy
conversions, and (more problematic)

nuclear interactions in the detector
material

Cecilia E. Gerber (UIC) — CLASHEP2019
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Mean Fraction of Jet Energy

| CMS Preliminary 2010

\'s =7 TeV, MC

Anti-k; R=0.5
p$°" > 25 GeV/c
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Set the Stage:

e Charged particles : ~60%

t Composition

— Mostly charged pions, ka nd protons, but also some electrons and

muons
e Photons : ~25%

— Mostly from ©n%’s, but also some genuine photons (brems,.. )gf«’"

¢ Short-lived neutral hadrons, “V0’s” : ~5%

— K% »ntn, A—>mp, ..., butalsoy
conversions, and (more problematic)

nuclear interacti ' tector
material ] Trackin

Full use of Detector Information should
significantly improve Jet performance
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Anti-k; R=0.5
p$°" > 25 GeV/c
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Back-of-the-envelope estimate for n

e Calorimeter transverse energy uncertainty for charged hadrons:

O'(ET) ~ 100% \V ET

e Tracker transverse momentum uncertainty for charged hadrons:

o(pr) ~ 0.01% (pr)?

e The point at which the calorimeter resolution overcomes the tracker resolution
is (very roughly):

o(pr) _o(Er)

~/
—~/

pT Er

w00

— pr ~ 103 =~ 464 GeV

Cecilia E. Gerber (UIC) - CLASHEP2019 25



Goals of Particle Flow

¢ Reconstruct and identify all particles

— v, e, u, nx, K;° pile-up t=%, converted g & nuclear interaction t=,...
Y) ’ Ma ” L » ’

— Use best combination of all sub-detectors for E, n, @, pip

¢ Provide consistent & complete list of ID’s & calibrated particles for
— Tau reconstruction & Jet reconstruction
— Missing & total Visible Energy determination

— Other, analysis specific, objects (event or jet shape variables, etc.)

¢ Use of Redundant Information: Calorimeter & Tracking
— Good: Better Calibration (data driven) and Resolution possible

— Challenge: Must have accurate accounting

e Very different from “Traditional” Tau, Jet, MET Reconstruction...

Cecilia E. Gerber (UIC) - CLASHEP2019
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Required Elements for PF

e Large Volume Tracker

— high precision, high efficiency tracking is critical
¢ High Magnetic Field

— needed for good p; resolution

— needed to separate charged from neutral particles
¢ Highly Granular Calorimeter

— needed to separate charged from neutral particles

e Good Calorimeter Energy Resolution is :

— needed for good photon, electron E resolution

— not so critical for Hadrons — -
CMS is ideally suited to

e Origmally developed in lepton colliders exploit the Particle Flow
— Adopted by CMS, now also by ATLAS Event Reconstruction

Cecilia E. Gerber (UIC) - CLASHEP2019 27



Calorimeter Tower
o 1 HCAL Cell

o 25 ECAL Crystals underneath
(loss of granularity)

4

7 Calorimeter Jets
o Large Jet E Corr.
o Resolution HCAL

100%
vE

~

m| Q



Calorimeter Tower Charged hadrons
o 1HCAL Cell o spread by high B-field
o 25 ECAL Crystals underneath o degr ald3§ angular
(loss of granularity) resolution

Calorimeter Jets
o Large Jet E Corr
o Resolution HCAL

100%
vE

~

m| Q



Charged hadrons
o 65%ofjetE
o direction at vertex
o resolution tracker

Use B-field and hi-res tracker to our advantage!

Momentum Resolution
0 1% for 100 GeV



Photons
o 25%ofjetE
o resolution ECAL

Use granularity & resolution of ECAL to our

advantage!

4

7

Granularity
0 0.02 (AnxAo)

\ .-
Separate

o charged particles
o neutral particles

Energy Resolution
o 2%/ \/E



Lo e o i L s L s

Neutral Hadrons - Reduce dependence on HCAL
o 10%ofjetE

o resolution HCAL

{ — i 1 i o

~,

Granularity
0 0.1 (AnxAe)

Energy Resolution

O & 100%/\/E



First Associate Hits within Each Detector

HCAL
Clusters

ECAL
Clusters & oy

Tracks

Cecilia E. Gerber (UIC) - CLASHEP2019 33



Then Link Across Detectors

HCAL
Clusters

[

ECAL
Clusters [Fﬁ]

/

Tracks
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Finally Apply Particle ID & Separation

neutral hadron
HCAL
Clusters E(ECAL9HCAL) > Ptracks

ECAL
Clusters &
I__

Charged
Hadrons

/ Electron

Tracks

Cecilia E. Gerber (UIC) — CLASHEP2019

35



“Clean” the Event During Reconstruction

Find and “remove” muons (., )

Find and “remove” electrons ( min[c,, Gpcar])

Find and “remove” converted photons ( min[cstrack’ Opcarl)
Find and “remove” charged hadrons (o, )
Find and “remove” V*’s (6,.,.,)

Find and “remove” photons (G, )

Left with neutral hadrons (10%) (o4, + fake)
Use above list of Reconstructed Particles to describe the entire event

Cecilia E. Gerber (UIC) - CLASHEP2019
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Let's take a simple example

A , A

'E' 1001 CMS Simulation
3 L
o] 55
50 S
> [ from m®
B Jet pT =65 GeV/c
0 N "‘
: 5 %$t?f"
i - ’ Four true particles:
-50| é&z&l}s 2 " & Tracks - _p 0 70
L nTo,T ,T 7KL
t 4 ECAL Clusters
-100[-
-150
B 1 Kr? 5
T l 1 | 1 | I 1 | 1 1 I 1 | 1 | I 1 1 | 1 I | 1 | 1 I 1 1 |

-250 -200 -150 -100 -50 O
X [cm]
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Switch to ECAL (n,¢) View

)
=, -24
=
-2.45
25
-2.55
2.6
-2.65
2.7

-2.75

o

0

MS Simulation

£8 ({(OL
ECAL -V
Cluster
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Switch to HCAL (n,¢) View

? _ CMS Simulation
S oaf ZiShLgotet KoL
n 1 HCAL cell
& -
-2.45 \‘
2.5 _
2.55[- I‘
2.6
-2.65- ‘ )
- HCAL
. Cluster
-2.7:—
-2.75;11111llllllllllllllIllllllllllllllllllllll
0.65 0.7 0.75 0.8 0.85 0.9 095 1 1.05
M
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Track-Cluster Link ECal

E‘ - CMS Simulation
© - M B
.:. '2.4 :_ #‘"
- B j
245 rack impact on
- ECAL surtace
-2.5 . |
E _"I_ Track Lands
-2.55F within ECAL
i Cluster:
B Linike!
-2.6
-2.65
F Linked with
2.7 Cluster
-2.75H W N N
0.6 095 1 1.0
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-2.4

¢ [rad]

-2.45
-2.5
-2.55
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-2.65
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ECal-HCal Cluster Link

- CMS ECAL cluster not Linked

C Simulation ik any HCAL clusters ! ;: |

E Both ECAL
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n Linked ko bobh
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Tracker-Cluster Link HCal

? _  CMS Simulation
© -
o= -2.4 KOL
= -
2.5 Track
- EMPQC&
2.5 o1 HCAL
- surface
-2.55 2
2.6
-2.65 —
2.71 _ -
[ Both tracks Linked to both HCAL clusters
-2.75:+lllllllllIllllIlllllllllllllllllllllllllll
0.65 0.7 0.75 0.8 0.85 0.9 095 1 1.05

N
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Particle |dentification

s F X X
E 24 - CMS Simulation KoL

1
N r Y
(=]

T TT T T T T T[T T T 7T

' ‘\ j..

R
01 ~
TTTT T

o
s 24l - CMS Slmulatlon , ({(OL
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U
N
(3
UL LR I

!'0 H
(=]
UL LR L

List of reconstructed particles:

0 -2.652— ((‘qi
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Particle |dentification

? _ | CMS Simulation

= 2.4 &KOL
o ot
-2.45¢
-2.52— .
-2-552_ II -
2.6
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Simple example,

to large particle multiplicities

hadronic ttbar simulated event:

#0
#1
#2
#3
#4
#5
#6

MC Particles

#0
#1
#2
#3
#4
#5

Reco Particles

130
211
211
22,
22,
22,
221

code:
code:
code:
code:
code:
code:
code:

PDG
PDG
PDG
PDG
PDG
PDG
PDG

PFCandidate
PFCandidate
PFCandidate
PFCandidate
PFCandidate
PFCandidate

r
r

’

2,

type:
type:
type:
type:
type:
type:

(O ST

p/pt/eta/phi:
p/pt/eta/phi:
p/pt/eta/phi:
p/pt/eta/phi:
p/pt/eta/phi:
p/pt/eta/phi:
p/pt/eta/phi:

E/pT/eta/phi
E/pT/eta/phi
E/pT/eta/phi
E/pT/eta/phi
E/pT/eta/phi
E/pT/eta/phi
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The Particle Flow Algorithm scales

Analysis of leading jet from an all-

20.3845
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.124,
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JET SUBSTRUCTURE
TECHNIQUES



New Field: Jet Substructure Techniques

gluon jet

corb jet pileup jet

¢ Qualitatively different quarks/gluons produce different jet topologies

— Different radiation patterns & lifetimes

— Can use topologies to discriminate

WorZjet Higgs jet

Cecilia E. Gerber (UIC) — CLASHEP2019

Jets can also form from hadronic
decays of high-p; heavy particles

— W/Z—qq, H—bb, t—-Wb—qqgb

— By looking at these patterns we
can gain useful information
about the process in the event

— Can be used to identify new

physics signatures
47



Historical Perspective

e Identifying SM ttbar events historically done
by associating one object to each final state
decay product

— Combine objects to reconstruct each top
quark

— Combinatorics can become unwieldy
* 6+ jets in all-hadronic decay mode!

Jet 1
Jet 2

i = 131.7 Deg
t = 199.7 GeV

t Jet 3

Jet 4

'*l

Jet 5
Jet 6

Cecilia E. Gerber (UIC) - CLASHEP2019



Historical Perspective

q
e If the top quarks are boosted, the decay C A
products are collimated — reconstructed in the t g 5
same jet o S
Jet 1 v~ =
4 s
S
; q
t Jet 2 W q E
Y > 1 t ®
=~
: b 9
Jet 3
t jAd 6‘1
Y > 2 1
| b
Resolved @ Intermediate Eldhitie gl
/'@ states become
accessible using
3 jets Jet Substructure
Low pr
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Hadronic Final States

e Large amount of acceptance can
be gained from hadronic channels

¢ These merged decays can be used
in other cases as well

— W, Z, Higgs bosons

W Boson Z Boson H Boson Top Pair

Decays Decays Decays
Hadronic 33 31 4 5 0
58 i o4
Other 69 ° %

Cecilia E. Gerber (UIC) — CLASHEP2019
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Jet Mass

¢ Computed by adding up constituent
particle 4-vectors and computing the
mass

e Choose R = 0.8 for heavy
object reconstruction

— Merged W/Z at pt ~200 GeV
— Merged top at pt ~400 GeV

o [ Top Tagging ' 0.16
S - CMS Simulation
® [ QCD Dijet

300
e Vs =7TeV = 0.14
kA
E

||||||||||||

P (GeVic)
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0
- Top Tagging

L2t
"\s=7TeV

m,; (GeV/c?)
W
S

lll]l[]lll]

- CMS Simulation

Resolved

3 jets

Low pr




constituents

within the jet

— Decluster Iteratively using

smaller R

— Merged top quarks can be
identified with a window
around the top quark mass

Cecilia E. Gerber (UIC) -

Jet Grooming

Some discrimination obtained
when using this ‘raw’ jet mass

We can do better by looking
inside the jet at the individual

Using jet grooming algorithms
can improve the discrimination
between QCD and top quark jets

Basic 1idea: remove soft and
wide-angle radiation from

CLASHEP2019

13 TeV
T

Soft Drop
Stop when
Oth subcts
drUD
te'at ey /= — -
13 TeV
2 0.18—CM5 4 3 0.25.CMS
0.161 I Simulation Preliminary — top, 470<p <600, 100% - <0 Simulation Preliminary
. — Top, 500<P <800, 100% - t — Top, 470<p_<600 GeV, 100% -
- AKO8, flatp_, n -+ Top, 800<p, <1000, 100% ] AK8, flat p., — Top, 600<p. <800 GeV, 97%
0.14} F<u>=20, 25ns ---Top, 1000<p, <1400, 100%] 0.2-<u>=20, 2505 ---Top, 800<p <1000 GeV, 99% —
F . QCD, 470<p, <600, 96% | AR(Q) < 0.6 -+ Top, 1000<p, <1400 GeV, 95%
0.121 i Qcp, 800<p <1000, 97%| N () <0. QCD, 470<p_<600 GeV, 96% |
F ----QCD, 1000<p <1400, 98% Qcp, 600<p:<800 GeV, 96%
0.1 = 0.15+ QCD, 800<p, <1000 GeV, 94% |
L ] QCD, 1000<p, <1400 GeV, 90% |
0.08- .
0.1~
0.06 ]
0.04} 1 0.05-
0.02- g r i
Qb it .
0 100 200 300 400 500

Ungroomed Mass (GeV)

mgp, (2=0.1, B=0) (GeV)

Dramatically improves the
separation of QCD and top quark jets
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Topological Algorithms

2
We know how many final state objects to expect

from the decay of different heavy objects

2

Can look 1nside the jet for the expected
substructure

=

— Top decays — 3 subjets .
— W/Z/H decays — 2 subjets :

A quantity called N-subjettiness 1s a measure of
how consistent a jet 1s with a hypothesized number
of subjets 6

— Low 1y — consistent with N (or fewer) subjets

— Ratios used for additional discrimination >

1
TN~ = pT,' 'min(ARl,',ARZ,',...,ARN")
ZipT,i 'RZ i i i i

4.5
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!
1.6f
1

\
1.4

’
1.8
/

Boosted W Jet, R = 0.6

04 06
n

0 02

Boosted Top Jet, R=0.8

0.8

1

1.5
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Combining all Information

— 13 / 12 for top quark jets

— 12/l for W/Z/H jets

Provides additional power when
used in conjunction with the

groomed jet mass

Ratios used for discrimination

- 0.16———
2 "CMS

< 0.14|-Simulation Preliminary
1110 <mg, <210 GeV

0.12]-aks, flat P

13 TeV

—Top, 470<pT<600 GeV, 69%
— Top, 600<p <800 GeV, 68%

0.1 <u>=20, 25ns ----Top, 800<p <1000 GeV, 72% |
- --~Top,1000<pT<1400 GeV, 68% |
C QCD, 470<p <600 GeV, 14%
0.08+— QCD, 600<p <800 GeV, 15% —
C ----QCD, 800<pT<1000 GeV, 14% |
- QCD, 1000<p_<1400 GeV, 12%
0.06]- \ -
us*‘x’
0.04f s g
0.02- L -

.:‘_..- §
- -’
Ll

B 05" 04

4':l 1 1 1 | |
0.6 0.8

I

Ungroomed t./1,
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CMS
1 Simulation Preliminary 13 TeV
2 107 ' ™ T 7 7 :
800 <p_ <1000 GeV, Iyl < 1.5/ ] gl‘ggmii
flat P, and n y
" AR(top,parton) <0.6
1072 - :
J “ —— CMSTT - min. m, top m, t/t, |

—— CMSTT - min. m, top m, t/t,, b
— HTTV2-m,f_,AR, th,
HTTV2-m,f__, AR, /i, b
— log(x)
— Mg, (201, 8=0), /1,
mg, (z=0.1, §=0), t’hz. b
Msp (2=0.1, §=0) , © /r,, loglx)
“e o Mg (2=0.1, B=0),  fr,, log(x), b
===+ Mg (2=0.1, B=0) , min. m, 13/11
----- Mg (2=0.1, §=0) , min. m, t /r,, b

10-4 L | |

1073

I Lllll

0 02 04 06 08 1

€s

The algorithms provide mutual
information that increases performance

— Choice of combination used for top
quark identification in 13 TeV
analyses: Soft-drop mass + N-
subjettiness (+ b-tagging)
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Beyond Hadronic Top Decays

¢ Similar developments for other boosted heavy object identification
e Higgs tagging
— Look for massive jets with 2

NEW
b-tagged subjets \LY |
—O0 < ‘

. fatjet subjets double-b
e A / Z tagg lng observables from SV and b-tagging observables for  observables from SV and tracks
tracks associated to the fat-jet ~ each sub-jet associated to each T-axis

— Use 12 / 11 for 2-prong decay mode

— Single-jet reconstruction more efficient at high pT

—_
T

CMS Preliminary Simulation, Vs = 8 TeV, W+jets
L ) N s =

0.8l .

|
o
-
‘t

|

 w— ' merged jet efficiency

e Leptonic top quark decays

0.6 single CA R=0.8 jet ;
. i AR (W,Jet) < 0.1 ]
— Non-isolated leptons ol B resonved s effioncy
' o two AK R=0.5 jets
| AR (qi,.leti) <0.1 i
0.2 B y
L. rﬂu"% T R
900 400 600 800 1000 1200
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THE PHYSICS OF HADRON
COLLISIONS



Hadronic Cross Sections

proton - (anti)proton cross sections PROS
10° ¢ —— ——— —3 10° . .
i 5 11 e Wide variety of processes produced
10 F Stot d 3 10 . .
w | Tevatron  LHC. 410 — Enables rich physics program
o L= — Model-independent searches
10 ¢ . / S RN possible
104 :_ bottom i _; 104 LE)
ol L 10 * Do not need theory to tell us
jet : i 3 o
o b CeE > E20) g PR what to look for
2wl — | Jw I CONS
: : ] O
o 10° jet ; : J10° % . .
OpulEr" > 100 GeV) >< 1" 8 e Production Cross Sections span 12-13
10" & > {10’ 2 .
o 2528 I orders of magnitude
100 | % Jw 3 — Collision rate overwhelmed by
10 b o e mundane processes
s [ M =125 GeV 1 10° . .. .
" 1" — Background discrimination and
10° | 4 10° . .
sz ; ‘. modeling crucial
107 : ol bl —J 107
0.1 1 10

E (TeV)
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Background

e Two types
— Instrumental (fake)
* Detector Malfunction
* Object Misidentification
— Physics (irreducible)
 Higher rate process with

1dentical final states than
our signal

e Two options
— Reduce to negligible level

— Define “control regions™ that
are dominated by each of the
main backgrounds & extract the
signal performing simultaneous
fits on both the signal and
background dominated regions

Cecilia E. Gerber (UIC) — CLASHEP2019
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What do we want to measure?

¢ Hadron Colliders are Discovery
Machines

— W/Z @ SpS in 1983
— ttbar @ Tevatron in 1995
— Higgs @ LHC in 2012
¢ Rate of a given process
Total Cross Sections
— Differential Cross Sections
e Particle Properties

— Mass, Width, Spin, Couplings...

e Scarch for New Physics
— Model-specific
— Model-independent

— Infer from deviations from
precision measurements of SM
predictions

Cecilia E. Gerber (UIC) - CLASHEP2019
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Recipe to measure a cross section

Number of observed candidates Number of background candidates
(fitted or counted) (measured from data
or calculated from theory)
(minimize)

Cross section in cm?

(orub, nb, pb) —~_ R Nobs — Nbackg
e [ Ldt

Efficiency/acceptance Integrated Luminosity in cm ™’
(maximize) (or ub™ nb7'pb™)
(maximize,
unless systematically limited)

do | ONZ +ONZ +(5_c)2+(ge_)2

a o= (Nobs = Nbackg)2 L €

Cecilia E. Gerber (UIC) — CLASHEP2019
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Differential cross section

Worry about the shape (particularly steeply falling distribution) and finite resolution:

d*o N O
— , | " Usmear VS. PT
dprdy €-L-ApprAy N
N R True\ .
N jet Nje . Events migrate between
_/-\ Measured  ing due to calorimeter

energy resolution

P, i i t oy

Differential cross sections typically “un-smeared” to compare with predictions
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Mass and other Particle Properties

P.rec.lsmn measur.er.ne.nt = maxmyze statlst%ca.l Reco. Top Mass (1-tag(T))
significance + minimize systematic uncertainties 0.14 CDF Run Il Preliminary

. . o r Mto g
(Jet energy scale, signal/background modeling) 0.12- B 145 Govic?

0.1+ [[] 165 GeV/c?

[[] 185 Gev/c?

Main mass extraction techniques:

— Template methods: typically, one mass per
event from kinematic fit, compare data to MC
templates

Fraction/(5 GeV/cz)
=
[o2]

. . : 1‘ 200 250
— Dynamical methods: event by event weights mpsee(GeV/c)

according to quality of agreement with signal
and background differential cross-sections

P, ) = (& tm, Mo da o Mg )

differential cross-section (LO matrlx element) PDF’s Transfer function: mapping from
parton level variables (y) to

reconstructed level variables (x)

Also used for
other properties
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Simplest Search: Resonance Particles

WA 21
EVENT 294/0995

e Particles with lifetime ~1023 s
travel less than the nuclear diameter

Vp——p p* [
p°r*
|
Kt
K-p——z— Tt

— By measuring the energy and
momenta of the decay products,
o we can calculate

-nT"

L.p-ﬂp

x=J(E+E,) ~(py+ )¢

e x will give the mass of the parent
v particle or a continuous range of
s values in case of prompt production

e Hadrons with mean lives of ~10-8-
10719 can travel a few mm at the
speed of light before decaying

e Can easily identify each particle’s
decay product and determine the
particle mass and how long it lived

ARAREREREERRRE NN IR AR REARRE RS
a H CMS, /s = 7TeV
. L=3pb~! ]
[n#] < 1.0 4

D ~
o o
o (=}
T

)]
o
(=}
T

Events/(0.05 GeV/c?)

0||||\HuluulululunlwHllunluu‘

8 85 9 95 10 105 11 115 1
putu~ mass (GeV/c?)
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Invariant Masses

Original g -
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TOMORROW:
DOWN THE SM LADDER

QCD

W and Z Bosons
Top Quarks
Higgs Bosons



MANY THANKS TO EVERYONE WHO
CONTRIBUTED MATERIAL!
(KNOWINGLY OR NOT ©)

Special Thanks to Richard Cavanaugh & Justin Pilot
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BACKUP
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Electron-hole pairs drift

e Charges drift under the influence of the E and B fields
— Lorentz angle = angle of charge drift relative to the E field

— Drift direction offset the same for positive and negative

—

F = qF + qvxB

characteristic angle:

“Lorentz Angle”

most signal on these 2 particle most signal on these 2

particle trajectOI;y
‘ strips/pixels trajectory strips/pixels
A AY

N — — t — : ’ ' P
E E B %
n ¢ n
B out of the page B parallel to E
typical of barrel typical of forward

Cecilia E. Gerber (UIC) - CLASHEP2019



