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Jet Structure Through Particle Flow

< Particle Flow: reconstructing
all stable particles in event

CMS preliminary, L = 1.6 fb"

* Using all detectors in unison
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<+ Powerful tool for jet structure
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Quark-Gluon Discrimination

JME-13-002



http://cds.cern.ch/record/1599732

It's Not Just ‘Jets’

“ Most physics analyses flavour specific

* eg. signal is quarks, background is gluons

< Quarks and gluons have different hadronization

« Gluon jets: higher multiplicities, wider, more uniform energy fragmentation

14

Quark jets: : Gluon jets:
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Searching for Discriminating Variables

< Quark jets:

« Less constituents

 Narrower cone

- Asymmetrical energy sharing
between constituents
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Searching for Discriminating Variables

MULTIPLICITY VARIABLES
e Charged Multiplicity
¢ Neutral Multiplicity

/ » Total Multiplicity

WIDTH VARIABLES
e RMS of PFCandidate n-¢ spread (o)

e Major axis of n-¢ matrix (o1)

< Quark jets:
« Less constituents

 Narrower cone

- Asymmetrical energy sharing * Minor axis of n-¢ matrix (o2)

between constituents | ENERGY SHARING VARIABLES
- Ful

e R
OIOTD
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How the Variables Are Defined

MULTIPLICITY VARIABLES
e Charged Multiplicity
e Neutral Multiplicity
e Total Multiplicity

WIDTH VARIABLES
e RMS of PFCandidate n-¢ spread (0)

e Major axis of n-¢ matrix (o1)

e Minor axis of n-¢ matrix (02)

ENERGY SHARING VARIABLES
o Pull
e R
° pTD
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How the Variables Are Defined

MULTIPLICITY VARIABLES
e Charged Multiplicity __—from Particle Flow
e Neutral Multiplicity
e Jotal Multiplicity

WIDTH VARIABLES
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e Major axis of n-¢ matrix (o1)
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How the Variables Are Defined

MULTIPLICITY VARIABLES

e Charged Multiplicity __—from Particle Flow
e Neutral Multiplicity

e Total Multiplicity

WIDTH VARIABLES ¢

e RMS of PFCandidate n-¢ spread (0)
e Major axis of n-¢ matrix (o1)

e Minor axis of n-¢ matrix (02)

ENERGY SHARING VARIABLES
o Pull
e R
° pTD
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How the Variables Are Defined

MULTIPLICITY VARIABLES
e Charged Multiplicity __—from Particle Flow
e Neutral Multiplicity
e Jotal Multiplicity

WIDTH VARIABLES
e RMS of PFCandidate n-¢ spread (0)

e Major axis of n-¢ matrix (o1)

e Minor axis of n-¢ matrix (02)

ENERGY SHARING VARIABLES
o Pull
e R=pri(max)/> pi

ﬁz(Aﬂi/ A(Ibl)

e ptD - —
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Three Variables for the Discriminator

MULTIPLICITY VARIABLES
e Charged Multiplicity
e Neutral Multiplicity
¢ Total Multiplicity

WIDTH VARIABLES

e RMS of PFCandidate n-¢ spread (0)

e Major axis of n-¢ matrix (o1)

e Minor axis of n-¢ matrix (o2)

ENERGY SHARING VARIABLES
e Pull
e R
° pTD
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Quark Jet Efficiency
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CMS Simulation Preliminary, {s = 8 TeV
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Three Variables for the Discriminator

CMS Simulation Preliminary, {s = 8 TeV
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e Minor axis of n-¢ matrix (oz)
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Variables Look Good in the Data

ﬁ Total Multiplicity H | Minor axis (2) |

CMS Preliminary, L =18.3fb™" at /s =8 TeV
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Events / (1)

Madgraph
+ Pythia6

oO

5 10 15 20 25 30 35 40 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Number of Constituents Oy

<+ Control sample: Z + (one) jet
* Quark enriched

+ Good data/MC agreement
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Building the Discriminator

SO < Three variables combined into simple likelihood product
3 - 3
[ Gluon

I:l Unmatched+PU :

« Binned PDFs: in pt and pile-up

- Discrimination up to |n| =

5 10 15 20 25 30 35 408
Number of Constituents
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Some Discrepancies in the Gluons

Z+Jets
40 <pTt<50GeV, |n| <2}

CMS Preliminary, L=18.3fb™at (s =8 TeV
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<+ Observe discrepancy in dijet control sample

« With high gluon fraction
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DiJets
40 < pt< 50 GeV, |n| < 2

CMS Preliminary, L = 13.1 nb'at (s=8TeV
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Smearing the MC to Match Data

CMS Preliminary, L =18.3 fb" at (s =8 TeV
T T T ‘ T T T T T T T T T T T T

50<pT<65 GeV, il <2
e Z+Jet data

—— MC after smearing

<+ Two-step procedure:

| ‘0.‘2‘ | ‘O.‘4‘ | ‘O.‘6‘ | ‘0.‘8‘ - 1
Quark-Gluon Likelihood Discriminant 1, Derive on Z+jets (>70% quarks)
CMS Preliminary, L=13.1 nb™ at Vs =8 TeV
L L
7 S0<p,<65GeV, hi<2 ] - Separately for quarks/gluons

e DilJet data

MC before smearing

_ — MCafter smearing « Until agreement with data

2. Apply on QCD (>60% gluons)

« They work!

- Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il
o0 0.2 04 0.6 0.8 1
Quark-Gluon Likelihood Discriminant
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- Change tagger value jet-by-jet
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Nature Lies Between Pythiab and Herwig++

LPythiaGJ

CMS Preliminary, L=13.1 nb" at /s =8 TeV
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Nature Lies Between Pythiab and Herwig++

LPythia6J g Herwig+;_]

CMS Preliminary, L=13.1 nb" at (s =8 TeV ’ CMS Preliminary, L=13.1 nb" at s =8 TeV
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Pile-Up ldentification

JME-13-005



http://cds.cern.ch/record/1581583?ln=en

A Lot of Pile Up at the LHC

% Current LHC running: high-pileup conditions

« Average of 23 extra interactions (and up to 40!)

< Additional collisions produce soft jets

+ But can overlap (combinatorics!) CMS Prefiminary, 16 = 8TeV L=20 fo”

- Z—p

- Resulting jets can have pt > 25 GeV il <25 Jet p_ > 25 GeV

| —e— All Jets (Data)

All/Real Jet Rate

All Jets (MC)

<+ Pile-up jet ID

PU Jets (MC)

 Crucial for analyses with low-pr jets o RealdetsMC) et

Number of Primary Vertices

Francesco Pandolfi Boston Jet Physics Workshop, 21.01.14 15



l[dentifying Pile Up Jets

< Pile up jets mainly overlap of soft jets from extra interactions

<+ Two main characteristics:
+ Tracks incompatible with primary vertex

+ Clustered particles more diffuse

<+ Selected 12 variables (scanned >80)

4 track variables (|n| < 2.5)

‘Real’ jet

+ 8 shape variables (|n| < 5)

“ Again making use of powerful Particle Flow information
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Pile-Up jet




The Track-Based Variables

< Four track variables (|n| < 2.5):

- [B: energy fraction of tracks
from primary vertex

* B*: energy fraction of tracks
from other vertexes

« dz: z-distance between primary
vertex and hardest track

Nvertexes

<+ Some disagreement in * (and )

 Due to known issue in simulation

Events/0.025

Events/0.02 cm

10°¢

10°¢

x103CMS Preliminary, 's = 8TeV L=20 b’
E ZQMM e Data ’

ml <2.5 Jetp.>25GeV — Gluon |
= Pr — Quark Most powerful <

PU track variable &

Real Jet “p
- ‘\'—"

CMS Preliminary, Vs = 8TeV L=20 fb™
Z—uu e Data

il <25 Jetp >25Gey ~— Guon

— Quark
PU
Real Jet

0 00501 015 02 025 0.3 0.35 0.4 045 0.5

ds'(cm)
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The Shape Variables

x103CMS Preliminary, 's = 8TeV L=20 b’
:_ Z—>MM ® Data

<+ Twelve track variables (|n| < 5): Il <25 Jetp_>25Gey — Guor

—— Quark
PU
Real Jet

Events/0.066

{AR?»: n-¢» RMS of candidates

(similar to o in quark-gluon)

Most powerful <
shape variable &

-

A < (AR) < A+0.1: fractional ptsum

of particles in a given annulus
(all five annuli from 0 to 0.5 used)

d
8-
P
e = |

0 0.020.04006008 01 0120.140160.18 0.2
<A R*>>
x10°CMS Preliminary, Vs = 8TeV L=20 fb

E Il <25 Jetp, > 25 GeV

- Z—uu e Data

—— Gluon
— Quark

Ncharged: Charged multiplicity au

Events/0.025

Nheutrals: Neutral multiplicity

HO.Z <AR<0.3

p1D: as in quark-gluon

LI i o g

! ! ! . -""'--:Q'ﬂ'--m L L L
01 02 03 04 05 06 0.7 08 09 1
02<AR<0.3
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Building the Pile-Up Discriminator

<+ Twelve variables fed to an MVA (BDT)

Events/0.02

« Trained separately in four |n| bins

« Tested on Z—pp data

* Best discrimination in central region =

<+ Some disagreements in endcap region

Events/0.02

 From incorrect simulation
of out-of-time pile-up

* Known problem, fixed in later releases

« Will take into account with scale factors
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CMS Preliminary, Vs = 8TeV L=20 fb
L Z—uu e Data

* Inl <2.5 Jet p_> 25 GeV

|

(Il <25

1 08 06 0402 0 02 04 06 08 1

Pileup Jet MVA
CMS Preliminary, (s = 8TeV L=20 fb’
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Pileup Jet MVA
19




Measuring the Efficiency in the Data

< Derived on Z—puu control sample

+ Use Ad(Z-jet) distribution °-9§JH+++§; iiﬁﬁTL
* Real jets peak at A} =11 0-7¥Loose WP —— DATA

* Pileup is flat in A} 5L

/N pile up E
~control region

pile up jets

0 1.5
Francesco Pandolfi
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06 p, > 25 GeV — MC gen matched
o e b by

5 4 3 2 -1 0 1 2 3 4 5

1 signal 05 Eol
: control region % B ST - SR

I A
4 3 2 9 0

real jets

N pass(Sig) - k' Npass(BG)

| efficiency =

Nai(sig) - k-Nan(BG)

with k = (r-2.5) / 1.5
2.5 m

Boston Jet Physics Workshop, 21.01.14




Performance on Quarks and Gluons

CMS Simulation, Vs = 8 TeV
————

<+ Very efficient discrimination

: 5 in tracker-covered region

F — Quark : ?—Quark X 3

o Gluen S G « >99% signal with ~90%

L e Working Point - » Working Point : . .
background rejection

1 - ¢ (background)

i <2.5 SbE 25<mi<275
25 <p_< 100 GeV 3 AF 25<p_<100 GeV

P

. R B B B Loy
Ve et o0 *¢ % @ Gluons in tracker: higher efficiency
¢ (signal e (signal)

CMS Simulation, \s = 8 TeV CMS Simulation, s = 8 TeV
L L e 1 v 1 T

* More particles = more tracks
(— better vertexing)

- ¢ (background)
1 - ¢ (background)

1

4E . Working Port AN 4E . Working Point % Gluon in forward: lower efficiency

275 <Ml <3.0 =\ SE M>3

- Diffuse shape, like pile up

25 <p_<100 GeV : AE 25<p <100 GeV

M T R E oy
0.6 0.8 . ' 0.6 0.8 1.0

e (signal)
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An Application: Jet Veto

<+ An example: jet veto in Z—pp analysis
- Without pile up ID: large dependence on pile up for pt < 40 GeV

« With pile up ID: no dependence

5.1/tb 8 TeV, CMS Preliminary
B I i_.__.__._—‘.——.—
.-

N,

5.1/fb 8 TeV, CMS Preliminary

_.__._.—.—'—.—
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i
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Conclusions

<+ Successfully employed quark-gluon separation and pile up ID in CMS analyses

< Quark-gluon separation
- Multiplicity, width, energy sharing
- Simple likelihood with three inputs, up to |[n| =5

* Quarks well modeled by MC, gluons not so well

<+ Pile up jet identification
- Track- and shape-based variables
+ Implemented as a BDT, alsoup to|n|=5

* In|n|<2.5: >99% signal efficiency, ~90% BG rejection
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Quark-Gluon: Variable Definitions

MULTIPLICITY VARIABLES
e Charged Multiplicity

| USED JET CONSTITUENTS

« Charged: from primary vertex

o « Neutral: 1 GeV
e Neutral Multiplicity euran pr>

e [otal Multiplicity VA

from Particle Flow

e

An=n-—17
A¢=¢—$>

—)_P1iAniAg;

WIDTH VARIABLES
e RMS of PFCandidate n-¢ spread (o

ZP%,iA’?iz
e Major axis of n-¢ matrix (04) i

e Minor axis of N-¢ matrix (o2)

- Z priAiAY; )3 ptidP;

ENERGY SHARING VARIABLES

o Pull - e m _
max(pr;)
Y. P
° pTD

prD
Francesco Pandolfi

A\1,2 are the eigenvalues of this matrix >

/\/ 2 1/2
(M ;PT,) U:m

(/\2/ ZP%,i)l/z

|Zi ptilil7 ~
Y P, \ “
ri=(Ani, Ag;)

.R:
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The Other RoC Curves
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The Other Data/MC Comparisons

CMS Preliminary, L =18.3 fb'at (s=8TeV
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How the QG Smearing Really Works

<+ Take likelihood (LD) distributions for quarks and gluons separately

<+ Define smearing function: g(x,a,b) = tanh (a arctanh (2x — 1) +b) /2 + 5

- Changes value of LD on jet-per-jet basis

1

CMS Preliminary, L=18.3fb™ at /s =8 TeV

* Not a reweighting

 Reduces LD discrimination

o
N

Normalized to Unity
o
o

<+ Smear until data and MC agree

©
—

* X2 minimization

[ [ [ T
50<pT<65GeV, <2
Quark MC
Quark MC After Smearing

Gluon MC
m  Gluon MC After Smearing
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Pile Up ID: the Four Track Variables
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Pile Up ID: the Other Shape Variables
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