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Outline

® Jet algorithms

% Definitions, features, hadronization & UE
® Jet substructure

* Jet profiles, jet grooming

“* ATLAS diboson

“* Energy correlation functions

* Quark-gluon jet discrimination

® Conclusions
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Jet Algorithms
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Jet observables should be:

® Computable from data in reasonable time
® Calculable in perturbative QCD
® Robust against non-perturbative effects

® Correctable for underlying event
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Jet clustering algorithms

e Compute list of {d;,dis}

AR2 ‘
dzy — mln{pm 7pt]} R? 9 diB — pff 3 ARZQJ = (yz — yj)2 =+ (QSZ — ¢j)2

“* If djj is smallest, combine i & |

“ If dig is smallest, i is a jet: remove it from list

* Repeat until list is empty
® p=+1:kt algorithm (scale of running coupling)
® p=0 :Cambridge/Aachen algorithm (angular ordering)
® p=—1:anti-kt algorithm (cone jets, not QCD dynamics)

[ JADE algorithm: d;; « puipi; AR;; ~m;;]
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Jet algorithms: computation

Timing v. particle multiplicity 2008
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Fast]et: Cacciari & Salam, Phys Lett B 641(2006)57
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Jet hadronization

® Simple “tube” model describes many features

q q

@ %‘ (£

Q= FEcm = /dﬁ d*pr p(pr)pr coshy = 2Asinh Y

A= [ &®p7 p(pr)PT = Nhaa(pr)/2Y
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Jet hadronization

Dokshitzer, Leder, Moretti, BW, JHEP 08(1997)001

® Algorithm should classify tube as 2-jet

* (ys—iet) smallest is best yi; = (k2)i;/ Q7

e JADE: (s ) ~N@ [ )]

o LUCLUS kt: (y3_iet) ~ (A InQ/Q)? O @ @

® Cambridge/Aachen: (y;_jet) ~ (AInlnQ/Q)°
0070

® Anti-kT: <y3—jet> ™~ (A/Q)z
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Jet algorithms: hadronization
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® Anti-kT is best for small hadronization effect
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Jet algorithms: underlying event

\ Cam/Aachen, R=1

Cacciari, Salam, Soyez, |JHEP04(2006)063

® Anti-kTt is best for controlled UE subtraction

Bryan Webber, Jet Substructure 10 KIPMU-Durham-KIAS Workshop 2015



Jet cross sections
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Jet Substructure
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Jet profiles
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® Energy flow
versus r < R

e Anti-kt,R=0.7 5

Different jet pt bins
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Stand-alone Herwig++ & Pythia describe fairly well (£20%)
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Jet grooming

Butterworth, Davison, Rubin, Salam, arXiv:0802.2470
Dasgupta, Fregoso, Marzani, Salam, arXiv:1307.0007

® Aim is to “clean up” jets by reducing effects of soft QCD
radiation, hadronization, underlying event, pileup, ...

“ Especially to find boosted heavy object decays (V, H, t, ...)
e E.g. (BDRS): sequentially de-cluster C/A jet, J — i+

*+ throw away less massive™ subjet if

y = min{py,;, p7, AR, /m5 ~ min{pr;, pr; }/ max{pri, pr;} < Yeut

= Stop when y > yeut

*Better (DFMS): throw away subjet with less m; + p7,
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ATLAS Diboson
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ATLAS grooming

ATLAS, arXiv:1506.00962
e C/A (R=1.2) dijets with m;>1.05 TeV, |n;j|<2, [An;|<I.2

® Each jet BDRS groomed with yc..=0.04

® Resulting subjets reclustered (C/A) with R=0.3

o Keep 3 hlghest-pT sub]ets of each jet [V—»qq(g)]

—
o
©

ATLAS
7 =-\s=8TeV, 20.3 fb

Events / 100 GeV
S

—o— Data
—— Background model

—— Significance (stat)

. Significance (stat + syst) |

No boson tagging

Significance
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: 2 2
Yy = mlﬂ(ijlaijQ)AR(jl

Diboson selection

e W/ZLWW, ZZ selection:

y > 0.2,
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Diboson signal

e After WZ,WWY, ZZ selection
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Events / 100 GeV

Significance

Diboson signal
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® Combined sample is not so impressive
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Diboson candidate

® An event satisfyingVV selection:

1 EXPERIMENT

Run Number: 212815, Event Number: 157931714

Date: 2012-10-17 12:37:51 CEST
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Diboson critique

TATLAS )
F\1s=8TeV. . ./

Gongalves, Krauss, Spannowsky, arXiv:1508.04162 o rm—rmrm w s

® Critique of ATLAS analysis:

* Rfac=1.2 not appropriate for myyv=2 TeV

* Rv ~ 2mv/ptv ~ 4my/myv ~ 0.2

“ Data-driven background estimate is
problematic: end of spectrum

“* PS MC validation is questionable

“* Suppose e.g. Background x (m;/TeV) ...

WZ selection

BDRS-like C/A R=1.2 p_ . _>540 GeV

TJ1,2

1500 2000
mBDRS [GeV]
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Effects of selection cuts

> === > ==
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® Need to:
“ compare background model with all these data

“ understand effects of VV selection on g and g jets
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Dijet background

Dijet invariant mass Jet fractions vs dijet mass
J J
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o At 2TeV,~1/3 gluon jets, ~2/3 quark jets

Bryan Webber, Jet Substructure 24 KIPMU-Durham-KIAS Workshop 2015



Energy Correlation

Functions
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Energy Correlation Functions

Larkoski, Salam, Thaler, arXiv:1305.0007
1
egﬁ) — 2 Z pTiijRiBj ) Rij = \/(7% — ;)% + (¢ — ¢5)?

P1j 1<i<j<ny

1
65(35) = —5— Z pTiijkaR?ijkak
Prjy 1<i<j<k<nj

On(B) = eS8, e8| /e

® Small Cn favours N subjets:
* C for q/g discrimination (new physics S/B)
* C; for vector or Higgs boson tagging
+ C;3 for top tagging
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C, for g/g discrimination

| Quark vs. Gluon (Pythia8)
[ pr € [400,500] GeV,Ro = 0.6

| Quark vs. Gluon (Herwig++)

0sl PTE [400,500] GeV,Ry = 0.6

[ Quark vs. Gluon (NLL+LO)
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® |eading-log (LL) ¢, = 62/4 independent of 3
® At NLL small B gives more q/g discrimination

“ Pythia8, Herwig++ show same trend, but

“* Pythia more, Herwig less than NLL
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CaforV or H tagging
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® For H demand 2 b tags | ;
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D3 forV or H tagging

Larkoski, Moult, Neill, arXiv:
1409.6298, 1507.03018
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Cs for top tagging

® No analytical results yet
® MC suggests 3= optimal

® Performance comparable

Relative Probability

@)

o)}

N

98]

[\S}

----------------------------------

my € [160,240] GeV (BOOST 2010)
pr € [500,600] GeV,Ry = 1.0

G (B=10)

with other top taggers
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1o
| Top Quark vs. QCD (BOOST 2010)
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Quark-Gluon Jet

Discrimination
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C, for g/g discrimination

| Quark vs. Gluon (Pythia8)
[ pr € [400,500] GeV,Ro = 0.6

| Quark vs. Gluon (Herwig++)

0sl PTE [400,500] GeV,Ry = 0.6

[ Quark vs. Gluon (NLL+LO)

I =400 GeV,Ry =0.6
08k %0 c 0

vt
o)

G (B=02) C,(8=02) Ci (8=02)
e | — -CG(B=05 > [ — =-Ci(B=05) ,3" g | — -GEB=03
2 06r ===C(B=10) § 06 -===-C;(B=1.0) '," 2 06F ---C(B=10)
N Ci (B=20) S [ - 0 (B=20) 4 c [ - Gi(B=20)
Ué [ emmmea— LL Approx = I UQJ [ mmmmee- LL Approx
S 04r : § 04l LL Approx. g 04} Pprox.
5 | S | S |

02}

0 0 | - ] e Olssgaes™="" L
0.0 0.2 04 0.6 0.8 10 O'(()).O 02 04 06 08 1.0 0.0 0.2 04 0.6 0.8 10
Quark Efficiency Quark Efficiency Quark Efficiency

® |eading-log (LL) ¢, = 62/4 independent of 3
® At NLL small B gives more q/g discrimination

“ Pythia8, Herwig++ show same trend, but

“* Pythia more, Herwig less than NLL
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Track Multiplicity

Y.Sakaki, priv.comm.

® Compare Z+q, Z+g (R=0.4, min pta=1GeV)

p | kg Kals eXp(_kq/g n/ <n>q/g)
als (1) = o n T(kgye) ,

(n); =N (1 +d;a+d;'a )apexp(c/a), a:\/ag(p%)/&r

® Again Pythia discriminates more than Herwig

Herw1g++ pT€[9OO IOOO]GeV PYTHIAG6, pre [900 IOOO]GeV

0.1 0.1

0.01 0.01

P(”ch)

0.001

P(”ch)

0.001

107 107

10—5 I I I I \ I I I I \ I I I I | I I I I \ I I I I 10—5 °
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Associated Jets

Bhattacherjee, Mukhopadhyay, Noijiri,
® Z+C| VS Z+g (R=O4) Sakaki, BWV, arXiv:1501.04794

® Gluons have more ‘nearby’ jets: gm
AR<Ra=O.8, PT>Pa=20 GeV

process

. Quark ~ NDLA Herwig++ Pythia8 | " Gluon | . NDLA Herwig++ Pythia8 |

L : n= T = | L : n T == = 1

1oL Re=08 1 e e ] =0. [ S
e n>1 - S
08 T~ .
p 06 L
040 7

004"“‘
200 400 600 800 1000
pr(Js) [GeV] pr(Js) [GeV]
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Multivariate Analysis

® Boosted Decision Tree analysis Bhattacherjee, Mukhopadhyay, Noijiri,
Sakaki, BWV, arXiv:1501.04794

# Method I: nei, C1(3=0.2)

* Method 2: nuk, C1(3=0.2), assoc

+ Method 3: nuk, Ci(3=0.2), my/pTy

Yoo D R T
: ’ - — — - Method—4
—_— 1 - = = Method—4 | L \
“* Method 4: nei, Ci1(3=0.2), m)/pT R D \“ o
\ L
assoc ‘\ - — = Method-2 : \\ - = = Method-2
, , : \
8 \ Method—1 | 20- \ Method— 1

® Again Herwig < Pythia

“* Note change of scale! "

00 02 04 06 08 10
€, - quark efficiency €, - quark efficiency
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ATLAS g/g analysis

ATLAS, arXiv:1405.6583
® Likelihood based on nyk and track jet width

2. pTi X AR(4, jet)
Z@' PT.q

60<p7;<80 GeV 210<p7)<260 GeV
5\ ||||||||||||||||||||||||||||||||||||||| c>>~- IIIIIIIIIIIIIIIII||||||||||||||||||||||
CICJ 1_2_ ATLAS -o- Data + Stat.  _] c 1 2_ ATLAS -o- Data + Stat.  _]
Q i anti-k, R=0.4, Iyl < 0.8 O Pythia QO T anti-k, R=0.4, Il < 0.8 O Pythia
=2 1 60 GeV<p <80 GeV 0 Herwig++ 1 2 - 210 GeV<p <260 GeV o Herwig++
m - det 47fb Vs=7TeV Syst. 1 "'LE 1-_ det 47" Vs=7TeV Syst. i
§ 0.8:— MC11 Simulation i _ § 0 8:_ MC11 Simulation . _:
= : e ] = - an
G 0.6F N L G 0.6F 5
i - ] N ]
0.4F X - . 0.4F —4- ]
0.2 o - 02 . % - ]
. i |
2 OFFHHHHHHHHHHHHHHHHHH o 2. OFHHHPHHH
g 1.5¢ I N e ] < 1.5} o . 1
S ooy TR S o DQE
zO RS NEEEE RN I N [ 1010 z0 T T NN RN RN NN R
82 0.3 04 0.5 06 0.7 08 09 1 82 0.3 04 0.5 06 07 08 09 1
Quark Efficiency Quark Efficiency

® Data closer to Herwig++ (less discrimination than Pythia)

Bryan Webber, Jet Substructure 36 KIPMU-Durham-KIAS Workshop 2015



Subjets in jets

Gerwick, Gripaios, Schumann, BW, arXiv:1212.5235

® Summing leading double logs:

Mean sub-jet multiplicity at 13 TeV LHC (Sherpa MC)
8 T 11 ‘ T 11 ‘ T 11 ‘ T 11 ‘ T 11 ‘ T 11 ‘ T 11 ‘ T 11 ‘ T 11 ‘ T 11
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R®™Y =12 C/A
9 9 2 [ ‘ ‘ ‘ ‘ [ ‘ I ‘ I ‘ I ‘ I ‘ I
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C/A Fat-jet P,

® Agrees quite well with quark jets from Sherpa MC
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Subjets in jets

Bhattacherjee, Mukhopadhyay, Nojiri,

Sakaki, BW, arXiv:1501.04794 } 500<p<600 GeV, R=04
: n=1 Gluon  Quark NDLA n=2 Gluon  Quark NDLA ]
10hge, =77 = m=== Herwig++ 06r e —— - Herwig++ |
i o | TTmmmem mmee- - Pythia6 | T mmemem s - Pythia6
N LT e Pythia8 { [ eeeeeees eeeaeaan Pythia8

0.5[

® Subjets at k¢-resolution yeut

ARQ R, 0. R,
L . 2 2 k 0.3
Yik = mln{ptz’?ptk} 92 Z2 > Yeut :
R p] 0.2?
® Perturbatively calculable and "z
less MC dependent than ne« |
(for L=-In(ycut)<6) | |
® L~6: min{pTiptk} ARi~10 GeV .. o S S
R, L R sielonint st A
04! ']
® Not yet used for g/g tagging j ’
L = -In(yew) B L= —In(ycu)
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Conclusions

® Need more analytical studies of jet grooming
and tagging (signals and backgrounds)

* Also comparisons with state-of-the-art
MCs (matched & merged)

® ATLAS diboson: great interest for Run |l
“* Need more background studies (see above)

® Quark-gluon discrimination: great interest for
new physics searches

* Hard work to get beyond factor of 2 or 3
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Backup

Bryan Webber, Jet Substructure 40 KIPMU-Durham-KIAS Workshop 2015



Measuring Splitting Function

Larkoski, Marzani, Thaler, arXiv:1502.01719 Thaler, BOOST2015
10 . . . . .
[JIOD)Pretim. 20% =+ CMS 2010 Open Data ® Decluster (C/A) jet until
—— Theory (MLL)
8F — 1a 8. 7 .
;Zi};igifzzs L — mln{pTi7ij} S ~ 01
ol i Anti—k;: R = 0.5; pr > 150 GeV | g DT + DT cut — M-
1do \ Soft Drop: 8 = 0; z.ut = 0.1 J
odz, | | “ then (LO)
i 1 dO' B Pj (Zg)
il o dzg le/i Pi(2)dz
= <+ where (indistinguishabl
) ) ) ) ) ) 0.6 8 Y
e for j=q,g)
Ratio 1.2 7 e . - - L
Theory ool mﬁﬁﬁr—w St : Pj(z) = Pj(z) + P;(1 — 2)
0'(?._0 0.1 0.2 0.3 0.4 0.5 0.6
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