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Course outline

O Theory reminder

O Higgs boson production and decay modes

O Higgs boson discovery by ATLAS and CMS

O Higgs boson mass measurement by ATLAS and CMS
O Overview of ATLAS and CMS analyses about Higgs

O Signal/background discrimination techniques
O boosted regimes
O tagging, large-radius jets substructure, re-clustering
O multivariate analysis and deep neural network

O Signal extraction technigues
O likelihood and test statistic
O CLs method

O ttH analysis: an example
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Signal/background discrimination technigues



Boosted regimes

Importance of the topology

O during the Run 2, increasing more and more the energy, LHC is exploring a completely new physics regime;

O available center-of-mass energy far exceeds the masses of known SM particles;

O heavy particles are often produced with large transverse momentum (boosted particles) that implies large Lorentz boost for

their decay products;

O they are collimated to the decaying particle direction in the detector rest frame.
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increasing pr

Example: 7' — #t (mz = 1.6 TeV)

O frue angular separation between W and b decay products as a function of top pr

O for top pr > 350 GeV, the decay products of the hadronic top quark tend o have
a separation AR < 1.0;

O not possible anymore to resolve W from b quark!
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Boosted regimes

Consequences of higher energies
O traditional reconstruction algorithms loose significantly the efficiency, due to overlapping of jets coming from hadronic decay of

a mother particle;
O the abillity to resolve the individual hadronic decay products using standard narrow-cone jet algorithms begins to degrade.
O At high pr1, the decay products of a hadronically decaying object merge into a single, energetic and large radius jet (large-R jet):

Advantages of high pr
O significantly reduced combinatorial
background in busy final states;
m an £ 1h O asingle large-R jet containing all decay
JL ARdecay = 2m/ PT dec%y?ngfamcﬁe products of a massive particle will have
significantly ditferent properties than a single
- large-R jet originating from light-quark or
Standard (small-R) jets Do Boosted (large-R) jets gluon;
. O characteristic 2-body or 3-body decays
of a vector boson or top quark result in a
hard substructure that can be more
resolved by removing soft radiation from
jets (*grooming”);
O tagging algorithms reliable to recognise the
origin of a large-R jet
O increase efficiency and purity in high
energy analyses.

Angular separation of the decay products
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Large-R |efts: subbstructure

Importance of the internal structure of a jet

O widest application of jet substructure tools is to disentangle different kinds of jets;
O isolating boosted W/Z/H or top jets (our signal) from the much more abundant QCD background of “standard” quark and

gluon-inifiated jefts;

O aims to study the internal kinematic properties of a high-pr jet in order to distinguish whether it is more likely to be a signal or

background jeft;

O large variety of methods have been proposed over the |last ten years;
O can be grouped intfo three wide categories, according the physical observation that they mostly rely on:

Category |l: prong finders

O when a boosted massive object
decays into partons, all the partons
typically carry a sizeable fraction of
the initial jet transverse momentum,
resulting in multiple hard cores in the
jet;

O quark and gluon jets are dominated
by the radiation of soft gluons, and
are therefore mainly single-core jefts.

O look for multiple hard cores in a jet,
hence reducing the contamination
from “standard” QCD jets.
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Category lll: groomers

O because of boosted jets large
areq, these jets are particularly
sensitive to soft backgrounds;

O removing the soft radiation far
from the jet axis, where it is the
most likely to come from a soft
contamination rather than from
QCD radiation inside the jet.

Category llI: radiation consiraints

O second main difference
between signal and
background jets is their colour
structure;

O QCD radiation associated with
an EW-boson jet, which is
colourless, it is expected to be
less than what we typically find
in a QCD jet.
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Large-R jefts: substructure

N-subjetiiness
O jetf shape that aims fo discriminate jets according to the number N of sub-jets i (reconsfructed from consfituents k of

the jet) they are made of

distance
between sub-jet i

1 .
TN — d— Z ka X mln(éRIk, 5R2k’ ¢ oo 5RNk) do _ Zka % R and constifuent k
0 | I R = radius
parameter of the jet
O For ajet with N prongs, one expects 11, ..., Tn-1 to be large and 1>y to be smaill;
O value of v will also be larger when the prongs are gluons;
O N-subjettiness ratio is good discriminating variable for N-prong signal

. : 007 e
jets against the QCD background. 2 S

2 006 ATLAS Preliminary _

7 ¢ "L Simulation -

"N £ o5f 200 GeV<p <500GeV E

TN,N_I - & E Z' >tt n

0.03 —

Examples: 0.020- -
O cut 121 < Teut TO discriminate W/Z/H jets against QCD jets = ]
O T3 < Teut fO discriminate top jets against QCD jets >0 11:LI_|'J_ E
Pl il S T N U TN N ST N S N W WY N W M (N U T W A Y L]

% 01 02 03 04 05 06 07 08 09 1

T32
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https://arxiv.org/pdf/1901.10342v1.pdf

Large-R jefts: substructure

ki splitting scales

O defined by re-clustering the constituents of a jet with the ki recombination algorithm, which tends to combine the
harder constifuents last;
O at the final step of the jet recombination procedure, the ki distance measure, djj, for the two remaining sub-jets can
be used to define a splitting scale variable:

1 / le — min(pTi, ij) X ARIJ

0.08_ L | L | L | L | L

O the sub-jets identified at the last step of the re-clustering in the ki algorithm é "~ ATLAS Simulation :
provide the Vdi2 observable; ; 0.07~ antik, LCW jets, 600 < p*' < 800 GeV E
O d23 chor.oc’rerises the splitting scale in the second-to-last step of the e 0.06F n Ungroomed Z— G
re-clustering; Xe o ol PP — Ungroomed Dijets -
O used to distinguish heavy-particle decays, which tend to be reasonably < 0.05F — E:m:gg E)E;t?sa =

symmetric, from the largely asymmetric splittings that originate from

QCD radiation in light-quark or gluon jets. E
0.03¢
Examples: i
O expected value for a two-body heavy-particle decay is approximately 0.025
Vdio = Mparticle/2 0_01f LI H
O jets from the parton shower of gluons and light quarks tend to have [ Tl e
smaller values of the splitting scales and to exhibit a steeply falling 052020~ '6'0' 30100 : 12'0 340
spectrum for both Vdi2 and Vda3 \d., [GeV]
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Large-R jefts: substructure

Jet substructure performances

O cccccrccccccsccccsccoscsccsccossccscscossccscscossccscsccsscccccscso

Energy Correlation Functions (ECFs)
O achieve essentially the same objective than N-subjettiness without requiring the selection of N reference sub-jets:

N N
B — Z - ARWD B — Z . B A RWD) A R B — Z H | H )
e, = Z;Z; ARI.]. el = 2iZi%, ARU' ARjk AR ... ey’ = (112X ARikjl)
i<jEjet i<j<ke jet i <..<iyejet j=1 k<l=1 Z; = p”./zptj
j
N14000F" 1T T T [T T
g — ATLAS Preliminary —e— Data 2015+2016
~ 12000/ 5= 13 TeV, 36.1 fo™ %:; EW’)) -
O Compared to N-subjettiness, energy-correlation functions have the advantage g B §§<§:ge£tdgle§;>>1-0 ot -
of not requiring a potentially delicate choice of reference axes; 10000 - Sincde Top {oten) -
O Similarly to N-subjettiness, in order to discriminate boosted massive particles 8000 B VY, Z+jets, OCD —
from background QCD jets, we again infroduce ratios of ECFs: 6000 e, cert, —
4000
o) e B
chH = _ p» = 3 B=1 2000
2 2
(e(zﬂ))z (e(zﬁ))3

Data/Pred.

Examples:
O cut C2 < Cecut Or D2 < Deut to discriminate W/Z/H jets against QCD jets
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Large-R jets: reconstruction and grooming

Jet substructure performances

Reconsiruction algorithms

Jet are reconstructed with an iterative algorithm which combines calo
deposits inside a given radius R = 1.0 (R = 0.4 for small-R jets).

both small-R jets
and large-R jets -
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Large-R jets: reconstruction and grooming

Jet substructure performances

Reconsiruction algorithms

Jet are reconstructed with an iterative algorithm which combines calo

both small-R jets : deposits inside a given radius R = 1.0 (R = 0.4 for small-R jets).

and large-R jets -

Jets are then cleaned, with “grooming”
- algorithms, from contamination due fo the
o ’ high parficles concentration.
only large-R jets . .
\ 4
O ....................................................................................................................... .o
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Large-R jefs: reconstruction and grooming

Jet substructure performances

Reconsiruction algorithms

Jet are reconstructed with an iterative algorithm which combines calo
deposits inside a given radius R = 1.0 (R = 0.4 for small-R jets).

both small-R jets *
and large-R jets -

Jets are then cleaned, with “grooming”
algorithms, from contamination due 1o the
high particles concentration.

i Trimming algorithm

. Jet constituents are reconstructed again info jets with smaller radius Rsub ¢
. - (subjet). Subjets with lower pr than a fraction feut Of initial jet prare dropped off.:
only large-R jets : The final jet is reconsfructed using only the remaining subjefs. :

Rsub - 0.2
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Large-R jefs: reconstruction and grooming

Application of frimming algorithms

O example of Z'—tt and dijefs events;

O anfi-ki reconstructed jets with 600 < pr < 800 GeV.

mass resolution for the signal
improves after grooming

IIIIIIIIIIIIIIIIIIIlIIIIIIIII

— ATLAS Simulation
anti-k, LCW jets, 600 < p’' < 800 GeV
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signal discrimination with the
splitting scales is enhanced
after jet frimming

"(B 0.08_] [ | | I [ | I [ | | L l | [ I_
< - ATLAS Simulation :
>, 0-07 anti-k, LCW jets, 600 < pf' < 800 GeV e
g 0.06; """"""""" Ungroomed Z'— tt —f
2 -l e Ungroomed Dijets -
< 0.05- — TrimmedZ—>f -
-1 — Trimmed Dijets -
0.041 : -
0.03[ } -
0.02}¢ -
0.01:+ U2
O.:-E:I b i yane -
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Looking inside jets

Jet substructure performances

trimming of anti-k: jets results
in similar discrimination
between signal and
background, but useful to
reduce the jet mis-tag rate

o Ol 71— 77
'c - ATLAS Simulation -
S 0.09- , . jet B
> - anti-k, LCW jets, 600 < p_~ < 800 GeV .
S 0.08 ... Ungroomed Z'— tt E
Q2 007 Ungroomed Dijets _f
< - — Trimmed Z'> tt ]
0.06 — Trimmed Dijets e
0.05; -
0.04" o -
0.03" -
0.02- -
0.015 =
Ol._l_-‘-_m:r_;ju -4'--3":f.'i-J---l--‘F"-T.-.I | L1 1 | L1 “'“gl‘:._ -

0 02 04 06 0.8 1 1.2

N-subjettiness 1t
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Ldrge R jets: fagging technique

Combining all the info

O After reconstructing the jet as a collection of constituents, a number of methods can be used to classify a jet as originating
from a heavy particle (W boson or top quark) decay as opposed to a light jet originating from gluons and quarks of all
flavours other than top quarks;

O substructure observables do not commute and therefore, when considering combinations tools, the order in which we apply
the ditferent algorithms does matter;

O therefore important that the description of the tagging strategy clearly specity all the details of the combination including for
example what jet, groomed or ungroomed, is used to compute jet shapes.

O Tagging technigues allow us to exploit all the substructure characteristic of large-R jets.

Example:
two-prong tagger

ATLAS ; CMS

Strategy:
O mass-drop for anti-k: (R=0.8) jets:
O zcvt = 0.1, keeping the hard structure and
excluding soft emissions, starting from large angles;
O requirement on the mass window, depending on
particle we are looking for;
O computation of 121 on the jet and impose a cut on this
variable.
O Recently: N2 cut computed using the groomed jets.

Strategy:
O trimming for anti-ki (R=1.0) jets:
O frimming radius Rsup = 0.2;
O energy cut feut = 0.05;
O requirement on the mass window, depending on
particle we are looking for;
O computation of D2 on the frimmed jet and
Impose a cut on this variable.
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Large-R jetfs: tagging technigue with jet moments

O cccceeccccccsccccsccoscsccsccossccscscossccscscossccscscosscccccoscso

EPJ C (2019) 79-375

Primary goal: provide a simple set of selections on jet moments that yield a constant signal efficiency
as a function of the fransverse momentum of the jet across a broad pr range.

Based on the constituents of the frimmed jet and attempt to quantify a
particular feature of the jet in an analytic way

O jet mass is the most powerful:

O o achieve good performance across a broad range of jet fransverse
momenta;

O Mmecalo: Ccalculated as the invariant mass of the collection of fopo-clusters of
the frimmed jeft;

O mra: calculated as the invariant mass of the ghost-associated charged
particle tfracks scaled by the ratio of the transverse momenta of the
trimmed jet and the associated tracks;

O combined mass (Mcomb): average of Mcaio ANd Mra, weighted by the inverse
of their resolutions:

-2
O
TA
WTA —
calo + o+
pT calo TA
mTA — track %
p%aCk 1
Wca o — 1 WTA

Silvia Biondi - Corso di Dottorato - AA 2019/2020 15

o o o ©
_— =k -
S~ O O

—
N

o
o O
o

Normalized amplitude / 3 [GeV]

0.06( 1 |
0.04]
0.02+

_ ATLAS Slmulatlon Preliminary
:— W Jets \'s =13 TeV

— - Dijets anti-k, R=1.0 jets

- we Top Jets  Trimmed (f =0.05 R, =0.2)
- o _ [200° 500] GeV

B m-l{ruthl <?

‘_llilll

| -

lll|lll|lllllllllllllllllllllllIIIIII

b 50 100 150 200 250

300

Combined Mass [GeV]

31.01.2020


https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-6847-8.pdf

Large-R jetfs: tagging technigue with jet moments

EPJ C (2019) 79-375

Primary goal: provide a simple set of selections on jet moments that yield a constant signal efficiency
as a function of the fransverse momentum of the jet across a broad pr range.

Based on the constituents of the frimmed jet and attempt to quantify a
particular feature of the jet in an analytic way

O jet mass is the most powerful:

O o achieve good performance across a broad range of jet fransverse
momenta;

O Mmecalo: Ccalculated as the invariant mass of the collection of fopo-clusters of
the frimmed jeft;

O mra: calculated as the invariant mass of the ghost-associated charged
particle tfracks scaled by the ratio of the transverse momenta of the
trimmed jet and the associated tracks;

O combined mass (Mcomb): average of Mcaio ANd Mra, weighted by the inverse
of their resolutions:

O number of other observables quantify the extent to which the jet constituents
are clustered or uniformly dispersed and can be used to augment the
discrimination power from the jet mass alone

O N-subjettiness, splitting scales, or using all jet constituents o quantify the
dispersion of the jet constifuents in an axis-independent way (ECFs).
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Observable Variable Used for
Calibrated jet kinematics  pr, mcomb Top, W
Energy correlation ratios  e3,Cy, Dy Top, W
N -subjettiness 71,72, T21 Top, W

13, 132 Top
Fox—Wolfram moment RSV %
Splitting measures Zeut %4

di> Top, W

Vdx Top
Planar flow P W
Angularity as W
Aplanarity A W
KtDR KtDR W
Qw Quw Top
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Large-R jetfs: tagging technigue with jet moments

O cccceeccccccsccccsccoscsccsccossccscscossccscscossccscscosscccccoscso

Performances of a tagger

O each technigue is explored and optimised;
O performances quantified in exclusive kinematic regimes based on pr of the associated anti-ki R=1.0 fruth jet (prive) to more

closely resemble the kinematics of the parent particle;

O comparison between signal efficiency and background rejection: € anal = Niagged Fpe = L _ [ Notal
Ntotal signal Cbkg Ntagged bke
Strategy: W boson Top quark
O reconstructed jets are matched to o 140 -_;T'LA'S S Ilt'] S ';'_r'no;mb'+'o' - "o 'A'TL';S'S" ;t.' S + ';V;_' |
fruth jets with a matching criterion of S [ Getatev ST @ 2 ey -
AR(jirve, jreco) < 0.75; = 120 [ Trimmed antik, R = 1.0 jets + mmmb " - = C Trimmed anti-k, R = 1.0 jets - 1350 meW ;
O only tworeco jets matched to the two T - :;I/":Q:: o =50°/+ mee +\d, : et i |Tn:ue|;z,oer S - mmb+ T2 -
highest-pr fruth jets within | n | <2. S 1o0f" P e 1 £ 77 T AT
. D b pr>200GeV | 5 PE pr > 350 GeV
O For each pair of observables, the L . = 15 ' i
selection criteria which give the = [ e T e i = ——
chosen signal efficiency and the = o0 -—., A, —-— - S ok e _
largest background rejection are é a0l —v— _v_::: :—x——v—: %‘(é i - -
considered optimal and taken as the m T —a—__ ] M I - ]
selection criteria in that region of jet pr; 20 - - i +—‘—3§I—;—_;_
O this sequence of selection criteria is - : " -
parameterised by a smooth function A e o L
dependent on the jet pr. 500 1000 1500 2000 2500 500 1000 1500 2000
pT*° [GeV] pT*® [GeV]
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Large-R jetfs: tagging technigue with jet moments

O cccceeccccccsccccsccoscsccsccossccscscossccscscossccscscosscccccoscso

EPJ C (2019) 79-375

Performances of a tagger

O each technigue is explored and optimised;

O performances quantified in exclusive kinematic regimes based n the pr of the associated anti-kt R=1.0 truth jet (pr'™ve) to more
closely resemble the kinematics of the parent particle;

o ) ) ) ° L] N
O comparison between signal efficiency and background rejection: Ecion = tagged My = I Notal
signa N g
€ N
total signal bkg tagged bke
: W boson Top quark
ReSUItS for W-tqgglng: I | I 1 I | 1 ] I ] 1 1 I I | 1 | I | 1 1 I 1 I 1 I 1 I ] | lpl ql I 1 1 1 I ] I 1 I 1
O mcom.b and PZ s the mOS.T pOWGFfU' In %’ 140 | ATLAS Simulation —— me©m™ + D, B %’ ATLAS Simulation —+— 7, + Vd_zs
the kinematic range of interest; W - Vs=13TeV XK - W 102 s=13TeV -
= —— M + 7, - _ —4— Ty ¥ Qw B
: 120 [— Trimmed anti-k, R = 1.0 jets . . Vd_ — : . Trimmed anti-k, R = 1.0 jets oo™ g -
e . ~ | |n™e|<2.0 m=™ + \d,, il ~ - |n'™|<2.0 32 °
ReSU"S for. ’rop-fagglng. . ] S - W tagger performance at €= 50% B 8 " Top tagger performance at € 4= 80% mem + Q i
O plateauing at a lower value for highjet & 100 ~ = i W
;)Tfrue.mos’rly dge ’rp ’rhe migrq’rion of the -E’-, 801_ pr > 200 GeV - -ﬁ‘é = - pr> 350 GeV
ight-jet mass distribution to higher o - R - — - -
o . [~ —— -
values and a looser 132 cut fo maintain % ol % —— - § ——
the constant signal efficiency; 3 _§, _:r_—'-—A—_‘——A__‘_ . ) §’ 10 - —
O Mcomb and 132 chosen but specific top- S 4o = :—x——v——: O i M :
quark jet tfagger used in an analysis o R —a—__ ] 0 I - i
. - " — Tt T ——__,
may o[epend on the context of the 20 - Pl o S ————
analysis and not on the performance - - I )
Olone. 0 B | 1 I | | 1 1 l | 1 1 | I ] 1 | | I 1 1 | | | 1 I | | 1 | l 1 1 | 1 I 1 | 1 ] I 1 | ] |
500 1000 1500 2000 2500 500 1000 1500 2000 2500
pT*° [GeV] pT*® [GeV]
O'_"""‘"°. ........ R R I U I I I U I I R R A .o
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Large R jets: fagging the Higgs boson

EPJ C (2019) 79-834

LHC centre-of-mass energy of 13 TeV greatly exiends the sensitivity of the ATLAS experiment to heavy
new particles which may have decay chains including a (boosted) Higgs boson

H—bb decay has the largest branching fraction within the SM, thus
it is a major decay mode to use when searching for resonances
involving high-momentum Higgs bosons

1. Higgs boson candidate is reconstructed as a large-R jetf:
v por>250GeV, |n| <20

2. b-tagging requirement is applied to track-jets associated with the
large-R jet:
Yor>5GeV, |n| <2.5;

3. b-tagged large-R jet mass can be required to be around the SM

Higgs boson mass of 125 GeV,
4. arequirement on other large-R jet substructure variables can be

applied depending on the Higgs-jet tagger working point.

Silvia Biondi - Corso di Doftorato - AA 2019/2020 19 31.01.2020


https://link.springer.com/content/pdf/10.1140/epjc/s10052-019-7335-x

Large R jets: fagging the Higgs boson

EPJ C (2019) 79-834

LHC centre-of-mass energy of 13 TeV greatly exiends the sensitivity of the ATLAS experiment to heavy
new particles which may have decay chains including a (boosted) Higgs boson

c 10— T e T
H—bb decay has the largest branching fraction within the SM, thus : A7"{-A3' Simu'lafion S
it is a major decay mode to use when searching for resonances ? B e e btagaing (70% WP)
involving high-momentum Higgs bosons S 10°F 7 Sinale bragaing X Leading b2gaing
= 10t "
1. Higgs boson candidate is reconstructed as a large-R jetf: .F
v pr>250GeV, |n| <20 UE .
2. b-tagging requirement is applied to track-jets associated with the 10 TR
large-R jet: b N T
Ypr>5GeV, |n| <2.5; E S T
3. b-tagged large-R jet mass can be required to be around the SM 00170203 04 05 06 OHfggSOJgt efgcglency1
Higgs boson mass of 125 GeV, L — S —
4. arequirement on other large-R jet substructure variables can be g F ATLAS simuiston
applied depending on the Higgs-jet tagger working point. B L e, btagaing (0% WP
L e e et e ee e e e e e e e e e e 052)' 10°F T Snls bragaing T Leading blagaing
. b-tagging benchmarks = otk werking points
O double: the two highest-pr track-jets pass the same requirement; ; i
O asymmetric: the two highest-pr track-jets pass different :
requirements (WPs); 10°g
O single: at least one of the two highest-pr frack-jets pass the . 10;_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, "~
requirement; : T o
. O leading single: the highest-pr tfrack-jet pass the requirement. : '0"01702 03 04 05 06 07 08 09 1
................................................................ . Higgs-jet efficiency
O ....................................................................................................................... .o
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Large R jets: fagging the Higgs boson

EPJ C (2019) 79-834

LHC centre-of-mass energy of 13 TeV greatly exiends the sensitivity of the ATLAS experiment to heavy
new particles which may have decay chains including a (boosted) Higgs boson

7
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H—bb decay has the largest branching fraction within the SM, thus
it is a major decay mode to use when searching for resonances
involving high-momentum Higgs bosons
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o
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Multijets, loose mass window, pT > 1000 GeV
—*— Double b-tagging --%*-- Asymm. b-tagging (70% WP)
-% - Single b-tagging ‘% Leading b-tagging

%  Working points

Multijet rejectio
2,

—
2

| llllllll I Illlllll | IIIIIIII I llllllll Il

1. Higgs boson candidate is reconstructed as a large-R jetf:

v pr>250GeV, |n| <2.0 10
2. b-tagging requirement is applied to frack-jets associated with the 107
large-R jet: o

| llll[lll | llllllll ] lllllll| | llllllll | llllllll ] llIIllI|

Ypr>5GeV, |n| <2.5
3. b-tagged large-R jet mass can be required to be around the SM
Higgs boson mass of 125 GeV,

0 01 02 03 04 05 06 07 08 09 1
Higgs-jet efficiency

C107§ """"""""" LA LA LA ALELE LR LA R
4. arequirement on other large-R jet substructure variables can be g F ATLAS' simuiatior -
|- d d d _l_h H . _l_ _l_ |< . _l_ :’T 106 =— Multijets, tight mass window, pT>1000 GeV =
applied aepending on ine Riggs-jet fagger working point. S E —— Double bagging --*-- Asymm. b-tagging (70% WP) -
:fl_?) 105 --% - Single b-tagging - Leading b-tagging =
................................................................ 3 E\_ % Working points -
g = q0tL =
Mass window .
O parametrised as a function of Higgs pr; 10°F E
O defined as the smallest window containing the given . 102 _
fraction of Higgs-jefts: : 105_ E
O tight mass window, containing 68% of Higgs-jet; .
: O loose mass window, containing 80% of Higgs-jefts; : 004 02 03 04 05 06 07 08 09 1
................................................................ nggs-jet eﬁ'mency
o ....................................................................................................................... .o
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Large R jets: fagging fechnigue with ML algorithms

Motivation

2z recent simulation-based studies have found that the more direct use of the jet constituents as inputs to a machine-
learning algorithm can lead to significant improvements in discriminating power as compared to more fradifional,
jet-moment-based discriminants.

il A AR O T S R R L

‘," SPOILER
 ALERT

T A S T L SR W LT

Still missing some important concep’rs, we’ll come back here after the MVA lecturel

t ""J
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LOrge_R jeTS: re_C|US1—ering TeChnique Jets from jets: reclustering as a tool for large

radius jet reconstruction and grooming at the LHC

Motivation
O radius parameter R of jet clustering algorithms aimed at targeting the hadronic decays of a particle

should be process dependent and scale with the momentum under consideration.

ARdecay = 2m/pr

O Only a few choices of R are used for all analyses:
O every jet configuration, which includes the algorithm, radius, and grooming parameters, must be
calibrated to account for unmeasured energy deposits and other experimental effects

O Jet calibration includes also jet energy and mass scale corrections, which provide a full calibration by
also correcting particles that were missed, merged, or below noise thresholds, energy loss in un-
iINnstrumented regions of the calorimeter, and additionally takes into account correlations between

particles.

nice to have calibration also
for “non-standard” R jets!
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LOrge_R jeTS: re_C|US1—ering TeChnique Jets from jets: reclustering as a tool for large

radius jet reconstruction and grooming at the LHC

Motivation
O radius parameter R of jet clustering algorithms aimed at targeting the hadronic decays of a particle
should be process dependent and scale with the momentum under consideration.

ARdecay = 2m/pr

O Only a few choices of R are used for all analyses:
O every jet configuration, which includes the algorithm, radius, and grooming parameters, must be
calibrated to account for unmeasured energy deposits and other experimental effects

O Jet calibration includes also jet energy and mass scale corrections, which provide a full calibration by
also correcting particles that were missed, merged, or below noise thresholds, energy loss in un-
iINnstrumented regions of the calorimeter, and additionally takes into account correlations between
particles. .

Advantages
. O automatic calibration of the re-clustered large radius
R R R je’[g;
: Solution O with no additional calibration needed, any large
* introduction of a new angular scaler <R, such - radius R, any clustering algorithm, and many
that jets of radius r can be the inputs to the * """" > grooming strategies can be used;
clustering algorithm of large radius R jets : O uncertainties on the re-clustered pr and mass are also
.......................................... aqutomatic conseguences of propdgdﬂng the
corresponding uncertainties computed for small
radius jefs.
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LOrge_R jeTS: re_C|US1—ering TeChnique Jets from jets: reclustering as a tool for large

radius jet reconstruction and grooming at the LHC

Sequential recombination: algorithms recursively
combine sub-jets until there are none lefi.

O dj = distance between particle 4-vectors;
O dig = distance between particle and beam 4-vectors;

O list of sub-jets is inifialised by the set of jet inputs;
O at every level of recursion, combination of particles
based on

d“ — min(di/’j/ 0 di/,B)

1)

i/,j/
A A
J#B i=B
sub-jetsiandjare the sub-jet iis
combined into a new declared a jet and
sub-jet with a 4-vector removed from the list
that is the sum of the 4- of sub-jefts
vectors of | and |
O ....................................................................................................................... .o
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Large-R jets: re-clustering technique Jots from et; recustring a a ool forlrge

radius jet reconstruction and grooming at the LHC

Sequential recombination: algorithms recursively
combine sub-jets until there are none lefi.

O dj = distance between particle 4-vectors;
O dig = distance between particle and beam 4-vectors;

. T oo Most widely used metrics:
O list of sub-jets is inifialised by the set of jet inputs;

O at every level of recursion, combination of particles d.. = min R2 /R2
basedon e » i (pTl PTJ)
.............. On=1 kT
le — mln(d o/ o/ dl/,B) °° 0 N = O C/A
1’ On=-1 anfi-ky
. . In all three of these algorithms, R is
A ‘A roughly the size of the jet in (y, ¢)
ij#B i — B space, though C/A and ki jets can
sub-jets i and j are the sub-jetiis have very irregular jet areas
combined into a new declared a jet and :
sub-jet with a 4-vector removed from the list o
that is the sum of the 4- of sub-jets V

vectors of i and | anti-k; is the most used one
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LOrge_R je-l-s: re_C|US1—ering TeChnique Jets from jets: reclustering as a tool for large

radius jet reconstruction and grooming at the LHC

() s evcsvvesosocsscsosesossosososscsossosososscscssososvoocsscsoes
O Inputs of jet In a clustering algorithm are typically stable particles (Monte Carlo truth studies), topological clusters
(ATLAS), or particle flow objects (CMS);
O Re-clustered large radius R jets take as input the output of the small radius r jet clustering.
O In general, the algorithm used to cluster the small radius jets can be different than the algorithm used for re-clustering
the entire event.
standard large-R jet (R = 1.0) re-clustered jet (R=1.0,r=0.3)
Vs =8 TeV PYTHIA Z' — tt, m_=1.5 TeV
E [ ] | | I I I | E | | | I | |
O _ T |
S 20 1 B 2 -
C C
< I < I
© | ©
S S
= - * Stable Truth Particles = i ®  Stable Truth Particles
% 0 . ...‘..0 E 0 Inside R=0.3 Jets ...‘..o
< i % anti-k, R=1.0 Jets 0%= < i * anti-k R=1.0, r=0.3 Jets 0%
. *oge K o
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LOrge_R je-l-s: re_C|US1—ering TeChnique Jets from jets: reclustering as a tool for large

radius jet reconstruction and grooming at the LHC

O Inputs of jet in a clustering algorithm are typically stable particles (Monte Carlo truth studies), topological clusters
(ATLAS), or particle flow objects (CMS);

O Re-clustered large radius R jets fake as input the output of the small radius r jet clustering.

O In general, the algorithm used to cluster the small radius jets can be different than the algorithm used for re-clustering

the entire event.

Azimuthal Angle [rad]

standard large-R jet (R = 1.0) re-clustered jet (R=1.0,r=0.3)
- |
Vs =8 TeV PYTHIA Z' — tf, m,=1.5 TeV L aeeeesceesee.,, AN be seen here!
I.. !I § C ’ o.
- ® o:l o> |
o . %’, 2 O Small radius jets can only be reliably
: < : fully calibrated for pr >15 GeV;
© O this minimum pr threshold acts as an
. | = L, | effective grooming for the re-clustered
Stable Truth Particles . = e dee;;‘ggzgts'c'es s . .
0 . R, = 0 X3 jets;
i o 2oL i < i - | O different grooming algorithm can be
%antl-kl R=1.0 Jets . 0%}. - — *ann-ktR-LO, r=0.3 Jets oﬁ - Uged W|'|'h '|'|gh‘|'er Threshold:
i O a dedicated trimming (RT) has
_ ok _ been developed.
" sub—jet
1 1 1 | ] L] [ ] | ot 1 I I ] | ] 1] f p— pT p— O . 1
2 -2 0 2 cut plarge—R jet
Rapidity Rapidity T
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(m) [GeV]

Large-R jets: re-clustering technique

O ccccerceccccosccccsccoscsccsccoscsccscscossccscscossccscscosscccccscso

Performance of jet mass
O The most widely used large radius jet observable;
O o compare the performance of large radius jets with re-clustered jets, study of

performance of the jet mass for the various re-clustering schemes;

O averages and deviations computed over a fixed mass range: 60-100 GeV.

Jets from jets: reclustering as a tool for large

radius jet reconstruction and grooming at the LHC

2 2

MRCjet = ZEi - ZFI

O Jet mass performance is quantified by the average jet mass (m), a mass resolution,
o, and the dependance of these quantities with the amount of pileup.
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- PYTHIA W' — WZ — ligq' :
- Vs=14TeV,m  =0.8TeV E
-~ anti-k, R = 1.0, 200 GeV <p’ <300 GeV
- O ]
- @ @ T -
i X X
- X Large-R Trimmed (=03 -
B O RC pT > 15 GeV anti-k -
- [ RTfy,=0.1 " 3
" /. RTfy,=0.2 .
B | I | | | I | | | | | | | | ]
20 40 60 80
NPV

interaction vertices

CD 15 | I I I ! I I I I I ! I I I I
= PYTHIAW' — WZ — llqq’
? . Vs=14TeV,m  =0.8 TeV
2 anti-k, R = 1.0, 200 GeV < p" < 300 GeV
10~ N O
O
5 -
X Large-R Trimmed =03
O RCp_>15GeV anti-k,
] RTf,,=0.1
RT f,; = 0.2
0 ! | ! | | l | ! | | I | | |
20 40 60 80
NPV

Efficiency in 60 < m/GeV < 100

1.2

0.8

0.6

0.4

0.2

icjet

— 71 ' r T 1 r . T 1 T
" PYTHIAW' - WZ = liqq’
- Vs =14 TeV, m,, = 0.8 TeV

"~ anti-k R = 1.0, 200 GeV < p <300 GeV

8§ 8 8-
! X Large-R Trimmed (=03 :
O RCp >15GeV  gntj-k, ’
- [] RTf,,=0.1 -
i RT f,,; = 0.2 ]
] | | | | | ] | | | | ] | ]
20 40 60 80
NPV

icjet

O (m) for RTis very
stable, whereas there
Is a slight slope for RC;

O o for RC is slightly
worse than for RT;

O efficiency of RC is
better because it
avoids the peak at
low masses well
below the W boson
Mass.

for low pileup levels, essentially no differences between standard and RC jets.
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LOrge_R jeTS: re_C|US1—ering TeChnique Jets from jets: reclustering as a tool for large

radius jet reconstruction and grooming at the LHC

(@ JOI I R I R I I R e I ISR IR SRR A

0.3 0.3

; D D g B L i
o | PYTHIAW — WZ - llqq' o [ PYTHIAW - WZ - llqq' ] e L
O s . a9 O o . A ) O mass distribution for several small radius jet sizes;
c\\,_/0 ol Vs = 14 TeV, m,. = 0.8 TeV N C\\l_,O 251 s =14 TeV, m,. = 0.8 TeV N ] .
Z - anti-k R = 1.0, 200 GeV < p <300 GeV Z - antik, R =1.0,200 GeV <p’ <300GeV - o SOme RT applied:;
© oob o \ | 1 ° a.0 | E O 2 different NPV;
0-2_ N\ Large-R Trimmed ™| 02_ N\ Large-R Trimmed | .. .
0.15F Y — 0.15F- e - O r=0.2is the most peaked, both in W-peak region
! : : : : and in low mass region.
01__ X RT anti-kt N 01__ RT anti-kt ] 0600000000000 00000,
- § f.=0.1 - - f.=0.1 . . . L °
- SR\ @ g - . ) | | ¢
0.05F . 1 o050 1 best combinatfion® of -
e : Y : R parameters ‘
0EEE \\\\\\ S . Qe P vvvvvn : . r=03forradius -
0 50 100 150 200 0 50 100 150 200 . £ =0.1for RT .
Jet Mass [GeV] Jet Mass [GeV] X cv ' :
~ 03—+ =~ 03— ) -
> n > s . but also depends on specific
8 - PYTHIA 8 - PYTHIA Z analyses or studies
N 025‘_ s=14TeV, mW,=0.8TeV N N 025‘_ s=14TeV, mW,=O.8TeV N . .
= [ antik R=1.0,200GeV < p <300 GeV > [ anikR=10200Gev<p”<300Gev | © IMporfant 1o study the effect of re-clustering also on
© o0of 1 ° ook - the most likely background-jets originating from
““L NPV =80 | o ““L NPV =80 N\ o . .
- W Wz s liga : YW > Wz lieg QCD multi-jet processes;
0.151 s Dijets - 0.151 3 its - O various jet grooming techniqgues increase the
! § : ' § : separation in jet mass between signal and QCD jets;
0.1 % Large-R . 0.1 \ RTr=03anti-k, 7 O both frimming and re-clustering allow for the
- \ Trimmed - - \ f.=0.1 ) o e e . .
0.05F \ B 0.05F \ B successful discrimination of signal and background
o \\\\ : RS \\\\\ i using the jet mass
\\\\\\\\\\\\\\“ = '26 ) 0 ;\\\\\\m@m__,.__ o '26 ) O details of the optimisation to improve S/B left to
5 5 5 5 -
Jet Mass [GeV Jet Mass [GeV] the experimental analyses
o ....................................................................................................................... .o
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Tracker
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Lc::rge R jets: calibration in ATLAS

: . , et area-based pile- Residual pile-u
EM-scale jets Origin correction J P D
up correction correction
Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
topological clusters at to point to the hard-scatter event pile-up pr density dependence, as a
the EM scale. vertex. Does not affect E. and jet area. function of u and Npy.
Absolute MC-based Global sequential Residual in situ
calibration calibration calibration
Corrects jet 4-momentum  Reduces flavor dependence A residual calibration
to the particle-level energy  and energy leakage effects IS derived using in situ
scale. Both the energy and using calorimeter, track, and measurements and is
direction are calibrated. muon-segment variables. applied only to data.
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Large-R |ets: reconstruction and grooming

iy
m.—a
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AﬂTI ki and kt algorithms

0 The iterative recombination procedure works by first cleaning a list of all objects (either hadrons, fopo-clusters or

tracks) in an event.

O The ordering of the list is irelevant and proto-jets are built from these objects.

O Two distance measures in y-p-space are associated to each member of the list, between the proto-jet and its closest
neighbour:

2
g (AR;;)
pij = min (p7?, p7) —

2 i
RE | "reeel measure of the opening angle

, between the two constituents
O and between the proto-jet and the beam: L

O If pig < Pj: the proto-jet is closer to the beam than it is fo any other proto-jet in the event, so it Is defined as a jet and
removed from the list.

O If pig > Pj: The two proto-jets i and | are combined info one, thereby forming a new proto-jet.

O This procedure confinues through all proto-jets in the event.

Olfp=+I ki algorithm: proto-jets with the smallest pr fend 1o be clustered first, so that the highest pr proto-jets are
clustered last.
Olfp=-] anti-kt algorithm: proto-jets with the largest pr are clustered first. A consequence of this is that isolated

anti-ki jets tend to be very close to circular in N-¢p space, because the axis of the jet is relatively fixed after the first few
steps of recombination. This stability makes anfti-ki jets more robust than ki jets in high multiplicity environments.
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Large-R jefs: reconstruction and grooming

O ccccerccccccsccccsccoscsccsccossccscscossccscscossccscsccsscccccoscso

Jet substructure performances

Application of trimming

qIgorithms -'q-') 0-4_ I | | I | I | | | | I | | | | l | I | | | | ‘9 0.4_ I | | I | l | | I | I | | | | I | | | | I | |
o | £70 1t d diet © - ATLAS Simulation - © - ATLAS Simulation -
example O ana aierts o 0.35[ anti-k, LCW jets with R=1.0 - 2 0.35[ anti, LCW jets with R=1.0 E
events - [ 500<p*'<600 GeV, 100<m*'<250 GeV e ~ 800<p’'<1000 GeV, 100<m*'<250 GeV :
o . : it L2 0.3F T ’ 2 03F L _ _ =
anti-ki reconstructed JeTS WIT c s No jet grooming applied e M No jet grooming applied .
600 < 1 < 3800 GeV § 0_25:_ ........... Trimmed (f=0.03, R=0.3) ] é 0.25:_ --------- Tr?mmed (fi0.03, Ri0.3) _:
I Trimmed (f=0.05, R=0.3) & . Trimmed (=0.05, R=0.3) ’
0.2 & - 0.2 o
0.15 - 0.15F -
.. : 0.1 — 0.1 =
O utility of 132 for reducing the : : : .
jet mis-tag rate 0.05 == - 0.050 ... E
O_l | 1 1 1 | | | | | | | | | | | I 1 | | | l | l: O-:mi“””lI | | | I | | | | | | | | | I 1 1 | | I | l:

0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
Top jet efficiency Top jet efficiency

(a) 600 GeV < pls* < 800 GeV (b) 800 GeV < pt* < 1000 GeV

Figure 36. Jet mis-.tag rate for dijet events vs. top-jet (?fﬁciency curves using 73o as a top tagger
for (a) 600 GeV < plt’ < 800 GeV and (b) 800 GeV < pi* < 1000 GeV with masses in the range
100 GeV < m/®t < 250 GeV.
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Large-R jefs: reconstruction and grooming

O ccccerccccccsccccsccoscsccsccossccscscossccscscossccscsccsscccccoscso

Jet substructure performances

Other grooming algorithms

J2
/‘--s‘\
° ° o O S
O mass-drop filtering c/A o e
— {0}
T
/! \\9 o %
Initial jet m!' IM* < pgra ;;; Y > Yeut Initial jet R = min[0.3, AR;_ 2] Filtered jet
O pruning
O frimming (in main slides)
....................................................................................................................... 0O
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Large-R jetfs: tagging technigue with jet moments

O cccceeccccccsccccsccoscsccsccossccscscossccscscossccscscosscccccoscso

EPJ C (2019) 79-375
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Large-R |ets: tfagging the Higgs lboson

EPJ C (2019) 79-834

O ..........................................................
:g 220__lllllllllll|lllllllI-lllllll!lllllllllll_—
S 2005_ ATLAS Simulation _f
g 1805 p.. range: [350, 500] GeV : f
i - 68% window: [ 107.5, 136.5] * : .
2 160 0% window: [ 100.5, 140.0] © =
< J40E P =
= Reconstructed mass : : -
120 Landau+Gaussian fit & - —
100 f_ ------ Landat.J component : _f
- e Gaussian component : [f .
80E" E
60} -
40} s =
20 —
O: 11 L 1-.1.1’\1’1 =1:1 i l:i"ol_l_l -
0 20 40 60 80 100 120 140 160 180 200
Higgs-jet mass [GeV]
ceeeeeene eseteeeteietaietaatetettaetaaecnaecnaaacaaaaaanaaao.. Fig. 4 The Higgs-jet mass distribution for jet transverse momenta in
: Mass window - therange 350 to 500 GeV after reweighting the pt spectrum. The dotted
. O parametrised as a function of Higgs pT; . and dash-dotted blue curves correspond to the two components of the
O defined as the smallest window containing the given . fit function, while the solid blue curve shows the combination thereof.
fraction of Higgs-jets: The vertical lines indicate the boundaries of the mass ranges for 68%
O tight mass window, containing 8% of Higgs-jet; . (light green) and 80% (dark green) containment
..... O loose mass window, containing 80% of Higgsjets: ... .
o R T T 0O
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Large-R jets: fagging

the Higgs boson

O ccccerccccccsccccsccoscsccsccoscsccscscossccscscossccscsccsscccsccscso
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Lc::rge R jets: fagging the Higgs boson

EPJ C (2019) 79-836
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Fig. 11 Multijet background rejection at 80% signal efficiency (g = coefficient, |C (mcorr, V3ss)|, between the jet mass and the jet substruc-
80%) for a variety of substructure variables using different benchmarks ture variables. The selection efficiency 1s determined relative to the mass
in terms of b-tagging strategy and transverse momentum range. The z- window and b-tagging benchmark working points defined in Sects. 6.3
axis colour scale represents the absolute value of the linear-correlation and 6.2 respectively
....................................................................................................................... .O
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Large R jets: fagging the Higgs boson
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Fig. 12 Hadronic top-quark background rejection at 80% signal effi- correlation coefficient, |C (mcorr, v3ss)|, between the jet mass and the jet
ciency (es = 80%) for a variety of substructure variables using different substructure variables. The selection efficiency is determined relative
benchmarks in terms of b-tagging strategy and transverse momentum to the mass window and b-tagging benchmark working points defined
range. The z-axis colour scale represents the absolute value of the linear- in Sects. 6.3 and 6.2 respectively
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Jets from jets: reclustering as a tool for large
radius jet reconstruction and grooming at the LHC

Large-R jets: re-clustering technique

O ccccerceccccosccccsccoscsccsccoscsccscscossccscscossccscscosscccccscso

Performance of jet mass

O The most widely used large radius jet observable; , ,
O fo compare the performance of large radius jets with re-clustered jets, study of

nerformance of the jet mass for the various re-clustering schemes; Mpcier = Z E| - Z 7,
O averages and deviations computed over a fixed mass range: 60-100 GeV. iciet iciet

O Jet mass performance is quantified by the average jet mass (m), a mass resolution,
o, and the dependance of these quantities with the amount of pileup.
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) : : for low pileup levels, essentially no differences between standard and RC jets.
Interaction vertices
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LOrge_R jeTS: re_C|US1—ering TeChnique Jets from jets: reclustering as a tool for large

radius jet reconstruction and grooming at the LHC

O ccccerceccccosccccsccoscsccsccoscsccscscossccscscossccscscosscccccscso

O performances for several small radius jet sizes;
O same RT applied.
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