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Prologue

What do we do at the LHC?



1. Search for signatures of new physics



1. Search for signatures of new physics

The Unknown Unknown

The Known Unknown




1. Search for signatures of new physics

How?<



earch for signatures of new physics

Bump hunting!




1. Search for signatures of new physics
&. Measure SM processes at a new energy regime



. LHC is &,
ATLAS 3% T N jet factory!

EXPERIMENT

Run: 279685
Event: 690925592

2015-09-18 02:47:06 CEST . .
proton - (anti)proton cross sections

tot

Tevatron
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o, (E; > E/20)
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Background for most analyses




Searches with many jets

W prime (all hadronic)

tth(bb)
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Way out?

Use large-radius jets to encompass
all decay products from a heavy
hadronically decaying particle
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) \\y /
Transverse boost .



Jets need to be groomed!

e Mass drop filtering
e Pruning
e Trimming

e Soft Drop

Why?
The large-radius jets not only include particles
coming from the interesting decays, but also from
pileup, underlying event ....




Jets need to be groomed!
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Cutting, Trimming, Pruning

Hedges by design, are usually (but not

exclusively) maintained by hedge trimming,
rather than by pruning. We can maintain your
hedging any size, anywhere, and our
maintenance can be arranged to be carried out
yearly for effective long term management. We
can also shape your hedging as requested.

Our experts can maintain and improve lawn and
grassy areas of any scale. We can control weed
issues through cultural weed control (essentially

C . removing the weeds by hand) or through

selective chemical weed killing which can control weeds without damaging unwanted shrubbery.

pileup, underlying event ....
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Larkoski, Marzani, Soyez,Thaler, 2014

Soft Drop

otart with a jet j and it is split into last two subjets

Then j is the final soft drop jet.

Otherwise the higher pr subjet is taken as j.
and iterated ...

Advantage: can be compared directly to analytic
calculations 15



BEffect of Gardening®
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BEffect of Gardening®
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W and Top Mass

>
® o
18000 ATLAS Preliminary —e— Data 2015+2016
EKD) Vs =13TeV, 36.1 fb" 1 Etl(/)Vp;)
-1 ki
2 . ATILAS-CONF-2017-064 H U (other)
o 140008 B Single Top (W)
[ Single Top (other)

>
12000 [ W+jets
Bl VV, Z+jets, QCD
10000 ‘ Total uncert.
D I Stat. uncert.
8000 N —— tf modelling uncert.

6000

Data/Pred.

50 100 150 200
Trimmed large-R jet combined mass [GeV]

Mass peaks clearly visible over background!



A detour:
measurements
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Why Measurement?

Jet (sub)structure is mostly dependent
o [camon on Parton Shower models

p‘:‘Ck > 0.5 GeV
|niTe‘| <21

¢ Data (with stat. uncertainty)

Non negligible differences from data
[ s osmuan are observed in MC predictions

—— Herwig++ 2.7.1 EE5 CTEQ6LA

—— Pythia 8.175 AU2 CT10

- - - - Pythia 8.186 A14 NNPDF2.3
Pythia 8.186 Monash NNPDF2.3
Pythia 6.428 P2012 CTEQ6L1

P stz (Unfortunately) Grooming to get rid of
uncorrelated radiation also throws
away the soft part we wish to tune to!

“Your garbage I1s my treasure”

Attributed to Stefan Prestel

Data/Model

500 1000 1500
Eur. Phys. J. C76(6). 1-23 (2016 Jetp, [GeV]

0


https://link.springer.com/article/10.1140/epjc/s10052-016-4126-5

Why Measurement?

Sensitive to both perturbative and non-
perturbative QCD (“precision substructure”)

Input to tune/improvement models and analytic
calculations

Helps in tagging algorithm development.


https://link.springer.com/article/10.1140/epjc/s10052-016-4126-5

JHEP 08 (2019) 033

Most comprehensive
jet substructure
measurement at the LHC

é ATLAS
ECF(2,3) S 306 MM Is=13TeV, 33 fo’
(B=1) = « Anti-k, R=1.0 jets
D © &\\\\\ Soft Drop =0,z  =0.1
Trimmed C('3 1) ~b 0.5 cut
Q _ WTA . N W selection
Softdrop (5 = 0) - Ty,2.3 + ratios 04 % 74/ Top selection
LH angularity / Il Dijet selection
N subjets NN
%),
QT
i |I|||I|$I||I|||\\\i\\\§%//%
Comparison Test of . "N /////
S T MC modelling N o
tOpO].Og].eS 7 ////8 /17, 3

R

Nsubjets




| Detector level | Particle level

Dijet selection:

Two trimmed anti-k; R = 1.0 jets pr > 200 GeV pr > 200 GeV

n| < 2.5 In| < 2.5
Leading-prtrimmed anti-k; R = 1.0 jet pr > 450 GeV
Top and W selections:

pt > 30 GeV pt > 30 GeV
Exactly one muon In| < 2.5 In| < 2.5

|20 sin(0)]| < 0.5 mm and |dy/o(dp)| < 3

pr > 25 GeV pr > 25 GeV
Anti-k; R = 0.4 jets In| < 4.4 In| < 4.4

JVT output > 0.5 (if pp < 60 GeV )
Muon isolation criteria I AR(.”’Jet) <004+ 10 GeV / PTp: None

muon is removed, so the event is discarded
Emiss mW Emiss> 20 GeV |, ERiss+ maY > 60 GeV
Leptonic top At least one small-radius jet with 0.4 < AR(u,jet) < 1.5

Top selection:

In| < 1.5, pr > 350 GeV , mass > 140 GeV
Leading-prtrimmed anti-k; R = 1.0 jet AR(large—radius jet, b-tagged jet) < 1
A¢(p,large—radius jet) > 2.3

W selection:

In| < 1.5, pt > 200 GeV , mass > 60 GeV and mass < 100 GeV
Leading-prtrimmed anti-k; R = 1.0 jet 1 < AR(large—radius jet, b-tagged jet) < 1.8
A¢(p, large—radius jet) > 2.3




Uncertainty for JSS
measurements

ATLAS 1 o eenany Leading experimental uncertainty
from calorimeter cell-cluster

\§= 13 TeV, 329 fb-1 Data statistical error
- QCD Modeling

energy, resolution, efficiency etc.

—— Cluster angular resolution

anti-kt R=0.8, plead > 600 GeV - — = = Cluster energy scale shift
T ——r—ia Cluster energy scale smearing

T e Cluster energy scale and resolution
uncertainties estimated by track to
cluster E/p ratio, angular resolution

uncertainty by relative position shift

o
w

oft drop, p =0, z = 0.1

Relative Uncertainty

o
N

| Reconstruction efficiency from
PrvTLL 0854 Golm e unmatched tracks to clusters

24



Les Houches Angularity

I | I

| ATLAS . W W selection
ls=13TeV, 33 fb 7% Top selection
Anti-k; R=1.0 jets |4/l Dijet selection

Soft Drop = 0, z =0.

t
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Softer/central additional
radiation in dijet

IIII|IIII|IIII|IIII|IIII

ATLAS
J/s=13TeV, 33 b
Anti-k R = 1.0, p., > 350 GeV

Softdrop p=0,z_, =0.1

—¢— Data
Powheg+Pythia8

- == Powheg+Herwig7

----- MG5_aMC+Pythia8

== Sherpa

IIII|IIII|IIII|I_
Top selection

OO —t=t=—t
ONOO=SDWRO

AT ITT A TTTITTTITT

lllllllI!IIIIIIIII.I'-I|IIIIIIIIIIIIllllIIl--l.

0 0.1 0.2 0.3 0.4 0.5

06 07 08
LHA

Shifted peak in MCs




N-Subjettiness

Quantify the degree to which jet radiation
is aligned along specific subjet axes.

] M Smaller values: N or less
T, = (T Z (pT,k X AR . energy deposits
0k=1\

—— |

distance to nearest subjet [N @RI HE o gcRr kgL
energy deposits

d,=R X sum of p; of all constituents

Tn-1 > Ty for N prong substructure

Calculated by ki clustering the constituents, and
requiring exaetly N subjets



NSubjettiness ratios

ATLAS W W selection

Is=13TeV, 33 b 74/ Top selection
Anti-k, R=1.0 jets

Soft DropB 0,z

I | I I I | I

ATLAS
Is=13TeV, 33 fb"
Anti-k, R=1.0 jets

Soft Drop B = 0, z =0.1

cut

N W selection
7%/ Top selection

/A
\\\\\m\\\\\v/A/
Y/

%

/t"?/{/'f/uu||||||||||||||||||||||||
0 01 02 03 04 05 0.6

QIII|III||||II|||II||III|I|II|IIII|II|I|III||I

//l//////.'/////// z I

i%l|||||II||II|I|I|||||II||||II|I|I|||II||||II_I_

Visible difference in two and three-prong substructures
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ECF

Over all constituents (beta: angular exponent):

ECF(N+1) << ECF(N)
ECF(3,8) = Z pri prj pri; (Rij Rk Ryi)” fOP N SUbJ etS

1<j<k

ECF(N,B8)= ) (N energies) x ((g ) angles)ﬂ

sets of N

Define (double) ratio = [ECF(N+1)/ECF(N)]/[ECF(N)/ECF(N-1)]

ECF(N +1,3) ECF(N — 1, s . A
Cy) = % Analogous to Nsubjettiness ratio

Large Cx: more than N subjets, extra radiation is not correlated with
leading order N subjets.
For small Cy: the additionadsradiation is soft/collinear



ATLAS Data

\/g =13 TeV. 33 fb—1 POWheg+Pyth|8.8
Top selectic;n Powheg+Herwig7

MG5_aMC+Pythia8
=++= Sherpa

Iilllllllllllllllllll
ATLA W selection

1
Vs =13TeV, 33 fb Data

Powheg+Pythia8

o
~

Nt
N

|
|k R=1.0, pT>ZOOGe{/

otdropB 0,z =01

-I-|III|III Illlillilll |II|I

Anti-k. R = 1.0, p, > 350 GeV
Softdropp=0,z_ . =0.1

L1 1 1 | I ' II—I—I—-i--L—II 11 1 l 1 1 | l 1 1 | | | I I 11

0.5 1 1.5 2

—_ - -1
fo) e N (VI N R o' T

o O
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Again shifted peak in W, models overestimating gluon radiation
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W W selection ATLAS .
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ATLAS
\s=13TeV, 33 fb’
Anti-k, R=1.0 jets
Soft Drop B =0, z =0.1

N W selection
747 Top selection
|I#lll Dijet selection

I
3

NN

NN §N%

<{<</y///,¢7/
7. 74

r))‘%//’/
N\

N N
LT &

////
e

0.035 0.04
ECF3"™™

i

Illllllll&

| |,
.015 0.02 0.025 0.03

|
0 0.005 0.0

Visible difference in one, two and three-prong substructures




ECF3 Modelling

ATLAS

ATLAS
Ve =13TeV, 33 fb"

W selection, an’ti-kI R=1.0, Pr > 200 GeV
Softdropf=0,2z_, =0.1

ATLAS
/5 =13 TeV, 33 fb™" e V5 =13TeV, 33 fo'
Dijet selection, anti-k; R = 1.0, p, > 450 GeV : 41 Top selection, anti-k, R = 1.0, p, > 350 GeV
Softdropp=0,z_ . =0.1 5 : Softdropf=0,2z_, =0.1
—e— Data —e— Data
Powheg+Pythia8 Powheg+Pythia8
— Datal = == Powheg+Herwig7 = == Powheg+Herwig7
— Pythia8 MG5_aMC+Pythia8 MG5_aMC+Pythia8
=== Herwig7

MC/Data
MC/Data

[

0.01 0.015 0.02 0.025 0.083 0.035 0.04 , ) . 0.06 0.07
norm

ECF3" ECF3Mo"™

MC/Data

Models do better for dijets than top/W
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PRIMARY LUND PLANE

e Measured for the first time:

32 highlight of Boost2019

Phys. Rev. Lett. 124, 222002 (2020)

Lund Plane

s=13TeV, 1390, p_ > 675 GeV

core

Probing
emmission g
inside a

jet ‘

(/N ) 8*Ngigions / ( din(1/2) din(R/AR) |

Regions of the
UE/MPI Lund jet plane

PN~ F9R

3 5 4

3.
IN(R/AR)

;I—;Lu_l_l_;l_;l—l_l_l_l_l_
10”" - 10°®
AR = AR(emission, core)

Y
/’ﬁ-
. S
collinear =4



Data-MC comparions

Data ATLAS

Pythia 8.230 Vs=13TeV, 139 fb"
Powheg+Pythia 8.230 P> 675 GeV
Sherpa 2.2.5 (AHADIC) ;

Jermzesoug T Non-negligible difference!

Herwig 7.1.3 (Dipole)

dzNemissions
Neg dIn(R7AR) din(1/z)

1

ATLAS @ Data
Vs=13TeV, 139 b M Pythia 8.230
P> 675 GeV [0 Powheg+Pythia 8.230
3.53 <In(R/IAR) < 3.67 Sherpa 2.2.5 (AH.ADIC)
Sherpa 2.2.5 (String)
+ Herwig 7.1.3 (Ang. ord.)
$3 Herwig 7.1.3 (Dipole)

- Pile-Up -~ Unfolding -

1

dzNemISSIOHS
N dIN(R/AR) din(1/2)

Relative
Uncertainty

Data ATLAS

Pythia 8.230 Vs=13TeV, 139 fb"
Powheg+Pythia 8.230 P> 675 GeV
Sherpa 2.2.5 (AHADIC) i

Sherpa 2.2.5 (String) 180 <In(1/z) < 2.08
Herwig 7.1.3 (Ang. ord.)
Herwig 7.1.3 (Dipole)

102
Z= pimiSSion / (,OimiSSion + ,Oiore) G| Total Syst. - = MC Modeling - - Experimental
- Pile-Up - Unfolding

1

dZNemISSIOhS
N dIN(R/AR) din(1/2)

Relative
Uncertainty

. L

1072

emission emission core
Z .= pTIeSn ] (pETEeN 4 per)

— Total Syst. = =~ MC Modeling - - Experimental
- Pile-Up - Unfolding =

Can LJP help in improving generator/
finding new physics?

Relative
Uncertainty

In(R/AR)

107 1072
53 AR = AR(emission, core)



Smearing

e Delphes only smears JES, so a larger-R jet pr and
and mass smearing(s) are realistic, but not any
substructure variables, which show no difference.

e Whereas just as an example, if we construct JSS
observables only with charged particles, and apply
the typical charged particle pr and angular
smearing, we see significant effect, which is more
inline with experimental results.

34



Smearing
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arXiv:1910.01637 [hep-ph]

JSS Smearing in Rivet
(with Andy Buckley and Karl Nordstrom)

1.6
1.4

1.2

1

0.8
—+4— Unfolded Data

S Pythia8 0.6
—— Detector-level Data 0.4

— — — Smeared Pythia8 )
0.2 — — ~ Smeared Pythia8

0
01 02 03 04 05 o6 07 o8 09 1 0O 01 02 03 04 05 o6 07 o8 09 1

LHA LHA

e Smeared pr and n of the clusters, constructed by adding
individual constituents.

e Tuned the smearing to the ATLAS reco/gen ratios as shown.

e James Monk Why are you smearing Rivet? It's great, | won't have

eDs

a word said against it! ‘£

- Reply - 10w



Tageing Boosted Objects:
observables and taggers

facebook

3 Desktop Help Connecting pa,rticles

| Tag M your posts
Friends

Add tags to anything you post,

Tags can point to your friends
or anyone else on Facebook.
Adding a tag creates a link that
people can follow to learn
more.

Like

Lists

Target is to identify jets resulting from the decay of top quark or Higgs against jets
coming from light quark/gluons.



Principle of (social) distancing in
object reconstruction!
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Principle of (social) distancing in
object reconstruction!

e ODbject reconstruction algorithms run independent
of one another

e Same detector signature can result in multiple
objects being reconstructed, results in fakes!

e Electrons as jets, and vice versa (jets contain
neutral pions!)

e (Overlap removal to address the double counting

39



But who ordered that?

Boosted heavy neutrino search:
electron in a large-radius jet

210)



Debarati Roy: former postdoc
: .

Boosted Heavy
Neutrino Search

ATLAS Simulation GOOd

Vs= 13 TeV, L =80 fb
Signal: MN , MW

[GeV], [GeV] IleU_tI’lIlO

- mass
reconstruction

>
[0}
O)
o
v
~
2
o
[
>
L

\s=13 TeV, 80 fb™

-o- Data

It
Z+jet(s)
Single-t

B W+ijet(s)
Diboson
MC stat. unc.

Events / 100 GeV

ATLAS Simulation Vs= 13 TeV, 80 fb™

my,, (3 TeV), m (300 GeV)

e;
o
S

o

S~
©

]
©

a

400 600 800 1000 1200 1400 1600 1800 2000
m' [GeV]

o
Q2
f—
I=
c
o
£
IS
o
L
O
[0}
L
©
£
A
]
c
%)
2]
c
o
>
L

41 CR well modelled




Phys. Lett. B 798 (2019) 134942

Boosted Heavy Neutrino Search

Events/200 GeV

Significance

Electron channel ATLAS
/s =13 TeV, 80 fb™

Signal: M M,

[GeV], fE;eV]
— 300, 3000

----400, 4000
—e— Data
Z+jets fit
— BG fit
--- BG uncertainties

500 1000 1500 2000 2500 3000 3500 4020 4500
,€
m"°'[GeV]

Very small background
due to the extreme topology

42

ATLAS
Vs =13 TeV, 80 fb™

Electron channel

— Obs. 95% CL
Exp. 95% CL

— Obs. resolved 95% CL
Exp. 10 Band

2000 3000 4000

Complementary strength
from resolved analysis



Ongoing: extending it to
full Run & data

>
G 800F ATLAS Simulation
£ 700 Signal selection efficiency

Can we improve
electron reconstruction
Muon channel in dense hadronic
Electron channel environment

Lawrence Davou:
current PhD student

2000 3000 4000 5000 6000
My, [GeV]

43




Why stop at electrons?



Phys. Lett. B 798 (2018) 134942

Why stop at electrons®?

Marvin Flores
current postdoc

C @& https://arxiv.org/abs/1905.08026

% Cornell University

N

arXiv.org > hep-ph > arXiv:1905.08026

High Energy Physics - Phenomenology
Constraining Stealth SUSY with illuminated fat jets at the LHC

Marvin Flores, Deepak Kar, Jong Soo Kim
(Submitted on 20 May 2019)

We investigate the discovery potential of a Stealth SUSY scenario involving squark decays by reconstructing the lightest neutra#fino decay products
using a large-radius jet containing a high transverse momentum photon. Requirements on the event topology, such as ton and large-radius
jet multiplicity result in less background than signal. We also estimated the sensitivity of our analysis and found th has a better exclusion
potential compared to the strongest existing search for the specific benchmark points considered here.

Comments: 6 pages, 5 figures P] t o o t
Subjects: High Energy Physics - Phenomenology (hep-ph) Og OIl lI]. J e
Cite as: arXiv:1905.08026 [hep-ph] .

(or arXiv:1905.08026v1 [hep-ph] for this version)

Submission history

From: Marvin Flores [view email]
[v1l] Mon, 20 May 2019 12:19:37 UTC (251 KB)




Here's a llama,

There's a llama

And another little llama,
Fuzzy Llama

Funny Llama

Llama Llama duck

Half a llama,
Twice a llama.

Not Qa,ma,
.
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Here's a llama,

There's a llama,

And another little llama,
Fuzzy Llama

Funny Llama

Llama Llama duck

Half a llama,
Twice a llama.

47



Dark and semi-visible jets

68.3%
Dark Energy

Tasnuva Chowdhury
current postdoc "
INVISIBLE

\

Dark hadrons decaying in a
_— QCD-like fashion, fully
L or partially back to
L visible sector (semi-visible
48  |Jets, based on Cohen et al)



Sukanya Sinha:
current PhD student

Semi-visible Jets

/

e

q
/ SVj-02

© SVJ-04
SV)-06

—_—_—mm— — —-—
Invisible fraction

svj-08

] (Arbitrary norm)

Frec
n

t-channel

R..= Ratio of stable
dark hadrons over
number of hadrons

2.5 3 3.5
Ad(closest jet, MET)

Mvelo Dlamini MET aligned with a jet, a topology we have not
current masters student yet looked at in ATLAS!

Potential use of substructure to
identify these jets!
See: https://arxiv.org/abs/2007.11597



https://arxiv.org/abs/2007.11597

Experimental
Particle Physics

Understanding the measurements and
searches at the Large Hadron Collider

Deepak Kar

After almost a years
etort (and clrawing
ﬁgures over last
Christmas holiclagsl)




Supporting Material



The Run 1 Bump at & TeV

arXiv:1506.00962

ATLAS —e— Data
_ - == Background model
\s=8TeV,20.31b 15TV EGMW: ¢ = 1
2.0 TeVEGM W', c =1
2.5TeVEGM W', c =1
—— Significance (stat)
I Significance (stat + syst)

—e— Data
= Background model
—— 1.5 TeV Bulk G, /M, = 1
2.0 TeV Bulk G, k/Mp =1 __
—— Significance (stat)
I Significance (stat + syst)

—e— Data
\s=8TeV,20.31b" = Background model
—— 1.5 TeV Bulk G, k/Mj, = 1
2.0 TeV Bulk Gg, kM =1 __
—— Significance (stat)
. I Significance (stat + syst)
WZ Selection WW Selection ZZ Selection

Events /100 GeV
Events /100 GeV
Events /100 GeV

©
)
c
©
2
=
c
2
w

Significance
Significance

Invariant mass of two boson-tagged large radius jets



Events /100 GeV

Significance

Events /0.1 TeV

Significance

102

10

The Run 1 Bump at & TeV

e B B e N =

- ATLAS —e— Data ]

- _ B = Background model -

E_\s—8TeV,2O.3fb  15TeVEGMW. c =1 -

> 2.0TeVEGM W', c=1 -

B ——25TeVEGM W', c =1 7

E —— Significance (stat) 3

= B Significance (stat + syst) =

= . WZ Selection —

== |

=1 1 T T | 1

E I L R 3

. ATLAS .

L Ne {s=13TeV,36.7fb" _]

= WZ SR 3

B x?/DOF = 8.1/9 T

- ¢ Data .
— Fit

Events /100 GeV

Significance

10*
10
10°

10

102
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————
ATLAS
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Soft-dropped Jet Mass
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Soft-dropped Jet Mass
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More on Modelling

Soft-dropped CMS, 13 TeV, Ungroomed jet mass m,, (760 < py < 900 GeV)
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Filtering

Prunning

~~--—"

Jl+j2 i
T > Zeut or Ale,jz < Reut Pruned jet

Trimming

Initial jet p. Trimmed jet




Dayvison E. Soper, Michael Spannowsky; arXiv:1102.3480, arXiv:1211.3140

Shower Deconstruction

ISR Top

Top quark jet
shower history

ISR Gluon

Light quark jet
shower history



http://arxiv.org/find/hep-ph/1/au:+Soper_D/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Spannowsky_M/0/1/0/all/0/1

Shower Deconstruction

e Decompose the large-
radius jet into small

radius subjets.

e Build all possible shower
histories with the
subjets.

e Assign probability
whether signal-like or
background-like.

e A single analytic
function:

ATLAS-CONF-2014-003




Phys. Lett. B 781 (2018) 327

All hadronic W’ search
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All hadronic W’ search
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