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Introduction

 LHC Run3 does not give us any substantial increase in energy: but we will
have more and more data;

» the theoretical focus is on making our tools better and better

 NNLO calculations as the new standard (loop-results for at least 2—3
topologies; more flexible subtraction schemes; interface with parton
showers and/or resummation);

» parton-shower simulations upgraded to the precision club (log accuracy,
colour, higher-order splitting functions);

 state-of-the art predictions for standard candles (e.g. N3LO, N3LL
resummation, effects on parton densities);

e one of the challenges ahead is to find new and more efficient ways to
Interrogate the data and jet physics offers us exciting opportunities
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An
Introduction
o jet
substructure

starting mostly as a tool for
new physics searches, jet
substructure techniques
are now mainstream

X *<
X is at rest and its decay products are
reconstructed in two jets

oy
S

X is boosted and its decay products
are reconstructed in one jet



Looking inside jets

- the two major goals of the LHC
 search for new particles

« characterise the particles we
Know

- jets can be formed by QCD
particles but also by the decay
of massive particles (if they are
sufficiently boosted)

- how can we distinguish signal
jets from background ones?

1 jet

quark
(or gluon)




Jet substructure in a nutshell

- the final energy deposition pattern is
influenced by the originating splitting

- hard vs soft translates into 2-prong vs

1-prong structure W{%{ﬁ%@

« picture iIs mudded by many effects

(hadronisation, underlying event,
different energy

pl|eU p) deposition pattern
- two-step procedure: \Z

« grooming: clean the jets up by

removing soft radiation (%@
or gluon

- tagging: identify the features of hard
decays and cut on them



A theorist’s job

« devise clever ways to project the multi-dimensional parameter
space of final-state momenta into suitable lower dimensional
(typically 1-D) distributions pt > m

for an introduction see SM, Soyez, Spannowsky j
“Looking inside jets”

- in the past decade, our understanding of (mo

jets has improved tremendously

« SO it is time to ask ourselves if jet substructure can play a role in
the wider LHC physics program


http://inspirehep.net/record/1717499

- efficient and robust grooming and

tagging a have been developed
and exploited at the LHC

- Soft Drop aims to clean up a jet by

removing soft radiation

Groomed
Groomed Jet Clustering Tree
={1Zg
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courtesy of J. Thaler Zg 2 Zeut egB

An example: Soft Drop

Original Jet Clustering Tree

courtesy of J. Thaler

« compute momentum sharing
and if it fails the soft drop
condition, remove the branch

min(pr1, pr2)
pr1 + P12

Larkoski, SM, Soyez, Thaler (2014)


https://link.springer.com/article/10.1007/JHEP05(2014)146

From ideas to precision
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« good perturbative properties (convergence, absence of intricate soft
effects such as non-global logs)

- what about sensitivity to non-perturbative corrections?


https://link.springer.com/article/10.1007/JHEP07(2016)064
https://inspirehep.net/files/3f0c23be9423a2eb59f73e1f18f7c495
https://link.springer.com/article/10.1007/JHEP07(2016)064
https://arxiv.org/pdf/2211.03820.pdf

Hadronisation corrections

- we have to take into account (at least) two effects:
« a non-perturbative mass shift

Sm* = CrANpD Regt
 a non-perturbative p: shift (loss)

op, = — CyAnp/ Reff

Dasgupta, Magnea, Salam (2008)

m

PSR, = - both contribute with the same leading-power
ryl=2 correction to the jet mass distribution (assuming

1/m behaviour):

- standard result

24+ p _
1 pzANP m « soft-drop reduction
T f(Zcu’U ﬁ) 2 Dasgupta, Fregoso, SM, Salam (2013);

do

dm

_dO'

N dm

pert m Py

SM, Schunk, Soyez (2018)

- detalled field-theory analysis confirms and expands on this picture

Hoang, Pathak, Mantry, Stewart (2019); 9 Pathak, Vaida, Stewart, Zoppi (2020)


https://link.springer.com/article/10.1007/JHEP09(2013)029
https://inspirehep.net/files/6c1ff490aeeb44f41d20a670bddb9cb7
https://iopscience.iop.org/article/10.1088/1126-6708/2008/02/055
https://inspirehep.net/files/6b0f18cb25298a0a6381c634ae0f1ddf
https://inspirehep.net/files/91d863aadbcf8266bc2acc11184b3c5e

Size of the corrections
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https://inspirehep.net/files/c05f89ddacf1c307600356f3e46f9b42
https://arxiv.org/pdf/2112.09545.pdf

Comparison to data

jet angularities allow us to probe the internal QCD dynamics of jets
(set k = 1 for IRC safety)

multi-scale problem that requires resummation

NLO+NLL implemented in the Sherpa-resummation plugin (efficient way to
handle kinematics and colour)

CMS performed detalled studles of jet angularltles iIn Z+jet and dijet events

ES

theory description
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https://arxiv.org/pdf/2112.09545.pdf
https://arxiv.org/pdf/2112.09545.pdf
https://link.springer.com/article/10.1007/JHEP01(2022)188
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Quark/gluon enriched samples

« angularities in Z+jet and dijets: different transverse momentum and rapidity
bins allows us to probe samples with rather different quark/gluon

Reichelt, Caletti, Fedkevych, SM, Schumann, Soyez (2021)
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mean values confirm standard
picture: g’s radiate more than g’s

our calculation tends to
underestimate the mean values

however, it does so
democratically for g’s and g’s:
no appreciable bias

beware! NLO corrections can
significantly alter q/g fractions

room for improvement: thanks to
recent development
NNLO+NNLL is not far away


https://arxiv.org/pdf/2112.09545.pdf

Quark/gluon tagging for SM pheno

 g/g tagging traditional important for searches
- can it be useful in Standard Model studies?
- yes, but we need theoretically well-defined (IRC safe) taggers

« Z pr studies play a central role in SM
phenomenology: probe of initial-state QCD

dynamics - the Z + jet process features a
« Z prrecently entered global PDF fits: they strong correlation between the
provide info on the gluon PDF flavours of initial- and final-state

partons (100% at LO)

Y

| NNPDF
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http://nnpdf.mi.infn.it/research/data/

Angularities as q/g taggers

 use jet angularities to select Z + quark-jet events

- this selection ensures a higher initial-state-gluon purity

- measure Z pr on those events
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« pro’s: good gain, everything is IRC and calculable;

* need to assess
the actual
Impact on the
gluon PDF

- plenty of data!

« con’s: need to reconstruct the leading jet, acquired sensitivity to

non-pert. corrections

14 Caletti, Fedkevych, SM, Reichelt, (2021)


https://arxiv.org/pdf/2112.09545.pdf
https://link.springer.com/article/10.1140/epjc/s10052-021-09648-x

Cross-
pollination

jet substructure inspires new
ideas to study heavy flavours

ATLAS

EXPERIMENT
Run: 350440

Event: 1105654304
2018-05-16 23:55:11 CEST
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Heavy Flavour Jets

 Jets containing heavy flavours
(charm and beauty) are central
to the LHC Higgs program

b-jet

»

Jet Primary
Vertex

pp — Z+b-jet+X
|

https://cds.cern.ch/record/2771727/plots

Vs =8 TeV

| |
flavor-k,R=05,a=2
Fiducial region

CmP™ =492 GeV

OCOOOIOIOIORKAREARIOIOSOSOCOEIICEICICRICI IR I OIOCKOSOSOTOOEK 7]
% : < ~ AT e e T ST < o

* important for QCD studies Promot Jd\
too: PDFs, fragmentation etc.
-
* they are identified exploiting B
hadron lifetime: displaced
vertices o
42— FONLL o?
« from theory viewpoint, mp & F e
mc set perturbative scales: z ' =roua
high accuracy (NNLO) QCD Rt
calculations Z+b/c jet now < L of X
exist |
apl 1111 ]

two recent highlights...

16

m, [GeV]

Gauld et a. (2020)


https://cds.cern.ch/record/2771727/plots
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222002

There’s charm in the proton!

=

+
Q
8

NNPDF collaboration has recently shown a 36 evidence of
iIntrinsic charm in the proton

* they fit the charm PDF in the 4-flavour scheme: charm is both
radiative and intrinsic

* they match to the 3-flavour scheme to extract the (only) intrinsic
good agreement with theory models and and visible in Z+c data!

0.03 0.09
LHCb data
— 0.08 1
0.02 ] Nﬁ $  default charm
& 0.07 ! perturbative charm
~—
0.011 3 0.06
) t,
o)
0.00 === l b0 T
S 0.04 1 : |
—0.011 Intrinsic Charm, NNLO match (PDF+MHOU) &ﬁ
BHPS model 0.03
— = Meson/Baryon Cloud model
0.02 \ 0.02 T T T T
- 02 04 06 03 2.0 2.5 3.0 3.5 4.0 4.5
x y(Z)

Nature | Vol 608 | 18 August 2022 |

NNPDF (2022)
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https://inspirehep.net/files/9244c24e5c17fdd10aa23eb9f82d0497

ALICE and the dead cone

* ALICE recently exploited ideas from modern jet physics (e.g.
reclustering) to perform the first direct measurement of the dead cone

 charm jets are tagged using B ALICE Data - - - "YTHIA8q/inclusive

0 — _+ no dead cone limit
D" —- K™« — PYTHIA

_ SHERPA g/ inclusive

SHERPA """ no dead cone limit

* jets are declustered and the

. . . . 0.37 0.22 0.14 0.08
splitting kinematics is = [T T
recorded Nature 605 (2022) 440-446 &’1 - 5 < Epagiator < 10 GeV
; e fraction of momentum . SEEsEsEskssssEE
........... /k carried by the emitted gluon 1 #- mEEREEE . .
...... C—C B X ] | .
e ‘g/d . significance
\c_.c Y \Z—;cg c—fc\g:hadrun:g e"’kT/Zpt 5 i .
................... energy of the '
................. ¥ emitting charm transverse scale
[E\pt Of the Spllttlng O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

v

emission angle 1 15 2 2:5 >

Smaller angles

taken from N. Zardoshti’s talk at BOOST 2022
18 Nature | Vol 605 | 19 May 2022 |



Experiment vs Theory (l)

* Experimental procedure:

e cluster jets using the anti-ki

algorithm

e run b (¢)-tagging

* Theory calculation

e compute real and virtual

e cluster jets using an IRC
safe (flavour) algorithm

BUT counting the flavour of an anti-k: jet is NOT IRC Safe beyond NLQO!

\

19

~

splitting of a soft
gluon can affect jet
flavour

Banfi Salam Zanderighi (2006)


https://link.springer.com/article/10.1140/epjc/s2006-02552-4

BSZ flavour algorithm

* the flavour-sensitive metric reflects the absence of soft quark
singularities:
max (ky;, ki;),  softer of 4, j is flavoured,

(F) 2 2
di; " = (Amj + A¢ij) X { min(k2, thJ) : softer of 7, 7 is flavourless,

* itis IRC safe because it tends to recombine together the
problematic soft gg pair

* however the use of BSZ in experimental analysis is far from
straightforward:

* obviously, it’'s not anti-ki

* it requires knowledge of the flavour at each step of the clustering

20



Experiment vs Theory (ll)

 Comparison between theory and experiments requires to unfold the
experimental data to the theory calculation performed with BSZ

Vs =8 TeV NNLOJET pp— Z+b-jet Vs =8 TeV

w
|u

—3— Unfolded CMS data

_
<

flavor-ky, R=0.5, 00 =2 —f— Unfolded CMS data

E— FONLL 2 E— FONLL o2
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=
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> = 15 SRS
%;10‘3 3 = g,
B s} 1= P
s == - A i
104 0.5:— —:
} N oBLiiii Liiasiiiy Liiisiiiy Liiasiii, Lyissi =
§ E:‘12:“””_I”!”””'”l””'””|'””””|”””—':
g - T LIE- ] S e —
.g E .§ IE ] <XXTXX)W =
& - 3 0.9;—l ! l o=
2z  Errr i BE e~
[— — p— Gl — p_—
E = — = <Z: 1= ——
° E— = 2 B = Gauld et a. (2020)
g 0 g oo 00 R = Em— Lt e Lo =
0 0.5 1 1.5 2
P, [GeV] |

it would be better to identify a common procedure in order to avoid
this unfolding step
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.222002

3* new ideas In the past 2 months!

e use Soft Drop to remove soft ¢ define a flavour algorithm < construct a flavour
quarks that resembles anti-k: dressing for a given jet

Durham (ky) jets et e~ — jets at 6(agd)
1, otherwise. 15 I I I ! I I I I

") {Sij , if both ¢ and j have non-zero flavour of opposite sign,
d;. =d;; x

LHC 13 TeV PDF: NNPDF31
Scale: pur = pp = mp(Z) 19
Order: NLO+PS

) Hda/d|n(b1~)| [pb]

—— naive
dress [a=2]

-5 | | | | | | | |
-26 -18 -16 -14 -12 -18 -8 -6 -4 -2

lf[) 1?3 ‘Z.I() 2.5
In(by)] log(ys)

ratio to k'

* needs JADE as reclusters, « flavour-dependent metric, still  « needs flavour
know to fail at three loops needs some (small) unfolding information of many (all?)
particles in an event

Caletti, Larkoski, SM, Reichelt (2022) Czakon, Mitov, Poncelet (2022) ,
Gauld, Huss, Stagnitto (2022)

* it would be interesting to do a dedicated comparison!
22 *4th proposal soon to appear


https://arxiv.org/pdf/2205.11879.pdf
https://arxiv.org/pdf/2208.11138.pdf

what about Soft Drop jets?

e grooming algorithms remove soft radiation from jets

 in particular is Soft Drop is beneficial in the context of non-global

l O g ari t h ms Larkoski, Marzani, Soyez, Thaler (2014)

* the problematic configurations are similar

e so the idea is:

» cluster jets with any
algorithm you wish

e apply Soft Drop and
measure the flavour

 this is experimentally
viable, it is IRC safe?
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https://link.springer.com/article/10.1007/JHEP05(2014)146

Soft Drop flavour at NLO

Through NLO even anti-k: flavour is IRC safe. Is there any subtlety with Soft
Drop flavour?

* We concentrate on quark vs gluon, in ete-

e LO:
P, =0+ O(as)

Pg=1+ O(O{S) q and g are in separate 'gtaannd dgtr?ere I?sth?ozinrgil
jets and gluon is harder J qisg

+ NLO: away

\ /

SC 5 cu
Pg:Pg@JrPg(b):O‘ d <(§—210g2> log R + = t>+O(oz§)

2m B
CL’SCF D Zcut
P,=1—-PFP, =1+ Gy ((210g2—§>10gR2— 3 >+(9(a§)

 so even at NLO, we must use Soft Drop with # > 0 (perhaps not a surprise)
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Soft Drop flavour at NNLO

« if the dashed oval represents the
effective grooming boundary
(clustering log configuration), Soft
Drop fails to screen the singularity

if the dashed oval
represents the jet boundary
(NGLs configuration), Soft
Drop screens the singularity

\/ Why is that?

C/A
Osp = 063, - 62,)0(6%, — 63,)0 (zq -

C/A clustering

quark passes Soft Drop antiquark fails Soft Drop

dlls [M (24, 25)[* Osp
~ dll |[M(z4,74)|? O(05, — 05,)0(02 — 6%,)0 (2, — 1) O (1 — 4)

02, \" e ai - - .
escaling:  Zq = TqZeut <}§§j> N which is singular in the collinear limit



Jade Soft Drop

« Can we modify Soft Drop to save the day?
e we can change the algorithm used for reclustering

e gen-k: algorithms do not cluster two soft particles together, if there is a hard
particle around at smaller angle, but Jade does

 let’s look at the problematic configuration with Jade reclustering

B B
OUPF = O(my, — md,)O(m2, —md,) 6 %00\ o (..., [ fan
P ~ SD Qq Qq qq Qq Zq — Zcut ﬁ Zout ﬁ — 2

B
o2
_ 2(B+1) 2(8+1) Q 2 92
=0 (aﬁq%q — x40, ) © (quzcut <R2q> 057 — qu> O (z,—1)O0(1— z5)

N

* with Jade reclustering energies and angles are coupled
even after rescaling: the singularity is successfully
screened
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Numerical checks

* introduce a resolution parameters to separate

Y3 Ymax

NNLO ! do , do

o — y?) CZ / 3 d /
0 Y3 Y3 Ys

» following BSZ, we use the 3-jet resolution parameter

» distributions of non-Born configurations should be integrable as y; — 0

© 350 (=T T T 1 I B I B I B [ x? L T T T T T ]
5 S = = = ]
00 [ — - —
= P ] I of ]
S g0 EluamrermTm e = S ~  color singlet g¢ production ]
. =" lor singlet a7 oroduction " - . 3 B roomed Durham jets (B = 2) 7
»o0 _color singlet g7 production — 3 40— ?9 ’ but : 1012 ]
= groomed Durham jets (8 = 2) "L . B (a5) contribution x10 i
150 [ (9(04%) contribution Y = n quark-quark ]
- gluon-gluon T ] 20— = gluop—quark —
100 — —— gluon-quark E — multiple flavours
50  — multiple flavours = o
- === (C/A recluster) ]
0
-50 20
[ | | [ [ ‘ | [ | [ [ ‘ | | [
-25 20 15 10 5 0 o7 25 20 15 10 5 0



Problems at N3LO and beyond

» Jade Soft Drop allows us to formulate a definition of flavour
which is

e viable from an experimental view point (original jets can

be anti-ki and the flavour algorithm is applied after jet
clustering)

e IRC safe through NNLO so that it can be used with state-
of-the-art calculation

* however, the algorithm is unsafe at N3LO:
maybe one can think of applying
recursive/iterative Soft Drop? this system has the

smallest invariant mass
and passes SD

soft quark can

alter the flavour
28



Understanding
new tools

machine learning is
reshaping the way we think
analyses and searches

https://news.mit.edu/2019/boosting-computing-power-for-
future-particle-physics-mit-Ins-0819
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Deep learning revolution

e a wave of machine learning algorithms has hit HEP in the
recent past

ML algorithms are powerful tools for classification, and they
have successfully applied to our tasks

1 —

CAT é,"‘g ] (v..‘f: ;..i-.' e if an algorithm can
E (58 I B I distinguish pictures of
) el el ] eww cats and dogs, can it
0o B O B P I also distinguish QCD jets
DOG et I PSR P o from boosted-objects?
| NI

e very active and fast-
credits: becominghuman.ai developlng fleld
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High-level vs low-level

State of the art Neural Networks

Interpretable High

“lowlevatiet s Unierpretale
constituents features tg:]vs:;x‘eel rj.:: -zm_ -
S =
. It’s a top ,w’*, B ,
AfT32t — quark! = [ m— |t’s 3 top quark!
wh?:hupfobes -
3 prong
substructure
A
* traditionally, phenomenologists build “clever 24001 o high-level feature taggers ERRER
observables” that are able to capture the 10 S e i ® |
desired features of particle collisions S |
"8' — ‘gI:articIeNert gPanT
* neural networks and computational o DISORFS on EXP JarticleNet-ite
. (O] 2y | h
advances allow us to exploit low-level g =100 Jreenin I
. . b N
information (cal cells, momenta etc) - ENup S o e
L} - P-CNN
EFN
 what are pro’s and con’s of the two 400 1i-HiHgrs TopoDNN
DA
approaches? O ¢’
T10°0 100 10 108
e can we define a metric to measure FAIEMESES .

robustness ?

31 adapted from Ranit Das talk at BOOST 2022




Jet images

e jet images do what they say: project the jet into a n X n pixel image, where
intensity is given by energy deposition

 use convolutional neural network (CNN) to classify

* right pre-processing is crucial for many reasons: we average over many events
and Lorentz symmetry would wash away any pattern

Convolved
Convolutions Feature Layers

250 < pT/GeV <260 GeV, 65 < mass/GeV <95
Pythia 8, W'— WZ, {s =13 TeV

3
10° =

(@)

[o)
102 O,

o
(o))
2 10 2 250 <p, /GeV <300 GeV, 65 <mass/GeV < 95
ol [7]
% 1 E Vs =13 TeV, Pythia 8
IS 1 =
< , 2150~
z 10 g L - ma
g 102 250 < pT/GeV <260 GeV, 65 <mass/GeV <95 E
5 104 Pythia 8, QCD dijets, Vs = 13 TeV 10 Max-Pooling T
= — = =1
- 10° = > <]
. o 2 107 S, W— WZevent g
< 10 & g
107 s 3 =3
108 £ 1 & Repeat
£ _
0 IS 10"
05 1 10 2 ,
[Translated] Pseudorapidity (n) B 10
ks 10°
2
o 10*
=
i} 10°
10°
107 Signal Efficiency
108
A 9
- -0.5 0 05 1 10

Cogan, Kagan, Strauss, Schwartzman (2015)
de Olivera, Kagan, Mackey, Nachman, Schwartzman (2016)

[Translated] Pseudorapidity (n)
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Theory inputs

e physics intuition can lead us to construct better
representations of a jet: the Lund jet plane

* the primary Lund jet plane is constructed by de-clustering the
jet following the hard branch and record (ki, A) at each step

In(k:/GeV)

Primary Lund-plane regions

In(R/A)

In(k:/GeV)
rl) rl—- o - N w N vl o ~

QCD jets, averaged primary Lund plane

V5 =14TeV, p:>2 TeV
Pythia8.230(Monash13)

Hii rbative
perturbative

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
In(R/A)

[ |

00 01 02 03 04 05 06 07 08 09
P(A, k)
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In(k¢/GeV)

[
= o = N w N ul (<)} ~

W jets, averaged primary Lund plane

Vs =14 TeV, p:>2 TeV
Pythia8.230(Monash13)

- - . .

0.0 05 1.0 15 2.0 25 3.0 3.5 4.0 45 5.0

In(R/A)
0.0 01 02 03 04 05 06 0.7 0.8 0.9
ps(A, kt)

Dryer, Salam, Soyez (2018)



ATLAS performed an
unfolded measurement of
the primary Lund plane
density

(s=13TeV, 139 o™, p_ >675 GeV

)

core
s

N

—
<

emission / (pemission +
T

z=pS

—
Q

(1Nsg ) PNerggons / ( dIN(1/2) din(R/AR) |

p(4, z)

AR = AR(emission, core)

ATLAS (2020)

* First-principle
calculation of
the Lund plane
density

Lifson, Salam, Soyez
(2020)

ATLAS setup: 0.076 <A <0.105
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Mapping out the Lund plane

High-p, setup: NLO+resum+NP
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002
https://link.springer.com/article/10.1007/JHEP10(2020)170
https://link.springer.com/article/10.1007/JHEP10(2020)170
https://arxiv.org/pdf/2112.09545.pdf
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Lund plane images: Higgs

primary Lund plane provides us with an alternative

Hbb tagger that exploits different colour correlations

improved performance wrt simpler colour-sensitive

jet image
used as input to CNN to built taggers
between H — bbvs g — bb
variables, such as the colour ring

Truth

102 Reco
— CS
—— D,+CR
— LPcwn
-_— CS+LPCNN
Q
W 0t
—
100 T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
gs 35

Lund Image ZH (bb) (Truth)

In(1/A)
Lund Image Zbb (Truth)

» good performance also for
Higgs decay into light jets,
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where colour ring fails

0.12

0.10

0.08

- 0.06

- 0.04

- 0.02

0.00

0.12

0.08

- 0.06

- 0.04

- 0.02

0.00



Lund plane images: heavy quarks

Pythia MC; pr it > 500 GeV

* the presence of massive quarks alters the QCD ~
radiation pattern (so-called dead-cone effect) 0s E . Ny
. . . F . y
* we build a b-tagger which exploits orthogonal s W H® - anwc-om
. . m - // 4 ,;;/ _+7 ===- CNN SD: AUC = 0.689
information to standard approach Y A
MRS T,
e again we compare to simpler variables (here jet - /5 v o
angularities) gy
— L’ ® IP3D
|’|||||||I|||||||||I|||||||||I|A||||):_1||||I|||||||||
0.2 0.4 0.6 0.8
P}/thia MC 5 Pythia MC; b-jet ; Pythia MC; light-jet £l
3 3 » work in progress to
ol ‘Torueosos g > g > actually compute these
S| e R R distributions from first-
_: | B, principles
1 ) 5 6 7 ) -1 ‘ 2 3 4 5 6 7 .
i ox(1/ ) ox(1/ )  resummed calculations
0 (l) 2000 4000 w (|) 2000 4000 6000 8000 10000 With masses |eads to
Ao dN/dlog(1/Aw)dlog(ki/GeV) dN/dlog(1/Agw)dlog(k,/GeV)

Fedkevych, Kaur, SM, Sforza (2022)
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nontrivial effects

Gaggero, Ghira, SM, Ridolfi (2022)


https://inspirehep.net/literature/2030682
https://inspirehep.net/files/c05f89ddacf1c307600356f3e46f9b42
https://arxiv.org/pdf/2207.13567.pdf
https://inspirehep.net/files/c05f89ddacf1c307600356f3e46f9b42
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Conclusions and Outlook

Cross-pollination: bring field- Understanding new tools: ML
specific developments to the algorithms are reshaping the way
broader pheno community we think analyses and searches

What is the role of expert-
knowledge in designing ML

Flavours \ / algorithms?

Heavy

Jet Can we understand what the
substructure algorithms are exploiting?

Extraction of - _ _
SM couplings* Study quark- What is the right metric to

gluon plasma measure “robustness”?

Thank you very much for your attention!

37 *more in the backup
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A more physical approach

e “counting” (heavy) flavours may obscure the physical picture

e a more physical approach should try to link the flavour of the UV
parton to the IR jet

NN ~—~
Uuv “wr_t‘*fé; IR

* not a new idea: it has been suggested to use the flavour of the
hardest micro-jet as a proxy for the UV flavour

Dasgupta, Dryer, Salam, Soyez (2014)
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https://link.springer.com/article/10.1007/JHEP04(2015)039

Winner Take All axis

e Cluster and find jets in your collision event with any desired jet algorithm.

 On a given jet, recluster its constituents with a pairwise, IRC safe, algorithm, using the
WTA recombination scheme. Specifically:

1. For all pairs i and j of particles in your jet, calculate the pairwise metric dj .

2. For the pair i and j that corresponds to the smallest dij , recombine their momenta
into a new massless particle ij such that Ej=Ei+E; , and the direction of ij is along the
direction of the harder between i and j.

3. Replace particles i and j with their combination ij in the collection of particles in the
jet.

4. Repeat clustering until there is a single, combined particle that remains. The
direction of this particle corresponds to the WTA axis of the jet.

* The sum of the flavour of all particles in the jet whose momenta lie exactly along the WTA
axis is defined to be the flavour of the jet.

40



Winner-Take-All Flavour

iInstead of the hardest micro-jet, assign the flavour of the jet to be
the flavour of the particle(s) lying along the Winner-Take-All axis
(see backup for WTA definition)

this definition is soft-safe, but collinear unsafe: we make use of
WTA fragmentation functions

unlike the micro-jet approach, the evol quations are

DGLAP-like and, hence, linear

UG g [ [ () ) P (£) 65

dfg($,Q2) g /min[l,Za:] dz
dQ? 27 J,

interesting properties, e.g. IR fixed-point

2 upper limits take into account the WTA condition



Comparison to Parton Shower

e good agreement between LL evolution and Pythia parton shower

gluon fraction

fg(QUv) =1,

fq(QUV) — O’ Vq

0.80F

0.78}
076
0.74f
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0.70f
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0.66f
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100
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5 | WTA Flavor Fraction Evolution
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Cross-
pollination (ll)

the strong coupling
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a, from event shapes
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A better understanding

MC models of non-pert corrections are tuned with parton showers of limited accuracy

analytic models of non-pert corrections are usually derived in the two-jet limit

recently a full calculation of the leading non-pert corrections has been performed

can these improvements alleviate the tension in strong coupling determinations using
event shapes?

Cqﬁ 9(c)

09 |
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C-parameter

Luisoni, Monni, Salam (2021)

(qqg({)
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1 = Thrust n

Caola, Ferrario Ravasio, Limatola, Melnikov, Nason (2021)
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https://arxiv.org/pdf/2108.08897.pdf
https://arxiv.org/pdf/2204.02247.pdf
https://inspirehep.net/files/2c3e220390593b0dbde7c877d18614fe
https://arxiv.org/pdf/2012.00622.pdf
https://inspirehep.net/files/2c3e220390593b0dbde7c877d18614fe

Groomed event shapes

* In the past decade, our understanding of jets has improved tremendously

 efficient and robust grooming and tagging algorithms have been
developed and exploited at the LHC

e Soft Drop aims to clean up a jet by removing soft radiation

2.0

(%)Hadron/(%)Parton' (6+6_ —>qq—|—X)

Baron, SM, Theeuwes (2018)

(

Larkoski, SM, SO ez, Jhaler (2014)
y
do )Hadron/(doj-zzD)Parton’ (6 + e = q(j X)

a7,
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46 SM, Reichelt, Schumann, Soyez, Theeuwes (2019)


https://arxiv.org/pdf/1803.04719.pdf
https://link.springer.com/article/10.1007/JHEP05(2014)146
https://inspirehep.net/files/490f743e712e20bf9ec2dae83ea584bc

Challenges for Soft Drop thrust
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Challenges for Soft Drop thrust

transition region

T~ Zc:ut
resummation
1 do NALL fixed-order
;E j T < Zoyt NNLO
T~ 1

non-perturbative

.k
T+7 §
ANP ANP :

T~—

Q QZcut

» transition region must be
accurately modelled as it is
likely to be important for fits

Benkendorfer, Larkoski (2021)

* non-pert region is i
pushed down, but it §
acquires a more |
complicated
structure

Hoang, Pathak, Mantry, Stewart (501 9);
Pathak, Vaida, Stewart, Zoppi (2020) 48


https://inspirehep.net/files/6b0f18cb25298a0a6381c634ae0f1ddf
https://inspirehep.net/files/91d863aadbcf8266bc2acc11184b3c5e
https://inspirehep.net/files/2c3e220390593b0dbde7c877d18614fe

Fitting for the strong coupling

R _ 20 g jet, pr = 600 GeV
20’ q Jet’ pT 600 GeV — NP variation : — NP variation
Zewt = 0.1, R=0.8 - - AL R=03 — pert variati
I — pert variation L pert variation
10+ 10
S | SN,
1SS [ ~ L
S L [ H g ° ” I [
g 2 ] : l
_10- - 10}
~20¢ ~20
Zeut = 0.05 Zeut — 0.1 Zeut = 0.2

Hannesdottir, Pathak, Schwartz, Stewart (2022)

Soft Drop mass more sensitive to pert. effects than non-pert ones (but choice
of normalisation is important)

* in e+e- we essentially only have quark jets, while important limitation for pp is
the correlations with quark/gluon fractions

e what about using energy correlators rather than grooming?
49 Bianka Mecaj talk at BOOST 2022


https://arxiv.org/pdf/2210.04901.pdf

It’s all very nice but we have no data

e groomed event shapes or other substructure variables can be used as high-
precision observables for future lepton colliders

* reduced sensitivity to non-perturbative physics will allow for cleaner
extractions of Standard Model parameters, including the strong coupling

 what can we do now? use LEP archived datal

e thereis an MIT - led collaboration using ALPEH data, what about data from
the other LEP experiments?

Jet energy spectrum and substructure in ete” collisions at 91.2

PHYSICAL REVIEW LETTERS 123, 212002 (2019) GeV with ALEPH Archived Dat
eV wi rchive ata
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Abstract. We study jet production in e*e” annihilation to hadrons with data recorded by
the OPAL experiment at LEP at centre-of-mass energies between 90 GeV and 207 GeV.
The jet production rates were measured for the first time with the anti-k; and SISCone
jet clustering algorithms. We compare the data with predictions by modern Monte Carlo
event generators.
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