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Motivation

> Sp‘m correlation studies in ’roP quar\c Phtjs\cs Plaas an '\mPor’ranJr role
in new thjs‘cs searches ¢ 2.9, resonant or non-resonant searches),

observation of entangement, etc,
>  Polarization is a valuadble tool when s’ruo\ﬁ‘\nﬁ top-quark ‘ohtﬁs\cs.
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> The top polarization can be Probeo\ from the kinematics of its O‘QCég
Proo\uds.
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TOP Poléﬂ%éﬂon

> The direction of the top o\ecatj Proo\uc’rs gA
correlates with the top polarization axis g
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TOP Poléﬂ%éﬂon

> The direction of the top o\ecatj Proo\uc’rs
correlates with the top polarization axis
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TOP Poléﬂ%é’r‘\on

> The direction of the top o\eca\j Proo\uc’rs gA _
. J . - it/d
correlates with the top polarization axis g
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> The charﬁeo\ leeton and down quark have the larﬁes’r SeEin analsjz‘\nﬁ
POUUQ(‘ 5
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TOP Poléﬂ%éﬂon

> The direction of the fop decay products gA .
correlates with the top polarization axis g £"/d
©
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> The charﬁeo\ leeton and down quark have the larﬁes’r SeEin analsjz‘\nﬁ

POUUQ(‘ 5
>  Hadronic o\ecaa‘mﬁ top otfers h‘\ﬁher statistics so ?ulltj recover‘mﬁ its

Polar‘\zaﬂon 'S crucial,
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En’ranﬁlemen’r with semileetonic fops

> Vera recent application of hadronic top polarization in measur‘\nﬂ
en’ranﬁlemen’r with semileptonic fop quarks

CcMS 138 fb™ (13 TeV)
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'Donﬁ, Gongahes, Kor\3 and AN (2023)

See also Han, Low, Wu (2023)
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Hadronic top Polar'\me’rrtj

> \denﬂ%\nﬁ a down—quark in a caolider enviconment is challenﬁ'\nﬁ.

‘jhard

b < @

QSOft
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Hadronic top Polaﬂme’rrﬁ

> \o\er\ﬂ%\nﬁ a down—quark in a caolider enviconment is challenﬁ'\nﬁ.

Ghard
> fn alternative approach is o use the
l'\ﬁhf et that is softest in the fop rest )
frame, b <€ O
>  This choice 3’\ves a spEin analaz'\nﬁ
pPower equals to 0.5  Jezabek (/)

ésoft
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Hadronic top Polar\meJrrtj

> \o\enﬂ%\nﬁ a o\own—quark in a caolider enviconment is challenﬁ'\nﬁ.

Ghard
> fn alternative approach is o use the
l'\ﬁhf et that is softest in the fop rest )
frame, b <€ O
>  This choice 3’\ves a spEin analaz'\nﬁ
pPower equals to 0.5  Jezabek (/) -

> [ better polarimeter can be constructed us'\nﬂ the kinematic
inkormation of the top o\eca\j.
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Sein ana'sz‘“ﬁ EOWRT ’rhrouﬁh Kinematics

> ook at the top o\ecaa from the w-rest frame and define the hel'\c\’ra
énﬁle ‘jhard
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Sein ana'sz‘“ﬁ EOWRT ’rhrouﬁh Kinematics

> ook at the top o\ecaa from the w-rest frame and define the hel'\c\‘r&j
anﬁle ‘jhard

P(lew])
P(lew|) +p(=lewl)

P(d — Qhard’CW) —

p(—lewl)
p(lew|) + p(—lewl)

p(d — QSoftch) —
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Sein analtjz‘\nﬁ EOWR ’rhrouﬁh Kinematics

> ook at the top o\ecaa from the w-rest frame and define the hel'\c'n‘tj

anﬁle ‘jhard
p p(lew]) down-quark emitted in
. <Ow PUd = ananalew) = o Jew]) S forward herisphere
be——@F------
p(—|ew]) down-quark emitted in
d SO —
i Pd = deonlew) = L) +p(—|CW|)}backwaro\ hemischere
Gsoft
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Sein analg%\nﬁ EOWR ’rhrouﬁh Kinematics

> ook at the top o\ecaa from the w-rest frame and define the hel'\c'n‘tj

énﬁle (jhard
p p(lew]) down-quark emitted in
N <Ow P = dhanalew) = Lo p(—ew]) J Gorward hemisphere
b—-@------
p(—|ew]) down-quark emitted in
d o) —
a Pd = Guotilew) p(lew|) +P(-|Cw|)}baekwaro\ hem‘\s(ohere
dsoft

> TDefine the optimal hadronic direction ’rhrouﬁh Kinematics as

— kin

Gopt = P(d — qnard|cw)Ghard + P(d — Gsott|cw ) Gsoft
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Sein analtjz‘\nﬁ EOWR ’rhrouﬁh Kinematics

> ook at the top o\ecaa from the w-rest frame and define the hel'\c'n‘tj

énﬁle (jhard
p p(lew]) down-quark emitted in
. <Ow PUd = ananalew) = o Jew]) S forward herisphere
be——@F------
p(—|ew]) down-quark emitted in
d SO —
i Pd = deonlew) = L) +p(—|CW|)}backwaro\ hemischere
Gsoft

> TDefine the optimal hadronic direction ’rhrouﬁh Kinematics as

Goott = p(d = ghard|ew )dnara + P(d = Gsott|cw ) soft
> The Ienﬁﬂ‘s ok this vector is the S ar\alsz'\nﬁ EOWer and equals 0.6y,

Tweedie (2014)
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Cio‘\nﬁ betjono\ Kinematics

> Bt particle level, there's more information available rom the ets.

Particle Jet Energy depositions
in calorimeters
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Cio‘\nﬁ beﬁor\o\ Kinematics

> Bt particle level, there's more information available rom the ets.

Particle Jet Energy depositions
in calorimeters

> fHesume some set of observables {0} is measured and 3eneral‘\zeo\
the optimal hadronic direction to

60pt — p(d — Qhardl{o})dhard + p(d — QSoft|{O})QSoft

Dong Gongales, Kong Larkoski and AN 2024

Aberto Navaro Dong Gongales, Kong Larkoski and AN (2024)



The anal\jﬂcal approach

> Start by considering ‘blobal jet observables' such as kinematics, jet

charﬁe and particle mulJr'\Pl‘\c‘\Jrg.
1

(Qs.h|u—qhard, N1)
(Qn,h |d_>qhard7Nh)
1
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X

Qns J 50 7Ns 7
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Dong Gongales, Kong Larkoski and AN 202w
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The analtjﬂcal a(oproach

> Start by considering ‘blobal et observables' such as kinematics, et

charﬁe and particle mul’r'\Pl‘\c‘\’rt’.
1

p(d__> Qhard’CW, Q;{,,h, Nh, QK,S, NS) — —
P(d = Guardlew) + P(u — Gharalcw) Likeihood
—>

1 ratio of
Likelhood ratio

X - the ue and
of the down /‘p(d — @soft|cw) + P(u = gsoit|CWw)  down be\nﬁ
the hard

and up be\nﬁ % p(d — c
the soft jet pl Baxdl ) et

Dong Gongalves, Kong Larkoski and AN 202w
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Imperovements with analtj’r\cal a\o(oroach
e GAUSSIANS,
Kang, Larkoski and Yanﬁ (2023)

> Jet charﬁe distributions conditioned on mul’r'\Pi‘\c‘\’rtj ar
> Compute the S analﬁz‘\nﬁ EOWer as the square root ot the mean
ews Ny Ns) |Gopt |
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Imperovements with analtj’r\cal a\o(oroach

> Jet charﬁe distributions conditioned on mul’r'\Pi‘\c‘\’rtj Are. GAUSSIANS,

Kanﬁ, Larkoski and Yanﬁ (2023)

> Compute the S analﬁz‘\nﬁ EOWer as the square root ot the mean
squareo\—vedor |en3+h

(ot |2) = / dew plew) / 40 dQss D(Qrens Drcs
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Imperovements, with ana@ﬂaal a\a(oroach
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Imperovements, with ana@ﬂaal a\a(oroach
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Imperovements, with ana@ﬂaal a\a(oroach
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The ML app(‘oad\

> (Could improve result Lurther bﬁ
‘\ncor(aora’r‘\nﬁ inkormation of \')e’r

constituents such as charﬁe,
rmomenta and \D.

> Train network to ‘\o\en’r'\% the down
\')e‘r within the fop \‘)eJr.

> US\nﬁ a s‘m(ale DININ maa not be
ideal due to com(olex'\‘r& of data and

number of features, Dong Gongaives, Kong
t Larkoski and AN (2024)
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Particlenet

> \dea is to represent a jet as an unordered,
permutation invariant set of particles (a
particle cloud),

> Qnélogous to the Po‘\n’r cloud re(aresen’raﬂon
of 3D shapes used in computer vision.

> Has been succ@ss@ullﬁ used for top and
quark—ﬁluon *633"“3

> Need to moo\‘\?\j for our purpose.

Alberto Navarro
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Particlehet Crommras)
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G ‘aerfc‘ormance

Variable Definition
Ane difference in pseudorapidity between
the particle and the top jet axis
Aoy difference in azimuthal angle between
the particle and the top jet axis
Anj difference in pseudorapidity between
the particle and the subjet axis
Agp; difference in azimuthal angle between
the particle and the subjet axis
log pr logarithm of the particle’s pr
log E logarithm of the particle’s Energy
q electric charge of the particle
isElectron if the particle is an electron
isMuon if the particle is a muon
isPhoton if the particle is a photon
isChargedHadron| if the particle is a charged hadron
isNeutralHadron | if the particle is a neutral hadron
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G ‘aerfc‘ormance

Variable Definition
Ane difference in pseudorapidity between*
the particle and the top jet axis :
Ap difference in azimuthal angle between
the particle and the top jet axis
Anj difference in pseudorapidity between.
the particle and the subjet axis
Agp; difference in azimuthal angle between
the particle and the subjet axis
log pr logarithm of the particle’s pr
log logarithm of the particle’s Energy =
BN 2 electric charge of the particle * ° " °°
isElectron if the particle is an electron
isMuon if the particle is a muon
isPhoton if the particle is a photon
isChargedHadron| if the particle is a charged hadron
isNeutralHadron | if the particle is a neutral hadron
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G ‘aerfc‘ormance

Variable | Definition
: Ane difference in pseudorapidity between:
1 the particle and the top jet axis I
: Aoy difference in azimuthal angle between
1 the particle and the top jet axis :
: Anj difference in pseudorapidity between|
I the particle and the subjet axis !
I Ag; difference in azimuthal angle between
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Variable Definition
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\mP(‘OveanJrS with ML a\oproach

1.0
tr (GNN kin+charge+PID)
> (Use network score ag ﬂ'\e 0.9l t, (GNN kin+charge+PID)
- ' ——~ tg (DNN kin)
Probabtln“g ot the o\own—’rtjpe \ _—= & (DNN Kin)
: ‘ a 0.8}
\‘\eJr be\n3 the =soft Jet o
> QPFH cuts on the network 0.7 e
score to enhanced the T
results as long as total rate 1-‘3"\\\ —
s ofil larﬁer than in Zi't 1.2 "=============... o
_ ) 05 1.1- L LT TP
o\\—lep’romc case, =l | | | | | | |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Efficiency
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\mP(‘Ovean’rS with ML aPPFOéCh

1.0
tr (GNN kin+charge+PID)
> (Use network score ag ﬂ'\e t, (GNN kin+charge+PID)
N 0.9 uo% iMErovement  ——- t; (DNN kin)
Probabtln“g of the o\own—’rtjpe == & (DNN kin)
. . = 0.8
\‘\eJr be\n3 the =soft Jet o
> QP("H cuts on the network 0.7 20% IMEFOVeMENT ==
score to enhanced the T
results as long as total rate 1-‘3"\\\ —
is ofil larﬂer than in 23“ 1.2 "=============... o
. . 25 1.1 B LD LT T
di-le ptonic case. L

02 03 04 05 06 07 08 09 1.0
Efficiency
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Summartj

> Hadronic top-quark polarization can be imperoved bt, ‘\ncor(aora’r‘\nﬁ
information of 3lobal et o\tjnam'\cs and constituents.

> Owing to the larger rate (factor of for semikpetonic wirt dilkptonic
case) the spein analy2ing power in hadronic decatjs can improve by
dpproximately 20% (4o%) compared to the kinematic approach,
asSUMINg an e@\c\er\c&j of 0.5 (0.2) for the G

> This results could be used to further imerove studies were the top
polarization is relevant such as new P“ﬁs‘CS searches, sein

correlations, etc.
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Path for further Improvements

1.0q9 =

>  Peckormance can be ‘\mproveo\ with B
&

plon/kaon discrimination. % 06

> Thefj are not well d‘\s’r‘\nﬁu\sheo\ at the % 0.4+

HC., This rnay chanﬁe with future : 0.2

detectors, ’rhouﬁh.

>  (Charm ’raﬂﬁ'\nﬁ can also be ’\ncor‘aora’reo\

DNN kin (AUC=0.59)

GNN kin (AUC=0.64)

GNN kin+charge (AUC=0.66)

GNN kin+charge+PID (AUC=0.73)
GNN kin+charge+fullPID (AUC=0.83)

o.of

O.l2 0.'4 0?6 0:8
True Positive Rate

with Kaon/ ion \D,

> Qn&) extra information should further impErove our current results.
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G score

>  Total of ##k trainable parameters. ;5)
> Trained on 2ook unpolarized samele, g ;2
> Tested on Sok r‘\ﬂh’r—har\d and left-hand . 1(5, LIF'J'
Polér\%QO\ SamP|eS° g:zo..o 02 04 06 08 10

GNN Score
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DN score

> US\nﬁ JeJrS rnomenta as input.

>  Total of 20k trainable parameters, g j

> Trained on 2ook unpolarized samele. 2] |7 ‘l_L‘

> Tested on Sok r\gh’r—hénd and le£t-hand %0 02 04 06 08 10

DNN Score

Polar‘\zeo\ samples.
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> A definition of et charﬁe IS given bt, Qr = Z z; @

_—

1.2
8 5
= 0.8
3 i
k)
©
- 06
@
N
g
5 04
C
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0.2

Jet charﬁe

—d-quark (all hadrons)

— u-quark (all hadrons)

Controls infrared
sa?e’r\j

_.. | il T | PR S T S S T H S B
Y5595 4 05 0 05 1 15 2

Field and Feynman (493%)
e Kang, Larkoski and Yang
\2013)
Charﬁe ot \')e’r
K
P Ei
E;

constituent
Enerﬁa fraction of

\')e’r constituent



Parametric form of \SQJr charﬁe distributions

Kang, Larkoski and 7ang (2033)

> fHssume hadrons in the jet are produced JrhVOU\3h identical independent
processes and the mul‘r'\(al‘\c‘\’r\:’ i Iarﬁe

(Q | N) ]. _ (Qn—l-;u)2 (Q |J N) ]_ . (QN—I;J)2
u, = e 20 P xld, — e Py
i V2mo? vV 2o?

> Pssume partices in the \')e’rs are plons and the SUCL) IS08EIN ot the
\o'\ons 1S exact

2 1 2
P = gN*" <1+ g(m— 1)o?N? +> By = EN‘“ (1 + g(n— 1)o?N? +) o’ = gNH“ (14 k(25 — 1)o2N? +--*)

> The discrimination power
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Data Preparaﬂon

> we generate 44 Tev pp — tt — £*12b25 events Using Ma&5, with no
cuts except for pT(r) > 200 Gev.

> Three sets of samples where the top quark is unpolarized, et hand

polarized and r‘\ﬁh’r hand polarized in the tt rest frame.

Parton shower and hadronization are done with PYTHAR without MP\.

\o\em"\?«j the top jet using CA algorithm with R = 4.5, and pT > 250 Gev.

And decluster to €ind the subjets with m < 30 Gev.

Keep the three subjets that 5‘3“3% 165 GevV < m(top) < 115 Gev.

Match the hadron level jete with true earton level momenta, by Using

the smallest AR between the two.

V.V

VYV

Alberto Navarro



EdﬁQConv block

> Represents a point cloud as a Sraph,

whose vertices are the points themsehes,
and the eo\ﬁes are constructed as
connections between each eoint fo its k
nearest ne\f)hbor'\nﬁ points

> f local patch needed for convolution is
defined for each point as the k nearest
neiﬁhbor'\nﬁ points connected fo it.

> (Can be viewed as a M3EEINg from a point
cloud to another point cloud with the same
number of eoints,
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