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Disclaimer

This talk is my view from the “top”, not necessarily anyone else’s
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The special role of the top quark

* The top quark has the largest mass of all the elementary particles. In the Standard Model the top

quark is therefore predicted to have the largest Yukawa coupling to the Higgs boson, a prediction
which is confirmed experimentally by ATLAS and CMS.
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The top quark and the Higgs boson

* This large coupling of the top quark to the Higgs boson drives much of Higgs phenomenology at the LHC:

* Nearly 90% of the Higgs production cross section comes from gluon-fusion production which is dominated
by top-quark loops.

* The ttH associated production mode is driven by the coupling as well.

* The H—yy discovery decay channel receives important contributions from top-quark loops as well.
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The top quark and the fate of the universe

* The mass of the top quark is also connected to fundamental questions such as the ultimate fate of our
universe. RG evolution in the SM can potentially drive the Higgs quartic coupling negative, indicating that the
SM vacuum may eventually decay. The exact mass of the top quark plays an important role in determining
whether our universe is stable or “meta-stable” (which means it will eventually decay through a quantum
tunneling process).
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The top quark and the hierarchy problem

* The large mass of the top quark leads to its outsized role in the hierarchy problem: the attempt to understand
why the electroweak scale is so much less than the Planck scale. The attempt to find “top-quark partners”
that cancel the quadratic contribution of the top quark to the electroweak scale has driven much of HEP
theory for the past decades, and motivates supersymmetry, Little Higgs models, and a host of other ideas.

Top squark pair production, 71 — 1
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Top quark properties: decays

* The top-quark width is larger than Aqcp, and it therefore decays before hadronization. It is
therefore the only quark that doesn’t hadronize, and offers the unique opportunity to observed

properties of a “bare” quark.

* The top quark decays almost
entirely through the parton-level
process t—Wb. Other decays are
suppressed within the SM.

* The other decay modes can be
significantly enhanced in BSM
models with flavor-changing
neutral currents, and there is an
active program to search for
such decays.
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Top quark properties: decays

* The helicity of the W-boson in top-quark decays can be

computed with great accuracy in the SM, and can provide strong

constraints on new physics. Can parameterize new physics with
EFT and constrain operators that appear only at the loop level.

Constraints from total width
and helicity fractions currently,
and from future experiments,
on the operators:
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Beyond the narrow-width limit for off-shell and boosted differential top quark decays

@ We are investigating the decay of boosted top quarks. % Ines Ruffa
@ Common approaches in FOPT: s
LY
® Narrow-width (NW) limit: Factorisation of top T,

production and decay, top on-shell limit, ., P
state-of-the-art: NNLO QCD [cCatani, S. et al., JHEP " i o, SSSS

07, 100 (2019)]. : ,,
& A

Y
A

@ Off-shell fixed-order: includes finite life-time :
:

,SSd
=
effects, non-resonant and non-factorisable '@9%&56@ v \
. R
corrections, state-of-the-art: NLO QCD.

Q._Q Q Q-y.-.g/

@ Our approach: Combine factorisation property of NW-limit with full off-shell calculation
(expansion in m?/Q%).

@ Factorised approach for boosted top quarks, allows for gauge-invariant description
of off-shell effects within effective field theory framework of soft-collinear effective

theory (SCET).
@ Account for resummed QCD corrections for differential top decay observables.

@ Universal form of off-shell top decay and collinear gluon radiative effects.
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Beyond the narrow-width limit for off-shell and boosted differential top quark decays

Compare our result to common fixed-order approach given by MadGraph' for ete— — bWt

with p? = (pp + pw)?:
( ) Ines Ruffa
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Top quark properties: production

* The top quark is predominantly pair produced at the LHC. The three broad categories of final state are di-lepton,
lepton+jets, and fully hadronic.

* The cross section has been computed through NNLO in perturbative QCD, and the NNLL resummation of large threshold
logarithms has been performed for ttbar inclusive cross section and for top-quark differential distributions. Results overall
are in good agreement with experimental measurements in multiple modes.
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Simultaneous CTEQ-Tea extraction of PDFs and SMEFT parameters fromjet and tt data

» EFT global analyses often assumed fixed SM calculations

— PDFs not actively fitted alongside SMEFT parameters

Tim Hobbs o . .
— could potentially bias resulting SMEFT analysis

" solution: develop joint SMEFT/PDF fits (field at early stage)

/ — this work: example in context of CTEQ-TEA (CT) framework
— demonstration study focusing on select data: jet, ¢¢ production
Precision predictions

require a precise
determination Of PDFs jet production: contact interaction s top production

— examine possible PDF-SMEFT correlations

;0
A2

Lsmprr = Lsm + )

Warsaw operator basis
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Simultaneous CTEQ-Tea extraction of PDFs and SMEFT parameters fromjet and tt data

Tim Hobbs

* The joint fit within the CTEQ-Tea framework finds some correlations between SM parameters
and SMEFT Wilson coefficients. However, with current data the impact of SMEFT on the fitted
PDFs is minimal.
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EFT, but the allowed region of m; changes as Cy, is varied from co-fitting SMEFT

Further investigations are needed with future high luminosity LHC data!



PDFs from future colliders for precision physics

Connection to the top pair production Reping Xie
1 O [KX et al., 2307.11153] [KX et al., 2305.10733]
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@ Top quark pair cross section is largely correlated with gluon PDF at large z(~ M;;/+/s) at LHC
@ Inputs from future colliders for the large-z gluon canfboth shift central value and shrink uncertainty.
@ More extensive studies are needed

More input from future colliders is needed for PDF fits to bring the top quark cross section
uncertainty down to the percent level precision benchmark.
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Top quark properties: single top

» Single-top production is directly sensitive to the CKM matrix element V. This provides

a cross check of the lower bound obtained by searching for non b-tagged top decays at
the LHC and the Tevatron:

B(t—Wb)  |[Viy|?
2Bt —=Waq) 3 Vigl3

R —

? ‘/tb‘ > 0.975 (from the PDG)

t-channel (~75% at LHC) tW (~20% at LHC) s-channel (~5% at LHC)

q q
/Y\ Vip| = 1.010 % 0.036
5 .‘. _ ‘: ¢ (from direct ATLAS+CMS measurements)
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Nelson-Barr solution to strong CP, new ultralight-DM pheno.

With: Dine, Nir, Ratzinger & Savoray in prep.

~ The strong CP problem is how to explain: 0 < 107! & 6.\ = 6(1) Gilad Perez

~ Nelson-Barr models achieve it through spontaneously breaking CP in models

with extra (very) heavy vector-like quark

= Naturally, the object that break-CP spontaneously would be axion-like field

Relaxion: Graham, Kaplan & Rajendran (15)
NB-relaxion - Davidi, Gupta, GP, Redigolo, & Shalit (17)

_ This axion field could be a dark matter candidate

g

New pheno’: strong CP 1s zero, type of pheno: fime dep. CKM angles (Srd gen)

Time varying CKM matrix elements are a very novel phenomenon to search for in the top sector!
17



Nelson-Barr solution to strong CP, new ultralight-DM pheno.

With: Dine, Nir, Ratzinger & Savoray in prep.

= The strong CP problem is how to explain: 0 < 107! & 6.\ = 6(1) Gilad Perez

~ Nelson-Barr models achieve it through spontaneously breaking CP in models

with extra (very) heavy vector-like quark

= Naturally, the object that break-CP spontaneously would be axion-like field

| | \/PpMm 10'°GevV 107 "eV
~ What 1s the size of the effect? 66, ~ cos(mygt) ~ 1077 X — X = x cos(myg!?)
mNBf f mNB

~ How to search such signal? Need time dependence CP violation, perfect for B-asym

Time varying CKM matrix elements are a very novel phenomenon to search for in the top sector!
18



Two benchmark scenarios:

(1) Decays into SM particles: search
for in tt, ttbb, and tttt

(2) Long-lived or decays into BSM S
particles: jet+missing energy or
tt+missing energy

Collider searches in top final states
improve bounds for heavier ma.
Lower masses are best bounded by
Higgs decays
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More on the axion-top connection

Simone Tentori
* We can introduce a “top-philic” ALP with preferential coupling to the top quark:

Decays to SM particles

tt cross section

<4— limit from Higgs limits

\ decays l

100 150
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200

Dim 6 eff. op.

— — Best, bound

Exp. searches

- Best bound

Our bounds

e {1ttt (LO1)
tttt (LO1+L0O2)
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Accessing CKM suppressed top decays at the LHC

Manuel Szewc
V' = 999.11870 0% x 1077

Strong hierarchy makes the off-diagonal
elements difficult to measure but also
more sensitive to BSM effects

VoM = 41101083 x 1073

VM| = 85711 x 1077

A simple extension of an existing strategy to measure |V, |*+|V,_|*at the LHC

This work in a

echell: Main idea: Orthogonal b- and g-taggers define complementary observables

that increase the statistical power of the analysis

This simple extension allows to measure a non-null |V_ [?+|V,_[?at 95% CL
at the HL-LHC



Accessing CKM suppressed top decays at the LHC

Manuel Szewc

* New idea: include both b-tagging and light quark/gluon tagging to incorporate more
statistical power in a direct measurement of |Vq|2+|V s/

Vs =13 TeV, £ = 3000 fb™"

e =
Includes both b-tagging and light-flavor
parton tagging

b
=
S

\

This new method can
increase the sensitivity to
these small CKM matrix
elements by a factor of 4.5

|,_l
™
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Asimov Significance
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o
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-
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Top quark properties: associated production

* The top quark can be produced in association with EW gauge bosons or the Higgs,
which allows its Yukawa coupling and the structure of the ttV vertex to be probed.

ATLAS+CMS Preliminary Vs = 13 TeV. June 2023
LHCtopWG :

: Oex 5=102"(tot) fox 5 : Oggx 5=94"tot) fox 5 : o, =515"3(tot) fb Oy, x5=8114(tot) fox 5 S Oz x2=136"5(tot) fox 2

= MadGraph5_aMC@NLO =  MadGraph5_aMC@NLO = MadGraph5_aMC@NLO =  MadGraph5_aMC@NLO E MadGraph5 aMC@NLO

: NLOQCD : NLOQCD : NLOQCD : NLOQCD : NLOQCD

Omeas T (Stat.)x (syst.)

97+ 13+ 7fbx 5 PR — ATLAS, L =139 fb’
. JHEP 07 (2020) 124
tZq _ 5
88 '3 :ltbx5 amoa P CMS, L =138 fb
- - JHEP 02 (2022) 107
Nils Faltermann |
688+ 23 * 77 fb : b i ATLAS, L =139 fb", Vis 1
— : ' S arXiv:2302.01283
115+ 17+ 30 fox 5 = ; o ; : CMS, L =36 fb", Vis 2
. PRL 121 (2018) 221801
‘ 370+ 50+ 100 fbx 2 CMS, L =138 fb"
CMS-PAS-TOP-22-008*
*preliminary
I 1 1 l I | 1 1 l | | 1 I 1 1 1 I 1 1 | I | 1 | I 1
0 200 400 600 800 1000 1200

O,y [fD]
Interesting new measurements where some tension is
[ o 22 o
observed in single top production; stay tuned!




Top quark properties: associated production

* The top quark can be produced in association with EW gauge bosons or the Higgs,
which allows its Yukawa coupling and the structure of the ttV vertex to be probed.

ATLAS+CMS Preliminary

LHCtopWG

Gy, = 0.727 0 ta(scale) + 0.01(PDF) pb
JHEP 11 (2021) 29

lead sub
Fx Fx@2J+NLOEW +NLOg,

6y, =0.86 ] a(scale) + 0.02(PDF) pb
EPJC 80 (2020) 428
NLO(QCD+EW)+NNLL

O ooy X 20 = 0.038 7555 (tot.) pb x 20

JHEP 10 (2018) 158
NLO QCD

Oy, X 5=0.15 £0.03(tot.) pb x5
MadGraph5_aMC@NLO

NLO QCD

o) t (stat.) + (syst.) otal

meas. —

Ys = 13 TeV, June 2023

Oy, = 0.77 £+ 0.14(tot.) pb
MadGraph5_aMC@NLO
NLO QCD

“h e
sial.

0.89 + 0.05 + 0.07 pb

0.87 £ 0.04 £ 0.05 pb

0.99 + 0.05 + 0.08 pb

0.95 £ 0.05 £ 0.06 pb

tty+tWy en 0.0396 + 0.0008 *29%¢ pb x 20

tty dilepton 0.175 + 0.003 + 0.006 pb x 5

tty I+jets 0.798 + 0.007 + 0.048 pb

ATLAS, L =140 fo!

ATLAS-CONF-2023-019*
CMS, L _=138.0 b
arXiv:2208.06485

ATLAS, L =139 fb"
EPJC 81 (2021) 737
CMS,L =775 fb"
JHEP 03 (2020) 056

ATLAS, L =139 fb", Vis 1

JHEP 09 (2020) 049

CMS, L =138 fb™', Vis 2

JHEP 05 (2022) 091

CMS, L =137 fo", Vis 3

JHEP 12 (2021) 180 *preliminary

0.4
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For ttV no significant deviations are observed so far

with the SM predictions




ttW Yy,

t, Mazzito 100
Buonocore, Devoto, Kallweit, Mazzitell# ]/'.
Rottoli, Savoini, MG (2023) ‘@,

O
Among the ttV signatures, ttW is special because it involves both EW and top sectors O”qee
U,
(4

[t 1s at the same time a signal and a background to ttH and tttt and new physics

searches

Since the top quark quickly decays into a W and a b jet, the signature is characterised

by 3 W bosons

It provides an irreducible source of same-sign

I dilepton pairs relevant for many BSM searches
%4

It 1s special compared to other ttF (F = H, Z, y)
[ signatures because the W can only be emitted by
_ the initial-state light quarks (no gg channel at LO)

Measurements by ATLAS and CMS at \/; = 8TeV and \/; = 13 TeV

showed that the ttW rate is consistently higher than the SM prediction




4507
1001

350

owww-[1b]

3001

250j

200F .

L+ ATLAS + CMS

* N

NLO

QCD +NLOEW

The comparison with the X
ATLAS and CMS results X4
shows that discrepancy

remains at the 1-20 level

Note that tension with
data when using fixed

Inclusion of NNIL.O
. L order NLO QCD+EW
corrections mgmﬁcantly , ]
. corrections is larger,
reduces perturbatlve
about 2-3 o

uncertainties

Our result 1s fully consistent
with FxFx prediction but with

smaller uncertainties

FxFx __ +9.7%
Ouw = 722'4—10.8% fb



Massimiliano Grazzini

tcH

pp — ttH KR = kF = My + My /2
LO
NLO
101} & NNLO p
. ¢ ATLAS
¥ oms /
| 0.6-
0.5-
0.4-

onntLo/onto — 1 (%]

g 13

27
V5 [Tev]

50

26

A very significant reduction of scale
uncertainty at NNLO: this calculation
is ready for future LHC data!

ATLAS and CMS results from
Nature 2022 papers

Perturbative uncertainties estimated
by symmetrising the standard
7-point scale variation

Dashed band: residual error

/ from soft approx+systematics

Note that: sensible comparison with
data should eventually be done

including NLO EW corrections
(+1.7% at /s = 13TeV)
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Michele Lupattelli

* ttjj is an important background to ttH production, and therefore must be known
well in order to precisely extract the top-quark Yukawa coupling.

ttjj theory state-of-the-art

* NLO QCD predictions with stable top quarks:

* NLO QCD predictions matched to parton shower:

* NLO QCD predictions in the NWA including additional radiation and
NLO QCD corrections in top-quark decays:




NLO  /NLO -2
dorai” = (FiNwa) X

1. 1O virt real LO

tty17

do 2 dUy) + do 2. dUY + doy ' dl

tij ]

LO jpwirt real jpreal

ttj - ttj

T

* These mixed contributions,
where an additional jet is
included in both the
production and decay
processes, is studied in this
work for the first time.

—_——
datt_O(er_O‘ 4 dr;ty}t 4+ dI‘lgal )

+ d Greal dFl‘Gal]

1)

Michele Lupattelli

Decay

tty; J ttyy7

LO virt j1LO
g T Aoy gt

tf_.j tt19

U%O [fb] Ui/UFuII OE\ILO [fb] U'i/UFuII K = ONLO/ULO
R (0 +H60% 1.
Full  868.8(2)7 ;- - 1.41
- J 19 O+« +50% -
Prod. «‘%43.2(2)_35% 0.97 1.73
Mix 25.465(5) 0.029 -9.27
Decay 0.2099(1) 0.0002 0.88

Large NLO effect from mixed corrections; this
calculation is needed to bring this background
s under theoretical control



CMS

Top quark properties: mass

* The mass of the top quark is an important input to numerous applications: the precision
EW fit, the determination of the fate of the EW vacuum, and numerous other topics.

This analysis

This analysis

This analysis

CMS comblination

| | | | ] |

CMS combination, lepton+jets

CMS comblination, all-jets

CMS combination, dilepton

| I | I I | | | I I | | I

172.45 + 0.15+ 0.47 GeV
(value % stat + syst)

172.42 + 0.24 + 0.59 GeV

(value % stat + gyst)

172.71+ 0.20 + 1.07 GeV
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* Numerous precise determinations at
hadron colliders through direct
reconstruction of top events.

* Measured is a “Monte Carlo mass”
since the analysis determines the
mass by varying the top mass
parameter in MC programs. This is
not a precisely defined
renormalization scheme.

* It has been argued that this is close
to the pole mass with a few-hundred
MeV difference, but it is difficult to
make a more precise statement.

(For s review see 2200.11267)



Energy-peak based method to measure myp via B-hadron decay lengths

Doojin Kim

* Many methods for top quark mass extraction are limited by the details of theoretical modeling (PDFs,
higher-order QCD) or the jet energy scale. Extracting the top quark mass from the B-hadron decay length

can bypass these issues.

Bottomline of Our Proposal

0.3
Gfit,uS(nyZ_ Epeak W) 0 dE.dE 1 | Eb - Egeak
B - h ’ e B¥**h N(W) P Epeak Eb

GUnus 0 Epeak, w): fitting function of measured B-hadron decay length distribution

: mean decay lifetime of B-hadron in its rest frame

w: width of fitting function

N (w): normalization factor
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Simple 1—2 kinematics leads to a peak in the b-quark
energy distribution which is correlated with the top quark
mass. Can extract mp from the B-hadron decay length



Energy-peak based method to measure myop via B-hadron decay lengths

Results Doojin Kim

¥ =1+a8(p; <400)(p, — 200)
Energy-peak-based method

nyz
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CMS/SM Lxy method
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300/fb @ LHC14TeV

O a = 10 * (green lines) roughly corresponds to the theoretical uncertainty in top p spectrum

roughly moving the average top p+ by 0.5%) [cvis collaboration, PRD104 092013]. Lxy method shifts by
T

~600 MeV vs. Lxyz method by ~50 MeV. = Negligible error for the energy-peak-based method!!

Greatly reduced sensitivity to theoretical modeling than currently used
experimental methods



Quantum entanglement and top quarks

We've had a lot of entanglement in Top2023!



Quantum entanglement and top quarks

Test foundations
of quantum
mechanics at

/ colliders!

The Standard Model produces top pairs with correlated

spin. Sometimes spin correlations are so strong they can
not be explained classically:
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Basic idea, from
Claudio Severi:




Testing quantum mechanics with tops

* Bell’s inequality in top physics: if we can measure the angular momentum of top quarks
experimentally, then quantum mechanics predicts that the following inequality is violated:

a, b are the angular momentum measurements
C is the spin correlation
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Testing quantum mechanics with tops

» Can extend the study of quantum entanglement, and Bell’s inequalities, to the
boosted region of top quark production as well. Dorival Goncalves

Measure of entanglement:

& = |Ckk + Cr-rl - Cn'n —1>0

1.4

Cij = (0; ® Uj> — Spin correlations m;; > 800 GeV = —=— Expected
1.V 1.2° lcosBem| < 0.6 50
1.0 20
Threshold —% .
- 0 0.8-
region, low my -
S N\
) 0.6
UO-, 0.0-
O 0.4 -
~0.5- 0.2-
00+
_1.0 T T Y Y v 0.0 - . - R .
400 600 800 1000 1200| 1400 107 103 :
ms [GeV] r[fo~1]

: : m==) Current dataset can probe entanglement at 5-sisma Ie;/el
Boosted region, high mtt35



Testing quantum mechanics with tops

Claudio Severi
* Modifications of entanglement properties from new physics can provide sensitive

searches for beyond the Standard Model phenomena.

2
| H is a pseudoscalar Higgs
50 with mass greater than 2m;
| “0O0000? .
) I H
[= 1.5: |
2 | f
O 1.0 |
o L
- Entanglement search stronger than a
L s resonance search for heavy pseudoscalar
| masses! Can also search for SMEFT effects
) O: as well with such entanglement analyses.
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Testing quantum mechanics with tops

Surjeet Rajendran
* We can also imagine testing even more basic assumptions underlying quantum

mechanics and quantum field theory, such as linear time evolution.

Linear QFT: S D (/ d*xy (x (t) |6 (x) ¥ (z) W () |x (t»)

replace with:

Non-Linear QFT: Sy De ( / Az (x (t) o (z) |x (£)) (x (t) |V (z) ¥ (z) [x (t)>>

Interferometry - interaction between paths

lmpaCtI time eVOlUtiOn n QM Take an ion - split its wave-function
becomes dependent on the

, , Tests:
state under consideration

Coulomb Field of one path interacts with the other path

Gives rise to phase shift that depends on the
intensity p of the split




Thank you!
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