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What to expect from this talk @
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Top Quark Production Cross Section Measurements Status: November 2022
* A collection of HL-LHC projections for various quantities = ATLAS Preliminary
* An exhaustive discussion of the full Top physics program at HL-LHC 5 10 Fae [RUN12 V5 =57813 TV HC pp G =5 T
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e Searches in the top sector

e A discussion on technical tools, like FastSim or Machine Learning — —
ENouId deserve one talk per proces§
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HL-LHC is a long way

e 20 times more data
 About 20 years time from now
e Major detector upgrades

-> With more data.:

1. Rare processes
&. (Multi-) differential measurements
3. Explore corners of phase space

-> With more time:

1. More powerful analysis techniques
&. More accurate theoretical tools

3. Other “technological”
breakthroughs (computing, Al ...)

4. New ideas
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Observation of 4t production
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r Moriond23: ATLAS & CMS |
| observation on same dataset B
ATLAS

e GNN for signal/bkg separation

e Increased signal acceptance

e In-situ calibration of jet multiplicity in ttW
e Improved MC model for 3t background

CMS

e Lepton and b-jet identification
e Multiple leptons and b-jets

e Complex multi-category fit to signal
and background regions

Combination of improvements
-> no silver bullet
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Prompt-lepton efficiency
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https://arxiv.org/abs/2305.13439
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://doi.org/10.1016/j.physletb.2023.138076
https://doi.org/10.1007/JHEP11(2021)118
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ATL-PHYS-PUB-2022-004
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-004/
https://cds.cern.ch/record/1605627
https://cds.cern.ch/record/2872484

Likelihood-based top mass measurements
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https://arxiv.org/abs/2302.01967
https://arxiv.org/abs/2302.01967

Profiling: advantages, pitfalls, opportunities

Hard to understate the advantages

1. Multi-dimensional, multi-process fits
&. In-situ constraint of systematic uncertainties, backgrounds, ...
3. Reduces bias from choice of nominal model

@ CMS,

2306.13439
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>2j, >1b, Hy>200 GeV

>2j, >1b, Hy>200 GeV

4. Fully accounts for correlation between processes and systematics >4, >2b,

N.B. systematics correlations are fully neglected in standard analyses

Theory-related uncertainties

H1>280 GeV

>6j or >3b

<6j, <3b

=0 Z candidate =1 Z cand. cand.

one of
<4j, <2b,
H1 <280 GeV

23], ZZb <3] or <2b Zlbmedium
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[ SR-4¢ ][ CR-4(-Z ]

a) PDFs, tuned parameters (Qs, haamp) -> statistically meaningful
b) 3-point modelling variations (e.g. scales)

e Not very meaningful, but somewhat acceptable

c) &-point model comparisons

 Not meaningful, but sometimes the only option (CR)

—

[ As the constraining power of data increases, it is a must to move
dowards statistically meaningful ways of estimating theory uncertainties
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https://www.birs.ca/workshops/2023/23w5096/files/Frank%20Tackmann/2023-04-25_BIRS_theory_unc_FT_2.pdf
https://arxiv.org/abs/2305.13439

Profile-likelihood unfolding ) [

ATLAS-CONF-20235-019
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https://erc-asymow.github.io/#about
https://link.springer.com/article/10.1007/JHEP07(2023)077
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-019/

N
. . . . . . @ CMS
Ultimate precision for inclusive cross sections =
ATLAS Ve \\ \
EXPERIMENT « R
Precision tt cross section -> extract os and ms .. CMSIDREORS 30001 (13 TeV)
» Critically depends on precision in integrated luminosity g SRR & 220 CMS E
(basically irreducible at analysis level) = % i / ol (oo -
- - — ru eo a
e Both ATLAS and CMS upgrading luminometers to [l o~ Y, = 8¢ No Aftheo) | -
achieve precision of better than 1% Al 0 WESEN < 16 -
S 2 1.4 _ E
2212.09379 - ”s -
B ——— 1.2 ‘m —
IATLAS already reached 0.83% precision in Run2 h : E
?mnkggohé?er&ry?ﬁgm 08:— :::::::::l““:::‘lw: = l l l l l _;
. . . . 0.5 1 1.5 2 2.5 3 3.5 4 4.
In-situ calibration of final state objects A(luminosity) [%]
e Inspired by the “traditional” ATLAS method _ Cmg JHEP =S 1.21 b (13,6 Tev)
. . . e v . 5 10° Postfit
* In-situ constraint of ey from b-jet multiplicity = ; Data mm il Singlet  + Wjets .
e CMS: in-situ measurement of g¢ and &y 5 1 QCD i z+jets  mDiboson - zzUncertainty
>
e Simultaneous fit to di-lepton and semi-leptonic channels o0
102 o -
— — — — — — ——— 10 -—- __- -
First 13.6 TeV result after just 1 month of data taklngl | "
QE 1'45_ ee (1b) [ee (2b) | uwn (1b) |uu (2b) | ew (Ob) | eu (1b) | eu (2b) | e+jets (1b) [ e+jets (2b) | u+jets (1b) | u+jets (2b)
Analysis performed using only inclusive observables S |
: , 8 %ﬁ*ﬁ"{%&%’/’u’, %MWWW%WMW
e Can this method be extended to any analysis? 0ab 1[4 ¢
0'6:_ I I+ I I+,_I I I+ I I+,_I I+,_I I I+ I I+ — I+ — I+ — I+ — I+

Matteo M. Defranchis (CERN)

Number of jets



https://arxiv.org/abs/2212.09379
https://link.springer.com/article/10.1007/JHEP08(2023)204
http://cds.cern.ch/record/2759074

tt In phase-space corners
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Boosted top production

e Fully-merged top decay products -> jet substructure
e Interesting in EFT context + high-x PDF's

* Mt can be extracted from mjet,

« Enormous progress in CMS: 9 GeV (Runl) ->2.5GeV  ™° oo
(partial Rung) -> 0.84 GeV (full Run?g)

* Interpretation of direct top mass measurements 0.01

ATL-PHYS-PUB-2021-054

AMSR = MC _ 1 MSR (1 GeV) = 807320 MeV
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Large margin for improvement
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- Can we observe it :
_r at HL-LHC? =
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m, [GeV]

tt production threshold

e Sensitive to top mass, Yukawa coupling, entanglement
e Contains a bound-state (toponium) contribution

 Threshold resummation approximated by parton
shower in MC simulation (LL)

Progress in MC tools is key to fully exploit the
information contained in threshold region
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https://doi.org/10.1140/epjc/s10052-023-11587-8
https://cds.cern.ch/record/2777332
https://cds.cern.ch/record/2777332
https://doi.org/10.1016/j.physletb.2008.07.006
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-069/

State-of-the-art theory tools

Advancements in ME calculations

e Full tt/tW interference and off-shell effects (bb4l)
e Higher order ME calculations (MiNNLO, Stripper, Matrix)
W corrections (especially relevant for my)

¢ Not available for all processes
¢ Computational costs often limiting factor
¢ Need to put all pieces together

T

Ideally, we should target
NNLO QCD + NLO EW
for all processes

New generation of parton showers

e VINCIA -> automatic weight-based
variations, solves recoil ambiguity

I )

e All definitions bound to a LLO
picture of processes
-> ]ess and less realistic

e NLL parton showers — —
. L — 1001 B A ARaanEs

Re-think process definitions? £ & ATLAS -

, o s L EPJC '3  (s=13Tev, 14010 |

e Starting to see the limits of S 8ol Obs:  Exp:  —

. B —68% CL ---68% CL

tt/ tW separation i —95%CL ---95% CL |

e Will soon have same problems 0% xsm

in 4t/3tW, ttZ/tWZ, etc + BostFit
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pp — tE+0,1(,2,3,4) jets at 13 TeV
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Towards multi-process EFT )
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New detectors, new ideas

1. Designed to cope with high pile-up and high radiation damage
&. Increased detector granularity, timing capabilities
3. Extended coverage of key detectors: trackers, muon systems, calorimeters

Forward object reconstruction q

 Forward tt production -> high-x PDFs
e Increase acceptance -> reduce extrapolation uncertainties
e Forward flavour tagging -> top EW production

New detector + advanced ML techniques b
can S|gn|f|cantly boost performance

WDb->WDb scattering can be used to measure I's at HL-LHC

e Higgs-inspired on-shell/off-shell ratio

e Exploit (W-induced) b-charge asymmetry -> b-charge tagging

e Different sensitivity to systematics compared to standard approaches

[ Crucially depends on PRD ‘17
| efficiency of identifying . . —
b-quark charge Luminosity [fb™ "] 30 300 3000
- Limits [GeV]  [0.40,2.30] [1.01,1.73] [1.14,1.60]
Stat. error 11% 37 1%
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Life after the LHC

e*e- collider at tt threshold

 Unprecedented precision in my (few tens of MeV)

 However, unlikely to reach energies much higher than 350 GeV (FCC-ee)

[t£+V, tt+H, 3t/4t measurements will be the legacy of HL-LHC

*t-H and t-t (EFT) couplings will still be accessible via loop corrections

B —————— e S —

e Most sensitive probe of top self-coupling will remain 4t at HL-LHC
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Take-home messages

 HL,-LHC is meant to produce legacy results that will last for decades
e It is our mission as a HEP community to make the most out of the HL data

e Community-wide major undertakes to improve tools and tackle pitfalls
 Combination of results and global EFT interpretations are major goals

* Not everything will be accessible in ete- -> 3t/4t and tt+X will be HL-LHC priorities
e Can profit a lot from improvements in analysis techniques in the next 20 years

« Ambitious (and expensive) detector and accelerator upgrade plans
e We should be at least as ambitious in planning our analysis efforts

Thonk You

Matteo M. Defranchis (CERN)
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