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Top-quark

* Top-quark is the heaviest of all known fundamental particles miop ~ 170 GeV
* a bizarrely steep mass hierarchy
* Even heavier than the Higgs boson
* Unique role as a result of its mass

* Many models predict that the top is special in order to explain its mass

e |eaves us wondering:

e |s there a hidden connection
with the EWSB mechanism?

e |s the top quark a fundamental 7

particle? L b | 1 -
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Top-quark

e Strongly interacts with the Higgs sector

e | arge top yukawa coupling y: ~ 1

No Problem!
Have you seen any
new physics down
there?

Thanks for
popping me out of the
vacuum!
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Top-quark

e Short-lived, it decays before hadronizing
e 7, R 2X 107
e Ty, & 0.5 X 10724

e Possible to study the properties of a bare quark

e LHC is a top factory & many top-quarks are produced at the LHC

e About 25,000 ¢t events are produced every hour
e Gateway to New Physics

e Precision SM top-quark properties measurements

e Search for non-SM top-quark interactions

e Searches of top-quark partners and other states




Top-quark

 We have been doing Top & SM measurements for a long time!
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Top mass:

172.08 £ 0.39(stat) = 0.82(syst) GeV/c2
with 0.5% precision
Eur. Phys. J. C79(2019) 290



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.50.2966
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LHC/ HL-LHC Plan (last update February 2022)

LHC / HL-LHC Plan
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Ongoing - More than 10 fb-1recorded by ATLAS so far!




Top-quark Production Cross-section Measurements

Run1 @7 TeV Run1 @ 8 TeV Run2 @ 13 TeV

Top Quark Production Cross Section Measurements Status: May 2021
o ATLAS Preliminary
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Top-quark Production Cross-section Measurements

o tf production is produced abundantly at the LHC and extremely well studied (total

and differential cross sections)

v, 108 B0

cross-section in pb

Top Quark Production Cross Section Measurements
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Top Quark Production Cross Section Measurements

Top-quark Production Cross-section Measurements

* Rare top production modes become fully accessible with Run 2 data

e 11(t)+X events are related to new physics and important backgrounds for rare SM processes

Status: May 2021

ATLAS Preliminary

Run 1,2 /s =5,7,8,13 TeV
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Top-quark Production Cross-section Measurements

e t1Z/tfW are among the most massive signatures that can be studied at the LHC with high precision

* Important backgrounds for searches and measurements

Top Quark Production Cross Section Measurements Status: May 2021
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Top-quark Production Cross-section Measurements

o tfH was recently observed using 80 fb-' of Run 2 data-set [ATLAS-CONF-2019-045]

Top Quark Production Cross Section Measurements Status: May 2021
o ATLAS Preliminary
b Theory
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https://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf
https://cds.cern.ch/record/2693930/files/ATLAS-CONF-2019-045.pdf

Top-quark Production Cross-section Measurements

e Even more rare processes

o Og(2111) = 11.97 fb at NLO QCD + NLO QED at 13 TeV JHEP 02, 031 (2018)

Top Quark Production Cross Section Measurements
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Status: May 2021
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https://link.springer.com/article/10.1007/JHEP02(2018)031
https://link.springer.com/article/10.1007/JHEP02(2018)031

Top Mass

e Various methods to measure the top _
quark mass ATLAS/CMS results for direct top quark

mass measurements (June 2022)
ATL-PHYS-PUB-2022-032

e Top quark mass from template fit

ATLAS+CMS Preliminary Myop SUMmary, Vs = 7-13 TeV  June 2022
_ _ LHCtopWG
L leellhOOd_ Or MVA_based """" World comb. (Mar 2014) [2] t:t I :t ; i
. stat otal sta
reconstruction of event (top total uncertainty my, & total (stat £ syst) G Ret
. . LHC comb. (Sep 2013) LHCtopwG I—H'-H 173.29 +0.95 (0.35 + 0.88) 7 TeV [1]
q uark) k| nem atlcs World comb. (Mar 2014) HH 173.34 +0.76 (0.36 + 0.67) 1.96-7 TeV [2]
ATLAS, l+jets H——H 172.33 £1.27 (0.75 + 1.02) 7 TeV [3]
ATLAS, dilepton —f—— 173.79 + 1.41 (0.54 + 1.30) 7 TeV [3]
ATLAS, all jets E-l—'—H 1751+ 1.8 (1.4£1.2) 7 TeV [4]
°® I _ e I I ATLAS, single top I i 172.2+2.1 (0.7 £ 2.0) 8 TeV [5]
Using one- or more-dimensional | 4TS snder e 72992085 0412078 570y o
' ' ATLAS, all jets = 173.72 + 1.15 (0.55+1.01) 8 TeV [7]
template functions which are ATLAS, +jets e 172085091 (0395082 o1ov
- ATLAS comb. (Oct 2018) H=H: 172.69 +0.48 (0.25 +0.41) 7+8 TeV [8]
sensitive to top g uark mass ATLAS, leptonic invariant mass () (EH-e=-H  174484078(040£067)  137ev (9
CMS, l+jets = 173.49 + 1.06 (0.43 + 0.97) 7 TeV [10]
CMS, dilepton i 172.50 + 1.52 (0.43 + 1.46) 7 TeV [11]
CMS, all jets —t=—— 173.49 + 1.41 (0.69 + 1.23) 7 TeV [12]
°® I ' CMS, I+jets HoH : 172.35 + 0.51 (0.16 + 0.48) 8 TeV [13]
Flt to data (Wlth top maSS aS free CMS, dilepton I—H-'—I 172.82 £ 1.23 (0.19 + 1.22) 8 TeV [13]
CMS, all jets HeH: 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
parameter) to extract best result OMS. single top i 17295 +122(077£095) 7oy 11
CMS comb. (Sep 2015) i 172.44 +0.48 (0.13 +0.47) 748 TeV [13]
CMS, l+jets e 172.25 + 0.63 (0.08 + 0.62) 13 TeV [15]
D . 't 't 't CMS, dilepton o 172.33 £0.70 (0.14 + 0.69) 13 TeV [16]
([ ] CMS, all jets e | 172.34 + 0.73 (0.20 £ 0.70) 13 TeV [17]
O m I nan SyS ema IC CMS, single top =+ 172.13 £ 0.77 (0.32 £ 0.70) 13 TeV [18]
1 H . _ CMS, l+jets (*) 4 171.77 £ 0.38 13 TeV [19]
uncertainties: jet-related o ete () .. o meor v
. . E 1t 1ATLAS CONF-2013-102 [8] EPJC 79 (2019) 290 [15] EPJC 78 (2018) 891
uncertainties (JES/bJES), < reiminary e
- [4] EPJC 75 (2015) 158 [11] EPJC 72 (2012) 2202 [18] arXiv:2108.10407
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-032/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-032/

Top Mass

e Top quark mass from tf+jets cross section:

v, [0E B 6

Extract top quark mass from inclusive (or
differential) cross section measurements

AN

Best value of top quark pole mass is =

extracted from )(2 minimisation between the
normalized differential cross section at

parton level and theoretical tf+jets MC
predictions at NLO (using two different input

PDF sets)

mtpozle = 172.94 + 1.27( fit)fgzié(scale) GeV

mPe¢ = 172.16 £ 1.35(fi)*j3)(scale) GeV
Dominant systematic uncertainties arise
from scale variations (uR, yF), JES and
background normalizations
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https://arxiv.org/abs/2207.02270
https://arxiv.org/abs/2207.02270

Top Mass

* Top quark mass using “soft muon tags” (SMT)

 Measurement of miop With 36 fb-1 data in
lepton+jets channel

* One lepton (electron/muon) from a W boson and a
jet containing a “soft” muon (pt > 8 GeV)

originating from a b-hadron decay (SMT-tagged jet) Likelihood scan of m
| | top

ATLAS-CONF-2019-046

» Using a binned likelihood fit on my, (invariant mass o
= - : '
between lepton from W and muon from SMT-jet) to S
extract top quark mass o 8§ :
e Best fit value of top quark mass: 7E 3
my,, = 174.48 £ 0.40(stat.) = 0.67(syst.) GeV 6E- E
51 =
* Significantly more precise than previous ATLAS : -
measurements from direct reconstruction of top N3 E
decay products 3 ATLAS Preliminary E
of Vs =13TeV, 36.1 b E
 Dominant systematic uncertainties: branching 1;_ - stat. E
ratios of b/c-hadron decays to muons, pile-up p T Statsyst - .
modeling and b-fragmentation function T T TAE T -t e

m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-046/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-046/

Observation of 1qgy

ATLAS-CONF-2022-013

e Strategy:

Events contain one isolated photon, one isolated lepton (e/u), one b-
tagged jet, and jet in the forward direction

Two signal regions are defined with 0 and > 1forward jet

Dedicated control regions are defined for the main backgrounds
coming from tfy and Wy + jets

Fake photons (¢ — y, j — y) are estimated using data-driven method
e Signal and backgrounds are separated using a Neural Network
* Results:
e The observed (expected) significance is 9.10 (6.70)
* Fiducial measurements:
e parton-level cross section: 380 £ 19(stat.) = 63(syst.)

e particle-level cross section: 287 = 8(stat.) = 31(syst.)

e Systematics dominated by modeling of ¢fy and the limited number of
MC event for background processes and the 7gy signal
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/

Observation of the electroweak production of 1Zg  JHEP 07 (2020)

o Strategy:

/ d

u > @

» Events contain three isolated leptons (e/u) W
. . t
* One pair should build a Z mass peak b N —
* Two or three jets, one of which is identified as containing a b-hadron % v
b
)

(b-tagged)

e Large background coming from diboson+Heavy Flavour jets (VV+HF

Neural network output
e Signal and backgrounds are separated using a Neural Network

N AL AR R AR REAR R RS
% 140l ATLAS . tDZata E
e G | f PR : - file-likel; : e L (s=13TeV, 139 fb" (AW -
gnal fraction is estimated using a profile-likelihood fit g o A
1200 sR 2j1b WaE
e Results: oof- oo — N
L 72 Uncertainty ]
. . . 80 ]

e Yields a tZqg production cross section of
97 + 13 (stat.) = 7 (syst.) fb [SM cross section:lOng fb ] o0 B
40 :_ ..... } é | __
o Statistically limited, systematics dominated by prompt lepton ol —_‘L_f_{»*é”j”:
background —_—
102; 1.2__'"l"'l"'I"'l"'l"'I"'l"'l"'l"'__
5 1o i
8 (OXG) N S B B I | 1+1 Loy
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https://link.springer.com/article/10.1007/JHEP07(2020)124
https://link.springer.com/article/10.1007/JHEP07(2020)124

ttW

* W mainly couples to initial state quarks d \\M t
e Significant charge asymmetry t
s d
* t-W scattering sensitive to top quark coupling to neutral bosons
. /r/w W+

 Previous ATLAS and CMS measurements with 36 fb-1 data

* higher cross section than prediction

JHEP 08 (2018) 011 Phys. Rev. D 99 (2019) 072009
CMS 359 fb-1 (13 TeV) L= [ | [ [ [ [ [ [ [ [ [ [ [ [ | [ [ | [ [
< 1.6F . - 8_ i | | | | | | |_
o | %k ttVbestfit =+ itV theory [1] = 16 ATLAS % Best fi 7
o~ [~ 68%Clcontour 2 [ {s=13TeV, 36.11b" —esucL .
14 — 99% CL contour % - -
L @ 14= 95% CL |
Yellow report - S I — NLO prediction _
. . i N - e e -
Prediction 1.2 = 4ok |
NLO QCD+EW | . -
I Lo B
i 0.8_— | |
0.8 _ i
: 0'6__ | | | | | | |__
06, v v 1 v v v by ] 0.4 0.6 0.8 1 1.2 1.4 1.6

02 04 06 08 1 12 _ |
Sgw [PP] ttW cross section [pb] 18



http://dx.doi.org/10.1007/JHEP08(2018)011
http://dx.doi.org/10.1007/JHEP08(2018)011
https://link.aps.org/doi/10.1103/PhysRevD.99.072009
https://link.aps.org/doi/10.1103/PhysRevD.99.072009

CMS-PAS-TOP-21-011

e Using 138 fb-1 of run 2 data
e Using events with 2 SS or 3 e/u

e |nclusive measurement compared to 2 predictions: NLO+NNLL [A. Kulesza et al.];
NLO+2j@LO with improved FxFx ME merging [R. Frederix, |. Tsinikos]

6“\ 138 fb' (13 TeV)
] q}é M o 0T T T
O«* ‘\\o easurement 2 % Best fit cms
e i 9“&\ Ciiw = 868 £ 40 (stat) "5 (syst b & ™ —4— JHEP 08 (2019) 039 e
< o -
&6\0’00(\ O-ttW+ = 553+ (Stat)+ (SYSt) fb 450; 68% CL
Q‘ \ Tew— = 343 £ 26 (stat) + 25 (syst) fb O — es% cL E
R — 1.617915 (stat) 07 (svst 3501 _:
tew+/tew— = 1617074 (stat) Zg o5 (syst) ' ]
300~ =
Prediction - ]
2501 -
e — 5921229 (scale) *13 (PDF) fb : { :
2001~ -
oo, = 384733 (scale) T3 (PDF) fb e
o-tt?&;)._ — 198“_L%2(scale)fg (PDF) fb 150 350 400 450 500 550 600 65[(f)b]
. JHEP 08 (2019 039) Rtheo.  _1.94+037 P
A Broggio etal. ~ tW'/ttW —0-24 19



https://cds.cern.ch/record/2804479/
https://cds.cern.ch/record/2804479/
https://arxiv.org/abs/2001.03031
https://arxiv.org/abs/2108.07826
https://arxiv.org/abs/2001.03031
https://arxiv.org/abs/2108.07826
https://arxiv.org/abs/1907.04343
https://arxiv.org/abs/1907.04343

Production of four tops Eur.Phys. J. C (2020)80:10985 JHEP 11 (2021)118

e Rare process predicted by the SM and has never been observed 0000000 > ¢

_ )\ )

o Ogy(11t) = 11.97 b at NLO (QCD+QED) at 13 TeV - <t

* Sensitive to the magnitude and CP properties of the Yukawa coupling A t
of the top quark to the Higgs boson

‘0000000" < t

e Sensitive to many BSM models (EFT, 2HDM SUSY, ...)

e Channels are split according to:

Branching ratio tttt:
o 20SS (7%) / 32 (5%) 02 (32%)
1€ (42%)

e Small branching fraction & Small background
(tt W, ttZ, non-prompt leptons, charge misidentification)

* Most sensitive channel >38 (5%)

o« 12 (42%) / 200S (14%) Sa mégisi gn%) 26 05 (14%)
Opposite sign
 Dominant branching fraction

e Large irreducible background from tt+jets (tt+heavy flavour jets)
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118

Production of four tops

Eur.Phys. J. C (2020)80:10985 JHEP 11 (2021)118

e Targeting events with high jet and b-jet multiplicities

e Split in multiple regions: Control (CR) signal (SR) and

validation (VR) regions

* Dedicated Control Regions are defined to constrain oY
normalisation factors in 2£SS/3€ channel

* Designed a 3-step sequential re-weighting to target

different type of mismodeling in the
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118

Production of four tops Eur.Phys. J. C (2020)80:10985 JHEP 11 (2021)118

* Signal is separated from background based on a BDT in the SR . ... BDTscore
S [ ATLAS +-Data it
2 1o4§—\(§=13TeV,139fb'1 Ctw Wtz =
e A simultaneous profile likelihood fit is performed inthe CRand SR & [ 3 .. DVt Conv. Brire <
1035— lLow my* BHF u =
L § !Others . [ttt 3
- The combined four-top cross-section: 6(t7t7) = 25%] fb il o oneramy

e To be compared to o(t71f) = 12 = 2.4 fb

e Compatible with the SM prediction within 2.0 o

101:I|| ! !

" SM///;#?/ ////ﬁ%//ﬁ*%*y_tﬁ%%

0.5

Data / Pred.

* Observed (expected) significance: 4.7 (2.6) o

808 04 020Uz 04 os 08"1

* The dominant systematics uncertainties: BDT score
ATLAS Is =13 TeV, 139 fb’!
L I UL | L I IIIIIIIIIIII I LI | LI I UL I L
* modeling of the four top signal — tot. titt
stat.

e modeling of #fW and tf+jets
2-2 +1.6 (+0.7 +1.5 ) 1.9 G
1L/2LOS _— e - 12 \ 07 1 -1.0

* b-tagging and Jet Energy Scale

2L.SS/3L F o — 20 o5 (lga s 0a) 430

0.8 0.4 0.7
Combined - & —i 2.0 J_ro_e (to_4 ; i0_5 ) 4.7 ¢

X 13 00 2
\m j

'4RVAV~

i — SM
Best-fit u = thtf/ O 22
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https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118

Searches for Flavour Changing Neutral Current (FCNC)

* FCNC in the SM is forbidden at tree- Summary of the current 95% confidence
level: heavily suppressed in loops by level observed limits on the branching
GIM mechanism BRs ~10-14 ratios of the top quark decays via FCNC

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS
LHCtopWG [1] ATLAS-CONF-2022-014 [2] arXiv:2111.02219
o BSM can enhance FCNC up 'to P [3] arXiv:2205.02537 (LH) [4] JHEP 04 (2016) 035
104 e T e
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory pre?;“?gso ”s = SM 2HDM(FV) g 2HDM(FC)
e Many potential models: 2HDM, t-He |
MSSM, RPV SUSY, ... t—>Hu 7
t—yc

* Any observation of FCNC can hint to -
new physics —

t—gc

* FCNC probe can be done in both e I
top quark production, and decay t>Zc

t—Zu N5
Y [N TN AP N AP O PO R sl RN Mars . NN Y
107" 107" 107'° 1077 107 107

Branching ratio

ATL-PHYS-PUB-2022-030
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FCNC Search for top-gluon with r — [vb 2112.01302

o Target [ 4+ b-tagged jet and ErTniss u(c)

e Main backgrounds: W + bb, t-channel single-top and tf production

* Multijet contribution determined in a data-driven way by fitting
E;nlss and mp(W)

e Neural Network (NN) used to construct two discriminants: g
D1 targeting top antiquark production it/c + g — f : signal region for tcg and fug in [~ channel

e D2 aimed at direct top quark production u + g — 1 : signal region for fug in [T channel

NN discriminant D2

mT(W)
T of the ugt search
60000 """""""""""" 8 :TTT llI]ll 7]"‘]][1]] TT]" ll]lll IITV]IIT]I TIT:
90000 [ E
2 | ATLAS (s=13 TeV, 139 o' | STUUE AT . :
%] - = ’ —) -
) +gR Dat 260000 - is=13TeV, 139 fb Mug - tFCNC 3
o e ‘ . a?a § - SR plu§ .tg,t'q _ ]
- L 0 t?,vgt 57 . W70000 - Post-Fit =:;;t\li:[t:,tb =
- y ] y - - + -
; 40000 | . , ] W-{-jets ] 60000 — [ Z+jets, VV -
c T Z+jets, Vv : I Multijet 1
Q B Multijet 1 50000 |- Uncertainty —
Lﬁ g v/, Uncertainty . 400005 :
20000 :
g 0 7 . 30000
20000

10000

o
T

m .
© O B 1.025
() i . . % :
v 1 e 0 50 100 150 200 50.975
’"\IE ‘f" mT(W) [GeV] 09501 02 03 04 05 06 07 08 09 1
0554 D, 24


https://arxiv.org/abs/2112.01302
https://arxiv.org/abs/2112.01302

FCNC Search for top-gluon with r — [vb 2112.01302

e Binned maximum-likehood fit performed separately to fug and tcg FCNC processes

Leading systematic uncertainties related to the W+jets process for the fug fit and the
modelling of the parton shower for the fcg fit

Measured data consistent with background-only hypothesis

Limits for FCNC 7gg couplings set at the 95% CL for cross-sections, branching ratios
and further interpreted in terms of EFT coefficients

e A factor of three more restrictive than the previous ATLAS results

Coupling o(g+g — t) B(t — gq) [CT|/N2
tgu 3.0 pb 0.61 (0.49) x 10+  0.057
tgc 4.7 pb 3.7 (2.0) x 1074 0.14
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FCNC Search for top-photon accepted by Phys. Lett. B

e Searching for the production and decay mode of FCNCs
with a top and a photon

e Four couplings: fcy, tuy (left- and right-handed)

* Events require one high-momentum photon and a
semileptonically decaying top quark

 Main backgrounds arise from prompt photons and
misidentified photons

e Estimated using dedicated CRs and data-driven method

Expected background composition of the SR, CR Wy + jets, CR 1y

ATLAS Simulation [ other prompt v [ tty
Vs =13 TeV [ ] h—y fakes I e—y fakes
[ Z y+jets [ Wy+jets
SR CR Wy+jets CR tfy
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https://inspirehep.net/literature/2077557
https://inspirehep.net/literature/2077557

FCNC Search for top-photon accepted by Phys. Lett. B

NN discriminant in the SR for
the ruy coupling

I To) 106:lelllllllnnrrn N S e e e

e Two neural networks are trained for ruy and tcy S U s e o -
2 [ Vs=13TeV, 139" [wy+ets [lle—y fakes i

:>_: 10° 3 SR | [:]Z-y+jets [ ]h—y fakes E

* Observed (expected) upper limits of BR oSk O vy erPromRt Y 3

* Factor 5 (tuy LH), 5 (tuy RH), 9 (tcy LH), 8 (tcy RH)
improvements in expected limits on B(t — qy) .

e Factor 3 (tuy LH), 5 (tuy RH), 5 (tcy LH), 4 (tcy RH)
smaller observed upper limits on B(t = qy)

Data / Bkg.

vk
0P -@ -._/..,9,.»‘,. ‘4‘,¢9¢#/+/+ 7

% 4 3 2 1 0 1 2 3 4 5

95% CL limits on the effective coupling constants and BRs NN discriminant

Coefficient limit BR limits [107°

Effective coupling OeTEIEn > Coupling T [ ]

Expected  Observed Expected Observed

cr e 010410920 0103 | r—uyLH 088903 085

¢y +cbV | 01221002 0123 | r—wyRH 1201 122

. Co* 4+ BV 020510937 0227 | r—eyLH 340703 416

e (32) (32) 0.039 1.47

Ve ICw +Cup 0214003 0235 |+r—cyRH 3.70°147 446 57
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Results with Run 2

e Run 2 opened up measurements to ATLAS+CMS Preliminary Run 2, Vs = 13 TeV, September 2021
LHCtopWG
new rare SM processes 105 e -
Jlt—|HEP 02 (2;2) 031 ot stat.
: . i NLO QCD+EW
 We’ve found exciting results using | gy 0L (stat ssyst) - Obs. (Exp) g
the full run 2 data-set e (O L
e Observation of many rare ST e a0 19000
processes with top quarks ATLAS, comb, 13915" 2@ 47060
e A slight excess in the measured R 2690 26270
[ftf cross section, but still CMS, 1L/2LOS, 35.8 b’ N 0o
. . . . JHEP 11 (2019) 082 .0(0.4)c
compatible with the SM prediction
within 2 o R R R R R
Gy [0

v lIII IB[II &
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What’s next for Top physics

e Why keep doing Top & SM measurements?

Teach us about the SM

Improves our theoretical calculations, MC modelling, and understanding of CP
calibrations and uncertainties

Measurements will be important for constraining PDFs, understanding
electroweak symmetry breaking (EWSB), and measuring fundamental properties
of the SM

Can uncover unexpected deviations from the SM

e The HL-LHC will provide the opportunity for more precision, particularly at high
energies which are currently limited by statistical uncertainties
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Top mass

e Current uncertainties are ~600 MeV, projected to be reduced to 200 MeV
at the HL-LHC

Miop Measurement uncertainty for different
methods as a function of integrated luminosity

e |ndirect extraction of pole mass,

e.d. 0, ? g --------------- . CMS
It = 3 i Preliminary Projection
& - !
L . ; ; ~imwm JI¥, JHEP 12(2016)123
e limited by theory uncertainty 5.2.5F e a0 25
and lumi measurements 2 P~ sec. vtx, PRD 93(2016)2006
'g 2 e single t, arXiv:1703.02530
e less dependence on JES, 8 1.5 4 T el PRO93(0T00M
— - L o e == =-n | \'\ _________________________
e.g. m(lJ/y) I e e S
e Room for more reduction via 0.5F N ittt
future techniques OE \

Runl 0.3ab' 14TeV 3ab’ 14 TeV
CMS-PAS-FTR-16-006 30
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https://cds.cern.ch/record/2262606
https://cds.cern.ch/record/2262606

Top quark mass measurement using ¢ pairs with a J/y

e Measurements using 7 pairs with a N /
JIyw — pu in final state using the W,
strong correlation between miop and m(lJ/y)

B*/BY, /

b bz 1r\0]n )

it
e BR(b — J/y( — uu) + X) ~10-2 —[

j/7

* Will benefit from larger data samples from the HL-LHC

A reduction of tf modeling uncertainties by a factor of two and a reduction of some of the
experimental uncertainties by up to a factor two are assumed for these projections

 Main result of this study is a statistical projection of the measurement

* ATLAS [ATL-PHYS-PUB-2018-042]: a statistical uncertainty of ~0.14 GeV is expected
with a systematic uncertainty of 0.48 GeV

* Dominant uncertainties are from signal modeling
(fragmentation functions / b-hadron fractions) and from JES/JER

e CMS [CMS-PAS-FTR-16-006]: expected to yield an ultimate relative precision below
0.1% at the HL-LHC

v [lll IB[II &

b

'4RVA?~

Miop Measurements will be an important element of HL-LHC 2


https://cds.cern.ch/record/2649882
https://cds.cern.ch/record/2262606
https://cds.cern.ch/record/2649882
https://cds.cern.ch/record/2262606

FCNC

e Search prospects for gluon-mediated FCNC in top quark production via
fug and rcg vertices were studied with CMS HL-LHC detector

 Dominant uncertainty is normalization of multi-jet background
o _ _ Two-dimensional expected limits on

* Limits on branching fractions: the FCNC couplings
3000 b (14 TeV
S L L LR B L BN LR

o —

e B(t - ug) <3.8x107°

CMS Phase-2 Simulation
- 95% CL Expected Limit

e B(t —» cg) <32x107°

- 68% CL Expected Limit

. 10° [TeVY
w
(@) w @) AN

e 2
2
1.5
Exploiting full HL-LHC dataset 1

will allow us to improve current 05
limits by an order of magnitude

0 1 2 3 tcél o 6
K=, 107 [TeV']
See back-up for more examples CMS-PAS-FTR-18-004 32



http://cds.cern.ch/record/2638815
http://cds.cern.ch/record/2638815

Extrapolation Studies for rftf

* The expected cross-section of tttt at 14 TeV is 15.83 +18%/ -21% fb (JHEP 02 (2018) 031)
* An increase by a factor of 1.3 with respect to 13 TeV

e Extrapolation studies are performed with the setup that uses HT as fitted variations in five

signal regions

* Easier to extrapolate than the result using the BDT score

* Almost the same significances as with the BDT

Channel

Common

SR2b2l
SR2b3l

SR3b2l

SR3b3l
SR4b

Selection criteria
N; > 6, Ny > 2and Hr > 500 GeV
SS events with N, = 2
multilepton events with N, = 2
SS events with N, = 3

multilepton events with N, = 3
events with NV, > 4



https://link.springer.com/article/10.1007%2FJHEP02%282018%29031
https://link.springer.com/article/10.1007%2FJHEP02%282018%29031

Two Different Scenarios

Ranking with 139 fb-1

Pre-fit impact on p: An
. -y 10 =08+A0 0=0-A06 08 -06 -04 -0. : : : :
» “Run 2” : systematic uncertainties are  romimcons e ey
- 6 = 8+AB 0 = B-AB ATLAS
kept equal to their Run 2 values e Nuis. Param. Pul {5 - 13 TeV, 139 b
except uncertainties related to —
a . . ttW syst > 8jets ' ﬁié_._ —
1t W + 7/ 8jets (take the post-fit values S
. . tttt modelling (shower) *
of the corresponding nuisance -
tW + 1 truth b —e
parameters from the 139 fb-1 result)
Luminosity

JES pileup rhoTopology
JES effectiveNP modelling1

JES flavor composition signal

e “Run 2 Improved”: includes the
1t W + 7/8jets scaling and includes a T s

T

e HL___w_éJ_*_u_‘__j_J_.___‘_Lf;:b‘lf;:“lfg_

decrease of the systematic st

uncertainties explained in the previous Rl

SI id e ttZ modelling (generator) °
ttbar light fake cross section @

Jet vertex tagger efficiency

v [III IB[II &

dom g

'4RVA?~
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Expected Sensitivity

e A significance of 6.4¢ for the SM ¢ttt process is
expected in the “Run 2 Improved” scenario

e Expecting total uncertainty on the cross section
of ~14%

e Experimental precision is expected to be
significantly better than the precision of the
current SM computation

* The better sensitivity is driven by:

e Smaller theoretical uncertainties assumed
in the tft cross section

e Better modeling of the tt W/ttZ + HF jets

e Smaller b-tagging experimental uncertainties

v, 108 B0

Expected significance

L 9 1T 1T | T 1T | 1T 1T | T 17T l T T 17T I T 1T I | I
g - ATLAS
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Sensitivity Studies by CMS

e Based on the run-2 results with 36 fb-1

e Tried various treatment of systematic uncertainties

Source uncert.  Stat. only Run 2 YR18 YR18+

Statistical (L/Lref)_O'S (L/Lref)_o's (L/ Lref)_O'S (L/Lref)_o‘s
Experimental None Original ~ max(0.5, (L/Lyef) ") (L/Lyes)™

Int. Luminosity None Original 0.4 0.4
Data-driven bckgrnd None Original =~ max(0.5, (L/Ly.f) 05 (L/L, £) —0.5

Theory (shapes) None Original 0.5 0.5

Bckgrnd cross section None Original 0.5 0.5

Signal cross section None Original 0.5 0.5

Expected significance of ¢f¢f signal over a background-only hypothesis

Int. Luminosity Stat. only Run2 YR18 YRI18+

300 fb~! 4.09 271 285 293
3 ab~! 12.9 322 426  4.49

CMS-PAS-FTR-18-031 6



http://cds.cern.ch/record/2650211
http://cds.cern.ch/record/2650211

Sensitivity Studies by CMS

e A 4.50 significance is expected with the most optimistic systematics scenario

e Cross-section can be constrained down to 9% statistical uncertainty and 18% to 28% total
uncertainty (depending on the considered systematic uncertainties)

Expected Significance (s.d.)

14

12

10

CMS Projection 14 TeV

_ tttt production at HL-LHC
Stat. Uncert. only
—— Run 2 Syst. Uncert.
—— YR18 Syst. Uncert.
---------- YR18+ Syst. Uncert.

10°
Integrated Luminosity (fb™)

CMS-PAS-FTR-18-031 37
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Conclusions

e HL-LHC will offer a great opportunity for many top measurements & top
related searches

e Detector upgrades will allow for better forward jet and lepton reconstruction
- essential to improve current measurements

* Will produce currently unachievable measurements
* |mprove our understanding and learn more about the SM
e Can uncover unexpected deviations from the SM pointing to new physics

e |mproving theoretical uncertainties is a key player to achieve better precision

Thank you!
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back-up (SMT- top mass)

Table 5: Impact of main sources of uncertainty on m,. The last column shows the statistical uncertainty on each of
the top quark mass uncertainties.

Source Unc. on m; [GeV] Stat. precision [GeV]
Data statistics 0.40

Signal and background model statistics 0.16

Monte Carlo generator 0.04 +0.07
Parton shower and hadronisation 0.07 +0.07
Initial-state QCD radiation 0.17 +0.07
Parton shower af, °® 0.09 +0.04
b-quark fragmentation 0.19 +0.02
HF-hadron production fractions 0.11 +0.01
HF-hadron decay modelling 0.39 +0.01
Underlying event <0.01 +0.02
Colour reconnection < 0.01 +0.02
Choice of PDFs 0.06 +0.01
W/Z+jets modelling 0.17 +0.01
Single top modelling 0.01 +0.01
Fake lepton modelling (t - W — {) 0.06 +0.02
Soft muon fake modelling 0.15 +0.03
Jet energy scale 0.12 +0.02
Soft muon jet pr calibration < 0.01 +0.01
Jet energy resolution 0.07 +0.05
Jet vertex tagger < 0.01 +0.01
b-tagging 0.10 +0.01
Leptons 0.12 +0.00
Missing transverse momentum modelling 0.15 +0.01
Pile-up 0.20 +0.05
Luminosity < 0.01 +0.01
Total systematic uncertainty 0.67 +0.04
Total uncertainty 0.78 +0.03
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back-up (1Zqg)

Figure 1. Example Feynman diagrams of the lowest-order amplitudes for the tZq process, cor-
responding to (a, b) resonant /"¢~ production and (c) non-resonant £'¢  production. In the
four-flavour scheme, the b-quark originates from gluon splitting.
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back-up (1Zqg)

Common selections
Exactly 3 leptons (e or ) with |n| < 2.5
pr(€y) > 28GeV, pp(4y) > 20 GeV, pp(€s) > 20 GeV
pr(jet) > 35 GeV
SR 2j1b CR diboson 2j0b CR tt 2jlb CR ttZ 3j2b
> 1 OSSF pair > 1 OSSF pair > 1 OSDF pair > 1 OSSF pair
Mg —my| <10GeV  |my, — myz| < 10 GeV No OSSF pair |mg — myz| < 10 GeV
2 jets, |n| < 4.5 2 jets, |n| < 4.5 2 jets, |n| < 4.5 3 jets, |n| < 4.5
1 b-jet, |n| < 2.5 0 b-jets 1 b-jet, |n| < 2.5 2 b-jets, n| < 2.5
SR 3j1b CR diboson 3j0b CR tt 3jlb CR ttZ 4j2b
> 1 OSSF pair > 1 OSSF pair > 1 OSDF pair > 1 OSSF pair
Imgy —mz| <10GeV  |my —myz| < 10 GeV No OSSF pair |mg —myz| < 10 GeV
3 jets, |n| < 4.5 3 jets, |n| < 4.5 3 jets, |n| < 4.5 4 jets, |n| < 4.5
1 b-jet, |n| < 2.5 0 b-jets 1 b-jet, |n| < 2.5 2 b-jets, |n| < 2.5

Table 1. Overview of the requirements applied when selecting events in the signal and control
regions. OSSF is an opposite-sign same-flavour lepton pair. OSDF is an opposite-sign different-

flavour lepton pair.
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back-up (1Zqg)

Variable Rank Definition
SR 2j1b SR 3j1b
My, 1 1 (Largest) invariant mass of the b-jet and the untagged jet(s)
Miop 2 2 Reconstructed top-quark mass
InGy)| 3 3 Absolute value of the n of the j; jet
mp (€, BRS) 4 4 Transverse mass of the W boson
b-tagging score 5 11 b-tagging score of the b-jet
Hy 6 — Scalar sum of the py of the leptons and jets in the event
q(lw) 7 8 Electric charge of the lepton from the W-boson decay
‘n(f W)‘ 8 12 Absolute value of the n of the lepton from the W-boson
decay
pr(W) 9 15 pt of the reconstructed W boson
pr(lw) 10 14 pr of the lepton from the W-boson decay
m(£4) 11 — Mass of the reconstructed Z boson
In(Z)| 12 13 Absolute value of the 7 of the reconstructed Z boson
AR(js, Z) 13 7 AR between the j; jet and the reconstructed Z boson
ET iss 14 - Missing transverse momentum
pr () 15 10 pr of the j; jet
nG,)| - 5 Absolute value of the n of the j, jet
pr(Z) - 6 pr of the reconstructed Z boson
pr(ir) - 9 pr of the j, jet

Table 2. Variables used as input to the neural network in SR 2j1b and SR 3j1b. The ranking of the
variables in each of the SRs is given in the 2"¢ and 3™ columns, respectively. The untagged jet is
denoted j;. When two untagged jets are selected, j¢ (j,) refers to the one for which the invariant mass
of this untagged jet and the b-tagged jet is the largest (smallest). The b-tagging score indicates
whether the b-jet would also satisfy a tighter b-tagging requirement corresponding to a working
point with an efficiency of 60% instead of 70%.
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back-up (1Zqg)

Uncertainty source Ac /o (%]
Prompt-lepton background modelling and normalisation 3.3
Jets and E2° reconstruction and calibration 2.0
Lepton reconstruction and calibration 2.0
Luminosity 1.7
Non-prompt-lepton background modelling 1.6
Pileup modelling 1.2
MC statistics 1.0
tZq modelling (QCD radiation) 0.8
tZq modelling (PDF) 0.7
Jet flavour tagging 0.4
Total systematic uncertainty 7.0
Data statistics 12.6
tt + tW and Z + jets normalisation 2.1
Total statistical uncertainty 12.9

Table 4. Impact of systematic uncertainties on the {Zq cross-section, broken down into major cate-
gories. For each category the impact is calculated by performing a fit where the nuisance parameters
in the group are fixed to their best-fit values, and then subtracting the resulting uncertainty in the
parameter of interest in quadrature from the uncertainty from the nominal fit. For simplicity, the
impact is given as the average of the up and down variations. Details of the systematic uncertainties
are provided in the text. MC statistics refers to the effect of the limited size of the MC samples. The
total systematic uncertainty is a bit larger than the quadratic sum of the individual contributions
due to correlations.
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Table 1 The definitions of the trilepton signal regions: for the inclusive the differential measurement only the region 3¢-Z-2b3j with a fixed
measurement, a combination of the regions with pseudo-continuous b- b-tagging WP is employed
tagging 3¢-Z-1b4 j-PCBT and 3¢-Z-2b3j-PCBT is used, whereas for

Variable

3¢-Z-1b4 j-PCBT inclusive 3¢-Z-2b3 j-PCBT inclusive 3¢-Z-2b3j differential

Ne(£=e, )

pr (€1, £2, £3)
A’jets

Np. jets

=3

>1 OSSF lepton pair with |m%, — mz| < 10 GeV

for all OSSF combinations: mossg > 10 GeV

> 27, 20, 20GeV

> 4 >3 >3

= 1@60% > 2@70% > 2@85%
veto add. b-jets@70%

Table 2 The definitions of the four tetralepton signal regions. The regions are defined to target different b-jet multiplicities and flavour combinations
of the non-Z leptons (££"°™%)

Variable

4¢-SF-1b 4¢-SF-2b 4¢-DF-1b 4¢-DF-2b

N¢(£ =e, )

pr (L1, €2, £3, £4)
Eenon-Z

miss
ET

Niets
Np.jets @85%

=4

>1 OSSF lepton pair with [m%, — mz| < 10GeV

for all OSSF combinations: mgpgsg > 10 GeV

> 27, 20, 10, 7GeV

ete” or utu~ ete” or utp~ et u¥ et u¥
> 100 GeV, if [m5"% — mz| < 10 GeV > 50GeV, if [m3"% —mz| < 10 GeV - -

> 50GeV, if [m}"% —mz| > 10 GeV -

>2 >2 >2 >2
=1 >2 =1 >2
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Table 3 Definitions of the
control regions targeting the
WZ + jets, WZ — ££Lv (left)
and ZZ + jets, ZZ — Ll
processes (right): the control
regions are used to obtain
normalisations of the
light-flavour components of the
WZ/ZZ + jets backgrounds
from data

back-up (:12)

Variable 3¢-WZ-CR 4¢-ZZ-CR
Ne (€ =e, ) =3 =4
1 OSSF lepton pair with 2 OSSEF lepton pairs with

pr (L1, £2, €3, £4)
Njets

Np.jets @85%
E'li‘niSS

|mey —mz| < 10GeV
> 27, 20, 20 GeV
>3

=0

lmgg —mz| < 10 GeV
> 27, 20, 10, 7GeV

20GeV < EISS < 40 GeV
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back-up (:12)

e
ATLAS
800F  ys=13TeV, 139 fb"
700F  31-WZz-CR
Pre-fit
600} g
7/
500} ///
400} ///////
300} /

200 :///ﬁ

7

¢ Data WZ+jets
B zz:jets Bz
B Fake leptons [l Other
7/ Uncertainty

" s
100F Lz i, A
_ oo @ rn
14 ' ' ' ' .
VBV iiidiiiiziiiiziiiiidiidédi i sdd
N
06— q X ) ,
i 150 200

50

00

(a)

250 300
Leading lepton p_ [GeV]

500

400

300

200

100

i | ] v A L) L I' L T Al

ATLAS
Vs=13TeV, 139 fb™
41-ZZ-CR

Pre-fit

7

Al ] v L L L I' A Al Al Al ' L L L T

¢ Data [zz+jets ]
.Other %Uncertainty

1.4F ' ' ' ' '
1.2} i , oy =
o 7 ﬂ/ﬁ%«/ﬁ’///ﬁ%fzééﬁ/ﬁ%%f%f%%///*//////ff% 5%
0 50 100 150 200 250 300
Leading lepton p_ [GeV]
(a)

S 500} ATLAS } Data WZsjets
g Vs=13TeV, 139 fb" .ZZ+jets . ttz
W 400  3-WZ-CR [l Fake leptons [l Other
 Preit 7 Uncertainty
300 - ; 7 /
' B
200} //// _ / /////// ]
7 )
Z Z.
W7, 77777777727//72/////77/7272/7// 2/, 2
£ 0 ,%//4/%/////////%%/////%%///////4//%///
(@] L - , \ L , o, L A
0;62.5 -2 -15 -1 05 0 0.5 1 1.5 2 2.5
Leading lepton n
(b)
:;’ 450 ATLAS ¢ pata [ zz+jets '
400 Vs =13 TeV, 139 fo Bl other 77 Uncertainty 1
41-ZZ-CR ]
350 . r
Pre-fit

Data / SM

—
™

3 Y / / / e 7 7 /
) 4 5

0 % 2

(b)



back-up (:12)

Table 7 List of relative uncertainties of the measured inclusive 1Z
cross section from the combined fit. The uncertainties are symmetrised
for presentation and grouped into the categories described in the text.
The quadrature sum of the individual uncertainties is not equal to the
total uncertainty due to correlations introduced by the fit

Uncertainty Ao,iz 057 (%]
ttZ parton shower 3.1
t W Z modelling 29
b-tagging 29
WZ/ZZ + jets modelling 2.8
t Zq modelling 2.6
Lepton 2.3
Luminosity 2.2
Jets + E%‘iss 2.1
Fake leptons 2.1
ttZ ISR 1.6
ttZ u¢ and pu, scales 0.9
Other backgrounds 0.7
Pile-up 0.7
ttZ PDF 0.2
Total systematic 8.4
Data statistics 5.2
Total 10
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Table 8 Summary of the variables used for the differential measure- the two topologies separately, whereas for the variables related only to
ments. Some variables are considered for the trilepton or tetralepton the kinematics of the Z boson ( p% and |yZ|), the trilepton and tetralep-
signal regions only, as indicated. The jet multiplicity is measured for ton regions are combined
Variable Definition
3¢+ 44
p% Transverse momentum of the Z boson
1yZ| Absolute value of the rapidity of the Z boson
3¢
Niets Number of selected jets with pr > 25GeV and || < 2.5
p%"on'z Transverse momentum of the lepton which is not associated with the Z boson
|AP(Z, tiep) | Azimuthal separation between the Z boson and the top quark (antiquark) featuring the W — £v decay
|AY(Z, tep)| Absolute rapidity difference between the Z boson and the top quark (antiquark) featuring the W — £v decay
4¢
Niets Number of selected jets with py > 25GeV and || < 2.5
|A¢ (£, )| Azimuthal separation between the two leptons from the 77 system
|A@(tt, Z)| Azimuthal separation between the Z boson and the 77 system
p!rt- Transverse momentum of the #7 system
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backgrounds

in 2£SS/32

®ttw @O tiz ttH Other @ ttt ® QmisiD

® Fake

ATLAS Simulation

Vs =13 TeV, 139 fb™

in 1£/220S

i tttt
Mtt+b
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s 1
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o

o
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o
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N Al Al N
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ttW validation region in 22SS/3¢
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Sum of b-tag scores as input to the BDT
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in 2£SS/32

Uncertainties

in 1£/220S

Uncertainty source Aup
Signal modelling

111t cross section +0.56 -0.31
tirt modelling +0.15 -0.09
Background modelling

ttW modelling +0.26 -0.27
tit modeling +0.10 -0.07
Non-prompt leptons modeling +0.05 -0.04
1t H modelling +0.04 -0.01
11 Z modelling +0.02 -0.04
Charge misassignment +0.01 -0.02
Instrumental

Jet uncertainties +0.12  -0.08
Jet flavour tagging (light-jets) +0.11  =0.06
Simulation sample size +0.06 -0.06
Luminosity +0.05 -0.03
Jet flavour tagging (b-jets) +0.04 -0.02
Other experimental uncertainties +0.03 -0.01
Jet flavour tagging (c-jets) +0.03 -0.01
Total systematic uncertainty +0.69 -0.46
Statistical +0.42 -0.39
Non-prompt leptons normalisation(HF, material conversions) +0.05 -0.04
ttW normalisation +0.04 -0.04
Total uncertainty +0.82 -0.62

Uncertainty source Ao,y [fb]
Signal Modelling

tttt modelling +8 -3
Background Modelling

tt+>1b modelling +8 -7
tt+>1c modelling +5 -4
tt+jets reweighting +4 -3
Other background modelling +4 -3
tt+light modelling +2 -2
Experimental

Jet energy scale and resolution +6 -4
b-tagging efficiency and mis-tag rates +4 -3
MC statistical uncertainties +2 -2
Luminosity <1
Other uncertainties <1
Total systematic uncertainty +15  -12
Statistical uncertainty +8 -8
Total uncertainty +17 -15
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Observed and expected event yields as function of log, ,(S/B) - post-fit
best fit 4 = 2.2 and ¢ = 1.0 are shown
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Pre-fit impact on p.:

16 =0+A0 0 = 8-A0
Post-fit impact on p.:
o = 8+A8 0 = 8-A9

—e— Nuis. Param. Pull

tttt cross section
tttt PS choice
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tf+>1c normalisation
titt w_andp

b-tagging: light jets mis-tag rates EVO
ttbb generator choice shape

tt+>3b normalisation

tt+jets reweighting: non-tt subtraction
tt+> 1c generator choice shape
tt+>3b 5FS vs. 4FS

ttB normalisation

JES modelling EV1

JES pile-up p-topology

ttB 5FS vs. 4FS

tt+light generator choice migration
JES flavour composition tttt

ttH + jets cross section
JES flavour response

single-top-quark generator choice
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ATLAS+CMS Preliminary Run 2,Vs = 13 TeV, September 2021
LHCtopWG
P o, =12.073; (scale) fb : | x
~ JHEP 02 (2018) 031 tot. stat.
NLO QCD+EW

G..ttot. (stat.xsyst) Obs. (Exp.) Sig.

ttt

ATLAS, 2LSS/3L, 139 fb” : s
EPJC 80 (2020) 1085 : 2475(57;)fb 4.3 (24)0

ATLAS, 1L/2LOS, 139 fb

arXiv:2106.11683 —— 265787 1) b 1.9(1.0)0
ATLAS, comb., 139 fb™ v7 s
arXiv:2106.11683 H—— 247¢(4°)tb  47(26)0
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back-up (FCNC, top-gluon with 1 — [vb)

Table 4: Impact of systematic uncertainties on the expected upper limits on the branching ratios of the FCNC decay
modes B(t — u+g) and B(¢t — c + g). Four scenarios are considered: (1) include only data statistical uncertainties,
(2) include the experimental systematic uncertainties in addition, (3) include all systematic uncertainties except for
the MC statistical uncertainties and (4) include all uncertainties.

Scenario Description Bos (t > u+g) Byl (t—c+g)
(1) Data statistical only 1.1 %107 24x107
(2) Experimental uncertainties also 3.1x107° 12% 107>
(3) All uncertainties except MC statistical 3.9%x 107 18 x 107
4) All uncertainties 49 %107 20 % 107
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FCNC Search fort — Zqg ATLAS-CONF-2021-049

e Strategy: >
e Events contain three isolated leptons leptons (e, y) ulc ,
>2 jets, (one b-tagged) and MET t
W
* Only Z boson decays into charged leptons and )
leptonic W boson decays are considered as signal
Mass of the FCNC top-quark candidate in SR1
e 2 signal regions (SRs) considered targeting FCNC > [ T
i : . @) 70 ATLAS e Data =
In production and decay: o OF\s=13Tev, 36.1 f5' . 2 -
= 60 :_Signal Region -\gtier E
e SR1 (ttbar decay): =2 jets, 1 b-tag % : o Pt 3
> 50 (B=01%) —
_ ] w - 77, Bkg uncertainty
e SR2 (tZ production): 1& 2 jets, 1 b-tag 40F =
e Events reconstructed via minimisation of kinematic 30;_ ----- _
properties of the final state objects under the 20F =
FCNC top hypothesis 10; -
.
* Mass veto to ensure orthogonality in 2j events o [T
o 1.5 -
» Largest background contributions from S Va0
and 11/ 2 05r o
i 140 150 160 170 180 190 200 210
30 4 mi [GeV1 - 59

V230,
ZARVARD


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-049/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-049/

FCNC Search fort — Zqg ATLAS-CONF-2021-049

e Gradient BDT used to better separate signal from backgrounds
e Four separate fits performed to extract LH and RH results for the FCNC tZu and tZc couplings
 Good agreement between MC predictions and data

e 95% CL upper limits set on branching ratios for both tZu and tZc vertices and for both RH/LH
couplings
D1 discriminant in SR1

IlllllllllllllllllllllllII|III
140 ATLAS Preliminary  Data -

[ {s=13TeV, 139 fb™" @WtizstWzZ © VV4LF

* Improved by a factor of 2-3 on previous limits

Events /0.18

e Limits on relevant EFT Wilson coefficients for vertices also set 120}~ Sf‘j o0e e o,
100 Post-Fit 72 Bkg. uncertainty ]
- === FCNC (u)tZ x 50

© — FCNC tt(uZ) x 50 .
80 — ]

Observable Vertex Coupling Observed Expected eo:
B(t — Zq) [107]  1Zu LH 6.2 4.9%% %
o B(t — Zq) [107°]  tZu RH 6.6 5177, N
.. B(t — Zg) [107°]  tZc LH 13 1% b
et N, B~ Z0) [107°]  1Zc RH 12 1055 & O :
74 ul A
:(;,3Wl)’ (5‘1‘% - +o-0.02 g 1%%%{%/%%///%//%
ICw | 1Cg | tZu RH 0.16  0.14%)% 07554 :
IC 2‘%/3)* l, |C§2§)*| tZc LH 0.22 0,20t8:8g 096 04 02 0 02 04 06 08 1
IC?W)I, 1) tZc RH 021  0.19°0% D,
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Inclusive & differential 17Z production

e Inclusive and differential measurement, targeting 3-lepton and 4-lepton channels (e/u)

* >3 jetsand = 1 b-jet

. Expected cross section: 6o1P = 0.8470-0% pp

Observed and expected event y|elds in the Slgnal and Control regions

10°

Events

10°
10*
10°
10?

10

1

Data / SM
O =

WWW%
ﬂf

Control regions for WZ and ZZ backgrounds (free-floating)

1tz —0.10

Measured cross-section: 0,7, = 0.99 * 0.05(stat.) £ 0.08(syst.) pb

ATLAS ¢ Data ] ttZ WZ+jets

B 1 B ZZ+jets tWZ B tZq
s=13TeV, 139 b tt+W/H I Fake leptons [l Other
3l + 4] SR combination 7/ Uncertainty

Postfit o . ...

e m—

DN
I I

3> >, Ysr Ygm Yor Ypr Sy 4.
2. Tbg . 22b3/ g, "SF.7, SF.2, Or.,, Or.5, WZ~C/9 2

Eur. Phys. J. C 81 (2021) 737
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https://link.springer.com/article/10.1140/epjc/s10052-021-09439-4
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Inclusive & differential ¢Z production

e 10 observables unfolded to parton and particle level

e Sensitive to BSM effects and modeling

 Dominated by stat. uncertainty

Eur. Phys. J. C 81

e Main systematic uncertainties are: Fake leptons, WZ modeling, tZ modeling, and b-tagging
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ttW CMS Results

138 fb' (13 TeV)

_I|III|III|III|III|III|III|III|I
* Precision obtained in the present study =~ | CMS = u wessuemen £ epscaopoanas -
Is significantly improved with respectto | —— Sttunc.  —— JHEP 11 (2021) 29
the previous measurement with partial

run 2 data-set

Total unc.

Nominal * Stat. + Syst.

| ee TN, . 845 + 117 = 111 B

* Improvements come from a larger data [ - e 99 +61:68 ]
sample, an improved analysis strategy s —— 868 63 64 :
and improved estimates of dominant - Dlepeen - erdEy N

. . . | Trilepton f L. 649 + 104 =96 _

background contributions using control | | ]

. Combined —— 868 +40 + 51 -

regions in data

200 400 o600 800 1000 1200 1400 1600
[fb

* Inclusive measurement compared to 2 “tw
predictions: NLO+NNLL [A. Kulesza et

al.]; NLO+2j@L0O with improved FxFx
ME merging [R. Frederix, |. Tsinikos]
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ttW CMS Results

* Luminosity: overall uncertainty of 1.6% Uncertainty type Relative value (%)
_ _ o _ Experimental

* Pileup: varying the assumed minimum-bias cross > Integrated luminosity 19
section of 69.2 mb by +4.6% Charge misidentification 16
_ . b jet identification 1.6
e Trigger efficiency: ~2% treated as uncorrelated Nonpro ril pt lepton background 13
among data-taking years, as well as between the Trigger efficiencies 1'2
dileptonic and trileptonic channels Pileup 1.0
.. Trigger prefirin 0.7
* Lepton efficiency: at most a few percent and assumed ]efegnerp Scaleg 0.6
to be uncorrelated among lepton flavors and data- Jet energyzsoluﬁon 0' 1
taking years Lepton efficiencies 0.4

 JES/JER: 21 uncertainty sources corresponding to
different detector regions and taking into account the
year-to-year correlations

e b-tagging: considered as fully correlated between b
and c quark jets, and uncorrelated for other quark
flavors

* Non-prompt leptons: overall normalization,
uncertainties due to the dependence on the lepton pr

and 7, and 20% to cover remaining mismodeling in

the validation region
v 08 B
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ttW CMS Results

Uncertainty type Relative value (%)

° Slgnal: Normalizations
——» ttH 2.6
* Uncertainties on the ISR and FSR in the VVV 1.2
parton shower VY 1.2
Conversions 0.7
. _ tty 0.6
* Uncertainty due to the color-reconnection 77 06
model is estimated by using simulated Others 0.5
samples produced with alternative models tZ 0.3
WZ 0.2
0)
(effect of 1%) Zq 0
. tHq 0.2
* PDF uncertainty Modelling
EEEE— ttW scale 1.8
e ttW colour reconnection 1.0
\Y ISR/FSR for ttW 0.8
tt7y scale 0.4
* Backgrounds: VVV scale 0.3
ttH scale 0.2
e Normalization uncertaint Conversions o2
y ——— Statistical uncertainty 1.8
* Varying the normalization and factorization - Leading systematics:
scales (up/ 1y) within a factor of two from « ttH norm (2.6%); lumi (1.9%);
their nominal values ttW scale (1.8%)

v, 108 B0

>

- vs. statistical uncertainty 1.8%
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Differential 1 cross-section measurements

e Done in e/u+jets channels

Prospects at HL-LHC of the
relative gluon uncertainties of

e Most significant reduction of uncertainty i
J erainty 1s the original and profiled

expected to come from: NNPDF3.1 PDE set
-1
e Improved jet energy calibration o 12 oo e SRS TS
S | CMS Phase-2
= - Simulation
e Reduced uncertainty in the b-jet identification 1 Prefiminary 1
* Final projected uncertainty is estimated below 5% 1:_\\ i
e Precision in the measurement will profit from the ogi_ Xg(x) u2=30000 GeV? NLO .
enormous amount of data and the extended 7- I L_INNPDF3.1 _
coverage of the Phase-2 CMS detector, which : NNPDF3.1 +# \i
. . . . 0.8l ol
enables fine-binned measurements at high rapidity 10*  10° 102 107 1
that are not possible with the current detector CMS-PAS-FTR-18-015 X

e Uncertainties of the gluon distribution are drastically
reduced and depend directly on the uncertainty of
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ttZ and EW top couplings at the HL-LHC

» Expected sensitivity to Wilson coefficients of top quark operators C,, in the

ttZ process
b

CMS Phase-2 Simulation Preliminary 3 ab ™' (14 TeV)

%1_[""[""]""]""l__40_1 t !
% - £ g wt v
S { 135 < 5000 7 ;
- QA
30 0000 — .
] ‘ t _
155125 !
20 b
15 Wilson coefficient C,, in SMEFT
68 % CL (\/ TeV)? : [-0.37, 0.36]
b 95 % CL (\ TeV)? : [-0.52, 0.51]
5

CMS-PAS-FTR-18-036
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FCNC - tZqg

e Done in the three charged lepton final states

e The dominant sources of uncertainties, in both signal and background estimations, are
from the theoretical normalization and the modeling of the background processes MC

 An improvement by a factor of four is expected over the current Run-2 analysis

-lo Expected +lo
Bt —->uZ) | 49%x10™ 69x10™> 9.7x10™
Bt —>cZ) | 58%x10° 81x10° 12x107

Table 6: The expected 95% confidence level upper limits on the top-quark FCNC decay branching ratios are shown
together with the +10- bands, which include the contribution from the statistical and systematic uncertainties.
Presented limits are extracted from "Asimov data" in the signal and background control regions, defined as the total
expected pre-fit background. Systematic uncertainty from the MC statistical uncertainty is considered as well.

Operator | Expected limit
[od 0.13
[eiseed 0.13
[oSd 0.14
(o) 0.14

Table 8: Expected 95% CL upper limits on the moduli of the operators contributing to the FCNC decays ¢t — uZ and
t — c¢Z within the TopFCNC model for a new-physics energy scale A = 1 TeV.

ATL-PHYS-PUB-2019-001
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Extrapolation scenarios for 4tops

* Looked into several extrapolation scenarios based on how to scale the
systematics with the assumption agreed for the 2019 Yellow Report

* Followed the recommendations explained in the High Lumi LHC Systematics

* Modelling uncertainties could be halved (ATL-PHYS-PUB-2019-005)

* No dedicated studies for HL-LHC expected performance, except for HF

e Recommended way to apply flavor tagging uncertainties is to scale
down the nuisance parameters from the current analyses

e Systematics driven by intrinsic detector limitations are left unchanged, or
revised according to detailed simulation studies of the upgraded
detector

v 108 B o

2 A
ARV
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Run 2 SM ¢t cross section

tt W Validation Region: >4jets =2b-tagged

Uncertainty source Au . 140 | | | | |
S_i%nul modcll'ing 056 - ZI " ATLAS + Data D’[T[W ]
::'::' ;::l:l\ltl::(m :():‘l 5 —():i)‘) z 120_— fs=13Tev, 139" @ Others 7/ Uncertainty _|
. - W VR -
B-uckgmund modelling - Post-Fit -
nw modelling +0.26  -0.27 100~ N
1t modeling +0.10 -0.07 - -
Non-prompt leptons modeling +0.05 -0.04 ; i
1t H modelling +0.04 -0.01 80 / —
11Z modelling +0.02 -0.04 7 i
Charge misassignment +0.01 -0.02 % -
Instrumental 60 n -
Jet uncertainties +0.12  -0.08 B ¢ -
Jet flavour tagging (light-jets) +0.11  =0.06 40__ _
Simulation sample size +0.06 -0.06 B 7
Luminosity +0.05  -0.03 r » * ’
Jet flavour tagging (b-jets) +0.04 -0.02 20— ]
Other experimental uncertainties +0.03 -0.01 - / 7
Jet flavour tagging (c-jets) +0.03 -0.01 _ 0 Z
Total systematic uncertainty +0.69 -0.46 g 5 255_ E
Statistical +042 -0.39 o 1 5§ - ]
Non-prompt leptons normalisation(HF, material conversions) +0.05 -0.04 E VE 1; 777, PRI ////// 7
tfW normalisation +0.04 -0.04 S 0.75F T W /7/ %
Total uncertainty +0.82 -0.62 0= l | | ! -

4 5 6 7 >8
Number of jets
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Sensitivity of the SM r7tf cross section at the HL-LHC

* The cross-section can be constrained down to 9% statistical uncertainty and

18% to 28% total uncertainty, depending on the considered systematic

uncertainties, while a 4.50 significance is expected with the most optimistic

systematics scenario

e The expected sensitivity on the tfff cross-section is also used to provide
constraints on EFT four top contact interaction operators, setting limits on

their Wilson coefficients

CMS-PAS-FTR-18-031
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