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T'he top quark

* Top is the heaviest fundamental particle
discovered so far
— m,=173.34 £ 0.76 GeV

[arxiv:1403.4427]

» Unique quark:
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— Observe bare quark properties

» | arge Yukawa coupling to Higgs boson
— A~1 only m;is natural mass

Special role in EW symmetry breaking ?

» Production dominated by gg fusion:
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http://arxiv.org/abs/1403.4427

Why top (and Higgs) ?

* If we could calculate the Higgs mass:
— Large corrections to the Higgs mass from top quark “loops”

19.7 b (8 TeV) + 5.1 fb' (7 TeV)
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— New physics in loops ? SRE

— Many BSM extensions include a top quark partner
— No fine-tuning if top quark partner exists
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Beyond the

SM ?

» Very subjective but illustrative, latest results
from LHC & Tevatron — SM true

s ttH observation:
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Caveat: my

@ New physics changes the vacuum
stability, even if at Planck scale
@ Theoretical uncertainties apply!
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The present...LHC Run Il

CMS Integrated Luminosity, pp, Vs =7, 8, 13 TeV

Total Integrated Luminosity (fb ')
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Full Run |l provides about
~ 120 million tt pairs

~ 30 million single top

~ 120k ttZ, tZ

~ 30k ttH

A. Jung Top physics: Opportunities and Challenges

UONEIGIED §1/2



The precision frontier

September 2019 CMS Preliminary
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The precision frontier

September 2019 CMS Preliminary
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Inclusive cross sections

> Measurements cover 2, 5, 8 and 13 TeV - agreement W|th the SM
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http://cds.cern.ch/record/2758333?ln=en
http://cds.cern.ch/record/2754223?ln=en
https://www.sciencedirect.com/science/article/pii/S0370269320306006?via=ihub

Single Top Quark Production

» Single top cross section as high as tt at 8 TeV - large samples
» Single top production: Test of EW interactions

q q b W g t
w t w
b t
: 7 -
g 5 g b

t-channel

tW-channel

ATLAS+CMS Preliminary

LHCtopWG Vil =

PRD 83 (2011

. i September 2019
from single top quark production
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t-channel:
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Single Top Quark Production

» Single top cross section as high as tt at 8 TeV - large samples
- Single top production: Test of EW interactions
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-003/index.html

Differential cross sections

» Enormous amount of differential cross section measurements at ATLAS &
CMS — impossible to summarize in 1 slide. [CMS-PAS-TOP-20-001]
» Expect even more n-dimensional distributions I

un-merged boosted W fully merged
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1 300<M(Hh) | 400<M(th) | 500<M ()| 300<M(tl) | 400<M (1) | 500<M(th) | 300<M()| 400<M(tf) | 500<M(tf) | © Data, dof=35 for AR~1.0 v (]
<400GeV { <500GeV 1500GeV | <400GeV <500GeV 1500GeV | <400GeV | <500GeV 1500GeV POW-+PYT, x2=50 . < 200 GeV 200 - 350 GeV > 350 GeV o pT
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14 ey Ly Ly [ L ‘ﬁ"" [ T % z- 10 b i MATRIX ‘ﬁg é. g i...‘" ~ "‘-..‘ . i MATRIX
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0.6 | == E =
12 12 12 12 12 12 12 12 12 10k 107
ly(t) ] I E ) [ i i \ CIETYN E ]
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and double differential measurements! o) G P @)
» Getting more precise in boosted regime atLas L — pwoeeve o
Vs=13 TeV, 36.1 15"

« On CMS site: 1% simultaneous s el
----- MMLO (MNPDF3.1) Scale + PDF unc.
measurement of resolved and boosted

Data Stat Only

Mormalised cross-section

gl 1.2
3|< 1.1
(particle level ok @1D, deviations in 2D <> NNLO g° - !
predictions improve descriptions at parton level  §% |
0.6f it o 1
compared to NLO+PS) gg_%;[ﬂ_m:n.a] _ _%.—[o.s.c::.?] ;%:[G'?‘m] T“?E—V[mzo]
0

0.5 0 0.5 0 0.5 0 0.5 ;
[EPJC 79 (2019) 1028] Pl [Tev]
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http://cds.cern.ch/record/2759302?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-019-7525-6

tt+X: Highlights

» {tZ/W: Most precise measurement,
allowed for 1 differential cross sections

s tty : Differential tty by CMS

s tt+tt: Full Run 2 evidence at AJL&ﬁ

nary {s=13TeV, 139 b’

s tt+cc: 1% by CMS T
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https://link.aps.org/doi/10.1103/PhysRevD.99.072009
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-013/
https://cds.cern.ch/record/2758332
https://cds.cern.ch/record/2730232?ln=en

ttH, Top Yukawa coupling

» Associated Higgs production only direct access to Yukawa coupling
. 285501
» Complex final state oz 22,210
M . 359{[:- {2015)+41|5 fo! (2017}(131’|eV} A@AS m
e Evidence for bb CMS Prefrmma:y .

AT LAS I 358 fb"' (13 TeV)
s Obs | Extract y, from template fit:£ ...f e=... hviets, =3jets 4D WL shgen v OGO

post-fit
o CMS 13 TeV data, |+jets
Detalls || s Recover 3 jet bin and use

compare 57 bins to fit

&uncert | » Relies on threshold region

20000

B 0-0.6 0.6-1.2 >1.2 0-0.6 0.6-1.2 >1.2 0-0.6 0.6-1.2 >1.2
— ' ' ' ' ' '
' ' ' '

Data/Pred.

» ttH ob.

AT LA m; [GeV/c?]

foeroron ‘ "="1.07 + 0.34-0.43 (obs) [1.00 +0.35-0.48 (exp)]
tiH (bb)
fiH (multilepton) et L/
) Sammet 19 Absolute stability |
ez & — 1.7 at 168 . i
P P (2019) 132003 , Bl (TSI |
T o\ A ——r 122 124 126 128
_1 0 i > 3 o mPle

GttH/GttH
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Top Quark Asymmetries

» Interference appears at NLO QCD: TevatronAd top
anti-top
——<—{THIU
+ A i S
—> T '
Positive asymmetry Negative asymmetry Ayes = yi — Y

— Only occurs in qq initial state; gg is fwd-bwd symmetric
N(Ay;; > 0) — N(Ay,; < 0)

A?‘?B Y - A i
» This is a forward-backward asymmetry at Tevatron N(Aysr > 0) + N(Ayyy < 0)
» No valence anti-quarks at LHC — t more central
LHC A top
» SM predictions at NLO (QCD+EWK) Sl

— Tevatron: AFB ~10 % vs. LHC: AC~1 %
(These are NNLO pQCD predictions, there is also the PMC approach)

-

n
» Experimentally: Asymmetries based Qralsgecay Ieptons N(Alye > 0) — N(Alye| < 0)
or fully reconsdtructedt quarks Ac = N(Alye] > 0) + N(Aly| < 0)

N(Alne| > 0) — N(Aln,| <0,
N(Aln| > 0) + N(Aln,| <0)
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Top Quark Propetrties...

» Production asymmetry due to NLO interferences

@ Measure production angle c* = cos(8*) to
access asymmetry  4rxiv:1912.09540

CMS

Preliminary
pp combination

DO (9.7 ™)

PRD 92 (2015) 052007, {5=1.96 TeV

CDF (9.1 o™

PRD 93 (2016) 112005, {5=1.96 TeV

CDF+DO

PAL 120 (2018) 042001, 15=1.96 TeV

NNLO QCD (+ NLO EW)
al. PRL 115 (2015) 052001, f5=1.96 TeV

pp lepton+jets

top quark torward-backward asymmetry (parton-level)
e e
total etat

Agp T (stat) *(syst)

| |

0.118 £0.025 £ 0.013

—
0.160 £0.045

——i

0.128 £0.021£0.014

CMS (3591 M .

TOP-15-018 (2019), {5=13 TeV

POWHEGv2 NLO
event counting, 15=13 TeV

00480389 +0.028

0.0512 £0.0004

0.1
AFB

01

do

dc*

| 1 | | | | | 1 | | | | | |

| | 1 | | |

008 I I I I " | I II I | I I | I I | I I | I I I
- ATLAS + CMS
— WF

0.06 LT
- -‘?::.:1}' 4
: S

0.04 &
- Tk

O é%, =
< 0.02F B | W
i o ATLAS + CMS Vs =8 TeV
| SM— g LHCtopWG
OF kX ' Tevatron datafrom =

- a PRL 120 (2018) 042001
i +
o Ll.l.-) Models from

-0.02+ PRD 84 (2011) 115013;
i &) JHEP 09 (2011) 097

| 1 | | | 1 | | | I | | | 1 | | | 1 | | | | | |

0 0.1 0.2 0.3 0.4

(@0 = fom(c) + | [ fom(it| A

AFB

0.5

— Measurements of A_ difficult, new channels help
— CMS 1% measurement of A__ at LHC (!)

A. Jung

Top physics: Opportunities and Challenges

15


http://arxiv.org/abs/1912.09540

Top Quark Propetrties...

» Production asymmetry due to NLO interferences

CMS

Al particle level
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to
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pp combination

A partice fove * Update by ATLAS {00.014_- NNLO QCD + NLOEW ATLAS Preliminary- "
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o . 0.01
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.
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SM measurement soon ?
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— Measurements of A_ difficult, new channels help
— CMS 1% measurement of A__ at LHC (!)
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Latest We/gh/ng...

EW vacuum stability

; | | . 1 ]
B : i m,world comb +1c |
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» Self-consistency test of the SM & stability of the EW vacuum both rely/use
pole mass — what we measure depends on the method
» Indirect extractions from e.g. cross section, end point, J/psi method
— top quark pole mass
» Direct methods e.g. template, matrix element, likelihood, ideogram
‘MC” mass, close to pole mass
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Top mass — direct methods

» Direct measurements combined using BLUE

— consistent among methods/channels

s CMS & ATLAS reach 6mt/ m = 0.28% ATLAS:CHS Preliminary Mhop SUMMary, 1§ = 7-13 TeV  May 2019
"""" World comb. (Mar 2014) [2]
stat total stat
a C M S a”-JetS + |+JetS fotal uncertainty _ M, * total (stat+ sys) s Ref.
EPJC 79 (201 9) 31 3 LHC comb. (Sep 2013) LHctopwa I—|+|—| 173.29+ 0.95 (0.35+ 0.88) 7 TeV [1]
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]
mtop 1 72 26 - O 61 Gev ATLAS, dilepton ———— 173.79+ 1.41 (0.54% 1.30) 7 TeV [3]
6m /m — 0 36% (|) ATLAS, all jets E;-I—-—H175.1ir1.8(1.4i1-2) 7 TeV [4]
t ot ) ) ATLAS, single top = 1722+ 2.1 (0.7+ 2.0) 8 TeV [5]
ATLAS, dilepton et 172.99+ 0.85 (0.41+ 0.74) 8 TeV [6]
. ATLAS, all jets |—+--—+—| 173.72+1.15 (0.55+ 1.01) 8 TeV [7]
2 ATLAS: SOft muon tag + dlsplaced ATLAS, Liats e 122.08:£0.01 (0,394 0 82\ ooy o
ATLAS comb. (Oct 2018) H*H 172.69+ 0.48 (0.25+ 0.41) 7+8 TeV [8]
vertex, 13 TeV  atLAs-CONF-2019-046 OIS T e
CMS, dilepton F—etS 17250+ 1,52 (0.43% 1.46) 7TeV [10]
— CMS, all jets |—|—-—+—| 173.49+ 1.41 (0.69+ 1.23) 7 TeV [11]
mtop - 1 7448 i 078 Gev CMS, l+jets HeH 172.35+ 0.51 (0.16+ 0.48) 8 TeV [12]
- 0 | CMS, dilepton I—H—-—-| 172.82+1.23 (0.19+ 1.22) 8 TeV [12]
6mt/mt 045 A) () CMS, all jets HeH 172.32+ 0.64 (0.25+ 0.59) 8 TeV [12]
—gimgietop i Ao e el =0 —
CMS comb. (Sep 2015) HH 172,44+ 0.48 (0.13+ 0.47) 748 TeV [12]
CMS, 11jets = 172.25+ 0.63 (0.08 0.62) 13 TeV [14]
CMS, dilepton [ 172.33+ 0.70 (0.14+ 0.69) 13 TeV [15]
CMS, all jets I—H—l 172.34+ 0.73 (0.20+ 0.70) 13 TeV [16]
In context of LHCtopWG f e
: . . e s DoEcmmmee  TCVE@Nm
* Time for another LHC combination | | TRy |
L1 L1 1 | L 1 L& [ L1 1 1 L 1 |
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Top mass — alternative

Latest top mass measurements:

> ATLAS 13 TeV data, leptonic invariant mass

» Limited by B hadron branching [ATLAS-CONF-2019-046]
» CMS mass in the t-channel
» Combined and separate lepton categories, CPT

—pf

m _=172.1 £ 0.8 (total) GeV om/m =0.47% (!)
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Challenges & Opportunities
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Challenges ahead:

 Differences in MC setups
* More “global” approaches (kinematic ranges, EFT)
« Systematic uncertainties

Opportunities

* Vast top quark sample...
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Challenges/Perspectives

Direct methods:
» Most precise results,
om/m = 0.28% (!)

» Does not include
theoretical “scheme”
uncertainty

» No single large
uncertainty left:

2 1D Hybrid
Eur. Phys. J. C79{2019) 3135 ,.»
[GeV] [%] [GeV] [GeV] [%]

Experimental uncertainiies

Method calibration 0.03 0.0 0.03 0.03 0.0
JEC (quad. sum) 0.12 0.2 0.82 0.17 0.3
Intercalibration —0.01 0.0 +0.16 +0.04 + 0.1
MPFInSitu —0.01 0.0 +0.23 +0.07 +0.1
Uncorrelated —0.12 —-02 +0.77 +0.15 +03
Jet energy resolution —0.18 +0.3 +0.09 —0.10 +0.2
b tagging 0.03 0.0 0.01 0.02 0.0
Pileup —0.07 +0.1 +0.02 —0.05 +0.1
All-jets background 0.01 0.0 0.00 0.01 0.0
All-jets trigger +0.01 0.0 0.00 +0.01 0.0
£+ jets Background 0.02 0.0 +0.01 —0.01 0.0
£+jets Trigger 0.00 0.0 0.00 0.00 0.0
Lepton isolation 0.00 0.0 0.00 0.00 0.0
Lepton identification 0.00 0.0 0.00 0.00 0.0
Modeling uncertainties

JEC flavor (linear sum) 0.39 +0.1 -0.31 -0.37 + 0.1
Light quarks (uds) +0.11 0.1 —0.01 +0.07 0.1
Charm +0.03 0.0 —0.01 +0.02 0.0
Bottom —0.31 0.0 —0.31 —0.31 0.0
Gluon —022 +0.3 +0.02 —-0.15 +0.2
b jet modeling (quad. sum) 0.08 0.1 0.04 0.06 0.1
b frag. Bowler-Lund —0.06 +0.1 —0.01 —0.05 0.0
b frag. Peterson —0.03 0.0 0.00 —0.02 0.0
semileptonic b hadron decays —0.04 0.0 —0.04 —0.04 0.0
FDF 0.01 0.0 0.01 0.01 0.0
Ren. and fact. scales 0.01 0.0 0.02 0.01 0.0
ME/PS matching —0.10 £+ 0.08 +0.1 +0.02+ 0.05 +0.07 £ 0.07 +0.1
ME generator +0.16 + 0.21 +0.2 +0.32+ 013 +0.21+ 0.18 +0.1
ISR PS scale + 0.07 = 0.08 +0.1 +0.10 £ 0.05 +0.07 = 0.07 0.1
FSR PS scale +0.23+ 0.07 —04 —0.19 £ 0.04 +0.12 £ 0.06 —0.3
Top quark pr +001 —0.1 —0.06 —0.01 —0.1
Underlying event —0.06 £ 0.07 +0.1 +0.00+ 0.05 —0.04 £+ 0.06 +0.1
Early resonance decays —0.20 £ 0.08 +0.7 +0.42 + 0.05 —0.01 £ 0.07 +0.5
CR modeling (max. shift) +0.37+ 0.09 —-0.2 +0.22 £+ 0.06 +0.33 £ 0.07 —0.1
“gluon move” (ERD on) +0.37+ 0.09 —-02 +0.22+ 0.06 +0.33 L+ 0.07 —0.1
“QCD inspired” (ERD on) —0.11 £ 0.09 —0.1 —0.21 £ 0.06 —0.14 £+ 0.07 —0.1
Total systematic 0.71 1.0 1.07 0.61 0.7
Statistical (expected) 0.08 0.1 0.05 0.07 0.1
Total (expected) 0.72 1.0 1.08 0.61 0.7
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Modeling & Tuning

» Enormous amount of parameters to compare
» Modeling of ttbar system is the limiting uncertainty

¢ [rad]

> 1% measurement of UE modeling in dilepton channel

CMS Simulation tt — (evb)(uvb) (13 TeV)

CMS Pythia8 CP tunes @ 13 TeV

ATLAS Pythia8 A14 tunes @ 8TeV

/A Neutral

@ Charged
A PUcharged () Charged fr

—4

-2 0

n

Parameter Definition Sampling range Parameter description Name in PYTHIA8 Range considered
SigmaProce alphasvaly The asval 012 - 015 MPI threshold [GeV], pTORef, at /s = /5o 1.0-30
Spac Ref ISR pr cut 075 - 25 0003
ac Mult. factor on max ISR evolution scale} 0.5 - 1.5 015055
i scale damping 10 - 15 01-08
a ISR a5 010 - 0.5 1090
FSRas 010 - 0.15
Hard interaction primordial k. L5 - 20
MPLpr cutoff W = 30 NNPDF3.1 LO/NLO/NNLO PDF sets and a,for ME and
MPlag 010 - 015 shower as inputs
CR strength 1.0 - 100
Extracted by varying 5 parameters
CTEQ, MSTW, NNPDF, HERA LO PDF o, T T
Extracted by varying 10 parameters & ~ . ]
Fitting UE and min bias at 7 TeV i 0.05 - ATLAS Pre“mlnary ]
T - ]
— @ = total .
Param CTEQ MSTW N (3 Lo ]
StomaProcessalphasvalue T~ Y T ey statistics .
! SpaceShower: pToRe£ 130 1.62 . - n - .
y ; S:aceshouer::mxmdge 095 092 g L ﬂ mOdel | |ng 1
. SpaceShower : pTdampFudge 1.21 1.14 — — —
acesie At aasvilis 0.125 0129 w [ mimem IeptOI'IS 7
. i 0.126  0.129 _— .
; 172 182 é 0.03 - ]ets —
y 1.98 2.22 - -
e od18 0127 ~— background ]
d 2.08 1.87 |
| 0.02 —
@ Lepton 0.01 E
omb i ) -
l | :
2 4 6 0n-.l-l-Trrl'rrlrrrrq_;'F'1'mm‘l+hmﬂnhmnﬂ|rrnmlmik"_ﬂ"F'1"?‘T'ﬁ:
0 0.5 1 1.5 2 2.5 3

Dilepton Aq}e” [rad]

» MPI effects visible, CR not quite yet

Theory/Data
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1
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=% &W @gﬁa:\mm Ao S

no MPI
—no CR

QCDbased —»

Gluon move
> ERDon

L

Enormous wealth of data available for studies

1

2 3

4 5 6 7 8910

®
| 4 Rope
¥ Rope (no CR)

- Are we squeezing out all information ?

20
P, [GeV]
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Modeling & Tuning

» Enormous amount of parameters to compare
» Modeling of ttbar system is the limiting uncertainty

15F

_92 —A events at h ig her Scales S IPowh9g+Plv1hiaﬁ-:DFl‘,- Powheg»fMiaar_Dsq

CMS Simulation tt — (evb)(uvb) (13 TeV) ATLAS Pythia8 A14 tunes @ 8TeV CMS Pythia8 CP tunes @ 13 TeV
3w T R R T S T ot e N — N el e e T
A AT e .;_& ad P ﬁg A it R [ it i W E‘j
2_ --------- 1090
Ap . . w - ' ' ' and
- ATLAS
1o Modeling of tX, and ttX critical to 5 [a~s | om0 \
. " -‘3 0.004— —— Powheg+Pythiat (DR)— — — Y .
further understand uncertainties ] ' T
OL-oa-- 3 _
—_ 5 |
g A = 0.002 B
i » tW unfolded spectra: More data ]

L compared to models ? B Sl ;
— | @ ttX spectra are often limited by E , = 3
LA modeling uncertainties g L R D .
—6 E 3 P LT AT b el bt
osE 2 25 3
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El¢7b)[GeV]

Dilepton Aq}e” [rad]

> 1" me
> MPI emects visinie, UK not quite yet

- RN \TES?;"E' d _
T fero ettt o § S Towards a common MC setup in ATLAS & CMS
T e . #m=ee] - 1% step: run settings in other experiment setup
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Common MC

Hy [GeV]

=) 0.45 T T
B ATLAS+CMS Prellmlnar _ n
g - LHGIopWG y Vs = 13 TeV (Nov. 2020) |
i L + ATLAS, L = 36.1 o' .
|: 0.4— Eur. Phys. J. C 80 (2020) 754 e
= B [FrimTe
ol - + CMS, L =359 1b" T
SlI= - Phys. Rev. D 100 (2019) 072002 | N
<%] = i .-.1: b -
= 0.35[— — — ATLAS Powheg+Pythiag | ¢ ]

|

- B CMS Powheg+Pythia8 r-...*.__! 7
L | _
0.3— . |
- [‘“"""”"‘ “*  ATLAS MG5aMC+Pythia8
- o opaflend T [aMC@NLO, NLO incl.] ]
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B __ CMS MG5aMC+Pythia8 |
- [FxFx, 2 add. jets] -
0 2_ l l | ]
(1)\ 1 _05__ ........ + L SO SO e e __
LEJ = Eoo .}.'..'. T :.-.H.—. .... I-- kI 7
s EoonTETEE :_.':'.'-.'v:.':'.'-:-:::-.“-—-’+r-"i;;_-';'.-T.-';;f- S
© - e Tl
% o I ® ATLASstat®syst. & CMS stat.® syst. ** -“ ]
a g’ 095_ .................... s s s s —
03_ 0 /6 /3 /2 2n/3 5r/6 o

r/dHy [GeV

1 /e de
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Ratio to CMS settings

Y- £
A & ‘A
IK

1

= CMS5 settings
v T e —— ATLAS settings

ATLAS+CMS Simulation Preliminary /5 =13 TeV

1" [Towards a common MC setup in ATLAS & CMS:

Parton levell Ao(I", 1| [rad]

e L S » Complex issue of mixed setup in ATLAS & CMS

Mass distribution for W bosons Mass distribution for reconstructed top after myy cut
- 0.03 :— - 0.0z _
= - :l- —— M5 Pownec @ CMS PrrHia = L o — CMS Pownec & CMS Pyriia
S onoze ATLAS PowneG & CMS PyrHia = B ATLAS PownEec & CMS PyTHia
- e — ATLAS PowHEG & ATLAS PyrHiA £ 0.0u5 — — ATLAS PowHECG & ATLAS PyrHia
3 o - CMS Pownec & ATLAS Pyriia = B CMS Pownec & ATLAS PyTina
s = = B
o = £ L
2 o15 ATLAS+CMS Simulation Preliminary =~ ool b= ATLAS+CMS Simul 1tn,m Preliminary
- & VE=13 TeV el & V5 =13 TeV
0.01 [ Box+Pyrsnas B ,r-j
= ' 0.005 |— .
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r'-'_-j; “,_IJl P O 1 | S RO Ll Ll 'il}‘ UllJIll]Ill'Jll]IIlllll'llllllllJJ
& E = F
T 105 y T o105 R 4 it + 1 | J' !
& i = r = i
E 1.0 e — W B = = 1.0 Fhd e e
= 045 — = T4 T = 095 T 1 I
5 l’-‘:l: " é n.g:‘h' TR T | Pl B P ...I_,.__..I..
B0 8o 1O 120 140 160 130 160 1FS.n 200 220 240 260 280 FOH»
iy [GeV] iy [GeV]

» Facilitate future combinations, studies on
systematic uncertainties, etc.

» Vital and critical for success of Run 3 (and beyond)

> Many details, please check:

[LHCtopWG: Common samples]

Gained momentum, hopeful for TOP21
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The top p_saga. ..continues

CMS Prehmmary fb (13 TeV) = = ]
- T ' > 'S atLas v Dita E
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o = ol _
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» Detailed n-dim. Measurements e |
p! [Gev]
» Common binning — study EW corrs. e _
= 2F ATLAS =
SIZ C P ® Resolved ]
= 1.8 - Ys =13 TeV, 36.11b Stat. unc. i
" Full phase-space Stat.+Syst. unc. =
1.6 |~ Absolute cross-section —]
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 Large systematic uncertainty — further 12 . -
. 1 @@ @@ gy ooy iy oo m s —
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c. . v ey s ey ey by by by ey by
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Challenges in multi-D x-sec's

» More global approach is needed to fully

harvest the wealth of top data
> LHCtopWG is the proper forum, could

be a “fitter” forum a la PDF groups

» Dedicated discussion on systematic

uncertainties

» Combinations in the full kinematic

spectra

E Theory setup & uncertalntles crltlcal

Theory
Data
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T T T
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http://dx.doi.org/10.1103/PhysRevD.100.072002

Top mass — alternative

Latest top mass measurements: Eli&;;?;.?:n o Sl

A o~ a4~ == s . « = 1 __ m, = 174.5 GeV |
s ATI ]

1198 GeV]

» L | Highly precise cross sections (CMS) or ﬂ_L_
. . . R CMS
» CM | leptonic variables (ATLAS): U S PistihicnFriedion 5
° C — both at the level of 0.5% N sl
o = . ommes o (tf), JHEP 08(2016) 029 —|_.|_| |
_.lm_ [ATLAS-CON F-2019-046] = oF sec. vtx, PRD 93(2016)2006 U~ |
. ® ‘[ Y mee-- single t, arXiv:1703.02530
top [arX|v190405237 sub. to EPJ-C] g 1 55 : |+jegts, PRD 93(2016)2004 i
. c 'V SR RN,
. | ® B-hadron & Color reconnection = S L SeST—— GeV
£ (i . . = — R
s | | » Beyond projections already (as usual), © ("
o . . . . e R s ioios s .
E e.g. triple differential cross sections : \ \ —
= - - ints
= 4_ O Runi 03ab" 14Tev 3ab" 14 Tev o
2t Cisatoss geit, ), megess
CMS-PAS-TOP- 9_009] :ﬁzg,);“;f:\r/emial’ e H—— 1737 20 (15+£14 50 (3
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0 R ATLAS, 8 TeV [ 1711 58 (04209 53)
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Effective field theory...

» EFT is now widely used to search for off-
resonance effects due to BSM contributions

66
Lo = Lo+~

v 5= g g. Spin correlations employs
systematic correlation matrix used in 120-bin fit:

8 — cs I 3.9 ! (V) ,

E N N - . ME T ) 08

Ouc = 1iga (A T')FGE, 1 22(Co/A2) =) [data; — pred;(C,c/A?)] 5+ 88
' — Nominal : i=1 j=1 %g 04

p / """ i i x [data; — predj(C[G/Az)]Cov;.l 2 :2
0000000 Svllioegt o .
\\ B ssocL s 70:4
; o ] —
Or | | I PRD 100 (2019) 072002 »

02 0.2 O-Z':‘G T [c')fZV'z] e »

» More global approaches to capture experimental B I

correlations, EFT at particle level to boost sensitivities
EChargeFlips EFakes EDiboson %Triboson |;|Convs .lTH [ ) ASSOCiated top prOdUCtion )
fil f i % Totalunc. e Data a’
cis ennes iy | ows e wewsw O probe for BSM effects - =i

P e Consistent treatment of

experimental correlations o i

[CMS-PAS-TOP-19-001] S .

§D4 < ss(*jr‘ SS(_j, Ib{'j ’bi"-:j‘ '?b(j gb(:'?‘tszs,tng‘( —2(;I LI15H Il1(;I | Iﬁﬁ‘ H‘TUT‘ ‘ ‘5‘ : I10I - ‘15‘ - ;D

Wilson coefficient Cl / A% [TeV?]
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A bright top quark future ahead

September 2019 CMS Preliminary

-8_ i @ 7 TeV CMS measurement (L<5.0 fb) ]
 — 103 g_ @ @ 8 TeV CMS measurement (L<19.6 fb™) —§
© C @ 13 TeV CMS measurement (L < 137 fb™) .
= [ - @ o Theory prediction ]
5 102 - ﬂTSEE s i . % 7 CMS 95%CL limits at 7, 8 and 13 TeV .
O E 1 & z :
(b) ! o . ]
B 4gL T G -
S f i A ]
o - o ] ] @ ]
| - B -
O 4L o g O : -
c 2 - 5 -
.9 - o @ % 7 % 1
B, .l - ¢ -
> 1 -TE —
i @) 0 = P .
@) 5 = ]
o0 i
1072k Run 3 offers a glimpse of HL-LHC potential -

i * Associated production enters precision frontier g

107°F E

o oA Y o 8 Y T o Yk P AW R Yy Vg T HZ P W WY OBH Y T o
All results at: hitp://cern.ch/go/pNj7
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Opportunities

» Are a plenty...
» Biased selection: Toponium (!)

» LHCtopWG Joint Seminar, 13" April 2021

» 9am eastern, indico

https://indico.cern.ch/event/1017911/
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Conclusions

> Next year(s) will show what ~150 million tt events tell us
* Precision frontier of top quark physics

— Run 3: Center of mass energy + more tops to come

LS2 Run 3 LS3

13 TeV 14 TeV 14 TeV

E)(c‘““g\}\‘ da\.a
of the -

— Allows for multi-dimensional measurements of o, ag,

PDFs and any properties, associated production as well
— FCNCs and other statistically limited processes improve

Need all avenues to pin down BSM, challenges ahead:

— Common MC samples
— More global aproaches (kinematic distributions, EFT)

— Use vast top sample as b-physics lab
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Backup...

...even more distributions than
shown so far...

A. Jung
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Spin Correlations

* Opening angle cos@ maximally sensitive to alignment of top quark spins

* Most precise direct measurement via cosg «

» Systematic: p_and BG modeling
°* Indirect measurement via A¢ shows about 1o discrepancy to NLO (CMS)

CMS 359 b7 (13 TeV
~ fom =1.25 £ 0.02 + 0.06 + 0.04 gy <L I el e
T  ATLAS Le: g_ - = Unfolded data
® 1o 5=13TeV, 36.1 fb" = | —POWHEGV2+PYTHIAS
= e o Y i MG5_aMC@NLO + PYTHIAS [FxFx]
K — —
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T L - 0 ¢ et
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— b 08 o eeie | : rurs neeillon s %’_ S V- SR
¢ Dam e Sherpa PRD 100 (2019) 072002
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Ly A : | 2| L —
o8 i Youssssasass sasnssnsas
1.05 — I Stat. ] Total B g S 1 T i
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2 8 1.00 0.95 : ]
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--------- ! ! 0 /6 /3 n/2 2n/3 5n/6 T
0.2 0.4 0.6 0.8 |A¢ |
Parton-level A¢(/*, [7)/m[rad/m] Il
» All distribution agree with the SM, no deviations observed
33

Opening angle between leptons
in top parent rest frame:

f_ =0.97+0.05

A. Jung
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Spin Correlations

» Double-differential cross section allows to access spin correlation and
polarization information in top quark events

(0 in SM) Spin Correlation

Double diff. xsec

1 d*o

]

Polarisation

= —(1 + B cos &}

odcos@?dcos® 4

+ B? cos 6’ — C(a, b) cos 67 cos 6°)

» Charged lepton is perfect spin analyzer, well reconstructed
» Sensitive to BSM physics (more spin corr's =
s-channel dark matter; less spin corr's = new scalars)

W. Bernreuther & Z-G. Si
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Rare smgle top quark

& CMS F’rehmmary 774 fb (13 TeV)
gl : T | T T T ]
§ gor-Atas Pre"“'_’}a"’ 2 Ez%‘a R ; Data E th
3 - Vs=13TeV, 139fb - W 2 T Wz [] Multiboson
@ Z+jets . ttZ [ tX

1201 SR 2jtb wie
.. Post-Fit = ttZ+IWZ -
100+ . EWH =
Uncertainty |

tZ/yg-channel 7/, BOF‘L E
(rare process) ‘ 60 3

SM NLO prediction:
0=942+311b

= Xy" [ ZZ/H
100~ [ ] Nonprompte/u [ Total unc.

Events /0.13

2-3 jets, 1 b-tagged :
Phys. Lett. B 779 (2018) |

50

Phys. Lett. B 779 (2018) 358 kS
@ 0

% 8 1 5%_ ;I:lStat. unc. i|:|i’<:>ta§l unc. f
= R 1 T L RSN TP . N R T S
% 0.5; £ : ¥ 3
ONN T O°F : : : 3
—> a -1 -0.5 0 0.5 1
o(tllg) = 98 £ 12 (stat) £ 8 (syst)pb, 9.2 SD BDT output

(SM: 102 +5-2 fb) ATLAS-CONF-2019-043

» Heavy use of BDT to enhance sensitivity — multiple signal regions
s ATLAS & CMS measurement of tZq single top production @13 TeV

0= 111 £ 13 (stat) £ 10 (syst) pb PRL122(2019)132003

s Observation of th obs. (exp.) significance: 8.2 (7.7) SD
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CMS \/\¢
Rare top quark decays — Prospects .
. ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS

Flavor-changing neutral wHetopHe FaEr o1 LiPBeoo s tatee ons
currents (FCNCs) e QMmemms o oo

a_ll other processes are zero Theorir);()i:/e:?;c;[i;).r;% 28_ j%s,\ﬂ D;I;BMT:/ )I-Sﬂll(i

: . oHe |~ = =
Extrapolations to HL-LHC: E o ®
tch out for the bar: toHu | 2o @
— watch out for the ar.l |
t—yc | <_:_. 5
—9 4]
Caveats: Some are v ;; ,,,I_Wr.___g
“: : ” 7 ~—0 (6]
Inclusive”...and also, we tend t-ge 7|
to do (much) better than oou e
projections, so we can hope to = - e
challenge more of the potential  ==z| | . | || %,
SM extensions 00T 0T 0 R hing rate
I — gu I — gc t—q/ I — Yu I — Yc t = Hgqg

38x107% 32x10 24—-58x10"° 86x10° 74x10> 10°¢

CERN-LPCC-2018-03
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Challenges in multi-D x-sec's

“To fully correct the data or not” — always do both!

» Parton level correction:
> More precise theoretical predictions < larger extrapolation uncertainties

» Global fits, any comparison, combinations
» Particle level: more precise

arxiv:1901.05407

@ Likelihood-based unfolding, including nuisance fit

. ) : ) £ o] === 10— NNIO Fidueial
@ Rely on particle level to feed into effective field 3
. g LHC 13 TeV m, = 1725 CeV
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CMS

ner-=p»

New friends for the top ?

T ” - S=13TeV, 36.1-139 fb ! ATL_Ell;IzYo%_PUB_2019_O44
» “stealth” top region not yet fully ~ sroofssrpensse. sl — 2

e)gcluded (mind BR of stop — top+neutralino) 800 fpracen
» tt modeling uncertainties " 500
dominate searches

® Danger of “over-tuning” ? Minimized by
specific phase space / control regions ,
» SM measurements biased by stealthy top 100
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-044/
http://arxiv.org/abs/1912.08887

SM vacuum stability

> A very fundamental question: What happens with the SM theory
at highest physically allowed scales ? — extrapolate to 108 GeV

* In classical physics “stable”
means minimum of potential

energy: 2

V(9)

o QO

s QRN
= - Y~ q{.

A E :."- f\\ : O;
5/ . /=ie

“Don’t panic!” (D. Adams)
Lifetime is much much larger
than current age of the
universe: 1080 — 10320 ¢ . .

200

150

50F

- Meta-stability

Standard Model

Absolute stability

[arXiv:1707.08124] |

100 150 200
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Spin Correlations

» 15 coefficients completely characterize spin dependence
of top quark production, each probed by measuring a
1D differential distribution.

» Also measure opening angle of lepton in lab system

» Corrected to the parton level

Double diff. xsec Polarisation (0 in SM) Spin Correlation

1 d’o 1
— e 1+BaCOSQa +B€C03821—Ca,b COSHaCOSQQ)
o dcos 6*d cos 6° 4( il % (a,b) i

Dilepton distribution probes top spin in 3 dimensions
— Leptons follow parent top spin (average polarisation given by 3-vectors B+/-)
— Relative lepton directions follow 3x3 matrix C of spin correlation coefficients
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Top Quark Propertles...

Cun }—i—.o—H 0.329+0.012+0.016
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> ATLAS and CMS completed
detailed studies of top quark's
spin correlation, and
polarization (CMS)

o |nitial deviations of > 3 SD seen
by ATLAS, not confirmed by
CMS (only ~ 1SD)
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2240972 +0.7

NLO theory slope and
uncertainty appropriate ?

0.97 £ 0.05 (stat+syst)
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New friends for the top 2 —p.«u

» Dark Matter searches

JHEP 03 (2019) 141 35.9 167 (13 TeV)
T T

* Differential top quark cross section to search for DM
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...apologies for being even (shorter)* here!
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New friends for the top ?

» “stealth” top region not yet fully > 700,

o,
excluded S

- Limits at 95% CL -

» tt modeling uncertainties
dominate searches

® Danger of “over-tuning” ? Minimized by
specific phase space / control regions
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July 2019
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The top p_saga...

> Many Run | & Run |l top pT measurements at ATLAS/CMS not described

by NLO and most MCs — pQCD calculation do a better job
» Data is more soft: consistently seen in all decay channels, also at 13 TeV

CIM$ T I E|P|\J|C| 7|6‘ (201I 6I) |1 28| T T ‘ T | |8 Tlev

1.6 :— Parton level _:
B 1 = lepton+jets 1
1.4 s dilepton .
B e all-jets i
1.21- | T — linear fit -
e —

0.8

0.6

Data / (Madgraph + Pythia6)

0.4

B 1 | | | 1 1 | 1 1 | | | | 1 1 { | 1 |
0 100 200 300 400

500

Leading top P, (GeV)

Data/NNLO

15—

2.2-2.31" (13 TeV)
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1.4
1.3

1.1
1

0.9

0.8
0.7
0.6

IIIITIIIIITIIIIITI[III

05||||

- Preliminary

1.2}

CMS

Parton level
4 dilepton (CMS-PAS-TOP-16-011)
Y lepton + jets (arXiv:1610.04191, sub. to PRD)

i

. 0.0416 - 0.0003 x p_
ratio=e

IllfII|IIII|\III|WIIFIIIII

o

100 200 300 400 500 600 700
Top P, [GeV]

— The pT spectra in 8 TeV are described by pQCD NNLO calculations, but
— Indications of a slope wrt NNLO in 13 TeV data
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