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Many new results @Moriond22 Full Run Il provides about
« ATLAS: ATLAS-CONF-2021-013, ~ 120 million tt pairs
ATLAS-CONF-2021-003 ~ 30 million single top
* ATLAS+CMS: ATL-PHYS-PUB-2021-16 ~ 120k ttZ, tZ
e CMS: TOP-20-010, TOP-20-006, TOP-21-003, ~ 30k ttH
TOP-21-007, TOP-21-008, TOP-21-011, TOP-20-008
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Challenges & Opportunltles

Challenges ahead: //71L
* EXperimental systematic uncertainties
* More “global”’ approaches (kinematic ranges, EFT)

* Theory uncertainties

HL-LHC provides about

Opportunities ~ 3 billion tt pairs
. ~ 750 million single top
Vast top quark sample... ~ 3 million ttZ. tZ

~ 36k tt+it
(~ 750k ttH)
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Single Top Quark Production

Challenges and Opportunities:
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Impressive amount of differential measurements in single top!
tt+tW interference terms become relevant to describe data!
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ATLAS: Lepton Universality
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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.
» Expect even more n-dimensional distributions [CMS-PAS-TOP-20-001]
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 Improve signal modeling, seen 1* triple

I ff . I | g . —— PWG+PYB Stat + Syst
and double differential measurements! 5= 13 Tev, 36,11
e Getting more precise in boosted regime o et O NNLO (NNPDF3.1) Scale + PDF unc.

« On CMS site: 1% simultaneous s 12
B0 1.0
measurement of resolved and boosted 5 gé;
0.7¢
(particle level ok @1D, deviations in 2D - NNLO  %& . 03 1 foson ' #0710 | BE —_—
predictions improve descriptions at parton level 0% Tov ¥ L 1118

compared to NLO+PS) “[EPJC 79 (201 ) 10381 ° e
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http://cds.cern.ch/record/2759302?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-019-7525-6
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-006/index.html

Challenges in multi-D x-sec's

> More global approach is needed to fully . o o : ngﬂégf.fﬂ:gé%rw
harvest the wealth of top data g pded s . e
» Theory setup & uncertainties critical J o : R
s As an example: MATRIX B B % G, i
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Top guark threshold region
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tt+X production

> ttZIW: Most precise measurement,
allowed for 1% differential cross sections

» tty : Differential tty by CMS p
o tt+tt: Full Run 2 evidence at ATLAS % ..
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HL-LHC prospects:

o Differential measurements

~ 3 million ttZ, tZ

~ 36k tt+tt
(~ 750K ttH)
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—®| . Details matter: SF's for ttZ, ttwW and ttbb are not
easily comparable (mind phase space & uncertainties)
 Picture emerging: tt+X enters precision, poses
demands on higher order corrections for theory

predictions

 Signal modeling often limiting systematic
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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

Effective field theory...

: : 6) (6
e EFT is now widely used to search for off-resonance effects o, C,i( >0§ )
s Challenging on “inputs”: Ideally want all correlations... off = LM T Z A2
i
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http://dx.doi.org/10.1103/PhysRevD.100.072002
https://cds.cern.ch/record/2725399?ln=en

Effective field theory...

. . . - 0 )
Machine Learning pushes limits beyond Lop = Larp + Z i

of whats established as standard, e.g. tZq A2
and C(t2) coefficient.

. CMS Preliminary 138 16" (13 TeV)
» Improvements compared to associated G
top production with additional leptons e '8 Profied log-ikelivood (Expected)
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Challenges & Opportunities at HL-LHC 6 =
7} S N A =
——»| * More global approaches to capture oF E
experimental correlations, EFT at particle level o TR — S
and ML to boost sensitivities -1.5 g 1-_2
« Transitioning to NLO where possible Cy/ A [TeV™]
« Joined effort by experimentalists and theorists _ _
to advance and squeeze out all information * Associated single top and
« Clearly, this is a talk in its own... Z (t£q) production to probe
for BSM effects
Caveat: Refer to LHC EFT forums for » Exploits Machine Learning

more comprehensive information
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-001/index.html

Top Quark Properties...

» Production asymmetry due to NLO interferences
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- Measurements of A_ difficult, new channels help
— CMS 1% measurement of A_ atLHC
— SM measurement relies on HL-LHC data set
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Using top quark properties

Double diff. xsec
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» Assumes better control of theory and exp uncertainties
» Contributed to Snowmass [CMS-PAS-FTR-18-034]
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Using top quark properties

Reminder: Solve the hierarchy problem Signal to bg separation at 185 GeV
— need a top quark partner CMS Phase 2 Simulation Preliminary (13 TeV) a
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Latest weighing...
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----- single t, arXiv:1703.02530

...........................

CMS
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Beyond projections already (as usual),
e.g. triple differential cross sections

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 — top quark pole mass
» Direct methods - “MC” mass, close to pole mass
» Precise top mass from cross sections (CMS) or leptonic variables (ATLAS):
- both at the level of 0.5%
- Limited by B-hadron & Color reconnection
- EXciting activities by theory community (parton showers, b jets/modeling)

[arXiv:1904.05237]

[ATLAS-CONF-2019-046]

A. Jung
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http://cds.cern.ch/record/2693954

Top mass — direct methods

» Direct measurements combined using BLUE - consistent among methods/channels
» CMS & ATLAS reach dm/m = 0.28%

ATLAS+CMS Preliminary Miep SUMMary, Vs =7-13 TeV March 2022
. . - LHCtopWG
- ' le Likelihood
C M S . P rOfI e LI e I OO ------- World comb. (Mar 2014) [2] A
stat
[CMS-PAS-TOP-20-008] o
total uncertainty ) m,, * total (stat + syst) s Ref.
LHC comb. (Sep 2013) LHciopwG %4 173.29 +0.95 (0.35 + 0.88) 7 TeV [1]
m = 1 7 1 . 7 7 -I_- O . 38 G eV World comb. (Mar 2014) H*H 173.34 + 0.76 (0.36 + 0.67) 1,967 TeV [2]
tOp ATLAS, l+jets H—I—H 172.33 £1.27 (0.75 £ 1.02) 7 TeV [3]
- 0 ATLAS, dilepton |—|--—+—| 173.79 £ 1.41 (0.54 + 1.30) 7 TeV [3]
6mtlmt =0.22% (I) ATLAS, all jets F——s——H 175.1: 1.8 (1.4 £ 1.2) 7TeV 4]
ATLAS, single top —t——t 172.2 + 2.1 (0.7 + 2.0) 8 TeV [5]
ATLAS, dilepton | 172.99 + 0.85 (0.41+ 0.74) 8 TeV [6]
; C ATLAS, all jets I—-I-|-—+—| 173.72 + 1.15 (0.55 + 1.01) 8 TeV [7]
© ;H-m-”-“\ CMS n;l ns | ii‘i LLH:: 420 00 L 0 04 (000 L 0 00\ NI
Q, 3 : - e oo ATLAS comb. (Oct 2018) H*H: 172.69 +0.48 (0.25 + 0.41) 7+8 TeV [8]
% T ] Preliminary Projection ATLAS lentonic iovariant mass () - W 124484 078104050 A7) TRV
E o 5f : -= JI¥, JHEP 12(2016)123 gmg 'd’tll'etst = hssedve Egig * ?jg 7Tev 110]
ol : — i , dilepton —tt .50 +1.52 (0.43 £ 1. 7 TeV [11]
g : : o (tt), JHEP 08(2016) 029 CMS, all jets R 173.49 + 1.41 (0.69 + 1.23) 7 TeV [12]
= 2; p— : sec. vix, PRD 93(2016)2006 CMS, l+jets HeH == 172.35 + 0.51 (0.16 + 0.48) 8 TeV [13]
‘© - LTI single t, arXiv:1703.02530 CMS, dilepton —teot— 172.82 £ 1.23 (0.19 + 1.22) 8 TeV [13]
g - : I+jets, PRD 93(2016)2004 CMS, all jets o 172.32 + 0.64 (0.25 + 0.59) 8 TeV [13]
8 1.5 :‘ BT LR)) m W8 s B \ s VR o)) LRAGCYALL
5 L FTmmmmmmmm—— % CMS comb. (Sep 2015) HH 172.44 +0.48 (0.13 + 0.47) 7+8 TeV [13
Cu rrent mOSt E B "'._‘ ------------------------- mla LI 72,20 TU.00(U.UC T 'U.UZ) 1S TEVTTO]
) ) g I VRS R HERHISY CMS, dilepton o £ 172.33 + 0.70 (0.14  0.69) 13 TeV [16]
preC|Se S| ng |e - N A ¥ CMS, all jets et 172.34 +0.73 (0.20 + 0.70) 13 TeV [17]
0.5F """""""".‘_'_"_"_"_'_"_‘_"_"_"_‘_'_'_"_' CMS, single top e 172.13 £ 0.77 (0.32 + 0.70) 13 TeV [18]
measurement == . CMS, boosted jet mass | ] 172.6+25 (04 + 24) 18TeV [19]
by C M S 0 - -1 ‘1 - ;]\O]/l;i;(égiﬂmw 290 {:3 E:j; 1? ;O‘B‘B:%
Runl 0.3ab"',14TeV 3ab’, 14 TeV * Preliminary iieeic (v 12 2021 161
i 161 PLB 761 (2016) 350 {151 PRD 6 [19] PRL 124 (2020) 202001
: [7] JHEP 09 (2017) 118 [14]EPJC 7 4
| IR N SN SN TN - N I T T NN S R | 0

» Expect another drop at HL-LHC 165 170 175 180 185
» Tremendous amount of work Myop [GEV]
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-008/index.html

Beyond the SM ?

» Very subjective but illustrative, latest results GFitter: m; = 176.4 + 2.1 GeV
from LHC & Tevatron — SM true -

» | atest from Tevatron (CDF): 178 T Gﬁﬁé—r—"’“
[Science, Vol 376, No 6589 — BrXiv:1805.01853
LSO o e e L I 176F = - X Meta—stabﬂity
- Experimental unc. 68% CL . ==
- - LEP2/Tevatron Light supersymmetry I Tevatr_on
[ == This measurement i : ,../ \
174} World

80.45 — —

/" pointshifted -

172r \
I \ : -'/ =

M,, [GeV]
pole
t
QD
<
D
—
QD
«Q
9]

80.40 R4 . -
7 \

ety
g superSs 1 170+

Absolute stability

80.35 Heinemeyer, Hollik, Weiglein, Zeune '20 ™| - ..'!; o oo |
L1 1 1 | L L 1 1 | L1 1 1 | L A | Ll L 3 | Ll 1 1 | 11 1 168_ S - Modlfled from orlglnal ]
171 172 173 174 175 176 177 178 r S -
o (GeV) > [arXiv:1707.08124]
. . . 122 124 126 128
* Direct mass « indirect mass bole
« Bias from a top partner ? Caveat: my,
« top kinematics, spin corr's show deviations... @ New physics changes the vacuum

. i stability, even if at Planck scale
HL-LHC (& Run 3) will provide answers | , Theoretical uncertainties apply!
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https://doi.org/10.1126/science.abk1781

Modeling & Tuning

» Enormous amount of parameters to compare

" ATLAS

- - - - - - ;?: ata
» Modeling of ttbar system is the limiting uncertainty L s ]
< i —— Powheg+Pythias (DR)
CMS Simulation € s (evb)(urb) (13 TeV) PN:QWILAS Pythiag A14 tunes @ 8TeV CMS Pythiag CP thnes @13 Tev g ]
012 - 015 Tttt ngif: Ef -
075 - 25 (:)10: - 0002

15 - 20
15 - 30

0.10 - 015
10 - 100

NNPDF3.1 LO/NLO/NNLO PDF sets and a,for ME an
shower as inputs

Extracted by varying 5 parameters
Fitting UE observables at 1.96, 7 & 13 TeV, min bias

CTEQ, MSTW, NNPDF, HERA LO PDF sets I

P e

EXtrac }-‘ T T T T | T | T T T T I T T T T I T T T T | T T T 1 EE
¢ £ 0.05 ATLAS Preliminar
w YL y
_ =_§ [—
© SpaceShower E [ mmmme StﬂtlSthS
= Spaceshower:  —J 004 B - 'g il
S AMB e ~ et modelling i
iaeshoneris 1o = |eptons
p Multipartonl E 003 __— - letS
vy eashemnan ~— background
A\ ; 0.02
/\ Neutral @ Charged @ Lepton
—4H A PU charged () Charged fromb 1 0.01
i 0 0.5 1 1.5 2 2.5 3

» 1° measurement of UE modeling in dilepton channe|®ierton s¢™ iraa

» MPI effects visible, CR not quite yet

no MPI

15

Theory/Data

05

v
= &W W(E&We@* SR

—no CR

ZE Powheg+Pythiaé (DR) ------- Powheg+Pythias iDS]_:
1.5 =
o,s_f —;I
2]
aMC@NLOsHerwig++ Powheag+Herwig++
1.5 1 =|
—_— : = -
O,SF
200 400 600 800 1000 1200
Elreb)[GeV]

tW unfolded
spectra: More data
events at higher
scales compared
to models ?

ttX spectra are
often limited by
modeling unc.

QCDbased —»

Gluon move

L

ERD on
Rope

1 2 3

4 5 6 7 8910

®
J &
20 ¥ Rope (no GR)

P, [GeV]

Enormous wealth of data available for studies
- Are we squeezing out all information ?

A. Jung
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Tools, Common MC, etc.

| [1/rad]

—

do
G dlAo(l', I”

I

Data or MC

1 [— T T T T T T

Hr distribution for all jets

Z * E ATLAS+CMS Simulation Preliminary =~ PowneG+PyYTHIAS E
8 102 % LHCtopWG V3 =13 TeV é
CO: 3
T 103 -
3
N 104 =
" a0s E -
» Common (by ATLAS) == =
0 E Common (by CMS) =# = E
1077 | é
—+— ‘ =
':c 1 :_'_ A= :T: IS
T I o |
5 0.95 7: I—F E
0.9 | I ‘ |
10 103
0-45_ T T T T T ]
C A Ghpwa reliminary Vs = 13 TeV (Nov. 2020) |
B + ATLAS, L = 36.1 fb' i
0.4 T Eur. Phys.J. C 80 (2020) 754 e
B [Fumoes T
- + CMS, L =359 1b" T
B Phys. Rev. D 100 (2019) 072002 i ]
— p s"‘-tl. b —
0.35[— — — ATLAS Powheg+Pythiag | ¢ ]
L ) | |
B CMS Powheg+Pythia8 F—ﬂ*—m—! B
0.3— o _
- " Whed  ias MG5aMC+Pythia8 |
- o pefland [aMC@NLO, NLO incl.] |
";"_ﬂ ='I_ﬂ P_ =
0 25L_ ----- ATLAS Powheg+Herwig7 _|
B ___ CMS MG5aMC+Pythia8 |
- [FxFx, 2 add. jets] -
0.2 L | | | ]
1.05— * .......... L ] L A -
;- ---- -}-- e .'.'.i.+.'. .... I== :*_-_*_-_:_ .................... =~
L e -“"""+r""';;f.=;'_-f.:;af- S
[ ®E ATLASstat®syst. § CMS stat.® syst. ** -*‘ ]
095_ .................... s s s s —
0 /6 /3 /2 2n/3 5n/6 T

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

» Complex issue of different setups in ATLAS & CMS

Mass distribution for W bosons Mass distribution for reconstructed top
Lo e e L T O
'> I ATLAS+CMS Simulation Preliminary ~ PowHrc+PyTHIAS ] |> 0.014 F ATLAS+CMS Simulation Preliminary  Powmnec+Dy THIAS
& ooy [ LHCIpWG i=13Tev 4§ £ LHClopWG =3Tev ]
§ r Common (by ATLAS) == | o012 — Common (by ATLAS) —— —|
= r Common (by CMS) == 1 = C Common (by CMS) =+= ]
T 003 [ 7§ oo1[— -

) - se]
o B 7 . C .l
5 L 1 50008 -
= r 10— C N
0.02 — ] 0.006 — =
L ] 0.004 [ 1
0.01 |- — C b
F J 0.002 |— —
o T T o b e e
Ehl [ \ \ \ \ \ B EN \ \ [ \ \ B
%) F 4 u = E
< 105 iy — < 1.05 — —
= =] ty2 S = E
g pam + s LT - R SN | “ﬁ*ﬂ*;ﬁmﬂ--ﬁ__}gﬁ
O R TR 5 P e R
= i ) iy 3 3 ogs =
) 095 ? 'IJ = ] 95 = 3
0'9 i\ ‘ | I - | L1l ‘ L | I - L1 ‘ L ‘ I B 09 E L ‘ I I | ] N | ‘ I | | I | ‘ | I | ‘ L1 E
40 60 80 100 120 140 160 180 150 200 250 300 350 400

my [GeV] my [GeV]

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

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

» Many detalls, please check:

[LHCtopWG: Common samples]

Towards common MC settings in ATLAS & CMS:
ATL-PHYS-PUB-2021-016 & CMS NOTE-2021/005
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CommonSamplesPlots

A bright top quark future ahead

, ©[pb]
2,

—h
o
\b)

—
o

Prodgction Cross Section
o
I e

—
<
\b)

1073

May 2021 CMS Preliminarv
B & 7 TeV CMS measurement (L<5.0 fb") i
= - i 8 TeV CMS measurement (L<19.6 fb™) E
- i 13 TeV CMS measurement (L < 137 fb™) ]
: ™ = Theory prediction I
= =n jet(s) 7. 22 22 CMS 95%CL limits at 7, 8 and 13 TeV |
= o o i} = ™ =
3 L ; Z E
- i ]
_ : T 1 .
s B ; :
- | : | - -
3] e 3 3
- L } . i i
| Run 3 offers a glimpse of HL-LHC p tential T il
- | * Associated production enters precision frontier P E
- | « Demands on theory precision, higher orders needed L .
! |

T 1 lllHl]

lllllll

 Measure well predicted quantities whenever possible
 Utilize ratio's even across channels when possible
» Multi-process measurements & applications

L1 JJJJJJ‘

JIIIIJ‘

T

2

3 | 4

All results at: http://cern.ch/go/pNj7
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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

, Exc‘““g\}\‘ 4ata
of the -

— Allows for multi-dimensional measurements of o, ag,
PDFs and any properties, associated production as well

Need all avenues to pin down BSM, challenges ahead:

— Theory uncertainties, Parton showers, common MC samples

— More global approaches (kinematic distributions, EFT)

— Use vast top sample as b-physics lab

— Close collaborative effort to discuss progress and needs,
LHCtopWG highly useful too

A. Jung Top physics: Opportunities and Challenges 20



Backup...
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T'he top quark

* Top is the heaviest fundamental particle » Production dominated by gg fusion:
discovered so far [arxiv:1403.4427] 7 b o wsooo— 1
. m,=173.34 + 0.76 GeV ) <
P owow— i
» Unique quark: » Decay channels:
L _ 1 1 . m
o T. A2
my Iy Aqcp 'A |
production lifetime hadronization spin—flip Il
107275 107%% s 10-24 g 1072 s =
— Observe bare quark properties
BR, bg -
Increase P— ;

» Large Yukawa coupling to Higgs boson
- A~1 only m;is natural mass

Special role in EW symmetry breaking ?

All hadronic

proton >
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http://arxiv.org/abs/1403.4427

Single Top Quark Production

» Single top cross section as high as tt at 8 TeV
» 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

IV =

Gjeor NLO+NNLL MSTW2008nnl0
PRD 83 (2011 B 091503, PRD 82 (2010) 054018,

PRD 81 (2010) 054028

from single top quark production

Acy,.: scale ® PDF
my,, = 172.5 GeV

September 2019

total theo

IfuVy] £ (meas) £ (theo)

t-channel:
ATLAS+CMS combination 7+8 TeV" [ 1.020 +0.040 +0.020
JHEP 05 (2019) 088
CMS 13 TeV* | 1.00£0.08 £0.02
arXiv:1812.10514 (35.9fb™')
ATLAS 13 TeV* . - 1.07 £0.09 £0.02
JHEP 04 (2017) 086 (3.21")

tw:
ATLAS+CMS combination 748 TeV" ———— 1.020 + 0.090 + 0.040
JHEP 05 (2019) 088
ATLAS 13 TeV* , i 1.141£0.24+0.04
JHEP 01 (2018) 63 (3.21b™")
CMS 13 TeV ———+H 0.94 £0.07 £0.04
JHEP 10 (2018) 117 (35.9fb™")

s-channel:
ATLAS+CMS combination 8 TeV" —————y 0.970 +0.150 + 0.020
JHEP 05 (2019) 088

all channels:
ATLAS+CMS combination 7+8 TeV" me 3 49, 102000400020
JHEP 05 (2019) 088 L] 0

" including top-quark mass uncertainty
? Gyao: NLO PDFALHC11 (NPPS205 (2010) 10, CPC181 (2015
I | l ' incluninlg beam energy unloenaimy %

1
IfuwV,|

12 t4 16 1.8

s-channel

Inclusive cross-section [pb]

b
o°bs

Vio - FLv|® =

O.theory

frv: BSM form factor
Consistent with frv - Vi = 1

10?

10

— large samples

tZ/yg-channel
(rare process,
<1 pb)

-4 "
* pq’ Py
oS fpo = T=——=—
loalloA
I ATLAS+CMS Preliminary t-channel .
LHCtOpWG B ATLAS PRDS0(2014)112008, EPJCT7(2017)531, JHEP 04(2017)085
| '_T ©  CMS JHEP12(2012)035, JHEP 06 (2014090, PLB80O (2019135042 _
S]ng|e top.quark production ¢ ATLAS+CMS ueposizo19)08s
November 2020 W
W ATLAS PLB716(2012)142, JHEP 01(2016)064, JHEP 01(2018) 063

CMS PRL110(2013)022003, PRL 112 (2014)231802, JHEP 10(2018) 117 —]

ATLAS+CMS uuepos 2019088

s-channel
B ATLAS rLe7s6(2016)228

® CMS uHEPos(2016)027
¢ ATLAS+CMS uepos(z019)088

NNLO PLB 736(2014)58
scale uncertainty

=== NLO+NNLL PRD83 (2011)091503,

PRD82 (2010)054018, PRD 81(2010) 054028
tW: tf contribution removed
scale ® PDF ® o uncertainty

— NLO NPPS205(2010) 10, CPC191(2015) 74

He= =My,

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

tw: p: veto for tf removal =60 GeV and K= 65GeV
scale uncertainty

scale ® PDF @ o uncertainty

(s [TeV]
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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)

x10°F k
TDP E a5k F?i"ysy S/(S+B) weighted sum "3 ﬁ
A g ~ E ¢ Data 10 |
2 3 —— S+B fits (weighted sum -~ » L
_— .. i- ‘h - - § 2_55— Bcompo(nent ! ,;%; 10 I
() F P
2 2 = 1;_ ~ +0.26 - 1 ;’?7 . L l'l'
&mf-(h) = ALELI‘I‘EI'F'F g 0.52— ;H;E:;ooz;o.amw 1@ ’i-f d
= g — u
R e e SfrEaasnes 10°F e
200 - J
_ 100 - =
Loops are dominated by top quarks N 10° | N
' ‘ 10T u
. -100 - - v
Natural nggs mass Close to 110 115 120 125 130 1385 140 145 150 107" Ve
Planck scale of 1019 GeV My (GeV) |
- SR
Higgs mass at ~ 125 GeV! . _Q -~ - / )
h N\
— New physics in loops ? SR

- Many BSM extensions include a top quark partner
-~ No fine-tuning If top quark partner exists
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Inclusive cross sections

> Measurements cover 2,5, 8 and 13 TeV — agreement Wlth the SM

ATLAS & CMS cross section at 5.02 TeV g v g;gt;o,g;;mwgg;gg;gw Ly ATL?&CMS Freliminary Novmof
c | m ATLASen7TeV (L= 46fb LHCtop WG ]

[CMS-PAS-TOP-20-004] [ATLAS-CONF-2021-003] £ [ i

5 u n ( )
HRRANN B #TJIAS 3 10° __. E%A(i %umsb?gé% ?:‘I?eg;(tl); )fbs)s -20.31b™) LHCtopWG
1 data + total u relimina - = ey e -
- L xs=s.ggm é = OMS preli 1 ToV (Lo gaé”g’fb> :
MMHT2014 _J  257pb o [ O ATLAS l+jets 13 TeV (L = 139 fb°) 5
= A CMS l+jets 13 TeV (L=2.2 fb )

:::::_1 notop i GZJ ) ~ oPCll\:fnallyJets 13TeV (L= 253fb) 4 - -
Al g 10°F ﬂ* E
MSTW2008 —+—+ E - |
NNPDF2.3 B E=—— NNLO+NNLL (pp) 17
FOF4LHG i B E&=— NNLO+NNLL(}p}) b o o . . ] 7]
e e 101 o i o
o C ! | Lo I R BT /ST N T TR T R T S R
10 12 14

0 =66.0 £4.5 (stat.) + 1.6 (syst.) £ 1.2 (lumi.) = 0.2 (beam) pb /s [TeV]

60/0— 7.5% ATLAS] % -"I'—.anl.n.sr .,; . rhl_';palal "_||: i

i . 180¢ .:-5 1 ::-:IIIT'::L‘:"z 1:? "'.;;:I:Irsam ]

0 =62.6 £4.1 (stat.) £ 3.0 (syst.+lumi.) pb 3 10C o G

50/0= 8.1% [CMS] B

. o T

ATLAS cross section at 13 TeV o L

40— . =

Full Run Il data set ﬁﬁ% g

— : e T —— T

0 = 830 + 0.4 (stat) + 36 (syst) = 14 (lumi)pb e ————

z 1:199'—

50/0= 4.7% [PLB 810 (2020) 135797] -SRI e
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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

The top p_saga... continues

CMS Prehmmary 39fb (13 TeV) = = S —
- I T T [0] 5 0 ata 3
% 0.00<y(t)<0.35 | 035<y( )<0.85 085<y(t)<1 45 145<y( )<2 50 | ¢ Data dof=15 g F ?TLTSS TeV. 864 ! —';‘I’“"EC;PJSPDFS 1 7
o = POW+PYT, 32=57 = 10'E Resolved T e Swt-ur(lc- " =
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%’ 4 == FXFX+PYT, 32=35 Ez 107 E
'g 0.001¢ 1] Pow+PYT unc. = 5 1908.07305 ]
= L L A L R BN L R -3 |— —
= 3 O amas S 3 R :
g [ {5=13Tev.36.1 16" 4 WO (LUXGEDIT) - .
0.0005 :-_L o[ Resolved ' mtg f:ﬁgzﬁ‘ﬂumam? N Al |
E._ 10 E  Full phase-space ! NNLO:NLO FW [NNPDF 133 E 10 i E 3
8 v ] - 3
. e e B N = F - E 10 . -
2 12 Lo o 1y ] = I | | -
0.8} 2 ] & 1 = L g 138
- - s s s s s - 10 4 &
200 400 200 400 200 400 200 400 /. ]
p,(t) [GeV] gg Wﬁmﬂwm
» Detailed n-dim. Measurements o e
p! [Gev]
» Common binning — study EW corrs. e — _
§2 2F arLas =
= C P ® Resolved ]
Q= {gF 5=13TeV, 3611 Stat. unc. =
" E Full phase-space Stat.+Syst. unc. .
—p 1.6 — Absolute cross-section =
. C v Boosted n
e Slopes in 13 TeV ATLAS & CMS data 14 Stat, unc. =
. . ull Stat.+Syst. unc. -
 Large systematic uncertainty — further 12 . -
. 1 0@ @ O gw Fr o T —
understanding, common procedure ? | ¢ T E
« Common MC clearly helps... 06E ! E
e Theory input: experiments are eagerto |o+E =
C e ey e sy ey e ey by sy
use an “NNLO MC” 0-20"~"200 400 600 800 1000 1200 1400 1600 1800 2000

Pl [GeV]

A. Jung Top physics: Opportunities and Challenges 26



Spin Correlations

* Opening angle cosg maximally sensitive to alignment of top quark spins

Opening angle between leptons

* Most precise direct measurement via CoOSgp <« oD Parong rest frame:
» Systematic: p_and BG modeling '
° Indirect measurement via A¢ shows about 1o discrepancy to NLO (CMS)

—

. ATLAS

1.2

[1/(rad/m)]

E
=
: L
Sl 1.0
= L
<
L]
"_.|b o=
0.8~

0.6

fsm = 1.25 = 0.02 = 0.06 + 0.04

J/S=13TeV, 36.1fb"

........ Sherpa
----- Powheg Pythia6
PowPy8 rad. down _|

¢ Data

— Powheg Pythia8

----- Powheg Herwig7

=== MG5_.aMC@NLO Pythia8
L PRI I

1.05 — I Stat. ] Total

S|
§ ‘g 1.00
- 0.95:L T
......... 4 | |
0.2 0.4 0.6 0.8

Parton-level A¢(/*, [7)/m[rad/m]

CMS 35.9 fo (13 TeV)
—= 0.5F T ' | | ! | LR
-8% -« Unfolded data
o | —POWHEGV2 +PYTHIAS
—io it ™ MG5_aMC@NLO + PYTHIAS [FxFx]
4" ---NLO, SM R = i
- == NLO, uncorrelated ST 1
" . NNLO, SM —
0.3 e )
" PRD 100 (2019) 072002
GF- _ o . 5 . 3 .o, 5 .
1050 Stat ~ Stat @ Syst i
w6 w3 w2 2n/3 5n6 w
IAq)“I

f =0.9710.05
SM

» All distribution agree with the SM, no deviations observed
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http://dx.doi.org/10.1103/PhysRevD.100.072002

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

]

= —(1 + B cos &}

odcos@?dcos® 4

Polarisation

+ 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

rd =

tZ/yg-channel %/,
(rare process)

Events /0.2

1401
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tZq =
. W ]
Z+jets -
VV+LF =1
VV+HF 2
m tHZ+tWZ
 EWHEH =]
Uncenalmy i

A- %

: ATLAS Preliminary
§ s =13 TeV, 139 fb”

SR 2j1b
L Post-Fit

40

SM NLO prediction:
0=942+311b

Phys. Lett. B 779 (2018) 358

Data / Pred.

—10—08—{]6 04—02 00 02 04 C'B 08 1.0
O

NN

o(tllg) = 98 + 12 (stat) = 8 (syst) pb, 9.2 SD
(SM: 102 +5-2 fb) ATLAS-CONF-2019-043

Events /0.13

Data/Pred.

CMS Prehmmary

77.4 fb (13 TeV)

T | T
Q Data |:|th
T Wz [ Multiboson 7|
L -ttZ [ tinx
. XY = ZZH
100~ [ ] Nonprompte/u [ Total unc.
2-3 jets, 1 b-tagged :
Phys. Lett. B 779 (2018) |
50
0 f—
1 55_ |:|Stat unc. [ ]Total unc.
0.5;
0—1 -0.5 0 0. 5 1
BDT output

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

_>

O = 111 £ 13 (stat) £ 10 (syst) pb PRL122(2019)132003
obs. (exp.) significance: 8.2 (7.7) SD

» Observation of tZg
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CMS \/\¢
Rare top quark decays — Prospects Y.
. 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_l/ other processes are zero Theorir);()i:/e:?;c;[i;).r;% 28_ —él\sﬂl\éSM D2RI;E)/M~(I~:i/ )I-Sﬂll(i

: . He |~ o =
Extrapolations to HL-LHC: 3 o ®
tch out for the bar: toHu | 2o o
— watch out for the ar.l | I
oo ; — .
—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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https://cds.cern.ch/record/2650160

CMS

ner-=p»

New friends for the top ?

- " I (s =13 TeV, 36.1-139 fb " ATL_Bl';IzYo%_PUB_2019'O44
» “stealth” top region not yet fully =~ sroofssrspense. sl — 2

e>gc|uded (mind BR of stop — top+neutralino) — 800 Tposcton
» {t modeling uncertainties 500
dominate searches

* Danger of “over-tuning” ? Minimized by
specific phase space / control regions ,
» SM measurements biased by stealthy top 100

quark partner ? 200 300 400 500 60
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95% CL upper limit on cross section [pb]
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Vector-like quark pair production ’
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X3 (R ATLASLOMS Internal st uper s <@ ATLAS <@ oMS = 1200 =10
YV, B(Y— o) = 100% LHCiopW et B e aaer > T 170 i 3
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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 1018 GeV

» In classical physics “stable” >
means minimum of potential .
: AN
energy: Q ] ~ 10 Standard Model
O O - Meta-stability -
=A b N OF '
> Q Al ﬁ{?
h iu 1001
Absolute stability
‘‘‘‘‘‘‘ 50
>
O
arXiv:1707.08124] |
“Don't panic!” (D. Adams) S [ ........ ].
Lifetime is much much larger ’ > T;;’f;c 0 20
h

than current age of the
universe: 1080 — 10320 ¢t i oree
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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...

» ATLAS and CMS completed
detailed studies of top quark's
spin correlation, and
polarization (CMS)

@ |nitial deviations of > 3 SD seen
by ATLAS, not confirmed by

CMS (only ~ 1SD)

CMS 3.9 1o (13 TeV)
o 0.7F . T e
8 ¢ Unfolded data NLO SM

O | — POWHEGV2 + PYTHIA8
== MG5_aMC@NLO + PYTHIA8 [Fxe]
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Parton level Ad(I",I)/x [rad/x]

ATLAS
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] Inclusive 1.249 +0.024 £0.061 + 0.d40
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095 . -
- 05 0 0.5 1
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0.97 £ 0.05 (stat+syst)
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