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Challenges & Opportunities

Challenges ahead:

» EXxperimental systematic uncertainties
* More “global” approaches (kinematic ranges, EFT)
* Theory uncertainties

Opportunities

 Vast top quark sample...
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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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Single Top Quark Production

Challenges and Opportunities:

35915113 TeV)

< 0.025p —— ——

& CMS * Dzu,a

< C Praliminary Uncarlainty _

= poz W Powheg DR + Pythiag 7

‘a.- . W Powheg D5 + Pythia®

= I e WY akCENLD DR + Pythlad

2 |

- :

= N e -

= =

= L

] | o— == —

T

£ I * .........

& 0.005— e

= . —a———
0 L 1 I ]

= 1 I%f - Sotagan m TR 4 +

2 og

o 0 ........................

40 B0 80 100 120 140
Leading laptan p_(GeV)

[CMS-PAS TOP-19-003]

RN

» CMS: differential ratio of t :
vS. t — sensitive to proton -

structure

» ATLAS: tW measurement i
requires tt + tW interference

terms

X

iy

(=]
w

35.9 fo” (13 TeV)

T
225" cms
20E

Preliminary

18EF
16E n+3j1t

14
12
10

Events/0.07 units

UL R L

4 D VRO ®

1

—o'Data " sT, s ', (< 500)
tt -W J

[N

B Z+Jets @t s-ch
@= vV bb
%z Total Unc.

> C
] wa | Data, stat. u rtaimy
e
Q 1072 E - CIFun uncenainly
% C e + Powheg+Pythia8 ['vivbb
g Y # Powheg+Pythiag tt+tW (DR)
blE _ 3 - + Powheg+Pythia8 fi+twW (DS)
o EEDW E ¥ MG5_aMC+Pythia8 ti+tW (DR)
o ¥ + MG5_aMC+Pytria8 ti+tW (DR2)
—lo A "
S
» 4 =t
e 1 f‘ x7 3
ATLAS ¢ g7 1
i Vs=13 TeV, 36.1 fb” D
107E pp — IMbb+X
A
N P R S R |
. :
g r s! Fad i
= Lo S 0 30 o, 3 S T
z e "\’ﬁlﬂf‘x}" A dod
= ot * .
0 100 200 300 400
rngll \\\\\\ [Gev]

arXiv:2007.14040

accepted by Nature Physics

.

Data/Fit

: ¥
0.

oo

~0.5 -0.4

|Vial|? + |Vis|? < 0.17 at95% CL.

V| = 1.00 £ 0.01 (stat + syst) £ 0.03 (nonprofiled)

-0.3

-0.2 -0.1

o]

0.1
Discriminator ST, q VS ST, , tt and W+Jets

ATLAS
Vs =13 TeV, 139 fb'’

I I L
—=— LEP (Phys.Rept. 532 119)
ATLAS - this result
Statistical Uncertainty
[ Systematic Uncertainty
—e— Total Uncertainty

098 1

Impressive amount of differential measurements in single top!
tt+tW interference terms become relevant to describe data!

702 1.04 1.06 1.08 1.1
Rt/ nW)=B(W —tv)/B(W —unv)

ATLAS: Lepton Universality

A. Jung

Top physics: Opportunities and Challenges


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-003/index.html

Differential cross sections

s Enormous amount of differential cross section measurements at ATLAS &
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http://cds.cern.ch/record/2759302?ln=en
https://link.springer.com/article/10.1140/epjc/s10052-019-7525-6
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tt+X: Highlights

> ttZIW: Most precise measurement,
allowed for 1% differential cross sections
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 Details matter: SF's for ttZ, ttW 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
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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

Top guark threshold region

35.8 b (13 TeV)

Recent experimental results § o e, S o TR BV B
Extract y, from template fit: O R AOPUN RN iSO
°* CMS 13 TeV data, |+jets - ’ - -

» Recover 3 jet bin and use

57 bins to fit
» Relies on threshold region

1.02
=

Data/Pred.

0.98

» Also relevant to search for
toponium as presented at a y. =1.07 +0.34-0.43 (obs) [1.00 +0.35-0.48 (exp)]
joint LHCtopWG seminar by

Fuks et al.

» Threshold region is difficult to access at the
—»t experiments

* Modeling has impact on parameter extraction
 Future exciting searches rely on threshold
region

15—

[pb]

<o 10~
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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)

A. Jung Top physics: Opportunities and Challenges 10
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Top Quark Properties...

» Production asymmetry due to NLO interferences

» Measure production angle c* = cos(6*) to 0.08 T
- ATLAS + CMS j
access asymmetry  5rxiv:1912.09540 - » ]
: 0.06— N —
= -‘:“:-1_‘-\. 4 =
. S :
_______ 0.04F & .
o [ A ]
< .02 é% &7 )
) L m’r" ATLAS + CMS+Vs=8TeV _
| SM— ol LHCtopWG i
c M S top quark forward-backward asymmetry (partondeved | TmTTTTTTT R L e D e T
imi e A (stab) £(systy| L i B R e e R B
iﬁg;ﬁ:ﬁa“on o OF Tevatron data from 7
. - a PRL 120 (2018) 042001 .
DO (9.7107) Il 0.118 £0.025 +0.013 B + ]
PRD 92 (2015) 052007, {3=1.96 TeV | % Models from |
X —— s - PRD 84 (2011) 115013;—
o i 18 0.160 0,045 L i O JHEP 09( (201 1} )097
| 1 | | | | | | | I | | | | | | | 1 | | | | | |
o o, et il 0 0.1 0.2 0.3 0.4 0.5
NNLO QCD (+ NLO EW) oo AFB
Czakon et a P=_1'-E--£C'E- 052001, (s=196Tev | TR dU- - . 1 . (,] )
pp lepton+jets T (qq) ~ fsym(c ) 4+ / fs},m(x)dx C AFB
CMS (35.91b) M o " - c J-1
TOP-15-018 {2019), {5=13 TeV 0048504 £0.028
POWHEGV2 NLO om0 o0 —
s -~ Measurements of A_ difficult, new channels help
| | | | | | | | | | | | | | | | | | | | | | | | | |
o A — CMS 1% measurement of A__ at LHC (!)
FB
A. Jung Top physics: Opportunities and Challenges 11


http://arxiv.org/abs/1912.09540

Top Quark Properties...

» Production asymmetry due to NLO interferences

CMS

Al particle level

Al particle level

Al parton level

IR SIS R
-0.03 -0.02 -0.01

c M S top quark torwar
Preliminary

pp combination

DO (9.7 fb™)

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

CDF (9.1 o™

PAD 93 (2016) 112005, {3=1.96 TeV

CDF+DO

PAL 120 (2018) 042001, {5=1.96 TeV

NNLO QCD (+ NLO E!
Czakon et al. PRL 115 (2015) 052001, fs=1

pp lepton+jets
CMS (359 fb™) M

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

POWHEGvV2 NLO
qq, event counting, 15=13 TeV

* Update by ATLAS <44
* Used 139\fb of data

—- NNLO QCD +NLOEW ATLAS Preliminary

AC = 0.006 £ 0.0015 (stat+syst)
SM measurement soon ?

_ 0.01 f Powheg+Pythia8 Vs=13TeV, 139 b 7
® |+jets decay channel © } Data (st o) ,
s Inclusive and 0.01 |
differential in m(tt) o.008f-
0.006*
_ . 0.004=
e Different from 0 with .
0.002—
>4 SD, but : ATLAS-CONF-2019-026
* Not yet a test of SM 0 e
—

0.1 0

01 02 0.3

-~ Measurements of A_ difficult, new channels help
Arg — CMS 1% measurement of A__ at LHC (!)
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Top mass — direct methods

» Direct measurements combined using BLUE

— consistent among methods/channels

ATLAS+CMS Preliminary

M SUMmMary,{s = 7-13 TeV.  May 2019

s CMS & ATLAS reach 6mt/mt = 0.28%

°» CMS: all-jets + I+jets
EPJC 79 (2019) 313

m_=172.26 + 0.61 GeV
om/m =0.36% (!)

» ATLAS: soft muon tag + displaced
vertex, 13 TeV  ATLAS-CONF-2019-046

m =174.48+0.78 GeV
om/m = 0.45% (!)

In context of LHCtopWG

» Time for another LHC combination ?

LHCIOpWG

....... World comb. (Mar 2014) [2]
stat

total stat

total uncertainty _ M, * total (stat sys) s Ref
LHC comb. (Sep 2013) LHctopwa I—l-'!-l—| 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]
ATLAS, dilepton ———— 173.79+ 1.41 (0.54+ 1.30) 7 TeV [3]
ATLAS, all jets H—-—H 175.1£ 1.8 (1.4+1.2) 7 TeV [4]
ATLAS, single top —_— 1722+ 2.1 0.7+ 2.0) 8 TeV [5]
ATLAS, dilepton H—-i—l 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]
ATIAS IJ_jnfe %: 172 l’ﬁ+ N a1 (N 'ﬁ+ N !2) o T \/ [0]
ATLAS comb. (Oct 2018) HeH; 172,69+ 0.48 (0.25£ 0.41) 748TeV [
TS, Trjets mw/) A
CMS, dilepton —tet= 17250+ 1.52 (0.43+ 1.46) 7 TeV [10]
CMS, all jets F———— 173.49+ 1.41 (0.69+ 1.23) 7 TeV [11]
CMS, l+jets HeoH 172.35+ 0.51 (0.16+ 0.48) 8 TeV [12]
CMS, dilepton ot 172.82+1.23 (0.19+ 1.22) 8 TeV [12]
CMS, all jets HeH 172.32+ 0.64 (0.25+ 0.59) 8 TeV [12]
=ghegietep e :‘ } 70 Gt el e A
CMS comb. (Sep 2015) HH 172.44: 048 (0.13+ 0.47) 748 TeV [12]
CMS, 11jets = 172.25+ 0.63 (0.08 0.62) 13 TeV [14]
CMS, dilepton o : 172.33+ 0.70 (0.14+ 0.69) 13 TeV [15]
CMS, all jets o 172.34+ 0.73 (0.20+ 0.70) 13 TeV [16]
3 [1] ATLAS-CONF-2013-102 [71JHEP 09 (2017) 118 [13] EPJC 77 (2017) 354
: [2] arKiv:1403.4427 (8] EPJC 79 (2019) 290 [14] EPJC 78 (2018) 891
[3] EPJC 75 (2015) 330 [9]1 JHEP 12(2012) 105 [15] EPJC 79 (2019) 368
T WL e R e
: [6] PLB 761 (2016) 350 [12] PRD 93 (2016) 072004
N N R T AU A N T T S N R S N M O
165 170 175 180 185
Myop [GEV]
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http://dx.doi.org/10.1140/epjc/s10052-019-6788-2
https://cds.cern.ch/record/2693954

Top mass — alternative

0.18

=T T T —
- ATLAS Simulation Praliminary ]
018 5= 13 Tev — = 170.5 GeV |

0.141— OS selection —m,=172.5 GeV

Latest top mass measurements:
> ATLAS 13 TeV data, leptonic invariant mass

» Limited by B hadron branching [ATLAS-CONF-2019-046] ﬂﬂiﬂmﬁﬂ_

0.04F

» CMS mass in the t-channel

Fraction of events

» Combined and separate lepton categories, CPT —
3 0l e
_'lmtop: 172.1 £ 0.8 (total) GeV Oom/m =0.47% (!) &, ol -

107 359157 (13 TeV) > mtop =174.5 = 0.8 (total) GeV

.E T T T T T | L T
= i Om/m = 0.45% (!
a [ CMS Freliminary - . Jm, ] _
+ 2
[ - 5, 21T
. ATLAS+CMS Preliminar from cross-section measurements
Lﬁ 4 - - I_Gh — LHCIopWG v Mop Sep 2019
o |:| Tt, tW, g Ch. =} tot W My, 1 tot (stat + syst + theo) Ref.
otal stia
& - V +jets, VV - o(tf) inclusive, NNLO+NNLL
| | ATLAS, 7+8 TeV —aq 1729 %8 i
| _|QcD CMS, 748 TeV —— 1738 4§ 2
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[ stat @ syst 13Te 21 01£1538) o
= o i ATLAS, 13 TeV — 1731 54 [4]
CMS_PAS_TO P__] 9_009] o(tt+1j) differential, NLO
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CMS, 8 TeV et 169.9 H2 (1.1 2P 35 f6]
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o(tt) n-differential, NLO
ATLAS, n=1,8 TeV H—— 173.2+1.6(09+08+1.2) g
CMS, n=3, 13 TeV e 170.9 £0.8 9]
Myop from top quark decay [1]EPJC 7 5] JH [9] arXiv:1904.0523
L7 | okl M S ‘T o S A i s e W' i e 1 CMS, 7+8 TeV comb. [10] e OO i
“:HJ 15':]' E EEU 30":' 350 -IH}D ATLAS, 7+8 TeV comb. [11] [4] ATLAS-CONF-2019-041 [8] EPJC 77 (2017) 804
n‘H{GEUJ |||||||||||||||||||||||||||| |||||
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m [Gev]
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http://cds.cern.ch/record/2693954
http://cds.cern.ch/record/2759301?ln=en

Latest weighing...
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EW vacuum stability

ek

174}
. | averagel
172}
ol 1
: */ Absolute stability
168f - Modified from

Meta-stability

>[arXiv:1707.08124]

122 124 126

pol
my,

128

t

Total uncertainty on m [GeV]
N

0.5

..........

mmiim JNP, JHEP 12(2016)123
-imimim g (tf), JHEP 08(2016) 029

----- single t, arXiv:1703.02530

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

CMS

Preliminary Projection

sec. vix, PRD 93(2016)2006

I+jets, PRD 93(2016)2004

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

g Runl 03ab' 14 Tev 3ab’ 14 TeV

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

Ratio to data

B fragmentation

» Exciting activities by theory community (parton showers, b jets/modeling)
@ Novel measurements directly measuring b-fragmentation

« CMS: Measurement with dileptonic and semileptonic tt events
 Charm mesons (DO, J/y) reconstructed inside b-quark jets by charged-particles
nts

 ATLAS: dilepton eve

Data

T

R R ARRRARREREERRRRE
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$=13Tev,36f~"
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-
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= | L L D
0 07 Z
2,2.IIIIIII|II=:::..::=|III|II|IIII -D
Data E
o — PowtPyBrg= 0.355;.?"‘ =0.127 5 =
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r, = 0.858 % 0.037(stat) + 0.031(syst) |

Pythia 8 (Monash tune): r, = 0.855

CMS Preliminary 35.9 fo' (13 TeV)

0.06- - —
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5 ‘: e'e:Z = bb
0.05
L — Pythia 8
0.04F
0.03
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e R S| S,
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Beyond projections already (as usual),

xg=p.(B)/p_(jet)

Fit / Pythia 8

CMS Preliminary 35.9 fo' (13 TeV)

1.6¢

1.5

- pp: tt — WWbb / Pythia 8

| e'6:z - bb / Pythia 8

1.4
13
12
1.1
ik
o.gf_—
08}

0.7F

<4

e.g. triple differential cross sections

gt

02 0.4 0.6

1 | 1 1 1 |
0.8 1

xg=p,(B)/p_(iet)
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Effective field theory...

: : 6) (6
* EFT is now widely used to search for off- Lop = Larp + Z Q;( )Of |
resonance effects due to BSM contributions ) : A2
* e SR (3 T e.g. Spin correlations employs
: systematic correlation matrix used in
] N N =
Org = i85 (Qe TG, . 7’ (Ca/N?) = Zz[da‘af”predf(clc//\zﬂ
, / oo\ . +theory — X [datajHpredj(C[G/Az)]Coval
0000000 s - o
. St < —————
L I PRD 100 (2019) 072002 g e
-0.2 0.2 O.Zf:‘G e [(_);;VQ]
» More global approaches to capture experimental
correlations, EFT at particle level to boost sensitivities
D(I_‘._hargeFlips |:|Iiakes .Eiiboson [ ] Triboson |;|Convs W ° ASSOCiated top production j:] —=
s s e s s .wwe 0 probe for BSM effects e
;  Consistent treatment of
experimental correlations RN
[CMS-PAS-TOP-19-001] e

Wilson coefficient Cl / A% [TeV?]
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http://dx.doi.org/10.1103/PhysRevD.100.072002
https://cds.cern.ch/record/2725399?ln=en

Effective field theory...

» Machine Learning pushes limits beyond Lop = Lon + Y 6o,
of whats established as standard, e.g. tZg AT L
and C(t2) coefficient.

. CMS Prelimi ! e

» Improvements compared to associated G BT ;('O:?"?fz)"m E

top production with additional leptons z 8¢ Profied log ikelinood (Expected)

g 16 B 68°% CL [-0.45, 0.38] —

JHEP 03 (2021) 095 NP 95% CL [0.76, 0.71] E

o CMS-TOP-21-001 1

Challenges & Opportunities 6 ]

» More global approaches to capture Aprmmmmeemone : AR E

experimental correlations, EFT at particle if_"rr'.'.'r"r'.i"" —

level and ML to boost sensitivities -1.5 18

» Transitioning to NLO where possible Ce/ A" [TeV7]
° Join_ed effort by experimentalists and - Associated single top and
theorists to advance and squeeze out all Z (tZq) production to probe

information for BSM effects

» Exploits Machine Learning

A. Jung Top physics: Opportunities and Challenges 18


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

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
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P e
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¢ £ 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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Common MC

| [1/rad]
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Hr distribution for all jets
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» 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 POWHEG+PYTHIAS 7
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40 60 80 100 120 140 160 180 150 200 250 300 350 400
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» 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]
S g

T T HHH[

-
o

Prodgction Cross Section
o
I e
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\b)

1073

May 2021 CMS Preliminarv

T
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T llllllll T IIIIIII|

T 1 lllHl]

lllllll

7 TeV CMS measurement (L<5.0 fb™)
8 TeV CMS measurement (L<19.6 fb")
13 TeV CMS measurement (L < 137 fb™)
- =8 Theory prediction
=n jet(s) . 22 22 CMS 95%CL limits at 7, 8 and 13 TeV

[i:
HeH HEH B

HH

.

Run 3 offers a glimpse of HL-LHC potential

* Associated production enters precision frontier
 Demands on theory precision, higher orders needed.

|

l i!!!l!ll l IIIIIII| ] IIIIiiII ] ttlllHl | llllHll

L1 JJJJJJ‘

JIIIIJ‘

ot P15 T 23 T g4 T2e P Ty, Tw T, "ty "Ttzg' tZz "ty "uw " omt " otH T otH

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

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:

— Theory uncertainties, Parton showers, common MC samples
— More global aproaches (kinematic distributions, EFT)

— Use vast top sample as b-physics lab

A. Jung Top physics: Opportunities and Challenges 22




Backup...

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

A. Jung
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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

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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The precision frontier

September 2019 CMS Preliminary

fo) - ;
o 5[ 2 @ 7 TeV CMS measurement (L <5.0 fb™) .
— {1(0° g &® @ 8 TeV CMS measurement (L < 19.6 fb™) —=
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EW, ZyyWor: fiducial with W—sty, Z—l, I=e,u Th. Ac,, in exp. Ac

All results at: hitp :ffcern.chfgofp]\lj?
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SM ?

Beyond the

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

178

s ttH observation:

I T T T T I T T | T T T T | T T T T | T T
ATLAS |-e— Total Stat. [ Syst. — SM
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[ i I
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GFitter:

m: = 176.4 £ 2.1 GeV

-fit by GFitter

_—[arXiv:1803.01853]

- - 2 Meta-stability
Tevatrpn

Ve RN

b /”{ ~ point shifted - ]

170 I - - e - - nadl

' Absolute stability

EW vaccum

Modified from original T

- , > [arXiv:1707.08124]
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1

Caveat: my

@ New physics changes the vacuum
stability, even if at Planck scale
@ Theoretical uncertainties apply!
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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 ]
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The top p_saga... continues
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« 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]
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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

-
8‘51
©

04

0.35[-
0.3-

0.25}

—_
—_

Uncorrelated
o
[{e] —_

Correlated

E T T
[ —NLO, SM

T T T |
- —NLO, uncorrelated ]
~15 0/0 B
- enhancement
L ~15% l
I | ; ]
suppression
I 5
e
—
L I—
0 6 a3 w2 27/3 5q/6
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0.14:
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Y 0.10f
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€ 006"
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2 004,
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—_—

_.—l—'_I
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Schulze et al.

— Stop, 200 GeV

e
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| transverse plane
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Rare smgle top quark

rd =

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

Events /0.2

1401

120

100}~

80

60—

e Data -
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

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

) ] ) ) Q ol === 10— NNIO Fiducial
@ Rely on patrticle level to feed into effective field 3
. S LHC 13 TeV m, = 172.5 GeV
th eorles %: Iz'z- . ! | Scale: Hr /4 P]?F: NNPDF31nnlo
1.10
; 1.05_!_,4;‘_\_"'_‘_‘_‘
3 1.00 (]
¢ CMS 35.9 b (13 TeV) Z ot ————
~ 3019 R oM ssemlsTev SR —— — ‘ ‘
ﬁ ¢ Data Dﬁ other .Z+jets .8% ’ | ® Unfolded data § 104 = . .
S. .ﬁ Signal .Slnglet |:|Other [ i;z\;vfaiiv(;;LzYT;:{AjHlAs Ee ] “ 800 02 04 ot T 06
» 20 r /" [ ---NLO, SM - b
E 7 == NLO, uncorrelated s
q>_) # [ NNLO, SM T ;OLO — 1:_?5'55 Inclusive
RIS 7 7 W R —
” LHC 13 TeV m; = 172.5 GeV

Scale: Hr/4 PDF: NNPDF31mmlo

NLO/LO NNLO/NLO o ldo/d(A¢/w)

0

11 . ¢
g3 R
(“L 0.950
Ol 7

0.9

. . . o
0 /4 /2 3n/4 T ! O‘Q(} 0 0.2 04
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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

139.0 o™
S AL > W
[ATLAS-CONF-2019-17]

36.110"

S 0L 1) /T > WhE,
[1709.04183]

B iali‘n /iﬁwm;f - bff-;z‘j
[1711.11520]

B 20 & 1)/ > WoF /o bif
[1708.03247)
monojet, hl.‘a bn‘i:’
[1711.03301]

ot
[1903.07570]

Bl ol
[1805.01649]

=]
11

300

200

Tl T T T [ T T T T [T T T T 7T
N

- ~0
5 monojet, t,— i,
[1711.03301)

—Runtfs=8Tev, 2007 = 120

95% CL upper limit on cross section [pb]

s [1506.08616] o
Vector-like quark pair production ’
Bl -1
R CMS Ppreliminary 137 b (13 TeV)
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
. e [3] JHEP 06 (2018) 102 [4] arXiv:1908.08461 (LH only) [0)) pp =ttt =t} Approx_ NNLO+NNLL exclusion =
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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]

- NLO, uncorrelated |

* Most precise variable coso
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0.4

35.9fb" (13 TeV)

—*— Data
—#— NLO calculation

—*— NNLO calculation

—*— POWHEGV2 + PYTHIA8
—*— MG5_aMC@NLO + PYTHIAB8 [FxFx]

1
0.6

l
0.8
Parton-level Ad(/*, 1)/
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o 106 .
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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)

LI

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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