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The present...LHC Run Il
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‘Obstacles’...

s VVast amount of information — most intense
week | had in quite a while

» Talks range anywhere between ~30 to up to
72 distributions shown in a single talk

» Also heard: “Apologies for being wordy here”

CMS 35.9 fb™! (13 TeV) .
& o2l o T T T T T T T T T CMS Pythia8 CP tunes @ 13 TeV
E3 300<M(th) 400<M(f) 500<M(ff) 300<M(ff) o Data, dof=23
5 <400GeV <500GeV <1500GeV <400GeV — POW4PYT, 42=34 | Parameter description Name in PYTHIAS Range considered
3 Ng=0 Ny=0 Ng=0 Ng>0 MPI threshold [GeV], pTOReE, at v/5 = /& Multipartoninteractions:pTORef 1030
'g 0.15 1 ==POW+HER, ¥’=31 | Exponent of /5 dependence, MultipartonInteractions:ecmPow 00-03
~ Matter fraction contained in the core MultipartonInteractions:coreFraction 0.1-0.95
- == MGSHPYT, o534 | ¢ s of the core MultipartonInteractions:coreRadius 01-08
0.1 §POW+PYT unc. Range of color reconnection probability ColorReconnection:range 1090
NNPDF3.1 LO/NLO/NNLO PDF sets and a,for ME and
0.05 shower as inputs
Extracted by varying 5 parameters
: b Fitting UE observables at 1.96, 7 & 13 TeV, min bias at
o 1.4
aTLAS 5 12 § 1.96 &7 TeV
f5=13TeV .
A T 08 ey CP1 & CP2 LO tune in backup =
0.6 Py
CRY,
b 1 12 1 | 2 PYTHIAS parameter C CP5
y(ﬁ)l PDF Set NNPDF3.1NLO NNPDF3.1NNLO fNNPDF3.1 NNLO]
- as(myz) 0.118 0118 0118
A SpaceShower: rapidityOrder off off on
w w SigmaProcess:alphasvalue 0.144 0.140 0.140  0.141 Mult)partonlnteractions:EcmRef [GeV] 7000 7000 7000
SpaceShower :pToRe£ 1.30 1.62 1.56 1.61 ESK((mz))value/omlex 0.118/NLO 0118/NLO 0.118/N‘Lg
my) value/order 0.118/NLO 0.118/NLO 0.118/NL(
SpaceShower :pTmaxFudge 0.95 0.92 091 0.95 g“(mz) value/order 0.118/NLO 0118/NLO 0118/NLO
SRY SR SRboosted SpaceShower : pTdampFudge 1.21 1.14 1.05 1.10 ME () value/order 0.118/NLO 0.118/NLO 0.118/NLO
SpaceShower :alphaSvalue 0025 0129 0.127 0.128 | Telipartenioersseionsipronez [GaV] 152 148 TaT
. MultipartonInteractions:ecmPow 0.02 0.02 0.03
TimeShower:alphaSvalue 0.126 0.129 0.127 0.130 MultipartonInteractions:coreRadius 054 0.60 076
BeamRemnants : primordialKThard 1.72 1.82 1.88 1.83 MultipartonInteractions:coreFraction 039 030 0.63
ColorReconnection:range 473 561 5.18
MultipartonInteractions:pToRef 198 222 209 214 | Ba 076 080 Tot
Multipartoninteractions:alphasvalue || 0.118  0.127  0.126  0.123
o o o BeanRemnants: reconnectRange 208 187 171 178 { *Hadronization and beam remnants fixed to Monash tune
o e e $/8+0.0077.5/18 « 0.71 /800108, 58 « 058 580012558 « 054
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Modeling & Tuning

Mackay

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

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

¢ [rad]

/\ Neutral @ Charged Lepton
—4H A PU charged () Charged fromb i
—6 —4 —2 0 2 4 6
n

s 1% measurement of UE modeling in dilepton channel

ATLAS Pythia8 A14 tunes @ 8TeV

CMS Pythia8 CP tunes @ 13 TeV

Parameter Definition Sampling range

Parameter description

Name in PYTHIAS Range considered

The asval 012 - 015

ISR pr cu
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p
MPI threshold [GeV], pTORef, at v/5 = /55

1.0-30
00-03
0.1-0.95
01-08
1.0-9.0

Mult. fact max ISR evolution scalel 0.5 - 15
i scale damping 0 - 15
ISR a5 010 - 0.5
FSRas 010 - 0.15
Hard interaction primordial k. L5 - 20
MPI pr cutoff 15 - 30
MPlas 010 - 0.5
CR strength 1.0 - 100
CTEQ, MSTW, NNPDF, HERA LO PDF .
Extracted by varying 10 parameters & 0.05
Fitting UE and min bias at 7 TeV o -
5
Param CTEQ MSTW N (3
SignaProcess:alphaSvalue 0.144  0.140 c
S 0.04
SpaceShower : pTORef 1.30 1.62
SpaceShower: pTmaxFudge 095 092 @
SpaceShower : pTdampFudge 1.21 1.14 2
SpaceShower : alphaSvalue 0125 0.129 "c-u'
i 0.126 0.129 —
172 18 o 0.03
198 222 o
0.118 0.127
2.08 1.87

0.01

0

0 0.5 1

» MPI effects visible, CR not quite yet

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

Extracted by varying 5 parameters
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Modeling & Tuning ==

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

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 e — e e e
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- - o 0.004— —— Powheg+Pythiaé (DR)— — — Y .
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g A < 0.002 _:
S —lpe » tW unfolded spectra: More data .
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—46_A modeling uncertainties s E L ] R i —— :
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N ik :
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T 2 s sserem _a v reesl - 15 step: run settings in other experiment setup

iy

Theory/Data

b :
oo o

P, [GeV]

A. Jung TOP2019 Beijing — Experimental summary 6



Inclusive cross sections ...

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

I 1 1 I
CMS cross section at 13 TeV in lepton 8 [T mmamconbned st oo
— e CMS dilepton,l+jets 5.02 TeV (L=274p
c - m ATLASen7TeV (L - 4qu
+ h d h | o S ATLAS e B TeV (L 2 20
— 8 20.2
T( a r') cnhanne .  CEMS Prefiminary 359 ! (13 TeV) 5 103 _: CMSeuegTeVe(L( 197be))
2 7000 + data > [ v LHC combined e 8TeV L 53 20.3 fb’ )LHCtopWG
5 F i ev.r.v.05 3 - m ATLASepi3Te )
(@ 6000 Vel C v CMSeu13 TeV(L 22fb)
F Wi other 7)) v CMSep*13TeV(L=3561b"
5000 Wsingle top (72) I~ A ATLAS ee/uu 13 TeV LL 85 pb1
E B W-+ets (@] - O ATLAS l+jets* 13 TeV 85 pb™)
40005, Jets = A CMSl+jets13TeV (L=2.21b")
N BDrell-Yan o - o CMSalljets* 13 TeV (L = 2.53 b
0008 -—| [Jdibosons = * Preliminary
e SN W multijet [O) 2
_|_\_'_‘+ luncertainty 2 1 O :_
.__._\7.'1-'_ () -
= C
= 14F O -
£ - \ < _
= 08k .
£ 06k _ L E=—— NNLO+NNLL (pp)
A 30 40 S0 6 70 80 QU[G |‘?(]) NNLO+NNLL (5p)
TP e — +
I
T 10 Czakon, Fiedler, Mitov, PRL
= NNPDF3.0, m =1725

) ATLAS+CMS Prellmlnary Sept 2018 |

LHCtopWG

9005— 4 ]

A

(2013) 252004 13 Vs[TeV]
,@g(M,) = 0.118 £ 0.001

=781 £ 7 (stat.) £ 62 (syst.) £ 20 (lumi.) pb
6 /[ =8.4%
R =0.973 + 0.009 (stat.) + 0.066 (syst

(tests lepton universality)

Relative precision: 60/0 = 2.4%
O = 826.4+ 3.6 (stat) + 11.5 (syst) + 15.um|)
+1.9 (beam) pb ATLAS-CONF-2019-041

MC / Data
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Vs [TeV]

- ® Data2015+16 °
ATLAS Preliminary (1 1T Powneg+PY8

\s=13TeV,36.1 1" = Wit
------- Z+jet5
Diboson
i Mis-ID lepton

—.Powheg+PYB
---BPowheg+PY8 RadUp ™
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Inclusive cross sections ...

CMS Preliminary o summary, s = 13 TeV Sept 2019
ATLAS+CMS Preliminary n
LHCtOp WG o summary, ¥s = 8 TeV Sep 2018 NNLO+NNLL PRL 110 (2013) 252004
L N B Myop = 172.5 GeV, a (M_) = 0.118+0.001 1
_______ NNLO+NNLL PRL 110 (2013) 252004 comp uncertainty z il st
Myop = 172.5 GeV, o (M) = 0.118:0.001 total stat scale ® PDF @ o4 uncertainty o - * (stat) £ (syst) £ (lumi)
scale uncertainty _ s u
scale ® PDF @ q uncertainty o, T (stat) + (syst) £ (lumi)
. . Dilepton ep :
ATLAS, lepton+jets i —e—: 746 + 58 £ 53+ 36 pb
EPJC78 (2015) 437,+f_‘m =20.21b" H_| 248.3£0.7£13.4£4.7pb PRL 116 (201€) 052002, L, = 43 pb", 50 ns :
CMS, lepton+jets 2985+ 3.8+ 13.7+6.0 i
e+ : 5+38+13.7+6.0pb Dilepton e :
EPJC 77 (2017) 15,L,, = 19.6 fo” EPJCF;? (201; 72, L, 221" 2508 |_H_| 815+ 9£38+ 19 pb
. E nt H
ATLAS, 1, +jets —t——  239+4+28+5pb ;
PRD 95 (201 7) 0720083, Lml =202 fb-1 Dilepton I E: 803 i 2 i 25 i 20 pb
CMS, lepton+t, |—H—| 257 +3+24+7pb EPJC79(2019) 368, L =359 25 ns
PLB 739 (2014) 23, L, = 19.6 fo”' :
ATLAS, dilepton en e 0429+17+55+5.1 ob Dilepton 7+e/p * _ —a— 781+ 7 + 62 + 20 pb
EPJ C74 (2014) 3109, EPJ C76 (2016) 642, P CMS-PAS TOP-18-005, L, =359, 25 ns
Ly =20210" : Llots *
. +jets I 1éi | 836+27+84+100pb
CMS, dilepton (ee, uu, ep) o : 239.0+2.1+11.3+6.2pb CMS-PAS TOP-15-005, L, =42pb™, 50 ns P
JHEP 02 (2014) 024, L, =5.31b" :
LHC combined ey (Sep 2014) | 4 : 2415 + 1.4 + 5.7 + 6.2 pb L+jets ‘4 888+ 2+26+20pb
LHCIOpWG, L =5.3-20.31b" JHEP 09 (2017) 051, L_ =2.21b", 25 ns :
ATLAS-CONF-2014-053, CMS-PAS TOP-14-016 " ;
CMS, dilepton e e +63 Alljets * —te+—| 834+25+118+23pb
JHEP 08 (2012) 029, !tm 197 1" 2449+1.4 55+64pb CMS-PAS TOP-16-013, L, =2.531b", 25 ns P
CMS, all jets —_— 1 gt |
EPJ C76 (2016) 128, L, = 18.4fb™ ' L 2756+6.1+37.8+7.2 pb E NNPDF3.0 JHEP 04 (2015) 040
NNPDF3.0 JHEP 04 (2015) 040 MMHT14 EpPJC 75 (2015) 5
* Prelimi :
MMHT14 EPJ C75 (2015) 5 reliminary CT14 PRD 93 (2016) 033006
CT14 PRD 93 (2016) 033006 . o
ABM12 PRD 89 (2015) 054028 ABM12 PRD 89 (2015) 054028
[(xS(MZ) = 0.113] : [us(mzj =0.1 13]
||||||||||||||||||||||||||||| I|IJ|||||||||||||||ll|||||
100 150 200 250 300 350 400 200 400 600 800 1000 1200 1400

% [PVl 5., [pb]

« Experimental uncertainty: 2.4% (!) — need a lot more discussion to benefit !
* Results indicate lower top mass...
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Inclusive cross sections

o CMS Preliminary o summary, \s = 13 TeV Sept 2019
ATLAS+CMS Preliminary tt
LHCtop WG o - summary, {s = 8 TeV Sep 2018 .. NNLOWNNLL PRL 110 (2013) 252004 — -
NNLO+NNLL PRL 110 (2013) 252004 ?c':;_uncer'lain; » (M) = 011850 total stat
"""" Mygp = 1725 GeV, a (M,) = 0.118+0.001 B scale ® PDF @ ag uncertainty o,; & (stat) & (syst) + (lumi)
scale uncertainty
scale ® PDF & oy uncertainty o, - T (stat) * (syst) & (lumi) o
. : ilepton ep 46 + 58 £ 53 + 36 pb
CM
en b+ 38+ 19 pb
1 The unit for cross A typical barn...
PRD D + 25+ 20 pb
CM . .
| Section:
ATL 7 + 62+ 20 pb
EPJ
Lint =
oM 7+ 84+ 100 pb
JHEHR
|le1§ ‘" b b ” b:26+20pb
| “ _.as big as a barn
CM - 5+118+ 23 pb
= (Workshop during the i
CM . 7
EPJ M h A0RE3 HEP 04 (2015) 040
an attan p rOJ e Ct at 4 b '-fxi-: wr"' C 75(2015) 5
Purdue University) s i S e s
9 (2015) 054028
Prophetstown, West Lafayette o
L9 I
100 100 200 2ol 300 61e10) 400 200 200 300) 800 T000 1200 1400
Gy [Pb]

Gy [Pb]
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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

partially merged,
un-merged boosted W ully merged
CMS 35.9 fb! (13 TeV)
I SLEL LT SR SR SHLEUE ST S SR 9 h .
7| 300<M(tl) | 400<M( | 500<M(} | 300<M(| 400<M(ff) | 500<M(Th) | 300<M(}| 400<M()| 500<M(tf)| © Data, dof=35 %, P
ot | sty sstotuoy | -20mto | 006 Lrsosten <4ogag <50;Gci? <150;Gg\? fordR-10 _<200Gov 200350 Gev >350Gey > Pr

=
£
%‘ <400GsV { <500GeY |<1500GeV | <400GeV | <500GeV [<1500GeV — POW+PYT, 32=50
B Nim=0 Nj5t=0 ij=1 NJ5t=1 Nie1=1 NJ5t>1 Ni5t>1 Njet>1
S 0.15} | --- POW+HER, %?=66 ATLAS — PWG+PY8 Stat + Syst
P \ fs=13TeV, 36.1 ft’ Stat Only Data
= -= MG5+PYT, y°=63
- YL X IEESOI'V?dh ----- PWG+PY8 Rad. Up  ----- PWG+PY8 Rad. Down
| L POW+PYT unc. iducial phase-space | PWG+H?7  -.-.- Sherpa
0.1 Normalised cross-section " P
v = T
z 2l g 1.2 )
Slw :
0.05} Blo 1%,
ol 1.Qps

o 1.4 0.8f
= 1.24 0jimﬁ. HE. R m_ e i
R 0.6b G 0.2.0.4] § 411040561 {40 £ (0.55,0.71] | 4 : (0.7.1.0] { I :[1.02.0] |
32 005 005 005 0 05 0 05
' - P [Tev]
xt; %"ﬁgmv, w1 16" —— PWG+PY8 Stat + Syst
Boosted — Data Stat Only
—P . : St s [yphase spacs o eaee NNLO (NNPDF3.1) .. Scale + PDF unc,
Improve signal modeling, seen 1™ triple P e R
and double differential measurements! I 33 i [ [r—— .
o W ——= -l oy
: . . 0.9F - | xor E
(particle level ok @1D, deviations in 2D - NNLO 08f 1
predictions improve descriptions at parton level 06 TZ—TV 035085 :% 055200
compared to NLO+PS) 70 15 20 25 10 15 20 25
mt [TeV]
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The top p_saga...

» Many Run | & Run Il 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 EPI\JICI 7|6 (|201I 6I) 1 28| T T T | IB-I-IeV
6 B I [ | ‘ _
o 1.6 Parton level ]
L L ] . -
; _ = lepton+jets 1
a 14 s dilepton ]
+ - e alljets ’
= 1.21- | — linear fit -
© B ]L :
e i e ~
o i ]
g 0.8 —
~ | |
CU -
g 0.6 , i
r= 0102'(100éev)+1.14 B

0.4

300 300 400 _ 500
Leading top P, (GeV)

Data/NNLO

1.5
1.4
1.3
1.2
1.1
1

0.9

0.8
0.7
0.6
0.5

o

2.2-231" (13 TeV)

[ UL DLELELELE BLELELELEN DAL DAL BLELELELEN B
- CMS ]
- Preliminary Parton level E
:_ A dilepton (CMS-PAS-TOP-16-011) =
E Y lepton + jets (arXiv:1610.04191, sub. to PRD) =

. 0.0416 - 0.0003 x p_
ratio=e

IIII[TIIIIITIIIIITI[III

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

A. Jung
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The top D saga...continued ..

_ CMS Preliminary . 59fb (13 Tev) S —
T> 0.00<y(t)<0.35 | 035<y( )<CI) 85 085<y(t)<1 45 145<y( )<2 50 ¢ Data, dof=15 5 - ATLAS . LE\%EF’YS E
Q b - {s=13TeV,36.1fb" ..... NNLO (NNPDF3.1) -
2 0.0015 | PO 3=8T g 10"% Resolved StatASyst, . E
:;','_ == POW+HER, 3?=18 ;-: £ Full phase-space Scale+PDF unc. 3
§ 3 == FXFX+PYT, y2=35 Ez 102 =
3 0.001f 1] POW+PYT unc. = 1908.07305 i
= § Coamas S R E
I I = ]
0:0009 § O e | SRS 0+ E
£ - e ]
' e e L EEFEE - E il
2 12 Lo o P ' il i
08} I . I¢ - . .g T . .é o ; ] Eo ;
200 400 200 400 200 400 200 400 T A T
p(0[GeV] g 1 T
» Detailed n-dim. Measurements e |
Pl [Gev]
» Common binning — study EW corrs. o S — -
EE‘ 2F ATLAS & Resolved =
Sz 1.8 - ¥5=13ToV,36.1 fb" Stat. unc. -
" E Full phase-space Stat.+Syst. unc. .
—p 1.6 — Absolute cross-section =
* Slopes in 13 TeV ATLAS & CMS data 14 " S =
. . - Stat.+Syst. ) -
 Large systematic uncertainty — further 12 . ke 3
. lr s o O e R e e P L e e P FTEEEEE —]
understanding, common procedure ? | T E
e To be continued in LHCtopWG context... | osE ! E
e Theory can help: experiments are eager |o+t =
to use an “NNLO MC” 025"~"200 400 600 800 1000 1200 1400 1600 1800 2000
Pl [GeV]
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Single Top Quark Production e

» 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 Preliminal [ . ) September 2019
LHCIOpWG Y IfuVy = G"':‘ej from single top quark production P

Gipeo: NLO+NNLL MSTW2008nnlo

“PRD 83 2011;091503, PRD 82 (2010) 054018, tofal theo
PRD 81 (2010) 054028
Acy,.: scale ® PDF
My = 172.5 GeV
IfuVy] £ (meas) + (theo)
t-channel:

ATLAS+CMS combination 7+8 TeV" [ 1.020 +0.040 +0.020

JHEP 05 (2019) 088
CMS 13 TeV*

arXiv:1812.10514 (35.9 fb™")

ATLAS 13 TeV* ]

JHEP 04 (2017) 086 (3.21b™")

tw:
ATLAS+CMS combination 7+8 TeV"

1.00£0.08 £0.02
1.07 £0.09 £0.02

——y 1.020 + 0.090 + 0.040
JHEP 05 (2019) 088
ATLAS 13 TeV* , 1.1410.24 +0.04
JHEP 01 (2018) 63 (3.215™")
CMS 13 TeV ———+H 0.94 £0.07 £0.04
JHEP 10 (2018) 117 (35.9b™")

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

all channels:
ATLAS+CMS combination 7+8 TeV" P 3 4 % 1.020 £0.040 +0.020

JHEP 05 (2019) 088

" including top-quark mass uncertainty
? Gy,: NLO PDFALHC11 (NPPS205 (2010) 10, CPC1

# including beam energy uncertainty
PRI S S S BT

15) 74)

| |

04 06 08

1

IfuwV,|

1.2/1f

16

1.8

s-channel

O_obs

Vip - fov|? =

O.theory

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

Inclusive cross-section [pb]

10

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

v . p*
0, — pq’ “Pe
oS Opo) = —=——=—

0% 1115 |

L ATLAS+CMS Preliminary
L LHCiopWG

[ Single top-quark production
| November 2018

W ATLAS t-channel
PRDS0(2014)112006, EPJC 77(2017)531,
JHEP 04 (2017)086

® CMS t-channel
JHEP12(2012)035, JHEP 06(2014)080,
PLB 772(2017)752

0O ATLASTH
PLB 716(2012) 142, JHEPO1 (2016)064, —
JHEPO1 (2018}063.

O CMStW
PRL110 (2013)022003, PRL 112(2014) 231802,
JHEP10(2018)117

¥ LHC combination, tW

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-018

A ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756(2016)228

¥ CMS s-channel

JHEP09 (2016027 95% CL
748 TaV combined fit 95% CL.

------- NNLO rs 736201458
ertainty

scale uncert

------- NLO +NNLL prpes 20111001503,
PRDE2(2010)054018, PRD 81 (2010)054028
Wt contribution removed

scale ® PDF & o, uncertaint ty

—— NLO ners20s2010) 10, creis1(2015)74
bEu=m,
CT10nlo, MSTW2008nlo, NNPDF2 3nlo
;i veto for  removal=E0GAY and s - 65GeV

scale uncertainty

scale © PDF @ o uncertainty

M= 172.5GeV

13

{s [TeV]

A. Jung

TOP2019 Beijing — Experimental summary

13



Single Top Quark Production e

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

\;/ > N

t-che

ATLAS+CMS Preliminary
LHCtopWG

t-channel:

ATLAS+CMS combination 7+8 1
JHEP 05 (2019) 088

CMS 13 TeV*
arXiv:1812.10514 (359 b™")

ATLAS 13 TeV*
JHEP 04 (2017) 086 (3.21")

tw:

ATLAS+CMS combination 748 1
JHEP 05 (2019) 088

ATLAS 13 TeV*
JHEP 01 (2018) 63 (3.21b™")

CMS 13 TeV
JHEP 10 (2018) 117 (35.9b™")

s-channel:

ATLAS+CMS combination 8 TeV"
JHEP 05 (2019) 088

tZ/yg-channel

35 9ib ' (13 TeV)

ut/ et +jets i
4+ e Data (Iexp, | total) B
NNPDF 3.0 NLO 1
== CT10NLO
MMHT 14 NLO

(dot/dpr)/(dont/dpr)

—_

oo
W
T 1

Pred. / Data

Parton-level top quark pr (GeV)

» CMS: differential 3
ratio of t vs. t — I
sensitive to proton

structure

» ATLAS: tW
measurement requires
tt + tW interference
terms

Model/Data

[=]
o

"y # Powheg+Pythia8 tT+1W (DR)

My
S
(=]

d

- |
-~
I

'f‘-z
ting
sl
L =7 1
sy !
Vs=13 TeV, 36.1 fb” LI B

pp — 'bb+X

—r T T T
I Data, stat. uncertainty

[ 1 Full uncertainty

+ Powheg-+Pythias I'vivbb

1

+ Powheg+Pythia8 ti+tW (DS)
¥ MGS5_aMC+Pythia8 tt+tW (DR)
w4 4 MG5_aMC+Pythia8 i+tW (DR2)

vl il | Lol

TR SR ST

f,,,, ﬂﬂ**“ﬂﬁﬁtﬁ?"?’ '.:r : t{ 5}

-

T ¥

+

4

200 300 400

" Impressive amount of differential measurements in single top!

rngwllmmax [Gev]

Cruz

— 0.970 £0.150 £ 0.020

all channels:

ATLAS+CMS combination 7+8 TeV"

JHEP 05 (2019) 088

T

- 3 4 % 1.020 +0.040 +0.020

|nclud|ng top-quark mass uncertainty
:NLO PDF4LHC11 (NPPS205 (2010) 10, CPC1 15) 74)

‘‘‘‘‘

|nc|umng beam energy uncenalmy
.

| N IR |

04 06

1.2/1f 1.6 1.8

O_obs

Vip - fov|? =

O.theory

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

scale uncertainty
scale © PDF @ o uncertainty

| M= 172.5GeV

A. Jung

TOP2019 Beijing — Experimental summary
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Rare smgle top quark

Choi

tZ/yg-channel Z{
(rare process)

SM NLO prediction:
0=942+311b

Phys. Lett. B 779 (2018) 358

Events /0.2

Data / Pred.

: ATLAS Prehmmary

14
O: /s =13 TeV, 139 fb'
1201 sR 2j1b
L Post-Fit m ttZ+tWZ
100 - ttW-H

Uncertainty

éi* ; +-..i.....+_.._._+._.+ : }

OO0 =t =

—10—08—06 04—02 00 02 04 06 08 1.0

@)

NN

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

9.2 SD

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 —
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

» Observation of tZg

_>

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

A. Jung

TOP2019 Beijing — Experimental summary

15




Top Quark Properties... oz

» Production asymmetry due to NLO interferences

cMs 35.9 b (13 TeV) L L L L 0.08
ATLAS Preliminary  is-13Tev, 139 o' it DR oo WU L
| Data - = . 4 | |
. ] ATLAS + CMS
, sl _ differential A; vs. NNLO QCD + NLO EW B 7]
A! particle level | E ' ;‘;‘g_f,ig;g?:ﬁ.m (FxFx] - My interval —A? —A%s AY B8% C.L limits | B W’ I ]
i i NLO+EW 006 | Ny \1\_. ]
H L > 1500 GeV e , i _ﬁ‘} |
Ag particle level E | ) :“‘- 4
== 1000 - 1500 GeV == = ﬂ_sﬂ\‘ p, m
A% parton level - 750 - 1000 GeV —— 1 0.04 = ]
B R T B T ‘bz‘:s""o).(a L 500 - 750 GeV —— . - " . /U'-. .
AS s ] L §N -
- 0-500GeV s 1 O B &“ M‘r’ Q0 i
B - { i ,} ﬂ
- inclusive = 8 002 I h Ty J [ ]
L e ATLAS + CMS+vs=8TeV |
CMS 1P avark forward-backward asymmetry (parton-leveD LG8 combination . ] | SM— _gae™ | LHCopwc i
Preliminary =t Arg E(stal) Z(systh | oo 8oy, JHEP 1804 (2018) 033 |
binati I inati . ] s e e s e o
pp combination G o 0 = Tevatron data from
DO (9.7 o) ———t eo0ss RN AR AT AVAYAIN AATRrE i =) PRL 120 (2018) 042001 i
PRD 92 (2015) 052007, {3=1.96 TeV 0118 £0.025+0.013 8 5 4 5 0 > 4 L 5 _
} - L Models from -
CDF (9.1 o™ ——y ) )
PRD 93 (2016) 112005, {5=1.96 TeV 0.160£0.045 C [TeVz] '002 — 8 PRD 84 (2011) 115013;—
L JHEP 09 (2011) 097 -
CDF+DO0 H——H g'(c* > 0) — g'(c* < []) coeov o Pt o b b gy

+ +
PAL 120 (2018) 042001, {5=1.96 TeV 0.128 £0.021£0.014 AI_B _

o(c* > 0) + o(c* < 0) 0 0.1 0.2 0.3 0.4 0.5
N NLU_Q(D_ NL ()_Eul_ 0.095 £ 0.007 AFB

pp lepton+jets d ()

1
CMS (35.9b”) ® )| " dcr (qq) = foym(c™) + !/ 1fsym(x)dx] ¢ Aég)

+0.083
TOP-15-018 (2019), {3=13 TeV 0.048% 5gq £0.028

POWHEGv2 NLO

T T ~ Measurements of A_ difficult, new channels help
-01 0 01 02 03
Acg . Access A _at LHC (1)
E— F —

A. Jung TOP2019 Beijing — Experimental summary 16



Top Quark Properties... oz

» Production asymmetry due to NLO interferences

CMS

E
I 3 E
A; particle level | E

Al particle level

35.917 (13 TeV) L N B

| Data ‘

T | T | T
ATLAS Preliminary Vs=13TeV, 139fb"

l 0.08
" ATLAS + CMS

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

. 0.01
° |[+jets decay channel
® Inclusive and 0.01

—- NNLO QCD +NLOEW ATLAS Preliminary

Powheg+Pythia8 Vs=13TeV, 139 fb" ]

.

Data (stat./total)

differential in m(tt) o.oosf . aTey
CMS o awriomvarabank 0.006* ----------------
Preliminary I v B 1 Vo
pp combination = - m —
) : ... 0.004 - ]
e s Different from 0 with . 2
) 0.0021- 3 Im i
oAy >4 SD, but - ATLAS-CONF-2019-026 1 R asora-
COF+00 *Notyetatestof SM 0 — A
PAL 120 (2018) 042001, 15=1.96 TeV S —— 0 4 0 5
—>
= NNLO QCD (+ NLO EW) AC = 0.006 = 0.0015 (stat+syst)
pp lepton+jets H
cus 55 ) Wt SM measurement in Run 2 ?
— ,P_(_:??ﬁ'lr_'—_',E E? \.2__N O 0.05 0.0004
.I“-I.-I |¥I_ I‘I | | 111 | | 111 | | 1 1 1 | | 1 1
0.1 0 0.1 02 0.3
AFB
A. Jung TOP2019 Beijing — Experimental summary 17



polarization (CMS)

Top Quark Properties... s

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

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

CMS (only ~ 1SD)

* Most precise variable coso

| ATLAS |
1ol V5=13TeV, 36.11b"

[1/(rad/m)]

do
-
[=}

o dAG(F, )/

1

(=]
[5:]
R

¢ Dafa
—— Powheg Pythiad

=== Powheg Herwig?
—== MG5_aMC@NLO Pythiag
PRI S T R T

0.6

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

Theory
Data

0.4

1
0.6

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

[radin]

Ratio to Powheg+Pythia8

1.08 I|||II| II|||II II|IIII| |
Inclusive ATLAS
1.06+ —
- J. \s=13TeV, 36.1 b -
1.04k ? ]
S R S
1 i’ % L _I"Tg'\-. I-I-é g Z -
- LTy Tl ::I_\-%;
. ¢ Data [ =
0.98) — Powheg+Pythia8 -1 | .
PP8 scale up/down L
0.96] —— NLO QCD+EW (u_ =m)
[ NLO QCD+EW scaie up/down
- wcme. MCFM
0941 NNLO
NNLO scale upfdown |
0 9 ||||||||||||||||||||

ATLAS

0 01020304050607080

Parton level Ad(I",I)/x [rad/x]

Region

feur £ (stat. syst.,theory)

Inclusive

1.249 £0.024 £0.061 &+ 0.d40

myy < 450 GeV
450 < my; < 550 GeV
550 < myr < 800 GeV

my; > 800 GeV

1.12+0.04 1515 £0.02

1.18 +0.08 T011 £0.08

1.65+0.19 1941 £ 0.2
2240972 +0.7

NLO theory slope and
uncertainty appropriate ?

CMS 35.9 fb™ (13 TeV) CMS 359" (13 Tev)
=% — T T T T T T ‘ —]
o w 07 L e Unfolded data . NLO, SM —*— Data —*— POWHEGV2 + PYTHIA8
© 8 : — FIOWHEGV2 + PYTH|AB . NLO, uncorrelated : —#— NLO calculation —*— MG5_aMC@NLO + PYTHIA8 [FxFx]
© - = MG5_aMC@NLO + PYTHIAS8 [FxFx] — NNLO caloulation
C ety 0.300+0.022:+ 0.031
kk H—(H_‘
C, e+ 0.081+0.023+0.023
Cun }—17:0—0—4 0.329+0.012+0.016
-D [l 0.237 £ 0.007 + 0.009
P
Af:w o 0.167 £ 0,003 0.010
. -
L J Ay, " 0.103 0,003+ 0.007
1 1 : L i L - . L} -
105l mSal rSatdsyst-—; et )
> T , L Cle e b
ol 1 N T — 0 0.1 02 03 0.4 0.5
O|m® 1= r."m".'rm.l """""" Spin correlation coefficient/asymmetry
e [ R e ——
£ ——
095 ! -
-1 -0.5 0 0.5 1
cosQ

0.97 £ 0.05 (stat+syst) — Solve puzzle till TOP2020...

A. Jung
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tt+X: Highlights

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

CMS Preliminary BDT (postfit) 137 fb~1 (13 TeV)

s tty : First evidence for tty by ATLAS 102 eae =8

EPJC 79 (2019) 382
o tt+tt: Full Run 2 close to ewdence at CMS

ATLAS | Ve=13TeV,36.1 fb"
stat.
tot ( stat sy:
Single lep. / OS dilep.|  — e 1.7 57 (4% 498
R
) . +1.8 ; + +0.9 1
SS dilep. / trilep. owm 44 56 (54 D08 ) o Lo At ”‘”""”"”"”"””"”"”*’”//i”/ Y
T 0 e e e S S S S S S S S A B S S —
© ® 2 B B ¥ B B R 28 8 8 2. 9 9 %2 2 8 5
— T Combined 3.1 +1.3 ( +0.9 +0.9 O g v wW oG oW wWoW oW W W o x & o o ox @ X o
[ - - -
ATLAS  Preliminary ® Unfolded data = ° 12108 09
{s=13TeV, 130 b — MadGraphs + Pythia8 3 ] ! ] ! | ! ! | .
~ Normalised cross-section — MadGraphs + Hewig? - 2 0 2 4 6 8 10 12 14 16 cMS arX|V 1 907 1 1 270 77.5 5" (13 TeV)
ol 107" 4 Theoy NLO 3 Best-fit u = oo™, 10°ET ] LT T 1 T =
- stat E = £ ¢ Dala iz t(Hx w2 Yy |Z
H ] @ . -
‘_lb 10_2 __ StatESYSL __ E T | T 1T | TTT T 1T T | LI | LI 5 104 .ZZ Hare Nonprompt Uncertalnty —
3 E % 16 ATLAS * Bestfit 1 ® 3 leptons 14 leptons 3
§ ] 2 [ 5=13TeV, 361" —eewol ] éma N, =1 N, > 1 N 22 -
S . I ] - ! =
10 3 E ; 1“4 95% CL 4 2 . E
E » = g 3 —_— NLO prediclion: 102 B e L X4 YR ) ) 'E
___________ B (B AL PP VIl ’E
10 ! ! 1 ! Ll | N 1o n 3
g 1.5 T T 1 ]
= 19 i ]
[=] L
= 1
E sl T
a 05 L | | 1 | | M| 1 I
(] T L L T T T T ¥ T L T T ™ T
2 14 I E 0.8 B F | sa ! il ey
‘%. 1 = P | 1 & Ve 7;;;—/4477/%§§f+ ————— -+ -.—:—‘.—:—;f-‘,—:'—-r:fzr'rfr'lrff{fffrfqria:'lia{r'rz—"a.—:f;—:%%lrz-f-;itlfﬂ‘-‘r'ﬁ'j
o' T S S S S S e S — . ) . L )
£ 09750 10 150 200 25?)[6 3?0 o6 ] g0 Ty 3 4 =402 3 4 5400 50
e L c v by v ey ey | 1 \
P 04 06 08 1 12 14 16 O N N N N

fiW cross section [pb]
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tt+X: Highlights

» ttZ]W: Most precise measurement, N | |
st . CMS Preliminary BDT (postflt_]_ 137 b1 (13 TeV)
allowed for 1* differential cross sections =7 e

w2 = Xy
awn Vv

s tty : First evidence for tty by ATLAS 10 e S TR

EPJC 79 (2019) 382 — & f »y
" " I M~ A 1 — — L 0 "M —_4 ASA AN ' . —*
o tt+tt: - - e,

. CMS 775fb1 13 Tev
- — T T T | T T T ‘
1 T l T T { T T T I T T T I T T T > -
RN O Inclusive 8 N i Data
tt Tevatron ~ r
I g B >06 Prelimmaly ® Unfolded data = é i aMC@NLO
08— & Mg 1TeV f5=13TeV, 138 fb™ —— MadGraphs + Pythiag | —_ r T == NLO + NNLL
o - Normalised cross-section —— MadGraphs + Herwig? | N 4 — W\r\\ :
oS 107 4 Theoy NLO - "‘-'l_ _\ A | Fp. .
i ) | =g Stat. 3 o I |
06 tty LHC 8 TeV A e Sist © Syst. o I
LLU B / R =] o
+ © +
L ® B
ATLAS LL:, L ) | 10 |
fs=13 04l tty LHC 14 TeV | I
- Mormal i | ol © 0 I ; |
= 1071 e - c r } } -
%3"10 <z tt LHC 8 TeV 3 1:LM;=L © 1.3 ¥z {_%
" B I ./ | E :| L L L 1 1 1 D 1_ T + T = — & = =
o 10_2 L 0.2+ - - — a 05 ~ f_i_\i 7\%77\‘__\1_%_ A I - —
3 r '. =t LHC14TeV] ¢ 14 ' L R S - 070 A stons 3
C ] % nl*—n—mlq——u | | | ‘ ) C L L L I R >2 ]
10° L I 1 l | 1 1 £ %9 7's0"fo0 s 200 250 300 a O 100 200 300 400 500 E
E 0 I | I T — L1 | I pT(-r) [GEV] =
2 0 02 04 06 0.8 1 p1(£) [GeV] &
- F /F o
u =]
10'4 Loy 1y E
g 15— I
8 | :
% 1W—‘ 1= i
E 0_5| P R B B S | |
T B ! 3 08l
D A r
® 0ol L vl b L L B
£ 50 100 150 200 250 _ 300 06l

p.(y) [GeV] R

fiW cross section [pb]
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ttH, Top Yukawa coupling ... e

» Associated Higgs production only direct access to Yukawa coupling

. _ . 285501 _
» Complex final state 23,2 15] =22
C M S ] ) eetpe 2b pptep Ext CO CR
. 1 1 AT[A§
—_— f I35.‘3 ﬂl} (?0153) +|41.|5 ﬂ:: (2|01'.:’} (1|3 TleV} dR(£7)
@ ..
EVIdence Or bb CMS Prefrm.fnary tot stat syst [3], =1bj]
AT LAS ) +1.02 +0.54 +0.86 L iy ee
. Fully-hadronic : -0.38 "6 o024 091 tightbj  tightbj
i W
® Observe yy channel sige-epton . 122 08 00 — cre
. . +0.38 40, loose bj loose bj
Dilepton : 1.04 -g'.;: -g.gg -g.gg
Details matter: SF's for ttZ, ttW ; T
: 201 ' 041 022 -0,
and ttbb are not easily 016 = o4 0z 03
comparable (mind phase space 2017 w149 7000 0% 0%
& uncertainties) ;
Combined cmo ISR EERE| e =138 55 = 138 L3 (sat) g (exp) g (theo.)
[ L1 1 Ll I (LA L L L L I L L L L L L L L
0 5 10 30: ¢ Data ATLAS Preliminary ]
- - — . -1 —
. {i = 6/o £ e Gontinuum Background Vs=13TeV, 139 fb E
9 ttH Obse rved I n bOth Srfl.: [ ===-- Total Background my, = 125.09 GeV 3
ATLAS, PLB 780 (201 8) 557 : 25:_ ——— Signal + Background All categories _:
L e L B s s S s B B B S s B B S s B B ﬂ = In(1+SfB}W8|ghtedsum 3
ATLAS e Total Stat. [ Syst.  — SM S 20 B
fs= 13TeV, 36.1 "798 1" (7 TeV) +19.7 b (8 TeV) +35.9 fb™! (13 TeV) 5 E .
] . I T(c' 35 5}1 o' ( 'e ) + 7 ( 'e )+ -9 ( 'e ) ; 1 5_—
tH (bb) H—— 0.79+ | -8 =
ttH (multilepton) H=— 1.56 £ E 1 0_
S
H (vy) === 139 ¢ @ 5C L
fiH (22) _ 1.77 at ] E
"""""""""""""""""""""""""""""""" I | PR A I S S AN R SN N NN S R N B
P 22 (2019) 132003 T R T T T T T RAET
! L | | m,, [GeV]
-1 0 1 2 3 i

SM
S/ Ot
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ttH, Top Yukawa coupling ... e

» Associated Higgs production only direct access to Yukawa coupling
» Complex final state R
% . 35911:- {2015)+41|5 fio! (2017){131’|eV} A@AS m
s Evidence for bb CMS Prefrmmary Lo sa syt 31 a1kl
ATLAS:

35.8 fb' (13 TeV)

9 O bS EXtraCt yt fro m te m p I ate fit: § 30000 :— grlt\elllif'linary e/u+jets, > 3 jets + Data .gc;msg.lte_tof?t V+jets  WQCD

e —— 3 CMS 13 TeV data’ I+J etS E 0-0.6 : os.sj-e:.sz : >1.2 0-0.6 : o‘?ef-e:.sz : >1.2 0-0.6 : iisﬁt: , >1.2
—® | Details | - : e | | | | | i

dtn | ° REcover 3 jetbinand use | - - -

compare 57 bins to fit
& uncert | o Precision of < 0.5% (!)

Data/Pred.

s ttH ob.

ATLA

T T 71
ATLAS

—’| 21 .07 + 0.34-0.43 (obs) [1.00 +0.35-0.48 (exp)]

1 1 | 1 1 1 1 ]
150 160
m,, [GeV]

GttH/GttH
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Half time...

...made it through ~54 distributions

A. Jung TOP2019 Beijing — Experimental summary
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Wi BESIAOVe:

Quarks, Charged Leptons, Neutrinos

J77 110 A\\N

O O W ©O O O O W w | g

Breakfast burrito

Chinese food is great
but will be back to US tomorrow:
the “top quark diet”...

Nuggets B Meat lover + Bacon

:
e 7

. B e
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WPt BTG Sve

Quarks, Charged Leptons, Neutrinos

TR N\N

u “J u u u w t..-ﬁ* "“u‘_f

Breakfast burrito (1900 cals) ~ Burger meal, fried cheese Pizza triple Cheese +

Nuggets (2000 cals) Meat lover + Bacop
e i
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Wi BESIAOVe:

Quarks, Charged Leptons, Neutrinos

7711\

€y OO O ©O O OV ©U W wvw w &S
Breakfast burrito (1900 cals)  Burger meal, fried cheese Pizza triple Cheese +
- Nuggets (2000 cals) Meat lover + Bacon
- (2000 cals)

Nachos+Dip, Olive Garden
2000 cals

No Soda, no Latte,

26



Top mass — direct methods ...

» Direct measurements combined using BLUE - consistent among methods/channels

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

°» CMS: all-jets + I+jets

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

» ATLAS: soft muon tag + displaced
vertex, 13 TeV

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

In context of LHCtopWG

» Time for another LHC combination ?

ATLAS+CMS Preliminary
LHCtopWG

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

total stat

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

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 F—obi— 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]
SiiS=singie-tep 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]

A. Jung
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Top mass — alternative

Castro
ATLAS+CMS Preliminary My, from cross-section measurements
LHCtopWG Sep 2019
iotal otal My, T tot (stat + syst + theo) Ref.

o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV ——— 1729 %% 1)
CMS, 7+8 TeV —e— 1738 % 2]
CMS, 13 TeV —— 169.9 57 (0.1+1.5 H#) 3]
ATLAS, 13 TeV —e— 1731 %) 4]
o(tt+1j) differential, NLO
ATLAS, 7 TeV H—a— 173.7 23 (1.5+1.4 15) 5]
CMS, 8 TeV o : 169.9 5% (1.1 57 %) 6]
ATLAS, 8 TeV e+ 1711 H€ (0.4 +0.9 %) 7]
o(tt) n-differential, NLO
ATLAS, n=1, 8 TeV ———i— 173.2+£16(09+£08+£1.2) g
CMS, n=3, 13 TeV ] 170.9 £0.8 [9]
mtop from tOp quark decay [1]EPJC 74 (2014:)3109 [5] JHEP 10 (2015) 121 [9] arxw:1904.052§7 (2019)

CMS, 7+8 TeV comb. [10] LRI 75 010 200 1) i 008 02508 (2010) (1] £ 70 2010250

ATLAS, 7+8 TeV comb. [1 ‘I] [4] ATLAS-CONF-2019-041 [8] EPJC 77 (2017) 804
IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

155 160 165 170 175 180 185 190
My [GEV]
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Top mass — alternative ...

ATLAS+CMS Preliminary My, from cross-section measurements
LHCtopWG Sep 2019
1 1 : = CMS ‘ I T I . \3 59 f‘bq \(13‘ T?V)
Tri p | e- d Ifferenti al Cross € 02" soauy T scoamd ] sooawd | cooMe) T doo<) T soo<d) | o Data, dol=23
B o] <400GeV <500GeV <1500GeV <400GeV <500GeV <1500GeV | __ POW-PYT, y2=34
section measurement: E oast ol WAL WL WL R owamen, s
= —= MG5+PYT, 32=34

» CMS 13 TeV data, dileptc
» Discussed earlier...
» Precision of < 0.5% (!)

1R PoW+PYT unc.

0.05-

[arXiv:1904.05237 sub. to EPJ-C] g 13 4 s |
T g T -‘ir — e
T os] 7 o :
0.6f . ‘ ‘
1 2 1 2 1 2 1 2 1 2 1 2
ly(th
—»  pole_ — 0) l >
m =170.5 % 0.8 (total) GeV dm/m =0.47% ()| 3 . - cms
top t t = 3:— : Preliminary Projection
g ° - ! —me JIW, JHEP 12(2016)123
g '5: == ¢ (tf), JHEP 08(2016) 029
€ N sec. vix, PRD 93(2016)2006
CMS, n=3, 13 TeV e 170.9£0.8 g e single t, arXiv:1703.02530
@ o I+jets, PRD 93(2016)2004
my,, from top quark decay [1]EPJC 74 (2014) 3109 [5] JHEP 10 (2015) 121 [9 g 1'5:__.____.. ________________________________________
[2] JHEP 08 (2016) 029 [6] CMS-PAS-TOP-13-006 [1! & 4
CMS, 7+8 TeV comb. [10] [3]EPJC 79 (2019) 368 [7] arXiv:1905.02302 (2019) [1 1= 1}
ATLAS, 7+8 TeV comb. [11] [4] ATLAS-CONF-2019-041 [8] EPJC 77 (2017) 804
v v vy Py b e by Of
155 160 165 170 175 180 185 Runl 0.3ab™, 14 TeV 3ab™, 14 TeV
My, [GeV]
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Beyond the SM ?

» Very subjective but illustrative, latest results GFitter: m; = 176.4 + 2.1 GeV
from LHC & Tevatron — SM true -
ttH observation: 178

I T T T T I T T T T | T T T T | T T T T | T T

-fit
_[arXiv:1803.01853]

ATLAS e Total Stat. [ Syst. — SM

Vs=13TeV, 36.1-79.8 fb” L e e e 1768 - o X Meta-stability
TU’ 357 : 5.|1 fb 7T‘eV +19.!7 fbd BT‘eV +35.?fb /13'I|'eV __,.-‘*"'—'
Ty R —— ozex | b OMS Moo/ _ Tevatron
ttH (multilepton) H=— 156+ ( 25 I / \
b 174+ World :
H (vy) —==— 139+ N\ 2 -
H (Z2) <1.77a ' Pt
IR ! I A O\ - | ATLAS
Combined H==H 132+ ¢ s 1721 ';' pOlntShlﬁed . i
| TR P | 00: 05 ‘\1 ”"’1.5 2 25 3 35 -"".--"/,f’
—1 0 1 2 2 _ &
Gttl—/ctsfll—\{I 170f = |- -
» Direct mass < indirect mass -
n=1cev  * Bias from a top partner ? "/ Absolute stability _
ZOUI B 1 ® tOp kinematiCS, Spin corr's 1681 R Modified from original
190} ] 2 cF IASASRa R = [arXiv:1707.08124]
= ] T rsE e 122 124 126 128
& F 1 1.6 | Absolute cross-section —
— 180} ) fec " S E . mPoe
< e S Caveat. k
170 : : , @ New physics changes the vacuum
T SN+ ] stability, even if at Planck scale
me [GeV] T e » Theoretical uncertainties apply!
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New friends for the top ?

5500

MILES LONG

WHAT WERE THEY
TRYING TO KEEP OUT?

MATT DAMON

COMING SOON

TOP2019 Beijing — Experimental summary




Effective field theory... .

» EFT is now widely used to search for off- S T amas
resonance effects due to BSM contributions & ™ . coemero i
E 100 Fﬂ%ti?

~ 0
Am('c,;g):ml

Lot = Lom+ Y~

)
w0 e
CMS
T ] T T T T ]
==, C,/A? 20 ,
— CMS 77.5 fb™! (95% CL) —— = ’ h
'_|CMS 359 fb-w (-?50/0 CL) ---------- s ! ! O _| | | I ‘ I ‘ | N | \I’./I I;'rl}'\ L1 ‘ I"';‘II\-'.‘\II'£ | I | ‘ L1l \_
T S esmcly " ? 170 180 190 200 210 220 230 240 250 260
TopFitter (95% CL — C. /A2 t ’
v it (86% CL) z f . CERN-EP-2019-034 m{f){GeV]
—— SM
E‘ 10 E‘l—l T ll TTT | TT |'|[fl| fllll |'|fl| TT II] L 'I TIr T | TT IJE c“;( '
= - AILAS o Cesecimt -
E ~ Vs=13TeV, 36.1fb" 1o -
' 4_ 2UED/RPP model P10 8 7]
= £ S8 dilepton / trilepton + b-jets Al limits at 95% G.L. 3 | i
< F ] i ]
= r | 6 m
< 10 E . _ i
t E E i — Nominal (all) |
8 i i _ B = 1o (all) il
o sl B 44— + 2¢ (all) —
10 E 3 - W e e Nominal (linear) 7
F ] i — +theory (all) ]
Sl o ’ ol AN/ /S + theory (linear) _|
1009 1 11 12 13 14 15 16 17 1.8 1.9 - — _theory (all) A
My [TeV] IR | /A - theory (linear) i
O 1 I 1 1 1 I 1 1 1
. . ' 0 0.2 04
..apologies for being short here! CMS-PAS-TOP-18-006 Co./ A2 [TeV?
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Majewski
Nikiforou

New friends for the top ?

» “stealth” top region not yet fully
excluded
» it modeling uncertainties
dominate searches

35.9 " (13 TeV)

1073

= Observed limit (95% CL)
Median expected
I 68% expected

~, | 95% expected
S e TT, B(1Z) = B(boW) = 0.5

1 | 1 1 | 1 L 1 | 1 L |I‘I7'. 1 1

800

1000 1200 1400 1600

1800

My [GeV]

* Danger of “over-tuning” ? Minimized by
specific phase space / control regions

— 600:_ ?1?1 production

Vs=13TeV, 36.1-139 fb ™’

July 2019

: ATLAS Preliminary

C Limits at 95% CL

TTT T T T [ T T T T [T T T T [7T
N

o
11

—— Observed limits
= = Expected limits

139.0f0”"
S LT - Wi
[ATLAS-CONF-2019-17]

36.110"

0L T — £ /T > WhE,
[1709.04183]

Lt nz? - Wbﬁ? - bﬁ'i‘:
[1711.11520]

B 2Lt 1) /L W/t bif )
[1708.03247]
monojet, hl.‘e bn‘i:’
[1711.03301]

ot
[1903.07570]

B oLt o o
[1805.01649]

& monojet, T‘e cz:’
[1711.03301]

— Run1,§=8TeV, 201"
[1506.08616]

137 b7 (13 TeV)

ATLAS+CMS
LHCtopWG

September 2019

Each limit assumes that

all other processes are zero

95%CL upper limits €<~@ ATLAS <—@ CMS

[1] JHEP 05 (2019) 123
[3] JHEP 06 (2018) 102
[5] JHEP 04 (2016) 035
[7] JHEP 02 (2017) 028
[9] CMS-PAS-TOP-17-017
Theory predictions

from arXiv:1311.. 2028

- L
10—16

..apologies for being even shorter here!

1 ‘0713‘

1077

= 1200 - =10
2] JHEP 05 (2017) 079 © pp — tt,t =t x Approx. NNLO+NNLL exclusion|| 3 a
[4] arXiv:1908.08461 (LH only) (O] J &
[6] EPJC 76 (2016) 55 —_— = Observed +10 | c
[8] JHEP 07 (2018) 176 D’Hﬁ1 000 j theory o
L £ Expected + 10, panen =L
U = = 0]
- ] L 4 7 n
i 800~ 1. A
i L i 1 g
__ e © B e 10° 5
14 - — 3 c
2 600 — ] )
“ r El N =
o - 1 |,z E
e - ] 41075
y 400~ S o)
Q] B ' 1 %
« ___® i k101,38
o e 2 1 =100 o
fsl 200[— c o=l - O
® - 11 | ]
[10] ¥ 'I U] : | = 6‘9
. . 11 | 1 Te]
— 1 L] =1
10_4 ‘]0_1 0 fﬂ. S T W oo L R : L —10—403
Branching ratio 200 400 600 800 1000 1200 1400
m; [GeV]

A. Jung
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New friends for the top ? ™

» DM + Resonances, Impossible to summarize: 32 vs. 71 (!)

JHEP 03 (2019) 141 359fb (13Te\i)
T T T =

® Broader resonances hard to model B T
i - Z(vv)+]ets.W(h ) +jets ]

» Differential top quark cross section to search for DM ol M0t ST S WA

Wvv.vH  []Fitunc.

2

=10 ~13TeV.36.1 "

x F 2 ssssesee Expected 95% CL upper limit - Pre-fit __ L tt+DM, 3

o ——a—  Observed 95% CL upper limit m=100 GeV 7
10 Expected 95% CL upper limit = 16

Expected 95% CL upper limit =2 ¢
LO KK gluon I'=30% cross section

¢ L— inisisinin
1 I I

Direct DM production

w'Ee 0 S % };3; - — ii

VS . -

10° . & 086k =
o

DM mediater Tk o "

0.5 g al = 1

t 200 250 300 350 400 450 500

¢/a ) _ ) P (GeV)
:ﬂ>< Pseudo-scalar particles alter
: \t the m(tt) WIt{] a wiggle

FM.S £ channel

35.9 fb' (13 TeV)
. 35.9 fb 1 t13 'I‘e\.l’]

o -
=3 1[:)4 - cCMSsS 2 S:::g;: E 300 -1 < Cpey < -0.6 0.6 < Cpey < 0.2 0.2 < ot 2 0.2 < Y <06 [, 06<ca<l
T 10%E I +1 s.d. exp. =250 | Data
£l 5 [ ] +2sd. exp. 2 tt i
N 10%E Z' 1% width (NLO) € 9o} ™= Single top
~ 10 i Combination = W, Z, W, tiv
% S II 150t Post-fit unc. i
ON 1 R
100"
50
E 0 ‘-.
104—...|....|....|....|....|.......|.. s 11F
0 1 2 3 4 5 6 7 g o
M. [TeV] 2 “
S 30.9{—;\(50 GeVE%L 1)><2i * i
: : 2 500 750 1000 500 750 1000 500 750 1000 500 750 1000 500 750 1000
...apologies for being even (shorter)” here! i [GOV]
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No BSM found Cyet)

But how to celebrate...:
» No alcohol sale on Sundays, but...

nnnnnnnn

Indiana Looks to Finally End Prohibition-Era
Restriction on Sunday Alcohol Sales

By Jim Vorel | January 12, 2018 | 10:53am
Photo via Getty Images, Hannah Foslien

Indiana goes dry as a state.
DRINK > NEWS > INDIANA SUNDAY ALCOHOL SALES

2018

On Wednesday, Feb. 28, Gov. Eric Holcomb signs Senate Bill 1, which allows Sunday
carryout sales between noon and 8 p.m. by grocers, convenience stores and liquor

stores.

..after about 86 years can buy alcohol again on Sundays
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E

Computing is a critical resource for progress in
experiments and theory...

EXxciting times...

‘\Jlome 5 Law lhe number of tnnsmtors on mteglated Cll‘CL‘lll chlps { 19'71 201
< the empi g the numbee

|'|=\.=.|.. weement i,-..- ortant as other aspects of e :....:.:;;:.'|=..;;=.-“ such as i'.:=.=.-“:
strongly linked to Moore's law. 10 OOO OOO OO
20,000,000,000
10,000,000,000
5,000,000,000 =z _9_3 &, e
. \e : ”'-o' ° -“02 so‘
00 \ '-""6.°’ L
4 Phr
00 ‘e T gc"-
S350
g . o
e L
VL g R
9l
&
it
F ) ey 0 & & & 0 B
PELLS S LIS LTS TS0
Year of nroduchon

* QC/QA for better

understanding top

quark physics ?

« Maybe one of the
next TOP's will tell

IBM Quantum Computer
~< 100 bits
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3;:;;gg¢_>'nstructed vertices l i L -Ll i C Ta

Special thanks for sending me input

* Flavour tagging (example) favour tagging performance
— Important for many top quark © .. e, | f “ e
selections S A —i
— Track and secondary vertex -
bases taggers (default) |
° beneﬂ ts mostly from ols5 06 065 07 075 0.8 085 ho.:te;iinc; fo v
improved tracker P
resolution/coverage  JRtiepents I i e
— Good performance compared &

to run 2 and high PU

— Performance at high nworse ¥
than for central jets ik

i T T B T T i s | S BT i ] 0 T T I 0 B T T B
04 05 06 07 08 09 1 0.4 05 06 07 08 0.9 1
b-jet efficiency b-jet efficiency

107 102 g

P15 <30

« noPU noMTD:-
s PU=200 no MTD--—
& PU=200 with MTD

no PU  no MTD~
= PU=200 no MTDH
& PU=200 with MTI]

Well prepared for the challenges of top quark
physics at the HL-LHC experiments
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The future...FCNC prospects

Updates included:

— presented by Castro

Extrapolations to HL-LHC:
— watch out for the bar: |

Caveats: Some are

“inclusive’...and also, we tend
to do (much) better than

projections, so we can hope to
exclude more phase space -

t—Hc

t—=Hu

ATLAS+CMS 95%CL upper limits €—@ ATLAS <—@ CMS
LHCtopWG [1] JHEP 05 (2019) 123 [2] JHEP 02 (2017) 079

[3] JHEP 06 (2018) 102 [4] arXiv:1908.08461 (LH only)
September 2019 [5] JHEP 04 (2016) 035 [6] EPJC 76 (2016) 55

Each limit assumes that
all other processes are zero

[7] JHEP 02 (2017) 028 [8] JHEP 07 (2018) 176

[9] CMS-PAS-TOP-17-017
Theory predictio - SM
from arXiv 13112028

[10] JHEP 07 (2017) 003
2HDM(FV) EJ2HDM(FC)
DMSSM [JRPV BRs

—e9 0
-9 ®
o 1]
- @ B

t—vyc
t—yu
t—gc
t—qgu

t—Zc

t—=Zu

1 L S

P ]

| —e9 151

4]

| —9 151

16l
e 7]
—e 6]

8]
[
(8]
10
|[ I :

107° 1|0'13| 1|0‘1°| | 1|o—7| | 107 10
Branching ratio
I — gu I — gc t—q/ I — Yu I — Yc t = Hgqg
3.8x107% 32x107° 24-58x10 86x10° 74x10™> 107
CERN-LPCC-2018-03
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https://cds.cern.ch/record/2650160

Future colliders

Durieux

Mass extraction

Special thanks for sending me input

3 0.7 C T T T T T T T T T T T F‘LMIBLH?
o [ tt threshold - QQbar_Threshold NNNLO 7 high-energy top measurements are very sensitive to compositeness
c 06 ISR + ILC Luminosity Spectrum 7 . 10° ———— . —
S 001 —aetauti - 1715 Gov. 1, 1.7 Gev : Electroweak couplings CLIC — fully composite b
+ (S iati - . g top and bottom 7 @
3 [ oemvanations - 35 clean as it gets recise. global and robust 104 F R -
s 0.5 | ---- I, variations 4 p , u 88 & o
n r theory uncertainty (scale) _ = Q:L\é/\ e
B804 17 CeQ PL0tr . £
5 L 0.13 Copt } c | —=L_ _—_3xm
(&} C /1.9 @ 24 o
C 0.011 € 102 _
0.3F a5 W
C 1 simul'in 0.013 Gtz o |
r 200 fb’ 0.013 ¢! . R
0.2 5 4.2 tIW 38 oV HL-LHC Higgs — 5 20 50
r 0.018 ¢,z 380+ H00 GeV ms [TeV]
5 efficiencies and ' et . o HL-LHC qgtt reach
0.1 from EPJ C73, 0-00013 ¢y 3804140043000 GeV Farina et al. [1811.04084]
” 0.00032 ) ete™ —»tt - bW TOIW ™
0 /11 8‘; statistically optimal observables
0:00019 ¢y semileptonic final state
0.00023 cg) ° P(e™,e™) = (0,F80%)
/1.
10-* 1073 102 10! 10°

ete” — tj FCNC
below the tt theshold
At 240 GeV /5.6 ab™1:

2
B HL-LHC
| m LEP2

[L. Shi's poster]
[Shi, Zhang '19]

[HL-CHT from flavour YR '18]
[LEP from GD et al| '14]

Iight'sP'\adesg 12 Higgs op. floated + 6 top op. floated

Top eleCtroweak |OOpS dark shades: 12 Higgs op. floated + 6 top op. — 0

10'g

CC 240GeV circular collider with unpolarized beams E l u CEPC cut&count
. C 240GeV + HL-LHC 240GeV (5{ab) +350GeV (0.2/ab) + 365GeV (1.5/ab)] CEPC 4-bin cos® template
- b C 240/350/365GeV light shade: marginalized over top parameters 4
t 1 _. CC 240/350/365GeV + HL-LHC solid shade: all top parameters set to zero
E m m m x
i 21
o=
s 107" -
o
2 I
[5] t
o 2 -1
a 10 |
Uncertainties on the top
. . 107 I L
have a big effect on the Higgs B T Y R R T
10—4 [ a0 L o L L . L_g;:!
6Cz Czz €z Cpy Tz Ty Oy OYs Oyy Oy, Oy, Az Sky10 Ztcg

A. Jung
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Conclusions

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

— HL-LHC: We will get about 3 billion tt events
— Allows for multi-dimensional measurements of o, ag,

PDFs and any properties, associated production as well
— FCNCs and other statistically limited processes improve
Maybe even a 100 TeV collider, it's not that big...

Deep-neural-network based b-tagging as basis for improvements in top analyses ea! Manuel Guth &

‘ sp 3 s 17:50 - 17:55
Measurement of the forward-backward asymmetry mée\\e ‘“o Pu-Sheng Chen @
Main Building 214 e* me 18:00 - 18:05

— \N
e i S-sectil roduction in the e+mu final state af

Main Building 214

)

1 S ifferential meas e*eﬁiumion inCMS Joscha Knolle &
m@ 18:20- 18:25

| -
. .
Mam‘ B B
eﬁ%rﬂtion of the associated production of a top quark and a Z boson at sqrt(s)=13 TeV with the ATLAS Dylan Frizzell @
detector
1]

The first measurement of the running of the top quark mass Matteo Defranchis &
Main Building 214
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Thanks to local organizers !

* YSF session, Poster session, Great dinner
* Impressive great wall excursion...

Thanks to Hongbo and local organizing committee
for a great workshop in a fantastic location!
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Backup...

...In case you need more than ~80
distributions shown so far...

A. Jung
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Mass from cross section

I | | I I I I | | | I I | I I | | | I I I ! | I I I I
ATLAS Preliminary M, from cross-section measurements
September 2019

NNLO+NNLL: tt inclusive, 7 TeV 2014 171.4+2.6
NNLO+NNLL: tt inclusive, 8 TeV 2014 1741+ 2.7
NNLO+NNLL: tt inclusive, 7-8 TeV 2014 172.9%7°
NNLO+NNLL: tt inclusive, 13 TeV 2019 173.17%0

NLO: fi+1 jet, 7 TeV 2015 173757

NLO: tt leptonic differential, 8 TeV 2017 173.2£ 1.6

NLO: tt+1 jet, 8 TeV 2019 171172

My, from top quark decay, 2018 ¥ 172.69+ 0.48

| ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] | | | ] | | |

140 150 160 170 180 190
mtop [GeV]

A. Jung
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Top Quark Asymmetries

» Interference appears at NLO QCD: Tevatrond top
anti-top
——<—{TTNIUI —
+ A T -
——Tn '
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(Alyi| < 0)
or fully reconsdtructedt quarks b= N(Alye] > 0) + N(Aly| < 0)

N(Alne| > 0) — N(Aln,| <0,
N(Aln| > 0) + N(Aln,| <0)

A. Jung TOP2019 Beijing — Experimental summary 45

lep
AC




7N

Y. Spin correlations

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

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

1 d°c 1
— = —(1+ B%cos @ + B? cos®’ — C(a, b) cos 8% cos §”)
o dcos 6%d cos 6° 4( i ' '

nrpr->»

» Charged lepton is perfect spin analyzer, well reconstructed as well
» Can probe top quark spin in 3 dimensions
» Sensitive to BSM physics (more spin corr's =

s-channel dark matter; less spin corr's = new scalars)

0.14! ]
@ 0.12f :
q L
2 0.10¢ ]
m [ I
IS o.os;__l_.—l_' _
= [
S 006
= U
E 0.04) ]
0.02F — Tops Schulze et al. |
000k, —— Stop,200GeV . . .
00 05 10 15 20 25 30
AG(L )
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7~ N\

Y. Spin correlations

* ATLAS measures dPhi in 1D and as a function of mttbar, B and C as well

as cross correlations
* Discrepancy between NLO simulations and data at the 3o level in dPhi at
particle and parton level, also seen in differential in mttbar bins:
. f,, Oof 1 agrees with NLO SM, observe fom = 1.25 = 0.02 + 0.06 + 0.04

CMS

nrpr->»

p— L ' ‘ ' ‘ ' ' ' ‘ ' ! ' — C T T T T T T T T T T T T
£ {50-ATLAS g | ATLAS e
g - V/5=13TeV, 36.11b" 8 oL v/e=-13TeV,36.1 10" — g
= 1.25- - =, : £ ¢ .
£ [ ] £
T - - T
c|,~ 1.00- . ~ _
;S - Extrapolate from partlcie S |
i =
q L
S o5 to full pI:_lase space 3
—le e ] -6
0.50— - L
i ¢ Data e Sherpa ] I ¢ Data e Sherpa
- — Powheg Pythia8 === Powheg Pythiaé | —— Powheg Pythia8 ~ --- Powheg Pythiaé
0.25 e Powheg Herwig7 PowPy8 rad. down - 06 Powheg Herwig7 PowPy8 rad. down _|
-== NTGS-aMC@N‘LO Pythia8 | | 1 ' ——= MG5.aMC@NLO Pythiag
L ! 1 1 1 1 L 1 1 ‘ L 1 | 1 1 1 ‘ |
o 105 [ Stat. 1 Total rrmsanmnn S - 1,05 [ Stat. C—1 Total =.: ..... - -..l-_-m;_
S|8 1.00 S|
2|E 1. S 1.00
l-E D 0 95 — AR L o e ) lE D
R ‘ ‘ | 0.95 =
0.2 0.4 0.6 0.8 _ _ _
Particle-level Ad([*, I7)/m[rad/n] Parton-level Ad(/*, 1) /m [rad/n]
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$

nrpr->»

Spin correlations

CMS

s CMS employs 13 TeV dilepton data

» Opening angle maximally sensitive to alignment of top ¢
guark spins

* Most precise direct measurement via coseo
» Systematic: p_and BG modeling

» Indirect measurement via dPhi shows about 1o
discrepancy to NLO simulations

CMS

—e— Data

—=— NLO calculation

Ckk . “":v : 0.300 + 0.022 + 0.031
-D |n-{|-.-|-|*'I 0.237 + 0.007 + 0.009
v
+ +
A'A‘P..' ""_H.::‘m 0.103 + 0.003 + 0.007
1 1 1 1 I 1 I 1 1 1 | l 1 1 1 1 I 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

—»— NNLO calculation

—— POWHEGV2 + PYTHIAS8

v

MG5_aMC@NLO + PYTHIAS8 [FxFXx]

35.9fb' (13 TeV)

result + (stat) + (syst)

Spin correlation

O

O

S 0.7F

0.5}

CMS

35 9 fb (13 TeV)

. ‘ ;
* Unfolded data

r — POWHEGV2 + PYTHIA8
[ --- MG5_aMC@NLO + PYTHIA8 [Fxe]
I 06

SM

NLO SM
- NLO, uncorrelated 1

= O 97+O 05

B Stat_

Stat ) Gyst

CMS 359" (13 TeV)
= 0 F - T - T T 1 v 1T T T 7 |
° g « Unfolded data
ge] | —POWHEGV2 +PYTHA8 ]
—lo 0.4 - - MG5_aMC@NLO + PYTHIAS [FxFx]
-4 ----NLO, SM g
== NLO, uncorrelated e
[ NNLO, SM I
0.31 EARe. CPOnL
E.“.—'—F-n-m@
0.2 , LSy
. 1051 Stat Stat @ Syst
© L
i
s r
0.95 : :
0 /6 /3 n/2 2n/3 5n/6 T

A9 |

TOP2019 Beijing — Experimental summary

48



Spin correlations

* 2D as well:

1.5

C 7IIII|\\Illllll‘\lllllll\‘Illll\\llllll\‘\Illlll\\, C \Illllll\‘Illll\III|III\‘Illlll\\I|IIII|IIII|I\\\
o E 3 o r 7
'§ 145 ATLAS Preliminary m; <450 GeV 3 '§ 1.6} ATLAS Preliminary 450 <m,; < 550 GeV{
® 13- Vs=13TeV,36.1fb" 3 o - Vs=13TeV,36.1 1" ]

? g 1 ® 14-

o 1.2 3 o L
© F = © L ]
T 1At _I_; T {2~ A
& F E 8 I —— §
= 1= E = L ]
E o9 EI - ety i
0.8 — Powheg E 0.8msssaspanass — Powheg 7]
0.7¢ — Powheg (C = 0)] r — Powheg (C = 0) ]
0 65— ¢ Data E 0.6 ¢ Data N
E ===: Fit result ] - ===« Fit result .
O. ol b bicn b o b b b e 0 7\|||||||\‘|||||\|||||||\‘||||||\\|||||||||||||\H7
0.1 02 03 0. 506070809 1 40 010203040506 070809 1
Parton level A¢(I",I)/r [rad/n] Parton level Ao(I*,I)/x [rad/n]

(a) (b)
S 1.8_IIII|I\\\|IIII|\\Illllll‘lllll\\Illllll‘\llllll\\ g 2_4:\III|III\‘IIIIl\IIIlIII\‘Illlll\\I|IIII|IIII|I\\\:
B [ ATLAS Preliminary 550 < m < 800 GeV _ 5 2.2;— ATLAS Preliminary mg > 800 GeV —;
P 1.6F {s=13TeV,36.1 b = 25 {5=13TeV,36.1 1" —
8 I G g 18- E
s M ER E
o L N i o C s
g 12- - {1 g ]
s r ] ‘s 12r E
E 1= R 7 E 1= E
g C —— ] g 0.8 a -
08 — Powheg - 0.6E — Powheg E
L — Powheg (C =0) - E — Powheg (C = 0) ]
0.6F ¢ Data . 0.4 ¢ Data E
B -==: Fit result ] 0.2 ===« Fit result =
0.4_IIII|I\\\llllll\\Illllll‘lllll\\Illllll‘\llllll\\_ 0:\Illllll\‘IIIIl\IIIlIII\‘Illlll\\Illllllllllll\\\:
0 0102030405060.70809 1 0 010203040506070809 1
Parton level A¢(I",l)/x [rad/x] Parton level Ao(I*,I/x [rad/x]
(c) (d)
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ttH, Top Yukawa coupling - . s

» Associated Higgs production only direct access to Yukawa coupling
» Extremely complex final state S

ATLAS
Pre-fit impact on L FAPERIMENT Al
B=08+00 | 0=0n0 -1 -05 0 05 1
Post-fit impact on p: L
0 =B+a0 B =0-A0 | ATLAS
—e— Nuis. Param. Pull | /s=13TeV, 36.1 fb"
ti+=1b: SHERPASF vs. nominal —.'—
tf+21b: SHERPA4F vs. nominal —— .
tt+=1b: PS & hadronization * —'—-
fi+=1b: ISR/ FSR —e— :
ttH: PS & hadronization +
b-tagging: mis-tag (light) NF | ——
K(tt+21b) = 1.24 £ 0.10 - .
Jet energy resolution: NP | : —i—
ttH: cross section (QCD scale) 3 :
t+=1b: 1t+23b normalization ——
ti+z1¢: SHERPASF vs. nominal -
tt+21b: shower recoil schemea " :
ti+=1c: ISR / FSR 5_._
Jet energy resolution: NP || —f——
ti+light: PS & hadronization ——
Wt: diagram subtr. vs. nominal —q—
b-tagging: efficiency NP | — .
b-tagging: mis-tag (c) NP | i —l—-—
ET*": soft-term resolution —= '
b-tagging: efficiency NP 1| - ;
ETI SNETE FTRTE ATETE FRATE FRATY FYRRE IAT

2 15 1 05 0 05 1 15 2
(8-8,)/A8
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Indirect methods: incl. o

> CMS measurement at 13 TeV, dilepton
» 12 categories based on N(b-jets), N(light jets)
» Employ m

» Simultaneous fit to measure cross section

and top mass

° 888 = 2 (stat.) £ 27 (syst.) £ 20 (theo.) pb
» Extract MC mass from cross section:

min
[ pT’

event yield

Events / GeV

P m"°= 172.33 £ 0.14 (stat) + 0.66/0.72 (syst) GeV]

6mt/mt =0.42%

MS

359 1" (13 Tev)

Cc

]

Mormalized pull

Nﬁ:u:lelllng ur'n:ertalrmeﬁ

®*  Normazlized pull

| Fit constraint
= Pre-fit uncertainty

| MG statistical
i

I

T B ________ BN | ........ - + _________

—2

Nuisance fit to constrain

f ......... Isvstemancsonmt(MC) .........

Cr IF 7 UE
.tr 0 u: E'Rg OGI“‘:‘ O-C‘gag n éﬁ"% 'G'R_geaj"bé{ fu

2 btags 2 add.jets (17

359 fo' (13 TeV)

¢ Data -tl
CMS [ W+ijets vV

DY ] Syst
] N

It other
W/ iw
[]MC stat

N

A T T A AR AN AN

&\\\ \\ \\\\\\\\\\\\\\‘\\\\\\\\\\\\\\\\\‘Q\\\\\\\\\

020 80 80 100

Dominant systematics:

- Jet energy

120140 160
mp" [GeV]

(0.57 GeV)

— MC statistics (0.36 GeV)
— Background (0.28 GeV)

Extract most precise MS mass:

-’?a; Sy e
e iy g“-’

A. Jung

PDF set my(my) [GeV]
ABMP16 1616 & 16 (fit + PDF + ag) ' (scale)
NNPDF3.1 1645 = 16 (fit + PDF + ag) "9 (scale)
CT14 165.0 % 1.8 (fit + PDF + as) 107 (scale)
MMHTI14 1649 £ 18 (fit + PDF + as) 01 (scale)
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Y. Indirect methods: diff. o

» CMS measurement at 13 TeV, dilepton CMS _ 350m7(13Tev

. > ) S 1« Dat
» Use y(tt), M(tt), N(add. jet) 5 20000~ | Wiisgna
» Unfolded to parton level & NLO fixed order, 7 & 1000 SN
PDF sets in simultaneous fit PDF, a_, m 10000 NSyst. unc.
» Weak correlation of 0.3 a_ and m* 50001
—Dl ole 2
mf;p= 170.5 + 0.7 (fit) + 0.1 (mod) + 0.1 (scale) GeV | &
om/m =0.47% CMS-TOP-18-004
CMS
_ cmMs L mom3Tey E T
% 0.2F  spoamd ;D-:--:M:fl'n 5Imn:h-1:1lT| ,;uc-.:m::'n ;m-:m:fl'h [ *;o:-.:Mnln * Data, n'"-1725 GaV g'l 2 xg(x) |.Lf2=30000 GeV? NLO
% <A 00GeY -:50:;'5&:'.; < 1500GeY cquzsiﬁ.'l} cﬂm:-‘lﬁil.l; !._.':1504:-5&'.' -E:-.u ni::::zz g’ 7: HERA ]
'E 0.15 ) ] " ) NL;E"'II'H -::,_.-:113 r ) HERA + t
- — =172 5 C;e".-'
0.1 e 1 __
_ e
ﬂ.ﬂE-'- .........
"""" Sensitive to gluon /
213 o structure of the =7 |
“ og *.,. proton, xg(x) I
' 1 2 1 2 1 2 1 2 1 2 1 2 10° 107 107 1
[y(tE)| X



http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-004

Boosted Regime

partially merged,
boosted W

un-merged fully merged

for AR~1.0 <200 GeV 200 - 350 GeV > 350 GeV > PT
35.9f" (13 TeV)
CMS_PAG_TOP_16_O13 » > 3500 :_I T T T | T T T T | T T T T | T T T T | T T T I_—
2.53 b (13 TeV) D - CMS
_'I_,—\ T T T T T T T T T T T T T T T T T T T I T T ] (5 C ¢ Data
> - CMS Detector level 7 Q 8000 Preliminary i E
[¢b} —  Preliminary n - B NN i ]
0, > e Data (resolved) % 2500 £ i Single t E
S 107° & O Data (boosted) = = - B W+Jets -
2 - == — Powheg . 2 2000 Total unc. ]
— - -----aMC@NLO ~ L - " .
_8. = - - - Madgraph 7
Z  10° == E
© - -
< - : ‘ :
. — — = Ll = e by —
107 E
- _ O
- ] =
L et 1 e iy i ] © .
1 0_5 —1 ] 1 | ] 1 1 l 1 1 1 l 1 1 1 [ L L L T — 8 0.5 f | | | | .
0 200 400 600 Lea88iong ’[0[113080 (Ge{/Z)OO 0 100 200 300 400 500
T Mgy [GeV]

» Consistent picture in boosted and resolved phase space CMS-PAS-TOP-19-005
» Parton/Particle level results receive larger/reduced systematic uncertainties
» CMS 13 TeV all-hadronic combined resolved and boosted analysis
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-16-013/index.html
https://cds.cern.ch/record/2682624?ln=en

The top

| I SN o > T & o BRSO % [ - o ) BN o BN AN

p_saga...continued s

Ys=13TeV,36.1 1"
Fiducial phase-space
Absolute cross-section

Resolved
Stat. unc.

Stat.+Syst. unc.

Boosted
Stat. unc.

Stat.+Syst. unc.

e o e o oy e oy s by e by by by by

"R R L DL DL LA B
— —] 8] T
- ATLAS ) e Resolved - & 25 ATLAS
- ¥s=13TeV,36.11b Stat. urc. = g =
C  Full phase-space Stat.+Syst. unc. ] alc 18
— Absolute cross-section - = -
= - o 1.6
E ¥ Boosted 4 C
= Stat. unc. . 1.4
il . Stat.+Syst. unc. I =
C . 3 1.2 =
R R R e e — Say
E ~ = ! = 5T
E M = 08
- 3 0.6 =
E...I...I...I...I...I...I...I...I...I...E 04;_
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0oL
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— —— —
% 103:_ ATLAS % Daia =
o E —— PWG+PYS 3
g 15=13TeV.36.1 6" 4 NNLO (LUXGEDI7)
. N # NNLO (MMPDF3.1) ]
e e Resolved +  NNLO+NLO EW (LUXQED17) —|
- E Ful phase-space NMLO+NLO EW (NNPDF3.1) 3
= C Stat. unc. .
'8 - Stat.+Syst. unc. -
10 =
e ™ L ]
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E. .. | Ly d
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CMS

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

» Does not include
theoretical “scheme”
uncertainty

* No single large
uncertainty left:

Challenges/Perspectives

2 1D Hybrid
Eur. PhyS J.C79 06? ﬁ | 9) 31 3515}'-“” im]D sm™® SISEMD
[GeV] [%] [GeV] [GeV] [%]

Experimental uncertainiies

Method calibration 0.03 0.0 0.03 0.03 0.0
JEC (quad. sum) n.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 —-0.2 +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
Alljets trigger +001 0.0 0.00 +001 0.0
£+ jets Background 0.02 0.0 +0.01 0.01 0.0
f+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
PDF 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 +0.01 —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 Lo7 0.61 0.7
Statistical (expected) 0.08 0.1 0.05 0.07 0.1
Total (expected) 0.72 1.0 .08 0.61 0.7
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http://dx.doi.org/10.1140/epjc/s10052-019-6788-2

SM vacuum stability & EW fit

» Latest EW-fit by GFitter m; = 176.4 + 2.1 GeV
__,,_-ﬁt-by'G"F—i'tter;

N 10' — ™\ 1 1 ] 1 1 1 | T T T | T T | ]
Qf -\ [arXiv:1803.01853] ] el Meta-stability
9 C " T\ T TTTTTTTTTTTT T T STttt TTTTTTTTTTToTT T m T I ] 30 :
- || SM it w/o m, measurements 3 A\
8 =5 SM fit w/o m, and M,, measurements F PR ' World
75 -@- ATLAS [ATLAS-CONF-2017-071] / H | aVe[2gC
6 8- CMS [PRD 93, 072004 (2016)] = 7 / '
5 =3 —#—DO0 [PRD 95, 112004 (2017)] E . /
N . wooFloFtiosseo E
- \ ] [arXiv:1707.08124] ]
S E 2 2 126 128
2 f_ _f mzole
JE e Y Ne— 115 ‘Don't panic!” (D. Adams)
0b L eSS 14 Lifetime is much much larger

170 172 174 176 - 178 180 182 than current age of the
m,[GeV]  universe: 1080 —1030¢, . . .

-~ SM EW fit closer to the unstable boundary ? Beware of uncertainties...but
could indicate SM is not enough to describe nature

— Need more data!
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