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LHC CONTINUES TO CONFIRM STANDARD MODEL
@ - CMS Preliminary

i 7 TeV CMS measurement (L < 5.0 fo™)

. # 8 TeV CMS measurement (L < 19.6 fb™)
e T i 13 TeV CMS measurement (L < 137 fb™)
]et(s) T - Theory prediction

N Lo % 4 Z CMS 95%CL limits at 7, 8 and 13 TeV
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IAII results at: http://cern.ch/go/pNj7 I

SM has been extremely successful in describing experimental data accumulated so far ...



NO sSIGN OF NEw PHYSICS IN TEVY RANGE

ATLAS Exotics

earches™ - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2021 fL dt = (3.6 —139) fb! Vs=8,13TeV
ty  Jetst ET [rat[m] Limit Reference
@ ADD Gkk +g/q Oepty 1-4j Yes 139 |Mp 112TeV| n=2 2102.10874
S ADD non-resonant yy 2y - —: 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
2  ADDQBH = 2j = 370 | Mu 89TeV n=6 1703.09127
@ | ADD BH multijet - >3] - 36 M 9.55TeV.  n =6, Mp =3TeV, rot BH 1512.02586
E  RS1Gkx >y 2y = - 139 | Gk mass 45TeV i, 1 2102.13405
°© Bulk RS Gkx — WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV 0 1808.02380
i Bulk RS Gkx — WV — tvqq 1enu 2j/1J Yes 139 Gk mass 2.0TeVv 0 2004.14636
5 Bulk RS gxk — tt leu >1b>1J2 Yes  36.1 &k Mass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP tepu 22b23j Yes 361 KK mass 1.8 TeV Tier (1,1), B(AMD - tt) =1 1803.09678
SSM Z" — ¢t 2epu . . 139 | Z’ mass 5.1 TeV 1903.06248
@ SSM Z" — 1T 27 - — 36.1 Z’ mass 2.42 TeV 1709.07242
= Leptophobic Z" — bb - 2b = 36.1 Z' mass 2.1 TeV 1805.09299
=) Leptophobic Z" — tt Oeu 21b2>2J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
8  ssmMw ey lepn - Yes 139 | W’ mass 6.0 TeV 1906.05609
@ SSM W’ — 1v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
g) HVT W’ —» WZ — fvggmodel B 1e,u 2j/1d Yes 139 W’ mass 4.3 TeV 2004.14636
< HVT Z’ — ZH model B 0-2e,pu 1-2b Yes 139 Z’ mass 3.2TeV ATLAS-CONF-2020-043
S HVT W’ — WH model B Oeu >1b=>2J 139 W’ mass 3.2TeV 2007.05293
LRSM Wk — tb multi-channel 36.1 Wpg mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 | Wgmass 5.0 TeV m(Ng) = 0.5TeV, g = gr 1904.12679
Cl gqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
— Clttqq 2epu - - 139 A 35.8 TeV m 2006.12946
O | Cleebs 2e 1b - 139 |A 1.8 TeV &=1 ATLAS-CONF-2021-012
Cl uubs 2u 1b - 139 A 2.0 TeV g=1 ATLAS-CONF-2021-012
Cl ettt >leu >21b>1] Yes 361 |A 2.57 TeV |Cacl = 4r 1811.02305
Axial-vector med. (Dirac DM) Oepu 1y 1-4j Yes 139 Mined 21 TeV 89=0.25, gy=1, m(x)=1GeV 2102.10874
5 Pseudo-scalar med. (Dirac DM) O e,u, 7,y  1-4]j Yes 139 Mmed 376 GeV =1, g=1, m(x)=1 GeV 2102.10874
(=) Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 Mied 3.1 TevV ATLAS-CONF-2021-006
Pseudo-scalar med. 2HDM+a Oep 2b Yes 139 | Mmed 520 GeV ATLAS-CONF-2021-006
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4TeV 1812.09743
Scalar LQ 1%t gen 2e >2j Yes 139 | LQmass 1.8 TeV 2006.05872
Scalar LQ 2™ gen 2pu >2j Yes 139 | LQmass 1.7 TeV 2006.05872
O ScalarLQ 3™ gen 17 2b Yes 139 '—QE mass 1.2 TeV B(LQY - br) =1 ATLAS-CONF-2021-008
~ Scalar LQ 3" gen Oepu  22j,22b Yes 139 | LQS mass 1.24 TeV B(LQs - tv) =1 2004.14060
Scalar LQ 3" gen >2e,u,>1r>1j,>21b - 139 LQ¢ mass 1.43 TeV B(LQY - tr) =1 2101.11582
Scalar LQ 3 gen Oepu, 2171 0-2j,2b Yes 139 LQ; mass 1.26 TeV B(LQZ - by) =1 2101.12527
VLQ TT = Ht/Zt/Wb+ X  multi-channel 361 | Tmass 1.37 TeV SU(2) doublet oo
> jg VLQ BB — Wt/Zb+ X multi-channel 361 |Bmass 1.34 TeV SU(2) doublet 1808.02343
T VLQ Ts/3Ts31Ts3 = Wt + X 2(SS)/>3 e >1b,21]  Yes 36.1 Ts/3 mass 1.64 TeV B(Tsj3 = Wt)=1, c(Ts;sWe)=1 1807.11883
;'E g VLQY —» Wb+ X tepu 21b>1j Yes 36.1 Y mass 1.85 TeV B(Y — Whb)=1, cg(Wb)=1 1812.07343
VLQ B - Hb+ X Oex 22b>1j Yes 79.8 |Bmass 1.21 TeV singlet, k= 0.5 ATLAS-CONF-2018-024
VLQ QQ — WgWq Tlepu >4 Yes  20.3 1509.04261
B o) ;g Excited quark ¢° — gg = 2j = 139 q* mass 6.7 TeV only u” and d*, A = m(q”) 1910.08447
9 S Excited quark g* — gy 1y 1j - 36.7 q* mass 5.3TeV only u* and d*, A = m(q*) 1709.10440
§‘<> € Excited quark b* — bg - 1b1]j - 36.1 b* mass 2.6 TeV 1805.09299
] i, Excited lepton ¢* 3eu - - 20.3 A=30TeV 1411.2921
Excited lepton v* 3eut - - 20.3 A=1.6TeV 1411.2921
Type Il Seesaw 1epn 22 Yes 139 N° mass 790 GeV 20008.07949
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g = gr 1809.11105
3 Higgs triplet H** — £¢ 234eu(SS) - = 36.1 H** mass 870 GeV DY production 1710.09748
S Higgs triplet H** — (1 Beurt - - 20.3 DY production, B(H;* — () =1 1411.2921
6 Multi-charged particles = = = 36.1 multi-charged particle mass 1.22 TeV. DY production, |g| = 5e 1812.03673
Magnetic monopoles — — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
Vs=13TeV | VE=13TeV il R M| N N | A M
partial data full data 107! 1 10

*Only a selection of the available mass limits on new states or phenomena is shown.
Small-radius (large-radius) jets are denoted by the letter j (J).

Mass scale [TeV]

= Significant number of open questions remains

= Search for new phenomena key aspect of physics programme of LHC

ATL-PHYS-PUB-2021-009



INSTEAD OF INTRODUCTION

= SM = Extremely fun & exciting & enjoyable time for people working on OCD + EW

= BSM DIRECT SEARCHES
* Many proposals for New Physics
* No model of New Physics really stands out = No obvious Candidates to look for @ LHC

= BSM INDIRECT SEARCHES
* New Physics can be seen as small corrections to SM reactions

 PRECISION SM MEASUREMENTS @ LHC = BSM PHYSICS = HIGH LUMINOSITY LHC
 Fully exploit experimental program = HIGH PRECISION THEORETICAL PREDICTIONS = TOP QUARK

Hilumi Y
N kLARG’: HADRON CqLLDtK
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PHYSICS

CERN webpage: LHC/ HL-LHC Plan (last update January 2021) 4



UNLIKE OTHER QUARKS

= Top Quark = Discovered at TeVatron in 1995

= Heaviest observed particle

me = (173.34 + 0.76) GeV

World Combination ‘14
ATLAS, CDF, CMS, D0

= Substantial Yukawa coupling = Special relation with SM Higgs boson

™m

= Short lifetime = Decay before bound states can be formed

= Direct handle on top-quark properties from its decay products

b — jets,pg?iss, & light — jets

Production

Intrinsic properties




WHY TOP QUARK IS SPECIAL

» PRECISION TOP-QUARK PHYSICS

* Infrared structure of QCD } Perturbative calculations

* Electroweak sector of SM

* PRECISION TOP-QUARK PHYSICS & BSM DIRECT SEARCHES
* tt & tt+jets & tt + V » Main backgrounds to many BSM scenarios

* PRECISION TOP-QUARK PHYSICS & BSM INDIRECT SEARCHES
* Various production modes & decay channels & properties & rare decays & ...
* Extract SM parameters
* Constraining PDFs
« Verify Higgs boson couplings to top quark & top quark to gauge bosons
 Study specific infra-red safe observables

* Cross section ratios
* Various asymmetries

* DISCREPANCIES BETWEEN PRECISE MEASUREMENTS & PRECISE THEORY
 Find hints of new physics in LHC data



LHC As TOP QUARK FACTORY

Collider ox [pb] L [fb']  Nevent

5
P —— { LHC; 1oy 180 50  9x10
LHCq 1oy 256 197 5x10° ATLAS & CMS
Statistics doubled
LHC Run2 |— LHC13 TeV 835 139 1 X 108 HL-LHC

High Luminosity |- HL-LHC 1oy 987 3000 3 x 10° : )

High Energy — HE-LHC27 TeV 3840 15000 6 X 1010

Top quark pair production @ NNLO OCD with TOP++
CT14nnlo PDF & m; =173.2 GeV

UR = Up= "2 m;

Theoretical uncertainties:
NNLO OQCD: 5% - 6%
NNLO OCD + NNLL: 3% - 4%

Czakon, Mitov arXiv:1112.5675 [hep-ph] 7



DISCLAIMER

= Many new & interesting results

» (Biased) Selection = Only latest 2020 & 2021
results

= Only state-of-the-art results
= Only fixed order NNLO & NLO results
= Only OCD

= Only Standard Model

GOAL

= Identify which effects are important & should
be taken into account = Few examples =
Important for Higgs boson studies in t#tH



Inclusive tt cross section [pb]

TOP-QUARK PAIR PRODUCTION @ NNLO + NNLL
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Tevatron combined 1.96 TeV (L < 8.8 fb )
ATLAS dilepton* 5.02 TeV (L = 257 fo™)
CMS combined e, I+jets* 5. 02 TeV (L = 27.4-304 pb” b
ATLAS en 7 TeV (L = 4. 6 fol)
CMSen7TeV(L=51"

ATLAS en 8 TeV (L =20.2 fb i

CMSeun8TeV (L=19.7 ™

LHC combined en 8 TeV (L = 5 3-20.3 fb™) LHCtop WG
ATLAS en 13 TeV (L = 36.1 fb Y
CMS en 13 TeV (L=35.9 b
CMS t+e/u 13 TeV (L =35.9 fb’ )

I
ATLAS+CMS Preliminary @

LHCtop WG

L 11111l

ATLAS I-jets 13 TeV (L= 139 fb") F
CMS l+jets* 13 TeV (L = 137 fb™) [
— CMS all-jets* 13 TeV (L =2.53 fb™) 900'_ 4 7
* Preliminary i I#I ; '
: 800} "ﬂ SR E
_ 700F 1 4
== NNLO+NNLL (pp) i
B === NNLO+NNLL (pp) A
| Czakon, Fiedler, Mitov, PRL110(2013) 252004 13 Vs[Tev] |
= NNPDF3.0, m = 172.5 GeV, oy (M,) = 0.118 £ 0.001 =
i | ] ] I | ] I ] | I ] I | ] I 1 | I ] L]
2 4 6 8 10 12 14
Vs [TeV]

LHCTopWG

LHC & Tevatron measurements of
g, as function of Vs

Compared to NNLO OCD

calculation complemented with
NNLL resummation (top++2.0)

Theory band represents
uncertainties due to ur & ur &
PDF

Measurements and theory
calculation for m;=172.5 GeV



TOP-QUARK PAIR PRODUCTION & DEcCAY @ NNLO

Di-lepton

do = do™® + a,do™NO + a, 2deNNEO

Czakon, Mitov, Poncelet arXiv:2008.11133 [hep-phl

1 LHC 13 TeV m; = 172.5 GeV|
Scale: Hr/4 PDF: NNPDF31
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Predictions in NWA

do/dAg(¢)/ [pb]

dol0 — SLOXLO

)

[ (=) o)
1 1 1

— LO
— NLO

—— NNLO
—— ATLAS

1
dUNLO — daNLOXLO + dO'LOXNLO — &deLO I
o e
= I

doNNLO _ 3, NNLOXLO 4 NLOXNLO , 4 LOxNNLO 429122

2F§1) NLO 3F§1)2 2I‘§O)F§2) Lo el

- (0 do & 0)2 (0)2 do z;’;’
Ft Ft I ; ;

0.0 0.2 0.4 0.6

AG(e)/x

pp > tt+ X - WTW ™ bb+ X — £ v, 0 D, bb+ X

0.8
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TOP-QUARK PAIR PRODUCTION & DEcCAY @ NNLO

LHCTopWG Di-lepton

T 0% ATLAS+CMS Prelin | | | T 0% S+CMS Prelin | | |
B + reliminary — 7 I~ ATLAS+CMS Preliminar — 7
C\E - LHCtopwa Vs = 13 TeV ((Nov. 2020) 1 C\g - LHClopwG y Vs = 13 TeV((Nov. 2020)) |
A L ATLAS, L = 36.1 b’ - = L ATLAS, L =36.1 fb" -
= 04— Eur. Phys. J. C 80 (2020) 754 — —= 0.4 Eur. Phys. J. C 80 (2020) 754 —|
i - o = == [ = I EL T
ol - CMS, L =359 fb" K bl - CMS, L =359 fb" [
SI= B Phys. Rev. D 100 (2019) 072002 i T yo]5=4 B Phys. Rev. D 100 (2019) 072002 J y
— i ﬁ — — rt! - ]
% 0.35[— — — ATLAS Powheg+Pythiag | o ] % 0.35[— — — ATLAS Powheg+Pythiag | o ]
L | _ L | _
—|0 B CMS Powheg+Pythia8 .rrr"*ml B Am|®) B CMS Powheg+Pythia8 r--u-qw—-! B
L i . L | a
03_ - _._- __I — 03_ . -r ! ]
- : : - [ ATLAS MG5aMC+Pythiag
- g I i T f.w!.'-w..l [aMC@NLO, NLOincl.] 7]
0.25/ — NNLO (NNPDFS.1,u, = = H/4) oos e ATLAS Powheg+Herwig7 _|
eI Phys. Rev. Lett. 123 (2019) 082001 | eI |
L . - ___ CMS MG5aMC+Pythia8
L — - [FxFx, 2 add. jets] -
0.0l | | | | | ] 0.0k | | | | | ]
% O 1 05:_ ........ + .................................................................................................................................. _: O Eg\ 1 05:_}+ .................... {+ 444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444 _:
— - - | .
°© ZI - + +* ** oo e e T T == e el pd bl ;_.__._:*._*_._:_ _________________________ -
o N | — == %+""‘ ' . o NI | e !"'"‘*+""";'_-T_-';'_-T_-'; ”””” o
8 B * ++ ] sl C * v-- '*' -
L E ATLASstat.®syst. @ CMS stat.® syst. - ol o L E ATLASstat.®syst. @ CMS stat.® syst. + i
(e[S m— T R R — — a (-:l;) T e —]

=
a

0 /6 /3 /2 on/3  5nl6 m 0 /6 /3 /2 on/3  5nl6 m
Parton level| A¢(I*, I')| [rad] Parton level| A¢(I*, I')| [rad]

= ATLAS & CMS data = ATLAS & CMS data
* Compared to Powheg-Box+Pythia8 * Compared to MC Simulation
=  Also to calculations @ NNLO OCD = Ratio to Powheg-Box+Pythia8 |,



TOP-QUARK PAIR PRODUCTION & DEcCAY @ NNLO

. Czakon, Mitov, Poncelet arXiv:2008.11133 [hep-vh
Di-lepton e Lhep-phl
LHC 13 TeV m; = 172.5 GeV LHC 13 TeV m; = 172.5 GeV
= Scale: HT/4 PDF: NNPDF31 Scale: HT/4 PDF: NNPDF31
o 101 — 10! 1
<] Z F—
> 2, ‘
- —~
— >,
o =
—2 e
s 5
E )
o — LO —— NNLO — LO —— NNLO
—— NLO —— ATLAS —— NLO —— ATLAS

10—3 | | |
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o 1.00 Q
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S =
= 0.90 R

0.85
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pp > tt+ X 5> WTIW ™ bb+ X — €T el pbb+ X
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o [fb]

TT+X PRODUCTION & DECAY @ NLO

= NNLO QCD theoretical predictions only for ¢t

* di-lepton channel

* More exclusive final states produced @ LHC

6400

3200 |
1600 |
800 |
400 |
200
100 |

50 |

ttvy, ttZ, ttH, ttW+,ttW~ QLHC

Stable top quarks

- HELAC-PHEGAS

tty
m, = 173.2 GeV 7
CT14llo PDF ttH
W™ _
ttW~
/
HELAC-PHEGAS
8 13 277

Vs [TeV]

Cafarella, Papadopoulos, Worek arXiv:0710.2427 [hep-ph]
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o [fb]

TT+X PRODUCTION & DECAY @ NLO

= NNLO QCD theoretical predictions only for ¢t

di-lepton channel

* More exclusive final states produced @ LHC

6400

3200 |
1600 |
800 |
400 |
200
100 |

50 |

tty, ttZ, ttH, ttW T, ttW~ QLHC

| HELAC-PHEGAS tty
m, = 173.2 GeV iz
CT14llo PDF ttH
W™ _
ttW~
HELAC-PHEGAS

8 13 27
Vs [TeV]

o [fb]

500000

5000 f

500 |

50 |

Stable top quarks

tt, ttj, tty, ttZ, ttH, ttW*, ttW- @ LHC

HELAC-PHEGAS

m, = 173.2 GeV
CT14llo PDF

50000 |

e

I
tij

tty
ttZ 7
ttH

A
tW" 4

8 13 27
Vs [TeV]

Cafarella, Papadopoulos, Worek arXiv:0710.2427 [hep-ph]
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TTy PRODUCTION & DECAY @ NLO
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Theory/MC Pred./Data
~

TLAS
s=13TeV, 139 b
ormalised cross-section

® Unfolded data
—— tty+tWy (MG5_aMC+Pythia8)
- - - - tiy+tWy (MG5_aMC+Herwig7)

A Theory NLO

[ stat.

Stat @ Syst.

A

0.8

0.6

0.4

0.2

= 1.2

s =13TeV, 139 fb”
” Normalised cross-section

(0]
=

Theory/MC Pred./Data

® Unfolded data
—— tty+tWy (MG5_aMC+Pythia8)
- - - - tty+tWy (MG5_aMC+Herwig7)
A Theory NLO

[ stat.

Stat @ Syst.

lIIIIIl

y

1
1

Di-lepton

ATLAS Collaboration
arXiv:2007.06946 [hep-ex]

HELAC-NLO

Bevilacqua, Hartanto, Kraus, Weber, Worek
arXiv:1803.09916 [hep-phl
arXiv:1809.08562 [hep-ph]
arXiv:1912.09999 [hep-ph]

x?/ndf and p-values between measured normalised cross-sections & MC simulation & NLO QCD calculation

7@l Ag(¢, €)
x2Mmdf p-value ‘ x2mdf p-value | x2mdf p-value | x2mdf  p-value | x*/ndf  p-value
tty + tWy (MG5_aMC+PyTHIA) 0.79 7.3/7 0.40 30.8/9  <0.01 0.48
tty + tWy (MG5_aMC+HerwiG7) 0.87 77117 0.36 31.6/9  <0.01 0.45
Theory NLO 0.82 4.5/7 0.72 5.8/9 0.76 0.59

15



TTW PRODUCTION & DECAY @ NLLO

= NNLO QCD theoretical predictions only for ¢t
* di-lepton channel
* More exclusive final states produced @ LHC

MOTIVATION = ttW production @ LHC

= Background for ttH = 2ISS & 31
« Higher normalization for ##W compared to SM
predictions from multipurpose MC generators
30%—-70%
* Problems with modeling of final states in phase
space regions dominated by t#tW

ATLAS-CONEF-2019-045

* Improved description of W background needed to
reach greater precision in future

= First calculations for off-shell ##W confirmed by second
group = di-lepton channel

Bevilacqua, Bi, Hartanto, Kraus, Worek arXiv:2005.09427 [hep-ph]
Denner, Pelliccioli arXiv:2007.12089 [hep-ph]

Stable top quarks

tty, ttZ, ttH, ttw+,ttw— QLHC

6400 } H]IELAC-PHE(I}AS | tty
m, = 173.2 GeV tiZ
3200 | cT14llo PDF GH 1
1600 B / : |
= 800 | W >
p 400 f ]
200 |
100 |
50 | HELAC-PHEGAS
8 13 27
Vs [TeV]

Cafarella, Papadopoulos, Worek arXiv:0710.2427 [hep-ph]

16



TTW PRODUCTION & DECAY @ NLO Di-lepton

Bevilacqua, Bi, Hartanto, Kraus, Worek

» COMPLETE OFF-SHELL EFFECTS: arXiv:2005.09427 [hep-phl
* Off-shell top quarks described by Breit-Wigner propagators
* Double-, single- & non-resonant top-quark contributions included
» All interference effects incorporated at matrix element level

pp = eTvopu~ v, etv.bb + X

pPp — € Do puT v, e Do bb+ X

= NWA:
 Works in the limit = TI;/m; — 0

I't = 1.35159 GeV, m; = 173.2GeV, I'y/m; =~ 0.008

 Incorporates only double resonant contributions
 Restricts unstable top quarks & W gauge bosons to on-shell states

pp = ttWT + X 5 WTWTW - bb+ X — et [T M etv, bb

17



TTW PRODUCTION & DECAY @ NLLO

Off-shell ttW*
. . . . Bevilacqua, Bi, Hartanto, Kraus, Worek
H7? =pr(p~) + pr(41) + pr(¢2) + pr(Je,) + pr(Js,) arXiv:2005.09427 [hep-ph]
10-3 § = I » I = I » I % I & I % I 10—3 E = I I I D 1 i I ~ I ~ I
s Ho=mtmyl2  mmmgrog | : Ho=Hrp/3 B Lo
4l . NLO| - 4l B NLO .
= L. - 15 107 - Di-lepton
9 3 o :
& 107 2 107
E“ 10° E“ 10°
b g b s
= [ | = ) |
107 ¢ 107 ¢
[ = ] | =5
10-8 ) 1 . 1 " 1 L 1 ’ 1 L 1 . 1 10-8 x 1 x 1 . 1 . 1 . 1 " 1 . 1
o - o LS F .
=) ' e [
o 10 o 10}
— —
Z I Z I
0.5 . 1 % 1 : ] ; ] g 1 i 1 : ] 0.5 | : 1 . 1 : ] 7 1 A 1 : ] i 1
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
HT,vis [GeV] H, T.vis [GCV]

= Fixed scale choice > Leads to perturbative instabilities in TeV region of differential cross & Large distortions
* Dynamical scale choice = Stabilises tails & keeps NLO uncertainties bands within LO ones 18



TTW PRODUCTION & DECAY @ NLLO

off-shell/ NWA

do/ Hy,;, [f6/GeV]

HY® = pr(u™) + pr(6) + pr(£2) + pr(ie,) + pr(sy)

107 ¢

10*

103

10

107

1674

1.4

1.0

0.6 M 1 M |
0 200 400

T

T

T

#Ho=Hr/3

T

off-shell

NWA
—— LOdec

600

INTEGRATED LEVEL.
+ Complete top-quark off-shell effects 0.2%
« NLO QCD around 10% & Theoretical uncertenties: Scales 6%-7% = PDF 2%
* NLO QCD corrections to decays 3%-5%

800 1000 1200 1400
Hy . [GeV]

1

do/ py, [f6/GeV]

off-shell/ NWA

102

10

10

10°¢

1.6

1.2

0.8

Di-lepton
3 Ho=Hr 3 R off-shell| 3
B NWA |
— LOdec

0 100

200

300

Prp, [GeV]

400 500 600

Off-shell & NWA
&N WALOdecuy

Bevilacqua, Bi, Hartanto, Kraus, Worek
arXiv:2005.09427 [hep-ph]

pp = etvep o et bb+ X

DIFFERENTIAL LEVEL.:

« Off-shell up to 60% - 70%
« NLO QCD 10% - 20%

* PDFupto10%

e Scales 10% - 20%

* For central value of scale

substantial differences
between NWA & NWA{ g gecay

* Similar effects for ttW-
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TTW* / TTW @ NLO

Searching for more precise observables

Lo = myi + myy /2 Ug{}% + dscale £ OPDF Uflt—Iﬁ?_ + 0scale & OPDF Ug{}% /0,1}1‘7‘9_
NNPDF3.0 [ab] [ab] R
pr,» > 25 GeV [123.27152 OO T2 08 1 68.0 755 taor) 12 (a0e) | 1-81 & 0.03 (2%)
pr,5 > 30 GeV |113.1105 0F H 1001 62.374 (oo T111 (aoey | 1-81 & 0.03 (2%)
pr,b > 35 GeV [102.6 15 OO F 1T 01 56375 thoe) T10 (aoey | 1-82 & 0.03 (2%)
pr.b > 40 GeV | 92.0 740 (4%) +1.6(2%) | 53 3 +3.3(6%) +0.9(2%) |1 83 4 .04 (2%)

—6.1(7%) —1.6 (2%)

—3.9(8%) —0.9 (2%)

NLO QCD integrated fiducial cross sections & cross section ratios

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek
arXiv:2012.01363 [hep-phl]

Off-shell ttW*

Di-lepton

= ttW* & ttW- similar from NLO QCD point of view = Integrated & differential level
= Scale uncertainties can be taken correlated

= Cross section ratios stable with respect to pr(b)
= Insensitive to details of modelling of top quark production & decays = Off-shell/NWA/NW A ogecay
= Insensitive to scale choice = u, = m;+ my/2 versus uy = Hy/3
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TOP QUARK CHARGE ASYMMETRY @ NLO

Ay (%)

« A', chargeasymmetry @ NLO for pp — ttW*

Searching for more precise observables

t o-l:_l_in _ O-’t:in = e
A= — iy = [ O(£Aly|) Obin do
Jbin + Ubin

Aly| = |ye| — |zl

not expanded —
expanded —l— ‘

HELAC-NLO

0 F
OFF-SHELL

FULL NWA NWALodecay

Off-shell ttW*

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek
arXiv:2012.01363 [hep-phl

* Asymmetry larger than for pp — tt
* Top quark momenta must be reconstructed
* Scales no important

* Modelling important

ttW OFF-SHELL FuLL NWA NWAI0decay
po = Hr /3
+1.19 (50%) +1.23 (64%) +0.55 (49%)
Az,y 7] 2'36(8)—0.77(33%) 1'93(5)—0.72(37%) 1'11(3)—0.53(48%)
+0.38 (14%) +0.45(20%) +0.24 (11%)
AZ,ewp,y %] 2-66(10)—0.34(13%) 2'20(5)—0.31(14%) 2'08(5)—0.40(19%)
W+ OFF-SHELL FuLL NWA NWALOdecay
po = m¢ +mw /2
+1.06 (51%) +1.00(60%) +0.66 (77%)
Az,y [%]2.09(8) T4 7o (33%) 1'68(4)—0.67(40%) 0.86(3) ¢ 43 (50%)
+0.39 (15%) +0.38(17%) +0.46 (24%)
L p— 2'62(10)—0.34(13%) 2'19(4)—0.34(16%) 1'94(5)—0.32(16%)
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LEPTON CHARGE ASYMMETRY @ NL.O

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek arXiv:2012.01363 [hep-ph]

Off-shell ttW*

Differential & Cumulative A,

0r ! ! l ] +
- HELAC-NLO | not expanded - O NLO QCD for PP = HEW*
2 _ . ttW_@ LHCj37ey o 0 1 expanded = _ off- shell
t Hop=m;+ my /2 _ . 1 ) %
: _ ; X _ol— NWA %%,
o B v 3w e e o SRan %A e s P — T0des B 77 G
P | | | g g %4/// %%
< | : = 7 / Z27%%
S TUE S E 7 , AL
3T ; S %@//%@/%%
| L : + 7 N ///7/ D
FATEN I AR T - 5 = /AV// //// ]
: : . T 1 & -8 - LHC,3 NLO
: : : g //// _
JoE . S A S E = i po = Hr/3
| | L & A 10 NNPDF3.0
1k i ; i - 0 100 200 300 400 500
OFF-SHELL FULL NWA NWAL0decay pr(lits) [GeV]
0 : .
. off-shell LHC;3 NLO
§ —2F 7 NWA po=Hr/3 ]
> .
W+ OFF-SHELL FurLL NWA NWALOdecay 2 . R NHEDES::©
S _4f
po = Hr/3 2 i
7 // i // 7 // / // 7 /
(] . (] 0 _6
AL, ]| -T46(11) T30 000 | -7.94(0) T 500 | —9.81() 165 Ho ) Z; Q ., T
% A 4 5 /7// 7 // 7 // 7 7 7
A,y (]| —6.93(13) 501 G373 | —7.43(5) 0 301} | ~8.1405) 5.8 o) = 82222
g
S -10F
l + i i . i
« A'. chargeasymmetry @ NLO for pp — tHtW : T T T T
pr(lty) [GeV]

* Directly measurable = Top quark reconstruction not needed
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OFF-SHELL TTBB @ NLO

MOTIVATION = #tbb production @ LHC

= Jrreducible background for Higgs boson studied

» {tH = H — bb

* Top-Yukawa coupling Y; = Probed directly

= ATLAS & CMS reported measurements for
ttH(H — bb) decay channel of Higgs boson

EXPERIMENTAL CHALLENGES

= Jdentification of candidates for Higgs decay
= Combinatorial background

= Misidentification of light jets with b-jets

= bjet tagging

= SM backgrounds

pp — ttH — ttbb — W T W ~bbbb

L I W/:</< m%—‘mlz

pp — ttbb & pp — ttH — ttbb

THEORY CHALLENGES

= Two very different & distinctive scales
= m; = ttproduction & top-quark decays
= pr(b) = Describes b-jets from g — bb splitting

= Second calculation for off-shell ##bb in di-
lepton channel = Agreement with first
calculations

pp — e, [T 7 bbbb + X

Denner, Lang, Pellen arXiv:2008.00918 [hep-ph]
Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek arXiv:2105.08404 [hep-ph]
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OFF-SHELL TTBB @ NLO

Integrated fiducial cross sections for ttbb

PT(b) ULO [fb] 5scale UNLO [fb] ascale 5PDF K= UNLO/ULO
R = pF = po = Ty

+4.525 (65%) F2.33 (18%) 10.19 (1%)

25 6.998 —2.569 (37%) 13.24 —2.89 (22%) —0.19 (1%) 1.89
+3.343 (65%) +1.32 (14%)  +0.14(2%)

30 5113 igse 37y 920 i3 1%)  —0.14(2%) 1.81
+2.498 (66%) +0.79 (12%)  +0.10 (2%)

35 3075 a0 sy 097 isa (20%) —0.10(2%) 1.74
+1.867 (67%) +0.46 (10%)  +0.08 (2%)

40 2.805 —1.051 (37%) 4.70 —0.91 (19%) —0.08 (2%) 1.68

pR = pF = pio = Hr /3

+4.338 (64%) F2.66 (20%)  10.19 (1%)

25 6813 e 3w 1322 | 505 (22%)  —0.19 (1%) 1.94
+3.062 (64%) +1.66 (18%)  +0.16 (2%)

30 4809 igsg arery 909 il (2%) —0.16(2%) 1.89
+2.191 (64%) +1.07 (17%)  +0.11 (2%)

35 3431 o5 3wy 037 ise (1%) —011(2%) 1.86
+1.582 (64%) +0.72 (16%) +0.09 (2%)

40 2464 15901 (37%) 4.51 —0.95 (21%)  —0.09 (2%) 1.83

Results for NNPDF3.1 LO & NLO with a (m,) = 0.118
LO NNPDF3.1 PDF set with a,(mz) = 0.130 = K=1.45
Other PDF sets give K-factor € (1.81 & 1.37 & 1.23 )
With jet veto of 50 GeV K =1.11 & K =1.23

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek arXiv:2105.08404 [hep-ph]

Off-shell ttbb

et
el

Di-lepton
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OFF-SHELL TTBB @ NLO O el T

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek
arXiv:2105.08404 [hep-ph]

10° ~ ~ , : 10° - - ' ~ ;
o= Hr/3 — LO ok o = Hrp[3 — LO
5| 3
G =~ -2
S 10} s v = Large but rather stable NLO
— —_ -3 . . .
£ s £l corrections @ differential level
=8 I —4 . .
< = = Dynamical scales important
~ 10 S 10-5 e
= PDF uncertainties small
& 107° - 10-6 ; :
S g = 3 | 100 ‘ —
S L S 5 ol — =] g po = Hr/3 |— NNPDF3.1
% T - ----MMHT2014
< — . 1 | S < . . . A ‘ = i ----CT18NLO
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 @] 10-2
~
pr(b) [GeV] pr(b2) [GeV] =)
10° T 10° bg 10—3
Ho=Hr/3 I8
g 107! f g i | 1074
E 1072 f E
= i—r‘ 1072 Q quo_s | ——
£ S 2 & 1.2 s
5w 3 5 9 E N R A TR
5 T 1070} 5 Z
~ 10 = @z 08— e
- 10-5 ' ; " " 10 Lg) L2y ) e
g 3| E 3t [, 1 pess =
2 9l P S gl 2 0.8
z ri Z. A~ ‘ ‘ ‘
[ Lo 0 200 400 600 800
0 1 i i i 1 0 1 n i 1 i 1 i
0 50 100 150 200 250 300 0 20 40 60 80 100 120 140 p T(bl) [GeV]
pr(bs) [GeV] pr(bs) [GeV]
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OFF-SHELL TTBB @ NLO

ATLAS arXiv:1811.12113 [hep-ex]

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek
arXiv:2105.08404 [hep-phl

ATLAS - .
tepton+jets (= 36) = _ 13 7ev, 36.1 o1 - ‘ “u ‘

|
lepton+jets ( = 4b) _?

i

Theoretical predictions Oep+ap [fD]
SHERPA+OPENLOOPS (4FS) 17.24+4.2
POWHEG-BOX+PyTHIA 8 (4FS) 16.5
PowHEL+PyTHIA 8 (5FS) 18.7
PowHEL+PyTHIA 8 (4FS) 18.2
HELAC-NLO (5FS) 19.4+4.2

I
1
M Data- tiX(X=H,V) @ N
eu(=3b)r _._* Stat. uncert. W " .+
| | Total uncert. |
Sherpa 2.2 ttbb (4FS) & I
] Powheg+Pythia8 ttbb (4FS) M [ |
eu(=4b) - "-ll- PowHel+Pythia8 ttbb (5FS) M _..:.—
[ | PowHel+Pythia8 ttbb (4FS) W ]
101 102 103 104 05 10 _15
Ofiq [fb] Pred./(Data - ttX)

oATLAS — (25 + 6.5) fb

= Comparison to ATLAS results
= eu channel @ 13 TeV

= Agreements within theoretical uncertainties

ooy 0 = (20.0 £ 4.3) fb

» Higher with leptonic t decays into [
= For similar scale choice HELAC-NLO
result is even higher ~ 21 fb
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OFF-SHELL TTBB @ NLO

INITIAL STATE BOTTOM

= Charge aware and charge blind schemes for b-jet tagging
= @ LO initial state b-quark contributions = 0.1% — 0.2%
= @NLO = 1% & up to 1.5% with pr(b) scan & up to 2% for

jet veto of 50 GeV = Negligible contribution

T T T T T T T T : . : .
CT14 = scale [H,/3]
nob
NNPDF3.0 S charge aware
. charge blind
ABMP16 ——]
MMHT2014 —
NNPDF3.1
1 N 1 1 1 . ||-T[ : 1 | ‘ ; ) i
9 10 11 12 13 14 15 16 17 18
O.NLO [fb]

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek
arXiv:2105.08404 [hep-ph]

10°

10!

102

dotdp, (b)) [fb/GeV]

10

10°

1.0

b-included/b-excluded

10°

10"

10

103

do/dM (b,b,) [fb/GeV]

10

10°

1.0

b-included/b-excluded

1072 =

1.2F

T T T T T
Hy=H /3 b-excluded
b-blind
b-aware
| | i
0.8 Froemssesmemprnders e
0 200 400 600 800
pr(b)) [GeV]
T T T T T T
H=Hy/3 b-excluded
g b-blind ]
— b-aware ]

1.2F

0.8F -

600 800 1000
M(b,b,) [GeV]

1200 1400 27



TAKE-HOME MESSAGE

Standard: tt+X @ NLO with stable tops or LO decays in NWA matched to PS = all channels

State-of-the-art:
« tt @ NNLO OCD = di-lepton
s X, X=H&Z(—wvw) &EW &y &bb @NLO QCD with full off-shell effects = di-lepton

Proper modelling of production & decay essential already now in presence of inclusive cuts
» Corrections to production & decays = At least full NWA
* NNLO or NLO ¢t spin correlations
 Possibility of using kinematic-dependent g & pr scales
* Complete off-shell effects for top quarks & W/Z gauge bosons

Even more important for:
« Exclusive cuts & High luminosity measurements
* New Physics searches & Might impact exclusion limits
¢ SM parameter extraction

Top quarks play important role in virtually every LHC analysis = SM & BSM

Lots of data, sophisticated analyses, precision measurements = Should be compared to
state-of-the-art theoretical predictions
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BACKUP
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TTW

pp — e, [T 7 etv.bb+ X

Bevilacqua, Bi, Hartanto, Kraus, Worek
arXiv:2005.09427 [hep-ph]
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1/o - do/dpryp, [1/GeV]

—2[ : ]
10~ 2 T 0.5
---------- ttw =
_____ LHClg NLO o 0.4
T e E’
S s po=Hr/3 Ao
----- NNPDF3.0 g 03¢
----- ~
----- E
_ — 2 0.2
10 4g o] §
0.1t
-5 p—
- e 0.0
| |
= L ] =
T -— Y —_— n
1 1
2 =]
Q2 777 ttW* NLO | QAT @ IC
= =z 777 P A A7 72 ~
o I 1 LR 77777 7 g e 777 A 7 7 el 7 7 7 O
A 1 1 [ [
Z =,
Q=T aw L0 272 @W NLO Q=T aw LC
= 1777777777777 % = o
O 1 GITTIIS FIIIGILTITIIIL 77 s O 1 [2zzzzz) .
—
= 1 [ [ [ [ [ [ [ [ [ [ é I [ [
0 120 240 360 480 600 0
Py, [Ge\/]

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek
arXiv:2012.01363 [hep-phl

— W |
W=
LHC;3 NLO
po = Hr/3

~ NNPDF3.0

vzz2 ttWt NLO

f b,
ILLLLL I IIIEE IIIII S T I 7, 5

vz ttW~ NLO

pp = etvopu™ Uy eTv.bb+ X
pp — e e puT v, e U bb+ X
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TTW

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek
arXiv:2012.01363 [hep-phl

MODELLING APPROACH

o© [ab]

o NLO [ab]

full off-shell (uop = my + my /2)
full off-shell (o = Hr/3)

4+27.7 (26%)
106.9 505 (19%)

+30.5 (26%)
115.1 Z 99’5 (20%)

+6.3 (5%)
123.2 757 )

+4.3 (3%)
124.4 77 (6%)

NWA (uo = ms + mwy /2)
NWA (uo = Hr/3)

+27.5(26%)
106.4 —20.3 (19%)

+30.4 (26%)
115.1 59 4 (19%)

+6.3 (5%)
123.0 8.7 (7%)

+4.1(3%)
124.2 —77(6%)

MODELLING APPROACH o© [ab] oNLO [ab]
B +14.9 (26%) +4.8 (7%)
full oft-shell (uo = my +mw/2)  57.2F 1000 68.0753 (%
16.7 (27% 3.5 (5%
full off-shell (uo = Hr/3) 6247107 o) 68.6755 000
o +14.9 (26%) +4.9 (7%)
NWA (uo = my +my/2) 5727 Toq0%) 680 5 (s%)
. +16.7 (27%) +3.5(5%)
NWA (uo = Hr/3) 62.6 13 (20%) 68.7 45 (7%)

NWALOdecay (NO =m; + mW/Z)
NWALOdecay (MO = HT/3)

+14.2(11%)
127.0 Z3373 (10%)

+13.6 (10%)
130.7 155 (10%)

NWALOdecay (MO =m; + mW/2)
NWAL0decay (0 = Hr/3)

+8.8 (13%)
69.8 —7.8(11%)

+8.3(11%)
72.0 _77 (11%)

pp — etvopu b et bb+ X

pp — e Do uT V€ Ve bb + X
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do /dy [fb]

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek
arXiv:2012.01363 [hep-ph]

0.04f — Y e LHC;3 NLO - LHC;3 NLO -
[ W+ e s 1 ]
[ =eeee y%t Ho = HT/3 po = Hr/3
- GW- e
0.03 |-t NNPDF3.0 NNPDF3.0
' yﬁw-
s t - . ]
0.02}
0.01}
S f =
0008 06 06 18 30
y y

Aly| = |ye| — |yil

pp — etv, [T 7 eTv,bb+ X
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arXiv:1912.09999 [hep-ph]
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Bevilacqua, Hartanto, Kraus, Weber, Worek
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l I y Bevilacqua, Hartanto, Kraus, Weber, Worek

_ arXiv:1912.09999 [ hep-ph]
pp — e u, pn v,bby + X

3@ LO &9 @ NLO DIFFERENT POSSIBILITIES

Q = |M(t) —my| + |M(T) — my

i) t=WT(>etrv)bd and t=W=(— p )b,
i) t=Wt(—etre)by and t=W=(— pu,)b,
iii) t=Wt(—>et.)b and t=W-(—= u"9,)b
(i) (= eTve) ! L NON-RESONANT (NR) REGION
DOUBLE-RESONANT (DR) REGION |M(t) — m¢| > nTy, and IM (%) —my| >nTy
|M(t) — my| < nly, and IM(t) —my| <nly BOUNDARY PARAMETER
= n=5,10,15
SINGLE-RESONANT (SR) REGIONS
IM(t) — my| < nTy, and IM(%) —my| > nT, * Forn=15
or M(t) € (152.9,193.5) GeV

|M(t) — my| > nTy, and IM(t) —my| <nly
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