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INSTEAD OF INTRODUCTION

= Latest theoretical results for 17 & t7 + X where X = H,y, W%, Z, j, bb, vy, jj, W¥j, ...

» Not only are they impressive, but there are plenty of them
» Tell story, hopefully interesting one

« Full processes => Phenomenological results => Compared to LHC data

« Variousresultsforpp — tft & pp —> tt + X
« NNLO QCD & NLO QCD

MY GOAL

= Precision & Accuracy => Identify which effects are important & should be taken into account

= Give a few examples for NLO QCD pp — ¢f + X results

= Vital for SM top quark physics studies & BSM searches & SM Higgs boson measurements => pp — titH
= (Biased) Selection %> (Almost) Only fixed order calculations => LHC



INSTEAD OF INTRODUCTION

SM => Extremely fun & exciting & enjoyable time for
people working on SM Physics => QCD + EW

BSM => Significant number of open questions remains &
Search for new phenomena key aspect of LHC

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

e 1,1t + jets, ttV => Important backgrounds for BSM

BSM INDIRECT SEARCHES
» New Physics as small corrections to SM reactions
* Precision SM measurements @ LHC
=> High Luminosity LHC
 High Precision Theoretical Predictions

=> Top Quark

Large Hadron Collider restarts

Beams of protons are again circulating around the collider’s 27-kilometre ring,
marking the end of a multiple-year hiatus for upgrade work
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WHY TOP QUARK IS SO SPECIAL

. . ATLAS+CMS Preliminary Miep SUMMary, Vs=7-13TeV June 2023
= TOP QUARK => Discovered at TeVatron in 1995 iciopwe
------- World comb. (Mar 2014) [2]
stat total stat
total uncertainty My  total (stat = syst = recoil) Vs Ref
b b LHC comb. (Sep 2013) LHCtopwG 173.29 = 0.95 (0.35 = 0.88) 7TeV [1]
» Heaviest observed particle Word coms. (Wer 2074 isoitash e
ATLAS, l+jets 172.33 + 1.27 (0.75 + 1.02) 7TeV [3]
ATLAS, dilepton 178.79 = 1.41 (0.54 = 1.30) 7 TeV [3]
ATLAS, all jets 175118 (1.4 £1.2) 7TeV [4]
. B p ATLAS, single top 172.2 £ 2.1 (0.7 = 2.0) 8TeV [5]
m. = ( 1 73 34 -+ 0 76) Ge \/ World Combination ‘14 ATLAS, dilepton 172.99 = 0.85 (0.41= 0.74) 8TeV [6]
I ATLAS, CDF/ CMS, D0 ATLAS, al! jets 173.72 = 1.15 (0.55 = 1.01) 8TeV [7]
ATLAS, l+jets 172.08 = 0.91 (0.39 = 0.82) 8TeV [8]
ATLAS comb. (Oct 2018) 172.69 =+ 0.48 (0.25 = 0.41) 748 TeV [8]
ATLAS, leptonic invariant mass 174.41=0.81 (0.39 = 0.66 = 0.25) 13 TeV [9]
. . ATLAS, dilepton (*) 172.21+ 0.80 (0.20 = 0.67 = 0.39) 13 TeV [10]
» Substantial Yukawa coupling OV, 1t Moy ryrtvbm
CMS, dilepton 172.50 + 1.52 (0.43 = 1.46) 7 TeV [12]
CMS, all jets 173.49 + 1.41 (0.69 = 1.23) 7TeV [13]
CMS, l+jets 172.35 + 0.51 (0.16 = 0.48) 8TeV [14]
CMS, dilepton 172,82 1.23 (0.19 = 1.22) 8TeV [14]
m CMS, all jets 172.32 + 0.64 (0.25 = 0.59) 8TeV [14]
t CMS, single top 172.95 + 1.22 (0.77 + 0.95) 8TeV [15]
Yl‘ — 2 — 1 CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47) 748 TeV [14]
CMS, I+jets 172.25 = 0.63 (0.08 = 0.62) 13 TeV [16]
V CMS, dilepton 172.33 + 0.70 (0.14 = 0.69) 18 TeV [17]
CMS, all jets 172.34 + 0.73 (0.20 = 0.70) 13 TeV [18]
CMS, single top 172.13 + 0.77 (0.32 + 0.70) 13 TeV [19]
CMS, l+jets 171.77 £ 0.37 13 TeV [20]
. . . . CMS, boosted 172.76 = 0.81 (0.22 = 0.78) 13 TeV [21]
» Special relation with SM Higgs boson - Prelminary
1 | I | 11 | 1 ' L1 | 11 | 11

I165 I170 I‘175 I‘180 I185
» Short lifetime => Decay before bound states can be formed My, [GeV]

Direct handle on top quark properties from its decay products m, = (171.77 £ 0.37) GeV

CMS Collaboration “22

Jp DI 6T & jets




LHC As TOP QUARK FACTORY

ATLAS & CMS
Collider ott [pb] L [ £fb1] Nevent
LHC7 TeV 180 5.0 9 x10°
LHCS TeV 256 19.7 5 x 106
LHC13 TeV 835 139 1 x 108
HL-LHC14 TeV 987 3000 3 x 10° Czakon, Mitov ‘14
HE-LHGC,7 Tev 3840 15000 6 x 1010

Top quark pair production @ NNLO QCD with TOP++
CT1l4nnlo PDF & m;=173.2 GeV
MR = ME= Y2 11

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



ToP PAIR BRANCHING FRACTIONS N —

"alljets™ 46%

[l

ttjets 15%

I, q
utjets 15% W+ Vv ai
¥ e+jets 15% _ t
"dileptons™ "lepton+jets”
b

= Top quark produced via QCD interaction & Decay through weak interaction
* Producing W-boson and a down-type quark (down, strange, or bottom)

F(t — Wb) \thP
BR(t Wb) = = ~ 0.99
= WO = S S We) ~ VP + VP + Vial?

SM: t— Wb=100%




PRECISION TOP QUARK PHYSICS

= INFRARED STRUCTURE OF QCD

« Extract SM parameters as precisely as possible => a, & m,
» Constraining gluon PDFs
 Verify couplings to other particles => y, H, Z, w*

» VARIOUS IR-SAFE OBSERVABLES

+ Integrated & differential (fiducial) cross sections

» Cross section ratios
o More stable against radiative corrections
o Reduced scale dependence => Various uncertainties cancel in ratio
o Enhanced predictive power => Interesting to probe new physics @ LHC

« Top quark charge asymmetry => Differential & cumulative top quark charge asymmetries => Lepton
charge asymmetry, ...



TOP QUARK

PAIR

= NNLO + NNLL predictions for ¢t

= NNLO PRODUCTION & DECAYS
« Narrow-width-approximation

» di-lepton top quark decay channel

= NNLO PRODUCTION + LO DECAYS + PS

«  MiNNLO,,

pp—)ﬁ

3 F | T T T | T T T | T T T T T T | T T T | T T T

[oR E v Tevatron combined 1.96 TeV (L < 8.8 fb") P E

— [ # ATLAS combined dilepton, l+jets* 5.02 TeV (L = 257 pb™) ATLAS+CMS Preliminary a

g |+ CMS combined ey, l+jets 5.02 TeV (L = 27.4-302 pb) LHCtop WG June 2023 ]

= | v LHC combinedeu?7 TeV (L=5fb") LHCtopWG i

&} v LHC combined ey 8 TeV (L =20 fb™) LHCtopWG

g 3| ® ATLASeun13TeV (L=1401b")

pr 10° E-4 oMSen13Tev (L=35910")

®» F O ATLAS l+jets 13 TeV (L = 139 fb™)

o - A CMS l+jets 13 TeV (L =137 fb™)

o T e ATLASew 13.6TeV (L=111fb")

— [~ e CMS dilepton, l+jets 13.6 TeV (L=1.2b™)

; o 1000F 3
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o 10°F 900fF 1=

> - 3

[&) Z .
B E=== NNLO+NNLL, PDF4LHC21 (pp) 13 13.6 N
B === NNLO+NNLL, NNPDF3.0 (pp) 7]

10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 ]
E My, = 172.5 GeV, o (M,) = 0.118 = 0.001 3
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NNLO
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pp — tt > WYW~bb — £*v,¢", bb
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T T T
ATLAS+CMS Preliminary Vs = 13 TeV (Nov. 2020)

LHCtopWG

ATLAS, L = 36.1 b
Eur. Phys. J. C 80 (2020) 754 —

CMS, L =35.9 fb" I
Phys. Rev. D 100 (2019) 072002

— — ATLAS Powheg+Pythia8 H "
CMS Powheg+Pythia8 E .r.*nj

“_| .

NNLO (NNPDF3.1, 1 =u_= Hy/4)
Phys. Rev. Lett. 123 (2019) 082001

—_
o .
N

s

oy o "

0.95

B ATLASstat ®syst. & CMS stat. @ syst.

a6 a3 w2 23
Parton level| A¢(I*, I')| [rad]

5n/6 p

do

O d| Ag(l,

1

Data or MC
Pwg+P8 (ATLAS)

] [1/rad]

o
© »
IS [$

[3)]
|II|I|IIII|IIII

o
w

0.

0.2

5

3

5

T T
ATLAS+CMS Preliminary Vs=13TeV (Nov. 2020)

LHCtopWG
ATLAS, L=36.11b"
Eur. Phys. J. C 80 (2020) 754

CMS, L=359fb" T
Phys. Rev. D 100 (2019) 072002 o
[ H'v- o
— — ATLAS Powheg+Pythia8 i ¢
CMS Powheg+Pythia8
r“ % ATLAS MGS5aMC+Pythia8
raoilor [aMC@NLO, NLO incl.]

----- ATLAS Powheg+Herwig7

_ CMS MG5aMC+Pythia8
[FxFx, 2 add. jets]

IIII|IIII|IIIIIIII"l-

H

B ATLASstat@syst. & CMS stat. ® syst.

Czakon, Fiedler, Mitov ‘13

Czakon, Heymes, Mitov ‘16 “17

/6 3 w2 2n3 516 p
Parton level| A¢(I*, I") | [rad]

Behring, Czakon, Mitov, Papanastasiou, Poncelet 19
Czakon, Mitov, Poncelet ‘21

Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Sargsyan "19
Catani, Devoto, Grazzini, Kallweit, Mazzitelli “19

Mazzitelli, Monni, Nason, Re, Wiesemann, Zanderighi '21 ‘22



TOP QUARK PAIR PRODUCTION & DECAYS

Precision
AGREEMENT
Tl — o Fiducial ... fe—us pp — 1t — W+W_bE >, 07D bE
?1 Y NLO  AmLAS | 000 | 2 2
§ :]Z ________ LHC 13 TeV m = 172.5 GeV
s 0:6 . e R A : ___ Scale: Hr/4 PDF: NNPDF31nnlo
SR S = Normalised differential 77 cross section @ NNLO QCD
g e —— = = NWA => Di-lepton channel
Z 0,95 L o .
P e ——— ' i = Azimuthal opening angle between two leptons
S e, .
E 0:8 T T _ i %ﬁ—_ﬁ
: U oaseon = INCLUSIVE => Does not assume any selection cuts
I P — — = FIDUCIAL 5> Based on the ATLAS selection cuts
?1 1:2- — NLO ® ATLAS
g 10 ~ e Behring, Czakon, Mitov, Papanastasiou, Poncelet '19
%: zz e SIS ' &M:HI?T}i g‘;‘;mﬁgpﬁgﬁx‘fx Czakon, Mitov, Poncelet 20
S o fot
2 I —
2 1.000 T - 7
Z ool .
S . Proper modeling of top-quark production
- " i S & decay essential

As(L,0)

TENSION < 10
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ATLAS 18
ATL-PHYS-PUB-2021-042
i T T T T I T T T T I T T T T I T T T T I ]
) *“‘“ | Data, stat. uncertainty
107°°F [ ]Full uncertainty E
- " * Powheg+Pythia8 ['vivbb .
— i | % Powheg+Pythia8 tt+tW (DR) i
% ¢ Powheg+Pythia8 tt+tW (DS)
3l we ) _
@ 107 7 MGS5_aMC+Pythiag tf+tW (DR)
— - %, 4 MG5_aMC+Pythia8 ti+W (DR2) J
x B A |
£ | wf ]
ol Yheg
OlE 107 aed E
C ’A 3‘{ J
© - . OA =Y ! ]
o . ATLAS S B
5| Vs=13TeV,36.11b" I e
107°E pp - IMbb+X ]
- A ]
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 [ 1 1 I
o 2¢ ' ' I" 1
= 1 E_....| ...... *»““ﬁﬂf Y B "i I._E
% C - A“‘"‘;‘?A (" { } f ]
(o] R A N
= 0 : : : :
0 100 200 300 400
mminimax [GeV]
mg‘}mma" = min{max(mblfl s mb2f2), max(mblfz, mbzfl )}

?lccumcy

pp — tt > WYW~bb — £*v,¢ ", bb

Normalised differential 77 cross section @ NLO QCD + PS
Full off-shell versus 7 + tW(b) => Di-lepton channel

Regions sensitive to interference between doubly & singly
resonant top-quark pair production

Full off-shell prediction #*v,¢~,bb models well all regions

Beyond top-quark mass traditional models of interference diverge

p values comparing data & various MC predictions

Model All bins ~ minimax > 160 GeV
POWHEG-BoX ff + tW (DR) 0.71 0.40
PowHEG-Box tf + tW (DS) 0.77 0.56
MG5_aMC ¢z + tW (DR) 0.14 0.17
MG5_aMC ¢7 + tW (DR2) 0.02 0.08
PowHEG-Box #+vf~vbb 0.92 0.95




I l & I W ] 3 MadGraph5_aMC@NLO+Pythia 8 (left)

Powheg+Pythia 8 (right)

ATLAS "18
ATL-PHYS-PUB-2021-042

s‘ 1 —_ll T l LI | T T 71T | | L L I 11T | T T T | 71T I LI Il__ S‘ -1 __ll T | T T T | T TT ] LI [ T 1T [ TTTT l 71T | T T 71T ||__
& 'O £ ATLASPreliminary Data[PRL121(2018)152002] —— 5 3 'O E ATLASPrelminary  Data[PRL121(2018)152002] —+— =
= - /5=13TeV MGP8 tt+{W(DR1) —— | = - /5=13TeV PP8 tt+tW(DR) —— -
5 102 MGP8 tt+{W(DR1) dyn —+— 5 102 - PP8 tt+{W(DS) —— |
Y- - MGP8 t+W(DR2) —— 1 SfE. | :
S - MGP8 tt+tW(DR2) dyn —+— - [S B .
~io 107 = <18 107°F E
10—4 _g 10_4 = | —g
F = - =
1075 & i . 1075 = =
:l 1| | 111 | 111 | 111 I | .| | | | 111 | | | I: :I 11 | | | | 111 | | . I | | | | .| | | | | | 1 1 I:
1_6 ;.-_TT LI | L | 1T 17 [ 117 l T ] T T I T T 1] l_; 1_6 —:-_Tl LI | T 7T I 17T I | I L I L | L | LI T l_;
L 14E =, 14 E
© 1.2 = — © 1.2 | | l —
Q  1E ' E o 14 | 4 - E
g o8EF = 2 o8F L | [ =
0.6 - = 0.6 =
0'4 :_ll 11 ™ l 1 11| I | I I‘I_: 0.4 :_II | 1 | 1111 | 1 111 ] | I [ | I | .| I 1 111 | 1111 | 'I—:
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
mgfmlmax [GeV] mg[lnlmax [GeV]

Accuracy Important for proper modelling & tuning

mpp™ = min{max (mp, ¢, , mp,z,), max(my, ¢,, My, ¢, )} 12



ASSOCIATED T T PRODUCTION

» MORE EXCLUSIVE FINAL STATES ARE PRODUCED @ LHC

Top quark physics and heavy flavor production
Snowmass 2021

- 1 —t
4L = _
- |t
2 E i _t?)’
10 3 17/
o) i 1 —ttH
| 10° ¢ = _
% : I — W
10° £ q —tW-
= - 1 —tttt
1072 ¢
1073 ;_ [ | | | |_;
78 14 27 100

Vs [TeV] N



ASSOCIATED T T PRODUCTION

= MORE EXCLUSIVE FINAL STATES ARE PRODUCED @ LHC e D

o} %  ATLAS ® Unfolded data
[ {s=13TeV, 139 fo —— {iy+tWy (MG5_aMC+Pythia8)

- +
pp = tt+ X, X=y W=, Z iU [ Normalised cross-section - - - if, ,1wy (MGS_aMC+Herwig?)
—io
tat.

Vs = 13 TeV, June 2023
Stat @ Syst.

pp— CYv, 7, bby

d
A

@
=

ATLAS+CMS Preliminary
LHCtopWG

opy =0.72700i(scale) = 0.01(PDF)pb = oy, =0.8600i(scale) = 0.02(PDF) pb O, ¥ 20 =0.038 000 (tot.) pb x 20 0y x5=0.15=0.03(tot) pb x5 [Z7 o =0.77 = 0.14(tot.) pb —
JHEP 11 (2021) 29 = EPJC 80 (2020) 428 JHEP 10 (2018) 158 MadGraph5_aMC@NLO = MadGraph5_aMC@NLO
Fxe@2J+NLo':;‘f+NLo§“VS :  NLO(QCD+EW)+NNLL NLO QCD NLO QCD = NLOQCD

Omeas. * (Stat.) = (syst.) fotal __stat-

0.89 = 0.05 = 0.07 pb 2 —_———

¢ o
D
T 1T | T TT | T 1T | T

ATLAS, L_=140 fb”

ttw E ATLAS-CONF-2023-019* 0.2
0.87 = 0.04 = 0.05 pb : P CMS, L _=138.0 fo" C
= arXiv:2208.06485 T, . ..
0.99 = 0.05 = 0.08 pb D — ATLAS, L, =139 fb” [
tiz = ' ' ) EPJC 81 (2021) 737 _ toﬂ
0.95 = 0.05 = 0.06 pb oy CMS, L =775f0 S
5 JHEP 03 (2020) 056 °
a
thy+tWy e 0039 + 00008 *2322pb x 20 R ATLAS, L, = 130 1 Vi
H JHEP 09 (2020) 049 (@)
fly dilepton 0.175 = 0.003 = 0.006 pb x 5 : [ CMS, L, =138 fo”, Vis 2 s
: JHEP 052022 091 >
fly 1+jets 0.798 + 0.007 = 0.048 pb b—imtob—i CMS, L, =137 b, Vis 3 3
= JHEP 12 (2021) 180 *preliminary I-E
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
= NLO QCD full off-shell
) In@)| ARG, €)min A(L, £) |An(t, ©)| o _
Predictions x*/ndf  p-value | x*mdf  p-value | x*/ndf  p-value | x*/ndf  p-value | x2/ndf  p-value predlctlons for l’l’}/
tty + tWy (MGS5_aMC+PyTHia8) | 6.3/10 0.79 7.317 0.40 20.1/9 0.02 30.8/9  <0.01 6.5/7 0.48 ° s
tty + tWy MG5_aMC+HerwiG7) | 5.3/10 0.87 7717 0.36 18.9/9 0.03 31.6/9  <0.01 6.8/7 0.45 Dl lepton Chamel
< Theory NLO > 6.0/10 0.82 4.57 0.72 13.5/9 0.14 5.8/9 0.76 5.6/7 0.59

Bevilacqua, Hartanto, Kraus, Weber, Worek "18 “19 "20
ATLAS Collaboration 20

x*/ndf and p-values between measured normalised cross sections and

various predictions from MC simulations and NLO calculation 1



ASSOCIATED T T PRODUCTION

» MORE EXCLUSIVE FINAL STATES ARE PRODUCED @ LHC

pp — Y, 7,0, bb

F T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

% 85F ATLAS Preliminary B Dats, Stat . Total unc. 2 025] ATLAS Preliminary ®  Data, Stat B Total unc. ]
(O] E 1 ~—&— Sherpa ~<— Off-Shell (0] F 1 ~&— Sherpa ~4— Off-Shell 1
o 3 L 13 Tev' 140 fb —&— aMC@NLO+Py8 (FxFx) —%— aMC@NLO+Py8 (Incl.) o : 13 Tev' 140 fb —&— aMC@NLO+Py8 (FxFx) “— aMC@NLO+Py8 (Incl.)
N . ttw* Particle Level ~&— Powheg+Py8 —&— Powheg+Hw7 N o[ W Particle Level ~&— Powheg+Py8 —&— Powheg+Hw7 ]
g 2sf m ! | : = : il : :
— t [ J— [ .
L I I 1 r I I |
;%:'f— 2:— - . e | | 1 Bﬁf‘ 0~15__ f-g-* . 1 | =6==¥=& | R ]
o E e — ' ! ! © - -a= I . —— r i
~  15f —o—;E- ' ! ' - [ | | Leate | | e
S . L i - .
5 E o S . D — : 5 oqp - ¢+ :4- A e
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Rl . : = o %
os b =y }Tﬁﬁ:ﬁ:; | — 0.05fs | - e pe
SE | I e L I ]
- g = v | - :
L 1 1 1 1 1 1 L = =} 1 1 L 1 1 1 L 1 1 | 1 L 1 1 1 1 L L 1 1 1 1 L L 1 1 1 1 L 1 1 1 1 L 1 1 1 ]
— N ) 1.5 o : | =
1.5 e = b = - b [— 3
: —------------- o 13—"ﬁf‘°"_°__b_"' --0-9—_-63---10:--.----_-‘_3&:’-,_6,0_0-_5_-- ==0== _o_'f’:__?:_:‘_’w__o:
E | || N o]
05F || L 1 3
1.5 e — X E
E == . | - L .‘._| .‘.:
1;‘""‘5-‘;*‘5.#;&;.--*, - --- g _E'.".pi-e-a‘ﬁ-? ----- a..-,-'--_-l-_-#—I—E‘g-—E
05F ' - ’ 3
5 5 15 ;a— """" ‘E — ———— E
1 B Sl N L &} ]
Olz Ols I i -
ES ES 1 e L Eepmata o omooee S R OBy - E_-e;_-_-d_-_u-_—a—*---
a a 05F ] o ! E
....... | — " " " " I " " " " L L " i " L L " i
40 70 85100715130 150780 40 115 145170200245 40 70 85 100 115130 150 180 40 115145 170200245
2ISS++ 3l+ 2ISS-- 3l- 2ISS++ 3+ 2ISS-- 3l-
. ep . ep
Particle-Level H* [GeV] Particle-Level H'” [GeV]

e Absolute and normalised cross-sections as function of H;ep = pf +p5 + pTi

* Off-shell results: Parton-level corrected to particle-level through bin-by-bin scaling factors that account for non-
perturbative effects, such as multi-parton interactions and hadronisation

Bevilacqua, Bi, Hartanto, Kraus, Worek 20 '21 '22

ATLAS Collaboration 23 15



ASSOCIATED T T PRODUCTION

» MORE EXCLUSIVE FINAL STATES ARE PRODUCED @ LHC

pp — Y, 7,0, bb
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e SRR o SECCEEE -4 = | eme g R S E
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2l 15F ! p— I | - — E 2l F ! L= } —a-
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8 == = o T ® s o == g
e e ST e e e eae o a ] el NP e
0.09 0.150.39 0.450.6¢ 0.7 0.89 0.99 0.09 0.29 0.4 0.550.75 0.850.09 0. 15 0.39 0.45 0.69 0.7 0.89 0.990.09 0.29 0.4 0.55 0.750.85
2ISS++ 3l+ 2ISS-- 3l- 2ISS++ 3l+ 2ISS-- 3l-
Particle-Level IA4>II s SI/n Particle-Level IAc|>II s sI/::

e Absolute and normalised cross-sections as function of A¢,,

* Off-shell results: Parton-level corrected to particle-level through bin-by-bin scaling factors that account for non-
perturbative effects, such as multi-parton interactions and hadronisation

Bevilacqua, Bi, Hartanto, Kraus, Worek '20 '21 22
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PRECISION & ACCURACY

Modelling of unstable particles

pp — bEeJr,u_VeDM at O(aza’)

q\\l

I

e+
Ce

U"!\F‘}Cl
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PRECISION & ACCURACY

Modelling of unstable particles

pp — bEeJr,u_VeDM at O(aza’)

q\\l

e"l’
Ce

Double-
resonant
diagram

N
U-!\F‘\Fcl
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PRECISION & ACCURACY

Modelling of unstable particles

pp — bEeJr,u_VeDM at O(aza’)

q\\l

e"l’
Ce

Single-
resonant
diagram

N
U-!\F‘\Fcl
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PRECISION & ACCURACY

Modelling of unstable particles

pp — bEeJr,u_VeDM at O(aza’)

q\\l

I

Non-
resonant
diagram

e"l’
Ce

U-!\F‘\Fcl
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PRECISION & ACCURACY

Modelling of unstable particles

pp — bE€+,LL_V€DM at O(aza’)

Narrow-width

approximation

(NWA)

— Fix intermediate

state to be on-shell ?

o

L — 0
m

Dy

q\\'l

I

e;l’
Ce

G-R"\Fcl
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PRECISION & ACCURACY

* Modelling of unstable particles

pp — bEeJr,u_VeDM at O(aza’)

Narrow-width 9 >—
Ty I, Ty approximation
mw . me . mg’ (NWA)

— Fix intermediate
2.6% > 0.8% > 0.003%. state to be on-shell ?

r o
— — 0
m

Doy

>—a > b
: € L\1“W<§i e
Ce
N
- e
3 RQARRQARN b
b * NLO QCD correction separately to
et production & separately to top
quark decays
Ce
e NLO QCD nonfactorizable
corrections missing
— * No cross-talk between production &
u,«- decays & between 2 top-quark
M~ decays
b * NLO spin correlations

22



PRECISION & ACCURACY

* Modelling of unstable particles

0 2 g
- € e
pp — bbe ™ vely, at Oaga’)
/N
g AL 1A <6 .frf)<
Double resonant Single rfsonant Non resonant
9 b+ 9 2 oK b+ b
a2 Rm<e;€ HLw<;:ge i:
N A 2/r
J 9 b < b
NWA Off-shell

v Full off-shell = DR + SR + NR + interferences + Breit-Wigner propagators

v NWA = DR restricts unstable t & W to on-shell states

b
e;l’
Ce

G-R"\Fcl

23



COMPLEXITY FOR TTBB

Examples of OCTAGON-, HEPTAGON- & HEXAGON-TYPE of one-loop diagrams HELAC-NLO

“k\/\/\/\/\<

—

3
4
—»

4
—

pp — e*v, u~b, bbbb

One-loop correction type Number of Feynman diagrams

Self-energy 93452
Vertex 88164 Partonic Number of Number of Number of
Box-type 49000 Subprocess Feynman diagrams CS Dipoles NS Subtractions

Pentagon-type 25876 99 — e v ", bbbbg 41364 90 18
Hexagon-type 11372 qq — €tve p~, bbbbg 9576 50 10
Heptagon-type 3328 99 = €t ve v, bbbbg 9576 50 10
Octagon-type 336 93 — etve v, bbbbq 9576 50 10
Total number 271528

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek '21 ‘22

gg —~ ey, Uy, bbbb 24



NLO QCD CORRECTIONS

do/dM, .- [fb/GeV]

NLO/LO
5 &

o
ot

e

=

ot
:

o
=
=)

S
o

do [d(Ay+r- /) [fb]

o
=
S

NLO/LO
5 &

Bevilacqua, Hartanto, Kraus, Nasufi, Worek 22

e
o

T : + —— . _+_—
= Lo = — pp = ey, uv,bbt't
777 NLO %m g (/77 NLO |
o= Hr/3 7 T10—5 o = Hr/3 3
£ 1070F 1
S
107 | | | | * = NLO QCD CORRECTIONS MANDATORY
@] : :
o e s e e e S e 2  Affect shape of various distributions
1 1 1 A 'q ’ 1 1 1 1 . . .
0 100 200 300 400 50 -~ 09 200 400 600 800 1000 . Impact theoretical uncertainties
M.,.+.,— [GeV] Prr+r- [GCV]
Zzh I:I LO = 015" oy 1:0 | | | ] . 0 0
CB [ ] J—
iig 7z w0 | & |z o NLO QCD corrections => 10% — 50%
L[] wo=Hr/3 1 ZO0T 4= Hy3 ' » Scale dependence reduced
S S = < oo = o 30% @ LO
3 o o 10% @ NLO
— T — o For dynamical scale setting
I A §1-0ﬁ1i||||i|1|iiiﬁl
0.2 0.4 0.6 0.8 10 ~ %90 06 —02 02 0.6 1.0
Aprir-[m €08 0,+,-

Hy = pryp +Prp, T Pre+ + Prp- T Prov ¥ Dro- + P70
25



NLO QCD CORRECTIONS

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek "21

10° T T
po = Hrp/3 — LO
%
O
.
£
s
~
=
~
S
<=
-5
o 10
S g !
8 o R By
z 27 ]
T
S . .
0 100 200 300 400 500 600 700 800
pr(b) [GeV]
10° T
po = Hr/3 — LO
= 107!
3
~
£ 1072
=~ 10~
=
D
~ 107
-5
o 10
=2 3
S
=S 2t ri R ————
I 1
154 0 )
0 50 100 150 200 250 300
pr(bs) [GeV]

do/dpr(by) [fb/GeV]

NLO/LO

K=

do/dpr(ba) [fb/GeV]

NLO/LO

K=

10°

1071

1072 ¢

103

1074}

107°

10°6

o = N W

— LO

po = Hr/3

0 100 200 300 400 500 600

pr(be) [GeV]

po = Hrp/3 — LO

Ee=—s i

0 20 40 60 80 100 120 140

pr(ba) [GeV]

pp— ety up, bbbb

Integrated fiducial cross sections
plagued by large NLO QCD effects

Large NLO QCD corrections also @
differential level

NLO QCD corrections => 70% - 135%

Uncertainties => 10% - 25%
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Stremmer, Worek 22

1072 1072
+ Lo
{ NLO
=107 S10° o = Hrx
o o
8 &
1074 1074
T T
3 3
3 3
105 105
2.0 2.0
e o] ﬁ
810 ggL0 —_—
0.5 0.5 — |
0.0 500 1000 1500 2000 0% 500 1000 1500 2000
Hr [GeV] Hr [GeV]
1072 b Ho=Hx 1072 b Ho=Hnx
,; + Ho = Hdyn %‘ + Ho = Hdyn
8 + Mo =Hr/2 Q 1073 + Mo =Hr/2
=y o)
£10-3 =
£ 2107
S s S107°
1.50 2.0
5125 ol5
£ 1.00 = = gLOf= ==
“0.75 05
050, 200 400 600 800 09 200 400 600 800
Mp,p, [GeV] M+, [GeV]

D CORRECTIONS & SCALE SETTING

NLO ttH

pp — ey, uy, bbH

FIXED SCALE CHOICE

 Perturbative instabilities in ~ TeV regions

* LO & NLO uncertainties band do not overlap
 Scale uncertainties @ NLO larger than @ LO

» For some scale choices NLO results negative

DYNAMICAL SCALE CHOICE

e Stabilises tails
« NLO uncertainties bands within LO ones

Hr = prb, + 01,6y + 07,0+ + P71, 4= + PT,ymiss + 01, H

mp = \/m? + p2.

Hfie =y + I = 236 GeV

W=

Hdyn = (mT, t My T, H)

27



NLO QC

pp = e+1/e,u_l7ﬂ bbH(H — bb)

1072
t Lo { LO
— t NLOrogec, S10-3 t NLOiogec,
S
8 10—3 + NLO 8 + NLO
g g
- ~ -4
21074 310
8 3
3 3 1075
1075
1. 1.
0. 0.
0.0 0.4
0 100 200 300 400 500 600 0 200 400 600 800 1000
pr.b, [GeV] Mp.b, [GeV]
0.6 0og t LO
05 g t :tgwdec,.
= ~ 06
30.4 I“:
- el
o (05
% 0.3 50'4
502 s
8 0.2
0.1 ©
0.0 0.0
-1.6 :16
o 813 ‘ o 513
5510 5310
R 4R
“Z07 ] ~ % “Z07
204 204
0 1 2 3 4 5 ~1.0 -0.5 0.0 0.5 1.0
ARb;bz cos (eb;‘bf)

Stremmer, Worek 22

D CORRECTIONS & HIGGS DECAYS

NLO ttH

pp— ety uy, bbH

» Full off-shell effects fort & W+
» Higgs boson decays in NWA

ILO ONLO K
[fb] [fb]
Stable Higgs 2.2130(2) T30 1% 2.728(2)T1 3% 1.23
H — bb 0.8304(2) T34 2% 0.9456(8)"2%%  1.14
H— 7™ 0.11426(2) F30-9% 0.1418(1) "1 2% 1.24
H — vy 0.0037754(8)730-9%  0.004552(4) 99 1.21
H —etemete 1.0083(7)-1075130-2%  1313(4) - 107571 5% 1.30

= H—bb =

» 4 b-jets =>

ONLOLodee,, = 0-8956(8)7

13.8%
14.2% fb.

2> 6%

28




DF UNCERTAINTIES

pp = e+l/e/,t_17'u bbH

MMHT2014

CT14

NNPDF3.0

MSHT20

CT18

NNPDF3.1

I Mo=H7/2

2.55

------ NNPDF3.1

2.60 2.65 2.70 2.75 2.80
o [fb]

INTEGRATED LEVEL

Stremmer, Worek 22

1072

NLO ttH

1073

do/dHY¥S [fb/GeV]

._.
2
1

{ CT18
{  MSHT20
t NNPDF3.1

1.10

:105
0100
u095

090

1.10
¢1.05
’100
0095

0.905

400
HY® [GeV]

{ cT8
125} { MSHT20
4 NNPDF3.1

0.00
1.10

£1.05
E
©1.00
u095
090

1.10
$1.05
=’1oo
C’095

0.905

n/2 3n/4
Ado.b,

DIFFERENTIAL LEVEL 2



Bevilacqua, Hartanto, Kraus, Nasufi, Worek ‘22

NNPDF3.0 —— NNPDF3.1
Scale [H7/3]
NNPDF3.1 ——i
NNPDF4.0
CT10 —— CT18
[0 Scale [H7/3]
CT14
CT18
MSTW2008 —— MMHT2014
Scale [H7/3]
MMHT2014 ———
MSHT20
85 90 95 100 105 110
ONLO [ab]

INTEGRATED LEVEL

PDF UNCERTAINTIES

NLO ttZ

pp = ety uTb, bb "

do/dM, .- [fb/GeV]
S

10—6 L

—— NNPDF3.1

Ratio to
NNPDF

PDF unc.

—— NNPDF3.1
—— CTI8NLO 10t —— CTI8NLO
........ MMHT2014 o e MMHT2014
4 e _
po = Hr/3 =107 po = Hr/3
{
£10°°
~
o
~=
1077
O 1.2
Z.
§z 0.8
g
g L
=
c
A 0.8 ! i } H
A 0 200 400 600 800 1000
Prr+r- [GEW

DIFFERENTIAL LEVEL

PDF uncertainties for CT18 & MMHT14 similar
= Factor of 2 larger than PDF uncertainties for NNPDF3.1

PDF uncertainties smaller than scale variation
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How GOOD Is NWA

pp = e*v,u"o, ey, bb

Bevilacqua, Bi, Hartanto, Kraus, Worek 20

107 T T

- ! : ! 3L X =1I‘I /3 : J
MODELLING APPROACH ol [ab] oNLO [ab) Ho=Hr!3 off-shell 10 o Z%l;f&s:ell
= 107 NWA 5 > —— LOdec
( ) 8 — LOdec § »
full off-shell (4o =my +mw/2) 10697507300 | 123.2757 08 2 105k ‘% o
full off-shell (19 = Hr/3) 1151550200 | 1244773858 T el S
_8 = 107 g
. % .3(5% 7L ]
NWA (o = mq +mu/2) 106.47505 000 | 123,07 5507 10 = 6
30.4 (26% 4.1 (3% 10° E 1 I I L L
NWA (o = Hr/3) 115.1 7504 %00) \124.23.7%6%; ) « Y % o x : : ——
NWALOdecay (1o = my + myy/2) 127-°ﬂ§1§835£§ % Lo %Eﬁ“ﬁ\—“ g 12F o %ﬁ’g:i
NWALOdecay (1o = Hr/3) 130.77335 ov) S o P g E 0 o0 200 300 400 \Xii&&%wo
\¢ i 0 200 400 600 800 1000 1200 1400
Hy,, [GeV] Pz, [GeV]
INTEGRATED LEVEL DIFFERENTIAL LEVEL
» Full off-shell effects 0.2% » Off-shell effects up to 60% - 70%
» NLO QCD corrections to decays 3%-5% = Substantial differences between NWA & NWA o ..,
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How GOOD Is NWA

do /M (bl ) min [fb/GeV]

10°

[t
2
-

1073 E

pp = eu,uTo,bby

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

T

off-shell
NWA LOdec (Hp/4) ----NWA (m,;/2)

T

---NWA LOdec (m¢/2)

-—---NWA

(Hr/4)

il Lol Lol Loaiuul

0

I ! I
20 40 60

M (I ) min

80 100 120 140 160 180 200

10° 3

do /pr(bavg) [fb/GeV]

1075

off-shell
e 2
—_

Ratio to
D oo

off-shell
o o

Ratio to
o 00 -

101 E
10—2 E
1073 ¢

107k

off-shell

— NWA (Hp/4) 1

NWA LOdec (Hr/4) ----NWA (m;/2) 3
NWA LOdec (m:/2) .

1 | | | |
100 200 300 400 500 600

Pr(bavg)

NLO tty

DIMENSIONFUL OBSERVABLES

Sensitive to non-factorizable top
quark corrections

Effects up to 50% - 60%

Specific phase space regions
* Kinematical edges
« Highp,regions
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VARIOUS

PHASE-SPACE REGIONS

Bevilacqua, Hartanto, Kraus, Weber, Worek 20

101 -

[

2
=
T

3 -

do /M (bt ) min [fb/GeV]
S

—full --

--NWA |

Ratio to full
o
ot
<)
]

0 ;-.lv‘.]..l.

———— -
| | |

0 20 40 60 80 100 120 140 160 180 200

M (bl ) min

Ratio to full

0.75
0.50
0.25

——full ----NWA

_____________

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

100 200 300 400 500 600
P (bavg)

NLO tty

pp = ey, u"o,bby

DIMENSIONFUL OBSERVABLES

Sensitive to non-factorizable top
quark corrections

Effects up to 50% — 60%
Specific phase space regions

* Kinematical edges
« High p; regions
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VARIOUS

Ratio to

Ratio to

off-shell

off-shell

do /AR(vb,) [fb]

0.8
1.2
0.8

0.6
0.4

PHASE-SPACE |

T T

off-shell

.......... NWA LOdec (Hp/4) ----NWA (m;/2)
-~ NWA LOdec (m;/2) h

P — 3

) ;2 yl/‘)l”l

T

 NWA (Hy/4)

REGIONS

A7 7

do /AR(vbs) [fb]

____________________ 2z

—full ----NWA

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

ZZ "I.’.'I.‘I'I;I/////// : = 1F
W77, <0t .
| |

S 0501 -

< 0251 S -

m 0 ____________ L _._._._._._.._._,l -------------- S L— S —

0 1 2 3 4 5

AR(vb2)

NLO tty

pp = e+1/e,u_D'u bby

Observables sensitive to off-
shell effects => Substantial
contributions from single top
quark process

Dimensionless observables
rather insensitive to top quark

off-shell effects
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PHOTON IN

PRODUCTION &

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

MODELLING APPROACH o0 [fb] oNLO |[fb)
B +2.45 (33%) +0.11 (1%)
full off-shell (uo = Hr/4)  7-3277) 5a0r)  7-50 45 (65%)
r \
. +2.84 (35%) —0.99 (13%)
NWA (o = mu/2) 8.08_] g5 (24%) 7.28_503 (0.4%)
B +2.39 (33%) —0.43 (5.9%)
NWA (po = Hr/4) 7.18 16 (23%) 33 _0.04 (3.3%) )

NWA'y—prod (Ho = my¢/2)
NWA'y—prod (/J'O = HT/4)

+1.63 (36%)
452717 (24%)

+1.29 (33%)
3-85_ 90 (23%)

( osaa )

—0.53 (13%)
4.13_g o5 (1.2%)

—0.12 (2.3%)
4.15_0 51 (5.1%)

NWA’y—decay (NO = mt/ 2)
NWA'y—decay (NO = HT/4)

+1.20 (34%)
3.56_ 55 (24%)

+1.10 (33%)
3-33_ 077 (23%)

—0.46 (15%)
315 903 (0.9%)
—0.31 (9.7%)
3.18_ o3 (0.9%) )

N

NWALOdecay (t0 = mt/2)

(4 g5 +0-26 (5.4%)\

—0.48 (9.9%)
NWALOdeeay (10 = Hr/4) 4637035 ey

DECAYS

pp = ey, uTo,bby

= Forpr, > 40 GeV
« 57% => y emitted in production

« 43% => y emitted in decay stage

» NLO QCD corrections to top quark decays
e 12%-17%

101 102 r T T T ]
I NWAfull NWA'y prod.
.......... NWA,, decay
1071 | 1001 )
- =
> [
3 i g
£ 107 &
s G
g g |
| 107° B T g
= 10—6 b Ry -

—_
9
N
T
|
=
9
o

—_
4
1
\
1
I
4
I
1
1
|
|
[
l
I

0.75 |2 ,,J“'"r“ -
0.50 - 70T 8

0.25 L - - -

Ratio to NWA¢n
Ratio to NWAfu]]

o

o

Hrp pT('Y)
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PHOTON IN PRODUCTION & DECAYS

pp = e+l/e/,t_17'u bby

T T T T T
T T T T T T T T T S T T T T e —_— o
10° E R Afull T NWA'y prod. 3 E . NWAfull T NWA'*/ prod. . 3 NWAfl.lll NWA'Y prod.
s f Nt T Ny ;
) = E 3
S 1071k . 3 . E 3
= N E B T 2
=) o P e ] S wes | 3 =
£ - .ed 4 :- - B E
/E 10—2 Sl Ly T SRS SRR SRR B s E s i ] \S
-L oo e 3 'Hd 1L _ ~
5 F ] S WO 3
S ol | =7 o o :
= w3 4l = I . ]
= = 3 1072 F E
10—4 3 10_3 - l l l l-
<):E 1 T T T T T T T T T g 1 T T T T S
z 0751 R Aty B 075r ] E 0.75 - 8
G 080 T g 050 [ B S 0.0 s T
9 025 - - 9 0‘25 - — -~ 0 25 | i
= 0 1 1 I I ! I I 1 I s L 1 L 1 g :
~ 0 20 40 60 80 100 120 140 160 180 200 s (lﬁ5 170 175 180 185 190 é 0 _12 _'1 6 i é
M) min M (taug) y(ly)

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

Diverse picture
36



pp — CYv, 70, bbyy

UPffd' UMJizced
o dr, _dr; _ (dly, dT; dTy dFﬁ)‘
do'Fu]] = dO'tt,y,y X Ft X Ft + datt,y X < Ft X Ft + Ft X Ft
. (dTy, d; dTy dlz,  dTy, dTg,
+fi"“x<rtxrt thrt+rtxrt)'

-~

ODecay

* Integrated fiducial cross-section level
pr.y > 25GeV, pr, > 25GeV:
*  Mixed contribution at the level of 44 %
* Prod. contribution at the level of 40%
*  Decay contribution is about half the size 16%
» Differential fiducial cross-section level
* Various phase-space regions with various effects

Stremmer, Worek 23

doJdHES [fb/GeV]

PHOTONS IN PRODUCTION & DECAYS

1072

1074

106

1078

+ Ful ¢ Mixed
¢ Prod. ¢ Decay
NNPDF3.1 i = Ep/4

di-lepton
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Ratio
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0.00
1.0

Ratio
o
Ut
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) Ful ¢ Mixed
4 Prod. ¢ Decay
NNPDF3.1 = Ey/4
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+ Ful ¢ Mixed
¢ Prod. ¢ Decay
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PHOTONS IN PRODUCTION & DECAYS

b Rl b Mixed 1077 — + Rl 4 Mixed
_3 t  Prod. + Decay Prod. ¢  Decay
0 -
- 1 p=
.. ! NNPDF3.1  pty = Er/d 10 \NPDES o = Er/4
pp — U, jjbbyy e 8 .
B S
g 10_7 —g 10—8
e N - o ~ © 107 Jepton+jet : 10-10
dly  dI; dly, dU; dIy dl;
do =do,; X — X — do,x FYX X 7) _11
par = do, > p o doy (2 R X T " y
dFt dl'; dFt dr{ dI‘t dr{ .2 .2
do,; X VY o X 7Y T ), S 05 g 05
+“<Ft LT, T T T 2 2
ODecay 0'GO 100 200 300 400 500 600 0'GO 200 400
Prmy [Gev] Pryy, [Gev]
* Integrated fiducial cross-section level bRl f Mied bRl Mixed
0.15 {  Prod.  Decay 0.125 {  Prod. ¥ Decay
. . NNPDF3.1 po = Er/4 NNPDF3.1 g = Ep/4
with and without | My, — ]Wjj | < cht = 15GeV = 2 0.100
£ 010 5:: 0.075
pr.y > 25GeV, pr ;> 25GeV, pr, > 25GeV: = 2
s ) ’ S o 0.
= 0.05
e Prod. contribution at the level of 48% => 40% 0.025 ]
0.00 0.000 =
o Mixed contribution at the level of 40% => 43% Lo L0
) o . ) . E 0.5 ] ;j 0.5
e Decay contribution is about half the size 129% => 17%
0'GO 1 2 3 4 5 O'00 1 2 3 4 5
AR, ARy,

Stremmer, Worek ‘23
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INITIAL STATE BOTTOM QUARKS

Charge aware and charge blind schemes for b-jet tagging

CHARGE BLIND B-TAGGING

» Sensitive to absolute flavour of b-jet

= Cannot distinguish between b & b jets

» Recombination rules

bg — b,bg — b,bb — g,bb — g,bb — g

CHARGE AWARE B-TAGGING

» Sensitive to charge of b-jet

= Can distinguish between b & b jets

» Recombination rules

bg—>b,l§g—>l§,bl§—>g,bb—>b,l§l§—>l§

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek ‘21

pp — e+1/e,u_l7ﬂ bb bb

Jets clustered with anti-

5 flavour scheme with

k. algorithm with R = 0.4
massless b quarks

Two b-jet tagging variants are IR-safe @ NLO

Beyond NLO
o flavor k;

o flavor anti-k;

Banfi, Salam, Zanderighi ‘06

Czakon, Mitov, Poncelet 23

LO

o0 =6.813(3) fb
oqwm = 6.822(3) fb
O =6.828(3) b

b

impact: ~0.2%

NLO
oNLO = 13.22(3) fb

nob

oNLO = 13.31(3) fb

NLO_
oNLO = 13.38(3) fb

impact: ~ 1%
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INITIAL STATE BOTTOM QUARKS

NEGLIGIBLE CONTRIBUTION

» Contributions induced by initial state can be safely
neglected even in extreme phase space regions

| ! | ! I ! | E T T T T T T T r T . :
CT14 — scale [H,/3]
nob
NNPDF3.0 | charge aware
. charge blind
ABMP16 ——
CT18 —a—
MMHT2014 —
NNPDF3.1 -
PR R RPN EPU N | U N R R R

9 10 11 12 13 14 15 16 17 18
O.NLO [fb]

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek ‘21

pp —ev,uy, bb bb

dotdp (b)) [fb/GeV]

b-included/b-excluded

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

b-included/b-excluded

10°

10" ¢

102 ¢

102 =

10-4 -

10°%

1.0

10°

101

102 =

102

104 -

10
12

1.0
0.8

! T
H=H /3 b-excluded
b-blind ]
b-aware
] TS S——— e
0.8 [ e
0 200 400 600 800
pr(b) [GeV]
T T T .
Hy=Hrl3 b-excluded
b-blind ]
b-aware
0 200 400 600 800 1000 1200 1400

M@

\b,) [GeV]
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APPLICATION [: BSM EXCLUSION LIMITS

« BSM => Kinematical edges & high p; regions pp = 11+ Ygpg = WHW™bb + Ygpg — e v, u™0,bb + yy

— — _ groo00 Y b 970000 ) b g9705000 b

= 11+ DM => Top quark backgrounds: 17 & t1Z W%< W% W
s X >t el 4 vr et

e, v, o

= OBSERVABLE => Mp, w & My, & p7™ 9 TTTT L T g rsvood DS o b

Before & after applying additional cuts 1 brocess: iz == LOur—on NLOwmn
1077, [ NLOoff-shen  =.1 NLOwwa, Lodec
Process Order Scale Ouncut [fb]  ocut [fb]  Ocut/Tuncut Events for L = 300 fb—1!
1072
LO Hrp /4 1061 0 0.0% 0
) LO Er/4 984 0 0.0% 0 _
tt NWA LO my 854 0 0.0% 0 e|% 10-3
NLO Hrp /4 1097 0 0.0% 0 =16
NLO, LO dec  Hy /4 1271 0 0.0% 0 ol &
Sls
LO Hr/3 0.1223 0.0130  11% 47 10744
LO Er/3 0.1052 00116  11% 42
ttZ NWA LO my +mz/2 0.1094 00134  12% 48
NLO Hr/3 0.1226 00130  11% 47 10754
NLO, LO dec  Hzp/3 0.1364 0.0140  10% 50
LO Hrp /4 1067 0.0144  0.0013% 17 10-6
. LO Er/4 989 0.0131  0.0013% 16
tt Off-shell me 861 0.0150  0.0017% 18 15
NLO Hrp /4 1101 0.0156  0.0014% 19 3 1
2 %1, S TE oy -
LO Hr/3 0.1262 0.0135  11% 49 o ¢ el "=-"-—-._.__L‘ o
. LO Er/3 0.1042 00115  11% 41 =S i al i PR
12 Offshell 74 me +mz/2 0.1135 00140  12% 50 2905 T—————
NLO Hr/3 0.1269 0.0134  11% 48 z 0.0 | | | . | , |
0 100 200 300 400 500 600 700
Mr + [GeV]

= After cuts 25% of events come from 77
= NLO smaller uncertainties w.r.t LO, NLO + LO decays Hermann, Worek 21 41



APPLICATION [: BSM EXCLUSION LIMITS

Comparison of signal strength exclusion limits Hermann, Worek 21
Observable: Mr,, ¢ =T Observable: cos(6;) ]
1 - ’ Y o 1 . i LS
10 Parity: PS L ok 10 Parity: PS at DI
L = 3000 fb~? s =t L = 3000 fb~! T =
3 §]
= 104 = 10%
& A a
3 ¢ z 7 3 _ -
P AN === tte7_ shen + tLZ57 shen ( ; == tto— shen t tEZ6% _ shen
—— tEOH shen + tEZOE shen —— tEOH shen + tEZOE shen
""" EEOH - sheil + tEZ6%— sheil st Ui shen + 250 shel
10-1 —.- tHMO y tEZMO 10-1 —-- tihgn  +EZNG
- C O 4 izl = B
= 3 b ."'.Ns = 3
K} ."::~~ T -~
S _:(?2 ..-.::::::::___--_ o t‘l”z- ..."'l-.'ﬁ"l"l"lﬂ,-.._.._.._-._. _____
9 uo: ............:::::::::::: 9 uo: ---........—.._.-_--_--_.ﬂ--_.ﬂ-_..-.--.-.-_..-.:-_.._.-_-ﬂ-_---.-.
Jr_D’O l{i == N SRR T 4E;(D =
o [a g
=2 0 = 0
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
my [GeV] my [GeV]
M2 _ : M2 (1b)1 121 *
72+ = min [max{M7 (p; ",p} ), cos(6;;) = tanh(|m, — m,|/2)
pTl _+_p 2
=PT,miss

1b)o v lb); Vi b); ; 1b); v;
M3 (p(T) ,pq?)}] M3 (p§~) ,pT) = My, +2(E§~ gy —py) -pT) .



APPLICATION II: TOP CHARGE ASYMMETRY

Searching for more precise observables

At_aljin_at?in £ — [ 9(LAly|) Opin d
¢ O't_)i_in‘l'o't?in, 7bin = Y bin €9

Aly| = |ye| — |zl

6 r T T T ]
g HEI;AC-NLO ' not expanded — M
- uWT@LHCi;3p,y E

St Lo =my+ my /2 expanded —— ]

4 _ ................................................ E

Alcy (%)

NLO ttW

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek ‘21

Asymmetry larger than for pp — 11

« Top quark momenta must be reconstructed

 Scale setting not important => Fixed &
dynamical scale choice gives similar results

» Top-quark modelling important

W™ OFF-SHELL FuLL NWA NWALOdecay
po = Hr /3
AL, 01| 23060) 000 [1.93(5) SR 000 111 (3) 7025 0%
Al capy [%]]2:66(10) 035 135 |2:20(5) 10 51 rame) | 2:08(5) L0 50 (o)
ttW™* OFF-SHELL FuLL NWA NWALOdecay

; po = mi + mw /2

0t J :
OFF-SHELL FULL NWA NWA LOdecay

Acy [%]
A eap,y (%]

+1.06 (51%)
2.09(8) " 7o (33%)

+0.39 (15%)
2.62(10) '35 (13%)

+1.00(60%)
1-68(4)—0.67(40%)

+0.38(17%)
2.19(4)_0.34(16%)

+0.66 (77%)
0.86(3) " 45 (50%)

+0.46 (24%)
1.94(5) '3, (16%)

o A, charge asymmetry @ NLO for pp — W™
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APPLICATION II: TOP CHARGE ASYMMETRY

Differential & Cumulative AL

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek ‘21

T T

HELAC-NLO

s +. ﬁ not expanded ' { : off—s'hell
_2 5_ . ttW@ LHC13T€V ........ L expanded . _f g _2__ NWA /
- Ho=m+ my /2 i ' | © [ — LOdec Y
4 ;_ ...... R R IE IR I I T I I T TP I EE SRR 4 é —4 / 7 % // Z
g w )
> . = 4 //7//// }
S G T 1 g / ///A/ /
< 3 + . ; g 8 7 ) LHCy3 NLO |
sk s ol po = Hr/3 |
; : : § A NNPDF3.0
whk o S S ] 0 100 200 300 100 500
10 | : : _ ! pr(lily) [GeV]
2 : L ! | 1 .
OFF-SHELL FULL NWA NWALOdecay n ol ' ' LHC.; NLO
E _of=—Nwp po = Hr/3 ]
2 — LOdec NNPDF3.0
_ g 4y
W+ OFF-SHELL FuLL NWA NWALOdecay g
po = Hr/3 2_6 / /,//, /%/ 7.
; +2.46 (33%) +2.45(31%) +1.46 (15%) 5 -8
Ac,y [%] _7'46(11)—1.55(21%) _7'94(4)—1.54(19%) _9'81(4)—1.03(10%) é 0 ]
¢ +1.01 (14%) 40.99(13%) +1.00 (12%) O —10F
AC,GWP:Z/ [%] —6'93(13)—0.81 (12%) —7'43(5)—0.79(11%) —8'14(5)—0.81 (10%) 0 ldO 2(')0 360 4(')0 £00

[)T(&&) [GCV]

- A’ charge asymmetry @ NLO for pp — W™
« Directly measurable => No need for top quark reconstruction 24



APPLICATION

[l YUKAWA COUPLING

acp Off-shell NWA Off-shell
effects
+0.6275 (31%) +0.6290 (31%)
Lo [ 2.03132) 0 o) 203882 0 ) —0.37%
0.027 (1.1% 0.027 (1.1%
0 (SM)  oyro [fb] 2.466(2) 0 (s 247500 e —0.36%
- 0.161 (6.2%
CP-even ONLOL0dec [fb] - 2. 592(1)+0 242 Eg 3%3
K = oxro/oLo  1.21 1.21 (LOdec: 1.27)
0.3742 (31% 0.3707 (31%
Lo [ 1.1930(2) 0 an o) L1851(1) T 0 5eas Gnve) 0.66%
+0.016 (1.1%) +0.015 (1.0%)
/4 onLo [fb] 1.465(2) "0 071 (4'8%) 1.452(1) 7 060 (4.8%) 0.89%
0.097 (6.4%
ONLOLose D] — 1517(1) 541 o )
K =onvLo/oLo 1.23 1.23 (LOdec: 1.28)
0.13123 (34% 0.11240 (34%
10 [fb] 0.38277(6) 0 011 (oase)  0-33148(3) 0 rass o) 13:4%
0.0083 (1.2% 0.0035 (0.8%
/2 oxwo [fb] 0.5018(3) T oan 600, 0-4301(2) 70000 0% 14.3%
0.0323 (7.3%
CP-0dd  gyo o ] — 0.4433(2) 10 050 11

Lavv = KHVV (

K = onvLo/oL0

1.31

1.30 (LOdec: 1.34)

* Off-shell effects @ integrated fiducial level:

* Small for CP-even and
* Large effects for CP-odd Higgs boson

Higgs boson

Hermann, Stremmer, Worek 22

Coupling choices: k,,; = 2/3, k7 = 1, kyyyy = 1
Ensure consistency with current experimental bounds (ggF, VBF)

NLO ttH

« Higgs characterisation framework

b —2 (K,Hti‘; cos(acp) + 1K A5 Sin(aCP)75) Ve H

CP-even CP-odd

gazz 2, 2" + QHWWWJW_“) H,

Artoisenet et al. 13, Maltoni et al. '14, Demartin et al. 14, Demartin et al. ‘15
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SCALAR VERSUS PSEUDOSCALAR PRODUCTION

Hermann, Worek 21 * Production of pseudoscalar in association with top
quarks is suppressed compared to scalar for masses
— sScalarlo - f e Scalar| NLO below ~ 200 GeV if the two couplings
—=- Pseudoscalar LO  =—-- Pseudoscalar NLO
10?4 KHZ‘Z_‘ — KAZ‘Z_‘ — 1 Haisch, Pani, Polesello “17

1011
. * This difference can be understood when looking at
0 . .
= 100 t - t+ H/A fragmentation functions
s f (z) H%Itf -4(1_3’;)_'_ 1 (3)]

xIr) = rm\| —s
1071, it (4m)? | & m2
2 -
-5
102 fistra(z) (47)2 _CU n m2)]’
Dawson, Reina ‘98
Dittmaier, Krdmer, Liao, Spira, Zerwas "20
10-3 . . . | |
0 200 400 600 800 1000 , , ,
my [GeV] e x momentum fraction that Higgs boson carries
o Cross section for pp — bb et Vo, XX with e Scalar fragmentation function has additional 1/x

scalar & pseudoscalar mediators depending on * Enhanced production of soft scalar compared to

the mass my pseudoscalars 46



APPLICATION Il YUKAWA COUPLING

CP-conserving 2HDM

2.25 —
— Kaet = 1, Knyy = cos(ace)
2.00 — Kae=1, Knw =1 * Cross sections in NWA symmetric with respect to
— Katt=2/3, Knyw =1 N —

1.75 —— Kare =2/3 (NWA) Acp T —Acp
51.50
T e Equivalent to changing sign of Y,
3
5'1.00 . .
¥ * In full off-shell case symmetry is present if we set

0.75 —

Kgyy(acp) = cos(acp)
0.50 — 1
Kair =
0.25 . .
1.00 o Symmetry is broken if we take ky, = 1
5507 o Interference: Higgs boson radiated off W/Z => SR
$30°0 & NR #=> Higgs boson emitted top quarks => DR
025 & SR
0° 45° 90° 135° 180°
acp
* CP-even
* CP-mixed

Hermann, Stremmer, Worek 22

e CP-odd
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>
T

P 1Y C
LICATION lIl. YUKAWA COUPLING NLO #H
1072 t acp=0 < 10° t acp=0
= b ace=n/d = S b acp=n/4
> O 10-1
CE t acp=m/2 E glo t  acp=n/2
£10-3 2 1072
s g ‘103
3 = S S
3107 5 % 107
105
§ 3| Shape comparison g 10.0 D 4.5
552 2075 £93.0
<1 —— Eg 20 EC15
Z 9 g 2.5 §
1.4 0.0 %%
2% 1.2} Off-shell effects =1 ol _ 1.5
S50 : 33 22}
Z%o.sx—x‘ﬁ z¢ 0.5 2505 e
0.60 100 200 300 400 500 600 ° 0.0 ° 0.0 ]
pr.n [GeV] "0 100 200 300 400 "0 50 100 150 200
! Mz ¢ [GeV] M(be * )min [GeV]
» Off-shell effects @ differential fiducial level:
* CP-even * Large effects on size and shape for CP-odd Higgs boson
* CP-mixed * Only small effects for CP-even and CP-mixed
* CP-odd * Reason: SR contributions ~ tWHb production

Hermann, Stremmer, Worek ‘22
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FULL OFF-sHELL EFFECTS VERSUS NWA

Impact on IR-safe (integrated) cross sections => Normalisation
Impact on IR-safe (differential) cross sections => Shape of distributions

Impact on SM observables => A!, AZ

Impact on SM parameter extraction => m, & I,

Impact on BSM exclusion limits => pp — tf + DM at the LHC with SM background processes
pp — tt &ttZ

Impact on New Physics => Impact on signal modelling => pp — tfH with anomalous couplings

Subtraction of pp — tW from pp — tf and its impact on final experimental systematic uncertainties
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SUMMARY

PROPER MODELLING OF TOP-QUARK PRODUCTION & DECAY ESSENTIAL
» Already now in presence of inclusive cuts:

NNLO QCD for 7 in di-lepton channel

NLO QCD correctionstopp — tf & t1 + X i
 Full-off-shell predictions: X = H,y, W= Z( - vlp), Z(— C7), j, bb, W=j
o NWA Results: X = jj, vy

IMPORTANT
« Corrections to production & decays important => NNLO & NLO ¢7 spin correlations

« Possibility of using kinematic dependent yp & pf scales important
« Complete off-shell effects important => kinematical edges & high pregions

EVEN MORE IMPORTANT FOR
« Exclusive cuts & High luminosity measurements
» New Physics searches & Exclusion limits
* SM parameter extraction
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BACKUP SLIDES
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VARIOUS PHASE — SPACE REGIONS

3 different resonance histories => Resolved jet at NLO gives 9 in total

pp = ey, u"o,bby

(i) t=Wt(—>etr,)b and t=W= (= p,)b,

3 — + + F— - -=\h

(11) t=Ww (—> € Ve) bfy and t=W (_> H Vu) I_)’ Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20
(i) t=WT(—>etve)b and t=W= (= puv,)by

= Compute for each history O and pick one that minimises O Q = [M(t) — me| + | M(2) — myl

= DOUBLFE-RESONANT (DR)

|M(t) —my| <nTy, and |M(t) —my| <nTy = BOUNDARY PARAMETER
= TWO SINGLE-RESONANT REGIONS (SR) « Determines size of resonant region
|M(t) —my| < nTy, and |M(%) —my| >nTy for each reconstructed top quark
« n=>5,1015
|M(t) — m¢| >nTy, and |IM(t) —m¢| <nTy « Forn=15
= NON-RESONANT REGION (NR) M(t) € (152.9,193.5) GeV

|M(t) — m¢| >nTy, and [M(t) —my| >nTy 52



APPLICATION IV: TOP-QUARK MASS

1 doy; : 2m » Introduced in 2013
R mpole, s) — — Y mpOlea s/ with s — —0
(my", ps) ot dps (my", ps) P My;
Alioli, Fernandez, Fuster, Irles, Moch,
Uwer, Vos ‘13
NLO — Full HT/Z g 100 | h = Used by ATLAS & CMS
 NWAm, = 10
o NWApgame || = . ATLAS @ 8 TEV
R o Of = +1.2
E = S m, = 171.1+12 GeV
-—Oc = N | |
Qe == —_— : ‘ ATLAS collaboration 19
£ _- S S NSNS ~IEEPEIE
pz _ — - I_ - ]
] . 50| e . CMS@ 13TEV
- i E | ;
3 i
| x =] 4 ‘ . J . m, = 172.94 137 GeV
02 04 06 038 02 04 06 08
Ps Ds CMS Collaboration 22

Bevilacqua, Hartanto, Kraus, Schulze, Worek “18
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APPLICATION IV: TOP-QUARK MASS

Ratio to

Ratio to
173.2 GeV

173.2 GeV

R(mE, ps)

R(mE, ps)

[\

[u—y

—_
—_

S
o
o

=
(S — o

ot
oo =

M o

ATLAS binning

— 168.2 GeV
170.7 GeV
—173.2 GeV
175.7 GeV
— 178.2 GeV

0.2

0.4 0.6

Ps

0.8

CMS binning

1

— 168.2 GeV
170.7 GeV
—173.2 GeV
175.7 GeV
— 178.2 GeV

NLO ttj

pp = ety uo,bbj

0.8

Theory, NLO QCD mut £ Smut Averaged  Probability — mi™® — mg¥t

CT14 PDF [GeV] x2/d.o.f. p-value [GeV]
31 bins
Full, po = Hr /2 173.09 £+ 0.42 1.04 0.41 (0.80) +0.11
Pull, po = Er/2 172.45 + 0.39 1.12 0.30 (1.00) +0.75
Full, po = my 173.76 + 0.40 1.87 0.003 (3.00) —0.56
NWA, po =my 175.65 £+ 0.31 2.99 7-10°8 (5.40) —2.45
NWAproa., to = mq 169.59 + 0.30 310  2-107% (5.60)  +3.61
5 bins
Pull, o = Hy/2 173.08 % 0.40 0.94 0.44 (0.80) +0.12
Full, po = Ep/2 172.48 + 0.38 1.58 0.18 (1.30) +0.72
Pull, 1o = my 173.75 + 0.40 676 21075 (4.30)  —0.55
NWA, po = my 175.49 + 0.30 531 2-10% (370)  —2.29
NWAprod., tio = my 169.39 + 0.47 342 81073 (260)  +3.81
ATLAS binning N
Full, o = Hr)2 173.06 = 0.44 0.97 0.4 (0.80) +0.14
Pull, o = Er /2 172.36 + 0.44 1.38 0.23 (1.20) +0.84
Pull, po = my 173.84 + 0.42 512 1-107* (3.90) | —0.64
NWA, po = m, 175.23 + 0.37 528  7-10° (4.00) | —2.03
NWApyod., pto = my 169.43 + 0.50 2.61 0.02 (2.30) +3.77
CMS binning
Full, o = Hy)2 173.09 = 0.50 0.96 0.43 (0.80) +0.11
Full, pp = Ep/2 172.22 + 0.48 1.32 0.26 (1.10) +0.98
Pull, po = my 174.02 + 0.46 657  3-107° (420) | —0.82
NWA, po = my 175.74 + 0.34 600 8-10°° (3.90) | —2.54
NWAproa., tio = My 170.22 + 0.53 2.19 0.07 (1.80)

Bevilacqua, Hartanto, Kraus, Schulze, Worek “18

\ 298

» Sensitivity to scaler
setting and top quark
modelling
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TTBB @ NLO

ATLAS Collaboration ‘19

pp = ey, KD, bbbb + X

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek’ 21

Theoretical predictions Oeptap [fD]
SHERPA+OPENLOOPS (4FS) 17.24+4.2
POwWHEG-BoOX+PvyTHIA 8 (4FS) 16.5
POowHEL+PyYTHIA 8 (5FS) 18.7
PowHEL+PyTHIA 8 (4FS) 18.2
HELAC-NLO (5FS) 19.44+4.2

ATLAS - u
. —- —a—
+ - -
leptontjets (=3b) I = _ 13 7ev. 36.1 fo-? '-_+- " I_F
|
] [
lepton+tjets ( = 4b) ]
[ |
|
1
I Data- tiX(X=H,V) @ =
eu(=3b)r _.-* Stat. uncert. = B ]
| Total uncert. |
Sherpa 2.2 tibb (4FS) |
[ | Powheg+Pythia8 ttbb (4FS) M
eu(=4b)+ _.- PowHel+Pythia8 ttbb (5FS) M —
[ ] PowHel+Pythia8 ttbb (4FS) M
Ofig [fb] Pred./(Data - ttX)

= Comparison to ATLAS results

s ey channel @ 13 TeV

= Agreements within theoretical uncertainties

oATLAS — (25 + 6.5) fb

oo N0 = (20.0 £4.3) fb

= Higher with leptonic 7= decays into £~
» For similar scale choice HELAC-NLO
result is even higher ~ 21 fb
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TWB

Demartin, Maier, Maltoni, Mawatari, Zaro ‘17

g%%w
TR

(A2t) (A1) (Aot)

DS (diagram subtraction):

Aswplds = [ A1 + Ax|? — Car,

Local subtraction term C,, by definition must

cancel exactly the resonant matrix element | .</,, |2

when the kinematics is exactly on top of the
resonant pole

Be gauge invariant

Decrease quickly away from the resonant region

g t
Squared matrix element for producing tW~b

|Aswpl? = | A1 + Ax|?
= | A1;;|* + 2Re (A, A%) + | Az,

DRI (without interference):
|~Ath|%)R1 = |~A1t|2-
DR?2 (with interference):
Aiwblpry = |A1]> + 2Re( A, A3).

DR schemes based on removing contributions all
over the phase space

They are not gauge invariant
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