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Outline

Introduction

Status of theoretical predictions = QCD

State-of-the-art (fixed order) theoretical predictions for:

[ pp — tt, thy, W =*, 1 Z J

Modeling of top quark production & decays = top quark in di-lepton channel

« NWA
+ Off-shell top quark effects
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2. Off-shell vs on-shell modelling of top quarks in photon associated production

« Bevilacqua, Hartanto, Kraus, Weber, Worek
 JHEP 2003 (2020) 154

3. Towards Constraining Dark Matter at the LHC: Higher order QCD predictions for pp — tt + p***
« Bevilacqua, Hartanto, Kraus, Weber, Worek
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Why top quark is special

» Infrared structure of QCD = Precision physics
« Extract SM parameters as precisely as possible = ag & My
* Constraining gluon PDFs
 Verify couplings to other particles = ~, H, Z, w*

» Background process to various SM studies = Higgs boson

= Window to New Physics
* Direct searches = Main background to many BSM scenarios
+ Indirect searches = Precision tests of properties, rare decays, various top
quark production modes

Production Decays Intrinsic properties




tt(j) & ttV

= NNLO in NWA © ¢t di-lepton channel
= NLO with off-shell top quarks = tt, ttj di-lepton channel

= Besides t#(j) more exclusive final states can be accessed @ LHC

tty, ttZ, ttH, ttW T, ttW— QLHC
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Top-Quark Pair Production & Decays

Normalized differential ## cross-
section = Azimuthal opening angle Top quarks in NWA
between two leptons di-lepton channel
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Top-Quark Pair Production & Decays

Data or MC
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Normalized differential tt cross-section

= Azimuthal opening angle between two leptons
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Top-Quark Pair Production & Decays

Czakon, Mitov, Poncelet ‘20
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= prof b-jet & lepton = Difference between two data sets > With and without
neutrinos from semileptonic B-decays

= All observables strongly affected = Overall normalization & shape



Combined tty + tWy Production & Decays
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NWA & Off-Shell Effects

Complete off-shell effects
= Off-shell top quarks are described by Breit-Wigner propagators

= Double-, single- as well as non-resonant top-quark contributions are included
= All interference effects consistently incorporated at matrix element level

NWA
* Works in the limit = I'; /m; — 0

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

= Incorporates only double resonant contributions
= Restricts the unstable top quarks (W gauge bosons) to on-shell states

pp — tt - WTW~bb — etv.pu~ ,bb

10



NWA & Off-Shell Effects

* Feynman Diagrams = 628 @ LO for gg channel versus 38 in NWA
= 8 diagrams with photon in production and 30 in decay stage
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two top-quark resonamnces one top-quark resonamnce no top-quark resonamnces

= NLO = 4348 real emission & 36032 @ 1-loop for gg channel

* Most complicated = 90 heptagons & 958 hexagons
o tty full

tty in NWA |
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How Good Is the NWA ?

Should be accurate for sufficiently inclusive observables

Off-shell effects for integrated fiducial o = at few % level @ NLO in QCD

tt (di-lepton)

Denner, Dittmaier, Kallweit, Pozzorini '11 12

Bevilacqua, Czakon, van Hameren, Papadopoulos, Worek '11
Frederix ‘14

Heinrich, Maier, Nisius, Schlenk, Winter ‘14

Denner, Pellen '16 (EW+QCD)

Jezo, Lindert, Nason, Oleari, Pozzorini "16 (PS)

tt (lepton+jets)

Denner, Pellen '18

ttH ( di-lepton)

Denner, Feger ‘15
Denner, Lang, Pellen, Uccirati '17 (EW+QCD)

ttj (di-lepton)

Bevilacqua, Hartanto, Kraus, Worek "16 18

Lty (di-lepton)

Bevilacqua, Hartanto, Kraus, Weber, Worek "18 '19 ‘20

ttZ, Z — V[V (di-lepton)

Bevilacqua, Hartanto, Kraus, Weber, Worek 19

ttW (ai- lepton)

Bevilacqua, Bi, Hartanto, Kraus, Worek 20
Denner, Pelliccioli ‘20

ttbb ( di-lepton)

Denner, Lang, Pellen “20
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Fiducial Cross Section for tty

eTveu~ U,bby @ LHC1310v

MODELLING APPROACH

ULO [fb]

UNLO [fb]

full off-shell (uo = Hr/4)

+2.45 (33%)
7'32—1.71 (23%)

40.11(1%)
7-50_ 45 (6%

NWA (o = my/2)
NWA (uo = Hr/4)

+2.84 (35%)
8.08_] g5 (24%)
+2.39 (33%)

7181 68 (23%)

7 9g =099 (13%)

03 (0.4%)
—0.43 (5.9%)
7-33_004(3.3%

NWAW—prod (MO = mt/2)

4 50163 (36%)

4.13~0-53 (13%)

—1.11(24%) —0.05 (1.2%)

. +1.29 (33%) —0.12 (2.3%)

NWA, _proa (1o = Hr/4) 3-85_5 99 (23%) 4.15_o 5 (5.1%)
+1.20 (34%) —0.46 (15%)

NWA, _decay (ko = my/2) 3'56—0.85(24%) 3'15+0.03 (0.9%)
. +1.10(33%) —0.31(9.7%)

NWA,_decay (Ho = Hr/4) 33375, (23%) 3.18_503 (0.9%)

NWALOdecay (,UIO = mt/z)
NWALOdecay (,U'O = HT/4)

10.26 (5.4%)
4.85_0 45 (9.9%)
+0.44 (9.5%
4.63_0 59 (11%)

—— —

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

HELAC-NLO

Various approaches for the modelling

of top quark production & decays

Off-shell effects 3%
Consistent with I'; /m; = 0.8%

57% > y emitted in production
43% > y emitted in decay stage

For pry > 25 GeV it is 50%-50%

NLO QCD corrections to top quark
decays are negative and not small
17% = ug= % my

12% = ug= % Hr

Theoretical uncertainties not
underestimated for the full NWA
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HELAC-NLO

How Good Is the NWA ?

= Dimensionful observables are sensitive to non-factorizable top quark
corrections = Tens of per cent in specific phase-space regions

» Kinematical edges & high pr regions +yop~,bby @ LHC
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Various Phase-space Regions
e"'l/e,u,_DubI_ry @ LHC 31ev

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

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

i) t=WTt(—etre)bd and t=W(— pv,)b,
(i) t=WT(=etve)by and t=W=(— uv,)b,
(i) t=WTt(—>etre)bd and t=W(— uv,) by

Compute for each history Q and pick the one that minimises the Q value

Q = [M(t) —my| +[M (%) —myl

Double-resonant (DR): |M(t) — my| <nly, and IM(t) —my| <nTy

Two single-resonant regions (SR):
|IM(t) —my| < nTy, and |IM(t) —my| >nTy
|IM(t) — m¢| >nTy, and IM(t) —my| <nTy
= Non-resonant region (NR):

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



Various Phase-space Regions
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= Off-shell effects:

* High prregion of various dimensionful observables

* Vicinity of kinematical edges
« Contribute up to 50% — 60%

16



HELAC-NLO

Various Phase-space Regions

. . , ] e"’ueu_ﬁubb'y @Q LHC 371ev
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= Observables sensitive to top quark off-shell effects = Substantial contributions
from single top quark process

= Dimensionless observables rather insensitive to top quark off-shell effects



Y in Production & Decays = Differential Level

do/Hr [fb/GeV]

Ratio to NWA
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HELAC-NLO

Diverse picture

Photon emission in
decays can be reduced
* Hp>400 GeV
* pr(y) >50 GeV
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Ratio to NWA¢n

Y in Production & Decays = Differential Level

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20
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= Diverse picture

* Photon emission in
decays can be reduced

Hr> 400 GeV

pr(y) > 50 GeV
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ttW with dynamical & fixed scale

HELAC-NLO
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ttW stable with respect to central scale choice in fiducial regions
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ttW with dynamical scale
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Bevilacqua, Bi, Hartanto, Kraus,
Worek ‘20

Fixed scale

= NLOQCD = +25% up -35%

= Uncertainties = 15% — 20%

= Perturbative instabilities in
TeV regions

Dynamical scale

= NLOQCD = *10%

= Uncertainties = 5% —10%

= Stabilises tails and keeps
NLO uncertainties bands
within LO ones
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Bevilacqua, Bi, Hartanto, Kraus,
Worek 20

PDF uncertainties = 5%

Negligible when contrasted with
scale dependence

Differences between results for
various PDF sets are similar in size
to internal PDF uncertainties

For dynamical scale choice PDF

uncertainties and scale dependence
can be similar in high pr regions
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ttW with dynamical & fixed scale HELAC-NLO

Bevilacqua, Bi, Hartanto, Kraus, Worek ‘20 - Complete top-quark Off—
0
MODELLING APPROACH o0 [ab] oNLO [ab] shell effects = 0.2%
. +27.7 (26%) +6.3 (5%)
full off-shell (uo = m¢ +mpy /2)  106.9 —205(19%) 12327877 (79) » NLO QCD corrections to
full off-shell (uo = Hr/3) 11515503 00 124477300 top-quark decays = 3% for
B +27.5 (26%) 6.3 (5%) fixed scale = 5% for
NWA (o = m; +mw/2) 106.4 505 0%y 123.0747 (ren) dynamical scale
. +30.4 (26%) +4.1 (3%)
NWA (po = Hr/3) 115170 s oy 12427577 (600)
NWALodecay (10 = me + myy/2) 127.0 7142 8(1;3 » Theoretical uncertainties are
113.6 (10%) similar for off-shell case and
NWALOdecay (Ho = Hr/3) 1307 152 o) NWA = 6% — 7%

Results for various approaches for modelling of
top quark production and decays

For NWALOdecay = Rise up
to 10% — 11%
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ttW with dynamical scale

do/ H, [fb/GeV]

off-shell/ NWA

off-shell/ NWA

do/ M, , [fb/GeV]

10% &

10° F

109 £

107
15F
1.0

05

107

10*

10-5 L

10°¢

12}
1.1

1.0
0.9

pp — e, [TAR79 bbetr.@ LHC 3TV

" | off-shell
TINWA | 1
—— LOdec
§ SNSRI
500 1000 1500 2000
H, [GeV]
Ho=Hy/3 3 off-shell
~INwA

off-shell/ NWA

off-shell/ NWA

do/ Hy,, [f5/GeV]

do/ pry, [f6/GeV]

107

10% £

10-5 L

10 £

10-7 L

10

14 F

Ho=Hr!3 N off.shell
NwA |
LOdec

200 400 600 800 1000 1200 1400
HTIvis [GCV]

off-shell| 3

100 200 300 400 500 600
Prp, [GeV]

HELAC-NLO

Bevilacqua, Bi, Hartanto, Kraus,
Worek 20

Top-quark off-shell
effects 30% — 70%

Large discrepancies

between full NWA
description & NWA| ogecay

Differences also in
regions currently
scrutinised by ATLAS
& CMS experiments
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do /dcos by [fb]

scale dependence

ttZ (Z — vv) with dynamical scale

0.15

0.10

0.05

= Searches of new physics = tt + p

= New physics observables = p..

m1iss
T

miss

eTv, [TAR7W bb i, v,@ LHC 310V

I Ey/s - BYJ3 |
o __I;J“W;F“T"tn-:
NP:W ‘WL
i
n i
e
1 L L L

T T T

OOLO EZAm; +myz /25N Hyp/3
E= By /3EHE,/3

BB /3 |

do /dA¢y [fb]

NLO / LO

scale dependence

0.08

0.06

0.04

0.02

1.2

T T T T T

—eeemy A mg 2 Hp/3----Ep/3 |
B3 - B3

OOLO ©ZAmy+mz /28N Hp /3
E=Er /34 E/3 EBHEL/3 |

HELAC-NLO

, COSpp s APpoy, AYpe s Hr , E

Bevilacqua, Hartanto,
Kraus, Weber, Worek 19

= Uncertainties
reduced when

going from LO to
NLO

= Substantial non-
flat K-factors
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ttZ (Z — vv) with dynamical scale

HELAC-NLO

m1iss

» Searches of new physics = tt + pr.

= New physics observables = p?iss , COSpp s Ay, Aype . Hr , ET

eTv, [TAR7W bb i, v,@ LHC 310V

Bevilacqua, Hartanto,

[ ’ iz 107t [  --tiZ E Kraus, Weber, Worek “19
3 s = Reducible and
3 s irreducible
S _g - Lg
- O backgrounds
10-° 3
0 100 200 300 400 500 it pI'OdllCtiOl’l
DT,miss [GeV]
. y . T , . . . process does not
—tt----ttZ 0.6 - — -tz | o1 o
10 | . | exhibit long enough
3 z tails in ppmiss
= 5 04 .
g 1073 % . .
5 3 = Might impact
S = 0. . . . .
= " exclusion limits

-
9
'~

5 26

1 | 1 1 .
100 200 300 400 500
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Summary

= Proper modeling of top quark production & decay essential already now in
presence of inclusive cuts:

= NNLO QCD corrections to ¢t in NWA (di-lepton decay channel)

= NLO QCD corrections to £tV (top quarks in di-lepton channel)
* Corrections to production & decays = NLO tt spin correlations
* DPossibility of using kinematic-dependent pr & pr scales
« Complete off-shell effects for top quarks

* 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

= Qur full off-shell results for tt, tty, ttZ, tt\W
« Stored = Ntuples Files > Les Houches & ROOT Files 27
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Various Phase-space Regions
e+1/eu_17“b5'7 @ LHC 31ev

Bevilacqua, Hartanto, Kraus, Weber, Worek ‘20

= n=15 = boundaries outside which effects of I':in BW propagator < 1%

= DRregionis set to for m; =173.2 GeV

M(t) € (152.9,193.5) GeV M(%) € (152.9,193.5) GeV

= Contributions at the integrated cross section level for these 3 regions

oNEO = 6.57 fb, ong® =0.91 fb, oNEC =0.02 fb

= DR contribution to full oy, = 88% => SR comprises 12% -> NR only 0.5%
= Should we instead usen =5
oDEC = 4.82 b, o55© = 2.50 fb and oNR° = 0.18 fb

= DR=64%,SR =33%, NR =3%
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