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INSTEAD OF INTRODUCTION

= NLO CORRECTIONS FOR STABLE TOP QUARKS

* General idea about size of NLO QCD corrections

« Can not provide reliable description of top quark decay products & radiation pattern

S. Dittmaier, P. Uwer, S. Weinzierl, Phys. Rev. Lett. 98 (2007) 262002
S. Dittmaier, P. Uwer, S. Weinzierl, Eur. Phys. ]. C 59 (2009) 625
= FOR MORE REALISTIC STUDIES DECAYS ARE NEEDED M. Czakon, H. B. Hartanto, M. Kraus, M. Worek, JHEP 06 (2015) 033

* NLO QCD for pp — ttj + PS = Corrections to production & Top decays in parton shower approximation & omitting
(even LO) t spin correlations A. Kardos, C. G. Papadopoulos, Z. Trocsanyi, Phys. Lett. B 705 (2011) 76

* NLO QCD for pp — ttj + LO decays + PS = Top decays @ LO before matched to parton shower programs & LO ff spin

correlations S. Alioli, S.Moch, P. Uwer, JHEP 01 (2012) 137

* NLO QCD for pp — ttj + LO decays = Top decays @ LO & LO tf spin correlations

K. Melnikov, M. Schulze, Nucl. Phys. B 840 (2010) 129

* NLO QCD in NWA for pp — ttj = NLO QCD corrections to top production & decays & NLO ¢ spin correlations

K. Melnikov, M. Schulze, Phys. Rev. D 85 (2012) 054002

* NLO QCD with complete off-shell effects of top quarks for pp — ttj = Additionally to previous effects = Resonant &

non-resonant diagrams & Interference effects & Off-shell ¢ & 1V described by Breit-Wigner propagators

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098 )
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003



FULL OFF-SHELL PREDICTIONS

* Modelling of unstable particles based on ##

pp — bgeJr,u_VeDM at O(aza’)
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FULL OFF-SHELL PREDICTIONS

* Modelling of unstable particles based on tt

pp — bEeJr,u_ueDM at O(aza’) 1
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FULL OFF-SHELL PREDICTIONS

* Modelling of unstable particles based on tt
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FULL OFF-SHELL PREDICTIONS

* Modelling of unstable particles based on tt
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ON-SHELL PREDICTIONS

* Modelling of unstable particles based on tt

pp — bgeJr,u_VeDM at O(aza’)

Narrow-width 9

approximation =

(NWA)

— Fix intermediate

state to be on-shell 7
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* Good approximation for very
O, inclusive observables
/f: * Integrated cross sections
b * Angular distributions




OFF-SHELL VERSUS ON-SHELL PREDICTIONS

= Modelling of unstable particles based on pp — tt
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pp — bbe " very, at O(aga”) _
. 7~
Double resonant Single rfsonant Non resonant
b ¢ ,
9 B R‘L»<:£+ 2 ) x“v»<;:£* 3 o
: A : 2/r :
J 8 9 b 9 < b
NWA Off-shell

v' Full off-shell = DR + SR + NR + interferences + Breit-Wigner propagators = @ NLO QCD
v' NWA = DR restricts unstable ¢ & 1V to on-shell states = @ NLO QCD

v NWA| o = NLO QCD corrections to /] production only



OFF-SHELL PREDICTIONS FOR TTJ

= Why do we not make
such calculations for
all processes?

03
A
T Tl

@
+

OS]

I
§|O‘

pp — e+ue,u_ﬂubl_)j + X

()
-

= pp — ttj with leptonic decays @ O(ata*)
= 2 — 5 process from QCD point of view = pp — WINbb;
* Diagrams with complete off-shell effects for ¢ & IV for ¢g initial state:

e LO: 508
o Real emission: 4447
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OFF-SHELL PREDICTIONS FOR TTJ

= g9 channel comprises 39 180 one-loop diagrams = According to OGRAF
P. Nogueira, |. Comput. Phys. 105 (1993) 279

= Most complicated ones are 1155 hexagons & 120 heptagons

= Tensor integrals up to rank six
pp — e+z/e,ufﬂub5j + X

NWA for ttj (on-shell top-quark Full calculations for ttj

production) — up to heptagons !
— up to pentagons !

No cross-talk between factorizable & non-

ttj production & top- factorizable
quark decays QCD C(l)r;ec;ions
include
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OFF-SHELL VERSUS ON-SHELL PREDICTIONS

= Modelling of unstable particles in di-lepton channel for /1 @ LHC

« Full off-shell = DR + SR + NR + interferences + Breit-Wigner propagators
« NWA = DR restricts unstable & IV to on-shell states

» Understand two approaches & compare them
= Generally full off-shell predictions impact:

* IR-safe (integrated) cross sections = Normalisation in BSM = pp — tt + A pseudoscalar Higgs boson

« IR-safe (differential) observables = Shape of dimensionful distributions = high p & kinematical edges
¢ SM parameter extraction =

* BSM exclusion limits = pp — tt + DM @ LHC with SM background processes pp — tt & pp — ttZ

* New Physics signal modelling = pp — ttH with anomalous couplings = pp — ttH in SMEFT

* Definition of pp — tWW & pp — tt = Diagram removal versus Diagram subtraction

 Final systematic uncertainties
* Matching to parton shower programs => Resonant aware matching is required
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H E LAC"'N LO Ossola, Papadopoulos, Pittau, Nucl. Phys. B 763 (2007) 147

Ossola, Papadopoulos, Pittau, JHEP 03 (2008) 042

van Hameren, Papadopoulos, Pittau,
JHEP 09 (2009) 106

CUTTOOLS

Bevilacqua, Czakon, Garzelli, van Hameren, Kardos,
Papadopoulos, Pittau, Worek,
Comput. Phys. Commun. 184 (2013) 986

ONELOOP

van Hameren, Comput. Phys. Commun. 182 (2011) 2427

HELAC-DIPOLES

van Hameren, e-Print: 1003.4953 [hep-ph]

Czakon, Papadopoulos, Worek, JHEP 08 (2009) 085
Bevilacqua, Czakon, Kubocz, Worek, JHEP 10 (2013) 204

KALEU
* FULL OFF-SHELL & NWA RESULTS = OUTPUT

* Predictions stored as partially unweighted “events” = ROOT-Ntuples Files & Les Houches Files
» FEach “event” provided with supplementary matrix element & PDF information

* Results for different scale settings & PDF choices by can be obtained by reweighting
 Different observables and/or binning can be provided + more exclusive cuts = With caveat

Bern, Dixon, Febres Cordero, Hoeche, Ita, Kosower, Maitre, Comput. Phys. Commun. 185 (2014) 1443
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_+_ - 7 .
SCALE DEPENDENCE pp — €T vep v bbj + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
- Integrated CToss SeCtlon @ LHC 13 TeV G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

» Scales: pugr = pur = puo=my, Ex/2, Hp/2

Hp = ZPT,@' + PP Er =mr,¢ +mr ¢
i

\ ‘ ‘
LHC 13 TeV ——LO LHC 13 TeV -+- LO (o = my)
2500 CT14 -+-LO gg 2500 CT14 ——LO (uo = Er/2)
-#-LO gg+qg " -+ -LO (po = Hr/2)
2000 -+-LO g3 +4g 2000 . -+~ NLO (o = my)
= . 0wt @ || ~ ——NLO (uo = Er/2)
&= 1500 K pr = pr =E&my | 2= 1500 ' -+ -NLO (po = Hr/2)
5 S
1000 PR = pF = Epo
500
0.1 1 10

» LO contributions: gg: 72%, gq : 18%, gq: 6%, qq : 4%
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SCALE DEPENDENCE

= Integrated cross section @ LHC 15 7,y

o [fo]

2500

2000

1500

1000

500

pp — e+1/e,u_ﬂub5j + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

HR = UF = (o = TNy, ET/27 HT/2

= scale variation fully driven by
changes in . independently of
scale choice

= 7-point scale variation and 3-point
scale variation would give similar

results

-+~ LO (pr = pr = Epo) -+- LO (pr = pr = &po)
. ——NLO (ur = pr = o) enin ——NLO (ur = pr = Epo)
| —=—NLO (ur = po, pr = Epo) —=—NLO (pr = po, 1r = o)
ey -=- NLO (ug = €uo, ur = po) 2000 -=- NLO (ur = &po, pr = o)
— <
IR Ho = my | el | uo = Er/2
LHC 13 TeV ? LHC 13 TeV
CT14 . CT14
= “_ 1000 - S
. e 500 [ et
0.1 1 10 01 1 10
§
-+-LO (ur = pr = &po)
——NLO (pr = po, ur = &po)
2000 |- -=- NLO (ur = &po, 1r = o)
2 1500 o= Hp)2
:’ \‘ LHC 13 TeV
1000 Ce
500 |-+ - TTaTemtTT gy
0.1 10

Er = \/m? +p2(t) + \/w2 +p5.(1),
Hr = pr(e*) + pr(u™) + priis,) + prlis,) +pr(ir) + 7
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ScCALE & PDF UNCERTAINTIES

= Size of NLO corrections for CT14 NLO

wo=my | K=088 | —12%
pwo=Er/2| K=110 |+ 10%
wo=Hr/2 | K=112 | +12%

» PDFs: CT14, MMHT14, NNPDEF3.0

» Integrated fiducial cross sections for (o = Hr /2

NLO . B 4+10.25
NLO . B +10.85
N o 5 (MMHT14, jg = Hr/2) = 554.617 105

NLO

O-e+ueu_17“b5j

(NNPDF3.0, g = Hr/2)

—56.23

pp — e+yeu_ﬁub5j + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

7-point scale variation

1/2p0 < pr, pr < 20

1/2 < pp/pr <2

68% C.L.

( +2%)
~19.15|(—3%)

(—10%) —12.22 |(—2%)

(—10%) —~11.31|(—2%)

| +18.00|(+3%
—10%) [scales]| Giad) [PDF] fb
( +2%) [scales] +12.06 |(4+2%) [PDF] b
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_+_ - 7 .
DIFFERENTIAL DISTRIBUTIONS pp — € vep” vybby + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

= 16 differential cross section distributions have been examined, here are just few examples...

* Dimensionful observable: pr(b) with y,= m;

= NLO do not simply rescale shape of LO p(b)
10* | = NLO corrections up to -55%
= = pq(b) properly described only via NLO
3 = Negative NLO results in high p tails
g 10° = LO higher than NLO in p tails
35
s 107 = Dynamic scale should depend on p; of hardest
jet & top-quark decay products A
B = Asymptotic freedom = a, W in tails
Q 101 5| = Dependence on a; @ LO > @ NLO
= 4 * Would drive positive NLO/LO ratio in this
© .
2 05 region
& 0
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pp — €+Veu_ﬂub6j + X

DIFFERENTIAL DISTRIBUTIONS

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

= Dimensionful observable: pr(b) with all 3 scale settings

= Positive corrections below 20% when iy = jig=11p= "2 Ex or pr= pup= o= " Hy used instead

* - [ 1o |
p=Hr/2
101 f - _NLO H
S i
) i |
g 100 - - -
= : f
bl - :
“ls 1072 : ]
010—2 = ‘
= L5
\ /XXXX%X){ /%
o 1 7 000000
2 0.5 - = ]
0 | | T I A | I T O |
100 200 300 100 200 300 100 200 300
pr, b [GeV] pr, b [(GeV] pr, b [GeV] 18



+ - 7 .
DIFFERENTIAL DISTRIBUTIONS pp —» € Vet Vubbj + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

= Dimensionful observable: pr(t) with all 3 scale settings

101 - T o [T [ S [ T T [ I
. - ‘
SRR i, i
= il 1
o & ; “ !
NS : :
10_1 = =
@ | BEEEARAERAR | '
= Ty iz
®) Wt ossssmne 22 2 72722
= 057 = \ F F =
| | [ [ - SN | | | | | | | | |
00 100 200 300 400 O 100 200 300 400 O 100 200 300 400
Dy (GeV] Pra [GeV] PT, t [GeV]
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DIFFERENTIAL DISTRIBUTIONS

* Dimensionful observable: pr(j;) with all 3 scale settings

=3
0}
&
o 23
=
4 10°
Y5
i~
10—
Q 15
~ 1
8 0.5
& 0

pp — e+yeu_ﬂub5j + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

—— LO
= H+ /2
7 T/ _NLO

I T T T | Ao [ IR | [ | ] |
100 200 300 100 200 300 100 200 300
pr, j; [GeV] pr, j; [GeV] pr, j; [GeV]
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+ - 7 .
DIFFERENTIAL DISTRIBUTIONS pp — € vep” vybby + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

= Dimensionless observable: y(b) with py= m,

= Negative, moderate 10% => But quite stable
NLO corrections

= Receives contributions from various scale settings
= Also from these sensitive to threshold for ¢
production

= For jip= yur = p= m; effects of phase-space regions
close to t] threshold dominate

21



+ - 7 .
DIFFERENTIAL DISTRIBUTIONS pp —> € Ve by + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

= Dimensionless observable: y(b) with all 3 scale settings

= Replaced by positive moderate NLO corrections for dynamical scale settings

y=Hp2 | — LO

S
' 7505
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_+_ - 7 .
SCALE & PDF UNCERTAINTIES pp — € vy ,bbj + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

= Upper panel
* NLO prediction for three different PDF sets at j/, = j1x = 11
= Middle panel
« NLO scale-dependence band normalized to central CT14 NLO prediction
= Lower panel
* PDF uncertainties obtained for each PDF set separately = Normalized to central NLO prediction

with CT14 PDF set
- LHC 13 TeV — CTl4nlo | ~ LHC 13 TeV — CTl4nlo | ~ LHC 13 TeV — CTl4nlo
. NLO p=m, ----MMHT2014 . NLO p = Er/2 ----MMHT2014 ) NLO p= Hr/2 ----MMHT2014

_10%} ----NNPDF3.0 | 10° © ---.NNPDF3.0 [| __ 10°| ---.NNPDF3.0 ||
> >

2 2
& 100 100 £ &
35 95

< 107! 1071 < 107!

-2 ' ! -2

Bg‘ml e R 28101 sgl

E = 5 = 5

=08 =503 =

o 8 0.6 | | ‘ O 8 0.6 B ! O 8

-3 B NS 28 = 23

23 08t S 23

-~ . B

] - 3 H <

xo 06 43 g O

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
pr, b [GeV] pr, b [GeV] pr, b [GeV]
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_+_ - 7 .
SCALE & PDF UNCERTAINTIES pp — € vy ,bbj + X

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, [HEP 11 (2016) 098
G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, Phys. Rev. Lett. 116 (2016) 5, 052003

= pp(b) = For jy= " Hy scale uncertainties have reached almost 10% = PDF uncertainties stayed below 6%

= 1y(b) = For py="> Hy scale uncertainties are below §% = PDF uncertainties are below 5%

=  Scale uncertainties dominant source of theoretical uncertainties

T T T T—I I T L UL - I UL T 7 T T .
LHC 13 TeV —— CT14nlo LHC 13 TeV —— CT14nlo LHC 13 TeV —— CT14nlo

NLO p=my ----MMHT?2014 NLO p = Er/2 ----MMHT?2014 NLO p = Hr/2 ----MMHT?2014
1025 | ----NNPDF3.0 1025 | ----NNPDF3.0 1025 | ----NNPDF3.0

9y ch>g.1011 2210; : .

= Sh- P SE

H g Mg =0

© 3 © 806 © 206 }

83 22 22 1=

g5 £ 08 2 08

a‘go ﬂ?Oo_ef 0?00,6&“ J ! !
-2 -1 0 1 2 -2 -1 0 1 2

Yo Yo
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APPLICATIONS

Alternative method for 1,

m; from normalized differential cross section

for pp — tt]

R has been calculated using pp — ttj @ NLO
in QCD + POWHEG matched with PYTHIA

=  Theoretical uncertainties & PDF uncertainties
affect 1, extraction < 1 GeV

=  Worth looking at ...

0y

pole

R(m

ratio

1
R. mpole, _
(m: ™ ps) Ofi+1-et  dPs

dotf+ 1-jet ( pole

m; ,Ps

)

Ps =

2my

\/Stij.

0.5

O o N WO

IIII|IIIII]III

IIIIIIIIllIIIl|IIII|IIII|IIII|IIII

170 GeV, CTEQ6.6

160 GeV, CTEQ6.6

LN L L L L L DL L L B
=== 170 GeV, MSTW
- = 180 GeV, CTEQ6.6

lIllllIlllllllllllllllllllllllll

llllllllllllll

S. Alioli, P. Fernandez, |. Fuster, A. Irles, S. O. Moch, P. Uwer, M. Vos,
Eur. Phys. ]. C 73 (2013) 2438

o
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OFF-SHELL YVERSUS ON-SHELL PREDICTIONS

Shape differences @ differential level

4 | |

NLO —— Full Hr/2
---- NWA my

3t T NWAProd mg |

2

1t _ =

0= | S

0.2 0.4 0.6 0.8
Ps

—1[] oy

NWA
Full

100

—50

Normalised p. differential distribution

Three different theoretical descriptions

* Relative size of NLO QCD corrections
* Relative size of full off-shell # & 1V effects
* Relative size of corrections to top-quark decays

pp — e+1/e,u_ﬂub5j + X

Full case for five different top quark masses

3 i
. — 168.2 GeV
5 - 40ibins ks 170.7 GeV
- . Ho=%2Hr —173.2 GeV
l-_-L_fl S 27 175.7 GeV
I“_:'l.... o — 178.2 GeV
— 2 i
Qs
W £i 7
ST SR 6 | A
. g% ‘
- == 9 2 1.5}
; =N g
; R =—— =
| | b Q(g S l | ‘—H_I_‘—'f'—‘
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Ps o ,
Normalisation differences @ integrated level
NW A NWA
Full | Full | NWA | NWApgoq, | SWA _1 | NWA _
(me] | [3H7] | [m] ] [me/ma] | [me/5Hr]
atl;l}O [fb] | 537.2 | 538.6 | 527.1 656.1 -1.9% —2.1%

Full off-shell effects change NLO cross section by 2%

» Consistent with uncertainty of NWA = O(I';/my)

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Schulze, M. Worek, JHEP 03 (2018) 169

26




pp — e+1/e,u_ﬂub5j + X

OFF-SHELL YVERSUS ON-SHELL PREDICTIONS

Full case for five different top quark masses

Shape differences @ differential level
3

4 \ !
NLO — Full X 100] 40 bins 5 " i cev
o= m, ----NWA :' Z . Ho=%2Hr —173.2 GeV
S S 2 175.7 GeV
3| NWApoa | | . OQ: —178.2 GeV
8‘8 B 8-1*) ;
Z | S 1t
j ; & Jf;
§ O __' ................. —..o) 1_;_’::—_{—_?__' - 0 AE%:
— . ) ! 1 i
| » 2%
<l —90 i g O 15
S | i =
Z . — 1 i '7%*’—‘
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Ps L , Ps
Normalisation differences @ integrated level
» Normalised p. differential distribution Pull | Pul | NWA | NWApyoq, | XWA _1 | NWaA _4
1 1
= Three different theoretical descriptions me] | [3Hz] | [md [ me/ma] | fme/5Hr]
oy O [fb] | 537.2 | 538.6 | 527.1 | 656.1 —1.9% —2.1%

* Relative size of NLO QCD corrections
* Relative size of full off-shell # & 1V effects
* Relative size of corrections to top-quark decays

= Full off-shell effects change NLO cross section by 2%
» Consistent with uncertainty of NWA = O(I';/my)

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Schulze, M. Worek, JHEP 03 (2018) 169 27



OFF-SHELL YVERSUS ON-SHELL PREDICTIONS

Same bin size

Different bin size

Luminosity of 2.5 fo 1 &m,n = 173.2 GeV

Theory, NLO QCD

mut £ §mgut

Averaged Probability mi® —m§

out

CT14 PDF [GeV] x2/d.o.f. p-value [GeV]
31 bins
Full, po = Hr/2  173.38 + 1.34 1.04 0.40 (0.80) —0.18
Full, po = Er/2 172.84 + 1.33 1.05 0.39 (0.90) +0.36
Full, py = my 174.11 + 1.39 1.07 0.37 (0.90) —0.91
NWA, po=my 175.70 £ 0.96 1.17 0.24 (1.20) —2.50
NWAprod., po =m¢  169.93 + 0.98 1.20 0.20 (1.30) +3.27
5 bins
Full, po = Hr/2  173.15 £+ 1.32 0.93 0.44 (0.80) +0.05
Full, po = Ep /2 172.55 + 1.18 1.07 0.37 (0.90) +0.65
Full, po = my 173.92 + 1.38 1.48 0.20 (1.30) —0.72
NWA, po = my 175.54 £ 0.97 1.38 0.24 (1.20) —2.34
NWAprod., po =m¢  169.37 + 1.43 1.16 0.33 (1.00) +3.83
ATLAS binning
Full, po = Hp/2  173.05 £+ 1.31 0.99 0.42 (0.80) +0.15
Full, po = E7/2 172.19 + 1.34 1.05 0.39 (0.90) +1.01
Full, po = my 173.86 + 1.39 1.42 0.21 (1.20) —0.66
NWA, po=m; 17522+ 115 138 023 (1.20)  —2.02
NWAproq., po =my 169.39 + 1.46 1.12 0.35 (0.90) +3.81
CMS binning
Full, po = Hr/2  173.09 + 1.53 0.94 0.44 (0.80) +0.11
Full, po = Er/2 172.20 £ 1.54 0.96 0.43 (0.80) +1.00
Full, py = my 173.94 + 1.49 1.42 0.22 (1.20) —0.74
NWA, po = my 175.66 + 1.10 1.42 0.22 (1.20) —2.46
NWApod., po =m¢  169.96 + 1.80 1.00 0.41 (0.80) +3.24

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Schulze, M. Worek,
JHEP 03 (2018) 169

pp — e+1/€,u_ﬂub5j + X

Agreement within 0.80 — 1.30 between various theoretical
descriptions & pseudo-data

68 % C.L. (1o) statistical error = Still large = 0.96 - 1.80
Averaged minimal y?/d.0.f is of order of 1
Number of standard deviations for each p-value

Top quark mass shift = Depending on theory used various
mass shifts are observed

* 2.0 - 2.5 GeV mass shift is visible for NWA with j/,= m, if
pseudo data obtained from full off-shell case with /)= 2 H;

* 1.2 - 2.0 GeV mass shift is visible for NWA with j/,= m, if
pseudo data obtained from full off-shell case with j/,= 1,

 For NWAp,,q substantial deviation = 3.2 - 3.8 GeV
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pp — e+ye/¢_ﬁub5j + X

OFF-SHELL YVERSUS ON-SHELL PREDICTIONS

Luminosity of 25 fo1 &m,* = 173.2 GeV

» For higher luminosity despite diminished quality of y’/d.0.f Theory, NLO QCD - mg™* & dmg™*  Averaged  Probability  mj" —mg™
. . . CT14 PDF [GeV] x%/d.o.f. p-value [GeV]
fit mass shifts persist ot s
Full, po = Hp/2  173.09 £0.42  1.04 0.41 (0.80) +0.11
* Upto 2.5 GeV for NWA with j)= m, when pseudo-data Pull jo=Er/2 17245+039 112 030 (100)  +075
are generated from full off-shell case with i, =12 Hy Pull po=m; 17376 £040 187  0.003(300)  —0.56
NWA, po =my 175.65 £ 0.31 2.99 71078 (5.40) —2.45
. NWApgoa., o =m; 169.59 £0.30  3.10  2-10-% (5.60)  +3.61
* Upto 2.0 GeV for NWA with y) = 7, when pseudo-data = bine
are generated from full off-shell case with /)= 11, Full, jo = Hp/2  173.08 £ 0.40  0.94 0.4 (0.80) +0.12
Pull, po = BEp/2 17248 £ 0.38  1.58 0.18 (1.30) +0.72
LR _ Full, = 173.75 4+ 0.40 6.76 2.107° (4.3 —0.55
= Statistical error = 0.3 - 0.4 GeV only oo o = 430)
NWA, po =my 175.49 £+ 0.30 5.31 2.1074 (3.70) —2.29
NWAproq., pio =m; 169.39 +0.47 342  8.1073 (2.60)  +3.81
= NWA case is disfavoured at 40 — 50 level ATLAS binning
Full, po = Hr /2 173.06 £+ 0.44 0.97 0.44 (0.80) +0.14
n NWAPrOd. at 20- — 50- level Full, po = Er/2 172.36 & 0.44 1.38 0.23 (1.20) +0.84
Pull, pjo=m; 173844042 512  1-107% (3.90)  —0.64
. NWA, po = my 175.23 4 0.37 5.28 7-107° (4.00) —2.03
= Full off-shell case with po=m; at 30— 4o level NWAprod., po = m; 169.43 £0.50  2.61 0.02 (2.30) +3.77
CMS binning
= Off-shell effects and non-resonant contributions of t & W are not Full, po = Hr/2  173.09 £0.50 ~ 0.96 043 (0.80)  +0.11
c e . Full, =Er/2 172.22 + 0.4 1.32 .26 (1.1 0.98
negligible for top-quark mass extraction ulh o = Br/ 048 132 026(Ll) 4+
Pull, o =m; 17402+ 046 657  3-107° (4.20)  —0.82
NWA, po=m; 17574 +£034  6.00  8-1075 (3.90)  —2.54
= Scale setting plays important role NWApyoa, fto = m;  170.22 £ 0.53  2.19 0.07 (1.80) +2.98

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Schulze, M. Worek,

JHEP 03 (2018) 169
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_+_ - 7 .
SCALE & PDF UNCERTAINTIES pp — € vy ,bbj + X

(Amout)lu = :I:ma,x{ ‘mout (@ CT14) m9" (1o, CT14)‘

27
Mg (2uo, CT14) — m™* (o, CT14)| ;\
?-

out out out ./ Default setup
(A i max{ |mg™* (o, MMHT14) — (o, CT14)| with o= Hy

|m2Ut (1o, NNPDF3) — O“t(uo,CT14)|}

= Simultaneous variation of renormalisation & factorisation scales up & down by factor of 2 around central value
= Fory,="Hy & py=" E; theoretical uncertainties stemming from scale variation = 0.6 GeV - 1.2 GeV

= For jiy=m;, they are larger = 2.1 GeV - 2.8 GeV

= PDF uncertainties = 0.4 GeV - 0.7 GeV

= COMPARISON WITH ATLAS = New setup = Full 7-point scale variation & internal PDF uncertainties for NNPDF3.0 with
a, variations, CT18, PDFALHC21 for 7 different top-quark masses G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Schulze, M. Worek,

HEP 03 (2018) 169
J (2018) 30



SUMMARY pp — € vep T, bbj + X

= Complete description for pp — ttj process with HELAC-NLO for di-lepton channel
* “resonant” and “non-resonant” contributions at NLO QCD

= Various scale settings: jip="%Hy & pp="%Er & pp=m,
= up="Y Hy “better” than jp= "2 E; = Booth stabilizes high py tails but j1p= "> H; gives smaller error

= Scale & PDF uncertainties for o & various do/dX

» Further studies are needed:
* Bottom-mass effects => Comparisons between Five- & Four-Flavor schemes

= Phenomenological applications = Alternative method for 11, extraction
« Shape-based 777, measurement (e.g. end point of M..,and/or p.)
* Relies on precise modeling of top-quark decays
*  Off-shell effects and non-resonant contributions of t & W are not negligible for top-quark mass extraction
* Scale setting plays important role
» Predictions for pp — ttj should go beyond simple approximation of factorizing top quark production &
decays
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NORMALISED pg DISTRIBUTION

= Various binnings used in 171, extraction from normalised p. distribution

= The latter two optimised for [+jets & di-lepton channels @ 7 Tel/ & 8 TeV

5 equal size bins

ATLAS binning CMS binning

0.00-0.20
0.20-0.40
0.40-0.60
0.60-0.80
0.80-1.00

0.000-0.250
0.250-0.325
0.325-0.425
0.425-0.525
0.525-0.675
0.675-1.000

0.00-0.20
0.20-0.30
0.30-0.45
0.45-0.60
0.60-1.00

Three cases are shown:
* 5equal size intervals

ATLAS intervals
CMS intervals

pi

Ri(mP®) = / dps
p

1—1

1 datfj (mpole

N t
o4 dps

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Schulze, M. Worek, JHEP 03 (2018) 169
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I
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=
L =]
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ATLAS binning

i

|

168.2 GeV
170.7 GeV
— 173.2 GeV
175.7 GeV
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-
T e
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CMS binning

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

)

(=]

02 04 06
Ps

0.8
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_ COMPARISON WITH ATLAS
Off-shell ttj
Results are provided for 7 input mass parameters m;:
» 169 GeV, 170GeV, 171 GeV, 172 GeV, 172.5GeV, 173 GeV, 174 GeV

Scale choice: .
» u= Hr/2, where Hr = pl} + p'% + pl%l + pf’r2 + piiss 4 pt

Uncertainties:
» 7-point scale variations
» Internal PDF uncertainties for my = 172.5 GeV for all PDF sets
» Results are provided for multiple PDF sets
» Variations + bands provided for both PDF and scale uncertainties

» All uncertainties are calculated after summing all channels and
normalizing

PDF sets:

» NNPDF30_nlo_as_0118_hessian (303000)

o In addition: as variations (265000, 266000)
» CT18NLO (14400)
» PDF4LHC21_40_pdfas (93300)
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COMPARISON WITH ATLAS

Off-shell ttj

» exactly two b-jets, at least one light jet, two charged leptons and
missing transverse momentum, denoted as p7'**

» Cuts:

pre,(PTe,) > 28(20) GeV,  prp>30GeV,  prj>60 GeV,

lye| < 2.5, lyvp| < 2.5, lyi| < 2.5,
ARy > 0.4, ARpp, > 0.4, ARﬂ > 04,
ARy, > 04, Ajo > 0.4, Aij > 0.4

» In the same flavor channels ete™ and utpu—, we apply
pT' > 30GeV.

» anti-kt jet clustering algorithm with R = 0.4
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NORMALISED pg DISTRIBUTION & TTJ @ NLO QCD pp = €' vep” Uubbj + X

pr,¢ > 30 GeV, pr,; > 40 GeV,
pPr > 40 GeV , AR;; > 0.5, JETS!
Afy > 04, ARy > 0.4, eluone with peeudosapidity
el < 25. il <25, g ST o
with R=0.5
5 REQUIREMENT:

Exactly 2 b-jets, at least one
yi = 1 I (Ez + pz,i) hght-]et, 2 charged leptons &
L )
2

missing pr = Fairly
E; — Dz,i inclusive cuts

ARy, = /A2 + Ay,

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098 36



NORMALISED pg DISTRIBUTION & TTJ @ NLO QCD

G, =1.16637-107° GeV 2,
my = 80.399 GeV,
myz = 91.1876 GeV,

Ty = 2.09875 GeV ,
'z =2.50848 GeV .

2
o= £Gum%‘/ sin? Oy
T

2

. m
sin? Gy =1 — —‘;V
Mz

IO = 1.47834 GeV,

IO — 1.35146 GeV

G. Bevilacqua, H. B. Hartanto, M. Kraus, M. Worek, JHEP 11 (2016) 098

pp — e+1/e,u_ﬂub5j + X

Different lepton generations

Same lepton interference

effects neglected = per-mille
level @ LO

Top width for unstable IV
bosons, neglecting bottom
quark mass

All light quarks including b-
quarks & leptons are massless

Contribution from b quarks in

initial state neglected =
Effect< 1% @ LO

37



