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Resonance-aware NLOPS matching for off-shell

tt + tW production with semileptonic decays

e Motivations:

» Why top quark? Because it's a versatile probe of the SM and a window to NP.

> a.) Coloured object that b.) decays electroweakly and c.) couples strongly
to the Higgs boson

» Why top quark at LHC? Because “several hundred million tops produced” ...

> ...implies theory will soon lag behind the experiment.

> ...means it is major background in many other LHC analyses.

Precise simulation of top quark production and decay at LHC imperative!

Correspondingly we have: NLO QCD, NNLO QCD, NLO EW, NNLO
QCD+NLO EW, analytic resummations, NLO QCD+PS and NNLO QCD+PS



Resonance-aware NLOPS matching for off-shell

tt + tW production with semileptonic decays

e Motivations:

» Why top quark? Because it's a versatile probe of the SM and a window to NP.

> a.) Coloured object that b.) decays electroweakly and c.) couples strongly
to the Higgs boson

» Why top quark at LHC? Because “several hundred million tops produced” ...
> ...implies theory will soon lag behind the experiment.
> ...means it is major background in many other LHC analyses.

» But do we also need off-shell effects?
> They modify shapes of spectra used for measurements of top properties,

> and allow the inclusion of quantum interferences between different pro-
duction modes and radiation from production and decay

There is: NLO QCD, NLO EW and NLO QCD+PS in the dileptonic channel 3



Do we need off-shell effects?



Do we need off-shell effects?

e Off-shell effects distort the top mass shape
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Do we need off-shell effects?

e Off-shell effects distort the top mass shape and other distributions

» Potentially affecting m; and y; measurements
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Do we need off-shell effects?

e Off-shell effects distort the top mass shape and other distributions

» Potentially affecting m: and y; measurements
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Do we need off-shell effects?

o Off-shell effects distort the spectra used for measurements of top properties
» Potentially affecting m; and y; measurements
e Proper treatment of interference required

» o describe the data
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Do we need off-shell effects?

o Off-shell effects distort the spectra used for measurements of top properties
» Potentially affecting m; and y; measurements
e Proper treatment of interference required

» o describe the data
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Do we need off-shell effects?

o Off-shell effects distort the spectra used for measurements of top properties
» Potentially affecting m; and y; measurements
e Proper treatment of interference required

» o describe the data

» And if you have it, you can try measuring I'; in tails

—Expected @10 [J20 ==Observed ==1c 11120

" =1.28+0.30 GeV

I =1.33:0.29 GeV

b _bbar 41

[Herwig, TJ, Nachman "19]
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NLOPS with POWHEG



POWHEG Parton Shower Matching

S

_ R, (P, (Dg, Prad
0o =B(és)dby [A<qcut>+ZA<k%> (@ '”dcb..ac.]

B(®s)

. ay _ Ra(q)a((pBr(Drad))
with A(kT) = exp [— v//:$>qcut B(®s) dd,.q
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POWHEG Parton Shower Matching

7
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POWHEG Parton Shower Matching

W— splitting

no em 'Lssion"‘-.‘\

probability ]
— . Ry (Dy(Dg, Drac

do= B((I)B) d (bB [A(Clcut)‘i'ZA(k%) ( ( B c |))

B(cl) B)

. ay _ Ra(q)a(q)B:(I)rad))
with A(kT) = exp [— ‘/k%mwt B(®s) dd,.q

do rad ]
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POWHEG Parton Shower Matching

W— splitting

no emission ™,
probability

do= E((DB) d cl)B [A(C/cut) + ZA(k%)

Ra ((I)a(cl)B: cl)racl ))
7 B(dp)

. ay _ Ra(q)a(q)B:(I)rad))
with A(kT) = exp [— ‘/k%mwt B(®s) dd,.q

e Such an event can be passed on to any parton shower with pt veto

d Pprag ]

» p7 veto interface standardized (scalup)

» Pythia, Herwig, ... 15



Recent improvement: resonance awareness

e Traditional matching:

SR O OB

rad d (I)rad]

(I)B7

B(®g) ddg B(@B)

QCut + ZA ka

e Multiple radiation scheme:

do = B(®p)d®s  |] [A (qeut) + Ao (k)

a=0yp,0,XISR

16
" figure inspired by J. Lindert
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bb4l: pp - [*vi€ vybb @ NLO+PS

[TJ, Nason "15], [T], Lindert, Nason, Oleari, Pozzorini '10]

e We published a MC event generator POWHEG BOX RES/bb41

» Implementing process pp — [Tvi#~vybb up to (9(0(%0(4 x as), L, ¢ different
» ME in 4ENS (mp > 0) but 5FNS PDFs also possible (CGN 98 matching)

» Matching to PS using the resonance-aware version of the POWHEG method

18



bb4l: pp - [*vi€ vybb @ NLO+PS

[TJ, Nason "15], [T], Lindert, Nason, Oleari, Pozzorini '10]

e We published a MC event generator POWHEG BOX RES/bb41

» Implementing process pp — [*vi€~vybb up to O(aéa* x as), L, £ different
» ME in 4ENS (mp > 0) but 5FNS PDFs also possible (CGN 98 matching)

» Matching to PS using the resonance-aware version of the POWHEG method
e [wo important developments

» POWHEG style matching for processes with resonances possible

» Modelling of emission in the decay with exact matrix element
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bb4l: pp - [*vi€ vybb @ NLO+PS

[TJ, Nason "15], [T], Lindert, Nason, Oleari, Pozzorini '10]

e We published a MC event generator POWHEG BOX RES/bb41

» Implementing process pp — [*vi€~vybb up to O(aéa* x as), L, ¢ different
» ME in 4ENS (mp > 0) but 5FNS PDFs also possible (CGN 98 matching)

» Matching to PS using the resonance-aware version of the POWHEG method
e [wo important developments

» POWHEG style matching for processes with resonances possible

» Modelling of emission in the decay with exact matrix element

Multiple-radiation-improved

Traditional NLOPS NLOPS (allrad)
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bb4l: pp - [*vi€ vybb @ NLO+PS

[TJ, Nason "15], [T], Lindert, Nason, Oleari, Pozzorini '10]

e We published a MC event generator POWHEG BOX RES/bb41

» Implementing process pp — [*vi€~vybb up to O(aéa* x as), L, ¢ different
» ME in 4ENS (mp > 0) but 5FNS PDFs also possible (CGN 98 matching)

» Matching to PS using the resonance-aware version of the POWHEG method
e [wo important developments

» POWHEG style matching for processes with resonances possible

» Modelling of emission in the decay with exact matrix element

PS PS

Multiple-radiation-improved
NLOPS (allrad)

Traditional NLOPS
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bb4l: pp - [*vi€ vybb @ NLO+PS

[TJ, Nason "15], [T], Lindert, Nason, Oleari, Pozzorini '10]

e Two important developments

» POWHEG style matching for processes with resonances possible
» Modelling of emission in the decay with exact matrix element

bb4l
old

——— new

> old: non-resonance aware
> New: resonance aware

> new allrad: resonance aware,
up to three emissions

do/doysee do/dmy,, [pb/GeV]
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Beyond bb4l



Resonance history projector uncertainties

[T], Lindert, Pozzorini '23]
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do/dm [pb/GeV]

NLOPS/LHE

Resonance history projector uncertainties

[T], Lindert, Pozzorini '23]
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Semileptonic channel: bb4l-sl approximation
[T], Lindert, Pozzorini '23]

e ME of semileptonic decay channel much more difficult to evaluate, can we simplify?

» Yes, by considering only dileptonic topologies:
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Semileptonic channel: bb4l-sl approximation
[T], Lindert, Pozzorini '23]

e ME of semileptonic decay channel much more difficult to evaluate, can we simplify?

» Yes, by considering only dileptonic topologies:

pp — ¢ 7,bbqq’j at 13 TeV
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Semileptonic channel
[T], Lindert, Pozzorini '23]

pp — eTv,jjbb @ 13 TeV Np =2
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Semileptonic channel: hvqg vs bb41l-s1

[T], Lindert, Pozzorini '23]

pp — eTv,jjbb @ 13 TeV Np =2
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Other developments



Off-shell tops in dileptonic channel with ML

[Butter, TJ, Klasen, Kuschick, Palacios Schweitzer, Plehn '23]

e Full off-shell over 2 orders of magnitude slower than approximate off-shell

e Could Machine Learning help?

» In a proof of concept study at LO,
we show that combining direct
diffusion neural network with a
classifier leads to good results

— Off
DiDi rew.

—
9
N

Normalized
—_
C)l
N

» Training only requires 5M events

107%
and takes about a day

» DIDI rew. can be applied to an

%_‘:1.25 ‘\ =up R "y . .
S[E1.00 =t ey existing sample
al"0.75 | : :
’ . » NLO is work in progress
—=10.0 !
O\ .
— 1'0 ° ’lto 1 °
© ..o. i LN
018 H'“‘WH Talk by M. Kuschicl Wed at 11:00!
0 100 200 alk by M. Kuschick on Wed at 11:00!
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Summary



Summary

e Off-shell effects needed to match the experimental precision

e For tt + tW production they are available at NLOPS in POWHEG BOX RES

» Resonance virtualities must be preserved for POWHEG and shower emissions
» Interference with subleading production modes need be included exactly

» Shower approximations for hardest emission in decay not good enough

e New developments (bb41l-dl and bb4l-sl):

» Matching uncertainties related to the resonance-aware formalism small
» Semileptonic decay channel available in the bb4l-sl approximation

» Inverse width correction needed for consistent comparison to inclusive calcu-
lations

33
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Backup



Inverse width correction
[T], Lindert, Pozzorini '23]

e Needed for consistency of production and off-shell cross sections:

dI’ '
/daprodxdec = do where  doprodxdec = do E and I' = /df
dec dl?(:

e Naive calculations in NWA deviate:

donto = dog + doy

dly dlg dI'y ith dl'y = dI'g +dI
dO‘NLO — dO'() _l_do_l ‘l‘dO'O ' 1L NL.O 1L 0 !
prodxdec I'nro I'nro I'nro I'nio = o+ 1
dr’ d(I" - T r
/ doedxdec = doyg / MO 4 doy / (Ineo =T G0 4 doy — doy -1
P I'NLo I'NLo I'NLo
dec dec dec
o Unless we expand inverse of the width: = 1~ 1 (1 B ﬂ)
I'neo ) Ly

e Also fully off-shell calculations need inverse width correction:

Bp(®p)

o Fr,NLO = Fr,l
= ]I T.. Bu(®p) - | Y | Bn(®8)
reR(h) "

exp
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Semileptonic tt
WWU MUNSTER

e Consider the signature pp — ¢*vjjbb at LO

O’SO’ o@oﬁ Q’SO’ 5 Q’6
@ o C .

V+HF VBS, VVV
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Semileptonic tt
WWU MUNSTER

e Consider the signature pp — ¢*vjjbb at LO

VBS, VVV

Semileptonic tt lives here

38



Semileptonic tt
WWU MUNSTER

e Consider the signature pp — ¢*vjjbb at LO

4 N
a§a4 asa’ a®
tt VBS, VVV
G J

e Dominant contribution: semileptonic tt (with tops and Ws on-shell)

» pp = ¢*vqg’'bb with qg’ = {ud, c5} or qg’ = {du, s¢}

39



Semileptonic tt
WWU MUNSTER

e leading order, 13 TeV LHC, results from Sherpa/OpenLoops
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Semileptonic tt
WWU MUNSTER

e leading order, 13 TeV LHC, results from Sherpa/OpenLoops
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Semileptonic tt
WWU MUNSTER

e Consider the signature pp — ¢*vjjbb at LO

4 N
a§a4 asa’ a®
tt VBS, VVV
G J

e Dominant contribution: semileptonic tt (with tops and Ws on-shell)

» pp - ¢*vqg’'bb with qg’ = {ud, c5} or gg’ = {du, s¢}
» Also includes: tW, t- and s-channel t+jets, VBF-W+jets
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Semileptonic tt

e leading order, 13 TeV LHC, results from Sherpa/OpenLoops
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WWU MUNSTER

e Semileptonic channel: eight legs, six coloured = very high complexity at NLO QCD
e Leptonic (pp = #*v,lTv;bb) vs. semileptonic (pp = ¢*veqq'bb)

do("bb4l - s1") = do(bb4) g3

44
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e leading order, 13 TeV LHC, results from Sherpa/OpenLoops
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WWU MUNSTER

e Semileptonic channel: eight legs, six coloured = very high complexity at NLO QCD
e Leptonic (pp = #*v,lTv;bb) vs. semileptonic (pp = ¢*veqq'bb)

do("bb4l - s1") = do(bb4) g3

e Only leptonic topologies in semileptonic channel = dropping some off-shell effects

» tW and the tt — tW interference is still included, but not t+jets
46
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WWU MUNSTER

e Semileptonic tt NLO+PS predictions from bb41:
» Read in bb4l LHE files with allrad

RES (Do (P, PLy)) |
Bbb4l (ch) rad

do = Bbb41 (CI)B) dCI)B H Ag‘béll (qcut) + Azb4l (k;x)

=0, 0, OISR
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WWU MUNSTER

e Semileptonic tt NLO+PS predictions from bb41:
» Read in bb4l LHE files with allrad

RES (Do (P, PLy)) |
Bbb4l (ch) rad

do = Bbb41 (CI)B) dCI)B H Ag‘béll (qcut) + Azb4l (k;x)

a:alhal_ﬁaISR
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WWU MUNSTER

e Semileptonic tt NLO+PS predictions from bb41:

» Read in bb4l LHE files with allrad
» Relabel W' or W~ decay products and attach an emission

RES (Do (P, PLy)) |
Bbb4l (ch) rad

do = Bopar-1(Pp)d®p  [] [Agtb4l(QCut) + AP (k)

=0, 0, OISR

0viqgbb T
Rg‘]‘;}—) Vigq (CI)aW(CI)B , (bg‘g) )dCI)aW
Bpp—LVviqqbb (CI)B ) rad

pp—Lv, quB pp—Lv, quE o
X [Aocw : (CIcut) + AaW : (kT W)
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WWU MUNSTER

e Semileptonic tt NLO+PS predictions from bb41:

» Read in bb4l LHE files with allrad
» Relabel W' or W~ decay products and attach an emission

_ Rbb41 (q) ((I)B,q)a ))
dG = Bbb41—sl (CI)B) ch)B H [Azbéll (cht) + Azb4l (k;x) o Bbb(ZI (q)B) rad ch)I(‘)ecld

=0, 0, OISR

N

0viqgbb i
Rg‘]‘;}—) Vigq (CI)aW(CI)B , (bg‘g) )dCI)aW
Bpp—)ﬂvqubé (CI)B)

rad

pp—Lv, quB pp—Lv, quE o
X [Aocw (o) + Ay, (k)

J

emission from W~ or W~
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WWU MUNSTER

e Semileptonic tt NLO+PS predictions from bb41:

» Read in bb4l LHE files with allrad
» Relabel W' or W~ decay products and attach an emission

RES (Do (P, PLy)) |
Bbb4l (ch) rad

do = Bopar-1(Pp)d®p  [] [Agtb4l(QCut) + AP (k)

=0, 0, OISR

0v,qgbb T
Rg‘]‘;}—) Vigq (CI)aW(CI)B , (bg‘g) )dCI)aW
Bpp—LVviqqbb (CI)B ) rad

pp—Lv, quB pp—Lv, quE o
X [Aocw (o) + Ay, (k)

» Shower with Pythia8 as normal with an extra veto in W decay
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