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tt̄bb̄ background to tt̄H(bb̄)

tt̄H(bb̄) requires tt̄+ b-jet shapes with precision of O (10%)
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FS g → bb̄ dominate IS g → bb̄ subleading double g → bb̄ at NLOPS

NLOPS based on 4F pp→ tt̄bb̄ MEs with mb > 0

describe full b-quark phase space at NLO with 20–30% scale uncertainties

effect of matching/shower can be sizeable and need to be understood!

default scales: µR,def =
(
ET,tET,t̄ET,bET,b̄

)1/4
and µF = µsh = hdamp = HT /2
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NLOPS MC comparisons

5 MC tools, 2 NLOPS methods, 3 showers, 10 contributing authors
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MC contacts

Sherpa2.2+OpenLoops x x F. Siegert, J. Krause

MG5 aMC@NLO x x x M. Zaro

MatchBox+OpenLoops x x C. Reuschle, R. Posdkubka

Powheg+Helac x x x M.V. Garzelli, A. Kardos

PowhegBox+OpenLoops x x x T. Jezo, J. Lindert

tt̄bb̄j NLO (OpenLoops+Sherpa) (x) F. Buccioni

3 2 3 4 1

Thanks to everybody for simulations and T. Jezo+F.Buccioni for comparisons

Today: preliminary Sherpa, Powheg, MG5 results (Powhel, MatchBox coming soon)
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NLOPS tt̄bb̄ discrepancies (since YR4)

stable ttbb

SHERPA YR4
NLO
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Phase space with Nb ≥ 1

good agreement (although one b unresolved!)

Phase space with Nb ≥ 2

NLOPS/NLO effect and MC spread up to 40% (beyond NLO uncertainty)

related to NLOPS enhancements in light-jet pT spectrum
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Interpretation of MC discrepancies (physical effect or not?)

Extensive MC studies to clarify origin of MC differences

interplay of S/H events, shower recoil scheme, g → bb̄ splittings, αS in the
shower, shower starting scale in H-events, . . .

Most plausible interpretation of MC enhancement

enhanced jet-pT spectrum due to large NLO K-factor , σNLO/σLO ∼ 1.9

and usage of shower approx. (Rsoft) in regions where Rsoft � R

dσNLOPS

dΦtt̄bb̄j
= R︸︷︷︸
tt̄bb̄j ME

+ Rsoft︸ ︷︷ ︸
shower

×
[
B̄soft

B
∆− 1

]

︸ ︷︷ ︸
>∼ 100% instead of O(αS)

b̄
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Subsequent questions

origin of large tt̄bb̄ K-factor?

possible guidelines from higher-order calculations?
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Origin of large tt̄bb̄ K-factor and scale choice [F. Buccioni et al]

σLO ∼ α4
S(µR) very sensitive to µR

K = σNLO/σLO ∼ 1 can be achieved
by moderate rescaling of µR

if supported by TH arguments

Natural choice for σincl
tt̄bb̄

µR =
√
mbmt

(generalisation of µR = mt for
mb = mt)

good converg. for 1 ≤ mt/mb ≤ 36

mb [ GeV] 4.75 15.7 52.1 172.5
√

mbmt [ GeV] 28.7 52.1 94.8 172.5

K(Nb ≥ 0) 1.14 1.24 1.32 1.35

⇒ 〈µR,def〉 ' 66 GeV should be

rescaled factor <∼ 0.5

Scale dep. of Nb ≥ 0, 1, 2 XS
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Further supports 0.5 rescaling

⇒ K-factor and scale dep. OK

⇒ 30% higher σNLO (closer to data)

µR µF σtt̄bb̄
NLO K

µR,def HT /2 2.27 1.88

µR,def/2 HT /4 2.97 1.44
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tt̄bb̄ scale tuning using tt̄bb̄j at NLO [F. Buccioni et al]

NLO tt̄bb̄j benchmark for dσ/dpT,j : conservative envelope of bands around

µ∗
R,def =

(
ET,tET,t̄ET,bET,b̄ pT,j

)1/5
and µ∗

R,mbb =
(
ET,tET,t̄ET,bb̄mbb̄ pT,j

)1/5

Tuning of NLO tt̄bb̄ prediction

tt̄bb̄j NLO benchmark with <∼ 25% scale
uncertainty and stable shape above 100 GeV

again optimal tt̄bb̄ NLO normalisation by
rescaling µR,def by ∼ 0.5

no room for sizeable NLOPS shape distortions

March 2019: discovered Sherpa bug (ttbbj specific)

σNLO(µ∗
R,mbb) reduced by ∼ 15% ⇒

√
0.5 rescaling may be more appropriate

December 2018: check if 0.5 rescaling solves longstandig issues
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tt̄bb̄ MC with 0.5 rescaling (good news) pT,j (ttbb cuts)

GOOD NEWS

NLOPS YR4 scales NLOPS 0.5 rescaling LOPS 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
stable ttbb

NLO
POWHEG+PY8
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µR = 〈ET〉geom/2, µF = HT/4
stable ttbb

NLO
POWHEG+PY8
POWHEG+HW7
MG5+PY8
MG5+HW7
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µR = 〈ET〉geom/2, µF = HT/4
stable ttbb
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scale reduction significantly reduces NLOPS/NLO and MC spread (form 2.5 to 1.5)

the way matching reduces LOPS wrt NLO excess at pT ∼ 100 GeV depends on MC
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tt̄bb̄ MC with 0.5 rescaling (not so good news) Nb

NLOPS YR4 scales NLOPS 0.5 rescaling LOPS 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
stable ttbb

NLO
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No significant change of NLOPS/NLO effects and MC spread

for Nb ≥ 1 they are small, while for Nb ≥ 2 they remain between 15–40%

what is the origin of a so large uncertainty in σ(Nb ≥ 2)/σ(Nb ≥ 1) ratio?

note: such effects already present in LOPS/NLO
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Bin migrations and recoil observables

Hypothesis of bin migrations and recoil effects

Enhancement of XS with Nb ≥ 2 due shower-induced migrations of events from
bins with Nb = 0, 1.

Comparing LO vs LO+PS we can study migrations on event-by-event basis
(impossible at NLO+PS)

and find distributions sensitive to migrations that can be used at NLO+PS to
study/validate migration effects

It was found that Nb migrations are dominated by kinematic shifts in pT,b (rather
than ηb or ∆Rb1,b2) ⇒ they most likely arise from shower recoil effects

Recoil observables (pT,rec >15 GeV)

∆φrec,X = ∆φ (~prec, ~pX) , ~prec = −
∑

t,t̄,b1,b2

~pi,

when recoil of the QCD radiation absorbed by
object X ⇒ peak at ∆φrec,X = ±π
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MC studies

Status

first studies based on PWG, MG5, Sherpa (results new and preliminary)

will be extended to Powhel and Herwig’s MatchBox

1st type of plots (only PWG+PY8)

characterise recoil pattern of PY8 and interplay with bin migrations

validate against ttbb and ttbbj at NLO

2nd type of plots (MC comparison)

compare PWG+PY8 vs MG5+PY8/HW7 vs Sherpa

validate against ttbb∗ and ttbbj at NLO

∗ ttbb NLO normalised to 95% of PWG+PY8 NLO (to compensate for the lack of Sudakov suppression)
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Bin migrations vs recoil pattern ∆Φ15 GeV

rec,t1
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2

ttbb NLO (resc)
ttbbj NLO
PWG+PY8 NLO
LO+PY8
LO+PY8 first
LO+PY8 0,1 > 2
LO+PY8 0,1 > 2 first
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µR = 〈ET〉geom/2, µF = HT/4

ttbb NLO (resc)
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leading top (t1) absorbs strong recoil form QCD radiation

1st shower emission dominates ⇒ can be tested against fixed-order calculations

NLOPS enhancement of recoil well consistent with ttbbj at NLO (nontrivial!)

no distinctive shape of migrating events
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MC comparison of recoil observables ∆Φ15 GeV

rec,t1
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
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µR = 〈ET〉geom/2, µF = HT/4
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reasonable LOPS and NLOPS agreement between PWG, MG5, Sherpa
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Bin migrations vs recoil pattern ∆Φ15 GeV

rec,t2
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
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µR = 〈ET〉geom/2, µF = HT/4
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subleading top (t2) insensitive to recoil

migration effects negligible
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MC comparison of recoil observables ∆Φ15 GeV

rec,t2
(ttbb cuts)

YR4 scales 0.5 rescaling
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reasonable LOPS and NLOPS agreement between PWG, MG5, Sherpa
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Bin migrations vs recoil pattern ∆Φ15 GeV

rec,b1
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
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µR = 〈ET〉geom/2, µF = HT/4
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b1 gets strong recoil in LO+PY8 (a bit less with 0.5 rescaling)

dominated by 1st emission and strongly correlated to migrations and excess in pT,j

spectrum (see backup)

unphysical since no evidence of recoil in ttbb, ttbbj, PWG+PY8 at NLO

15 / 17



MC comparison of recoil observables ∆Φ15 GeV

rec,b1
(ttbb cuts)

YR4 scales 0.5 rescaling
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YR4 scales: unphysical recoil stronlgy suppressed only by Powheg / attenuated by
MC@NLO matching (MG and Sherpa)

0.5 rescaling: shapes look more similar (high-stat shape analysis needed. . . )

Note: unphysical LOPS recoil milder with Sherpa and Herwig
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Summary

MC differences in tt̄bb̄

Significant shape differences depending on scale choices (especially in MG5+PY8)

Without understanding their origin (physical or not?) we cannot use MC

differences as theory uncertainty!

Nature of HXSWG related tt̄bb̄ studies

MC comparisons with coherent choices of (physical and technical) parameters and

their variations (no tuning!);

detailed comparison of several physical/technical building blocks (e.g. S/H-events);

understand Powheg vs MC@NLO matching (subtle with many legs and scales!)

use ttbbj at NLO to assess goodness of scale choices + modelling of QCD
radiation

new observables for PS recoil effects + event-by-event studies of bin migrations

very time consuming studies — will hopefully provide useful input towards more
systematic way of addressing MC uncertinaties in complex processes
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MC comparison of recoil observables with normalised distributions
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MC comparison of recoil observables ∆Φ15 GeV
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µR = 〈ET〉geom, µF = HT/2

ttbb NLO (resc)
ttbbj NLO
PWG+PY8 NLO
PWG+PY8 noGBB NLO
PWG+PY8 LO
SHRP NLO
SHRP LO
MG5+PY8 NLO
MG5+PY8 LO10−1

Azimuthal correlation ∆φrec,t1 between recoil and 1st top

d
σ̂

/
d

∆
φ

[p
b]

-2 0 2 4 6 8
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

∆φ

dσ̂
/

dσ̂
re

f

10−1

-2 0 2 4 6 8

0.6

0.8

1

1.2

1.4
1.6

∆φ

dσ̂
/

dσ̂
re

f

10−1

-2 0 2 4 6 8
0.6
0.8

1
1.2
1.4
1.6
1.8

∆φ

dσ̂
/

dσ̂
re

f

µR = 〈ET〉geom/2, µF = HT/4

ttbb NLO (resc)
ttbbj NLO
PWG+PY8 NLO
PWG+PY8 noGBB NLO
PWG+PY8 LO
SHRP NLO
MG5+PY8 NLO
MG5+PY8 LO
MG5+HW7 NLO
MG5+HW7 LO

10−1

Azimuthal correlation ∆φrec,t1 between recoil and 1st top

d
σ̂

/
d

∆
φ

[p
b]

-2 0 2 4 6 8
0

0.5

1

1.5

2

2.5

∆φ

dσ̂
/

dσ̂
re

f

10−1

-2 0 2 4 6 8

0.6

0.8

1

1.2

1.4
1.6

∆φ

dσ̂
/

dσ̂
re

f

10−1

-2 0 2 4 6 8
0.6
0.8

1
1.2
1.4
1.6
1.8

∆φ

dσ̂
/

dσ̂
re

f

reasonable LOPS and NLOPS agreement between PWG, MG5, Sherpa
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MC comparison of recoil observables ∆Φ15 GeV
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reasonable LOPS and NLOPS agreement between PWG, MG5, Sherpa

20 / 17



MC comparison of recoil observables ∆Φ15 GeV

rec,b1
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2

ttbb NLO (resc)
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µR = 〈ET〉geom/2, µF = HT/4

ttbb NLO (resc)
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YR4 scales: unphysical recoil stronlgy suppressed only by Powheg / attenuated by
MC@NLO matching (MG and Sherpa)

0.5 rescaling: shapes look more similar (high-stat shape analysis needed. . . )

Note: unphysical LOPS recoil milder with Sherpa and Herwig
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More plots on recoil observables
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Bin migrations vs recoil pattern ∆Φ15 GeV
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t1t2 behaves similarly as t2
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MC comparison of recoil observables ∆Φ15 GeV

rec,t1t2
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2

ttbb NLO (resc)
ttbbj NLO
PWG+PY8 NLO
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SHRP NLO
SHRP LO
MG5+PY8 NLO
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in t1t2 similar MC agreement as for t1
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Bin migrations vs recoil pattern ∆Φ15 GeV

rec,b1b2
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2

ttbb NLO (resc)
ttbbj NLO
PWG+PY8 NLO
LO+PY8
LO+PY8 first
LO+PY8 0,1 > 2
LO+PY8 0,1 > 2 first10−1
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ttbb NLO (resc)
ttbbj NLO
PWG+PY8 NLO
LO+PY8
LO+PY8 first
LO+PY8 0,1 > 2
LO+PY8 0,1 > 2 first10−1

Azimuthal correlation ∆φrec,b1b2 between recoil and b-jet pair

d
σ

/
d

∆
φ

[p
b]

-2 0 2 4 6 8
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

∆φ
dσ

/
dσ

re
f

b1b2 behaves similarly as b1

25 / 17



MC comparison of recoil observables ∆Φ15 GeV

rec,b1b2
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2

ttbb NLO (resc)
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Same MC differences as for b1
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Bin migrations vs recoil pattern ∆Φ15 GeV

rec,b2
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2

ttbb NLO (resc)
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b2 behaves similarly as b1
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MC comparison of recoil observables ∆Φ15 GeV

rec,b2
(ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
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Same MC differences as for b1
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Bin migrations vs recoil pattern pT,j (ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
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MC comparison of recoil observables pT,j (ttbb cuts)

YR4 scales 0.5 rescaling

µR = 〈ET〉geom, µF = HT/2
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tt̄bb̄j at NLO with Sherpa+OpenLoops2 [F. Buccioni et al]

Motivation: precise light-jet pT spectrum

⇒ clarify MC discrepancies

⇒ test consistency of scale reduction in tt̄bb̄

tt̄bb̄j K-factor and scale dependence (Nb ≥ 0, 1, 2 & Nj ≥ 1 with pT > 50 GeV)
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Standard scale µR,def and µF = HT /2

⇒ decent convergence

Improved µ∗
R,def =

(
ET,tET,t̄ ET,bET,b̄ pT,j

)1/5

⇒ K = 1.44 and ∼ 20% scale uncertainty for
Nb ≥ 2

31 / 17



Setup of MC comparison with 0.5 rescaling

µR µF µQ = hdamp

YR4 scales
∏

iE
1/4
T,i HT /2 HT /2

0.5 rescaling 1
2

∏
iE

1/4
T,i HT /4 HT /4

New comparison of Sherpa, Powheg, MG5 (Powhel, MatchBox in progress)

NLOPS with different scales ⇒ check if 0.5 rescaling solves longstandig issues

NLOPS vs LOPS⇒ quantify shower mismodelling and improvement through NLO
matching

factor-2 variations of µR, µF and µQ =

{
hdamp Powheg

shower starting scale MC@NLO

preliminary results, moderate statistics
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Origin of large tt̄bb̄ K-factor [F. Buccioni, S.P., M. Zoller ’19]

Hypothesis A: real emission

g → bb̄ splittings at rather soft scales Qbb̄ � mt

abundant NLO radiation with hard pT : mb < Qbb̄ < pT < mt

due to large mass gap mt/mb ' 36

b̄

b

t

t̄

Test of hypothesis A

check if K factor decreases when reducing mt/mb (using default µR, µF )

mb [ GeV] 4.75 28.6 172.5

K(Nb ≥ 0) 2.06 1.90 1.82
K(Nb ≥ 1) 1.92 1.86 1.81
K(Nb ≥ 2) 1.79 1.78 1.79

Nb ≥ 0, 1, 2 cross sections O
(
10−3

)
suppressed when mt/mb → 1

but K ∼ 2 independently of mt/mb ⇒ hypothesis A not confirmed
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