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Motivations for ttbb at the LHC

Measurements of pp — ttH (H — bb) are challenging!
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TT challenges in top reconstruction
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Motivations for ttbb at the LHC

[CMS, JHEP 03 (2019) 026]
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+ pp — ttbb : main background
for ijets > 4

 Current ttbb predictions are
systematically below data

[CMS, JHEP 07 (2020) 125] CMS 3591 (13 Tev)
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Paths to precision

* Realistic final states —> incorporate decays and Parton Shower

* Realistic resonant structures —> incorporate “off-shell” contributions into ME

Matching to Parton Shower

A

» Modeling decays

Non-resonant effects
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Paths to precision

* Realistic final states —> incorporate decays and Parton Shower

* Realistic resonant structures —> incorporate “off-shell” contributions into ME

Matching to Parton Shower

A

State of the art
@ NLO+PS

(“production x decay”)

» Modeling decays

Non-resonant effects
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Paths to precision

* Realistic final states —> incorporate decays and Parton Shower

* Realistic resonant structures —> incorporate “off-shell” contributions into ME

Matching to Parton Shower

A

» Modeling decays

State of the art
@ NLO F.O.

Non-resonant effects (“offshell calculation”)
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Paths to precision

* Realistic final states —> incorporate decays and Parton Shower

* Realistic resonant structures —> incorporate “off-shell” contributions into ME

Matching to Parton Shower

A

Ultimate goal:
offshell
ttbb@NLO+PS

(very challenging!) » Modeling decays

Non-resonant effects
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Theory status of ttbb

State of the art: NLO QCD

Fixed Order
- pp — tt_bg Bredenstein, Denner, Dittmaier, Pozzorini 08 09 ‘10
GB, Czakon, Papadopoulos, Pittau, Worek ‘09
- pp — ttbbj Buccioni, Kallweit, Pozzorini, Zoller ‘19
- pp — 6+I/e N_D“bbbb Denner, Lang, Pellen 20

GB, Bi, Hartanto, Kraus, Lupattelli, Worek 2|

Matched to Parton Shower

- POWHEG matching Garzelli, Kardos and Trocsanyi 14 ‘15 [5FS]
GB, Garzelli, Kardos ‘17 [4FS]

Jezo, Lindert, Moretti, Pozzorini ‘18 [4FS]

- MC@NLO matching Cascioli, Maierhofer, Moretti, Pozzorini, Siegert ‘14 [4FS]
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Computational setup

NLO QCD corrections to pp — e v, ,u_ﬂubgbg — O(Ozf:’ofl)

[5-Flavor Scheme]

Complete calculation at fixed order —> no on-shell approximation

t
= %
t_ > >
Double Resonant Single Resonant Non Resonant

“Off-shell” = DR + SR + NR + interferences

Genuine multiscale process —> m; not necessarily the “most natural” scale
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A glimpse at the complexity

* First NLO computation of “2 —> 6" complexity (from QCD viewpoint)

One-loop correction type Number of Feynman diagrams Partonic Number of Number of Number of
Subprocess Feynman diagrams _CS Dipoles NS Subtractions
Self-energy 03452 — — —
99 = € v ", bbbb g 41364 90 y
Vertex 88164 _ -
qq — etve =, bbbb g 9576 50— 10
-t 19000 _
Box-type 1 94 = et ve =, bbb g 0576 50 10
-1 5 [ —
Pentagon-type 25876 97 — € Ve 7, bbbbq 09576 50 10
Hexagon-type 11372
Heptagon-type 3328
Octagon-type 336
Total number channel] 271528 . .
199 : Computationally demanding!

©(10°) CPU hours

Computation performed with HELAC-NLO
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Comparison with literature

*  Comparison with previous results: Denner, Lang and Pellen, 2008.00918 [hep-ph]

NLO _ +18% NLO _ +18%
oppLac = 10-28(1)257,, fb oprp = 10.28(8) 15, fb
[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008
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Excellent agreement
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Fiducial

Cross sections

 Event selection:

pr(0) >20GeV , pr(b) >25GeV, |y(0)] <25, |y(b)| <2.5
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[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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Differential cross sections — impact of scale choice

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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*  Dynamical scales flatten K-factors (but shape distortions are still there)

*  QCD corrections still large, but more stable
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Differential cross sections — theory uncertainties

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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Scale uncertainties dominate
everywhere (from 20 to 30%)
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PDF uncertainties are smaller (but can reach 10% in tails)
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Differential cross sections

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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*  AR(bb,) —> Hardest b-jets mainly produced back-to-back

+  pp(bby) —> Large K factor up to ~2.5 in tails: effect of real radiation

Large QCD corrections found also in leptonic observables
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Impact of initial state b-quarks in ttbb

 Contributions induced by initial state b-quarks are suppressed by PDFs
Let’s quantify this statement in the context of a full NLO calculation.

How good is the approximation of neglecting b-initiated contributions!?

Born Real radiation
bb — e v i~ 17, bb bb. gb— eTv, nu, bbbbb  bb — eTv. uT 1w, bbbb g
bb — eTv. v, bb bb gb— etv. p~v, bbbbb  bb — et p v, bbbb g
bb — eTv, ™ Vy, bb bb bb — et ve =, bbbbg

- We consider two different approaches for tagging b-jets:

“Charge blind” Vs “Charge aware”

[see e.g. ATLAS-CONF-2018-022]
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https://cds.cern.ch/record/2622370

Charge-blind vs charge-aware b-tagging

“Charge blind” b-tagging “Charge aware” b-tagging
Sensitive to the absolute - Sensitive to the charge
flavor of the b-jet of the b-jet
Cannot distinguish between - Can distinguish between
b and b jets b and b jets
Recombination rules: - Recombination rules:
bg—b, bg—b, bb—g, bg—b, bg—b, bb—g,
bb— g, bb—g bb—b, bb—b

* Jets are clustered using the anti-kT algorithm with R = 0.4

The two b-tagging variants are IR-safe at NLO.
Beyond NLO —> flavor kT [Banfi, Salam, Zanderighi '06], flavor anti-kT [Czakon et al.’21]
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Impact of initial state b-quarks

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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Contributions induced by initial
state can be safely neglected even
in extreme phase space regions
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Comparison with ATLAS results

| atLAS =]
. ATL AS cuts: lepton+jets ( = 3b) Vs =13TeV, 36.1 fb~? l-_+-
pr(f) > 25 GeV pT(b) > 25 GeV » lepton+jets (=4b) | -.i
p(O <25, yB)] <25 I B R o
AR(bb) > 04,  AR(h) > 0.4, N B
| Powheg+Pythia8 ttbb (4FS) M
eu(=4b)r '-.'-I- PowHel+Pythia8 tfb1§ (5FS) m
o Powerymaemmbure W ][ .
10" 102 10° 10 05 10 15
Ofiq [fD] Pred./(Data - ttX)
[ATLAS, JHEP 04 (2019) 046]
[GB et al, JHEP 08 (2021) 008]
Theoretical predictions ;e/#;l\fﬂgl
SHERPA+OPENLOOPS (4FS) 172 £4.2 HELAC-NLO (5FS): 20.0 £+ 4.3 fb
POWHEG-BOX+PYTHIA 8 (4FS 16.5
PowHEL+PyTHIA 8 (5FS 18.7 . :
PowHEL -+ PYTHIA & E4FS§ 129 Very good agreement with the
' experimental result
Experimental result (ATLAS) \25 + 6.5 / o .
< - All predictions are compatible

within theoretical uncertainties

G. Bevilacqua MTTD 2021



https://link.springer.com/article/10.1007/JHEP08(2021)008
https://link.springer.com/article/10.1007/JHEP04(2019)046

Summary & outlook

Summary

- Two independent calculations of off-shell ttbb (dilepton channel)
@NLO QCD in excellent agreement

» The size of QCD corrections is large: ©(90%)
+ Theoretical uncertainties dominated by scale variation: ©(20%)
Impact of contributions induced by initial state b-quarks: O(1%)

* Very good agreement with ATLAS results

Outlook

Quantifying off-shell effects: comparison with Narrow Width Approximation

How well can we distinguish b’s from top decays vs prompt b’s?
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