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Motivation of tt + additional jets

* ttbb is the main irreducible background for ttH (bb) searches
* NLO calculation still has an uncertainty of around 30%.

* ttjj(cC) is the reducible background faking b jets

* It is crucial to understand precisely the t£jj and ttbb processes as these are
also the main background for most of new physics searches such as four top
search, FCNC, SUSY....

* In particular, differential distributions will allow us to check the validity of
the QCD calculation involving top quark pair plus additional quarks or gluons.

(two different scales)
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MC samples at 13 TeV

JUVUR cvent generator ____|Partonshower ______|_____

POWHEG (v2) Pythia 6 / Pythia 8 Default
POWHEG Herwig++/Herwig7
MadGraph5_aMC@NLO Pythia 8 / Herwig++/Herwig7
SHERPA SHERPA
NOVORl cicntgencraorparonshower |
POWHEG (v2) Pythia 8 Default
POWHEG Herwig++
MadGraph5_aMC@NLO Pythia 8 with FxFx (tt + 0, 1, 2j)
MadGraph5 (LO) Pythia 8 with MLM (tt + 0, 1, 2, 3j)

MadGraph5_aMC@NLO Herwig++

tt+heavy flavour events are extracted from inclusive tt sample 3



Particle-level objects

* Decrease MC uncertainty from extrapolating to unmeasurable phase space

* Particle-level objects CMS NOTE-2017/004
based on LHCTopWG
* Electrons and muons : py > 25 GeV and |n| < 2.5 ased on LHCTop

* not originate from a hadron, Adding the four-momentum of all photons within
AR = 0.1

* Jets :py >25GeVand |n| <2.5

* clustering all stable particle except the selected e, u and radiated photons as
well as neutrinos using the anti-k; algorithm with R=0.4.

* Neutrinos from hadron decay are included

* b jets : ghost matching technique - b hadron momentum is scaled down to a
negligible value and included in the jet clustering.

e Particle Ievgl top quark. o K2 = [M(p, + ps + ps,) — my?
* Take the jet permutation by minimizing i .
following quantity in the lepton + jets mode. + [M(p;, + py,) — ]
- + [M(pj, + pj, + pp,) —my)?




Event categorization

* Particle level signal definition for tt+heavy flavor

CMS event categorization (dilepton) ATLAS event categorization

Visible ph ase space Shorthand notation | Particle-level event requirements
for the templates

ttb lepton-plus-jets

ttj] : Nieptons = 2, Np—jets = 2 and Njets = 4

tth Nleptons = 1, Mjets = O and Np_jets > 3
ttbb : ttjj + Np—jets = 4 ZZC Zéi)él?n;v:ni; Njets > 5 and np_jets = 2 and ne_jets > 1
tthj : ttjj + Np_jers = 3 — TR YT ;tsbfiits =
tECE : tEjj + Te_jors = 2 o e 2 8 and m—jers < 2 and ne—jes 2 1

ttbb dilepton fit-based

ttLF : ttjj — ttbb — ttbj — ttcc 0D Mo > 4 and np_jupe > 4
ttb X Np—jets — 3

Full phase space tex e and m e > 1
ttl X other events

tf]] : njets not from top = 2

ttbb : tEjj + Np—jets not from top = 2 &=m has to rely on MC mother particle information



tt + Heavy flavor measurement (ATLAS)

Fraction of events
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e Using the third and fourth highest MV1c b tagging discriminant labelled with the upper
edge of the efficiency, it has the significant shape differences between the tt components.
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 Compared with various samples in the massive 4F scheme

(MG5 aMC@NLO) and 5F scheme (POWHEL)
* Fiducial phase space regions

Eur. Phys. J. C76 (2016) 11

e ttH and ttV contributions are removed for direct comparison

ttbb dilepton ttb dilepton ttb lepton-plus-jets ATLAS ttbb <1:|Iepton ATLAS 4
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* Rearrange jets in b-tagging algorithm discriminator

arXiv:1705.10141

e Using b-tagging algorithm discriminator of third and fourth jets in 2D fitting.

b discriminator of 4™ jet
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* Full phase space
no cut on the top quark decay products and additional b jet p7 > 20 GeV
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o
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\ 4
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arXiv:1705.10141

Theoretical ratios are
lower than the measured
values

But consistent within two
standard deviations

ttH are not removed



* b jets are identified using AR < 0.4 matching with a B-hadron
* NLO predictions with 4F scheme (massive b-quarks) are compared
e Sherpa + OpenLoops, MG5_aMC@NLO + Herwig++/Pythia8
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AR = \/A¢p(b,b)? + An(b, b)?

19.7 b7 (8 TeV)
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* Correct assignment is difficult in case of 4 b jets
e typically ¥~50% correct assignment in case of 4 b jets

e Need more statistics
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AR;; and m;; distribution of additional jets (CMS)

 Normalized tt cross sections in bins of invariant mass and the 8 TeV
angular distance of the leading and second leading additional jets CMS-PAS-TOP-16-021

Data is from Eur. Phys. J. C 76 (2016) 379

CMS Preliminary 19.7 fb~! (8 TeV) CMS Preliminary 19.7 fb~! (8 TeV)
I% 0.007 |- —y— —e— CMS Data % -
(@) C R —@— Powheg v2 PSM2Ty ~ 0.3 O
== 0.006 — | = 3
& = —-—: —=— MGs5.aMC@NLO [MLM] P8M2T4 ab -
3 0.005 ; | —4+— aMC@NLO P8M2T4 ;CS 0.25 == —
= C : MG5.aMC@NLO [FxFx] P8M2T4 3 E =l =|
NS C ) S 0.2 [ —=&— Powheg v2 P8M2T4
< 0.004 — —— — < — Powheg v2 P§M1 NG 2 -
_ = =0 — - —=— MG5.aMC@NLO [MLM] P8M2T4
5 E— | — <» — MG5.aMC@NLO [MLM] P8M1 - CNLO PEALT
5 0.003 F—w——+ : — <~ — aMC@NLO P8Mz1 0.15 a MzT4
- - MG5.aMC@NLO [FxFx] P8M2T
— - | MG5.aMC@NLO [FxFx] P8M1 n -4 [FxFx] P8M2Ty
0.002 — | 0.1 — — < — Powheg v2 P8M1
E ; - — <» — MG5.aMC@NLO [MLM] P8M1 N
0.001 [— s 0.05 — — <» — aMC@NLO P8M1 =——======
0 :l L 1| | | ‘ | | ‘ | | ‘ | | ‘ | | 0 CL111 L] ‘ IX\/IXG?_EXIN][(:X@NIF(?[P)TF)X(LP?T\?H L1 L] L1 L]
1.4 — 1.4 —
[] — (o] C
-‘(E; 1.2 — -‘&S‘ 1.2 —
e Tk e TE
= —hr—— — — — L — _—Eeeell== . L e A
B | S B - — == == ===
= 5 ——] R S
8 8 8;::: it
. - — —
< = < 08
—~ : = :
0.6 — 0.6 —
7\\\\‘\\\\ \\\\‘\\\\ \\\\‘\\\\‘\\\\‘\\\\ 7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 50 100 150 200 250 300 350 400 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
m]‘]' [GeV] ARjj

12



tt + additional jets at 13 TeV (ATLAS)

* Recoiling objects depend on the transverse momentum of tt system arXiv:1708.00727

* Resolved topology in the combined /+jets channel at detector level
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* Overall prediction underestimates data
* The largest uncertainty comes from JES/JER and flavour tagging 13



Boosted objects

large-R jet : 300 GeV < pr < 1500 GeV, m > 50 GeV and |n|<2.

top-tagged jets : if m(large-R jet) > 100 GeV, 73, < 0.75
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pr(tt) spectrum comparisons (ATLAS)

e electron and muon of opposite sign, at least two jets, one b jet Eur. Phys. J. C77 (2017) 299
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e POWHEG + Pythia 6 and Pythia 8 predict a softer spectrum than the data

but consistent within the experimental uncertainties
e MG5 aMC@NLO, POWHEG + Herwig++ do not describe data well. 15



tt + additional jets at 13 TeV (ATLAS)

Eur. Phys. J. C77 (2017) 220
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tt + additional jets at 13 TeV (ATLAS)

Eur. Phys. J. C77 (2017) 220
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 Herwig7 does not really describe the jet multiplicity
e MG5 aMC@NLO requires more work &



PRD 95, 092001 (2017)
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 Data has softer tt system p; spectrum
* Most of MC predictions overshoot data
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ISR

Tuning with ag

: i .. MS-PAS-TOP-16-021
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35.9 fb~1 (13 TeV)

CMS-PAS-TOP-16-014

* POWHEG+Pythia8 prediction of
the jet multiplicity is consistent

Preliminary
106 e, i + jets combined

Events

Il single-top
I V+jets
[ 1 QCD

with data

* The jet multiplicity from previous
8 TeV measurements was used
for CUETP8M2T4 tune

* The tune accurately described
the jet multiplicity on a larger
dataset with a higher +/s
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Conclusion

* We are towards very precision measurement in top quark measurement, in
particular, using differential distributions.

 tt+X is the main background for many new physics searches. It is crucial to
control experimental and theoretical systematic uncertainties.

* More interaction between theory and experiments is required.

A bunch of ATLAS and CMS differential measurements are available and need
to be compared in details.

» Differential ttbb cross section measurement with more data of 36 fb~ 1 is in
progress.
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Differential ttbb cross sections

8TeV  Eur. Phys.J. C 76 (2016) 379
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tt + Heavy flavor (ATLAS)

Eur. Phys. J. C76 (2016) 11

1tbb ttb Lepton-plus- 1th eu R

[fb] jets [fb] [fb] (%)
Observed (cut-based) 182 £3.5°5.7 1 930170 +240 | 48.£10+13 | 1.20 +0.33 +0.28

(fit-based) 12.4 +3.3 +3.6

MabpGRAPHS_AMC@NLO (ugppp) 19.1J_“§:‘1t 870398 513% —
MAaADGRAPHS_AMC@NLO (ug/4) 12.3J_r‘31:é 520f};8 3030 —
POWHEL 8.8J_r‘2‘:‘21 4301%28 2836 -
MADGRAPHS5+PYyTHIA 6 13.32:2 7901?;8 43fé3 1.29f8:{§
PyTHIA 8 (Wgtq=3) 30.1 1600 88 2.50
PyTHIA 8 (Wgtq=35) 12.8 740 42 1.10
PyTHiA 8 (wgtq=6,sgtq=0.25) 16.1 930 53 1.37
POWHEG+PYTHIA 6 (HDAMP=711,,p) 11.2 690 37 1.16
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ttbb(jj) cross sections (CMS)

. arXiv:1705.10141
Full phase space vs Visible phase space

Phase Space (PS) Parton level Particle level
Visible PS - 4 (b) jets and 2 leptons (e, u)
Full PS t, t and 2 (b) jets (not from t or t) =

leptons : pr > 20 GeV, |n| < 2.4 / Jets: py >20GeV, |n| <2.5

Results
Phase space O [PP] oy [pbl Oitbb / Ot
Visible Measurement | 0.088 4= 0.012 = 0.029 3.7 0.1 £0.7 0.024 £ 0.003 & 0.007
SM (POWHEG) 0.070 =+ 0.009 51+ 0.5 0.014 = 0.001
Full Measurement 400613 184 +64+33 0.022 = 0.003 £ 0.006
SM (POWHEG) 32+04 257 £+ 26 0.012 £+ 0.001
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PRD 95, 092001 (2017)
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