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Highlights of today

Study of ftbb+t{tW modeling for ttH analyses in ATLAS+CMS

> Available on arXiv: arXiv:2301.11670

Inclusive and differential cross section measurement of ttbb in CMS

> Preliminary publication: PAS-TOP-22-009
> Will appear on arXiv in 10h 55min

> Main focus of this talk

See also:
YSF talk by Emanuel Pfeffer
Poster by Juhee Song

Inclusive and differential cross section measurement of ttbb in ATLAS

> Published in JHEP: JHEP 04 (2019) 046

Inclusive cross section measurement of ttcc in CMS
> Published in PLB: PLB 820 (2021) 136565



https://arxiv.org/abs/2301.11670
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-12/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-003/index.html

Why do we care about ttbb and ttcc? b

t
[ Interesting modeling
> Large momentum-scale differences between top and bottom/charm quarks t
. . . . Uncertainty source Ay (observed)
> Calculations/simulations at ME-level very difficult Total experimental +0.10/ — 0.10
jet energy scale and resolution +0.08/ —0.07
> Interesting probe of perturbative QCD b tagging +0.07/ — 0.06
luminosity +0.02/ —0.02
Total theory +0.16/ —0.16
tt + jets background +0.15/ —0.16
d Important for ttH(bb) and tttt measurements signal modelling +0.06/ —0.01
Size of the simulated event samples ~ +0.13/ —0.12
> {tbb modeling is by far limiting factor Total systematic 4020/ — 021
_ ) . ] Statistical +0.17/ —0.16
> ttbb often under-predicted in simulations background normalisation 4013/ — 013
o . . ttB and ttC normalisation +0.12/ —0.12
> ttcc will get more important with ttH(cc) measurements! — ocD normatisation +0.01/ —0.01
Total +0.26/ — 0.26
3

CMS {tH(bb) measurement PAS-HIG-19-011



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html

Why do we care about ttbb and ttcc?

O What do the measurements of ttH(bb) tell us?
> Large under-prediction of ttH cross section relative to SM (both ATLAS + CMS)

O Both use 4FS ttbb as nominal background model — Fluctuations coincidental?

> More details on ttH(bb) in Lucia’s talk later!
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/

Different approaches for ttbb modeling

O tt@NLO matrix element: ’ 7
> At most one additional b jet from matrix element
> Remaining b jets from parton shower (PS) :
> Treat b quarks as massless 7

O ttbb@NLO matrix element: b _
> Difficult to simulate properly 0
(large scale difference between top and bottom) ¢

> Both additional b jets from matrix element (ME)
> Treat b quarks as massive t

> How do these modeling approaches describe the data?



ttbb background estimation in ATLAS+CMS

ttbb XS differences due to
modeling and scale differences
(see also next slide)

EXPERIMENT

[ ATLAS+CMS modeling comparisons: arXiv:2301.11670

name ME  Generator ME order  Shower Tune NNPDF PDF set (ME) hdamp  Pbzd g=1lep [pb]
Nominal ATLAS  PP8 ttbb ttbb  ttbb-POWHEG NLO PyTHiA 8.224 Al4 4FS 3.0 NLO as 0118 Hr /2 5 18.72
ttbb@ME models| ©wms PPS tibb ttbh  tibb-POWHEG NLO PyTHIA 8.230 CP5 4FS 3.1 NLO as 0118 1.379 - my 2 23.86
ATLAS  PPS8 ttbb hy,g 2 tibb  ttbb-POWHEG NLO PyTHIA 8.224 Al4 4FS 3.0 NLO as 0118 Hr/2 2 18.46
ATLAS thB@ME ATLAS  PPS8 tibb dipole ttbb  ttbb-POWHEG NLO PyrHiA 8.224  Al4, dipoleRecoi 4FS 3.0 NLO as 0118 Hp/2 2 18.72
uncertainties ATLAS PHT tibb tibb  tibb-POWHEG NLO HERWIG 7.1.6  default 4FS 3.0 NLO as 0118 Hr/2 5 18.47
ATLAS  Sherpa ttbb ttbb  SHERPA 2.2.10 NLO SHERPA default 4FS 3.0 NNLO as 0118 — — 20.24
CMS ttbb@ME CMS  PP8 tibb haamp up  tibb  tibb-POWHEG NLO PyrHiA 8.230 CP5 4FS 3.1 NLO as 0118 2.305 - ms 5 23.86
uncertainties CMS PP8 tibb hgamp down  tibh  ttbb-POWHEG NLO PyrHiA 8230 CP5 4FS 3.1 NLO as 0118 0.8738 - my 5 23.86
Nominal tt@ME ATLAS PPS8tf tf  POWHEG v2 NLO PyTHIA 8.210 Ald 5FS 3.0 NLO 15 my 5 451.7¢
models CMS PP8 tt tt POWHEG v2 NLO PyTHiA 8.230 CP5 5FS 3.1 NLO 1.5 -my 5 451.78+
ATLAS tt@ME ATLAS PHT7 t tf  POWHEG v2 NLO HERWIG 7.13  default 5FS 3.0 NLO 1.5 my 5 451.78°
uncertainties ATLAS  aMC+P8 tf tf  MG5.AMCGNLO  NLO Pyriia 8210  Al4 5FS 3.0 NLO S 451.78¢
CMS tt@ME CMS PP8 tf haamp up tf  POWHEG v2 NLO PyrHIA 8230 CP5 5FS 3.1 NLO 2.305 - my 5 451.78¢
uncertainties CMS PP8 tf haamp down ¢ POWHEG v2 NLO PyTHiA 8230 CP5 5FS 3.1 NLO 0.8738 - my 5 451.78°
Both: ./ y./ ISR/ FSR/ pdf variations h, . Splitting of finite and singular part of
ATLAS: Uncertainties from Sherpa / Herwig / h_,/ h,,  variations real emissions in POWHEG
. o BT h : Regulates p_. of first emission in
CMS: Uncertainties from h____ variations damp® €9 Py
P POWHEG PS 6


https://arxiv.org/abs/2301.11670

ttbb background estimation in ATLAS+CMS

[ ATLAS+CMS modeling comparisons: arXiv:2301.11670

Renormalization scales are the same Factorization scales differ by factor two

ME Generator l UR l UF

Nominal thB@ME{ ATLAS ttbb-POWHEG ttbb | 3 ¢/mr:-mr ;- mrp Mg | |5 (mre + mr s+ mrp 4+ mp g+ mrg)
models

CMS ttbb-POWHEG ttbb % YMTt - Tr g ML, - M 5 i(mT,t +mrz+mrp+ mpp+mry)

1 1
SHERPA 2.2.10 3 YMT MT i MT M 5(mT¢ +mrg+mry+mpp 4+ mr )

O Latest ATLAS publication of ttH(bb) (JHEP 06 (2022) 97) uses p_x 2

1 Latest CMS publication of tftH(bb) (PAS-HIG-19-011) uses the settings from the table

> Different scale settings of ttbb still yield same ttH(bb) result in ATLAS + CMS


https://arxiv.org/abs/2301.11670
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-23/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-011/index.html

ttbb background estimation in ATLAS+CMS

O Comparison of {tbb@ME models — including scale and PS uncertainties
> Shaded bands include p/p/ISR/FSR x2/x0.5 variations

(2] T T T T —]
= 0'4E —— ATLAS PP8 tibb =
> 0.35F - — CMS PP8 tibb —
% 03E T = — ATLAS PP8 ff 3
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02E P — = Common ATLAS+CMS tt effort
- | Generator Level = - _
0.15F- A T e.g. PHYS-2023-016
0 1:_ Dilepton channel =
0.05F =
FarXiv:2301.11670 =
2'812F e RSOOSR Small differences at large N._._between
&.::. C OO RIS — jets
& R 08F -1 v

—__ tt@ME models show significant
s differences w.r.t. ftbb@ME models

a
(n-
o

Scale variations dominated by i variation — large shape and rate (30-50%) variations


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-016/
https://arxiv.org/abs/2301.11670

ttbb background estimation in ATLAS+CMS

EXPERIMENT

O Comparison of uncertainties for ttbb@ME models
> Approaches quite different and it seems to be diverging more in Run3

% T T T — | — 2 ' ' — =
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A K| -+ ATLAS PP8 b h,,2 3 5 03F =+++ CMS PP8 tfbb hy,y,, down S
< E — ATLAS Sherpa ttbb = < E =
0.25F = 0.25F- =
0.2F — ATLAS = 0.2 cms -
= AR Generator Level 3 E e Generator Level =
OASE \s=13 TeV, > 4b, > 4] r 0.15E- {s=13 TeV, > 4b, > 4j =
0.1 e — Dilepton channel = 0.1E- — Dilepton channel =
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:aI’X:IV.23O1.1I1670 o = :ar)(llv.2301.?1670 ! ' ! . -
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4 5 6 7 8 9 210 4 5 6 7 8 9 =10
Njets Njets

hdamp variations small and
fluctuating due to limited
sample statistics

Dipole shower variation / Herwig show Smaller difference from
large differences to nominal model Sherpa / h,__, variations


https://arxiv.org/abs/2301.11670
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CMS ttbb 5 b

measurement @




Strategy of CMS ttbb measurement %

O Basic event selections targeting tt+b jets and the lepton+jets final state

>
>
>

Exactly 1 e/p
Atleast 5 jets (p;> 30 GeV, |n| <2.4)
At least 3 b-tagged jets ( deepdet — 75-80% b efficiency / 1% light mistag rate )

CMS 138 b (13 TeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-009/index.html

¥ #

Strategy of CMS ttbb measurement %

[d Separate events in ancillary regions
> Based on b jet multiplicity at tight b tagging WP (0.1% light jet misidentification rate)
> Basically in-situ signal and control regions
Sufficient control of residual backgrounds Almost only ttbb

MS . \ /1I38fb I13TeV

& )
[2]
= C -1 | Data
g | 7000 1lepton (elw), >6ets, [4b  T0P-22.009 1 [ti+light
- 6000— Anc. region 1 Anc. region 2 — E(B:
5000 = [OSingle t
= 7 X
4000 — [ V+jets
- 3 | 'Syst+stat
3000 — jmstat
2000— -
1000— =
Q 14 ‘ -
- [ ———
9 o \\\\\ ___________________ ‘ _________ AN
0.6
1 2 3 4 5 12

Number of tight b-tagged jets
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1 Each observable independently

measured
> Normalized differential cross
section

> Determine inclusive and
normalized differential cross
section simultaneously

> Likelihood-based unfolding:
Maximum-likelihood fit to obtain
fiducial and differential cross
sections

> Full profiling of uncertainties

Strategy of CMS ttbb measurement %

5
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=
w

138 fo~! (13 TeV)

T T

Anc. region 2 ]

g: 6/ Anc. region 1 t Data
Ejav TOP-22-009 | @ tiB
=9 {[@m tiob OOA
= [ ttb OOA
c 4 J -
> B tC
e Y = 1 =
% 3t 10 ti+light
o 10 Singlet
> ] _
w2 | .t
= tv
1 [ 1 V+jets
_______ == — Pre-fit expect.
Post-fit uncert
o 1.2r T T T T j r——
R 1 0_* + JI. + 1, + [ + | L l | / [
© ot (A *:* UL S S 1{Phase space:
o | 1 {126 jets: 24b
0.8k ! [ S | [
0 1 2 0 1 2
In(bs"®)|

Out-of-acceptance (OOA) processes:
> Contributions of tt+b jets not in fid. volume
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Fiducial cross section resulits %

A Fiducial cross sections measured in four overlapping fiducial regions

> Underpredicted by most models Previously default CMS model for ft and ftbb *
CMS 138 fo~' (13 TeV) /
b e Powheg+OL+P8 ttbb 4FS(pR=%Hm}’4,pF=%[mT) 1|
-+ Powheg+P8 tf 5FS (ppr = mr) .
-+ Powheg+H7 tt 5FS (Urr =m7)
<+ Sherpa+OL tibb 4FS (ug = [Im¥*, ur =1Lmr)
+ MG5_aMC+P8 ttbb 4FS (urF=Lmr)
-+ MGS5_aMC+P8 tt+jets FxFx 5FS (upr = Lmy)
Probing ft with at least 1 b jet ————> >5jets: > 3b[ " ey . Oiq = 2367 + 143 fb —
v A
Probing fully-resolved ftbb >6 jets: >3b, >3 light| L Oig=1037£91fb |
v
Probing additional jet radiation > 6 jets: 24b:— vA;_..* Onig =291+ 37fb 1
i v ]
>7 jets: > 4b, zsnght}‘rin—* Gra=147£250 |
e

Oiig [fb]

Powheg+Pythia ttbb@ME model: best agreement in 5j3b
but similar trends as most models when going to more exclusive phase spaces *


https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-009/index.html

>

ATLAS + CMS comparison

0 ATLAS it+b jet measurement (JHEP 04 (2019) 046) uses similar fid. definitions

tt+21b jet / tt+22b jets

> Powheg+Pythia ttbb 4FS simulation (J/m=):
> Mg/H. scales x2 in ATLAS publication w.r.t. CMS scales
> fid. XS too low in ATLAS setup / too high in CMS setup

JHEP 04 (2019) 046

ATLAS ' ‘ —
lepton+jets ( = 3b) VS =13 TeV, 36.1 fo-l1 .. [ 4
- u
lepton+jets (= 4b) | [ ]
[

CMS 138 fb~" (13 TeV)
‘ e ASEL ‘ TOP-22-009
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+ MG5_aMC+P8 ttbb 4FS (ure=Lmr)
+ MG5_aMC+P8 tt+jets FxFx 5FS (Urr = Lmy)
+ [ * *
25 jets: 23bf + X 8 06g=2367+143fb - - —— .
v . v
il % *
26 jets: >3b, >3 lightf = { - Ofig=1037+91fb | - +v‘ = .
* % 1 * *
> 6 jets: > 4bl - Ofig =291 + 37fb 8 Le —e— .
v B
- * o * |
>7jets: >4b, >3 Iight!¥+:ﬂ— Oia=14725fb | g et — |
L 1 n 1 |
102 10° 10% 0.5 1.0
O [fb pred; _obs
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| Data- HX(X=H,V) @ +.
eu(=3b) | = Stat. uncert. . 3 0
] Total uncert.
Sherpa 2.2 tibb (4FS) |
| Powheg+Pythia8 ttbb (4FS) W
eu(=4b) | _..' PowHel+Pythia8 tibb (5FS) M =
| PowHel+Pythia8 ttbb (4FS) W u
10’ 10” 10° 10* 05 10 15
Giig [fb] Pred./(Data - ttX)

15


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-12/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-12/

EXPERIMENT

Results and limitations of measurements %

Limitations of fiducial cross section measurements:
> Precision of 6-17% in CMS measurement / 13—28% in ATLAS measurement
> Dominated by signal+background modeling / b-tagging / jet energy calibration

Relative uncertainty (%) Source Fiducial cross-section phase space
E 3 Uncertainty source 5i3b 6j3b3l 6j4b 7j4b3l en lepton + jets
SE Integrated luminosity 1.6 16 20 1.8 152 >3b >4b  >55,>3b >6j,>4b
=l Pileup reweighting |~ 02 08 04 05 AR unc. [%] unc. [%]  unc. [%]  unc. [%]
g,_ § Lepton and trigger "~ 1109 19 18 Data statistics 27 9.0 1.7 3.0
I.I>j g JES, JER - 6 3.5 o Luminosity 2l 2.1 2.3 2.3
b tagging 45 39 70 91 Jet 2.6 13 3.6 72
g and py scales 28 68 82 12 i‘tafgmg 3'3 8'2 1; = g'g
= epton X . 4 5
Top quark pr modelling 0.3 1.0 0.6 13 Pile-up 21 35 16 13
8 PDF 0.2 0.7 1.0 1.9 ttc fit variation 5.9 11 - -
=5 | PS scales 28 27 24 15 Non-tf bkg 0.8 2.0 I 18
oO'® ME-PS matching (hdamp) 0.4 09 1.3 2.8 Detector+background total syst. 8.5 14 18 12
Q .
P E Underlying event 04 <0.1 04 04 Poarton shower 9.0 6.5 12 6.3
= g Colour reconnection 1.1 1.5 1.9 45 Generator 0.2 18 16 8.7
= b quark fragmentation 03 04 04 04 ISR/FSR 4.0 3.9 6.2 2.9
Inclusive ttC cross section 0.5 0.3 1.9 2.6 PDE 0.6 0.4 0.3 0.1
ttV/ttH 0.7 14 2.2 0.3
MC statistical 0.8 1.6 24 2.8 MC sample statistics 1.8 5.3 1.2 4.3
Total systematic uncertainty 6.0 87 13 17 tt modelling total syst. 10 20 21 12
Statistical uncertainty 0.6 12 22 33 Total syst. 13 2 28 17

Total uncertainty TOP-22-009 6.0 88 13 17 Total  JHEP 04 (2019) 046 13 46 2 17
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Differential measurement: b jet multiplicity %

EXPERIMENT

[ ATLAS+CMS: b jet multiplicity not well modelled $ = 10F ATLAS eu channel 3
_ © F Vs=13 TeV, 36.1 b >2 brjets ]
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EXPERIMENT

Differential measurement: jet multiplicity

d CMS: not well described by any of the tested generator setups

CMS

138 tb~! (13 TeV)
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ATLAS+CMS modeling comparison:
«— All would fail test against data

ttbb@ME simulations with their settings predict way too many jets
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Differential measurement: jet multiplicity %

O QCD scale variations improve N, description for Powheg+Pythia ttbb 4FS simulation
> Increased scales seem favorable for differential distribution
> Increased scales at the same time reduce fiducial cross section compatibility

CMS 138 fb~! (13 TeV)
| : | : | : | :
© r ; g : . TOP-22-009
© 2-00:__ pR=%Her/4sPF=%):mT 7T MEx2
(% 1750 MRx2 """ MEx0.5 Fiducial phase space  1op 5009 5i3b
Lﬂ_l- Ol MR * 0.5 Measured cross section 2367
1o 1.50F ' ‘ ' ' + 142 (syst)
re S T e N YV +14 (stat)
g 1.25:— 5....................l__________é __________ POWHEG+OL+P8 ttbb 4Fs 2361
+ i ' ’ jig variation +1161/-737
= 1.00 —
"® B S | up variation +126 /—100 |
2 0.75} 4 4
@ ; )
e L : _ . ]
20500 st am svat . : 1
o 4Sn = SEL TS e | | Decreasing scales |
5 6 7 8 9 Increasing scales
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Differential measurement: min dR(bb)

EXPERIMENT

ttbb@ME describes min dR(bb) quite well

CMS

138 fo-! (13 TeV)

—_ P Y @ &= & TR R
E [ Powheg+OL+P8 ttob 4FS Sherpa+OL ttbb 4FS
o|& 2.0F (HR=1TIm¥, pe=1Imy) Y (pr=TIm¥, pe=1Im)
= c | *  Powheg+P8 tt 5FS (ugr = my) v MGS5_aMC+P8 ttbb 4FS (ugr=Lmy)
% I A Powheg+H7 tt 5FS (Urr =mr7) y MG5_aMC+P8 tt+jets FxFx 5FS
R e =m0
1—6— L
s
1_0; ’ﬁ'f
I *‘?Hﬁ
[ Ay
0.51*% T
00||||"ﬂ"'\
? Data Syst. + stat. unc. Syst. unc.
LA e B e B S BN
1.25F : -
g | h i
© I * * * * 'A
0 1.007 gt~ T
g I
0.75F TOP-22-009 s .
PN I S S L M I (T T S T RS S SR N S}
0.5 1.0 1.5 2.0 2.5 3.0 3.5
Phase space: 26 jets: 24b AR(bbeXtra)

— more on this observable in Emanuel’s talk!
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>6j,>4b ]

t ATLAS
E Vs=13TeV, 36.1 fb™

e Data- {tX (X = H,V)
Powheg+Pythia8 B
—— MG5_aMC@NLO+Pythia8 ]
-..=. Powheg+Herwig7 ]
Syst. ]
Stat.

JHEP 04 (2019) 046

v a2
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—r T 1 T T T [ Tt T T T T ' T T '
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______ \.

—~ Powheg+Pythia8 {7bh, (4FS) — Powheg+Pythia8
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First measurement of ttcc production by CMS

0 Need to differentiate b, ¢ and light jets to access ttcc

Discriminate cvs b

c

> More difficult than ttbb

>

b

use DNN + charm jet tagging to separate ttcc/bb/etc classes

0.8f

- -

0.4

0.6

CMS Simulation

0.2}
[PLB 820 (2021) 136565

C {ibb

0 R light

Al

PRRETURN ISR SR S [ T T T |

—Tight

.C. _)

AL

Discriminate c vs light

—Tgnt

Il IIIlIII_

=
2
n

107

Normalized yields

107
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First measurement of ttcc production by CMS

O Measure ttbb, ttcc, tt+light at the same time (and also their ratios)

415" (13 TeV)

2D distributions from last slide 250 CMS 4 Best fit — 68% CL
unrolled for fit - Fiduci
ucial phase space .-e. QRO
CMS PLB 820 (2021) 136565 41.5fb" (13 TeV) : * POWHEG 95% CL
C
5 ¢f u -110°08 fDaa  Backgrouncs i ¢ MADGRAPH5_aMC@NLO
tict : —
£ 10° nwo_=1.36%217 ticc [ ticL — 200_
z e 007 [tiob [HtbL 2 -
g8 “m_L=O'86 ~0.07 i i bl B
ttLL tt+other Ko) L
CE £ 150
10° Fl e © -
10 100
' i
PRSI T S T S S NS S T [T S [N S T NS ST (NN SN WY =
Sl 1.5+ Fit stat. unc. Fit stat. @ syst. unc. - | , , , , | |  PLB 820 (20[21) 136565
8|§ | T e e e 100 200 300
0 2 4 6 8 10 12 14 16 Oo. _ [fb]
Bin number ttcc
13.7% precision on ttcc cross section! ttcc fairly well described by simulation

ttbb underpredicted by simulation
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Summary

Differential ftbb measurements by CMS+ATLAS

YVVYVY

Modeling comparisons ATLAS+CMS

>
>
>

ttcc measurement by CMS

>
>

6—17% (13—28%) uncertainty achieved by CMS (ATLAS)
CMS improved precision w.r.t. previous measurements
In total 37 (24) observables measured by CMS (ATLAS)!
Valuable input for modeling updates

Small differences in ttbb@ME setups

Large difference between ttbb@ME/{tt@ME
Modeling and uncertainty recommendations to be
reviewed

First time accessing ftcc — 13.7% precision
Interesting for future ttH(cc) measurements

More CMS ftbb results of
TOP-22-009:

YSF talk by Emanuel Pfeffer
Poster by Juhee Song
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Strategy of CMS ttbb measurement

[ Separate events in ancillary regions
> Based on b jet multiplicity at tight b tagging WP ( 0.1% light jet misidentification rate )
> Basically in-situ signal and control regions

Sufficient control of residual backgrounds

¥

Almost only ttbb

\ 138 fb' (13 TeV

x10°CMS 138 fb™' (13 TeV) CMS )
"g 180— I ' I | e Data *g 7000 ' s | Data
3 E 1 lepton (e/p), >5jets, >3b T0P-22-009 3 [Ott+light 3 = 1lepton (e/p), >6 jets, [>4b TOP-22-009 o [Jtt+light
] 160 = Anc. region1 Anc. region Anc. region 3 = .tEB H 6000— Anc. region 1 AHE. IRRgian 2 — tIB
140 ' — @tC - -| [BtiC
= 4 [Single t 5000 —[OSingle t
120 — @tiX = 1 ttX
100 = OV+ets 4000— — [ V+jets
SOF- 3 | Syst+stat = 3| Syst+stat
5 E_ _E M Stat 3000 E_ OO _E Stat
= SN = 2000 =
40 L = - ]
20 = ToR0E= E
[ m—— — | m—————
I A DY A I \\x\\\\\ ___________________ ‘ _________ A\ \\\\\\
= O 6
1 2 |3 4 1 2 3 4 5 27

Number of tight b-tagged jets

Number of tight b-tagged jets
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light jet misidentification rate

b tagging performance

CMS Simulation Preliminary

2016-2018 (138fb™")

100 :
- TTToHadronic, DeepJet (pr > 30 GeV)
I —— 2016preVFP
—— 2016postVFP
— 2017
—— 2018
10" /
/
= //
//
/
10723
10—37 ......
I //
i ¥
0.0 0.2 0.4 0.6 0.8 1.0

CMS-DP-2023-005

b-jet efficiency

Medium WP:

1% light jet misID

80% b jet efficiency
High selection efficiency for ftbb, but also
large contribution from backgrounds
(e.g. tt+light, ftC)

Tight WP:

0.1% light jet misID

65% b jet efficiency
Good selection efficiency for ttbb, almost
no more background contributions
(except for irreducible ttX(bb))
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Strategy of CMS ttbb measurement @
One parameter scaling
O Each observable independently measured the full signal contribution

> Normalized differential cross section a5t L (ISTey)
] ; TOP-22-009 o
5 3F 079
Qo o
> Free parameters for fid. XS and fractions & 8§ **F ["I"["""|" 05 o
. . = 2 2 -
of events in generator-level bins o £ . o
- 05
S < o
&) 7 [y
> Good correspondence between detector & .5 045
~r ]
and generator level ° <
- O F 03 o
g 2.5F001 Jootjooto.01 001 0.02 0.20 <
= £ o
> Maximum-likelihood fit to obtain fiducial g 2F 02

and differential cross sections ;é 158 sar ootomomooe [ 8 01

T . . 05:—::;' :I';:?)‘; ;g:l 2;: ;:; 1 1 1 1 I 111 l:;:l 1 1 1 ] 111 1 O
> Full profiling of uncertainties 05,1 ' 15 2 25 3 35

. 111 | iGenerator-level AR(bb™"®)
Signal model: Powheg+OL+P8 tibb 4FS

NANRA A |
One independent parameter scaling the
fraction of events in each generator-level bin  2°
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Strategy of CMS ttbb measurement

y
.
88 aaueo ™

[ Robust systematic model
> |Important modeling uncertainties decorrelated
between signal and backgrounds

Source Corr. (period) Corr. (process)
( “R/ HF/ ISR/FSR/ hdamp) Integrated luminosity ~ v
Pileup v v
) ) E  Trigger efficiency X v
> Rate-changing effects of modeling é L1 prefiring v v
uncertainties removed for signal processes 5 cciron selection efficiency v v
) 8. Muon selection efficiency v v
( d.o.f.s of cross sections ) & Jet energy scale ~ v
Jet energy resolution X v
b tagging efficiency ~ v

> Out-of-acceptance ttbb modeling uncertainties s and g scales
correlated to signal in 6j4b/7j4b3l Top pr modelling

.. . . PDF choice
( Slmllarlty tO Slgnal prOCGSS ) PS modelling: ISR & FSR scale

Colour reconnection

. . ME-PS matching (hg,,
> Many correlation schemes / alternatives Undeﬂying_eveiftjnep)

tested during CMS-internal review b fragmentation
. ttC normalization
A Results very robust against changes

Theoretical

AN NN N NN
N NI N
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Fiducial signal definition + observables

Observable

y
.
88 aaueo ™

A Generator-level phase space definitions Global oervabls
.. . N,
> Mimic event-level selections: i

b

1 Exactly 1 e/ i

d  Atleast 5 jets (p;>25GeV) piby
1(bs
1 Atleast 3 b jets (Ghost Hadron clustering) "ty

Inclusive cross section

Jet multiplicity

b jet multiplicity

Scalar sum of jet pr
Scalar sum of b jet pr
Scalar sum of light jet pt

Observables related to b jets

pr of third hardest b jet
|| of third hardest b jet
pr of fourth hardest b jet
|7] of fourth hardest b jet

Observables considering all pairs of b jets (bb)

> No reference to MC history of jets i
i.e. origin of b jets is unknown

(purely particle-level)

pr(b™)
I (b7
pr(bs)
I (b5
AR(bbextra)
|;7 ‘ (bbextra)
m bbextra)
pr (bbextra)

> Four fiducial phase space regions:

3  5j3b: {T + at least one b jet E{{%
d  6j4b: tt + at least two b jets Ficml)
O  6j3b3l: additional light jets in 5j3b )
Q  7j4b3l: additional light jets in 6j4b e

pr(y)
| A‘P (lﬁXtra' bsoft) ‘

Average AR of all bb pairs
Highest invariant mass among all bb pairs

Observables related to the pair of b jets closest in AR (bb®*"™)

pr of leading extra b jet

|| of leading extra b jet

pr of subleading extra b jet
|| of subleading extra b jet
AR of bb™"? pair
17| of bb™'™ pair
invariant mass of b
pr of bb™"™ pair

beme pair

Observables related to the pair of b jets not from tt decay (bb?dd)

pr of leading additional b jet

[7] of leading additional b jet

pr of subleading additional b jet
|| of subleading additional b jet
AR of bb®™" pair

7] of bb4d- pair

invariant mass of bb®¢" pair

pr of bb* pair

Observables related to extra light jets

pr of leading extra light jet
A¢ of leading extra light jet and softest b jet

ANENENEN

ENEN

NN N SN ANEN

N N N NN

Ve

Ve
Ve
Ve
Ve

5i3b 6j4b 6j3b31  7j4b3l
<V v




Comparing measurement to predictions %

O Test some possible predictions of ttbb against the measurements

Generator setup Process/ME order Generator/Shower Tune PDF set hdamp Scales
POWHEG+P8 tt 5FS ;{ o isxgicsvz/ L PR PRGRINFDES, 5 oo, - UR = My
) Comparing different parton showers
POWHEG+H? tf 5FS b ROWERBE w2 CHE T 1300m, iy = #r = M
NLO HERWIG 7.13 NNLO ’
_ hh X e =1 s % T 1/.4
POWHEG+OL+P8 ttbb 4Fs i BOWHEG-BOX-RES/ CP5 a2 NNFDES 1.379m, MR=2 Hicegop M
NLO PYTHIA 8 NNLO as 0118 ug = Hyp/4
_ bh o . |
SHERPA+OL ttbb 4Fs i SHERPA 2.2.4 SHERPA 4FSNNPDF3.0 Hr = [zt ipp ™M1
NLO NNLO as 0118 pp = Hp/2
Ty L ttbb / MADGRAPH5 aMC@NLO/ CP5 4FSNNPDF3.1 b = g = Ty
NLO PYTHIA 8 NNLO as 0118
tt-Hets FXFx/ MADGRAPH5_aMC@NLO/ 5FS NNPDF3.1 Hg = PR = LMy,
MG5_aMC+P8 tt+jets FXFX 5Fs | NLO [< 2 jets] PYTHIA 8 CP5 NNLO — qCut = 40GeV,

qCutME = 20 GeV
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Comparing measurement to predictions %

O Test some possible predictions of ttbb against the measurements

Generator setup Process/ME order Generator/Shower Tune PDF set hdamp Scales
= tt/ POWHEG v2/ 5FS NNPDF3.1
HEG+P F P 1.379 = =
T QWHEGHE 8 hs NLO PYTHIA 8 G NNLO ol = i = iy
¥ BEEC NNPIYER. 1
POWHEG+H?7 tt 5FS l BOWHEG v2/ ) )
NLO HERWIG 7.13 Comparing matrix element vs. parton shower
o ttbb / POWHEG-BOX-RES/ description of additional b jets
POWHEG+OL+P8 ttbb 4FS .
NLO PYTHIA 8 NNLO as 0118 ur = Hr/4
_ tbh .
SHERPA+OL ttbb 4FS e SHERPA 2.2.4 SHERPA 4FSNNPDF3.0 Hr = [zt ipp ™M1
NLO NNLO as 0118 pg = Hy/2
T T ttbb / MADGRAPH5 aMC@NLO/ CP5 4FSNNPDF3.1 b = g = Ty
NLO PYTHIA 8 NNLO as 0118
tt-Hets FXFx/ MADGRAPH5_aMC@NLO/ 5FS NNPDEF3.1 Hg = PR = LMy,
MG5_aMC+P8 tt+jets FXFX 5Fs | NLO [< 2 jets] PYTHIA 8 CP5 NNLO — qCut = 40GeV,

qCutME = 20 GeV
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Comparing measurement to predictions %

O Test some possible predictions of ttbb against the measurements

Generator setup Process/ME order Generator/Shower Tune PDF set hdamp Scales
. tt/ POWHEG v2/ 5FS NNPDF3.1
HEG+P F 1.379 = Ur =
Pow G+P8 tt 5FS NLO PYTHIA 8 CP5 NNLO my Ug Ur M
POWHEG-+H? tf 5FS b ROWERBE w2 cas = PoDNFDEL g oaogm g o g =
NLO HERWIG 7.13 NNLO ’
_ hh X e =1 s % T 1/.4
POWHEG+OL+P8 ttbb 4FS i ROWHEG-BOXRES/ CP5 E2NNFDES.L 1.379m, PR = 2 Ilicegpp M
NLO PYTHIA 8 NNLO as 0118 ug = Hyp/4
SHERPA+OL ttbb 4Fs :r:il;/ SHERPA 2.2.4 Comparing different matrix element generators
Ty L ttbb / MADGRAPH5 aMC@NLO/ CP5 4FSNNPDF3.1 b = g = Ty
NLO PYTHIA 8 NNLO as 0118
tt-Hets FXFx/ MADGRAPH5_aMC@NLO/ 5FS NNPDF3.1 Hg = HR = L my,
MG5_aMC+P8 tt+jets FXFX 5Fs | NLO [< 2 jets] PYTHIA 8 CP5 NNLO — qCut = 40GeV,

qCutME = 20 GeV
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CMS,/ |

Fiducial cross section values

¥ A

Fiducial phase space 5j3b 6j4b 7j4b3l
Measured cross section 2367 1037 291 147
+ 142 (syst) =+ 90 (syst) + 36 (syst) + 24 (syst)
+ 14 (stat) + 12 (stat) +6 (stat) +5 (stat)
POWHEG+OL+P8 ttbb 4Fs 2361 1183 361 197
UR variation +1161/—-737 +826/—433 +183/-113 +121/-67
Ug variation +126 /—100 +97 /—78 +23 /=18 +16 /—13
POWHEG+P8 tt 5FS 1791 899 240 129
POWHEG+H7 tt 5FS 1665 762 197 95
SHERPA+OL ttbb 4Fs 1391 677 216 116
MG5_aMC+P8 ttbb 4Fs 1024 524 187 101
MG5_aMC+P8 tt+jets FXFX 5Fs 1560 712 203 101

TOP-22-009
35
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Differential measurement: H_ of jets

0 QCD scale variations improve H. description for Powheg+Pythia ttbb 4FS simulation

> Increased scales favorable!

CMS 138 fo-! (13 TeV)
gl8F T — T T T 1 T | ToP-22009
s | pn=%l’[n§1}4,w?}[m@ == HEx2
%1.6_— MRx2 | T HFx09
L i }JRXO.5§ :

Y 1.4f |

1.0 -

= T

w12_

(a1 i

2 1.0}

O |

!

e i

=

D? 0.6 Syst. + stat. unc.. - Syst. unc.
P U S N ST SN SN S TR S SR R S
200 400 600 800 1000 1200

Phase space: 25 jets: 23b

H [GeV]
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Results and limitations %

A Limitations of normalized differential cross sections:
> mostly statistically limited due to cancellation of systematics in normalized diff. XSs

CMS 138 fb~! (13 TeV)
lo\—o| 103:_ | L [ | | | o I ]
o - —— Lepton and trigger —e— Mg and ppscales  —e— MC statistical |
*E’ [ —— JES, JER —— PS modelling —o— Systematic uncertainty:
« 102; —— b tagging —e— ttC normalization —o— Statistical uncertainty |
o F —e— Other experimental ~ —— Other theory —— Total uncertainty
(o= i i :
= i |_— Total uncertainty
_“2’ 10"k e Data statistics
% ; vwk—— Systematic uncertainties
i r <——— b tagging
oC - —
1001 +— — . . | MC statistics
1071} 5

T[75.150]  [150,250]  [250,350[  [350,450[  [450,600[  [600,750[
Phase space: 25 jets: >3b H? [GeV] 37



25 jets: 2 3b:

In(ba)([
26 jets: 23b, 23 light|

A=, beor)||
26 jets: 24b:

(bbadd |7
|I’](bb5x'm I

In(bs

27 jets: 24b, 23 light:

Hlight]

pT(“exTra):
A2, beor)|

)|
gl
Il
| (be)(|l’a)|7
In(bg )|
)|
)|

CMS

138 tb~! (13 TeV)

Powheg+OL+P8 ttbb 4FS Sherpa+OL tibb 4FS
(HR=2TIM¥*, pe=1Lmr) * o (pr=TIm¥, HE=3Emr)
Powheg+P8 tt 5FS (Urr=mr7) v MG5_aMC+P8 ttbb 4FS (ugr=Lmr)
Powheg+H7 tt 5FS (pgr =mrT) = MG5_aMC+P8 tt+jets FxFx 5FS
(MR =Lmr)
[ A *¥ v w
* v * A * v
[ A * v * + w
A * +V X
[ A xi % * v w
YV & ox )
+ *V A v *
* -* * A v )
* # va
VAV A
[ v o,k L A 1
P vl v
v * v A 1
* v * A 1
A¥ v *
* v v A )
+ x w v A 1
[ x * * v v 1
v * * A ]
e
[ YOV ix o wa 1
AV 1
vy Yk A b
ok A v b
ASZ ./
[ L 1
ATY  * )
*YY A * )
* AW ]
a4 v v
* VAV 1
o AV 1
[ Vh kY 1
[ AW vy 1
[ v A *xV 1
A+ v lvx h
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CMS Preliminary 138 fb~! (13 TeV)
T T T T T T T
g o, et !
Parton shower FSR (tt+light) - —0—5— |
Renormalization norm (ttB OOA) —E—.—

Renormalization scale (tf) +
Jet energy scale (Absolute) —O—Er -
Parton shower ISR (tiB) —Oi_

Laminosty 2016.20172018) ! E

b tagging (b jets, tight WP, 2018) —0— i 7

b tagging (light jets, medium WP 2017) . _EO— |

Colour reconnection (QCD based) —Q—E— o
© tacging (s e, gt WP, 2016005V EP) L E e
Renormaliaton scale (1) R : —
b tagging (light jets, medium WP 2018) _._E_
o tagaing laht et e e i N

ot energy scale (BBECH) i
Jet energy scale (Relative sample, 2016) e i —o—
Luminosity (2018) —.—1:— ]
Lovert reting ES— :
Electron trigger (2016ULpreVFP) 7 —o-i— [ Up -
Jet energy scale (bottom) —i—’—— [ ] DOWH-
| | e g | | | e S e e v
-2 0 2 -0.025 0.000 0.025

Phase space: 25 jets: 23b
Observable: |n(bs)|

Post-fit nuisance values

Rel. impact on o4q4
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Modeling comparisons ATLAS+CMS
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Comparison of uncertainties for tt@ME models

Arbitrary Units

Ratio to PP8

o
~

0.35

o
w

0.25
0.2
0.15
0.1
0.05

i
N

ATLAS tt+bb

o
o)

[

1l

—

|

|
1
1
‘ "F

I
—— ATLAS PP8 tiob
—— CMS PP8 i
CMS PP8 tf hy,,, up
- CMS PP8 T hy,,,, down
— ATLAS PH7 ff

—— ATLAS aMC+P8

ATLAS + CMS
Generator Level
Vs=13 TeV, > 4b, > 4j
Dilepton channel

hy.mp Variations small and
fluctuating due to limited
sample statistics

= . 1 ] - .
e S
il R i [ﬂ__w_:; _____ A ERLN s
E ‘ _f_i e )
% 5 6 8 9 =10
Njets

Herwig / amC variations
more significant
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Differential measurement: b jet multiplicity

EXPERIMENT

A ATLAS+CMS: b jet multiplicity not well modelled

cMs

138 b~ (13 TeV)

Phase space: 25 jets: 23b

Np

tt-inclusive simulations do better than ttbb simulations

tt and ttbb predictions different

T g | T T T T
|%n - Powheg+OL+P8 tibb 4FS Sherpa-+OL tibb 4FS c 1 E —— ATLAS PP8 tibb éz
z (ur=3TIm{*, pr=3Im7) Y (pr=TIm¥, pe=1Emy) = - H -
-& | 2 z > - —— CMS PPS8 tibb .
o] 1.0l * Powheg+P8 tE 5FS (ugF=mr) v MG5_aMC+P8 tEbb 4FS (Ure=Lmy) g 10_1 = — ATLAS PPS8 {f —-
A Powheg+H7 tt 5FS (UgF =mr) MG5_aMC+P8 tt+jets FxFx 5FS a = - =
I - Y (umr=Imy) = = —— CMS PP8 t =
0.8 x» * 4 - N F g
I 10° g =5
0.6| - E
[ -3 ATLAS + CMS
0.4} 19 5? Generator Level ?E
i - {s=13 TeV, > 4b, > 6j : =
0.2} o + 7 104 Single lepton channel
- -
0 0? J | ELHCHV'VG—2022-OO3 ; %
~ ¢ Data Syst. + stat. unc. Syst. unc was 14 ' ,:s"éz:,:,, 3
1.5F T = = o 2 4o o ,0'00%%'0”@:’0, s
: a & 1-2F 0 3 .*.03*” ,:;.'. S ::::{::
-ig I % " S=)) 1E o o770 OO0 KOSt
(1] i " v o< = R RRRRRRRRRRKS
Q 1 0 I * * K ry A 4 ph g '__' 08 :_
cEJ : ¥ <osE___. ; , .
i 4 5 6 >7
0 5’_TOP-22-009 ] N
’ L L . . b-jets
3 4 ATLAS+CMS modeling comparison: :
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ATLAS generator settings in ttbb measurement

Generator sample Process Matching Tune Use
PowHEG-Box v2 4+ PyTHIA 8.210 tt NLO POWHEG hgqamp = 1.5m;  Al4 nom.
MADGRAPH5_aMC@QNLO + PyTHIA 8.210 tt + V/H NLO MC@NLO Al4 nom.
PowHEG-Box v2 4+ PyTHIA 8.210 RadLo tt NLO POWHEG hqamp = 1.5m;  Al4Var3cDown  syst.
PowHEG-Box v2 4 PyTHIA 8.210 RadHi tt NLO POWHEG hgupmp = 3.0m;  AldVar3cUp syst.
PowHEG-Box v2 4+ HERrRwIG 7.01 tt NLO POWHEG hgamp = 1.5m; HTUE syst.
SHERPA 2.2.1 tt tt +0,1 parton at NLO MEPs@NLoO SHERPA syst.
+2,3,4 partons at LO

MADGRAPHS5_aMCQNLO + PyTHIA 8.210 tt NLO MC@NLO Al4 comp.
SHERPA 2.2.1 ttbb (4FS) ) ttbb NLO MC@NLO SHERPA comp.
PowHEG-Box v2 + PyTHIA 8.210 ttbb (4FS)  ¢tbb NLO POWHEG hg,pm,, = Hr/2 Al4d comp.
PowHEL + PyTHIA 8.210 (4FS) ttbb NLO POWHEG hgymp = Hr/2 Al4 comp.
PowHEL + PyTHIA 8.210 (5FS) ttbb NLO POWHEG hgamp = Hp/2 Al4 comp.
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First measurement of ttcc production by CMS

O 11.4% precision for ttbb / 13.7% precision for ttcc

Systematic uncertainty (%)

Sources Adiee Aoy Aowy AR ARy

}e: Cnergy Scalflf p ‘21'2 ?g 3'3 ;g %é Experimental limitations from jet energy
et energy resolution . . . : . : - - : :

c tagging calibration 7.0 3.2 2.5 7.3 3.5 calibration / ¢ tagging calibration

Lepton identification and isolation 0.8 1.0 1.3 0.6 0.3

Trigger 2.0 2.0 20 <01 <01

Pileup 0.3 0.2 0.3 05 <01

Total integrated luminosity 2.3 2.4 23 <01 <01

pr and pr scales in ME 3.3 6.2 2.1 3.8 6.8

PS scale 0.4 1.6 0.3 0.5 1.6 Theory limitations from QCD scales and
PDF 0.3 0.1 0.1 0.2 0.1 ME-PS matching

ME-PS matching 7.1 5.7 3.5 2.6 1.5

Underlying event 1.9 2.5 1.1 0.5 0.9

b fragmentation 0.4 1.9 0.8 0.3 24

c fragmentation 46 <01 <01 39 0.7

ttbL(cL) /ttbb(cc) and tt+other/ttLL 2.4 1.8 1.1 1.8 1.5

Efficiency (theoretical) 24 2.1 20 <01 <041

Simulated sample size 3.2 2.6 1.1 3.1 2.5

Backeround normalization 0.5 0.7 0.6 0.1 0.1

Total TOP-20-003 13.7 114 8.2 10.9 9.2


https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-003/index.html

