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The LHC and CMS




The Large hadron collider at CERN

High energy proton collisions + high luminosity
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The Compact Muon Solenoid (CMS)

Particle detector with layered cylindrical structure

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :3.8T

MUON CHAMBER!
Barrel: 250 Drift Tube, 4
Endcaps: 468 Cathode S 43

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels



LHC data-taking
Schedule of the LHC over the past and future years

(->-) LHC/HL-LHC Plan HiLuM ’

LARGE HADRON COLLIDER

LHC HL-LHC

LS1 EYETS LS2

13 TeV 13-14 TeV 14 TeV

Diodes Consolidation energy

splice consolidation cryolimit LIU Installation HL-LHC
button collimators interaction

R2E project reg.ons 11 T dipole coll. installation
Civil Eng. P1-P5

T N N T N R R R qnmm»

7Tev BTV

5to 7.5 x nominal Lumi

ATLAS - CMS
experiment upgrade phase 1 ;a;dr;laatgn: ATLAS - CMS

nominal Lumi 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi ) HL upgrade

75% nominal Lumi /- DPU
] eSS 3000 fb-1
30 fb m m SR 4000 (ultimate)

HL-LHC TECHNICAL EQUIPMENT:

beam pipes

DESIGN STUDY & PROTOTYPES CONSTRUCTION INSTALLATION & COMM.”“ PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION / BUILDINGS
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Run-2 has finished!




Total Integrated Luminosity (b !)

Run-2 achievements

CMS accumulated 137 fb" of data for physics analyses!

137 b1 =

~ O(100 million) top-quark pairs
~ O(10 million) Higgs bosons

CMS Integrated Luminosity, pp, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
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Mean number of interactions per crossing

Pileup grows over the years!
Average growing close to 40 interactions
per bunch crossing in Run-2.

We can handle this, and more in the
future!

Phase-2 (20307?) ~ 200 average pileup!
Requires innovation both in software and
hardware.
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CMS DETECTOR

Total weight : 14,000 tonnes
Overall diameter :15.0m
Overalllength ~ :28.7m
Magnetic field  :3.8T

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HC/L)
Brass + Plastic scintillator ~7,000 cl s

Run-2 achievements

New pixel tracker clearly benefits the Collaboration!

STEEL RETURN YOKE

12,500 tonnes SILICON TRACKERS
Pixel (100x150 pm) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m? ~9.6M channels

Niobium titanium coil carrying ~18,000.
MUON CHAMBERS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,

FORWARD CALORIMETER

Current

3 barrel layers

Upgrade
4 barrel layers

misid. probability

After years of preparation:
2016-2017: upgrade to ‘Phase-1’ Pixel
tracker (repair for radiation damage)

New 4-layer pixel tracker geometry
Additional layer closer to the beampipe

Clear improved performance, for example
for b tagging (H— bb, t = bW)! But also
from software developments (@IIHE)!
\'s=13 TeV
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Phase-2 tracker assembly @ IIHE
Belgium was assigned to construct one endcap of the Phase-2 tracker!

Phase-2 tracker upgrade, intended for the High-luminosity upgrade of the LHC

Belgium

10



Phase-2 tracker assembly @ IIHE
Successful “remote prototyping of CMS modules” in times of COVID-19!
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assembly control room as a shared screen, displaying the previously-prepared assembly workflow, the gluing robot control
interface, front and side views of the robot with Ali handling the gluing jigs, and the view from Ali's cell phone camera. 11



Run-2 achievements
1000 publications!

CMS has published > 1000 papers!

1007 collider data papers submitted as of 2020-11-24
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Run-2 physics highlights s, 7"

Non exhaustive list!
Focusing on the Higgs-top interplay

13



Run-2 achievements
Probing Higgs couplings to 3 generation!

Observation of ttH production!

(April 2018)

51107 (7 TeV) + 19.7 o™ (8 TeV) + 35.9 b (13 TeV)

Ob: d
FMS ; =1cs(esr;’aet®syst)
tTHWW*) * : z;(; ((2/::)@ syst)
ttH(zZ")
ttH(ry)
ttH(t*)
ttH(bb) 4_’E
7+8 TeV
13 Tev ———
Combined ———
““““““““““““““““““““““““““““

arXiv:1804.02610

Observation of H - bb decay!
(Auqust 2018)

<51fb" (7 TeV) +=<19.8fb" (8 TeV) + < 77.2fb" (13 TeV)

CMS e Observed -
— — +10 (stat @ syst) - -
H—bb =10 (Syst)
: stat  syst
goF 2.80 +2.08 = 1.30
VBF | ——— 253098 =1.17
ttH -—————- 0.85 +0.23 + 0.37
WH -.- 1.24 £ 0.29 = 0.24
ZH —e- 0.88 = 0.24 = 0.16
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o b b b b b b b Ly
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https://arxiv.org/abs/1808.08242
https://arxiv.org/abs/1804.02610

Run-2 achievements

Probing Higgs couplings to 3 generation!

Observation of ttH production!
(April 2018)

51107 (7 TeV) + 19.7 o™ (8 TeV) + 35.9 b (13 TeV)

e Observed
FMS — +10 (stat @ syst)
_ : — 110 (Syst)
- o
HHWW?) L : —— +20 (stat @ syst)
ttH(ZZ")
ttH(ry)
ttH(t*)
F-------:---
ttH(bb) ————— —
I--(-)------ﬂ ————————————— >
7+8 TeV
13 TeV ————
Combined — e /'
PN AR SR AR BN AR PR B
T 0 1 2 3 4 5 6 7 4
ttH P 4
arxiv:1804.02610 ’

Observation of H — bb deq,a‘v'!
(August 2018) L7

<5110 (7 TeV) + < 19.8 b (8 TeV) + = 77.2 o '¢f3 TeV)

CcMS

. Observzﬁ

Hesbb : xgat @ syst)
yst)
: 7 st syst
99F } £ 280208130
VBF | ——— 253+0.98 « 1.17
F LB B __ N ] j- L & N 4
1 ttH | — 0.85 + 0.23 = 0.37
WH -.- 124 +0.29+0.24
ZH | - 0.88 +0.24 = 0.16
Combined - 1.04 £ 0.14 £ 0.14
PSRN I N RN A A S S R
0 1 2 3 4 5 6 7 8 9
Best fit u

arXiv:1808.08242

Both discoveries rely on a
measurement of ttH(H — bb) arXiv:1804.03682

Single-lepton

Dilepton

Combined

w tot stat syst
3 +0.52 +0.27 +0.44
= 0.84 "5 026 -043
| 121 +0.63 +1.04
—t—
b -0.24 7155 Toe0 0ss
§ +0.45 +0.24 +0.38
- 0.72 "94s “024 038
Il Il Il ‘ Il i Il ‘ Il Il Il ‘ Il Il Il
-2 0 2 4 6

35.9 fb™ (13 TeV)
T ‘ T T T ‘ T T T ‘ T T T

CMS

Best fit u = o/o__at m, =125 GeV
SM

35.9fb™ (13 TeV)
.E ;\ T T ‘ \\\\\\\\ ‘ T T T T ‘ T T T T ‘;
m r CMS Data ]
o 10°E — Background
€ [ Signal (uw=0.72) ]
S P ]
S 0tk — SM (u=1) -
w 10; E
10°¢
102;
10% E
TETIN R AU R NSRRI IR
% A e e R e e T e o e I
2 14
m 1.2
5 1oF N
= 0.8 —
A 0.6 —
C 1 L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L

Pre-fit expected Iogm(S/B)

observed (expected) significance of 1.6 (2.2)

- ttH (H — bb) suffers from an irreducible
e (non-resonant) background of (gluon-

induced) tt+bb and tt+cC (through mistags)

Topic of the 2" part!
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https://arxiv.org/abs/1808.08242
https://arxiv.org/abs/1804.02610
https://arxiv.org/abs/1804.03682

ATLAS, Eur.Phys.J.C 80 (2020) 11, 1085

CMS, Eur. Phys. J. C 80 (2020) 75

Data / Pred.

ottt (fb)

Events /0.1

Run-2 achievements

Evidence for four top quark production + EFT interpretations

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

L B L L B B BB BB
100/~ ATLAS -+ Data I it 7
[ Vs=13Tev, 139" [JW mtiz ]
L SR miH [1Q mis-id |
80— Post-Fit WMat. Conv. @HF e —
> HlLow m,. BHF n
W Others ottt

7z Uncertainty

4.30 observed |

8 06 -04 02 0 02 04 06 08 1

CMS

BDT score

137 b (13 TeV)

£z« QObserved upper limit
1 == Observed cross section
=== Predicted cross section

2.0

The extensive content of the Run-2 Legacy dataset
triggers global EFT interpretations.

ex. ML for EFT in ttbb = Arxiv:1807.02130
(@IIHE collab between pheno and CMS group)

Global EFT interpretation already exists in CMS for
tt+Z/W/H/tZg/tHg (PAS-TOP-19-001)

Could be also very promising to have a global EF T
interpretation in tt+HF/tttt/ttH
-> modified tH, tg or four-quark vertices

s this ttH?

_ Or tttt?

A t
. Or ttbb

(replace t by b)?

Or all together? 6


https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08509-3
http://dx.doi.org/10.1140/epjc/s10052-019-7593-7
https://arxiv.org/abs/1807.02130
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-19-001/index.html

Run-2 was for the
3rd generation

Run-3 will be for
the 2"d generation

17



Run-2 achievements — Run-3 prospects
Probing interactions between Higgs and 2"d generation: Muons

PAS-HIG-19-006 Evidence for H-pu coupling (significance of 30)
— Observation in Run-37?

137 fb' (13 TeV)

35.9-137 b (13 TeV) 10°
> II| T T T T TTTT IIIIIIII| IIIIIIII| T > Frrrr7prTTT | |||||||| ||||||||||||||I||III_
> R C N
\é C WZ -’ ~ + i
i e »n 70 9ggH-catl — S+B fit ]
S - my, = 125.38 GeV Le* *GEJ : ]
1L Lot i
&>19"F pvalue = 44% ) &
v C . .
2L K 24 _
10 "‘E§¢T
3 ¢ Vector bosons
10 k/' ¢ 3" generation fermions :
b e m—— ¢ Muons ]
L ----
S T S kggsboson
10 E --- 3
:Ill l IIIIIII| 1 IIIIIIII 1 1 IIIII|-~! -~ IIIIl]]]llllllllllllllllll
= 1.5pm — | | i
o o
L T
§05:1|| Lol Lol Lol |: —400E v b b b b v b b
10 1 10 102 110 115 120 125 130 135 140 145 150

Particle mass (GeV) m,, (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html

Standard
Model ?

Run-3 objectives
Probing interactions between Higgs and 2"d generation quarks

Ratio to SM

35.9fb™
T II| T T T
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Charm quark

Yukawa coupling
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+ 1o :
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Run-3 objectives

Probing interactions between Higgs and 2"d generation quarks

Beyond
Standard
Model ?

Ratio to SM

—

<
SN

o -
o 01 . O

35.9 b (13 TeV)
T T T T T '
= C t
- CMS A W Z
: !
1
1
- ? —
1
1
! b
1
Y r __
------------ SM Higgs boson
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Run-3 objectives
How? Through decay of H - c¢ (Run-2 result)

35.9 fb" (13 TeV)
% S L L B L B LR BN B
& o5 CMS —4— Observed Bl VH(H->bb) .
oD C Merged-jet [ ]vz@z-ce) [] vv(other) 7]
C - 2L (uu) Il single Top [t 7]
JHEP 03 (2020) 131 20 Liiah purity [ zefets I VH(Hoco), =21
B —— VH(H—cc) x 100 $55 S+B Uncertainty |
151 —
4 oo -
g 5000 H . > B o ]
/ B '0'0"%{:;:; ¢ __
‘ / : bo%e! %% W B :
51 1 o =
B i ooz
- ™ — 1 ool
g QQQQ 0 e — '
7 § 1B e e -
Z = —
D s i e e
_ ZO [0 SR N — JUUTD COUSURRR TR KON IS IO MO AN IR
o(pp—ZH) x BR(H—cc) o - | | 4 | , .
= — < 70 (95/) CL) 60 80 100 120 140 160 180 200
osm(pp—ZH) X BRgy (H—cC) Higgs candidate mass [GeV]

This analysis relies a lot on charm-tagging!
- relies on techniques developed at IIHE
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http://dx.doi.org/10.1007/JHEP03(2020)131

Run-3 objectives
How? Through H+jet production

In the detector

s T =7 - \
l \ H |
| \ |

\
I proton \ proton 1|
| n |
| |
| jet |
| |

\ - e _ 7/

Sensitive

properties:

=
N

(o dadldpr,p)/(1/o daldpr p)sm

0 20 40 60 80 100

pr,n [GeV]
Phys.Rev.Lett. 118 (2017) no.12, 121801

In the theory

Jet flavour — c-tagging

SM

yieldK lyield

—x.=0

—k,=5
25

—Kk.=1 —K;=2

—x.=10 K. =20

1.5

\\\\‘\\\‘\\\\\ ]
6 04 02 O 02 04 06 08 1

c-tagger CvsL discriminant

- e - - - .
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tt + charm jets!

arXiv: 2012.09225 / CMS-TOP-20-003 / Submitted to Phys. Lett. B.

g I

W Y
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https://arxiv.org/abs/2012.09225
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-20-003/

Measurement of tt+cc production
A roadmap towards a successful measurement

@ c, b and t quarks require jets and
heavy flavor tagging (new c-tagger)

@ Improved ML techniques for HF
tagging (DeepCSV/DeepJet)

1 (s=13 TeV
displaced E nn n — -; .‘ '/ﬁ
ot tracks charged 5 CNo:sImUulation: Preliminary .
J o tTevents : /
lepton o :
g AKdjets.(p_> 30 GeV) 74
.'g | i |—— DeepFlavour phase 1 /
heavy-flavor £ 10— Decposy phase /
jet » [ —— DeepCsV phase 0 5 /
L B L
Emm nt / o LS
— udsg /
102 == ¢
> P
PV -
jet
J 10°
01 02 03 04 05 06 07 08 09 1
b jet efficiency
o Fiducial Phase Space
tios ""@ CMS Preliminary
l 415" (13 TeV)
RC
stat. only [ ]
Stios @"’ stat. @ syst. | |
I — * R, l HeeH |:| Powheg + Pythia
aunnt® o x @ E MG5_aMC@NLO
.® a® HF ~ 20 + Pythia
. * I I Ll I
L )
. . 4x10” 10" 2x10” 1 2 3
. o [pb] R [%]
00
&
]
[ ] CMS Simulation Preliminary 13 TeV.
: " fiob [ tice THLF
L [ [ &
LR - / -~ N
“ ! h & i . o
. 3 n
. o L e 3 "
. \ - ~ 8 ]
fibL ticL 1t other g q
[ | 10° § L 2
I *
[ | R
T 05— 3 - .
- r .
) L *
| -t
- ‘ ‘ L snnt®
% o2 ‘o4’ 'os 08 10 oz o4 06 ‘os 0 o2 o4 o5 o8 1 10" 4.-------
A A A

@ Differentiating tt+HF categories (ML classifier)

@ Calibration performance
(charm tagger shape)

number of events

10°
107
10°
10°

41517 (13 TeV)

CMS Preliminary

tict I tfcl

I tibb I L
tiLF tt other

I Single top W Z +jets

I Rare ¢ Data

£3% MC stat. unc.

01 02 03 04 05 06 07 08 09
DeepCSV CvsL discriminator first add. jet

@ Selection and reconstruction of the

tt+HF topology (jet-parton match)
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Signal definition
Fiducial and full phase space

Fiducial phase space Full phase space
“What the detector can see” ”Whaz‘ a theorist can see”

| R/
B\ 1
B\ |
\ W \ | d ,, -
= i .
1 .
|

i

|

«  pp - ttjj — £tv;be v,bjj (dilepton)

* Two generated leptons with pt > 25 GeV and
Inl<2.4 (electron/muon/tau) S

« Two particle-level b jets from top quark decay = i+ pp - tfjj > W bW~ bjj
with pr > 20 GeV and [n|<2.4 : = « dilepton/single lepton / all-hadronic

« At least two additional particle-level jets (not - « At least two additional particle—level jets (not
from top quark decay) with pt > 20 GeV and : from top quark decay) with pT > 20 GeV and
Inl<2.4 and AR(l,jet)>0.4 : - Inl<2.4 and AR(l,jet)>0.4

: Categorization based on flavor of additional jets
s+ ttbb: > 2 add. b jets with at least one b hadron .
=+ ttbL: 1 add. b jet with at least one b hadron (merged or missing jet) :
e ttcC > 2 add. ¢ jets with at least one ¢ hadron (if not ttbb/ ttbL)
e ttcL: 1 add. ¢ jet with at least one ¢ hadron (if not ttbb/L, merge/missing jet) :
= e ttLL: no add. b or ¢ jets, but 2 add. light jets pass acceptance requirements. .
= » ttother: failing visible/full phase space requirements s
----------------------------------------------------------------------------------------------------------------------------- -



Event selections
Dileptonic top quark pair events + 2 additional jets: low backgrounds

g I+

t# ’
L

9 -

Results in >95% tt+2 jet events
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Jet-parton matching
Event kinematics + jet flavour as input to a neural network (NN)

o AR

é b-tag discriminant

4 jets (+ extra radiation?)

-> which are the b-jets from the
top decay? And which are the
additional jets?

T pm

c-tag discriminant

- minv

—> Combine in a NN and pick the best jet-parton assignment

27



c-tagger calibration
Charm jet identification using the DeepCSV algorithm

JINST 13 (2018) P0O5011

The DeepCSV heavy-flavour tagging algorithm is a multi-class
algorithm that predicts probabilities (P) for jets to originate from
a b, ¢ or light-flavour (udsg) quark (or gluon). jet

displaced

tracks charged

lepton

heavy-flavor

This discrimination is based on properties such as track jet

displacement, secondary vertex mass/flight distance, ...

Properties from c jets are distributed midway between those of At v
b or light-flavour jets — two c-tagging discriminants! A 4
P(c) P(c) oS TR AN
P(CvsL) = : P(CvsB) = . S T cms - ]
(OVSL) = (e + P(udse) (OvsB) = By T P + Pob) £ o Simaon b a2y
é [lbjets [cjets [ udsg jets g
To use these discriminants in a neural network, the 2-dim S LM T
shape in simulations needs to be calibrated to the datal! g 05k
Novel shape calibration of the ook
two-dimensional CvsL and CvsB : R
. . . | R N SN SN B S S
DeepCSV c-tagger discriminators oeneanE b e
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c-tagger calibration
Effect of the calibration on the additional jet CvsL/CvsB
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Template fit using NN discriminator
Use machine learning to discriminate signals

one hidden layer that comprises 30 neurons with
Relu activation functions and a 10% dropout

CvsL add. jet 1

P(ttcc)
CvsL add. jet 2 P(ttcL)
CvsB add. jet 1 P(ttbb)
CvsB add. jet 2 P(ttbL)
Parton match NN P(ttLL)

AR(add. Jets)

A;, and A} can be interpreted as topology-specific c-

A€ — P(ttce) tagger discriminants
" P(tice) + P(tibb)
- _ Information on the flavour of the two additional jets
P(ttce)

Af = —— —
L P(ttce) + P(ttLF) Additional information on the event kinematics to
most optimally distinguish different signal categories
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Template fit using NN discriminator
Two-dimensional simulated templates used in the fit

The fit is performed on two-dimensional distributions

CMS Simulation 13 TeV

0.8
06
0.4

0.2 1 i ]

_ _ tt+other

‘ ] 10

0.8F

Normalized yields

0.4F

0.2

Clear separation between the ttbb, ttcc and ttLL contributions
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Results
Inclusive cross sections in the fiducial phase space
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Some tension observed, but overall agreement within 1-2 standard deviations

Dominant uncertainties from flavour-tagging, JES, and modelling 1



—Alog(L)

10

Results
Ratios R, and R, in the fiducial phase space
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The CMS dilepton ttcc measurement
Summary of the results

Fiducial Phase Space

CMS
415t (13 TeV)

ticc

stat. only [ ]
stat. @ syst. | |

csﬁbs

R, *""' | POWHEG + PYTHIA8

o. x —& MG5_aMC@NLO
L 20 + PYTHIA8
[ | 1 1 1 | | | | | | | | | | | | |
4x10°2 10" 2x10" 1 2 3
c [pb] R [%]
preeeessssssn First measurement of the tt + cc cross section! «-«e-eeeeee. :
! Fiducial PS: o(ttcc) = 165 + 23 (stat.) + 25 (syst.) fb (~ 20% uncertainty)
R, =242 + 0.32 (stat.) + 0.29 (syst.) % (~ 18% uncertainty)
Full PS: o(ttcc) = 8.0 + 1.1 (stat.) + 1.3 (syst.) pb
R.=2.69 + 0.36 (stat.) + 0.32 (syst.) %
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Comparison of the CMS ttbb measurements
Consistently, the ttbb cross section is under-estimated in simulations

CMS

Preliminary

Reference for c,,

MG5_aMC@NLO +
PYTHIA8 4FS

POWHEG +
HERWIG++

MG5_aMC@NLO +
PYTHIA8 5FS [FxFx]

POWHEG +
PYTHIA8

o.. . summary, 35.9 f6' (13 TeV)

ttbb

: April 2020
OMmcC < Odata
PS
E |—A—|
E |—.—|
® ttbb_alljet
l-E— — PLB (803) 2020 135285
: ttbb_dilep
: JHEP 07 (2020) 125
P s A ttbb_semilep
—— JHEP 07 (2020) 125
E |—.—|
1 1 i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
1 2 3 4 5 6
Full phase spacec,,, /o,
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Comparison of the CMS ttbb measurements
Consistently, the ttbb cross section is under-estimated in simulations

CMS Gy c SUMMary, 35.9 fo' (13 TeV)
Preliminary 5 April 2020
OnMC < Odata
Reference for c,, :
MG5_aMC@NLO + 5
PYTHIAS 4FS : ®
POWHEG + o
HERWIG++ P —
: ® ttbb_alljet
MG5_aMC@NLO + i PLB (803) 2020 135285
PYTHIA8 5FS [FxFx] | i —®— ttbb_dilep
: JHEP 07 (2020) 125
: A ttbb_semilep
POWHEG + -:A_' — JHEP 07 (2020) 125
PYTHIAS e @ ttbb (from ttcc)
| | : | | | | | | | | | | | | | | | | | | | | | | | |

1 2 3 4 5 6

Full phase spacec,,, /o,
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Conclusions
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Summary and conclusions

Run-2 was for the
3rd generation

With state-of-the art HF-taggers
we can explore the charm quark!

Run-3 will be for
the 2" generation
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Backup
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The CMS dilepton ttcc measurement
Inspiration/Motivation

Throwback: TOP2018 - Bad Neuenahr

Poster session:
ttbb in the SMEFT using ML

Plenaries:

Theory progress on ttH(bb) backgrounds
(S. Pozzorini)

ttbb @ CMS and ATLAS (A. Khanov)

Take-home messages (with personal bias):

1. Theoretical modelling of tt+heavy-flavour (HF) jets is
very challenging!

2. You can not simply consider ttbb without considering at
the same time ttcc and tt + light-flavour jets (ttLF).

3. Not only b-tagging, but c-tagging is crucial!
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https://link.springer.com/article/10.1007/JHEP11(2018)131
https://indico.cern.ch/event/690229/contributions/2979729/attachments/1719226/2774671/pozzorini_top2018.pdf
https://indico.cern.ch/event/690229/contributions/2941652/attachments/1717502/2771379/ttbb_top2018.pdf

Goal of this analysis
First measurement of the inclusive ttcc cross section!

First measurement of the inclusive ttcc cross section

Simultaneously measure a(ttcc), o(ttbb) , o( ttLF)

_ o(tt +ce/vb)
and R = / o(tt +jj)

Measurement performed in the dilepton channel

Data collected by CMS in 2017, corresponding to 4.5 fb™" of integrated
luminosity

Key ingredients:
Use neural network for matching jets to partons.
Rely on charm-jet identification to separate the different signals!
Calibrate the c-tagger discriminants (full shape)
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Jet-parton matching
Performance and neural network output

Only ~ 76% of events have two b jets matched to two gen-level b quarks from top quark within
AR<0.3. Only these are used in the training of the NN.

415 (13 TeV)

: . L 2 10° i ticc . ticL
The network correctly identifies the two additional & “M° 7eimnmay g =1
. . - _ = o ttLF tt+oth
¢ (b) jets in 50% (30%) of the cases for ttcC (tthb) 5 mSngetop  ERZiets
o Il Rare ¢+ Data
events. é 10° %% MC stat. unc.
2 o
Good agreement between the data (black markers) -
and the simulation (filled histograms). v
10
1
Two hidden layers that comprise 50 neurons each, 15E
with ReLu activation functions and a 10% dropout e st taien sttt sttt
0.5

08 082 084 086 088 09 092 094 096 098 1
NN score for best permutation

Correct = Pg
Flipped = P, } NN score for best permutation

( PC PF )
) = max ,
Wrong = Py PC+PW PF+PW
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c-tagger calibration
Three control regions for flavor enrichment

W+charm

87d 1%

c-enriched (93% pure)
(after OS-SS subtraction)

semi-leptonic tt DY + jets

9 q I+

b-enriched (81% pure) light-enriched (86% pure)

Very good purity in different control regions!

lterative fitting procedure per (2-dim.) bin, by iterating multiple
times over the three control regions = 2-dim SF maps

i.e. SF(CvsL, CvsB, flavour)

43



Jet-parton matching
Performance and neural network output

Only ~ 76% of events have two b jets matched to two gen-level b quarks from top quark within
AR<0.3. Only these are used in the training of the NN.

415 (13 TeV)

: . L 2 10° i ticc . ticL
The network correctly identifies the two additional & “M° 7eimnmay g =1
. . - _ = o ttLF tt+oth
¢ (b) jets in 50% (30%) of the cases for ttcC (tthb) 5 mSngetop  ERZiets
o Il Rare ¢+ Data
events. é 10° %% MC stat. unc.
2 o
Good agreement between the data (black markers) -
and the simulation (filled histograms). v
10
1
Two hidden layers that comprise 50 neurons each, 15E
with ReLu activation functions and a 10% dropout e st taien sttt sttt
0.5

08 082 084 086 088 09 092 094 096 098 1
NN score for best permutation

Correct = Pg
Flipped = P, } NN score for best permutation

( PC PF )
) = max ,
Wrong = Py PC+PW PF+PW
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c-tagger calibration
Charm jet identification using the DeepCSV algorithm

JINST 13 (2018) P0O5011

The DeepCSV heavy-flavour tagging algorithm is a multi-class
algorithm that predicts probabilities (P) for jets to originate from
a b, ¢ or light-flavour (udsg) quark (or gluon). jet

displaced

tracks charged

lepton

heavy-flavor

This discrimination is based on properties such as track jet

displacement, secondary vertex mass/flight distance, ...

Properties from c jets are distributed midway between those of At v
b or light-flavour jets — two c-tagging discriminants! A\
P(c) P(c) LRI RN 2000
P(CvsL) = , P(CvsB) = . 2 [ cwms ' -
(CvsL) P(c) + P(udsg) (CvsB) P(c) + P(b) + P(bb) .g 1_5:_ Simulation ET+>192tg GeV E
é [lbjets [cjets [ udsg jets g
To use these discriminants in a neural network, the 2-dim S LM T
shape in simulations needs to be calibrated to the datal g 05k
Novel shape calibration of the o
two-dimensional CvsL and CvsB : LR
1 coa b b b by i

DeepCSV C-tagger discriminators 13" 0806-04-02 0 02 04 06 08 1

CvsL discriminator
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https://128.84.21.199/abs/1712.07158

c-tagger calibration
Three control regions for flavor enrichment

W+charm semi-leptonic tt DY + jets

S,d v g q Z+

c-enriched (93% pure) b-enriched (81% pure) light-enriched (86% pure)
(after OS-SS subtraction)

Very good purity in different control regions!

lterative fitting procedure per (2-dim.) bin, by iterating multiple
times over the three control regions = 2-dim SF maps
i.e. SF(CvsL, CvsB, flavour)
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[ =

Template fit using NN discriminator
Defining the neural network

one hidden layer that comprises 30 neurons with
Relu activation functions and a 10% dropout

CvsL add. jet 1

P(ttcc)
CvsL add. jet 2 P(ttcL)
CvsB add. jet 1 P(ttbb)
CvsB add. jet 2 P(ttbL)
Parton match NN P(ttLF)

AR(add. Jets)

A;, and A} can be interpreted as topology-specific c-

P(ttce) tagger discriminants
P(ttcc) + P(ttbd)
- _ Information on the flavour of the two additional jets
P(ttce)

P(ttce) + P(ttLF) Additional information on the event kinematics to
most optimally distinguish different signal categories
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13 TeV
0.45F . : .
é = CMS Simulation Preliminary
0.4F - _
> - ticc —ttbb tiLF
T0.35F _ _
2 = ttcL -=ttbL tt+other
0.3F
© C
<} C
L20.25F
© r
€ 0.2F
o F
S0.15F
0.1F
0.05F
000702 03 04 05 06 070809 1
DeepCSV CvsB discriminator first add. jet
CvsB add. Jet 2
13 TeV
§ o5k - CMS Simulation Preliminary
2 [ - ficc —tibb fiLF
2 04F ~fick  ---tibL tt+other
° -
o ¥
£ 03f
S C P
2 o0.2fF o
: =5
0.1F = E
0 Lws { TR R P

Template fit using NN discriminator
Sensitive observables to distinguish between ttct, ttbb, ttLF

CvsB add. Jet 1

00T 05 05 04 0506 0708 55
DeepCSV CvsB discriminator second add. jet

normalised yields / 0.05

normalised yields / 0.05

CvsL add. Jet 1

0.6 13 TeV
' - CMS Simulation Preliminary
05F — ticc —tibb ttLF
0. 45_ ttcL --ttbL tt+other
0.3F
02 |
| e
) U P I s ce - E L SRCEUN

0 010203040506070809 1

0.8

0.7

0.6f
0.5F
0.4f
0.3 3--9 !
0.2f
0.1F
0' |

DeepCSV CvsL discriminator first add. jet

CvsL add. Jet 2

13 TeV

- CMS Simulation Preliminary
ttcc —tibb ttLF
ttcL  ---ttbL

tt+other

0 0102 03 04 05 06 0.7 08 0.9 1
DeepCSV CvsL discriminator second add. jet

parton match NN

13 TeV
% 0.4E CMS Simulation Preliminary
% 035F —ttcc —ttbb ttLF
2 o3f ticL  -tibl tt+other
'o c
$0.25F
£ o02F
20.15F e
0.1 = =
D“ D'—':
0.05F '
h’H A—JH'-—I—I"”PJ_'._
e Il L
87 085 09 095 i
NN score for best permutation
AR(add. Jets)
13 TeV
§0'25:_ CMS Simulation Preliminary
P § ttcc —tibb ttLF
o 0.2 _ - -
2 . ttcL  ---ttbL tt+other
©
©0.15[
s
S 0.1:——']
E-. ::‘-TA_l_’____--.--"'--l
0.05F- e
0:|....| ............ Lol P
R T N TR S

AR(add. jets) 48



Template fit using NN discriminator
Templates from simulated top quark pair events

13 TeV 13 TeV
S 050 - CMS Simulation Preliminary 3 0 35 CMS Simulation Preliminary
o ~ L o O _ o _
P - —ticc —titbb tiLF > -~ ttcc =—ttbb ttLF
e - - - - L) - - - -
© 04F - ficL ---tibL  ---ti+other ©025F . ficL  ---foL  ---ti+other
3 T 2 0.2F
2 0.3 Rz -
© N © C
2 0.2 |~ 2
- :ﬂ_I_L 0.1 :—
s " . 0.05F
T - b -
O _I- IIIIII -I-l IIIIIIII | 1111 | 1111 Hr“'—l“l—i-—h -I | O _I -
0010203040506070809 1 0010203040506070809 1
Ay, discriminator A] discriminator
Constructed to separate ttcc from ttbb events Constructed to separate ttcc from ttLF events

Fitting these templates to the data allows to extract the
cross sections for each of the signal processes
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Template fit using NN discriminator
Fits to extract inclusive cross sections and their ratios

pranrresss Full phase SPACE srremsererremsensnneniannienaanny :
r — — — - Fiducial phase space = = = — = - — |
: :
| - Reconstructed phase space -
I E|t pr_owdes results in the | ~ Higgs Combine framework
| fiducial phase Space by taking | | .eevuriescsremseessmaseseeseseasneseeeane. .
| into account an efficiency e. N| Absolute cross sections :
I : Oticer Orinhs O :
| ticL (tfbL/ tf other) scaled with b S L :
| the same factor as ttcc (ttbb / : Ratios :
| ttLF),i.e.ratio fixed to MC © o _ Oibp Otice
| prediction (with uncertainties) b / oy AR = e ol
I
L~ I
| Event category ttbb ttbL ttcc ttcL ttLF |
|_ _ Efficiencye (%) 125_89_71_59 47 _ |

Acceptance A (%) 29 25 20 20 23

Results in the fiducial phase space are extrapolated to the full
phase space by means of an acceptance A.
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Template fit using NN discriminator
Impact of the systematic uncertainties on parameters of interest

fiducial phase space

numbers in %
A‘thcé Aa&bg AO‘thF ARC ARb

Uletenergyscale 73 33 57 32 34
Jet energy resolution 1.4 0.3 1.2 2.1 1.2
L Ctagging calibration ||| 67 | 69 22 |69 74
Lepton id and isolation 1.3 1.2 1.2 0.2 0.1
Trigger 2.0 2.0 20 <01 <01
Pileup 1.2 0.8 0.7 1.6 0.4
Total integrated luminosity 2.4 2.3 23 <01 <01
'ug and pp scalesin ME 43 24 08 41 271
“Parfon shower'scale ~ 0410777701 04""""0Y "
PO 05 __<01__01 04 01
i Matching ME-PS (hdamp) 6.5 4.9 3.1 29 14 |
'U'rfcfe'rT}Tn'g'é\?e'ﬁt' """"""""" 127771377707 03 04
ttbL(cL)/ttbb(cc) and tt+other/ttLF 2.4 1.7 1.2 2.0 1.5
Efficiency (theoretical) 2.0 2.0 2.0 <01 <01
Simulated sample size 4.3 2.7 1.1 4.2 2.7
Background normalisation 0.7 0.1 0.5 0.2 0.5

Dominant experimental uncertainties from c-tagging calibration and JES
Dominant theoretical uncertainties from QCD scales in the ME and ME-PS matching
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number of events

Results

Comparison between the prefit and the postfit distributions

Two-dimensional distributions are unrolled onto a one-dimensional histogram
4x4 binning results in 16 bins with varying flavor composition:

107

C C
L ®Ap
Prefit
415" (13 TeV)
CMS Preliminary ttcs B ticL
Prefit Il b I oL
Pt tt+other
backgrounds ¢ Data
mim

number of events

h 4

MC stat.

m MC stat. @ syst.

4 6 8 10 12 14 16
bin number

107

: [0, 0.45,0.6,0.9,1.0] ® [0,0.3,0.45,0.5, 1.0]

Postfit

415" (13 TeV)

CMS Preliminary ticc B ticL
Postlit s IRtiD Il oL
n =081 _ )
T g o D tiLF fi+other
Maos -0.16
10.06 backgrounds ¢ Data
Pae = 0-85 007
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
fit stat. o fit stat. @ syst.
ISP SRR S AURRSU A THRPUN I TN SRR
0 P 4 6 8 10 12 14 16
bin number

u represents the scaling factor of the simulated templates
(cross section above or below theory prediction)

related to the cross section: 0 =

U X NMC
LintXE 52



Results

Inclusive cross sections in the fiducial phase space

415" (13 TeV)

r CMS Preliminary ---- stat. © syst.
- Fiducial phase space ......
10 P p stat. only
8-\ 'S g
—~ FooY 0y = ;
— SR LS G
> R B 3
o 6 N - ;73 d
— = A A ) O v
< - ‘\ "‘ ‘J: N i'

[ - AN = 80 . o
41— (Y TR R
of e RN 8 95%CL)

I 0 BV 68%CL |
0%1 L T"?-:L-f“"‘ ‘ PRI N
50 100 150 200 250
Oz 1]
415" (13 TeV)
- CMS Preliminary ¥ bestfit % Powheg
200; Fiducial phase space — ggo, CL 4 MG5_aMC@NLO
- === 95% CL
g |
LAB0- e
2 B )
© o &,
100

! ! (- ! !
150

1 l 1 1 1
200
05 1)

1 l 1
250

—Alog(L)

[fo]

ttLF

415" (13 TeV)

16 CMS Preliminary ---- stat. ® syst.
- Fiducial phase space ... stat. only
14—
12; "‘ g
C % g
10 L ig
C ‘\ “ ‘ a7 @ R
8- + 20 N
-« C 0
C ' %3 o J ol
6; “‘\ :b?: @ '!' o'/
4} “\ : —“‘ i'! o"’
2;____________‘25‘_1____:% __________ ;;,i::____g5_°{°_QL.
N S NP 68% CL |
0%1 ! ! ! 3 b PO TS | ! ! ! !
50 100 150
5510
x10° 41.51b™ (13 TeV)
- CMS Preliminary % bestfit % Powheg
I Fiducial phase space — ggo, CL 4 MG5_aMC@NLO
Un -==- 95% CL
6
o
4r
1 l 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1
100 150 200 250
Oz 1]

—Alog(L)

[fo]

tiLF

18

415" (13 TeV)

t CMS Preliminary ---- stat. © syst.
16| Fiducial phase space ....... stat. only
141
12 g
5 L £
100 % L3
I R
o] . i 80
r ' PER
6 * 5 P8
af- .
of Moot g 2% 95%CL)
SR S S o 68%CL |
0%1 Lo R0 P Y. !
4 5 6
Gy [PO]
gx1 o® 415" (13 TeV)
- CMS Preliminary ¥ bestfit  Powheg
I Fiducial phase space — ggo;, CL 4 MG5_aMC@NLO
7+ ---- 95% CL
B e
4
L | |
100 150
O35 11

Some tension observed, but overall agreement within 1-2 standard deviations
> measured ttbb (ttcc and ttLF) cross section higher (lower) than predicted.
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—Alog(L)

2.5

R, [7%]

1.5

Results
Ratios R, and R, in the fiducial phase space

4157 (13 TeV)
- stat. @ syst.

_ CMS Preliminary ---

~ Fiducial phase space ...... stat. only

B “ Y Ioo ’

I '@ ’ ’
AR i : N

B LR Y = o ’

| “ (Y a " "

= “ “ 3+ j ’ "

B * “ j%o :' ':'

- . 1 0 ’

L s % = i)

- ““ EDC_) @ :' l'
I N F e 9%l
“‘«x S
________________ St et .. 68%CL)

L Prrmants” || |
1 2 3 4
(o)
R. [%]
415" (13 TeV)
- CMS Preliminary ¥ bestfit % Powheg
[ Fiducial phase space — ggo, CL 4 MG5_aMC@NLO
i ---- 95% CL
C | | |
1 2 3

415" (13 TeV)

- CMS Preliminary ---- stat. @ syst.
- Fiducial phase space ... stat. only
: “ im I

. % N ’
N S, L
- . o+ R
- % 84 Do
SR 1} S
B ‘:t "‘, :' l"
_____ 3‘\_ - A\_ - == :'- ;.- - ==
IR S Y S AR 95% CL
e S N S 68% CL.
| Ll T e twmanit® | L1

1 1.5 2 2.5

o
R, [%]

R. is in very good agreement with theory
prediction.

Largest tension observed for R,
—Alogl.~3 —» ~2.50
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Results
Numerical values + extrapolation to the full phase space

Result Uncertainty POWHEG MG5_AMC@NLO
_Fiducial phasespace  ___________________________________________________________ ,
' 0ge lpp]  0.152 4= 0.022 (stat.) = 0.019 (syst.) 0.187 &= 0.030 0.188 = 0.026; ~19 %

0ap (PPl 0120 =+ 0.009 (stat.) &= 0.012 (syst.) 0.097 & 0.016 0.101 & 0.014
oqLg [pbl 5.06 4 0.11 (stat.) == 0.41 (syst.) 5.95 £ 0.79 6.32 £ 0.79

‘R [%] 237 +0.32(stat) £ 0.25 (syst.) 253 +0.06 243 +006 | ~17 %
TRy %] 187 TE0.14 (stat) £ 0.16 (syst.) 131 +0.03 T 1.30£0.03"

Full phase space
S lpb] 743 07 (stat) T 005 (syst) 015 KA 89 L6
S Ogp PPl 412 +0.32(stat.) £ 042 (syst.) ~ 335+054 339+049

car [pp]  217.0 £ 4.6 (stat.) &+ 18.1 (syst.) 255.1 +£32.0 260.6 +32.8
FR.[%] 2.64 +0.36 (stat.) £0.28 (syst.) 2824007  272+£0.05!
Ry [%] 147 +0.1 (stat.) £0.13 (syst.)  1.03+0.03 1031002
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Results

Comparison to other ttbb analyses

Result Uncertainty POWHEG MG5_AMC@NLO TOP-18-002 Ritwb /1 0w [pb | iipp (PP ]
Fiducial phas e space Dilepton channel (VPS)
i [pb] 0152 £0.022 (stat.) £ 0.019 (syst.) 0.187 +=0.030 0.188 & 0.026 POWHEG + PYTHIAS 0.013 £ 0.002 2414021 0.032 4 0.004
Oqp [PP] 0120 +0.009 (stat.) £ 0.012 (syst.) 0.097 +0.016 0.101 + 0.014 Measurement 0.017 £ 0.001 £ 0.001 2.36+0.0240.20 0.040 = 0.002 + 0.005
ik [pbl 5.06 =£0.11 (stat.) £ 0.41 (syst.) 5.95 + 0.79 6.32 + 0.79 Dilepton channel (FPS)
EC [[0//"]] %g; i gi’i Esta:'; i 8?2 ESYS:'; %gi’ i 882 %gg i 882 POWHEG + PYTHIA8 0.014 4 0.003 163+ 21 23404
%o . .14 (stat. .16 (syst. . . . .
° Y 555 [t O YTHIAS 0,015 40,003 159 + 25 24+04
Ful] phase space POWHEG + HERWIG++ — _02[1_:‘:_0 0_02_ 170 £25 r _1-2 iq& R
Caclpbl 743 ELZOWWLOYEWEL  OI5E 144 892126 | | Mewwemen  [O0BOMIS0M §19x1a15 (29201405 ]
Oap PPl 1 4 12 4+ 0.32 (stat.) = 0.42 (syst. )J 3.35 +£0.54 3.39 + 0.49 +7.8¢ Lepton+jets channel (VPS) 30 GeV
or [pb]l  Z7.00 TE L (STal) = 18.TEystT 255.1 £32.0  260.6 +32.8 POWHEG + PYTHIAS 0.017 £ 0.002 30.5+3.0 0.52 +0.06
R, [%] Fubd i 036 (stat) £-.0.28.(syst ), 2.82+0.07 2.72 +0.05 Measurement 0.020+0.001 +0.001 310402429  0.62+0.03 +0.07
Rp[%] 1147 +0.11(stat) +0.13 (syst)l 1034003  1.03 +0.02 Leptonsiets channel (FFS)
+ 2 5 o POWHEG + PYTHIA8 0.013 £ 0.002 290 +29 39+04
PAS'TO P'20'003 g/llzg,[%h)/(llzc)?mo+ PYTHIA8 0.014 + 0.003 280 + 40 41404
POWHEG + HERWIG++ -0011+0002 - 321+36 3405
Measurement § 0.016 = 0.001 +0.001 |292j:1:|:29 {-47i02j:06 1
Fiducial, Fiducial, +210
TOP-18-011 parton-independent (pb) parton-based (pb)  Total (pb) )
Measurement 1.6 401105 1.6 401105 6 5+ 0.3 14f
POWHEG (tt) 1.14+0.2 1.0+0.2 35+06
POWHEG (tt) + HERWIG++ 0.8+0.2 0.8+0.2 3.0+0.5
MADGRAPH5_aMC@NLO (4FS ttbb) 0.8£0.2 0.8+£0.2 23+£0.7
MADGRAPH5_ aMC@NLO (5FS tt+jets, FxFx) 1.0£+0.1 1.0+£0.1 3.6+0.3
TOP-16-010
Phase space T [Pb] 0w [pbl Tiwb/ T
Visible Measurement | 0.088 + 0.012 +0.029 3.7 £0.1 £0.7 0.024 £ 0.003 £ 0.007
SM (POWHEG) ~0.070230.009 51+05 - _0.014 £ 0.001 _
Full Measurement : 40+06 =+ 1.3: 184 + 6 £33 ;0. 022 £ 0.003 £ 0.006 | +150
SM (POWHEG) =3 IE0L " 257 + 26 S=T0UIZECOOTTTT 56



http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-002/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-16-010/index.html

