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Why tt+HF?

CMS

tt+jets production is abundant at the LHC rHrechs

tt+bb is very challenging to model
o Very different energy scale between tt and
bb systems
tt+bb is a background for many
interesting searches

o Irreducible background in ttH(bb)

o Background for tttt searches
Development of new charm taggers [JINST
13 (2018) P05011] made tt+cc
measurements possible
Thanks to high integrated luminosity
delivered by LHC, tttt searches are now
possible too

F. lemmi

Introduction
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https://arxiv.org/abs/1712.07158
https://arxiv.org/abs/1712.07158

_ CMS
Why tt+HF?

tt+HF @CMS
cms 35.9 o™ (13 TeV)
@ Some degree of tension with SM observed oM F. lemmi
- - - L . ttbb all-jet
in previous tt+bb cross section e Introduction
tt+jets: —.—
n:neas_urements POWHEG +
@ tt+bb cross section in the all-jets final state tisjets: -
MG5_aMC@NLO +
o Phys. Lett. B 803 (2020) 135285 PYTHIAB 575 F1F
—1 ibb: —.—
e 359 fb™ " of data . AMC@NLO +
. . PYTHIA8 4FS
@ Use a combination of MVA methods to dajot: -
o Reject dominant QCD background PTG |
e Discriminate between jets from top quark | Measurement
decays and additional jets Total unc ot
Stat unc 2 4 6 8

Total phase space um(pb)
@ Predictions from different generators smaller than measured values by a factor
1.5-2.4 (1-2 standard deviations)
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https://www.sciencedirect.com/science/article/pii/S0370269320300897?via%3Dihub

Challenges in tt+HF searches

Tracks / 0.5 units

JINST 13 (2018) P05011

o Jet-parton assignment
o Final states with high jet multiplicities
e How to correctly match jets with partons is

not trivial

o HF tagging

o Relies on mass, ct of hadrons, track
multiplicity, impact parameters, [...]
e Particularly challenging for charm jets

13TeV, 2016

13 Tev, 2016

wE CMS —bjets 5 L CMS —bjets
Simulation . Z Simulation .
ok - cjets @ wf cjets
E+jets . 8 i+ jets .
P, >20 GeV — udsg jets "L P, >20Gev — udsg jets
b
wh I o ey |
o w0
075
“ 10+
e T T e e S T R I I
3D IPlo 2D IP/o of most displaced track
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@ Is a b-jet coming from a top
decay or an additional b
quark?
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https://iopscience.iop.org/article/10.1088/1748-0221/13/05/P05011

— - = CMS
tt+jets and tt+bb cross sections (JHEP 07 (2020) 125)

tt+HF @CMS
o Goal: measure o5, 0y and their ratio

F. lemmi
RtEbE/tEjj = Ot/ Ottjj

o Use 35.9 fb~! of data

@ Perform separate measurements in dilepton
(DL) and single-lepton (SL) tt final states

e Visible (“fiducial”) phase space (VPS)
different for the two final states: additional
info for testing theory predictions

tt-+jets and
tt+bb cross
sections

o Events in VPS split in categories based on
jet flavors (ttbb, ttbj, ttcc, ttLF)

e Main backgrounds: tt events not falling in
any tt+jj category, single-top quark events
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https://link.springer.com/article/10.1007/JHEP07(2020)125

. . CMS
Signal extraction

- 1 CMS Simulation 13 Tev _
s tt+HF @CMS
. . . £ | Dilepton .
@ DL channel: jet-parton assignment using 3°°T w F. lemmi
b tagging discriminant 5 ol -
E
@ SL channel: jet-parton assignment using s por (Etjets and
- . % b T
kinematic fit constrained to tt production 2oz ooz sections

@ Extract signal with a ML fit to the b tagging 02 04 06 08 1
. . . - . b tagging discriminant (I* additional jet)
discriminant of additional jets CS Simuiaon s

[ Dilepton
tTLF

o DL and SL channels fitted independently

o

o
>
T

@ Within channels, categories are fitted
simultaneously

o
=
T

b tagging discriminant (2" additional jet)

o Get oy and RtEbE/tEjj from fit; then compute
O4pp s their product

o
N

o

0 02 04 06 08 1
b tagging discriminant (I additional jet)
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Results

@ Results in VPS extrapolated to full phase space using acceptance corrections
@ Dominant systematics: FSR, ME-PS matching, b tagging efficiency

CMS sssmtstey CMS ss9m3tey

y P >20Gev
Oiepton o —a— o Leptonets
— —— o
Messurement Measurement
st | Total St | Total
ke i k|
—h— ——— ke
POWHEG + POWHEG +
- - —.—
PYTHIAD PYTHIAS
NG_aMC@NLO +
—.— o — —.— MG_aMC@NLO + e
| — — et PYTHIAR SFS [P
PYTHIAB 5FS [FxFx] — e
POWHEG +
POWHEG + HERWIGH
NI bl MU [ HERWIGH PRI Leadundundlinls M [
001 0015 002 100 120 140 160 180 200 1 15 2 25 3 35 4 001 002 003 150 200 250 300 350 2 3 4 5 6
FPS FPS FPS FPS FPS FPS - cws @o1s)
R-Z 07"° [pb] oS [pb] Rimni a7S [pb] oS [pb]
tibbAtjj tjj [p ] tibb [p ] tibbAijj ) [p ] tibb [p ]

@ POWHEG + HERWIG++prediction slightly lower than measured values
® 05 Oij and RtEbB/tEjj measured with precisions between 9 — 18%
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tt-+jets and
tt+bb cross
sections
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tt+cC cross section (arXiv:2012.09225, submitted to PLB)

Goal: measure 0,45, Ttice, O and their
ratio to o;;

First measurement ever of oz and

R. = UtEcE/UtEjj

Use 41.5 fb~! of data

Measurement performed in the DL tt final
state

Events in VPS split in categories based on
jet flavors (ttbb, ttbL, ttcc, ttcl, ttLL)

Main backgrounds: Drell-Yan events,
single-top quark events

F. lemmi (IHEP Beijing) tt+HF @CMS
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tt+cC cross
section
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https://arxiv.org/abs/2012.09225

Signal extraction

@ HF tagging: combine multiclass output of
DeepCSV to obtain CvsL and CvsB
discriminators

@ Jet-parton assignment trough DNN, trained
to identify correct permutation of jets

@ Train 2" multiclass DNN to predict
probabilities P(ttbb), P(ttbL), P(ttcc), P(ttclL),
P(ttLL)

@ Extract signal with ML fit to

c P(ttcc)

7 P(tkce) + P(ttbb)
AC — P(ttcc)

Y7 P(ttcT) + P(LELL)

for each category and lepton flavor

F. lemmi (IHEP Beijing) tt+HF @CMS

CMS Simulation
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https://arxiv.org/abs/1712.07158

Results

@ Results in VPS extrapolated to full phase space using acceptance corrections
e Dominant systematics: c-tagging scale factor, JES, ME-PS matching

Result POWHEG MADGRAPH5__ aMCQNLO
Oice [Pb] 80£1.1+1.3 9.1+1.8 89+1.5
R. [%] 2.6940.36+0.32 2.814+0.20 2.72+0.19
. . x10° 415 fb (13 Tev) 415 fb? (13 Tev)

@ Also perform 2D likelihood scans o S soe ongs o w o s snn groms - wee
° Measurements and predictions in - £ 4 MADGRAPH5_aMC@NLO _ 4 MADGRAPHS_aMC@NLO

agreement within 1-2 o : o S @
@ 05 and Ry, = 0g,5/0wj; slightly S S N -

above the predictions (in agreement A o = g0 4 s

with JHEP 07 (2020) 125) O 0] Re [%]
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https://link.springer.com/article/10.1007/JHEP07(2020)125

_ _ CMS
tttt cross section (Eur. Phys. J. C 80 (2020) 75)

tt+HF @CMS
o Goal: measure o1 ‘

o Very rare SM process (oo ~ 12 fb), ;

yet unobserved at the LHC
o Use 137 fb! of data (full Runll analysis) :

g

F. lemmi

@ Targeting the two-same-sign-leptons
(2SSL) and multileptons (ML) final
states

tEtt cross
section

@ Measurement is interpreted in several
BSM scenarios (Type-1l 2HDM,
simplified dark matter models, EFT)

e Main backgrounds: ttV, ttH, DL and
SL tt events
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https://link.springer.com/article/10.1140/epjc/s10052-019-7593-7

Results

BDT to separate tttt from background;
discretize the output to get 17 signal regions
(SRs)

Define ttZ-enriched CR (CRZ)

Extract signal with a fit to SRs and CRZ

Dominant systematics: JES, JER, b tagging
scale factors

obs __ +5.8
ot = 12.6755 b

observed (expected) significance of 2.6 (2.7) o

@ Set limits on the production of heavy scalar H
@ Exclude the mass range 350 < mpg < 470 GeV

e More than 100 GeV improvement wrt
previous CMS measurements
F. lemmi (IHEP Beijing) tt+HF @CMS

_ cus 137 ™' (13 TeV)
10 BDT (postfit)
Nonprompt lep. BEE Charge misid
i

Events

t Xy
102 w Rare -t

2

PR |

Data/ Pred.

cMs 137 b (13 TeV)

=
3

95% CL upper limits
—e— Observed
=== Median expected, +1and +2 Oexperiment

IS @ @
S 3 8

a(pp— (,tW,tq) + H) x BR(H - ) (fb)
S
8

350 400 450 550 600 650

500
my (GeV)
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. CMS
Conclusions
tt+HF @CMS
o tt+HF measurements are important from both theoretical and F. lemmi

experimental point of view
e Comparison with measurements can give guidance to improve the theoretical
predictions
o tt+HF production background for many interesting searches
o tttt measurements can lead to several BSM interpretations
e CMS is pursuing tt+HF measurements in many directions
o First measurement of oz and R. = oyice/ 0
o Precise measurement of oy, owj and Rigyp iz
o tttt seraches with BSM interpretations

@ More measurements to come, Stay tuned!

Conclusions
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tt+jets and
tt+bb cross
sections

Backup slides
TBD
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tt+jets and tt+bb xsecs: jet-parton assignment

@ DL channel

o Use simulation to study b tagging
properties of jets

o First- and second-leading jets in b
tagging score come from top quark
decay in 85 (23)% of selected ttj]
(ttbb) events

e Thus, third- and fourth-leading
jets are considered to be
additional jets

F. lemmi (IHEP Beijing)

@ SL channel

e Higher jet multiplicity, b tag based
jet-parton assignment impossible
Use a kinematic fit instead
Inputs: jets and lepton
4-momenta, btag information,

miss

bt
e Constraints: production of 2 top

quarks and two W bosons

Compute a x2-like function for

each permutation of jets and

select the one with lowest 2

o Jets not included in the solution
are additional jets

tt+HF @CMS

CMS

EPS-HEP2021
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F. lemmi

tt+jets and
tt+bb cross
sections
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tt+jets and tt+bb xsecs: additional jets b tagging

@ Amongst additional jets, the two leading jets in b tagging score are kept

CMS

tt+HF @CMS

F. lemmi

tt+jets and
tt+bb cross

sections
10" CMS‘ ; ; ; ; ; :fS 9 Qb‘ (13 ‘TEV) CMS 35.9 b (13 Tev) N CMS 35.9 fb* (13 Tev) " CMS‘ ; ; ; ; ; 5‘15 9 QI‘: 1(13‘1'evj - .
=l T T T T T T T +
s 4 Daa. i S T g 8 ETT T oo g 8 pap tt+cc cross
% 10°F- Diepton Eifovers @i 310 Dilepton Eatoners = SIC°F Leptonsiets Bt omers == S10°E Leptonsjets section
g B Background (=5 H [l Background ) 269 Eeackground = 2
Fhad K stal, + syst. = 13 st + syst Miss 8
" o @ T
o tttt cross
107 section
107
10
bt
107 N
gt s g g
& = g 8 ] £ T
7 = St e 5 i = 7 St >
TN Y 1 4. 1 3
i 02 0 05 08 1 o 02 07 05 08 1 i 02 07 3 08 1 4 02 07 05 08 1
b tagging discriminant (£ additional jet) b tagging discriminant (2" additional jet) b tagging discriminant (" additional jet) b tagging discriminant (2" additional jet)
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tt+jets and tt+bb xsecs: systematic uncertainties

VPS 1o,
Source 1)
Dilepton  Lepton+jets

Dilepton Lepton+jets

Lepton uncertainties

Trigger <0.1 0.2
Lepton identification 0.6 0.2
Lepton energy scale — <0.1
Jet uncertainties
Jet energy resolution (JER) 04 0.3
Jet energy scale (JES) 1.5 1.2
b tagging uncertainties
c-flavor btag (lin.) 22 2.
c-flavor btag (quad.) 0.7 1.2
Heavy-flavor btag 4.0 0.1
Heavy-flavor btag (lin.) 0.9 04
Heavy-flavor btag (quad.) 2.0 0.3
Light-flavor btag 49 0.9
Light-flavor btag (lin.) 0.1 0.2
Light-flavor btag (quad.) 0.7 0.7

F. lemmi (IHEP Beijing)

1.0
1.1

0.3
29

0.5
1.3
0.1

0.7
3.6

0.3
0.2
0.9
0.5
0.8
4.9
11
14

Theoretical uncertainties

Initial-state radiation (ISR) 1.0 22
Final-state radiation (FSR) 0.8 0.7
ME-PS matching 0.5 <0.1
Underlying event tune (UE) 15 15
g/ pr scales (ME) 0.1 0.4
top-pr 0.2 0.4
Ratio RI‘T"; s 14 0.2

Other uncertainties
Pileup 0.7 0.2
Backgrounds 0.3 2.0
Simulated sample size 15 2.8
Luminosity 0.2 0.5
Total 8.0 55

tt+HF @CMS

2.5
2.5
18
0.4
0.1
1.6
13

13
0.7
0.1
2.6
8.8

12
59
19
14
14
0.3
0.7

0.1
12
22

10.0

CMS

tt-+HF @CMS

F. lemmi

tt+jets and
tt+bb cross
sections
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tt+jets and tt+bb xsecs: fit results

e ML fit extracts oy and RtEbB/tEjj

CMS 35.9 fb™! (13 TeV)

= T ARSI
S 3.5 o Bestfit ]
— r Dilepton —— 68% CL contour 1
2 = [ ws T 95% CL contour 7
>b“ i —@— POWHEG +PYTHIA8 |
3— —

25—

| L
0.01 0.015 0.02 0.025
VPS

ttob / fjj
F. lemmi (IHEP Beijing)
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-1
— C'Y'S T ‘35"9 fb‘ (1‘3 T?V) tt+jets and
-8_ 3.5 = Bestfit 1 tt+bb cross
U‘)—' : Dilepton —— 68% CL contour sections
Q= ws 95% CL contour
57 [ —@— POWHEG +PYTHIA8 |
3 |
25— —
2 |
L1 Ll Ll L
0.01 0.015 0.02 0.025
VPS
ttbb / ttjj
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tt+jets and tt+bb xsecs: o ;

CMS

Riavb i [pb ] Tap [PP ] tE+HF @CMS
Dilepton channel (VPS) .
POWHEG + PYTHIAS 0.013 £ 0.002 2414021 0.032 + 0.004 F. lemmi
Measurement 0.017 +0.001 +£0.001 2.36+0.02+0.20 0.040 == 0.002 == 0.005 oy a——
Dilepton channel (FPS) :zrtti’:nzmss
POWHEG + PYTHIAS8 0.014 + 0.003 163 +21 23+04
50 g O YTHIAS 0,015 40,003 159 425 24404
POWHEG + HERWIG++ 0.011 + 0.002 170 +25 19403
Measurement 0.018 - 0.001 + 0.002 159 +1+15 29401405
Lepton+jets channel (VPS)
POWHEG + PYTHIA8 0.017 4+ 0.002 30.5+3.0 0.52 +0.06
Measurement 0.020 £0.001 £0.001 31.0£02+29 0.62 £+ 0.03 4 0.07
Lepton-+jets channel (FPS)
POWHEG + PYTHIA8 0.013 4 0.002 290 £+ 29 39+04
50 [ FO T YA 6 014 40,003 280 + 40 41404
POWHEG + HERWIG++ 0.011 4 0.002 321436 34+05
Measurement 0.016 +0.001 + 0.001 292 +1+29 47+02+06
F. lemmi (IHEP Beijing) tt+HF @CMS EPS-HEP2021 6/16



_ CMS
tt+4-cc cross section: jet-parton assignment

. . . . . tt+HF @CMS
@ Consider all permutations of 4 jets passing selection

@ DNN-based choice of best permutation

@ Input variables: jet kinematic variables, b and c tagging discriminators, angular
separations and invariant masses of jet pairs

@ In assignment of b jets to top quark decays, it does not matter which jet is [Tree cross
matched to t or t

@ Thus, three output probabilities: probability for correct assignment (P1),
probability for correct matching but b jets from tt reversed (P*), probability
for a wrong assignment (P~)

@ Select permutation with highest value of

Pt 224
M\ PP P P

F. lemmi (IHEP Beijing) tE+HF @CMS EPS-HEP2021  7/16
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_ CMS
tt+cc cross section: charm jet identification

@ Use DeepCSV multiclass tagger to predict probability for a jet to contain a i achs

single b hadron (P(b)), two b hadrons (P(bb)), one or more c hadrons (P(c)),
no b or ¢ hadrons (P(udsg))

@ Define two discriminators as

F. lemmi

tt+cC cross

. P(C) section
Cvsk = P(c) + P(udsg)
CvsB = Ple)

P(c) + P(b) + P(bb)
@ Correct the CvsL and CvsB distribution to reproduce the distributions

observed in data

@ Define three control regions enriched in tt, W+c and DY+jets events and
obtain scale factors with iterative procedure

F. lemmi (IHEP Beijing) tt+HF @CMS EPS-HEP2021 8/16


https://cds.cern.ch/record/2758866

tt+cc cross section: event based NN discriminator

@ Train a neural network using CvslL,
CvsB of two additional jets, angular
separation between additional jets,
NN score for best permutation of
jets

o NN predicts 5 probabilities: P(ttbb),
P(ttbL), P(ttcc), P(ttcL), P(ttLL)

@ Combine them to

. P(ttce)
"7 P(tice) + P(tibb)
A P(ttcc)

~ P(ttcz) + P(ttLL)

F. lemmi (IHEP Beijing)

415" (13 Tev)

£ WE cms + Data  #MC stat. unc.
3 10 e ML
g mivh Wb
g 10 L tisother
Single t DY
10t

M Rare .

09 0.95 1
NN score for the best permutation

CMS

tt-+HF @CMS
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tt+cC cross
section

CMS Simulation 13TeV
tiob icd fiLL
osf 3 4t
ek it 5l 102
02f Jr b 3
2 2
i O’E
tibL ticL ti+other E
osf 5
z
osf
o M s .- .
o2f
02 04 06 08 1 0‘2 Q‘A 0‘6 0‘6 0‘2 D‘é 0‘6 0‘8 1
A N N
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_ CMS
tt4-cc cross section: systematic uncertainties

Systematic uncertainty (%) tE+HF @CMS
Sources Adie Aoy Aowi  ARc ARy
Jet energy scale 7.9 4.0 5.4 35 46 1P Lot
Jet energy resolution 21 0.8 11 2.7 14
c tagging calibration 8.1 3.9 1.8 8.0 44
Lepton identification and isolation 1.2 12 1.1 03 04
Trigger 2.0 2.0 20 <01 <01 Ty
Pileup 0.7 0.7 0.4 1.0 04 section
Total integrated luminosity 2.3 2.3 23 <01 <01
ur and pp scales in ME 6.2 7.4 15 57 75
PS scale 0.8 0.9 0.2 05 06
PDF 0.5 0.1 0.1 04 01
ME-PS matching 7.5 57 4.0 27 14
Underlying event 1.9 2.0 0.9 0.8 1.0
b fragmentation 04 3.6 0.3 04 36
ttbL(cL)/ttbb(cT) and tt+other /tILL 2.4 1.7 12 19 14
Efficiency (theoretical) 2.0 2.0 2.0 <01 <0.1
Simulated sample size 4.4 3.0 13 43 31
Background normalization 0.6 <0.1 04 03 04
Total 151 126 83 120 103

F. lemmi (IHEP Beijing) tE+HF @CMS EPS-HEP2021 10/16



tttt analysis: constraints on y,

@ Account for the dependence of
backgrounds on y, by rescaling the

ttH cross section by |y, /y?M|

@ As a result, ot depends on

[y /yeV|
@ Compare the observed upper limit

with central (upper, lower)
theoretical predictions:

v /veM| < 1.7 (1.4,2.0)

F. lemmi (IHEP Beijing)

50

40

tt+HF @C

CMS

137 fo™! (13 TeV)

CMS

£z<z  Observed upper limit
=— Observed cross section
=== Predicted cross section

]
]

0 ‘ : :
00 05 10 15
ye / ye™|

MS

20 25
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— CMS
tttt analysis: off-shell effects of new particles with m < 2m;

tt-+HF @CMS
cMs 137 ™ (13 TeV)
@ BSM models predict the presence of 95% CL observed exclusion regions F. lemmi
. / . i« Nector Z'
virtual scalar (¢) or vector (Z") with 15 S Soalar ¢

m < 2my coupling with top quarks

@ At LO, these particles affect
acceptance by ~ 10%

tttt cross
section

@ Add 10% uncertainty on acceptance
and calculate upper limit on o

¢/Z'-top quark coupling

o Compare upper limit with models
including ¢ and Z’, get limits on
masses and couplings of these 0.01— ‘ ‘ : : :

. 50 100 150 200 250 300
particles mg or mz (GeV)

F. lemmi (IHEP Beijing) tE+HF @CMS EPS-HEP2021 12/16



— CMS
tttt analysis: on-shell effects of new particles with m > 2m;

tt+HF @CMS
F. lemmi
o BSM models predict the 100.5MS 137 o' (13 TeV) __cMs 137 ™" (13 TeV)
presence of new scalar (H) e 5 | o ommmes I
£ W= Median expected, +1and +2 Oexperiment = di
. 2 80{ __ oz (oM, tan = =
or pseudoscalar (A) particles : ey :
with m > 2m¢ coupling with & :
T z tttt cross
top quarks : i section
o Consider tqH/A, tWH/A, = b
ttH/A s s

0
.1 350 400 450 500 550 600 650 350 400 450 500 550 600 650
@ Treat SM tttt as a My (Gev) mh (GeV)

background
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— CMS
tttt analysis: simplified dark matter model

3 CMS 137 fb' (13 TeV) 3 CMS 137 fb' (13 TeV) tE+HF @CMS
[0 Observed [ Observed
@ Simplified dark matter model - S rm—— - R o
R . . 20 20
predicts presence of a Dirac fermion

dark matter candidate x in addition
to H/A

o Couplings of H/A and x to fermions S o w o s % & @ B % @ % 0 crose

my (GeV) ma (GeV) !

depend on ggq); and gpy; respectively o P section
© Assuming ggy = gpy = 1 and ol T e
ta klng mH/A < me 20 scalar + pseudoscalar

e Get limits on tan 3 and my/z

@ Exclude tanf upto 0.8 - 1.6
depending on assumptions o

350 400 450 550 600 650

500
Mya (GeV)

F. lemmi (IHEP Beijing) tE+HF @CMS EPS-HEP2021 14 /16



tttt analysis: simplified dark matter model

@ Relaxing my/z < 2my
condition

@ Set limits as a function of
my/a and 2m, for gpy =1
and two different values of
gsMm

F. lemmi (IHEP Beijing)

137 fb™" (13 TeV)

137 b (13 TeV)

CMS

200

100

scalar

pseudoscalar

gon=05)
. gou =0.5)

0
300

400

500 600
my (GeV)

tt+HF @CMS

500 600 700
mp (GeV)

tt-+HF @CMS

F. lemmi

tttt cross
section
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_ CMS
tttt analysis: systematic uncertainties

Impact on £+HF OCMS
Source Uncertainty (%)  o(tttt) (%)
Integrated luminosity 23-25 2 % (i
Pileup 0-5 1
Trigger efficiency 2-7 2
Lepton selection 2-10 2
Jet energy scale 1-15 9
Jet energy resolution 1-10 6
b tagging 1-15 6 tttt cross
Size of simulated sample 1-25 <1 section
Scale and PDF variations t 10-15 2
ISR/FSR (signal) t 5-15 2
ttH (normalization) t 25 5
Rare, X7, ttVV (norm.) t 11-20 <1
ttZ, ttW (norm.) t 40 3-4
Charge misidentification t 20 <1
Nonprompt leptons t 30-60 3
N;gg/ FSR 1-30 2
o(ttbb) /o () 35 11

F. lemmi (IHEP Beijing) tE+HF @CMS EPS-HEP2021 16 /16
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