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Introduction

* The study of top quark production is of primordial interest at LHC.
— Higgs and new physics scenarios involve top quarks.

* ttVis the main background for ttH and other BSM physics processes.

— Effective field theories (EFT) provide a framework to interpret results in a
model independent way if there is new physics at high energy.

— Top quark pair production with an additional vector gauge boson is
sensitive to most of the leading EFT operators that preserve charge-
parity and flavor in neutral-currents.

* Strength of the electromagnetic coupling of top quark and y and top
quark and Z boson can be probed.

e tt bb is the main irreducible background for ttH searches in the H-> bb
mode, tt jj is the reducible background faking b-jets.

* The tttt measurement provide a useful test of analytical higher order
calculation of QCD.

— BSM models could enhance the SM production.
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ttvV (V=W,2) 13 TeV

CMS-PAS-TOP-17-005
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* p'>40,25(27)GeV
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* 22jets, >1Db-tag
 MVABDT
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* p'>40,20,10 GeV
e 22jets
Im,,— M, [< 10 GeV
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ttz 4¢

* 4leptons

p'> 40, 10,10, 10 GeV
* Sum of charges =0

> 2 jets, =1 b-tag
¢ |m,,-M,|<20 GeV
* sequential analysis
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CMS Preliminary

ttW SS 2¢

* Events preselected with >=2 jets, 1 b-tag jet

* MVA BDT analysis based on the following variables:

— Number of jets, number of b-tagged jets and the scalar sum of p' of
the jets

— Leading and trailing lepton p', transverse invariant mass of each of
the leptons and MET.

— Leading and subleading jet p', missing transverse energy
— AR between the trailing lepton and the nearest selected jet
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Event selection:
e BDT > 0 (suppress mainly the bkg.

due to non-prompt leptons)

e splitin number of jets, b-tag jets
e splitin ++ and —-

Backgrounds

e misidentified leptons, tt

e ttZ and ttH



ttZ 3¢ and 4¢

Events

CMS Preliminary 36fb" (13 TeV) 10° CMS Preliminary 36 o (13 TeV)
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Events

104§

ttV (V=W,2): WZ and ZZ background

Estimated using M, validation in WZ and ZZ
enriched control regions in data:

— 3 leptons(4 leptons), two of them form an (2) SF Opp.
charge pair close to Z peak mass

— 3¢, <=2 jets and no b-tag jets, MET>30 GeV, m;>50 GeV

ttZ: 3€ channel ttZ: 3€ channel ttZ: 4€ channel
9M§Erqffquar(| S |3§ fo! (13|T?\{) CMS Preliminary 361" (13 TeV) CMS Preliminary 36 fo (13 TeV)
[ E I I ! R = =
s data EWZ EHt()X + data WWZ WX 1 T ' Data ]
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Events

ttV: non-prompt lepton background

Non-prompt leptons are expected to come mostly from tt and Drell-Yan with an
additional lepton from the semi-leptonic decays of a b-hadron, or additional jets
misidentified as lepton.

The probability of loosely identified lepton to pass the full set of id/iso requirements is
calculated in respective enriched region and validated in Monte-Carlo simulation and
in data: 30% systematic uncertainty

Data control regions, exclusive to the signal extraction region and enriched by the
processes with non-prompt leptons, are formed to check any other potential source

b jets

Of uncertalntleS: CMS Preliminary 361" (13 TeV) CMSPrehmmary 36fb (13 TeV)
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ttV: systematic uncertainties

Source Uncertainty range | Impact on ttW cross-section | Impact on ttZ cross-section
Luminosity 2.5% 4% 3%
Jet Energy Scale/Resolution 2-5% 3% 3%
Trigger 2-4% 4-5% 5%
B tagging 1-5% 2-5% 4-5%
PU modeling 1% 1% 1%
Lepton ID, efficiency 2-7% 3% 6-7%
uR/ ur scale choice 1% <1% 1%
PDF choice 1% <1% 1%
Nonprompt background 30% 4% < 2%
WZ cross section 10-20% <1% 2%
Z.Z cross section 20% - 1%
Charge misidentification 20% 3% -
Rare SM background 50% 2% 2%
ttX background 10-15% 4% 3%
Stat. unc. for nonprompt 5-50% 4% 2%
Stat. unc. rare SM processes 20-100% 1% < 1%
| Total systematic | - | 14% | 12%

Uncertainties on the lepton reconstruction, b tagging and trigger efficiency have
the largest effect on the ttW and tt Z cross-section measurement.

The uncertainty on non-prompt background gives a significant contribution to the
systematic uncertainty of the ttW cross section measurement.

The systematic uncertainty for ttW and ttZ becomes dominant

August 31 th, 2017
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Events

ttV: results

CMS Preliminary 361 (13 TeV)
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ttV: results

oM eyt Signal strengths:

]
-|- 2 Dbestfil 1

— 68% contour
- — 95% contour
2 — 1-D best fit

K =1DHZ +1c
—1-DttwW+1g
{3 Z theory

- ttW theory

Oy, [PD]

ttwW : 1.28% 013 (stat. )¥243 (syst.)T913(theo.)

1.5

ttZ : 1.187015 (stat. )15 (syst.)*o-13(theo.)

IJllIllllllll

NN Cross sections:

0.5

llJlIJ

ttW*: 0.581003 (stat.)* 993 (syst.) pb

ou PPl tEW 1 0.19F0:07 (stat. ) +2.0¢ (syst.) pb

ttW : 0.8079:12 (stat. )*3-13 (syst.) pb

Channel Expected significance | Observed significance
2/ss analysis ttW 24 23
2{ss analysis ttW+ 43 5.9 +0.09 +0.12
20ss analysis ((EW) 46 55 ttZ: 1.00 —0.08 (stat. —-010 (syst.) pb
3¢ analysis (ttZ) 8.4 8.7
4¢ analysis (ttZ) 48 4.6 . .
37 and 47 combined (ttZ) 9.5 9.9 theoretical cross sections:

ttW: 60172% (scale)Jr (pdf)+ 2(a) fb
ttZ(y*): 839189 (scale)*3 (pdf)*1i(a,) fb

> 50 for both processes simultaneously at 13 TeV
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ttV: EFT interpretations

36 fb~! (13 TeV)

CMS preliminary 36 fb~! (13 TeV)

. . . CMS prelimina
Effective field theories (EFT), allow touse 4”% = 1600 /%
ttV cross section measurements to search " % . %
in @ model- independent way for new oo J/ oo /
physics (NP) at energy scales which are § s00R N % AR
not yet experimentally accessible. ® e % 5 meen | e %ﬁ, e ¢
400 S HZ theory 400 A tEZ theory
1 1 % ------ lect | |1 T 1oCL
Legs = Loy + A choi + A2z choj + - 200 % ;:sftit 200 %Z o
! Eawlh? |62 +10.9Tev"?|
I . . : G(J 200 400 600 [?ObO] 1000 1200 1400 GU 200 400 600 [?obo] 1000 1200 1400
- Ottw Ttiw
On y.dlmenSIon 6 Operators a.re . IEGD-CMS Pralimina 36 fb~?! (13 TeV) ISODCMSPreHmr'nary 36 fb? (13 TeV)
considered: ¢, One operator is considered % : %
eaCh time. 1200 ' 1200 %
NP effects on ttH as well as ttW and ttZ.  _w . . 1000 i .
Operators which caused significant cross 3 *°N . 3R
section scaling for tt, inclusive Higgs, WW, 6°° % o : 5"“ o v
or WZ are excluded. % T na o 7, T
ExpeCted 16 and 26 CL and Observed beSt GU 200 400 éj/j [?E)Ci 10;‘;”3#?221::_22:.4013 GD 200 400 600 [?EO] IOGOET:JZO 1400
. . o o O Otq
fit values for selected Wilson coefficients. - N
Wilson coefficient 10 CL[TeV 2| 20 CL[TeV 2| Bestfit[TeV 2| 1o CL[TeV 7| 20 CL [TeV 7
Cun/ 7] [00,1.5] [0.0,2.1] 16 [00,23] [0.0, 2.8]
|6,/ A2 4109 TeV 2| [2.3,15.2] [0.0,18.6] 111 [2.7,15.6] [0.0,19.1]
Cow/ A2 [-1.6,1.5] [-2.2,2.1] 1.8 [-2.4,-0.8]and [0.7,2.4] [-3.0,29]
Cru/ A2 [-9.1,-6.5) and [-1.6,1.1] [-10.1, 2.0} 94 [-103,-8.1]and [0.1,2.1] [-11.2,-6.6] and [-15, 3.0]
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tty cross section measurement

CMS-TOP-14-008, 1706.08128, sub. to JHEF

e Measure tty cross-section relative to the tt cross g Hr o
« Event selection: N RN = siglr
— exactly 1lepton, at least 3 jets (1 b jet) and 1 photon 0.8 it
* Two categories of background: gj N  Uneeriainy
— Top events with fake photon (tt) ot B
— Non-top events with real photon (Wy, Zy) S
— Measure the top quark purity after top quark and photon c‘fa; 0dr i\“&\\\\& %\\\\\\ %\
selection using a fit in an invariant mass of three jetswith o "0 20 40 60 80 100 120 140 160 180 200
highest pT (M3) Photon p_(GeV)
— Measure the photon purity using a fit to the photon 18715 (@ TeV)
charged hadron isolation, separates real photon events § 600F ous ¢ Data  EEW/Z+y
from other backgrounds (data -driven approach) 2 5000 eluriets .Hets -anlztfiits
5 + ultijes
* Apply likelihood fit to the top quark purity, photon G 4008 Single t  \ Uncertainty
purity and number of top quark events 30BN e SOBAN
E AN AN )

simultaneously to extract number of tty events

Category R sy () Tt B () T ——
e+ets (57 £1.8) x 10 % 138L45 582 + 187 08—z oa 0§ o8 1 T2 14
j+ets (474+13) x 107 115+£32 453 + 124 Photon
Combination (5.2 4 1. 1) x 107% 127 +£27 515 + 108

Theory — 592 + 71 (scales) £ 30 (PDFs)

August 31 th, 2017 Javier Cuevas, QCD@LHC 2017 12



ttbb, ttjj and ratio measurements

« Essential to understand the tt bb and tt jj processes for the study CMS-TOP-16-010

of the ttH(bb) production mode of the Higgs. 1705.10141 sub. to PLB

— ttbbis the mainirreducible background for ttH searches in the H-> bb
mode, tt jj is the reducible background faking b-jets.

* Event selection: cus 231 (13TeY)
— exactly 2 OS leptons, at least 4 jets (atleast 2 b jet) 0 mish miLF ' msingiet
1 1 1t athers ats
— Theleading and sub-leading in the b-tag discriminator value jet Third jet e Gy bata

corresponds to the b jet from top in 85% cases
— The b tagging discriminator for 3rd and 4th jets are used to separate
tt bb from other processes and for the fit
* Main uncertainties: JES & JER, b tagging, the choice of MC
generator and scale in parton shower.

o 14
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2 0§ 2 04 06 08 1
T I T I T T I T I T I I.I T I T I T T I T |.I T r D 0 2 i ! . . .‘
; : : CMS U”p”b"";h?d b jet discriminator
- § . Vs=13TeV, 2310
o : d cMS 2317 (13 TeV)
: Full phase space S .::b .E:I;h lgingtm ]
- S : > | Fourth jet LIt Bt others WZ+jets
. £ " . 2 ol mtice @ ta
2 . s | mssss Measurement ﬂ'}-l 3
: : :
H . : 3 T
| N . B | Eeme
E E E @ Fowhog v2 PEMI
H . :
-m- E E —.— ] E A MG5_AMCENLD [FxFx) PEMI
E E E ¥ ua . . o 1.4
" " 9 MGE_abCEENLD [MLM) PEMA I
2 % ,.,L.,A,;,T,,.;,c.._, ,,,,,, L’[,.
: ' : B Fuwheg v2 Hes EESC B ol o 04' ﬂﬁ- .
i | : MIGS_sMCENLD Hes EESC ° | | bjet diﬁcrimmamr
C L - M R G5_SMCGNLO His
1 2 3 4 5 B 103 450 200 250 304 350 [1] oo oo 0ol 0.04
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http://arxiv.org/abs/1705.10141
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Events /0.1

Search TOr tHth werssa wosoras), sub. o Epic

Measure the cross-section, SM expectation: 9.2*>9

fb

-2.4

BSM models leads to enhanced four top production cross-section

14
12
10

Selection: 1 or 2 isolated leptons (W decay), large jet and b-jet multiplicity and
hadronic energy. Discrimination comes from the number of top and b quarks,
event activity and topology

Main background, tt +jets, other backgrounds: DY, W+jets, single top, ttW, ttz, ttH

Presence of additional hadronically decaying top quarks distinguishes tt tt from tt.
Use a BDT to rank reconstructed tops built from tri-jet candidates. Largest
systematic uncertainty: variation of QCD scale choice at ME

No deviation from background-only is expected and observed the limits on cross-
section are set

Splitting the BDT distribution into categories significantly improves the sensitivity
of the limit fit.

2.6 (13 TeV) 10 26" (13 TeV)
— CMS Single lepton: u, > 9 jets, 4 b tags o o §_ CMS Dilepton: > 8 jets
- -+ tl?ata R = t Data
o tw g 8 = [ i
r titt (x 20) o 7F I Ew
C [5 ME scale unc. 6 W
— E tH (x 20)
- SE ME scale unc.
3 .2
E 2 z_
:_ 12_
C 0 - | , , , | | - P - "
-0.4 -0.2 0 0.2 0.4 0.6
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Search for tt

2.6 (13 TeV)
CMS liinoiti Oonbggtlived
Unpublished - expected

SM

[ expected £ 1o
expected + 2 ¢

SS Dilepton
(EPJC 76 (2016) 439)

OS Dilepton

(this analysis)

Single Lepton

(this analysis)

Combined
(this analysis)
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tt

SUSY same charge 21
1704.07323, 36 | fb

when treating this process
as signal, its observed
(expected)

cross section limit is
determined to be

42 (27*3 ) fb at 95% CL,
to be compared

to the SM expectation of
9.2*>9 _ b

4

N

10 20 30 40 50 60 70 80 90 106

95 % CL limiton u = Gobs/ Cou
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Summary

Measurement of ttV (V=W,Z) cross-sections were
performed by CMS at 13 TeV with comparable
statistical and systematic uncertainties of about 15%.

— EFT operators in the top sector started to be studied and
constrained.

tttt and tty are statistical limited and with new data
measurements will be improved.

ttbb, ttjj and and its ratio has been measured.

The production of top pairs with associated bosons
or other top or b quarks is a very active research
field at the LHC.



