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e Motivation: why study tt+X? | e

¢ Measurements and searches at
CMS and ATLAS

* tttets

e tt+heavy flavor jets

e ttW and ttZ

e Four top (tt+tt)

e Prospects: tt+X at the 13 TeV LHC

ttZ candidate event at 7 TeV in ATLAS
ATLAS-CONEF-2012-126
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tt+X and new physics

P, 3
\ b e e
-7 xR
e Many new physics models n RN - o %
would produce tt+X final / Vi \ w

states (e.g. SUSY) t

Bottom-squark pair production
10.1007/[HEP01(2014)163

e (Other models enhance
2
production of SM tt+X final Ciy = CM + 5Re[ehig — Erg — T
states through new couplings

0 _ — —
. . . Cl,A = CISqM + FRG[CS_IQ — CHQ + CHu]
(e.g. dimension-six operators)
Dimension-six operators contributing

to ttZ production
Rontsch and Schulz, arxiv.org/abs/1404.1005
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http://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1007%2FJHEP01%25282014%2529163&v=b77db952
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tt+X and event modeling

e Atestand verification of applied theory W
and MC techniques for strongly
interacting, high-object-multiplicity events

e tt+bb has 43 LO, ~1200 NLO diagrams [1]

Final state with four top quarks

o tt+tt produces 4 - 12 high pr jets ATLAS-CONF-2012-130
- 13 TeV (ACi,v,AC; ) =(0.0,0.0), c =52 fb -
. . - (~2.0,0.48), 0 = 9.4 fb 05
 Look for any deviation from SM: lepton _ os o o -sim — |
pr/ distribution, number of jets and b-tags, f IS
missing energy spectrum - \

e Lepton separation in ttZ events measures

0.2 0.4 0.6 0.8

. . A¢e:z; [W]
vector vs. axial coupling Separation between leptons in ttZ
[1] Bredenstein et. al., 10.1103 / PhysRevLett.103.012002 for SM and dim. six scenarios

Rontsch and Schulz, arxiv.org/abs/1404.1005
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tt+yets

e CDF (2 TeV), ATLAS (7 TeV) and CMS (7/8 TeV) made cross section
measurements as a function of number of jets in single lepton and
opposite-sign (OS) dilepton tt+jets events

e tt with multiple extra jets a background to many SM and NP tt+X processes

e Unfold various distributions (jet multiplicity, extra jet pt, gap fraction) and
compare to MC generators (ALPGEN, MADGRAPH, MC@NLO, POWHEG) with tt+2

tH+1;
different treatments of higher-order corrections CMS 7 TeV single lepton tt+O]
CDF Note 9850 EP] C74 (2014) 3060 x| to top/W mass fit cus.i-sowatvs-77ev
g = CDF Run Il Preliminary L = 4.1 fo"! "% 1 06 DI||epton'Comb|'ned ! I I I g = tf 0 add Jets i gata E éféo\:\:ls E
1 . e Data w tf + 1 add. Jet ingle t Iltijet -
2t CDF single lepton ] =9m; - @ 5L CMS 7 TeV OS 2] = i g B> 2 200, Jets — . Clobosn 2
| ]et pT > 20 \ \ tt+0' .2111:56::)) 104 T > 30 GeV =a;ngleetst e + 4 Jets : e + 5 Jets : e + 26 Jets : u+4 Jets : u+ 5 Jets : o+ 6Jt_=I
1000— ] Il single Top p Bz 77: — eely, §
- * ) S | 1O o -
" B on- [—]QCD Multijet
B -:4- j:s 10?
500 -_ Di-boson 10
: 10" . E
o 1.5 ] :
1 Jet 2 Jets 3 Jets 4 Jets =5 Jets S 05F | L L . : x 2z : 015
2 3 4 5 6 7 28 EPT C74 ( 2014) 3060 \2
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http://www-cdf.fnal.gov/physics/new/top/2009/xsection/ttj_4.1invfb/documents/cdf_9850_ttj_xs.pdf
http://www-cdf.fnal.gov/physics/new/top/2009/xsection/ttj_4.1invfb/documents/cdf_9850_ttj_xs.pdf
http://dx.doi.org/10.1140/epjc/s10052-014-3060-7
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Uncertainties primarily from jet
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tt+heavy flavor

o ATLAS (7 TeV) and CMS (8 TeV) have both made measurements in OS
dilepton tt events

e ATLAS defines tt+HF (tt+b and tt+c) as events having at least one extra
bottom or charm jet

e Jets from bottom and charm quarks with pr(quark) > 5 GeV, dR(quark, jet) < 0.25

e Uses events with > 3 jets to measure Rur = tt+HF / tt+jets

e (CMS separates tt+bb, tt+b, tt+cc, and tt+LF (tt+jj)
e “Full phase space” jets from bottom and charm quarks with dR(quark, jet) < 0.5
e “Visible” jets have pr > 20 GeV and In| < 2.5, contain b or ¢ hadron daughters

e Use events with > 4 jets to measure Ryr = tt+bb/tt+jets, ow:jj and Owsbb
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tt+b/c: ATLAS 7 TeV

e Use secondary vertex MVA to divide high/med./low purity b-jet

samples, then fit high/med./low vertex mass to data

e Rur=Rp/c= (tt+b + tt+c)/tt+Hets = 6.2 + 1.1 (stat) + 1.8 (syst) %

e  Assumes that Fy/ur = tt+b/ (tt+b + tt+c) = 0.31 £+ 0.03 (Alpgen/Powheg)

107 - ATLAS
108 | Lat=4.71b"
105é- Vs =7 TeV

10% F—o—y

10°
102
10
’

Jets / GeV

Vertex mass [GeV]
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tt+bb: CMS 8 TeV

(7, BV BABALASASLBAARS RARAE RARRS RAARE RAREE RALAE RRARE RARE
= 10°F CMS W fiLF ; Data 3
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: [] ttbj [ Single t 3

. o — — .
(secondary vertex MVA) values, allowing O; P B tob [ tt other
.. @
and Rpp = tt+bb/tt+jj to float i
10
e tt+b rate tied to tt+bb, tt+cc combined with tt+LE !
but given separate 50% uncertainty %;z P S SN
g 0907020304 0.5 0.6 0.7 0.8 0.9 1
Full phase space b jet discriminator
> 20 GeV > 40 GeV B [T _,,,,,1,9-,5,‘,‘?,,(?3, T'e'y'_j
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S i tcc W ZA* — 1l
Ot 521+1.0+£68pb | 16.1+£0.7 £2.1pb =10 rourth et B ;. & Singlet 1
< 10° Ml ttbb [ tt other
Ott+bb 1.11+£0.11£0.31 pb| 0.36 £ 0.08 + 0.1 pb £ 5
10?
Rob 22+03+05% | 22+0.4+05% o
Rup (NLO) 1.6 + 0.2% 1.1+ 0.3% 1
. Q5[ ! |
e Also measured Ry, Ot+j, and Owsbb for visible phase S i+t 11
space only g % 0.702030405060.7 0809 1

b jet discriminator
arxiv.org/abs/1411.5621
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ttW and ttZ

e Ditferent SM processes - associated W is ISR

(not coupled to top), Z can be radiated from\\ M !
z

top quark and measures top-Z coupling

e ATLAS and CMS have made ttZ u
T /'\/\/\/\/\/\/\/\, 1T

measurements at 7 TeV and ttW and ttZ
measurements at 8 TeV

A

e ATLAS measures in OS dilepton, S5 pyu, and 3!

e C(CMS measures in SS dilepton, 3/, and 4!

e Main backgrounds are Z+jets and tt+jets (with
prompt and non-prompt leptons), WZ, and ZZ

Tree-level ttW and ttZ
production at the LHC
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ttW: CMS/ATLAS 8 TeV

e Counting experiments in SS (and 3/ in ATLAS) S; I:Wil IS:#:;
channels, where tt+jets events with non-prompt|,, N
leptons are the main background i 082011 | 0882013

MisDD lepions | 13209 | 21224

e Both use a data-driven estimate of non-prompt bkg.

Total non-tfV 2.8+09 3.6+24

Total expected 7.7+1.3 9.8+2.7

e CMS includes ey and ee channels, splits by charge

Observed 6 14

e Both use strict cuts to reduce background ATLAS 3! and SS pp counts
ATLAS-CONF-2014-038

19.5fb™" (8 TeV)

e Both use tight lepton ID (well-isolated, near vertex) § fow' T o

e ATLAS requires > 2 b-tags, and in SS channel both 40?% B s
leptons pr > 25 GeV, MET > 40 GeV, = pr > 240 GeV 2 Mg s e

e CMS requires > 1 b-tag, both leptons pr > 40 GeV, and | C;; EI;TO_E(?4 — _
X jet pr > 155 GeV | = |

Total p*u* e'tut e'et upw ew ee
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3] ttZ: CMS/ATLAS 7/8 TeV

e Counting experiments in 3/ channel, where non-prompt Z+jets
and tt+jets, and prompt WZ and ZZ are the main background

e LeptonID and Z candidate mass 91 £ 10 GeV

e CMS requires > 4 jets, > 2 b-tags, leptons pr>20 GeV 111 A5 3/ counts

ATLAS-CONF-2014-038

e ATLAS requires > 3/4 jets, > 1/2 b-tags
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ttW and ttZ in OS events

e ATLAS finds 7 optimal variables to separate ttW /ttZ from tt+jets

Most involve simple object pr/counting/ distribution variables

ttW and ttZ events are more central, have higher pr than tt+jets and Z+jets
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4] ttZ and OS ttW / ttZ

e (CMS does a counting experiment in the 4/ channel for ttZ
e Exactly one Z candidate mass 91 + 15 GeV, loose lepton ID

* >1medium b-tag, 1 or > 2 loose b-tags

e ATLAS uses neural net to search for ttW and ttZ in OS events
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ttW and ttZ results
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7 TeV: owz = 280 + 130 + 50 fb (CMS), < 710 b (ATLAS), 0wz = 137 £ 14 (NLO)

Predicted 8 TeV cross sections are Otz = 206 £+ 29 fb, oww = 203 £ 25 tb (NLO)
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tt+tt: ATLAS 7/8 TeV

* Looking for 4 tops produced in contact interaction or SM process

e SSevents with > 2 jets and MET > 40

e 7 TeV analysis has > 2 leptons with > 1 b-tag and Hr > 550 GeV
: : 8 TeV
e 8 TeV analysis has exactly 2 leptons with > 2 b-tags and Hr > 650 GeV _

w LI LI LI I LI I LI I LI I L I LI I LI LI I YIeldS
T 102 ;AT'LAS Preliminary f Ldt=14.3b" ep channel, (5=8 TeV — Channel
o o [] amis-id 5 | Samples ee e i
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- = [ Faes - | Fakes 0.18 +0.17 + 0.05 0.07 + 0.28 + 0.02 <1.14

n ;L’L‘iontact [ ttszrwow) 4 | Wz/ZZ+jets <0.1 0.01 + 0.09 + 0.01 <0.11

— 1 W (+jet(s)) 031+£0.04+0.12 | 093+006+035 | 0.65+0.06+0.25
10 |_ B wzzzz = | dZ(+jet(s)) 0.09 + 0.02 + 0.04 0.34+0.04+0.14 | 0.14 +0.02 +0.06

= | ) ww 3 | Total 0.8 +0.2+0.1 20+04+04 0.8+1.2+0.3

B O — 4-tops Contact (x 32.1) | | Observed 1 6 1

B I — - b->Wt 800GeV (x 49.9) | —

I - 95% C.L. upper limit
e , | ATLAS SS eyi3 o(pp — tit) [fo] CI/AZ [TV

C % LI L ted . Model Expected 1o range | Observed Observed

- | [ 1expected Standard Model 43-89 85 -

i | | num. jets i Contact interaction 29-61 (< 90) 59 (61) 15

1 0-1 Il L PRI TR B A | PRI B Rl B N A I - ] ] T EE—
8 10 12 14 16 18 20 ATLAS 8 TeV (7 TeV) tt+tt limits ATLAS-CONF-2013-051

* Y UNIVERSITY OF

NOTRE DAME

jets

16

ATLAS-CONF-2012-130

Andrew Brinkerhoff


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-051
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-051

tt+tt: CMS 8 TC:SV

N . A6
-E1O

D108

* Looking for SM tt+tt events with a single @ |
lepton (6x SS signal yields, larger bkg.) 10°

19.6 b (8TeV)

. W tf + 1l/gg
Tiso.u, N =6,N,. =2 w4 cobb

i EW
Hr = 400 GeV, ET 2380 GeV | { other
v Scale uncertainty
SM tttt (x 100)
¢ Data

e Events with > 6 jets, > 2 b-tags, MET > 30 GeV,
Ht > 400 GeV

e Reconstruct hadronic tops using jet separation

-1 08  -06 -0.4BD_|;0.2 4 0. o.'2t
and b-tag discriminator values in a BDT, tiee AISCrIMINAN
.. » ,  CMs 19.6 fo' (8TeV)
matching jets to W and top decays. Identifies £1°F jis0.un >7, N =2 mmitlog
(¢)) 105 é— jets tags + CC

correct three jets 60% of the time in tt systems. 7'% F H; =400 Gev, E™ 230GeV = g otner

© ] 2 St (e 100)
e Use 2nd-highest tri-jet score and jet variables in 1225 * Data
BDTs for 6, 7, and > 8 jet channels. wEE
1
e Seta limit of 32 fb (32 + 17 expected) on tt+tt 3|, ; :
(expected cross section of 1 fb) 8

03 02 01 0 0.1 02 03 04
BDT,,.: discriminant

JHEP 11 (2014) 154
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summary

e Sensitivity reaching the ~30 fb range

* No significant deviations from SM yet

Plot macro from Matthew Herndon
https://twiki.cern.ch/twiki/bin/view/
CMSPublic/PhysicsResultsCombined

CMS/ATLAS (April 2015)

| | 3 I : —_ 1
o 107 = | . —
© — | i -
C" — . . —
9 B : , -]
et
(@) | : ]
@ ; .
N | .
(V)] Y4 /‘
g 10° = L =
'S - RuF=6.2%2.1% | —
[ Rur POWHEG = 5.2% | ‘S S S | |
c - HF /// |
2 - Rur ALPGEN = 3.4% | R B
o : :
> - | - —
© | .
O
Pt _ : : .
o 10 — o 7 TeV measurement (L < 5.0 fb™") : . —
[ 3 8 TeV measurement (L < 20.3 fb™) ' : |
- w7 TeV Theory predictidn : : _
B 8 TeV Theory predictic;n : : N
J J ‘
= 22 959G limit | —
|

; ;
‘tt+b/c ATLAS | |
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Prospects tor LHC Run II

] ] > .002 arxiv.org/abs/1309.1947 —
* Running at 13 TeV - all tt+X cross sections £ [ iz
N
rise, some dramaticall m 00l t+H—
J y l:.‘jt : \ tE+W+:
. 1 2 ©.0005 —
e Plan to deliver 100 tb! in Run II — 7
| tE+W -
I B A
 Expect ~900 tt+tt events per detector by 2018! 8 10 12 14 16
Vs[TeV]

o Expect ~55k ttW and ~76k ttZ events per detector | Expected SM cross

sections

550 ttW and 760 ttZ in 2015 alone, if we're lucky 8 TeV |13 TeV

tt | 248 pb | 816 pb

 For comparison, Tevatron Run I produced ~670 tt
tW | 203 fb | 566 fb

pairs per detector, and Run II produced ~72k tt
ttZ | 206 fb | 760 fb

pairs per detector

tt+tt | 0.9fb | 9.2 fb

* Entering the era of precision studies of tt+X  twikicernchtwikiminviews
LHCPhysics/TtbarNNLO

dx.doi.org/10.1007/THEP07(2014)079
1. ]UNIVERSITY OF x.doi.org/ /1 (2014)
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tt+bb: ATLAS 7 TeV

e Dilepton tt ratio Rur = tt+HF/tt+jets = 6.2 + 1.1 (stat) + 1.8 (syst) %

e 79+ 14 (stat) + 22 (syst) of 105 events with > 3 b-tagged jets estimated to be from tt
+HF, a 30 deviation from the zero tt+HF hypothesis

e Jetshave pr>25GeV, InI<2.5, identified with sec. vertex neural network

e HF quarks with dR < 0.4 from parton shower, with dR > 0.4 from matrix element
e b and c quarks with pr > 5 GeV, dR(quark, jet) < 0.25

 Fy/ur = tt+b/tt+HF = 0.31 + 0.03 from MC (Alpgen/Powheg/MadGraph5)

e Fit for Ryr using 2D jet pr vs. vertex mass template

e Consistent with Rur =3.4% from Alpgen and 5.2% from Powheg (w/Herwig)

e dx.doi.org/10.1103/PhysRevD.89.072012

* Yt UNIVERSITY OF
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ttflob: ATLAS 7

TeV

|
E ATLAS ® Data
10%E B -1 — Combined fit
- J- Ldt=4.71b ---- Heavy flavor
. - \s=7TeV | - Light flavor
= § High purity Medium purity Low purity
= 102
© B l......
- -
10 Ereeenedt

1 0.1 | | | | |
No Sec LOw H/gh N, LOW H/g N

Hig

Verpgy T3S 8Ss " s ortey 258 "mags Sec. "érc;:(mass " Mass
Tagged jet vertex mass category
b purity b-jet c-jet Light-flavor
efficiency efficiency efficiency
High 60% 17% 0.43%
Medium 10% 7% 1.00%
Low 5% 6% 1.33%
Total 75% 30% 2.76%
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tt+bb: CMS 8 TeV

e Dilepton tt ratio Rur = tt+bb/tt+ets = 2.2 + 0.3 (stat) £ 0.5 (syst) %

e Expect o =21.0+2.9 pb, 6uwb = 0.23 £ 0.05 pb for jet pr > 40 GeV (compare to
our = 0.13 pb without jet cuts)

e Four categories: tt+bb, tt+b (merging, acceptance), tt+cc, tt+LF, tt+other

e tt+other generator-level leptons or jets fail || acceptances or pr > 20 GeV cuts
e Fit to CSV distribution with norm. and Rur as floating parameters

e tt+other and tt+cc combined w/ tt+LF, tt+b with tt+bb

e Same measured value for pr > 20 GeV and pr > 40 GeV jets, which had expected
values of 0.016 + 0.002 (MadGraph and Powheg) and 0.011 + 0.003 (NLO), resp.

e https:/ /twiki.cern.ch/twiki/bin/view /CMSPublic/ GenHFHadronMatcher

e arxiv.org/abs/1411.5621

* Yt UNIVERSITY OF
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http://arxiv.org/abs/1411.5621

tt+bb: CMS 8 TeV

Phase Space (PS) Oai; [PP] 0t [pb] Oiivb/ Ot
Visible PS (particle)

Jet pr > 20GeV/c 0.029 £+ 0.003 £ 0.008 1.28 = 0.03 £0.15 0.022 £ 0.003 £ 0.005
Full PS (parton)

Jet pr > 20GeV/c 1.11 = 0.11 = 0.31 521 =1.0x 6.8 0.021 £+ 0.003 = 0.005
Jet pr > 40GeV/c 0.36 = 0.08 = 0.10 16.1 0.7 21 0.022 = 0.004 £ 0.005

NLO calculation
Jet pr > 40GeV/c 0.23 £+ 0.05 21.0+£29 0.011 £ 0.003

* Y UNIVERSITY OF
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ttW: ATLAS 8 TeV

e Standard model ttW in SS dimuon, 3/, and OS dilepton channels

o ATLAS-CONF-2014-038

-----------------------

10~ ATLAS Preliminary SR2uSS eData  Wtiz ]

- K] Bttw Bzz

L | L=20.3fb" Vs=8TeV wz 1 Other -

8- NitH tz ]
MisID lepton

SS MET

40 60 80 100 120 140 160

---------------------------

7
7 G

80 100 120 140 160
ET** [GeV]
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0 20 40 60

Events / bin

Data/ Pred

OS 4jet NN

1400~ ATLAS Preliminary

- [Lot=203m", fs=8Tev
1200~ OS dilepton

- 4, 1b+2Db

* D

D?om
1000 Z Tot une

800

600

l'll"l'l']l'l[‘l"]l

N e
[s
.Clhw

-1 08060402 0 02 04

25
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NN output

Events / bin

Data/ Pred

OS 5 jet NN

700}~ ATLAS Preliminary

frer=20am’ fe=aTev ¢ 0ua
00| OS dilepton |

=5, 1b+2b D""«‘-’
500 Z Tot unc.

rrrrrr

L

YooY e
Nt

(=
.Clhw

1 080602402 0 02 02 06 08 1

NN output
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TLAS Preliminary SRZ eCata  WiZ
L=203% (5=8TeV

31: leptons

ttZ: ATLAS 8 TeV

e Standard model ttZ in 3] and OS dilepton channels

o ATLAS-CONF-2014-038

Events / 20 GeV

Data/Pred

eee

7T mee TR

ATLAS Prehmmary SRZb1lnc14 ooms Wiz
Wriw Bz
L=203%h V5=8TeV Wz  Other

WriH 174
MisiD lopfon

31 1b: min
trijet mass

Events / 50 GeV

Data/Pred

L J

100

150 200 230 300 350 400
Minimal M_,, [GeV]
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ATLAS Preiiminary  SAZb2j4  #0uts B
L=203f" f5=8TeV
31 2b: OS 4 jet NN OS 5 jet NN
240 —
ATLAS Preliminary ) 100~ ATLAS Preliminary e
220 fLar=2031" fe=BTev  Poua .W [ fLa=203" f5=ETev $om L Jivoom
200F- OS dilepton O oo [0S dilepton B [
180f- 41 2P 80[-=5j, 2b Hz-ss  Pore
160 '+', .(J‘"Cf é Tot urc. - Z Totunc.
140 80
120
0 20 40 80 8 100 120 140 ie0 100 40'
ET™ [GeV] 80 -
10[-ATLAS Preiiminary SRZb2j4  eows Wiz 60
i . w zz ]
.IL=20.31b Vs =8TeV e Bom 40 20

8- ] z -
MisiD leptan . 20

31 2b: min : e o

bl by %

0 :———o — - — E

00 200 300 400 500 600 700 0 08 0604 02 0 02 04 06 08
ac

H™ [GeV] NN output

trijet mass -

50 100 150 200 250 300 330 400
Minimal M_,, [GeV]
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ttW /ttZ: ATLAS 8 TeV

e Results in various channels

o ATLAS-CONF-2014-038

Combination
Process | Signal Strength || Observed o | Expected o

17V 0.8970% 49 49

tw 1.2570% 3.1 2.4

tZ 0.73703 32 3.8

Simultaneous fit of two signal strengths in all channels

Channel Witz i Observed o Expected o
trilepton and same-sign dilepton | 0.7070:32 1.3770% 4.1 4.1
opposite-sign dilepton 0.77£0.65 | 0.71 +2.41 0.4 0.6
combination 0.7170:2% 1.30703% 4.4 4.4
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ttW /ttZ: ATLAS 8 TeV

* Input variables to OS BDT

o ATLAS-CONF-2014-038

Variable Definition

Mf,)f,“’“‘ Mass of the two untagged jets with the highest pr in events with exactly two tagged jets or
mass of the two untagged jets with the highest py after discarding the jet with second
highest b-tagging weight in events with exactly one tagged jet

Cent;e, Sum of py divided by sum of E for all jets

H1 2nd Fox-Wolfram moment

Hljet 2nd Fox-Wolfram moment built from jets only

Mil‘i’1indR Mass of the combination between any two jets with the smallest AR

maxMt‘é‘t‘)dR Maximum mass between a lepton and the tagged jet with the smallest AR

P Third leading jet pr

. Fourth leading jet py

ARY.. Average AR for all jet pairs

Ni]:sw) "MV | Number of jet pairs with mass within a window of 30 GeV around 85 GeV

ij]t Number of jets with pr > 40 GeV

MMaxPt Mass of the combination of two tagged jets with the largest vector sum py

ME?‘”‘P‘ Mass of the combination of a tagged jet and any jet with the largest vector sum py

ARy, p1 tep2 A R between the two leptons

Variable 2£0SZveto 2{0SZ
4j,1b+2b | >25j,1b+2b | >25j,2b
Mt 1st 7th -
Cent;e, 2nd Ist 6th
H1 3rd 2nd -
M j’;““dR 4th 6th B
maxM{”c’gng 5th 5th -
pchtB 6th _ _
o - 3rd -
ARgvc 7th - -
\M(jj)-M(V)|<30
NJ. ots J | - 4th 2nd
M ™ - - 3rd
AR,i,l,l ‘ lf: 2 - - 4th
Mbj axr’t - _ Sth
H ].jc[ - - 7th

* Y UNIVERSITY OF
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Events

ttW: CMS 8 TeV

e Standard model ttW in SS channels

e (CMS: EP] C74 (2014) 3060

SS leptons SS trijet top mass SS 1%t lepton pr

19510 (8 TaV, 19517 (8 Te X .
l l l I I ‘ ) > L I LA I L I LENL L I L L I L] l( L] UV) 19'51b ‘aTev > 19'5m1|aTe
CMs - Obsarved ] 8 18 CMs * Obsarved ©
50 @ iw 1 o ©
O iz ] ® Oz &
B vz 1 & B vz >
@ irreducible {1 € [ Irreducible @ ireducible € B ireducible
40 B Mismeasured charge 7 2 Bl Mismeasured charge B Mismeasured charge g B Mismeasured charge
I Misidentiied lepton | w Bl Misigentitied lepton B Misidantitied lepton w B Misidantitiad lepton
— Backgrounds ] — Backgrounds — Backgrounds — Backgrounds
30 #2 BG uncenainty _ #2 BG uncertainty % BG uncenainty % BG uncertainty
20 -
] B | -]

%

Total

VITA |CEDO
DUL- | SPES
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ttZ: CMS 8 TeV

¢ Standard model ttZ in 3! and 4! channels

e (CMS: EP] C74 (2014) 3060

19.5f" (8 TeV) 19517 (8 TeV)
‘(e l I l l ] % [T v o7 I Trrr I T 57T I Trrr I T rrr I T 7T l-
5 18 CMS - Observed . 1G] . CMS - Observed J
@ Oz ] giof Dz -
& iw N - @ iw ]
16 B irreducible ] % - B irreducible b
14 ) Non-top-quark I l% 8 B [ Non-top-quark )
s B Misidentified lepton ] i B Misicentified lepton -_‘ P [
- A — Backgrounds . L — Backgrounds E l b- g l
12 44 B8G uncertainty ] L 44 BG uncertainty ] 4 ta' S 4 ET
10 - 6 1 .. . @ 195" (8 Tev) - 195" (8 Tev)
: ~ 4 [ I l N |"I"ll"'l"'l"ll'l'll"l"'l"'l'"-
8 31 leptons 3 i 31 t]_‘l] et ) = i: cMS < Observed 1 & [oms - Observed 1
6 . 4 L t . - C B vreduciie ] 2 5: [ vreducibie ]
3 - Op mass | iy @z 1 2 | @z ]
4 3 B ] o [ Misidentified leptons ] 3 4 [ [ Misicentified leptons ]
""""""" B i i C — Backgrounds ] D B — Backgrounds i
2 L § 5 # BG uncartainty - i # BG uncenainty ]
0 O === 4 :_ —: 3 L -
Total  (un (e (el (eele 0 10 20 300 400 500 [Ge\eﬁo . ; ] :
b C ] - .
19.510° (8 Te 195 b” (8 TeV, 3 - 2% ]
% "'l"'l"'|"'|"'|"'|"'|"'|"'|"t-r'-ﬁ 0 L B B R L B B L N - 7] 2? ; .
o | CMS - Cbserved 1 § - Observed B ] V7% i
i’ 10 -_ D ‘EZ _- . D ‘iz N 2 -_ ’7'/77'/77'/7:— I " -1
a L @ iw _ @ iw 1 1 A ]
qc) i 3 l . Irreduqble A . Ifredwble - 1 A A SIS IS IEI S SIS i
a F [ Non-top-quark 4 [ Non-top-quark _': .
8- B Misidentified lepton =~ i, [ Misicentified lepton | D D
B — Backgrounds . 7 — Backgrounds | SRR
- Z mass | % 8Gurcerainy 7 4% BGuncenany 0 1 2 % 20 40 60 80 100 120 140 160 180 200
sk ] 31 . b-jet multiplicity ET** [GeV]
o N -
: : b-tags !
2 - - —
poredeee = 0 1'
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ttW / ttZ: CMS 8 TeV

¢ Results in various channels

e (CMS: EPT C74 (2014) 3060

SS ouw = 170730 (stat) & 70 (syst) fb 3]
] A ete”  ppuT e ee Yield
ttW (expected) 28+04 51+05 22+03 11+02 23+03 10£02 Z (expected) 784009
Misidentified lepton  10+£06 41+£21 16+09 07+£04 3.0£15 17209 [reducible 08L04
Mismeasured charge — 04+01 07+02 — 04+£01 07+£02 G 0'2 + 0'1
Irreducible 0704 1609 0905 0503 14x07 0704 o " 23410
WZ 01+01 04401 01+01 01+01 04401 02+0.1 on-top-quar ' '
iz 06+03 09+05 05+03 04+02 1.0+05 05+03 _Misidentifiedlepton 1.1+0.8
Total background ~ 24+0.7 74423 39+11 17405 61+18 37+1.1  Total background 44116
Total expected 52408 125+24 61+11 28+05 84418 47+11  Total expected 12.24+1.8
Observed 6 12 5 1 6 6 Observed 12
2b jets required 1 b jet required
ttZ (expected) 1.3+£0.2 1.3+0.2 o +100
Misidentified lepton 0.1 & 0.1 0.5+ 0.2 Oz30 = 19075 (stat) + 40 (syst) fb
zZZ 0.05 + 0.01 0.47 + 0.02 150 0
Irreducible 0.04 + 0.03 0.14 + 0.04 Oir o = 2307180 (stat) ™o (svst) fb
4l el background 02 £ 01 11+02 tZ,4¢ “130 (Stat) 5o (syst)
Total expected 1.5+ 0.2 24+03
Observed 2 2
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tt+tt: ATLAS 7 TeV

e Looking for 4 right-handed tops in contact interaction (vs. ~1 fb SM)

e SSevents (=2 leptons) with > 2 jets, > 1 b-tag, MET > 40 GeV, Hr > 550 GeV

o ATLAS-CONEF-2012-130

Channel
Backgrounds ee eu Jin;
Mis-id 0.13 £0.04 £0.02 0.23+0.04 £0.03 -
Fakes 05+x1.1+£0.3 08+x1.1+0.3 0.13+0.13 £0.04
Diboson

o WZ/ZZ+jets

0.19 £0.20 £ 0.07

034 £0.21 £0.13

0.28 £0.22 £0.10

95% C.L. limits

o W=W=+2 jets 0.06 £0.03 £0.03 0.07 £0.03 £0.03 0.03 £0.02 +£0.03 Expected Observed
1t + W/Z <90 fb <61 fb
o ttW(+jet) 0.23 £0.02 £ 0.07 0.79 £ 0.04 +0.24 0.57 +0.04 £0.18
o 11Z(+jet) 0.17 £0.02 £ 0.09 0.61 £0.03 £0.31 0.33 +0.02 £0.17
o IW=W* 0.008 +£ 0.001 £0.002 | 0.023 £ 0.001 £ 0.007 | 0.016 = 0.001 + 0.005
Total 1.3+1.1+0.3 29+1.1+0.5 1.36 £0.26 + 0.27
Observed 2 2 0
*J.]UNIVERSITY OF
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tt+tt: ATLAS 8 TeV

e Looking for 4 right-handed tops in contact interaction (vs. ~1 fb SM)
e SSevents (== 2 leptons) with > 2 jets, > 2 b-tags, MET > 40 GeV, Hr > 650 GeV

o ATLAS-CONEF-2013-051

Channel
Samples ee eu Jin;
Charge misidentification 0.16 £ 0.04 + 0.05 0.41 £0.07 £0.12 -
Fakes 0.18 £0.17 £ 0.05 0.07 £0.28 £ 0.02 < 1.14
Diboson 95% C.L. upper limit
o WZ/ZZ+jets <0.1 0.01 £0.09 £0.01 < 0.11 o(pp — titt) [1b]
o W*W=*+2 jets < 0.03 0.18 £ 0.16 £ 0.07 <0.03 Model Expected 1o range | Observed
tt+ W/Z Standard Model 43-89 85
o 11W(+jet(s)) 0.31 £0.04 £ 0.12 0.93 £ 0.06 £0.35 0.65 £0.06 £0.25 Contact interaction 29-61 59
o 11Z(+jet(s)) 0.09 £ 0.02 + 0.04 0.34 £0.04 £0.14 0.14 +£0.02 £ 0.06
o tW*W~ 0.012 +£0.002 £ 0.005 | 0.039 +£0.003 +£0.016 | 0.024 +0.003 £ 0.01
Total 0.8+0.2+0.1 20+£04+04 08+1.2+03
“Observed ‘ 1 ’ 6 | 1
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tt+tt: CMS 8 TeV

* Looking for standard model production of 4 tops

e Trijet system (jets from bottom quark and quarks from W)

reconstructed assuming the two jets with the smallest 2990999909 !
separation come from the W 9 g >
®  BDTuijet takes in dijet mass of W, trijet mass of top, dijet/ g t
trijet and non-dijet/ trijet system separation (low), ratio of i
vector to scalar pr of trijet (high), b-tag discriminator of non- ! )
dijet. Jets not in highest BDTiijet form reduced event (RE).  «oe00000000. .

e Event BDT includes number of b-tags and the following;:

) 7 Two variables based on the RE are (i) H]RE, i.e., the Hr of the RE and (ii) MRE, i.e.,
the invariant mass of the system comprising all the jets in the RE.

(i) Njers, (i) H?, (iii) Hy/H,, (iv) HE%, (v) prs, and (vi) pre. The H2 variable is defined
to be the Hr of the b-tagged jets. In the Ht/ Hy, ratio, H, is the scalar sum of the total momenta
of the selected jets. The ratio of the Hy of the four leading jets to the Ht of the other jets is
defined as Hi*°. The prs and pr¢ variables represent, respectively, the pr values of jets of 5th
and 6th largest pr. All these variables are used in the discriminant described in Section 5.4.

e JHEP 11 (2014) 154
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Full list of tt+X results

e tt+ets: TOP-12-018 (CMS 7 TeV), TOP-12-041 (CMS 8 TeV), ATLAS 7
TeV, CDFE

e tt+bb: TOP-13-010 (CMS 8 TeV), ATLAS 7 TeV

o ttW/ttZ: TOP-12-036 (CMS 8 TeV), TOP-12-014 (CMS 7 TeV),
CONF-14-038 (ATLAS 8 TeV), CONF-12-126 (ATLAS 7 TeV)

e Four top: TOP-13-012 (CMS 8 TeV), CONF-13-051 (ATLAS 8 TeV),
CONEF-12-130 (ATLAS 7 TeV)
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