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The top quark

Most massive elementary particle
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Most massive elementary particle
[GeV]

=173.07 GeV/c?

* short lifetime
* Tiop = 4 -10725s = no bound states
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Most massive elementary particle

* short lifetime [GeV] -
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* rolein loop diagrams
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Top quark physics at hadron colliders
* test Standard Model
* search for new resonances or interactions
e important background to new physics searches
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Top'quark mass universitétbo'nr] er ¢

24

Fundamental parameter of theory m :

* related to other electroweak parameters
* precise determination allows for stringent tests of SM

Eur. Phys. J. C74 (2014) 3046
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* related to other electroweak parameters

H
Fundamental parameter of theory Wm% W
b

* precise determination allows for stringent tests of SM
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* related to other electroweak parameters
* precise determination allows for stringent tests of SM
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Top-quark mass

universitétbonnl

Higgs potential

V(9) = 1(616) + [ A(610)’
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‘ Top'quark mass universitétbo'nrl e
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Top'quark mass universitétbo'nr‘ e

Higgs potential 1 1
s M, =173.1 £ 0.6 GeV (gray)
V(¢) = Euz(qﬁqb) + ZA((N B)F o owe | RERILID
Vacuum stability
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24

Top-quark pairs via strong interaction

b / /
/4
/4
b
t-channel s-channel

Wt channel
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Top-quark decays

Weak decay
» governed by CKM matrix, BF(t=Wb) ~ 1
* no FCNC transitions at tree level
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Weak decay °<_°<_°
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Top-quark decays

Weak decay
» governed by CKM matrix, BF(t=Wb) ~ 1
* no FCNC transitions at tree level

e W = {v, Thadv Or g

tt final states
e all hadronic (2b, 49)
* with a Thad lepton
* single lepton (2b, 24, 1¢, 1v)
o dilepton (2b, 20, 2v)

all hadronic

(7))

)

QD

lq Q

@ 2

o~ (/)]

Q S

g o
=

2 &

o

tau plus jets
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A tt event in ATLAS - " erc
- | | | - ~_universitatbonn
/ Run Number: 160958, Event Number: 9038972
/ Date: 2010-08-08 12:01:12 CEST
b-tag [ T

b-tag _\

\ H- !}I‘!‘

First dilepton candidate: tt > W*b W-b — e*v.b u"v,b
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Top-quark physics overview
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24

o)

prod. cross-section
prod. kinematics
resonances

new particles

.\Q_l
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Top-quark physics overview ol e
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24

mass, charge
lifetime, width
polarisation

e 20 |

prod. cross-section
prod. kinematics
resonances

new particles

aq_l
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- Top-quark physics overview mvesstoo]

24

BR(t—Wb)/BR(t—Wq)

W helicity
new decays [..

mass, charge
lifetime, width
polarisation

oy

prod. cross-section
prod. kinematics
resonances

new particles

.sQJ
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24

BR(t—Wb)/BR(t—Wq)

W helicity
new decays f,*

mass, charge
lifetime, width
polarisation

spin correlations
charge asymmetry

prod. cross-section
prod. kinematics
resonances

new particles

*?J
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24

BR(t—Wb)/BR(t—Wq)

W helicity
new decays [..

mass, charge
lifetime, width
polarisation

spin correlations
charge asymmetry

prod. cross-section
prod. kinematics
resonances

new particles

extra radiation:
8Y 4 H
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Outline

Production
* tt production inclusive
o tt production differential
o tt+jets, tt+V
* single top

Properties
® Mmass

* spin, polarisation, helicity

* asymmetries

Since PIC2015:

39 papers and 26 preliminary results on top-quark physics
discussion mainly based on submitted papers

The XXXVI international symposium on \Z\;\r:\‘
Physics in Collision (PIC) is a conference :’{33
whose focus is to update key topics in 5 \\ .
elementary particle physics in which new -~--‘»;._
results have been published within the last NL&.,‘T' ’ Qui Nhon
year or are reasonably expected to be so f’::‘.?f i
before the symposium. The aim of the (Jg\f;;f G
presentations is to encourage informal -
discussions of new experimental results

Quy Nhon

and their implications. The topics at the

symposium cover a wide range of physics subjects from experimental

li’

1
o)

.t.DJ
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1 Top-quark production I erc

24

Top-quark pairs via strong interaction

K t g >t g > ¢ g }
K t g «1 9 «1 9 j

b / /
/4
/4
b
t-channel s-channel

Wt channel
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arXiv:1605.06168, submitted to PRD

REnoEScE Y s AL Ny New Do inclusive measurement
CDF dilepton ——e—— 7.09 = 0.83 . . . .
8.8 1b" + 0.49 = 0.67 o full dataset, including combination
CDF ANN lepton+jets ey 7.82:=0.56 .
i + 0.38 = 0.41 * dilepton
CDF SVX lepton+jets jpj—e—i— 7.32 = 0.71
asm TN + 0.36 + 0.61 » b-tag MVA
CDF all-jets bty /.21 1.28 :
291" 050.118| © bHets
CDF combined 7.63 = 0.50 - ‘ iscrimi
LY ©f b oo v e » b-tag MVA + topological discriminant
. » splitin2, 3, 2 4 jets
DO dilepton —e—y 7.36 = 0.85
vk ; 3 10°L (b) D0 9.7 b § 10° () D097 b gome = Zorserr
DO IeE1ton+|ets p——y 7.90+ 0.74 5 eut = 2 jets £ 2t e Bumce
5.3 fb S 102 o o
D0 Combined e+  7.56 = 0.59 10
< 5.4 fb” + 0.20 = 0.56 10
Tevatron Combined o 7.60 = 0.41 1
< 8.8 fb'm=172.5 GeV +0.20+0.36 | _ 107 . 1_éﬁ_
Phys. Rev. Lett. 109 (2012) 132001 g Mpedin byt WML, & 8:{;%;: it 1 -
6 7 8 9 o LN - "4 05 0 05 1
0 0.5 1 Combined MVA output

o(pp — tt) [pb]

° Ot =7.26 % 0-135tat'_|'g:553 syst pb
» Ac/o=7%
» largest syst. from hadronisation
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tt production at 7 TeV

universitatbonn

arXiv:1602.09024, submitted to EPJC

All channels (except for thth) explored
Re-analysis of 7 TeV tt— (+jets

ATLAS+CMS Preliminary LHCtopWG o summary, Vs=7TeV May 2016
NNLO+NNLL PRL 110 (2013) 252004 :
------- e 5 G g e * better understanding of detector and
scale uncertainty total stat o ° °
scale © PDF © a uncertany systematic uncertainties
) o = (stat) = (syst) = (lumi)
ATLAS, l+jets o 17949 +7pb =07 1" : :
o i) e » dominated by jet energy scale and
ATLAS, all jets (*) | t = t 1 167 + 18 + 78 = 6 pb L,=1.0f" m Od e I i n g
ATLAS combined I—|-li—| 177 =+ 3 j: +7pb L,,=0.7-1.0 fb"
CMS, l+jets () |—+o+—| 164 +3+12=7pb L,=0.81.1b" ° ° I i
CMS, dilepton (*) |—|-o-|—-—| 170 4 + 16 = 8 pb L,=1.11b" o extra Ctlng ratlo R —_— GSTev(tt)/o7TeV(tt)
CMS, 1, +1t () — . — 149 + 24 + 26 = 9 pb L=111"
CMS, alljets (*) | e 136 + 20 + 40 = 8 pb L =14 fo — + ( — + )
CMS combined ——] 166 = 2 + 11 =8 pb L,,=0.8-1.1fb" } RmeaS 1.43 - 0.09 Rtheo 1.429 - 0.004
LHC combined (Sep 2012) |—m—| 173 + 2 + 8 =+ 6 pb L,=0.7-1.1 fb"
ATLAS, I+jets, b—Xuv I—H—-l 165+ 2 + 17 + 3 pb L, =47 fb" Systematic uncertainty 7 TeV
ATLAS, dilepton ey, b-tag H'lH 1829 +31+£42+36pb L =46 }H—jetS ("O) e+jets (‘VO) COTT. comb.("o)
ATLAS, dilepton ey, N'ets-E-Tiss |—|-'I-|—| 181.2+28 Z; +£33pb  L,=461b"
ATLAS v sols : H - | 194+ 18« 450 o Jet energy scale +4.8 +5.2 0.9 +4.4
ATLAS, all jets : —a—i | 168 = 127 + 7 pb L=47 " Jet energy resolution +1.4 +1.1 1.0 +1.1
ATLAS, Tyogt i 183:9-29=-3ph Lodo Emiss ynclustered energy < 0.05 +0.3 1.0 +0.2
| CMS, I+jets e+ 161.7 = 6.0 = 12.0 = 3.6 pb | ‘
CMS, dilepton eu HeH 1736217, £38pb L, =501" Plleup +0.4 +0.6 1.0 +0.5
CMS, 7,4+ e 1432142223pb L2200 Lepton ID / Trigger eff. corrections +1.4 +1.7 0.0 +0.8
CMS, v, Hets I —o—t i 152 + 12+ 32+ 3 pb L,,=3.9fb" .
CMS, all jets —t—e—— 139210226 £3pb  L,-a50' b tagging method +0.5 +0.6 L0 +0.6
(*) Superseded by results shown below the line : BaCkground CompOSitiOH Zl:OS :t04 10 :t05
I\NA:'A:[_)I:CZO JHEP 04 (2015) 040 Factorization/renormalization scales +3.7 +0.4 1.0 +2.1
: EPJ C75 (2015) 5 .
et of LG boa | CT14 PRD 93 (2016) 033006 ME-PS matching threshold +2.0 +1.7 1.0 +1.8
energy uncertainty: 3.2 pb ABM1 2 PRD 89 (2015) 054028 TOp quark pT-reweighting +1.1 +1.2 1.0 +1.1
e mdqu e foure) | | | [ | =011 | | Signal modeling for oy (0‘“5) +4.4(+22) +44(+24) 1.0 +4.4(+£2.3)
[ 1 | I I I | I I I | [ 1 |
PDF uncertainties +2.3 +1.9 1.0 +2.2
50 100 150 200 250 300 350
[pb] Sum for oy (0"‘5) +8.4(+75) 47.7(+6.8) +7.4(+64)
O.-
tt P Integrated luminosity +2.2 +2.2 1.0 +2.2
Total for o (a‘“s) +8.7(+7.8) +8.0(£7.1) +7.7(£6.7)
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tt production

at 8 TeV

universitatbonn

arXiv:15609.06076, EPJC 76 (2016) 128

1602.09024, submitted to EPJC

1603.02303, JHEP 08 (2016) 029

Recent measurements in four channels

dilepton

P+jets

1605.00116, submitted to PRD

. 19.6 fb™' (8TeV)
U) x1 03 19.7 fb (8 Tev) > 7\ T 1T TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTT \7
L 30— _ O - i
= _ CMS * Data B it S 2500l e Data ]
o - B wiaiw [CIDY - i ATLAS+CMS Preliminary LHCIOPWG o _summary, Vs = 8 TeV May 2016
> L o i ] tt
N - vV [ non W/Z Ay - -tf 1 NNLO+NNLL PRL 110 (2013) 252004 o,
20— Claqv MC syst+stat _,2 20001 - Sackground I R mT =172.5 GeV, o (M,) = 0.118:0.001 rotd] ol —
I~ = T scale uncertalnty .
B G>-) i ] scale ® PDF @ o uncertainty Oy * (stat) = (syst) = (lumi)
N T Fity¥/ndf =0.92 :
10— 15007 ] ATLAS, lepton+jets 1 } # | 260 = 1 +§§ +8pb
- i PRD 91 (2015) 112013, L, =203 fo’ :
- : CMS, lepton+jet
1000(~ B arXiv: 16092p0502:JeLS =196fb" e : 2285+ 3.8+13.7=6.0pb
e 4 4ED - : CMS, lepton+t, ot | 257+3x24x7 pb
28 1']§\\\\\\\\\\\\\\\\\§\ N R 500 ; PLB 739 (2014) 23, L, =196
p - - . .
O|50.9 W SRR N I ] ATLAS, dilepton eu o 242.4+17+55=7.5pb
0 1 =0 i 1 EPJ C74 (2014) 3109, L, =20.3fb :
Number of b-tagged jets %" 50 100 150 200 250 300 350 400 450 500 CMS, dilepton (ee, uu, W) = —o—: 239.0+2.1+11.3+6.2pb
GeV) JHEP 02 (2014) 024, L, =531b
. w { LHC combined ey (Sep 2014) | 4 2415 + 1.4 = 5.7 + 6.2 pb
a I I h a d ron IC b d ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,
1 8
18.4 fb™ (8 TeV) OOSte 19 7fb STGV) Line =5.3-20.3 o’ ?
> L L L L L L L > —_ I I I s CMS d”eptoneu 2449114+63_64pb
r ® Data g 3 I—H—|§ . -
8 250 [ISignal ] 8 45 1t+1 b, e+jets CMS = arXiv:1603.02303, L, =19.7 b :
Ql - 0QCcD 1 0 40 + Data = CMS, all jets | e |
- - RIMC unc. - S mm t signal 3 EPJ C76 (2016) 128, L, =18.41fb" 275.6 + 6.1+ 37.8+ 7.2 pb
o 2001 ] » 2 Emttother 3
T - 1 T 30 B Single t - NNPDF3.0 JHEP 04 (2015) 040
o C ] o [ W+ets 3
Lﬁ 150 » w 25 [JMultjet MMHT14 EPJ C75 (2015) 5
i ] 20 7z Uncertainty — Etfoct of LHG b CT14 PRD 93 (2016) 033006
- . - ecto eam
100 5 15 = energy uncertainty: 4.2 pb ,[AB(I\J 1)2 0P1F1t|§]89 (2015) 054028
L ] 3 (not included in the figure) a =0.
i ] 10 = °F
5oL B 5 E oo v b b b by
i ] = 100 150 200 250 300 350 400
C 1 goo 1000 1100 1200 o [pb]
= 180 ‘ ‘ T 2 2.2 tt
T el I C 2, = Z ]
< 0.5[€-F P I PR PR I | 1 r W ZAA / / 1 [e)
3 g | s 1 Ao / o= %
§ 150 200 250 300 St "Mt 27 ] = 3.5%
mree (GeV) 400 500 600 700 800 900 1000 1100 1200
t pl (GeV)
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tt production at 13 TeV

universitatbonn

ATLAS+CMS Preliminary LHCIOpWG O, summary, Vs =13 TeV Aug 2016

NNLO+NNLL PRL 110 (2013) 252004 L
"""" My, = 172.5 GeV, o (M ) = 0.118:0.001 e e

scale uncertainty
scale ® PDF ® o uncertainty

total stat
O, = (stat) = (syst) = (lumi)

ATLAS, dilepton e |—H—| 818+ 8 =27 =19 pb
arXiv:1606.02699, L =32

ATLAS, dilepton ee/ py * } — | 749 + 57 £ 79+ 74 pb
ATLAS-CONF-2015-049, L =85 pb™”

ATLAS, kjets * i | 817+ 13103 = 88 pb

ATLAS-CONF-2015-049, L =85 pb”

CMS, dilepton e
PRL 116 (2016) 052002, L =43 pb~, 50 ns

746 = 58 + 53 + 36 pb

CMS, dilepton ep *
CMS-PAS-TOP-16-005, L =2.2 fb™!, 25 ns

CMS, l+jets *
CMS-PAS TOP-16-006, L,=283 fo™

CMS, all-jets *
CMS-PAS TOP-16-013, L =253 b

* Preliminary

Effect of LHC beam
energy uncertainty: 12 pb
(not included in the figure)

o 793+ 8 =38 =21 pb
4 835+ 3+ 23+ 23 pb

—fe+— 834:25:118=23pb

NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJ C75 (2015) 5
CT14 PRD 93 (2016) 033006

ABM12 PRD 89 (2015) 054028
[¢,M,) =0.113)

200 400 600

800 1000 1200 1400
o, [pb]

Ao/o = 3.9%

Count number of eu events with
 exactly one (N;) and two (N,) b-tags

* simultaneously extract ot and €p
Ny
Ny

Lo €c,2ep(1 — Chrep) + N;)kg

2 bk
Lot €0,,Cpep” + Ny °°

arXiv:1606.02699, PLB 761 (2016) 136

&\ o fg L L B B e B B B N B R B R
arXiv:1510.05302, PRL 116 (2016) 052002 ¢ . E™ JPSRpRALA
T c -1 [ tt Powheg+PY 3
w -
42 pb" (13 TeV) 1go00f=— (s =13TeV, 3.2fb = =
..(2 E. I = Z+jets —
= CcMSs e*uw - Data 16000 = [ Diboson 3
C£150 [ 14000 — B Mis-ID lepton 3
() = — Powheg+PY -
- B Non W/Z 12000 = . ,=0= ~--- aMC@NLO+HW-++—
N o000 —/—— | Powheg+HW++ -
8100 - ==+ Powheg+PY radHi 7
c 8000 — -~ Powheg+PY radLo_J
= I  — 7
S - =
=z 6000 =
2000 —
= . e
o . —
g 4 [ © L [ Stat. Uncert. ]
T S’ t a! g
© (@) - T
3 ‘ ¢
0 T 2 3 Z 5 6 =7 =

Number of jets

Ao/o =12%

Preliminary measurements also in f+jets and all hadronic channels

| M. Cristinziani | Top quark physics | Physics in Collision 2016 | 177-Sep—2016 | 14/47


http://de.arxiv.org/abs/1606.02699

(g o)
—

tt inclusive production summary

universitétbo'nﬂ T

.........
........
.........

E‘ | | | | | | | | | | | | | | | | | | | | | | | |
B Tevatron combined 1.96 TeV (L < 8.8 fb — ]
o Z C,\XS eu* 5.02 'II'eV (L =26 pb() ) ATLAS+CMS Preliminary Aug 2016
-  m ATLASeu7TeV (L= 46fb) 7
S o CMSeu7TeV(L=51fb") LHCIOpWG
— 3| _ m ATLASeu8TeV(L=2031b")
O 10°E e cMSeusTev(L=1971") T
O, — v LHC combined eu 8 TeV (L = 5.3-20.3 fb”) =% -
2 ~ m ATLASeu13TeV (L=321f") —
7p) — v CMSeu*13TeV(L=22fb") -
(dp) B A ATLAS ee/MM 13 TeV (L 85 pb ) T T T T T ]
O — O ATLAS I+jets* 13 TeV (L =85 pb’) —
O A CMS l+jets* 13 TeV (L=2.3fb™) I
s — O CMSalljets* 13 TeV (L =2.53 fb™) 900- 4 7
s * R
O 5 Preliminary
S 107 Ty 1S
> s 800F 1 S
=) B _
© : | 4 -
= - /700r 1 4
u NNLO+NNLL (pp) i _
—— NNLO+NNLL (pp) I —
10 Gzakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] _
— y NNPDF3.0, m = 172.5 GeV, a (M) = 0.118 = 0.001 =
B | | ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] ]
2 4 6 8 10 12 14
(s [TeV]
| M. Cristinziani | Top quark physics | Physics in Collision 2016 | 17-Sep-2016 | 15/47



tt differential cross section Py

universitatbonnll

24

Motivation
* detailed test of pQCD, constrain PDF and MC parameters
* background for Higgs, rare processes and many BSM searches
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Motivation
* detailed test of pQCD, constrain PDF and MC parameters
* background for Higgs, rare processes and many BSM searches

General analysis strategy
» tight event selection — pure tt sample
* tt system / top quark kinematic reconstruction
» background subtraction 1 doi _
 corrections: acceptance, resolution = unfolding
e compare to theory predictions at particle or parton level

unfold(s — bf)
AX - [ Ldt

Q
(@l
X
Q=

Particle level

Top quark
after radiation, but before decay

Top quark proxy
reconstructed from
decay products after hadronisation
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Mis-modeling of top pr spectrum confirmed in all decay channels
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Mis-modeling of top pr spectrum confirmed in all decay channels
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Full NNLO tt differential calculation available 2 oo e e e o305
 Topquarkprandy
* Top quark pair my

* Very good agreement with measurements
arXiv:1511.04716, submitted to EPJC
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Comprehensive analysis of kinematics
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tt differential - dilepton channel
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Counting number of jets
* with different jet prthresholds

arXiv:1606.09490, submitted to JHEP
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* All distributions well modelled with appropriate parameter choices
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http://de.arxiv.org/abs/1606.09490

ttZ and ttw '1 ere

universitatbonnll

24

Couplings of top quark to Z are largely unexplored
» production sensitive to new physics
* ttZ and ttW backgrounds to new physics searches and ttH

g 7 y

Four signal regions: 20 OS, 2¢ SS, 3¢, 4¢
* extract ttZ and ttW simultaneously in a binned profile likelihood fit

* increase sensitivity by splitting channels according to

» number of jets and b-jets
» relative lepton flavour (Z or not-Z like), me

miss

» ET OrHt

o profile likelihood technique, statistical uncertainty dominates
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ttZ and ttW fit to data

Events / channel

ATLAS
Is=8TeV, 20.3 fb’

CRI 2LOSI

@ Data N Total unc. -
[ Top [ |Charge misID i
A B Fake leptons 40 .
Il Rare SM [_]ttZ
Bz B ttw

30}

20}

10

noZ Z Z ZZ Z noZ noZ Z 0 ee eu
1-2b  2b 2b Ob 1-2b 1-2b 2b 2b+ 2p+
3 8 4 3 4 54+ 5+

additionally attempt full (partial)
ttZ/W reconstruction

» match reconstructed objects to W, Z, tt
» combine into linear discriminant
» choose best permutation

combine information into BDT —
» using kinematic quantities

|l 6F
4f
2F
uu 0 Z Z Z noZ
2b+ 1b 2b+ 2b+ 2b+
4+ 3j 4j+ 2-3j
3/ +=4 jets + b tags 19.5 fb™ (8 TeV)
n
t30f- | Nonprompt Fwz zz Other
& [ WeH Btw | tiz * Data
- Post-fit CMS
i (e)

20—

10—

2z

Data/Pred.
O a4 N

ttz BDT

4L

DF DF DF SF SF

Ob 1b

201

arXiv:1510.01131, JF%M (2016) 096
7
//%//4 i |

10

5

2b+ 1b 2b+

uw + =24 jets + b tags 19.5 fo™ (8 TeV)
Nonprompt [fwz  OtherltiH

ttz Hitw °Data
- Post-fit

CMS
®)

1 (R (R (R (R
T T T T
L L

02 04 06
ttW BDT

24

2/ (GL02) LL d3Hr ‘92250°606 L:ALXJe
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ttZ and ttW results '

universitatbonn

— associated ttZ and ttW production established at 8 TeV

— 600 1T T 1 | 1T T 1 = | 1T T 1 | I L | 1T T 1 | T 600 / ] ] 80
=, “ATLAS *  ATLAS Best Fit . { 2 ZM ] / CMS
5 . —— ATLAS 68% CL ] est fit
5 500 _—\E =8TeV, 2036 ... ATLAS 95% CL - 500 70
3 - + NLO prediction* ] .
2 B ttZ Theory uncertainty | - 60
5 400~ ttW Theory uncertainty | IE' 400
N - 7 o 50—
I LT i IS c
R e — ) D
300 - D 300 204
) I
200 5 200 »
- - N
- _ | =
N i + 20
e e T | 100 K
- e TTTmmmemesmeeet 7 10
: * Madgraph5_aMC@NLO calculation :
0 I I | | L 1 1 I I | | L1 1 1 | I I | | L 1 I
0 100 400 ) >00 600 00 100 200 300 400 500 0
ttW cross section [fb] ttW cross section [fb]
ttW significance ttZ significance t'EW Sienifi ttZ Significance
Channel | Expected Observed | Expected Observed tenitcance Channels | Expected | Observed
200S 0.4 0.1 1.4 1.1 Channels | Expected | Observed oS 18 1
24SS 2.8 5.0 - - SS 3.4 49
3¢ 1.4 1.0 3.7 3.3 3/ 1.0 1.0 3¢ 4.6 5.1
4¢ - - 2.0 2.4 SS + 3/ 3.5 4/ 2.7 3.4
Combined | 3.2 45 O0S+30sa0| 57
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ttz and ttW rESUItS universitétm

— associated ttZ and ttW production established at 8 TeV  anxiv:1609.01599, submitted to EPJC

— 3 T T | T 1T | T T | T T | T 1T | T 1T | T T | T T | T 1T | | | | | |
= B i 10° = i =
= - ATLAS *  ATLAS best fit - = ATLAS ® Data2015 [tz 5
C — I — - n .
IS - ) —— ATLAS 68% CL i ~ {s=13TeV,32fb W Mwz .
5 25— \s=13 TeV, 32" . ATLAS 95% CL o  Post-Fit zz Wother 7]
3 - NLO prediction . , Fake leptons / Uncertainty
8 o ~ ttZ theory uncertainty - 10 §_ _§
G B . ttW theory uncertainty | L -
N - ] _
1.5 _ 10 -
i i C i
T
0.5— *»~»..  —T———— .- -
------ - 107 =
O 1 1 | 1 111 | 1 111 | 1 111 | | | | | | | 1 111 | 1 11 I_ - 3L | 4L | 2 L L L L L 4L
L~ > -
0 0.5 1 1.5 2 2.5 3 3.5 4 WZ‘C,QZZCR -Ss 22b4/- 24 Tby 2?b3 02 5, "SF. 7, "SF.o, "OF., 7 DFQb

ttW cross section [pb]
— now also measured at 13 TeV with 2015 data

* Otz= 0.9 0.3 pb (3.90)
* Ouw=1.5* 0.8 pb (2.20)
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ttZ event dlsplay

ttZ candldate

Run Number: 212172, Event Number: 70154285

4 leptons: u-eie;e;3 - _zi:. EXPERIMENT

Date: 2012-10-06 08:03:38 CEST

m(62€3) =94 GeV

|/_r

2 jets pt> 50 GeV

both b-tagged

mISS

Er =57 GeV
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1 Top-quark production I erc

24

Top-quark pairs via strong interaction

/4

K t-channel s-channel
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Single top quark production

universitatbonn

At LHC 7-13 TeV

ATLAS+CMS Preliminary LHCtopWG June 2016
O,
If V.| = |[Z€2 from single top quark production
» t-channel well m d
t c anne e easure Oieo- NLO+NNLL MSTW2008nnlo
PRD83 (2011) 091503, PRD82 (2010) 054018, — o —t—oi
I Io h PRD81 (2010) 054028 -
* Wtrecently established, oy scale & PDF
LHC combination Mop = 1725 GV 1.,V = (meas) = (theo)
t-channel:
L ol ATLAS 7 TeV' —a+— 1.02 + 0.06 = 0.02
* s-channel: first evidence PRD 90 (2014) 112006 (4.59 fo")
ATLAS 8 TeV 1 —t— 0.97 +0.09 + 0.02
— ATLAS-CONF-2014-007 (20.3fb™") :
3 ATLAS+CMS PreliminaryLHCIOpWG = ] :
ATLAS t-channel :
2 ) ) y p PRD90 (2014) 112006, ATLAS-CONF-2014-007, CMS 7 TeV 1 Het 1.020 = 0.046 = 0.017
c - S|ng|e top-quark produchon ATLAS-CONF-2015-079 JHEP 12 (2012) 035 (1.17-1.56fb™") :
o - ® CMS t-channel . :
O une 2016 S e JHEPOS (2014) 080 CMS 8 TeV ) o 0.979 = 0.045 = 0.016
O L CMS-PAS.TOP-16.003 _ JHEP 06 (2014) 090 (19.7 fb™")
Q | O ATLAS Wt CMS combined 7+8 TeV i 0.998 = 0.038 = 0.016
(b — PLB716(2012) 142, JHEP01(2016) 064 . JHEP 06 (2014) 090 :
N O CMS Wt CMS 13 TeV —o— 1.02 £ 0.07 = 0.02
e Elgw(zo;_a)ot?zoosv,v I:RL112(2014)231802 CMS-PAS-TOP-16-003 (2.3 fb') :
O * combination, :
1 02 — ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019 —] ATLAS 13 TeV —t— 1.03 £ 0.11+0.02
°>3 B --i-i—- ] ATLAS-CONF-2015-079 (3.2 fb™") :
- - £FFF L7 eeeemmaaaa A ATLAS s-channel —
N | -"""I"i"""' [Fr— ATLAS-CONF-2011-118 95% C.L., i
= | PLB756 (2016) 228 i Wi: :
2 i v CMSschamel =~ | | ATLAS 7 Tev ) : o | 1.03 *015 £ 0.03
- . x  7+8 TeV combined fit 95% C.L. PLB 716 (2012) 142-159 (2.051b™)
B R Y 7 CMS 7 TeV [ o | 1.01+318 +008
. % 4. -- NNLO PLB736(2014) 58 PRL 110 (2013) 022003 (49 qu )
B — scale uncertainty N ATLAS 8 TeV1'2 |—|—.—|—| 1.01£0.10 £ 0.03
L b o ek JHEP 01 (2016) 064 (20.3 fb™") :
T= = == NLO+NNLL PRD83(2011) 091503, CMS 8 TeV' |_|.._._|_| 1.03+0.12+0.04
10 e PRD82 (2010) 054018, PRD81(2010) 054028 _ PRL 112 (2014) 231802 (12.2fb™") :
~ Wt: tt contribution removed - . 12
: scale ® PDF @ o uncertainty : LHC combined 8 TeV l—'—'—'—' 1.02 + 0.08 = 0.04
L _| ATLAS-CONF-2016-023, :
- —— NLO NPPS205(2010) 10, CPC191(2015) 74 _ CMS-PAS-TOP-15-019
""" —H— ™
CFjI'105Io, MPSTvyzoosnlo, NNPDF2.3nlo T s-channel: :
Wt: p veto for tt removal=60 GeV . , - 0.18
u T o8 oy 4 | ATLAS8TeV® Lo s 0.93 ¥ 025 +0.04
_ ¢ PLB 756 (2016) 228 (20.3fb™") :
scale uncertainty
scale ® PDF ® o, uncertainty ' including top-quark mass uncertainty
2 . .
My= 172.5GeV § including beam energy uncertainty
1 | | | |||||||||||||||l||||||||||||||||
7 8 13 /5 ITeV 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
s|le
[ ] If Vil

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
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Single top - t-channel umversitm'm] erc

13 TeV measurement with 2015 data

u d
* neural network with m(¢vb), m(jb), ...
> - . . o r--——r0—— T T T T
O | ATLAS ls=13TeV,3.2f0" ] | ATLAS {s=13 TeV, 3.2 fb™" | W+
O 6000} "SR / ¢ Data ] 2 10000_ I+ SR ¢ Data ] W+
Q - M iq . 0 g
3 i - miwe t
i) [ W +jets > I Z,V\/J+jets 1
c 4000r [0 Z,VV +jets 1 W B Multijet
%’ Bl Multijet | 5000 7/, Post-fit unc.
L 5 7y Post-fit unc.
2000_
lie)
©| O
0o
100 200 300 400 500
m(/vb) [GeV]
LI B T rrrrrl rrrrrrrrrrrrrt
ATLAS s=13TeV, 3.2 fb™
Measurement result [ ;
stat. @ syst. stat.
ReSUItS ABM (5 flav.) (.
° O'(t) = 156 + Sstat + 27syst pb /;::\Sepwzm |—o—||_._Ei
° G(t) = 91 + 4stat + 185yst pb HERAPDF 2.0 a4
- JR14 (VF) e
¢ G(t'l't) =247 % 46 pb MMHT2014 o
- NNPDF 3.0 ——
°* Re = O'(t)/O'(t) =1.72 £ 0.09stat * 0.18syst T R N A R R

| M. Cristinziani | Top quark physics | Physics in Collision 2016 | 177-Sep—2016 | 29/47



Single top - Wt channel |

universitatbonn

arXiv:1510.03752, JHEP 01 (2016) 064

Dilepton selection with 1 b-tag

: - g Tarias T oma
* main background tt S otk e =
o fit to BDT discriminants in signal and "o - 7 tnerinty

background regions a00

200
100
ATLAS+CMS Preliminary LHCtopWG May 2016 _ B :
_ _ O 1.2 R ]
Data 2012, /s =8 TeV, m = 172.5 GeV 2 T R e R T ,,;,,,,,,,,,,,4.,//)/,:
v R 08 C P PPN -
total stat = i, ~h A : ‘ ‘ ‘
NLO+NNLL (PRD82 (2010) 054018) a 03 -02 -01 0 01 02 03 04
BDT Response
MSTW2008,,,
Scale Uncertainty | L | L L | L | L | L | T T
scale ® PDF uncertainty ATLAS {s=8TeV, 20.3 fb"

o, x(stat) =(syst) =(lumi) _

Wt Measured fiducial Wt+tt cross-section _
Total uncertainty
Stat. uncertainty

ATLAS, L =203 fb™

|—o-..—.—| 23.0+1.3+35=+1.1pb Predicted fiducial cross-sections:
arXiv:1510.03752 :
POWHEG-BOX+PYTHIA DR CT10 T
o™ at NLO+NNLL, o'f at NNLO+NNLL
POWHEG-BOX+PYTHIA DR CT10 f =
CMS,L =122 fb_1 o™ and off at NLO
> Tint :

l—'-'*—'—' 234 +20+46+0.7pb

PRL 112 (2014) 231802 gy A DS CT10 : -
POWHEG-BOX+HERWIG DR CT10'! -
: o™ and o't at NLO
LHC combined (May 2016 MC@NLO+HeRwIG DR CT10 b -
(May 2016) —t+—  231:1.1:33:08pb W ot LG
ATLAS-CONF-2016-023, .
CMS-PAS-TOP-15-019 Effect of LHC beam energy uncertainty: MV?@N!;O+H§RWIG DR MSTW2008 t =
E 0.38 pb (not included in the figure) o™ and o at NL
: MC@NLO+HERwIG DR NNPDF 2.3 ' = -
v b v v sy v v b by by o™ and o' at NLO
0 10 20 30 40 50 Lo b v b b el Bl
Gy, [PD] 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Wi

Cross-section [pb]

¢ 7.70 significance  ow: (8 TeV)= 23.0 & 1.3 (stat.) 73’2 (syst.) & 1.1 (lumi.) pb
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Single top — Wt channel I erc

Dilepton selection with 1 b-tag %
* main background tt b .

o fit to BDT discriminants in signal and
background regions
ATLAS-CONF-2016-065

cI0 0 ~—r—T1T—— 17—

—e— Data 2015

0 ATLAS Preliminar

~800 y1 . Wt
L700E Vs=13TeV,3.2fb it

- :

) Z+jets
u>J 600 ¢ B Fakes

Diboson
2y Total unc.

—
N
o
o
o
n

Events / bi

48000

1.2 5

Data/Pred.

0'8_,|,,|..|. | | N W SR TN TR SN T TR S S B

W/*/A)V%@VW/?’WW%’%/W %MW/;//{WW/W/W/%/WMAVAVA’WMAVA’WWAVA’/IAVAV#/IMA&

06 0.8 1 2 14 05 1 1.5

]
BDT (1j1b) response BDT (2j1b) response 2j2b yield

* 7.70 significance  ow: (8 TeV)= 23.0 £ 1.3 (stat.)T32 (syst.) =
* 4.50 significance  ow: (13TeV) = 94 + 10 (stat.)*23 (syst.) pb

- 1.1 (lumi.) pb
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Single top - s-channel

Evidence of s-channel production

—I

universitétbonnl

W+

arXiv:1603.02555, submitted to JHEP
arXiv:1511.05980, PLB 756 (2016) 228

* rare in pp collisions — grows much slower with Vs than other top production

* CMS multivariate discriminator, ATLAS matrix-element approach
o, =134+7.3 (stat + syst) pb A6/o = 54% —4.8 + 0 8(stat )+ (syst.) pb Ac/o =37%
5 Muon 19 7fb (8 TeV) 2 jet32 tags o 1500 I
g 2000 prrrrrr e e e ] = ATLAS e Data -
8 1800 a° Data %’ A [ s-channel i
3. m CMS 1 [Js channel L \s=8TeV, 20.3 b [ t-channel |
@ 1600 = Wit channel Signal region —34 |
© 1400 ;— _; W 1000 = V\{:Letss iboson |
“ 1200£ |2.50 obs - o s doson - 3.20 obs
1000 ;_ 1.10 eXp _; =€\}|1]eetfs Post-fit uncertainty i 3.90— exp
800 — — : ]
- - [l Diboson 500 »Y ]
600 | 3 [JMultijet =
400 - 3 [JSyst. unc. o
2005 | et = JRate syst.
0
-8.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 » 150 | | |
BDT Discriminant *GEJ "« Data- background ATLAS -
11 - [ swchannel s=8TeV, 203" -
AO-/O- (%) 100__ 7 . . Signal i __
Source B ///A Post-fit bkg. uncertainty gnal region ]
ATLAS CMS . ]
Statistics 12 | | N oy
50— | vtz
Luminosity 5 6 - ) //A,A//' ‘C77Zm
. L. ) 7 % 2 /%, /A/y‘y" Z y
MC statistics 12 % %/%%%/ 1
let/MET 13 19 0P 7 | .
b-tagging 8 16 f.%% -
Backgrounds 8 19 5oL | | | | '
tt/sing_;le top (t,S) models 13 33 0.0002 0.0018 0.058 0.102 0.187 (Slx)1
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Mtop — Measurement basics

24

Template method

estimator

* chose an appropriate estimator for m¢

» e.g. m(qgb)

» parameterise estimator as function of m:M¢
o perform maximum likelihood fit to data

m MM=160 GeV
mmMc=170 GeV
mMC=180 GeV

mean m;

a-m¢+b

My

thC

-2A:In(L)

=

m:extr thC

Here: measuring the “Monte-Carlo’” mass

 theoretical uncertainty up to 1 GeV when
translating to a well defined top mass

Goal in all analyses

e Try to understand/reduce impact of systematics

> Mtop
My
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Mtop — Tevatron update

universitatbonnl

Dilepton channel measurements

 matrix-element method axiv:1606.02814, PRD 94 (2016) 032004
* neutrino weighting

o — statistical combination of the two

New Tevatron combination
¢ Amtop / mtop = 0.37%

arXiv:1608.01881, TEWWG

Events/50 GeV

Data/Pred.

L -1 -+-Data
- D0 9.7 fb i

Instr.
mZ*
Il Diboson

DR S S |

0 100 200 300 400 500

H, (GeV)

Mass of the Top Quark

July 2016 (* preliminary)
CDF-I dilepton ¢ 167.4+11.4 103+ 4.9)
DO-I dilepton ¢ 168.4+12.8 (123 3.)
CDF-Il dilepton - 1715432 (19+ 25)
DO-I1 dilepton * i | 173.5041.56 (+1.31%084)
CDF-I lepton+jets ¢ 176.1+7.3 (£5.1+ 53)
DO-| lepton+jets _.Tg.a1i 5.3 (+36% 39)
CDF-Il lepton+jets “l 172.85+1.12 (:0.52+0.99)
DO-II lepton+jets r 174.98 +0.75 (:0.41+ 0.63)
CDF-l all-jets 1860115 (#10.0% 5.7)
CDF-II all-jets T 175.07 +1.95 (1.19+ 1.55)
CDF-Il Lxy ¢ 166.90 £9.43 (+9.00+ 2.80)
CDF-Il MET+Jets "W 173934185 126135

L

Tevatron combination *

174.30+0.65 (£0.35+0.54)

(£ stat + syst)
x?/dof = 10.8/11 (46%)

| |

150 160 170 180 190 200
m, (GeV/c?)
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http://de.arxiv.org/abs/1606.02814

Mtop — Tevatron update

o " erc
universitatbonnl

Dilepton channel measurements
 matrix-element method axiv:1606.02814, PRD 94 (2016) 032004

* neutrino weighting

o — statistical combination of the two

New Tevatron combination
¢ Amtop / mtop = 0.37%

arXiv:1608.01881, TEWWG

Exploit 6t = 6ti (Mtop)

2 [ D097 ~+-Data
(O] r it
8 250__ Instr.
B C m
= B Il Diboson
(4 200~
w L
1501
100
50
.c' N
£ 1'?* RPRIEPUN S
5 T —— 1 e
% 0.5¢ t
(a] 0 100 200 300 400 500
H; (GeV)

e well defined renormalisation scheme

Mass of the Top Quark

July 2016 (* preliminary)
CDF-I dilepton ¢ 167.44+11.4 (:103% 49
DO-I dilepton ¢ 168.4+12.8 (123 3.)
CDF-Il dilepton - 1715432 (19+ 25)
DO-II dilepton * i | 173.50+1.56 (131+0.84)
CDF-I lepton+jets ¢ 176.1+7.3 (£5.1+ 53)
DO-I lepton+jets [ 180.1+53 36t 39)
CDF-Il lepton+jets “l 172.85+1.12 (:0.52+0.99)
DO-II lepton+jets r 174.98 +0.75 (:0.41+ 0.63)
CDF-l all-jets 18604115 100 57)
CDF-II all-jets T 175.07 +1.95 (1.19+ 1.55)
CDF-Il Lxy ¢ 166.90 £9.43 (+9.00+ 2.80)
CDF-Il MET+Jets "W 173934185 126135

L

Tevatron combination *

174.30+0.65 (£0.35+0.54)

(£ stat + syst)
¥2/dof = 10.8/11 (46%)

|

o L :
£ 12x Dog'7fb1+ 150 160 170 180 190 200
= F Measured o(pp— tt+X) 2
o 10:— — Measured dependence of ¢ rnt (GeV/C )
o _ — NNLO+NNLL
8-t —1 o
6! B . o
4: arXiv:16056.06168, submitted to PRD
160 170 180 190 my = 172.8 £ 1.1 (theo.) 759 (exp.) GeV
Top quark pole mass (GeV) '
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‘Miop - template method at the LHC WY Lerc

AT LAS d i I e pto o arXiv:1606.02179, submitted t; )—"LB

* cannot directly reconstruct top mass, choose estimator my,

» optimise total uncertainty through cut on minimal average pr
» cleaner event reconstruction leads to reduced systematics

% i T T T T T T T T T T T ] %J B T I T T T I T T T T T T I T T T I T T T T I T ] ;‘ 16 B I I I I I I I I
O] L éiZ-nLlﬂaStion ﬁo.'l) 67.5 GeV 4 G 500 ~ e Data ATLAS p ] & . — Total — Total syst. — Stat.
L‘\) B —172.5 GeV 1 o [ 1% background s=8 TeV, 20.2fb" - 3 14 - Total theor. Total exp.
2 g4 1775GeV | £ [ — Best fit ] £ L0 ]
s 1 & 400 = Uncertainty 7 S E :
> > L _ o - : _
: i i 2 ' g 1 _==:‘:|: : E
° = . B > - ‘ : s
& - - 300 -] g T e i -
® 0.05— — N ~ 0.8 _I_‘—‘—'_l_l__‘
£ - N - - : =

B ] - | 0.6— : —
S i i 200F - __J_I_I_I_

[~ - B 041 : =
o aET = 100(- . 4|_,_.—'—'_ : .
T 12§ E - 0.2 : =
S < . - ~ ATLAS ;

0.6 X ) ) ) ) ) X — 0 SRR TR RS WA RSN TRUR WS T TAURD AU NPT YRR URU SRRt AU SN SR VRS g A DAY 0 | | | | | | | Al | | |
40 60 80 100 120 140 160 40 60 80 100 120 140 160 0O 40 70 80 90 100 110 120 130 140 150 160
My [GeV] mie [GeV] Py, requirement [GeV]

Resulting in  myop = 172.84 * 0.34stat * 0.61syst GeV
* — best single measurement in the dilepton channel
* systematics dominated by jet energy scale uncertainty
* AMyop [ Miop = 0.40%
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Mop — CUrrent summary

universitatbonn
ATLAS+CMS Preliminary LHCIOPWG my,, summary, \s=7-8 TeV  Aug 2016 July 2016 (* preliminary)
-------- World Comb. Mar 2014, [7] 1A ®
atat — CDF-I dilepton 167.4+11.4 (1031 49)
total uncertainty total stat . Py
My = 173,34 = 0.76 (0.36 = 0.67) GeV m,_ = total (stat = syst) 5 Ret DO-I dilepton 168.4+12.8 (+12.3+ 3.6)
ATLAS, l+jets (*) ——=—ip | 172.31+ 1.55 (0.75 = 1.35) 7 TeV [1] CDF-Il dilepton ——— . os as
ATLAS, dilepton (*) ——at— 173.00 = 1.63 (0.64 = 1.50)  77TeV [2] 171532  (¢19%29)
CMS, l+jets |—-|-*-|—| 173.49 = 1.06 (0.43 = 0.97) 7 TeV [3] DO-I1 dilepton * - 173.5041 56 (£1.31+0.84)
CMS, dilepton et 172.50 = 1.52 (0.43 = 1.46) 7 TeV [4] SRS T
CMS, all jets e —— 173.49 = 1.41 (0.69 + 1.23) 7 7TeV [5] CDF-I lepton+jets ¢ 1761473 51t 53)
LHC comb. (Sep 2013) = 173.29 + 0.95 (0.35 = 0.88) 7 TeV [6] .
World comb. (Mar 2014) -+ 173.34 + 0.76 (0.36 = 0.67) 1967 Tev [7] || DO-l lepton+jets 180.1+53 (+36+ 39)
ATLAS, |+jets ——=—t 172.33 =+ 1.27 (0.75 = 1.02) 7 TeV [8] ol
ATLAS, dilepton —f—=—— 173.79 + 1.41 (0.54 + 1.30) 7 7TeV [8] CDF-Il lepton+jets 172.85+1.12 (0.52+ 0.99)
ATLAS, all jets H - 1175.1+£1.8 (1.4 = 1.2) 7 TeV [9] D0- leptonaiet R,
ATLAS, single top ~ ——+—s—t=— 172.2 + 2.1 (0.7 = 2.0) 8 TeV [10] -l lepton+jets 174.98+0.75 (:0.41% 0.63)
ATLAS, dilepton I—+--H 172.99 = 0.81 (0.34 = 0.74) 8 TeV [11] CDF-I all-jets -
ATLAS, all jets o 173.80 = 1.15 (0.55 + 1.01) 8 7TeV [12] 186.0+11.5  (#10.0% 57)
J 2016 E
ATLAS comb. (|+‘;ng A H 172.84 = 0.70 (0.34 = 0.61)  7:37ev (11l || GDF_|| all-jets —— (75074195 (41195 155)
CMS, I+jets HetH 172.35 + 0.51 (0.16 = 0.48) 8 TeV [13] T
CMS, dilepton I—|-°'I-—I 172.82 + 1.23 (0.19 + 1.22) 8 TeV [13] CDF-II Lxy ¢ 166.9049.43 (£9.00+ 2.80)
CMS, all jets e+ 172.32 = 0.64 (0.25 = 0.59) 8 TeV [13] R
CMS, single top |—|—’—]—| 172.60 = 1.22 (0.77 = 0.95) 8 TeV [14] CDF-Il MET+Jets 173.93+1.85 (+1.26+ 1.35)
CMS comb. (Sep 2015) H 172.44 + 0.48 (0.13 = 0.47) 7+8 TeV [13] | |
: [1] ATLAS-CONF-2013-046 6] ATL.AS-CONF-2013-102 [11] arXiv:1606.02179 Tevatron Comblnatlon * 17430 i065 (i0.35i 0_54)
(*) Superseded by results o1 oER 13 G0t 108 o ZL)?‘;;:S::??Z (2015) 330 ) ::;:zeion’;zfggfe?zizoo4 (+ stat + syst)
Shown beIOW the |ine [4] Eur.Phys.J.C72 (2012) 2202 [9] Eur.Phys.J.C75 (2015) 158 [14] CMS-PAS-TOP-15-001 XZ/dof —_ 10.8/11 (460/0)
: [5] Eur.Phys.J.C74 (2014) 2758 [10] ATLAS-CONF-2014-055
N N R RN L1 1 L1 ] | | | | | | |
165 170 175 180 85 150 160 170 180 190 200
2
Mo, [GeV] m, (GeV/c®)
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Myop — NOvel extraction techniques umversitém'm] erc

Using tracks and leptons

* reduced experimental uncertainties

» reconstruct secondary vertex from b-
hadron decay

» m(SV,0) is sensitive to Miop

» better momentum resolution

» smaller corrections compared to jets

» splitin bins of SV-track multiplicity

arXiv:1603.06536, PRD 93 (2016) 092006 cys 10715 TeV
3180002— e Data 665G
™ 1 - — m,=166.5 GeV
S . —mameseey
_§1zooo§
8 6000?
my = 173.68 +0.20(stat) o3,

so

a0 (syst) GeV o

20 40 60 80 100 120 140 160 180 200
m,,, [GeV]

e Systematic uncertainties
» experimental are <500 MeV
» b-fragmentation (-0.54; +1.00 GeV)
» top quark pr(0.82 GeV)
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M¢op — NOVel extraction techniques

universitatbonnl

Using tracks and leptons

* reduced experimental uncertainties

» reconstruct secondary vertex from b-
hadron decay

m(SV,0) is sensitive to Miop

better momentum resolution
smaller corrections compared to jets
split in bins of SV-track multiplicity

v v Vv v

arXiv:1603.06536, PRD 93 (2016) 092006 cus 19.7 167 (8 TeV)
E 18000§— e Data
“ s
= 140001 —m =178.5 GeV
& 12000
S 10000/
2 8000
8 6000F
4000—
2000—
my = 173.68 +0.20(stat) 3
(O}
f(l):gg(syst) GeV g

20 40 60 80 100 120 140 160 180 200

e Systematic uncertainties -
» experimental are <500 MeV
» b-fragmentation (-0.54; +1.00 GeV)
» top quark pr(0.82 GeV)

Events /(10 GeV)

arXiv:1608.03560, submitted to JHEP

Using J/i) mesons

* Select tt events with B—J/y—uu
» reconstruct m(¢, J/Y), small BR, 666

events selected
< L L B B L L
) E 250 - ¢ Dat: b
© " ) ki ]
S 200/ Single t ]
<3 I Background 4
> - 7/) Uncertainties
2 150 -
S C
>
LLI -
100
50|
0
) o 3
CMS 19.7 fo™' (8 TeV) s 2
T T T T I T T T T I T T T T I T T T T I T T T T ~ 2:
1001 =(173.5 +3.0)GeV & ' —17 & ¢
L m= 2 = 3. Ea o Lk
| 238
B 8 3 uru mass (GeV)
80 — I 2_ —
i \ |
L o . . i
60 |— 170 180 —
I + m, (GeV) |
¢+ Data _ 3 5 3 O
40 — —— Fit result — mt — 17 . :I: . Stat
+ ; ] [ statistical uncertainty
B g e gamma component
- I | e Gaussian component | :l: 0.9 (Syst) Ge \/ .
20 ¢ ¢ + _|
0 “‘\.III | | TR RO SO K. WY X
0 50 100 150 200 250

e Systematics mainly
» b-fragmentation and top modeling
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tt spin correlations A e

24

In QCD the spin of heavy quarks is correlated at production

Very short lifetime

® Ttop < Thadronisation < Tspin-decorrelation

 information of spin propagates to the daughter particles
» direct measurement with charged leptons
» can be studied with or without reconstruction of tt system

Spin correlation strength
* dependent on the observables, production mechanisms and energy
* can be extracted from angular variables (dilepton A, cos 9)
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tt spin correlations at LHC

_AE
universitatbonnl

in t'E dilepton arXiv:1601.01107, PRD 93 (2016) 052007
* observables formed by angles between

the two |ept0n5 tt Spin Correlation Measurements Summary May 2016
e also differential
Standard Model :-------
: fo\ =(stat) £(syst
19.5 o™ (8 TeV) 30 19.7 b (8 TeV) 5 u *(stat) =(sys)
LU L %) - i :
o~ [ CMS -—NLO,SM  eData = oms  hets CS, dilepton :
= - NLO _-MC@NLO S [ — CMS Data PRL 112 (2014) 182001, oo 1.02 +0.10 = 0.22
< | Z no spin corr. . >25] — Corr. (SM) (stat + syst) s=7TeV, L =5 : —ie— :
0.4+ — _g i ---- Uncorr. (stat + syst) ATLAS, e/utjets E
| -e 20 - 2% SM + 28% uncorr. PRD 90 (2014) 112016 E 1.12 0.11 0.22
i i | < | (stat + syst) s=7TeV, L_=4.6 fb” ’ i : -
0.21 N 15} ATLAS, dilepton
L [ 7 : PRD 90 (2014) 112016, P 1.19+0.09+0.18
i 10} {s=7 TeV,L_=4.6 b’ —t—a—
(o] = = I ATLAS, dilepton
i 5} :
_______ L PRL 114 (2015) 142001, . + (0. + (0.
U ! ' 5=8 TeV, L_=20.3 fb" | 1l20 3 0 O|5 0.13
400 600 800 1000 1200 oL—L< : :
M (GeV) 9000 CMS, utjets
tt PLB 758 (2016) 321, _ . 0.72 + 0.08 = 0.15
{s=8 TeV, Lim=19.6 fb 1
CMS, dilepton
[ [ ] .
. PRD 93 (2016) 052007, : 1.12 = 0.06 = 0.11
In tt U+ ]EtS arXiv:1511.06170, PLB 758 (2016) 321 kel R H o2
* using matrix-element method R T T
(N T N T Y O Y N Y A O

* calculate sample likelihood for two 0 02 04 06 08 1 12 14 16
hypOthESES SM Spin Correlation Fraction fSM
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tt spin correlations at Tevatron umversitém'm] erc

24

Different physics at Tevatron and LHC
* ppvspp — qq vs gg (like helicity gluons) at different energies
e — spin correlation at both interesting and complementary.

arXiv:1512.08818, PLB 757 (2016) 199

Tevatron matrix-element technique
 Evidence (4.20) for spin-correlations in agreement with SM prediction
o extract gg— tt fraction in absence on BSM: fgg = 0.08 + 0.16

»n 450
O

£400:- D@, 9.7 fb 4 .- 33t§pin Cor =
W 350 — ] —— With Spin Corr —
300 = I Background =
250 - :
200 -
150 =
100 = -

50
O 0 ' '

50 =
= o AT Wy plishiehl sl
® _ fF-coCC | SR LT3 E
s -50 , , , v , , , T
Q 0 010203040506 07 0809 1

Discriminant R
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tt forward-backward asymmetry Ars M

universitatbonnl

24

At Tevatron, pp— tt production

anti-top
N(Ay > 0) — N(Ay < 0) do

AFB:N(Ay>O)+N(Ay<o) Ay =yt — ¥ dy;

e top quark preferentially follows p beam direction

* asymmetry zero at LO, but appears at O(a3)
» interference between Born vs box diagrams and ISR vs FSR in tt+gluon

q t q—>—-u.,o§v.p—>—t qg { q 4
i q | g +

t q t

2 1 1 2

o]
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tt forward-backward asymmetry Ars umversitétm e

24

At Tevatron, pp— tt production

anti-top
A ~ N(Ay >0) —N(Ay < o) Ay —
e top quark preferentially follows p beam direction

* asymmetry zero at LO, but appears at O(as3)
» interference between Born vs box diagrams and ISR vs FSR in tt+gluon

q t § ——us—— g
t
Until 2013 Arg unexpectedly large (SM ~10%) >MM<
* larger than expected in SM, especially at high mq: q ¢ ;
* Ars = (1724)% q t
* Ars = (30%7)% for m(tt)>450GeV (CDF) >WZ\A<
* — many new physics scenarios proposed to explain this 7 ;
40/47
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tt charge asymmetry - Ac

LHC collides pp, not pp — no Ars

 but can define analogously a charge asymmetry

N(Aly| > 0) = N(Aly| <0) Aly| = [y, = Iy
N(Aly| > 0) + N(A]y| < 0) YI= D = Dl

Al =
* SM prediction for inclusive Ac is 1.1%

» much smaller effect than at Tevatron (gg dominates)

In dilepton channel
e can additionally define a dilepton asymmetry

(Aln| > 0) = N(Alg| < 0)
Aln|l = — |y
(Alg| > 0) + N(Alp| < 0) 1| = |1+ | = |nge|

N
A?:N

* SM prediction is 0.6%
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Arg Mmeasurements at Tevatron

universitatbonnl

Measurements at Tevatron and LHC are complementary

* SM predictions at NLO (QCD+EWK) Afs ~ 10%

» differential theory calculation at NNLO+NNLL available arxiv:1601.05375, JHEP 05 (2016) 034

Tevatron Top Asymmetry

Latest result CDF dilepton events
» overall agreement with SM

arXiv:1602.09015, PRD 93 (2016) 112005

tt—I'I' + 2 jets + K,

1 1 1 1
T T T ey

NN\
SN -
SO
NN
NANNEHS
NASVS

A
o
A

—— CDFDIL ~~~ DO L+J
NNLO SM

Czakon, Fiedler, and Mitov
arXiv:1411.3007

—— CDF DIL linear fit

|
o
N
LI I LI

——= CDF L+J

0.5

1 1.5 2
IAytI

o

CDF Lepton+jets (9.4 fb™)

PRD 87, 092002 (2013) —_— 16.4 = 4.7

bty 12+ 13
i -1 |

oo ooy 1) = 10.6 + 3.0
: -1 -

e ) ;;; 18.0 = 8.6

CDF Lepton+jets (9.4 fb™) 3.2
PRD 88, 072003 (2013) - 9.4 = 2.9
CDF Dileptons (9.1 fb™)

PRL 113, 042001 (2014) 7'2 =+ 6-0
DO Lepton+jets (9.7 fb™) 3.4
PRD 90, 072001 (2014) - 5.0+ 3.7
DO Dileptons (9.7 fb™ 4.4 + 3.9

PRD 88, 112002 (2013)

CDF Dileptons (9.1 fb™ 76 +8°2

PRL 113, 042001 (2014)

DO Dileptons (9.7 fb™

PRD 88, 112002 (2013)

NLO SM, W. Bernreuther and Z.-G. Si, PRD 86, 034026 (2012)
- NNLO SM, M. Czakon, P. Fiedler and A. Mitov, arXiv:1411.3007

tt Ay Asymmetry (AtFtB)

Lepton g Asymmetry (A::B)

Lepton Ay Asymmetry (A::B)

—_— 123 +5.6

0 20 40
Asymmetry (%)
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universitatbonnl
Most recent: 8 TeV dilepton channel
o template fit, as function of my, y:+ and pr
arXiv:1603.06221, PLB 760 (2016) 365 195 fb" (8 TeV) 19.5 fb™ (8 TeV)
arXiv:1604.05538, PRD 94 (2016) 032006 008" CMS ~-MC@NLO  <Data| g 006f CMS ~-MC@NLO < Data
< 0.061 — NLO (QCD+EW) 1 < [ — NLO (QCD+EW) 7
Variable CMS ATLAS NLO (QCD+EWK) : 0.041 :
0.04] | . i
Actt | 11+11207 | 21216 111+ 0.04 ook 1 0.02¢
Aclep |0.320.620.3| 0.8£0.6 0.64 + 0.03 07._'—"_ o I § 0
i -0.02}
-0.02F | . i
arXiv:15612.06092, PLB 756 (2016) 52 - .0.04L
_0_047\\\\\\\\\\\\\\\\\7 TR IS N R NN T SO R A N N S SRR R
7 AL L R A B 400 600 800 1000 1200 400 600 800 1000 1200
0.4 / N % P o — My (GeV) Mg (GeV)
< 03F ' 5 = <0l ATLAS
o W i - Vs=8TeV, 20.3 b
I(T) 02 - ] 0_02:_ Inclusive - Parton level
A 04 0.01-
£ = :
o 0 i
< ]
N TLAS 8TeV, 20 fo ~0.01—
-0.1 R vatron: PRD87/092002; PRD84/11200 - A B ther & Si. PRD 86. 034026
& L. odels: PRD 84/115013; JHEP 1109/097 e ATLASdata >ernreutner & SI. ’ :
a Qo _ - 5 light octet, LEFT
_O 2 L1 1 ,///_f' %\%\b\\gl R R AT N N Y N N N R 0.02_ 21::22; X :ISE: OCIe:, i;(?::
) 0 0-1 0-2 0-3 0-4 0-5 :I 1 1 | | | | IOI 1 | | | III I?Cel’l 1 11 1 | |
A - 1 96 T V -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
FB (pp! . e ) Até
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‘ The Wtb Vertex universitétbo'nrl erc

9
Lo = ——=
NG

W boson helicity

o P+jets channel

g EZ‘J,LWQV

V2 mw

oyt (VP + VRPR) W, — (gL PL + grPR) W,

* interpret as limits on grvs g1 t-channel
* double differential angular
Variable CMS NNLO distributions
Fo |681%1.2+2.3|68.7+0.5 ° interpret as limits on gR/vL

= 32.3+0.8+1.4| 31.1+£0.5

fR_|-0-4%0.51.40.17%0.01 arXiv:1510.03764, JHEP 04 (2016) 023

arXiv:1605.09047, submitted to PLB

I T N
§ X _ 04 ATLAS + Best Fit ]
0.10, 19.8 fo! (8TeV) %u Vs=7TeV, 4.6 fb™ e SM i
%710.08; CMS WoscL T o2 %68% cL
o« E 95% CL |
008E V=1, V=0 [ o5% cL of -
- — . pu—
004 Combined u+jets and e+jets * SM - .
0.02- i + ]
0.00— e 0.2 -
-0.04 0.4~ .
-0.06— - .
E -0'6_rl 11 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 111 I 111 I 11 1 IT
-0.08) -04 -03 -0.2 -0.1 0 01 02 03 04
otob—— o Lo L L L L Im[gRNL]
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Re(g,)
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Top-quark polarisation o Y e

t-channel polarisation tt top polarisation
* top-quark spin asymmetry sensitive e performed also at Tevatron
to polarisation e compared with BSM models
» p-value of 4.6% SM (2.00)
| do 1 . | arXiv:1607.07627, submitted to PRL
;dCOS@}}-:§(1+Pt OéXCOS@X):(i—i_AXCOSHX) /g L L B |‘| L
0.4— -1 Measurement  —
@ DA, 9.7 b
arXiv:1511.02138, JHEP 04 (2016) 073 L * Standard Model -
~ N 7 ]
Q i
. T -1 - xigluon models -
CMS u+jets, t+t,19.7 fb™' (8 TeV)
=) L I O B B B 02— PP . ¢ m200R —
T 1= — POWHEG (5FS) + Pythia 6 E L T e %Y A m2ooL i
S 09F - aMC@NLO (4FS) + Pythia8 E RS vy 000 ]
S -~ —— CompHEP + Pythia6 E A Y TR
<~ 985 | Unfolded data O Y R m2000R ]
-8 0.7 T Stat. | Total + - O— N e "?l" ----- 68 % CL region —
g 0.6 l # = - M __—" ----- 95 % CL regiob -
,E 0.5;— $ _i B A """"" 99.7 % CL region
0.4F %{ - i |
- T # 5 -0.2— —
03:_ b —: N |
0.2 - i ]
0.1 —f | | | | | | | | | | | | | | |
0:\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\: -0.2 O 0.2 0.4
1 -08 06 -04 -02 0 02 04 06 08 1 P (helicit
Unfolded cosoy; ( )
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Much more in the pipeline. ... ol e

universititbonnl

24

More preliminary results released in 2016 by ATLAS and CMS

° 5TeV
» ttinclusive (16-015)

 8TeV
» tt dilepton double differential (14-013)
» tt+jets (15-006)
» search for tZand FCNCin tZ (12-039)
.

mass dilepton (15-008), tt+1jet (13-006), leptonic observables (16-002), single top (15-001),
all hadronic (16-064)

» search for CP violation (16-001)
e 13 TeV
inclusive tt ey (16-005), ¢+jets (16-006), all hadronic (16-013)
tt differential dilepton (16-007, 16-011), ¢+jets (16-008)
ttbb/ttjj (16-010) and search for tttt production (16-016, 16-020)
tt W, ttZ (16-017)

t-channel inclusive (16-003), differential (16-004) ... and TOP2016 starts this Monday
tZ (16-009) ’ with many new results anticipated

o
_ QLOMOUC. CZECH REPUBLIC
9" International Workshop on Top Quark Physics

19 - 23 September 2016

J

vV Vv vV Vv Vv v

24
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‘ conCh.lSlOn universitétbo'nr‘ erc

Top physics is currently a very active field
* more than 150 LHC papers so far, 65 results released in the last year

tt precision measurements include
* 3.5% tt total cross-section
* 0.28% top quark mass
* modelling in differential measurements

New production mechanisms established, for instance
* tty, ttbb, ttW, ttZ, single top Wt and s-channel

Searches for new processes involving top quarks
e ttH, FCNC top quark decays, tt resonances, stop production, ...

Expect even better sensitivity
 with full 13 TeV dataset and ultimately with 3000/fb (HL-LHC)

| M. Cristinziani | Top quark physics | Physics in Collision 2016 | 177-Sep—2016 | 47147



Preliminary I: inclusive o umversitétm erc

5.02 TeV 13 TeV eu channel
p o 2.2 (13 TeV)
..UE) CMS e Z_ipgaizoz LLL -'UE)1 OOOO;EI\{!S. eiM; + =2 jets o [_)ata
L%’ Preliminary Mt % | rreminary = tlflon W/Z
- = L W2 S WV + ttV
g W W S T W .
g W 2N = eF g 5000 B Z/Y* —e'u’
pa Z I
014
S L g
. 1 1 ; —— N — — pa—
Number of jets Number of b jets
CMS PAS TOP-16-015 CMS PAS TOP-16-005
first measurement at this energy updated to 2.2fb™
expect 73% gg—initiated )
data collected in Nov.2015 0(tt) = 793 * 8stat + 38syst * 21umi pb
eu channel + jets
o(tf) = 82 + 23 pb Systematics dominated by ¢ efficiencies,
jet energy scale and tt NLO generator choice
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Preliminary II: inclusive o+ umversﬁétﬂ erc

13 TeV l+jets channel
gmooooooo CMS Preliminary 2.3 pb™ (13 TeV) a;‘::boson =tvvvv E:YV CMS PAS TO P'1 6'006
10000000 [« [ ] Mutjets (data) -
1000000 very inclusive 1¢ + > 1jet selection
100000 fit to Myep
10000 G(tf) =835 * 32 pb
1000
100 Also extract top pole mass
i) 1.2
& 1 172.3 £ 2.5 GeV
1j,0t 1j,1t 2j,0t 2j,1t 2j,2t 3j,0t 3j,1t 3j,2t 4j,0t 4jé1t i A'Ej,Zt
vent category
13 TeV all hadronic
2537 (13 Tev)
S [ T R el ooty CMS PAS TOP-16-013
0] £ Preliminary ¢+ Data (stat. unc.) 3
B *L—.—Lm :;ota:]ugc. 1
o 3l —— Powhe i} -
o E I e total o(tt) = 834 + 116 pb
2 10 - also differential, resolved and boosted
= el = — results also at parton level
§ N -
: 0;;+ S pr(top) significantly softer than predictions
& “5007600° 700 800 900 1000 1100 1200
Leading top P, (GeV)
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Preliminary lll: differential o A

13 TeV dilepton 13 TeV €+jets channel

L 1

CMS Preliminary 2.2 (13 TeV) CMS Preliminary 2.2fb” (13 TeV) = jgE T T T T T T T
— 101 ErrTT T T T T HE T r . = " ATLAS Preliminar Fiducial phase-space .
T ] I ' ' A 2 - Dilepton POWHEG v2+PYTHIA8 = c wid P P 3
% - Dilepton * Data ] et T e MG5_aMC@NLO+PYTHIAS[MLM] 2 1.4 __f = |13dTeV’ 32fb  Daa . -
C . =z - . . ) n
- —— Powheg v2+Pythia8 1 L o MG5_aMC@NLO+PYTHIAB[FXFX] = foresoved o/ e am Tt ]
©) m Approx. NNLO JHEP 01 (2015) 082 2 E = 1.2— + \gamp=2My radHli —
— 102k - . = E POWHEG v2+HERWIG++ © o e PWGH+PY6 h,, =m, radLo -
ol E A Approx. N°LO PRD 91 (2015) 031501 3 n‘? C Data with statssvs uncertaint o 1 —— PWG+PY8 hy,,,=m, ]
© % : v NLO+NNLL' arxiv:1601.07020 1 ~ B . ” ’ s o r M T PWGHH+ Mgy = 7
+ NNLO 2016 prelim., arXiv:1511.00549 B Statistical uncertainty i o e e aMC@NLO+H++ ]
—|O i ' L 1 8 0.8— Stat. unc. —
1 0'3 - . _g <4 1= poasmre@enea? = C Stat.+Syst. unc. ]
; Lo F 0.6 -
] i ¢ 0.4 -
i o ]
4] | i C _
107 A E 10 H 0.2 -
1 1 1 ! 1 1 1 1 ! 1 1 1 1 + 1 1 1 1 ! 1 1 1 1 ! 1 I- E 5 1 .2 : } :
Stat. § - g FE e e -
> 1.5 Stat. @ Syst. ‘ | 38 I -
6 9 4n-2 E L L L L L L L n- : :

2|8 12E- v 08
= - ] 11w 5 1.2 P P ]
! SlE ,1hee 8lg ]
= - ’ o o ]

0 100 200 300 400 500 0.7E \ 0.8

pT I:Gev:l 0 0.5 1 15 2 25 3 0 0.5 1 1.5 2 2.5

it -
T Ao Iy"|

CMS PAS TOP-16-011 CMS PAS TOP-16-007 ATLAS-CONF-2016-040
Particle level distributions Resolved and boosted
as a function of top, tt, ¢ selection

and b-jet kinematic
properties Fair agreement with MC
Most generators predict a
Agree with predictions harder pr(top)

as a function of top, tt
and of the number of jets

Broadly in agreement
with predictions
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Preliminary IV: differential ot umversitém'm] erc

8 TeV double differential
F; fl\fla I::”’?inag};sl | (It)| 0ss 1 oss | (It)| has 1 ?194;57 f|bl-(t)|(8|: : V)' = = dat 2.3 1" (13 TeV)
> I <yt <0. : .39 < |y(h)| < 0. Bo<y(t)| < 1. 45 < [y(t) < 2. A\ § M I . . I —e¢— data
& | L 0 e 5 b Peimiay P e o
== | i ] - - - POWHEG + Pythia6 u —— MG5_aMC@NLO P8 [FxFx]
ES) o) g la® S POWHEG + Herwig6 ] Q i - MG5_aMC@NLO P8 [MLM]
<\.lg = | e 1 e -+ - MC@NLO + Herwigs — - < — - Powheg P8
g 107 P P s _ JE F - e T~ M85 AMGGNLO P8
-AE ; ] S Sl o F - MG5_aMC@NLO H-++
© 1 s AR = iy
| (EREET EOETE BILLES Zatiy 3 E
; : === =- - - - - - - -
10-5;_ E3 __ 10_2 §_
E ey : F I ! I - | | L | |
%12 T+t T .ol E‘cu1_4 I ——
¢l ; i P TR SIS e
o 1 "'i'-':'. = [ i...*..ﬁ””:’:"’ ..'C_- © 1 T —————————————————
° '?'::7:7'7:7: ii- ........................... J( \ T T
508 o $ D i T 08 5 100 200 300 400 _ 500
= 200 400 200 400 200 400 200 400 pT(tt) [GeV]
p_(t) [GeV] p_(t) [GeV] p_(t) [GeV] . (1) [GeV]
dilepton ey channel Particle and parton level
. . L. function of top and tt
various combinations of two observables is atu tc ° bl P
« 4o Inematic variabies
compared to NLO, aNNLO, Monte-Carlo predictions
impact on constraining gluon PDF is illustrated L o
no significant deviation
Overall reasonable agreement
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Preliminary V: tt+jets

universitétbonnl

8 TeV, tt+jets

Data
Theory

CMS Preliminary

19.7 6 (8 TeV)

I I I I
Lepton+Jets Combined

S 1
3 e s
_ -+ _‘
S I ]
| —e— MadGraph+Pythia6 :_-----..._.%t._.__ —
= --m-- MC@NLO+Herwig6 L -
- - -+- POWHEG+Pythia6 ' %ti
| POWHEG+Herwig6 —
= | | | o :
— [ ] stat. + syst. - n
I [ ] ° A |
—og= o= O A ® A LTy
4 5 6 7 8 9 =10
Jets

CMS PAS TOP-15-006

C+jets
Fiducial and full phase space

Good agreement with NLO
predictions

13 TeV, tt+bb

CMS Prellmlnary

2.3 fb (13 TeV)

LR N0 A R L A AR A
c F ﬂi .ttbb .ttLF .Slnglet E
o i [Ittbj [tt others @DYJets -
10" g [ticc ttv ¢ Data

>4

Number of b-tagged jets

CMS PAS TOP-16-010

Select 20 + 2 4jets
o(ttbb)=3.9 1.4 pb

o(tt bb)/o(tt jj) = (2.2 £ 0.6)%

Compatible with Powheg+Py
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Preliminary VI: tt+jets I erc

SearCh for tE+tE | 3|gnal normallsed ’|[O total background

p T T T |
2.6 fb" (13 TeV) AS Prellmlnary fData 2015

Single Lepton

CMS limits on o, = \/_ =13TeV,3.2fb" it (SM)* ]
Preliminary _.-_ gs;zg:g 1o g 355_ Signal Region th + light _E
expected + 2 o £ 30r210], 3D [ Jtt+cC -

SM © b Post-fit Witt + bb .
w25 T =

Dilent - [(tt+V/H 7

riepton 201 [ INon-tt E

- 72 Uncertainty -

4 A
IIIII

Combined

010 20 30 40 50 60 70 80 90 51'251 %{%W%%%%%%
95 % CLlimiton w=0_ _/ og, @075 ¢ :
8 05 400 600 800 1000 1200 1400 1600
I 1Gev]
CMS PAS TOP-16-016 ATLAS-CONF-2016-020
SM expect 1.3 fb @ 13 TeV Single lepton channel
Uses BDTs to suppress backgrounds Split in several categories
Upper limit 10.2 x osm(tttt) at 95%C.L. Upper limit 21 x osm(tttt) at 95%C.L.
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Preliminary VII: single top umvemtétm Jere

t-channel @ 13 TeV

2.3fb" (13 TeV)
IIIIIIIIIIIIII:

o\ L B L LN IR B
' - imi Dat
2wl orgon e Mo
I EWZijets - CMS PAS TOP-16-003
AT 700F N Post-fit unc. J
600F =
500 w+jets signature
400
300F
200 o(t) =142 £ 23 pb,o(t) =81+ 15 pb
100 o(t+t) = 228 £ 33 pb, |Vin| =1.02 £ 0.07
-1 -08-06-04-02 0 02 04 06 08 1
MVA output
§C§) 1-21 .._¢.__—¢——¢——¢——+——+—_+__+__+__+_~,
0.8E =
0 2.3fb1(13TeV)
Q1= SR rerrT T ]
98 11: e Data B CMS PAS TOP'16'004
~ : = AMC@NLO (4FS) 1
— 10} + Pythia8 E
RN — Powheg (4FS)
g Pythia8 ] [ [
[ aMC@NLO (5FS) - u+jets signature
~ 7k + Pythia8 E
®) : aMC@NLO (4FS)
X i * Herwig Parton level,
@) c E
S 4 compared to Monte Carlo (NLO+PS)
2_ _: L] L] ] L]
i o General agreement within uncertainties
o 100 200 300

pr (t+1) (GeV)
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° ° °
° R
Preliminary VIlI: single top WY e
universitatbonnl
Wt channel @ 13 TeV
£0005 + e — 112000 ¢
Lgoof ATLAS Preliminary —e— Data 2015 . .
2700F Ys=13TeV,32fb" =ﬂWt _210000*2
2600 . = Fokos Jeooo $
1, Totatane. ATLAS-CONF-2016-065
Using BDT to separate from tt
3 ? 4o ow: = 94 + 10 (stat.)*28 (syst.) pb
= 1W/&/A&W@W@WW%%A(W%MM/)/WA{/W/W/W/A/;;*//////% Wt — -)_n3 .
5 | [ [
00-8;.111111111.1111.111-—l1 ll-_ 1
0.6 0.8 1 1.2 14 05 1 1.5
BDT (1j1b) response BDT (2j1b) response 2j2b yield
Search for tZ
R ‘. 107 b (8 TeV) . 9%):MSPreliminary l2.7fb'1 (13 TeV)_
o\o . — I — serve c E
3 ::E_Pg'mgy e — ::pecte: § 80 L E
P I : CMS PAS TOP-12-039
£ 014 ]
m 60 =
012k ]
o 50 E SM expect 236, fb (@ 8 TeV
008 N 27 : measured o(tZq—30) at2.40
06— 30 -
: FCNC t—Zc
0.04F 20 B
0.02 f_ 10 - ]
0:“u\uu\uu\u'w\ﬂ H\‘\\\H‘HH‘HH‘\.\\"\‘»\HH Gt s~ — 5
0 0.00500100150.02 0025 003 Ogiftif“zt(;"’(so /2')05 2j(=0b) 2j(=1b) 3j(=0b) 3j(=1b) 3j(=2b) 4j(=0b) 4j(=1b) 4j(=2b)
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universitétbo'nr‘

[ o
[
Preliminary IX: m¢op erc
Dilepton tt + jet leptonic observables
S 197107 (8TeV) 19.7 fo (8 TeV) o L erm'eTey)
8 o M‘?’Z + Pre/in%r!\grs -8-8:0 2'5;‘6|‘\/‘|‘S“‘ ““““ ‘H"""H"""HH‘HH‘HHWH—: E—F o * I\D/Izt;raph+Pythia6m—1665GeV_§
2 ' 7% L Prefiminary == - Data ] g o _ngézgﬂing ARUSIE
- i — x0_1665Gev i R - - PUL E
3 15 MC = 169.5 GeV ] 5 oaf =
2} Tr R'\:C—1725Gev ] 0.12 E
e - 10_1755GeV; e T . E
S s - — mM° =178.5 GeV ' = E
® 05; -~ ::::::::!:::::::; Z.ZZ S — E
eI T 0:2‘2‘_ ............ PRy j:.
1_c5)_ + T"_ 1-4;___':____ ) ) -gtat.(-BSySt = pEL vy 1y | - | | =
2t . Do 1obmed tat. = o
§ 1%#****%““*“‘% ﬁ‘ i ﬁ mﬂﬁm# E 8 1_2..r ig
sk :_ | | H ] 0.8 r_ . —
110120130140150160170180190 200 0701 02 03 04 05 06 0.7 0.8 0.9 1 60 B0 00 120 140 160 180 200
M—?Z [GeV] P p(M)+p_(1) [GeV]
CMS PAS TOP-15-008 CMS PAS TOP-13-006 CMS PAS TOP-16-002
Using mpe, Mr2, Mbgy Using normalised invariant mass | | Novel technique, eu channel
observables distribution of the tt+jet system several observables studied
using pr(€0)
Shape sensitive to miop Also extract from differential o 171.7 £ 1.1 (stat.) £ 0.5 (exp.)
- Dilepton channel +25 108
172.22 +0.1 +0.89 : . 1 (th)Zop (pr(t)) GeV
0.18 (stat) Zpgs (syst) GeV 169.9 + 1.1 (stat) fg? (syst) J_“;’:g (theo) GeV
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Preliminary X: m¢op

universitatbonnl

‘ single top

19.7 b (8 TeV)

> ~ T T T T

(5600 CMS -
Zs00- Preliminary — _
()]

all hadronic

i ATLAS Preliminary
1000~ J. Ldt=20.2fb"

Entries / 0.04

—4—Data /s=8TeV |
—— Signal Fit ]
—— Background Fit -
—— Total Fit

mit, = 173.80 £ 0.55 GeV
i

Fokga = 0.584 £0.012

x?/ndf = 72.3/48 = 1.51

I | 1| 1| \\\‘\\\‘\\\ 1| 1| I I
16 18 2 22 24 26 28 3 32 34

Ryjo = my/m;

CMS PAS TOP-15-001

Using single top t-channel
u channel
Selection aiming suppression of tt

172.60 & 0.77 (stat) T35 (syst) GeV.

ATLAS-CONF-2016-064

Events reconstructed with x> method
Multi-jet background data-driven

Template fit to Rs;; = mjjp/m;j

173.80 £ 0.55 (stat.) £ 1.01 (syst.) GeV
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LHCb joins the top family i erc

24

PRD 115 (2015) 112001

Forward region interesting
* enhanced sensitivity to BSM (qq and gg production)
* constrain PDF at large x = improves background to high-mass particles

LHCb observation

* can identify W bosons and tag b- and c-jets = combine to top quark search

* likelihood fit of N(ub) and A(ub) in fiducial region
c(W*q)—o(W™q)

100

* Wb-only hypothesis is excluded at5.4 o AWa) = SwF oy ro(w=a)
= B
§ LHCb i ?anztjtop ;g;

compatible with
MCFM NLO

' // |

95 o 20 45 70 95 o0
p(u+b) [GeV] p.(u+b) [GeV]

> 25GeV, 2.0 < < 4.5
pr(p) oV, 2.0 < () o(top)[7TeV] = 239 £ 53 (stat) & 38 (syst) fb,

AR(u,b) > 0.5, and pr(u + b) > 20 GeV
50 < pr(b) < 100 GeV, 2.2 < n(b) < 4.2 o(top)[8 TeV] = 289 4 43 (stat) 446 (syst) fb.

Backup slides
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» 1 e
ttY universititbonnl

Observation in 7 TeV data PRD 91 (2015) 07207
* sensitive to ty coupling and to anomalous t*— ty

Fiducial cross section measurement at particle level
* with generator cuts pr(y) > 20 GeV and AR(y, ¢) > 0.7
e template fit to photon isolation variable in ¢+jets+y channel
 suppress misidentified y from Z— ee: | m¢y - mz | > 5 GeV

> % T | LI T T 17 T 11
8 1PE ATLAS En:ogact:;\annel - ATLAS —$— Data
~ C -1 ) -
2 = | Vs=7TeV, f Ldt=4.59 b %?'ggf&groun q ] s=7 TeV, f L dt=4.59 fo" Theoretical uncertainty
G>J : [J Hadron fakes :
w %\ Total uncertainty from fit
10 — Electron channel ——e—— 767 (stat.) *** (syst.) = 1 (lumi.) fb
- N -
E Q& N E Muon channel ———s 55 ' (stat.) " (syst) = 1 (lumi.) b
' A\ ~
1 N = Combined ———— 63 + 8 (stat.) j; (syst.) =1 (lumi.) fb
: —
i Theoretical prediction — 48 +10 fb
N
101 L |2| L I4I L l 1 l 1 |1| 1 |1|2| . |1|4-| . |1| — I1| — I2 1 1 1 1 | | I | | 1 1 1 | | 11 1 1 | 11 1 1 | | | | | 11 1 1 | 1 1 1 1
0 6 8 10 6 18 20 400 50 0 50 100 150 200 250 300
p's° [GeV]
T T, % BR [fb]

* jet energy scale and b-tagging efficiency are main systematics

Null hypothesis excluded at 5.3 ¢

24

| M. Cristinziani | Top quark physics | Physics in Collision 2016 | 17-Sep-2016 | Backup slides



tttt universitdtbonnl

otiti ~ 1 fb (8 TeV) 1.3fb (13 TeV) LN t JHEP 10 (2012 180

. o m‘< 7 JHEP 08 (2015) 105
* main background is tt+jets ’f
t CMS PAS TOP-16-016
ATLAS-CONF-2016-020
Searches :

g

* Dedicated searches with ¢ + 2 6 jets, 2 2 b-tags, large Hr
* Generic searches targeting several exotic final states: (+jets and same-sign 2¢

Strategies

* use BDT classifier with top content, event activity and b-jet content

Limits in terms of W = Oobs/Gsm
e 95% C.L. exclusion limits

S|gnal normahsed to total background

-1 . T ]
D .6 CMS — jg'”6/ fo” (8TeV) E 40 ATLAS Prellmlnary #Dat; 201|5 E
€1F tiso. N 26N _ 22 gumitl99 S (s=13TeV,32f0" titt (SM)*

o) pe jets . btags EV-I\-/CC/bb 2 35" Signal Region Dtt + light
. Lﬁ , H; = 400 GeV, ErTmsS = 30 GeV "~ tfother . % 30E-210j,3b [t + cc E
CMS ¢ +]etS 8 TeV 32 10 - Scale uncertainty | g Post-fit Wt + bb E
, SM ttf (x 100) o 25 TEaV/H
10 ]
. [ |Non-tt =
ATLAS samesign2f 8TeV 70 i dlegm.  _aAlleealll. | T Uncertainty |
ATLAS C+jets 8 TeV 23 = F AL e o g 0 mw—— E
®
. o -
CMS 20 and (+jets 13 TeV 10.2 = | S R i
9 oo Lo e e ))./././/.l..l.. //,éé// AL/ .//.// o . ’ / ) ) % ?
© - - Z 7z /%/ /f
ATLAS +jets 13 TeV 21 O v =z # T
BDTtruetz discriminant © 400 600 800 1000 1200 1400 {600
HT™ [GeV]
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CP violation in tt events umversitém'm] erc

Tiny in the SM, but new physics can enhance CP violation ™ ™"
» anomalous couplings in tt production and W decays
* measure with 4 T-odd triple-product observables (O;)

» assume CPT conservation

» observables calculated by the composition of decays’ momenta of tt ¢+jets channel
» present with asymmetry parameter Acp

Acp (0;) = Nevents (Oi > 0) = Newents (Oi < 0
l Nevents (Oi > 0) + Neovents (Oi < ())’

N——"

Results consistent with SM
* final Acp after background subtraction are zero as in SM

. . e 19.7 fb™' (8TeV)
* systematic uncertainties mostly canceled S 200 CMS B lsjets channe
~ 18 Preliminary ; [S)I?/Ita'
™ c tt
2 161 ] SM non-tt
x 14F 77 1o, Stat.+Syst.
Acp (O;) e+jets H+jets (+jets @ 12e
c 10
O» —0.01 £0.61 £0.01 +40.50=£0.56 +=0.02 +0.27 +0.41 £0.01 O gF
O3 —034 061002 —-1.03£056=+004 —-0.71+0.41+0.03 Lﬁ 65—
Oy —024 061002 —-049+056=+004 —-0.38+0.41+0.03 na
Oy —042+0.61 000 +0.46+056=+0.01 —-0.06+0.41-+0.01 oF

| ©

O,
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Definitions of kinematic quantities W e
. universitatbonn

Yboostti — (yt,1 +yt,2) /2

* longitudinal motion of the tt system in lab frame
tt _
X" = exp(2]y*|)
e production angle, with y* (and -y*) the top rapidity in the CM frame
* many BSM signals expected to peak at low 't values

Out-of-plane momentum

» projection of the top-quark momentum onto the direction perpendicular to a
plane defined by the other top quark and the beam axis (z) in lab frame

> tle A
| = | B PX2
out

|ptlerZ|

Ratio of pr of the W boson and corresponding top quark

Whad t,had
Ry; = | P

24
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®
Jre % el0%e?
.........

‘What top mass do we measure: e

2
P
If T eop were <1 GeV, top would t T f = S p
hadronize before decaying. Same as b- e ‘_ Pn i=L,..,n
quark T

Me = Flattice/potential models (mT, O(QCD)

But [«op is > | GeV, top decays before

q
hadronizing. Extra antiquarks must be
added to the top-quark decay final state q\g

in order to produce the physical state
whose mass will be measured
_ 2
q q .
As a result, My, is not equal to mPele, Meap = | Z bi
and will vary in each event, depending
on the way the event has evolved.

Goal:
- correctly quantify the systematic uncertainty
- identify observables that allow to validate the

The top mass extracted in hadron : , L
theoretical modeling of hadronization in top

collisions is not well defined below a

o decays
precision of O(l'wp)~ | GeV - identify observables less sensitive to these
effects from M. Mangano, TOP2013
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Top FCNC decays universitétbo'nm erc

W d;

In Standard Model
* ~100% t— Wb, with CKM suppressed t—Ws, Wd

* t—Xq with X = neutral boson and q = u,c is very suppressed y
b u,c u, c u, c u, c
t qg. U t Z o, q, v t t —b—‘/
A
A
_ A Y
(]/’ 17 (j’ ("Jr‘Q 17 A/‘. '~(] ‘H
J.Aguilar-Saavedra, Acta Phys.Polon. B35 (2004) 2695-2710
Beyond Standard Model
SM QS 2HDM  FC 2HDM MSSM R SUSY
t—uZ 8x107'7 1.1 x107* — — 2x107% 3x107°
t—uy 3.7x1071% 75x107Y — — 2x1076 1 x10°°
t—ug 3.7x107% 1.5x1077 — — 8x107° 2x 1074
t—uH 2x1077 41x10™® 55x107° — 10~° ~ 1076
t—cZ 1x107" 11x107*% ~ 1077 ~10710  2x106% 3x107°
t—cy 46x107" 75x107% ~107° ~1077  2x107% 1x1076
t—cg 46x1072 15x1077 ~1074 ~1078% 8x107® 2x107*
t—cH 3x107% 41x10° 15x10% ~107° 107° ~ 1076
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FCNC current limits —AF

CMS Preliminary, 8 TeV August 2016 ATLAS Preliminary
B LU B R L) B R R B R L . BR(t— cH) BR(t— cy)
PhySRevLett112(2014) 171802 A .‘é:IIIIII T |IIIIIII T |IIIIIII T |IIIIII T T MITTT T T MmITTT T EE T TTTTT T TTTTT T TTTII T IIIIIII| T IIIIIII| T IIIIII::t P
1 N C T ] N
tt, Br(t— Z q) ] | (o - HERA T 10
I 1078 LEP = el
TOP-12:039 & o2l TEVATRON \ jx
. — 10 E ES 3 m
single top+tt, Br(t— Z u) E T 3
single top+tt, Br(t— Z c) _3: T
10 & = =
= T >
L © -+ @©
JHEP04(2016)035 10—45_ E - é _
single top, Br(t— vy u) ' F ® ¥ D
single top, Br(t— vy c) e o + o
10 5:— = 5
CMS PAS TOP-13-017 HHH ittt I R
t, Br(t= H c), H— WW,ZZ ! :
10°F T ;
CMS PAS TOP-14-020 ’ 0_42_ ATLAS _éé_ _é
tt, Br(t— Hu), H — bb | : - i
tf, Br(t— H c), H— bb | i
10 N CMS 1 Preliminary i
CMS PAS TOP-14-019 ~ 4n-2E E P
i , o 10 (@)
t, Br(t— H u), H — y7 N O - T 10
tt, Br(t—H c), H— vy b [ K
. . — 10 F B | -
------ 95% CL Observed Limit [ 1o Exp.Limit ~ 1=
- - oC 10C
_950/0 CL EXpeCted lelt |:| i20 EXpLImIt m 4::|IIII 1 1 |IIIIII 1 | |IIIIII 1 | |IIIIII 1 | |IIIIII 1 | |IIIIII 1 1 gg 1 | IIIIII| 1 | IIIIII| 1 | IIIIII| 1 1 IIIIII| 101 IIIIII| 1 | IIIIFEF m
C vl vl vl vl 107" 102 10° 10 107 10° 10 102 102 10~
107 10°7° 107 107 1 BR(te CH) BR(’[% CY)
Top decay Br (%)
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