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Objective of Elementary Particle

“So that I may perceive whatever holds
the world together in its inmost folds.”

= from the smallest dimensions in microcosm
to the largest dimensions in the Universe
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Objective of Elementary Particle

“Dass ich erkenne, was die Welt
im Innersten zusammenhalt.”

Goethe, Faust

electron
microscope
o accelerator

= from the smallest dimensions in microcosm
to the largest dimensions in the Universe
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Big Bang in the Lab?
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The Tevatron pp Collider at Fermilab
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Vs =1.96 TeV

At = 396 ns

Run | 1987 (92)-95
Run Il 2001-11: 100x larger dataset
at increased energy
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The LHC pp Collider at CERN

2010-11 5.1 fb-1

op 8 2012 21.3 fb-1
Pb+Pb 2.76 2010-11 160 pb-1
Pb+p 5 2013 30 nb-1
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June 3rd, 2015: First Collisions @ 13 TeV

ewtdid  Top Precision and Searches - Christian Schwanenberger - SFB 676 Lectures 7



The Top Quark

* needed as isospin partner of
bottom quark

» discovered in 1995 by CDF and D@:
ﬂ m_ -~ gold nucleus

-
—

* large coupling to Higgs boson ~ 1.:
important role in electroweak
symmetry breaking?

> short lifetime: T ~ 5 -107°s <A™ _:

decays before fragmenting
— observe “naked” quark

Is the top quark the particle as predicted by the SM?
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Search for New Phenomena

Dark
Energy
68.3%

TODAY

Dark matter inferred from star
motion and gravitational lensing

Name |Spin jSuperpartner ;Spin

Supersymmetry: Electron | 1/2 | Selectron | 0
. Muon 1/2'}'7 Smuon \ 0
Particles ‘ Tau | 1/2 ’ Stau ’ 0

| Neutrino | 1/2 i Sneutrino ‘ 8]

Quark | 1/2 ‘ Squark ‘ 0

Name |Spin iSuperpartner Spin

’Graviton{ 2 ‘ Gravitino 3/2

. [ Photon [ 1 ‘ Photino 1/2 .
DR |  Guino |12 remedles_
R o |12 shortcomings of SM:
€ Supersymmetric 2 [ Zino | 1/2 €.g. d_ark matter
"shadow " partlcl ’ Higgs ’ 0 [ Higgsino | 1/2 candidate
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Physics Groups: D@ Collaboration
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Top Quark Physics Topics

— top physics collaboration
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Top Quark Physics Topics

— top physics collaboration
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Top Quark Physics Topics

— top physics collaboration

8 Top Precision and Searches - Christian Schwanenberger - SFB 676 Lectures 13



Top Quark Physics Topics

Introduction
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PRL 74, 2632 (1995)

discoveryl PRL 74, 2626 (1995)

I I March 2nd, 1995:
17 events DG . )
g First announcement of Top Discovery
34 in public seminar at Fermilab
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1995, CDF and D@
experiments, Fermilab
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The Top Quark

PRL 74, 2632 (1995)

|di5covery| PRL 74, 2626 (1995)

’ 17 events DG | tOday |

1000s of events

250 CDF Il Preliminary
5200 * Data (8.7 fb")
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1995, CDF and D@
experiments, Fermilab
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The Top Quark

PRL 74, 2632 (1995)

discoveryl PRL 74, 2626 (1995)

6 i | today |
- i? events DG Yy
X 100000s of events
1000, CMS Dilepton, 19.7 fb™ (8 TeV)
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T e top quark
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The Top Quark
PRL 74, 2626 (1995)

:
:
:

= JAY HOWARTH LA
ON BEHALF®FTHE AT LAS EXPERIMEN
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The Top Quark

PRL 74, 2632 (1995)

| discovery| == 74 2626 (1955) precision |

Tevatron+LHC m,, combination - March 2014, L_=351b"-8.7 fb”
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The Top Quark

PRL 74, 2632 (1995)

| discovery| == 74 2626 (1955) | precision

Tevatron+LHC m,, combination - March 2014, L_=351b"-8.7 fb”
6 | R ATLAS + CDF + CMS + DO Preliminary
7 e nts o ay COF i s ——— 172.85+1.12(0.52+0.49+0.86)
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g COF Aunil, alljets - —— 172.47 £ 2.01(1.43+ 095+ 1.04)
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Cross Sections: 13 TeV/8 TeV

Minimum bias +* 1.2
W(ln) 1.6

Z(Il) F==1.7 q>,\","\+,< t ‘
77 WSS 2.0 . .
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WH s 2.9 g t
tt  — 3.3
tt7 |— 3.6 . t
ttH e 3.9 B
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stop pair (0.7 TeV) |
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e ‘ Cross section ratios: 13 TeV / 8 TeV
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— excellent prospects for top physics
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Top Quark Physics Topics

Quantum
chromo-
dynamics
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Top Quark Pair Production

Tevatron
(~85%)

LHC
(~87%)
(8 TeV)
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Top Quark Pair Signatures

T'S alljets
14% | Top Pair Decay Channels| 46%

electron+jets
muon-+jets
tau+jets

tau+jets
muon+jets
electron+jets

dilepton (e/p) e/u+jets
6% 34%

HELMHOLTZ
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ATLAS Detector

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

Muon Detectors Electromagnetic Calorimeters

ATLAS

End Cap Toroid

Barrel Toroid Inner Detector ‘ Shielding

Hadronic Calorimeters
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Dilepton Event

umber: 160958, Event Number: 9038972
Date: 2010-08-08 12:01:12 CEST

- &f;ATLAS

A EXPERIMENT
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Dilepton Signature

CMS Experiment at LHC, CERN

Data recorded: Wed Jul 8 19:26:24 2015 CEST
Run/Event: 251244 / 83494441

Lumi section: 151

Orbit/Crossing: 39572626 / 358

MET:
164 GeV

electron:
p; = 58 GeV

muon:
p, = 54 GeV
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Dilepton Signatures

vv‘v'rvlvvvv"vvvlrvvvlv |

ATLAS ® Data 2012
\s=8TeV,20.3fb" [ t Powheg+PY
- W

| I

<
Events

B Z+jets
) Diboson
mm Mis-ID lepton

— Powheg+PY
" MC@NLO+HW
" Alpgen+HW
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Dilepton Signatures

vv‘v'rvlvvvv"vvvlrvvvlv |

ATLAS ® Data 2012
\s=8TeV,20.3fb" [ tt Powheg+PY
- Wt
B Z+jets

[ Diboson
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| I

<
Events

— Powheg+PY
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" Alpgen+HW
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R S— .
displaced track

Illlllllllllllllllllllllllllllll
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................... i E :
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Dilepton Signatures with b-tagging

O @ Ay WALLE R I RS BRI B
W S = ATLAS ® Data 2012 .
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10000 L _i L. displaced track
. Primary vtx \do K
5000 = N
— 0 .
s 15F - - - v =
5 1 ! _‘ ve ry
&
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0.5 N " A A =
0 1 2 23 N, 2
(14 - ¥ tag /g L
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Top Pair Production Cross Section

DO Run I July 2011

lepton+jets + dileptons (pLB) +019 +057
5.4 5! 7.40 %545 o5 PP
lepton+jets (topo + b-tagged, PRD) He— 7.65+0.25 +0.75 pb [ . CDF Run Il Preliminary, 9.0 fb™ - —
5.3 b 025 m0s7 Top Pair Production Cross Section at CDF
dileptons (topo + b-tagged, PLB) +0.45 +0.76 777] Cacciari et al., arXiv:0804.2800 (2008 = 2
P 4 H&H 1.27 545 —0e3 Pb LY Kidonakis and Vl;)g: aerv:OBOS?M’(ZM) Assume M=172.5 GeVic
54 fb M Moch and Uwer, arXiv:0807.2794 (2008) + (stat.) + (syst.) + (lum.)
lepton+track (b-tagged)* 16 +0.9 . T
PonTHack (brnsged 5.0 1§ Iog =03 pb Dilepton T 7.40 + 0.58 + 0.63 + 0.45
tautlepton (b-tagged)* 7.32 +1_gz 1_%2 <045 pb L:?I?;\,'r jets (topolog.) ) 7.82+0.38+0.37+-0.15
-1 -1.24 1. 5
2 Lepton + jets (b-tagged)’ 7.32+0.36 + 0.59 + 0.14
tautjets (b-tagged, PRD) r 6.30 *1-15+0.72 .0 40 pb ‘ b :
10" ~1.00-067 All hadronic 7.21+0.50 + 1.10 + 0.42
alljets (>taggea, PRO) —— 69 13 14 w04 pb MET + 23 jets 7.99+ 0.55+ 0.76 + 0.46
1.0fb™" -1. : (Ls22m")
(stat) (syst) (lumi) MET + 213 jots 7.11+0.49 + 0.96 - 0.43
. = 175 GeV B owm C'acciari'e ., JHEP 0809, 127 (2008) Tftt',zb?m" : 8181 2.27 *13 +0.47
OpCTEQB 6M I N. Kidonakis and R! Vogt, PRD 78, 074005 (2008) N T A A et T T
' S. Moch and P. Uwer, PRD 78, 034003 (2008) 4 6 8 10 12 14
l Ll_l [ Ll l Ll L ] Ll I Ll I o(pp I tt) [pb]

0 2 4 6 8 10 12

* = preliminary

blue = 2010 results G (pp — tf + X) [pb]
all channels measured except fort__. T

had " had

— good agreement with each other
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Top pair production cross section

ATLAS+CMS Preliminary LHCtopWG O, summary, Ys=7TeV May 2016
NNLOSNNLL PRL 110.{2015) 262004 ATLAS+CMS Preliminary LHCIOPWG o . summary, {s = 8 TeV May 2016
My, = 172.5 GeV, o, (M,) = 0.118£0.001 NNLO+NNLL PRL 110 (2013) 252004
scale uncertainty ‘ total stat m,,, = 172.5 GeV, a (M ) = 0.118+0.001 totaml_'_'_|
scale @ PDF & a4 uncertainty e . ) scale uncertainty + (stat) + £+ (lumi
o, * (stat) % (syst) £ (lumi) scale @ PDF @ a uncertainty 8 I e V O, * (stat) £ (syst) & (lumi)
ATLAS, l+jets - 179+4+9+7pb L,=0.7 fo"
ATLAS, dilepton (*) = 173+6° 1% "Spb L,=07fb" ATLAS, lepton+jets |_“_| 260 + 1 +§§ +8pb
ATLAS, all jets (*) F b + {1 167 +18 +78 +6pb L,=101b" PRD 91 (2015) 112013, L,, =20.3b"
ATLAS combined e 177 +3° + 7 pb L,,=0.7-1.0b" i
S, Licte ( oLt itatinto , CMS, lepton+jets . e 2085+3.8+13.7+6.0pb
hIMEtEE) LS 220 LseEi i arXiv:1602.09024, L, =19.6b°
CMS, dilepton (*) o | 170+ 4+ 16 £ 8 pb L,=1.11" CMS. |
CMS, 7+ () ———+ 149424 +26+9pb L1t , lepton+t, , F——f#—— 257£3+24+7pb
CMS, alljets (*) } t | 136+ 20+ 40 + 8 pb L=11 1" FEBrSRiEa et Ly = imsil
CMS combined e 166+ 2 £+ 11+ 8pb L,=08-1.11b" ATLAS, dilepton ep 1 i 242.4+1.7+55+7.5pb
LHC combined (Sep 2012) - 173+ 2+ 8 +6pb L,=07-1.11b" EPJC74 (2014) 3109, L;, =20.3fb’
ATLAS, I+jets, b—>Xpv —— 165+2+17+3pb L7t CMS, dilepton (ee, up, ep) —lo— 239.0+21+11.3+6.2pb
ATLAS, dilepton ey, b-tag HuH 1829+3.1£42+36pb L 461’ JHEP 02 (2014) 024, Ly =5.3 1o
ATLAS, dilepton ey, N_ -EF** i 1812228757 +33pb L =46’ LHC combined eu (Sep 2014) |y : 2415 +1.4 +5.7 + 6.2 pb
ATLAS, 1, _+ets [ t ' i 194+ 18 + 46 pb L=171 ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,
ATLAS, all jets k 4 ! 168 £12°% +7pb L,=47 " Ly =53-203fb"
ATLAS, 7+l i 18319123i3 b L,=46fb" ; 6.3
“rag P ‘ CMS, dilepton ep [ 2449+147..+6.4pb
CMS, I+jets Lo 161.7£6.0+12.0+3.6pbL =50 arXiv:1603.02308, L,, = 19.7 i
CMS, dilepton ey HeH 173.6+2175°+38pb L 501" ]
CMS, 1, ——o—t— 143414 £22+ 3 pb L-221" CMS, all jets 1 } o {
CMS, 1, Hets —_— 152 +12+32+3pb L =39 EPJ C76 (2016) 128, L, =18.41b 2756+£6.1+37.8+7.2pb
CMS, all jets —t——t 139+10+26 +3pb L,=351b"
NNPDF3.0 JHEP 04 (2015) 040
(*) Superseded by results shown below the line .
] NNPDF3.0 JHEP 04 (2015) 040 I I MMHT14 EPJC75 (2015)5
MMHT14 EPJC75 (201
I I 75 (2015)5 CT14 PRD 93 (2016) 033006
Effect of LHC beam ) CT14 PRD 93 (2016) 033006 Effect of LHC b_eam .
energy uncertainty: 3.2 pb ABM12 PRD 89 (2015) 054028 energy uncertainty: 4.2 pb ABM12 PRD 89 (2015) 054028
(not included in the figure) ) [as(Mz) = oA113] (not included in the figure) [us(MZ) =0.1 13]
IIIII[IIlIIIlIlIIIIIllIIIIlIlIIIlIlI IIIIIIIII|IIII|IIII|IIII|IIII
50 100 150 200 250 300 350 100 150 200 250 300 350 400
O [PP] o, [Pb]

(all) channels measured to look for the unexpected
— no new physics
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Top pair production at hadron colliders

'3 103 L] I 1 I LI 1 1 1 I | I1 1 1 I | I 1 1 1 I I L 1 1 I 1 1 | L -
[ ¥ Tevatron combined* 1.96 TeV (L=8.8 fb') A -
2 C '« ATLAS dilepton 7 TeV (L=4.6 ,‘;,-1, ATLAS+CMS Preliminary Sep 2014 3
- - ® CMS dilepton 7 TeV (L=2.3 fb -
o | O ATLAS I+jets* 7 TeV (L=0.7 fb) TOPLHCWG =
° | O CMSl+jets 7 TeV (L=2.3 ft") _
@ ® ATLAS dilepton 8 TeV (L=20.3 fb")
w » ® CMS dilepton 8 TeV (L=5.3 fb') 1 o
%) L% LHC combined ep* 8 TeV (L=5.3-20.3 fb’) — 5 7 /
8 10 — O ATLAS l+jets* 8 TeV (L=5.8 fb’) ' : i n o
5 — O CMS l+jets” 8 TeV (L=2.8 fb") -
= - * Preliminary 250F : (t h e 0)
0 -
= - [ 1 7
3 I ]
3 200p ) +3.9%
c 10 [ 13 =
= . ( e )
s NNLO+NNLL (pp) 150 T 4 - u
&—— NNLO+NNLL (pp) 7 8 |
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 7
=172.5 GeV, PDF® «_ uncertainties according to PDF4LHC
1 | I 1 1 L1 I 1 1 rln‘o? I L1 1 1 I 1 | F 1 I 1 1 | 1 ? 1 gl 1 1 1 | L1
2 3 4 5 6 7 8 9

\s [TeV]

n»r-=»

— experiments challenge theory again
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Supersymmetry

Standard particles SUSY particles

utralinos

larginos

@ rorce particies Squarks . Sleptons W' Susy
Force particles

Quarks . Loplons

remedies shortcomings of SM:
e.g. dark matter candidate
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Supersymmetry

Standard particles

@ rorce particies Squarks . Sleptons W' Susy
Force particles

Quarks . Loplons

remedies shortcomings of SM:
e.g. dark matter candidate

it - Top Precision and Searches - Christian Schwanenberger - SFB 676 Lectures



Stop Quark Pair Production

b ¢ Eur. Phys. J. C74 3109 (2014)
P
v
7
4% do we see
- left or {0
. . v right? v
b ¢ b (
. . N r ] 1 ” - .
Olimit = 4 (o=7TeV, 46 1" ; stel?lth scenario:
o $ 350 \s=8TeV,203 1" 1 - small sneutrino mass
SUSY 2z °7 - - stop mass close to
= Expected limit £1 o, 3 tob Mass
2 "I+ Observed limit + 1o§,ﬁ§’; W P
§ 2'5;— ~1—>tx m(% ) 1GeV E
E Pl o .=
_ - ]
O 15 = =
X C st ]
& 1 :— QIS cessssiannssassssisassiotssrsiussssiass —:
4 A 0.5;_11111llllllllljlllll‘llllll—:
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A _ m. [GeV]
S mi >182 GeV '
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Top pair production at hadron colliders

eager to put

points here \

3
3 1 0 [1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | T ]
— % Tevatron combined* 1.96 TeV (L=8.8 f&5") _ ]
= ~ m ATLAS dilepton 7 TeV (L=4.6 fi5") ATLAS+CMS Preliminary May 2015
c | e CMS dilepton 7 TeV (L=2.3 fb’) |
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— experiments challenge theory again
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Top pair production at hadron colliders
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Top pair production at 13 TeV

“top quark peak” July2015
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— agreement with SM prediction
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Top pair production at 13 TeV
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Dilepton Events at 13 TeV

ces R
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Dilepton Events at 13 TeV
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Top pair production at 13 TeV
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Differential Cross Sections

important tests of higher order QCD calculations:
requires “unfolding” to particle level
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“Revolution” in Phenomenology

® LO QCD+parton shower generators
Pythia, Herwig, ...
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“Revolution” in Phenomenology

® LO QCD+parton shower generators
Pythia, Herwig, ...

® LO multileg generators matched
with parton shower
Alpgen+Pythia, Alpgen+Herwig, ...
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“Revolution” in Phenomenology

® LO QCD+parton shower generators
Pythia, Herwig, ...

® LO multileg generators matched
with parton shower
Alpgen+Pythia, Alpgen+Herwig, ...

® NLO+parton shower generators
Powheg+Pythia, MC@NLO+Herwig, ...
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“Revolution” in Phenomenology

® LO QCD+parton shower generators
Pythia, Herwig, ...

® LO multileg generators matched
with parton shower
Alpgen+Pythia, Alpgen+Herwig, ...

® NLO+parton shower generators
Powheg+Pythia, MC@NLO+Herwig, ...

® NLO+LO multileg generators | " "o v 0 70y
matched with parton showers
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“Revolution” in Phenomenology

® LO QCD+parton shower generators
Pythia, Herwig, ...

® LO multileg generators matched tt production in full NNLO:

with parton shower 7 T — ——
Alpgen+Pythia, Alpgen+Herwig, ... _ i o 1 - -
= a1y 1
® NLO+parton shower generators &,
Powheg+Pythia, MC@NLO+Herwig, ... ;; ; - g;,z%z{éggw ______
é ) he,g/ME{0.5,1,2}
® NLO+LO multileg generators 2
matched with parton showers . m—
% s T -__ =t
® NNLO QCD calculations O i L
. 1GoV]
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Differential, unfolded: top pr
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Differential, unfolded: top pr
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Differential, unfolded: top pr
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Differential, unfolded: ms & tt pr
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Differential, unfolded: ms & tt pr
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Top Quark Physics Topics

Electroweak
Physics

Nl
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Single Top Quark Production

direct measurement of |V |
) q q b w
( \ { t
Vud Vus Vub w~ W b
VCKM = Vcd Vcs Vcb b t
\th Vts th ) q’ b g 7 g t
Tevatron LHC (7 TeV)
B t—channel B t—channel
B s—channel B s—channel

= important to measure all channels separately to search for new physics
BUT: do not separate Wt in higher orders - an unphysical question!
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Single Top Quark Selection

ogs = 1.05+0.06 pb

s—-channel: NLO+NNLL, m - 172.5 Gev

Kidonakis, PRD 81, 054028 (2010)
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V' e missing E;
b

missing
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q

* b-jets

q tb b et

t-channel: ° - 2.12+0.16 pb
missing Energy

NLO+NNLL, m: = 172.5 Gev

Kidonakis, PRD 83, 091503 (2011)
’
q q °Jets
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vV @ missing E;

b
g > b-jets

b Jet
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Single Top Quark Yields: pretag
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Single Top Quark Yields

Primary vertex .~/

g 9
mmp;uackg/
[ . 1
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q w y L .
o0 Bopsen
QcCD
q - it
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q i t
“isolated” u*
v 0
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q b v
g cq'Zt e best s/b: ~1/200 before b-tagging
b : e best s/b: ~1/10 after b-tagging
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Single Top Quark Yields: b-

e number of jets and
number of b tags to define
g samples

z {3
W + Jets, >1 b Tag
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: b W- Jets
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¢ Jet

jot e best s/b: ~1/10 after b-tagging
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Recontructed Top Mass

o
q g b
b
g
g
N [
’ W 1500
Q
0]
Q L
2 i
21000}
Q
> i
w I
“isolated” u* % 500-
Ay
| b< = (jet) 0
i AV, 140 160 180 200 220

Top Quark Mass [GeV]
et = signal and background look similar
= errors larger than signal contribution
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Multivariate Analyses

Boosted Decision Neural Networks Matrix Elements
Trees

®
®® ¢i=

“ AN A Y
LJleém oo

@}

background signal

0 1

- Christian Schwanenberger -
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Boosted Decision Trees

* IDEA: recover events

that fail criteria in
cut-based analyses
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Boosted Decision Trees

* |DEA: recover events
that fail criteria in
cut-based analyses
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Boosted Decision Trees

* IDEA: recover events
that fail criteria in
cut-based analyses

> result:
weight for every event

background signal

F PF P
s/b s/bs/b s/lb s/b s/b 0 1
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Boosted Decision Trees

* IDEA: recover events

that fail criteria in
cut-based analyses

boosting:

strain tree: T
-derive weight: of,
- retrain tree: T

to minimize error
-average: T =2« T

s/b s/bs/b s/b s/b s/b
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Boosted Decision Trees

* |DEA: recover events
that fail criteria in
cut-based analyses

* result:
weight for every event

background signal

s/b s/bs/b s/b s/b s/b 0 1
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Boosted Decision Trees

* IDEA: recover events
that fail criteria in
cut-based analyses

> result:
weight for every event

background signal

s/b s/bs/ s/b s/b s/b 0 1
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Boosted Decision Trees

* IDEA: recover events

that fail criteria in
cut-based analyses

* result:
weight for every event

background signal

s/b s/bs/b s/b s/b s/b 0 1
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Boosted Decision Trees

* |DEA: recover events

that fail criteria in
cut-based analyses

> result:
weight for every event

ckground signal
s/b s/bs/b s/b s/b s/b 0 1
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Output Discriminant for s+t

CDF-CONF 10793

b
q g
E W + 2 Jets, 1 b-Tag CDF Il Preliminary 7.5 fb™
n — Single Top
1 . tt
- ~W+HF
i — W+LF
g W v 0.1F — Z+Jets
— Diboson

0.05}

Normalized Event Fraction

-ol

1 ILO.SHHOI - 1015” 1
NN Discriminant
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Output Discriminant for s+t channel

Phys. Rev. Lett. 113, 261804 (2014) q {
q b \Y
g t
b = ’ b
. 800_ +-CDF data " w ;
- [ ISingle top

[]W +HF
W +LF

§

NN discriminant

= s+t channel observed by CDF and DO in 2009
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Output Discriminant t-channel

L v v 1 " v T T 1 T T T

L ATLAS Preliminary \s=13 TeV 1

g t 0.3 Simulation - SR pn* i _
i% — ft,Wt,tb

) f - W+jets .

0.2—___ — Multijet -

Fraction of events / 0.10

:

0 02 04 06 08 1
NN output

NN Discriminant @
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Output Discriminant t-channel

UL L L
& " ATLAS Preliminary \s=13 TeV, 3.2 b’
7 J o 1000 i cr u ¢ Data u
% ° ol
7 f 2 I it Wttb
[= ] Wajets
) ¢ [ ] Z+jets,diboson
Lﬁ [ Il Multijet
500 7/, Stat. + Multijet unc.
5
o
- 2
& 0 02 04 06 08 1
()]

NN output

nrepr-ay»
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ingle top t-channel cross section

q' q
2 E Qinna ' ' ! N | | | =
2 £ Single top-quark production t-channel (pp or pp) 3 |
o L . . _ w
_Inclusive cross sections 44— ] ¢
b
2 _
= —" K
B + |
T
y ” :
4

- —
~ NLO+NNLL, PRD 83,091503 (2011) -
v Tevatron, arXiv:1503.05027 [hep-ex] i -

[ IIIIIII
| 1 lIlIII|

1 i
107 E 4 CMS, JHEP 12, 035 (2012) =
- = CMS, JHEP 06, 090 (2014) -
B ® CMS, TOP-16-003 (prel.) - .
1072 | | 1 | | I I ! | | i , ,
2 3 4 5 6 7 8 9 10 11 12 13 14

\s [TeV]
— agreement with SM predictions!
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s—- and Wt-channel Production

Y t

CMS, \s=8TeV, L=12.2 fb, 1j1t

lll'lll'll'llllllllllll

- s-channel single top quark, Tevatron Run Il, Lint <9.7fb"
¢ Data — Expected background
I SM signal Background uncertainty 600

o i P I [ JW/Z+X

Multijets T 400
_ N7 EHiggs
102 % L 300

700
10*

CMS,

Events/0.1

W 2/ y *+jets
Il Other
Uncertainty

10°

I IIHII{

n
o

200

TRXE IIHII‘

o

_lllIllllllllllllllllllllllll

I IIHII

1 0 %2 03 -02 -01 o0 01 02 03
Discriminant output [log, (s/b)] BDT discriminant

@
1
N

. — observation: 6.3 s.d. — observation: 6.1 s.d.
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Single channel cross sections

o) N ' ' ' R I =
2 £ Single top-quark production t-channel (pp or pp) 3
e [ . . .
_Inclusive cross sections i
102 & tW (pp or EE)_:
i s-channel (pp) -
10 =
= s-channel (pp) =
1 =
= v &= NLO:NNLL, PRD 82, 054018 (2010) =
- ~~ NLO+NNLL, PRD 83, 091503 (2011) 4 CMS, PRL 110, 022003 (2013) -
P i ¥  Tevatron, arXiv:1503.05027 [hep-ex] ® CMS, PRL 112,231802 (2014) h
10 = A CMS, JHEP 12,035 (2012) NLO+NNLL, PRD 81, 054028 (2010) =
- ® CMS, JHEP 06, 090 (2014) v  Tevatron, PRL 112, 231803 (2014)
- * CMS, TOP-16-003 (prel.) ®  CMS, arXiv:1603.02555 [hep-ex] ]

102 l | | | | | l | | | | | |

2 3 4 5 6 7 8 9 10 11 12 13 14
\s [TeV]
— all production modes observed!
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Direct measurement of |Vip|

ATLAS+CMS Preliminary LHCtopWG

IVl = V%r'nm from single top quark production
heo
0, NLO+NNLL MSTW2008nnlo

""" PRDB3 (2011) 091503, PRDB2 (2010) 054018,
PRD81 (2010) 054028
Aoy, scale @ PDF

My, = 172.5 GeV

t-channel:
ATLAS 7 TeV' o
PRD 90 (2014) 112006 (4.59 fb™')

ATLAS 8 TeV -
ATLAS-CONF-2014-007 (20.3 fb™")

CMS 7 TeV =
JHEP 12 (2012) 035 (1.17-1.56fb™")

CMS 8 TeV
JHEP 06 (2014) 090 (19.7fb™")

CMS combined 7+8 TeV
JHEP 06 (2014) 090

f—te-
14
CMS 13 TeV —
CMS-PAS-TOP-16-003 (2.3 fb™")

’_

ATLAS 13 TeV
ATLAS-CONF-2015-079 (3.2fb™")

Wit:

ATLAS 7 TeV —q
PLB 716 (2012) 142-159 (2.05b™")

CMS 7 TeV —
PAL 110 (2013) 022003 (4.9 fb™")

ATLAS 8 TeV —t-—y

JHEP 01 (2016) 064 (20.3b™')

CMS 8 TeV' —
PRL 112 (2014) 231802 (122 fb™")
—

LHC combined 8 TeV *
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019

s-channel:
ATLAS 8 TeV* [ —a—

PLB 756 (2016) 228 (20.3 fo™')

June 2016

| e |
total theo

If Vil = (meas) + (theo)

1.02 = 0.06 = 0.02
0.97 +0.09 = 0.02
1.020 = 0.046 + 0.017

0.979 + 0.045 = 0.016

i 4 . 1% 0.998 = 0.038 = 0.016

1.02 £ 0.07 = 0.02

1.03 £ 0.1+ 0.02

1.03 515+ 0.03

+0.16 +0.08
1.01 ~0.13 -0.04

1.01+0.10 £ 0.03
1.03£0.12 £ 0.04

1.02 = 0.08 = 0.04

0.93 028 +0.04

! including top-quark mass uncertainty
2 including beam energy uncertainty

1 1 1 I 1 1 1 l 1 1 1 I

If V!

— no hint for anomalous contribution

1.4 1.6 1.8

q q
w
b t
g b
b w
b
g t
] t
w

vud
Verkm =| Ved
Via
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Viss
VCS
Vis

Vub
Vcb
Vi




Single Top s- vs. t-channel

' q ‘lIII'

arXiv:1503.05027 [hep-ex]

w
b t ES.SiSingle top quark, Tevatron Run Il Preliminary, Lint <9.7 b’
c B
9 -
J b g 3
CD -
% B
3 2.5
o B
T2 | (%
C -
© .
f§1.5j
- B @® Measurement q t
g 1 s.d.
- 2s.d. w+
0.5 3 s.d.
- = SM
O_IlllllIII|IIII|IIII|IIII|IIII|IIII|II -, _
O 05 1 15 2 25 3 35 q b

s-channel cross section [pb]
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http://arxiv.org/abs/1503.05027

Single Top s- vs. t-channel

' q .

u,c

w
t 2 | Single top quark, Tevatr T <9.7fb" g FCNC
b — 3.5 int
c N O
O N —_ —
g 5 S aF q q
g
52.5:— o
E -
£ of 100 :
8 T
1.5
1+ ] FCNC [6,52] I t
~ @ Measurement 1s.d. ¢ Four gen. [51] w+
0.5 % SM[9,12] 2s.d. O Top-flavor [6]
: | | | 3|s.d. /\ Top pion [6]
% 05 1 15 2 25 3 35 g’ Py

s-channel cross section [pb]
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Single Top s- vs. t-channel

' q .

u,c

W
t g Single top quark, Tevatr T <9.7fb g FCNC
b — 3.5 int

S ' r O
0 C —_ —_

9 b 8 3f q q
g
S 2.5:— o
Ko n
€ oF 0o =
8 T
@ L
1.5

1= ] FCNC [6,52] g t
- @ Measurement 1s.d. ¢ Four gen. [51] wt
C t 0.5,/% SM[9,12] 2s.d. O Top-flavor [6]
—+ N 3s.d. A Top pion [6
" A_II]I|I[IIIIIlI|IlII|IIIIIIIIIpIIplII[|]II _
_—— 0 05 1 15 2 25 3 35 q' b
s-channel cross section [pb]
b b

= important to study production channels separately
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Single Top s- vs. t—-channel: Run-li

380 |- ‘ -4 _ —
o] — - . i
b 60 4" generation |v, |=0.55,|V,,|=0.835] q q
“(extreme values allowed w/o CKM unitarity)]
340 -
x* ’
o 320 ]
c - .
G300 -
230 [ Top-flavor e
M, =1 TeV sen2$=0.05 ] 9 t
260 |- - W+
Cc t 240 [ + E
mt 0 | Top-pion 1
——— - 7=450 GeV, t;-c; mixing~20% 1 q' b
200 —Illll llIIIIIlllIIIlllllllllIlIIIlIIlllIIIIII—
10 15 20 25 30 35 40 45 50
B F S, (pb)

= important to study production channels separately
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ttZ and ttW Production

g ¢ d ‘
t
ISR f
q z q W
4 g t g t g £ )
, Z
FSR z
. £ ' s t 7 ! J
—1 — 2 1]
| sm9w cos3w (T3 Sin“Jw Qt)Y

e measure 3rd component of weak isospin
e search for anomalous couplings in ttZ vertex

— it Is very interesting to measure rare processes never
explored before since new physics could show up!
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Search for ttZ and ttW

£ , | | | | | I

o 10°E" ATLAS ® Data2015 [z =

H - (s5=13TeV, 325" B Wwz 3
[ Post-Fit 7z Hother 7]

Fake leptons % Uncertainty
10

8,

L1 IIIIII|

|
- 4. 9. 9. 9L
102 35Sty "SF 2y O 1y OF

| |
3L‘WZ\C4)LR‘ZZ~CQ$LSS L‘Z~2b4/4‘2~7b414‘2\2bgj4

ttw « » (tZ
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Observation of ttV production

ttZ vs. ttW cross sections: anomalous V or A ttZ couplings:
E‘ 3 _I T TT | TTTT I LI T TTT I LI | T TTT | T T TT | T TTT T TT I_ * S ]
o . M
o — %*  ATLAS best fit —
S | amas e .
S - p —— ATLAS 68% CL i
5 25 \s= 13Tev, 3.2 ATLAS 95% CL ]
@ - = + NLO prediction . 48
4 L E = HtZ theory uncertainty |
G 2~ E === {tW theory uncertainty | 40
= BT ) S
= T - c
157 B — 2
" = i ~
- i 24
1= .
L — 16
0.5 — ~E ___________________ ] o
O :I_LL[JEI 11 I L1 11 I L1 11 I 1111 | L 111 | 1111 I 1111 | 11 N _3 O
0 0.5 1 1.5 2 2.5 3 3.5 4 -8 -6 -4 -2 0 2 4 6

Acl’v

ttW cross section [pb]

e
n»r-p»

— in agreement with the SM prediction

— no hint for anomalous contribution
(tty also in agreement with SM prediction)
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