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N The Discovery
rie ISTOry O e 10p Luar
S +_of the Top Quark

@ 1973: CP violation in the

standard model requires three

quark generations o ®
most energetic collisions and a cast of thousands

Finding the sixth quark involved the world’s

@ 1977: discovery of the bottom
quark — first quark of the 3rd
generation

by Tony M. Liss and Paul L. Tipton

@ 1980ies: search for “light” top
quarks in the decay W* — tb,
electroweak precision data
indicate “heavy” top

@ 1992: first indication for “heavy” e
top quarks at the Tevatron
. > © .
@ 1995: Tevatron experiments b
CDF and D@ publish discovery : e o
of the top quark with a mass of * ¢ Y o @
about 175 GeV '
VIOLENT COLLISION between a proton and
W an antiprotqn (center) creates a top quark (red)
G and an antitop (blue). These decay to other

particles, typically producing a number of jets
[Scientific American, September 1997] and possibly an electron or positron.



Top — The Special One A“(IT

& 200
>
@ Large mass: m¢= 173 GeV O 5
-
B Close to scale of electroweak "~
symmetry breaking o
® Yukawa coupling f =1 = 100
Vv _ _
=f— =m
Lyt NG R tfLtR 50
Up: Strange: Bottom:
— the only “normal quark™? 0.002 0.1 4.75
0 . , : b _
Down: Charm: Top:
0.005 1.25 173.2 % 0.9

B Top is the only ,free” quark: life time much smaller than hadronization time

1 |
I Aacp

— No bound states, spin transferred to decay products

~ (1.5GeV) ! < ~ (0.2GeV)™’

T
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Questions in Top Quarks Physics ﬁ(".

|sospin
partner of the
b quark?

a W boson?

Associated

Production Production?

Mechanism?

Electroweak
V-A interaction?

“Zweifle an allem wenigstens
einmal, und wére es auch der
Satz: zwei mal zwei ist vier”
(G. F. Lichtenberg)
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Analyzing Top Quark Events ﬂ(".

w-—- hadrons

—~

S19r + 1
-
S19r + uolden .

@ Top decay in the standard
model: B(t — Wb) = 100%

B Challenging signature:
multiple leptons & (b-)jets,
missing transverse energy

All Hadronic

hadrons

W tt decay signatures
characterized by W decays:

T + Jets

T

B All-Hadronic: 45% of all decays,
large QCD background

Lepton + Jets

Dilepton B Lepton+Jets: 30% of all decays,

moderate backgrounds

W+ —
MHoe

W Dilepton: 5% of all decays, very
clean, but small branching fraction

S 10/09/2013 News from the Top Ulrich Husemann
Institut fur Experimentelle Kernphysik (IEKP)



Tevatron Run Il: 2001-2011 A\‘(IT

Fermi National Accelerator Laboratory — Aerial View
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AT

Tevatron Run ll: 2001-2011

L

B Proton-antiproton collider:
Vs = 1.96 TeV

B End of Tevatron operation:
September 30, 2011 ==
H Total integrated luminosity:
12 fb~1 (10 fb~" for analysis)

U Fermilab Visual Medla Serwce]
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Muon Scintillators :
Muon Chambers
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'LHC - the Large Hadr
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B E proton colllder
LHC - the Large Hadro " = m LHC Run I: 2010-2013

cMS Experlment = 2010/2011: approx. 5 fb
atVs =7 TeV

2012: approx. 20 fbT
at Vs =8 TeV

ATLAS Experlment
multi-purpose experlment
. |

VTP AT T

T—— J 11.
ikto""-““‘

mn!'--

Ulrich Husemann
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From the Tevatron to the LHC Q(IT

Tops Produced Tops

Reconstructed

per Experiment (Lepton+Jets, 1 b-Tag)

Tevatron Run |l 600 70,000 2000
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From the Tevatron to the LHC

Tops Produced

per Experiment

Tevatron Run |l 600 70,000
LHC Run | 2500 6 million
10/09/2013 News from the Top

Karlsruhe Institute of Technology

Tops
Reconstructed
(Lepton+Jets, 1 b-Tag)

2000

150,000
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From the Tevatron to the LHC ﬁ(".

Tops Produced Tops

Reconstructed

per Experiment (Lepton+Jets, 1 b-Tag)

Tevatron Run |l 600 70,000 2000
LHC Run | 2500 6 million 150,000
LHC Run Il 50—-100 million/year

LHC: Top Factory
Excellent Detectors — Unprecedented Statistics
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Recent workshop of the top
physics community in Durbach:

B Several new results

B | ots of fruitful discussions




Outline ﬂ(".

Karlsruhe Institute of Technology

Top Pair Production

Single Top Production

Top + “Something Else”

Top Properties & New Physics
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Top Pair Production I

Single Top Production

Top + “Something Else”

Top Properties & New Physics

Karlsruhe Institute of Technology

Top Pair Production:

The Race for
Ultimate Precision
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Top Production Cross Section &(IT

E les of LOF i : 5
0 Cha”enge for theory xamples of LO Feynman diagrams: gg, qq

® Major breakthrough in early J t q
2013: full NNLO+NNLL >m<

(Czakon, Fiedler, Mitov) ~

- g f q

® Typical uncertainty on total tt
cross section: approx. 4%

—

—|

B Upcoming: differential cross S 20 | Approx NNLO, Leading Born
i i © Approx NNLO, Exact Born - - - - -
SeCtlonS’ prOdUCtlon (% 40 I | .ExaCt NNLO —————
asymmetries, ... 0
S
6 30 by ‘\\ ...................................... ...................................... ................................... i
B Challenge for experiment %’
20 . \\ .................................... ...................................... ...................................
® Measurement of absolute 5 -
production rates IR, S DS S N T ——
@ Requirements: best possible x  GLLHC8TeV N N ya
detector calibration, s Mg, =1733GeV N -
background estimation, 2 " MSTW2008NNLO(6801) T
and MC modeling 0 0.2 0.4 0.6 0.8 1
Top Velocity
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Recent Results: Tevatron Combination ﬂ(".

Theory @ NNLO+NNLL:
(7.24 *0-23_g57) pb

(uncertainty: 3.4%)

Combined

uncertainty: 5.4%

12 10/09/2013 News from the Top

CDF dilepton - o =i 7.09+0.49+0.67pb 8.8fb"
+ 0.83 pb
CDF ANN lepton+ijets o 4 7.82+0.38+0.41pb 46fb"
+ 0.56 pb
CDF SVX lepton+jets =@ 7.32+0.36+ 0.61 pb 4.6fb"
+ 0.71 pb
CDF all-jets p——f@ufe—]  7.21+0.50+1.18 pb 2.9 fb"
+ 1.28 pb
CDF combined - o 4 7.63+:0.31-0.39pb <8.8fb"
+ 0.50 pb
D@ dilepton e 7.36 = 0.85 pb 5.4 fb™
DO lepton+jets ] 7.90 + 0.74 pb 5.3 fb™
DO combined — —i 7.56 + 0.20 = 0.56 pb 5.4 fb™
+ 0.59 pb
Tevatron combined e 7.60+0.20 - 0.36 pb <8.8fb"
m, = 172.5 GeV +0.41 pb
PPN IR B

6 7 8 9
pp — tt cross section (pb) at\'s=1.96 TeV

Ulrich Husemann
Institut fur Experimentelle Kernphysik (IEKP)
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Recent Results: LHC @ 7 TeV

ATLAS Preliminary

Data 2011,Ns =7 TeV
Channel & Lumi.

Single lepton 0.70 fb™
Dilepton 0.70 fb”

All hadronic

Oy

I+

1.02 o™

Combination

12 Sep 2013
NNLO+NNLL (top++ 2.0)

PDF4LHC m, = 172.5 GeV

scale uncertainty
scale+PDF uncertainty
stat. uncertainty

total uncertainty

(stat) £(syst) 2(lumi)

179+4+9+7 pb
17361 "2 pb

11

167+18+78+6 pb

177+32+7 pb

Single lepton, b — Xuv
4.66 fb

165+2+17+3 pb

T, + jEtS 1.67 fb” 194 + 18 £ 46 pb
T4+ lepton  2.05 fb 186+ 13+20+ 7 pb
All hadronic 168+ 127X+ 7 pb
4.7 fo’ | | | | |

50 100 150 200 250 300

S;; [PB

(4.1% uncertainty)

Most precise:

dilepton channel

[https://twiki.cern.ch/twiki/pub/AtlasPublic/

CombinedSummaryPlots]
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CMS Preliminary,N's =7 TeV

158+ 2+10+ 4

(val. = stat. + syst. + lumi.)

CMS e/u+jets

Phys. Lett. B 720 (2013) 83
(L=2.2-2.3/fb)

162+ 2+ 5+ 4

(val. = stat. + syst. + lumi.)

CMS dilepton (ee,uu,eun)
JHEP 11 (2012) 067 (L=2.3/fb)

139 +10+26+ 3

(val. = stat. + syst. + lumi.)

CM¥ all-hadronic
arXif:1302.0508 (L=3.5/fb)

| —

143 +14 +22 + 3

(val. = stat. + syst. + lumi.)

CMS dilepton (et,ut)

Phys. Rev. D 85 (2012) 112007
(L=2.2/fb)

152 +12+32 + 3

(val. = stat. + syst. + lumi.)

CMS t+jets
arXiv:1301.5755 (L=3.9/fb)

"7 NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254

1 Approx. NNLO+NNLL QCD, Aliev et al., Comput.Phys.Commun. 182 (2011) 1034
EEmEs Approx. NNLO+NNLL QCD, Kidonakis, Phys.Rev.D 82 (2010) 114030

(777 Approx. NNLO+NNLL QCD, Ahrens et al., JHEP 1009 (2010) 097

1 NLOQCD

0

50 100 150 200 250 300
o(tt) (pb)

[https://twiki.cern.ch/twiki/bin/view/CMSPublic/

PhysicsResultsTOPSummaryPlots]

Ulrich Husemann
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The Path Towards Ultimate Precision A“(IT

B 38 TeV: consistent cross section
results, uncertainties still slightly

—~10% . . .
S E M prefim. combined 8 TeV (2.8 6 larger (e.g. luminosity, pileup)
— | & LHC prelim. combined 7 TeV (0.7-1.1 ")
% [ e CMSdilepton 7 TeV (2.3 fb’) _ ]
[ 0 Tevatron prelim. combined (up to 8.8 ft) B Major progress in the last years
o CDF prelim. combined (up to 8.8 fb™) , _ _ _
gl O DOcombined (6.4 B [epton+jets: in-situ constraints of
- systematics
- ® Dilepton — the new gold-plated
i Approx. NNLO QGO (pp) channel in LHC era: large data
B cale uncertaint
Soalo ® PDF uncertainty samples, almost background-free
L G Z— S ccoramy T B Conceptual progress — better
- B Scalo @ PO Lnceraint e cows separation of uncertainties: detector
angenteliq, iviocnh, uwer, YyS. hev. . .
- | | MSTW|2008 NNLOlPDF, 90%0.:_. uncertaint;; VS. Slgnal VS. baCkground mOdellng
1IIII2IIII3IIII4IIII5IIII6IIII7IIII8IIII9
TeV .. . ] .
o 's(TeV) @ Current limitation: extrapolation
[https://twiki.cern.ch/twiki/pu ublic .
PhysicsResultsTOPSummaryPlots] to full phase Space with MC tools
B Fiducial cross sections
B Differential cross sections
14 10/09/2013 News from the Top Ulrich Husemann
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Fiducial Cross Section A“(IT

B |dea: measure cross section only in part of phase space accessible to
experiment — reduced model dependence, comparison with models

B Implementation: particle-level selection close reconstruction cuts

particle level reconstruction level S
exactly one lepton (dressed e or ), exactly one isolated lepton (e or u), %I
pr > 25 GeV and n < 2.5 pr > 25 GeV and n < 2.5 )
veto second lepton (dressed e or u), veto second isolated lepton (e or u), 5
pr > 15 GeV and n < 2.5 pr > 25 GeV and 1 < 2.5 IC_)

Q
at least three jets, anti-k7 (R = 0.4), at least three jets, anti-kp (R = 0.4), a
pr > 25 GeV and n < 2.5 pr > 25 GeV and n < 2.5 “;
at least one b-tagged jet, B hadron with at least one b-tagged jet, MV1 algorithm at g
pr > 5 GeV within AR = 0.3 of the jet 70% efficiency g

>
Emss > 25 GeV, all neutrinos in the event ERiss > 30 GeV S
m¥ > 30 GeV mi > 30 GeV =

15 10/09/2013 News from the Top Ulrich Husemann
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Fiducial Cross Section: Result ﬂ(".

Fit to Multivariate Likelihood Discriminant

0 2200 | T T T T ] | I —
(= 2000 — J Ldt= 47fb" ——Data 2011,Ns=7TeV | |tfoops .tf truth 1 +5)
> 1800 = Preliminary, NOT a Bt truth 1+ 4 Wl o +5 [Jwees 3
L 5_ h+3ets public ATLAS result [l single-top B aco mutti-jet [ otherEw 5
1600 e + 3 jets — g
— 3 &
1400:_ u+4jets — %
12002_ e + 4 jets —; §
1000 — u+>5jets , _; 8
800 ; ; § : e+>51etsE O
600 ; : ! - %IT
4004 %
200} m I'"""A. .
"0 o0 -3
leellhood Discriminant 2
i | ' ' ' o
S [ N
S 1.2% {+ e oy i _E (=
(1]
S bt I A it it ﬂ
o 1 ?ﬁ PR, ! o +*+H i *P‘**** e S ++ ﬂf H o
Iy 0.8— | =
oC — . . . . | | —
0 20 40 60 80 100 120

Fiducial cross section: (24.4 *29_49) pb

(Acceptance for PowHeg+Pythia: 13.9%)
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Differential Cross Sections

Reconstruction
3 mEJé
- - Ldt=2.05fb" \s =7 TeV O ]
£ 10°F T Zibs B
e 4 moroete
w 10 E @l Fake leptons 5
E fAUncertainty 5
10°g E
102E .
10k .
]

O 1 BSF1-- IR LRI T RIS LRI ] LI ]
s ' y
g 1 Y, )
@ 05_ ........... s e s e e s ool .
25 -2 -15-1-050 05 1 15 2 25
ytf

10/09/2013 News from the Top

ST

Karlsruhe Institute of Technology

[Eur. J. Phys. C73 (2013) 2261]

Ulrich Husemann
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Differential Cross Sections A“(IT

Reconstruction
< AN UL UL LS AN A AN RS AR
S 1ok j‘““s wiiets
-~ - Ldt=2.05fb"\s=7TeV O ]
2 10°F Zoms %
g = Diboson 3
w 1 04 E =§;nlgalelet§tponsa_
5 E fAUncertainty 5
10° g E . . .
- 3 Migration Matrix

10255 5 >:3:2-5:'Al".l'_'l"ls""I""I""I""I""I""I """" ]

10k N B 2F Simulation e + jets =

'ES' - 0.00 0.00 0.01 0.04 0.22 0.74 E

1 o 1.9F E

N — & 1 E

% 1 .52 ................................................................................................................................. 7_ (D 0 55 0.00 0.00 003 0z0 E 011 ;

g 1E i A :/é E 000 0.02 017 0.66 0.14 001 ]

Y| — A . o oo owmbmon s o

25 -2-15-1-050 05 1 15 2 25 ) '5; 0.1 066 020 0.02 0.00 0.00 é

i e :

-1.5F —

C 0.73 0.23 0.04 0.00 0.00 0.00 ]

2F E

_2 :Ill|Il||III|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:

25-2-15-1-0560 05 1 15 2 25
Reconstructed ytf
[Eur. J. Phys. C73 (2013) 2261]
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Differential Cross Sections A“(IT

Reconstruction
< AN UL UL LS AN A AN RS AR
S gl anas weets
- C Ldt=2.05" Vs =7TeV O ]
£ 10°F J T mzies g
o - Dibosol ]
L1>J 104_5 =§ak%IIetptpo sE
35 fAUncertainty 5
10° g E_ . . .
- 3 Migration Matrix
10°F 5 O
S 3 > TV ATLAS T -
10 S 2F Simulation e + jets 3
'ES' E 0.00 0.00 0.01 0.04 0.22 0.74 ]
E— & 1b 3
% 152 O Osé 0.00 0.00 0.03 0.20 0.66 0.1 E
§ {0 smsmssmssinss //%/%//%/: PF oo oo or[len o Unfolded Distribution
o 0525 2 15 1 05 O 05 1 15 2 25 _0.2 0.01 0.14 067 017 0.01 0.00 E %,": ATLAS CT """d'a'ta"'
- 0.11 066 0.20 0.02 0.00 0.00 s
Vg -5 18 1 —JLdt=2.05 ! [T NLO (MCFM)_|
i sb E O ALPGEN
' - o3 023 0.04 0.00 0.00 0.00 L I MC@NLO ]
OF - — L _
" S . o ] B =TT |
R R IR W Y B YR R R i —_— b |
Reconstructed ytf i |
. - i
B Unfolding of reconstructed quantities to 1070 so——
. . . . L T ! ! !
particle level (often in fiducial volume) Pl-—-————
8 1.2k — AU - 3
= Fo | T Y S T ] ]
. . . . > 1 | I |
® Normalized differential cross section 8 T2
l—

— access to shapes of distributions [Eur. J. Phys. C73 (2013) 2261]
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Examples of Differential Distributions

CMS, 5.0 fb ' at\'s = 7 TeV CMS, 5.0 fb'at\s = 7 TeV

ST
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CMS, 5.0 fb'at\s =7 TeV

F | T T T | T T T I T T T | T T T | LI | LI B

~ Dilepton Combined e Data ]

102k —— MadGraph |

. === MC@NLO 7

i ----POWHEG -

3 — NLO+NNLL

10 3 (arxiv:1003.5827) 3

10" \\ ;

10°F \\%\

1 0'6 | | | — | | — | | — | | — | | | | | | ;
400 600 800 1000 1200 1400 1600

m" [GeV]

Observables:
 Top pt and rapidity

* Mass, pT, and
rapidity of tt system

%107
Ir] 10:IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII|IIII: b|"">‘ 0.7_IIII|II|I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ —
> 9:_ Dilepton Combined e Data E ©l© L Dilepton Combined e Data ] '_>
8 . — MadGraph 3 —lo 0.6 — MadGraph - [0}
= s = MC@NLO - o - - mceno 1 8
35 - POWHEG ] 055 - POWHEG ] b|™E
—(b - Approx. NNLO ] - Approx.NNLO] ©l ©
6 (arXiv:1009.4935) = C (arXiv:1105.5167) ] -
: ] 0.4~ 7
5k — C ]
42_ _; 0.3:— —:
3 = 0.2F -
25 E E ]
s 3 0.1 2o
i s E L i
111 I 111 I - I - I 111 I - m IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 50 100 150 200 250 300 350 400 -%.5 2 -15 -1 05 0 05 1 15 2 25
ptT [(GeV] y!
107 CMS, 5.0 fb" at\'s = 7 TeV CMS, 5.0 fb'at\['s = 7 TeV
X
[‘? 25_I LI | LI | LI | LI | LI | LI I_ b |z> 0.8_IIII|II|I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
> - Dilepton Combined e Data - O o - Dilepton Combined e Data .
8 i — MadGraph i —o 0.7k — MadGraph
—_ 2y s MC@NLO  — - e MC@NLO
e --- POWHEG | 061 --- POWHEG
O © 7 C 7
e b 0.5F =
i 0.4 =
B 0.3 =
] 0.2 -
i 0.1 -
_I | - I | I 1 m—_ C I| | I | I 111l I 111l I 111l I 111l I 111l I 111l I 1 u
0 50 100 150 200 250 300 -%.5 2 -15 -1 -05 0 05 1 15 2 25
p;t_ [GeV] ytt
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Examples of Differential Distributions Q(IT

-1 _ -1 _
)(10-3 CMS, 5.0fb at\lg =7TeV CMS, 5.0fb at\l§ =7TeV CMS, 5.0 fb-1 at\/§ -7 TeV
10_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ had 0.7IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Irl - | | | | | | | . b| >‘ = | | | | | | | | | -1 [ | | T T T | T T T I T T T | T T T | T T T | T T L
> 9E- Dilepton Combined e Data E OloT " Dilepton Combined e Data ] '_> F Dilepton Combined e Data ]
O s — MadGraph 3 T 1© o — MadGraph ] © i T
0] - aaGrap = 0.6 adGrap . o) ) —— MadGraph
;L — 8:_ ----- MC@NLO _; - = MC@NLO 7] — 10 E_ I MC@NLO _E
35 -~ POWHEG 3 055 - POWHEG 3 of"f ----POWHEG -
— e N ApprOX. NNLO ] c ApprOX. NNLO ] © —— NLO+NNLL T
6 :_ (arXiv:1009.4935) _: 0.4 - (arXiv:1105.5167) B 1_|b 10 3 = (arXiv:1003.5827) 3
5F- - - ] -
. E 0.2F . K ]
Deviation E E ] 105L \\ =
from NLO, good E 0.1fe —-— \
description by approx. /- ———— %||||||||| o T T R
NNLO 00 250 300 350 400 25 -2 15 -1 05 0 05 1 15 2 25 400 600 800 1000 1200 1400 1600
! [GeV] t )
Py y m? [GeV]
e CMS, 5.0 fb" at\'s = 7 TeV CMS, 5.0 fb'at\['s = 7 TeV
[? 25_I LI | LI | LI | LI | LI | LI I_ b Iz> 0.8_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
> - Dilepton Combined e Data - Ol © - Dilepton Combined e Data .
8 i — MadGraph i —o 0.7k — MadGraph .
=20 MC@NLO = == MC@NLO ] Observables:
3= --- POWHEG | 061 --- POWHEG
~io - 05} :  Top pt and rapidity
: 04fF s
: : : e Mass, pr, and
] 0.3 — e -
: : | rapidity of tt system
i 0.2 =
i 0.1F =
| I - | | | T 11l NE—— I_ %_ I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I u
0 50 100 150 200 250 300 25 -2 -15 -1 05 0 05 1 15 2 25
e, i [Eur. J. Phys. C73 (2013) 2339]
T
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Top Transverse Momentum

CMS, 5.0 fb'at\s = 7 TeV

x10°
|1I_—| 10:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:
> of Dilepton Combined e Data E
8 - — MadGraph -
— . 8;— ----- MC@NLO —;
38 -~ POWHEG ]
|0 Y N TR Approx. NNLO -
6 :_ (arXiv:1009.4935) _:
5 =
4 E
3F i\ s
"o ey =
| | L 111 | L1 1 1 | L1 1 1 | L 1 1 mm
O 50 100 150 200 250 300 350 400
Pl [GeV]
[Eur. J. Phys. C73 (2013) 2339]
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Top Transverse Momentum A“(IT

CMS, 5.0 fb'at\s = 7 TeV

10°
|1I_—| 10:IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII: L DL E
% of Dilepton Combined e Data B Data -
Q) § — MadGraph § ® ALPGEN+HERWIG 7
— . 8:— ————— MC@NLO = 7]
'8 % 7:_ . POWHEG E _ s  MC@NLO+HERWIG _
o N, e Approx. NNLO - - A POWHEG+HERWIG -
N (ErAUT0094559) 3 - " ATLAS Preliminary I
= 3 f Ldt=4.61fb" ’
\ B g_ \s =7 TeV _§
= i\ - | | N .A| |
- \ ] | e | E
1— ] ._A_ . o l_ A ]
"""" S AN i :
|||||||||||||||||||||||||||||m 0.5....I....I....I....I....I....I....I....L
0 50 100 150 200 250 300 350 400 100 200 300 400 500 600 700 800
Pl [GeV] p! [GeV]
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/
[Eur. J. Phys. C73 (2013) 2339) CONENOTES/ATLAS-CONF-2013-099]
Small tension between CMS and ATLAS results — under study
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Single Top Production A\‘(I I

Karlsruhe Institute of Technology

Top Properties & New Physics

Single Top Production:
The Importance
of Being Single

[F. Maltoni]
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Electroweak Single Top Production

t channel associated Wt
q q production
W s channel : t
Vib
b th t
q t
q’ W ¢ d W
tb
q - i b Vi W
_, 5
Vip t :
b
g t
g

B Direct measurement of CKM matrix element |Viy|
B 100% polarized top quarks
B PDF constraints via t/t charge ratio

B Access to BSM physics (e.g. anomalous couplings)
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Single Top at the Tevatron

® Full Run |l data analyzed,
still statistics limited

B Consistent s+t channel cross
section results, e.q.

B DO lepton+tjets:
(4.11%0-80_ 55) pb

® CDF lepton+ijets:
(3.04%0-57_g 53) pb

B s-channel only cross section:

B So far only accessible
at the Tevatron
— “legacy measurement”

® CDF and D@ independently:
3.70 evidence

22 10/09/2013 News from the Top

t-channel cross section [pb]

ST
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i -1
sl D@ 9.7 fb
! 1SD
i 2SD
4 3SD
- [ ]
3 B ® ® Measurement
[1]
: B sm ,
- 0  Four gener{gtions[ :
i 9 A O Top-flavog
2 A Top pion™
- O rcne™
- [1] PRD 74: 114012, 2006
1 [2] EPJ C49: 791, 2007
] [3] PRD 63: 014018, 2001
i [4] PRL 99: 191802, 2007
0 i ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ]
0 1 2 3 4 5

s-channel cross section [pb]
[arXiv:1307.0731, to appear in PLB]
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Single Top Production at the LHC A“(IT

t-Channel Single Top Cross Section

ATLAS+CMS Preliminary, \'s = 8 TeV B {-channel cross section:
L I B I I I L R R I
: ® Large datasets at the LHC
NLO QCD (PRL102(2009)182003) ' — now systematically limited

2.6 0.6
85.8+25 (scale)*0 (PDF)

: ® New: first LHC combination

85 + 4 (stat) + 11 (syst)+ 3 (lumi)

Approx. NNLO (arXiv:1205.3453) 1—9-"
87.2+21 (scale)jf11_-75(PDF) : :

| B Associated Wt production:
ATLAS Preliminary (5.8 fo") _ " , 0 4 _
95.1+ 2.4 (stat) + 17.6(syst) = 3.6 (lumi) : . EStab“Shed at the LHC (4_6 O_)
CMS Preliminary (5.0 o . ~—; B ATLAS: (27.2£5.8) pb
80.1+ 5.7 (stat) = 11.0(syst) = 4.0 (lumi) :

| B CMS: (23.4*°_54)pb
ATLAS+CMS combination B @ H

® Theory: (22.2+1.5)pb

20| - I3|OI - |4|0| - |5|0| - I6|0| - I7|0| - |8|0| - I9|0| | 1(|)0 11|0 | I‘IIZO . .
o, (bb) W Polarization and anomalous

couplings — later

[http://atlas.web.cern.ch/Atlas/ GROUPS/PHYSICS/
CONENOTES/ATLAS-CONF-2013-098]
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Top Pair Production

Single Top Production ﬂ(l I

Karlsruhe Institute of Technology

Top + “Something Else”

Top Properties & New Physics

Production of

Top + “Something Else”
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Top + “Something Else”: Overview ﬂ(".

QCD test
Background to Higgs and BSM searches

tt + (heavy flavor) jets

tt + missing transverse energy Heavy BSM particles decaying into top

Electroweak top couplings

tt + vector b W, Z i
vector bosons (y ) Background to Higgs and BSM searches

tt + Higgs Direct measurement of Yukawa couplings
Single top + Higgs Sign of top Yukawa coupling
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Top + “Something Else”: Overview ﬂ(".

QCD test
Background to Higgs and BSM searches

tt + (heavy flavor) jets

tt + Higgs Direct measurement of Yukawa couplings
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Top Pairs + Jets A“(IT

Karlsruhe Institute of Technology

B “Additional jets” = particle jets not pointing back to partons from top decay

B Comparison with MC generators

B Generally good agreement with MC programs

B Renormalization/factorization scale uncertainties seem too conservative

Comparison of Generators Comparison of MC Scale Choices
CMS Preliminary, L=5 fb" at {s=7 TeV CMS Preliminary, L=5 fb" at {s=7 TeV
77T T T T T T

£ = - | 2 = . =
_8H ZS 0.8 @ Data (u+jets) = _8“ Zg 0.8 @ Data (u+ets) E
© = = © - — tt MadGraph+Pythia -
Flbz o7 E_ — TMadGraph+Pyihia _E Flbz o7 E_ ------ tt MadGraph Q? scale up _E B
i S L uoeNOseme E R S — e O saosom | 2
0.5 - = 0.5 - - - - - tf MadGraph match threshold up = _IU
04 f— tt POWHEG+Pythia —f 04 f— tt MadGraph match threshold down —f (jj>')
0.3 f— * —f 0.3 f— be==- :.:.#.:.'. === —f '_|
0.2f = 0.2F = %
= _ +* = e e = S— 4 A
0.1 E_ ----------------------- _-E 0.1 E_ _E Il\)
I T R R | T T T TN T T N S T T TR T N N SN T T — I R B R T T T TN T N N S T T N TR N N N AN T — o
% 10 ;_ ................................................................................................................................................ 3 % 14 ;_ ................................................................................................................................................ _; i
8 1 ?.T.I.T.I.T.I.T.I.T.Z.T.I.T.I.T.I.T,LT.I.T,I. ................................................... JI .............................................. = (% 1,2 [ = Q
= 0.8 ;_ ................................................................................................. :-___________::_ > 1 "_'"""""'"""""""_:_'__'_:_'__'_:_'__'_:_‘__'_:_'__:-"""""""""""-_;
06 :_ ...................... e \ I ..................... _: 08 ...................... e \ I ..................... _:
0 1 > 2 0 1 =2
Additional Partons Additional Partons
Update for publication and 8 TeV result upcoming
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Associated Top-Higgs Production A“(IT

Production Cross Section tt Branching Fractions Higgs Branching Fractions
10° T T T T T T T Ry
R Other
Vs=8TeV v 11.5%

(I NLO+NNLL QCD AL

0.2%

All-Hadronic
45%

WU
0.02%

'2 Il Il Il l Il Il Il l Il Il Il l Il Il Il l Il Il Il l Il Il Il
1080 100 120 140 160 180 200
M, [GeV]

Largest contribution: H — bb

® Small SM production cross section
(0.13 pb at 126 GeV), many possible final
states with different signal/background

B Best sensitivity: include as many final states
as possible — statistical combination
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Associated Top-Higgs Production A“(IT

Production Cross Section tt Branching Fractions Higgs Branching Fractions
10° T T T T T T T Ry
R Other
Vs=8TeV v 11.5%

(I NLO+NNLL QCD AL

0.2%

All-Hadronic
45%

WU
0.02%

'2 Il Il Il l Il Il Il l Il Il Il l Il Il Il l Il Il Il l Il Il Il
1080 100 120 140 160 180 200
M, [GeV]

Largest contribution: H — bb

® Small SM production cross section
(0.13 pb at 126 GeV), many possible final
states with different signal/background

B Best sensitivity: include as many final states
as possible — statistical combination
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Examples of ttH Final States

H — vyy:
small branching fraction,

but small backgrounds
and good myy resolution

ttH — Lepton(s) vy X

> [ ] T | ]
) S Data ATLAS prellmlnary ]
O 6 SR+CR background fit —
© o SM signal (m_ = 126.8 GeV) 3
% St SR-only background fit _ =
o 43_ Signal region Leptonic channel _f
(NN = 3
3E E
2t BE
1E 9 =
5-.|'-. """"" h T ,"] """ |"',' """"" =
2000t Control region 15 = 8 TeV fl_dt 20310
1000F——e—eo— o =
E s.——.——‘—_.__._._:

100 110 120 130 140 150 160
m,, [GeV]

[ATLAS-CONF-2013-080]
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Examples of ttH Final States ﬁ(".

H— vyy: H — bb/1*1:
small branching fraction, large branching fraction,

but small backgrounds but large tt + (heavy flavor) jets
and good myy resolution background, large jet combinatorics

ttH — Lepton + 26 Jets

Post-Fit (S+B)

ttH — Lepton(s) vy X . _CMSPreliminary {s=8TeV,L=19.5 fb"
S T — - = a5 ) Lepton + =6 jets + =4 b-tags — ttH(125) x 30
O - Data ATLAS prellmlnary = &8 . F 7
O 6 SR+CR background fit — OF . A 7
© 55_ ....... SM signal (m_ = 126.8 GeV) E 35 LAY B
% R SR-only background fit _ = 305_ 7 z ] Smglet
© 4F  Signal region Leptonic channel | 5 SN 75 tt+ W,z
AT = = 25F- — EWK
= = = 77} Bkg. Unc.
= = 205_ —+— Data
2F —13 ="
1: s _f 10
5| """"" h T e .-'.-' """ || """"" ] 5
2000 “Control reglon \@ 8 ToV det —o03fb'4 e B . ___ e
1000 C E 2 WIFitzlc  Fit=20 p-value (x*) = 0.688
—————————— o . (8]
E s._—.——‘—_.__._._:
100 110 120 130 140 150 160 g 1
m,, [GeV] | | | |
°“08 06 04 02 0 02 04 06
BDT output
[ATLAS-CONF-2013-080] [CMS-PAS-HIG-13-019]
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ttH Statistical Combination

CMS preliminary bb, tt, yy

\s=7TeV,L=5.0fb":ys=8TeV,L=19.5fb"

10— —— Observed

95% CL limit on o/cy,

(o)

|

m
3

S

2

I+

5

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

T R
'?10 115

120

135 140
my (GeV)

125 130

Combination

Lepton + Jets

Y

7TeV LJ+DIL

Dilepton

Tau

CMS Preliminary

ST
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{s=7TeV,L=5.0f6";{s=8TeV,L=19.5fb"

-2 0 2 4 6
Best fit o/og,, at m, = 125 GeV

@ Combination of 7 and 8 TeV data (CMS) — limit at my = 125 GeV:

B Observed: 3.4 x SM cross section
W Expected (without SM Higgs): 2.7 x SM

B Best fit cross section: 7 0.74

OSM

+1.34
—1.30

(— still compatible with both 0 and 1)

B Channel not yet established, huge potential for Run |l

30
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Single Top Production A\‘ (I I

Karlsruhe Institute of Technology

Top Properties & New Physics

Top Properties

&
New Physics
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Top Mass at the Tevatron

Mass of the Top Quark

March 2013 (* preliminary)
CDF-I dilepton ¢ 167.40 £11.41 (+10.30+ 4.90)
DJ-| dilepton ° 168.40 +12.82 (+12.30 + 3.60)
CDF-Il dilepton B | 170.56+3.79 (2.19+ 3.09)
D@-II dilepton i B 174.00+2.76 (:2.36+ 1.44)
CDF-I lepton+jets ° 176.10+7.36 (+5.10+5.30)
DQ-I lepton+jets ° 180.10£5.31 (£3.90 3.60)
CDF-Il lepton+jets | | 172.85+1.11 (£0.52+ 0.98)
DO-II lepton+jets *- 174.94+1.49 (£0.83+ 1.24)
CDF-I alljets 186?00 +11.51 (£10.00+ 5.70)
CDF-ll alljets | 172.47 +2.07 (+1.43+ 1.49)
CDF-Il track ° 166.90 +9.46 (£9.00+ 2.90)
CDF-Il MET+Jets * 1 B 173.95+1.85 (+135+ 1.26)
Tevatron combination *  **' 173.20 +0.87 (£0.51% 0.71)
(+ stat + syst)

| | | | xz/dof|= 8.5/11 (67%)

150 160 170 180 190 200

My, (GeV/c?)
10/09/2013 News from the Top
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@ Many of today’s analysis methods

spear-headed at the Tevatron

B Examples: in-situ jet energy scale,
matrix element method

Tevatron combination
— still world’'s most precise top mass

@ Detailed understanding of all
uncertainties and their correlations

® All results consistent within uncertainties
@ Combined uncertainty: 0.5%

Final word from the Tevatron
expected in Winter 2014

Ulrich Husemann
Institut fur Experimentelle Kernphysik (IEKP)



Top Mass at the LHC A“(IT

LHC m,, combination - September 2013, L _=3.5fb"- 4.9 fb”

ATLAS + CMS Preliminary, \s = 7 TeV
ATLAS 2011, |+jets

. —_ K — 172.31+ 0.23+0.72 + 1.35
& | /TS 20T diepton —e———  173.09 + 0.64 +1.50 | S
8 L, =4.71b =
ch | CMS 2011, ljets —ot— 17349+ 0.27+0.33+ 098 | ¥
o L =49fb E
| cMs 2011, di-lepton | : 179 50 = 0.43 L1406 | &
(Z) L. =49fb" ' o o C_I)
O CMS 2011, all jets . . 0
e L st ————i  173.49 =+ 0.69 + 1.23 -
< 1l
E LHC September 2013 — 11— 17329+ 0.23+0.26 = 0.88 | S

Tevatron March 2013 - —0—i - 173.20 + 0.51+ 0.36 = 0.61

(stat.) (syst.)

| | | | . | | | |
166 168 170 172 174 176 178 180 182
Miop [GeV]

® LHC has caught up quickly: central top mass value and uncertainty
comparable to Tevatron — below 1 GeV uncertainty

B Plenty of statistics, modeling systematics dominate uncertainty
B “World combination” effort started
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Top Mass: Alternative Approaches ﬂ(".

B Old discussion: which top mass?

B MC mass in kinematic mass
measurement = pole mass?

B TOP 2013: cease-fire — assumption
should be ok up to precisions around
0.5 GeV

B Alternative methods being explored

B Mass from pair production
cross section: limited precision

® Differential cross section in tt + 1 jet:
1 GeV precision seems feasible

B meson pr: very sensitive to tt modeling

Average J/p + Lepton mass in
t - Wb — Lepton J/yp X:
1 GeV precision only at HL-LHC

B Kinematic endpoint of my, distribution

10/09/2013 News from the Top

ratio

3_5|||||

Top Mass from tt + 1 Jet Cross Section

LA L L L
- 160 GeV,CTEQ6.6 === 170 GeV, MSTW

= 170 GeV, CTEQG6.6 — = 180 GeV, CTEQ6.6

-
-

1 dogjet

O tt+1 jet dps

with s = 2Mo mo: reference mass scale
\/Si;  stii squared ttj invariant mass

Ulrich Husemann
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Polarization Observables A“(IT

B Top spin “easily” accessible: no hadronization — spin transferred
B Standard model top production: tt unpolarized, single top 100% polarized

B Expect imprint of BSM physics, e.g. stop or heavy spin-1/2 (T) partner

tt: Compatible with No Polarization Single Top: Compatible with 100% Polarization
h T T T T T T T 17111111 1T T T T 17T 10
. 2500— | | ! ! ! ! - . a e 15 B B S S R B
o - -»-Data 1 > - A
— i ATLAS Prelimi _ i . u CMS preliminary Vs =8 TeV, L =20 fb -
? i f S rf iminary it ] © Combined with electron channel: |
= __ Ldt=4.661b - ap=0 = Pi=0.82+0.12 (stat.) £ 0.32 (syst. —
S 2000 V=7 TeV _ag=+1 ; 200+ ynfolded data stat) (oyst)_ >
- > i generated (POWHEG) 4l o
i —op=-1 » . generated (CompHEP) - T
1500 8 " muon channel only i 5
i =z - 1 4
L ‘I|'| ) O
1000F LT 7 T ¥ S i
N 5 18
H > 18
I w =
5007 1= 1=
i angle between untagged jet -
. and charged lepton |
O_I [ | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 in top rleSt frame
-1 -0.8-0.6-0.4-0.2 0 0.20.4 0.6 0.8 1 g _ 0 05 *1
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Spin Correlations

B Polarization in tt production:
B Tops unpolarized but spins correlated
B Strength depends on production mechanism (gg vs. qg) and choice of spin basis

Normalised Events

Normalised Events

0.2 ATLAS Simulation Preliminary
0.18 MC@NLO + Herwig
0.16
0.14fF
0.12F
0.1
0.08 [ eemcneene?
0.061
0.04F
0.02

0.24F
0.22F

0.2F
0.18F

0.14f
0.12F

0.1F
0.08F
0.06F
0.04F
0.02F:""

0.16F

~ti(A=SM)
“tt(A=0)
E {s=7TeV

angular correlation
in dilepton channel

ST

Karlsruhe Institute of Technology

~

A¢ [rad]

ATLAS Simulation Preliminary
MC@NLO + Herwig

~ti(A=SM)
~f(A=0)

/

with and without -
spin correlations

- \s=7TeV

elements

/

ATLAS Preliminary

f Ldt=46fb" (s=7TeV

cos(6,) cos(0.)

_____________________________________________________________________________________

tt spin correlation measurements

faqq = (stat) = (syst)

_____________________________________________________________________________________

helicity basis

cos(6,) cos(0.)

_____________________________________________________________________________________

maximal basis

0.83 +0.14 +0.17

| | mat\!“qu | |

0:\ !

S-Ratio
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[ATLAS-CONF-2013-101]

1 15 2
Standard model fraction
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Charge Asymmetry
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_ _ Tevatron (pp) LHC (pp)
@ Top production asymmetries: ] :
: : . t t
B SM: small effect (contributes first in NLO)
B Tevatron: tops like to move forward t
_ . Cy : : n > >
® LHC: t rapidity distribution wider than t Rapidity Rapidity
Tevatron LHC
o CDF 9.4 fb* CMS 19.7 fb”, 8 Tev
16.4 = 4.7 % _ 0.5+ 0.9 %
Lepton+jets . Lepton+jets 04150 CMS 5.0 fb™, 7 TeV
D o 6 Dileptons 5052 %
ATLAS 4.7 fb™, 7 TeV
CDF 9.4 fb™ Lepton+jets —@— 0.6 + 1.0 %
—e— 9477 % (extr.) Dileptons o
Lepton+jets DO 9.7 fb 571 2.8%
—e—  4.7+2.6 % (In|<1.5)
Dileptons ® 4.4 + 3.9 % (extr.) 10416 % CMS 5.0 tb™, 7 TeV
Dileptons ATLAS 4.7 fb™, 7 Tev
——23+14%
Dileptons ® 12.3 + 5.6 % (extr.)
) Bernreuther & Si, Phys.Rev., D86 (2012) 034026: 8 TeV,
Bernreuther & Si, Phys.Rev., P86 (2012) 034026 | |

0 5 10 15

Asymmetry, %
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Charge Asymmetry

AT
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Tevatron (pp) LHC (pp)
@ Top production asymmetries: ] i
B SM: small effect (contributes first in NLO) t t
@ Tevatron: tops like to move forward t
® LHC: t rapidity distribution wider than t Rap dity’ Rap dity*
Tevatron Current state of the art LHC
tf Inclusive Asymmetry in theory: leptonic ymmetry LHC: no deviations
| ° 05+0.9% from SM predictions,
Leptontiets . YESEIN Mmeasurements
I ot e :?ec?ome systematics
CDF 9.4 fb™ Lepton+jets —@&— 0.6 £ 1.0 % Imlted

—e— 9477 % (extr.)
Lepton+jets

D0 9.7 fb™
S — 4.7 + 2.6 % (n|<1.5)
Dileptons ® 4.4 + 3.9 % (extr.)

Lepton dn Asymmetry

Tevatron: tension
between measurements
Beranuthtgr&Si, F'I;ys.Rev.iF;BE {2{) and CalculatIOn (2_3 G),
Asymmetr enhancement at hlgh

invariant tt masses

Dileptons ®

37 10/09/2013 News from the
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Dileptons

Lepton dn Asymmetry

+
ileptons

5.7+ 2.8%

1.0+1.6%

—— 231+ 1.4%

ernreuther & Si, Phys.Rev., D86 (2012) 034026: 8 TeV,

CMS 5.0 tb™, 7 TeV

ATLAS 4.7 fb™, 7 TeV

0

5

|
15

[V. Sharyy, TOP 2013]

|
10
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Flavor-Changing Neutral Currents A“(IT

B Top flavor-changing neutral currents (FCNC) very small in the SM:
forbidden at tree level, effective GIM suppression in quantum corrections

B FCNCs in tt decays:
® Probes tZq, tyq or tHq couplings
B E.g B(t—Zq) <7107 @ 95% CL

A350 LN N PR AL L B L B B
% - CMS Preliminary
o | 195fbat(s58TeV
TB00[-
=
&
[e)
250__ ° . ] Z
. »
o
2001 T 5 c)f)
[ H 1 4
i : e 1 O
B : [ -P
150_ ° .I : ° ° T —
- L., _ [})
B o
w
- 1 N
1OP [ RS R ST SN AR SO A N AN S N A N ST R b
00 150 200 250 300 350
m,, (GeV)
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Flavor-Changing Neutral Currents

B Top flavor-changing neutral currents (FCNC) very small in the SM:
forbidden at tree level, effective GIM suppression in quantum corrections

B FCNCs in tt decays:
® Probes tZq, tyq or tHq couplings
B E.g B(t—Zq) <7107 @ 95% CL

B FCNCs in single top production:

@ Probes tqg or tZqg couplings
B E.g B(t—cg)<1.6x10%@ 95% CL
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Search for Vector-Like Quarks

B Heavy vector-like quarks:

B Vector-like: left-/right-handed with symmetric
couplings, SU(2)xU(1) singlet or doublet

B Generic signature, e.g. composite Higgs,
Little Higgs, extra dimensions, ...

® Rich phenomenology:
T —tH, tZ, bW; B — tW, bZ, bH

g q
J aQ
Z H W
Z H W
g Q
g, q°

® Typical limits with full Run | dataset
® Heavy T mass > 600-850 GeV
® Heavy B mass > 400-750 GeV
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There is Much More... A\‘(IT

® ... than | could present in a one-hour talk:

More measurements: QCD parameters from cross section, W polarization
More associated production: tt + bb, W, Z, y

More searches: charged Higgs, same sign tops, four tops, ...

Boosted topologies & searches for heavy tt and tb resonances

Top as a background to Higgs, SUSY, and exotics searches

B Check out the LHC and Tevatron experiments’ public material
B https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
B https://twiki.cern.ch/twiki/bin/view/AtlasPublic//TopPublicResults
B http://www-cdf.fnal.gov/physics/new/top/top.html
B http://www-dO.fnal.gov/Run2Physics/top/top public_ web_pages/top_public.html
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| ‘,,/f* 2 B Tevatron: legacy measurements being finalized
o B LHC Run I: 6 million tops on tape
W s e B Mass and cross sections: towards precision top physics
',:, 'ﬁ.ff":, B Top properties: explore connection to Higgs and BSM
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