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Outline

¢ Introduction

¢ Recent results on top quark pair
production

¢ Recent results on single top

quark production




Top Quark

¢ By far the heaviest quark

- it decays before it can hadronize
- investigation of a bare quark

¢ Large coupling to the Higgs boson

- top plays an important role in
the SM

Open questions of SM:
¢ Dark matter and dark energy

\

¢ Matter antimatter asymmetry

¢ Unification of forces

/
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Expect SM to be a low-energy approximation

of a more general theory

Top quark plays an important role in many
BSM models




LHC Accelerator

LHC:

LHC Run/|
Delivered luminosity ~ 23 fb™
Max. inst. luminosity ~7.7:10% cm?s™
Luminosity on tape ~ 22 fb
Luminosity used in analyses ~ 20 fb™

2012 data taking period
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Run | started in spring 2010
2010 and 2011: Vs =7 TeV
2012: Vs = 8 TeV

Run |l started in spring 2015
with \'s = 13 TeV

LHC Runl i
~2.6 fb™
~4.6-10% cm™s™
~2.4 fb
~0.4 fb™

October 2015



Detectors

Length: 22 m Length: 46 m
Height: 15 m Hel_ght: 25 m
Weight: 14 kt Weight: 7 kt

B-field: 3.8 T (solenoid) B-field: 4T (toroidal)

¢ Excellent momentum and vertex ¢ Very good momentum resolution

resolution (~200 m? silicon sensors) ¢ Excellent hadron cal. resolution
© Good EM calorimeter resolution




Hadron Collider

Highest energies achievable with hadron colliders

proton 1

proton 2

Consequence: use only Lorentz invariant
transverse quantities, e.g. transverse

momentum pr=,/p%+p3 = psing

Instead of polar angle use pseudorapidity

0
71=—In (tan 5) or Lorentz

invariant rapidity v

Hadron collisions = collisions of
“broadband” parton beams

Longitudinal momentum fractions x;
unknown — partonic center of mass
energy unknown

———
Beam 1 Beam 2




Top quark production rate

Standard Model Total Production Cross Section Measurements s:ius: varch 2015

LHC pp Vs=7TeV
mm  Theory

- Observed 45-4.91! - Observed 203" 7

-

mmOme
o8 . e
_-__n__

ATLAS Preliminary
Runi1 +/s=7,8TeV

LHC pp Vs =8TeV
B Theory
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el L1300
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VH i
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PP W z tt  ti—chan WW-wz WW H Wit

total total total total total total total total total

Wz ZZ ttW

total total total

LHC: ~ 5,000,000 top pairs (2012, 8TeV, about 20fb™")

LHC is a top quark factory !

LHC 8TeV
~90
per ys
~100
pers

15
per min

3
per min

(1-2)
per min

2012 data
taking period




Top quark pair production

¢ Top quark pair production via strong interaction P
(dominant process)

¢ Electroweak production of single top quarks

(factor 2-3 smaller than pair prod.) p
quark-antiquark gluon fusion
q . annihilation t g t g 90000 +—>—
g 8
q t g t § WA —<— ¢

(+ u-channel)

Tevatron LHC 7TeV LHC 8TeV LHC 14 TeV

Cross section 7.2 pb 172 pb 246 pb 954 pb o e ot
Gluon fusion ~15% ~80% 280% ~90%
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Single top quark production

t-channel s-channel associated production
u d u d (Wt)

\\/ u t g
/’/\\

S
Sl
S

¢ Electroweak production mode of top quarks
© t-channel most abundant production mode for single top quarks
¢ Direct measurement of |V, |2

Tevatron [pb]| LHC [pb] LHC [pb] LHC [pb]

Vs=1.96 TeV Vs=7 TeV Vs=8 TeV Vs=14 TeV
s-channel 1.0 ) 6 12
t-channel 2.1 66 87 243
Wt 0.26 " 16 22 84

Approximate NNLO (based on threshold resummation at NNLL accuracy): PRD 83, 091503 (2011); PRD 81, 054028 (2010); PRD 82, 054018 (2010); arXiv:1210.7813

*) Approximate NNLO (based on threshold resummation at NLL accuracy): PRD 74, 114012 (2006)
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Top Quark Decay Channels

0_.( t—>bW 100 %

() Woelptv=10%
W - hadronisch =70 %

t- and s-channel single top:
¢ Decay of 1 W-boson

¢ Most analyses use the “leptonic”
decays W - evand W - pv (~20%)

tt and Wt:

¢ Decay channels classified according
to the decay of the two W-bosons

¢ Most tt properties analyses use the
“lepton+jets” channel

¢ Most Wt analyses use the dilepton
channel

“alljets” 46%

THets 15%

41 1°/g
"1_‘_“ 2//
ft“\'e \OIDI
Wik A0
¢ ct+jets 15% )
"dileptons” "lepton+jets”
4% 30%

L+jets 15%

tt: “lepton+jets”-channel:
(etjets and U+jets)
4 Moderate background

¢ Relative high branching ratio
(~30%)




Survey of top quark

1995: Discovery of the top quark by both Tevatron experiments CDF and DO

Since then the top quark has been studied widly ...

A Intrinsic

properties:

[Production:

W,

9 Production rate of different © Top quark mass —con- ¢ Decay channels
processes (strong and EW) straints on Higgs mass (SM and new)

¢ Differential distributions ¢ Charge ¢ Couplings
¢ New production mechanismsj ¢ Lifetime




Outline

¢ Introduction

¢ Recent results on top quark
pair production:

- Top quark pair cross section

- Charge asymmetry

- Search for resonant production
- ttV cross section

¢ Recent results on single top
quark production




Top pair event signatures

Dilepton Lepton+jets All hadronic

Jet

I v I v
\/ bt \/ piet ' brjet

b b

=~ 30%
moderate

Mainly
multijets




Recent top quark pair cross section measurement in the eu
channel from CMS

CMS
CMS PAS TOP-13-004

N =1 categories

b-jet

10° 1 b-tagged jet  19.7 b’ (8 TeV)

=3 add. jet CMS
— Preliminary
add. jet

+ data
B
B twiaw i
oy
A"
[ QCD/Wijets
Y
I tthg 1
MC syst+stat

1 add. jet 2 add. jet

107

add. jet add. jet

Events/GeV

8TeV

bR \\\

1 . ; MR
0 d5 R \m\\\\\\\\\\\ SN \i\\& \\i\\k R W \\M\m

40 60 80 100120140160180 40 60 80 100120140160180 40 60 80 100120140160 180 200
p. [GeV] p. [GeV] p. [GeV]

2”1 R @
R (e}
8

pred

¢ Select events with opposite charged eu pairs and categorize events in 12
classes according to N ;. = 0,1,2 and N, ;s = 0,1,2,3 (add. jets: non b-jets)

. jets
¢ Perform binned likelihood fit to event number (N, ,4=0) and to p; of the least
energetic add. jet (N_,, ,..>0) in these 12 classes

ets

¢ Constrain systematic uncertainties insitu with likelihood fit
Result: gz = 174.5+2.1(stat) =73 (syst) £3.8(lumi)pb at /s = 7TeV
ocq = 245.6 £ 1.3(stat) igzg (syst) £ 6.5 (lumi)pb at /s = 8TeV

Relative uncertainty: < 4% ; good agreement with SM theory prediction
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Summary of LHC Run I tt cross section measurements

7TeV

8TeV

ATLAS+CMS Preliminary

LHctopwG

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC

my,, = 172.5 GeV
scale uncertainty

scale ® PDF @ o, uncertainty

ATLAS, I+jets
ATLAS, dilepton (*)

Rel.

uncertainty

ATLAS, all jets (*) |
ATLAS combined
CMS, I+jets (%)
CMS, dilepton (*)
CMS, 7, +u (%)

CMS, all jets (*)
CMS combined
LHC combined (Sep 2012)

o, summary, \s=7TeV

—

total stat

179+ 4+ 9+ 7pb

173671 *2pb

1 167+ 18+ 78+ 6 pb

177£373£7pb

164+3+12+7pb
170+ 4+ 16+ 8 pb
149+ 24+ 26+ 9 pb
136+ 20+ 40+ 8 pb
166+ 2+ 11+ 8 pb
173+ 2+ 8+ 6pb

Sep 2015

S, *(stat) £(syst) £(lumi)

Ly=0.7 b
Liy=0.7 1!
L,=1.0 fb"
Liy=0.7-1.0 fb!
Li=0.8-1.1 fb™'
Ly=1.1 16"
Ly=1.11b"
L=1.110"
Liy=0.8-1.1 fo™'

Liy=0.7-1.1 fo”'

ATLAS, l+jets, b—>Xuv
ATLAS, dilepton ey, b-tag

. miss
ATLAS, dilepton ey, Njets_ET
ATLAS, 1, +ets

ATLAS, all jets
ATLAS, 1, i+
CMS, l+jets
CMS, dilepton ep
CMS, 7, i+l
CMS, 7, +ets
CMS, all jets

3.6%

—t——t—

165+ 2+ 17+ 3pb

Ly=4.7 o

182.94 3.1 4.2+ 3.6 pb L,-461b"

18124287 27+33pb L4610

M
194+ 18+ 46 pb

168+ 1275+ 7 pb
183+ 9+ 23+ 3 pb
158+ 2+ 10+ 4 pb

+45

174.5+2.1%43+3.8 pb

143+ 14+ 22+ 3 pb
152+ 12+ 32+ 3 pb
139+ 10+ 26+ 3 pb

Liy=1.7 o'
Liy=4.7 fo!
Liy=4.6 o'
Ly=22-2.31b"
L=5.0 fb!
L=2.2fb"
L,=3.9 fb"

L,=35 fb"

ATLAS+CMS Preliminary LHCfOpWG o summary, {s=8TeV Sep 2015

NNLO+NNLL PRL 110 (2018) 252004, PDFALHC
My, = 172.5 GeV

[ scale uncertainty
scale ® PDF ® og uncertainty

total stat

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

ATLAS, lepton+jets
PRD 91 (2015) 112013, L;,=20.3fb"'

—#— 26012 = 8pb un

CMS prel., lepton+iets || o | 2y 228972 + 10 pb
CMS-PAS TOP-12-006, L,,=2.8fb"

CMS, lepton+v,
PLB 739 (2014) 23,

——do—— 257 +3x24+7pb
Liy=19.6%0"
ATLAS, dilepton eu
EPJ G74 (2014) 3109,

[ 2424 +17+55+7.5pb

L,=20.3 0"

CMS, dilepton (ee, uu, eu)
JHEP 02 (2014) 024, L,,=5.3fb"

239.0+21+x11.3+x6.2pb

LHC combined ex (Sep 2014) |4y 2415 +1.4 +57 + 6.2 pb

ATLAS-CONF-2014-053, CMS-PAS TOP-14-016,
L=5.3-20.3 fb™'

CMS prel., dilepton en

- 2456137 s =6.5pb
CMS-PAS TOP-13-004, L;,=19.7 b '

CMS, all jets SR |
CMS TOP-14-018, L,,=18.4fb™ 2756 +6.1+x37.8+x7.2pb

Rel.
certainty

Effect of LHC beam energy uncertainty: 3.3 pb
(not included in the figure)

200 250 300 350 350
s, [pb]

Effect of LHC beam energy uncertainty: 4.2 pb
(*) Superseded by results shown below the line (not included in the figure%y ¥ P

UV 1 SR A
50 100 150

o [Pb]
Measurements in different channels are in good with each other and with SM pred.
Relative uncertainty of most precise measurements (ey) < 4%




Top quark pair cross section measurements at 13 TeV

ATLAS+CMS Preliminary LHCIOPWG o _summary, is = 13 TeV Sep 2015

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC

ATLAS CONF—201 5- 049

ATLAS Prenmmary o Data2015  Ji B ol uncerainy s somsemeum el

r = 13 TeV, 78 pb |:| ttWPOWheg"'PY n . scale ® PDF ® a4 uncertainty uncertainty
Wt

[ Z+jets
1 Diboson
Il Mis-ID lepton

[.2

U2, EIE R G 820+ 50+56+83pb | 13.5%
ATLAS-CONF-2015-049  L,,=78 pb”

ﬁ

ATLAS, dilepton ee/up * 749+ 57+ 79+ 74 pb 1 5.30/0
ATLAS-CONF-2015-049  L,,=85 pb"

E——

ATLAS, l+jets * | g17+13x103+88pb | 16.7%
ATLAS-CONF-2015-049

CMS, dilepton ey * ' 772+60+62:93pp | 16.4%
>3 CMS-PAS TOP-15-003  L,,=42 pb’

N b-tag
CMS, I+jets © 836+ 27+ 84+ 100 pb

‘ COuntlng experlment US|ng Opposrte CMS-PAS TOP-15-005

* Preliminary

sign ey pairs with 1 or 2 b-tags Dy |
400 600 1000 1200

o, [pb]
First measurements are in good agreement with SM prediction
Rel. uncertainty of most precise measurement: <14%




tt cross section - summary

Tevatron combined* 1.96 TeV (L=8.8 fb‘1) .. Sep 2015
ATLAS e 7 TeV (L=4.6 fb ) ATLAS+CMS Preliminary P

CMS ep* 7 TeV (L=5 fb') LHCIOpWG
ATLAS eu 8 TeV (L=20.3 fb )

CMS eu* 8 TeV (L 19.7 fb')

LHC combined eu* 8 TeV (L= 5 3-20.3 fb )
ATLAS eu 13 TeV (L=78 pb )

CMS ep* 13 TeV (L=42 pb')

ATLAS ee/pu* 13 TeV (L=85 pb )

ATLAS l+jets* 13 TeV (L=85 pb Y

CMS l+jets* 13 TeV (L=42 pb b

—
o
W

oOOdremE<«omOEJ

* Preliminary

—
o
N

800}

o)
2
C
e,
-
O
O
7p)
7p)
7p)
O
| -
o
z
o)
>
92
=
O
=

600k

E—— NNLO+NNLL (pp) . . . . .
&= NNLO+NNLL (pp) 13 s [TeV]
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
hop = 172.5 GeV, PDF® a uncertalntlels according to PDF4LHC

6 8 10 12

Total top pair cross section in good agreement with SM theory prediction




Charge Asymmetry in Top Quark Pair Production

SM: Small asymmetry caused by higher order interference effect, which occurs
for asymmetric initial states only (qqg,q9)

q { q 7 q i}

t q st~y

parton restframe pp - Tevatron pp - LHC
backward ' forward A top_ A top_
: ¢ anti-top anti-top
quark ,
: antiquark
Ve . -
t Rapidity Rapidity
t (anti-t) are preferen-  q (anti-q) mostly from proton  average quark momentum
tially produced in g (antiproton) fraction X,>Xantiq
(anti-q) direction —forward-backward asym- — Centra|_periphera|
metry Acg asymmetry A
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SM Predictions for the Charge Asymmetry

pp — Tevatron:

A

top
anti-top

>
Rapidity

top
anti-top

>
Rapidity

Sensitive variables: rapidity in lab or in tt-frame
Asym. in tt-frame > Asym in lab-frame

=2yttt

AFB =~ 8% (2007, NLO calc. with estimated EW cor.)

tt-frame: AY =y -y

anti-t

9% (2011, NLO calc. with full EW cor.)
10% (2014, NNLO calc. with full NLO EW cor.)

Sensitive variable:
Difference of the absolute values
A of the top and anti-top rapidities

in the lab frame, Aly|=|y /- ly__|
//\ A= 1.2%
- C

|yt|- ly | (2012, NLO calc. with full EW cor.)

anti-t




Tevatron A B
evatron A__ Saga o
N i %ckward’
© In 2008, first ——
N. Kidonakis, July 2011 e ¥ forward
PRD84:011504 (2011) measurements '
[ V. Ahrens et. al., (** submitted to a journal) o u
arXiv:1106.6051v1 (2011}
[ W. Hollik and D. Pagani, (* preliminary) !ndlca_ted a Iarger .
arXiv:T107.2606 (2011) inclusive Az than predicted
ChFL) T ofmepomeoomoml @ In 2011, both Tevatron experiments

measure a larger inclusive Agg than
predicted by SM

CDF DIL* § °
ety e @ Leptonic asymmetry measured by DO in
the L+J channel is also larger than the SM
CDF combined* —®—  0.2014 0.067 (£0.065+ 0.018) prediction
' et = syl (3.30 compared to MC@NLO)
; o
DO L** 5 0196 + 0.060 "0 ® CDF measured a large asymmetry for

(5.4 M>450GeV, but DO not
(3.40 ?compared to MC@NLO)

04 02 0 0.2 0.4 0.6 08 © Observed deviation generated large
Aw number of theoretical BSM explanations
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central

9 Measurement of A_ in lepton+jets channel

W
- % ) o N AXiv:1909.02358
A 2 ~ ATLAS :
u ¢ 10058 TeV, 20.3 fb" e
u £ w - Inclusive —+— Data .
‘ : 801 b-tag e o
peripheral peripheral - WA ) W+ets
60 [ Others _
- 7 Tot. Une.
40 = g -
¢ Select events with 1 isolated central 200 | N
e/y, 2 4 jets whereof at leastone jetis T
b -ta g g € d _ § ik 1 ?//////////////77///7//5!////////////////////////7//%d//ﬁ‘////#//A///V//V////////////////7/9’//7////7/////////////9;;
¢ Reconstruction of tt kinematic; R ea e et B B o
. y
lepton charge determines the charge A » .
of semileptonically decaying t-quark: = g——"% 207.03 ; 9|Dt ALALRUALLY
= . CMS ata |
Alyl =1y = 1Yl = QY| = 1,04 S lHets, full PS —— QCD (NLO), K&R
¢ Perform unfolding to account for 8 o6k — QCD(NLO), B&S |
biases due to event selection and 2 I CMS
non-perfect reconstruction 04
Result: A.=0.0010 £ 0.0077 (CMS) 02:
A_=0.009 + 0.005 (ATLAS) .
Measurements are in good agreement S Y T R
with SM prediction Aly|
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Differential A_ — Investigation of different aspects of A_
- 197 ‘fb'1 (8TeV)
t Da"ca CM
—— QCD (NLO), B&S

)
<

0.1

_ ~ CMS

T T T ‘
- CMS
- I|+jets, full PS

" Study extra hard radiation |
" (increased neg. contribution of A;) ]

i

tt
Pl (GeV)

! ! 1 ! 1 ‘ 1 ! 1 !
50 100 150

ArXiv:1507.03119

| t Data
—— EAG (1.5 TeV)

—— EAG (2.0 TeV) K
—— QCD (NLO), B&S

| Hjets, full PS
~ NP could result

19.7 fb (8 TeV)
T | T T

- in an A.increa-

- Sing with inv. mass

ArXiv:1509.02358

SM

Light color octet
Heavy color octet
Data

Vs =8TeV, 20.3 fb

| |
e

qa induced tt events increase |
with velocity 8

0.95 0.5 0.75 1.0
ﬁz,ﬁ

¢ Differential AC measurements at
the LHC are in good agreement
with SM predictions

¢ In particular there is no indication
that there is a strong rise of A with

the inv. mass (as seen by CDF)




Inclusive charge asymmetry using the template method

¢ Fit symmetric and asymmetric tt
templates to sensitive variable

Y=tanh(Aly|)

© Use fitted relative magnitude of
sym. and asym. components to

determine the asymmetry

CMS 19.6 fb~! (8 TeV
L] T T L] I 1 T T T T T
CMS. t lat Confidence
, template ‘
(0.33£0.26 £0.33)% [ 68%
95%
CMS, unfold | g
(0.10£0.68 £0.37)% CMS
Kiihn and Rodrigo
B uther and S
POWHEG
MC@NLO
1 1 1 1 I 1 1 1
=2 -1 2

Al (%)

Symmetric (8 TeV)
q L T T T | T T T T T T | T T T | T T T ]
o 0.250 CMS
SO0 simuaton ArXiv:1508.03862
= —_—r B —
S 0.2 —
Ps! C ]
e _ﬁ= e =
00151 —
C . 5x10 3 Antisymmetric (8 TeV)
- v [ T T T | T T T | T T T | T T T I T T T i
f Symmetric ¥ % cys :
T ~ 1.5F simutation i
L 2 E . 9
0,055 = 1 Asymmetric -
TTr 3] L ]
- S8 050 :
L L1 1 L0 | | D_
q1 06 02 0.2

|

o

[
|

|
|
(%)) —
||||‘|||||||| T

+e+jets
+utjets

© New template method (TM) assumes SM-like

distributions for sym. and asym. components

© TM results in a larger model dependence but

the statistical uncertainty is substantially
smaller than in the standard method (unfolding)
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Overview of Asymmetry measurements at the LHC

7TeV 8TeV

ATLAS+CMS Preliminary  LHCtopWG \s=7TeV Sept 2015 ATLAS+CMS Preliminary LHCIOpWG \s=8TeV Sept 2015

tt asymmetry
ATLAS l+jets

JHEP 1402 (2014) 107

CMS l+jets

PLB 717 (2012) 129

ATLAS+CMS l+jets

Preliminary

ATLAS dilepton

JHEP 05 (2015) 061

CMS dilepton

JHEP 1404 (2014) 191

Theory (NLO+EW)

PRD 86, 034026 (2012)

lotal stat

Ac t(stat) £(syst)
0.006 + 0.010 £ 0.005

0.004 +£0.010 £ 0.011
0.005 +0.007 + 0.006
0.021+0.025 +0.017
-0.010 £ 0.017 £ 0.008

0.0123 +0.0005

lepton asymmetry
ATLAS dilepton

JHEP 05 (2015) 061

CMS dilepton

JHEP 1404 (2014) 191

Theory (NLO+EW)

PRD 86, 034026 (2012)

0.024 +0.015 + 0.009
0.009 +0.010 + 0.006
0.0070 +0.0003

I

tt asymmetry

ATLAS l+jets

arXiv:1509.02358

CMS l+jets template

arXiv:1508.03862

CMS l+jets

arXiv:1507.03119

Theory (NLO+EW)

PRD 86, 034026 (2012)

0.009 + 0.004 + 0.005

0.003 £ 0.003 + 0.003

0.001+ 0.007 + 0.004

0.0111£0.0004

ATLAS l+jets boosted
(M >0.75TeV && A ]| < 2)
ATL‘AS-CON F-2015-048

Theory (NLO+EW)

JHEP 1201 (2012) 063

0.043 £0.019 + 0.026

0.0160 * 0.0004

-0.1

Ac

0.1

-0.05

0.05

¢ All tt asymmetry and lepton asymmetry measurements are consistent with
each other and with the SM prediction

¢ There is no indication for new physics from the A. measurements at the LHC




State of the Charge Asymmetry in 2015

: Tevatron, L+J
NL ] J . . .
O gen.—*— © Theory: SM prediction increased

SM, 2007 —— NLO QCD+est. EW (full EW contribution, NNLO QCD

CDF, 1.9fb" - . pred.)

CDF, 5.3fb™" = ¢ LHC: All A, measurements and

DO, 5.4f0" - . | leptonic asym. are consistent with
the SM prediction

SM, 2011 —— NLO QCD+full EW
SM, 2014 ° NNLO QCD+NLO EW

CDF, 9.4f0" +——e—+ & Tevatron: Latest A.; measurements

and leptonic asym. (not shown,
-1 . .
D@, 9.7fb” +—e— Inclusion of 3-jet events, larger unc.) are larger but

TR TR B .m.ini|mi.zej e.Xt,ra?o,lat,io,n, consistent with the SM prediction

0 0.1 0.2 0.3 A

Charge asymmetry puzzle seems to be solved, but full NNLO QCD
calculations and full EW corrections are important for tt modeling




Search for resonances decaying to tt

‘leE|P 990|1’ |04|7 (2|00|9) | I I | I | I | | | I | | | | I | I
do(pp = (Z'/g* =) tt)/dmg [fb/20 GeV]
Mg = g = My, = 2 TeV
LO, CTEQGL1, LHC

In many models with
NP occur heavy
resonances decaying
preferentially to tt

I_._I |
e

QCD only
Z' Color singlet

gt Color octet (vector coupling)

g3 Color octet (axial coupling)

1500 1750 2000 2200
tt invariant mass [GeV]

No indication for heavy resonances at the Tevatron (sub-TeV range)
With the LHC the TeV range can be explored for the first time




Boosted top pairs - challenge

Leptonic
side

v o
\/ b-jet

M.
tt

2000
[GeV/c?]

The larger the invariant
top pair mass M ., the

more boosted the top
quarks and the smaller
the angles between
the decay products

Leptonic side:

Lepton close to b-jet
or in b-jet
(lepton not isolated)

Hadronic side:

Jets overlap — recon-
struction of 1 or 2 jets

instead of 3
(jet with substructure)




Search for resonant tt production at the LHC —

High mass analyses:

19.7 fo™' (8 TeV)

utjets, 1 ttag
’\\II‘\III‘II

¢ Separate analyses for high and low inv. tt mass regions

> T | 1T TT | T T ‘ T T ‘ T T
8 10°: cMmS ¢ Daia =
g £ m E
S ,|+Jets [ Others 1
= R Z'2.0TeV, 1% width |
2 L . -
2 10 11 top-tag -
o ! ]
Lu I '
10§ E
1 : =
: Ll ‘ Ll L
EJ 1I57 T T T T 17T ‘ T | T T T ‘ T 17T \{
m r ]
L +++++++ i
©
)] 0.5*HIIHI L 11
0 1000 2000 3000
I\/Itt [GeV]

Events / 100 GeV

Data / Bkg

ntjets, O ttag, 1 b tag
7\\I\‘I\\\‘\I\I‘\\\\

19.7 fo' (8 TeV)
‘I\I\l\\\\l\l\l:

104; CMS ‘Eata
i { I Others 1
100 pily T Z20TeV, 1% width _
f ltjets -
102? ' Otop tag,
10- @ S, ._1+b tag
1 T |
E A
1.5;*"”" ‘ |“H|w|w|
1_ +' Sandias 6+++++ *\ S O E
0.5 +

d\\l\\l 1000\|\\

II\I\\
2000

I8 N | I I |
3000
M. [GeV]

latest result (l)

ArXiv:1506.03062, submitted to PRD

Events / 100 GeV

Data / Bkg

|Ay| > 1.0; 2 b tag (high-mass)
ETT

19.7 b (8 TeV)

E \\l\\\\‘I\\\l\\\\l\\\\l\\\l‘\\\l
- CMS ¢ Data
i mm
) Al I-had . non-top multijet
100 T e : Z20TeV, 1% width 3
- 2 b-tags :
i L] i CMS
10F ’ ++
TF + E
1.5;”” ‘—
T
05 ‘
0 1000 2000 3000
Mﬁ[GeV]

¢ Event selections in the high inv. tt mass region designed to cope with the

boosted topology:

all-had: Require 2 jets that are identified as top-jets (via substructure in merged
fat jets) and categorize events according to the number of b-tags

lepton+jets: Require 22 jets and one non-isolated |, categorize events according
to the number of top-tags and b-tags

Jeannine Wagner-Kuhr

MPP colloquium, Munich, 3.11. 2015
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Search for resonant tt production at the LHC - latest result (ll)

:\rigi;/i15<]>6:0§0l621 il i l1l9.l7lfbl'1l(8] TeV) ¢ Use reconstructed inv. mass of tt
2 " coMs | g ot cws |  for statistical inference

E 102 95% CL expected Leptonsjets (treshoi) . @ No indication for heavy resonances
T§ i Kgluon I i SO decaying to top quark pairs
Sr AT 2 @ Most stringent limits on topcolor
Xk i narrow and 10% wide Z' and KK
& F : gluon excitation: 2.4 TeV, 2.9 TeV,
S0 —— 2.8 TeV at 95% CL

1= 1 @ Search from ATLAS in the I+jets
T channel (JHEP08 (2015), 148) results
S OEoTc I s b e o R in similar exclusion limits as I+jets

3
Mg [TeV] analysis from CMS

Top pair events with Mgz > 1TeV/c? observed but no indication for heavy
resonances decaying to tt

LHC Run Il will allow to explore multi-TeV range

Jeannine Wagner-Kuhr MPP colloquium, Munich, 3.11. 2015 29



13TeV data — Boosted tt candidate (all-hadronic)

C

\

CMS Experiment at LHC, CERN

Data recorded: Sun Jul 12 07:25:11 2015 CEST
Run/Event: 251562 / 111132974

Lumi section: 122

Orbit/Crossing: 31722792 / 2253




ttV — Decay Channels

b N\ P
Process tt decay Boson decay ~ Channel Z — {7( | jets 7
lepton+ijets Fy OS dilepton no 4 N & y
P dilepton qq OS dilepton no 4 :
lepton+jets (*y SS dilepton no 4 g 4
dilepton *y Trilepton no 2
dilepton qq OS dilepton no 4 N
=7 all-hadronic e OS dilepton yes 6 s, |
lepton+jets (e Trilepton ves 4
dilepton Vol Tetralepton yes 2

— Most sensitive channels

OS: opposite sign leptons SS: same sign leptons

Channel Signal Dominant background
OS dilepton - ttZ tt, Z+jets
ttW (ATLAS only) ) tt
SS dilepton ttw tt with non-prompt lepton
Trileptons: ttZ Z+jets and tt with non-prompt lepton, WZ
ttw tt with non-prompt lepton, WZ
Tetraleptons: ttZ L

Jeannine Wagner-Kuhr

MPP colloquium, Munich, 3.11. 2015
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Measurement of the ttV cross sections at ATLAS

ArXiv:1509.05276

ATLAS .CR1 2LOS

fs=8TeV, 203 fb
@ Data B Total unc.

ETop [@Charge mislD
v [l Fake leptons

[l Rare SM [ ]ftZ

Mz I v

o
[s]
T 1T | T 1T | T 1T | T

Events / channel

wl ol ooml ool 1

no Z Z 27 z noZ nol z ee eu pp z z z no DF DF DF SF SF
1-2b  2b 2b Ob 12b 1-2b 2b 2b+  2b+ 2b+ b 2b+ 2b+ 2b+ \Ub 1b 2b+ A\ 1b 2b+ J)
3 3 4 3 4 5+ 5+ ar 3 4r 23 Y Y

OS: opposite sign leptons SS: same sign leptons Different  Same
lepton lepton

flavor flavor

¢ Use of 15 SR and 5 CR
¢ Perform a fit to the event numbers in all 20 categories
¢ In case of the dilepton (2L) categories also shape information is used




Measurement of the ttV cross sections at CMS

pu + 24 jets + b tags 19.5 fb’ (8 TeV) 37 + >4 jets + b tags 19.5 fp™! (8 TeV)
Nonprompt [lwWz  Other BttH — | Nonprompt lWZ = ZZ Other
iz Mtiw ¢ Data - BaH Btw [ iz *Data

Post-fit _ CMS Post-fit CMS
> ss dilepton (f) > (€)

= 4jets + b-tags

1510.01131

Trilepton
> 4jets + b-tags

7

N
T | I I I T | T I

=
@
-
o
i
o
8
©
(]

Data/Pred.

-06 04 -02 O 02 04 06 - _ .
ttw BDT ttZ BDT

¢ Use of 5 SR with subcategories (N, lepton-type)
¢ Some backgrounds (non-prompt, charge mis. id.) determined from data CR
¢ Reconstruction of tt-system

¢ ttrec. and kin. event variables used in BDT
¢ Extract cross sections from fit to BDT outputs




Observation of the ttV process at the LHC

ArXiv:1509.05276 ArXiv: 1510.01131
I s B e L I O I B

v
“ATLAS w N O su
_ *  ATLAS Best Fit : * Best fit
- —— ATLAS 68% CL
Hls=8TeV, 20.3 ATLAS 95% CL

NLO prediction*
174 Theory uncertainty

ttw Theory uncertainty

ttZ cross section [fb]

ttZ cross section [fb]

* Madgraph5_aMC@NLO calculation

IIII|IIII
00 100 200

EXxp.

Significance of ttwW

300 400 500 600

ttW cross section [fb]

Obs. Exp.

Significance of ttZ
Obs.

3 200 300 400
ttW cross section [fb]

Cross section of ttV [fb]
ttw ttz

ATLAS | 3.20
CMS 3.50

5.00 3.20
4 .80 570

4. 80
6.4.0

58
369+1OO 176t52

15 +65
3821117 24278

Rare SM processes ttV have been observed and measured cross sections are
consistent with SM prediction




Outline

¢ Introduction

¢ Overview of the current status in
top quark physics

¢ Recent results on top quark pair
production

¢ Recent results on single top
quark production:
- t-channel
- Wt production
- s-channel




Single top event signature

t-channel (tgb)

}
l \l bjet
., b

s-channel (tb)

Distinct event
signature

Backgrounds:
W+jets

Top pairs

: lepton+jets
dilepton

W1 production

Very similar event
signature as top pairs

Diboson l Z+jets
w




First single top t-channel cross section ﬂ
measurements at 13TeV

2- Jet 1 tag (SR) 42 pb (13 TeV

P’

¢ Consider leptonic
* Data Chas, | decay of W-boson

Preliminary W t-channel (&= ¢ Require 1 e/y, 2 jets (up to |n|<5),
Lt tw whereof one is b-tagged, minimum
B Wiz+jets transverse mass of W to reduce QCD
| JacD background and a rec. top quark mass
m,,, compatible with the top mass

q light jet, j'

Events/ 0.5
(@]
=
cn

CMS PAS TOP-15-004
¢ Validate W+jets backgrounds in side

band regions of m,,,

¢ Perform simultaneous fit to |n;| in the

SR and in an tt enriched region (3Jets,
2 b-tags)

4.5

—W LIl

n,

Measured cross section at 13 TeV: 0 = (274 + 116) pb
SM prediction: o0 = 217 pb (NLO 5FS, HARTHOR)

First single top t-channel events seen at 13TeV, measured cross section
is consistent with SM prediction




Overview of single top t-channel measurements at Run |

- ATLAS+CMS Preliminary LHCIOpWG ATLAS t-channel

PRD920(2014) 112006, ATLAS-CONF-2014-007

— Single top-quark production Sep 2015 CMS t-channel
/ JHEP12(2012) 035, JHEP06(2014) 090

t-channel T \ O ATLAS Wt

- PLB716(2012) 142, paper in preparation

. O CMS Wt
B = PRL110(2013) 022003, PRL112(2014) 231802

Rel. unc. + LHC combination, Wt

9 1 ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009

—h
o
o

%
t-channel ATLAS s-channel
Rel. unc. ATLAS-CONF-2011-118 95% C.L
1 ATLAS-CONF-2015-047

93% CMS s-channel, 95%C.L.
CMS-PAS-TOP-13-009

/ === NNLO PLB736(2014)58
M= 172.5GeV, MSTW2008nnlo

scale uncertainty

oy
k=t
C
S
e
O
(b)
&
w
w
O
| —
o
©
2
w
E
&)
£
I
'
(&)
|_

=== NLO+NNLL PRD83(2011) 091508,
PRD82(2010) 054018, PRD81(2010) 054028
my,,= 172.5GeV, MSTW2008nnlo
Wt: tt contribution removed
scale ® PDF @ o, uncertainty,

— NLO NPPS205(2010) 10, CPC191(2015) 74
m,,,= 172.5GeV, Ho=p=m, -

CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC)
Wit: p: veto for tt removal= 60 GeV —

and H= 65 GeV

Wt - scale uncertainty

scale ® PDF & «, uncertainty

s-channel + All exp. results are w.rt. m,.= 172.5GeV —

8

1e]s 18As

Vs [TeV]
Measured single top t-channel cross sections at 7 and 8TeV are in good
agreement with SM prediction




Events / 0.05

Data/Pred.

Jeannine Wagner-Kuhr

Measurement of the Wt cross section

ArXiv:1510.03572

L T
ATLAS ¢ Data

's =8TeV, 20.3 fb” Wt
b 1-jet 1-tag H tt
Post-fit Il Others

7 Uncertainty

:-—.r--f-/-y‘f-,f--»-f‘-a-,..,!.f.,.,u.-,-,-»-q----'-ﬁ-’ﬁ-.-.--‘-----,--r.»-.-ﬁ-;.-w;-«-’-a--,-,-1--;-,«-,-’,‘-/-,4+/-///*4

] ¢

01 02 03 04
BDT Response

03 -02 -01 0

a @ Consider dilepton
channels: ee,up, ep

¢ SR: opposite sign lepton pair,
1 b-tagged jet, missing transverse
energy

¢ Use of BDTs to separate Wt and tt

¢ Perform simultaneous fit to BDT
outputs in SR and in two tt
enriched regions (2 jets, 1 or 2 b-
tags)

¢ Systematic uncertainties are
constrained insitu via nuissance
parameters

W

Measured Wt cross section at 8 TeV: 0 = ( 23.0?3:8 ) pb

SM prediction: o =

22 pb (NLO + NNLL)

Measured Wt cross section is in good agreement with SM prediction,
relative uncertainty of measurement is about 16%

MPP colloquium, Munich, 3.11. 2015
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9

Search for single top s-channel with the ME method

ldea of ME method: Compute event probability for signal and
background hypotheses

P(xIH,,mc)=%f d"o(y)dq,dq,f(q,)f(q,)W(x|y)

ol

Differential PDF's Transferfunction:
X: reconstructed Cross section Parton(y) —
final state rec. object(x)

H .- Process of Hypothesis

¢ Use full kinematic information of events, integrate over unknown or poorly
measured quantities

» Calculate probability densities for signal (s-channel with 2 or 3 partons) and
backgrounds (t-channel 4FS, tt, W+qq, W+qc, W+bb)

¢ Discriminant (prob. for an event with rec. final state x being a signal event):

Z OLS x|S a0, : Expected fractions of signal/

background process events
Z o P x|S +Z oy P (x|B))

after selection
Jeannine Wagner-Kuhr MPP colloquium, Munich, 3.11. 2015 40




Data/SM - 1

Evidence for single top s-channel

ATLAS CONF-201 5-047

.[ Ldt =203 ATLAS Prellmlnary
e Data

= [ s-channel

‘E. 8 TeV I t-channel

|+jets B Wt
I
I W+jets
] Z+jets, di-boson
B Multi-jet
Post-fit uncertainty

0
0.1F
0.0 W(MW} A2 W%%%M%W/
0.1E
00002 00018 0058 0102 0.187 1
P(S|X)

¢ Select events with one e or y,
exactly two jets which are b-
tagged, MET, veto events with
an add. loosely rec. e or

¢ Validate tt and W+jets in
control regions

¢ Perform a fit to the ME
discriminant P(S|X) in the SR
and to the charge of the
lepton in the W+jets CR

¢ Constrain syst. unc. insitu

Observed significance: 3.20 (exp. significance: 3.90)
Measured cross section: 4.83:2 pb  (SM: o0=5.6 pb (NLO + NNLL))

There is evidence for single top s-channel production at the LHC




Status of single top quark production cross sections in 2015

- ATLAS+CMS Preliminary LHCIOpWG ATLAS t-channel

PRD90(2014) 112006, ATLAS-CONF-2014-007

— Single top-quark production Sep 2015 CMS t-channel
JHEP12(2012) 035, JHEP06(2014)090

—h
o
o

ATLAS Wt
= PLB716(2012) 142, paper in preparation

CMS Wt
= - PRL110(2013) 022003, PRL112(2014) 231802
Rel. unc. L LHC combination, Wt

9 1 ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009

0
/o t-channel ATLAS s-channel

ATLAS-CONF-2011-11895% C L.,
ATLAS-CONF-2015-047

CMS s-channel, 95%C. L.
CMS-PAS-TOP-13-009

=== NNLO PLB736(2014)58
M= 172.5GeV, MSTW2008nnlo

|:| scale uncertainty

=== NLO+NNLL PRD83(2011) 081503,
PRD82(2010) 054018, PRD81(2010) 054028
M= 172.5GeV, MSTW2008nnlo
Wi: tt contribution removed
scale © PDF @ o uncertainty,

o
!
C
S
e
(&
()]
({)
w
w
(@]
S
&
)]
2>
w
>
O
£
IS
'
O
I_

= NLO NPPS205(2010) 10, CPC191(2015) 74
m,= 172.5GeV, Ho=p=mg, -
i CT10nlo, MSTW2008nlo, NNPDF2 3nlo (PDF4LHC)

4

Wit: p: veto for tt removal= 60 GeV —
and = 65 GeV

*"-- Wt - scale uncertainty
eVIdence ‘ scale ® PDF @ o, uncertainty

B =ar S-Channel ‘-'-"-i‘--'- All exp. results are w.r.t. m = 172.5GeV —

8

s 1sfs

Ys [TeV]

Measured single top quark cross sections are in good agreement with SM prediction




Extraction of the CKM matrix element |V

ATLAS+CMS Preliminary LHClopWG

[fy Vel = \\J’c:,'"eas" from single top quark production

theo.

Gieo- NLO+NNLL MSTW2008nnlo
PRD83 (2011) 091503, PRD82 (2010) 054018,
PRD81 (2010) 054028

Acy.: scale ® PDF

theo®

My, = 172.5 GeV

t-channel:

ATLAS 7 TeV'
PRD 90 (2014) 112006 (4.59 fb™")
ATLAS 8 TeV
ATLAS-CONF-2014-007 (20.3 fb™")
CMS 7 TeV
JHEP 12 (2012) 035 (1.17-1.561b ')
CMS 8 TeV
JHEP 06 (2014) 090 (19.7fb™")
CMS combined 7+8 TeV
JHEP 06 (2014) 090

Wi:
ATLAS 7 TeV

i

HeH
Her

PLB 716 (2012) 142-159 (2.05 ")

CMS 7 TeV

PRL 110 (2013) 022003 (4.9 fb™")
ATLAS 8 TeV (%)
ATLAS-CONF-2013-100 (20.3fb™)
CMS 8 TeV'

PRL 112 (2014) 231802 (12.2b™)
LHC combined 8 TeV'*

ATLAS-CONF-2014-052,
CMS-PAS-TOP-14-009

Sep 2015

-t

total theo.

IVl = (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

0.998 +0.038 +0.016

+0.15
1037015 £0.03

+0.16 +0.03
1.01 -0.13 -0.04

1.10+£0.12£0.03
1.03+0.12£0.04

1.06 +0.11 £ 0.03

Wit:
ATLAS 8 TeV'™*
paper in preparation (20.3 fb! )
s-channel:
ATLAS 8 TeV* I

ATLAS-CONF-2015-047 (20.3 o)

(*) Superseeded by relzsults shown blelow the line
1 1 1 1 1 1 1 | 1 1 1

1.01+0.10 £ 0.03

0.93 1050 £ 0.04

" including top-quark mass uncertainty

2

including beam energy uncertainty
1 1 | 1 1 1 | 1 1

0.4 0.6 0.8 1
IfLvVi|

1.6

ol

Extract [V | from measured single
top quark cross sections

g

Assuming [V, |Vis| << |Vl :

O Vipl=1

single top

IfLV Vi | —

theory
single top

. possible anomalous form factor
(SM:f =1)

fLV

Relative uncertainty of |V | deter-

mination from t-channel single top
production at the 5% level




Conclusion

Recent results from top quark production at the LHC tt = ﬁf .

¢ Harvest from Run [: s
- Measured tt and single top o are in good agreement with SM pred.

- Inclusive o of tt, single top t-channel, Wt measured with a precision of below
4%, below 10% and of about 16%

- Puzzle of large asymmetries at the Tevatron seems to be solved but full
NNLO QCD calc. and full EW corrections are important for tt modeling

- Observed tt events in M,=1-3 TeV range, no indication for resonant prod.

- Observed ttV production, consistent with SM
- Evidence for s-channel single top quark production

© First Measurements/studies at 13TeV:
- tt cross section measured with a rel. unc. of <14%,
first t-channel single top events seen at 13TeV
- Have seen nice tt events which are highly boosted

¢ Looking forward to more detailed studies at 13 TeV

Jeannine Wagner-Kuhr MPP colloquium, Munich, 3.11. 2015
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Charge asymmetry in new physics models

T |C||D|I:| ir|elslu||t|

IIII|IIII|IIII|IIII|III5|IIII

0.1 0.2 0.3 0.4 0.5 0.6

Arg (m>450 GeV)

J. Aguilar-Saavedra, M. Perez-Victoria,
arXiv:1105.4606

& Z" Flavor violating Z' exchanged in
t-channel in uu—tt and with right-
handed Z'tu couplings

¢ W' W' boson with right-handed
couplings exchanged in t-channel in
dd—tt

& Q4 Color-sextet scalar with right-handed
flavor violating tu-couplings and
exchanged in u-channel

© w*: Color triplet with flavor violating
tu-couplings, right-handed,
exchanged in u-channel in uu—tt

¢ G, Axigluon, color octet vector with axial
couplings

LHC charge asymmetry measurement provides complementary information




t-channel: Signal and background modeling

Monte-Carlo:

¢ Single top processes: POWHEG+Pythia
¢ tt+jets, W+jets, Z+jets: MadGraph+Pythia
@ Diboson (WW,WZ, ZZ): Pythia

Data-driven multijet QCD modeling:
¢ Template obtained from loose lepton selection

¢ Normalization determined from fit to Mty (M) and
MET (e), respectively

130 220

\ M1vp [GeV/CZ]/
Data-driven W+jets modeling (|nj.|-analysis):
m W+jets yield and |r]j.|-template is extracted from data in m{,, sideband (SB)
B Non-W+jets backgrounds are subtracted

Data-driven top pair modeling (|r|j.|-analysis at 8TeV):
[ ] |r]j.|-template is obtained using the 3-jets 2-tags data sample
® Normalization is taken from the simulation




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47

