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The Top Quark

el T

Leptons
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=  QUARK MASSES
O,

¢ short lifetime of 0.5 - 10** s
— top quarks decay before hadronization
— observation of a “bare” quark

Quarks
suosog a8ner)
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¢ heaviest SM particle: ~173 GeV

¢ strongest coupling (~1) to the Higgs field 200
— a special role beyond the SM ? 150
100
50

or

down
strange |*¢
charm |©
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Top Quark Physics %

(anomalous) couplings
branching ratios
CKM matrix element |V |

b YW rare and BSM decays

spin correlation
top-quark polarization
charge asymmetry

~— |

mass, charge
width, lifetime

W helicity
color flow
inclusive tt production cross section — viq'
differential tt production b
associated production of (new) particles .
production through resonances I*/ g
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Top Quark Physics %

(anomalous) couplings
branching ratios
CKM matrix element |V |

b YW rare and BSM decays

spin correlation
top-quark polarization
charge asymmetry

~— |

mass, charge
width, lifetime

W helicity
color flow
inclusive tt production cross section — viq'
differential tt production b
associated production of (new) particles .
production through resonances I*/ g

| precision measurements — discovery of new physics in the top sector at 13 TeV ? |
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Extension of the Standard Model

open question, e.g.: Atoms

Dark

» no candidate for dark matter = Energy
68.3%
Dark
Matter
26.8%

learner.org/courses/physics/index.html

TODAY

10

R(kpc)

M33 Rotation Curve

1970° : velocity of hydrogen gas

near Andromeda galaxy
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Extension of the Standard Model

¢ open question, e.g.: Atoms

Dark

» no candidate for dark matter ®3% Energy
68.3%
Dark
¢ possible solutions: ?gt;;

e.g. Supersymmetry (MSSM)
e extension of the SM by super
partners with Spin (SM-%)

3138

TODAY

~0 ~0
X3: X4
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From Tevatron to LHC

P%p

Vs = 1.96 TeV
L~10 fb"'

Tevatron
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Main Injector-
(new)

Vs = 7/8 TeV
= L ~ 5/22 fb-!

wErIN
e ATLAS ALICE
i ain 'ﬁf—'omt 2

Law - B
-_ _iPm nt 8

February 3", 2016 Alexander Grohsjean



From Tevatron to LHC

Muon Scintillators
|l

Vs = 1.96 TeV
L~10 fb"'

_.uﬂﬁ't-'-.'-

Main Injector-
(new)
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HCAL p p Q Detector characteristics
7 Muon Detectors Electromagnetic Calorimeters Y Width: ~ 44m
\ = Diameter: 22m
/ \ < Weight: 7000t
VERY FORWARD: / \
N S = 7/8 Tev \ \ \\ Forward Calorimeters
\ \

\ \ /

L - 5/22 fb' 1 End Cap Toroid

-T=" ATLAS
. Point 1

Total Weight : 14,500 t. = i
Overall diameter: 14.60 m B
Overall length = 21.60 m

Magnetic field - 4 Tesla - ) S

\.\!

* L
i Inner Detector jieldi
Barre| Toroid Hadronic Calorimeters Shielding
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From Tevatron to LHC

Muon Scintillators
|l
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Total Weight : 14,500 t.
Overall diameter: 14.60 m
Overall length : 21.60m
Magnetic field : 4 Tesla
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Barre| Toroid Hadronic Calorimeters Shielding
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June 3", 2015: First collisions at 13 TeV

CMS Experiment at the LHC, CERN
Data recorded: 2015-Jun-03 08:48:32.279552 GMT
Run / Event / LS: 246908 / 77874559 / 86
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13TeV Prospects

Cross section ratios: 13 TeV / 8 Te¥Y

excellent prospects for top quark physics !
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13 TeV Run Performance %

CMS Integrated Luminosity, pp, 2015, vs= 13 TeV

Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC

T ] T T 4.5
BB LHC Delivered: 4.22 fb' !

I CMS Recorded: 3.81 fb' ! -9 | already half of the
3.5 | /&8 TeVttdata

| Offline Luminosity

3.0

2.0_

1-5_

0.5‘

Total Integrated Luminosity (fb' ')

0.0 —

Date (UTC)

February 3", 2016 Alexander Grohsjean 8



13 TeV Run Performance %

CMS Integrated Luminosity, pp, 2015, vs= 13 TeV

Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC

. : . - 4.5
S B LHC Delivered: 4.22 fb'!
§ : i1 4.0
= [ CMS Recorded: 3.81 fb already half of the
2 3.5 35 | 7&8TeV tt data
)] . . .
.E 3_0_Ofﬂme Luminosity
£
3 2.5F
—d
D 2.0}
dd
o
5 1.5
o
£ 1.0t
©

0.5-
°
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0.0 — g-

A ¥ N
Date (UTC)

| first glimpse at 13 TeV regime |
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(anomalous) couplings
branching ratios
CKM matrix element |V |

b "W rare and BSM decays

spin correlation _
top-quark polarization t mass, charge
charge asymmetry width, lifetime

W helicity
color flow

inclusive tt production cross section v/q
differential tt production
associated production of (new) particles

production through resonances I*/q

(o)



Leading Order tt Production

q t
Tevatron:
~85%

q t

g t 9 t 9 t
+ + LHC:
~90% @ 13 TeV

g t 9 t g t
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Top Quark Decays

BR(t—Wb) = 100% — final state classification according to W boson decay

TT/T+X : all-hadronic
14 o, Top Pair Decay Channels 46%
o |28
o lo | £
" [22)
t 28
= 6|%
+ > s =
t W IS | o
' < tau+jets
b . & .
=. B muon-+jets
s | O electron+jets
\‘260’5\ e’ |lultt|  ud cs
dileptonic (ee/ep/pn) semileptonic (e/p+jets)
6% 34%
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Dilepton Signature %

CM=S Experiment at LHC, CERN

C Data recorded: Wed Jul B 19:26:24 2015 CEST
Run/Event: 251244 / 83494441 -
Lumi section: 151 |
Orbit/Crossing: 39572626 / 358
w %
i @9
t
MET: v b
164 GeV _
Q \ b
- (§ rg t
p; =82 GeV W- |
electron: b
p, = 98 GeV
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Dilepton Events
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tt Cross Section at 13 TeV

¢ one isolated ep pair of opposite charge, at least 2 jets

42 pb' (13 TeV)

£ CMS e*uF - Data
S, of _I
° B Non W/Z
O VvV
81007 ;W .
= W I > et
Z

50
O 17 .
% 1 S S | S e S S
© * j !
O oat—y 1 2 3 4 5 6 >7

Number of jets
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tt Cross Section at 13 TeV %

¢ one isolated ep pair of opposite charge, at least 2 jets

¢ pure counting | g
basically F
background free / ()
\ 42 pb' (13 TeV)V
o= N daia = Nig £ CMS ey’ \ - Data
e-A-BR(tt>11)-| Ldt| S1s0f = Eon Wiz
S vV
81007 ;W
= 2t — e
=z
50
O 17 .
= ;
F I L2 g e e S S
- ¢
O o3 ' .
0 1 2 3 4 5 6 >7

Number of jets

February 3", 2016 Alexander Grohsjean 13



tt Cross Section at 13 TeV %

¢ one isolated ep pair of opposite charge, at least 2 jets

¢ pure counting

basically F
background free

\ / _ \ 42 pb™ (13 TeV)

# data events # background events

o= N jaa _kag % CMS o \ . Data
i 2 150k f
€-A-BR(tt=>11)-| Ldt| >150F [ ]
( ) - B Non W/Z
o VV
selection efficiency Q" . + o1
(trigger, lepton £ M Zt— et
identification, isolation) < e
O 17 >
< }
To B i R L2 R g e S S
s ¢
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0 1 2 3 4 5 6 >7

Number of jets
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tt Cross Section at 13 TeV

¢ one isolated ep pair of opposite charge, at least 2 jets

¢ pure counting

basically
background free

\ / _ \ 42 pb™ (13 TeV)

# data events # background events

5= N daia = Nig £ CMS eiﬁ\ . Data
= . S i
e-A-BR(tt>11)-| Ldt| >1s0F ]
( ) f ° B Non W/Z
7 © VvV
. integrated | 8100 e tW
efficiency I luminosity € | 2y — ey’
detector branching < 0
acceptance ratio
QO 17 o
= :
To B i R L2 R g e S S
a . . ¢
570 1 2 3 4 5 6 >7

Number of jets
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tt Cross Section at 13 TeV %

¢ one isolated ep pair of opposite charge, at least 2 jets

¢ pure counting

basically F
background free

\ / _ \ 42 pb™ (13 TeV)

# data events # background events

G = Ndata o kag "g CMS eibﬁ \ * [—)ata
¢ A-BR(ti>11)-[ Ldt | Siso o Non W/Z
7 : w
. integrated | 8100 W
efficiency I luminosity g i O Z/’Y* — eiM1
detector branching < 50
acceptance ratio
0, =769+ 123 pb (+16%) S - > $
60 (stat) £ 55 (syst) + 92 (lumi) pb| & [t et UV
O o3 5 ] 2 3 4 5 6 27/

| 13 TeV cross section consistent with SM prediction: 832 pb | CMS-PAS-TOP-13-004
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From 2to 13 TeV
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— m =172.5 GeV, PDF® O uncertainties according to PDF4LHC ]
B R N R A R T N AN T N S NN N A S R R S B

2 4 6 8 10 12 14

| 3¢ CMS publication at 13 TeV_| \s [TeV]

February 3", 2016 Alexander Grohsjean 14



From 2 to 13 TeV
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| Mission complete: Boldly went where no one has gone before! I \S [Te\/]
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From 2to 13 TeV
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O 10° = = ATLASen8TeV (L=2031b"
O — ® CMSep 8TeV(L=19.71b")
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Excellent agreement from 2 to 13 TeV and between different channels and experiment§|
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Precision Cross Sections at 7 and 8 TeV

x10° 19.7 b (8 TeV)
2 .
£ 70--CMS data
g g0 =Freliminary I _
L] \ I twitw
50 1oy
: [ Jwv
constraint [ non W/Z
background [ty estimate b-tag
MC syst+stat efficiency
E' | 1 ‘ 1
0B 155 $
-D E 15\\\\\\‘\\\\\\ IS -\ \\\\\\\ :\\\\\\\\\\\\\\\\\\\\\\\\\\
@] Q_O 5 E | | | \\\\\\\T\\\\\\
' 0 1 2 >3

b jet multiplicity
¢ simultaneous template fit to 7 and 8 TeV
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Precision Cross Sections at 7 and 8 TeV

%103 19.7 fb (8 TeV)

o)
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2 b-tagged jets 19.7 b (8 TeV)
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Precision Cross Sections at 7 and 8 TeV

%10° 19.7 b (8 TeV)
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Precision Cross Sections at 7 and 8 TeV

0 or =2 b-tagged jets 19.7 fb™ (8 TeV)
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Precision Cross Sections at 7 and 8 TeV

%103 19.7 fb (8 TeV)

2 .
= 70--CMS data
g g0 =Freliminary I _
Ll I tw/tw
50 )
40 [ Iwv
[ non Wiz
30 = [ Ittv
20— MC syst+stat
10
:' | 1 ‘ 1 ]
n|T 15 ¢
Q E 1;\\\\\\.\\\\\\ NN oo SN
O Q_O 5 E | | | \\\\\\\T\\\\\\
' 0 1 2 >3

b jet multiplicity
simultaneous template fit to 7 and 8 TeV
0,=1745+£6.3pb (£3.6%): 2.1 (stat) +4.5 (syst)
0,=2456+93pb (+3.8%): 1.3 (stat) +6.6 (syst)

8 (lumi) pb
S (lumi) pb

+
+

systematic uncertainties included as nuissance parameter
e largest variations trigger (1.2%), lepton id./iso. (1.5%), Drell-Yan (1.2%)
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Precision Cross Sections at 7 and 8 TeV

%103 19.7 fb (8 TeV)

%)
T 70=CMS * data
g g0 =Freliminary L
L] N ew/tw
50 [ IDY
[ Ivwv
40 [ non Wiz
305 [ Itev
20— MC syst+stat
10
o e
0D 1.5= ¢
Bls 1Eoe SORNRNARNNNNR SR s | NNLO+NNLL (arXiv: 1303.6254) :
0550— l (lj [ R R JI L 1 2| L1 |23| L O-t{ — 1720 + 75 pb ( + 43% )
b jet multiplicity 0,=245.8£10.5pb (+4.3% )

simultaneous template fit to 7 and 8 TeV
0,=1745+£6.3pb (£3.6%): 2.1 (stat) +4.5 (syst)
0,=2456+93pb (+3.8%): 1.3 (stat) +6.6 (syst)

8 (lumi) pb
S (lumi) pb

+
+

systematic uncertainties included as nuissance parameter
e largest variations trigger (1.2%), lepton id./iso. (1.5%), Drell-Yan (1.2%)

|most precise tt cross section measurement — challenging predictions!l CMS-PAS-TOP-13-004
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Turning into a Search for New Physics

¢ additional top squarks — increased tt prodction rate

b ¢
p p v
v i
t
w éﬂé. o
W - 5
v t
P P v
b ¥ 5 ’
I SUSY contributions I

SM production
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Stealthy Top Squarks |

¢ probes interesting and unexplored region

of ,natural“ stop quark masses
Status: ICHEP 2014

;- 500 LU B I I B [ S [T T [ T R |:
8 ATLAS Preliminary L, =201fb"Vs=8 TeV L =4.7 o' Vs=7 TeV
J3 EmtLoty .
= oty D %% v ~
400 =mi-wWby 7 —]
ESt—c ?1] 1‘_ - )2? =
BEEbffy 5
350 % % o
o 1

300
250

200

150

_IIIIIIIII|Illllllllllllllllllllllll

m; [GeV]
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Stealthy Top Squarks |

¢ probes interesting and unexplored region

of ,natural“ stop quark masses
Status: ICHEP 2014

;500 11||||||'[|||'l[1||'||1'||||11|1|||_
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. 0 3 5:_ [P Expected+1c,,, E
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4 e F .

200 — O 3t -

4 2 F ]
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4 £ 2F :

i - .

' i u

15 1 :
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: :I l 1 1 L | | L 1 l I 1 L 1 | | 1 1 1 1 I 1 I 1 1 ':

0 | Y50 760 170 180 190 _ 200
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1

| exclusion up to about 190 GeV | i (e | CMS-PAS-TOP-13-004 I
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(anomalous) couplings
branching ratios
CKM matrix element |V |

b YW rare and BSM decays

spin correlation
top-quark polarization
charge asymmetry

~— |

mass, charge
width, lifetime

W helicity
color flow

inclusive tt production cross section v/q
differential tt production
associated production of (new) particles

production through resonances I*/q
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Differential Measurements
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Differential Measurements %
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Differential Measurements

CMS Preliminary 42 pb™ (13 TeV)
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Differential Measurements

CMS Preliminary 42 pb™ (13 TeV)
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A Phenomenological Revolution

¢ LO QCD + parton shower generators:
Pythia, Herwig, ...
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A Phenomenological Revolution

¢ LO QCD + parton shower generators: I arXiv:151.00549
Pythia, Herwig, ... L o s T R e e
¢ LO multileg generators matched with T
parton shower: w125
Alpgen+Pythia, Alpgen+Herwig. ‘% 1
¢ NLO + parton shower generators: ,@f o
Powheg+Pythia, MC@NLO+Herwig  ° o-s [
0.25 :j
¢ NLO + LO multileg generators matched . E ;
with parton showers: Sherpa, ... o 1.2 B ]
g 1_1 ‘ / i —r ,’,, ) 77:
¢ NNLO QCD calculations E oo s G G e A
s 1 P - si——
S 1l ST SESINEN
= B NN NN RSN NN AT NN S NN SNNSS

D7, ¢ [G=W]

l exciting perspectives for precision differential measurements ‘
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Differential Distributions: Top p.

«10° CMS Preliminary 42 pb (13 TeV)
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Differential Distributions: tt p.

CMS Preliminary 19.7 b (8 TeV)
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Differential Distributions: Jet Multiplicity

71pb~" (13 TeV)
| |

% I
5= | CmMS
S gL reliminary 1
1o U0 6 1y + jets combined
05L 1t ¢ data _
= —— Powheg Pythia8
04L ---- Powheg Herwig++ -
—= aMC@NLO
0_3 - = _: ] O &5/ ek Madgraph |

Njets

O
O

—©

1.5

10

107¢

1072¢

CMS Preliminary

42 pb™ (13 TeV)

E | I I |

- Dilepton p*'> 30 GeV, ™| < 2.4
: * Data

— Powheg+Pythia8
Powheg+Herwig++
--- aMC@NLO+Pythia8
----- MadGraph+Pythia8

: L.'I.'LI‘-'I‘I S TS
—

®iStat. joooooos
Stat. @ Syst.

L

=

SIE
ik I_E 0 I e
e 0.5

2 3 4 >5
Nje‘rs
high jet multiplicity bins
overestimated in MC
|CMS-PAS-Top-1 5-011, 15-005, 15-01 OI

February 3", 2016 Alexander Grohsjean 22



(anomalous) couplings
branching ratios
CKM matrix element |V |

b YW rare and BSM decays

spin correlation
top-quark polarization
charge asymmetry

~— |

mass, charge
width, lifetime

W helicity
color flow

inclusive tt production cross section viq
differential tt production
associated production of (new) particles

production through resonances I*/q

op



The Top Quark Mass %

¢ in combination with W and Higgs mass: self-consistency of the SM
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The Top Quark Mass

¢ in combination with W and Higgs mass: self-consistency of the SM

¢ stability of the Higgs potential

180 e

—_—— _-._113-5'. - metastability
178 [ =~ - - e
- i i e ¥ T R
176 - = GHET L oET
_ mr ~ — -
_ P e Fermi Planck
174 - |'/,_-\'IT' JatT et et et
| Meta-stubili l-JPﬂ;l"' .
I _Bta‘_mb]llwf I= e et )

| AT s ? A v
1721 -7 -t L ANGY L :

=

Top pole mass M; in GeV

170 | = —

P Stability

.E.gi i i " i i " 1 1 i
120 122 124 126 128 130 132

Higgs pole mass M}, in GeV

arXiv:1307.3536 Fermi Planck

stability

February 3", 2016 Alexander Grohsjean 23



Measurement Techniques %

¢ use variables strongly correlated with m,

¢ compare data to MC with different
top mass hypotheses

CDF Run 1l

0.1 tt m{e° templates
> 2 tags events (AJES = 0.0)

o
o
®

- M, = 167.5 GeV/c?

U M, =172.5 GeV/e?
M,,, = 177.5 GeV/c?

0.06

Py(m®* | M__AJES)
0.04

Fraction of Events/(2.5 GeV/c?)

0.02

III|IIII|II ‘—IIIJI7II
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mie® [GeV/c?]
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Measurement Techniques

¢ use variables strongly correlated with m,

¢ compare data to MC with different
top mass hypotheses

CDF Run 1l
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Matrix Element Method

¢ optimized usage of kinematic and topological information

¢ LO tt matrix element: -

o depending on (m,JES,...) hypotheses proton

e PDFs and detector resolution antiproton

[ ppr: Partonverteilung ; M (y ;m,, JES): LO ME fuer Partonen y
W (x, y): Detektoraufloseung(y=>x);w pag -0 — Tagging — Gewichi

24
Pn(x;mpJES)OCZ,.:l Wbtag,if de,de,f ppr(€,)f ppr(€;)

(M (y;m,, JES)

€,€,8

W(x,y)

dgg
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Matrix Element Method

¢ optimized usage of kinematic and topological information

¢ LO tt matrix element >
 depending on (m,JES,...) hypotheses proton
» PDFs and detector resolution antiproton
-

¢ combination of signal and background probabilities:

Pevt(x;mt:JES):ftiPtf(X;mt:JES)+(1_fsgn)Pbkg<X;JES)

February 3", 2016
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Top Mass at the Tevatron

' m, = 174.98 + 0.58 GeV

172 173 174 175 176 177

PRD 91, 112003 (2015) m, [GeV]
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Source of uncertainty Effect on m, (GeV)
Signal and background modeling:
Ifiigher order corrections +0.15 |
/ 1071 ) OY
IHadroniza.tion and UE +0.26 |
Color reconnection +0.10
Multiple pp interactions —0.06
Heavy flavor scale factor +0.06
b-jet modeling +0.09
PDF uncertainty +0.11
Detector modeling: _
Residual jet energy scale +0.21
Flavor-dependent response to jets +0.16
b tagging +0.10
Trigger +0.01
Lepton momentum scale +0.01
Jet energy resolution +0.07
Jet ID efficiency —0.01
Method.:
Modeling of multijet events +0.04
Signal fraction +0.08 + O 43 Y
MC calibration +0.07 - A)
Total systematic uncertainty +0.49
ol 05—
w o () D@ 9.7 fb™'
L C R . ]
1.04" |+]ets__
1.03- .
- 1SD ]
1 .02 B 28D o
- 3SD s
1.07° 7




Top Mass at the Tevatron

Source of uncertainty Effect on m, (GeV)
Signal and background modeling:
Ifiigher order corrections +0.15 |
Wlﬁn .00 Mass of the Top Quark
Hadronization and UE +0.26 | N .
Color reconnection +0.10 July 2014 (* preliminary)
Multiple pp interactions —0.06 CDF-I dilepton * 167.40+11.41 (+10.30+ 4.90)
Heavy flavor scale factor +0.06 .
b-jet modeling +0.09 D@-I dilepton 168.40 +12.82 (+12.30+ 3.60)
PDF uncertainty +0.11 .
Detector modeling: _ CDF-II dilepton * 170.80+3.26 (+1.83+ 2.69)
Residual jet energy scale +0.21 ) —
Flavor-dependent response _to_jets 4+0.16 D@-1l dilepton 174.00+2.80 (+2.36+ 1.49)
b tagging +0.10 CDF-l leptonsiet —_——
Trigger 40.01 -l lepton+jets 176.10+7.36 (+5.10+ 5.30)
Lepton momentum scale +0.01 . —_——
Jet energy resolution +0.07 DOl lepton+jets 180.1045.31 (3.90+3.60)
Jet ID efficiency —0.01 . gl
DF-II |
Method: C epton+jets 172.85+1.12 (:0.521 0.98)
Modeling of multijet events +0.04 DGl le ; e
pton+jets +0.41+ 0.
Signal fraction +0.08 + O 43 % 174.98£0.76 (:04120.69
MC calibration +0.07 CDF-l alljets 186.00+11 51 (:10.00% 5.70)
Total systematic uncertainty +0.49
nl .05_' T T T R CDF-Il alljets * 175.07+1.95 (+1.19+ 1.55)
w "l (a) D@ 9.7 b .
L C . l+jets CDF-II track 166.90 £9.43 (+9.00+ 2.82)
1.04F +]els -
B ] CDF-ll MET+Jets 173.93+1.85 (+1.26+ 1.36)
1 .03 -_ i Tevatron combination * [ ] 174.34+0.64 (+0.37+ 0.52)
B 7 (L stat + syst)
" 1SD i ¥2/dof = 10.8/11 (46%)
1.02F - | ' | | | |
" 38D 1 150 160 170 180 190 200
1.01F - M, (GeV/c?)
"~ | m,=174.98 + 0.58 GeV ]
—

172 173 174 175 176 177

| PRD 91, 112003 (2015) I m, [GeV] | good agreement between all channels |
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Top Mass at the LHC

CMS Lepton+jets, 19.7 fb™' (8 TeV)
F T 1 T T T T T T T 3

% i +2D
= 1.008¢ * Hybrid -
1.007- enp -

I

1.006}
1.005F
1.004}
1.003
1.002}
1.001

1 +£0.29%
- most precise!

I

L I 1 1 1 1 I L
172 172.5

| arxiv:1509.04044 | ™€V

|mt = 172.35 + 0.16 (stat+JSF) £ 0.48 (syst) GeV

Modeling of perturbative QCD

PDF 0.09
Ren. and fact. scales +0.17 + 0.0
ME-FPS matching threshold +0.11 = 0.09
ME generator —0.07 £0.11
Top quark pr +0.16
Modeling of soft QCD

Underlying event +0.161L0.15
Color reconnection modeling +U.11 =013
Total systematic 0.59
Statistical 0.20

Total 0.62 : .
| top event modeling crucial !
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Top Mass at the LHC

N cms Lepton-jets, 19.7 fo' (8 TeV)
@’ 1 '0082_ Ifl?{brid —
1.007F ®iD -
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1.005F =
1.004F =
1.003F =
1.002F =
1.001F =
1;_ I I | 1 . I 1 | | 1 |—;

172 172.5
m, [GeV]

| arXiv:1509.04044

+ 0.29 %
most precise!

|mt = 172.35 + 0.16 (stat+JSF) £ 0.48 (syst) GeV

Modeling of perturbative QCD

PDF 0.09
Ren. and fact. scales +0.17 £ 0.0
ME-FPS matching threshold +0.11 = 0.09
ME generator —0.07 £ 0.11
Top quark pr +0.16
Modeling of soft QCD

Underlying event +0.161L0.15
Color reconnection modeling +0.11 = 0.15
Total systematic 0.59
Statistical 0.20
Total 0.62

February 3", 2016

ATLAS+CMS Preliminary LHCIOpWG  my,, summary,/s = 7-8 TeV Sep 2015
"""" World Comb. Mar 2014, [7]

stat

total uncertainty total stat

My = 173.34 + 0,76 (0.36 £ 0.67) GeV ey total (statt sys) s Ref
ATLAS, l+jets (*) 172.31+1.55 (0.75+ 1.35) 7TeV [1]
ATLAS, dilepton (*) 173.09+ 1.63 (0.64+ 1.50) 7TeV [2]
CMS, l+jets 173.49+1.06 (0.43£0.97) 77TeV [3]
CMS, dilepton 172.50+ 1.52 (0.43£ 1.46) 7TeV [4]
CMS, all jets 173.4911.41 (0.69t 1.23) 7TeV [5]
LHC comb. (Sep 2013) 173.29+ 0.95 (0.35+ 0.88) 7TeV [6]
World comb. (Mar 2014) 173.34+ 0.76 (0.36+ 0.67) 1.96-7 TeV [7]
ATLAS, l+jets 172.33+1.27 (0.75+ 1.02) 7TeV [8]
ATLAS, dilepton 173.791 1.41 (0.541 1.30) 7TeV [8]
ATLAS, all jets 175.1+£1.8 (1.4+£1.2) 7TeV [9]
ATLAS, single top 172.2+2.1 (0.7 2.0) 8 TeV [10]
ATLAS comb.({‘fja;tgf’;ﬁ_ 172.99+0.91 (0.48+ 0.78) 7TeV [8]
CMS, I+jets 172.351 0.51 (0.16£0.48) 8 TeV [11]
CMS, dilepton 172.82+1.23 (0.19+1.22) 8 TeV [11]
CMS, all jets 172.32+0.64 (0.25+0.59) 8 TeV [11]
CMS comb. (Sep 2015) 172.44+0.48 (0.13+ 0.47) 748 TeV [11]

[1] ATLAS-CONF-2013-046

[2] ATLAS-CONF-2013-077

[3] JHEP 12 (2012) 105

[4] Eur.Phys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758

[7] arXiv:1403.4427

[8] Eur.Phys.J.C (2015) 75:330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055
[11] CMS PAS TOP-14-022

165 170
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| top event modeling crucial !
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Definition of the Top Quark Mass

¢ beyond leading order: self-energy corrections

i i
_)
p_mo p_mo_zdive _Zﬁn

¢ m_becomes renormalization scheme dependent: "

e pole mass, running masses e.g. MS

¢ most precise measurement rely on MC mass (calibration):
o difference to pole mass assumed to be ~ 1 GeV (e.g. arXiv:1101.2599)

My = 17334 £ 0.76 GeV |
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Top Quark Mass from Cross Section

| J. Kieseler, DESY-Thesis-2015-054 |

o [pb]

- 19.7 10" (8 TeV)

T N 02
5.0 fo! (7 TeV)

pole
m eV
t [GeV] comparison to NNLO+NNLL

arXiv:1303.6254
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Top Quark Mass from Cross Section

| 3. Kieseler, DESY-Thesis-2015-054 |

o [pb]

- 19.7 10" (8 TeV)

m = 173.6 £ 1.8 GeV
for NNPDF 3.0

T N 02
5.0 fo! (7 TeV)

pole
m - [GeV
t [ ] comparison to NNLO+NNLL

arXiv:1303.6254

| most precise measurement of top quark pole mass I
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Summary — Top Quark Pole Mass

D0 5.3/tb Py 167.50 + 5,00 GeV
11) 422

CMS 7 TeV o 176.70 + 2.90 GeV

PLB 738 (2014) 526

ATLAS 7+8 TeV N 172.90 + 2.50 GeV

EPJ C74 (2014) 3109 %

ATLAS 8 TeV tt+1jet % 173.70 + 2.20 GeV

&

arXiv:1507.01769 \

DO Preliminary ° \\ 169.50 + 3.30 GeV

DO Note 6453-CONF &

CMS 7 TeV Preliminary
CMS TOP-13-004

CMS 8 TeV Preliminary
CMS TOP-13-004

CMS 7+8 TeV Preliminary
CMS TOP-13-004

CMS Run-I Preliminary
CMS TOP-14-015

| I |
165 170

173.40 + 2.00 GeV

173.90 + 1.90 GeV

173.60 = 1.80 GeV

172.38 + 0.65 GeV

R
%57
9

] | ]
180 _
m, [GeV’

| good agreement between different experiments: still large uncertainties of ~ 2 GeV |

| I ]
175
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Connecting MC and Pole Mass ‘

0 or =2 b-iagged jois 197 b7 (8 Talr)

=3 add jet

Events/Gey

— mMC = 172.5GeV

Ralio

— mMC — 178 5 GeV

1 b-lagaed st 19.7 17 (8 Tav}

3 ¢ . i - =3 i
=3 add jet
_mt A %-m' ? 1 add jet b 2 add jet . J
m 10 e BT - :‘::':
! s
2 1,: Lo i
TR TV s e PRI IONT oY VR e
40 [:]H] 20 100 1?!2"‘1;6'3:3%’] 40 &0 B0 100 1%"‘?&5 40 &0 80 100 120 140 WS I?&'ﬂﬂ
invariant lepton + 2 biagaediels 197 1" (8TaV)
= W0 3 '
b-quark mass: N 1 add jet - 2add jet =3 add jet
independent of 5 '~ =5 | e B
production mechanism : Yo e
mos S0 i b bl
2 1_§E; g 3
T 1k o = praes
055 S VI I R P Im:"‘l(';],:; a0 6080 400 420 140 960 Fg),ﬁu

e LT N e e e
G s p, [Ge
| simultaneous fit of o, and m, - \ J. Kieseler, DESY-Thesis-2015-054
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Connecting MC and Pole Mass

| J. Kieseler, DESY-Thesis-2015-054 |1 9.7 fo'}(8§ TeV)

— 280 1 =
a [ "WPPF30 . NNLO+NNLL 3
o™ 2701 - NLO+NLL 0.8 %E#
i o LO+LL =
2601 [m,, =1740£17Gev | —0.6
250 0.4
240 —0.2
230—_|th(;—1727+07c3e,v| N,

145 150 155 160 1éS"1’7'0"17'S'
mp"’e, :"'C [GeV]
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Connecting MC and Pole Mass

| 3. Kieseler, DESY-Thesis-2015-054 |1 9.7 fb'}(§ TeV)

= 280 s =

a [ "™ . NNLO+NNLL °8

o= 2701 e NLO+NLL 0.8 gE#

: s LO+LL —
260:_ | My = 1740 £ 1.7 GeV | —0.6 —
2501 0.4
240 g
230_|thC—1727+07GeV |
145 150 155 160 165 170 175 0
| rnt,MC_rnt.poIe::I"Bi:l"g GeV | mpo e! IMC [GeV]

| first experimental calibration of m,,,.: compatible with assumption of 1 GeV \

February 3", 2016 Alexander Grohsjean 32



(anomalous) couplings
branching ratios
CKM matrix element |V |

b YW rare and BSM decays

spin correlation
top-quark polarization
charge asymmetry

~— |

mass, charge
width, lifetime

W helicity
color flow

inclusive tt production cross section viq
differential tt production
associated production of (new) particles

production through resonances I*/q

op



Spin Correlation in Top Quark Events

¢ detailed probe of top quark spin and production mechanism

C= NM~+N¢¢_N¢¢_N¢¢
Nyppt+ N+ N+ Ny
t
q t 351 7': g t V
P 2000,
I e
q 1 . * g t i
close to tt threshold, small close to tt threshold, p—1
| Tevatron | | LHC |
¢ beam basis: C =0.78 @ NLO ¢ helicity basis: C =0.32 @ NLO

February 3", 2016 Alexander Grohsjean 33



Spin Correlation in Top Quark Events

¢ detailed probe of top quark spin and production mechanism

QJ

| high sensitivity to new physics in production and decay |
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tt Spin Correlation at 13 TeV

azimuthal angle between leptons sensitive to tt spin correlations at LHC

. 42 pb”' (13 TeV)
g . Data VvV CMS e"uf+>2jets
o 40-H tt B W
O M NonWZ WM Zh—eWw
& |
g i
E 20_

0
CEJ 1.7_
.
0O o3 L ! | ' ' |

% 01 02 03 04 05 06 07 08 09 1
Ao(e, w)| (rad) /

| good agreement between data and SM tt prediction |
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Stealthy Top Squarks Il

¢ additional top squarks — vanishing spin correlation

= 16000

S ATLAS 1
w — fo—
c 140005 [ Jswd \s=8TeV,20.3 " 7
i 12000 | iff(A<0) =
10000 [ Background =
gooof- | Jif.180Gev [ =
6000F =St o = E
4000 gt ]
2000f -
b ¢ () O s O |
2 L/ 1 2_ T
e, h — . =
) W § o i Sl ST SR SN A
o e =
P 098 e ;
b € 08kcr E
0 (.2 0.4 0.6 0.8 1
Ad [rad]/
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Stealthy Top Squarks Il

¢ additional top squarks — vanishing spin correlation

Z % 2: I | | I I I | 1 I I I I 1 I I I :
°I5 18 ATLAS -
1.6 \s=8TeV, ee+upu+en o -
1.4 '_—-
te- —
- y b 4
= = .
B :\p / v
0.8 — > 11,74
S tt (A=SM) ] t &, -0
b ¢ I . - X
P /%_ _r_r_ P : B - ~(l)
& m— Lt (A= ] = X
t W 0.45 i it (A=0) - j t W 1
- ~r ] P 1
SR 0.2 tt,, 180 GeV \ ;
v : ] b (L
p 0_ 1 l | | 1 1 1 | 1 l l | 1 1 1 | l l 1 ]
b 4 0 0.2 0.4 0.6 0.8 1

A¢ [rad]/ =
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Stealthy Top Squarks Il

Status: Feb 2015
600 | | 1 1 | I | I I I ] | | I | | 1 1 VI | 1 | - | | I | | I | | | |

Liy=4.7 0" (s=7 TeV -

..\..l.IIIIIII

400

300

TP YT FPETH PRI ROTTY W PP

b 4
200
12
W g
100~
Vi
W X
7
0
b ¢

| exclusion of top squark pair production up to 198 GeV I
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Top Quark Polarization

‘P: N¢_N¢
N.+N,

¢ strong interaction P-conserving: vanishing top quark polarization in SM

N -

<|
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Top Quark Polarization

‘P: N¢_N¢
N.+N,

¢ strong interaction P-conserving: vanishing top quark polarization in SM

spin
analysing A charged lepton
basis "y
s O
t
)

v b jet .
\mutrino

N -

<|
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Simultaneous Probe of Spin Correlation and Polarization

February 3", 2016

spin
analysing A charged lepton
Y

basis
v O
1
LY
b jet .
\rmutn'no

I polarization

Alexander Grohsjean

Entries / 0.1

Entries / 0.1

3000

2000

Data/Simul§tion

Data/Simulation

cMs

[

19.5 b (8 TeV)

"4 Data -
Ctt —» 1+
[ Background -

cos 0/}

19.5 b (8 TeV)

4 Data
tt - 1+-
I Background




Simultaneous Probe of Spin Correlation and Polarization

19.5fb" (8 TeV)

CMS

2000

L e e e e e

S8 40001
5 L
@ a0l lepton angle
5 - in lab frame
LIJ -

+ Data
[ttt > 1+
[ Background

Data/Simulation
o
o)
|

spin
analysing A charged lepton
basis '
v O
L)

L)
b jet .
\mutrina

spin correlation

Entries / 0.1

Data/Simul§tion

19.5 ™" (8 TeV)

3000 CMS

2000

" 4 Data

Ctt — 1+

[

I Background

B N B B R . .
0 w5 2w5  anb 4w polarization 3
1+1—|
19.5fb™ (8 TeV) 19.5fb™" (8 TeV) 19.5b™ (8 TeV)
— T T L R L — - T T T T T T — T T L L
S . CMS ¢ Qata ‘ S L ¢ I:zata S - CMS + I:zata b
= 10000 Ot — 1+ = - Ot — 1+ = Ot — i+ ]
_8 i [ Background | _6 3000 [ Background _6 [ Background -
g 12 I S ooool :
W i 1 - W 20004 .
- 1 2000 r .
5000 - C . i
i 1000 1000
[ OF ] c B c
s 1.2F ”r s 1.2 S
g 1_ * 4 . P S ¢ i % 1_ * o PARPRRY S S . Py AP S— g 1_¢ ¢ o 4 o —o 2t o o -
£ I ¢ [ E L* ¢ ¢ o £ - '
%084 B ... @ os . | . 1 3 o8 y . ]
5 - 0.5 0.5 LB 05 0 0.5 1 3 - 05 0.5 ]
cos 67, cos 6 cos @ cos 6y,
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multaneous Probe of Spin Correlation and Polarization

195fb (8 TeV) spin

L o5 7] = ;

£ . ] analysing h |

S 045 " no spin corr. .

= C o //*i ' (0]

§ - lepton angle D e sh/

= %*F inlab frame = ‘.

- = \mzutn’no
0.3 ‘

1‘l.‘l.u
+ +
|||||__|||||‘||||||| ;

025}
ros. 1 N spin correlation
=] 1H4 . N ]
% 0.95 —i ' il $
S o Twe Tws w2 omB swe | polarization

19. 5 fb (8Tev 19.5 fb™ (8 TeV) 19.5 b (8 TeV)

s 2r CMS — NLO+EW SM e Data - 2‘ - CM — NL0+IIEW, SM e Data . _ CMS | X NLO+iEW, SM e Data N
@ - NLO+EW, --MCc@ S o7 T NLO+EW, --MC@NLO ] ' --MC@NLO -
O N no spin corr. S TE no spin corr. - .
5 150 - C ] -
L o] B ] _|

§ i - 06 = .
=} i T B ] ]
L . - 0.5 } F i T # $ ]
0.5 - -

B - 0.4 _

\_|_|:
L i b

T
—+—
|
Data/Simulation
I —
—+o—+
|

[T r T

1.05F ¢ I :

—+o+

1.051§ , i } Ili
: }

0.95F I »

0.95F

Data/Simulation
o
o
T
+o+
+o+
—+—o—+
|
Data/Simulation

T s 005 . : : : :
cos 0, cos el_ cos @ cos 6y
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Simultaneous Probe of Spin Correlation and Polarization

19.5 o' (8 TeV)
- 1 L L L L B L B
£ 9°7omg  —NLOEW,SM eData
2_ vz NL0+EW’ -- MC@NLO B
S 045 C ~7” no spin corr. /7:
b 774 7
b - lepton angle
L o4 . -
= in lab frame i
0.35F + B
C '!- B
] | | I
c o u
S 1.05F :
o5 1 ! :
> 1‘ 1 + + ]
E g b :
2 095 —i ' ! ; i i $ :
= N T T R BRI B
o 0 6 w3 w2  2m/3 57t/|6 A
19.5 ™ (8 TeV
T2 CMS  — NLO+EW,SM e Data S
@ S NLO+EW,  --MC@NLO - §
o B no spin corr. =
NES r 2
a 1.5k _8
S I 2
Q B h o
8 1 -
L
0.5 -
> 4
s 05_ : | —— F——— :_ s
g T ) s
I T e -z
[72] S n
0.9F =
g [ | P R %
a 05 0 0.5 o

Cos 0/, cos 6,

February 3", 2016

1.05

0.95

Asymmetry Data MC@NLO NLO+EW,
variable (unfolded) simulation SM
A 0.094+0005+0012  0.113£0.001 0110 gp%
Acos 0.10240010+0012  0.114+0001  0.11440.006
Ay, | —006940013+0016 —0.081+0.001 —0.080+0.004
Ap —0.01140.007 + 0.028 0 0.002 £ 0.001

spin correlation

I polarization

19.5fb™" (8 TeV)

il

19.5 b (8 TeV)

T '; ;I T [T T T T * [ T T T I" T T ! I ¥ T T T I T T
oSN o B WS R o
""""" no spin corr. 1 oS - }
- Q —
ﬁr—*—‘ 3 0.55\.
= 2 - ]
B i . - E | | -
: T : 0.5 == ---{-- $ * # ----{-4
—__.!__I—;_I—_'—‘ h 0.45 :
————f—————f—————f——— :: e
= - E
. o —
P || Erestd L g

Alexander Grohsjean

irst simultaneous measurement of spin and p

f olarization
| observables: good agreement with SM expectation
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Searching for Top Dipole Moments

¢ chromo-magnetic (CMDM) and chromo-electric dipole moments (EMDM)

~y

Wi wvera,
Leﬁ:LSM—?ttO“ TtGy,—

~yY

.dt— Wy TGO
I?IO Y1 tGy,

W'l-

+

(=l

February 3", 2016

Alexander Grohsjean
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Searching for Top Dipole Moments

¢ chromo-magnetic (CMDM) and chromo-electric dipole moments (EMDM)

~yY

’!I = v a a . d = v a a
LeﬁZLSM—?tto“ T tGW—l?ttc” ysTt Gy,

195" (8 TeV

_l 0.4 T T T | T T T T T T T T T I T T T I T D_ . . . . . . l : r r | | | . . . l ; : :
¥ i ] Z N a
o [CMS 4 = 02
ﬂ I ——] iy L .
e N e F i
B 03 ] J \ ]
-O | Q 0
Q T + R - / * b -
N i € (mt M, gs) O i
0.3 _ o
. ~ L
B i ~ 0.2
025 NLO+EW (u_=p.=m) _ I
i —— NLO+EW (i =p.=2m) | I NLO+EW (u=p =m;) [4]
- NLO+EW (u_=p =my2) -0.4— —— Pparametrization
Coovov b o by by by by T r -
o /6 /3 /2 2 /3 5 /6 T oo b by ey by by by
oo Em 0 w6 ®3 w2 2u3 5we o«
e g, |
ItE
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Searching for Top Dipole Moments

¢ chromo-magnetic (CMDM) and chromo-electric dipole moments (EMDM) .

~yY

~y

M - v a a . d = v a a
LeﬁZLSM—?tto“ T tGW—l?ttc“ ysTt Gy,

¢ excluded at the 95% CL.: |
o —0.053 <Re (m, Ht / g¢) <0.026 (AD,) P

o —0.068 <Im (m,d,/g) < 0.067 (CPV polarization)
19.5 fo" (8 TeV
2210 [0 7€

o
~

T

l+1—|

cMs

o
o
I
I

(1/c do/d|Ad . |), .
T T T oj

1/c do/d|Ad
=

! +Re (m p /gy *

o C
wW
T LI B — T

¢ Data

| 02-
R - — Fit i i
0.2~ T NLO+EW (u=p=m) —
i —— NLO+EW (i =p.=2m) | NLO+EW (i =p_=m) [4]
“““ NLO+EW (u_=p =my2) -0.4— —— Pparametrization
Coovo o by ey by by T B
o /6 /3 /2 2/3 5/6 T oo e o e by by
oo Em 0 w6 3 w2 2u3 5we n
8,

— A9,,, |
|arX|v.1601.01107 | i
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Summary

a | T o T L !
. % Q3L * Tevatron combined 1.96 TeV (L< 8.8 b CMS

SUCCGSSfU”y started explorlng the new k] = A CMSdilepton 7 TeV (L=2.3fb") ]

3] B . o ]
energy regime at 13 TeV A R " ]

% i ® CMSeu13TeV(L=42pb")

. = 21 Z

phenomenology revolution offers g 10

n L
exciting (and demanding) perspectives 5 |

m— \NLO+NNLL (pp)

= NNLO+NNLL (pP)
1 O — Czaken, Fiedler, Mitov, PRL 110 (2013) 252004 —]
— m =172.5 GeV, PDF @ O uncertainties according to PDF4LHC .

high precision top quark properties

14

| Ll
o effective probe of new physics in the 2 4 6 8 10 12
Vs [TeV]
top quark sector

o T T [ T T T [ T T T [ T TT T T T T 1-75 cmalk = piraw (2015) NNLO :E
AZ 02_ — 1.5 & mro ‘Z!
i - Lo

't : i — 1.25 ﬁg =
g | ] N %ﬁk”\_ %
-O j 8 = Q\ PP— tL+X
5 § o HRE - e
O N 8 L LB lsL = Me,p/me {0.5.1,2}
o | 5
= 02- F e

I NLO+EW (u_=p=m) [4] £ B i
R F t é 0.9 [ %/// A = =
0.4 —— Parametrization :
oo o by b b E‘ 13 - - i - %\ N
0 /6 /3 w2  2n/3  5n/6 T 2 1 N SNSN
|A¢l+[—| o 50 100 15[; 2;)Cflev] 250 300 350 400
—
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Outlook: Next 3 Years

100

I um i nos ity we're going there

~J
(2}

w
o

25

Total Integrated Luminosity (ib ')

we are here |
1 1

2015 2016 2018

| promising perspectives for (new) precision measurements: probe BSM physics at 13 TeV |
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q t
FSR :
q Z
4 £ t q t Y
Z
ISR z
-4 F g F

¢ measure third component of weak isospin

e

. jq ol 2()
lsinBWcosﬁw( ,—sin0,,q,)y

u

¢ search for anomalous couplings in
ttZ vertex (basically unexplored)

ttW: 3.8 o (exp) 4.8 o (obs)
ttZ: 5.7 o (exp) 6.4 o (obs)

February 3", 2016

600

500

N
o
o

ttZ cross section [fb]

100

Alexander Grohsjean

CMS pPreliminary

100

B 200 300 400
ttW cross section [fb]




Top Higgs Coupling

|H—yy | |H—ww,2zzZ |
W-I-
{
’ Y
b T W/Z
b J B
_ WIZ
0 Y
W-
CMS Preliminary \s=7TeV,L=5.0fb";{s=8TeV,L=19.5fb’
E --- Expected = 1o
W + : --- Exzectedizcr
— --- Expected (sig. inj.)
bb [~ : + : - Observed
Hadronic Tt — :
aerene + : ¢ observation
4] —
3l ttH: 1.7 o (exp) ¢ measurement of top-Yukawa coupling
Same-Sign 2 | i 4.5 o (obs)
Combination — +
L Y 1 ) |

10
95% CL limit on o/cg,, at m,, = 125.7 GeV
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In 20 Years
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In 20 Years
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In 20 Years

— [= T T T T I T T T T I T T T T | |': T 'I- T T | T T T T T !_
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In 20 Years
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