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Objective of Elementary Particle Physics

from the smallest dimensions in microcosm
to the largest dimensions in the Universe
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Big Bang in the Lab?
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The Tevatron pp Collider at Fermilab
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30 September 2011

Tevatron complex shut
down after 26 years
of successful operation.
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The LHC pp Collider at CERN
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June 3rd, 2015: First Collisions @ 13 TeV
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The Top Quark

nucleus
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Physics Groups: D@ Collaboration
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Physics Groups: D@ Collaboration

(&

— top physics collaboration
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The Top Quark
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The Top Quark

1000s of events
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The Top Quark

100000s of events
10000s of events

LHC:
top quark
factory
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Top Quark Physics Topics

Q\.lanturr
c'r(orno
VTR
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Top Quark Pair Production

Tevatron
(~85%)

LHC
(~87%)

(8 TeV)
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Top Quark Pair Signatures

e high pr leptons, missing Et

® jets

e b-jets

T'S alljets
14% 46%
dilepton (e/p) e/p+jets
6% 34%
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Dilepton Event
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Dilepton Signatures
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Dilepton Signatures

very
powerful!

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 26



Dilepton Signatures with b-tagging

very
powerful!
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Dilepton cross section

+3.9%
+4.3%
(stat) (syst) (lumi) (beam)
Eur. Phys. J. C74 3109 (2014)
basically background
free: just counting...
very
powerful!
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Top Pair Production Cross Section

— good agreement with each other
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Top pair production cross section

/ TeV 8 TeV

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

+5.7%
(theo)

+3.9%
(ep)

— experiments challenge theory again
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Top pair production at hadron colliders

eager to put

a point here

+5.7%
(theo)

+3.9%
(ep)

— experiments challenge theory again
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Top pair production at hadron colliders

boldly go
where no

.-
-

.-
-
.=

— experiments challenge theory again
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Top pair production at 13 TeV

. “top quark peak”
first look at the new world /

energy frontier

sum of scalar pr of all jets

— agreement with SM prediction
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Differential Cross Sections

important tests of higher order QCD calculations:

requires “unfolding” to particle level
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“Revolution” in Phenomenology

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

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

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

® NLO+LO multileg generators
matched with parton showers

® NNLO QCD calculations
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Differential, unfolded

/7 TeV

2 TeV

8 TeV Herwig

“reshuffling”
helps

—
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Differential, unfolded:

/7 TeV

2 TeV

13 TeV

8 TeV Herwig looks
“reshuffling” good e

helps
e D e
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Top Quark Physics Topics
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Single Top Quark Production

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

@ Multivariate analyses techniques are essential!
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Single Top Quark Yields: pretag

T~
/

e best s/b: ~1/200 before b-tagging
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Single Top Quark Yields: b-tagged

e best s/b: ~1/200 before b-tagging
e best s/b: ~1/10 after b-tagging
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Single Top Quark Yields: b-

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

e best s/b: ~1/200 before b-tagging
e best s/b: ~1/10 after b-tagging
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Multivariate Analyses
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Boosted Decision Trees

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 50



Boosted Decision Trees

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 51



Boosted Decision Trees

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 52



Boosted Decision Trees

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 53



Boosted Decision Trees

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 54



Boosted Decision Trees

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 55



Boosted Decision Trees

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 56



Boosted Decision Trees
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s-channel Production

Phys. Rev. Lett. 112, 231803 (2014)

e Tevatron: combine individual
discriminants including all
correlations

- s-channel single top quark, Tevatron RunIl, L <9.7 fb™
¢ Data — Expected background
I SM signal Background uncertainty

10*

Events/0.1

[ IW/Z+X
O =z "t-channel
B Multijets
- E Higgs
100
- 20
10f R ey /R

|
w

— observation: 6.3 s.d.
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s-channel Production

Phys. Rev. Lett. 112, 231803 (2014)

discriminants including all
correlations
= [ s-channelsingle top quark, Tevatron Runll,L <9.7 fb"
2 q0¢ ¢ Data — Expected background
§ - [ SMsignal Background uncertainty
w : ) I:IW/ Z+X
10 = e B e “t-channel
- Multijets
s N - EHiggs
102
= 20 =i % 77,
-3 2

-1
Discriminant output [Iogm(s/b)]

— observation: 6.3 s.d. — evidence: 3.2 s.d.
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Single top t-channel cross section

— agreement with SM predictions!
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Single channel cross sections

Tevatron single top quark summary

Measurement Cross section [pb]
s-channel:

CDF +0.37

PRL 112, 231805 (2014) ; 1.36 -0.32

DO ! +0.33

PLB 726, 656 (2013) ' 1.10 -0.31

Tevatron : +0.26

PRL 112, 231803 (2014) + 1.29 -0.24
t-channel: ;

CDF .. +0.38

CDF-CONF-11033 (2014) 1.65 -0.36

DO : o +0.54

PLB 726, 656 (2013) 3.07 -0.49

Tevatron —o— 2.25%029
S+t:

CDF o +0.49

CDF-CONF-11033 (2014) 3.02 -0.48

DO : o +0.60

PLB 726, 656 (2013) 4.11 -0.55

Tevatron —e—  3.30%%

L L | L | L | ) L | L
0 1 2 3 4
) . Cross section [pb]
i1 Theory (NLO+NNLL
* PRD81 %5(4028 (2010), PI2(D83 091503 (2011) m,;=172.5 GeV

this is the final word
from the Tevatron!

— gbservation

|Vin| =0.998+0.041 +4.1%
IVin|>0.92 @ 95%CL

— gbservation

— all production modes observed!
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Single Top s- vs. t-channel

q q arXiv:1503.05027 [hep-ex]
w
b t 3.5_ Single top quark, Tevatron Run Il Preliminary, Lint <9.7 b’
J b 3
2.5

t-channel cross section [pb]

[\)
|IIII|IIII|IIII|IIII|IIII|IIII|I
—i—
o

1.5
@® Measurement q t
1 1s.d.
2s.d. w+
0.5F 3s.d.
- = SM
o IR A IR I B W IS _, :
0O 05 1 15 2 25 3 35 q b

s-channel cross section [pb]

— observed!
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http://arxiv.org/abs/1503.05027

Single Top s- vs. t-channel

— observed!
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Single Top s- vs. t-channel

W+

q' b
— observed!

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

q’ q
FCNC
b t
J b
q t
W+
C

1} / _
q' b
— observed!

= important to study production channels separately
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ttZ and ttW Production

—j (T3 - sin?%w Qy)yH

sm9w cos9w

e

e measure 3rd component of weak isospin
e search for anomalous couplings in ttZ vertex (basically unexplored)

— both processes are important backgrounds to searches
(e.g. ttH in multilepton events)
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Search for ttZ and ttW

ttW <
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Observation of ttV production

— in agreement with the SM prediction
(tty also in agreement with SM prediction)
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Top Quark Physics Topics

/7

®
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Top Quark Analyses

] . _cross sections, CKM matrix element |Vw|, polarisation,
single top production SM and anomalous couplings, searches, ...

other production modes tt+jets, ttbb, ttZ, ttW, ttH and their couplings
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The Top Quark Mass
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Extraction Techniques: Templates
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Extraction Techniques: Templates
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Extraction Techniques: Templates
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JES calibration
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Result in I+jets Channel

maximum
likelihood fit
to data

+0.29%

most precise single measurement
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Top mass at the Tevatron

+0.37%

+0.43%

good agreement
between all channels...
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Top mass at the LHC

+0.28%

+0.29%

— jet energy scale is crucial
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History mop VS. Mw
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History mop VS. Mw
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History mop VS. Mw

July 2012

— Standard Model is self-consistent
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History mop VS. Mw

July 2012

future:
A(mw)=6 MeV SM broken O

0

SM OK

improved W mass measurement is critical
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Today: Miop VS. My

check the “fate of the Universe”
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What mass do we measure?

Top Precision Measurements - Christian Schwanenberger -  Freiburg Graduiertenkolleg 94



What mass do we need?

e we measure the MC mass
e we need the pole mass

e we need to calculate:

e every MC generator mass cah can
e.g. pole mass correspond to different pole mass
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Top Quark Pole Mass

— pole mass
unambiguously!

+1.4%

+1.0%
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Top Quark Physics Topics

N
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Supersymmetry

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

remedies shortcomings of SM: e
e.g. dark matter candidate
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Direct stop searches

small stop
mass is natural

we check every little corner...
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Direct stop searches
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“Stealth” Stop Quarks

we check every little corner...
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Top Pair Spin Correlation

* top quark: discovered in 1995 by CDF&DO
* does the top quark have spin 1/2?

* top quark pair production: top quarks are
not polarised, but spin of top and anti-top
quarks are correlated

A= N+N —N;, —N
Nit+Ny+ Ny +N 4

* measure tt spin correlation: consistent with SM prediction for a spin 1/2 particle?
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Spin Correlation at the LHC

e first measurement of spin correlation
between top and anti-top quark in dilepton
final states at the LHC at 8 TeV

e azimuthal angle between charged leptons
in laboratory frame: sensitive and simple!

O

O

Anelicity = 0.38+0.04

+12%

(=0.32 in NLO QCD)

— correlation agrees with

SM spin 1/2 hypothesis

arXiv:1412.4742

8 TeV

Top Precision Measurements

- Christian Schwanenberger -

Freiburg Graduiertenkolleg
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Spin correlations for “Stealth” Stop
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Spin correlations for “Stealth” Stop

— no hint of stop quarks
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Direct stop searches

Tm? >198 GeV

N

— using a “standard candle” for complementary exclusion

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolleg 108 ﬁ



Top Quark Physics Topics

s
\_
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Search for ttH production

H—bb H-vy H-WW, ZZ

Y
o 0 <E o
Y

multi-leptons
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Search for ttH production

H—bb H-vy H-WW, ZZ

Y
o 0 <E o
Y

multi-leptons
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Search for ttH production

H—bb H-vyy H-WW, 27
Y
@ O t O
Y

multi-leptons

3 leptons 4 leptons
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3.20 (1.40 exp)

H—bb

O/ Osm

4.50
(1.70 exp)

limit on
O/0Osm

— observation in Run-ll
— measurement of top-Yukawa coupling
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Summary

e very rich and diverse field of research!
e first results at 13 TeV!

e high precision: cross sections, mass,
couplings, ...

e high precision tools: NLO+multileg MC,
NNLO calculations, ...

e huge development of tools: top-
tagging, combinations, b-JES, ...

e measure unfolded and fiducial!

e new processes: s-channel single top,
Wt, tty, ttZ, ttw, ttH

e many properties, also from single top
e top mass gets more and more precise(?)

e sensitive direct searches and by
precision measurements

— observe more SM processes in Run-Il, many high precision property/cross
section measurements to come, many mass discussion, new physics?!?

Top Precision Measurements - Christian Schwanenberger -

Freiburg Graduiertenkolleg
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Summary

"It is much too early to expect any
discovery, we will have to be patient”
CERN DG
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Cross Sections: 13 TeV/8 TeV

Minimum bias 1.2

W(tn) 1.6

Z(y 1.7 e :
17 ) 2.0 q' g
t (s-channel) 2.2 g

- w

t (t-channel) 2.5 ¢
H (ggF) 2.3 g
H (VBF) 2.4
WH 2.9
tt 3.3

tZ 3.6
ttH 3.9
A(0.5 TeV, ggF+bbA 4.0
stop pair (0.7 TeV
gluino pair (1.5 TeV

)
)
)
Z SSM (3TeV) 10
)
)
)_I

Cross section ratios: 13 TeV / 8 TeV

T

o

8.4
46

(
Q* (4 Tev 56

QBH 370

5 TeV
9000

1 10 100 1000 10000

— excellent prospects for top physics
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Summary

<:\ let’s smash the SM /:,
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Backup
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Top pair production cross section

8 TeV

/

+3.9%

+5.7%

J. Brochero
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Top Pair Production Cross Section

NNLO+NNLL
Tevatron Run II,\'s=1.96 TeV
CDF dilepton i 7.09 = 0.83
8.8 fb + 0.49 + 0.67
CDF ANN lepton+jets p—eo—q4 7.82+ 0.56
4.6 fb™' + 0.38 = 0.41
CDF SVX lepton+jets pj—e—i— 7.32 = 0.71
4.6 fb™ + 0.36 = 0.61
CDF all-jets oy 7.21+1.28
2.9 fb™’ l +0.50+1.18
CDF combined H=o—H 7.63 = 0.50
<8.8fb" + 0.31+ 0.39
DO d;lloqpton ————i 7.36 = 0.85
5.4 fb"
DO IefE:ton+jets ———q 7.90+0.74
5.3 fb"
D0 Combined —+od— 7.56 = 0.59
<5.4fb" + 0.20 = 0.56
Teva;chn Cgmgi\rlled o 7.60 = (())% 096
< 8.8 fb m=172.5 Ge + U. + U.
~ Phys. Rev. Lett. 109 (2012) 132001 i 5 . 4%
6 7 8 9
Y. Peters o(pp — tt) [pb]

— good agreement with NNLO+NNLL
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Differential (I+jets): jet pr

— NLO MCs
are needed!

Alpgen+Pythia and
( Powheg+Pythia

disfavoured
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Differential (I+jets): jet pr

— multileg MEs
are needed!

MC@NLO+Herwig
too soft
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Differential (I+jets): jet pr

Powheg+Pythia in
reasonable agreement

Powheg+Pythia with
damping softer, due to
damping of hardest
emission

— matter of tuning
(hdamp=mMmtop Works best)
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Fiducial Kinematic Phase Space

® exactly one isolated e

® no additional e or p with -
p>15 GeV & [n|<2.5 or u with [n|<2.5, py>25
GeV (including clustering
e m_(W)>35 GeV with y in cone AR=0.1)

e = 3 Jets with p¢>25

GeV & |n|<2.5
incl. 21 b-tagged jet

® jets: anti-k¢ R=0.4,
clusters all but prompt
particles (i.e. e, p, v from
hadronic decays are

® no jet-e or jet-p pair inside jets)
with dR<0.4

® no jet-jet pair ® background subtraction
with dR<0.5 @ corrections to particle level

— reduced dependence on MC model
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Jet Multiplicities

e uncertainties dominated by JES and MC modeling of QCD radiation

.. 40, 60 GeV, ...

JHEP 1501, 020 (2015)

— high sensitivity on higher order QCD modeling of MC generators
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Jet Multiplicities

e Uncertainties dominated by JES and MC modeling of QCD radiation

.. 40, 60 GeV, ...

~N_—

ALPGEN+Pythia ok MC@NLO+Herwig
disfavoured (since those come
mostly from parton showers)
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Jet Multiplicities

e Uncertainties dominated by JES and MC modeling of QCD radiation

.. 40, 60 GeV, ...

Powheg+Pythia with damping of the hardest
emissions is best (high njets still get large
contributions from the matrix element)
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Strong Coupling and Parton Showers

.. 40, 60 GeV, ...

— high sensitivity on os and parton showers

— very valuable for improving models and reduce uncertainties
— used for MC tuning: ATL-PHYS-PUB-2015-007

— improves our understanding of higher order QCD calculations
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Differential: jet multiplicities

J. Katzy

— large differences between generators: helps to improve
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Differential: top pr

C. Diez 2 TaV

/7 TeV
<

— still under investigation
— important info for MC modeling } TeV

8 TeV Herwig (
“reshuffling”
helps
-

— still much softer in data
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Differential single top: top pr

C. Diez

8 TeV

/7 TeV

8 TeV

(—
— good description
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Top decay products: pseudo-top

J. Katzy

— reconstruct tops on particle level
— very valuable for theorists today and in future
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Differential: top pair pr

— good agreement with new MC tools so far, but low
statistics still
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Polarisation and Spin Correlation

a a l+jets
dilepton

— spins of tt pairs:
correlated as in SM

— no chromomagnetic dipole moments

no new
physics

q' q

g b

— top quarks polarised as in SM — W polarisation as in SM
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Polarisation and Spin Correlation

dilepton _
a a l+jets

— spins of tt pairs:
correlated as in SM

— no chromomagnetic dipole moments

no new
physics
9~ =4
Wwe ¥ single top properties!
g W\ -
— top quarks polarised as in SM — W polarisation as in SM
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Search for ttH production

H—bb H-vyy H-WW, ZZ
3 leptons
4 leptons

matrix element
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Tools from and for tops

b-tagging from top pairs (ey) t-tagging in boosted topologies

— great importance for all

types of physics — huge improvements
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Search for tHq production

C. Boser
H—»W;

4.1x0/o(Ky)
expected

H—bb

5.1x0/0o(Kky)

expected
in case top Yukawa coupling ;¢.q/000
Ki=Yt/Y°M=-1 coupling: cross observed
section can be enhanced by

factor 13 — fun in Run-ll
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Fiducial t—-channel cross section

A. Jafari

d

NNLO

F. Caola

— good agreement with SM predictions
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Search for dark matter

— no hint for dark matter
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New physics impact on spin

* important test of SM and sensitive search for physics beyond
e analyse the whole chain of top pair production and top decay

SM

(PO

Higgs, KK gravitons, Z’, stop pairs, ... charged Higgs, b’, ...
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Single Top Quark Selection

b-iet muon
os = 1.05+0.06 pb :
NLO+NNLL, m = 172.5 Gev
Kidonakis, PRD 81, 054028 (2010) missing
Er
b-jet

o= 2.12+0.16 pb
NLO+NNLL, m: = 172.5 Gev

Kidonakis, PRD 83, 091503 (2011)
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Pushing the TeV scale

— |ots of opportunities for discovery in Run-Ii
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Single Top Wt Cross Section

A. Jafari

— observed!
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Single Top Quark Cross Section

F. Caola

— measure WWb cross section
(single resonant enriched)
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Search for ttZ and ttW

T.V. Schroeder

FSR ISR
- e -
-i= (T3 - sin?9w Q)yH
t:'ir;zwi::;:f t same sign dilepton:
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“Revolution” in Phenomenology

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

® LO multileg generators matched
with parton shower \ h lvsis:
Alpgen+Pythia, Alpgen+Herwig, ... { IS_analysls.

/ tt+jets
® NLO+parton shower generators

Powheg+Pythia, MC@NLO+Herwig, ...

® NLO+LO multileg generators

matched with parton showers _
very important

measurements to study

@ NNLO QCD calculations higher orders QCD in a
normalisation top quark environment!
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CMS top mass combination

. E. Schlieckau
top mass crisis?

— = DJ l+jets, 9.7 fb!

e discussions about JES, b-]JES, other systematics
e differences between CMS and DO to be understood during combination
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| am just speculating...

. E. Schlieckau
top mass crisis?

—o— DJ l+jets, 9.7 fb!

A. Hoang
e each MC mass can shift by up to A=O(1 GeV) to QFT mass
e WbWb off-shell effects: can move <mip,> by O(1 GeV3

. Winter
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| am just thinking...

. E. Schlieckau
top mass crisis?

DJ l+jets, 9.7 fb!

A. Hoang
e each MC mass can shift by up to A=O(1 GeV) to QFT mass
e WbWb off-shell effects: can move <mip,> by O(1 GeV}

. Winter
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Top mass at ILC

F. Simon

— well-defined top mass with ~O(100 MeV) uncertainty
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Top Quark Pole Mass

Imany alternative measurements

tt+1jet: differential cross section

— pole mass
unambiguously!

is it really the pole mass?
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Polarisation and Spin Correlation

dilepton _
a a l+jets

— spins of tt pairs:
correlated as in SM

— no chromomagnetic dipole moments

— top quarks unpolarised — W polarisation as in SM
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Polarisation and Couplings

A. Jafari

q q
w
b t
g —_
— no anomalous couplings
— global analysis in the future
— top polarisation as in SM C. Zhang
no new
physics
— no CP-violation — W polarisation as in SM
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Polarisation and Couplings

A. Jafari

q q
w
b t
g —
— no anomalous couplings
— global analysis in the future
— top polarisation as in SM C. Zhang
no new
physics

Wwe ¥ single top properties!

— no CP-violation — W polarisation as in SM
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Charge Asymmetry

e complementary to the LHC

NLO QCD

Ay=y, - Y,

“NLO is LO for asymmetry”
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Asymmetry: LHC

'_0'10 _' T | T T .I T .I T | T T T T T T T T I_
S, "I ATLAS Preliminary ]
=0 | . 1
< fV(s=7TeV, 46fb" :
o =
- ° ATLAS data .
. ATLAS 20 y
5 + SM, NLO QCD+EW, Bernreuther(2012) ]
B A SM, POWHEG-hvg+PYTHIA6 ]
- -1 1 | 1 | I T | PR IR T T Y | PR IR N ST N | 1
% O gMTST, GT_ZTTeTV’ T5.9 f‘bT T T T N T T T T N T T T T -5 0 5 1
28 0-06f . ( Data - background), unfolded B At(t; [o/o]

MC@NLO parton level

dilepton

o] [

-0.021- -

0.04

) — N — l ) — l 11 1=
20 40 60 80 100
Pl (GeV)

— good agreement with SM

-0'047 N —
0
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Charge Asymmetry: Tevatron

A. Jung

l+jets

Ay=Y, - Y,

I+jets

dilepton
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Charge Asymmetry: Tevatron

A. Jung

NNLO
+EW LO
whd M. Czakon
g —
V)
c —
e
¢o]
ﬁ
— . no bb
- asymmetries
e at Tevatron

and LHCb

— higher order QCD is important!
— high precision measurement is essential
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Search for W’ production

F. Canelli

— no new physics
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Heavy resonances with boosted tops

J. Erdmann

use “boosted reconstruction” top-, Higgs-, subjet-b tagging

— essential for discoveries in Run-II!
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Higgs Boson Physics
Run-2: HL-LHC:

e improve precision by factor of
~3 (<10% for some modes)
e differential distributions
e observe coupling to fermions
e observe VBF, VH and ttH
production
e probe rare decays
e Higgs factory: search for BSM
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H—bb

H-yy

Y —

— observation in Run-Il
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Direct searches for light stop

small stop
mass is natural

T. Eifert we check every little corner...
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Direct stop searches

T. Eifert we check every little corner...
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Direct stop searches

T. Eifert we check every little corner...
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Direct stop searches

T. Eifert we check every little corner...
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Top precision for stop search

ttbar cross section
T. Eifert
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Top precision for stop search

o 10000 "« Data ATLAS Preliminary] -
£ 14000~ : PE
O S f Ldt=20.3" - O,
— ' it (A=0 — o -~
H e (A=0) \s=8TeV 1 =2
10000 - Background =
8000f— |jtt 180 GeV SUSY _==='Ef
6000 —-Ft o ~ SM -
4000 g e =
20005 E T
e T I . .
O - .
1.2:— ' ' . .
o 1.1
S Im e s s S
0.9F e
0.8k
0 0.2 04 06 08
A¢ [rad] / =

ttbar cross section

ttbar spin correlation
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Search for FCNC

R. Goldouzian

IR divergent?

— no hint for new physics
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FCNC Top Couplings at

BSM

Top Precision Measurements - Christian Schwanenberger - Freiburg Graduiertenkolle372



