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http://www.ralfbaumgarten.de

’

cist = Horologist

ry detail matters.

[R. Baumgarten]


http://www.ralfbaumgarten.de

Masses of Elementary Particles IT

Quarkmassen
< 200 . :
3 ® Fermion masses via Yukawa
o coupling to Higgs field
c 150
7 ® Six quarks of the standard
= 100 model: vastly different
masses, individual mass
50 values unexplained
Up: Strange: Bottom: _
0.002 0.1 4.75 ® Top quark sticks out: about
0— | ‘ — — 40 times heavier than
Down: Charm: Top:
0.005 1.25 173.34 £ 0.76 bottom quark

Top Quark Properties?

Role in Electroweak Symmetry Breaking?

4 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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Top — The Special One I

® Large mass: m¢= 173 GeV
® Close to scale of electroweak symmetry breaking

® Lagrangian for top Yukawa coupling
(v = 246 GeV: Higgs vacuum expectation value)

vV -— _
Lyi=yt—=1ttg=mitlg

V2
The Special One?
[Pick n stick Ltd] — yt=1: the only “normal quark”?

B Top —the only “free” quark:

life time much smaller than hadronization time
_1 1

[ Aacp

r=-~(15GeV) ' < ~ (0.2GeV)™!

— (almost) no bound states

The Special One! — spin transferred to decay products

03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
Institut fur Experimentelle Kernphysik (IEKP)



Questions in Top Quarks Physics 4]

Isospin
partner of the
b quark?

a W boson?

Associated

Production Production?

Mechanism?

Always
a b quark?

Electroweak
V-A interaction?

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

6 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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Outline AT

Karlsruher Institut fur Technologie

The Road to the Top

Top Quark Production

Top + “Something Else”

Top Properties & New Physics

7 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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Outline AT

Karlsruher Institut fur Technologie

The Road to the Top:
A Brief History of

Top Quark Physics

Ulrich Husemann



The Road to the Top

9

AT

Karlsruher Institut fir Technologie

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasuow, J. Irtopouros, AND L. MAIANIf
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

GIM mechanism: a fourth

quark is required

CP

X
©
£
=
X
&

T O
= C
= O
>©
C
)
O <
c O
o O
-
)
S o
OL
= =

J/P discovery: the
fourth quark is found

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

In a framevsfork of the renormalizable theory of weak interaction, problems of CP-viol:
are studlefi. It is concluded that no realistic models of CP-violation exist in the qu
scheme without introducing any other new fields. Some possible models of CP-violatior
also discussed.
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The Road to the Top I

PETRA (DESY): ete, Vs < 45 GeV

m;> 23 GeV/c?

Heavy Top: W*
m: > mw

SppS (CERN): pp, Vs < 630 GeV
ms> 70 GeV/c?

CDF Run 0 (FNAL)

Light Top: m:> 70 GeV/c?

m: < mw

LEP | (CERN): ete~ Vs = 90 GeV
m: =173 GeV/c2 (EW fit)

Tevatron Run |:
Discovery

Lepton Colliders Hadron Colliders

1979 1985 1990 1992 1995

10 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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] DO Event 417
The Last Mile

Event has Spurious A Layer Hits

Finding a “Golden” Event ‘ Event 417 failed the original top selection
because spurious muon A-layer hits gave the
muon track very low momentum. This can
be seen in the end view (below). Other aspects of this
event were checked by many experts to see that
all other systems worked properly.

Tv iEe vy v v sk [mnseve B an[Liomeiem mal

muen 1T

In 1993, while scanning the
express stream, Boaz Klima

found event 417, which had W% “ E}%Ea H
ound event 417, which ha m | |
\ 1 /

g

1D

[HAD

an very high E; electron, a
high pr muen, 3 jets and
large missing E; making it an ——
outstanding candidate for a |®

top event, since expected —_— ——— —
backgrounds are small. il

WMISS ET

Muon Track Hits |

Taus

B 1992: Tevatron Run | starts

to about 10 feet. He measured the track with

py =195 GeVic
(>40 GeV/c at 95% CL)

® August 1993: Evidence for top
(CDF, published September 1994)

This event survived the final | =
Run 1 cuts, since it has
such high momentum
and missing Er.

o~ meter sticks on his basement floor at home. M uon
o He also redid the alignment. He calculated the
S~ momentum with and without the A layer hits. Daria Zieminska and Dave
> The fit thh the A \a){er needed large mu!t\ple Hedin exchanged ~30 e-mail
. - [11 ” 0 scatters in the calor\rﬁetar and magnet iron messages on the fits for this
and had low probability. :
a n u a ry - Ve n O track to determine the muon
o momentum more precisely.
Using fits by hand and prototype 7
. - computer code they determined the [
}v Kinematic Parameters of Event 417 ruon momenturn to be greater than 1l
E e =988+ 16 GeV e 100 GeV/c.
L
LE

Background Probabilities

Suman Beri, Puspha Bhat, Jim Cochran,
and Harrison Prosper were among those
who worked on calculating the probabilities
for this event to be produced by various
background processes. The probability

® March 2, 1995: Discovery -

Top Quark Mass from Event 417 Event 417, which was the world’s first

officially announced (CDF, DQ) v e R v v St ggre | S S s

worked on a likelihood calculation,
based on a method inspired by Dalitz,
Goldstein, and Kondo, which determined
that the event was consistent with top

Publication

The parameters of Event 417 and likelihood mass '
T determination was submitted for publication at the

masses of 100-200 GeV/c?. The likelihood end of 1993 and appeared in a PRL article entitled

was maximized at mass(top) =145 GeV/c2. “Search for the Top Quark” in April, 1994. This event

Later, Harrison Prosper calculated the § also survived later, tighter cuts, and was included in

top mass for event 417 using a new the final D@ Run | dilepton results, published in 1998.

kinematic method. He estimated that ﬁ(;"‘

the maSS(tOP) =163 + 36 GeVic. Note: This is a personal view of finding and interpreting aspects of the
most spectacular top candidate event in D@ The full task of
assembling and analyzing the complete top quark sample

(First two pages from the logbook of Dave Hedin required the dedicated talents of a much broader group of people

Sample Logbook Pages and last three pages are from the logbook of Sharon Hagopian

Harrison Prosper.)

1" 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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The Last Mile

4]}

Karlsruher Institut fur Technologie

B 1992: Tevatron Run | starts o L

® January 1993: “Event 417" (DQ)

Events/(10 GeV/cz)
]

B August 1993: Evidence for top
(CDF, published September 1994)

®m March 2, 1995: Discovery N
officially announced (CDF, DY) L

------

§ 2 F

£

© Ll F

= F

= 0F

= E

= R L TV P T e
160 170 180 199
Top Mass (GeV/c™)
— CDF Data
...... tf+Bkg

Bkg only

------

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

-------

I W Y are e | S PP

80 100 120
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140

160 180 200 220 240 260 280

Reconstructed Mass (GeV/cz)
[PRL 74 (1995) 2626]

Ulrich Husemann
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The Discovery
.+ ¢ of the Top Quark

o Finding the sixth quark involved the world’s
% most energetic collisions and a cast of thousands

by Tony M. Liss and Paul L. Tipton

b
: ® LN
- L]
%
G . e @
d VIOLENT COLLISION between a proton and
W an antiproton (center) creates a top quark (red)
Q and an antitop (blue). These decay to other

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



Top Turns Ten I

® 2001: Tevatron Run |l starts
— improved detectors, new ideas

B 2008: top mass known to better
than 1% precision

B 2009: first observation of single |
- e LN Fermildb
top quark production  ctober 21, 00

® 2010: LHC Run | starts — first top
quarks in Europe (ATLAS, CMS)

iy SR NN .

= Detads at Mg/ ‘www. inal. gov/pa/newsO8/ Top Turns Ten hitrd
MRS e AP

. - > el

[ R — ,— —_—
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Top Turns Tx ST
TW er\’fY\-

® 2001: Tevatron Run |l starts
— improved detectors, new ideas

B 2008: top mass known to better
than 1% precision

B 20009: first observation of single : Workshop April 9-10, 2015
. Fermilab, Batavia, IL USA
top quark production :

To celebrate the 20™" anniversary of the discovery of the top quark,
we will review observations and discoveries made at both

the Tevatron and the LHC, the theoretical context and explore
the indications for physics beyond the standard model.

. 201 O: LHC Ru n I Sta rtS —> fi rSt top For more information, visit: http://indico.fnal.gov/event/TopAtTwenty15
quarks in Europe (ATLAS, CMS) i s -

15 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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Fermilab Tevatron: 1985-2011 ﬂ("

: 33 2 HPLADTA, ‘J".-'.:.' Doy
aods My My 5.)’ Py \4. o,
D S AL e B e B VTP

PSRRIV 1LY L Y
)

B Proton-antiproton collider:
Run I: Vs = 1.8 TeV
Run II: \'s = 1.96 TeV

B Total integrated luminosity: R
Run |: 200 pb-

Run II: 12 fb-" = R . - \1
[Fermilab Visual Media Service] it -ttt .- Lo S L

16 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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LHC — the Large

AT
- ~

CMS Experint

B Proton-proton collider

m | HC Run I: 2010-2013

B 2010/2011: approx. 5 fb~"
atVs =7 TeV

B 2012: approx. 20 fb~?
at Vs = 8 TeV

B LHC Run Il .

from 2015, Vs = 13-14 TeV ;,

o

> o g
= . T 1 4 RS

- ),
P >
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Analyzing Top Quark Events ST

W —

hadrons

T

U e

18

03/17/2015

hadrons T H e

All Hadronic

S1of + 1

—
D

©
—
O
>
+
(G
D
—
7))

T + Jets

Lepton + Jets Dilepton

From Discoveries to Precision Physics: 20 Years of Top Quark Physics

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

W tt decay signatures
characterized by W decays:

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

B Lepton+Jets: 30% of all decays,
moderate backgrounds

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

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

Ulrich Husemann
Institut fir Experimentelle Kernphysik (IEKP)



—CATLAS

/ A EXPERIMENT|
Aot \§ i

| , , 0
D-Jet - |
——
\ Run Number: 159086, Event Number: 64558586

Date: 2010-07-14 15:04:51 CEST

AT

Karlsruher Institut ftr Technologie




Key Technology: Vertex Detectors IT

_/ Displaced
Tracks

B Reconstruction of top quark signatures Secondary

. . Vert
requires entire detector Y ertex
e

, '/ Lxy: 2D Distance to

® Important experimental technique: ' Primary Vertex

identification of jets with B-hadrons,
(mainly) based on long B-hadron
lifetimes — b-tagging

Jet [DY]

® Most important detector technology for
b-tagging: vertex detectors
B UAZ2 experiment (SppS): silicon pad
detector on beam pipe

® Tevatron experiments: silicon microstrip
vertex detectors

® LHC experiments: silicon pixel and strip
detectors

20 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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From the Tevatron to the LHC ﬂ("

Tops
Authors Silicon Tops Produced | Reconstructed
Detectors (per Experiment) (Lepton+Jets,
1 b-Tag)
0.7 m?
Tevatron Run | 400 46k Channels 1200 25
6 m?
Tevatron Run i 600 720k Channels 70.000 2000
2
LHC Run | 2500 200 m 6 million 150.000

75M Channels

50-100 million/
year

LHC: Top Factory
Excellent Detectors — Unprecedented Statistics

LHC Run Il

21 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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Top Quark Production A\‘(I I

Karlsruher Institut fur Technologie

Top Properties & New Physics

Top Quark Production:
The Race for
Ultimate Precision

22 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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Top Production Cross Section AT

Karlsruher Institut fur Technologie

B Master formula for cross section measurements:
Nobs — kag
edet

0O =

@ Challenges for experiment
® Nukg: best possible determination of background rate
® | Ldt: most precise measurement of integrated luminosity
B ¢: best possible modeling of detector geometry, excellent calibration

® Challenges for theory

® 0: most accurate cross section calculation to compare with measurement
B ¢: best possible modeling of signal efficiency

23 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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Top Quark-Antiquark Production

B Typical heavy quark production process
® Quantum chromodynamics (QCD)
® Gluon fusion and qqg annihilation

B Theoretical calculations

® Leading order QCD by far not sufficient, large
corrections

® Types of corrections: higher orders in as,
resummation of large logarithms

B State of the art (Czakon, Fiedler, Mitov, 2013):
NNLO + NNLL (next-to-next-to-leading order and
next-to-next-to-leading logarithms)

24 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics

AT

Institut fur Technologie

Gluon-Gluon-Fusion
(LHC: 80—90%)

g t

(@)
—|

«Q

XHX

g t

Quark-Antiquark-
Annihilation (LHC: 20-10%)

9 t

9

!

t

Ulrich Husemann
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Top Pair Production: Summary I

= 1034||,,,,|,,,.|... LHC-wide working group S
o ERELECECUNILCREREE R astablished: TOPLHCWG  FeeYYE
— — m ATLAS dilepton 7 TeV (L=4.6 fb’) ' ep ]
C | @ CMS dilepton 7 TeV (L=2.3 fb") _
[ | O ATLAS l+jets* 7 TeV (L=0.7 f5) TOPLHCWG _
O O CMS l+jets 7 TeV (L=2.3 fb')
()  ®m ATLAS dilepton 8 TeV (L=20.3 fb™) B
n ® CMS dilepton 8 TeV (L=5.3 fo')
) {2 =* LHC combined ey 8 TeV (L=5.3-20.3 b —
8 — O ATLAS l+jets* 8 TeV (L=5.8 fi5") B -
bl — O CMS l+jets* 8 TeV (L=2.8 fb") I i
IS — * Preliminary 250 1T
el | B -
()
= B i 1
= I ]
= 200 .
o 10 | ' ] -
< A :
mes NNLO-+NNLL (pp) 150 I 4
B ——— NNLO+NNLL (pp) 7 8 |
B Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 ]
. . m_=172.5 GeV, PDF® a_ uncertainties according to PDF4LHC
Theoret|Ca|/eXper|menta| | 1 |tOF|) T N |OL|S ' N ? T B
uncertainties below 5% [ 4 5 6 7 8 9

\s [TeV]
[https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures]

25 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures

Electroweak Single Top Production A\‘(IT

t channel associated Wt
q q production
W s channel . t
Vi
b Vi t
q t
W " g W
P B b th W
q b
g t
B Direct measurement of CKM matrix element |Vip|
® Production via W boson exchange: 100% polarized top quarks
® PDF constraints via t/t charge ratio
B Access to BSM physics (e.g. anomalous couplings)
26 03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics Ulrich Husemann
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Single Top Production: Summary

4]}

Karlsruher Institut fur Technologie

B First measurements: very small signals — first extensive use of
multivariate analysis techniques (neural networks etc.) at the Tevatron

Tevatron: s and t channel established

o
&)

[

w

N
|IIII|IIII|IIII|IIII|IIII|IIII|I

N
o

—_k
9]

t-channel cross section [pb]

2 PRL 99: 191802, 2007
- 3EPJ C49: 791, 2007
- “PRD 63: 014018, 2001

O_|||||||||||||

0.5

'PRD 81: 054028, 2010; PRD 83: 091503, 2011

Single top quark, Tevatron Run Il Preliminary, L,nt <9.7fb"
|

®Measurement
gsM’

CFCNC?
OFourgen?
OTop-flavor®
ATop pion*

1 s.d.
2 s.d.
3 s.d.

0O 05 1

1.5

2 25 3 35

s-channel cross section [pb]

LHC: t channel and Wt established, s channel limits

Total inclusive cross-section [pb]

—
o
o

80

60

40

20

0

~ ATLAS +CMS Preliminary TOPLHCWG ™
| Single top-quark production

Jan 2015

B CMS t-channel —

<4 <4 % e @

== NLO+NNLL PRD83(2011)091503,

All exp. results are w.r.t. M= 172.5GeV —

ATLAS t-channel —
PRD90(2014) 112006, ATLAS-CONF-2014-007

JHEP12(2012) 035, JHEP06 (2014) 090

ATLAS Wt production
PLB716(2012) 142, ATLAS-CONF-2013-100 —
CMS Wt production
PRL110(2013) 022003, PRL112(2014) 231802 —
LHC combination, Wt production
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009 — |

ATLAS s-channel, 95%C.L. —
ATLAS-CONF-2011-118, arXiv:1410.0647
CMS s-channel, 95%C.L. —
CMS-PAS-TOP-13-009

NNLO arXiv:1404.7116 —
m,,,= 173.2GeV, MSTW2008nnio

scale uncertainty

PRD 82 (2010) 054018, PRD 81(2010) 054028 —
m,,,= 172.5GeV, MSTW2008nnlo

Wt production: tt contribution removed I
scale ® PDF @ o uncertainty,

NLO arXiv:1007.3492, 1406.4403 —
My,=172.5GeV, p_=u =m,,

CT10nlo, MSTW2008nlo, NNPDF2.3nlo (PDF4LHC)]
Wt production: p: veto for tt removal=60 GeV
and ”;=65 GeV

scale uncertainty

scale ® PDF @ o uncertainty

[s [TeV]

[http://www-cdf.fnal.gov/physics/new/top/2014/stopTevCombo_webpage/stopTevCombo_webpage.html]

[https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures]
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http://www-cdf.fnal.gov/physics/new/top/2014/stopTevCombo_webpage/stopTevCombo_webpage.html

28

Towards Higher Precision

AT

Karlsruher Institut fur Technologie

® Various changes and improvements over the last 20 years

® Changing roles of decay channels: dilepton as the new gold-plated channel in
LHC era — large data samples, almost background-free

® Technical improvements, e.g. in-situ constraints of systematic uncertainties

(profile likelihood ratio)

® Conceptual progress, e. g. clearer separation of sources of uncertainty:

detector vs. signal vs. background modeling

B Current limitation for inclusive cross section
measurements: extrapolation to full phase
space with theory/simulation tools
B Cross sections measured in visible phase

space (aka. fiducial cross sections)

— reduced dependence of measurement on
signal/background modeling

B Differential cross sections: closer look at decay
Kinematics

03/17/2015 From Discoveries to Precision Physics: 20 Years of Top Quark Physics

Visible Phase Space

Full Phase Space

Ulrich Husemann
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Differential Cross Sections A\KIT

Reconstruction
3o e TR
P - J Ldt=2.05f"\5=7TeV = 3
*GC-J' 10 3 ets
@ 10°E
10° Migration Matrix
102E >~|:255ATLA‘S““" ----E
- g 2 Simulation e + Jets -
g 15:_ 0.00 0.00 0.01 0.04 0.22 0.74 __
©) 8 1__ 0.00 0.00 0.03 020 0.66 0.11 E
= 0.5F E
g ok 0% emovjsson oo Unfolded Distribution
: S R B
: o g 1__fLm=2.osfb-1 0 N0 (uorw)_
1 E + p ) '25 073 0.23 0.04 0.00 0.00 0.00 ] Elz E _____ MC@NLO E
Ra Idlt - = — = - §_ |||\\\\\\_E - i b
pIdity. y 2 In E — o2 235215 -1:0560 05 1 15 2 25 - +""‘""'*"1_h .
Reconstructed Y, i b
® Unfolding of reconstructed quantities to parton or |
. . . . 10’ ceccemccaa-
particle level (often in fiducial volume) i
— comparison with other experiments & theory g = ]
] e T mmmmm s
- . . g E’ L I _-IL -{-':'.l:' -*- --------- .{ ------------- .
® Conceptual question: Top partons = oversimplified 8 5% T 0 i 2 3

. . " . "
leading-order picture? Connection to observables” [Eur. J. Phys. C73 (2013) 2261]
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Example: Single Top prand y I

CMS Preliminary 19.7 b (8 TeV) CMS Preliminary 19.7 b (8 TeV)
|— _I LI I LI I LI I LI | LI | LI | LI | LI | LI | LI I LI I LI I_ —~ :I LIL I LI I LI I LI | LI | LI | LI | LI I LI I LI I I:
§' - e Data . 50.35_— e Data —
-8 0.5 —— POWHEG (5FS) + Pythia6 7 -8 - —— POWHEG (5FS) + Pythia6 -
S aMC@NLO (4FS) + Pythia8 1 X 0.3 e aMC@NLO (4FS) + Pythia8 —
= L e CompHEP + Pythia6 Z = C e CompHEP + Pythia6 .
0.4 1 IIIIIIIIIIIIIIIIIIIIIIII — 025 _ —
0.3F "} = 0.2F E
E 1 015¢ E
02__ '..'..'..'..'..'.?.'..'..'..'..'. __ E E
- g 0.1 £ —
0.1 = B 0.05F =
O:I || I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 ‘I--I-I--I- |"|-:--1'r-|' 'F'I'l'; O:I | I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I I:
5| © 1 =] 1
E[C £°0.8
Nl OB it v b b b v b b b b b b 175)
O 20 40 60 80 100 120 140 160 180 200 220 240 0
top P, [GeV]
1 E+
Transverse Momentum: pr = \/p?( + pf, Rapidity: y = 5 In ———— = Pz
_ pz
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http://www.apple.com

The Road to the Top
Top Quark Production ﬂ(l I

Karlsruher Institut fur Technologie

Top + “Something Else”

Top Properties & New Physics

Producing Top Q

+ “Something E
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Top + “Something Else”: Overview Q(IT

QCD test
Background to Higgs and BSM searches

tt + (heavy flavor) jets

tt + missing transverse energy Heavy BSM particles decaying into top

Electroweak top couplings

tt + vector bosons (y, W, Z |
Y (v ) Background to Higgs and BSM searches

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

QCD test
Background to Higgs and BSM searches

tt + (heavy flavor) jets

Electroweak top couplings

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

tt + Higgs Direct measurement of Yukawa couplings
Single top + Higgs Sign of top Yukawa coupling
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Top + Jets ST

Karlsruher Institut fur Technologie

B Jet multiplicity in tt events: Test of perturbative QCD and “engineering”
measurement of important background to many searches

CMS, L=5.01b"at V's =7 TeV CMS, L=5.01"at s =7 TeV
2 1= ! ! I ' ' r_] 0 T T T T T T
S|z~ 'E Lepton+Jets Combined E 8=~ 1E° Lepton+Jets Combined 3
© = ] C e 7
N i O F ]
ot 1 —o o f T
oL o= _ k= N &)
g - 107 = —
N * ’ - .
S . o : : m— 9
1 0'2 = L Data :*: — 5 i o Data ) -h
- ! - l=n . — _
- MadGraph+Pythia : 3 10 = MadGraph+Pythia ¥ 3 N
i Y T = e MadGraph ué = ui = 4Q° - S
A MC @NLO+Herwig B - MadGraph p2 =p2 = Q*/4 TR ~
10™°E E . MadGraoh R ‘ h'f i ~
- : 3 10°% ----- adGraph matching up -
- POWHEG+Pyth ] g 3 w
- | +| yihia | LT . C MadGraph matching down 3 o
T T T T T L T - i —_
(S) 1.5F oo z g o 15F I l l l l —] ~
3 1 7 g ] e tretessetcsseazmazocscaos e
-— r _.(E """""""
S o056 . : S osE ,
3 4 5 6 7 > 8 3 4 5 6 7 > 8
Njets N.

® Main results so far:
® Generally good agreement with standard Monte Carlo generators
® Renormalization/factorization scale uncertainties seem too conservative
® Now exploring new next-to-leading order multi-jet MC codes
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Associated Top+Higgs Production ST

Karlsruher Institut fur Technologie

B Top = heaviest SM particle — largest Yukawa coupling y: to the Higgs

Production Cross Section tt Branching Fractions Higgs Branching Fractions

E‘1OZEII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIEE Other

VV 11 ,50/0
0,2%

All-Hadronic
45%

1 . WH (NNLO QCD + NLOEW)
~ 711 (NNLO QCD + NLOEW

M, =125 GeV__

10" MSTW2008 3 HH
:| 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 F 0’02%
7 8 9 10 11 12 13 14
\'s [TeV]

B Very small expected signal and large irreducible backgrounds
— extensive use of multivariate techniques
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ttH Status at the LHC

ATLAS Preliminary ttH (H—bb) Vs=8 TeV, 20.3 fb

4]}

Karlsruher Institut fur Technologie

[G10Z 8liny] e ‘ofeyuoly 1]

[/80 (¥1.02) 60 J3HT]

Dilepton |- —
B Single most sensitive channel
matrix element method in H—bb Leptonsjets - |
® ATLAS: production cross secton | i [ == Expected 1o
smaller than 3.4 times SM - e
(22 eXpeCted) Combination S Injected signal (p,=1)_
B CMS: 3.3 times SM (2.9 expected) 0 2 4 6 8 H0 a2
95% CL limit on o/og,, at m =125 GeV
L Many decay Channels Combined CMS /s=7TeV,5.0-5.1 fb6"; s = 8 TeV, 19.3-19.7 b
(prior to matrix element results) i .
2 standard deviations excess over o6 [ e
SM (driven by same-sign dileptons) e "
4] — —l
® Looking forward to LHC Run II: 3-4 o -
times larger ttH production cross semesonE —
section e L
Best fit 6/c),, at m, = 125.6 GeV
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Top Quark Production A\‘(I I

Karlsruher Institut fur Technologie

Top Properties & New Physics

Top Properties &
New Physics
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Top Properties: Then and Now AT

Karlsruher Institut fur Technologie

® Guiding question at the Tevatron: is the
top quark really the 6th quark of the SM?

— Yes, within the uncertainties.

B Next step: more precision

® High-precision top quark mass

B Lots of physics information in
polarization observables

@ Searches for new physics
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Top Mass: Tevatron

B Combination of Tevatron results on
top quark mass

® Data from Tevatron Run | and Run I

® All top quark decay channels, various
techniques

B Results:

® All results consistent within
uncertainties

® Detailed understanding of all
uncertainties and their correlations

® Combined uncertainty (2014): 0.4%
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Mass of the Top Quark

July 2014 (* preliminary)
_ o
CDF-I dilepton 167.40 +11.41 (x10.30 = 4.90)
_ o
D@-1 dilepton 168.40 +12.82 (+12.30 = 3.60)
. * _—
CDF-II dilepton 170.80 +3.26 (+1.83 = 2.69)
_ ..
D@-I1 dilepton 174.00 +2.80 (+2.36 = 1.49)
. o
CDF-I lepton+jets 176.10 +7.36 (+5.10 = 5.30)
. — e —
DO-1 lepton+jets 180.10 +5.31 (+3.90 = 3.60)
_ - -
CDF-II lepton+jets 172.85+1.12 (:0.52= 0.98)
. .
DO-II lepton+jets 174.98 +0.76 (+0.41= 0.63)

Ml Single most precise  [RAkEE

e measurement (DQ): EREERES

o
CDF-II 043 /o 43 (x9.00 = 2.82)
= -
CDF-ll MET+Jets 173.93+1.85 (+1.26+ 1.36)
. v
Tevatron combination 174.34 +0.64 (+0.37 + 0.52)

(+ stat = syst)
v2/dof = 10.8/11 (46%)

150 160 170 180 190 200
M, (GeV/c?)
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Top Mass: Technology

® Many of today’s analysis methods
spear-headed at the Tevatron

® Matrix-element method (2003/4):

B Classification of events with likelihood ratio
using (leading order) matrix element

® Exploit full (LO) event information
® Computationally expensive

B In-situ JES (2006/7):

® W boson mass known with high precision

B Lepton+jets (all-hadronic) top decays:
1 (2) hadronic W decays

® Calibration of jet energy scale (JES) factor
Kues with hadronic W decays
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U)1.05_' T
.;5 (a)
1.04)
1.03"
- 18D
1.02__23[)
- 3SD . A
1.01 . =174.98 = 0.58 GeV - - 1
.k.J.ES.'.1.92.5. 0005

172 173 174 175 176 177
m, [GeV]

[Phys. Rev. Lett. 113 (2014) 032002]
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Top Mass: LHC I

19.7f0" (8 TeV) +5.1 0" (7 Tev) =

I | I I I I | I I I I | I I I I | I I 8

L -1 -1 MS Preliminary z

ATLAS Preliminary m,, summary - Sep. 2014, L =4.6fb" - 20.3 fb c ° =)
int CMS 2010, dilepton 175.5 = 4.6 = 4.6 GeV 2.

JHEP 07 (2011) 049, 36 pb”™' (value = stat = syst) 3

My, + (tot)  (stat. = JSF = bJSF = syst.) . 3

| CMS 2010, lepton+jets 173.1 £ 2.1 = 2.6 GeV o

— |+jets* EO’:’:‘?‘L?;O“B [ S B 172.31+ 1.55 (0.23+0.27=0.67+1.35) PAS TOP-10-009, 36 pb™ (value = stat = syst) =
. dilepton* CONF 2013077 I 175.00 = 1.63 (068 150) CMS 2011, dilepton ¢ 172.5 = 0.4 = 1.4 GeV §_
P Ly =477 ! e ' o EPJC 72 (2012) 2202, 5.0 b (value = stat =+ syst) é

all jets f’X‘jfl‘g’fb-ffm o < =i 1751 + 1.8 (14 +12) CMS 2011, lepton+jets ‘ 173.5 + 0.4 = 1.0 GeV :<\’
=4 : JHEP 12 (2012) 105, 5.0 fb™' (value = stat = syst) g'

single top™ PO o ' - 1722 = 21 (o7 = 20) CMS 2011, all-hadronic ¢ 173.5 + 0.7 = 1.2 GeV o)
: EPJ C74 (2014) 2758, 3.5 fb™' (value = stat = syst) <

1 U)

[ CMS 2012, lepton+jets ® 172.0 + 0.1 + 0.7 GeV >

: . I PAS TOP-14-001, 19.7 fb™ value = stat = syst o
o(tf) dilepton av:1406sa7s, ; o 1729 = 25 ( yst) =
e : CMS 2012, all-hadronic ® 172.1 = 0.3 = 0.8 GeV T

o(tt+1-jet)* CONF-2014-053 I ol 173.7 =+ g? PAS TOP-14-002, 18.2 fb™ (value = stat = syst) 3
Ly =4.6 b : i —(O— 28

! CMS 2012, dilepton 172.5 + 0.2 = 1.4 GeV &

1 PAS TOP-14-010, 19.7 fb™ (value = stat =+ syst) Py

LHC Comb. Sep. 2013 (conF-2013-102) ’ ': :  mme World Comb. 1 CMS combination 172.38 = 0.10 = 0.65 GeV g
173.29 = 0.95 i orid L.omb. = 16 September 2014 (value = stat = syst) 3

! — stat. uncertainty | | -Toomoooommmoooooooooooooonooonoo oo o T ot

Wo1rg g);Té).mMar. 20714 (arxiv:1409.4427) ——i stat. ® JSF @ bJSF uncertainty Tevatron combination 174.34 = 0.37 = 0.52 GeV %
e ! ———— total uncertainty July 2014 arXiv:1407.2682 (value = stat = syst) N
fevatron Comb. Jul 2014 vraorzece | —.—t *Preliminary, —Input to comb. World combination March 2014 @~ 173.34 = 0.27 = 0.71 GeV =
e I ATLAS, CDF, CMS, DO (value = stat = syst) 3

| | l | | | L1 2

165 170 175 180 185 165 First world combination
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP ( M a rCh 2 O 1 4 ) &

® LHC has caught up quickly: central top mass value and uncertainty
comparable to Tevatron — around 0.4% uncertainty

® Long and difficult discussion: pole mass vs. mass in MC simulation?
— alternative mass measurements, e.g. based on cross section
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Polarization Observables A“(IT

S 16000 " Bata T =
® Relevance: 2 14000- o ATLAS -
| 5 S - SM (s=8TeV,203fb" -
® No hadronization — top quark o 12000 : it (A=0) =
spin “easily” accessible 10000~ [ Background e
® Standard model: tt spins correlated 80001 1, 180 GeV N o
® Expect imprint of BSM physics, 6000 M =
e.g. supersymmetric top partners 4000 -
(“stops”) 2000F -
. . 0
@ Example: spin correlations 12
® Observable leptonic asymmetry: o 1.1
difference of lepton polar angles A¢ E 1
® Limit on production of stops with 0.9
masses close to the top mass 0.8O -
(difficult to obtain in other searches)
[arXiv:1412.4742, submitted to PRL]
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Charge Asymmetry ST

Tevatron (pp) LHC (pp)
_ t
t t
B tt production asymmetries: t
® SM: small effect, contributes > -
first at NLO (Kuhn, Rodrigo) R anidify Ranidity
® Tevatron (pp): tops like to move o -
forward (= in proton direction) < | 2;’ 2‘2?;";‘;2':_‘;';10.4 (GeV/c?)’ -?8
® LHC (pp): t rapidity distribution o — Prediction @ 04 (Gev/c?” 1 ©
wider than t - s RAsiAATEET 3
0al- /'/ o
® Excitement at the Tevatron: : / =
B Asymmetries significantly N
larger than predicted in SM =
® Many possible explanations, 0 | | | | | | |
. 350 400 450 500 550 600 650 700 750
e.g. axigluons Parton-Level M. (GeV/c?)
A N(Ay > 0) — N(Ay < 0)
T N(Ay > 0)+ N(Ay < 0)
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Charge Asymmetry

B Recent developments:
@ Improved theory predictions
@ Full Tevatron dataset analyzed

B Leptonic asymmetries
(Bernreuther, Si): cleaner
both theoretically and
experimentally

® Larger asymmetries
predicted at NNLO
(Czakon, Fiedler, Mitov)

4]}

Karlsruher Institut fur Technologie

tt Ay Asymmetry (lepton+jets)

o CDF 9.4 fb™
16.4 = 4.7 %
D0 9.7 fb™
® 10.6 = 3.0 %

Lepton gn Asymmetry (lepton+jets and dileptons)

® 9.0'7° %

—— 4.2 +2.4 %

jwiy-ongnddoysabed gam olignd doydoy/soisAydzuny/Aobjeuy op-mmm//:dpy

Lepton A Asymmetry (dileptons)

® 7.6 £8.2%

® 12.3 £ 5.6 %

Bernreuther & Si, Phys.Rev., D86 (2012) 034026

0 5 10 15 20
Asymmetry, %
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Charge Asymmetry

ATLAS+CMS,\E = 7 TeV Ppreliminary

tt asymmetry
ATLAS l+jets | ® |

[JHEP 1402 (2014) 107]

CMS l+jets F o o
[PLB 717 (2012) 129]

ATLAS+CMS l+jets L e

Preliminary

ATLAS dilepton E ° =

[ATLAS Preliminary]

CMS dilepton I e |

[JHEP 1404 (2014) 191]

Theory (NLO+EW)

[PRD 86, 034026 (2012)

TOPLHCWG, September 2014

== stat. uncertainty
— = = total uncertainty

(stat) (syst)

0.006 = 0.010 = 0.005
0.004 =+ 0.010+ 0.0M11
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 I e |
[ATLAS Preliminary]

CMS dilepton P o |
[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
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-0.1 0

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
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LHC: all asymmetry
measurements compatible
with SM predictions

(and zero)

Difficult to find models that
explain deviation at the

Tevatron and agreement with
SM at the LHC

Ulrich Husemann
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To summarize ...



There is Much More... A\KIT

® ... than | could present in a one-hour talk
® Many more top properties measurements
B Searches for heavy top quark partners
® New techniques, e.g. reconstruction of “boosted tops”
® Top physics at future e*e~ colliders
"B ...

® Check out the LHC and Tevatron experiments’ public material

® CDF: http://www-cdf.fnal.gov/physics/new/top/top.html
B DJ: http://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_public.html
B ATLAS:

B https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults

B https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP/
| CMS:

B https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP

B https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
B TOPLHCWG: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TopLHCWG
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http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_public.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/TOP/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOPSummaryFigures
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/TopLHCWG

TOP 2015 AT

8t International Workshop
on Top Quark Physics

Ischia, Italy, 14-18 September 2015
Contact: top2015@infn.it
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%= B LHC Run I|: 6 million tops on tape
’ B Mass and cross sections: towards precision top physics
B Top properties: exploring connection to Higgs and BSM physics
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