Reinhild Yvonne Peters
The University of Manchester

MANCHESTER el'C

Established by the European Commission



Reinhild Yvonne Peters
The University of Manchester

MANCHESTER erc

Established by the European Commission



What have they ever given us in
return?

10.01.2018 Yvonne Peters



MAN (_H[l ER C O n t e n t

= Introduction

® Production

= Properties

" Future

= Summary

10.01.2018 Yvonne Peters



Introduction



MANCHESIER The Top Quark

= Heaviest known elementary particle:
m =~173GeV

= Standard Model:
= Single or pair production
= Electric charge +2/3 e
= Short lifetime 0.5x10**s

= Bare quark - no hadronization
= ~100% decay into Wb

= Large coupling to SM Higgs boson

— ~]
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st Brief History of the Top Quark

= 1976: Discovery of Upsilon at Fermilab — b-quark
= Structure of quark families suggested existence of a 6" quark: the top
= From here on the race to find the top began
= Lower limits by Petra (1984), Tristan (late 80s), UA1(1988), LEP(1990), UA2

10.01.2018 Yvonne Peters



st Brief History of the Top Quark

= 1976: Discovery of Upsilon at Fermilab — b-quark
= Structure of quark families suggested existence of a 6" quark: the top
= From here on the race to find the top began
= Lower limits by Petra (1984), Tristan (late 80s), UA1(1988), LEP(1990), UA2
= 1992: First lower limits on top from CDF (m >91GeV) ;

17 events

= 1994: First lower limits on top from D@ (m>131GeV) %

= Early 1994: “Evidence” for top at CDF

100 200
Fitted Mass (GeV/c?)

= February 24" 1995: Simultaneous submission of
Top Discovery papers to PRL, by CDF and D@

= 50pb™ at DO, 67pb™ at CDF

[ I T T
' 19 eventScpr

Events/(10 GeV/c?)

'} 111 I‘|I"7l'|u|'.
80 120 160 200 240 280
Reconstructed Mass (GeV/c2)
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MANCHESTER Discovery of lonely Tops

= 2009: Observation of top quarks in single top production
= 5 by CDF & D@!
= Single top: very challenging channel

= Low signal: similar signature like W+jets!

= Counting only: Uncertainty on

backg round Iarger than expected S|gnal Single Top Quark Cross Section December 2009
. . . ;
— use of multivariate techniques DB o/ 2ot 3.04 7088 oo
1
Final Discriminant DG <c+jets 487 | 3.4 :%;2 pb
— Preliminary, not in combination |
S D@ 2.3fb™ CDF c/u+jets 321" |  HeH 2.17 *922 pb
(=} r I
2 600 - CDF # +jets 21 50 *2% pb
1
g tb+tqgh W ! +0.58
@ 400 Wijets = Tevatron Combination | 2.76 _g.47 Pb
[—T tt - Preliminary |
% MUIt'JEtS - Il B.\W. Harris et al., PRD 66, 05405_4 (2002)
& 200 BEN N. Kidonakis, PRD 74, 114012 (2006) Miop = 170 GeV
[ 1 L.
Ok . 0 2 6 8
0 0.2 0.4 0.6 0.8 1 (e} (pﬁ — th+X, tqb+X) [pb]

Ranked Combination Output
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Where are we today?

= Top Discovery with 17 (D@) and 19 (CDF) events
= Today: LHC: top factory! Millions of events

= Precision measurements of
production cross section

= Observation in single top in 2009
= Precise study of top properties

= Searches for new physics using
top quarks

= From discovery to precision physics!
— many results from Tevatron
— many new tools

— unprecedented possibilities at LHC!

10.01.2018 Yvonne Peters
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Data Samples

= | HC performed well

Total Integrated Luminosity [fb]

W
o

ATLAS

25— Preliminary
[[]LHC Delivered

D ATLAS Recorded

N
o

2011,\s =7 TeV

Y
o

Delivered: 5.46 fb™
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2012, s =8 TeV
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Recorded: 21.3 fo!
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MANCHESTER Why Top still interesting?

= With final Tevatron data set and the ever growing LHC data sample: top
quark studies very interesting until today!

= \What can we learn?

Is the top really the "SM top”, or something else?
— need to measure its production cross section and properties and compare with
SM calculations

Top quark: only quark decaying before it hadronises

— can study a bare quark

For example can study spin of a quark directly (as it transfers it to the decay
products before it could hadronise); or study a quark's charge

Top production and decay: via strong and electroweak forces
— we can learn more about these forces
For example: W helicity in top decays

Top as window to new physics (since it is the heaviest known particle)
— searches for many new physics models in the top sector

Large top samples at LHC: use top events to develop new tools
— for example tools to access the colour flow between jet pairs

10.01.2018 Yvonne Peters 12
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Top mass

Top mass difference
Top charge

Lifetime

Top width

Production cross section
Production kinematics
Production via resonance
New particles

10.01.2018

W helicity

Yvonne Peters

Top Studies: Overview

Branching ratios
IV, |

Anomalous coupling
New/Rare decays

Spin correlation
Charge asymmetry
Color Flow

s-, t- and Wt-channel
production, properties and
searches in single top

events
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Top mass

Top mass difference
Top charge

Lifetime

Top width

Production cross section
Production kinematics
Production via resonance
New particles
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W helicity

Yvonne Peters

Top Studies: Overview

Branching ratios
V.|

Anomalous coupling
New/Rare decays

Spin correlation
Charge asymmetry
Color Flow

s-, t- and Wt-channel
production, properties and
searches in single top

events
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MANCHESTER Top Quark Pair Production

At the Tevatron: g t
t g f

85% + 15%
g t
t
antiproton N
At LHC: g t
14 TeV: 10% + 90% ¢
: ) : )
7 Tev:  30% Cross Sections:  + 70%
Collider Cross section [pb] f
Tevatron (1.96 TeV) 7.35*“3_0_27
LHC (7 TeV) 177.371
LHC (8 TeV) 252.9"%2
LHC (13 TeV) 831.8"07
' M. Czakon et al. arXiv:1112.5675
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MANCHESTER

tt — W*'bWb : Final states are classified according to W decay

10.01.2018

=]

Final States In tE

B(t—=W*b)=100%

W-I-
g
t

W_

Yvonne Peters
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MANCHESIER

Final States in tt

tt — W*'bWb : Final states are classified according to W decay

B(t—W*b)=100%
pure hadronic:
Top Pair Branching Fractions =06 jets (2 b-jets)

“alljets” 46%

dilepton:
2 isolated leptons;
High missing E_ for

tt+jets 15%

neutrinos; o ‘Zz,g% lepton+jets:
) b_jets 1\:’5\’”’5\%4’\%!0 n+ets 15% 1 |SO|ated |ept0n;
T s 15% _ Missing E_for neutrino;
"dileptons™ "lepton+jets"” T

>4 jets (2 b-jets)

10.01.2018 Yvonne Peters 18



MANCHESTER Features of Top Events

= To measure top events: enrich data sample with signal events

= Separation from background and estimation of the background

Displaced
Tracks

» Features in tt events helping to select them:

= Presence of 2 b-jets! Usage of b-tagging

Secondary
Vertex

= B-hadrons have lifetime of about 1.5ps

— travel (on average) few mm before decay

* Secondary vertex and displaced tracks
can be used to identify B-hadrons in a jet
— “b-tagging”

= Tops are quite heavy: many topological
variables can be used to distinguish
top from background

= For example: reconstruct top mass from combinations of jets

10.01.2018 Yvonne Peters 19



NS Single top Production

= \ia electroweak interaction

= Test of EW couplings

q q
q t '
= Probe for new physics >/\v/v\+/< VZ )
= Direct probe of Wtb interaction _ QZ :
= Direct measurement of ’ : b w

CKM matrix element |V _|

= Challenging: background looks similar to signal

LHC: pp (7TeV) 4.3 pb 63.9 pb 15.7 pb
LHC: pp (13TeV) 10.3 pb 216.99 pb 71.7 pb

10.01.2018 Yvonne Peters 20



MANCHESIER Single Top

= Example observable:

before b-tagging after b-tagging
l_'4 B - r—
4000017, ) DG, 540" S1500[ (4 . D@, 541t
(O] e Data ) i RN
© 30000 - -:gb s : *
2 mWijets <1000
—p I
@ 20000 -Hlultijets S _
b w,
© 10000 - 500
2 _ 2
S > -
0 50 100 150 0 ==
W Boson Transverse Mass [GeV] 1401. o1p6(()§u;?I? Migg [éi(\),]

= Background dominates; uncertainties larger than signal!
10.01.2018 Yvonne Peters 21



sy Multivariate Analysis Techniques

= (Observation of single top required the usage of multivariate analyses
techniques

= Single top the first observation where these were used extensively, and
thus established in particle physics

= Jdea: combine many different variables, with small discrimination

power, into one powerful discriminant 100 ~ Signal

©O

Background

= Various techniques exist, for example 8 ce
neural networks, boosted decision m 7 T M
trees, random forests.. ,%cg 6 i _,xﬁ,*-, y
. R R aaa s e i
= Example: decision tree E PEDIEE v 1%4_ 2y
- . : L ST AT S AR S
= Idea: divide multi-dimensional SR i
event-space into cells St

= For each cell, estimate the purity o e e iy
: i _ Variable A
= Chose cuts to separate high and low purity regions

10.01.2018 Yvonne Peters
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Single Top

MANCHESTER
1824
2000 (a) DO 5.41b"
= Example: t-channel g~ |4 » Data
. . . . 7] N v
trained discriminant 215008 . annes
() = i Wi
> N +]etS
L1000 T
o x I Multijets
S 5000w

Ranked t-channel discriminant

= Signal can be clearly seen!

= At LHC: t-channel much easier

= Large cross section
= s-channel challenging

— so far only observed at Tevatron

10.01.2018

Yield [Events/0.04]

40

N
o
T 7

(b) DY 5.41b"

86 07 08

NN

~

9

1

Ranked t-channel discriminant

3000£

Events / 0.05

|T|

2000

Yvonne Peters

———r—r—r— 7
ATLAS Preliminary J Ldt=4.7fo" ys=7 TeV 4
I+ 2 jets tagged

® data =
[ t-channel (top)
I s-channel (top)
I ttbar, Wt
[ W-+heavy flavour
] Wlight jets
[ Z+jets, diboson
B multijet

NN output
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Status

= Precision measurement of production cross section

At Tevatron and LHC

= In single top and tt production

E‘ B | 1 1 I | 1 1 1 | I 1 1 | I 1 1 | I 1 1 I I 1 I ] .
i | Z %ﬁg;@gggaﬂi%%151%:?):\)/(%5 Bﬁffp)y) ATLAS+CMS Preliminary  Nov 2017 | EXperlmentaI
en7Te . .
S e CMSep7TeV(L-5) LHCtopWG precision close to
= 3| = ATLAS e 8 TeV (L = 202 ft)
O 10°F e CMSensTev(L=19.71") = th
o) E v LHC combined e 8 TeV (L = 5.3-20.3 tb ) LHCtop WG = eory
n C w ATLASep 13TeV (L=32f) Z _ :
— v CMSep13TeV (L=22fb -
9) B I ATLAEMee/uue 1:§ TeV (L = 8)5 pb ) - u ncerta I nty .
o L O ATLAS I+jets* 13 TeV (L =85 Pb 1 S
P A CMS l+jets 13 TeV (L=2.2fb") 5 |
O L O CMS alljets* 13 TeV (L = 253fb) 900k i -
= * Preliminary B + 7
o 2 I T I A ]
¢ 1wp e -
@ - 800F + [ ] 3
5 - _ ] 3
O B - 2 1 3
£ - 700F 1 -
i === NNLO+NNLL (pp) _
== NNLO+NNLL (pp) S
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 ¥s[TeV] —
- NNPDF3.0, m_ = 1725 GeV, a,(M,) = 0.118 + 0,001 -
B | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 7
2 4 6 8 10 12 14
Vs [TeV]

10.01.2018
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Status

= Precision measurement of production

= At Tevatron and LHC
= In single top and tt production

o}
s-channel single top quark, Tevatron Run Il, L  <9.7 b T g
c
Measurement Cross section [pb] %
; )
CDF I+jets +—— I oo ;
i ®)
CDF £, +ets L e O
>
CDF combined o {867 5
g
i : 0.33 -
DO I+jets S & 1.10 .=
Tevatron combined o 1.29" =
Theory (NLO+NNLL) ,

1.05 = 0.06 pb [PRD 81, 054028, 2010] §

0 1 2
Cross section [pb]

My, = 172.5 GeV

10.01.2018

_ ATLAS+CMS Preliminary
L LHCtopWG

- Single top-quark production
| November 2017

(@»)
V]
T T 71T

10

s-channe

ATLAS t-channel
PRD 90(2014) 112006, EPJC77 (2017)531,
JHEP 04 (2017) 086

CMS t-channel
JHEP 12(2012) 035, JHEP 06 (2014) 090,

PLB 772(2017) 752

ATLAS tW
PLB 716(2012) 142, JHEP01(2016)064,
arXiv:1612.07231

tw
PRL 110(2013) 022003, PRL 112(2014)231802,
PAS-TOP-17-018

LHC combination, tW

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel

ATLAS-CONF-2011-118 95% CL,
PLB 756(2016) 228

CMS s-channel
JHEP 09(2016) 027 95% CL

< 748 TeV combined fit 95% CL

== NNLO pLB 736 (2014)58

scale uncertainty

== NLO +NNLL prD83(2011)091503,

PRD82(2010)054018, PRD 81(2010) 054028
tw: tf contribution removed
scale ® PDF @ o, uncertainty

NLO NPPs205(2010) 10, CPC191(2015) 74
wEn=m,

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

W p: veto for {f removal =60GeV and [ 65 GeY
scale uncertainty

scale ® PDF ® o, uncertainty

M= 172.5GeV

Yvonne Peters
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From Inclusive to Differential
Cross Sections

MANCHESTER
1824

= Differential distributions:

= Test of higher-order QCD calculations

= (Generic test of SM — test for new physics
= Also important to tune MC

= Reduction of systematic uncertainties for many analyses

= Due to large amount of data: many analyses are limited by systematic
uncertainties!

= Main challenge:
= Make distributions comparable to theory: correct detector effects
= Distributions defined with “true” particles

10.01.2018 Yvonne Peters 26



Mol Differential

= Also various differential and fiducial measurements now possible!

= General issue: parton Versus particle level?

MC generator dependencies Stable particles

10.01.2018 Yvonne Peters 27



MANCHESIER

= |+jets channel: selection

Differential

Exactly 1 lepton (e or u)

f*
. e: p,>25GeV, |n|<2.47 & !(1.37<|n|<1.52)
V pi p.>25GeV, In]<2.5
9\ g Missing p. for neutrino (E.): >30GeV
.. b T T
\ Q000
r - b

]

L)

9 >4 jets with p_>25GeV; [n]<2.5

>2 jets b-tagged

10.01.2018

Yvonne Peters
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= Top reconstruction

]

10.01.2018

Wll'

L)

A

v

Differential

Leptonic pseudo-top:
- construct leptonically decaying W
from lepton and E ™

- b-jet with smallest AR to lepton

Yvonne Peters



MANCHESTER
1824

= Top reconstruction

]

10.01.2018

Wll'

Differential

Leptonic pseudo-top:
- construct leptonically decaying W
from lepton and E ™

- b-jet with smallest AR to lepton

Hadronic pseudo-top:
- construct W from remaining two
highest-p_ jets

- use remaining b-jet

Yvonne Peters
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= Different distributions: show sensitivity to PDF, parton shower,

etc.

= Can be used for MC tuning
and comparison to pQCD

JHEP 11 (2017) 191

10.01.2018

Differential

-k
o
N

| |]III|T| I IIIII|'|] I II[IIIII-

10

—

do,/ o|p‘T'had [pb/GeV]
3

-
<
(%)

107°

Data

Data

Data

Prediction Prediction Prediction

Yvonne Peters

T
ATLAS

Vs=13TeV, 3.2fb™
Resolved

Fiducial phase-space

L T T

Data

PWG+PY6 Nyamp="4
PWG+PY6 h, =2m, radHi
PWG+PY6 h,, =m, radLo
PWG+PY8 h,, =1.5m,
PWG+H7 hdamp=1 5m,
PWG+H++ hy,, o=m,
aMC@NLO+H++
aMC@NLO+PY8

Stat. unc.

Stat.+Syst. unc.

] IIIIlIJ] | lIllIllI | llIIILIJ | IIIlILI] | IllIIlI|

31


https://link.springer.com/article/10.1007/JHEP11(2017)191

MANCHESTER Boosting algorithms

= Boosting algorithms important

= Higher collision energy — more events can be boosted

= Production of heavy particles — decay products can be boosted
— results in boosted regimes

Low top pt High top py

10.01.2018 Yvonne Peters
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MANCHESTER Boosting

= Still large uncertainties

g — I X i i I U ! ¥ I B U T " I y ! % I —]
%) — ATLAS ° Data —
—> N eed tO red uce o TE (5=13Tev,321" PWG+PY6 hy,,.=m, =
g E  Boosted e PWG+PY6 h,, =2m, radHi =
e ener sCa I e 2= [ Boosled e PWG+PY®6 h,,_=m, radLo -
. g . gy 8 _ 10~ — Fiducial phase-space ——— PWG+PY8h,_=1.5m, —
. . St E ke PWG+H7 h, =1.5m 3
uncertainty for large Rjets @ & I PWG+Hes R om, =
e 10—2 O, e aMC@NLO+H++ —
© = ——— aMC@NLO+PY8 _
= — Stat. unc. ]
107° & Stat.+Syst. unc. —
107 i e e IR IR IR IV IR IR IV IV IV IY Y

= . =
N R B ! —— ——
g 2 :_......................................I';.'_:_..-;_.:::;.;;_"'!.'..-..'..-..'..-..'.E.'.E.'._-..'..-..‘..-..‘.E.'.E.'.E.'..-..'..-..'..-..'.E.'.E.'..-..'..-..'..-..‘..-..'.E.'..-'_:
E 9 : o Lamia b ESSSSERSRSERESSESAREERRLEESEERRS RS REEERESESS i

38 -

5 =

- =

£l

Ll —
g8 1E =
o = =
S 2 E_ ........................................ g e _:
= =R p—— e eSS :
Blo 1 —
x .

400 600 800 1000 1200 1400

JHEP 11 (2017) 191
( ) pEI,—had [GeV]
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werem Differential Distributions in single
top

= Now also possible to perform

— T LIS B L B BB BB
i i > - ATLAS ¢ Data .
0]
differential measurements S, 001 (5w 1aTey 051 5 M Toslwostiy
: : Q - —— Powheg+Pythia6 (DR) -
in single top! s | HRGERES R
s |
B
a, - o
2 0.005(— -
| [ ] =l
A I T AT T RIS AN AT A A
25_— Rowheg+Pythia6 (DR) ------- Powheg+Pythia6 (DS)
1.5 —
2| EAR ey s
== ' . ] 5
2 =
L —— aMC@NLO+Herwig++ - Powheg+Herwig++
1.5F -
o|®© C 7
O B |
e ]
r e
arXiv:1712.01602 0 50 100 150 200 250 300 350 400

m(¢;b) [GeV]
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https://arxiv.org/abs/1712.01602

RN Another Run I Top result!

= Top observation at LHCDb!
— Run II: statistics!

a 200
% LHCb e Data
= " Wh+top
B
100

0 1 l l o
95 oo
P (u+D) [GeV] arXiv:1506.00903

10.01.2018 Yvonne Peters 35
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Overview

= Many important properties measured
— comparison to calculation: test for BSM!

= From top mass to W helicity, spin correlations, charge,

couplings...

— the top has been tested extensively
— nonetheless: still room to test more!

= More precision
= More properties

= More “resolution”

= New processes becoming measurable

= e.g.tZ

10.01.2018

Y &

Yvonne Peters
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MANCHESTER Top Qua rk MaSS

= Free parameter of the SM

= Together with W mass: puts constraint on Higgs mass — self-
consistency check

80.70 | experimental errors 68% CL.: ]

LEP2/Tev (M,, = 80.399 = 0.023 GeV, m, = 173.3 = 1.1 GeV)|

Tev/LHC (3m,, = 15 MeV, 3m, = 1.0 GeV)

A i
- h t
W W 80.60 E ILC/GigaZ (&M, =7 MeV, 3m,=0.1 GeV\)‘\gh‘ susY| - H
80.50 s SRR, S

80.40 |-

M,, [GeV]

80.30 |

SMI
MSSM
both models EEEE

80.20 L
Heinemeyer, Hollik, Stockinger, Weber, Weiglein 10
1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1
160 165 170 175 180 185
m, [GeV]

= Measurement done with several methods:
Template method, ideogram, matrix element, etc.

= Methods also used for other analyses, e. g. W helicity & spin correlations

10.01.2018 Yvonne Peters 38



MAN CHFSEER

Top Mass

= Precision results of top quark mass

= With many different methods

— developed since top discovery

= Results: limited by

systematic uncertainties!

10.01.2018

(*) Superseded by results
shown below the line

| 1 | | 1 I

[3] JHEP 12 (2012) 105

[1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077

[7] arXiv:1403.4427
[8] Eur.Phys.J.C75 (2015) 330
[8] Eur.Phys.J.CT5 (2015) 18

[4] Eur Phys. J.C72 (2012) 2202
[5] Eur.Phys..C74 (2014) 2758
[6] ATLAS-CONF-2013-102

| | Lg 1 | 1 |

[10] ATLAS-CONF-2014-085
[11] Phys. Lett. B761 (2016) 350
[12] arXiv:1702.07546

I | |

ATLAS+CMS Preliminary My SUMMary, s =7-13 TeV September 2017
LHCtopWG
"""" World Comb. Mar 2014, [7]
total stat

Tog (i Aty ___ Myop * total (stat + syst) {5 Ref
ATLAS, I+jets (*) I—I—-—-I—-l 172.3141.55 (0.75 £ 1.35) 7TeV [1]
ATLAS, dilepton (*) i 173.09 + 1.63 (0.64 + 1.50) 7TeV [2]
CMS, l+jets H-4-+—| 173.49 +1.06 (0.43 £ 0.97) 77TeV [3]
CMS, dilepton I—l—'—i—l 172.50 £ 1.52 (0.43 + 1.46) 7TeV [4]
CMS, all jets == 173.4941.41 (0.69 + 1.23) 7TeV [5]
LHC comb. (Sep 2013) LHC fopwa I-—H-i—-| 173.29 + 0.95 (0.35 + 0.88) 7TeV [6]
World comb. (Mar 2014) == 173.34 + 0.76 (0.36 + 0.67) 1967 TeV [7]
ATLAS, l+jets H——+ 172.33+1.27 (0.75 + 1.02) 7TeV [g]
ATLAS, dilepton I—-[-—|—| 173.79 +1.41 (0.54 + 1.30) 7TeV [8]
ATLAS, all jets H——s— 17511 1.8 (1.4£1.2) 7TeV 9]
ATLAS, single top —t——t— 1722421 (0.7+2.0) 8TeV [10]
ATLAS, dilepton =3 172.99 £ 0.85 (0.414 0.74) 8TeV [11]
ATLAS, all jets H— 173.72£1.15 (0.55 % 1.01) 8TeV [12]
ATLAS, l+jets =] 172.08 +0.91 (0.38 + 0.82) 8TeV [13]
ATLAS comb. (ij;:";ﬁ) HeH i 172.51 4 0.50 (0.27 + 0.42) 748TeV [13]
CMS, l+jets HeH i 172.3540.51 (0.16 + 0.48) 8TeV [14]
CMS, dilepton I—H—-—-| 172.82+1.23 (0.19 1 1.22) 8 TeV [14]
CMS, all jets ot ! 172.3240.64 (0.25 + 0.59) 8TeV [14]
CMS, single top H—-—-—H 172,95 +1.22 (0.77 + 0.95) 8 TeV [15]
CMS comb. (Sep 2015) HH : 172.44 £ 0.48 (0.13 £ 0.47) 7+8 TeV [14]
CMS, l+jets i 172.25 4 0.63 (0.08 £ 0.62) 13 TeV [16]

[13] ATLAS-CONF-2017-071

[14] Phys.Rev.Ds3 (2016) 072004
[18] EPJC 77 (2017) 354

[16] CMS-PAS-TOP-17-007
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MANCHESTER Top Quark Mass and Issues

= Constantly discussed: what is it that we measure?

= All direct mass measurements rely on MC for calibration

= No clean definition of the top mass

= e. g. contributions like this missing:

= Task mainly for theorists
= Experimentally: explore alternative methods

10.01.2018 Yvonne Peters

40



MANCHEGIER Top Quark Mass: Be aware

s Alternative method: Extract m from cross section measurement

= Assuming pole or MS mass

= Unambiguous extraction T o e -
o e
of top quark mass! R ™ ATLAS  — — WSTW2008 NNLO uncertany |
% § ~ . e CT10 NNLO uncertainty ]
= Contra: uncertainty quite g 300 ~Sx_ T NNPDF23 NNLO uncertainty —
s [ 8Tev T \ O \s=7TeV,461b Yvem, ]
large compared to g L \. \s=8Tev, 2031 ]
direct methods O 250 - : -
~ :
200_—7”
150
[ | |y |

164 166 168 170 172 174 176 178 180 182
pole [ Ge V]
Eur.Phys.J. C74 (2014) 3109
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http://link.springer.com/article/10.1140/epjc/s10052-014-3109-7

MANCHESTER
1824

= Extract mass from distribution in tt+jets events

= Gluon radiation depends on mass of quark

Mass from tt+jets

= Compare unfolded distribution to calculation — allows to uniquely

define mass scheme

A‘D 5: T T T I T T T T I T T T | T T T :
§-Q'= 4_52_ ATLAS t_t:k_'!:leﬂ%%Né.&-PS for mtp0|6= _i
: . £ 4E e 1 <eme 175 GeV =
R pole _ 1 dﬂ-”"‘l‘lﬂ pole = p ek 1307 Gev pest iy
{mt L Ps) = - ! (w.rI . Ps)s 35| 7GeV (best ) 3
Trr+lget dPs of t Dt -
= el E
2,51 :
5 - g L A =
2 = E
=g 15F =
p.‘f T — e 15_ et _E
A i, é
. I S
. 13r
20 15::;1*;::::L*;El}f?~¥mmmwiﬂa- ,,,,,,,,,,,,,,, S
w075 0.2 0.4 06 08

m”=173.7+1.5(stat)£1.4(syst)’ 2 (theo)GeV |
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http://link.springer.com/article/10.1007/JHEP10%282015%29121

MANCHESTER Mass

= Aim at improved precision!

= Fate of the universe!

— top-Higgs coupling important ~:
— ttH! 8 3.5
>
182 £ 3
i L§ 2.5
178 8
176 c 2
§ " 81.5
iy £
170 —
it "g
o
166 = O.
164
120 122 124 126 128 130 132
MH [GEV]
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MANCHETER Spin Structure
= Top decays before hadronisation
— allows spin structure of a quark to be measured directly

= Problem: production of tt at hadron colliders is unpolarised
— all spin states randomly possible

= Feature that allows notheless to access spin information: spin
between top and antitop are correlated!

= Dominant at Tevatron: Dominant at LHC:
3G t 0g t
q t 1 7 g t 1 *(/4
>4w_:uu< q*--—-h/g . q }nm< Elﬂﬂ/ 222 g
g 3 ; = ; ' s [
Tevatron LHC

Notation: 2S“LJ; s: spin; J total angular momentum; L: orbital angular momentum (S for £=0)
10.01.2018 Yvonne Peters 44



s saMeasurement of Spin Correlations

= Spin correlations allows not only to access if there is new physics

in production, but also decay!
= Short lifetime of top quarks (~0.5*%1072°s)

— Top quarks decay before fragmentation

= Spin information of top i eserved New Physics in
P Inrormat P15 presery decay could change

Left-handed coupling @ l+, q configuration
t W’ v, Q' ¢ I", q
LI O t i v, Q'
& o~ L0270
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s saMeasurement of Spin Correlations

= Measurement by looking at angular distributions between the
down-type fermions from the W™ and W™ decays from tt decays

= Any deviation from SM expectation would hint at new physics in
production or decay!

Different sensitive variables at Tevatron and LHC
Spin analysing

basis
X
top quark rest

frame in tt cmf
b /

10.01.2018 Yvonne Peters 46




MANCHESTER
1824

Spin Correlations

= All measurements in good agreement with SM

= But need more data to become more sensitive

= Can be used for new physics
searches: for example stop

10.01.2018

5 16000 o Data L IAITII.AISI_:
%) = E
o 140005 E SMt \s=8TeV, 20.3fo" 3
o 12000 ;i itt(A=0) =
10000 [ Background ===
8000 [ |if,. 180Gev = =
- = Fit Tl =
6000— =~ ' e .-
4000 g resrereeei -
2000 =
T e P S N A A TR e

0
1.2_— ' T T T =
o 1.1 = ——
g 1E_+— —_"_‘—F—‘—-_. — "_:'_"_"'_'-;.__':E
0.9;— L 3
0.8 L . . =
0 0.2 0.4 0.6 0.8 1
Ad [rad] / T
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MANCHESTER The Top Future

= Despite the large progress: much to do
— many BSM models: top plays a special role

= Production: precision differential distributions allow precision tests
of QCD/EW interaction

= Properties:

= test of BSM admixtures/influence
= Top mass: free parameter — influence o many BSM predictions

= Direct searches: many BSM models to look for in the top sector

= Example: tttt getting interesting — test for extended Higgs sectors

10.01.2018 Yvonne Peters 49



MANCHESTER S Uumma I‘y

= \What have hadron colliders done for us?
— they brought us

= Top discovery
= Precise understanding of the top quarks
= A window to new physics

= Even 20 years after its discovery:
tops are cool hot topic!

10.01.2018 Yvonne Peters 50
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Sl ' Differential

= Define “pseudo-tops” on particle level

= In fiducial region
iducial regio Lepton

= Easy to reproduce for theorists!

= Pseudo-top:

= Use particles with mean lifetime > 3*10!!'s dR<0.1

= Leptons: use “dressed lepton”:
leptons are used together with photons in their vicinity

= Jets: anti-kT with R=0.4 applied on stable particles (not leptons or
neutrinos)

= Presence of b-hadron with p_>5GeV: jet is taken as a b-jet

10.01.2018 Yvonne Peters 52
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