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Motivations for Studying Top

= Only known fermion with a mass at the natural electroweak scale.
= Similar mass to tungsten atomic # 74, 35 times heavier than b quark.
—> Why is Top so heavy?
= |Is top involved in EWSB?
(Does (2 V 2 G )2 ~ M., mean anything?)
—> Special role in precision electroweak physics?
= Is top, or the third generation, special?

= New physics BSM may appear in production (e. g topcolor) orin
decay (e.g. Charged Higgs). e




Pre-history of the Top quark

1964 Quarks (u,d,s) were postulated by Gell-Mann and Zweig, and discovered in
1968 (in electron — proton scattering using a 20 GeV electron beam from the
Stanford Linear Accelerator)

1973: M. Kobayashi and T. Maskawa predict the existence of a third generation of
quarks to accommodate the observed violation of CP invariance in K, decays.

1974: Discovery of the J/ and the fourth (GIM) “charm” quark at both BNL and
SLAC, and the t lepton (also at SLAC), with the Tt providing major support for a third
generation of fermions.

1975: Haim Harari names the quarks of the third generation "top" and "bottom" to
match the "up" and "down" quarks of the first generation, reflecting their "spin up"
and "spin down" membership in a new weak-isospin doublet that also restores the
numerical quark/ lepton symmetry of the current version of the standard model.

1977: discovery of the fifth b quark at Fermilab (bound with the b antiquark in Y
states of quarkonium), offering new evidence for the existence of a sixth t quark

needed to complete this isospin doublet
— race to find the top quark starts



A Brief History of Top

* Top quark was expected in the Standard
Model (SM) of electroweak interactions as a
partner of b-quark in SU(2) doublet of weak
isospin for the third family of quarks

(weak isospin of b can be inferred from the
forward-backward asymmetry in

e*e” =2 bb) rd
. nd 3
= Anomaly free SM requires the sum of the st 20 ]
family charges to be zero: given the b (and Generat"’”
the tau lepton) there should be a 2/3 charge
quark

" Everyone thought it likely that the top mass would be larger than m,
but few expected a factor of =35 for the ratio of the masses of these
supposed isospin-partner quarks.

= And few, if any, expected that it would take so many years to finally
confirm the existence of the top quark



A Brief History of Top Il

Initial searches for the top quark started quickly, and
negative results came from e*e™ colliders at SLAC, DESY
and KEK.

Petra (e+e-) at DESY, Hamburg, m, > 23.3 GeV (1984)
Tristan (e+e-) in Japan: m, > 30.2 GeV (late 1980s)

Following the observations of the W and Z bosons at
the SPS pp collider at CERN in the early 1980s, there
were claims of a discovery of the top quark in 1984 at
the UA1 experiment consistent with a mass of 40 GeV
(not confirmed by UA2). By 1988, this had turned into
a limit (> 44 GeV)

LEP (e+e-) at CERN: m, > 45.8 GeV (1990)

This is when the Fermilab Tevatron entered the scene, and for more than two
decades before the start of LHC operations at CERN in 2010, it was the only place
in the world with enough energy to produce top quarks.

e 1977-1994: increasing lower top mass limits
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First top evidence in 1994 in CDF data, 19 pb!, 12 events on a background of
6, (PRL 73,225(1994)) “Evidence for Top Quark Production..”
2.8 o excess, not enough to claim discovery
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Top quark discovery (1995)

1

i,

News Release - March 2, 1995

PHYSICISTS DISCOVER TOP QUARK

CDF top quark discovery:

found 6 dilepton events and 43
lepton+jets events (50 b-tags), with
estimated background of 22.1%2.9 tags.
(PRL74,2626(1995))

M, =176 * 13 GeV o, =6.8"3°,, pb

DO top quark discovery:

found 3 dilepton events, 8 lepton+jets
events (topological selection) and 6
lepton+jets events (U tag). Estimated
background to these 17 events was
3.8+ 0.6 events (PRL74,2632(1995))

M, = 19930 GeV o,, = 6.4%2.2 pb

/20 GeVic?

L |Physicists Discover Top Quark Evidence Confirmed in 1995 by CDF and
DO in first ~70 pb™ of run 1 data (4.8 5 ).
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March 2” 1995

)R BRRES

Discovery is always exciting!!

Adding something to the
core of human knowledge is
profoundly satisfying.




Measurements (<2010)

Evolution of Top Mass
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Indirect estimates of mass of top quark from fits to electroweak observables
(green), and lower bounds at 95% CL on m,,, from direct searches in ppbar
collisions at CERN and at the Tevatron (broken line), assuming standard W->bt or
t->bW decays. Results on m,,, from CDF (up-triangle) and D@ (down-triangle),

and mean m,,, (purple square).

Top Quark is now “standard”! .



A Brief History of Top (2011 2018)

Tevatron Run 2 ends in 2011 after 26
years of successful operation: 10 fb
collected in Run Il by each experiment

LHC Run 1 startsin 2010at7 TeV : 5 fb?
collected in 2011

2012: the energy is increased to 4 TeV per
beam (8 TeV in collisions)

2015: Runll starts at 13 TeV

LHC is a top factory * proton-proton collider

No. of produced tt events o high energy: JS = 7 TeV
2011: ~800k (4.6/fb, 7 TeV) *since 2012: \/5 = 8 TeV

2015: ~2.46 million (3.2/fb, 13 TeV)

Since 2016: > 30 million per year (36/fb, 13 TeV)
Tevatron produced ten t-tbar pair per day

2012: ~5.1 million (20.3/fb, 8 TeV) *+2014- 2030. e \/S =13 TeV

LHC: one t-tbar pair per second

Top quark is one of the major subject of

study at LHC 12




ATLAS and CMS Detectors
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How Is top quark produced?

—_

Tevatron: preferentially g Total inelastic
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One top pair each 109 inelastic collisions at Vs = 1.96 TeV

14



How Is top quark produced?

LHC (13 TeV) preferentially T T
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One top pair each 108 inelastic collisions at Vs = 13 TeV

LHC is a top factory!! s



How Is top quark produced?

= Top quark can be produced also singly, via electroweak
interactions, with a smaller cross section, at both Tevatron and LHC
= Single top observed for the first time at the Tevatron in 2009

(see later...)

s-channel t-channel Wt-production

16



Production and Decay Basics

At the Tevatron and LHC top SM predicts: BR(t — Wb) = 100%

quarks are mainly pair produced \ )
via strong interaction: Event
- . topology
_ determined
) by the
85% decay
(10%) y modes of
the 2 W’s
> (W"W) in
15% Otheory ~ 7 PD b\ final state
(90%) (= 830 pb) )
NB: qq, gg fractions ~ QCD predicts b-jet: identify via
reversed at LHC cross section well secondary vertex or

soft lepton tag
17



Top Decay : add. Motivation for Studying Top

= |n the SM, assuming V-A coupling:

G
F(t— d; W) ~| V2 ’”,‘l

assuming |V,,| = 1 for the ¢ — bW decay vertex, one gets (LO):
T(t — bW ) ~ 175 MeV (M/My)2 MMy, >> M)
=T (t—>bW)~15GeV (> Agcp) = T(top) *5x 10% s

= Non-perturbative QCD hadronization takes place in a time of order:

= top decays before hadronizing, as free quark (no top hadrons, no toponium
spectroscopy)

= the top quark provides the first opportunity to study the decay
characteristics of a “bare” quark.

= t—> WSs, t > Wd allowed but suppressed by factors of ~103and ~5x 10
respectively

18



How to identify the top quark

SM: tt pair production, Br(t—>bW)=100% , Br(W—lv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing E-
lepton+jets (24/81) 1 lepton + 4 jets + missing E-

fully hadronic (36/81) 6 jets
(here: |I=e,u)

19



How to identify the top quark

SM: tt pair production, Br(t—>bW)=100% , Br(W—Iv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing E-
lepton+jets (24/81) 1 lepton + 4 jets + missing E-

fully hadronic (36/81) 6 jets

Dilepton (ee, pu, ep)
— BR = 5%

= Relatively clean:
= Very small amount of SM bkgds
= Down side: small event samples
i = Select:
q b-i = 2 leptons: ee, ey, uu
‘ _Jets ‘ = Large missing E;
= 2 jets (with or w/o b-tag)
Expect: S/IB>1

Dominant backgrounds: Drell-Yan,
W+jets (“fakes”) 20

lepton(s)

missing ET




How to identify the top quark

SM: tt pair production, Br(t—>bW)=100% , Br(W—Iv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing E-
lepton+jets (24/81) 1 lepton + 4 jets + missing E;

fully hadronic (36/81) 6 jets Lepton (e or ) + jets

—> BR=30%

=  Select:
= 1] electron or muon

= Large missing E;

@ = 1or2b-tagged jets

= Fully reconstructable, small
a i backgrounds

q .
‘ b-jets ‘ _ = Main backgrounds:
= W/Z +jets
=  WZ +heavy flavor
= QCD multijet (data-driven)
= Diboson (from MC) o

lepton(s)

missing ET ‘more jets ‘




How to identify the top quark

SM: tt pair production, Br(t—>bW)=100% , Br(W—Iv)=1/9=11%

dilepton (4/81) 2 leptons + 2 jets + missing E-
lepton+jets (24/81) 1 lepton + 4 jets + missing E-

fully hadronic (36/81) 6 jets .
All-hadronic

= BR =44%

Signature:

e 6 or more jets

e kinematical selection

e > ] vertex tag.

Large backgrounds from QCD
multijet production

‘ more jets ‘
22




Top Event Categories

L+Jets

Dileptons

Thad +X
= BR=21%

[1e-¢ (1/81)

E mu-mu (1/81)

B tau-tau (1/81)

e -mu (2/81)

Oe-tau (2/81)

Bl mu-tau (2/81) \

H etjets (12/81

B mu+tjets(12/81)
M tau+jets(12/81)

Djets  (36/81)

23



Pros and cons by final state channel:

= Lepton + jets (“golden” channel)
= fairly good branching ratio
= Reasonable S/B

= One v so can fully reconstruct t-tbar system

= Dilepton:

Lowest branching ratio but...

Highest S/B

2v—>reconstruction of t-tbar system
ambiguous

hadronic

Highest branching ratio, but...

lowest S/B ratio

Dominant QCD background hard to determine

combinatorics of t-tbar reconstruction
complex
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Method to identify a top signal

= Start from “counting events” passing cuts in all decay channels

—> Optimization of signal region with respect to SM background
processes (control region)

= Background dominates the production of ttbar pairs
" How to separate signal from background:
—>Top events have very distinctive signatures

v'Decay products (leptons, neut., jets) have large p;’s
v'Event topology: central and spherical
v'Heavy flavor content: always 2 b jets in the final state!

25



B-Tagging Tools: Vertexing and Soft Muons

B hadrons in top signal events:

are long-lived and massive may decay semileptonically,

Vertex of displaced tracks Identify low-pt muon from decay

displaced
tracks

Secondary e or LLin jet

vertex

Primary e;’/ PP
vertex dO ~=="h
/ y e b— lvc (BR ~ 20%)
e b—c— fus (BR ~ 20%)
prompt tracks z X

~60% <«Top Event Tag Efficiency—  ~15%
~0.5% «False Tag Rate (QCD jets) > ~2%

26



Why measure the ttbar Cross Section?

Basic “engineering number”, absolute measurement (— very difficult!), prior step
to any top property study.

Requires detailed understanding of backgrounds and selection efficiencies.
Test of SM QCD predictions
= Departures from QCD prediction could indicate nonstandard production
mechanisms, i.e. production through decays of SUSY states.

It is Important to measure cross section in all decay channels

I\Iobs B Nback
£ X ij Ldt

o(tt) =

€. selection efficiency for events in acceptance (affected by errors in trigger and
reconstruction)

A: Acceptance (depends on PDF, and other modeling uncertainties)
det: integrated luminosity

27



What Is a cross section?

Integrated cross section: ¢ = | [do/d€2] dQ2

Calculation:

s Re— Z /(/.I'l (/.I'-_) ,/.1("'1-(‘,)2) . '/i/(.l';_).(,.:) . fT((&)‘-) )
) A A

1,.J=4,9.9 ¢
A

: : PDF for incoming
Sum over incoming

iy parton |
partons |, j |
Momentum fraction “partonic” cross
for incoming parton section

28



Partonic cross section

a/9g t
= Need to calculate everything that goes into Y
= Use perturbative expansion of Y in orders of
strong coupling constant (o)
" o~ (.1 so series should converge i/a :
- ; (0) W 2@
_:.
o(qq/gg9 — tt + X)) = H %{H_/L}—\gl—* Hfj—...
Leading order (LO) term, Next-to-leading Next-to-next-to-leading
proportional to a2 order (NLO) term, order term,

proportional to o proportional to a *

29



Leading order

g L

L

q t

Each vertex contributes: +/Ois
o, = strong force (QCD) coupling constant

Leading order (LO): contains all terms
proportional to o> 30



Next to leading order

A
N

&

L

Extra gluon —> results in extra jet of hadrons in detector
Next to Leading order (NLO): contains all terms

proportional to o> and o>

31



Calculate all allowed processes

t 2
+.
g
+
+ + v
9 4
i.
+ + t.
% Ch
Wy
+ infinite number of diagrams

32



State of the art: NNLO

= | atest calculation for the inclusive ttbar cross section: NNLO
For differential cross section: NLO

Collider |otot [pb]| scales [pb|| pdf [pb]
= 164 | T0-1I0(15%) [ +0.160(2.4%)
' —0.200(2.8%) | —0.122(1.7%)

LHC 7 TeV | 1720 | T34@2.6%) | +4.7(2.7%)

Tevatron

—5.8(3.4%) | —4.8(2.8%)
, 16.2(2.5%) | +6.2(2.5%)
LHC 8 TeV | 245.8 —8.4(3.4%) | —6.4(2.6%)

. o | +22.7(2.4%) | +16.2(1.7%)
LHC 14 TeV| 953.6 —33.9(3.6%) | —17.8(1.9%)

Scale variation

280 .

PRI Lo 20 N B B { ] b
L':é 200 ] LL
)

180 ' FEXEICE OOrder — } )

+res —a— Larnrsher Crakon, Mitoy 2012
160 - . |1 [Czakon Mitov 2012]
NNLO+res [Czakon Mitovy 2012]
140 | LHC 8 TeV; my,,=173.3 GeV; A=0 | [Czakon Fiedler Mitov 2013] 33

120 MSTW2008 LO; NLO; NNLO



Summary of cross section measurements at LHC

ATLAS & CMS 8TeV

ATLAS & CMS 13TeV

ATLAS+CMS Preliminary
LHClop WG

NNLO+NNLL PRL 110 (2013) 252004
Mygp = 172,65 GeV, cz,(Mz) =0.118+0.001
scale uncertainty

scale ® PDF @ g uncertainty

o, summary, fs=8TeVv Nov 2017

Pt

total stat
ot (stat) £ (syst) + (lumi)

ATLAS+CMS Preliminary
LHClopwG

o, summary, ¥s = 13 TeV Nov 2017

NNLO+NNLL PRL 110 (2013) 252004
"""" my,, = 172.5 GeV, (z,(Mz) =0.118+0.001

scale uncertainty
scale ® PDF @ o, uncertainty

Foroe 1

total stat
o4 (stat) + (syst) £ (lumi)

ATLAS, lepton+jets —%— 2483+ 0.7+ 13.4+4.7pb ATLAS, dilepton ep [V 818+ 8+27 +19pb
ATLAS-CONF-2017-054, L, = 20.2 fbo' PLB 761 (2016) 136, L =3.21b" S

CMS, lepton+jets e 228.5+3.8+ 13.746.0pb

EPJC 77 (2017) 15,L, = 19.6 fb ATLAS, dilepton ee/up * ——a—— 749 + 57 + 79+ 74 pb
ATLAS, 1, +jets L - 239+4+28+5pb ATLAS-CONF-2015-049, L, =85 pb’”

I
PRD 95 (2017) 072003, L, = 20.2 fb™

CMS, lepton+t, ——tf—— 257+3+24+7pb

PLB 739 (2014) 23, L, =19.6fb"
ATLAS, dilepton ep

EPJ C74 (2014) 3109, EPJ C76 (2016) 642,
Ly =20.21b"

CMS‘ dilepton (ee, up, ep) —o—|
JHEP 02 (2014) 024, L, =531b"

LHC combined ey (Sep 2014) |y
LHCIOpWG, L =5.3-203 16"

2429 +1.7+55+5.1 pb

230.0+21+11.3+6.2pb

2415 £1.4 +57 +6.2 pb

ATLAS, l+jets *
ATLAS-CONF-2015-049, L, =85 pb’”

CMS, dilepton ep

PRL 116 (2016) 052002, LI_ =43 pb’, 50 ns

CMS, dilepton ep

EPJC 77 (2017)172, L =221b" 25 ns
.

f——imp—or] 817+ 13+103+88pb

e

746 + 58 + 53 + 36 pb

815+ 9+38+19pb

ATLAS-CONF-2014-053, CMS-PAS TOP-14-016 CMS, l+jets ) 41 888+ 2+26+20pb
CMS, dilepton ep ] 044.9 + 1.4 .:g £6.4pb arXiv:1701.06228, L =221b

JHEP 08 (2016) 029, L, =19.7 1" -

CMS, all jets " o CMS, all-jets —ta— 834+25+118+23pb

T
EPJ C76 (2016) 128, L, =18.41b"

|
2756+ 6.1+ 37.8+7.2pb
NNPDF3.0 JHEP 04 (2015) 040

MMHT 14 EpJ c75 (2015) 5

CMS-PAS TOP-16-013, L =253 1fb '

NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC 75 (2015) 5

CT14 PRD 93 (2016) 033006 Frelminery CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028 ABM12 PRD 89 (2015) 054028
[, (M) = 0.113] [ez,m_) = 0.113]
Lo o b b b Lo e b b b v b |
100 150 200 250 300 350 400 200 400 600 800 1000 1200 1400
Gy [PD] o, [Pb]

=" Many measurements that use different techniques

" Good agreement
= between all measurements
= between data and theory

" Measurement precision now comparable to theory 34



ttbar inclusive cross section: summary

E‘ I 1 1 1 I 1 1 1 I 1 1 1 1 1 I I I I I | I I I
— v Tevatron combined 1.96 TeV (L < 8.8 fo™" .. .
A= e CMS dilepton,+jets 5.02 TeV (L =27.4pb™) ~ ATLAS+CMS Preliminary May 2018
[ m ATLASeu7TeV(L=46fb") m
S e CMSen7TeV(L=5fb" LHCIopWG
et 3| m ATLASeu8TeV(L=202fb")
O 10°F e CMSeusTeV(L=1971" -
Q — v LHCcombinedep8TeV (L= 5 3-20.3 fo') LHClopWG -
w — m ATLASep13TeV(L=3.2fb") —
0 — v CMSep13TeV(L=22fb") -
7 — A ATLAS ¢ ee/up* 13 TeV (L =85 pb’) -
o — O ATLAS l+jets” 13 TeV (L = 85 pb’) [ -
Py A CMSl+jets 13 TeV(L=2.21b") s |
O o CMS all-jets* 13 TeV (L = 253fb Y - 1
= - 900 + .
Preliminary - .
QO 21 I F S . ]
> 10°E - + ey 13
® - 800 =
3 N ; + ]
i - 700 1 -
n = NNLO+NNLL (pp) i 1 4
——— NNLO+NNLL (pp) o S S S S
1 O | Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 E [TeV] |
— NNPDF3.0,m  =1725 GeV, o (M,) = 0.118 + 0.00f -
[ I I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 7
2 4 6 8 10 12 14
Vs [TeV]

Tevatron and LHC results consistent with NNLO+NNLL over a large range of CM energies
Comparable uncertainties (~ 6 % in lepton+jets, ~4 % in dilepton ) with theoretical
uncertainties at NNLO+NNLL precision (~5.5%)

35
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Differential Top Cross Sections

= Given the available ttbar statistics, differential measurements are the baseline now
" |t's even more complicated but ....
—> provides more detailed information

= sensitive to new physics on the tails...
= fiducial measur. to avoid large model-dependent corrections to full phase-space
—> fiducial differential measurements unfolded to particle/parton level
= test of QCD calculations ’
= can constrain gluon PDF

= double-differential will soon
provide even higher sensitivity
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Unfolding: parton vs particle

T r T T
—e— Data
[ tt Single lepton
B tt Dilepton
B Single top
Wjets
B Multijet
N Z+jets
Diboson

Events / GeV

300 400 500 600 700 800 900 1000 1100 1200 37
top-jet candidate P, [GeV]



Unfolding: parton vs particle

Matrix Element caleulation
(usuau,@ perturbative)

Fragmentation, parton

shower, hadronization,
.. (often nown-

perturbative)

> 10°E ATLAS Preliminary —e_ Data
O 10°E 203" \s=8TeV, u+jets [ i Single lepton
® ) I it Dilepton
= 10 N Single top
g 10 — e
1 N Z+jets
Diboson

10

10 = =
0 |
s LRIV //////%////%///(///////é///%/fr
8 0.5 -

300 400 500 600 700 800 900 1000 1100 1200 38
top-jet candidate P, [GeV]



Unfolding: parton vs particle

----------------

—e— Data

[ tt Single lepton
iy

ATLAS Preliminary
20.3 b7, \s =8 TeV, u+jets

Events / GeV

2

107
o 1.5 I ' I
=
s B /W (/
©
(] 0.5+
300 400 500 600 700 800 900 1000 1100 1200 39

top-jet candidate P, [GeV]



Unfolding: parton vs particle
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Unfolding: parton vs particle
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leferentlal cross sectlon at 13 TeV

- L B B D T L z ATLAS | " e Data E E; F amas' " Fiducial phase-space 3
. - ATLAS . ata . PWGHPY6 h, —m, 3 O - 4 ]
E 10 E-13Tev, 361"  —— POWHEG+Py8 = TP et PWGHPYE i =om radki ] g 107 ‘r, e e Sar =
= E . L eeen POWHEG+H7 3 E Fiducial phase-space Ewgﬁ:g hded;n,SladLo E 8o gg‘;is For + Prrein 6 3
- = _ =1. — PO —
S+ F Fiducial phase space ... MG5_aMC@NLO+Py /- PHGTh 5 mT ] e L et Poure Box + HeRwIG+ .
e L Sherpa 221 < U E e, e PWG+H++ b, =m, E o 102 = e PoHEG Box + PYTian 8 -
~. - Stat. Unc. — (= = L TR R aMC@NLO+HT+ = = —— T AMCENLO + Fewic e
o = Stat. ® Syst. Unc. ° 0% g — aMC@NLO+PY8 —= E MG5_aMC@NLO + PyrHa 8 |
o - 1= 1= Stat. unc. 3
. - e C Stat +Syst. unc. J 0% 3
i B =0t - E 3
- E E E E C £
= 5L
F 1o E 3 g 1.5~ T
o g 145 = =] S
107 s 125 = = {l e e _
E TS 1 — o
— ol 08E =! o — —
B 5 14E = = 13F 3
105 g 125 —{ok = g
= o o — LT = D
-E [ U PR PR EO 1 L = = = — o
5| 15 _ 3 08E E S
B fud 1W“f" —Q—W--“ r———— gl 145 = o
-8 tDU g e T e ; .............. 3 5 @ 12F _._i: o 0.5 ) ) ) ) -
& 05 : ; : ; : e R W E 0 200 400 600 800 1000
500 600 700 800 900 1000 1100 1200 & sk 3 pT[I) [GeV]
pH [GeV] 0 200 400 600 800 7000
T P [GeV]

all-jets lepton—+jets dilepton
arXiv:1801.02052 JHEP 11 (2017) 191 Eur. Phys. J. C77 (2017) 292

= Main uncertainties: JES, b-tagging, signal modeling
= Most SM predictions (NLO QCD + parton shower) are consistent with data
= These measurements allow to tune MC generators for the future
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Differential cross section at 13 TeV
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= Wide range of differential cross sections
= Precision measurements of the SM

= |mproving the modelling uncertainties in ttbar production can help to
see new physics!
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Measurements of top mass
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Why is Top Mass so special?

Top mass is a fundamental SM 8067 T
1 —LEP1, SLD Data
parameter :
e Related through radiative 80.5- sa%cL
corrections to other EW i~ 1
observables. @ | | CDF&DO |_& /
¢ . © g0.44{ |RUNII .
iOJ w i w g SM okay
\ ) 80.3 =
b W -
ﬂMWCiMTE ﬂMWQIHMH _F'I‘"IH[GE
- 8(]2_ .1.14. 3D. A _ IF'reIEmilnalr';.r'
e If there are new particles the 120 150 170 100 210
relation might change m. 1GeV]

* Very important for precision tests of SM.
*Together with M, and other electroweak precision
measurements, it constrains M.
* Is this large mass telling us something about electroweak symmetry

breaking? (Top Yukawa coupling close to 1)

Miop = ytv/\/§ ~ 173 GeV = y; = 1
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Why is Top Mass so special?

Top mass is a fundamental SM 80BT T T 1 T
1 —LEP1, SLD Data
parameter - %l
e Related through radiative 80.5- sa%cL
corrections to other EW < 1 SM broken
observables. @ | | CDF&DO . |
t H S g0.44 | RUNII .
w( ) Woow W Eg |
\_/ 80.3 -
b W _
ﬁMW CI.MTE ﬁMWCIIHMH _F'I‘"IH[GE
) 1 114,30 Preliminary’
80.2 +— W e S
e If there are new particles the 130 150 170 190 210

relation might change
m. [GeV]

* Very important for precision tests of SM.
*Together with M, and other electroweak precision

measurements, it constrains Mhiggs
* Is this large mass telling us something about electroweak symmetry

breaking? (Top Yukawa coupling close to 1)

Miop = ytv/\/§ ~ 173 GeV = y; = 1
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Top mass: what do we measure?

> 20 years ago, CDF & DO first assembled all the pieces needed to discover the top
— The strategy to study the top quark remains the same today

Top quark mass “standard” measurements:

= make kinematic reconstruction of final state objects (leptons, jets, and missing
transverse energy)

= measurement based on comparison of kinematic observables with MC generated at
different top masses (most sensitive variable: invariant mass distribution)

= determination of the best-fit value of the MC top-quark mass parameter
On going theoretical work:

= to translate the measured top-quark mass into a mass in a well defined renormalization
scheme
Experimental way to address the question of the top-guark mass definition:
= Use alternative methods to determine the top-quark mass
With less inputs from MC

With different sensitivity to systematics

Using theory computation with well defined mass (i.e. from cross section, single top events,
ttbar+jets etc.)

Best measurements: 6M,,, ~ = 0.50 GeV/c? (< 0.4%)
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Top mass: what do we measure?

Conceptual uncertainty of <1 GeV/c? when relating the MC mass to a field theory
mass.... ‘ gen pc:nle <1 GeV

W

The pole mass corresponds to our physical intuition of a stable particle (pole = top
quark as a free parton, though a quark doesn’t really propagate - hadronisation!)
however, it can never be determined with accuracy better than O(Aqycp) (= 0.2 GeV)

The pole mass is closer to what we measure at colliders through invariant mass of

the top decay products.
= The ambiguities are in the modeling of extra radiation, the color connect effects and
hadronization.
= Uncertainties estimated by various theoretical groups between 0.1 and 0.25 GeV

Importance of measuring the mass using alternative techniques:

— theoretically a good approach is to extract the mass from measurements of the cross
section 48



W and top quark mass tells us Higgs mass

6 July 2010 m,, . =158 GeV

5 _
Aoypag =

i i —002758+000035
% % ===0.02749:0.00012

+ incl. low Q° data

] Excluded . Preliminary_
30 100 300
m, [GeV]

Ay? fit to electroweak precision observables as a function of the Higgs boson mass
in the Standard Model. The line is the result of the fit using all available data

Preferred value for my;: corresponds to the minimum of the curve "



Example of variables used in EWK fit

arXiv:0909.0961 P pwame [ TEEimE TS
Mz [GeV] 91.1875+0.0021 yes 91.1874+0.0021 91.1876+0.0021
[z [GeV] 2.4952+0.0023 - 2.4960+0.0015  2.4956+0.0015
Otag [10] 41.540+0.037 - 41478+0.014  41.478+0.014
R 20.767+£0.025 - 20.742£0.018  20.741£0.018
A% 0.0171+0.0010 -  0.01638£0.0002 0.01624 +0.0002
Ay ) 0.1499+0.0018 -  0.1478+0.0010  0.1472+330%%
A, 0.670+0.027 - 0.6682°00008 0.6679 1) 00042
Ap 0.923 +0.020 —  0.93469+0.00010 0.93463 3007
AR 0.0707+£0.0035 - 0.0741 %% 0.0737+£0.0005
A 0.0992+0.0016 -  0.1036+0.0007  0.1032+95001
R 0.1721+0.0030 -  0.17225+0.00006 0.17225+0.00006
R 0.21629+0.00066 — 0.21578+0.00005 0.21577+0.00005
sin®85(0Or3)  0.2324+0.0012 - 0.23142+0.00013  0.23151 039019
My [GeV] 80.399+0.023 - 80.384 *0 01 80.371 959
[ [GeV] 2.098+0.048 - 2.0920000 2.092+0.001
e [GeV] 1.25+0.09 yes 1.25+0.09 1.25+0.09
iy [GeV] 4.20+0.07 yes 4.20+0.07 4.20+0.07
my [GeV] 173.1+1.3 yes 173.2+12 173.6+1.2
Aay)(M3) (72) 2767 +22 yes 2772422 276437
o (M) - yes 0119279538 0.1193+0.0028
oMy [MeV] [—4.,4]theo yes 4 4
S sin’ 6 |7 [—4.7,4.7)theo~ Ves 4.7 0.8
Etbpg (f) [—2,2]theo ves 2
Etbn%. (7) [—2,2)theo ves 2 2 50



https://arxiv.org/abs/0909.0961

W and top quark mass tells us Higgs mass

6 March 2012 m,... = 152 GeV
() _
5 s 4 LEE
1 1 —0.02750+0.00033
T .} -—0.02749:0.00010
4 - s Y «e+ incl. low Q° data

% o
2_
17 |
J1LEP 3 LHC
excluded . excluded
0 : . . B NI
40 100 200
m, [GeV]
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H—2e2p
candidate

B Higgs is Discovered!

2012

GATLAS

' H-2e2p

% candidate

theory: 1964
design: 1984
construction: 1998
collisions: 2010
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ConS|stency of the Standard Model

T T T I [ : | T T ’,_
B 9 ) : i m,world comb +1(5 ,«' ]
~ 68% and 95/o CL contours 1 . m = 173.34 Gev -
805 — ' fitwio M,, and m, measurements i) -- =076 GeV . —
B fit w/o M,,, m and M, measurements ji —c=076®0. 30y, GeV d
N direct M, and m, measurements - -
80.45 — il —
n L ]

80.4 S i
o 517 L ——
M, world comb. + 1o o = 4
80.35 [— m,, -80.385 + 0.015 GeV ; —
80.3 — ;' —
- 3 I h | -
- o s ]

D )
- o g):\ @0' Q‘h - —
I N . i _
80.25 — T . RN 1 €] fitter[sv): 7
B -1 1 1 1 1 1 1 1 }" 1 1 1 L""l 1 1 : II 1 1 | 1 1 1 1 I 1 I_
140 150 160 170 180 190

m, [GeV]

arXiv:1306.0571 (2013)

" 68% and 95% CL contours in
the m,,_-M,, plane for the fit

top

including M, (blue) and
excluding M, (grey).

= In both cases the direct
measurements of M, and m,
were excluded from the fit.

" The knowledge of M, improves the precision of the indirect determination of
M,y and m,, significantly.

"Very good agreement between the indirect determinations of M,, and m,,; and
the direct measurements is observed, showing impressively the consistency of

the SM and leaving little room for signs of new physics.
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The Fate of the universe.....

w arxXiv:1307.3536
- Instability . L
178 | - T R
L ~' = P’ ) 10
> P - 107
& 176F N T C 104
. I [\ ' [.10%
= i e II." I.'. .',_ .- " iy .-'_a'
g 14| ..}.?}L| § A6
£ - L . I4v T etan -
ﬁ - Meta—stability] = .1| -"3.?,_' -
oL L ". ..;'f:.-'. .-f.:._-r".a-
gmE AN o i
IR -
174:}_.__ L
0% Stability 1
168 T S S i
120 122 124 126 128 130 132

Higgs pole mass M, in GeV

... depends on 1GeV in m,,,

SM phase diagram in terms of Higgs and
top pole masses.

Stability of the EW vacuum is an
important property of the SM

e Measurements of the top mass and
Higgs mass for the first time allow us to
infer properties of the vacuum we live in!

The measured values of M, ., and M

SM vacuum in a near-critical condition, at the border between stability and
metastability.

wop APpear to be rather special — they place the

A fine-tuned situation: vacuum on the verge of being either stable or unstable.
~1-2 GeV in either mass could tip the scales. (But new physics could possibly change
this scenario.)

e What top mass are we measuring??
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The Fate of our universe

1) —— arXiv:1307.3536
HIRY Lo biands In _ ]
HH M=125102 GeV | The life-time of the electroweak vacuum,
B 1] i i
AN 011840007 with two different assumptions for future
S ¥ ) . .
R cosmology: universes dominated by the
z cosmological constant (ACDM) or by dark
% . matter (CDM).
1070 -
T R

Pele tap mass M, 1n GV

The measured values of M, ., and M, indicate that the SM Higgs vacuum is not the
true vacuum of the theory and that our universe is potentially unstable.

The lifetime of the present EW vacuum depends on the future cosmological history: If
the future universe is matter dominated (flat universe) or if instead the universe keeps
being accelerated by the cosmological constant

— As shown, the SM vacuum is likely to survive for times that are enormously longer
than any significant astrophysical age

e What top mass are we measuring?? s



Top Mass: Experimental Challenges

Why so challenging? It is a difficult measurement
Many combinations of leptons and jets:
Events are complicated!
Experimental observations are not \ W+

b-jet
as pretty as Feynman diagrams!  «7v T 3E
" Large backgrounds A <_t ----- - 1+ Constraints
= Missing neutrino(s) W je
= Confusion in ID assignment (add. Jets -~
from ISR/FSR, b-tag: not 100% correct) <
= Measurements are not perfect! b-jet {e

" Link observables to parton-level energies
= Large syst uncert. from jet energy scale
= Need accurate detector simulation
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Backgrounds

i Typical Backgrounds: |

» Hadron colliders:

—Very high backgrounds! Witjets
= Backgrounds can bias the top mass Z+jets
measurement QCD multijet prod’n

Diboson prod’n
Single top prod’n

praton

q -
fd.9
antiproton
proton
u
q w :
T g
antiproton -
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Backgrounds & b-tagging algorithms

= Hadron colliders:

—Very high backgrounds!
= Backgrounds can bias the top mass
measurement
=Control backgrounds using
b-tagging information

displaced
tracks

Secondary
vertex
| -
Primary *-~~
vertex ~do -
y
A X

prompt tracks z

= At the same time:

—help combinatorics!
= |n lepton+jets:
= 2 b-tags — 2 combinations
= | b-tag — 6 combinations
= () b-tags — 12 combinations

=0 1:4 2
Dilepton

=" 4:1

=0 < 1:1 12
Leptontjets = | 2.5:1 (=]

=2 10:1

=" 1:4 30
Aldl-hadronic

=2 4:1 L5
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calorimeter jet

Jet Energy Correction

Determine true “parton” (or particle) energy from measured jet energy

Non-uniform
response

Diff. resp.
of w0/mi+-
Non-linearity

-

The correction factor depends on jet E; and 1
and is meant to reproduce the average jet E;
correctly, (not to reduce the jet fluctuations
around this mean)

Corrections for generic jets:
— Use Z-> ee for EM energy calibration
—>Absolute corrections (y-jet balancing)

— Relative corrections (central-forward
calorimeters, dijet balancing)

Out-of-Cone: correction to parton outside the
reconstruction cone

Underlying event: energy which enters the
reconstruction cone

"top-specific correction” to light quark jets and
b-jets separately
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file:///F:/Flopy/Users/canelli/Documents/JES/Talks/TeV4LHC/TeVandATLASInSituJets.ppt#5. Structure of Jet Energy Scale

“In situ” jet energy calibration in top events

“Creative” solution to improve jet energy scale precision:

Simultaneous fit to M;; and M, using top mass and jet energy scale (JES)
templates for ‘lepton plus jets’ and ‘all hadronic’ final states:

M ( true Miop, JES), M;j;( true Miop, JES)

Identify jets coming from W '\XVWJ,
e All non-btagged jets pairs are taken into A
«~ N

account equally.
e 1/3/6 m; per event with 2/1/0 b-tag

b-jet

Reconstruct their invariant mass m;, jet
M;; strongly dependent on JES M(W)
. d H JJ
* Make M; templates by varying JES : et
e Fit data with Wjj to measure JES! J
M,y uncertainty is negligible (< 50 MeV) -
M;; mostly independent of M, b-jet
This scale is applied to b-jets and JES from W->jjis mostly
light-quark jet statistical > luminosity scale !
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Top Mass Measurement: standard methods

= The first “standard” methods (still used) are:

1) Template method
2) Matrix Element method

= 1) Template method (simplest technique):

—> Choose a variable sensitive to the top mass (xi)

— Exploit dependence on m,,; of kinematic observable xi

— Create “templates” = distributions of xi using MC

For signal: xi=xi(m,,,)
For background

— Maximise consistency with the

given my,

— Advantages:
Few assumptions
fairly straight-forward
— Drawback:

Sub-optimal sensitivity
61

A8~
0 - tf m{"° templates, = 2 tags events (AJES = 0.0)

Bl M. = 160
$0.14 M, = 170
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'80-12 oo
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0.02}

P(M™ | M,__AJES)

n,
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Invariant mass of 3 jets, 2 from W, 1 from b



Top Mass Measurement: standard methods

= The first standard methods (still used) are:
1) Template method
2) Matrix Element method

= 2) Matrix element method:
—> Directly calculate the event probability as:

Pﬂt(mtop) X fPsig(mtDp) + (1 - f)Pbgr
Psig(mtop) X /---dgtf(mtcp) doy; |Mtg|2(mmp)

— Advantages:

= Use full 4-vectors with maximal kinematic and topological information

= higher weight is assigned to events that are more likely to be from ttbar
—> Drawbacks:

= High computational demand
= Theory assumptions: incorrect modeling due to missing theory corrections
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First measurement of top quark mass

= First measurement of top quark mass in 1995 performed in the lepton plus jets
channel, using a sample of 19 events with an expected background of ~ 7 at CDF
and 17 events with ~ 4 backg at DO .

Reconstruct M. . with 2 constraints: M(W")=M(W"), M(t)=M(tbar)

top
" Myp =176 &£ 13 GeV /c? Mo, = 199 £ 30 GeV /c?
'l g} I
2 %tw -~
5_1 T TS B IR HI'.J
[ 'IEu'L:I_ 170 'IEJ:J.‘ 'I'E.g ;
s L Top Mass (GeV/c i §
5| :
S . g
I -
mo2 m. 84
1 H ...................... | 0
L I o Fitted Mass  (GeV/c?)

L) et el b e e — pr—
&0 100 120 140 1sd 1RO 200 220 240 260 2ED

Reconstructed Mass {Ge‘u’fcl ]

PRL 74 2626 (1995) PRL 74 2632 (1995)
63



ATLAS top mass

= Similar template measurement in ATLAS

= \\/ mass used to constrain the JES in situ

= Simulated plots obtained for 3 values of top quark mass and 3 values of the jet

energy scale factor (JSF)

> [ -

@ r ATLAS ]
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[2] L i

= C m, =172.5 GeV ]|
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ATLAS top mass

=Fitting the invariant mass of the 3 jets system is very sensitive to
the jet energy scale

="\W mass used to constrain the JES in situ

= New |dea: Can use a variable sensitive to the relative energy scale
of b-jets compared to g/g jets

m R, = bl 4 1y b2)/ ql4pn. 92

bg = (Pr” T 1)/ (Pr¥+prt) Eur. Phys. J. C (2015) 75:330

o 005_\ L LA R S B LN B I B p g 005_ Frrr T L L I_

= - ATLAS ] : - ATLAS ) ]

3 " Simulation, Vs= 7 TeV l:l my,, = 167.5 GeV . % - Simulation, ys= 7 TeV |:| bJSF = 0.95 ]

2 0.04 e My, = 172.5 GeV ™ £ 0.04— bJSF=1.00  —

& g s ] g r .

3 - [ Im,,=1775Gev - > - [ | basF=1.05 ]

g 003 1 8 o003 ]

2 - - 2 - y

0.01Hf = 0.01 -

| \ | e \ ] : :
o5 1 15 2 25 3 005 : 15 2 25 3
R[;CO R[;:co
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Events / GeV

Events / GeV

ATLAS 3D template fit In lepton+jets

400
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1000 [ Uncertainty —
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60 70 80 90 100
miy™ [GeV]

(b) Reconstructed W boson mass

0

110

ATLAS-CONF-2017-071
= Reconstruct the top pairs using

kinematic likelihood fit to select
combination of assignments that best
fits ttbar hypothesis

= Use 3-dimensional template fit to
determine m,,, with the jet energy
scale factor (JSF) and the relative b-
to-light-jet energy scale factor (bJSF)

My, = 172.08 = 0.39 (stat) == 0.82 (syst)GeV

Biggest systematic uncertainties: JES, and bJES

Precision: 0.5% 66



ATLAS dilepton top quark mass @8TeV

=Dilepton analysis with 2 oppositely charged leptons + 2 b-tagged jets
= For ee and pp require E;™ss > 60 GeV, Z-veto and m,> 15 GeV

" For en require scalar sum of p; of leptons and jets > 130 GeV

= Optimisation of the final uncertainty with p(l,b) > 120 GeV

" The analysis uses a template fit to m,...(l,b) with m, as free parameter
=lLargest systematics from jet energy scale, relative b-to-light-jet energy scale (bJES).
" The m,,, value that best describes the data is:

m,.. = 172.99 ® 0.41(stat) ==0.74(syst) GeV

Precision: 0.46%

top PLB 761 (2016) 350 - 371
} T T T T T T T T T T T T T T T .i T |_| T T T LI | T } T I T T T I T T T I T T T I T T T I T T T I T T T I T
+ Data —] =172.5 GeV ° ATLAS
600 Uncertai Comgbt match = « Data
8 E vor nomatch S Sivgle top I Eml:‘ = {s=8TeV, 202 i
! 3 C 1% background
~ =00 NPffake leptons Zijets = - -
o WWIWZIZZ ATLAS 3 é 400 — &lest fit
= B ncertaint i i i
E 400 E=8TeV, 202" | 2 - y Most precise result in this

300

decay channel to date

200

100/

Data/MC

40 a0 80 100 120 140 160 40 60 80 100 120 140 160
g [GeV] M [GeV]

(b) mg™ in data and simulation (c) Fit to m=* in data

67



Tevatron top mass combination

Mass of the Top Quark

= 5 Runland 7 Run ll results July 2016 (* preliminary)
. . . CDF-I dilepton * 167.411.4 (2103 49)
= Combination performed using BLUE )

DO-I dilepton - 168.4 +12.8 (+123+ 36)

CDF-II dilepton 1715+32 (19« 25)

= Limited by systematic uncertainties DO-I dilepton * T 173504156 (151084

— Dominant: signal modeling and jet energy scale |CDF-llepton+jets 176127.3  (:51= 59
uncertainties DO-I lepton-+jets 180.1:53 (-86+ 39)

CDF-Il lepton+jets 1 172.85+1.12 (+0.52+ 0.99)

. DO-ll lepton+jets ‘ + +0.41= 0.
= Total uncertainty = 0.65 GeV/c? (< 0.4%) [T e
5 CDF-I all-jets 186.0=11.5 (+10.0= 5.7)
(better than world comb. March 2014: £ 0.76 GeV/c?) | 9

CDF-ll all-jets 175.07 +1.95 (+1.19+ 1.55)

CDF-II Lxy * 166.90+9.43 (-9.00= 2.80)

CDF-Il MET+Jets BT 17393185 @1285135)

Tevatron combination * [ | 174.30 +0.65 (=0.35+ 0.54)

(+ stat = syst)
x2/dof = 10.8/11 (46%)

| | | l | |

150 160 170 180 190 200
m, (GeV/c?)

=174.30 + 0.35 (stat) + 0.54 (syst) GeV/c? arXiv:1407.2682
arXiv:1608.01881

MtOD
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= Best precision is reached
when combining all
methods/channels across all
experiments

=" HC and Tevatron results with
nearly comparable precision of
3-4 permille (~0.5 GeV)

=" HC top mass systematically
limited: MC modelling,(b)JES

ATLAS and CMS top mass measurements

ATLAS+CMS Preliminary My, SUMmary, fs=7-13TeV September 2017
LHClopWG
"""" World Comb. Mar 2014, [7]
stat total stat
fotal uncertainty . Mygp = total (stat £ syst) fs  Ref
ATLAS, l+jets (*) |—|—l—|—| 172.31£1.55 (0.75+ 1.35) 778V [1]
ATLAS, dilepton (*) ——c— 173.09 £ 1.63 (0.64 + 1.50) 7TeV [2]
CMS, l+jets I—|-°-|—I 173.49 + 1.06 (0.43 £ 0.97) 7TeV [3]
CMS, dilepton I—|-°-|—| 172.50 + 1.52 (0.43 + 1.46) 7TV [4]
CMS, all jets = 173.49+1.41 (0.69 + 1.23) 7TeV [5]
LHC comb. (Sep 2013) LHctopwa I—|+|—| 173.29 +0.95 (0.35 + 0.88) 7TeV [8]
World comb. (Mar 2014) H+H 173.34 £ 0.76 (0.36 £ 0.67) 1967 TeV [7]
ATLAS, l+jets H——H 172.33£1.27 (0.75 £ 1.02) 7TeV [g]
ATLAS, dilepton —fe—— 173.79 £ 1.41 (0.54 £ 1.30) 7TV [l
ATLAS, all jete H——— 1751218(14112) 7TeV [9
ATLAS, single top —t——— 1722421 (0.7+20) 8TeV [10]
ATLAS, dilepton H--H 172.990.85 (0.41+ 0.74) 8TeV [11]
ATLAS, alljets —t— 173.72+1.15(0.55 + 1.01) 8TeV [12)
ATLAS, I+jets = 172.08 £0.91 (0.38 £ 0.82) 8TeV [13]
ATLAS comb. (ijst:";z) HeH 172,51 £ 0.50 (0.27 + 0.42) 718TeV 13
CMS, l+jets HeH 172.3540.51 (0.16 + 0.48) 8TeV [14]
CMS, dilepton o 172.82£1.23(0.19+1.22) 8TeV [14]
CMS, all jets HeH 172.32 + 0.64 (0.25 + 0.59) 8TeV [14]
CMS, single top H—o--H 172.95 £ 1.22(0.77 £ 0.95) 8TeV [15]
CMS comb. (Sep 2015) HH 172.44 +0.48 (0.13 £ 0.47) 748 TeV [14]
CMS, l+jets i 172.25 + 0.63 (0.08 + 0.62) 13TeV [16]
[ ATLASCONF aaar7 9 furnys. ) 73 ot 20 [1) Py A% 2013 72002
(*) Superseded by results 5} é:f;;\;(jng; 1251 22202 {?L]E:;fgsgoi:ﬂﬂs‘sﬁ Eg E'n’.ﬁr?ls‘i"é?ff‘m
shown below the line : et s p N
| | | | | | | | | | | | | | | | | | | | | | | |
165 170 175 180 185
My, [GEV]

—=Since LHC is a top quark factory, it’s all about controlling systematics
—> new approaches with complementary systematics can constrain

combined systematics




ATLAS top pole mass In dilepton channel

= Advantage of the "indirect’” method: extract the top «pole» mass in a well-defined
renormalization scheme (NNLO calculations)

"Mass from precision cross section in ey dilepton channel

—> Designed to be not very sensitive to the top mass

= Plot the observed (measured) cross section as a function of top mass (dots with error bars)
= Plot the expected cross section as a function of top mass in the pole mass scheme (curves)

= [ntercept of the two gives the pole mass

= Drawback: less precise than direct = LT T se e
g 350 S ATLAS —— — MSTW 2008 NNLO uncertainty |
measurements c NN —— criomNLO i
. . . . . = e N DL L B CT10 NNLO uncertainty -
" Limited by theoretical uncertainties: g /< —— NeDR23NNLO E
n L g — . hrncertainty i
scale and PDF . . 8Tev \\.\ \\ O \s=7TeV a6 Yysm
2 L ® \|s=8TeV, 2031 ]
o - ' et i
o 2501.:9 L ' —
| T g 2 1 L _
- \.‘*6.- T T \\\ \"'I.,. T -
Z\\ \...,* \\ i
m —-_ 1?219 GEU 200— 7Tev \\ \\
L 9 ¢ “‘m\h‘f' o & Al
L \""‘"-Z..%V ¥ i
- T —— e, .
150~ W
e LAk I T S B SR BRI BT B |~|-|‘T.| L
ATLAS NNLO+NNLL: PDF4LHC, 8 TeV 2014 1741 + 2.6 164 166 168 170 172 174 176 178 180 182
ATLAS NNLO+NNLL: PDFALHC, 7-8 TeV 2014 172.9_"2‘_: m :)me [GeV]
Direct reconstruction LHC+Tevatron 2014 173.3 + 0.8
70
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DO pole mass from inclusive and differential o

" From inclusive cross-section measur.

in lepton+jets and dilepton channels, § ' (@) DO PretinineY: o1l 3 [ (@ Do T o, 9.7fb"
F m = e 0 K NNLO =155 GeV
similar to ATLAS method: S 1o o rtmsy | S o a0 m oy
° 2 o - - NNLO, mf;::::mo GeV 2 | -- NNLO, m‘;‘::ﬂso GeV
mtop=17 2.8 1.1 (theo) ™33 5 | (exp) GeV S102E “'\_|—2L°v s | o —NNLO, mf™=190 GeV
S 10°F ;{“0-"5‘
: : : : 5 | _ l-
= Using the differential tt cross section: = 104} 5 HY-
/ e . . . . _E llllllllllll L —
additional information coming 10°"460 600 800 1000 1200 % 100 200 300 400 500
from the shape of the distributions m(tT) [GeV] p_(/7) [GeV]

v’ possible since NNLO differential

predictions are now available (Hep
1605, 034 (2016))

" pr'°Pand m, distributions sensitive
to pole mass

= compared to NNLO QCD calc., four
different PDF sets

= 2 fit to both distributions .\/

Pr 3. T 160 170 180 190
m top=169.1iz.5 (total) GeV m, [GeV]

= smaller uncertainty than from DO FERMILAB-CONF-16-383-PPD
inclusive cross section (1.5%) DO Note 6473-CONF 71

(b) DO Preliminary, 9.7fb™
® Data vs. NNLO (MSTW2008)

T

100

Scale uncertainties

— 2
® Fit p 2.39

Combined y2(m(tf), p°")
4
|




DO pole mass from inclusive and differential o

" From inclusive cross-section measur.

. . . ly C . . ER R [ . . K]
in |ept0n+JetS and dlleptOn ChannE|S, E 1§ (a) DO Preliminary, 9.7fb E I (a) DO Preliminary, 9.7fb
o F + DO Data (PRD 90 092006)| &  0.{- + DO Data (PRD 90 092006)
similar to ATLAS method: 81 g
Myop=172.8 1.1 (theo) *3° 3 (exp) GeV 107 *'—LI_ g t
§ 10—3§_ %I-
: : : : © I r S
= Using the differential tt cross section: ® 10°¢ ! 3 :
v’ additional information coming 10 500~ 500 '_1'0'06'1'20 Oy e e b
from the shape of the distributions m(tt) [GeV] p(V/7) [GeV]

v’ possible since NNLO differential

predictions are now available (e
1605, 034 (2016))

= prt°Pand m,, distributions sensitive
to pole mass

= compared to NNLO QCD calc., four
different PDF sets

= ¥2fit to both distributions .\\//

" Pr Vs My 160 170 180 190
m t0p=169.112.5 (total) GeV m, [GeV]
= smaller uncertainty than from DO FERMILAB-CONE-16-383-PPD

inclusive cross section (1.5%) DO Note 6473-CONF 72

(b) DO Preliminary, 9.7fb™

® Data vs. NNLO (MSTW2008)

—

o

o
_|_|_|_|_

Scale uncertainties

— it a2 s
Fit 2_:2.39

Combined y2(m(ff), ptTop)
4
|

o
- | T




Single top production
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How else Is top quark produced?

= Electroweak single top production:

s-channel t-channel Wt-production

Q|
T
Q

Tevatron: 0, =3 pb

B t—channel
B s-channel

| tW
Cross section(pb) ft s-channel  t-channel Wt
Tevatron(1.96 TeV) 7.08 1.05 2.08 0.12
x33 x5.3 x42  x160
LHC(8 TeV) 234 5.55 87.2 20
LHC(13 TeV) 830 10.5 217 72 74

(N. Kidonakis, arXiv:1210.7813)



Why measure Single Top Production ?

2
= O single top o ‘th| q t
= @Gijve access to the W-t-b vertex V
AN Vi
— probe V-A structure W
—> access to top quark spin . b
= Allows direct measurement of Direct measurements
Cabibbo-Kobayashi-Maskawa d’ Vud Vus Vi d
(CKM) matrix element |V, |: s | =1 Vg Ves S
Ratio from Bs  Not precisely measured
oscillations Inferred using unitarity
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Why measure Single Top Production ?

= O single top o ‘th|2 q
= Give access to the W-t-b vertex @/
: Vi

— probe V-A structure

—> access to top quark spin a

= Allows direct measurement of

Cabibbo-Kobayashi-Maskawa
(CKM) matrix element |V, |: Vcd. Ves Vcb VCX?
= |s this Matrix 3x3 ? th VtX?
= |sthere a 4t generation ? \ VYd? VYS? VYt? VYX? )

= Does unitarity hold ?
?

2 2 2 -
Vbl ™ + Vel + [Vip|© =1
" Precision electroweak measurements rule out “simple” fourth

generation extensions, but see for example:
J. Alwall et. al., “Is |V,,|~1?" Eur. Phys. J. C49 791-801 (2007).
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Sensitivity to New Physics

. 6 — -
= New physics may affect the rate of t . .
and s channel differently S E Al
~~ B Z-t-c FCNC
Q 4.5 (g7 = £7)
- Q 4th Family
t-channel = 4k * * O
O 35 |- + W —
o M, =250 GeV
— 25 + =
z
1.5 = _:
1 L L L1 | Ly L | L | 1 ]
] 0.5 1 1.5 2 2.5 3
S5 (Pb)

T. Tait, CP Yuan PRD63, 014018 (2001)

- Flavor changing neutral
currents (t-Z-c, t-y-c, t-g-C)
e heavy W’ boson
e charged Higgs H*
e Kaluza Klein excited Wkk

W/, He Wk

s-channel
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= Single Top observation came 14

years after top discovery....

= Single Top production was a rare
process at the Tevatron:
S/B ~ 1:10° before any selection

" notan easy measurement

q t
g b
s-channel
1.05 £ 0.06 pb
b p— 1

W*g
q ’ q
t-channel

2,12 +0.16 pb

Total inelastic

Higgs (ZH + WH)

140 160 180
Higgs mass (GeV)/c?

6,000
600

— 2




10001 wicharm ]

C B v+bottom |

[1h] MoV g -

= L +jets T

{13000 . R i

@ /f/ P - [ I

“{“ﬁ 7z I ¥ CDFData |
| 4 Bys Uncert |

22000 | '%/ | -

c \ — e

[4y]

O

Single top top quark production with decay
into Lepton + 2 Jets final state hidden
behind large backgrounds with large

1| uncertainties (i.e. W+HF uncertainty ~ 30%)

— Makes counting experiment impossible!

” &
0

W+1jet W+2jets W+3jets W+ 4jets

—>Perform multivariate analysis (MV)

separate S from B

= Third step: no single variable provides sufficient signal-background separation:
—>take advantage of small signal-background separation in many variables

— Multiple variables combined into a single more powerful discriminant to

background signal
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Analysis strategy

Maximize signal acceptance

Calculate discriminant functions that separate signal from

background
= Likelihood functions
= Matrix element
= Neural network (NN)

= Bayesian Neural Network (BNN)

= Boosted decision tree

Perform the statistical analysis

TTTT

A T
0

T LRI
A

€eennnnns Background _

Signal ........... »

Rate and
I Shape systematics

80



2009: Single top discovered at Tevatron

DG 23fb"

v
»*
GeV]

Q
30
8 Ranked
E Combination
Sing"e——w Output > 0.92
top -
S 10
@
=
0
100 200 300
Top Quark Mass [GeV]
Single Top Signal Significance

Cross Section Expected Observed

DG 23m* aXv0903.0850 m,, =170 GeV
3.94 £ 0.88 pb

ey e

— observation with 5.00!

Candidate Events

Normalized to Prediction

IV, | = 1.07:0.12]

V| = 0.91¢o.13]




= 0 = CKM matrix element |V,

" G(stt+Wt) o< |V |? = calculate posterior probability density function in
terms of |V, |?

" To transform o(s+t) measurement into |V, |, assume:

—SM top quark decay: |V 4>+ V> K|Vl
—V-A and CP conserving Wtb vertex
—No assumption on number of families or CKM unitarity

Wa+dJets, NN Discriminant C CDF 75 fb-l

0. = [ .
2 meas 92 z 7/
Mb,meas‘ — ' th,SM ‘ e f ¢ %Veltsm(mc-L-)
O C tb
OISM E\ 2.5
B
V| =0.95 £0.09 (stat+syst) = 0.05 (theo) @ 1Sp
V| >0.78 (95 % C.L.) T
o 95%
9370405 06 07

11% precision
PRL 113,261804 (2014) 82



Tevatron s-channel results

3

(@ DO 97fb"

S
i 10°
E 102 s ~ s-channel single top quark, Tevatron Run I, I_I . 97t
, 10 % 10 ¢ Data — Expected background
% § § [ SM signal #72 Background uncertainty
s 1 o [JW/Z+X
it
1
107002 04 06 08 1 10 [t-channel
Ranked s-channel discriminant - Multijets
Single Top s-channel in Loptond+Jets, COF Run il Proliminary | 8.4 67 — l_l—‘ % Higgs
§ m Al loplons - :-n-;lemma-an: 102 f_ _l
= [ Twatighthiage *; E ::zlﬂ = 20 =
F . } — ™ i
§ | [y fis L
B I N Higgs
ol [ single bop (L & W)
:_ C I 100

:
¥
TTTT]

i
F
i
o
(S
4
o

Discriminant output [Iogm(sfb)]

[T} T4 [.E-] L
Final Disciminant Gutput

o o

Singls Tep s-chanmal in E vjls, COF Aun |l Preliminery L= 305 '

* Dita Gs—channel

- 1+29+ﬂ.26_0.24 pb

b Bigral roghos, 2-4eks TT

SingmTop s<h

W Obs (exp) significance: 6.3 (5.1) o

EwveniniD.OoT

[ ozosen Phys. Rev. lett. 112, 231803

|_ QED sk 8 3

Do e L s L —
Final WK Discriminand Dutpard



Single top at the Tevatron: summary

Phys. Rev. Lett. 115, 152003 (2015)

E C Single top quark, Tevatron Run I, L <97 fb™
P Ry - int
o N
w [
@ T
5 2.5:— o
QI =
= oF 100 A
C 2l
8 T
o N
1.5
= [0 FCNC [6,52]
- @ Measurement 1s5.d| ¢ Fourgen.[51]
0.5 &% SM[9,12] 2s5.d. O Top-flavor [6]
N 3s.d. A Top pion [6]
_IIIIIIIII|IIII|IIII|IIIIIIIIIIIIII
DD 0.5 1 15 2 25 3 35

s-channel cross section [pb]

Tevatran Run |
Measurement
s-channel:
CDF [25]

DO [22]
Tevatron [26]

t-channel:
CDF [21]

D0 [22]

Tevatran [this paper]
s+i:

CDF [21]

DO [22]

Tevatron [this paper]

g

i Theory (MLOwMNRLI

single top quark summary
Cross section [pb]

HH 1.36"0%

. 1.10°0
= 1.29'3%

- 16503

. —e— 307703

do- 2 05029

=031

—— a2l

+0LE0
: 0,55

: +D.52
+ 3.30 0,40

L —e—a.11

1 2 3 4
Cross section [pb]
1912 m, = 172.5 GeV
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ATLAS 13 TeV - Wt channel

BDT used to separate signal and background
Main background: ttbar

The differential cross-section for the production of a
W boson in association with a top quark is measured
for several particle-level observables.

Results are found to be in good agreement with
predictions from several MC event generators.

CMS 13 TeV t-channel

Measurement focused on o(t)/o(tbar)

Measurement of cross section limited by systematics
Train BDTs for signal extraction
CKM Matrix element V,, assuming:

B(t — Wb) ~1= fEVVEb — O-meas./o-theo.
| fivVin| = 1.00 £ 0.05 (exp) =+ 0.02 (theo.)

Single top at the LHC: full program of studles

|

SM __
LV —

°9000 ATLAS

Others

1'5__...|...| B

iz Tota\ syst unc.

1////1 P27

Data/Pred.

%
v
O-‘b.e'—o.4 B30 0% 06

EPJC78 (2018) 186 "

O 29 (13 TeY)
F CMS Preliminary

L p* 2-jets-1-tag o Data ]
= mi_channel o
mtt =
—tw E
mW/Z+jets -
F QCD 3
50— Stat. Unc. —

Events/20 GeV
3

.

Data-Pred.
red.
o
»
L}
L'}
-
q

0206 150" 200" 250" 300" 350" 400" 450" 500
Top quark mass (GeV)

TOP-17-011
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Single top at the LHC

LHC: observed t-channel and W-t, getting closer to s-channel!

~ ATLAS+CMS Preliminary B ATLAS t-channel ]

PRD90(2014)112006, EPJC 77 (2017)531,

LHCfopWG JHEP 04 (2017) 086 -
B ® MS t- -

G channel
JHEP 12(2012) 035, JHEP 06(2014) 090,
- Single top-quark production PLB Tra(z0T) 152 .
November 2017 : O ATLAS W

- PLB 716(2012) 142, JHEP01(2016) 064, —
arXiv:1612.07231
CMS 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

;
i

A ATLAS s-channel

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

¥ CMS s-channel

= Y JHEP 09(2016) 027 95% CL

v
A B ® 7+8 TeV combined fit 95% CL
N
It .3z}
E. = NNLO pLB 736 (2014)58

Inclusive cross-section [pb]
Q

scale uncertainty

Py === NLO+NNLL prDs3(2011)091503,

PRD82(2010)054018, PRD 81(2010) 034028

tw: tT contribution removed

10

I scale ® PDF @ o uncertainty
Rt o ) = NLO NPP5205(2010) 10, CPC191(2015)74
L=p=m,,

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
tW: p: veto for ff removal = 60 GeY and [ 65 GeV

scale uncertainty
scale @ PDF @ o uncertainty
m.= 172.5GeV

7 8 13 Vs [TeV]
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&
o

Events /2.5 GaV

m, in single top events (ATLAS)
ATLAS-CONF-2014-055
A
m, = 172.2 + 0.7 (stat) + 2.0 (syst) GeV \ﬁ
® Results are complementary to ttbar measurements.
= Different regime for single top production.

Single-top t-channel signal

ATLAS Preliminary

T T 1 T I 1 1 T
® {s=8TeV data ga
Best fit: m, = 172.2 + 0.7 (stat) GeV = ,|

o tf signal
Background

Dominant systematics:

. = JES + bJES: 1.5 GeV.
N offned = t-channel parton
Po T irgr i showering &
(s ] hadronization: 0.7 GeV.

- 0.5 GeV.

1 » Shape component due to
PDFs and flavor of jets
produced in association
with the W.

ﬁﬂ 'l 1 E.D I

100 120 140
m(ib) [GeV]
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tZg production: a rare SM channel

= Sensitive to WWZ and tZ coupling

\_/ — Not seen before
W - \/ — Background to tH channel

7 Signal region:
Three charged leptons in final state

W
b ¢ W 1 b-tagged jet
/\ 1 untagged jet

s F7 Vamas T Vbaa 3@ Neural network to separate signal and backgr
80 s=13TeV, 36.1 fb" tZq i [ . T . .
£ § - - Signal obtained in likelihood fit

4°_ Doson 106=600 *x 170 (stat) =140 (syst) fb

0f A\ Unceriaimy — (theory NLO 800 fb % 7%)

201 $ _f =  Main systematics:

- &\ . Radiation signal MC

103_ Ww Jet energy scale
5 2 b-tagging
3 m\&\\\\\i\\\%ﬁ\&\\\g\\\%\\\\\\\x\\in\\gk\ = Significance 4.2 (5.4 expected) = EVIDENCE
5 T % The hunt for rare single-top processes

0 01 02 03 04 05 06 07 08 09

NN |
PLB 780 (2018) 557 % started| 88



Other top properties

Top mass
Top mass difference _ _
Top charge B;anchmg ratios
Lifetime IV
Top width Anomalous coupling
# New/Rare decays
f Spin correlation
Charge asymmetry
| , Color Flow
Production cross section
Production kinematics o _
W helicity s- & t- channel production,

Production via resonance

New particles properties and searches in

single top events
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Event selection: resolved vs boosted

At higher energies, more top-quark candidates are boosted:

Ny
RESOLVED:  “\| .

All the jets are:r; '& [ =
w-l-
t

reconstructed

I
- -

Resolved topology:
==1 lepton

==4 small-R jets
>=2 b-tags

Pseudo-top object definitions:

tlP = ¢ + EMss + b-jet closest to ¢

t"=d = gther b-jet + 2 jets with min. [m;; — m!

BOOSTED:

The shower of different 17 .

decay products overla ,L'“" 3
and cannot be I:S b/
W
reconstructed as !

individual jets

/
z :/t ;

'b
s f;j

Boosted topology:

==1 lepton

>=1 large-R jet and >=1 small-R jet

==1top-tag (large-R)

==1 b-tag (small-R) within the top-jet
or close to the lepton

+ some additional topological cuts

Highest-p; top-jet serves as thad
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Top quark width

CMS first direct measurement at 13TeV

= Dilepton channel used: very small background contamination but small BR
= 2 categories: =1 or >= 2 b-tagged jets, boosted or non-boosted

®12000= . - - —
= L CI\(.(I;ISrPregnm;aéy V12.9 b (13 Tev) % —  CMS Preliminary 12.9 " (13 TeV)
e — P _(leplonjel)< e - Q 6000— p_(lepton,jet)> 100 GeV _
* L ibetag ® Data Hiw WtV T T 2D betags ® Data Hiw  Pt+v
100007~ [Muttiboson  [w  [DY Z [[Multboson  [[JW []DY
2 [t Btch 5000 [t Btch
8000(— -
B 4000—
6000{— -
- 3000—
4000/— 2000—
2000{— 1000/—
Q 1 9 1 2F 1
T 11 i o i v T 1-%_ O, . |
2 o Hegees G, Eod ey
i) 50 100 150 200 250 300 0 50 100 150 200 250 300
Mass(lepton,jet) (Inclusive) [GeV] Mass(lepton,jet) (Inclusive) [GeV]

= Compare the SM expectation for different width scenarios to data.
Measured bounds at 95% C.L.: 0.6 <I’, < 2.5 GeV
= The most precise direct bound of the top quark width to date

= Systematically limited by MC modeling
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Top spin correlation

=Top quark decays before it hadronizes — spin information is transferred to the decay products
= Hadron colliders: top quarks produced un-polarized, but:
= New physics (NP) could induce polarization
= Spins of top and anti-top are slightly correlated due to QCD production mechanism
= Correlations depend on production mechanism:
= i.e. difference for gluon fusion vs quark annihilation
= Highest spin analysing power: leptons from top decay
= Use dileptonic events
= Unfolded differential measurements at parton level and particle level
= Full ttbar event reconstruction

it q t

spin analysing basis
neutrino 4

L I
L

lepton neutrino

#
3 £
r

A
o
brjet boost to top quark rest frame v

_— \
; By
b-jet
top quark

lepton 92




Top spin correlation

Unfolded distributions compared to different MC predictions:

[1/(rad/m)]
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1 neory
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Parton-level Ad(/*, 1)/ [rad/n]

Parton level Ao(I",I/r [rad/r]
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ATLAS Preliminary
1.4 V8§=13TeV, 36.1fo~"
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—— Powheg Pythia8
L === Powheg Herwig7
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Fitting spin and no-spin hypotheses to parton-level distributions:

fsm

ATLAS-CONF-2018-027

Data shows shallower slope
| than prediction

Significance (incl. theory uncertainties)

mu; < 450 GeV
450 < my; < 550 GeV
550 < my; < 800 GeV

my; > 800 GeV

inclusive

1.11+0.04 £0.13
1.17+0.09 £ 0.14
1.60 + 0.24 £ 0.35
2.2£1.81423
1.250 £+ 0.026 £ 0.063

0.85 (0.84)
1.00 (0.91)
1.43 (1.37 )
0.41 (0.40)
3.70 (3.20)

Spin correlations higher than SM prediction by 3.7 o

(3.2 o including theory uncertainty)
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Measurement of the W polarisation in top-quark decays

" W bosons from top-quark decays t ->Wb are polarised due to the V-A structure of

the Wtb vertex

1 do 3

;dcmr&?t 8

*"3 3 . % 3 :t:13
=—(1—c053 ] F}_—Eﬂnlﬁ FG+E[1—¢:-:-$H | Fp

L

»" The angle 0* between the “spin analyser” (charged lepton or down-type quark) and
the reversed direction of flight of the b-quark from the top-quark decay in the W-

boson rest frame:

I* 172

SM prediction  F, =0.311 + 0.005
(NNLO)

rl-

dN(hy = 0)

3 T
1 —cos=f
d cos f* * 4{ )

Fo = 0.687 £ 0.005

W-boson helicity fractions

Fr =0.0017 1+ 0.0001
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Measurement of the W polarisation in top-quark decays

ATLAS+CMS Preliminary LHCIOpWG May 2017

total stat

Theory (NNLO QCD
BN Theory ( ) Fa F, F,

PRD 81 (2010) 111503 (R)

——#—— Data (F_/F /F,)

ATLAS 2010 single lepton, {s=7 TeV, L =35 pb’ ! H—e— H——H H———H
ATLAS-CONF-2011-037
ATLAS 2011 single lepton and dilepton, {s=7 TeV, L =1.04 o' e HmH HaH

JHEP 1206 (2012) 088

CMS 2011 single lepton, Ys=7 TeV, L_=2.2fo™" *
CMS-PAS-TOP-11-020

[
LHC combination, s=7 TeV e (HmH H-aH
ATLAS-CONF-2013-033, CMS-PAS-TOP-12-025
|
[

ATLAS 2012 single lepton, Ys=8 TeV, L_=20.2 fo
EPJC 77 (2017) 264

CMS 2011 single lepton, Ys=7 TeV, L_ —50fb1
JHEP 10 (2013) 167

[ |
H
CMS 2012 single top, {s=8 TeV, L _=19.7 fo' b HeH HaH
JHEP 01 (2015) 053
[ ]
He
1

CMS 2012 single lepton, Ys=8 TeV, L_ _198fb
PLB 762 (2016) 512

CMS 2012 dilepton, {s=8 TeV, L_=19.7 fo' Fa
CMS-PAS-TOP-14-017

* superseded by published result | | | | |

0 0.5
W boson helicity fractions

Summary of the W boson helicity fraction measurements from ATLAS and CMS
compared to the theory predictions. The uncertainty on the theory predictions
is shown by the width of the green band.
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ttbar charge asymmetry

= NLO QCD predicts small (*8%) asymmetry from ggbar — ttbar, while gg remains
symmetric (- asymmetry DIFFERENT at Tevatron and LHC).

Recent NNLO calculation predicts inclusive A;,, .ir0n~9-5% (arXiv:1411.3007)

" New physics can modify this asymmetry (Z~,axigluons,..)
= Experimentally, asymmetries based on fully reconstructed top using the rapidity

difference (Ay) of t—Ivb and antitop t—>jjb or using decay leptons

=In terms of top-antitop | sz _ N(Ags > 0) — N(Ays < 0)

rapidity difference: — |~ N(Ayaz > 0) + N(Ayz < 0)

Tevatron4 top *In terms of rapidity of e _ N(ame > 0) — N(geme < 0)
FB —

anti-top

charged lepton from top N(geme = 0) + N(qeme < 0)

decay : —

= = For dilepton channel

N(An = 0) — N(An < 0)
n in terms of An between

A, —
B N(An > 0) + N(An < 0)

I* I
AyTEV — s — Yz and
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Forward backward asymmetry (Agg)

Lepton + jets and dilepton channels:

Check rapidity and mass kinematic dependence of asymmetry

CDF leptontjets, 9.4 fb!
CDF dilepton, 9.1 fb™!

DO lepton+jets, 9.7 fb™! -
1| NNLO SM, Czakon, et al. JHEP 05(2016)034

M 1 M " M M 1 M M " M | 2 M . M 1
0.5 1 1.5 2

|1 1 1 T " I_
0.5 L . =
I } | i
| o
0 e .
B l
_05 -_ =
I I PR S BRI R S R TP |-
300 400 500 6020 700 800
m, (GeVic”)

(b)

Kinematic dependencies in CDF data slightly larger than predicted by SM at
both NLO and NNLO (~ 2 s.d. effect)

Overall NNLO predicted asymmetry; 9.5 = 0.7 %

M. Czakon, P. Fiedler and A. Mitov arXiv:1411.3007
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Summary of top asymmetries at Tevatron

tt-based and lepton-based
results using full Runll dataset

The measurements are in
agreement with the existing
predictions of the SM

L
p—

t
Cn:revatrun {:FFE‘FS' lay| slope «

- Lepton+jets (9.4 fo™) P -
FFO 87, 02002 (21T 1.25% £0.052
CDF Dilepton (8.1 f&)

COF Fubiic hiot 1118

CDF combination (3.4 fo™)
OF Pubiic Fot 17181

D0 Lepton+jets (B.7 fo™)

PRO 30, 072011 2014]

0.140 £0.150

0.227 £0.057

———

0.154 £0.043

MMLD S, . Coakon, 7. Fecdier anc A, Ry, srir- 14713007 & privais oo,

-0.2 0 0.2 0.4
o (asymmetry per unit rapidity)
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Tevatron tt Asymmetry Preliminary
tt Ay Asymmetry {ATFEEj

CDF Lepton+jets (9.4 77)

PRD &7, 082003 {20125 1 6-4 i 4 T

CDF Dilepton (9.1 ™)

PRD &z, 113005 {201€) ; 12 i 1 E'

D0 Lepton+jets (9.7 &™)

FRO 30, 072011 2014 ; - ‘1[]-6 i 3_[]

DO Dileplons (9.7 )

FRDO 52, 052007 [2015) — ‘1?-5 i 6-3

Tevatron combination —— 12825

Lepton qn Asymmetry {A'FE',I

COF Lepton+jets (9.4 fbr') 32z
PRD &=, 073003 (2013) * 1 D-E' i 2 g
CDF Dileptons (9.1 i)

PRAL 4432, 42001 (20 4 1 A — ?2 + IEI-D
D0 Lepton+jets (9.7 &) 2.4
FRD 50, 072001 (2014) 5 D Lx 3.7
D0 Dileptons (9.7 i67) A4+30

FRDO B85, 113002 (2013)
Tevatron combination —_— f3+20
Lepton Arn Asymmetry [AEB}

CDF Dileptons (9.1 fb7')

PRL 113, 42001 (304 ; TE i 82
DO Dileplons (9.7 )

FRO B8, 112002 R013) - 123£56
Tevatron combination 108+46

MLO SM, W Bernreuther and £ -5, Si, PRD 85, 034023 {2012)
MMLC 58, M. Czakon, P. Fiedler and A Mitow, PRL 115, 052001 {2015)
I

=20 0 20 40
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ATLAS charge asymmetry in dilepton

Asymmetries expected from valence quark — sea antiquark LHC top

fusion = antitop more central than top e
o
Leptonic asymmetries: 7 - . n
e _ Nl >0) = N@Am <0) s — 1 (= o |
C  N(Alg| = 0)+N(Alp <0)’
tt asymmetries: N(Aly| > 0) - -'ﬂ""f':ﬂl.‘-'| <0)

A¢ = Aly| = |w| = |yl

N(Aly| > 0) + N(Aly| < 0)
=3 different measurements of both observables:
= inclusive measurements on parton level in the full phase space
—=inclusive measurements on particle level in the fiducial region
= differential measurements:

inv. Mass, p; (mg. prz and longitudinal boost (B of ttbar system
in the fiducial regions and the full phase space
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ATLAS and CMS charge asymmetry

ATLAS+CMS \|s=8TeV

LHCtOpWG L w1

1 1 M I

ti asymme‘try total stat
ATLAS, I+jets L

EJC 76 (2016) 87

CMS, l+jets (template)  HeH
PRD 93 (2016) 034014

ATLAS+CMS, I+jets HorH
LHCtopWG

CMS, I+jets (unfolding) +—e—
PLB 757 (2016) 154

Ac =(stat.) =(syst.)
0.0090 = 0.0044 + 0.0025
0.0033 + 0.0026 + 0.0033
0.0055 + 0.0023 + 0.0025
0.0010 + 0.0068 + 0.0037

i 0.021+0.011+0.012

ATLAS, dilepton A’ ——

PRD 94 (2016) 032006

CMS, dilepton Ai H S -

PLB 760 (2016) 365

0.011+0.011+ 0.007

ATLAS, I+ Aets boosted I :
(Alyll < 2andm_>0.75 TeV)
PLB 756 (2016) 52

0.042 < 0.019 = 0.026

dilepton asymmetry

ATLAS, dilepton A H—tm—t
PRD 94 (2016) 032006  C
CMS, dilepton A'(': H—e—

PLB 760 (2016) 365

0.008 = 0.005 = 0.003
0.003 = 0.006 = 0.003

l | I
-0.04 -0.02 O 0.02

100



= Despite being discovered more than 20 years ago, there are
still many intriguing things to learn about the top quark

= LHC is a top factory
—> Can make precision measurements on:
" Production, decay and properties
= Mass as a fundamental parameter of the SM
= Investigate kinematics of events
= Constrain ‘empirical’ models in MC generators and in PDFs
= Look at agreement with NLO and NNLO predictions

= Top may show us the way to narrowing down BSM physics

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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Observation of ttH

= Best direct probe of the top-Higgs Yukawa coupling, vital step towards verifying the
SM nature of the Higgs boson
*[] Top quark is the most strongly-coupled SM fermion (y, ~1)
‘[ ] Direct measurement of y, in ttH production:
o gluon-gluon fusion: assumes no BSM coupling
o Allows probing new physics in gg - H and H - vy effective vertices

= Top quark x Higgs decay channels

[ challenges: ttH ~ 0.5 pb, ttbar = 830 pb @13 TeV
o Crucial to understand tt+X (X = b-bbar, W, 7)
o Large combinatorics of leptons and jets from top quark decays
[ Exploiting all ttbar decay channels and Higgs decays to:
o bottom quarks = large BR, large background contributions
o W, Z bosons, taus - smaller production rate, lower backgrounds
o photons = clean final state, very small rate

g 000000y
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ttH (b-bbar) production

= lLarge B (H - bb), access to coupling
3"d generation quarks

= Challenging final state:
o Huge combinatorics in event
reconstruction
o Poor H = b-bbar mass resolution
o Large tt + bb background of O(10)pb
with associated large theory
uncertainties: from simulation

g b t
= Search channels: .
o Leptonic ttbar : higher purity
o Fully-hadronic ttbar : higher rate _
g f
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ttH multilepton

= Multilepton final states: Higgs decay to W*W-, ZZ, and 1t

= Events categorised based on number of leptons and t, candidates

= 1lepton +2rt,,2same-sign leptons +0,11,, 3 leptons +0, 11, , 4 leptons

= Additional requirements on jets, b-tagged jets

= Major backgrounds:
o lrreducible: ttbar + V and diboson, predicted from simulation and control

regions

o Reducible: non-prompt leptons in ttbar + jets events, estimated from data
o Large ttbar + fake 1), for 1 lepton + 2 1,

= BDT and MEM discriminants to separate signal from backgrounds

o

Z ~ A ' v o —— i
. J -~ s
H o Il H “..:| L. H o i

., q i IO, o A p

\{\ I.; % 4 /‘ . .._.--‘ A 3 . 77.&-
S ~q ~q ] ~ 7
g7 1] g TOBIDO g TOO000R_ 4
t W a1 t W e t W a1

b - o . A -
" q “w 9 - q
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ttH - ZZ*™ — 4 leptons ttH (yy)

= Analysis with full 2017 dataset = (Clear signature coming from the
= Very clean final state, but tiny photons

branching fraction = Higgs boson can be reconstructed as a
= Dedicated ttH channel part of the narrow peak

global H — ZZ analysis = Dedicated ttH channel part of the
= ttbar hadronic and leptonic channels global H — yy analysis

= >=4 jets, >=1 b-tagged jet and = ttbar hadronic and leptonic channels
additional 0/1 leptons = Signal extracted from fit to m.,

= Combined fit (relying on my. s and
a kinematic discriminant) with
analysis of 2016 data
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First observation of ttH (CMS)

51107 (7 Tev) + 19.7 10 (8 TeV) + 35.9 fb™" (13 TeV)

® Observed
C MS = +10 (stat @ syst)
L 1o (syst)
_ i — +2¢ (stat @ syst)
ttH(WW™) —e—g———
ttH(ZZ") L

-ﬁH(Tht-) —*:—

ttH(bb) — e —

748 TeV - e —
13 TeV — i —
Combined —-——
1 1 1 1 | 1 1 1 1 | 1 1 11 | 1 1 1 1 | 1 1 1 1 | 1 11 1 | 1 1 1 1 | 1 1 1 1
-1 0 1 2 3 4 5 6 7

ttH

e = 126733 = 126310 (stat) 31 (expt) "3 14(Th. bhg)*333(Th. sig)

Observed significance is 5.20 (4.20 exp.)

PRL 120 (2018) 231801 107



First observation of ttH (ATLAS)

ATLAS je— Total Stat. [ Syst. — sM
Vs=13TeV, 36.1-79.8 b
Total Stat. Syst.

tiH (bb) e 079+ 98 (= 9% ,+0.53)
fiH (multilepton) H—=—— 156+ o4 (% 039 . % 097 )
ftH () —===— 139 038 (= 0% .= on)
ttH (Z2) e <1.77 at 68% CL
Combined H==H 132+ g3 (+0.18,+ %)
| | | | ‘ | | | | | | | | ‘ |
~1 0 1 2 3
ttH/GttH

Cross section for pp—>ttH is extracted
assuming SM branching ratios.

Analysis ttH cross

section [fb]
H — ~yy 710 T950 (stat.) T52° (syst.)
H — n_lultilepton 790 +150 (stat.) T150 (syst.)
H — bb 400 120 (stat.) & 270 (syst.)

H— 27 — 44 <900 (68% CL)

Significance

Obs. (Exp.)
.40 (1.60)
4.10 (2.80) Observation of
4.10 (3.70) ttH production!
o (1.20)
|5 80 (4.90)| [6.30 (5.10)]
|3 TeV only 7,8,and 13 TeV
5 T

S 0.9 ATLAS

|¢I= 0.8; B Theory (NLO QCD + NLO EW)

Q 0_7; i;:lu(ﬂiombined data
T 0.6
0.5-
0.4
0.3-
0.2
0.1

Vs=13TeV, 36.1-79.8 fb™
Vs= 8TeV, 203"

O:I‘.\I\‘\\\

10

12

14
/s [TeV]

16
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Tevatron top mass combination

5Runland 7 Runll
Combination perfor

Tevatron Top Quark Mass Uncertainty

Combined CDF measurement

4 Combined D@ measurement

Limited by systemat

A Tevatron combination
— Dominant: signal
uncertainties

Projected future uncertainty range

o
-

Total uncertainty =

(better than world comb. M;

A M <1 GeV/c?

Tmﬂ:ﬂ
IIIIII| | I I | ]

1 10
goal was <1 GeV Integrated Luminosity (fb™)

Run 1

Total Top Quark Mass Uncertainty (GeV/c?)

109



Boosted differential cross section in all had

= All hadronic channel with boosted top quark
= Use 14.7 fb! of 2015 and 2016 data at \ s = 13 TeV

all-hadronic
——_ large-radius | boosted
hadronic W boson .\Iarge radius jet

/.—-
y
! -
i i
¥ -y
J -'..
L
i

1,2
pr' > 350 GeV highest BR — large statistics

)
> b-jet
- high QCD multijet background

- toptagged jets can be used dr
rectly as top-quark proxies

P boosted topologies allow to
reacn higherin top pr

; \ prt! > 500 GeV > more precise tf reconstruction
! | b-jet thanks to the lack of neutrinos
hadronic W boson |
'.“ do e . o
N / large-radius jet
) ) Event selection:

0 leptons, >2 top-tagged large-R
jets, each containing a bjet
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Boosted differential cross section in all had

EEEamE
—— [
—— PGP
e
I T e ]
— LTS

e Une

B Use 12 observable of top quarks and ttbar system
= Most important uncertainties:

—> large-R jet calibration and reconstruction

= ttbar MC modelling

= b-tagging 0s
= All generators provide good agreement in wide kinematic o«
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Via dai di*S /Units of ™
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range, but each one shows local disagreements in different *% | y*| e
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