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Outline of the seminar

* Introduction and motivation to the physics of top quarks

* Experimental challenges and state of the art in top
quark measurements.

* Five selected measurements for the period 2015-2020
A Proposal retained for funding under ERC - Consolidator Grant - 2014
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The Standard Model vs. our Universe

4 Dark Matter

4 Dark Energy

=4 Non-luminous atoms
i Starts, nu, photons

There are indications that New particles, Forces, or a new
Space-Time structure are waiting to be uncovered...

I New Physics at O(TeV)
g
5 QURK
s
: Dynamics of the heaviest particle:

the top quark
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Brief introduction to top quarks

Leptons

Three Generations
of Matter (Fermions)

<2.2eV <15.5 MeV
Y Y
Y e Y 1
electron muon tau
neutrino neutrino neutrino
0.511 MeV 105.7 MeV 1.777 GeV
-1 -1 -1
electron muon tau
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Bosons (Forces)

Top Quark:

» Particle type: weak isospin
partner of the bottom quark

» Spin: +1/2
» Mass: approximately 173 GeV/c?
» Width: ~1.85 GeV/c~ or ~10%% g

» Couplings: Strong (color triplet),
EM (Q=+R2e/3), Weak (Izs1=+1/2)

» Decay: almost exclusively to W+b




Top quark discovery: 1995

The search for top lasted almost two decades. Its heavy mass delayed

discovery.
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FIG. 1. Number of events before SVX tagging (circles),
number of tags observed (triangles), and expected number of
background tags (hatched) versus jet multiplicity. Based on
the excess number of tags in events with =3 jets, we expect
an additional 0.5 and 5 tags from 77 decay in the 1- and 2-jet
bins, respectively. The inset shows the secondary vertex proper
time distribution for the 27 tagged jets in the W+ =3-jet data
(triangles) compared to the expectation for b quark jets from
tt decay.

April 1994: “Evidence for top production

at the Tevatron” CDF
PRD 50, 2966 (1994).... lum = 19 pb-’
150 pages ..... 2.8 0 excess
Mtop = 174 (16) GeV & o(tt) = 14 (6) pb

March 1995: CDF and DO announce
simultaneously the discovery of the
Top Quark

CDF: PRL 74, 2626 (1995) .... 67 pb™
DO: PRL 74, 2632 (1995).... 50pb’

Experimental top physics begins
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Top In the standard model: mass

+ From the EW Fits
-u-pp colliders limit

+ e+e- colliders limit

m CDF Run1

m DO Run1

m Run1 World Average
-2 D0 Run2 result

F
Lo 3 E 1 ) J
1 200 t |
_— . 18§ | +H*%Jﬁ+‘ te  fel
> " 1% 150 + »
2.0 m— T .Eéi 1 % ‘
= F 1 o Tl |t
44| B 1 wn 4
B 1 ® 4
= 0 'L E = 100 :- .y
18 1 .-
0k u d. | 50 5‘

<1995 from hep-ph/970|4332

e CDF Run2 best measurement
| 1 | | 1 |

B ? 1989 1994

The mass spectrum of elementary particles

A free parameter... but experimental evidence
suggested a large-ish top mass before its discovery
because of e.g. FCNC in Kand B
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Top in the standard model: mass

Radiative corrections to the
W mass calculation:

2
AM,, « M
: e, .. | A
W_i____3.% 150 175 200
Logarithmic in the Higgs mass: m, [GeV]
AM,, <In(M,,)

The top mass enters many EW parameters, with sizeable corrections.
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Top in the standard model: lifetime

The large width of the top quark implies a very short decay time:

I'y ~ 1.5 GeV correspondingto 7~ 9 - 107%° s

This is one order of magnitude larger than the hadronization scale:

A~02GV o Ta107*s

top is the only quark which is created and decays as a free quark

b
spin=1/2

V-A coupling

w+
spin = 1
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The Higgs “Naturalness” Problem
Radiative corrections to the Higgs boson mass diverge with the SM cut-off energy (A\)

W/Z Iy

Q g:\% \",:— — oc A?

A~ 10" GeV?
H (bare)

Gauge H (loop)
B =

mH~126 GeV T

F Maltoni, LHCP2013

Top

The large top quark mass (173 GeV/c?) gives “un-naturally” large corrections.
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Possible Discoveries: a Revolution

- O~

= logA or finite

W/ZIy

O(TeV)

Most Natural theories of physics Beyond the Standard Model
(BSM) foresee modifications of the top dynamics at O(TeV)

‘Models with partners of | ‘
| the top: \

new scalars/vectors,
‘possibly strongly
| coupled with the top.

e.g. SUSY. |
Cancel the divergence |
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| | compositeness and
strong dynamics:

Models W|th

‘top bound states, top is
| | not elementary, e.g.
| | Technicolour.

New dynamlcs at ~TeV i'

a perspective to 2020

'New space-time
structure:

'Extra dimensions.

| e.g. Kaluza-Klein  §
| |theories. 1‘

Lower the cut-off A |




We TALK of top quark physics,

but we're THINKING of physics beyond the
standard model (BSM)
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The Fermilab Tevatron

T xﬁ

PQ*_E

1.96 TeV

Booster

Tevatron g Protons - Antiprotons

= * Run I: 1992-96 (Vs=1.8 TeV,
i ~110 pb™)
Main Injector e Run II: 2000-11 (Vs=1.96 TeV,
& Recycler =  ~10fb) |
e © 396 Nns bunch spacing
s SN - Peak luminosities: 3 — 4 x 1032
£ A cm2s-"

p source =

-

Ceased operations in 201 |
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The Large Hadron Collider

e 10
.y ﬂ:.-a---?w"g.—"

B
=

= ' R geea Protons - Protons
Hadron Collider == =\ e Run I: 2010-12 Vs=7(8) TeV,
< : S ~5(20) fb1)
e Run Il: 2015-18
(Vs=13-14TeV, ~75-100 fb-)
« 25/50 ns bunch spacing
e Peak luminosities (<2012):

~7x1033 cm2s-!

Large

) PPN k
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The CDF Detector at FNAL

Wall Calorimeter (H)

Plug Calorimeter (E/H)

»1.4 T magnetic field

»COT, SVX: |n|<1, |n|<2

» IP resolution: 40 ym

» o(pT)/ pT =0.07% pT [GeV/c]'
» e/Y: 6(E)E = 13.5% / VEt® 2%

Forward Calorimeter (E)

Luminosity Monitor

Time of Flight

entral Outer Tracker| #s¢

Silicon Vertex Detector

Intermediate Silicon ;

CDF muon chambers
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The ATLAS detector at the LHC

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

CERN AC - ATLAS V1997

Muon Detectors Electromagnetic Calorimeters

ATLAS

Solenoid .
Forward Calorimeters

End Cap Toroid

»2 T magnetic field for ID
»Inner detectors |n|<2.5
—" a ™y »e/TT separation
=l = / » o(pT) / pT = 0.038% pT®1.5% [GeV/c]"
e M »IP resolution: ~22um
= § b e/Y: o(E)/E = 10% / VE®1%
»Muon, resolution <10% up to ~1 TeV

ol
2= Ty —— ML ||
W e
0 197

) - ——
N . S

|
v
ol ~// ﬂ;’?ﬁs
-_§:_—s\qmﬂ\* A g

‘L/
—

7

’SEiﬁ; ¢ - :%é’ﬁ | —= | Calorimeters | | Muon detectors |
N \, = —LJ L1 wigger
4

) A
Calorimeter triggers Muon trigger
TN EM
tEmu, 17
G T Jot E; u
\ 3 T I

|
| | ]

i Inner Detector . ieldi (|
Barrel Toroid fndionicGalorietors Shielding Cepntral u;?er ’

Timing, trigger and
control distribution
T of-Interest

Regions-

v A 4 A
Detector front-ends| | L2tigger | | DAQ |

R Achenbach et al 2008 JINST 3 P03001
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Candidate Z event with 25 pp interactions

ATLAS

16
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quark annihilation
(~85% at the Tevatron)

NOTE: Production
through virtual Z and vy
are much smaller

gluon fusion
(~90% at the LHC)

Expected production rates
Collider |otot [pb]|scales [pb] | pdf [pb] - ~70k tt @ Tevatron

0.110(1.5%) | +0.169(2.4%)
Tevatron | 7.164 | "o 500(2.8%) | —0.122(1.7%) ~6M tt @ LHCS8
+4.4(2.6%) | +4.7(2.7%
LHC 7 TeV | 1720 | T5a00 | Titesny | *~I00M/y @ LHC 14
+6.2(2.5%) | +6.2(2.5%)
LHC 8 TeV | 245.8 —8.4(3.4%) —6.4(2.6%) otheor)/ Precision:

+22.7(2.4%) | +16.2(1.7%)
LHC 14 TeV| 953.6 —33.9(3.6%) | —17.8(1.9%) ~3-4%@3%(Amt)

Computed with: Top++ et. al.LNNLO+NNLL, mt=173.3 GeV, arXiv:1303:6524 (2013)
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Single production of top in hadronic collisions
Single (EWK production):

i qu T
v f q th E
b th b th W
(t-channel) (s-channel) (Wt-channel)

Expected production rates

25(

200

—
(8)]
o

cross=section g[pb]
[a=]

LHC7TeV |  o(t) (pb) a(t) (pb) | o(t) +o(?) (pb)
t-channel | 43.07,5+0.8 | 22.9+0.57)7 65.975771
s-channel | 3.14 + 0.067012 | 1.42+0.0179:98 | 4.56 + 0.077915

tW 7.8+ 0.2752 78402702 | 156+04+1.1

Kidonakis, arXiv:1210.7813 [hep-ph] (2012), m=173 GeV/c?

Tevatron 0‘(pb)
s-ch 1.05+0.05 ¢
t-ch | 2.08 +0.08 b

Wit-ch | 0.254+0.03 ¢

\<)

]
£
T T 1

IIIIIIIII

| wem t—channel

t—

= W+t channel
| mmm S—Channel
'_

'_

'_ ; T I L IS0 D ) l I. | ==L
-Single—-top NLO cross—section vs E__

Illl

Ill

IIII_

Rates ~70% lower

than pair production.

Kidonakis, arXiv:1001.5034, 1103.2792, 1005,4451 [hep-ph], m=173 GeV/c?
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Top decay and event classification

|V l~1, and M;> M,,+M, = t— Wb almost exclusively.

jet tt event classification:
jet Ist W decays to:

ii TV UV eV

jet

3 ’ bt
- g 2
al all hadronic S
Proton —>» \ < Antiproton 8 T S_
‘.‘.‘“‘.“‘- T "8 2
o
=
Q\

lepton+jets
jet

ev UV TV

\ Br(W—leptons)=1/3 A&

Br(W—quarks) =2/3 “7'W
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b-quark identification

B hadrons in top events..

Detect secondary vertices

|ldentify muons in jets

displaced
tracks

Secondary
e or [Lin jet

e b— fuc (BR ~ 20%)
e b—c—fus (BR ~ 20%)
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Working with soft muons (CDF)

H CMP
,; absorber

CMU

absorber

/ \t, Flavour identification
charm sensitivity
different/low systematics
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Candidate top quark pair event

CATLAS|

JA EXPERIMENT|

Run Number: 159086, Event Number: 64558586
Date: 2010-07-14 15:04:51 CEST




Events

Identification of top pairs: single lepton ch.

4500
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3500
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500

0

x10°
— I I | . | —
- ATLAS pretag 1 + jets - Lowr .
= Preliminary —- Data E 7y b-jet © or injet
- j Ldt=4.66fb" i = |
- W+jetS ] X .. 5 vertices
% Bl Multijets = ' et
Z B Other 3 jet
g 7 7., uncertainty g < o b—fuc (BR ~ 20%)
s = : * b—c— fus (BR ~ 20%)
- ] - et
- = b-jet )
— ER” - | | | — §
- : , 3 5Ss0000-  ATLAS tagged p + jets e
1 1 - Preliminary —- Data -
1 > 3 4 >5 25000 J Ldt=4.6610" L =
Number of jets - W-jets ’
0000 Z Bl Multijets -
7 Bl Other N
£ 4 7/, uncertainty ]
15000 — .
B V% i
10000~ -
N Veeess. leaaas 1

0 >5

Number of jets

1 2 3 4
L. Cerrito et al., ATLAS-CONF 056 (2012)
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|ldentification of top pairs: dilepton channel

w L I LI | L I IIIIIIII | o | L I L | L | LI I_
g ATLAS Preliminary -
3, 30000 \s=8 TeV L=20.3 fb' —
® Data2012 -
25000 ] tt Powheg+PY —
B Wit -
°® B Z+jets _
20000 ] Diboson —
Bl Fake lepton -
15000 — Powheg+PY -
° — MC@NLO+HW
10000 — Alpgen+HW :
5000 E _— :iri:gil(zced
: : Secondary
— vertex
N - L,
S 12f ‘ - o 1 o
s | . :
g —° — e E /// v
0.8 - Jﬁx
(l) 1' 2' é 4'- prompt tracks z
ATLAS-CONF-2013-097 Nb-tag
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LHC 7 TeV Pair production summary

scale @ PDF @ o uncertairty

ATLAS+CMS Preliminary o, summary. Vs =7 TeV TOPLHCWG July 2014
"""" NNLO+NNLL ftop++ 2.0), PDF4LHC, m 1725 GeV === stat uncertainty
- scale uncerfainty == {ctal uncertainty

aﬂ:t(:ht):t(zr.i):ﬁ(lurri]

ATLAS, dilepton e p, b-tag
ATLAS, dilepton e p, Nl.h-E'.}"“
ATLAS, 1, _+|

186+ 13120+ 7 pb

ATLAS, 1, _+jets

+

i 194118+ 46 pb

ATLAS, all jets
CMS, I+ets
CMS, dilepton
CMS, 1, i+

CMS, 1, +Hels
CMS, all jets e S |

[*) Supersedad by results shown below the lins

IIlIIIIlllIIIIl

188+ 12 31+ 7pb
15812+ 10+ 4 pb
162+2+5+4pb
143114122+ 3pb
152112+ 32+ 3pb
130+ 10+ 26+ 3 pb

L

L

L

[

L

L

L

L

ATLAS, l+jets 17814+91+7pb L =07 fb'
ATLAS, dilepton (*) 173z6° 1 ‘Ipb La=07 b’
ATLAS, all jets (*) P 1 167+ 181 78+ Bpb L=t 01"
ATLAS combined 177+3 5+ 7pb La=07-1.08"
CMS, I+ets (%) 1641312+ 7 pb L=08-11b"'
CMS, dilepton (*) 170+ 4+ 16+ 8 pb La=111b'
CMS, 1, g+ () 140124+ 26+ 0 pb L=t b
CMS, all jets (*) i 136+ 20+ 40+ 8 pb L= b
CMS combined 166+ 2+ 11+ 8 pb La=08-1.1 %"
LHC combined (Sep 2012) 173+ 2+ 8+ 6pb L=07-11 %"
ATLAS, l+jets, b—=Xuv 165+2+17+3 pb La=d.7 b’

182.9+3.1442+36pb L -islb’
181.2128°51+33pb L 46l

-211b'

-171b'

a7 b

-22230b°

-23fb'

-221b'

==291b'

=35 b’

Eflect of LHC beam energy uncertainty: 3.3 pb

Illllllllllllllllll

50 100 150

200 250 300
o [pb]

350

» Combined precision ~6%, is
similar to theory uncertainty.
»New measurements
approach the ~4% precision
» Agreement between
channels within uncertainties
(individual precisions 4% to
40%)
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Inclusive tt cross section [pb]

Tevatron/LHC pair production summary

—
o
w

—
-
(\}

—
o

| | | | | I I I | I ] | | I | | | | I ] I I | I ] ] | | I | | | | -
— ¥¢ Tevatron combined* 1.96 TeV (L=8.8 f&") " ]
~ m ATLAS dilepton 7 TeV (L=4.6 fb) ATLAS+CMS Preliminary Sep 2014 J
@ CMS dilepton 7 TeV (L=2.3 fo') _
| O ATLAS l+jets* 7 TeV (L=0.7 fb) TOPLHCWG
O CMS Il+jets 7 TeV (L=2.3 fb)
— m ATLAS dilepton 8 TeV (L=20.3 fb'")
® CMS dilepton 8 TeV (L=5.3 f5")
—k LHC combined ep* 8 TeV (L=5.3-20.3 fo)
— O ATLAS l+jets* 8 TeV (L=5.8 fb") [ '
— O CMS l+jets* 8 TeV (L=2.8 fb) i
— * Preliminary 250 B
200 7
me NNLO+NNLL (pp) 150 I 9 -
' NNLO+NNLL (pp) 7 8 ]

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

m,, = 172.5 GeV, PDF® a, uncertainties according to PDF4LHC

2 3 4 5 6 7 8 9
Vs [TeV]

Lucio Cerrito - Top quark physics: a perspective to 2020

27



Events / 0.05

rel. diff.

Single top

-lllllllllllllll L B B |

6000} ATLAS Preliminary | L dt=5.8 fo (58 TeV -

- 2 jets SR e data
| i B4 t-channel

i B {7 Wt s-channel
4000

@ W+heavy flavour
3 W+light jets -
IEIZ+ {s, diboson

D multijet

- QCD + MC stat unc

-0.2
0 02 04 06 08 1
NN output

E—’-* S . - -‘--‘. -’-_*. +_’, == + I . | + '__3

Lucio Cerrito - Top quark physics: a perspective to 2020

W+

d(u)
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ATLAS single top production summary

F— 17 " 1 .1 1 1 1 © 1 " T
- ATLAS Preliminary October 2014

_ single top-quark production t-channel

I IIIIII|
l IIIIII|

NLO+NNLL at m = 172.5 GeV

" MSTW2008 NNLO PDF
| stat. uncertainty

10
| s-channel

8 t-channel 4.59 fbo" arxiv:1406.7844
3 t-channel 20.3 fb™' ATLAS-CONF-2014-007
B Wt 2.05 b pLB 716 (2012) 142 uncertainty. (4% for t-
T Wt 20.3 fb' ATLAS-CONF-2013-100 ch, 8% for Wi)

v s-channel 95% C.L. limit 0.7 fo™' ATLAS.CONF-2011-118

- A s-c?annel |95% CiL. Iimi’[| 20.3 fl:l)'1 arXiv:1|410.0647|

|
5 6 / 8 9 10 11 12 13 14
\s [TeV]
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» Precision of ~12-30%,
still larger than theory
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Top quark mass reconstruction

b-jet
3024__ I I I I I__ > 600—PIII|IIIIIIII.Il-IIIIIIIIIIIIIIIIIII|IIIIIIII"—
="t ATLAS Preliminary _ oy - 8 ATLAS Preliminary e |s=7TeV data
)-022E" 5 ulation, vs= 7 TeV Mp 2TO7OGEY = < 1 Best Fit background
0.02F- ’ m My, = 172.5GeV 2 5001~ I Ldt=4.7 fb ! 7
= -0 Best Fit
0-018¢ m,_=1775GeV (1
0.016 e = H 400~ Mg = 172.31£0.75 o G&V
= - JSF =1.014 £ 0.003 siat
0-01 45 : bJSF = 1.006 + 0.008 __,
).012F = 300
0.01 =
).008 —; 200
).006 =
).004 —; 100
.o002B il e R e
i it
0 140 160 180 200 220 ‘PBO 140 150 160 170 180 190 200 210 22C
miee [GeV Mige” [GeV]
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Top quark mass

HI -1 -1
ATLAS Preliminary m,,, summary - Sep. 2014, L = 4.6 b -20.3 fb
n
m, + (tot)  (stat.+ JSF + bJSF + syst.)
1
— l+jets* fON'ZiOfL?;O“G e ] 172.31+1.55 (0.23+0.27+0.67+1.35)
int = 1
]
— dilepton* EON’;'27°fL?;°77 L : ‘:: K 1 173.09 £ 1.63 (o0.64 +1.50)
int = 7 0
]
all jets arxiv:1409.0832 K iy =1 1751 + 1.8 (14 +12)
Ly, =461 i
1
single top* GONF-2014-055 ' e 1722 + 21 (o7 +20)
le =203 fb 1
1
1
|
1
2\ di arxiv:1406.5375 b T 25
o(tt) dilepton 6201 L = 1729 + 55
1
1
T, 1-iet)* CONF-2014-053 B n i 2.3
o(th+1-jet)* o 20 = 173.7 + 27
1
1
:
]
LHC Comb. Sep. 2013 (conr-2013-102) i
175.99+ 0.95 —— - World Comb.. t1c
: ——— stat. uncertainty
Wo{g §5T§.76/\ﬂar. 2014 (arxiv:1403.4427) ® stat. ® JSF ® bJSF uncertainty
S ' — total uncertainty
Tevatron Comb. Jul. 2014 (ariv:1407.2682) ' *Preliminarv. — Input to comb.
174.34 + 0.64 e Y. me
1
| | : | |
mtop [GeV]

» LHC combined precision of £0.9 GeV (~0.5%)
» Best precision of an individual measurement (ATLAS): ~+1.5 GeV
» Measurements in different channels are consistent
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M,, [GeV]

Mw vs Mt vs M

80-5 I I I I I I I I I I I I I I I I I I I I ',F | I I I I
- ] 68% and 95% CL fit contours m&n Tevatron average + 4 .
B w/o M,, and m, measurements g
80.45 B 68% and 95% CL fit contours
_ w/o M,,, m and M, measurements
t
- M, world average + 1o
80.4
80.35 [—
80.3 —
8025 [ O 8 / .
. -~ A ol .
RS ¥ fitter smg m
_,"‘ | 1 | | | 1 1 ,'1' | | | J‘x I 1 | I ] | | ] I | 1 | 1 -
140 150 160 170 180 190 200
m, [GeV]
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Top mass and SM vacuum stability

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

arXiv:1205.6497 [hep-ph]

180 =

200 ——— 10"

> ——~—" -7 Meta=stability - -]

(5] .- .- - oz
o 1507 £ 175 IR A
= < = LA LT ]
g 7 - . _/"/’/_:' E
2 100 Stability é - LN ]
= o, oL e - - ]
&t S 170 ‘ o .

ﬁ [ [ P 12° . s // -

50 ° - 16 = Stability .

0_ —— . S— — - 165 s L 1 L 1 L L L L 1 n . L L 1 L L L L 1
0 50 100 150 200 115 120 125 130 135

Higgs mass M), in GeV Higgs mass M), in GeV

Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the M;—
My, plane (upper left) and in the A—y; plane, in terms of parameter renormalized at the Planck
scale (upper right). Bottom: Zoom in the region of the preferred experimental range of My, and
M, (the gray areas denote the allowed region at 1, 2, and 30 ). The three boundary lines correspond
to as(Myz) = 0.1184 £ 0.0007, and the grading of the colors indicates the size of the theoretical
error. The dotted contour-lines show the instability scale A in GeV assuming as(Mz) = 0.1184.
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Polarization of W in top decays

Longitudinal

Left-Handed

Right-Handed

fo_

Phys. Rev. D 81 (2010) 111503

M?/2M,,

1+ M?/2M,,

fo f_ f+ Q
' SIS CRIPY
+1/2 ' +1/2 1
+1/2 +1
,m\ AV AV AW g
S
= 100}
ANAAN TR g
g 50
?
AN\ §
%
=
&
BT =

0 20

40

m CDF (2003)
e DO (2001)
— QCD

60 80

W Transverse Momentum [GeV/c]

=

L Cerrito et al, Physical Review D 70, 032004, 2004.
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Polarization of W in top decays

L B A B L BRI
0.5 -\ ATLAS and CMS preliminary
: L,=35pb™"-2.2fb" 1

0.45 - \s=7TeV
0.4 - =
0.35 |- ° -
0.3 :_ C> Data _:
- Il NNLO QCD
0.o5 [ — Unitarity boundary ]
—I I 1 1 1 | I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I | I—

05 055 06 065 0.7 0.75
F

0
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ATLAS-CONF-2013-033

(68% C.L. contour)

» Precision of ~15%
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Top pair F/B asymmetry

P
- C <
@q/J :
t B

Tevatron LHC

evts evts
anti-top top anti-top top
+gg dilution !
> >
proton anti-proton proton proton

Arises at higher than tree-level order in the gg—tt process (NLO): [Khun, Rodrigo, PRD 59 054017]
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AI’B

Top pair F/B asymmetry

- —— CDF Data, 9.4 fb™
- oy =(15.5+4.8)x107 (GeV/cY)!

| — ti Prediction /

i o, =(3.4+1.2)x10* (GeV/c?)"

0.6

Phys. Rev. D 87 092002 (2013)

1 | | |
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CDF Combination 1
+2.8 nd
—e— 9.0°2% -
CDF Conf. Note 11035
CDF L+J (9.4 fb") 02
~—@— 94+24+ 77
Phys. Rev. D 88, 072003 (2013)
+ stat. * sys.
CDF DIL (9.1 fb™)
@ 72152 +3.0
CDF Conf. Note 11035
+ stat. + sys.
NLO SM Calculation
W. Bernreuther and Z.-G. Si
Phys. Rev. D 86, 034026 (2012)
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A note on statistics
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Top pair Charge asymmetry

ATLAS+CMS,\‘C‘S = 7 TeV preliminary

tt asymmetry
ATLAS l+jets | @ |

[JHEP 1402 (2014) 107]

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

ATLAS+CMS l+jets L

Preliminary

ATLAS dilepton F e —

[ATLAS Preliminary]

CMS dilepton P e |

[JHEP 1404 (2014) 191]

Theory (NLO+EW)

[PRD 86, 034026 (2012)

TOPLHCWG, September 2014

=== gstat. uncertainty
— e = total uncertainty

(stat) (syst)

0.006 £+ 0.010+ 0.005
0.004 £ 0.010+ 0.011
0.005 £ 0.007 £ 0.006
0.021+ 0.025 £ 0.017
-0.010 £ 0.017+ 0.008
0.0123 + 0.0005

lepton asymmetry

ATLAS dilepton b e 0.024 + 0.015 £ 0.009
[ATLAS Preliminary]
CMS dilepton P o | 0.009+ 0.010x 0.006
[JHEP 1404 (2014) 191]
Theory (NLO+EW) 0.0070 = 0.0003
[PRD 86, 034026 (2012) 7
| | |
-0.1 0 0.1
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Summary of ATLAS top physics

Production Rates

ot (dilepton ch. 7(8) TeV)......+4(4)% Properties
ot (single lep. ch) 7(8) TeV)..£7(13)% fy Miop (Precision)................... +0.5%
o« (hadronic channel).............. +35% v i mop (additional methods)... > +1%
Ot (THELS). oo x27% jet | w~+. el Ko not 4/3e
Ot (€,HT) e +15% - A Correlation of t-tbar spins.. ~60
ot combined.......................... +6% 2 ). tt charge asymmetry.......... +1%
o1 (174 U <0.7 pb N -
Ott (YY) oo +41% — Pot — q..
Differential o, jet veto............. obs. .
Differential ott, Njets.........ccvev.... up to 5 w
Ot tchannel, IViol, 7(8)TeV........12(15)% oy b
R=0t /Otoar, t-channel.«...eeveeenrennnenn. +12% —, wik B { T \11
Ot, Wt-channel... 7 (8) TeV............ +34(21)% / \
Ot, s-channel.. 7(8)TeV............ <26(15) pb é
Ot FcNe X BIW = V). <2.5pb Decay
Helicity of W bosons........ ~+15%
New Physics in production FCNC in decay (t—Zq)..... <0.73%
tt+ETmiss, vveeeeenn m7>0.42 TeV FCNC in decay (t—Hc).... <0.83%
Resonant tt, ...... mz>2.5 TeV
Resonant tb, ..... mw>1.7 TeV
T—otH.......... mt>~700 GeV
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LHC schedule

LHC Run 2 - Collision energy:\s=13-14 TeV
« Accumulated Data: ~100 fb-’
» Top Quarks: x15-20 Run | sample
L

2015 2016 2017 2018 2019 2020 2021

—— —7 — — 1 SRR

— — —— — — e e— c—e— c—p— c—

| , 1 Thr A ma i TrsTraTar o Trs Tas Arlmr s TraTas lAT s As PRIy
a1Ta2 03104 [a1Ta2 a3 04[a1]a2Ta3 0401 [02T03 a4]a1 a2]a3Tas[a1 02 a3Tae]ar a2 03] a4

LHC
Injectors
2022 2023 2024 2025 2026 2027 2028
a11a2Ta3 104 |01 702 a3 04| a1 [@2]a3Tos [a1 (0203 a4]a1 a2|a3]ad a1 (02 a3la¢]aiTaz 03|04
LHC
LS 3
Injectors
2029 2030 2031 2032 2033 2034 2035
a1[a2Ta3 a4 [ar ]2 a3 04]ara2[a3Tas [t (02]a3 a4ar a2 a3 [asfai ]2 a3fa4[a1Taz a3 |4
LHC
. LS 4 Run 5 LS 5
Injectors

LHC schedule approved on 2/12/2013
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5 Selected Measurements in Top Dynamics

ttZ: vs pt4, vs A@(I*l)

First couplings measurement

Resonances in top pairs

with di-lepton events
Sensitivity up to 3-3.5 TeV

Mass of top quark with

leptonic endpoints
Improvement of 40%

Proton > \ <«— Proton
wa(® w® -—® -® —-® - o) =e e e N6

jet

&

Lucio Cerrito - Uncovering New Phenomena at the TeV Scale With Top Quarks

Exclusive Flavour
Changing Neutral
Current decay t—Zc
BR sensitivity improved
by x6 and first exclusive

measurement

CP violation in B

from top quarks
First measurement

Unconventional Techniques

New Channels

New Observables

48/18



n1: Top Quark Mass

Objective: Top quark pole mass determined with a precision of = +500 MeV

I* L. Cerrito et al., PRD 79, 052007 (2009)
Ok e Data, ~2fb"
w 4o CDF2 [ Background
u 353_ — Fit to data
:

N
(3]
I EEREERRR

\<
EventsL4 8G
7

b :
20 '
: | 15F ' T o i toate
Novelties: ol
The observable used; reduced systematics of
i - 050 20 30 40 50 60 70 80 90 100
Dataset Required: L Invariant Mass [GeV/c?]
20 b’ @ 13-14 TeV Target Uncertainties:
State of the Art: Source Am,,, [MeV]
+800 MeV (Sep 2014) w. JES Statistical uncertainty 300
Top quark production and decay modelling | 300
Background modelling 150-200
ISR/FSR, PDF <200
Leptons’ momentum calibration < 100
Total 500

Table 1: Top mass (my,,) measurement: breakdown of expected statistical and systematic uncertainties.
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n2: CPV in B from Top Quarks

Objective: Probing for the first time CP violation in B from top pairs.

N++ =\

5= NN = rpAPt + r.(A%¢ — AS) Dataset Required:
. ~ -1 _
+ rm(Amx _ Agier)’ 50 fb' @ 13-14 TeV
o N~ =NT" e 1 =
s Nt— + N-F = rbAgfr + 7. Alril(;x + Aglr) + r(-‘C‘Agfr’
Target Sensitivities:
Novelties: . . _
) I'(b—b—LTX)—T(b—b— LX)
First measurement AbE — . a = 3
" Tb—-b— X))+ T(b—-b— L X 7x10
State of the Art:
No measurement AbE — L(b—£7X)-T(b—¢ X), < 0.3%
T T(b— £t X)+T(b— £tX)
F(E o E_XL) (C —/ XL)
cl < o
Adir F(C—>€ XL)+F(C—>€+XL)’ ~ OBA)
Ab(-: F(b — CXL) (b — CXL) = 030/0
Wb — cX)+T(b— eXr)’
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n3: BSM Resonances in Top Pairs

Obijective: Search for a broad TeV-scale resonance (X) decaying to
top pairs and disentangle possible degenerate states

o8 M — |@

06 | WYV'gg — {8

Novelties: 0| g |E
* First use of top di-lepton channel o2 X
: : : 0 3

* Scan of spin polarisation vs. Vt < =
04 | |

Dataset Required: os
~70-100 fbr' @ 13-14 TeV 0.8

State of the Art: 2600 2800 M_Sgozw 3200 3400
Mass X' = 2.5 TeV

0'35;_ — SM only

03— — X’ only
e s
Target Sensitivity: ~3-3.5 TeV g F
EE 025—
E 0.15 —
o.osf—

00: — o 1500 S000 2500
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n4: FCNC Decay f—Zc

Objective: First search for the exclusive t—Zc decay

Novelties:

* Explicit charm tagging c—u+X

* fop mass constraints

Dataset Required: State of the Art:

~100 fb' @ 13-14 TeV BR (t—Zq)<6x10-4

Target Sensitivity: BR (t—Zc)<1x104

SM QS 2HDM FC 2HDM  MSSM R SUSY

t—-uZ | 8x107'7  1.1x1071 - - 2x107% 3x107°
t—uy | 3.7x10°16  75x10°° - - 2x107% 1x10°6
t—ug | 3.7x10° 15x10°7 - - 8x107% 2x104
t—uH | 2x107'7  41x107° 55x107° - 1072 ~107°
t—cZ 1x10~1 1.1 x 104 ~10-7 ~10710  2x10°% 3x10°°
t—cy | 46x1071  7.5x 1079 ~ 106 ~ 1079 2x107% 1x10°6
t—cg | 46x107'2 1.5x10°7 ~10—14 ~ 1078 8x10~% 2x101
t—cH | 3x107'% 41x107° 15x10°% ~ 1077 10-° ~ 106

Figure 4: Branching ratios for top FCN decays in the SM, models with Q = 2/3 quark singlets (QS), a general
two-Higgs doublet model (2HDM), a flavour-conserving (FC) 2HDM, in the MSSM and with R parity violating

SUSY[14].
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nS: ttL Couplings

Objective: First search for anomalous Vector (Axial Vector) ttZ couplings

[V (k% g, ) = —ie{y [Fy(K?) + ysFY, (k)] 0l

+ O pv (g + q)v[,-pgv(kz) + s F;’A (kz)]}, ETop pair production E

2m, 005 —
Novelties: -
* Production binned in pt4
* Binned in di-lepton opening angle = 002
Dataset Required: i 001
~100 fb'' @ 13-14 TeV 2 '
State of the Art: %.0005
No direct limit on couplings. ttZ observed
Target Sensitivity: ~80% on Vector, 0002
~20% on AV
0001 I | I | | | I | I

8 10 12 14 16
Vs[TeV]
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Unexpected directions

rs = 0.5 (s+38)/d
>

ATLAS internal Q*=m3,

~ ~  HERAPDF1.5 + ATLAS Wc-jetyWD" data
[ ATLAS-epWZ12
PEREEEE HERAPDF1.5

pp— W+charm

0.6
05 N L M T R | M N PR T .
10° 102 107
X
o(W*c/W-c), c—>Xpv (ATLAS)
ATLAS I:it_e‘mal l l ' ]
Lg:;fe?,’ aMC@NLO
Wc-jet [ ® CT10
A MSTW2008
NNPDF2.3
L .Cerrito, CDF, Phys. Rev. Lett. 110, 071801 (2013) Y
_ Dt © HERAPDF1.5
L. Cerrito, CDF, Phys. Rev. Lett. 100, 091803 (2008) aa
—0.90=0.03=0.02 0] ATLAS-epWZ12
-g‘;L_ et A NNPDF2.3coll
04 "o 0B 1 iz ia

oPSSS(W T-jet)/ols-SS(W c-jet)
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Summary

® Top quarks are central to many scenarios of physics
beyond the standard model (BSM)

® Top physics properties and dynamics has so far indicated
SM behaviour on all observables (modulo Ars somewhat)

e The LHC and HL-LHC will give an extraordinary amount of
top quark data: accessing processes of O(fb)

® Proposed a few measurements for the period 2015-2020,
which might point to BSM.
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