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Outline

* Why top quark?
* The tools of the trade
» LHC: a top factory at work
» The ATLAS and CMS detectors: top observers

* Measuring top quark production: top pair, single top
» The emergence of boosted tops

* Measuring the top quark property:
* mass

« Conclusions
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Standard (model) successes at coliders .,
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Sta n d a rd (m O d e |) q u eSti ons See for instance arXiv:0312096v1[hep-ph]

- What is the origin of < * How is gravity
mass? Why are SymmetryMagazine Incorpora ted?
symmetries of forces SMHiggs2012
different from those
of ?

Higgs, SuperSymmet atd i
New Strong forces.. h

Quantum gravity
Extra dimensions...

- Why different
forces (ranges,
strengths)?

String theory..

- Why 3 generations of
with different
quantum numbers ?

4th generation...”?

rrrrrr

(E_Natoli, Cosmology with
Planck, LaThuile 2014)

After Planck

- What accounts for the energy balance of the universe?
Dark matter, Dark energy...
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180

B Masses of known fundamental particles

Mtop~ M Gold Atom
top is most massive known who ™ ‘Q 135
constituent of matter ordered this? .~
# =75, H)
V2\v+H The Standard Model
| 45
' i A
St SSF" e
b ol ; .
+ B~V + Yy
Lo = GVARPWRMWE = bt V2 F Yt V2
1 \/§ gz 1/2 mass term interaction term
Mw =500 = §¢
7 W — 5{;\//\/2
f largest (unmeasured)
. $ H —p coupling y: to Higgs boson
v= (V2G )2 T Vv TRAe Gev —p ) Is yi~17 Is it SM Higgs?

/ Measure yi
Mt oo ~173 GEV
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i,_,
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| “Special” reasons |

Why Top quark? (‘) ~ 180

B Masses of known fundamental particles

Moo~ M Gold Atom
who ™ p

135
top is most massive known or d ere d th i 87
constituent of matter -
90
V9y S
uy &
d S < 45
The GFitter Group, Eur. Phys. J. C 74:3046 (2014) H
B I I ] ] | 1 I I I | ] I I I | I: FI 1 | | | | | ] I JL
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Why Top qur I)

! “Standard” reasons h PP
e —— see JHEP07(2012)022

heavy = mass of quark mq IS SO /arge that As (mq2) IS In perturbative regime
top-quark

“lives” less than “time to make hadrons” less than “time to decorrelate spins”

1/mt < 1T < 1/A < my/N\
Production time < Lifetime < Hadronization time < Spin decorrelation time
(see R.K.Ellis@TOP2012)

no top-antitop meson is observed , spin information is preserved in decay products

\/
Study of production, decay, quantum numbers and couplings of bottom and top quark

standard candles to calibrate/
commission multi-purpose detector

information on proton

composition (gluons) At the foundations of SM of the
measurement techniques

precision tests of standard model
strong and EWK interactions
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Why Top quark? (l)

‘i “Beyond” reason(s) ‘~

Open window on physics beyond SM

top is Ubiquitous connection to phys beyond SM

top quark mass is “special” : “needs to be accommodated first” i.e.

many scenarios feature top quark’s significant/dominant direct/indirect
coupling to new physics: from extra dimensions to new strong forces

| q t
(figure by —* : ! » |
Geraldine g (figure from DO
Servant) top diagrams)
q t q' 5

Ubiquitous background to searches

top quarks mimic large number of scenarios with physics beyond SM
(non standard Higgs, SUSY, new vector-like quarks,... )

francesco.spano@cern.ch Top Quark Physics at the Large Hadron Collider ~ Seminar- Dipartimento di Fisica - Universita di Napoli “Federico II” 27th April 2016 8
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LHC : a Top producer I.e. providing the luminosity

counter-rotating high intensity proton bunches colliding at center of mass

energy (Ecmor s ) = 7,8, 13 TeV in 27 Km tunnel

Eem(Tevatron)= 1.96 TeV/ - design: Ecm=14TeV , lumi 10%cm2 s
(~80 times Tevatron pp collider )
N N Key parameters: Sl AN <o le o oo, A =
1 2 N; = bunch intensity . ),h.’,- ,
9 Ny = number of bunches E " e
o = colliding beam size e il N

'—‘lw"~ ‘ ‘ ‘ 4. ‘ | 4 L\
Paia™

" JLdt ~25 fb.1

L

o

Ad mailora..

E =7 Te\l gL oh e D s T A R
?m . '/C . oo Ecm=8 TeV ~C -
..... T < peak lumi: 7. =
» peak’ hﬁstantaneogzs = £E S ::
luminosit ‘Z.t"r& —r
cm=2s- — 7 Ecm=7 TeV

- delivered integrated peak lumi
luminosity~50 pb-*

Nevents(At)= JLdt * Cross section

Top Quark Physics at the Large Hadron Collider ~ Seminar- Dipartimento di Fisica - Universita di Napoli “Federico II” 27th April 2016 9
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| HC status as of today: low intensity collisions @ /s =13 TeV
ATLAS Data Summary Public Page

e Stable beams delivered by LHC over the
week-end: first low intensity collisions from
Saturday 23rd April at /s = 13 TeV

e Using 12 bunches (~10''p/bunch) per
beam achieving Lintmax ~3.6 103'cm™= s™

e From early may increase N bunches. Goal:
2736 bunches to achieve design lumi:
Lintmax 1 10%%cm= s

’_. I T T L] ] ' T I 1 L | T T T ] L T L] T T T ] LA § T 1 T
2~ ATLAS Online Luminosity  /s=13TeV

1.8~ [ LHC Delivered
1.6 [_] ATLAS Recorded

LLLLJALLLLL‘I;

1.4  Total Delivered: 1.5 pb”
1 2; Total Recorded: 1.5 pb’

= Example collected
08— fldt from ATLAS

g'ié_ (27th April, 7 a.m.)
0.25—

24/03  31/03

Total Integrated Luminosity [pb’]

| PP ]

07/04

| P

14/04

21/04  28/04
in 2016
CMS Event at 13 TeV - First 2016 Stableolfé'a?ms

ATLAS Event at 13 TeV - First 2016 Stable Beams
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https://cds.cern.ch/images/ATLAS-PHO-Event-2016-003-1
https://cds.cern.ch/images/CMS-PHO-EVENTS-2016-003-2

@)

Moriond WS - La Thuile

15.03.2016

Outlook

In 2015 operation was established with 25 ns beams at 6.5 TeV.

Half of the design luminosity was reached with significant margin for Lj Wennl'ng_er’ Moriond EWK 201@2

improvements.

We expect to reach design luminosity in 2016, with the potential (LUC& Malgeri EX,D Summary @ Moriond QCD)

for more improvements in the years to come.

o First beam injection around Easter.
With at least 30 fb-' expected per year, the target of 100 fb-1 for

Run 2 is well within reach. The 1232 main dipole magnets had to be trained for 6.5 TeV operation, 150 N
In 2016 LHC will operate at 6.5 TeV. Now that the ‘quench cost’ of training quenches were required to bring the LHC to 6.5 + e TeV.
operation at 7 TeV is better known, an energy increase can be o Dominated by the magnets of firm 3.
considered in the coming years. To be agreed between machine and  Wwith this new data, the estimate for 7 TeV is ~300-400 additional quenches.
experiments.
Thank you for LHC prospects for 2016 -
your attention!
2016 Integrated Luminosity Production (40 cm B*) [fb?]
30 — —
B* = 2.5 km
MD1 Ts2 data taking
)5 + MD2 +
TS1 MD3
- %
20 2016 winning numbers
Yy
Parameter 2015 2016 15
Peak luminosity (1034 cm-2s-1) 0.51 1.0 @ @ @ * @
Integrated per 150 days (fb-") -- ~30 10 TeV ns bunches cm fb!
5
This is |probably when|we ¢an start to
seriqusly challenge 2015{‘results”
0 _— L]

27-Mar-16  20-Apr-16  14-May-16  7-Jun-16 1-Jul-16 25-Jul-16  18-Aug-16 11-Sep-16  5-Oct-16  29-Oct-16  22-Nov-16

L. Malgeri - Moriond QCD 2016 - Exp. Summary 69

francesco.spano@cern.ch Top Quark Physics at the Large Hadron Collider — Seminar- Dipartimento di Fisica - Universita di Napoli “Federico II” 27th April 2016 11



mailto:fracesco.spano@cern.ch?subject=
https://indico.in2p3.fr/event/12279/session/7/contribution/118/material/slides/0.pdf

L Malgeri Exp S D
LHC prospects for later -)
LHC goal for 2016 and for Run 2 and 3

Integrated luminosity goal:
2016 : #25fb1at 13 TeV c.m

Run2: M00 fb-1

Prepare for (or go to) 14 TeV operation

300 fb-1! before LS3

________ 2015 | 2016 - | 2019 | 2020 | 2021
Q102103040102 /03/Q4|Q1:Q2Q3/04|Q1:Q2/Q3/04|Q1:02/Q3/04]Q102/031Q4)|Q1 Q2 3304,
LHC
Injectors Run 2 LS 2 LIU installation
® PHASE 1
2022 | 2023 } 2024 2025 |
Q1!Q2!Q3!Q4|Q1iQ2!Q3/04|Q1:Q2|Q3/Q4|Q1:Q2{Q3{Q4|Q1:Q2
Hic Run 3 LS 3
Injectors .
° »  HL-LHC installation
L. Malgeri - Moriond QCD 2016 - Exp. Summary 70
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Top quark @ LHC: the cross section(l)

O'tt(\/g my) - Z /dxzdxjfz (xuﬂ )fj (%7”2) gt (:07 m%amzamjac‘fs(ﬂz)aﬂz)

1,7=4,9,9
p LHC(14) | LHC(7) [ Tev(1.9)
g9 ~90% | ~85% | ~10%
Nevents(At): JLdt * qq ~10% | ~15% | ~90%
Cross section | |
_ ' , H1 and ZEUS HERA I+II 10 parameter PDF Fit ]
_ P ; ‘ Q> =10 GeV’
To produce tt o Ep——
~massless partons 5 e

§ > 4mj > riw; =8/ >4mi/s.

e
=
| -
| IR PR | TN NI ) of TY——

fi(x) falls with larger x IZ{> typical z;z; near “(
thres h old )

|:> s 2my _ 0.19 @ Tevatron /s=1.8 Tev =\
V5 0.18 @ Tevatron /s=1.96 TeV'° a "
(0.048, 0.043, 0.026) @ LHC with Js=(7, 8,13) TeV
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Top quark @ LHC: production (l)

(Campbell et al, Rept.Prog.Phys.70:892007)

1 ds
o= Z/o dzydzy fi(x1, 1) fi(22, 1) 035 = Z/ <_S dy)
i,j 1,J

[f’i(xla :u)fj(x%:u) + (1 N 2)]

s
dL; )\ (1] 1

'ratios of LHC pa'rton I'umir'ws'itit;,s:'
i 13TeV/8TeV,7 TeV /8 TeV
. o _ — 99
* Different x-range and center of g [ - o
mass dependence incorporated e e
in Parton luminosities— §
» gg— X dominated processes ) WoStrng,
grow more than qq — X ones private communication
MSTW2008NLO
» larger gains at high multi-TeV YT oo .

masses ~up to O(100)

Rth.nnpdf — 14TeV to 8 TeV xsec ratios

Cross Section R¥mepdt | 505k (%) da. (%) scales (%)

\ tj/_Z 2.12 + 1.3 —0.8-0.8 —04-1.1

Maaanol RO/O. ( tt 3.90) +1.1 —0.5-0.7 —04-1.1

= i ) . —0.1-0.3 —0.3-0.2

JHEP{1208).2012:10 - 7 | o1 | Zo0-03| —o3-02

i C inH 3y W~ 1.86 +06 | —0.1-03]| —03-0.1

* Cross sections in “tails” increase W W 004 | £03 | ~0.0-00 | ~0.0-00
- ' W/Z 0.98 + 0.1 —0.1-001] —0.0-0.0
differently from (more rapidly than the ggH 256 | +£06 | —01-01| —0.9-10
' ' tt(My > 1 TeV) 8.18 +25 | —-13-11| -1.6-2.1
inclusive value (e Zaman | a0 )| a3 | Tonea| Shosm
: Ties(pT > 1 TeV) 151 +21 | —04-0.0| —1.9-24

thanks to K. Suruliz, TOP2013 ajet(iT > 2 TeV) 182 +77 | —03-02| —5.7-4.0
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http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

Top quark @ LHC: production (ll)

pp collisions

probing lower x than Tevatron — Tevatron | LRCL7) JLACHY
- - ag ~10% | ~85% | ~90%

(abundant) gluon fusion dominated
qq ~90% | ~15% | ~10%

L O representative

Miop= 172.5 qq annih“atiOn g|u0n fusion
At Tevatron
g &
& i g oI T—=— |
top pairs: | Oi ~ 7/ pPb
strong . g l o~ 3.5 pb
Czakon, Mitov, Fiedler 2013 o71ev (Pb) 172444 5877 48
+6.2 +6.
NNLO+NNLL accuracy Ostev (Pb) | 24525464 R(13/8) ~3.3
+20 ..+35
Sow/ow ~4% c13Tev (Pb) 832+20_59+35 35
t-chan Wt chan , S-chan
q q q q g ¢
single top: %W* ? _— %
b * _
electroweak ; t g ; : S W ;
t-chan Wt chan s-chan
iAo omev(pb) | 64.6:2.4 | 15.7+1.1 | 4.60.2
approx NNLO ostev(pb) | 87.8+3.4 | 22.4+1.5 | 5.6+0.2
dov/ar =210 7% Guatev(pb) | ~213 ~711.7 | ~109

francesco.spano@cern.ch
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From present to future directions in top phys. predictions
Overview of talk

[COURTESY OF MARKUS SCHULZE]

=p Directions in theory space — help “locate” theoretical developments.

Loops J Winter,

Top Diffxsec
Workshop

September 2014

NNLO

resummation
NNLO

approx

NLO merging for tt + X
—

v

New results for W WWbb
NLO calculations
NLO Legs
parton shower
effects
top decays in
narrow-width approx.

finite width
effects \/
beyond # stable tops
Jan Winter Cannes, September 27, 2014 — p.3
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The NNLO revolution: tt inclusive cross section

Czakon, Fedler,Mitov
PRL 170.252004

- NNLO QCD calculations are available for tt production vs Vs

NNLO (scales)
NLO (scales) i
LO (scales)

10 CDF+DO0 (8.8fb ") #=——t—= |
~
s 8¢
S
(o)
6
LR
4 - PPbar — tt+X o
Independent U g variation
5 MSTW2008(68c.l.) LO;, NLO; NNLO |
164 166 168 170 172 174 176 178 180 18
m Irer-3\v4i
Scale variation
280
240 |- £ } l o]
¢ LL pyNNLL
220
) NLLVNEE
= 200 LL
S
o
180 | Fixed Order »—eo—
160 NLO+res =—ea—s
NNLO+res »=—s— ||
140 LHC 8 TeV; iy, =173.3 GeV; A=0
120 MSTW2008 LO; NLO; NNLO

francesco.spano@cern.ch

350

NNLO (scales)
NLO (scales)
LO (scales)
CMS, 7TeV r——
ATLAS+CMS, 7TeV —a—
i ATLAS, 7TeV r—bt— R
,,l"’"@f’l’

7’
CMS. 8T0V e il
, P’ ORI

Czakon @ TOP2014

300 r

250

4 """'v
ORI

INnclusive tt
Cross section

200

G0t [PD]

" 4
7 NN
150 | i AL
/

100 . Ug g Variation

PP — tt+X; my,,=173.3 GeV
MSTW2008(68¢.1.) LO; NLO,; NNLO

50
6.5 7 7.5 8 8.5
Vs [TeV]
Scales ~ 3%
pdf (at 68%cl) ~2-3%
X, (parametric) ~1.5%

M., (Parametric) ~ 3%

Soft Gluons resummation
makes a difference
5%

-> 3% CONSIDER ANY THEORY UPDATE FROM Top2015 and Moriond ?

Differential tt cross section is now also available!! (see further)

Top Quark Physics at the Large Hadron Collider
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The NNLO revolution: single top t-channel @ /s = 8 TeV

t-channel single-top@NNLO: LHCS results

oo = 53.77 + 3.03 — 4.33 pb
oNLO = 55.13 + 1.63 — 0.90 pb

60

| 0 |
NLO
NNLO — 7

¢)]
)]

)]
o

. e, mt/2<u<2mt ]

O(pT> PTcut)

w
(@)

s -

N
(6,

N
o

| | | | | | !
0 10 20 30 40 50 60 70 80
PT.cut

PERCENT-LEVEL CONTROL ON
THE CROSS-SECTION ACHIEVED

francesco.spano@cern.ch  Top Quark Physics at the Large Hadron Collider

ONNLO — 54 2+ pb

* Contrary to NLO,
results stable in the full
spectrum

*Improved scale
dependence

e K-factor small but not
constant

e Similar results for
antitop

* t/tbar ratio extremely
stable -> PDF test!?

[Brucherseifer, FC, Melnikov (2014)]

F. Caola @ Moriond
QCD2015

‘Future compare with
| fiducial cross section at |
particle level (reduce
extrapolations).

|

Need to:

- ecombine production
with available NNLO
decay chains
ecombine with

parton shower &
| hadronization

Seminar- Dipartimento di Fisica - Universita di Napoli “Federico II” 27th April 2016 18
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Towards realistic final-states NLO for tt & single top quark

. At NLO tt, Wt and WW share the same final state so one
needs WWbb @NLO (graphs by F. Caola, CERN)

a%% W WN<

N© bl TOOOO00)
. O VSL< L 7T —
(f ’ t \ - ‘/1 g < OO

e results provided recently by two groups: It IS there nOW”

\ [FREDERIX, ARXIV:1311.4893] [CAscIoLIl, KALLWEIT, MAIERHOFER, POZZORINI, ARXI1V:1312.0546]

Future @ NLO

WWhbb final state with doubly resonant (tt), singly resonant (Wt) and
non resonant interfering contributions

: T Future: to be matched to Parton
Slﬂg|e top t- & s-channel Shower & Hadronization
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5 [

10

6 T
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7
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Top @ LHC: in the context

proton - (anti)proton cross sections

LHC14
IIII IIII ) IIIAIII A ) ) )
Gtot : :
Tevatron LHC
E
; %y
3
6, (E/* > s/20)
GW
GZ
= o, (E/” > 100 GeV)
3
3
3 %
E ou(E" > s/4)
[ Gy1ge(M,, = 150 GeeV)

H

EcHiggs(M = 500 GeV)
L1 I

0.1

Vs (TeV)

1

10

33 220 -1
107 cm ™ s

events/sec for L
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t and tt cross section

Js(TeV) |ou(pb)| O«pb)
1.96(pp) | ~7
7(pp) (~172| ~85
8(pp) |~245(~115
13(pp) |~830(~296
14(pp) [~900|~338

tt(t) Rate at L=
1033cm2 s

0.17 (0.08)Hz
0.24 (0.12)Hz

0.83 (0.30)Hz
0.90 (0.33)Hz

~8.3M (~3M) tt( single top) events with
10 fb-' with JS = 13 TeV LHC

~5.4M (~0.96 M) tt events produced by
LHC in 2012 (2011)

~2.5M (0.47 M) single top events
produced by LHC in 2011 (2012)

LHC is a TOP FACTORY

Tevatron (lower energy collider): /[Ldt =9.4
fb-1 on tape, expect ~ 6.6-10* tt events
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Final state signatures had T i gecays

+lep
Qv ~32.4% hadT all jets
qq ~67.6% +jets - B

* High P+ jets of hadrons W tlo
e b-jets ! o] ets,/ SN
e 1 to 2 high Pr leptons b \
* Missing energy t a8
9 > = Q < 9 i-Iepton
t ( e!“)
b single top

//I or 2 jets

bkgs_tt: W/Z(+jets), single Wt t,s _
top, QCD, Di-bosons bkgs_single t: tt + same bkgs_tt
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ATLAS & CMS - T0,0 Obser\/ers 2 trigger levels for event

selection
44m = (ATLAS had 3 in the past)

/g 6

n = pseudorapidity =-In (tan(6/2))

Tile calorim:

LAr hadronic end-ca
\ forward calorimeters

Pixel detector
LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker
S f } - ~
5|1 ] size matters =,
§ I dro : Tracking Electromagnetic Hadron Muon K "
3™ A chamber  calorimeter calorimeter  chamber
= , -
S Em _ ]
........ P e photons
S 1 !
S I
= i ~ et
g d S —
= ! )
S I i

S W parton jet

<

Innermost Layer... P ...Qutermost Layer
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ATLAS and CMS:

Fr=587 GeV/c, 9 =22

b-tagged jet

pr=45GeV/c,n=-1LL % y

Y [om)

B i i A A s

y [om)
i
y
X . 7
\. " 4
<I\ n’
“l
J \_

z [em)
L L At

di-lepton (Uu-+jets) candidat
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fop observers.....

Top quark events are real
commissioning tool: full detector
at play!!

e+tjets candidate

/ electron
. e 4 "
// -

CATLAS

A EXPERIMENT

\

muon inside jet =

Run Number: 159086, Event Number: 64558586
Date: 2010-07-14 15:04:51 CEST
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...With excellent data taking performance
Analyses use : ~4.5-5 fb! @7TeV , ~20-21 fb1 @8TeV ~2.6 to 3.2 fb' @ 13 TeV

Nevents(At)= /Ldt * cross section

T T T I L] T T I Y T

ATLAS Online Luminosity

T ] T T T I T T T I T T T

s =13 TeV

]Illl'

CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC

;'2, E __ 45 4.5
2 5 ‘ — - , ~ W LHC Delivered: 4.09 i '
g i LHC Delivered i é 4.0/ A " CMS Recorded: 3.67 b ' CMS 4.0
g 4:_ ATLAS Recorded ATLA S 4 ‘? i B —
- - Total Delivered: 4.2 fb” ] o Preliminary Offline Luminosity
- - Total Recorded: 3.9 fb™ - g 3.0
Qe 3 | | B 5 2.5
% - ATLAS LumiPublicPageRun2 :t % o CMSLumiPublicPage
£ 2 - B
[ ; 2015 1 2 2015
= 1 Eo
- lumi uncertainty: 5% ] £ os lumi uncertainty: 2.7%
Oll-llfill.l..Ll..Ll..,“} ™ 0.0 - , , 1 do.o
23/05 20/06 18/07 15/08 12/09 10/10 07/11 AW \’,o‘) \‘909 \,oc" s‘\o*‘
Day in 2015 Date (UTC)
2010 | 2011 2012 2010 | 2011 | 2012
Delivered 0.0481 | 5.46 20 g Delivered [0.04422( 5.51 | 23.30
Recorded |[0.0450 | 5.06 21.3 Recorded [0.040/6| 5.41 | 21.79
Uncertainty | 3.4% | 1.8% | 2.8% Uncertainty| 4% 2.2% | 2.6%

Data sample for first top paper~3 pb-1

francesco.spano@cern.ch  Top Quark Physics at the Large Hadron Collider

Seminar- Dipartimento di Fisica - Universita di Napoli “Federico II” 27th April 2016 24


mailto:fracesco.spano@cern.ch?subject=
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResultsRun2
https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults?skin=drupal
http://download.springer.com/static/pdf/502/art:10.1140/epjc/s10052-013-2518-3.pdf?originUrl=http://link.springer.com/article/10.1140/epjc/s10052-013-2518-3&token2=exp=1461606211~acl=/static/pdf/502/art:10.1140/epjc/s10052-013-2518-3.pdf?originUrl=http://link.springer.com/article/10.1140/epjc/s10052-013-2518-3*~hmac=a17b0af0b1f6e22219c353cd4c4e15e2f7e233bdc142c8f4703a5b5e896b5f62

ATLAS LumiPublicPage

...In a harsh
,  Running with 50ns bunch spacing (instead of 25ns)
el’)Vll’Of?mel’)t — > double pile-up for same luminosity M. Aleksa

Number of Interactions per Crossing e Has to be fought and mitigated at all levels: TOP2012
— Trigger, reconstruction of physics objects, isolation cuts, etc.
Shown is the luminosity-weighted — Data processing: CPU time for reconstruction...
distribution Of the mean number —h .‘w‘*'ﬁgt'g B T 5 e >
] / ; —_— & RN ﬁQ”"‘W’ 2 /ﬁ:{ﬁ"/"/{ ' 5
of interactions per crossing for = NS ‘::“;‘! iw‘&s‘%@?ﬁg@%& et
the 2011,2012 and the 2015 =SS < ’ :

data.

The integrated luminosities and the
mean mu values are given in the figure.
The mean number of interactions per
crossing corresponds the mean of the
poisson distribution on the number of =
interactions per crossing calc%thted

Z->up event from 2012 with 25 reconstructed vertices

/ o — T 3 '.'I;"" [ : T ";.‘V v\ SO ‘—;-’.s.““ -‘gn\‘r “'.g.\'s““_ - S
A P L AN A NN RPN SRS N

\

d

ViR

‘\\‘(‘X

\

| LI l I 1 ] LI 1 I L L l L L I LI | : 'LB' :_T LI LI I 1 I LI l UL LI I I LI LI I I LI I 1 |
or each bunch. 5 180~ - inoei 4 S : , L — :
J L fATLAS Online Luminosity 1 £ 79— ATLAS Online Luminosity 2015, Ys=13 TeV -
o 160f B Vs=8TeV,|Ldt=217M" ¢u>=2077 8 = 3
Q - . 4 == . . _ .
> 140/ M Vs=7Tev,JLdt=52m" >=91 5 > 60¢ B 25ns: <u>=13
D E 1 2 = 0 50ns: <u>=20 -
S 120/ e 50 '
= F £ - —
5 100 3 40 :
S 80} ? = 3
S 60 = E =
& 40 o 20 E
20! 10 =
L . - i PR NI I A | IF.
% 5 10 15 20 25 30 35 40 45 00 5 10 15 20 25 30 35 40 45 50
Mean Number of Interactions per Crossing Mean Number of Interactions per Crossing
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Selection/Ingredients for top quark pairs/single-top

ATLAS (CMS is similar) Muon
Electron .

Event cleaning Good isolated calo object Segments in tracker
Good run conditions Matched to track and muon detector
Primary vertex E;>25 GeV Calo and track

(PV)with at least 5 Inle[0;1.37][1.52;2.47] isolation
tracks p>20 GeV |n| < 2.5
Bad jet veto | (2.1 for CMS)
Cosmic veto (pp)
7
b-Jet
Jet Displaced tracks or secondary lepton
Topological clusters, Anti-k; (R=0.4) .
MC Calibration checked w/data SVO'. reconstruc.:t .s.ec.ve.rtex .
pr> 25 (20) GeV (30 for CMS), |n|<2.5 JetProb: track/jet compatibility with prim. vertex
(large JVF =3 jecercinpy p1/2 et pr vs pile-up | |P3D+SV1 +/or JetFitter: advanced Ikl/NN taggers

jets, CMS: use particle flow to remove
charged hadrons not from prim vertex)
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Towards Run Il and beyond BeyOnd Run2

Towards the HL-LHC: detector upgrade strategies

CMS DETECTOR
. . - . STEEL RETURN YOKE
Muon Detectors Tile Calorimeter Liquid Arg‘on Calorimeter Total weight  : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels
Magnetic field :3.8T
SUPERCONDUCTING SOLENOID
A T T Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m® ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

|/ f \ HADRONACIX.L(A)RIMETER (HCAL)
Toroid Magnets  Solencid Magnet SCT Tracker Pixel Detector TRT Tracker Bress + Plastic scintilator ~7,000 channels

Consolidate detectors, address operational issues, prepare for high pileup

e complete muon coverage, improve muon trigger, new smaller radius beam pipes
» CMS : Replace HCAL forward PMTs and outer HPD — SiPM

e ATLAS : Diamond beam monitor, additional pixel layer

Mantain / improve performance at high pileup
m e CMS: new pixels, HCAL SiPMs, electronics,and L|-Trigger

2018-2019  * ATLAS: LI trigger improvement, fast track trigger at L2, new muon small wheels

2013-2014

Mantain / improve performance at extreme pileup : sustain rate + radiation doses

* New inner detector, new calorimeter electronics, muon extension, trigger and DAQ upgrade

(P Ferreira da Silva @ OP2014)

e ATLAS: replace inner tracker, new forward calorimeter

20232024  * CMS: track trigger, replace endcap calorimeters
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Data- drlven Backgrounds - (single lepton+jets) - example from runi

ATLAS-CONF-2011-121
= simulated shapes ATLAS : ' :
---------------------------------- data-driven Overall norm and ﬂavour fl‘actions
g D , C E,J W+
> < b "" j; > < C <
Ca (fbb + fec fo 4 4+ fllght
s W :
’ W S c

2.Derive f« from data

1.Apply standard single lepton selection, excluding b-tagging an& replacing jet
requirements by Njet = 2, =1 b-tag;

2. Derive Kxx from matrix equation involving Dw* (Dw’) observed in 2-jet bin
after bkg subtraction

N ~ A
r. . N
. bb cC 1 arc | aslight
(NMC w- T Mvew-) Nue,w- Nyic,w-

(fbb + fcc) fc fliglfzt
. (Nliy/llé we F NI\C/IC_C W+) _ Nc Nllght

TMC,W MC, W+
_J

\\:.m)

known from MC & from step 1  unknown observed
3. Derive Ca as in step 1 but in rmc use Kxx from step 2 keeping relative
ratios between Kxx to derive a new prediction for Nmc.w™/Nmc.w

francesco.spano@cern.ch
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Data-driven Backgrounds
* Matrix method  (JBoudreau,

(tt single lepton+jets, single top t,s-chan)

‘ Fake Ieptons Nloose _ Nloose Nloose Top2012) LO-OSG s_c-:lectu_m:re_I?x Ie.pton
— real T Vfake ° isolation
td _ | loose oose
N = [Nl + 1V fake

r 1s the marginal efficiency of standard cuts.
f1s the same, for background sources

Both can be measured in pure or
background event subtracted samples

q
g
Standard
) * Jet template selection  ATLAS-CONF-2014-007
! $  [aras o Latman ater
ot Shape from jet triggered events 2 1000F B pome
e Jet with 1 high em. content jet. g I ts
Fake /e,OtOﬂS.' mIS—Id i i ] . L Enzn:ﬁ};dlboson
//etsiv—'e(;e/', r&on-prc;mpt Normalize by fitting low Et™S
epions c-aecays),
punch-through had shape to data and extrapolate
. , ) 5:9 0 50 100 150 -
* SS extrapolation (tt di-lepton, Wt single top) = [GeV)

In ety (eut) Opposite Sign dilepton events,1 o2r 2 b-tag

Simulation: fakes dominate events with Same Sign (SS) leptons ey (e*p)
Fakes Rate in SS ~ OS

Niakes (OS) = [Data(SS)-NonFakeBkg(SS)|—ME (OS)
MC (SS)
MC= tt with 1 had W, W+jets, W+ y +jets, t-chan single top, Dibosons (negligible)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-007/

* Fake leptons : generalize single lepton estimate g

s y o 510% ATLAS Preliminary b-t -
» Get r and f : probability for loose “fake” and real leptons 3'®! A - A
to pass standard sel. — control samples enriched with 2 | Jra=oron =S eiote
real (in Z window) or leptons £, __ Fake leptons
3 Other EW
» Combine with N(di-lep) for all loose “fake” & real :
pairs—fake standard lepton content :
10

Same idea, more categories (j=jet, [=lepton)

l [ l [

A A i
di-lep j ZWJ oyl Loyl (J Boudreau, :
topologies % ) €= j %’ j <——/ Top2012) 1t

““““
. .
. .

std/std loose/std std/loose loose/loose
NL
N 1 1 1 1 / ’""‘\
loose, s r, f, 1 f Ny | realfake
standard N =| 7 ? ° 2 Jo| I T £ 12000
NS n A n A | |NL| INloose ¢
N**® nry nfz i fifz Nl,l) 10000¢
f.f 8000

« Z/v* bkg (ee, uu)

Assume constant Zdata/Z MC
ratio in/out Z window

N

Mmyz
Nzy (SR) = [Data(CR)-NonZBkg(CR)] II\\/I/I((;Z/\:, ((SCRF);)

CR (SR)=in (out of) Z mass window
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Data Driven Backgrounds (tt di-lepton, Wt single top)

ATLAS-CONF-2011-100

0O 100 200 300 400 500 600 =700

H. [GeV]

— CMS s =8TeV,L=5.31b" mvv

L _ [ Non W/Z

- e*u” channel @Singlet
DY
I

JHEPO? (2014) 024

! - Data

[ Uncertainty -

Jet multiplicity
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Simulated Backgrounds (all final states)

q q
Single top | ) Simulated shape+
""""""""""""""""""""""""" ) rate set to approx
b
g ,-- . NNLO |
Y Dilhacane N 2 normalizations=fit
DI-bosons_ Simulated sha,oe+ parameters, estimates are

(WW,WZ,22)

_rate setto SM | starting points for fit
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What we study about the top quark

inspired by figure
by D. Chakraborty

Production
cross section
double and
single top

Resonant
production
& New phys

Production
kinematics

Branching Fractions Discuss

Vio

briefly touch
q/g

upon
AV
Q" Spin
Colour flow correlation
> 4 Charge
t asymmetry
/ /7 Coupling to Higgs
q g top mass, z vz W,Z,photon
top-antitop
mass top spin
difference, Q\/ polarization
top width, o 2
spin, -
ch‘:rg . W helicity
lifetime Witb coupling,V(tb)
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Measurement of top cross sections: oif and Ot
or

how many top quarks have we got?
top pair and single top production

important test of SM
related to fundamental parameters of SM: mwp and alpha_s
sensitive to new physics

Nobserved=Nokg+ fLdt * Ot ort” detection/extrapolation efficiency

Start to combine results at the LHC...
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OW IS cross section (0) measured? The Extrapolation

= Particle level, fiducial phase space
= Object definition at generator level: based on stable particles after radiation & hadronization

* Phase space definition closely follows the (detector-level) event selection

Leptons: from W decay

neutrinos are used .
(not from hadron)+ “dressed” with non-measurable FSR

to define Er™'ss
d > b-jets: contains .
/// \ «
R = " |any of the decay essential clues
N w . "7 |products of a B-
S = o " |hadron =Detector Level

o)

o)
oo
o2
oo
o0
Q

Q
200,/
o)
o)
o,
Q

'

Jets: anti-kT algorithm (as for reco jets), cluster all but
prompt particles (i.e, v, u from hadron decays are
Inside jets)

Ny ¥4

\\4/

F/gure by B Stieger (CERN)
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How IS cross section (o) measured”? The Extrapolation

= Particle level, fiducial phase space

essential clues

= Object definition at generator level: based on stable particles after radiation & hadronization
* Phase space definition closely follows the (detector-level) event selection

= Parton level,full
phase space

* generated

quarks before
decay and after
QCD radiation

francesco.spano@cern.ch

o]

s/&

N

Top Quark Physics at the Large Hadron Collider

Leptons: from W decay
(not from hadron)+ “dressed” with non-measurable FSR

Vu u*

neutrinos are used .
to define Ermiss \\\

b-jets:
contains
any of
the
decay
products
of a B-
hadron

Correct to

NS}
oooooo

\
& A/

N \ *
gt Figure by B Stieger (CERN)

Jets: anti-kT algorithm (as for reco jets), cluster all but
prompt particles (i.e, v, u from hadron decays are

inside jets)
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How is cross section (o) measured? The Extrapolation

fid
O,I‘Zd/ total _ Nth — 0_1‘_01‘3/ — O—tfl NRECO _ 1 +2
tt ExAxBrxL t A x Br &= NG 143
N Cuts 1+3
Reco A — _GEN —
- N/ ~ . \ Neen 14+2+3+4
Pass Reco, Pass Pass Reco, Falil Fail Reco Fail Reco,
PL PL Pass PL Fail PL
g J\_ A A Y, t' I I
essentiail ciues
1 2 3 4

to correct to

Particle level, fiducial phase space:durable
connection with theory

> Store & compare results with evolving predictions: Robust
Independent Validation of Experiment and Theory

» usually reduced modelling uncertainties

Parton level : Comparison with highest order QCD
calculations, so far only available in production

Top specific!
- Dilepton e channel: emerging as the most precise
- low bkg , reduction of syst uncertainties from jets
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http://rivet.hepforge.org

top pair production

qq annihilation gluon fusion

-
-

G

._.
=

Dominant production scheme
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Inclusive o : dilepton - /s =7,8,13 TeV " 35?3':?;-1(2(%;)2)

14000 mm Mis-ID Iepton

{v{Vbb [Lat ~3.2 b1 (2015)
- Require opposite sign (OS) eu, no Hy,ExMiss g = g%g:;fve";ngfgv = ponnegy E
cuts, no lep isolation minimal use of jet/ET™SS info om =zges

- Bkg: single top (Wt) (from simul.), data-driven fake ...t . L AN
leptons (extrapolated from same sign lep. sample), Z 1000 S
+jets (extrapolated from Z— - sample) oo — AT AT

4000

- . .. CONF-2016-005
* Simultaneous fit for 0. and €y, efficiency to =

- s e S .
select, reco and b-tag ajetin 1-b-tagand 2 ¢ | :
: : — i1 3
from simulation _ ff purity ~ ~89% ~i% Ny
N zﬁa&‘e_ﬂ%&gebﬁ —‘thb)—l—N.l g o e ,* ,,,,,,, "
g 30000 f— :‘SrfgsTevl 203" ; gaéziggmv -
N2 — E(Ttté‘eﬂ Cbeb —|— kag - 25000— ; gﬁms j
Measure o.(parton level) & o..(particle level,) ‘ T oY
€., = A,,G Cp = epp/€p° - —
N el / - Eur.Phys.J. C74 E
AofF fraction of tt ev. with 1T el “dressed” pair from W o000 (2014) 3109 =
b-jet is tagged with b-hadron . g 1SF T
G.,= e reco éefficiency O = Aenoi, g
= fi osk___ ‘ R —
O-tfeeu 5> O.t;d Ge,u 0 1 2 23 N
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http://link.springer.com/article/10.1140/epjc/s10052-014-3109-7
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-005/

Inclusive o:: dilepton - \/s =13 TeV L« -32b" (2075)

ATLAS-CONF-2016-005 {vlvbb

o7 = 803 £ 7 (stat) £ 27 (syst) £45 (lumi) + 12 (beam) pb  §ow/ot ~6.7 %

o™ =11.12 + 0.10 (stat) + 0.28 (syst) + 0.62 (lumi) + 0.17 (beam) pb  §Gti/Ott ~6.3%

Uncertainty | 6ow/ou(%) fiducial space is O(1%) of full space
Particle | Parton
Int. Luminosity 5.5
Statistical 0.9

- Dominated by “External”
Trigger/sel 0.7 Systematic effects: Luminosity

tt NLO Modelling| 0.6 0.8

tt Hadronisation | 1.9 2.8
Bkg 0.9
Total 0.3 0.7
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Inclusive o : dilepton - s =7 & 8 TeV |, 031 012
Eur.Phys.J. C74 (2014) 3109

_[Total Cross Section]

oL (Vs=7Tev) = 182.9 + 3.1(stat.) £ 4.2(syst.) £ 3.6(L) + 3.3
%" (Vs=8Tev) = 242.4 £ 1.7 (stat.) £ 5.5(syst.) £7.5(L) + 4.2

[Lat ~3.2 b1 (2015)

(J Brochero @ TOP2014)

beam) pb

(
(beam) pb

R = 1.326 + 0.024(stat.) &= 0.015(syst.) = 0.049(L£) + 0.001 (beam)

Fiducial cross section (including W — t — /v)

50‘tt7’ Ooit-~3.9%
Ooi/oti ~4.2%

4 14
G 7 Vs =7TeV(pb) Vs = 8TeV(pb)

> 25 <25 | 26154+0.044 £0.056 -0.052 +£0.047 3.448 £0.025 1+ 0.069 £0.107 = 0.059

> 30 <24 | 2029+0.034 £0.043+0.040+£0.036 2.662+0.019+0.054 £0.083 +0.046
Uncertainty Aoz /o (%) - - .

fiducial space is O(1%) of full space
NG 7 TeV 8 TeV
Data statistics 1.69 0.71 o Dominated by “External” Syst:
(7 modelling and QCD scale 1.46 1.26 Lumi and E p, then tt modelling & scales
Parton distribution functions 1.04 1.13
Background modelling 0.83 0.83 Theory _
Lepton efficiencies 0.87 0.88 Mg (7/8TeV) =
, 1.430 +0.013(PDF + a5) + £0.001(scale)

Jets and b-tagging 0.58 0.82
Misidentified leptons 0.41 0.34 dows
Analysis systematics (o,7) 2.27 2.26 d_rrt,t = —0. 28% per GeV
Integrated luminosity 1.98 3.10
LHC beam energy L79 172 | <« useful to compare with theory
Total uncertainty 3.89 4.27
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Using top quarks as gluon luminometers

ATLAS-CONF-2015-049

- Ratios of cross sections are expected to cancel out some of the systematic uncertainties

compare to SM predictions : test parton luminosities, search for new physics effects

- Passibly-replace with“ € MS precise measurement..

improves on luminosity (1%), trigger/lepton selection efficiencies (2.2%)

uncertainties in Z/tt modelling and backgrounds are similar (Pedro Ferreira da Silva
e @ Moriond 2016)

\

(QCD scale) 2503 (@)

(" HCT10nnlo _ 0022 0012
L Riz " = 042770013 (’DE) Z5 016

l ]

L ) l L L I L L I ] I I L I AL ] L] —f | [ L |
ATLAS Preliminary
13 TeV, 78 - 85 pb’’ - PDF predictions tested mostly

, compatible with data
| data = total uncertainty

| data = stat. uncertainty . . o
- 20 tension with prediction based on

A ABM12LHC B .
ABMI2LHC (smaller gg density)

Y CTi0nnlo A

® NNPDFa.0 Bl Still large room to explore different ratios

® MMHT14nnlo68CL e b in Run 2, also at different s'’?,

l(NNLO ?CD, innler uncer}.: PDF olnly) 1 1 1
015 02 025 03 035 04 045 0.5
oot / ol

to constraint further PDFs
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Inclusive 0. - Summary ats=7 &8 TeV
Systematics dominated, similar to/smaller than theory uncertainty

Fair agreement with NNLO +NNLL over all final states

ATLAS+CMS Preliminary  LHCtOpWG

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC
Myep = 172.5 GeV

scale uncertainty

scale @ PDF ® a4 uncertainty

o, summary, \s = 7 TeV

Mar 2016

total stat

o, +(stat) =(syst) (lumi)

ATLAS & CMS  Public summary plots

ATLAS+CMS Preliminary LHCtOpWG o, summary, Vs=8TeV

....... NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC I | e |

My, = 172.5 GeV
scale uncertainty
scale ® PDF @ ag uncertainty

ATLAS, lepton+jets

——#——1 260+ 172+ 8pb

Mar 2016

1 | v | 1
total stat

0 *(stat) =(syst) =(lumi)

EPJ C74 (2014) 3109, L ,=20.3fb™

int

PRD 91 (2015) 112013, L,,=20.3fb"

CMS, lepton+jets —to—] 228.5+ 3.8+ 13.7+ 6.0 pb
arXiv:1602.09024, L, ,=19.6fb™ :

CMS, lepton+r, —de—| 257+3+24%7pb

PLB 739 (2014) 23, L,,=19.6f" :

ATLAS, dilepton eu i 242.4+1.7+55= 7.5 pb <

ATLAS, l+jets |—|"'|—| 179+ 4+9=+7pb L,,=0.7 b
ATLAS, dilepton (*) |—H‘|—| 173261 *Spb L,,=0.7 fb"
ATLAS, all jets (*) | —= : 1 167+ 18«78+ 6pb L,=1.01b"
ATLAS combined e 17732+ 7pb L0710 0"
CMS, I+jets (*) |—*"|—1 164+ 3+12=7pb L,,=0.8-1.1 fb”
CMS, dilepton (*) —eH— 170+ 4+ 16+ 8 pb Lt 1 b
CMS, 7, +1 () ——————+ 149+ 24 + 26+ 9 pb Ly=1.1 1"
CMS, all jets (*) I l ° l i 136+ 20+ 40+ 8 pb Ly=1.1 10"
CMS combined |_|°|—"| 166+ 2+ 11+ 8 pb L,=0.8-1.1 fb™
LHC combined (Sep 2012) I—H'-l 173+ 2+ 8= 6pb L,=0.7-1.1 b
ATLAS, l+jets, b—Xuv —— 165+ 2+ 17 = 3 pb L2471
—p ‘A'[ITAS, dilepton ey, b-tag B 7 H=H 18202312 4.2+ 3.6 pb L,=46M"
ATLAS, dilepton e, Njets-ETSS |—H—| 1812+ 28737+33pb L =461
ATLAS, 1, tets I : -t 1 194+ 18+ 46pb L,=1.7 fo"
ATLAS, all jets F —= 168+ 1272+ 7 pb Ly=4.7 fo"
ATLAS, 7, H —t—— 1839+ 23+ 3pb =46 10"
CMS, l+jets l—'-'-i—i 161.7+6.0= 12.0+ 3.6 pb L,=501"
—» JéMS,jai!epton eu 7 H°H 173.6+2.1°3°:3.8 pb 7::5.0 i
CMS, <, ,H —t—— 143+ 14+ 22+ 3 pb L,=2.2 fb
CMS, 1, Hets I —eo—t i 152+ 12+ 32+ 3 pb L,,=3.9 fb"
CMS, all jets ——e—t— 139+ 10= 26+ 3 pb L,,=3.5 b

(*) Superseded by results shown below the line

Effect of LHC beam energy uncertainty: 3.3 pb
(not included in the figure)

CMS, dilepton (ee, uu, eu)
JHEP 02 (2014) 024, L. =53 fb

int

o

LHC combined ey (Sep 2014) | |§
ATLAS-CONF-2014-054, CMS-PAS TOP-14-016,  :
L. =5.3-20.3 fo™'

int

239.0+x 2.1+ 11.3+ 6.2 pb

241.5+1.4+5.7+ 6.2 pb

' CMS, dilepton eu o
|| arXiv:1603.02303, L,,=19.7 fb” :

+6.3

2449+1.4"%2:6.4pb P

CMS, all jets I

arXiv:1509.06076, L. =18.41fb™

int

1
275.6+ 6.1+ 37.8+ 7.2 pb

Effect of LHC beam energy uncertainty: 4.2 pb
(not included in the figure)

[ | | |II II| [ | | I|I Ihl |II II| [ | | I|I III| [ | | 100 150 200 256 300 350 400
50 100 150 200 250 300 350 o. [pb]
tt

o [pb]
Dilepton single measurements achieve dow/ot ~3 (~3.7%)% at 7 (8) TeV
Improving upon past LHC combinations that achieved ooti/ow ~5.8(3.5)% at 7 (8) TeV
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Inclusive . - Summary at s =13 TeV
Systematics dominated

ATLAS+CMS Preliminary LHCIOpWG o, summary, Vs =13 TeV Mar 2016
....... NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC I I ¥ I :
My, = 172.5 GeV total stat

scale uncertainty

. o _ =(stat) =(syst) =(lumi)
scale @ PDF @ ag uncertainty tt

| ATLAS, dilepton ey L | 8037+ 27 = 45 pb at 13 TeV uncertainties
. | ATLAS-CONF-2016-005  L,,=3.2 fb"
- Dilepton results |- , are already as low as
Ooii/oi ~6.5%

lead in precision

(again) ATLAS, dilepton ee/u) s 749+ 57+ 79 74 pb
ATLAS-CONF-2015-049 L, =85 pb”

« Good agreement

Wlth N N LO ATLAS, l+jets | | I: I
+ N N LL ATLAS-C(;NF-2015-O49 L,=85 ptI)'1 I-F A ATLAS & CMS

Public summary plots

CMS, dilepton ey — 746 = 58+ 53 = 36 pb
PRL 116 (2016) 052002  L,,=43 pb

CMS, l+jets | .- | 836+ 27+ 84100 pb
CMS-PAS TOP-15-005 L,=42pb™ :

Effect of LHC beam energy uncertainty: 12 pb
(not included in the figure)

400 600 800 1000 1200
o, [pb]
CMS-PAS-TOP-16-005 0w = 793 & 8 (stat) & 38 (syst) + 21 (lumi) pb| [Lat ~2.2 fb"! (2075)
00i/o1t ~5.6%
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Inclusive 0. vs /s - LHC & Tevatron

good agreement with NNLO+NNLL over 2 orders of magnitude

E I | | | | | | | | | | _I1 | | | | | | | | | | | | |
o - ) ;‘?’J{g’g:"?mé'\r}e(‘i 1_'3662%(" =881)  ATLAS+CMS Preliminary Mar 2016 -
- 3 ® CMSeu7TeV(L=5fb") LHCtopWG
QO 4 0° — ® ATLAS eu8TeV (L=20.3 fb") . =
O — ©® CMSeu8TeV(L=19.71b") -
D L v LHC combined eu 8 TeV (L = 5.3-20.3 fb") -
) — ® ATLASeu13TeV (L=3.2fb") m
N — ® CMSeu13TeV (L=43pb’) 7
7] — A ATLAS ee/uu 13 TeV (L=85pb") ——— ]
O | O ATLAS l+jets 13 TeV (L =85 pb') : 1
(&) O CMS l+jets 13 TeV (L=42 pb)) 1000F —
e -
P 2
o 10 ' :
> — I ! — ]
& = goor WP 1
= - | ¢ :
. B | i
I= B i |l
B 600 1
NNLO+NNLL (pp) ]
NNLO-+NNLL (pp) 13 (s [TeV o
10 = Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 —
[ | | My = 172.5 GeV, PDF&® g uncertainties according to PDF4LHC ]
| | | | | | | | | | | | | | | | | |
2 4 6 8 10 12 14
ATLAS & CMS \'s [TeV]

Public summary plots
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Single top production

t-chan Wt chan s-chan
g t
q ¢ g—sd %/ ! t
%W* —1 b” /771
V. + _
b L3t  Yooe——Db ’ W qJ W b

Cross section ~ ‘fLV ) th ‘2

left handed form factor CKM matrix element

\ 4

only direct determination of |fLV . th|
explore PDF for u and d quark separately
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Inclusive o:: t-chan @ s = 13 TeV : :
* 1 isol. y, 2 jets with |n|<3.5, large EtMiss and mt(W)*— fake lep. " w
veto, 1 b-tag, additional le,oton ISO t
b b

- Bkg: simulated t/Wt/s- chan, W/Z+jets, data-driven fake lep
(sample with inverted muon quality cuts)

- Extract number of t-chan events, v:, by binned max.

0 02 04 06 08 1
NN output

likelihood fit of Neural Network output to data b b
- Computational scheme for pattern recognition ATLAS-CONF-2015-079
- Train on expectation from 10 kinematic variables 1
(jet-lep &jet-b masses, jet n,top/W-jet angles.. ) JLat = 3.2 fb™ (2015)
= " ATLAS Prellmlnary  \s=13TeV,32 10" ]
o [ SR’ ¢ Data
- - ~ 4000' ; m
- Calculate cross section o: with full phase ® _ 5%}2” _
space efficiency 0 [ Z+jets, diboson
— - - ' — — L %ygslttljﬁ: uncertainty |
o(tq) = 133 +6(stat.) + 24 (syst.) = 7 (lumi.) pbl Soor~199 2000
1‘L o(tgq) = 96+ 5 (stat.) + 23 (syst.) £ 5 (lumi.) pb 504/0: ~25% _
B - 7 B L o | O ..............
fiv - Vipl = 1.03 £0.02 (stat.) + 0.11 (syst.) + 0.02 (theor.) + 0.03 (lumi.) E 1%:. ______ S S, .:
< 08F =
S

if fv =1 & [Vip|in[0,1] — \Vip| > 0.78 at 95 % CL

syst dominated « | |
t-chan generator~11-15%, b-tag efficiency~7%, mr(W) = \/2 [pT(z)EITmSS — pr(0) - ErTn]
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Inclusive and fiducial o;:: s-chan .Js = 8 TeV

(Marina Cobal @ La Thuile 2016) q /

c(t) in the s-channel @ 8 TeV o

Lepton+jets selection with 2 b-jets and large ETMiss
Build Matrix Element discriminant foreach selected event

s-channel vs t-channel, tt, W+jets This one from ATLAS
Template fit in sighal and control regions
w 150 T T I {
S [ ATLAS Prelimi a4
I - e Data-b:liklg;:]c::liiry J.Ldt:20.3 fo -
100_—|:|s-channel \s=8TeV —:

o= 4.8 i'l .1 (Stat. )—2.0+2.2(Syst.+lumi.) pb E /| Post-it bkg. uncertainty

. vy
/ 4 -
y A laYaiy vy,

»n
Observed (expected) 0;/% ’
significance: 3.26 (3.90) !

50—

"

50l
0.0002 0.0018 0.058 0.102 0.187 1

First evidence of single-top s-channel production atthe LHC! 7 -
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Inclusive o: - Summary at Js=7 &8 TeV

ATLAS+CMS PreliminaryLHCIOPWG = A7Las tchannel

PRD90(2014) 112006, ATLAS-CONF-2014-007,

All results

Single top-quark production ATLAS-CONF-2015-079
- | - u
March 2016 ° ?H“é§1t2((:2r]oe}r2]?c?35, JHEP0B (2014) 090, conSIStent Wlth

o amasw | approx NNLO

— ' ' PLB716(2012) 142, JHEP01(2016) 064 — - -
- predictions

PRL110(2013) 022003, PRL112(2014) 231802

*  LHC combination, Wt
ATLAS-CONF-2014-052, CMS-PAS-TOP-14-009 —

t-channel and Wt
channels are
observed at LHC,

----------- A ATLAS s-channel
ATLAS-CONF-2011-118 95% C.L.,
arXiv:1511.05980

¥ CMS s-channel
arXiv:1603.02555 95% C.L.

F
i

Inclusive cross-section [pb]

= NNLO PLB736(2014) 58 =
. ey 172.5Gov, MSTW2008n1lo evidence for s-
B % scale uncertainty 7 c h a n n e I
]_ - == NLO+NNLL PRD83(2011) 091503,
___________ PRD82(2010) 054018, PRD81(2010) 054028 ( b r‘, d t
10— —— M= 172.5GeV, MSTW2008nnlo — O Se e . a

B Wit: tf contribution removed i T t 20 1 4
- scale ® PDF @ o, uncertainty — eva ron ’n
i — nowrsseomocroseos ] PRLT12 231803

..... = M= 172.5GeV, u_= u =My, 20 1 4
B CT10nlo, MSTW2008nio, NNPDF2.3nlo (PDF4LHC) |
i Wi: p: veto for tf removal=60GeV | N it

and “F=65 GeV
scale uncertainty
B scale ® PDF & a, uncertainty o
| | | All exp. results are w.r.t. mmp= 172.5GeV ATLAS & CMS

7 8 13 Public summary plots

Vs [TeV]
« ATLAS + CMS t-chan combination at \/s = 8 TeV

JLat = 5.8 (5.0) fb" (2072)) 0 ch, = 85 + 4 (stat.) = 11 (syst.) + 3 (lumi.) pb
CMS-PAS-TOP-12-002 -
ATLAS-CONF-2013-098 60/t ~14%
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http://arxiv.org/abs/1402.5126

| fLv - Vipl
summary

ATLAS & CMS
Public summary plots

francesco.spano@cern.ch

ATLAS+CMS Preliminary LHCtopWG

‘,o . :
If Vel = 0’:‘:: from single top quark production

O oe: NLO+NNLL MSTW2008nnlo
PRDE3 (2011) 091503, PRD8Z (2010) 054018,
PRDB1 (2010) 054028

Ao, scale ® PDF
My, = 172.5 GeV

March 2016

A
total theo

If, V| £ (meas) * (theo)

t-channel:
ATLAS 7 TeV' —-— 1.02 + 0.06 + 0.02
PRD 90 (2014) 112006 (4.591") ;
ATLAS 8 TeV —t—y 0.97 +0.09 + 0.02
ATLAS-CONF-2014-007 (20.31b™")
CMS 7 TeV o 1.020 + 0.046 + 0.017
JHEP 12 (2012) 035 (1.17-1.56f")
CMS 8 TeV o 0.979 +0.045 + 0.016
JHEP 06 (2014) 090 (19.71b™")
CMS combined 7+8 TeV i 0.998 +0.038 + 0.016
JHEP 06 (2014) 090
CMS 13 TeV b .- i  1.12+0.24 +0.02
CMS-PAS-TOP-15-004 (42pb™')
ATLAS 13 TeV -y 1.03+0.11+0.02
ATLAS-CONF-2015-079 (3.2f0")

Wt:
ATLAS 7 TeV b - { 1.03* 012 £0.03
PLB 716 (2012) 142-159 (2.05fb ") ‘
CMS 7 TeV b 1.01%018 +0.08
PRL 110 (2013) 022003 (4.9f0") ' '
ATLAS 8 TeV (*) —————f 1.10 £ 0.12 +£ 0.03
ATLAS-CONF-2013-100 (20.3fb")
CMS 8 TeV' —t—— 1.03+0.12 + 0.04
PRL 112 (2014) 231802 (12.21b7")
LHC combined 8 TeV"* ——— 1.06 +0.11 £ 0.03
ATLAS-CONF-2014-052,
CMS-PAS-TOP-14-009 :

s-channel:
ATLAS 8 TeV* } . { 0.93 " 020 +0.04
arXiv:1511.05980 (20.3fb") '

Wt: s
ATLAS 8 TeV ™ [ SN — 1.01+£0.10 £ 0.03

JHEP 01 (2016) 064 (20.3fb7")

(*) Superseded by results shown below the line

1 1 1 1 1 1 l 1 1 1 l 1 1 1 l |

1

|

|

! including top-quark mass uncentainty
# including beam energy uncertainty
1 L 1 1 1 L 1 1 1 l

Top Quark Physics at the Large Hadron Collider

0.4 0.6 0.8 1

IfvViol

1.2

1.4 1.6 1.8
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To explore elusive and/or heavy new physics with top quarks @LHC

e LHCis atop
factory

o<

Measure dow/dX

I | I I I I | I I I I | I I I I | I I I I | I I I I
1000 é_ do(pp - (Z'/g* ») tt)/dmg [tb/20 GeV] _§ Sensitive to
500 [— Mg = Mp = My, = 2 TeV
i L0, CTEQEL1, LHC | many new
N JHEP 0901 (2009) 047 . i .
physics models
S T ' E complement specific
50— ] searches
- X=mua = = | . .
0 e _l—>» explore kinematics —
B ' Color singlel 1 reduce t/tt modelling
: i uncertainties
L g* Color octet (axial coupling) -
| | | | | | | | | | | | | | | | | | | | | | | | | | prObe parton dl’St'

1250 1500 1750 2000 2250 2500 funCl‘/Ol’)S (hlgh X g/uon)

tt invariant mass [GeV]

v

use new reconstruction/recognition techniques

provide info on Parton Dist Functions
high energy gluons
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Going differential for o !

Measure o(ft) as a function of kinematic distributions of top, top pairs,
b-jets, leptons, and lepton pairs

10°E

(1) Event selection (2) tt kinematic reconstruction  (3) Bin-wise cross section
CMS Preliminary, 12.1 fb' at (s = 8 TeV 10° CMS, 5.0 fb'at\'s =7 TeV meaSU rement
o 10T | L I = 255 ;| +ets ,o.m. irlwl ARRASRARARRES
g | okl comone =it S T s « Subtract background
Z+Jets = of B Z+Jets -
s B WiJets g i B W+lets ] .
" =Sty s | Egﬁfie“”#;;;ﬁ‘: » Unfolding: correct for
. Diboson © 15 [JDiboson
" ; ' detector effects and
1

acceptance

102§

o
[
T 1 1 11

10E

0 1 2 3 4 5 0

1do* 1 Np,.. — N

No e 2 1 0 1 2 t - - : .
_ Y ocdX o x€'L
(4) Differential tt cross sections
* Normalised to in-situ E mim.,_.,_.». 1 NLO (MCFM) | - °
measured o(ft) & —  APGEN :
g f . 3 : . Response
« ‘Visible’ or extrapolated to g %ﬁﬁaow : . = matrix

full phase space

—
Q
n

Nl

"

"

Hl

"

"

"

"

"

Hl

gl

it
"

"

"

"

Hl
i

5 0

- ~ sttt
° 10° ! : , .
Compare to theory predictions §11%?L'L.....i.......-*-.-_l__.-.::::::.:.:.-::-.-.:.:.:.-.z Migrations due to det
i ——— resolution & biases

M. [GeV]

M. Aldaya M. Aldaya, FS TOPLHCWG open ‘Session 28-29th Nov. 2013 TOPLHCWG,28.11.13
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What we measured (up to now) INn Run1: Xin da(tt/t)/dx
@f@ Overview of current results at LHC % >

» Increasing variety of differential cross section results

» More measurements in fiducial PS, exploiting particle-level object definition and pseudo-top

* Pioneering results in boosted regime, first absolute differential cross sections appearing

15'30% “ p-’;top_jet
20-40% —————— - 4-6%
3-6% " Viop | NMiep PTlep
10-20% (single top) PTtop, I*
o 5 ' . . - : ,
4-6% | Npjot Proes individual -  Piepeiep )
top L Miep-lep 4-6%
W- t t
15-40% lip";iet JNJet q i 2
| Qjet(veto) q' tt SyS tem

sensitive to resonant&
higher oraer ' non resonant new phys

Il ! ! m
corrections (radiation) Vi (,a,;'}d,-ty) 5 10%
PTtt 3-6%
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—Xploring top quark pr

. the emergence of boosted tops
Phys. Rev. D 90, 072004
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> - -~ Data .

S fe -

oo~ ) e —— NLO+NNLL ]
Ol o

o’ ol - ATLAS _

= J. Ldt=4.61b" =

: e s =7 TeV _

- 7 S -

what’s in here”

10 E =

I V .

. 1.5_:=::}::=:}::::} ::::I::z:l%::x S ==

Z ] ; —_ =

gg 1;’ 4 ——¢ ¢ =

Zl 0.5 —

PERTE R A T
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Exploring top quark pr: the emergence of boosted tops
AR(i,j from X—i,j) ~ 2mx(i,j)/prx  Reduced efficiency for

“resolved” reco
A q(q CI) 3.5¢ Pythia Z' - ff, t — Wb _:I180 PTTOIO Mu =1 TeV & anti-kr
S | Proo ) o (R=0.4): 86% resolved
25] W — 40 My =2 TeV & antikt
F —120 _ . ~Mo
R aqq (R=0.8): 60% boosted
1'52 E . neutrir
t ( 1; ; b lepton
- ] uark
i ‘ : q — For AR=0.8,
2 %700 200 300 400 500 600 700 800 ° resolved My ~1.7
py [GeV] ¥ TeyPr
O A T partly . ~600GeV
= 22rmyTT T DAL A E boosted v
2F ATILAS Simulation - 200 boosted
A%(W b) 1.8F Pythia Z—tf,t > Wb #9180
’ 1.6 4160
- 140
51120

t —=>WDb

4100 Need to distinguish top-jet from
- 180

ok e light q-, gluon-initiated jets: di-jets
0.47 B+ bkg overwhelming fully had tt decays
0.2 20
Qb 0

b~ 100200 300 400500 600 700 800 900 Pile up & soft act/v/ty O’GQI’ ade
JHEP 1309 (2013) 076 Pl [GeV] identification & energy estimate
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Exploring top quark pr: the emergence of boosted tops
d O'tt,t/ dp'l;top(-jet)
Resolved” map pr > “Boosted”

requce

extrapolation \\\

W /~ _ W-I— Q//-l-
“arton — q_v%t { Mq/\;
W- t t Q/I —
a b : b
g | ;

. w - Trigg
\ b\\ ¢ \L Z
o I \WN e
- (ﬁgure by A Ovcharova
(UCSB))

Particle

o0
------

NG A
\ A/, , :
XY Figure by B Stieger
(CERN)
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-How to tag a boosted
nadronic top quark? ()

Look into the jet substructure
(see Jose Juknevich, TOP2013)

Basic 1—-2 splitting

Use jet mass and product of pr* angular separation

of two hardest jet constituents from jet algorithm
g Spll’[’[lng scales (ATLAS tagger) Butterworth, Cox, Forshaw (hep-ph/021098)

» Read off k1 scales of the (next-to-)next-to-last clusterings
» Place cuts on jet mass and splitting scales

pe =Put+Dy 2 = D/

essential clues

Signal Background in collinear soft limit small QCD
bM/ quark ,L// b — 2PAR o - > Spll’[’[lﬂg
J large /d(i,))

P(z)x1 p  LH(—2)

1o do also on Clust ,/‘OO O\ reject
i . . uster R=R., @ \
trimmed I?ts e with  ——>lg O o/ subjets with —»
Q'epr / Ved'O SO anti-kr 1 PTsubjet/PTjet < feut
Jet constituents Iitial jet ® 7r/pr <o L
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Differential dou/dpt;top(-jet) : 1+jets @ Js = 8 TeV

JLat = 20.3 fb1 (2072)
Phys Rev D 93 032009 (2016)

* Lep top: 1 pr dep.-isolated (e,p) +

Light quarks

[Lat = 4.7 fb™' (2011)

Eur. Phys. J. C arxiv:1511.04716

75 (2015) 542 submitted to EPJC Sao ETMSS 4 (closest) R=0.4 jet to Iep with

AR(lep,jet)<1.5
« Had top : = 1 R=1.0 trimmed jet with

1 |Solated (e,u), symmetric Er large pr= 300 GeV, large mje:>100
and mt" cuts, = 4 central jets, GeV, large k(1 —2) scale (> 40 GeV)
- >1 b-tag or =2 btags  top quarks in opposite hemisphere
| — Ad(lep,had top-jet)>2.3, AR(lept b-
l \ jet, had top-jet)>1 .5\
* Bkg:data driven W+/ets & fakes, single top & diboson from MC - 21 b-tag jet

Kine-1it 1op Asgu eug%lg?lgst p b- x

« Reconstruct tt

decay products jets come from tt decay top-jet
from jets + lepton+ + Lep top: W boson = lep+ _
Er™iss by kinematic  Et™sS + my constraint + b- * Had top = Had top jet

fit (m,mw constraint)  jet with min AR(b-jet,lept)
— assign Jets - Had top : W boson= 2 non

- Had top =3 b-tagged jets with mass
assigned jets from Ikl closest to My + other b-jet
reduce combinatorial bkg >
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Differential do./dpttop(jer) : 14+]jets Js =8 TeV

Light quarks

b quark

. —
[Lat = 19.7 fb! (2012) JLat = 20.3 fb™! (20712)
lepton
guark e
Eur. Phys. J. C 75 (2015) 542 arxiv:1511.04716 submitted to EPJC Phys Rev D 93 032009 (2016)
kine fit _ ]
hadronic top pseudo-top hadronic top-jet

CMS.19.7fb'at \s=8TeV gooFm T T T T T T T T 103:.., AR A AR RS LA ARS RSN RARE RARRSE RARE
> )<11l?0’31'1y,<7YYVT""II"YVIl?l"YV"]’Y"YI"VY]"YY_: E AnAs -1 égata E E ATLAS {§=8T8V,20.3fb4 ;
(o)) 16 e/ + Jets ® Data -Z_ / ',f‘~J.O!S —E 600 — \s=8 TeV, 203 b j— S|ng|e top ] - - f_)ala -
Q) 14 Bl i Sgnal  C0ti+ZWiy 3 - Wets 1 10%E C_) 1 Single lepton _
o Bl i Other [ Diboson 1 1400 o Z+iets - I ti Dilepton ]
N 12 =Snglet V7 Uncertainty ] - - WW/ZZ/WZ . - e ;V;éet;s ]
~ Wslets 3 - . B Mot .
£ 10 ‘200: . gtaakteatlggtst unc.y 10 o Dboeon. I
§ ‘mo:_. _: . Muttijet :
4 soof pseudo-pthad 1 )
b . -
| 600 = :
| 400 4 107 ° =
1.4 ' . .

Py E ey
Z'-]Efg 1 E”','l’f'l sl Al.,..‘ll.“h...: 1.4/ | + | + n
oo | . o e e e i
0 50 100 150 200 950 300 350 400 450 £00 08 .O""*"‘*‘+ e j 0.8 ‘ ____________ o ............ ............. ........ _

P, [GeV] " —50200 300 400 500 600 700 800 900 7000 300 400 500 600 700 800 900 100011001200

p'r-had [GeV] Top-jet candidate P, (GeV]

~64k ey, ~200k sel events, ~8k selected events,

- - (0] - i
~79% pure signal tt ~84% pure signal tt 85% tt-pure
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do./dprtop(-jet) |+jets: unfolding - /s =8 TeV |Ldt = 20.3 fb-!

2012
Phys Rev D 93 032009 (2016) Reco selected out ( )
- Particle level oy :
(regularized unfolding, | Pass Reco, | PassReco, | FaiReco | FailReco, similar (simpler)
linearity tests) ’ Pass PL Fail PL Pass PL Fail PL formulas for

to correct to

. -1 _ N/
Z M; J reco'ptclf” t+jets (N reco Nreco,bgnd)

Pt = ' '
ptcl I !
d PT,ptcl Ap T,ptclprtcl Ireco

J

events that pass particle & reco

events that pass particle fold at level of

-
Pass Reco, j

un

t Fail Reco _ PassPL
restore Pass PL
~ 1O D —— 100
e N ' & 1100 ATLAS Simulatio -
e - ATLAS Simulation ] - 1o ney -
L o9 { @ 4000 |~ POWHEG + PYTHIA @
2 E 1s =8 TeV, Detector —» Particle - C =
TR ' S 900 8
0.7} T 3
ol - S 800 S
O a
0_5%» L 700 F é(&,’)
0.4} — 600
03F 500 |
0.2 failing a0k
0.1 lepton isolation

300 400 500 600 700 800 900 1000 1100 1200
Particle top-jet candidate P, (GeV)

300 400 500 600 700 800 900 1000 1100 12!
Particle top-jet candidate p_[GeV]
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parton level

events that pass reco & part
events that pass reco

Pass Reco,
Fail PL

take [ ] away

f ATLAS Simulation

1 = 8 TeV, Detector — Particle ET'n’SS
5 resolutlon
0.9| e : |
0.8§ e
... Jet resolution
effect
0. 6

300 400 500 600 700 800 900 1000 1100 1200
Reconstructed top-jet candidate p_ [GeV]
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Differential do./dpr.iop-jet) 1+jets: Uncertainties- s =7& 8 TeV

Loy | 50_| T T T T T LI T T LI T T T T LI ' T T —_ -1
S - Fidulcial phasle-spgcel | ATlLAS | | | E Phys Rev D 93 032009 (2016) ILO’Z‘ = 20.3fb
Z T REmERY eeerae E (2012)
8 A0 s e e e E example at 8 TeV boosted
) 35 ~° Large-R (JES) stat. _
8 - -.-.. Large-R (JES) topology .
~ 30:— gSg/ar;%rg[r?irzation =
2 - - syst estmate
8 2 E Ado/dX(i) = do/dX (i)e3s (pseudodata) -
oc 20;— —; do/adX (j)9enerated
15;_ ; '@' 50_IIII|IIII|III||IIII|IIII|IIII|IIII|III|||||_
101_— - IR H S o 45:_ Full phase-space. ATLAS =
e — T 2 F D sisics (5=8TeV, 203 1 E
BE =T S e e e e R R = ol 40 o b-jet tagging efficiency —]
ey R EEEEE T TR - + —~ == Large-R (JES) data vs MC -
Cimt ot = |5 g0 0 | 0 0t T eeabey e ap ey begepmedap ooy o 8 35—_ -.=.. Large-R (JES) stat. T
300 400 500 600 700 800 900 1000 1100 1200 £  °OF ---lagef (s iopolooy -
Particle top-jet candidate p_[GeV] @ S0 - PSHadronization E
5 250 -
2 0.2 L N D 7 2 - -
£ ATLAS Preliminary - T 20;
g 018 Combined 2012 uncertainty : : B 15
8 0 16 — |N-SitU gamma-+jet anti-k1 LCW ]et with R=1.0 -1 o
= : valid up to 1000 GeV Trimmed (f_=0.05,R_ =0.3) J 10;—
o 014 T e combiomton romsnoGev I = 0 Mip, = 0.2 E R
& 0.12 =+ MC topology — et T T
2 P[Ie-upuncer‘tmnty(”:ZO) . _: -J—l-'I_F'llll||III||||II|IIII|IIII|IIII|IIII|IIII
S 01 , : - 300 400 500 600 700 800 900 1000 1100 1200
g L 1
S 0.08- 2014largeRJESATLASTwiki = Top quark p [GeV]
L 0.06 L .
0.08 frpraramm s - Jets are dominant uncertainty
0.02 T T —— o —— - Comparison of data to prediction derives
0 e . p-value for x? variable built with the full
2x10 3x10 2x10

ntepoaton P [GeV] stat+syst covariance matrix
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Js =8 TeV

do/dpr(data) < =
do/dpt (NLO
predictions)
effect enhanced

In boosted
regime

MC hierarchy
qualitatively
similar

Particle

Data

t,had / GeV

T

p

1/6.-do_/d

Prediction

tt

tt

Data

1]

Resolved”

3 CMS, 19.7fb'at (s =8 TeV
x10

e/u + Jets e Data
MadGraph+Pyth|a6 =
--- MC@NLO+Herwig6 1
--- Powheg+Pythia6 =~
— - Powheg+Herwig6 7
----- Approx. NNLO

(Phys.Part.Nucl. 45 (2014) 714) _:

Eur. Phys. J. C_
/5 (2015) 542 -

D oM W r OO N D

e
- N

o
o

Stat.
Stat. ® Syst.

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

— —
— N D
TTTTTTT

0.8E
0

ATLAS Fiducial phase-space

-1
\s=8TeV,20.3f" , pu,

— PWG+PY6 h,, .=m,

----- PWG+PY8 hy, =m,

..... MC@NLO+HW AUET2
—— MadGraph+PY6 P2011C
.......... PWG+HW6 AUET2

Stat. unc.

Stat.+Syst. unc.

200 200 600 800 1000

arxiv:1511.04716 submitted to EPJE

francesco.spano@cern.ch  Top Quark Physics at the Large Hadron Collider

Results Boosted

Phys Rev D 93 032009 (2016)

— 102 T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T—]
D S 3
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S — o A POWHEG+HERWIG —
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— _ oA -
— ATLAS ]
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top quark P, [GeV]
Phys Rev D 93 032009 (2016)
; 10 :I T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T T :
- -
8 = . Fiducial phase-space -
S B *n — Data |
- - 2 POWHEG+PYTHIA
I T o o ALPGEN+HERWIG E
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L . _
10—1 L _IL —
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u A
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Quantitative assessment of “boosted” dow/dpTtop

Phys Rev D 93 032009 (2016)

SATIAS

) ‘ s
EvBaeEDIAAELTY

TABLE III.  Correlation matrix between the bins of the particle-level differential cross-section as a function of pr .

Pt [GeV] 300-350 350-400 400-450 450-500 500-550 550-650 650-750 750-1200

300-350 1.00 0.83 0.79 0.79 0.72 0.63 0.58 0.51
350—-400 0.83 1.00 0.83 0.80 0.76 0.74 0.67 0.60
400-450 0.79 0.83 1.00 0.87 0.79 0.78 0.77 0.63
450-500 0.79 0.80 0.87 1.00 0.89 0.76 0.77 0.66
500-550 0.72 0.76 0.79 0.89 1.00 0.84 0.75 0.62
550-650 0.63 0.74 0.78 0.76 0.84 1.00 0.89 0.71
650-750 0.58 0.67 0.77 0.77 0.75 0.89 1.00 0.87
750-1200 0.51 0.60 0.63 0.66 0.62 0.71 0.87 1.00
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SOATIAC

YF\I'\"FIA AFAIY

x* Table for
particle level

results vs MC
predictions

Quantitative assessment of “boosted” dow/dpritop

[fb/GeV]

t
pT

do./d
ft

Pred. / Data

10

107!

102

:I T T I T T I T T T T I T T T T I T T T T I:
e °~ Fiducial phase-space =
B N — Data B
o POWHEG+PYTHIA
e . o ALPGEN+HERWIG 3
— ° s MC@NLO+HERWIG —
— m4 » POWHEG+HERWIG —
— ATLAS -
| Vs=8TeV,2031b" o ]
u A
2__llllilllI'Lllllilllljllllillllillllilllljllll__
A S SR TR SRR S ]
' 1 o ..‘ My g W mA - n A
0T -
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300 400 500 600 700 800 900

Particle top-jet candidate P, [GeV]
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1000 1100 1200

Phys Rev D 93 032009 (2016)

vector of (do/dX (i)meas - do/dX (jjpredicetd)

‘\

Y =Vi.Covl.v

Cov is the full estimate of the
covariance matrix (syst+stat)

S T
i\ ALPGEN+HERWIG

MC generator PDF Y’ p-value

POWHEG+PYTHIA hgamp = myop + Electroweak corr.  CT10 9.8 0.28

POWHEG+PYTHIA hgamp = Myop CT10 13.0 0.11

POWHEG+PYTHIA higamp = 00 CT10 15.6 0.05

PowHEG+PYTHIA hgamp = Mo HERAPDF 94 031 . ...
PowHEG+PYTHIA hdamg = 00 ’ HERAPDF 10.9 0.21 S_lgnlflcant
PowHEG+HERWIG CT10 8.2 0.41 dlscrepancy

Table 6: Values of y? and

of the measured cross-section for various predictions. Electroweak corrections are applied only to the first
prediction.
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Measurement of 1/ow dow/dX @,/s = 8 TeV
example y* Table : particle level results vs MCs

SATIAC
“BExpERIMENT Resolved arxiv:1511.04716 submitted to EPJC
Variable PWG+PYS8 MC@NLO+HW PWG+PY6 PWG+HW6 MadGraph+PY6
CT10 hgqmp = m, CT10 AUET?2 CT10 hgmp = m; | CT10 hgamp = 00 | MadGraph+PY6 P2011C
Y?/NDF  p-value | y*>/NDF  p-value | y*/NDF  p-value | y*/NDF  p-value | y?/NDF p-value
- 11/14  0.72 25/14 ___ 0.04 12/14  0.59 3.1/14  1.00 (35/14 <0.01)
Ry: (20/11  0.05 j (24/11 001 )| 2511 0.0l 42/11  0.96 (60/11 <0.01)
b 27/9 <0.01 40/9 <0.01 24/9 <0.01 58/9 <0.01 240/9 <0.01
"d C 110/17 <0.01 T1/17 <0.01 100/17 <0.01 110/17 <0.01 210/17 <0.0l)
m' 7.9/10 0.64 4.6/10 0.92 3.8/10 0.95 6.7/10 0.75 ( 21/10 0.02)
Yo 83/15  <0.01 | 56/15  <0.01 76/15 <001 | 80/I5 <0.01 | 160/15 <0.01
\pit 2.4/5 0.79 9.0/5 0.11 8.8/5 0.12 11/5 0.05 3.3/5 0.66
7d 22/17 0.18 11/17 0.88 20/17 0.27 15/17 0.60 13/17 0.72
pfr’_ 1.3/5 0.93 2.6/5 0.75 3.1/5 0.68 4.2/5 0.52 2.9/5 0.71
H’Tf 8.2/14 0.88 12/14 0.59 13/14 0.52 2.3/14 1.00 38/14 <0.01
A" 0.8/3 0.84 24/3 <0.01 5.0/3 0.17 17/3 <0.01 19/3 <0.01

Table 3: Comparison between the measured fiducial phase-space normalized differential cross-sections and the
predictions from several MC generators. For each variable and prediction a y? and a p-value are calculated using
the covariance matrix of each measured spectrum. The number of degrees of freedom (NDF) is equal to N, — 1

where Ny, 1s the number of bins in the distribution.

tt system variables

vector of (do/dX ()meas - do/dX (j)predicetd)
Np= number of bins

individual top variables

2 —_ T . _1 . /

Cov is the full estimate of the covariance matrix (Syst+stat)
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ATLAS vs CMS vs Theory (I) :1/0tw dow/dpTiop @ Js = 8 TeV

‘:_— 0 008: | I L L I ] ' LI l ] U B | I 1] | L I ] | | | I | L L I ] ;
% "7 ATLAS+CMS Preliminary LHCIOPWG  (5-8TeV, Nov201s ]
partOn level O, 0.007 " ATLAS, L =203fb" —
‘_‘Q—'_ - ..4.¢..I paper in preparation -
= ' : e CMS,L=19.7fb" -
A 0.006[— : . arXiv:1505.04480 g
ATLAS & CMS 5 - : : — NNLO (MSTW2008 PDF) -
Public summary plots © 0.005- : SRS arXiv:1511.00549 —
@) - : : approx. NNNLO (MSTw2008 PDF) -
S~
it ; i PRD 90 (2014) 014006 -
— 0.004 _""0‘""] | == DiffTop approx. NNLO (CT10 PDF)
e ATLAS & CMS - : JHEP 01 (2015) 082 —
measurements are °°°°3E' Ly.-..m =
generally oF E
consistent with 0-0021 - .
- ! —
each other and all - frgerriiey =
- .- 0.0011 - N
predictions - !..w,., .
» CMS shows slight . T T P | eee———
slope S| 145t CMS Stat. @ syst.unc. PR E
_0C> 01 2F ATLAS stat. ® syst. unc. -
| ] = -
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performed yet ol 0 50 100 150 200 250 300 350 400

P} [GeV]

francesco.spano@cern.ch  Top Quark Physics at the Large Hadron Collider ~ Seminar- Dipartimento di Fisica - Universita di Napoli “Federico II” 27th April 2016 65



mailto:fracesco.spano@cern.ch?subject=

Latest differential: dow/dNjets @ Vs =13 TeV

ATLAS-CONF-2015-065

Global event description |

- Extra jet emissions are mostly regulated by the Parton Shower generators
sensitive to matching to matrix-element generators and to shower model
predictions from modern generators in agreement with each other within <15%

however in extreme regions observe discrepancies which need to be tuned further

0, : et A e
o2 1: ATLAS Preliminary
© - 13 TeV,3.2fb =
—Io 3 BB add. jet p, 225 GeV -
10 E
E revvilivew 8
eu-channel S
10"2 = — Powheg+Pythia6 .
= — - Powheg+Herwig++ -
C - aMCAINLO+Herwig++ ]
ol o Doty Ty PS dominated
107 = <€ >
R — 1 PP -
1.4 Stat. =
% I =Stat.+Syst =
R e s
s 08 g
0.6 c

0 1 2 3 4
Number of additional jets

do
d Njets

—|0

(Pedro Ferreira da Silva @ Moriond 2016)
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PAS-TOP-16-011

tt+jets is dominant
bkg to tt+Higgs &

new phys

CMS Preliminary 2.2 b7 (13 TeV)
E | | | | | E
- Dilepton P> 30 GeV, 1 < 2.4
L e Data ]
g Powheg v2+Pythia8 E

-.--- Powheg v2+Herwig++
- - - MG5_aMC@NLO+Pythia8 [FxFx] |

3 MG5_aMC@NLO+Pythia8 [MLM]
------ ;- --.- C o m o e o om oo
3 PS dominated * -
< >
| | I —
- W Stat. Y *rretert-rtivie =
nl Stat. ® Syst. ¢ -. _ _ _ _ _ _ -

2 3 4 5 =6

N

jets

Dilepton channel
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Latest differential: 1/ox dow/dpriop @ Vs = 13 TeV

- dilepton selection: 2 OS lep (ete-,pu*y,e*u™),= 2 jets, =1 b-tag

- bkg: data-driven Z+jets, (tW), diboson, tt+V fake leptons(from simul.)
« Subtract bkg, unfold (regularized) to parton level & derive 1/0w dow/dprtop

« Combine results of different channels

»—  do/dpr(data) ‘\

* < do/dpt (MC predictions), > reasonably described by

similarto 7 & 8 TeV ualitative . :
- q all fixed order calculations
 best description by POWHEG+HW+
CMS Preliminary 2.2 (13 TeV) CMS Preliminary 2.2 b (13 TeV)
',I__| 10-1?' ettt ? — 10'1:—| LN I Y I B L B Y B |.| LI L B B I B B =
= - Dilepton e Data ] > - Dilepton e Data ]
3 Powheg v2+Pythia8 ] Q i Powheg v2+Pythia8
L 10-2 _ -.-.- Powheg v2+Herwig++ - |(_5, 10 ol ®  Approx. NNLO JHEP 01 (2015) 082 B
ol _ﬂ_,__[""L___ - - - MG5_aMC@NLO+Pythia8 [FxFx] 3 ol o~ 4 Approx. N°LO PRD o1 (2015) 031501 3
Ol S MGS5_aMC@NLO+Pythia [MLM] ] O 5 : v NLO+NNLL ar.)(lv:160"l.(.)7020 1
el —(D . + NNLO 2016 prelim., arXiv:1511.00549 |
: | E 10°F -
—.-;—-I-—
4| _|
10 "1 ,
= T A AT TS T T IS Y A o |
= . gtat. S T
> — > 1.5 tat. @ Syst. —
=|®© = c L ’
Sl 1E 3|3 B ¥ T
< 0O < 10 L " + +
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Latest differential: dow/dm« @ Vs = 13 TeV () dilepton

selection

Towards probing precisely the measured tt invariant mass

NEW PAS-TOP-16-011 X

Test QCD production modes Test EW corrections (Z,Y,H Lt .« L.
near threshold (2¥%H)  Rate/shape reproduced within uncertainties

(.

JHEP 1009:034.2010

A r Elusive signs of new physics

» PRD 90,014008 (2014) 10.1007/JHEPO[(2015)092

Illlil..

' | 'PthevD9IOI4020 2015 - | T

i M WHiets
i 7 Il Z+jets ' |
- % [ ] Diboson N Bump hunting

Uncertainty / N

Entering the
boosted regime

hadronic top jet
%/w

PDFs, cs at high x

Pole mass scan?

A A i -
me 4o, A<mi> 1.40 .
mt, < mti > =

JHEP 0901:047.2009 1.2

-

N

SN

Top mass running?
400 600 800 1000 1200 14E)0 1300 5 mg=my ()
(Pedro Ferreira da Silva @ Moriond 2016) m; LGeV
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Latest differential: dow/dm# @ Vs =13 TeV (l)  dilepton

[ J [ J ([ I t.
Probing the measured tt invariant mass >
 New pas-rop- 16011 1

Rate/shape reproduced within uncertainties

CMS Preliminary

TeV)
LI I l | | I 1 L] LI

2.2 (13
1 T I I 1 I I

5000 E Dilepton ¢ Data B Wets '
- Bl ti signal [ Z+jets

4000 — % tt other ~ [_]Diboson ]
C I Single t Uncertainty ]

Give my interpretation???

*  Precise measurements of M(tt) and others
depends crucially on the understanding of
ME+PS-based predictions

Top-quark pairs / 50 GeV

»  Current uncertainty at the level of 5-20%

N , CMS Preliminary 2.2 b1 (13 TeV)
 ._,l|||||||||||||||||||||||

o F - ambiguity in data shape corrections
> Dilepton e Data
©  10%F E
S ﬁ_.._ —— Powheg v2+Pythias dominated by different MC models
B E'ﬁ - v NLO+NNLL' arxiv:1601.07020 .
O 3L . aiv: = o :
Fl-bo 10 . + NNLO 2016 prelim., arXiv:1511.00549 . Lar'gest contributions from choice of
104F E *  hadronizer (Pythia8 vs Herwig++)
g8 * - NLO generator (aMC@NLO vs Powheg)
E. e e e e e Ly E
14 £ I Stat. E = complement with alternative measurements
- = A\ . . . .
2 § 1 :I:ur —— . I+ & to constrain PS related uncertainties
e - -
= 0.8 i . (e.g. underlying event, jet activity, etc.)
I =

400 600 800 1000 1200 1400 1600 . Experimentally jet energy scale unc. dominant
m. [GeV]

(Pedro Ferreira da Silva @ Moriond 2016)
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tt & t cross section prospects for 13 TeV

¢ [ncrease in luminosity & cross section will enhance signal, backgrounds,
possibly better S/B; even though samples are already extremely pure

e More particle level vs parton level measurements

 More differential cross section measurements
» test uncharted territory (high Niets , high pr), top pr crucial for searches

> focused syst studies as above in each diffxsec bin interplay with bin and
unfolding optimization

» enhance selection efficiency in more boosted configurations by tagging high
transverse momentum massive objects

e Combinations will improve uncertainty by including uncorrelated uncertainties

® Measurements are dominated by systematic uncertainties 2 strategies

» Reduce syst uncertainties by measuring differential distributions that are
sensitive to alternative models tune ambiguities, discard un-tunable models

% generator modelling: crucial harmonization in LHC to achieve combined resullt
*ISR/FSR

“* Fragmentation: tune simulation/hadronization models
“*improve PDF measurements particularly high x gluons and feed-it back

> De-sensitize analysis to sys uncertainty: use ingenuity and intuition to develop new
cuts, reconstructions schemes
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Measurement of top quark mass, m
.e.

the defining property
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The Top mass (I) oo 0101 s 200
- Remember the SM Lagrangian e = Yev/V2

L—Higgs,(trmiows — LK‘ %‘j ‘K’,?"‘ L c-. L'top — VM’ttLtR ./\/2 + gt HtLtR /\/;2

provides CKM matrix mass term interaction term

At LO, m=mpare iINn SM Lagrangian, beyond LO mip depends on renormalization
scheme

- Rapidity of convergence in perturbative regime depends on
renormalization scheme (even if results don’t)

- QCD is only asymptotically convergent : scheme should be acceptable in
non pert regime too + no infinite order in perturbative regime

Typical renormalization schemes
e Long distance scheme ~ Pole mass: real part of pole position in complex
momentum space; imagine taking free particle to infinity, and measuring mass
(impossible for QCD, top is coloured and confined); closer to collider measurement

e Short distance ~ Minimal Subtraction (MS): subtract the divergent term of corrections +
universal constant; do not touch finite part.

e Mass difference between any two schemes is calculable as perturbative series in Qs

, .. 2
4a,(m - (a(m)\"
Mpole = m(mT) (1 5 P s ( ) + 8.28 (( - ( )) b R ) + O(AQCD)

3 T

¢ Difference involves integral of alpha_s over a region where it becomes large so the series does not converge :

the ambiquity is of order /\acp
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Top Quark Mass essential clues

, =p—m’ — X(p,m’, p)
+ 2 0 0 o[ Qs fin, 0 0
g E<mam7:u):m [__i_} —i_zn(m?mau)

e

MS scheme: mozm(u)ll—inr...]

— m(u) is pure UV-object without IR-sensitivity A. Hoang (TOPLHCWG, Jan 2015)

— Useful scheme for 1 > m

— Far away from a kinematic mass of the quark

. 8%
Pole scheme: mO _ mpole [1 s 4. :| o Eﬁn(mpole,mpole7 M)
me

— Absorbes all self energy corrections into the mass parameter

1> Close to the notion of the quark rest mass (kinematic mass) Should not be used if
uncertainties are
below 1 GeV !

— Renormalon problem: infrared-sensitive contributions from < 1 GeV that

cancel between self-energy and all other diagrams cannot cancel.

— Has perturbative instabilities due to sensitivity to momenta <1 GeV (Aycp)

TOP LHC WG, Jan 12 - 13, 2015
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What is top mass and how is it measured’? the

propagator to arplitude: higher order corrections

1

() | () ()

10

I 1 0.8

pr—m? T | U/

N\

1 part irreducible: cannot

o/

| —p2—m2—i-T(p?)-m

04}

be split in two by removing
a single line

N +/\
~__\

" 06}
| | I I |

o2rf

Dole

Definition 0

Definition of mp from top decays

If ['.op were < | GeV, top would
hadronize before decaying. Same as b-
quark

But [op is > | GeV, top decays before
hadronizing. Extra antiquarks must be
added to the top-quark decay final state
in order to produce the physical state
whose mass will be measured

As a result, Mexp is not equal to mPoe,,
and will vary in each event, depending
on the way the event has evolved.

The top mass extracted in hadron
collisions is not well defined below a

precision of O([top)~ | GeV

francesco.spano@cern.ch

¥
TN L

Top Quark Physics at the Large Hadron Collider

e S

me = Flattice/potential models (mT, O(QCD)

exp

Goal:

- correctly quantify the systematic uncertainty
- identify observables that allow to validate the
theoretical modeling of hadronization in top
decays

- identify observables less sensitive to these
effects

N IB=F ) M2T2
.' || Breit-
[ | Wigner
' line shape
J r |.
| | ® Detector
/ I“‘\
M \_
£ W
E, =m,C
essential clues

® [he parameter of
the Breit-Wigner for
a resonance :
property of a
distribution.

(M. Mangano,
TOP2013)
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Theory tools to measure the MC mass I
1) A. Hoang (TOPLHCWG, Jan 2015) essential ciues

The relation between MC mass and field theoretical mass can be
made more precise by measuring the MC mass using a

completely independent hadron level QCD prediction of a mass-
dependent observable. Need:

® Accurate analytic QCD predictions beyond LL/LO with full control
over the quark mass dependence

: ® Theoretical description at the hadron level for comparison with MC
a Jet events at the hadron level

Observable: Thust in e+e- Start work on b-hadron mass as a test case
_ > i |1 pil SUMMARIZE
7 = 1 —maxy Q Compare MC with SCET (pQCD, summation, hadronization effects) @ NNLL for Thrust
7'30 M12 —I— M22
~ o
2) G Corcella . /aniv.ora/pdf/1409.8592.0df

- For quark making hadrons well defined
calculation exists to obtain pole or MS mass

* Force MC to generate a fictitious T hadron
- relate T mass to standard top decays
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heory tools to measure the MC mass : latest  essential clues
A. Hoang @ Moriond 2016

Conclusions & Outlook

® First serious precise MC top quark mass calibration based on
e*e” 2-jettiness: preliminary results.

® NNLL+NLO QCD calculations based on an extension of the SCET
approach concerning massive quark effects (all large logs incl. Ln(m)’s
summed systematically).

®* The Monte Carlo top mass calibration in terms of MSR mass with
perturbative error O(500 MeV) appears feasible at NNLL+NLO

® Intrinsic MC error seems O(100 MeV).

Outlook:

® Full verified error analysis @ NNLL+NLO on the way

® Calibration for other MC generators

®* Heavy jet mass, C-parameter (NNLL), pp-2 jettiness analysis (NLL) w.i.p.
® NNNLL+NNLO (2jettiness) w.i.p

® Mass (+ Yukawa coupling) conversions w. QCD + electroweak
51st Recontre de Moriond, EW Session, La Thuile, March 12-19, 2016
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A Pomerol Theory Summary - Moriond EWK 2016

: 111t
Extraction of the top mass: o~

Andre H. Hoang's proposal:

mSR(1GeV) [GeV]

LHC+Tevatron error O(500 MeV)
175} .
Direct Reconstruction: SRS TOP 14008 ]
7005!4; liming ,"1’2‘“’."[‘(:;::;“; _ 174 [ . Q@‘* ] ‘
; 600" ”::n"‘:" o ] . ®\
t\é jﬁg: f 173} \\ ’
w* d 300~ s Q‘e l]
: : to0¢ 1172}
kinematic mass T e
determination 1 Pyt ” Us efu | fO r

precision tests
of the SM!

170}

100 200 300 400 171}
4356 events m [GeV] l

NLL |
NNLL

168 _— 2
168 169 170 171 172 173 174 175 VA
myc [GeV]

169}
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c.cotenas cERNsomina. - [H|QS potential stability

IF SM is valid up to the Planck scale G. Degrassi et. al., arxiv:1205.6497
The current experimental values of my and m,,, are very o N W
intriguing from the theoretical point of view: 008l M, = 125 GeV ]
. . . . Tt 30 bands in '
B the Higgs quartllc coupling coulq be rather small, vanish or _ -\ M, = 173.1 £ 0.7 GeV
even turn negative at a scale slightly smaller than the Planck S 0061 \ (M) = 0.1184 + 0.0007
scale. & [
, B 004
B if A(u)>0 "
the electroweak vacuum is a global minimum *?: 0.02 |
3 [
B if A(p) <0 = [
) 8 000f
the electroweak vacuum becomes metastable (does not = [
become unstable over the age of the universe) _oml
1 1 , M, = 1753 GeV
2 %2 4 ¢ =22 Ue
V - — @ —I— —A@ -0.04 - I (N SN TN NN TR NN SN SN NN SR N SN SR SR SN N
) 4 102 10* 10 10% 10 10'2 10" 10'® 10'8 10%°
180 e === 6 RGE scale y in GeV
o " Instability == " Meta=stability . - ¥ Evenin the absence of direct
O s — ' | - - evidences for new physics at the LHC,
: - - ] [} [}
S 175 N ] the experimental information on my,
2 | &9 : and my,, gives us useful hints on the
= ol > 5 structure of the theory at very short
c .- ] ]
P - 1012 sl 5 distances
S - Stability . _ .
. - : ® Renewed interest for precision m,,,
PL ] N S S s measurements
115 120 125 130 135

Higgs mass M;, in GeV

francesco.spano@cern.ch  Top Quark Physics at the Large Hadron Collider

G. Cortiana

Seminar- Dipartimento di Fisica - Universita di Napoli “Federico II” 27th April 2016 78


mailto:fracesco.spano@cern.ch?subject=
http://indico.cern.ch/event/259686/material/slides/0.pdf

V Branchina, @ Moriond 2015

.. Or how stable is the instability”?

\

Probably worth to know that for My ~ 126 GeV and M, ~ 173 GeV

Top loop-corrections to the Higgs Effective Potential

V NOT IN SCALE
destabilize the electroweak vacuum... etr (4)

Instability = 10'* GeV

NOT IN SCALE

Verr(9)

Instability X\
\
\
\

E W = 246 GeV

—_ ;

~103* GeV !!!
EW

New minimum at gb(2) ~ 10 GeV !

min

SM Effective Potential extrapolated well above Mp !!!

Remember : you normally hear... “assume SM valid up to Mp”

Does this make any sense 777 Is this a problem or not 777

. /

To make sense out of this potential, people have (had??) arguments ..

1. New Physics Interactions that appear at the Planck scale Mp
eventually stabilize the potential around Mp ...

. meaning that if you take into account the presence of these new
physics interactions at Mp, given in terms of higher order operators as

¢° ¢°
ME o ML
these terms stabilize the Higgs potential around Mp...

francesco.spano@cern.ch  Top Quark Physics at the Large Hadron Collider Seminar- Dipartimento di Fisica - Universita di Napoli “Federico II” 27th April 2016 79



mailto:fracesco.spano@cern.ch?subject=
https://indico.in2p3.fr/event/10819/session/3/contribution/26/material/slides/0.pdf

.. Or how stable is the instability”? YBranchina, @ Moriond 2015

“Precision Measurements of M,” \

Phase diagram with A\ =0 and Ay =0 - Literature case Phase diagram with \¢ = —0.2 and A\s = 0.5

180F ‘ ‘ ‘ ‘ ‘ 3 180F

=

178} 178} - -1

176 f 176 f

174F 174F 2

172} 172} \ .‘ A o s it E

170} 170} -
. r Metastability =~
168 168 -

P -~ < o\ e V-l "l Vi " ¥ VR V<

166 F = -~ el Vel Vel Vol Vol Vel Vol Vet Vet Ve

166 F

110 115 120 125 130 135 140 110 115 120 125 130 135 140

Phase diagram with \g = —0.4 and \g = 0.7

180

178

176 ¢

174

Mgt
170 |
1681 = Stability
Metastability LA : ; ; }
166 SIS L
110 115 120 125 130 135 140
My

Precision measurements of }, (and My) cannot discriminate
between stability, metastability or criticality ... The knowledge of
M, and My alone is not sufficient to decide of the EW vacuum
stability condition. We need informations on NEW PHYSICS in order to
asses this question ...

. /
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V Branchina, @ Moriond 2015

.. Or how stable is the instability”?

The Phase Diagram

180 — e T
] .10°]
178 —
L 1019
= & ‘1011:
B 176 ¢ 1012
R= N ’10_11
§ P :3’2116562:
2 174 -~ e |
= r fa—
& 172 : The two statements :
170 I —»"“’: : :,:-‘:-,’_'/’J’:—;/"’( ° oy e
X = Stability (1) - There should be new physics at the Planck scale that stabilizes the
]68120‘ ‘léZ‘ ‘154‘ ‘1‘26‘ ‘ ‘12‘8‘ ‘1:‘50‘ ‘ ‘132 pOtentlal
Higgs pole mass M), in GeV 180 —— ‘ S
in not Universal ! -
. o o1 e . V (¢) NOT IN SCALE [
... one out of different possibilities .. ' , %
Instability = 10* GeV | p’ L
I S [
g 1741 ’ )
— <\, ™, ; - Metastability ~~ | .
E W = 246 GeV : E 172}” ’ ’
|
| ) o7 e% s i
T of e f
uj/_i%}" Stability 1
168‘ L L L | L L L | L L L | L L L | L L L | L L L ]
120 122 124 126 128 130 132

Higgs pole mass M), in GeV

(2) - The stability phase diagram in independent on this new physics

Cannot be true at the same time
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measuring the top quark mass, Mmiop

standard & “alternative” measurements
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vvnat Is Top mass and Now Is It measureqa’

Techniques essential clues

1. Select ttevents
2. Construct observable that is sensitive to miop
3. Parametrize observable in m: using MC simulation

4. Fit to data, extract mass

- Compare predicted distribution of observable with measured m is

measured one as a function of top mass associated parameter of
to observable. Distance is “measured” by - predicted
log(likelihood) to be minimized. distribution
» template method, ideogram method, matrix element, end-point...
=M mmr-1606ev | < [H - |4
o mMc=170 GeV | ¢ I=
= mM“=180 GeV | § <
S h .
(images by B.
Stieger (CERN))
1
0 T
M m"¢ rn:extr mM¢
Uncertainties

- Most precise methods need full event reconstruction: what jets to use and
assign to quark, missing energy due to neutrinos in final state

* Precision measurement dominated by systematic uncertainties: mostly jet &
theory related. Develop techniques to constrain uncertainties from data or

make analysis less sensitive or insensitive.
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vvnat IS T0p mass and NOW IS It measureq’? essential clues
Standard Techniques (see B. Kehoe, Int.J.Mod.Phys.A23:353-470.2008)

Different (ways to find)/(format for) the likelihood as function of Miop
Given  pevt(zme, v, f) = fprop(|me, o) + (1 = flperg (2]0)  _ yector of observable
—In L(21...x0|my, o, f) = Zlnpevt z|me, a, f). quantities (fets, leptons,..)

a=vector of scale factors/
Temp late Method nuisance parameters

Prob to observe x given my

Ptop (3j ‘ mye, & . . .
rom fully simulated events (sometimes parametrized)

Matrix element method : Convolution of matrix element with transfer functions

1 _
psig(x|mta Oé) — o _(mt) /dZdzf(Z)f(z)do-tf(yv mt)W(aj‘y7 04)7 PrOb to obserVeX gl'ven parton
’ do=(. m0) = M? dcb‘(;/ ™~ momentum y, scale a
A I T s O parametrized from full simulation

L O matrix element for qq — tt — (vbgq'

Ideogram Method Convolution of analytical parametrizations for theory & detector
signal-bkg discriminant least square for reconstruction

P (0lme @) %) > exp (%i!f / Gl o) Blm!ymy)dm’ + (1~ £)S(mi, me)

Prob of “correct” jet- parton Gaussian with Breit Wigner
assignment from full simulation mean m and width — mean m’ and witdth
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Measuring top mass @ Js =7 & 8 TeV JLat=19.7 b (2072)

Phys. Rev. D 93, 072004 (2016) ILo’t — XXX fb5'1 (2012)
* Select f+jets, all jets and dilepton events CweTT

» 1 lepton (e,u), =4 jets, 2 b-tags OR d
» 2 Opp. Sign ¢¢(e,u), =2 jets, high E7™SS + veto me; around mz, eu: high Hr OR
» =6 high pr jets, 2 b-tags
bkg: data driven multi-jets (all jets) W+jets+fake leptons, single top, Z+jets,dibosons from simul.
Reconstruct mip-sensitive variable

- £+jets or all jets: derive tt topology with LO  + dilepton : Assign b-jets to top, impose
kinematic fit (m:op,HaD= Miop,L.EP,Mw constraint) 4-mom conservation, Mw and Miop -
— assign 4 or 6 jets hypo— get neutrinos 4-mom. + weight

- keep event if Pst>0.2 or (>0.1 & DR(bb)> 2.0) giﬁ?;ﬁ.;,”% r?tn v\r’?tshommtiao)z 39&52%)—» Keep

* Miop™°° from fit-assigned but unconstrained jets or from kine solution

CMS  Lepton+jets, 19.7 fb™ (8 TeV) CMS All-jets, 18.2 fb™ (8 TeV) 0o @MS_____ Dilepton, 19.7 f?f.(.sl TeV)
[T T T T T T T T T T T T T ] F T T T T T T T T = > [ . ® Data (= 1 b-ta E
% 1 2000 i i tt correct | i \?\;n_dle t i % C | |:|| Background | ] 8 QOOOS— / _ ( o 3
O) [ [t wrong E Z "-'gitss ] (O 500k . o I M« ]
10000 [ unmatched C ij - = 0% W oret-ven E
Te) I [ QCD multijet ~— C e Data - ]
~ - ¢ Data [ Diboson ] ~  400C N £ 7000 Wl single t g
8 8000 ' After P_ _ selection | 2 § After P__ selection > s000]- e E
s [ ~28ke S B -SRI : u o Towsn
= 6000 ’ > o0 : soock
-S i C 4000F 3
i 200 . : ]
g 4000 i 3000 .
(D) C c .
0 2000 100F ] 2000 .
i O C Ii. 1000;
O B C 1 | 1 1 |
2 1 .5 | r Z 1 g 1 .5 / o ,1 o .‘ h r, | ) O 1.5 TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT
3 N ' 3 1 WW/ S
E L L % |/ )| ) L I\ l | J| L I\ J ) \ L 1 4 (U 0.5 S J S J S J ! % 1 2 W”WWWWM”MWMWW%M%
a 05 100 200 300 100 © /0 80 90 100 110 120 o N T FE T R ST

. reco
mit [GeV] M [GeV] T (G
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Measuring top mass @ /s = 8 TeV [Lat = 19.7 fb™1 (2012)
Phys. Rev. D 93, 072004 (2016)

* (wjets orall jets) | g simulated prob. density  * dilepton

function (pdf/templates) of

Miop™C® as a function of  ~ .
* Miop, JSF: global jet k’/ \ Mtop
en. scale factor, jet- =

parton assignment in 2 Pi[ T Psig()+(1-fsig) Pokg ]
Kine fit
- For each event derive
* ideogram (= event ~ - event likelihood for
likelihood) for miop©°° A/ Mtop ¢° from pdfs:
from pdfs & kine-fit info: function of Miop,

function of Mtop, JSF

 Maximize likelihood of data set as function of

/ sum of goodness of fit \
less weight to incorrect '

L (sample|m, JSF) = [T L (event|m,JSF)™ " permutations product of ev, Ik
events -
1D 2D hybrid Mtop,
mtop mtop, JSF .
’ ideogram — ideogram-P(JSF)
JSF=1 P(JSF) = Gauss(1,width of Jet Energy Correction)
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Measuring top mass @ /s = 8 TeV [Lat = 19.7 b1 (2012)
Phys. Rev. D 93, 072004 (2016)

- Hybrid is the most precise method: includes more info about JSF

. | | 1 [ [ [ [ [ [ [ [
m Found anti-correlated uncertainties between 1D and 2D fits % : | o | Total uncertainty 1
m JEC, JER, pileup, radiation, top pr, ... O} ; m Systematic (w/o JEC)
_ 2 0.8 O JEC n
m Reason: Flat JSF overcorrects for uncertainties that mostly 2 _ l . Stat+ JSF 1
affect the light jets (due to flavor- and/or pr-depency) (,% :. ' .
m Methods for improvement: 0.6/ m® . m
- - : = |
m Use pr-dependent JSF (CDF) - m s B
m BLUE combination of 1D and 2D (ATLAS) - - " o]
m Weigh down JSF constraint 0'4__ |
m Add external JES constraint (D0, CMS) R O .
m Trade-off between JEC and other unc., minimum in-between ()_2__** . o _
L OO * * N |
O_ | | | | | | | | | | | |
0 0.5 1
(M. Seidel , LHCTopWG meeting, 17th Nov 2015) Wi

2D <hybrid— 1D
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Measuring top mass @ s =7 & 8TeV ;. _ 19.7 o1 (2012
Phys. Rev. D 93, 072004 (2016)

Comblne 3 measurements @ 8 Tev TABLE IX. Category breakdown of systematic uncertainties

for the combined mass result. The uncertainties are expressed in

with 4 results at 7 TeV: use BLUE GeV.

: | d | 't Combined m, result om,(GeV)
INCIU Ing correlations Experimental uncertainties
CMS Method calibration 0.03
L N Jet energy corrections
- —JEC: intercalibration 0.01
CMS combination, lepton+jets 172.45 = 0.15 = 0.47 GeV JEC: in situ calibration 0.12
This analysis (value = stat = syst) JEC: uncorrelated nonpileup 0.10
oI eIeTgy scate 0-61
ET"S scale 0.03
Jet energy resolution 0.03
CMS combination, all-jets o 172.42 = 0.24 = 0.59 GeV b tagging 0.05
This analysis (value = stat = syst) Pﬂeup 0.06
Backgrounds 0.04
Trigger < 0.01
Modeling of hadronization
CMS combination, dilepton \ 172.71+ 0.20 = 1.07 GeV JEC: flavor 0.33
This analysis (value = stat = syst) b je L mo deling 0.14
Modeling of perturbative QCD
PDFE 0
CMS combinati @~ 179,44 + 043 + 0.47 GeV Ren. and fact. scales 0.10 |
combination (value = stat Sys) ME-PS matching threshold 0.08
ME generator 0.11
Top quark pt 0.02
| | | | Modeling of soft QCD
! — E— — — Underlying event 0.11
165 170 175 180 Color reconnection modeling 0.10
mt [GeV] Total systematic 0.47
_ 5 Statistical 0.13
m; = 172.44 + 0.13 (stat) + 0.47 (syst) GeV U GIAI IR Y RPN R Sy 0.48

Gmtop /mtop ~0.28%
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First M:on, World average

* First combination of miop from 1.96 TeV pp & 7 TeV pp collisions
arxiv:1403.442 7 [hep-ex]

Tevatron: up to 8.7/fb
LHC: up to 4.9/fb

Use most precise
measurement in each
channel by each
experiment

Omyop reduced by

» 28% w.r.t. most
precise single input

» 13% w.r.t to
previous most
precise combination

- Systematics
dominated

» tt modelling

» energy

scale of
light and b-

francesco.spano@cern.ch

Top Quark Physics at the Large Hadron Collider

ATLAS + CDF + CMS + DO Preliminary

CDF Runll, l+jets — —

L, =87fb"
CDF Runll, di-lepton _
L, =56fb" B
CDF Runll, all jets
L, =58fb"
CDF Runll, ET**+jets
L, =87f"
DO Runll, [+jets
L, =36f"
DO Runll, di-lepton
L, =53fb"
ATLAS 2011, I+jets

L, =471f"

=} C

— M
ATLAS 2011, di-lepton

Tevatron+LHC My combination - March 2014, Lint =3.5fb"-8.7 "

172.85 + 1.12(0.52 + 0.49 = 0.86)
e i : 170.28 = 3.69 (1.95
172.47 + 2.01(1.43 =
173.93 = 1.85(1.26 + 1.05 = 0.86)
i@t | /4.94 =+ 1.50(0.83+0.47 = 1.16)
o=4 174.00 = 2.79 (2.36 = 0.55 + 1.38)
172.31+ 1.55(0.23 +0.72 + 1.35)

+ 3.13)

0.95 + 1.04)

Miop = 173.34x 0.27(stat) = 0.71(syst) GeV

Gmtop /mtop ""0.44(%)

L, =471 —_—— 173.09 = 1.63 (0.64 + 1.50)
CL'\:{l_S'4§?b111’ ets — 173.49 = 1.06 (0.27 = 0.33 + 0.97)
C!Y'ii?bﬁ’ driepton —_— — 172.50 = 1.52 (0.43 « 1.46)
CL'\:I:SSf?b111’ alljets e 173.49 + 1.41(0.69 + 1.23)

World comb. 2014 %,/ =510 - = 173.34 = 0.76 (0.27 = 0.24 = 0.67)
4f TeawonMach2ow Funie) U 173.20 % 0.87 (0512036 0.61)
SO LHC September 2013 —_ — 173.29 = 0.95 (0.23 + 0.26 + 0.88)
o | | | t0t8|.| (stat. syst.)
165 170 175 180 185
my,, [GeV]
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First Mo, World average : uncertainties & correlations

GeV

arxiv:1403.442 7 [hep-ex]

francesco.spano@cern.ch

Top Quark Physics at the Large Hadron Collider

* Vary correlation
scenarios
(mtop ,amtop) Stable

within uncertainties

‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T
ATLAS + CDF + CMS + DO Preliminary _

| World
Uncertainty || Combination .
o 17334 * Major effort to
Stat 0.27 .
iJES 0.24 CIaSSIfy o
STES 020 uncertainties &
avour . . N -
bJES 0.25 e define MeV 2 1500
MC 0.38 S100
Rad 0.21 < gob
CR 0.31 , , S .
PDF 0.09 within same within same between oF
DetMod 0.10 ] . . -50;
b-tag o1 experiment  collider colliders 100
LepPt 0.02 PExP pc | prev peoL 150
BGMC 0.10 PCDF | PDO | PATL | PcMs PATL-TEV | PCMS-TEV -200F
BGData 0.07 Stat | 00 | 00 | 0.0 | 00 00 | 0.0 0.0 0.0 :
Meth 0'05 iJES || 00 [ 1.0 ] 00 | 0.0 0.0 | 0.0 0.0 0.0 -250
MHI 0' Y stdJES || 1.0 | 1.0 | 1.0 | 1.0 00 | 0.0 0.0 0.0
: flavourJES || 1.0 | 1.0 | 1.0 | 1.0 00 | 0.0 0.0 0.0 M ev
Total Syst 0.71 wES | 10 |10] 10| 10| 05 | 10 1.0 0.5
Total 0.76 MC || 10 [ 10| 1.0 | 1.0 1.0 | 1.0 1.0 1.0
Rad || 1.0 | 10| 1.0 | 1.0 1.0 | 1.0 0.5 0.5 -
- CR|| 10 | 10] 10 | 10 1.0 | 1.0 1.0 1.0
11 |nput PDF || 1.0 [ 10| 1.0 | 1.0 | 1.0 | 1.0 0.5 0.5
| DetMod || 1.0 | 1.0 | 1.0 | 1.0 00 | 0.0 0.0 0.0
btag || 1.0 | 1.0 | 1.0 | 1.0 00 | 0.0 0.0 0.0
coliumns LepPt || 1.0 | 1.0 | 1.0 | 1.0 00 | 0.0 0.0 0.0
: ‘ BGMC' || 1.0 | 1.0 | 1.0 | 1.0 1.0 | 1.0 1.0 1.0
COom b N ed BGData || 00 | 00 | 00 | 00 00 | 0.0 0.0 0.0
: Meth || 00 | 00 | 00 | 00 00 | 0.0 0.0 0.0
Wlth Mar | 10 | 10] 10| 10 || 1o | 00 0.0 0.0

VY{YYT{TTY{YYT{TYY{YTT{TA
- ATLAS + CDF + CMS + DO Preliminary

Multiplicative factor f [%]
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Tevatron Mo, combination

http://arxiv.org/abs/1407.2682

(* preliminary)

¢ amtop /mtop ~0.36%

July 2014
_ o
CDF-I dilepton 167.40 +11.41 (+10.30 = 4.90)
_ o
D@-1 dilepton 168.40 +12.82 (+12.30 = 3.60)
. * ————
CDF-II dilepton 170.80 +3.26 (+1.83 = 2.69)
_ .
D@-11 dilepton 174.00 +2.80 (+2.36 = 1.49)
, >
CDF-I lepton+jets 176.10 +7.36 (+5.10 = 5.30)
. ®
DJ-1 lepton+jets 180.10 £5.31 (+3.90 + 3.60)
, - -
CDF-Il lepton+jets 172.85+1.12 (+0.52+ 0.98)
. -
D@-1l lepton+jets 174.98 +0.76 (+0.41+ 0.63)
CDF-I alljets 186.00 +11.51 (+10.00 + 5.70)
. * -
CDF-Il alljets 175.07 +1.95 (+1.19 1.55)
o
CDF-II track 166.90 +9.43 (+9.00 = 2.82)
L ]
CDF-Il MET+Jets 173.93+1.85 (+1.26+ 1.36)
e

Tevatron combination *

| |

|

|

174.34 +0.64 (=0.37 = 0.52)

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

| |

150 160

170 180
M, (GeV/c?)

Top Quark Physics at the Large Hadron Collider

190 200
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Global most precise M:op picture (Mar 2016)

CMS Combination (Sept 2015)

latest DO (Jan 2015)
ATLAS Runt (Mar 2015)
World (March 2014),
Tevatron (July 2014),
L HC (Sept 2013)
IR I O RN A R O A N B B
CMS combination N 172.44 = 0.13 = 0.47 GeV 0
LHC is not (value = stat + syst) 6mt°p /mtop ~0.28%
/I'?C/UO’/HQ latest Tev_atron combination (2014) ol
from CMS + arXiv:1407.2682 1(?/2[3: js?a?Z zygt)SZ GeV 5mtop /mtop ~0.36%
new in World combination 2014 —al—
2014-2015 | avxviasiszr s 2oy S| Smitop /Mitop ~0.44%
I I R S TR NN ARt N N AN SN Y N S NI
165 170 175 180
| LHC comb. (Sep 2013) - 173.29=0.95 (0.35:0.88)  OMitop /Miop ~0.54%
ATLAS comb.(:‘f;‘e’tg";ﬁ_ 1 172.99:0.91 (0.48: 0.78)  OMiop /Miop ~0.52%
N R I R T S R N T R R N BN
165 170 175 180 185

DO latest (Jan 2015) m; = 174.98+0.58 (stat+ JES) £0.49 (syst) GeV O6Mmiop /Miop ~0.43%
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Measure miop°'¢ from oy - dilepton - Js =7 & 8 TeV

A=ATLAS, C=CMS [Lat ~ 20.3 fb1 (2012) Eur.Phys.d. C74 (2014) 3109

¢vevbb [Lat ~ 4.6 fb' (2011) Phys. Lert. B 728 (2014) 496-517
Phys. Lett. B 738 (2014) 526 (Corrigendum)

Idea

* otf depends on miepP°'® = Comparing the oit Miop©) to

predilctions expressed as ot"° (mwpP°®) allows determination of
mtoppoe

Mmeas (

Identify miopP°!® = mwopMC+ 1 GeV (propagate uncertainty)
&
Assume that o is not affected by non SM physics

The theory part

o Ogtheo (Miop™) is determined by calculating O at NNLO+NNLL for
different mtopP°*® values & parametrizing the result

ole ]
m; x o= " = i) /miet

mref of

( C ) third-order polynomial in m,,P°€ divided by (71, POl€)4
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http://cds.cern.ch/ejournals.py?publication=Phys.+Lett.+B&volume=xx&year=2014&page=xx%20(Corrigendum)

Measure miop°' from o Js =7 & 8 TeV a=arias, c=cus

¢vevbb [Lat ~ 4.6 b1 (207117) & 20.3 fb1 (2072) Eur.Phys.J. C74 (2014) 3109
The Experimental part

» Standard dilepton selection: 2 OS lept (e*e, ey, pp) (C) or (ep(A)
» C: =2 jets, high ET™ss + veto mye around mz, eu: high Hr
» A:no cuts on Niet,ET™SS,HT

 Extract ou (miopM©) by

- C: correcting bkg-subtracted  , _ N —Ns
Ni with lumi and efficiency AL

* A:simultaneous fit for o, and bko
ep, efficiency to select, reco | Nt = £0u€en2ep(1 = Coep) + N
and b-tag a jet in 1-b-tag and | n, = Loye,, Cped + N2
2-b-tag samples

Phys. Lett. B 728 (2014) 496-517
Phys. Lett. B 738 (2014) 526 (Corrigendum)

change miopMC— event kinematic properties of tt change— acceptances/efficiencies
(A, e ) & single top bkg (N ,Ni ) vary correction yield— ot = o(Miop™'©)
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Measure mtoppole from Ott Eur.Phys.J. C74 (2014) 3109

[Lat ~ 4.6 fb™1 (2071) & 20.3 b1 (2012) Phys. Lett. B 728 (2014) 496-517
tvLivbb A=ATLAS, C=CMS Phvs. Lett. B 738 (2014) 526 (Corrigendum

- Extracting miooP?'® by incorporating theory and experimental uncertainties
1.Determine Bayesian prior fin(oti (Miop”))=prob. of owas function of MiopP"

0‘05T0[|)+T2;0,INII\IPIDF|2.(I3 — ATLAS
- [ LS e E ]
(Gaussian in Ot CMS £ - mf’°'e=1;3T.2\€3ev Gauss(PDF)
: 2 0P og(m)=0.1184 | P IiRect(u ]
with std.dev = 2 : : L tu ) f G(O_ |O_theO (mpOIG) + ]
PDF uncertainty 8 o e Ptheo
—_— 0.02 — : : :
® — - . Asymmetric Gaussian in Ot
constant over ren/fact 001 . with mean o"®° (miepP°*) and
scale variation range of b AR . - stand dev = quadrature sum of
Ott, Zero elsewhere 9 (pb) PDF+as and scale variations

! (erf[a ][D
Z(O't(fh) —at(fl)) V2 5PDF V/28ppF

2.Multiply by exp. likelihood fexp(OttmeaS(m’[oppOIG ) o™ as a function of mypP°®
pole Gaussian in og with mean oi™2® (MiopP°©)

(A,C) G (0731017 (mi™). exp) and stand dev = exp uncertainty

3.Find likelihood for mic°°® °Y marginalizing the posterior with respect to ox

Z (MitopP® )= [ fin(Ot, MtopP2®) fexp(OF, MitopP°'®) doi

4.Derive miopP°'® value & interval : symmetric interval around max of & (MiopP°'®)
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Measure mtopPO’e from o Phys. Lett. B 738 (2014) 526 (Corrigendum)

Phys. Lett. B 728 (2014) 496-517
[Lat ~ 4.6 fb1 (2077) & 20.3 fb™1 (20712) 004 QMSL=231 Tope 20 NNPD2S

Dm0 e

g 0.032— ’ —i

‘g 0.025;— —z

. 0.022— —i

Systematic uncertainties o0rs E

0.01— —

0.005;— —§

CMS 10: 170" s 180 Tes 1:90

. ole m®*° (GeV)

PO L nty on m- (GeV)

(GeV) Total .:; O'trfneas PDF | s LR, F Einc m%/lc
+3.9 +2.8 422 +1.0 107 40.8 104
ABM11 172.7 —3.5 - -1.0 —0.7 —-0.8 —0.3
+4.3 +0.8 +0.9 +0.9 +0.5
CT10 177.0 _338 —0.8 —0.9 —-0.9 —0.4
1.2 1.0 :
HERAPDF15 1795 123 o s S0 Tos
4.1 +0.9 +0.9 +0.9 +0.5
MSTW2008 1779 T3¢ 209 T09  —009 05
| 10.7 +0.9 +0.9 +0.5
NNPDF2.3 1767 38 T0.7 09 —09 04

Table 2

Results obtained for m? ole by comparing the measured tt cross section to the NNLO + NNLL prediction with different NNLO PDF sets. The total uncertainties account for the
full uncertainty on the measured cross section (Ut‘%“eas), the PDF and scale (ug r) uncertainties on the predicted cross section, the uncertainties of the «s(mz) world average
and of the LHC beam energy (Eryc), and the ambiguity in translating the dependence of the measured cross section on the top-quark mass value used in the Monte Carlo

generator (mM¢) into the pole-mass scheme.,
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Measure mtOpPOIe from ou [Lat ~ 4.6 b1 (2071) & 20.3 fb-1 (2012)

Eur.Phys.J. C74 (2014) 3109

Systematic uncertainties ATLAS

Table 6 Measurements of the top quark pole mass determined from the
It cross-section measurements at /s =7 TeV and /s = 8 TeV using
various PDF sets

PDF mP*°( GeV) from o,;

Js=17TeV Vs =8TeV
CT10 NNLO 171.4 +2.6 174.14+2.6
MSTW 68 % NNLO 1712 +£2.4 174.0 £2.5
NNPDF2.3 5f FFN 171.3%33 1742 £2.4

Table 7 Summary of experimental and theoretical uncertainty contri-
butions to the top quark pole mass determination at /s =7 TeV and
/s = 8 TeV with the CT10 PDF set

AmP® (GeV) Js=7TeV Js =8 TeV
Data statistics 0.6
Analysis systematics 0.8
Integrated luminosity 0.7
LHC beam energy 0.7
 PDF+a, 1.8
‘\
‘ - +0.9
| QCD scale choice IS
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ths Lett. B 738 (2014) 526 (Corrigendum)
Measure miopP°e from o

0. 1184

Vs = 7 TeV; a,g(my)

——— CMS, L=2.23fb’

o, (pb)

220/ 1= [ Top++ 2.0, ABM11 .
R = = Top++ 2.0, CT10 - CMS
2000 NG, £ o e Top++ 2.0, HERAPDF1.5 —|
[ e T2 — Top++ 2.0, MSTW2008 use results from' NNPDF 2.3
180 i, = Top++ 2.0, NNPDF2.3 | (oreferred because of stability against change of
C RS ’ PDF parametrization)
160\ S _: pole
: e : me = 1767135
140 SN | inner solid= initial uncertainty on mgpvatron
ool Sk . external: Mwop™2 /miopPedifference
] ] ] ] | ] % I: |§ | ] ] ] ] | ] ] 1 ‘sl ..::I:'b, """ l_
165 170 175 180 185 190
% (GeV) Eur.Phys.J. C74 (2014) 3109
ATLAS g 350 ;l LI | LI | LI | LI | LI | IMIS7I-VV|2I00I8 INNlLIOI I | I'I I__
use envelope of PDF errors for PDF s RIS ATLAS ~— = MSTW 2006 NNLO uncertainty -
uncertainty (PDF4LHC prescription) 5 S CT10 NNLO uncertainty
D [ NS NNPDF2.3 NNLO ]
({) 300 B + NNPDF2.3 NNLO uncertalnty i
ole 0 u s=7TeV,46f Y ysm
P Z1714426GeV (Vs=TTeV) 8 | R0 R
ole O 250k L ' -
mP® = 174.1 £2.6 GeV (/5 = 8 TeV) SIS \:\"‘“\i -
. s . : . I . ™ T
lumi is uncorrelated; consistent within 1.7 st. dev. S N
o . . 200 7Tev ™ . —
Maximize product of likelihoods at Ecm=7 and 8 TeV : - — . *‘*mh e \‘:\
' ] - \I/ —
same correlations as for cross section + - o’e,oeno’ence o?"\ N ]
fully correlated theory uncertainties 150 Ott 0N Miop ~0.28% \E"“:
Ole _I|III|III|III|III|III|III|III|III|I.~:..I~‘-
mp - 172,9""2'5 GeV 164 166 168 170 172 174 176 178 180 182
t —2.6

. . . L L pole
Prediction uncertainty bands include renormalization scale, factorization scale and PDF  m — [GeV]
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Run | legacy : re-interpreting O|(tt) CMS added 8 TeV data!
Pole mass extraction used most updated PDF 13

»  Top mass extraction at fixed order scheme + How far do we need go experimentally?

need full phase space extrapolation - assuming current 00NN =5.5%
PRLI10 (2013) 252004

- benefits from loose selections = flat acceptance

* may reach dmP°®=0.5% if 00 exp=~2%
* assume s and PDF and compare to theory
For more details on top mass see - B. Stieger’s talk

pole + l
m — ]_ 73 8 GeV Top-quark pole mass measurements March 2016
h - ( ) Am/im=1% i

D0 o(tt), 1.96 TeV 169.10 +5-90 510 GeV
NEW arXiv:1603.02303 sub to JHEP

PRD 80 (2009) 071102 ®
MSTWO08 approx. NNLO

DO o(tt), 1.96 TeV

PLB 703 (2011) 422 ®
MSTWO08 approx. NNLO

DO o(tt), 1.96 TeV 43,30
DO Note 6453-CONF (2015) '~ @ 169.50 -3.40 GeV

MSTWO08nnlo

ATLAS o(tt), 7+8 TeV
EPJC 74 (2014) 3109

167.50 *>20 , -0 GeV

o, [P}

—@—— 172.90 250 , . GeV

ATLAS tt+j shape, 8 TeV +2.28
JHEP 10 (2015) 121 —@— 17370 2.11GeV

CMS o(tt), 7+8 TeV +1.70
arXiv:1603.02303 (2016) —@— 17380 717 4 go GeV

T — i —— . World combination

5. 0 lb (7 TeV) ATLAS, CDF, CMS, DO @
arXiv:1403.4427, standard measurements

AAAAAAAAAAAAAAAAAAAA 0 | | | | | | | | | | | | | | | | | | | |
170 171 172 173 174 175 176 177 178 150 160 170 180

m, [GeV] m, [GeV]
(Pedro Ferreira da Silva @ Moriond 2016)
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Miop alternative measurements (1)

= exploit mP°® dependence of normalised tt+1-jet differential

cioss—section, as a function of the inverse of the invariant mass of SE- = 170 Gov, CTEGES - 180 Gov, CTEQES ]
tt+1-jet system ~» 25F E
uﬁ‘%c" 22— . _i

‘;C;H 1.55— ‘-..“ _i

R(mpo,e ) _ 1 dotii1—jet (mpo/e ) 1? _i

t s Ps Oti4+1—jet Ps t +Ps 0.5F \ =

g NN

0 WA e

3-E i E

s 2 L

Vs =T7TeV (L=461fb" 1), (+jets channel  ° | ==mmrmeec———ui—

> kinematical event reconstruction to identify W- and t-candidates,

"additional jet” with p7 > 50 GeV =
> regularised matrix unfolding to &Eﬁ
correct for detector effects & extract shape of R
> fit with NLO+-PS prediction:
m; " = 173.7 = 1.5 (stat.) £ 1.4 (syst.) "5 e(theo.) GeV
> dominant sources of

systematic uncertainty:
> JES: 0.94 GeV
> ISR/FSR: 0.72 GeV
> proton PDF: 0.54 GeV
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Eur.Phys.) C73 (2013) 2438

LIES LT Y NPT I TR B P IR EL SRR ] LEPELIN T ESL I O L N EEEL W
160 GeV, CTEQG.6 170 GeV, MSTW

ATLAS-CONF-2014-053

4.5 : T T T | T T T | T T T | T ]
4 ATLAS Preliminary ¢ Data -
C - le m
= PR fi+1-jet, m" =170 GeV 7
3.5 {s=7 TeV, 4.6 fb™ o e =
o tt+1-jet, m =180 GeV I
3 —
25 e ¥ —
Qf— e — —f
1.5 —
1 e =
0.5 —
- L |
O_ hd 1 1 1 | 1 | 1 1 | 1 1 1
0 0.2 0.4 0.6 0.8 1

P, [pérton level]

(see S. Adomeit, TOP2014)
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Miop alternative measurements (i)

ATLAS-CONF-2014-055

in single top  enriched single top sample e = 172.2 4 0.7 (stat.) - 2.0 (syst.) Gey

events with template method
CMS Preliminary March 2016
> use transverse mass of tt pair 'tr)ohpa.?;%go"(fzecﬂge : P . 173.50 = 1.50 = 2.91 GeV
: : — ' a b
* Klnemath MT2 — Va n;ll)n_ miss{max(mT’ mT)} Kinematic endpoints 173.90 + 0.90 +1-70 GeV
. P+ +P+ =P~ _ EPJC 73 (2013) 2494 = TEE 2.109¢
end pOIﬂ’[ use only components perpendicular |
to the boost of the tt pair: ‘T’gﬁhif‘o%;g(‘;&e;;‘k ————— 17229+ 1.17 = 2.66 GeV
Mr2 = Mr21 = et Lepton+J/W o w 173.50 = 3.00 = 0.90 GeV
' . max __ -15-
> endeInt //Lbb — mt TOP-15-014 (2016)
Lepton+SecVix 173.68 = 0.20 +1.58 GeV
D d arXiv:1603.06536 (2016) ® ' ' -0.97
([ . .
€PEeNdEence . jitetime and (transverse) decay Dilepton kinematics 1704 1104268 ey
on _B'hadron length (Ly,) of B-hadrons from the TOP-16-002 (2016) .
lifetime top decay depend ~linearly on m; Single top oot ° 17260 = 0.7 4097 . Gev
» NO Monte > similarly, pr of the charged leptons :
o(tt) 7+8 TeV . @— 17380170 GeV
Carlo from the W boson decay can be used arXiv:1603.02303 (2016) 180
5%3175'58_54%\14(2015) @ 172.44 = 0.13 = 0.47 GeV
. J/Psi final state © select tt events with b — J/W | J00d comainaion o 17334 = 0.27 = 0.71 GeV
Xiv:1403.4427 (2014)
: +J/V — W/ N
» iIndependent ( _/ ) ST SR S N I
of jet Scaling > exploit m; dependence of M,y 170 180
(Phys. Lett. B 476 (2000) 73) m, [GeV]

factor
(see S. Adomeit, TOP2014)
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Top quark physics

(=

2, Mass : quo vadis? |

e The most fundarréntal crueial interesting ambiguous parameter of the standard model

¢ Most measurements rely on an intrinsic calibration to a LO/NLO MC definition

- may assume that ambiguity can in principle be resolved up to O(A___) — see A. Hoang's talk

QCD

= e.g.measure mass in MC, use observables calculated in well defined schemes, use short-range definition

= from the experimental point of view Run 2 and HL-LHC have potential for more precise m_

Diff. m_measurements Measurements of
constrain in-situ main uncertainties radiation in tt
o oSO BIL AT b constrain pQCD signal .
= %F e bma W, PyhiaPt1 Measurements of model uncertainties Alternative methods
O, of — e pynazz MG, Pythia P11noCR] the UVE and Gap fraction vs. Qo for veto region: |y| < 08 Improve precision on “theory
A C Powheg, PythiaZ2* ----- MC@NLO, Herwig 6 | R R @ R L DL B L A L N I N P L LW " s
SRS 1 fragmentationintt: = G safe” observables,
v T 1 tune signal model with data - o ATLAS Dota, EP) C72 (2012 2013 profit from high stats and also
' 0 I i _ r = == POW+PY, scale+radHi ] . .
q. Of wreromy  oE - - POWSPY, salosradLo E NNLO signal modelling
- 1 — 05 : c —— MC@NLO+HERWIG,AUET= ]
L AL, | E cMs —#— Data ) CIr  =mimis POWHEG+HERWIG, AUET2 =
- T B 045 Froiminay e ot e ” ATL-PHYS-PUB-2014-005 1
= F 10k o pooraR R0 o - -FUB-2014-005+ ATLAS-CONF-2014-053
E '2__CMS PAS TOP I 4 OOI ''''' 0 —i ECLI— 0'4;_ qu"(l.l,".l.l.-) ngﬂiggjtm%fzzufm 7 g SGDE_ATLASPrclImmary] L UL I I ”.1 ‘D:—,,;a‘ TTTTTTTTT ;
0 2;""-1"1}:r1'r1::-| """ = B o350 CMS PAS TOP.- 3007 @ 0 v i ] m=1725GeV
. ] L = -1 3- c = Y , B Background =
§ 0 ;_i ¥ i $ * E 0-3; g % Ezsi_ % A Unc;l:amty _?
g 2C SRR | L T gosf g 400F- % 3
§ 0 50 100 150 = o Z %7 E
IDT tt [GeV] 02 200%— y . —
0.15 100E o :
0.1 oF ST = e
-_ 1:' 2""'""I""l""""""“["'"|""I""'I""
O.OZOfl :;';‘ 1%////W/W/////f/////w/////A//////;tf/////),r//m;,////,*/,gi
=

C I L L L 1 1 ]
b 0i 02 03 04 05 08 07 08 08 1
p

s

(B_Ferreira da Silva @ Top2014)
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Significant words by Pedro...

‘_'— — | | | | | | | | | | | | | | | | | | | | | I —
= - LHC Run 2 expected luminosity -
= | ~
At 100 /,/
7P B | )
O B we’re going there /

= -

g 80 —

%' - Top quark

% 60 — Physics will hardly

1 - look the same again /

2 B

£ dr

© e

O B

= 20 [—

0 B ] I

March December December
2016 2016 2018

(Pedro Ferreira da Silva @ Moriond 2016)
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Conclusions and Outlook

- Top analysis is in full swing thanks to the combined performance of LHC &
detectors: a very rich program is under way.

- By exploiting the LHC top quark factory (~6 (~4)M tt, ~3 (1.5)M single top events
produced by LHC @ +/s=8 (13) TeV ) ATLAS & CMS are testing top strong and
electroweak inclusive production at unprecedented precision at new energies

centre
» &ow/ow ~O(3.5 to 5%) compared to ~4% prediction uncertainty (NNLO+NNLL)
» dor/or: s-chan, t-chan and Wt observed. |Vis| consistent with 1 at 4% level

- Differential cross sections measurements test SM tt production and complement
new physics searches in completely new phase space with O(5%) to O(40)%
relative unc. Expect higher reach in Multi TeV region with reduced syst uncertainties,
due to parametrization/understanding of more phase space corners & improvement in
MC generators (NNLO).

« The top mass is measured at O(0.5)% level. sub-GeV precision if progress is made
on syst uncertainties exploiting differential info.

« Spin determination in top quark production (tt spin correlations) and decay (W
polarization, Wib vertex properties) are consistent with SM

- Direct determination of top quark coupling to bosons is consistent with SM even if
with limited number of events . Measurement of the coupling to the the newly
found Higgs boson is still limited by number of events. Run2 expects observation with

high luminosity.

* New physics connected to top quark by resonances/asymmetries and top rare decays
to Higgs boson is being searched in previously unexplored 2-3 TeV/O(0.1) pb
regions of mass and cross sections: reach to be extended in multi-TeV region with
pile-up mitigation techniques & improved syst uncertainties
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References and useful workshops

TOP Workshop series

- TOP2015:8th International Workshop on Top Physics
» TOP2014:7th International workshop on Top Physics
« TOP2013: 6th International workshop on Top physics
« Top2012: 5th International workshop on Top physics

LHC TopWG agenda

LHC & Tevatron experiments public results

- Top Public results from ATLAS
» Top Public results from CMS

« Top Public results from CDF

« Top Public results from DO
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Additional (useful) references

* A. Quadt, Top quark physics at hadron colliders, Eur. Phys. J. C
48, 835—1000 (2006) DOI'10.1140/epjc/s2006-02631-6

* A J,. Khun, Theory of Top Quark Production and Decay, http:/
arxiv.org/abs/hep-ph/9707321v1

S Willembrock, THE STANDARD MODEL AND THE TOP QUARK, http://arxiv.org/
abs/hep-ph/0211067v3

* Chris Quigg, Top-ophilia,FERMILAB-FN-0818-T

and references therein
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