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Outline

« Why top quarks?
» Special, standard and “beyond” reasons

» Top quark production @ LHC - standard
» Inclusive
» differential

* Measuring the top quark mass - special
* Top quark and Higgs: Yukawa coupling - special

 Top quark and new physics - “beyond”
» search for resonances
» the quest for an effective field theory

» Conclusions & Outlook
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Why study the top quark ?

-

;! “SPeCial" reasons {\ B Masses of known fundamental particles 180
most massive known constituent of matter .1 5 mtor:tomr:l?old A
135
i [ Miop = yiv/J2 ordered
d 90
largest coupling y: to * Is yi~17 Y/9y =
Higgs boson 45

“Beyond”
reason(s) |

Il

i
|

Various scenarios with new o N W
particles prefer decay to/ >WW< >/\N<
like top (top partners) . ; _. P
Ubiquitous background to new phys searches (SUSY, exotica..)
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Why study the top quark ?

i

|

]1

| Standard reason(s)

interacts EM, strongly, weakly(NC), Higgs:t =t +g/y/Z/H

test standard model interactions tool for calibration
o . w+ 9« Decays weakly
Produced in pairs (strong) and singly (weak) f v, q

. t->Wb~BR(99%)

g 0 / { q ; b ° rtop ~1 .32 GeV
M ot
l q b

1/Miop < 1/ Tiop <« 1/ Aacp < Miop/Aacp

-
-

a

Production | itatime  Hadronization  Spin decorrelation

pp —tt: first time gluon-gluon time time time
dominates no tt meson observed, spin info preserved in decay
W

Js(TeV) tt (t) frequency at L= 1054 cm=2 s’

13 ~8.3 (~3.0) Hz R
ey N
LHC (pp) is a “TOP FACTORY” J \
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What to measure about the top quark

Spemal reasons

lllllllllllllllllllll

Coupling to

.

top-antitop
mass difference

today
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Standard reasons

lllllllllllllllllllllllllllll

Production ‘:
cross section for

double and single top :

quarks
Inclusive

& differential ,~:

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

Charge
Width/Lifetime
Branching Fractions

Spin: angular
properties in
production & decay
(tt spin correlation
top polarization,

W helicity)

Couplings to other
force mediators
i.e. bosons (W, Z
photon, gluon)

“‘Beyond”
reasons

Deviations
from SM
predictions
3 "Resonant.
production
& New
Physics
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L

Integrated Luminosity [fb™]

francesco.spano@cern.ch

LHC : a Top producer i.e. providing the luminosity

counter-rotating high intensity proton bunches colliding at center of mass energy (Ecm or s
= 7,8, 13 TeV in 27 Km tunnel

Key parameters:

NlNgnb
2

o)

N; = bunch intensity
ny = number of bunches
o = colliding beam size

F. Bordry, LHC Status and PLans, Moriond QCD 2019

70

60%—
- 2017
50—
ok
30
20
‘°§_ 2011 2015
0_]—_-l—-t!"- - |
02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec
Integrated
Period Luminosity
[fb-1]
Run 1 29.2
Run 2: 2015 4.2
Run 2: 2016 39.7
Run 2: 2017 50.2
Run 2: 2018 66.0
Total Run1 + Run 2 189.3
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design: ~
Ecm=14TeV , z ::
lumi 10¥cm2s1 5
(~30 times Tevatron ~ § '
: & 80

op collider ) £

40

20

0

Run 2 at 13 TeV
160.1 fb-

Peak Luminosity [10** cmi2s]

LHC Machine Coordination Twiki

Nevents(At)= [Ldt * cross section

- N

-~ Run1 \\ \ Run 2
~ (s=7-8TeV \\\ s=13TeV
EL....('I"../.| AR _.__/'1'"1/ L]

2011 2012 2013 2014 2015 2016 2017 2018

.
(M

= N
20 Run1 \\ Run 2 cob g
1gF /s=7-8TeV {s=13TeV 3%
16 (N

- 3’? .
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http://moriond.in2p3.fr/QCD/2019/SundayMorning/Bordry.pptx

Top quark @ LHC: top quark manifestation

* Produced in pairs (strong) and singly (weak) | Js(TeV) tt (t) frequency at L= 10%cm2 s

t g ; 7 ~1.7 (~0.8) Hz
: 8 ~2.4 (~1.2) Hz

) N 13 ~8.3 (~3.0) Hz

t 1 Run2 LHC peak lumi: 1.5:10%4 cm2 s

LHC (pp) is a “TOP FACTORY”
- Decays weakly (CC): t=Wb~BR(99%) TIiop~1.32 GeV

Lv ~32.4%

aQ

interacts EM, strongly, weakly(NC), d9 -67.6% tf decays
Higgs:t =t +g9/y/Z/H W had T
3 ) hadt P
t b - —o | ]
» High Pt jets of s
hadrons
» b-jets P -+ O? —
» 1 to 2 high Pt t
leptons b J
» Missing energy > W Wit
<
Okgs(tt): t+ ~p  W/Z(+ets), Di-bosons
bkgs(t): tt+ ——7 |
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Top observers ATLAS & CMS: @LHC(pp)

LAr hadronic end-cap and
\ forward calorimeters

Pixel detector
LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation fracker

n —_ | n (tan (9 / 2)) Semiconductor tracker

size matters 3
CDF & DO: @Tevatron (p|E)) CDF

FERMILAB'S ACCELERATOR CHAIN End-Plug Elecromagretc Centrid Meon Cartral Mson Upgeade (CMP)

Calorimeter (PEM)\  Chambers (CMU]
£ nd Wall Madronc Cantral Muoa © vdension (CMX)
- <. MAIN INJECTOR '
/o — =
‘." o - S End Plug Hadromic
ANECYCLER ™ Calormetor (PHA)
TEVATRON A\ R
— — 2 WOw Cheremaoy Lummosny
o ,‘?‘3 S \| Counters {CLC)
e L & N Z )1 o Protors
e/ 3 - —_— ._,/, ) -
1, _ " -3y = e
[ DZERD \ — TARGET HALL Tou - O —
LR Ax ANTIPROTON Eoarpse ,
N SO\ S SOURCE —F
T pL e BOOSTER i )
1 - = 4 - wu ~ Aol AT M . o Barrel Nuon
»Z”'."_’L .‘-:'/ Pre, T profns /=5 4 Chambers (BAL] »
- 7 COCKCROFT WALTON s :
Al P < .
FROTON e - .
( - Cantral Ovtor Tracker (COT) A
- o~ [ omten  Comecten
NEUTRING .~~~ MISON ' — Contrdl Blacvomagnetic N, INNER CALORIMETRY
s Calerimater (CEM) Layer 00 TRACKING SYSTEM
p——— Contral Hadrosk: Slhoon Venes Detecsr (SVX ) 2 o
Calerimeter (CHA) Intermadiate Skcon Layess (151)
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https://inspirehep.net/record/796887?ln=en
http://inspirehep.net/record/1211048
http://www-d0.fnal.gov/www_buffer/pub/pub001_dzero_detector.ps

Measuring Top quark production @LHC

stangard reasons
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standard reasons: top quark production@ LHC

pp collisions

probing lower x than Tevatron —
dominated by increasing gluon fusion

\ 4

production cross section increases

top pairs: strong

qq annihilation gluon fusion
: ) //' g oorIoT—=— 1

Y

g vovsot—— |

as
—

At Tevatron At LHC
(Vs=1.96 TeV) Js(TeV) o (pb) nominal rate
O.tt: ~7 pb 8 ~245 ~2.4 Hz
13 ~830 ~8.3Hz

Tevatron | LHC(8) | LHC(14)
gg | ~10% | ~86% | ~90%
agq | ~90% | ~14% | ~10%

I

JHEP 1307 (2013) 167

- inclusively:high

Measure

precision
- differentially:

extreme regions

- explore rare
decays (tt+X)
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http://inspirehep.net/record/1225789

Top quark predictions@ LHC- the NNLO revolution : tt
from LO to NLO..

Double REAL: 2 extra emitted REAL-VIRTUAL:1 virtual Double VIRTUAL: 1loop
real partons at tree level loop+ 1 extra parton squared + two virtual loops

NNLO %%—% ™ N ™~

%%
Y

Inclusive ot

\ < 7

00000QQQQQQ00,

Q0000000QQQ000000,

00000000000QQQAA0,

dow/dX :NNLO+EWK

. ~ 20 y .
Czakon,FedlerMitov ~ Scales 3% 10" |_tt, LHC13, LUXQED QCD — 4
PRL 170.252004 pdf (at 68%cl) ~2-3% = 10? r QCDXEW — ,
: ~ 10° é_ - i '
X (parametric) 1.5% 3 102y . Czakon et al L ,
1 ~ Q S| — g E -
My, (Parametric)  ~ 3% 5 10 ¥ -arxiv:1705.04105 §
350 . . . & 107,k -
NNLO (scales) S 10 o F —_ L
NLO (scales) S 1070F —_ 3
300 + LO (scales) 10_; - [ 3
CMS, 7TeV —— 10~ ;_ 3
ATLAS+CMS, 7TeV —a— X s
250 + ATLAS, 7TeV r—t— ”’,11’ : ”';,;?;‘,‘. 1.2 _—total unc. mm PDF unc. scale >uno, mm__ |
3 CMS, 8TeV s 50 vi:izigizd!of'l‘ L e
= 200} ;
& ’, 0.8
L "‘""ﬂ,‘m‘"m‘u’ Y 4"&' . ] ] M B | ]
150 0K (E (QCDxEW)/QCD
100 | Indep. ug g variation 0.9 F T ;
PP — tt+X; my,,=173.3 GeV 2 T — E
50 MSTW2008(68¢.l.) L&' NLO; NNLO Bl ]
0O7B o v v vy v S
6.5 7 J 7.5 8 8.5 0 500 1000 1500 2000 2500 3000
s[TeV] PT avt [GEV]
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https://arxiv.org/abs/1705.04105
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.252004

Standard reasons: top quark production @ LHC

pp collisions

_ Tevatron | LHC87 [ LHC(14)
probing lower x than Tevatron — 0% | —86% | —90
dominated by increasing gluon fusion = - - o
aq | ~90% | ~14% | ~10%

et

production cross section increases

JHEP 1307 (2013) 167

single top:
electroweak
t-chan tW chan q s-chan ;
q q q q 9 t
b * _
b t g b b w+ q v b
~76-72°/o ~1 9'240/0 ~5-4°/o
At Tevatron At LHC
(\/Sf1-96 TeV) Js(TeV) o:(pp) nominal rate Swamped
0.~ 3.5 pb 8 ~116 ~1.2Hz by tt (2-3 x)
13 ~305 ~3.0Hz

* iInclusively &
differentially

- explore rare
processes (t+X)

Measure
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http://inspirehep.net/record/1225789

Standard reasons: measure top quark production

O'fid O_fz'd _ Nobs,events — Nbackground o Select events
O_total _ tt,t it f Ldt - & .
ttt — BR.A  Subtract estimates

= Particle level, fiducial
phase space

of bkg
« € = correction for

<

= Parton level,full

phase space = stable particles after rad & had; branching fraction,
close to (detector-level) selection detection/
) gegﬁzgtgdf Leptons: from W decay extrapolation
qu elore (not from hadron)+ “including” close-by efficiency,
decay and arter EM radiation (photons not from hadrons) luminosity
QCD radiation CA R
’ SS — igure by ieger
~3 Ermss=sumv - (CERN)
; not from had .
s x uu/
g . = Detector level
> o= d | b-jets:
contains
. Jets: anti-kT algorithm (as for a B- example uses it
LHCtopWGParticleLevelDef | reco jets), cluster all but hadron valid for single
prompt particles (i.e, v, u from (in jet top quark
hadron decays are inside jets) algo) as well
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Standard reasons: measure inclusive o Vs 4fs

Systematics dominated in most precise results,
comparable to theory uncertainty

all results consistent with NNLO+NNLL LHCTopWGSummaryPlots
predictions over 2 orders of magnitude
'E' B | TI tI | |b Id 1 9I6 T IV Ll | bl1 | | | | | | | | | | | | |
ke . g_eanL% é‘ﬂ’éﬁ%@l\ﬂ‘/&ﬁs 0 Tf%v((Li 250  ATLAS+CMS Preliminary Sept 2018
- - eurle 4§ LHCtop WG N Published in
[ S 2#"&;**; geTVeS‘ Ty P ) P Eur. Phys. J. C 79 (2019) 368
B 103k oMs ou 8 TeV (L_197fb . W
o) — v LHC combined eu 8 TeV (L =5.3-20.3 fb™) LHCIopWG v a0 -
& — m ATLASeu13TeV (L=321b" =
o ~ v CMSeu13TeV (L=221b") 7
\Y
B ATLAS ee/un* 13 TeV (L = 85 pb. ) — B ~40
8 | L ATLAS lrjets” 13 Tev (f_ ) : ooi/on ~4%
> A CMSI+ets13TeV(L 22f ) - ;
o - o CMS alljets* 13 TeV (L = 2.53 b 900k i 1 _
= * Preliminary i 4 \/S most precise
q>) 1 02 — : "+"+ """ --'I:":l """ (-)- — 6Gtt/0tt (0/0)
5 F 8oor 1Y 139 ATLAS oms
O : | 1 1 7 39 36
< - 700} 1 - ' '
B === NNLO+NNLL (pp) [ -1 8 4.2 3.7
== NNLO+NNLL (pp) o ' '
10 = Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs[TeV] _| 13 4.4 3.9
~ v NNPDF3.0, m =172.5 GeV, o,4(M,) = 0.118 = 0.001 —
B | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] | ] ] ] ]
2 4 6 8 10 12 14
Vs [TeV]
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https://arxiv.org/abs/1812.10505
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Special reasons: measure inclusive o: vs s

Systematics dominated, larger bkg than tt
JHEP 05 (2079) 088

—h
o
V)

Inclusive cross-section [pb]

10

7 TeV

ATLAS+CMS
LHCtopWG

-

B

m ATLAS
e CMS

+ ATLAS+CMS
LHClopWG

All results
consistent with
NN ey | @PPPOX NNLO/
N 1 NNLO predictions

scale uncertainty
scale ® PDF @ o uncertainty |

llllll

NNLO t-channel
scale uncertainty

i _ dominant systematic
I i uncertainties:
Z [ REES 1 theoretical modelling,
T . I l - jets

| |

7 8

Vs [TeV]

Tt-chan. = 07.5 £ 2.4 (stat.) = 5.0 (syst.) + 1.1 (lumi.) pb = 67.5 £ 5.7 pb. 80t/0t~8.4%

orw = 16.3 £2.3 (stat.) = 3.3 (syst.) = 0.7 (lumi.) pb = 16.3 =+ 4.1 pb. do/ot~4.1%

8 TeV

francesco.spano@cern.ch
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Tt-chan. = 87.7 £ 1.1 (stat.) £ 5.5 (syst.) + 1.5 (lumi.) pb = 87.7 £ 5.8 pb. 00/ Gt~6.7%
orw = 23.1 £ 1.1 (stat.) £ 3.3 (syst.) £ 0.8 (lumi.) pb = 23.1 £ 3.6 pb. dov/ot ~3.6%

LPNHE Seminar, Sorbonne Université, 24th June 2019
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-17-006/

When you hit the systematics wall

General consideration: when syst >> stat, to
maximize the utility of your data you can:
What

e Stop and think

Be - (e.g., pin down the source of the problem,
Done? constrain it, then come back)

Take ratios

Go differential

Any combination of the above

We had examples of all of those at TOP2017

Vladimir Lenin

20

(A Giammanco, TOP20127)
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Standard reasons: On to measure dow/dX: why?
test SM predictions (NLO+PS,NNLO QCD) & extension (EFT)

e LHCis atop

factory
Z

do/dm.z [pb/GeV]

= o
. .

™\ e
M HEP04(017071 e

LO

complement new physics searches

measure kinematics—
reduce t/tt modeling

.7 uncertainties

extract SM

L—> parameters

(mtOPsaS)

PAX AR E L HKEXEXE XX
- J

™~

Constrain gluon

=
e e e o

content of the proton

fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff 1 athigh x (PDF)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —|

o0 esgesese :::::0::::::‘::::::::::: I n c re a s I n g

: | |
|
NS ' precision!
500 1000 1500 2000 2500 3000 3500 4000
m.g [GeV]

develop new reconstruction/recognition techniques

francesco.spano@cern.ch
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(high pile-up, very high pr..) :

LPNHE Seminar, Sorbonne Université, 24th June 2019
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x10°
[72] F I I T I T T
% 100— ATLAS él tl%ata —
b [ Vs=13TeV,3.2%" &g Single top
- Resolved W-ets
80— mm Z+jets —
v 2 Diboson
7 etV
- mm Multijets
60_— 2, Stat.+Syst. Unc. —
40/ > .
20 2 -
3 12 / *
(0] E , .
= Bs2525555 5% //7//
g 4 5 6 7 8

Jet multiplicity

Standard reasons: How?

(thanks to Maria Aldaya (DESY))
(1) Select pure tt/t sample (2) tt/t kinematic reconstruction (3)

(4) Compare to Predictions with
x2 & p values using Covariance
(stat,sys and correlation).

*=X-P)yC!'(X-P)

e Parton or particle level
e Fiducial or extrapolated

to full phase

e Absolute or normalized

space

to inclusive ot

francesco.spano@cern.ch

Bin-wise cross section
measurement

e Subtract background

e Correct for detector
effects & acceptance
- unfolding

Aly = bin width for variable X

E C ATLAS | e Data
S b 5=13Tev, 32107 HlSngetp
2 - Resolved Wiets
qCJ C mm Z+jets
S L Diboson
W 400 2% — -
B H Multijets .
-7 | 2 Stat.+Syst. Unc.
300~ ]
100 _35 ]
é:=—'— --------
S 120 . 5
I
fo] .OF ) ) E
§ 1000 2000 3000
mt [GeV]
odX; o
> F amas e Data ]
2 10 A — PWGIPYE :Z::zzzrﬁ radHi
= = Resobved . PWG+PY6 h,, =m radLo
S I~ Fiducial phase-space PWG+PY8hy,  =15m,
s E e PWG+H7 h, =15 m,
e = PWG+H++ h m,
o — MC@NLO+H
© = aMC@NLO+PY8
Stat. unc.

Stat.+Syst. unc.

Top Physics @ LHC: selected highlights
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L do 1 2. j :\ijl (Naataj — Npc,))

Ay L

Response matrix Aij

IS
a— 00— T T T T T 100
@© ATLAS Simulation 1 11 90 T
= 750 Boosted =
() 80 §
C  350¢ =
q) ] 70 5
(D 550~ 60 =
500 50
B 450 40
S 30
3 400
,:Q_}— 26 20
350

300
300 350, 400 450

PGV Reconstructed
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Standard reasons:dowi/dX @ Js=8,13 TeV

Absolute and normalised cross sections for

Final state kinematics
Kinematic variables of leptons
mass, pt and energy of dilepton system

energy, mass of system of leptons, b-jets anad
ETmISS

jet multiplicities

Individual top variables

pr of leading, sub-leading top quarks
average pt of top quarks g > t

Standard tt kinematics
mass, rapidity and pr of top-antitop system

“QCD” tt kinematics
angular, pr- and radiation- related variables

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights LPNHE Seminar, Sorbonne Université, 24th June 2019 19
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Standard reasons:Extreme test of SM: dow/dpTtop “saga”
Parton level vs NLO+PS & NNLO JS—S TeV

1_|_| ||||| | L | L | T T T | T T T | T T T | L | L | L | |||||
_'I_I—I il LA L L L I Y I L [TTrrrrrrpr1 |: ' 0008__ o __
> 0.008 ~  ATLAS+CMS Preliminary Vs =8TeV,Nov2017 ] % ~ fJC!;ASV'JgMS Preliminary Vs =8TeV, Nov2017
o —  LHCIopWG - 0] - op _ 7]
O 0.007- = ATLAS, L = 20.3 fb" ] ~, 0.007— m ATLAS, L =203fb" —
e - EPJC 76 (2016) 538 ] o - EPJC 76 (2016) 538 ]
Q - = -1 n — CMS, L =19.7 fb ]
3 0.006— : g,';\,{',%;g (210?57) ;32 — 3 0-006: * PG 75 (12%175)b542 a
- — Powheg+Herwigb . o) L —— NNLO (cT14 PDF) 3
-8 0.005 = (hdamp = o, CT10 PDF) — © 0.005— o=w = m./2, M, = 173.3 GeV
RS - - iowheg+Pé'tThia€|33 oF ] RS - arXiv:1606.03350 7]
— 0004: **- ( damp_mt’ 10 ) _: ~— 0004__ ?' -
0.003— —] 0.003— —
0.002F vs NLO+PS = 0.002 vS NNLO =
0.001 — 0.001 —
© __':':':':'{':':':':'}':'::':'}':'::':":":':":'_ T D P R T Wi
_C_D1 '4_ """"""" CMS stat. ® syst.unc. E g’ 1 .4:_ """" IC';MISSkatI@ISyS'tUInC' """ e deeh b e B e B
®) E 1 2:— """"""" A'T'L'AS'Stat'-'®'Sy3t'-"unc-' """""""""""""""""""""""""""""""""""""""" —: () 1 2__ ............. A TLAS.Stat._..@.Syst._..un(;._ ................................................................................. ]
=0 - : < 9 e .
B E 1_ B = 1_=_| pr————— | OOUUR—— —]
% 30'8: ] ] ] | ] ] ] ] | ] ] E ZO_8:_ """""""""""""" | """""""""""""""" [ [ ] [T ]
c © [ | I I
g 01000200 300 400 - 500 ol 0 100 200 300 400 500
o
p. [GeV p. [GeV]

e ATLAS & CMS measurements are generally consistent with each other
e CMS shows slight slope

. o | . Qualitative statement,
¢ (Jsing latest predictions with dynamic o
factorisation & renormalization scale no statistical test performed yet

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights LPNHE Seminar, Sorbonne Université, 24th June 2019 20



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

Standard reasons:Extreme test of SM: dow/dpT “saga”- dilepton
Js=13TeV JHEP 02 (2019) 149

¢ Particle flow — individual particles using all CMS subdet— Require 5
» 2 opposite sign £ (e,u), =2 jets, =1 b-tag
» m(£+2) > 20 GeV and #Mz (15 GeV window), large pt™ss (>40 GeV) Y- -

- Bkg: data-driven Z+jets, simulated tW,W/Z jets, other tt l P

<l

- Reconstruct tt system: impose constraints from miop , mw , total pr + weights
from expected mass to

* assign jets, leptons to quarks 90% efficient on tt
* reconstruct 2 separate neutrinos 3-momenta

* Bkg-subtract & Unfold to parton and particle level = dow/dX =
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Standard reasons:Extreme test of SM: dow/dpr “saga”- dilepton

Js=13TeV Parton level JHEP 02 (2019) 149
CMS 35.9fb" (13 TeV)

— F T 1T 1T 1 | T T 1 | 1T 1T 1 | T T 1 | T T 1 | T T4 -1
% 1oL Dilepton, parton level B = _CMS ———— .3.5'.9,fb. .(1.3.Te.v)._
O] - & 10 | Dilepton, parton level -
S e vs NLO+PS = o™"___ VSNNLO °:
S Ndof = 6 s I N _i
- oo~ = E
-Cb) Q. 3 e E -O|'C§ - ¢ Data _ .
O - [ —— POWHEGV2+PYTHIAS % T 7
: 1075 4 NNLO+o2,, (LUXQED17) m = 173.3 GeV E
-+ NNLO+o,, (LUXQED17) m = 172.5 GeV 3
¢ Data A l L[ ¢ NNLOwog, (NNPDF3.1) m = 173.3 GeV -
R . _ 1072 £ + NNLO+NNLL' (NNPDF3.1) m = 173.3 GeV =
10 -----igx:igx;?é:\/':ﬁgﬁ E no theory = 4 NNLO+NNLL' (NNPDF3.1) m = 172.5 GeV &
- - . . 4 aN°LO (NNPDF3.0) m = 172.5 GeV N
[ - - - MG5_aMC@NLO + PYTHIA8 [FxFx] -7 uncertainties 1073+ aNNLO(CT14NNLO) tmt= 1725GeV =
_||||||||||||||||||||||||||| - > T =
Incl uded 8 % 1.4 e S tat@Syst ........................................................................................ —

1F

Ndor=5 or 6 absolute
Naor=5 0 6 HalelgnElIfI=Te absolute 2

) D- -val
NLO+PS x? p-val SBEIN | NNLO+EW LUXQED17 mwp=1733 16 0.006
PW+PY8 43 <102 51 <102 || NNLO+EW LUXQED17 miop=1725 {2 12 0.071
PW+H++ 6 0.269 8 0.239 || NNLO+EW NNPDF3.1 miwp=1733 42 10 0.115
MG5+PY8 21 <10 18 0.007 || NNLO  NAPDFS1 mwr=1733 20 0.001 17
NNLO  NNPDF3.1 mwp,=1725 45 14
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Standard reasons:Extreme test of SM: dow/dpT “saga” - £+jets
Particle level vs NLO+PS +/s=13TeV

JHEP 11 (2017) 191 35.8 fb' (13 TeV.
5 _ _ ) _ . _ VIS IPWG*I'PYQ er‘ly | "; - CMS e/u+jets e Data
~ ' | | | | T"d4 o 1= particle level Sys @ stat
s 1 g ATLAS ® Resolved 4 9 - Stat
S| N /S =13 TeV, 3.2 b Stat. unc. 1 8 B <k Y : POWHEG P8
E 1.6 Stat.+Syst. unc. — I_I"_c e gk . %+ SHERPA CS
1.4 no theoryunc.  , goostec 48 0E ) T MO P8 [Fadx
] in predictions Stat. unc. 4 ' - Zk
1.2 poe Stat.+Syst. unc. . - hk:
- %%eeq_® ] B =k
e E 102 % Ngof= 12
— 7 — wab ik
08 . = " Phys. Rev. D97, %
0.6 — = - 172003 (2018)
0.4 :_X2=2310 p=0l06 v X2=1 0.2 p=0.1 8 _: 10—3 — ) i I'_'_"_"_'_"_I"_'E"_"_'l'_'l I'_'I'_'I_"
£ Naor=14 ~~ Naof=7 = ‘
0'20 200 400 600 800 1000 1200 1400
p."* [GeV]

e No slope in all had @ particle

e (+jets measurements @ particle show slope
up to ~700-800 GeV (similar in dilepton @ particle &

0 100 200 300 400 500 600 700 800
p_(t) [GeV]

parton)
e Still at the edge of consistency for ATLAS, no theory unc. with theory unc.
CMS: consistent if theory unc. included. o
) -val ) n-val
\ 4 PW+PY8 295 <0.01 15.9 0.197

ATLAS new result with 36/fb is in preparation | SHERPA 135 0335 7.21 0.844
Revisit with theory unc. & larger dataset (full | PW+H++ 31.1 <0.01
Run2 and beyond)! MG5+PYS 17.4 0.137
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https://arxiv.org/abs/1803.08856

Standard reasons:Extreme test of SM: first “all had boosted” dow/dX

Di-top-jet kinematics Phys. Rev. D 98, 012003 (2018)
— I L L LA B BN
M~ — ' - ATLAS e Data g
/[ J S—1 3TeV E 107 Vs = 13 TeV, 36.1 fb” —— POWHEG+Py8 -
" = = T e POWHEG+H7 =
| S - Fiducial phase space ..... MG5_aMC@NLO+Py8
‘ t o = Sherpa 2.2.1 .
| nj(ﬁjx:' S\ ~. 102 Stat. Unc. —
o) iLj Stat. @ Syst. Unc. =
© - -
g 10_3 g_ _-Ide"] _§

* recognise high pr 2 top-jets using jet 107 Naof=7
mars,s & lelt SUbStrLI'?tf"ebk ) q - 7.7<x%2<9.7
estimate large multi-jet bkg from data 1055 0.27<p<0.36 .
TR N s e
o

| © .-.-..-.-I-I-‘-I-l """" o
Reconstruct oIS st . E
e I R — S St =

.500 600 700 860 960 1060 1160 1200
X= Ptitop1 &2, Yiop1 &2, Mtt, Yit, PTitangles o [GeV]
:

(t,anti-t), global energy variables

No SM deviations up to mu ~ 3TeV, priiop ~1.2 TeV,
significant stat uncertainties
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Extreme test of SM: double and triple diffxsec - dilepton+jets

CMS-TOP-18-004, submitted to Eur. Phys J. C A
b v
¢ 13 TeV Dilepton selection as JHEP 02 (2019) 149 w*
e Extra jets: central, high pr jets with AR(e-jet,lep)=AR(e-jet,b-jet) > 0.4 S —
W- t t

- Bkg: data-driven Z+jets, simulated tW,W/Z jets, other tt P

v Js=13TeV

standard for 2d distributions loose: for 3d distributions

* Mitvs {Priop [Yiop| |Vit| An(t,t), Ap(t,t),pr} e reconstruct 2 v system (no separate v)
+ [IYtopl, PTiop] e keep (£,jet) assignment with maximum pr jets

- Reconstruct tt system with dilepton kinematic reco

* [Mtt,Vitt, Nextrajets] 2 bins (0,1) and 3 bins (0,1,2)

9 fb™ (13 TeV
>1000009M$ — 8 (19 e_ o CMS | 35.9 fb™' (13 TeV)
S * Dein S 30000 ~ « Data
S ﬁ EtE s'inal @ 1 [t signal
- tt other c i
—_ tt other
- B Non-ti ® 20000 _| Elttothe
£ 50000 S u _ | MNon-t
o L.ISyst. unc. L] Syst. unc.
w 10000 —
9o 1.2} o)
T o «

500 1000 1soq .
M(tt) [GeV] y(tt)
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Extreme test of SM: double and triple diffxsec - dilepton+iets

CMS-TOP-18-004, submitted to Eur. Phys J. C

d2ow/dMi dAn(t,t
CMS 77( 1) 35.9 fb™ (13 TeV)
=) N T — T T T — T T T
* Bkg-subtract & = " 300<M(f)<400GeV]| 400<M(ff)<500GeV | 500<M(t})<650GeV [650<M(tf)<1500GeV]| ° Data, dof=11
Unfold to parton 3 02k + t t 1— POWPYT, y2=66
level - d20'tt/ = % ﬁ |-~ POW+HER, 2=68
dXdYdZ and d30'tt/ ,\E 0.15 T 1-= MG5+PYT, y2=124
dXdYdZ == 1] POW-+PYT unc.
0.1F - 1
» Compare with 0.05 - | Prediction
different NLO+PS | . flattens in An
Fat H A less quickly
rediction s ——
P edictions 2 12p i ? _______ ‘ 1 than data, as
* PS+HAD: pr - s 1Rt — Mz increases
ordered+string vs 0.8 7
angular-ordered Data/Theory 2 4
+cluster
« NLO ME :inclusive _ ,CNMS _ 35.9f7(13TeV)
b1 E : : g ® POW+PYT -
vs tt+2 extra parton S v e eoween ]
2 = " . A MGSHPYT |-
* No prediction describes all distributions : * . ]
* [Mu,An(t,1)],[Mup1t] : discrepant for all S E
- most consistent with data : PW+HW (forpr § [+ = 4]
PW+PY (for Njet and radiation) Y P S N VN N (O S
" (wa(t,)’y(w[M(u)’ "('t)iM@’ oy [[ ;’;(tt)’ ag t[z ;;m), n (hg ?(tb, n (v[]"/e,’ ItM(tt){ %;;M(r ot
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Measuring Top quark mass @LHC

special reasons
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SpPeclal reasons:measure the top quark mass
What is the top mass?

- Parameter in SM Lagrangian describing Higgs-quark interaction

« At Leading Order (LO), miop = m: (“bare”)
- Beyond LO, resum higher order corrections

renormalisation scheme

* Miop depends on
to absorb divergences

Examples (non exhaustive )

long distance scheme: pole mass

- mass = rest energy of free
particle at infinity

e impossible in QCD: no isolated
stable coloured particles —
only bound states = m(bound)
= m(pole) : 70 MeV ambiguity

short distance scheme: minimal
subtraction mass

e running mass at scale u of
the interaction (like as(u))

Difference between long and short is calculable

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights

Monte Carlo “scheme”; NLO+PS

Definition of m¢op from t(())p decays
(M. Mangano @ TOP2013)

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 9

in order to produce the physical state
— 2
q < 5
Mea:p - ‘ Z bi

whose mass will be measured
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

As a result, Mex is not equal to mpole,,,
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([wp)~ | GeV

present estimate: difference from pole mass ~ 0.5 to 1 GeV
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Spema/ Reasons: top mass tests SM & vacuum stability

C Ly = Metite + Yttt V2 Mo = Vi U/42
EWSB » i - r;laass tae:m - interaction term * op yi \/ :
LH’L@@S — ((9”H’)2-|— (1/2)2. (Vs o o —AUHs -(1/4))“—]"” = :

RENORMALISATION T (VG

/ o —— \ ~246 GeV

e (1 Mg, A A (W) = m 120° + AL (s Miop,Mw, Mz, M)
( - M2> \f G, (L 4r) If SM is valid up to the Planck scale

(no quantum gravity, no new phys)

Ar=Ar(mw, MH, Miop )

Eur. Phys. J. C (2018) 78: 675

as pu—Epianck, 1-0 or <0 A<0 —Higgs potential has

_ S depending on Miop more minima (meta-stable)
o 68% and 95% CL contours | Ry A or none (unstable)
2. 80.5 Fit w/o M, and m measurements - &= 046 GeV . 010 —
= Fit w/o M,,, m and M, measurements _0:0-46®0-501T5@Gev -
— Direct MW and m, measurements 178

30 bands in
M;=173.1 £0.6 GeV (gray)
a3(Mz) = 0.1184 = 0.0007(red) | =

M, = 1257 + 03 GeV (blue) ] 176f

80.45 008 |

S ENEANEERELNE EEE)

0.06 -

80.4 =
SRS URURURSRURRII DLl = | BD77 o AN AR # E
e 15 o004t
80.35 — m 0579 £ 0,013 Gev T - 3 I 1748
- ~ : § 002 - £
80.3 — ’ - & i 172}
n ! 1 £ 000
- 3 WS . I <
80.25 [~ - : - i RN e
B ’I”’I 1 1 1 1 1 1 - 1 1 1 L'/ i; 1 1 1 | 1 1 1 1 I 1 |_ _0.02 j JHEP 7208 170_ Q\% é\]
140 150 160 170 180 190 y 04i (2072) 098 Absolute stability
m, [GeV] i 10t 100 108 100 107 1(;14 Q0 10 10 18]
O el i Gey - Phys.Rev. D97 (2018) no.5, 056006
- scale u in Ge "1é2"'154"'1.'”\"'/.”2"
Test consistency of SM e now stabilty
Lifetime of vacuum is >> life of universe "™ ines

10 < e <10 New physics can stabilize or destabilize vacuum
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opecial reasons:measure the top quark mass: HOW?

1 Select tt/t events 3 Calibrate observable 4 Extract the mass

Extract/Parametrize dependence Compare observable
2 Construct observable that is of observable as a function of top  measured distribution with
sensitive to top mass I.e that mass observable as a function of  predicted as a function of

varies with fop mass top mass Miop = Max Likelihood fit

m m"“=160 GeV

. o mM=170 GeV | = =
(images by Z m/°=180 GeV | 4
B Stieger = N
(CERN))
a-mq+b .
0 T T
Mt m MC m.extr thC

Different (ways to find)/(format for) the Iikeltihood as function of Miop

A4

* measured top mass is the mass used In the prediction !

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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Special reasons: direct measurement of top quark mass
most recent ATLAS result from all data @ vs=8 TeV  £,r phys. J. C79 (2019) 290

 Select £+= 4jets events (subtract data-driven W

+jets, fakes & stimulated dibosons &single top),

require 2 b-jets

« Likelihood-based kinematic

fit (mW & mtop CO

 Kine variables—

assign jets/

nstr)

Boosted Decision

# leptons to tt
dec;aiprod ucts

Tree—discriminant to enrich sample with
events with correct jet/lepton assignment.

- Likelihood-fit 3 miop sensitive variables to data

' Miop + 2 scale factors: jet and b-jet-to-light-jet
energy — reduce dominant jet & b-jet uncertainties

e Optimize w.rt.
BDT: 19%
improvement

¥

e Combine with
dilepton and
all jets result

6mtop /mtop “'0.280/0

francesco.spano@cern.ch

Inputs to the combination ATLAS
Mg, * stat. = syst. (total)
Me” " (8 TeV) oA 172.99 = 0.41 = 0.74 (0.85 = 0.05)
’llll.lllllllllllllll: llllllllllllllllllllllllllllllllllll
* T | mZEe (8 Tev) - H 172.08 = 0.39 + 0.82 (0.91 = 0.06)

.l L LR l' llllllllllllll I' lllllllllllllllllllllllllllllllll EE l.
Mes® (7 TeV) e 172.33 + 0.75 = 1.04 (1.28 = 0.08)
mige"° (8 TeV) H-.-.-. 173.72 + 0.55 + 1.02 (1.16 = 0.11)
mie”" (7 TeV) | H—e—175.06 + 1.35 = 1.21 (1.82 = 0.13)
Mes” " (7 TeV) H+e+—  173.79 = 0.54 = 1.31 (1.42 = 0.07)

fffff Combination ]
stat. uncertainty —— stat. uncertainty
total uncertainty —— total uncertainty
| 1 1 1 1 | 1 [ 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 |
165 170 175 180 185
My, [GEV]

172.69 £ 0.25 (stat) &= 0.41 (syst) GeV

> g 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 I.I T T I IIIII
8 - ATLAS e data, l+jets ]
C o ST ' —
. reco Z 1200 {s=8 TeV, 20.2 fb Best f!t background —
n |top 2 - —— Best it
e © 1000[ Uncertainty ]
sensitive to @ ¢
800 —
bJSF o0 E
400F .
200j -
0_I--I-'l"'ﬂ"l"l"{"'"l"l"l‘-L"-O--I--l--L-l-fi:sev‘J I | R N | J_ | W | J | iy iy
130 140 150 160 170 180 190 200
Mg’ [GeV]
> _l T I T T T T I T T T T I T T T T I T T T .l I T T T T ]
© 1800 ATLAS e data, l+jets =
9  (s=8 TeV,20.2fb" = [% Best fit background 3
f’E’ 1600 —— Bestfit =
9 1400F [ Uncertainty
m -
1200
1000F
° mwreco 800F
i+ 600
sensitive g
400
to JSF 200 k=
o 1 . e e P U | S R ) SOy
60 70 80 90 100 110
miee° [GeV]
R A N L P
S 18001~ (s=8 TeV, 202" [ Best fit background
2 1600} Best fit =
o = [ Uncertainty 3
u>J 1400: 3 ]
R _z | . | / 1200 + =
=2 |PTb-jets 1000F- =
2 |pTets_in_wl| SIRE TN E
" 600 fo £ N =
sensitive to P! N ]
400 f o P —
bJSF i e -
. =05 1 15 2 25 3
dominant syst: JES, b-tag Ree
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Special reasons: summary of direct measurements of miop

Global “standard” Miop picture (June 2019)

ATLAS+CMS Preliminary My SUMmMary, Vs =7-13 TeV  November 2018
LHCtopWG
----- World comb. (Mar 2014) [2] | —r— i
stat total stat
total uncertainty ] m,, * total (stat = syst) \s Ref.
LHC comb. (Sep 2013) LHctopwa I—|-‘!-|—I 173.29 = 0.95 (0.35 = 0.88) 7 TeV [1]
World comb. (Mar 2014) e 173.34 + 0.76 (0.36 = 0.67) 196-7 TeV [2]
ATLAS, l+jets H—=—ts 172.33 + 1.27 (0.75 = 1.02) 7 TeV [3]
ATLAS, dilepton —f—— 173.79 = 1.41 (0.54 = 1.30) 7 TeV [3]
ATLAS, all jets ——s—— 1751 1.8 (1.4 1.2) 7 TeV [4]
ATLAS, single top I —a— i 172.2+ 2.1 (0.7 = 2.0) 8 TeV [5]
ATLAS, dilepton H—-H 172.99 + 0.85 (0.41x 0.74) 8 TeV [6]
ATLAS, all jets =—— 173.72 + 1.15 (0.55 = 1.01) 8 TeV [7]
ATLAS, I+jets = 172.08 = 0.91 (0.39 = 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) H*H: 172.69 + 0.48 (0.25 = 0.41) 7+8 TeV [8]
CMS, l+jets > 173.49 = 1.06 (0.43 = 0.97) 7 TeV [9]
CMS, dilepton —tt= 172.50 + 1.52 (0.43 = 1.46) 7 TeV [10]
CMS, all jets ———— 173.49 = 1.41 (0.69 = 1.23) 7 TeV [11]
CMS, l+jets HeH : 172.35 = 0.51 (0.16 + 0.48) 8 TeV [12]
CMS, dilepton |—+o+-—| 172.82 + 1.23 (0.19 = 1.22) 8 TeV [12]
CMS, all jets HeH 172.32 + 0.64 (0.25 = 0.59) 8 TeV [12]
CMS, single top e 172.95 = 1.22 (0.77 = 0.95) 8 TeV [13]
CMS comb. (Sep 2015) e 172.44 + 0.48 (0.13 = 0.47) 748 TeV [12]
CMS, l+jets e 172.25 + 0.63 (0.08 = 0.62) 13 TeV [14]
CMS, dilepton o 172.33 = 0.70 (0.14 + 0.69) 13 TeV [15]
CMS, all jets N E 172.34 + 0.79 (0.20 = 0.76) 13 TeV [16]
e i el
[4] Eur.Phys.J.C75 (2015) 158 [10] Eur.Phys.J.C72 (2012) 2202 [16] CMS PAS TOP-17-008
[ Phys LotBTen Go19)950 il Py e ey 072008
|||||||||||*|‘|7|||||||||||||
165 170 175 180 185
m;oia [GeV]
DO latest (June 2017)
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ATLAS Combination (Oct.2018)
DO (June 2017)

ATLAS fully had & CMS I+jets
(Mar 2017)

CMS Combination (Sep 2016)
Tevatron (July 2016),

ATLAS (June 2016)

CMS Combination (Sep 2015)
OMitop /mtop ~0.44% g?ﬁgnﬁ?o 775?/\4 2015)

- o un ar 2015

SMiop /Miop ~0.54% /17 March 2074),

Tevatron (July 2014),

LHC (Sept 2013)
6mtop /mtop "’0.280/0
5mtop /mtop “"0.28%

some tension between
[ HC & Tevatron measurements
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Indirect measurement of top quark mass: from 1d
arXiv:1905.02302, submitted to EPJC

diffxsec

mY = \/zpw FEPS[L - cos(de — §pmis)]

Exploit mole dependence of dow/dX with X= inverse of the invariant mass of the tt+1jet system

pole _ 1 doE41—jet pole _ 2m0 mo = 170 GeV
R(m:™", ps) = g — = (me 7, ps) Ps N .
e Require 1 £, =5 jets, 2 b-tag(s), large Er™ss and mt" : w V

- Reconstruct ps from tt system by

"
» hadronic W: non-b jets pair with m(jj) ~ mw a b
and min(pr1,pre2) AR(,))<90 GeV ¢
» leptonic W: lepton+ neutrino from Ex™ss L A o Daa =
and mVV Constralnt - 3.5 ATLAS [ Stat+syst uncertainty -
aa 35_ Vs =8 TeV, 20.2 fb" firfjet @NLO+PS : =
» top candidates: ﬁW+b-jet) pair—minimise  © "t paonteve I $gi§§§§§ ]
|mlep top = Mhad top| Miep,top + Mhad top| o 25F B " g
: :_ :’; '._.'._.'.g.'._.'._.' _:
» tt+jet = tt+leading-pr jet unused in reco = T -
15— —
- e . =
- Unfold R (regularized) to parton level and E — E
fit to NLO+PS prediction 05E - E
X2 (me) = VT () x CQV ()™ x V(my) e —————
.” ---------------------- _,ES, 5
‘. "“‘ e 1.5 _
measured - Stat+sys covariance 5 1E R SR SR SR - re
predicted through unfolding! a 0 01 02 03 04 05 06 07 08 09 p1
mlfOIe = 171.1 £ 0.4 (stat) £ 0.9 (syst) fgg (theo) GeV
OMiop,pole /Mitop,pole ~0.70% uncertainty reduced by a factor 2 w.r.t 7 TeV result !
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Indirect measurement of top quark mass: from 3d diffxsec
CMS-TOP-18-004, submitted to Eur. Phys J. C

* Fit normalised diffxsec [Nextrajets®!, Mit ,yit] to NLO prediction for tt+1 ,2 jets, corrected
from particle to parton level by POWHEG+PYTHIA by minimising y? as function of

> Mi,pole , &s With varying PDF sets (7 sets)—™ mupole, @s (Separately)
> Mipole, s PDF parameters — mypole, s, PDF par simultaneously (+ HERA data)

particle JO1S  Caveat! Predictions miss
isolated fromt — ¢,b

O_partonjetS |  higher order gluon
no MPI, no had., no tt decays resummation relevant for
production @mass threshold

* electroweak corrections

— CNnp =

* Uncertainties in separate fit
Data: all sources in diffxsec cov matrix — by Ay? =1

Scale : envelope of ren. and fact. scale variations varied independently by fact 2 — repeat fit
as . vary within 0.001 of 0.118— repeat fit

PDF: variation within 68% CL uncertainty associated to each set— repeat fit
Modelling of Cnp: vary hadronisation, PS, matrix element, underlying event tune

v

v v Vv Vv

- Uncertainties in simultaneous fit
» Fit: all sources in diffxsec cov matrix by Ay? =1
» Model: vary mass of c-quark, strangeness fraction, Q°— repeat fit
» Parametrisation: vary PDF parametrisation by adding or removing pars.— repeat fit
» Scale & as

* Separate fit validated by repeatlng fit to single diffxsec M, |yx|, Mtt, Njet , to
alternative 3d diffxsec [Nextrajets”?, Mit,yt] [PTtt, Mtt,yit] and using absolute diffxsec
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Indirect measurement of top quark mass: from 3d diffxsec

-+ CMS-TOP-18-004, submitted to Eur. Phys J. C cMS 35.9 b (13 T
4 : : . eV
Separate flt NX T T T T | T T T | T I( T T )
CMS 35.9 fb" (13 TeV) | IN" 7 M(th),y(th), dof = 23, data and PDF unc. }
— o L L L L L , ole pole 7]
E 0.2 so0mehy T 4c0<mh) | soo<mh T soo<Mh | 400<M(h [.. so0<mqy | © Data dof=: My = Am: / GeV PDF [ ] -
= <400GeV |  <500GeV <1500GeV <400GeV <500GeV | ! <1500Gev NLO CT14 300H-© 171.05 +- 0.70 CT14 [ 28] _
E N._.>0 N. >0 NSO 0,=0.118
B 0.15 i i ;o oy -5 171.12 +- 0.68 MMHT2014 [ 34] -
< — 172.5 GeV ~A-170.81 +- 0.68 NNPDF31 [ 33] ]
=-=-167.5 GeV
01 | s ey ~7-170.83 +- 0.66 HERAPDF20 [ 28]
200 < 170.95 +- 0.66 ABMP16 [ 21]
0.05 i 170.38 +- 0.66 JR14 [ 23]
B || & 171.17 +- 0.67 CJ15 [ 27]
o 14i 100
e 1
0.8 °
06 N L e )
1 2 1 2 1 2 1 2 1 2 1 2‘ i | | | | | | | | | | | | | | |
maximal ly(t)l 0 170 175
T 35.9 fb™ (13 TeV ole
senSItIVIty : CIMIS T T T I T I T I T I T I T I T I T I T I( T el ) mtp [Gev]
£ 0.2 300<M(th) | 400<M(tt) T s500<M(t) | 300<M(tf) | 400<M(tf) | 500<M(tf) |
%‘ <400GeV | <500GeV <1500GeV <400GeV <500GeV <1500GeV | o Data, dof=23
Simultaneous fit Soss 71 MK, WL WL SRR N
L 5
ATLAS+ = — NLO fit, 2=20
- 0.1
combined
HERA DIS 0.05}
| | | | L | | | | _ +0.0021
o 14 as(mz) =0.1135" g0 (total)
Eog¢¢$ : a0 e §§§ ? N B S AR
0.6}

1 2 1 2 1 2 1 2 1 2 1 2 .
ly(tP)l OMiop/Miop ~0.46%

(param) £ 0.3(scale) GeV = 170.5 £ 0.8(total) GeV.
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mP'® = 170.5 & 0.7(fit) & 0.1(model ) 709
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Special reasons: summary of indirect measurements of miop
CMS Top Summary Plots

Top-quark pole mass measurements March 2018
ATLAS Top Summary Plots i~ o o
) i o(tt), 1.96 Te 5.20
PLB 703 (2011) 422 ® 167.50 ™% 4 70 GeV
T [ Tt T 1 T [ T T T T [ T T T T [ T T T T [ T T T 1 MSTWO08 approx. NNLO
ATLAS Preliminary Top quark pole mass determinations gg ﬁéf?élégﬁcgﬁ\é o015 ——@—— 169.50+330 _ , GeV
compared to direct measurement MSTWO08 NNLO
September 2018 DO oftf), 1.96 TeV
o(ty), 1. e +3.40
PRD 94, 092004 (2016) ——@—— 172.80777 5 50 GeV
NNLO+NNLL: ti inclusive PDFALHC, 7 TeV 2014 171.4 = 2.6 MSTW08 NNLO
_ alr ?2(:)?:1)73-:%5 o @ 17290725 5 g Gev
NNLO+NNLL: tt inclusive PDFALHC, 8 TeV 2014 17412 2.7
ATLAS tt+j shape, 7 TeV @— 17370228 , . Gev
NNLO+NNLL: tt inclusive PDFALHC, 7-8 TeV 2014 172.9 + 2.6 JHEP 10 (2015) 121 '
~ ) _
- " SMiop/Mitop ~1.03% |  cms o), 748 Tev 17380170 . Gev
NLO: tt+1 jet, 7 TeV 2015 173.77; JHEP 08 (2016) 029 —— ' -1.80
NNPDF3.0
NLO: tt leptonic differential, 8 TeV 2017 173.2 + 1.6 OMiop/Mtop ~0.92% fH“’éﬁ gg(t(t2)011:;)1(')2\1/ —— 170.60+270 , _ GeV
CT14
Direct reconstruction 2017 ¥ 172.51 = 0.50 CMS tt+j shape, 8 TeV +4.52
TOP-13-006 (2016) ¢ 169.90777 5,66 GeV
| | | | | | | | | | | | | | | | | | ] | | | | | | | | World Combinatlon
0.76
140 150 160 170 180 m Pole [Ge\1/]90 ATLAS, CDF, CMS, DO @ 173.3470 g 76 GeV
t arXiv:1403.4427, standard measurements
ATLAS Prellmlnary m;)ole + Atot | ] ] ] ] | ] ] ] | | ] ] | ]
DO ot , Vs=1.96 TeV 1 50 1 60 1 70 1 80
PRD 94, 092004 (2016) 1728 * 35 Gev CMS 35.9 fb™' (13 TeV) m, [GeV]
7 T T T '7 I 7' T T T T | | T T T T
CMS ot , NNPDF3.0, Vs=7+8 TeV o1 N2 M),y (i
JHEP 08 (2016) 029 1738 —l.g GeV [ Jet po,(e )Y( 4
——m,  with total unc.
CMS o, Vs=13 TeV ‘2. S '
P At —.— 1706 *27 Gev data unc. separate fit
— PDF unc. i .
ATLAS o, Vs=8TeV . 16 from 3d diffxsec simultaneous
EPJC 77 (2017) 804 1732 747 GeV —_uunc. . .
o +0.001 unc. fit from 3d diffxsec
ATLAS off , Vs=7+8 TeV 1726 +25 Gov K
EPJC 74 (2014) 3109 T -26 ABMP16
o * 170.5 4+ 0.8(total) GeV
ATLAS oy, Vs=7 TeV +2.3 HERAPDF20 ‘
JHEP 10 (2015) 121 173.7 -2.1 GeV w
1 ATLAS cl1iet, ys= 8 Tev CcTi4 §=-= amtop/ Mtop ~0.46%
Apr// 20 7 9 this zmalyxzdm. e ° 1711 t112 GeV 6mt0p/mt0p ~0'7O°/0
| ‘ ‘ ‘ | World average [PDG2018] —eo—i
1 50 1 60 1 70 1 80 1 90 | | | | | | | | | | | | | | | | | | |
ole 165 170 175 |
mP**[GeV] mP°" [GeV]
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Measuring Top quark coupling

special reasons
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Special reasons: The top yukawa coupling in a nutshell
* Higgs coupling to fermions included by “adding” Yukawa terms

Le = mefofe + yeH fufe V2 +he. R T — :

. . £ 1 5= 13TeV, 245-798 b S0

mass term Interaction term 5 m, = 12500 GeV, [ | <25.p_ =72% 1

V\/L.{.‘ — gf\//\/‘:z E: J0- = T SM Higgs boson W _;

 Indirect : evidence for SM-like Y: obtained from 102 A w= I

Higgs production (ggF) and decay (H—yy): loops

[TTT |__IIII| F T IIIIII| I IIIIIII| I IIIIIII| I IIIIIII|
L ]

=
Lol Pl vcoomd

R XX X141 " " P
p £33
S 4]
t § TN
gQaQQQQQoQQ 0.8 .
. . 07 1
gg H (Fusion): dominant @_HC interference with W ¥ 107 1 10 102
boson in H-yy Particle mass [GeV]

9

« Direct : tree level process cross section is proportional to yi?’ probe up-type quarks

3rd gen
; H=11 2.tHq: interference with Wt _ - '
H . and sign of Y -glie :
; H—D0b 3.4 top quarks production o <; jgw
1.ttH 4.Differential tt production ! N, h

» test BSM effects, assumed absent in loops
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Special reasons: t-coupling to bosons

. o(ttsX) ~10° t JHEP02(2016)113
g ~ ttV, ttH production at pp colliders at NLO in QCD i
o [pb] S TeV 13 TeV 013 Tev/ = | centralu/\ =, MSTW2008 NLO PDFs (68% cl =
O8TeV ;10 E p,(v) > 20 eV
© -
n +9.0% +2.6% +10.3% +2.0% L
tt2 0'226—11.9?% —3.0‘72 0'874—11.7‘72 —2.5‘72 3.9 10
g +9.6% +2.3% +13.0% +1.7% -  ##
ttWw 0.23_10'6?% _1'7(72 0.645_11.6(72 _1_3% 2.8 B B
1 :::;:::ﬁ:";::. T ttZ % tty =
- +12.7% +2.1% +14.2% +1.6% S tiwe B tiH )
tiry 0.788 71359 —2.a% 2-T46 13750 ~1.9% 3.5 -
10_1 | =
y +3.3% +2.8% +6.0% +2.1% 214 = —
ttH 0°136—9.1<72 —3.272 O°522—9.40/2 —2.6‘72 3.8 e —
< ( oot | L I *§
2 HF =
o(pb) 8 TeV 13 TeV 815p /
. 1 i‘:f..’.._l-| .......... [= = === [= == === fpemmmm - .E
tt 245+62 g 4+62 ¢ | 831+19.59735 35 8 13 14 25 33 50 10
Is [TeV]
e 1T 1= T s
g |
ttH is much rarer than tt! ’
o zZ =
m ]
* % ’
2 1
Direct search for ttH with
H—-bb,WW/ZZ, tT, vy ol :
< 4” : > ]
1084 . / L Ny
100 120 140 160 180 20(
M, [GeV]
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opecial reasons:Qbservation of ttH production -rus. Lett. 8784 (2018) 173

figures by M. Owen @ TOP2014 example from ATLAS

ATLAS-CONF-2019-004

and CMS-PAS-HIG-17-004

t

W 2
W/Zt \5\5

H_
W/Zt

|

francesco.spano@cern.ch

H—bb
+ Select single and dilepton tt-like decays, main bkg: tt+jets (tt+b)
» » Categorise in N(jet), N(b-jet),

- Build signal/bkg discriminators (BDT built from matrix element, higheryield
likelihood, reco BDT) in 9 signal regions + 10 control regions 4

H »2Z* »48 (e,u)

- Select > 48= 2 opposite sign pairs, m(4€)~ mu ,=>1b-jet bkg: simul. tt+W/
Z, other ttH

+ Signal tt-HAD: = 3 jets & no other £, tt-LEP: = 1 other jet, = 1 other £

- Build signal/bkg discriminator in tt-HAD: BDT from An,AR between jets and
lepton system,dijets kine, (b-)jets multiplicity — use 2 bins in HAdABDT+ LEP region

b

H - WW*/tt /ZZ*— multi-2
- Select 7 classes by N¢ and £-type using kine requirements and BDTs , bkg:
simul. tt+W/Z, data-driven fake €/t

- Build BDT discriminator for 5 signal regions, single bin yield in 4 control
regions+ 3 signal regions (low population)

H—yy
t
y * Select 2y, 105 GeV<m(yy)<160 GeV, pr lead (sublead)y[m(ym >0.35
_1_<< (0.25), =1b-jet main bkg: non-resonant di-photon (incuding tH,tt+yy,VH) v
y « Signal tt-HAD: >2 jets &no £, tt-LEP: > 1 £ higher purity

~* Build signal/bk discriminatorséB)DT built from jets & photon kine) in 7

signal regions (4 in HAD + 3 in L
* ttH signal vield in BDT bins: from fit to m(yy)
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Special reasons: Observation of ttH production

Phys. Lett. B 784 (2018) 173
ATLAS-CONF-2019-004

* Derive likelihood L= IT likelihoods for distributions of all discriminating variables in all signal

+ control regions in signal (ttH)+bkg hypothesis
L(data | i, 0) = Poisson ( data | it - s(8) + b(0) ) - p(6]6)

Gaussian or log-normal for

W=

nuisance par — syst uncertainties

« Maximise L versus p=0obs/0Osm, @ — extract signal strength pkit, Brit i.€. constrain syst
uncertainties, bkg (b(6)) normalization, background hypothesis

ATLAS

CMS

- Measurements are consistent with SM predictions
» Combination assumes SM branching ratios

— +110
Run I+Runll:6.3 s.d. (5.1 s.d. exp) OttH= 670 £ 90 (stat.) Z;o (syst) b Run I+Run II: 5.2 s.d.
Run I :5.8s.d. (4.9s.d. exp) ouw™ = 50773 (4.2 s.d. exp)
Signal Strength 51 b7 (7 TeV) + 19.7 fb™ (8 TeV) + 35.9 o (13 TeV)
8 T LI N N B LI N N B T e Observed
R A T s | ' ' ' ' | CMS — +1o (stat ® sysY
2 4 . ¢ Data e Total Stat. [ Syst. — SM i . | — 10 (syst)
oY | . | |
g -~ Bkgd. (u=0) ttH (bb) ° 0.79 = g5 (% g25 ,=0.53) ~ 3
10 ttH(yy) -
i ttH (multilepton) H=— 156 g3 (= 020 +% 027 ) - i ;
] T - ; signal
1100? discriminant bins | ttH (vy) —=— 139 % 045 (= 0% % 059 ) EHb) B Strength
- ordered inS/B T = 1 | fH@ZD K <1.77 at 68% CL
5 1..A}:...ﬁHHﬁ...:ﬁHH}:H:}HH}HH}H:? ..................................................................................... 7+8 Tev |
% g: Ju—'f Combined H——H 1322 02 (20.18,= 22 ) | a1y i
S 21_...|°....|.=...|‘....|.T..l.....l....l....l...._ l l R Combined ————
-3 25 -2 15 -1 -05 0 05 -1 0 1 3 4 S A I S B B S P B
M _
log, (S/B) Gy O 1 1 2 “:;H 4 5 6 7
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Search for new physics with Top quark

beyond reasons
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“Beyond” reasons: top quark as window on new physics

Standard Open questions

- What is the origin of mass?

Why are symmetries of
forces different from those of

?
SymmetryMagazineSMHIiggs2012

¢ [f SM is an effective theory valid up to new physics scale A

MHiggs NAS Miop-dominated - *@ e > ——i H e

virtual corrections

iy = i+ R TEV40T TV 405 TeV 110 Tee 4

N\ is unknown. If A >> TeV, 0mpy >> muy. What balances Omp is still a mystery.

Suggestive: 3 new particles with opposite corrections to those from top quark:

Since

(C.Delaunay top partners are colored®

@ 10P20174)

strongly coupled to top quark =decay like
LPNHE Seminar, Sorbonne Université, 24th June 2019

search by measuring
top quarks

top quark or to top quarks
Top Physics @ LHC: selected highlights
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“Beyond” reasons: top quark as window on new physics

1000

500

100

50

10

francesco.spano@cern.ch

Increasing Pr.top ,Mtt

Light quarks

b quark

~

II|IIII| I II|IIII|

I

||||||||||||||||||||||||| neutrino

b
quark

resolved

lepton

do(pp - (Z'/g* ») tt)/dm; [fb/20 GeV]
Mg = Mp = My, = 2 TeV
LO, CTEQ6L1, LHC

II‘IIII

JHEP 0901:047,2009

|

ll‘llll‘

|

QCD omnly
Z' Color singlet

l l‘lllﬂt
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1750 2000 2250

tt invariant mass [GeV]

boosted
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"‘beyona” reasons:Direct search for tt resonances

Use shape of specific model _
Recognise boosted (& resolved) top quark decays using

CMS ATLAS
Remove small-pr, wide angle radiation from jet

jet mass, 3-prong/2-prong
away from £ & lep-jet
pr-dependent isolated £

large t-jets jet mass, 3-prong/2-prong

leptonic top ARI(lep,jet), pr(lep relative to jet)

1 “close” small-R jet=lep-jet

JHEP 04 (2019)031

Eur. Phys. J. C 78 (2018) 565

35.9 fo' (13 TeV)

\

1 |No

1 |excess
- | seen.

| \Set

1 limits

1 [with

= | frequen
. | tist

scheme
(CLs)

Combine § 10° £ |C|\|I|S1 ) ¢ gactg e ?— S 10 (5= 18 Tev, 6.1 fo° %\gt;,ets ,,Sum]tet |
= A muttye E Al - ers 7/ Uncertainty
d| B 10 1 )t;tZg - tZt4OTeV 1% width (1 pb) ‘% 10°F
| eptOﬂ ] o ; Boosted u (cat. 3)
& 10 : Combine~ PostH
102 - . -
resolved 1 ; |t i resc;:ved 1
& boosted o} ’ T oi
2 gE == boosted” ¢
E S_ I I_||_|'_I_I|_|_|I_I _ 8 11(2)5 IIIIIIIIIIIIIIIIIIIIII
all had -2 - | 4 | < 1WW%/
boosted 0 " 2000 4000 6000 8§ °”
mﬁ [GeV] 1000 2000 3000 4000 500::00 o E\S/(';O

all had: 2 top-jets, =1 subjet matched to b-jet
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u+jets, each top candidate matches b-jet
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"Deyonqa reasons:pirect search 1or tt resonances

Exclusion regions up to Mresonance ~4-5 TeV !
JHEP 04 (2019)031 35.9 fb' (13 TeV)

35.9 fb' (13 TeV)

JHEP 04 (2019)031

o = — Observed

= 104 3 CMS -------- Expected

= 10 L I =1 s.d. exp.

_1\ 5 - [ ] +2s.d. exp.

N 10°¢ — Z'1% width (NLO)

Q 10; Combination

X =

& 1;? excluded (TeV):
107k 0.5<mz’,10%<3.8
107°F
10°F
1074 b e T L

0) 1 2 3 4 5 6 7

“narrow” resonance M, [TeV]
Eur. Phys. J. C 78 (2018) 565

510 ATLAS \F 13 TeV, 36.1 fb” é
x b meeeeeeeeeee Expected 95% CL upper limit .
©10 Observed 95% CL upper limit —
Expected 95% CL upper limit + 1o 3
Expected 95% CL upper limit + 2 o ]
10 —— Dark Matter simplified model, axial-vector mediator. —
i excluded (TeV): ;
el 0.5<mpm<1.2
102,;_ Hh.n.'& ----------
107 ;—
- dark matter axial mediato
10 7" I TN N T T [ TN T T T T N N T T N T Y T T N S T I | | 1111

0BT
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25 3 35 4 4.5

5

Mediator mass [TeV]
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a 10
|E 1 3
T 19
<10
(@))
T 10
X
5 107"
1072
107°

107

——— Observed
-------- Expected

] +1 s.d. exp.

[ ] +2s.d. exp.
— 9, (LO x 1.3)

CMS

Combination

IIIII|T|'| IIIII|T|] IIIII|'|T| IIIII|T|'| IIIII|T|] IIIIII|T| IIIII|T|'| TTT

excluded (TeV):
~ 0.5<mgk<4.55

1 2 3 4 5
My [TeV]

coloured “wide” resonance
Eur ths J C 78 (2078) 65

o x B [pb]
50)

\F 13 TeV, 36.1 fb1
Expected 95% CL upper limit
Observed 95% CL upper limit
Expected 95% CL upper limit + 1o
Expected 95% CL upper limit + 2 o
LO KK graviton cross section

| excluded (TeV)
................. 0.45<mg<0.65

10 ;—
107 ;— -------
10—3: | grav|lton | 1 1 1 1 1 1 1 1
1.5 2 2.5 3
mg [TeV]
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“Beyond” reasons:Looking at the future: Effective Field Theory fits

No new light states = Parametrize renormalisation effects (momentum divergences)
between observed SM scale and new physics scale (BSM) as a function of SM fields

DETERMINATION OF THE COUPLINGS OF THE SM £ UP TO DIM=6

TopFitter Coll, JHEP04(2016)015
& Phys Lett. B 763 (2016)

‘ individual —e—
Cq '_».4_‘ marglnahzed —e—
initial y? Fit to SM@NLO/NNLO+EFT@LO cl et
Measurements include otw: & dow/dX ; —
Predictions: polynomials /,({Ci}) = af + ZﬁbC + > ,CiC5 + . o L.
= G
EFT coefficients are consistent with zero e, £
T ——
c33, —
e
Where tO gO? 1 _()',5 '0 0'.5 1
arxiv:1802.07237 & LHCTopWG discussions Ci = Civ?* /A2
e Use EFT operators producing top quarks: extend to NLO (new operators)

- v = | |
e Measure dow/d{X}: separate optimisation, | ¢ Common likelihood fit of dNw,/d{X} to
 provide extended covariances ~ predictions with uncertainties constraint

|

® Combined fits tQ predictions > o
nea ‘ﬁﬁr ~H EFT couplings
EFT couplings measurements are by-product

francesco.spano@cern.ch  Top Physics @ LHC: selected highlights LPNHEiseminar, Sorbonne Uhiversité, 24th June 2019 47



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

“Beyond” reasons:.EFT: Constraints on top chromomagnetic moment

e [op colour charge & spin— chromomagnetic moment

JHEP 02 (2019) 149

CMS 35.9 fb™' (13 TeV)
(CMDM) g
* In EFT, new phys — dim 6 operator causing anomalous _|<  — &%:Iotev:em
. . B| T O — CA?=-1Tev?
CMDM - alter rates, spin correlation — change Ap(¢ 4
*07): azimuthal angle in dilepton tt: prediction available 3
@NLO as a function of Cia/A? (coupling strength/EFT scale) 21

\ 4
e CMS Dilepton selection & bkg estimate

» Bkg-subtract and unfold dN/dAg(£+2°)— dow /dAp(£+L)

e Minimise D=data, P=prediction

X*(Cic/A?) = [D = P(Ci/A?))" Cov™ ! [D — P(Ci/A?)]

o Assur2ne Gaussian errors = Derive 95% CL confidence interval
by Ay

» Theory uncertainties (normal., scales, PDF, miop) repeat fit,
show maximal changes due to theory variations

» More stringent constraint than previous measurements
Tevatron data —0.32 < Cig/A? < 0.73TeV 2
CMS, Js=8TeV —0.42 < Cic/A? < 0.30 TeV 2

CMS, Js=13 TeV |-0.06 < Cia/A% <0.41 TeV~*
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35.9fb' (13 TeV)

— nominal fit
' best-fit value
— + theory syst
- theory syst
68% CI
95% ClI

I
-0.4

I
-0.2

0.2 0.4

C/AZ [TeV?
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Conclusions, Thoughts, Outlook

* Measurement of top quark production is entering the precision
(less than 10% in many cases), multi-dimensional differential era

* Measurements of top quark mass achieve at the 0.3% (0.5%)
level in direct (indirect) measurements : challenging the
understanding of the mass definition

* Coupling of Higgs and top quark is directly observed: it is
presently SM-like

- BSM searches show that SM is valid at the O(1 TeV) region

* EFT asserts itself as the complementary new frontier to direct
new physics searches
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Conclusion, Thoughts Outlook
dowt/d{X} is emerging as multi-analysis laboratory for SM/BSM
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* Opening the way fit-based multi parameter estimation
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