.|

§ 4 iaaciCE =

. o5 -

rge Hadron!€ol

’mf@gﬂ@[@@@g E@

Jay Howarth




& Universit
¢s of Glasg()\}\]f

What is it we want to know? ESA |

e |[deally, we want to know the quantum
numbers of the quarks:

) mass
=) spin
= charge

* Properties of QCD (particularly quark

confinement) makes it nearly impossible to
access these directly for most quarks....

Jay Howarth 2
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e The top quark has a special and totally
unique property: it is VERY heavy!

e It has a mass of 172.5 GeV, many orders of
magnitude heavier than the other quarks!

e Closest in mass to an
entire Rhenium
nucleus.

Jay Howarth 3
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 This phenomenally high mass leads to some
unique properties:

Spin
Production Lifetime Hadronisation decorr.
L < < L << : < < m(t)
m(t) ['(7) Aocp Aocp
~10-27 s ~1025s ~1024s ~1022¢g

e QCD has no time to dilute its quantum numbers

 Perfect candidate to understand QCD!
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Vacuum stability 05 7 Clasoow

A simple and accessible question at the LHC
Is “are we in a local or global minima?”.

Higgs
potential
Our " Stable
\ \ Metastable
1ggs
field

e Measuring mw, mt, my can tell us.
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Fate of the Universe

Top mass [GeV]

ROYAL

SOCIETY

- & b

i University

of Glasgow

178 =

i

~

N
|
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120
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Higgs mass [GeV]
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How do we measure it? onar. [T Brre
£
W+
t
b
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How do we measure it? & of Glasgow

NN

some
measurements try

to reconstruct the
top itself and
measure it’s mass
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How do we measure it? &5 7 Clasgon

st
/3 kM
0
4 :
g % I b 4]
b §
n Ne*
. K
RS . 33

measurements Pl

show today focus |W*
on observables
involving daughter | ‘
particles. ™)
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How do we measure it? rovat . I re e

st
/3 kM
0y
4 :
: % I y )
A 1
n Ne*
. K
RS . prY

First uses the
charged lepton and

b as a proxy for the
top.
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ATLAS-CONF-2022-058 LT @D ey

> [T T 1771 | L | L | L | |||||||| J T 1T 17T | T 1T 171 | T T 1T T_] > T T I LI | LI | LI LI | LI ] LI | LI 1T T 1T
[ C . L S PR . ]
& 0.04— ATLAS Simulation L ime,=1710GevH B [ ATLAS Preliminary ¢ data, dilepton ]
o  Preliminary, (s=13 TeV 1 & 3000 (s-13Tev, 139 b _
» 0.035 Mg, =1725GeV 4 O B ’ = my,=17221£0.80GeV ]
I Mg, =1740GeV § £ - -
g 00 = O 2500 LY —
g - Ll B ' _
& 0.025 — - i
IS m - s
€ 0.02 = 2000— =
(@) - _
= B ]

-

o

(&)
|

Ratio

50 80 70 80 90 100 110 120 130 140 50 60 70 80 90 100 110 120 130 140
M9 [GeV] my*" [GeV]

 Top mass measured in proxy observable (mp) using
template fit.

* Templates functions constructed from different mass
hypotheses and fit to data (unbinned max likelihood fit).

Jay Howarth 12


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-058/

ATLAS-CONF-2022-058 LT @D ey

* Final selection also uses DNN to resolve lepton-jet
pairing ambiguity.

mtOp [GGV]
Result 172.21
Statistics 0.20
Matrix-element mateching 0.40
Colour reconnection 0.27
Recoil effect 0.39
Jet energy scale 0.37
Other uncertainities 0.29
Total uncertainty 0.80

*full table in backup

mOiePon _ 172 21 + 0.20 (stat) + 0.67 (syst) + 0.39 (recoil) GeV.

top

* Uncertainty dominated by MC modelling and Jet energy
scale uncertainties.
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How do we measure it? &5 7 Clhsgow

Next uses the
charged lepton and
a soft muon from

st
/3 kM
0
4 :
g % I b 4]
b §
n Ne*
. K
RS . 33

b-hadron decays
as a proxy for the
top.
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2209.00583 (Accepted by JHEP)

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Fraction of events

1.06
1.04

0.98
0.96
0.94

Ratio to m, = 172.5 GeV

] University

T T I

s=1

3 TeV

OS selection

ATLAS Simulation

~-m, =170.5 GeV
—m,=172.5 GeV
~~~~~~ m, =174.5 GeV -

1.02E
1E

......
-------

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

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

e Similar to previous method but uses soft muoninb
jet (my); leptons measured more precisely than jets.
 Additional complication is y and | can be same sign.

* Requires precise knowledge of b-fragmentation.

& of Glasgow

§2) O e B L L B S B

S 0 18:— ATLAS Simulation =

o . F (s=13TeV ~m, =170.5 GeV 1

5 0.16— : =

e 0 14:_ SS selection —m, =172.5 GeV -

JaE e m, =174.5 GeV -

i ol e =

4 0 e =

= 0.08} =

_E 0.06;—"' """ s —;

ety _: 0'04;_ -_-L__L——I-—E

T s 0.02F =

> 1 06_: — e:_

el — 8 1:045— e “

= 01028 v et =

A 1E T s s

= - 098 ;_ e _;

------- . " 0.96F R

. £ 094 - -, - .

70 80 o 20 30 40 50 60 70 80

o

m,, [GeV] E m,, [GeV]
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2209.00583 (Accepted by JHEP)

] University
7 of Glasgow

e Mass extracted using binned maximum likelihood fit.

Pre-fit impact on m;:
_10=0+A0 | 6=0-A0

Am, [GeV]
~03-02-01 0 0.1 02 03

Post-fit impact on m,:
Mo =0+A0 1 60=0-AD

—e— Nuis. Param. Pull

BR b—Cc—u

BR b—u

tt ISR-h e (sMT from b/c)
ttr,

Z +jets norm. (bb/ctT)
SMT-fake norm.

BR b—c—u

E™S* soft track resolution (para.)
JES (modelling 1)

b-tag (b 0)

tt ISR-_ (sMT from b/c)

rerryrrreprrreyprrrrirrrrprrrrp ey rred
I I I I I | I

ATLAS

]
IIIIIIIIIIIIII

\s =13 TeV, 36.1 fb™

-

: |
—

—2

TR

-15 -1 -05 0 05 1 15 2

(0-6,)/A0

Pre-fit impact on m;:

10 = 6+A0 0 = 6-A0
Post-fit impact on m,:
o= 0+A0 0 = 6-A8

—e— Nuis. Param. Pull

JES (pile-up, p topology)
E™* soft track scale

Muon identification eff. (syst.)
JER

b-prod. frac. (baryons)
tt ISR (sMT from W)
tf aSFSR

tt PDF 2

Pile-up

—2

Am, [GeV]
—03-02-01 0 0.1 02 03

rrrerrrrreprrreryprrrrrrrrrprrrr ey rrrd
I I I I I I I

ATLAS
\s =13 TeV, 36.1 fb™

i

) '
IllIIlIIIIIIIIIIIIIIIIlIIIIIIIlIIIIIIII

-15 -1 -05 0 05 1 15 2
(6-6,)/A0

- 0.66 (syst.) = 0.25 (recoil) GeV

e Measurement dominated by uncertainties on the
b-fragmentation and decay.

Jay Howarth
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2209.00583 (Accepted by JHEP)

e Mass extracted using binned maximum likelihood fit.

Pre-fit impact on m;:
_10=0+A0 | 6=0-A0
Post-fit impact on m,:
Mo =0+A0 116=0-A0

—e— Nuis. Param. Pull

BR b—Cc—u

BR b—u

tt ISR-h e (sMT from b/c)
ttr,

Z +jets norm. (bb/ctT)
SMT-fake norm.

BR b—c—u

E™S* soft track resolution (para.)
JES (modelling 1)

b-tag (b 0)

tt ISR-_ (sMT from b/c)

2 -15 -1 -05 0 05 1

Mpop = 174.41 £ 0.39 (st

Am, [GeV]
~03-02-01 0 0.1 02 03

IlllllIIIIIIIIIIIIlllllllllllllllllllll
ATLAS

\s =13 TeV, 36.1 fb™

-

el -

_-__- Good poten

—H—

(0-6,)/A0

Pre-fit impact on m;:
_10=0+A0 | 6=0-A0

Post-fit impact on m,:
o ="06+A0 10=06-A0
—e— Nuis. Param. Pull

JES (pile-up, p topology)

E™* soft track scale
Muon identification eff. (syst.)

JER
b-prod. frac. (baryons)

tt ISR (sMT from W)

this with

Am, [GeV]
—03-02-01 0 0.1 02 03

lIIIIIIII|lIIIIIIIIIIIIIIIIIIIIIIIIIIII
ATLAS

\s =13 TeV, 36.1 fb™

more 15 2

fragmentation

iImprovements!

e Measurement dominated by uncertainties on the
b-fragmentation and decay.

Jay Howarth
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Other Properties
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Charge Asymmetry [Accepted by JHEP] S0 €5 71" oo

= |

* Interference between born and box diagrams induces
an asymmetry in the direction of tops vs. anti-tops.

e Extremely subtle precent-level (0.6%) effect.
(one of the most precise SM tests in top physics).

Jay Howarth 19


https://arxiv.org/abs/2208.12095

& University

Charge Asymmetry [Accepted by JHEP] JESICM ¥6 ;1) coov

* This measurement sel_ected dileptonic and semi-leptonic
(resolved and boosted) tt events and uses builds two

asymmetries:

Vit

<0)

Att —
C 7 N(Alyz| > 0) + N(A

<0) Aly:ez| = yel = |ysl

Ytt
et _ N(Alnegl > 0) = N(Alneel <0)  Aln,zl = Inzl = Inel

e Observables are corrected for detector effects using a
Fully Bayesian Unfolding.

o Systematic uncertainties are marginalised and can be
constrained by the data.
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] University
ROYAL i
Charge Asymmetry [Accepted by JHEP| BESSGENE & of Glascow
— NNLOIQCD+NLO éw ATLAé ATLAS | _ NLO QCDI+ NLO EW
0.04 + combination Vs=13TeV, 139 fbo" | 0.015/Vs=13TeV, 139 fo™" 4 | no1ded AL -
-+ single-lepton
+ dilepton 4 0.010;
0.02! L -
=0 Y 3 X 0.005!
0.000!
—0.02/ —0.005|
0,03] [03,06] [0608  [0.81] 003] [0.306] [0.6,0.8] [0-8,1[5]
E’z,tf z,00

* Measured inclusive asymmetries are:
Ac'= 0.068 + 0.015 (stat. + syst.)
Ac = 0.054 + 0.026 (stat. + syst.)

* 4.7 sigma disagreement with 0O: very strong evidence!
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https://arxiv.org/abs/2208.12095

W Boson Helicity [Accepted by PLB] [ESrm &8 01/

cos(6%)

e W bosons can be polarised longitudinally (Fo) or left-
handed (F.), but not right-handed (Fr) in the SM.

e Sensitive to anomalous Wtb couplings (any significant
Fr = new physics!).
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W Boson Helicity [Accepted by PLB] [ESrm &8 01/

1 do
o d cos 6*

3 3 3
= Z(l — cos” 0%) fo + §(1 —cos0*)* fi + §(1 +c0s %)% fr.

e Measured by unfolding using angular distribution of
charged lepton decay from the W.

'E 80"'I"'l"'l"'l"'l'+"6a't;'l"'|"'l"'_: -lé illllllllllllllllllli
&A %Cﬁg?ev 139 fb'1 [[] statistical Uncertainty ] -8 § — ATLAS * Unfolded data ]
& 70 ’ [ Total Uncertainty ] 508 (s=13TeV, 139 b — Fitfunclon -
'8 B —=— PowHeg + Pythia8 - —lo N ]
3 60 3
© .
50 =
405 3
30 =
20 -
T 1.2
& %
S 1.05
]
o 095
0.9
0.85 - v
0.8 L N L . L L L . L OT PR TR S N N TR TR T T AN SR TR T S NN S S S
-1 -0.8-06-04-0.2 0 0.2 04 06 0.8 1 -1 0.5 0 0.5 1
parton level cos(6*) parton level cos(6%)

Jay Howarth 23


https://arxiv.org/abs/2209.14903

& University

W Boson Helicity [Accepted by PLB| S5t & of Glascow

1 do
o d cos 6*

3 3 3
= Z(l — cos” 0%) fo + §(1 —cos0*)* fi + §(1 +c0s %)% fr.

e Measured by unfolding using angular distribution of
charged lepton decay from the W.

'E 80 """"""""" [ B +' 'Il)a't; ''''''''' '_: .’C‘D i 1. 1] rr Tt ] rr ] 1 r1 _j

&A ‘\?—T’-‘I‘g§ev 139 1! [ Statistical Uncertainty L § - ATLAS e Unfolded data -
o 70 [ Total Uncertainty © 08 (s =13 TeV, 139 fb” — Fitfunction

'8 § —— PowHeg + Pythia8 - —lo N -
O 60 . =
©

] :
- + 0.005 (Stat.) =

}; 5
] 318 +0.003 (stat.) & ) E
3

20 ]
+ 0.002 (stat.) £ 5
8 12 ]
8 1115% 7]
o 0.95 : -
09
0.85
0.8 . L : . . L L . L 0 PR SR T N AN NN SN SN SR NN ST T S SN NN NN S SN
-1 -0.8-06-04-02 0 0.2 04 06 08 1 —1 -0.5 0 0.5 1
parton level cos(6*) parton level cos(6%)
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i & University

Conclusions . of Glasgow

e First ATLAS Run2 top mass measurements
starting to appear.

e Current sensitivity is ~1 GeV, but this will
decrease as more analyses mature.

e Precision tests of top-properties already well
established in Run2, now approaching ultra-
precise measurements.

o Still some clear statistical benefits from
upcoming Run3 data in these analyses.

Jay Howarth 25



] University
Yoeiandl & of Glasgow

ROYAL

Backup

Jay Howarth 26



#M University

Paper/CONF references rovat . I re e

e tty charge asymmetry: Accepted by PLB

e W Boson polarisation: Accepted by PLB

* top mass (SMT): Accepted by JHEP

e top mass (template): ATLAS-CONF-2022-058
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ATLAS-CONF-2022-058 LT @D ey

N :I | I I I I | I | I I | | I .I | | I I | | I | I I | | I I I | I I I.I |. I | | |:
< 20000 E-* Data Diboson ATLAS Preliminary A
> e e fs=13 TeV, 139 fb ' =
@ Cll Single top [l NP/fake leptons . B
E; 70000 — Z+jets 22 Une. --dilepton-- =
" 60000 - =
50000 — F
40000 -
30000 -
20000 %
10000
U 1 2 [
% I:: Q:II =: . .. EEE E?;?::éi:‘%i gif:::: .........................................................................................................
o . o S Nl o BT T o e e e et r e et et reeeraaen ]
o 08

* Deep Neural Net used to optimise lepton-b
pairings.
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ATLAS-CONF-2022-058

THE

INO) N
SOCIETY

Mtop [GeV]

Result 172.21
Statistics 0.20
Method 0.05 £ 0.04
Matrix-element matching 0.40 £ 0.06
Parton shower and hadronisation 0.05 £ 0.05
Initial- and final-state QCD radiation 0.17 4+ 0.02
Underlying event 0.02 £ 0.10
Colour reconnection 0.27 £ 0.07
Parton distribution function 0.03 &= 0.00
Single top modelling 0.01 £ 0.01
Background normalisation 0.03 £ 0.02
Jet energy scale 0.37 4+ 0.02
b-jet energy scale 0.12 £+ 0.02
Jet energy resolution 0.13 4+ 0.02
Jet vertex tagging 0.01 & 0.01
b-tagging 0.04 £ 0.01
Leptons 0.11 £ 0.02
Pile-up 0.06 £ 0.01
Recoil effect 0.39 £ 0.09
Total systematic uncertainty (without recoil) | 0.67 + 0.05
Total systematic uncertainty (with recoil) 0.77 £+ 0.06
Total uncertainty (without recoil) 0.70 £ 0.05
Total uncertainty (with recoil) 0.80 £ 0.06

Jay Howarth
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