Measurements of the top-quark mass using .

the ATLAS detector at the LHC




Introduction

arXiv: 2112.07274

... or the updated version arXiv: 2204.04204

@ The top-quark mass (m;) is a fundamental Standard Model (SM) parameter
@ Accurate & precise measurement of m; important (i.e. SM-consistency fits)
@ top-quark is the heaviest SM particle —m; affects many new physics models
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When experimental uncertainties on m; becomes of sub-GeV size, arguments on the
theoretical interpretation of the m; parameter becomes relevant.
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Direct vs indirect m; measurements

ATLAS measured the top-quark mass in various ways. Two main categories:

Direct measurements Indirect measurements
@ kinematic reconstruction of variables
related to the top-quark momentum

@ typically have a high experimental
precision

@ measure observable(s) which have a
strong dependence on m;

@ with data unfolding, infer m; in a

theoretically well defined phase
@ m; extracted at detector level: space

difficult to define theoretically and
interpretation linked to Monte Carlo
(MC) implementation. Usually

@ compare to fixed-order predictions
for a better control over the theo.

; . unc. on my
~ 0.5 GeV interpretation unc taken.
T T T T T
ATLAS Preliminary m,,, from cross-section measurements.

ATLAS+CMS Preliminary my,, summary, s = 7-13 TeV March 2022 September 2019
LHCtopwG NNLO+NNLL: ti inclusive, 7 TeV 2014 1714426

::;’I'mm'"b (Mar 2013) 2} total stat NNLOSNNLL: t inclusive, 8 TeV 2014 1741227

total uncertainty Mo £ fot et oys0) G re NNLO+NNLL: f inclusive, 7-8 TeV 2014 172938
LHC comb. (Sep 2013) Liotopwe ==t 17329 + 095 (0.35 + 0.88) v NNLOSNNLL: finclusive, 13 TeV 2019 173420
World comb. (Mar 2014) [ 173.34 + 0.76,(0.36 + 0.67) 106 — s
ATLAS, l+jets o 172.33 127 (075 + 1.02) NLO:fitjet 7ToV 2015 73T
ATLAS, dilepton —t——i 173.79 1 1.41 (0.54 £ 1.30) ! 3 NLO: ff leptonic differential, 8 TeV 2017 1732416
ATLAS, all jets B+ 175111804112 NLO: fi+1 jet, 8 TeV 2019 K
ATLAS, single top —t—t—i 1722421 (07 £ 20) v fe e 8T 17
ATLAS, dilepton He- 172.99 £ 0.85 (0.41+ 0.74) v My, from top quark decay, 2018 * 172692 0.48
ATLAS, all jets ] 173,72 4 1.15 (055 £ 1.01) v L I L L L
ATLAS, l+jets e 172.08 + 0.81 (0.39 £ 0.82) e 140 150 160 170 180 190
ATLAS comb. (Oct 2018) Hf 172,69 £ 048 (025 £ 0.41) v My, [GeV]
ATLAS, leptonic invariant mass (*) H=H 174.48 £ 0.78 (0.40 £ 0.67) 13TeV 9] top.
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Will present ATLAS latest direct and indirect measurements, and a study which aims at
interfacing the two measurement types
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Direct measurements

Most recent ATLAS combination from Oct. 2018 (Eur. Phys. J. C 79 (2019) 290)
@ Combine measurement from 8TeV dataset — m;= 172.69 + 0.48GeV

Measurements dominated by different systematic uncertainties or with
anti-correlated systematics can help improve the combination

.
ol
t 4 T
Most recent ATLAS measurement is //\\\b/

ATLAS-CONF-2019-046:

BR ~0.2
@ First m; ATLAS measurement at 13TeV o oree—r -
< 0’155 ATLAS Simulation Preliminary N V;
i 3 016 is-13Tev —m,=1705 Ge
@ uses a leptonic observable mep,,, from T 0.4 08 seleton —my=1725 GeV
semi-leptonic top-quark decay: I —m=1745 GeV
@ lepton from W boson decay, (soft) u 008
0.08
from B-hadron decay 004k

0.02

@ dominant syst uncertainties expected to
be largely uncorrelated to the usual ones

1725 GeV
2
?
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https://link.springer.com/article/10.1140/epjc/s10052-019-6757-9
https://cds.cern.ch/record/2693954

m; from p+jets with Soft Muon Tagger

Dedicated tagger (SMT) developed to select (soft) u + jets events:
@ reduce bkg from 7 and K in-flight decays
@ calibrated using J/+ events (tag eff.) and W + j events (tag mis-ID)

@ used 36 fb~ " of data, syst unc dominates

314000- AlTLAS IPrellmlna‘ry ‘ . anla I |
@ leading syst uncertainties from: Sroof. Cosseston T Wit romwy
2 Post-Fit [t (sm fake)
@ unc on branching ratios to soft “ 0000 E(S)‘{:\ﬂret;:zkgmunds_
@ tt b-fragmentation function modelling soook- e Uncertainty
@ pile-up reweighting and SMT-fake o 1.
normalisation gooop | - g
.
@ from profile likelihood fit i e
2000 O o]
my = 174.4840.40(stat) £0.67(syst)GeV | e e———
é’ 1.05 L9
_DE DBS‘ " o
. . 0.
most precise m; single-measurement among A S
the ATLAS ones
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Indirect measurements - m; from tt+1 jet

ATLAS most precise indirect m; measurement is from ft+1 jet cross-section
Latest result JHEP 11 (2019) 150 uses 8 TeV data, 13 TeV analyses ongoing.

s

Observable choice is ft+ 1 jet normalised S s 8 E’E‘f'ff'; E
differential cross-section vs 1/m(tt + 1jet) S s A
= af i Setuerny ]
@ higher sensitivity to m; than inclusive T LE . % e 3
cross section 15E E
. e E # | E
@ extra-jet enhances sensitivity to m;, but E *M E
keeps statistics high jyj ‘ ]
@ syst unc reduced in normalisation 3 S JRE—
) . . 35 o o E
@ fixed-order calculations available & oo oy T os o o as o
g
B A AN SR AR Anan!
EXperimentaI Strategy: 3[: E‘E;ﬁTLAS ) [ Statssyst uncertainty é
_ ;’ 3; Vs =8 TeV,20.2 fby L :\:LH@NLOWS é
@ select semi-leptonic tt events and allow o gaf erenie = ) 3
for extra jet (p'2'>50 GeV) = E
15— —
@ iterative Bayesian unfolding to correct to: £ = ES E
@ the level of semi-stable particles o - N
(particle level) s g .
@ the level of stable top-quarks SR —— - E
(parton level) & R T
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https://doi.org/10.48550/arXiv.1905.02302

m; from tt+1jet at parton level

Parton level-corrected distribution used in top-quark mass extraction:
@ fit minimizes x? of measured vs predicted (unfolding correlations included)

@ Comparison to calculations in pole and MS renormalisation schemes
@ Extract mf’°'eand m;(mt) (different values, but connected by known relation)
@ Allow for an accurate evaluation of theoretical uncertainties

ml™ = 171.1 +0.4 (stat) £ 0.9 (syst) *0-7 (theo) GeV

mi(mg) = 162.9 + 0.5(stat) + 1.0(syst) *2-1 (theo) GeV

Values are compatible, given a know mt(m,)-to-m?"'e relation

Leading uncertainties

Experimental:

@ {t modelling Theoretical

@ renormalisation/factorisation

@ jet energy scale iati
J ay scale variations

@ statistics

Particle level-distribution not used in m; extraction. Can potentially be useful
if theoretical calculation at the same level becomes available.
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mMSR from large-R jet mass

A recent ATLAS MC-based study ATL-PHYS-PUB-2021-034 aims at relating
m; as implemented in MC (m{"), to a theoretically well-defined field theory
parameter. Possible thanks to NLL calculation (PhysRevD.100.074021 ) for mass
distribution of top-quarks hadronically decaying into large-radius jets.

@ theory prediction details 2 E E
yp s 0'095 ATLAS Simulation Preliminary E
@ particle level , very high 8 0.08) Pytias po — , Particlelevel E
_?_t c [075’ 2]Tev "‘2 0.07[ XCone R=1.0 Soft-drop jets (2.,=0.01, f=2) ]
. . c F ]
@ XCone jet algorithm, soft-drop 2 0.08} 750 GeNl <y <2000 8e¥
grooming - goos m i ]
@ m; in MSR renormalization = F 1 :
. MSR £0.04 ' Teorytie.
scheme: m;"~"(R) 5 F s
o three pars (m*F Q, x) affect 0.03,
the jet mass shape 0.02¢
. 0.01F
@ compare to Powheg+Pythia (PP) MC —— ]
simulation with template fit 165 170 175 180 185 190

. . . Large-R jet mass [GeV]
@ MultipleParticleInteraction off

Challenging phase space to perform a measurement of the observable, but
effort is ongoing.
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https://cds.cern.ch/record/2777332
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.074021

mMSR from large-R jet mass

Detailed study of Underlying Event (UE)
and Color Reconnection (CR)impact

> F T T T T
& 014 ATLAS Simulation Preliminary 3
Z I Pythiag pp — ti |
& o.12f . ]
‘né; [ XCone R=1.0 Soft-drop jets (z,=0.01, f=2) 1
3 0.1 750 GeV<p, <2000 GeV B
'S - ——— Ail4, MP On d
N 008 ===+~ Al4, MPL-based model (CRO) _|
g 0080 A14, GCD-based model CRY) ]
E s - A4, Gluonmove modsl (CR2) |
S o0.06] &
0.04] E
0.02 =
E . 1
g
£
5
g
=
g
s
g
165 170 175 180 185 190

Large-R jet mass [GeV]

Theo unc varied by varying dynamic

scales. Additional unc on fit procedure

T T 1 ]
t ATLAS Simulation Preliminary 4
[ NLL prediction pp— tf, PRD 100(2019)7,074021 N
R=1.0 Soft-drop jets (2.,=0.01, f=2)
750 GeV < p, <2000 GeV, mS(1 GeV) = 172.42 GeV |
4 Upvar. ¥ Downvar.
r hard scale A 1
: top mass scale . :
[ global soft scale 2 N
L 4 i
: top soft scale . :
v
[ f jet scale - 1
L1 . I B IS I ]
1715 172 172.5

mMSR(1 GeV) [GeV]

m!SR(1GeV) = mfP — 8073 MeV

and using the mSR-to-mf*®relation: m™® = mPP — 350*3% Mev

observable-dependent result, but quite stable for other large-R jet definitions!

D. Melini

ATLAS Top Mass @ ICHEP22

9/11



mMSR from large-R jet mass - Pythia vs Herwig

Normalized events / 500 MeV

Variation / Nominal

r T T T
ol ATLAS Simulation Preliminary b
"b pp — tt, XCone R=1.0 jets 4
f Soft-drop (z,,=0.01, f=2)
%L 750 GeV < p, <2000 GeV 7
L —— Powheg + Pythia8 b
0.06(— —— Powheg + Herwig?  —|
Statistical Unc.
0.04 Total Unc.
0.02
145 ;rr’f_,,_,__‘.-v—_
1.2F E|
1 _H—Hi‘l‘- |
08f M E
06F =
165 170 175

180 185

190

Large-R jet mass [GeV]

Interesting Herwig vs Pythia comparison
Very different mass spectra, but very close
mSRfrom fit.

Differences absorbed by Q and x,
parameters.

© accounts for the QCD-leading
hadronization effects

Xo accounts for hadronic corrections poorly
correlated to my

Powheg+Pythia result:

mSR(R = 1GeV) = 17242 £0.10 GeV, QF, = 1.49+0.03 GeV, x; =0.52=0.09,

Powheg+Herwig result

m"SR(1GeV) =172.27£0.09GeV, Qf, =1.9+0.07GeV, x,=0.98£0.12,

D. Melini
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Conclusions

The top-quark is a fundamental particle of the SM and its mass is of great
relevance both for SM and NP scenarios.

ATLAS measured m; with direct and indirect methods:
@ latest ATLAS combination (from 2018, 7-8 TeV dataset) resulted in

my = 172.69 £ 0.48GeV (£0.3%)

@ most precise direct-method single-measurement result uses soft-u
tagger and mj, observable in semileptonic tt events at 13 TeV:

m; = 174.48 + 0.78GeV (+0.5%)

@ most precise indirect method uses differential normalised cross section
of ft+1jet events, with semi-leptonic tf decay, at 8TeV:

mP® = 171.174GeV (+£0.8%)
m(me) = 162.9733GeV (F127)
ATLAS performed a MC-based study using the mass spectrum of high-pr
top-quarks decaying hadronically to a large-radius jet, finding:
mi® = m"R(1GeV) + 80 9MeV = mf**® 4+ 350758 MeV
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13TeV analyses are ongoing: stay tuned for new updated results!

J
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Back-up
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These slides are dedicated to my colleague and
CERN-officemate Esteban.

Unfortunately, he passed away on 2nd July 2022 .

Esteb_an was working, among other things, on the 13
TeV tt+1jet m; measurement.
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m; with SMT: data/MC and sensitivity

3 T T T T T T
$14000~ ATLAS Preliminary # Data ]
© [ fs=13TeV,36.11b" [T (sMT from b/c) ]
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s ) 10000~ gle top 3
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T ooosf . — 3 & 105 9 3
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m; with SMT: NP brea

Pve -fitimpact on m,:

st-fit impact on m,:
-a BAd mo= =6-08

—e— Nuis. Param. Pull

BR b—cZ—u
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BRb—=u

1f bfragmentation (r,)

Z+jets norm. (HF)
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E7™ soft rack resolution (para )
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tt+1 jet systematics breakdown

Mass scheme

m™ [GeV]  my(m,) [GeV]

Value 171.1 162.9
Statistical uncertainty 0.4 0.5
Simulation uncertainties

Shower and hadronisation 04 0.3
Colour reconnection 0.4 0.4
Underlying event 03 0.2
Signal Monte Carlo generator 0.2 0.2
Proton PDF 02 0.2
Initial- and final-state radiation 0.2 0.2
Monte Carlo statistics 02 0.2
Background <0.1 <0.1
Detector response uicertainties

Jet energy scale (including b-jets) 04 0.4
Jet energy resolution 02 0.2
Missing transverse momentum 0.1 0.1
b-tagging efficiency and mistag 0.1 0.1
Jet reconstruction efficiency <0.1 <0.1
Lepton <0.1 <0.1
Method uncertainties

Unfolding modelling 02 0.2
Fit parameterisation 0.2 0.2
Total experimental systematic 0.9 1.0
Scale variations (+0.6,-0.2) (+2.1,-1.2)
Theory PDF&a; 0.2 0.4

Total theory uncertainty

(+0.7,-0.3)  (+2.1,-1.2)

Total uncertainty

(+1.2,-1.1)  (+2.3,-1.6)
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NLL large-R jet mass shape calculation

Hadronization effects at leading power are proportional to an O(Aq¢cp) nonperturbative
parameter, Q, that is independent of any kinematic and grooming parameters, as well
as top decay product phase space.

On the other hand, the dependence of the hadronisation correction on these variables
factorizes into perturbatively-calculable coefficients: xo» accounts for hadronic
corrections that are less correlated with m;

F T T

= T
% 0.03— ATLAS Simulation Preliminary —
O, I NLL prediction pp— tf, PRD 100(2019)7,074021 :
S | R=1.0 Soft-drop jets (z,,=0.01, f=2) 1
S [ 750 GeV < p_<2000 GeV, m"*(1 GeV) = 172.42 GeV
3 L
T 0.02/— — Nominal - - Upvar., +- DOWN Var. Envelope  —
N L i
= - ',' 1 jet scale -
[ top soft scale 7
B global soft scale
0.01— -
[ top mass scale i
hard scale
s e ;
£ 14fF E
£ E. E
2 TREoiiiiiziasiToy e
E 1 Hih Y :
k= 0.8 -
165 170 175 180 185 190

I arae-R it mass [Ga V1
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NLL large-R jet mass MC predictions

Potential impact of ffmodelling uncertainties on an analysis measuring m;with high pr
top-quarks decaying to a large-radius jet.
On the left the impact of different MC simulations are compared, on the right the impact
due to changes in Pythia internal parameters

T R I e e e e
F ‘ ‘ o N e e B —
- ATLAS simulation Preliminary -| £ ATLAS Simulation Preliminary 3
E pp — tf, XCone A=1.0jets ] F Powheg + Pythia8, pp — tt 1
[ Soft-drop (z,,=0.01, $=2) 1 | XCone R=1.0 Soft-drop jets (z,,=0.01, f=2) -
i 750 GeV < p < 2000 GeV 7; 750 Gev < p.< 2000 GeV ]
| PowhegsHerwig? * 1 F At4, Var3e up Iy ]
[~  aMC@NLO+Pythiag N 4 EB A14. Varde down N =
[ Powheg+Pythia8, MEC off " 1 F ISR, RadHigh i a ]
[~ Recoikto-coloured off —— J F ISR, RadLow al B
[ EviGenoff 1 F FSR, RadHigh ia =
[ hdamp=3m - 1 F FSR, RadLow N H 1
E A4 vazuw N 9 F PDF4LHC15 Baseline a =
F A14, var2 down . 1 F He= :2 we= :2 i ]
- q4 F W =20, u_=1. i ]
F A4 vadaw * 1 F Wo10, 4 =05 ia 3
F A14, Var3a down N 1 W=10, 4 =20 o |
[ At4,vagbup N 4 E a =017 u -
F A14, Var3b down " 1 F @, =0.119 ia E
R TR U SRVU SR BRI B S T R R : 1]
172 1722 1724 1726 171.8 172 1722 1724 1726
MC
my© [GeV] miSR(1 GeV) [GeV]
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NLL large-R jet mass MC predictions

The impact of UE and CR modelling on the large-R jet mass distribution.
Differences are used to estimate the uncertainty on the m;‘/'SR-to-thPrelation.

> F T T | > T T |
& 0.18— ATLAS Simulation Preliminary — & 014 ATLAS Simulation Preliminary -
E 0.1 Pvthia8 pp —tf E E o012 Pythiag pp — i 1
E o 14; XCone R=1.0 Soft-drop jets (z.,,=0.01, f=2) 3 E E XCone R=1.0 Soft-drop jets (z,,=0.01, f=2) 9
® [ 750 GeV<p_< 2000 GeV E & 0.1 750 GeV < p_<2000 GeV —
3 o.12f T | 9 [ T —— At uPiOn ]
it E <<+ A4, MPloff B N ogos 00 . A4, MP-based model (CRO) |
g 0.1 —— A14,WPIon = § ¢ A14, QCD-based model (CR1) |
g 0.08 o A4, vart up E § 0.06- +* A4, Gluommove model (CR2) |
= o0k At4,Vart down E = £ ]
F E 0.04[ {
0.041— F |
0.02/— 0.021 E
S g ufF E
E - £ 3
=z =z
< ftEin g “ 4 <
5 e T 5
s 09F E 2
& o0sE E Y E|
165 170 175 180 185 190 165 170 175 180 185 190
Large-R jet mass [GeV] Large-R jet mass [GeV]

Other tf modelling effect (change of parton shower or matrix element generators, for
instance) are not considered to be part of that uncertainty. In principle each MC can
have its own mMSR-to-mPPcalibration.
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