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Introduction

Top quark mass (m)) is a fundamental parameter of the Standard Model (SM)
o Highest coupling to the Higgs boson

can be compared to Electro-Weak (EW) fit predictions to check validity of SM

EW vacuum is meta-stable in SM
o Implications on the fate of the universe

o If no new physics up to the Planck scale — is dependent on m_ and m,
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Methods to measure the top-quark mass

ATLAS measures top-quark in various ways

Direct measurement m

e Observables reconstructed from top decay

products

MC

e Data compared to MC simulations with

different input values of m,

ATLAS+CMS Preliminary
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LHC comb. (Feb 2024), 7+8 TeV wictopwa [1]
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pole
m t

Indirect measurement

m tpole

From cross-sections (inclusive/differential)

Measure observable(s) with a strong dependence
on m, with data unfolding
Compare to first principle calculations e.g.

, MS scheme

ATLAS+CMS Preliminary  my, from cross-section measurements November 2023
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Direct Measurements:

m"© from tt —dilepton channel using
the template method

(13 TeV ,£=139fb!)



ATLAS-CONF-2022-058
m"¢ from template method

Selection and reconstruction

8 o000 . gén;‘ T m "bi')xzbéo'n' Al i's'ér'eiar'n‘a.{e{r;1'§
£ 70000 %—E i éﬁ:ﬁak" o Sﬂﬁg&ff v 3
Reconstruction Bl ;-
50000:— B
. . 40000; i
e Correct matching: b-jet to lepton 30000 £
e Use a DNN, which uses as input variables: 20000 £~ .
. . . . .. . 10000 — —
O  Kinematic variables of the individual objects C aae , J , E
. . . . . . 0

O  Kinematic variables and the invariant masses of all £b — pairs E
. . . Q 08t |
O  Choose the permutation (out of 2) with the highest DNN value DX DR BE 05 mel e s
Zas0o0| o' tc'f)a{:ei o .?Q" on | 'ATLAS Preliminary —|
. . gaoooo?:'. Sngl op &ﬁx ke leptons Eﬂfd;:‘;{o‘:? fo é
Final Selection 8 coon - E
20000;— _z
® DNNHi h > 0.65 150002— —;
o  Select the tb-pair with largest p_. 10000 E
O p;,,> 160 GeV 500 E

O  b-jetin that pair must be leading b-jet g
e Reduced signal modelling and jet-related uncertainties LR Sttt s i

P, of (Ib)-pair with largest P, [GeV]
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ATLAS-CONF-2022-058
m"¢ from template method

g 0.04—"A|1"L/|\:S”S|mulat|on LR s M
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{b-pair & 00251 =
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0.01F 5
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ATLAS-CONF-2022-058
m"¢ from template method

m,=172.21 + 0.20 (stat) + 0.67 (syst) + 0.39 (recoil) GeV

_ o , 3 [ oamaspeimay  § casdepon ]
Dominant uncertainties come from the modelling: o 30001 5=13 Tev. 139 " N . 17221208006y ]
e Matrix-element matching (0.40 GeV) g2 ) “ . ]
° 2 2500:— —:
e Jet Energy Scale (0.37 GeV) 2000F- i
e Colour reconnection (0.27 GeV) C .
e Data statistics (0.20 GeV) 15001~ .
1000 -

Compatible with ATLAS and LHC combinations from Run-1
Similar precision to ATLAS measurement in same channel at 8 TeV
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ATLAS-CONF-2022-058
m"¢ from template method

m,=172.21 + 0.20 (stat) + 0.67 (syst) + 0.39 (recoil) GeV

Choice of recoil scheme impacts subsequent radiation off
the b-quark after the first gluon emission

/g Leptonic b-jet
v (" b~ (AR matched)
2

Default option: Use b-quark as recoiler
Latest option: Use top quark as recoiler

Both vary the amount of :
o  Out-of-cone radiation and W/b momentum fraction
o Translates into a shift of the inferred mtop.

L 7
. \ \ N N
Hadronic Top =
i
(top-tagged) /

VS taken as an additional uncertainty.

Current uncertainties probably overestimate the effect.
o Hence treated separately in final results
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Direct Measurements:

m"© from tt —¢ + jets
using soft-muon tagging (SMT)

(13 TeV, ¥ =36.1fb?)



m"¢ from soft muon tagging

JHEPO06(2023)019

Direct measurement of mMCt: from tf — ¢ + jets channel using experimental technique

Method to extract m"“;: ;

e Build m, semi-leptonic decay of top-quark w-
o {:prompt lepton from the W-boson decay =7
o  ud:soft muon from a b-hadron decay (SMT) q

e Less sensitive to the jet related uncertainties
Less sensitive to the modelling of top production
Sensitive to the description of the b-fragmentation and b, c-hadron decays

DESY Thomas McLachlan
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https://link.springer.com/article/10.1007/JHEP06(2023)019

. JHEP06(2023)019
m"¢ from soft muon tagging

e Profiled Binned likelihood template fit in the sensitive 15-80 GeV region of m,,

o  Simultaneously in OS and SS events
e Features 3 different masses for top

e Higher sensitivity of OS region to m, well visible.
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m"¢ from soft muon tagging

Results

VG el |

: m,=174.41 + 0.39 (stat) + 0.66 (syst) GeV + 0.25 (recoil) GeV |

_____________________________ J
Compatible with ATLAS combination at 2.26 g 10— ARRRRSRRI AN e
S oF i
Dominant uncertainties come from the modelling i " E
and stats: R 3
e Branching ratio of b/c hadrons (0.40 GeV) 6_ _
e Data statistics (0.39 GeV) [partial Run-2] S E
e Recoil Scheme (0.25 GeV) (not profiled) 4f 4
e Initial State QCD radiation (0.23 GeV) 35 ATLAS Preliminary 3
e b-quark fragmentationr, (0.19 GeV) of 15=13TeV, 361 fb" E
- stat. :
1= —zt:t.+syst. 3
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Direct Measurements:

LHC top-quark mass combination in
ATLAS/CMS

(/-8 TeV)



2402.08713

LHC top-quark mass combination in ATLAS/CMS Run-1
Methodology |

(_______________________________.\ LHC ATLAS CMS

Uncertainty impact [GeV]

Combination of 15 mass measurements performed by the ATLAS and CMS |[‘;'{fgsging o o1 ggi]
' in different final state channels | ME generator 008 013 014
\_______________________________/]ESl 0.08 0.18 0.06

JES 2 0.08 0.11 0.10

* CMS b hadron B 0.07 — 0.12

QCD radiation 0.06 0.07 0.10

® Use Best Linear Unbiased Estimator method (BLUE) Leptons 005 008 007
JER 0.05 0.09 0.02

CMS top quark pr 0.05 — 0.07

' Background (data) 0.05 0.04 0.06

m; = z wm',, where z W= 1 Color reconnection ~ 0.04 008 003
Underlying event 0.04 0.03 0.05

. . . . L. g-JES 003 002 004

® Correlations between experiment — enter via systematic uncertainties BackgromndM0) 003 007 001
. . Other 0.03  0.06 0.01

O  Must calculate/estimate the correlation between the 1JES 003 001 005

. . . CMS]JES 1 0.03 — 0.04

measurements to get final covariance matrix. Pileup oos ooF s

JES3 0.02 0.07 0.01

. . Hadronization 0.02 0.01 0.01
Uncertainties pmiss 002 004 001
. . PDF 0.02 0.06 <0.01

e b-JESis dominant Trigger 001 001 001
Stats Total systematic 030 041 039

b _t a | n Statistical 0.14 0.25 0.14

g g g Total 0.33 0.48 0.42

ME generator
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https://arxiv.org/abs/2402.08713

2402.08713

Top-quark mass combination ATLAS/CMS

Results

(__________________________________________Rl

| m, = 172.52 + 0.14(stat) + 0.30(syst) GeV I

N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e =

ATLAS+CMS Preliminary Mygp SUMMAry, {s =1.96-13 TeV April 2024
LHCtopWG
LHC comb. (Feb 2024), 7+8 TeV wictopwa [1]
| statistical uncertainty total stat
total uncertainty & m,, * total (stat £ syst £ recoil) [GeV] IL &t Ref
M M et LHC comb. (Feb 2024), 7+8 TeV 172,52 +0.33 (0.14 = 0.30) <200 [1)
e Uncertainty of 0.33 GeV < 2 permil precision on top mass Nor e e s s e e
ATLAS, l+jets, 7 TeV = 172.33£1.27 (0.75 £ 1.02) 461", (3]
ATLAS, dilepton, 7 TeV ———— 173.79 £ 1.42 (0.54 + 1.31) 48" (3]
ATLAS, all jets, 7 TeV H——a— 175.1:18(1.4212) 46", (4]
H H H ATLAS, dilepton, 8 TeV = 172.99 £ 0.84 (0.41% 0.74) 20310, (5]
e 31% improvement on most precise input ATLAS, alljets, 8 Tev I 737221150555100 23’ o]
ATLAS, l+jets, 8 TeV = 172.08 = 0.91 (0.39 = 0.82) 202", [7)
ATLAS comb. (Feb 2024) 7+8 TeV H*H 172.71 £ 0.48 (0.25 £ 0.41) <2031 [1]
2 2 ATLAS, leptonic inv. mass, 13 TeV | 174.41£081(039+066+025) 35110, (8)
. 1 _ . _ ATLAS, dilepton (%), 13 TeV = 17221+ 0.80 (020 +0.67+0.39) 1391 (9]
e Excellent compatibility, x* = 7.5; p(x) = 0.91 CMS, Ljes, 7 TeV RO msi07 005080 ion' (0
CMS, dilepton, 7 TeV i 1725+1.6 (0.4 £ 1.5) 491", [11]
CMS, all jets, 7 TeV. et 17349 £ 1.39 (0.69 = 1.21) 351", [12)
CMS, l+jets, 8 TeV e 172.35 % 0.51 (0.16 + 0.48) 19.710", #ﬂ
. I;M dilepton, 8 TeV 7222 55 (018 L) 197157, [14]
e Most precise measurement to date OMS, all jots, 6 TeV HGAMpBELoR  mittnd
CMS, single top, 8 TeV 172.95£1.22(0.77 ') 19710, 18]
CMS comb. (Feb 2024), 7+8 TeV 172.52 £ 0.42(0.14 = 0.39) <1971 1]
CMS, all jets, 13 TeV e 17234 £073 (020 7%) 359" [16]
CMS, dilepton, 13 TeV e 172.33 £0.70 (0.14 £ 0.69) 359", [17)
CMS, I+jets, 13 TeV e 171.77 £ 0.37 359107, [18)
CMS, single top, 13 TeV [ mne ! 17213 57 (0.2 37) 359107, (19
CMS, boosted, 13 TeV H 173.06 £ 0.84 (0.24) ", [20)
* Preliminary
ol 1
165 170
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Indirect Measurements:

mP°e_using tt+1-jet with the
ATLAS experiment

(8 TeV, £ =20.2 fb!)



—_— . . JHEP11(2019)150
mPe'e from tt+1jet production .

Analysis strategy

Method to extract m”—‘i;

e Measure normalised tﬁ-l—jet differential distribution as a function of the invariant mass of the tﬁ-l—jet

system (m. 1—jet)

e Compare the unfolded distribution at parton level to NLO+PS tﬂl—jet calculations

] 340GeV
/ 1 tt41—jet /
R(mpoe’ps)_atf+l—jet dps = (mlt)oevps), Ps=

el

Mett1—jet
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https://link.springer.com/content/pdf/10.1007/JHEP11(2019)150.pdf

—_— . . JHEP11(2019)150
mP°'e from tt+1jet production .

30. 35 %_ ATLAS i] gtaa':syst uncertainty _%

e Measurement performed using unfolding at I S famenoes 3
pa rton level. t.,"f 25 Parion evel s - o714 gg(bestf-t)_f

: 2;— -_-_-1-_-_- '._.._.'.g.'._.'._.' _E

15F- E

E B -+ E

e mP%€ extracted by fitting the R distribution with E = E
the NLO+PS fixed-order predictions M= ccms oo TP L DR TR I o s

i I E G
(Powheg+Pythiab). 8 = B E

E I et g R SR

a 0 01 02 03 04 05 06 07 08 09 1

The least-squares method is used, the fit minimize a x?:

% ti+l-jet II+1-JCI pole ] ti+l-jet  oti+1-jet pole
X = Z leata RNLo+ps (M [V ],, R tata Rnrowps () 7
L] '
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—_— . . JHEP11(2019)150
mP°'e from tt+1jet production .

Mass scheme mP® [GeV]  my(m;) [GeV] R esu l.ts

Value 171.1 162.9 / G I I S S S S S S S S S S S S S S S S S S - .- —y \

Statistical uncertainty | 0.4 0.5 | . . .

— — ! Dominant uncertainties: 1
imulation uncertainties |

Shower and hadronisation 0.4 0.3 ® J ES |

Colour reconnection 0.4 0.4 I . . I

Underlying event 03 02 , ® PSand hadronisation

Signal Monte Carlo generator 0.2 0.2 . |

Proton PDF 0.2 02 | e Color reconnection |

Initial- and final-state radiation 0.2 0.2 . .

Monte Carlo statistics 0.2 0.2 I L Sca l-e vari atl on |

Background <0.1 <0.1 I 1ot H

Detector response uncertainties | o Statl Stl ca l' U nce rta I nty |

Jet energy scale (including b-jets) I 0.4 0.4 l /

Jet energy resolution 0.2 0.2 N S e e o o o o mm mw mm mm mm mm mm Em mm mm Em Em mm Em o - /

Missing transverse momentum 0.1 0.1

b-tagging efficiency and mistag 0.1 0.1 e e e e o e e e e e e e e -—

Jet reconstruction efficiency <0.1 <0.1 7 \

Lepton <0.1 <0.1 { I 0 |

Method uncertainties poie _ + .7

Bntilling moelice o2 o I my = 171.1 + 0.4 (stat) + 0.9 (syst) T3 (theo) GeV I

Fit parameterisation 0.2 0.2 | o 2 1 I

Total experimental systematic 0.9 1.0 [ m; (mt ) — 1 62 9 + 05 (Stat) + l O (Syst) - 1 2 (theO) Gev *

Scale variations I(+0.6, -0.2) l |(+2.1, -1.2) I .

Theory PDF@ay 02 04 I pole 12 I

Total theory uncertainty (+0.7,-0.3) (+2.1,-1.2) | Am t = i_] 3 1 GeV |

Total uncertainty (+1.2,-1.1) (+2.3,-1.6) \ /

N o e e e e e e o o e e e o e e e E E e e e o -
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Summary



Summary

e m,is akey parameter in the SM and BSM physics, it is known to high precision.

e LHC Run-1 combination in ATLAS/CMS the most precise result to date
o Precision of 0.33 GeV

e Investigated several approaches:

o Cross section measurements are used to perform an measurement of mp"‘et
m Precision of O(1) GeV
o A template method is used to perform measurement of the top quark mass
m Precision of 0.80 GeV
o An experimental method is used to perform measurement of the top quark mass

m Precision of 0.81 GeV

e All the methods provide precise measurements of the top-quark mass compatible with previous
results
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Direct Measurements:

m"“_from ttbar —dilepton channel using
the template method



DESY

m"¢ from template method

Two reconstructed leptons with opposite charge with p.> 28 GeV
> 2 jets with p. > 25 GeV
Exactly 2 b-jet, 70% efficiency WP (DL1r)
Same flavour leptons: m < 80 GeV or m > 100 GeV, and m > 15 GeV
O Rejects Drell-Yan and Z+jets background events

Data 454960

tt signal 445000 + 28000
Single-top-quark signal 14320+ 890
Z+jets 10200 = 4400
Diboson 420+ 210
tt+V,tWZ,tZq 1320+ 200
tt+H 440+ 45
NP/fake leptons 760 + 760
Signal+background 472000 + 29000
Expected background fraction 0.028 = 0.010
Data/(Signal + background) 0.963 = 0.059

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

m"¢ from template method

Signal events can be classified into 3 categories:

Either a reconstructed lepton or jet is not matched to its correct (generator) parton level partner.
Requirements are:

AR = 0.1 for leptons (lepton from W-decay) b-jet
AR = 0.3 for jets. (b-quarks)

Correctly matched:

Each lepton is assigned to its corresponding b-tagged jet p
A\
Incorrectly matched: b
At least one reconstructed object is not correctly assigned /\
Vy
-
Reconstruction efficiency = C/(C+l) Signal purity = C/(C+1+U)
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ATLAS-CONF-2022-058
m"¢ from template method

m,=172.21 + 0.20 (stat) + 0.67 (syst) = 0.39 (recoil) GeV

Dominant uncertainties come from the modelling:

e Matrix-element matching (0.40 GeV) gsoooi gﬁﬁeire:lan;r;éw §  can,diepton E
e Recoil Scheme (0.39 GeV) s ’ Bl - 1722120806V 3
e Jet Energy Scale (0.37 GeV) §25oo:— ) -
e Colour reconnection (0.27 GeV) . ]
e Data statistics (0.20 GeV) B E

1500

IIII‘III

Check: Impact of off-shell and non-resonants effects on m, has been
estimated using the bb4l generator in Powheg:

Data/Fit

Am = -0.23 + 0.14 GeV < modelling uncertainties

50 60 70 80 90 100 110 120 130 140
Compatible with ATLAS and LHC combinations from Run-1 my, " [GeV]
Similar precision to ATLAS measurement in same channel at 8 TeV
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m"¢ from template method

myop [GeV]
Result 17221
Statistics | 0.20 |
Method 0.05 + 0.04
Matrix-element matching 0.40 + 0.06
Parton shower and hadronisation .05+0.
Initial- and final-state QCD radiation 0.17 = 0.02
Underlying event 0.02 + 0.10
Colour reconnection
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 + 0.02|
b-jet energy scale 0.12 + 0.02
Jet energy resolution 0.13 +£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

The top quark mass is measured in dileptonic channel
using lepton/b-jet invariant mass with a total uncertainty of
0.80 GeV.

Dominant uncertainties come from the modelling:

(0.40 GeV)
Recoil Scheme (0.39 GeV)
Jet Energy Scale (0.37 GeV)
Corlour reconnection (0.27 GeV)
Data statistics (0.20 GeV)
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Direct Measurements:

m™* from ttbar — + jets using soft-muon
tagging (SMT)



DESY.

m"¢ from soft muon tagging

Exactly 1 isolated e or y (associated to W-boson decay)
Requirement in E™** and M_(W) to infer presence of neutrino

> 4 jets

> 1 b-jet, 77% efficiency WP
> 1 SMT jet (i.e. p with p> 8 GeV found within AR < 0.4 of a jet)
Event yields after selection: 67k (SS) and 42k (OS). signal purity: 86% and 88%

Events / 5 GeV
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[l Single top
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m"¢ from soft muon tagging
OS and SS

e Sample splitinto OS (mostly direct b — uX
decays) vs SS (mostly sequential b — cX’ — uX")
e OS: 83% same top, 10% different top, 7%

unmatched to b from top (mostly from
t - W — cs)

® SS: 57% same top, 41% different top, 2%
unmatched

DESY. Thomas McLachlan Page 30



m"¢ from soft muon tagging
Fit results

Pre-fit impact on m,: Am, [GeV]

[16=10+A6 6=0-A6 -03-02-01 0 01 02 03

T T T T T T T T T T T

Post-fit impact on m,:
o= 0+A9 0=108-A9 | ATLAS

; Vs=13TeV, 36.1 fb™ . . .
sec<NOERERER, P | TSRS S No strong pulls or constraints are observed in the ranking plots for the

main uncertainties

BR b—t—u
BR b—u

SMT from b/c) -.-—

—_\

tt ISR-h

o {

Numerous checks performed showing fit stability

Z+jets norm. (bb/ct)

SMT-fake norm. —-—

BR b—c—u

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

b-tag (b 0)

tt ISR-plR (smT from b/c)

BR b—cc—mu

BR b—mu

Initial State QCD radiation
r,: impacts fragmentation

JES (pile-up, p topology)

E™SS soft track scale

Muon identification eff. (syst.)
JER

b-prod. frac. (baryons)

tt ISR (sMT from W)

t? aSFSR

tt PDF 2

Pile-up

sl

i il it bl il v D il o D

-2 -15 -1-05 0 05 1 15 2
(6-6,)/A0
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m"¢ from soft muon tagging
Systematic uncertainties

Source

Unc. on m, [GeV]

Stat. precision [GeV]

Statistical and datasets

The top quark mass is measured using a leptonic invariant
mass involving SMT muons with a total uncertainty of 0.81

] GeV.

] Dominant uncertainties come from the modelling:

Branching ratio of b/c hadrons (0.40 GeV)
Data statistics (0.39 GeV) [partial Run-2]
Recoil Scheme (0.25 GeV) (not profiled)
Initial State QCD radiation (0.23 GeV)
b-quark fragmentation r,  (0.19 GeV)

Background modelling and calibration of jet energies is
subdominant

Data statistic U39
l_glg_nalmmlcs 0.17
Luminosity <0.01 +0.01
Pile-up 0.07 +0.03
Modelling of signal processes
Monte Carlo event generator 0.04 +0.06
b, c-hadron production fractions 0.11 +0.01
| b, c-hadron decay BRs 0.40 +0.01
b-quark fragmentation ry, 0.19 +0.06 |
Parton shower af 5% 0.07 +0.04
Parton shower and hadronisation model 0.06 +0.07
| Initial-state QCD radiation 0.23 +0.08
Colour reconnection < 0.01 +0.02
Choice of PDFs 0.07 +0.01
Modelling of background processes
Soft muon fake 0.16 +0.03
Multijet 0.07 +0.02
Single top 0.01 +0.01
W/Z+jets 0.17 +0.01
Detector response
Leptons 0.12 +0.01
Jet energy scale 0.13 +0.02
Soft muon jet pr calibration < 0.01 +0.01
Jet energy resolution 0.08 +0.07
b-tagging 0.10 +0.01
Missing transverse momentum 0.15 +0.01
Total stat. and syst. uncertainties (excluding recoil) 0.77 +0.03
| Recoil uncertainty 0.25
Total uncertainty 0.81

DESY.
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m"¢ from soft muon tagging

Results

m, [GeV]

m, =174.41 + 0.39 (stat) + 0.66 (syst) GeV + 0.25 (recoil)

Compatible with ATLAS combination at 2.2sigma

Precise measurement, competitive with "standard" direct techniques!

S - - - - - =7 7 7 7 7 7 7 Thomas McLachlan™

:T 1 0 : S A l TTr 17T Trrr l l: T T | T TT ] Trr :l I TTrrr
£ E i ; ATLAS Preliminary ~ m,, summary - November 2018, L =4.6 fo"-20.3 fo"
a 9 : ; . nt
QY] L ' ' ] > My, + WL (s = JGF + BISF +oys)
| 8—_ e —» ol jotg BT 67 ) = e ot 1751 418 (14 12
" I}
C 3 single top* A11A3conr s szs —_— = 1722 + 21 (o7 £20
7‘_ = bl B VR T e n—r-...-*'l 1723 + 13 (02 =02:07 +10)
- b > dilepton £ 172 4 €7 @1 [ E— 1738 + 14 (os v13)
6 - + digpton ™ L T 2 it 1730 + 08 (o4 107
= R Sttt 1737 £12 (o6 £10)
5 :— —: — 1721 09 o4 o8|
41 - o) dlepton ™ Fr 4 e e ns -—-.-i——o 1720 +3%
F ] Diterential oftiv1-jet) 2" -——i-o-—u 1737 23
3 :_ ATLAS Preliminary ‘:‘ Ditferential ottf) dilegton (Gdisl.)t‘: S SO .——.!—- 1732 + 16
C = - 3 T
o Vs =13 TeV, 36.1 fb — ATLAS Comb. OCtober 2018 iwx 15001772 il #$ World Comb. 2 10
o 1 17260 = 0.48 ' —_— st rtai
[ --- stat. . Worid Comb. Mar. 2014 e iiss s . R — X :;f;r @m:.lSF uncertant
o B 173344 075 Y—— o Y
11— — tat t — Tevatron Comb. Ju. 2014 jseosvea ! Sm— S LNCANNUEY
o stat.+syst. ; 1 17634 1 0.6¢ | —— Preliminary, —Input to ATLAS comb.
- /! E | 1 i 1
] Y B l Dt B0 T | I { I WO 1 | 1 11 1 | I ) l L1l I L1117 165 170 175 180 185
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Direct Measurements:

LHC top-quark mass combination in
ATLAS/CMS
(/-8 TeV)




Top-quark mass combination ATLAS/CMS

Correlation strength

Between ATLAS & CMS: estimate
e Uncorrelated: p = 0 [-0.25, 0.25]
e Partially correlated: p = 0.5 [0.25, 0.75]
e Strongly correlated: p = 0.85 [0.75, 1.0]

Scan around nominal value to test stability of the guess

DESY. Thomas McLachlan Page 35



Top-quark mass combination ATLAS/CMS

Systematic uncertainties and correlations

b-JES/g-JES : strong dependence
on MC

Leptons/Trigger: from data
b-tagging : relies on MC

Modelling uncertainties : almost
all correlated

DESY.

. Am,/2| Aoy, /2
Uncertainty category 1Y Scan range [MeV] [MéV]
JES 1 0 _ _ _
JES2 0 |[-025+025 8 7
JES 3 05 | [+0.25,4075] 1 <1
b-JES 085| [+0.5,+1] 26 5
g-JES 0.85| [+0.5,+1] 2 2|
1JES 0 | [-025+025] 1 <1
CMS JES 1 = . — =
JER 0 | [-025+025 5 L Vary in range — shift in central
Leptons 0 | [—0.25,40.25] 2 2
b tagging 05 | [+025,+075] 1 1 value of m o
s 0 | [<025,4025] <1 | <1 P
Pileup 0.85 | [+05,+1] 2 <1
[ Trigeer 0 | [-025+025 <1 <1
ME generator 05 | [+0.25,+0.75] <1 4
QCD radiation 05 | [+025,40.75] 7 1 )
Hadronization 05 | [+025,4075] 1 <1 Mild dependence on b-JES
CMS b hadron B — — — — .
Color reconnection 0.5 | [+0.25,+0.75] 3 1 correlations
Underlying event 0.5 | [4+0.25,40.75] 1 <1
PDF 085 | [+05,+1] 1 <1
CMS top quark py — — — —
Background (data) 0 | [-0.25,40.25] 8 2
Background (MC) 0.85| [+05,+1] 2 1
Method 0 — — —
Other 0 — — —

Thomas McLachlan
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Top-quark mass combination ATLAS/CMS

Cross-check

; ™ / L L B | 13|

. . . . 175 -

Final cross-check: compare the various fit scenarios (i ATSLA“s+CMS % (s=78Tev.~"

o / A

e ATLAS-only combination & 74 Beenc / i

e (CMS-only combination i LszO/;)j\II_G // -

e simultaneous combination but with 2 mass parameters 173f ey |
e simultaneous combination with 1 mass parameter = LHC :

combination 172" o

All in excellent agreement with each other 7 s ]

171F 77 cws -

// —@— ATLAS+CMS ]

/// """ e

1 71 1 72 173 1 75
n‘qATLAS [GeV]
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Top-quark mass combination ATLAS/CMS

Important Analyses

ATLAS CMS
2011 (7 TeV) 2012 (8 TeV) 2011 (7 TeV) 2012 (8 TeV)
dil I aj dil i aj dil I aj dil | i aj t I vix
Pull +093 —-0.15 +1.43 +0.61 —0.51| +1.09 —-0.01 4096 +0.71 -033 | —047 | —0.37 +0.38 +0.31 +1.08
Weight —0.02 +40.07 +0.00 +0.16 +0.17| +0.03 —0.08 —-0.01 +40.03 +0.12 | +0.34 | +0.12 -0.03 +0.01 +0.08
ATLAS: CMS:

lepton + jets (8TeV)
dilepton (8TeV)

DESY.

lepton + jets (8TeV)
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Indirect Measurements:

mP°e_using tt+1-jet with the
ATLAS experiment

(8 TeV)



—_— . . JHEP11(2019)150
mP°'e from tt+1jet production .

e Exactly 1 reconstructed e or y with p.> 25 GeV.

e >=5jets (anti, jet reconstruction algorithm).

e The extra jetis the leading jet with p. > 50 GeV and |n| < 2.5.
o Not used in the tf reconstruction.

é Ceamas é'lgata'
2 e | e
Channel etjets ujets 5 UF IeoET20D00 2= Uncertainty
w
tt 5530 £ 470 7080 + 600
Single top 191 15 226 + 18
W+jets 100 + 33 121 + 37
Z+jets 24 + 8 13+4
Multijet 21 £ 11 <11
Prediction 5870 + 540 7440 + 660
Data 6379 7824
Q 14
E 12 ¢ o o . L) ) |
£ o — = t1
e+jets channel: signal purity of ~ 94% B T e s
u+jets channel: signal purity of ~ 95% Fe
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https://link.springer.com/content/pdf/10.1007/JHEP11(2019)150.pdf

—_— e . JHEP11(2019)150
mP°'e from tt+1jet production .

Hadronically decaying W-boson Top quark candidates

Collecting all pairs of jets that are not b-tagged Combine all the hadronic and leptonic W-boson

candidates with the two b-tagged jets
* 0.9 <mw/mi; <1.25 Select one that minimised the following

e min (pzr, p]f) -AR;; <90 GeV
lept had

Leptonically decaying W-boson mtlept + L
Neutrino inferred by MET > 30 GeV and M (W) > 30 GeV

W-boson: lepton + up to 2 neutrinos
mtlept /mthad b 09

DESY Thomas McLachlan Page 41


https://link.springer.com/content/pdf/10.1007/JHEP11(2019)150.pdf

Relation between MS mass m,(u) and pole mass m Pl

e The QCD relation between the 2 schemes is known to

e Here truncated at two loops to match the precision of the tt+ 1-jet cross section used to
extract the mass in both schemes.

4 —
T

The pole mass result is obtained for a_ (163 GeV) ~ 0.116

e \When converting mt(mt) to m pole t the obtained value is = 170.9 GeV.
o Good agreement with the direct extraction of mt'f""e .

DESY Thomas McLachlan Page 42



—_— . . JHEP11(2019)150
mP°'e from tt+1jet production .

Rtf—i—l-jet(ps) _ M—l ® Rdet(ps)] ) f(,Os> . fph.sp. (PsaRzééjet) .

e R data distribution is corrected for the following in order to get the distribution at parton
level and compare with fixed order calculation.
O  Detector
O Hadronization
O gluon radiation
O top-quark decay effects

DESY. Thomas McLachlan Page 43


https://link.springer.com/content/pdf/10.1007/JHEP11(2019)150.pdf

DESY.

mP°'e from tt+1jet production

m”°‘et result obtained from data unfolded to parton
level is compatible with previous measurements

Statistical and systematic uncertainties reduced by a
factor 2 w.rt 7 TeV measurement
JHEP10(2015)121

o Due to large reduction in JES systematic
m More stats — finer binning
m larger sensitivity of R to top-quark
pole mass

o Better knowledge of the detector

JHEP11(201

9)150

ATLAS+CMS Preliminary  my,, from cross-section measurements November 2023

155

LHCtopWG
total stat my,, £ tot (stat + syst + theo) [GeV] J.L dt Ref.

o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV — 1729 % 200" [1]
CMS, 7+8 TeV —e— 173.8 _+11_g7 <19.7 " [2]
CMS, 13 TeV f—— 169.9 57 (0115 H2)  ss0n' (3
ATLAS, 13 TeV —— 1731 % %417 (4]
LHC comb., 7+8 TeV —— 1734 55 <20t 5
cltt+1i) differential NI O
ATLAS, 7 TeV H—e— 1737 20 (15£14 598)  46p' (g
ATLAS, 8 TeV =i 171.1 53 (04409 57) 20217 7]
CMS, 13 TeV —ay 1724 55 (13 ) 630" _[g]
o(tt) n-differential, NLO
ATLAS, n=1, 8 TeV I 173.2+1.6(0.9+£0.8£1.2) 202" [9
CMS, n=3, 13 TeV [ 170.5+0.8 359" [10]
My, from top quark decay [1] EPJC 74 (2014) 3109  [5] JHEP 2307 (2023) 213  [9] EPJC 77 (2017) 804

CMS, 748 TeV comb. [11] MERCEESE TG O R

ATLAS, 7+8 TeV comb. [12] [4] EPJC 80 (2020) 528  [8] JHEP 07 (2023)077  [12] EPJC 79 (2019) 290
L1 1 1 | L1 1 1 I I L | I I_ LI | I 1 1 | I L1 1 1 | | I | L1 1

160 165 170 175 180 185 190
my,, [GeV]
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Top mass SMT: recoil in PS

A new uncertainty due to gluon emission in t—->Wb. Various schemes:
e Powheg+Pythia8 (default):
o recoil-to-colour=ON scheme
o where any gluon radiation after the first emission against the off: g
b-quark.

recoilToColoured:
in 8.160 from 2012-01-23

e Pythia (previous version from Run-1):

o recoil-to-colour=0OFF scheme, where the W-boson was the on:
e A recent third option (Recoil-to-Top) allows the top to be the : W
b
e All these schemes vary the amount of : TopUserHook: off + reweight by
o out-of-cone radiation and W/b momentum fraction eikonal ratio (g + t)/(g + W)
o translates into a shift of the inferred mtop. g
e Following previous recommendations, ATLAS has added recoil-to-top vs 44 W
recoil-to-colour=0ON as an additional uncertainty. b
e No dedicated tuning of the recoil-to-top has been performed yet. Current (Sketch by T. Sjostrand)

uncertainties probably overestimate the effect.

DESY. Thomas McLachlan Page 46



Modelling of heavy-quark fragmentation

e A need to describe the momentum transfer between b-quark and b-hadron:

e Free parameters are tuned to data (e+e - colliders).
e Pythia 8 uses the Lund-Bowler parametrization:

f(Z)=T

4

Q T T T T
S g3spe'e > bbis=m, 3
-
S b ¢ OPALDaa E
= &= ATLAS PvTHir8, Al4-r,, E
T 25 .. ATLAS PyiHia8, Al4 3
oF - ATLAS Herwic7.1.3
15
1
05 et
]
8 16
8 14F Lesewmene
o 1%.m
2 o8 e .
& 8.'2 % Data uncertainty
0.7 02 03 04 05 06 07 08 08 1

DESY.

1

mr = \Jm% + p2
(1 -z)%exp(-bm3/z)

rbmi

z- fraction of longitudinal energy carried by the b-hadron relative to
b-quark.

a, b and r, are the free parameters
o r, is specific to b-fragmentation.

Nominal ATLAS A14 description of the b-quark fragmentation is
improved by fitting for the r, parameter using data from LEP and SLC.

Best r, value extracted from a [12 fit to:
o xg=2pgp,/m%,

o The relative B-hadron energy to the Z-boson mass. Page 47



Modelling of heavy-quark fragmentation

e The [I?curves of the four experiments combined in a single [1” one

' | ' | Experiment b X~ /ndf

SLD  (r,=1.092 0030 ALEPH 1.070 £ 0.035  21/18

OPAL  (r,=1.023 + 0.019) DELPHI 1.094 + 0.030 73/8

OPAL 1.023+£0.019  18/19

Sl SLD 1.092+0.018 5821
e Best fit: r, =1.05 % 0.02

0.7 0.8 0.9 1 1.1 1.2
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DESY.

Modelling hadron production and decays

The production fractions of weakly decaying b- and c-
hadrons have been rescaled to the PDG values.

The branching ratios of the b- and c hadron decays

containing a soft muon are also adjusted.

Thomas McLachlan

Hadron PDG PowneG+PyTHIA8  Scale Factor
B° 0.404 + 0.006 0.429 0.941 +0.014
B* 0.404 + 0.006 0.429 0.942 +0.014
BY 0.103 + 0.005 0.095 1.088 + 0.052
b-baryon 0.088 +0.012 0.047 1.87 +£0.26
D* 0.226 + 0.008 0.290 0.780 + 0.027
D" 0.564 + 0.015 0.553 1.020 + 0.027
ng 0.080 + 0.005 0.093 0.857 + 0.054
c-baryon  0.109 + 0.009 0.038 2.90+0.24
Hadronic PDG POWHEG Scale
Decay Mode PyTHIA8 Factor
0.0029 0.0027
b—pu 0.1095 *o-ons 0.106 1.032 ¥4 005
b—>1 0.0042 +£0.0004 0.0064 0.661 +0.062
b—c—pu 0.0802+0.0019 0.085 0.946 +0.022
b—¢—pu 0016 £0.003 0.018 0.89 +0.17
c—ou 0.082 +0.005 0.084 0.976 +0.059
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