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Motivation of top-quark mass measurement

Top quark is the heaviest elementary particle among the observed ones.
* Top-quark mass (my,p) is a fundamental parameter of the SM.

- Relationship among the Higgs-boson mass, W-boson mass, and my,,
helps to test the SM by comparing to the EW fit predictions.

- The Higgs quartic coupling A at high scales depends on the my,,
and determine the EW vacuum stability.

- Precise m,, measurements are crucial for the validation of the SM.

240 I~ 68% and 95% ‘coMours | 180 logyoly X Gyr Gpc?]
: Ft without ML, andm
|-_| Fit without h ......................
220 |- [IT1) Futt Fa | 17s (BT L
[ [D_] Expermentdl medsurements | IEEERESSERST e
r S R B _‘\‘00 -
S 200 ‘ % 176 7 _=~" Meta-stability -~~~
L) . - -
| &) g
S | <
€ a0k | | £ 174
— .
da L o LESLE . Aado ) 170 += i . 2ol
80.3 804 805 120 124 126 128 130
PRD 106 (2022) 3, 033003 My [GeV] mn | GeV arXiv:1707.09301

26/12/2025 Haruka Asada @Tera-Scale2025 2


https://arxiv.org/abs/1707.09301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.033003

Top-quark mass measurements

* Direct measurements

- Reconstruct the top quark from final-state kinematics
and extract the mass by comparing distributions with MC predictions.

- Measure the MC mass: input to MC simulations,
including non-perturbative QCD effects modeled by the MC framework.

* Indirect measurements
- Derived from measurements of the tt production cross section.

- Measure the pole mass (or similar): parameter in quantum field theory
and more straightforward to interpret theoretically.

tt events are classified into three
decay channels based on the
W-boson decay modes:

 Dilepton (~7%)

« All hadronic (~55%)
* {+jets (~38%)
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LH c resu Its ATL-PHYS-PUB-2025-025

Direct measurements Indirect measurements

ATLAS+CMS Preliminary My SUMmary, Vs = 1.96 -13 TeV  May 2025
LHCtopWG
-------- LHC comb. (Feb 2024), 7+8 TeV wHctopwa [1] —tt
statistical uncertainty total stat f}ILAS"\;\?MS Preliminary  my,, from cross-section measurements November 2023
total uncertainty M, * total (stat + syst + recoil) [GeV] _[L dt  Ref CtopWG _
LHC comb. (Feb 2024), 7+8 TeV 172.52 £ 0.33 (0.14 + 0.30) 20" 1) ]
World comb. (Mar 2014), 1.9+7 TeV 173.34 = 0.76 (0.36 + 0.67) 870" 2] total stat Myp £ 10t (stat £ syst + theo) [GeV] Lt Ref.
ATLAS, l+jets, 7 TeV 172,33+ 1.27 (0.75 + 1.02) 46f" [3] _ . .
ATLAS, dilepton, 7 TeV 173,79+ 1.42 (0.54 + 1.31) a6’ [3) oftt) inclusive, NNLO+NNLL
ATLAS, all jets, 7 TeV ] 17515 18(14£12) aBh (4] ATLAS, 7+8 TeV ——e— 1729 %5 <0’ 1]
ATLAS, dilepton, 8 TeV 172.99 = 0.84 (0.41+ 0.74) 20367 [5 +1.7 o
ATLAS, all jets, 8 TeV 173.72 £ 1.15 (0.5 + 1.02) 203" [8 CMS, 7+8 TeV e 1738 "1'“9 12 <19.717 [2]
ATLAS, l+jets, 8 TeV 172.08 £ 0.91 (0.39 + 0.82) 202167, [7 CMS, 13 TeV —— 169.9 L7 (0.1£1.5 55) 39’ [3]
ATLAS comb. (Feb 2024) 748 TeV 172.71 = 0.48 (0.25 + 0.41) <2031f0'[1) +2.0 .
ATLAS, leptonic inv. mass, 13 TeV 174.41+0.81 (0.89+ 0.66+ 0.25) 36511 [8) ATLAS, 13 TeV i 1731 ;21'18 AT 4]
ATLAS, dilepton (*), 13 TeV 172214080 (0.20 £ 0.67£0.39)  133h" [9) LHC comb., 7+8 TeV — 173.4 54 20! [5]
ATLAS, boosted, 13 TeV 172.95 + 0.53 (0.27 + 0.46) 14017 [10] T .
CME, Liicte 7 ToV 173,49 - 107 (043 £ 0.98) a8t 1] oftt+1]j) differential, NLO o o
CMS, dilepton, 7 TeV 1725+ 16 (04+15) 4917 [12] ATLAS, 7 TeV H—=— 1737 57 (1.5%£1.4 §5) 461 6]
CMS, all jets, 7 TeV 173.49 + 1.39 (0.69 £ 1.21) 35’ [13] - 1711 2 0.4 +09 07 T
CMS, l+jets, 8 TeV 172.35 + 0.51 (0.16 + 0.48) 19.71b" [14] ATLAS, 8 TeV :{2‘ ( 05 03) waw
CMS, dilepton, 8 TeV 172.22 Jar (0.18 T 19.7 15" [15 CMS, 13 TeV —— 1721 53 (1.3 ) 36317 [8]
CMS, all jets, 8 TeV 172.32 + 0.64 (0.25 + 0.59) 19.7 10" [13] o(tt) n-differential, NLO
CMS, single top, 8 TeV 17295 % 1.22(0.77 1o 19.71b" 16 ‘
CMS comb. (Feb 2024), 7+8 TeV 172.52 + 0.42 (0.14 + 0.39) <19.7157[1] ATLAS, n=1, 8 TeV H—— 1732+16(0.9+£08+1.2) 202n' [9
CMS, all jets, 13 TeV 17234 %0.73 (020 ') 35910 [17 CMS, n=3, 13 TeV [ 1705+ 0.8 sab’ [10]
CMS, dilepton, 13 TeV 172.33 £ 0.70 (0.14 + 0.69) )
CMS, single top, 13 TeV 17213 77 (032 %) 35917 [19 M, from top quark decay (1] EPJC 7 109 5] JHEP 230
CMS, boosted, 13 TeV 173.06 + 0.84 (0.24) 138 b [20] CMS, 7+8 TeV comb. [11] ::‘:;; :'I'
CMS, l+jets, 13 TeV M7 L0300 st 1] ATLAS, 7+8 TeV comb. [12] e
IIIll\IIIIII\IIIIII‘IIIIIIIIJIIIII'JII
* Preliminary 155 160 165 170 175 180 185 190
My, [GeV]
PR A T N M M |
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My, [GeV]

LHC Run 1 combined results:
172.52 + 0.33 GeV 173.4%18 GeV (o(tt) inclusive)
The relation between MC mass and the pole mass remains an open question.
* The conversion is estimated to have an ambiguity (0.5—1 GeV).

Ann. Rev. Nucl. Part. Sci.70, 225 (2020)
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Top mass measurement in 2025

Using Run 1 dataset, m,, has been already measured with high precision.

—> Further improvements require reducing systematic uncertainties,
e.g. by exploiting rare phase space regions.

This year, LHC reported three m,, measurements.
- Full Run 2 dataset (+/s=13 TeV, 140 fb~1) is used.

 Measurement of the top quark mass with the ATLAS detector
using tt events with a high transverse momentum top quark
- Physics Letters B 867 (2025) 139608 -

« Measurement of the top-quark mass using decays
with a //y meson at \/s=13 TeV with the ATLAS detector
- arXiv:2511.23091 (Submitted to JHEP)

* Measurement of the top-quark pole mass in dileptonic
tt + 1-jet events at \/s=13 TeV with the ATLAS experiment L
- JHEP 12 (2025) 023

Direct

measurements measurements

Indirect
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https://doi.org/10.1016/j.physletb.2025.139608
https://arxiv.org/abs/2511.23091
https://doi.org/10.1007/JHEP12(2025)023
https://doi.org/10.1016/j.physletb.2025.139608
https://arxiv.org/abs/2511.23091
https://doi.org/10.1007/JHEP12(2025)023

Significant uncertainties in MC mass

Uncertainties in the Jet Energy Scale (JES)

« JES calibration restores the jet energy to that of jets reconstructed at the
particle level.

 One of the dominant uncertainties in Run 1 measurements.

Uncertainty from the choice of secondary gluon radiation models.

Recoil-To-Colour=ON b

Recoil-To-Top (new)

* Difference between the two models taken as uncertainty.
- A new model was proposed by the Pythia8 authors a few years ago.
« Affects pr(bjet), pr(¥), AR(¥4,jet), and b-quark fragmentation modelling.

 Currently, only ATLAS accounts for this uncertainty.
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MC mass using high pt top quark

Using a rare phase space: PLB 867 (2025) 139608
events where the top quarks have high transverse momenta (pr).

* The first measurement using boosted topology in ATLAS.

In the boosted regime, top decay products are collimated
into a single large-R jet (top-jet).

Clear identification of jets from a single top quark,

reducing systematics from jet combinations.

Performing a simultaneous profile likelihood fit to three observables.
* One is the invariant mass of top-jet (m;), sensitive to mp,.

* The additional ones are to control and reduce syst uncertainties.
26/12/2025 Haruka Asada @Tera-Scale2025 7
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Observable§

PLB 867 (2025) 139608
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Mean value of m; (m))
- Calculated with

145<m; <205 GeV events.
- Sensitive to myqp,.

26/12/2025

Inv. mass of the two

non b-tagged constituent
jets (m m;j;)

- Sensitive to JES.

Haruka Asada @Tera-Scale2025

Inv. mass of the semi-
leptonically decaying top
quark and the closest
additional jet (m,))

- Sensitive to QCD radiation.
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Impact on the uncertainty estimation
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PLB 867 (2025) 139608

Miop=172.5 GeV:

JES

ISR & FSR
Recoll
Total

mm

0.26
0.14
0.08
0.51

0.82
0.36
1.7

Significant improvement on
the precision by adding m;;
and m,; to the fit.
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https://doi.org/10.1016/j.physletb.2025.139608

Result PLB 867 (2025) 139608
| Myp=172.95%0.53 GeV

The most precise ATLAS m,, measurement in a single channel.

The profile likelihood fit with three observables successfully reduced
the uncertainties due to JES and recoil effect by ~80%.

Uncertainty on m [GeV]

03 02 -01 0 _1 0. 2 0. 3 Source Uncertainty [GeV]
I I ! ! IES + (029
ATLAS - - P(B m,) > 0 Radiation (ISR and FSR) = 0.17
\s=13 TeV, 140 fb i [ ] p(e m) <0 ?é)sloltllr reccﬁnnection (CR1 and CR2) + 8{2
eavy flavour + 0.
Final-state radiation Parton shower and hadronisation model +0.14
JES pileup p-topology JER +0.10
CR2 g
JES heavy flavour generator/shower MC statl_stlcs + 0.08
JES mixed 1 Underlying event + 0.08
Parton shower and hadronisation, 1, &?COII £ 0.07
JES pileup N, Fit closure + 0.07
JES pileup p dependence Background modelling + 0.05
LiJnEdTilTy?g;Igcgnzt Matrix element matching (phard 1) +0.04
JES modelling 1 b-tagging + 0.04
Fit closure Higher-order corrections + 0.02
. Recoil Em‘“ +0.02
Parton shower and hadromsat_lon, mii P11eup +0.01
JES P"eugHL; VT +0.01
PDF + 0.01
JES t librati delli
Parion Showar and hadrontssnon. My Leptons = 0.01
JES n-intercalibration 2018 datd Luminosity < 0.01
JES mixed 2 Total statistical +0.27
) Total systematic + 0.46
Total +0.53
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MC mass usin meson
g ]/lp arXiv:2511.23091

Motivations:
* Purely leptonic observables.
—> Less sensitive to JES than the ones Complementary measurement with
from jet reconstruction. different syst. uncertainty sources.

— Help to reduce the uncertainties

 Partial reconstruction of decay. . ombination

—> Less sensitive to top pr modelling
than pure prompt lepton kinematics.

t->W->W)(b->J/Yp+X->puu +X)process (I = e, u) is used.

* The first measurement v

using this phase space in ATLAS. . Jet R
\\\\ l’ u
W=
Challenges: ¢ A7 B

« Small BR of the signal process (~2.7 x 10™%)
- Expected large stat. uncertainty.

« Still sensitive to parton shower, hadronization, and b-fragmentation effects.
- Must be controlled well.
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https://arxiv.org/abs/2511.23091

PDF for likelihood fit arXiv:2511.23091

Myop i Obtained by the unbinned likelihood fit to the m(£u*u™) distribution.
The distribution shape is parametrized by the following functions:

0.04 0.04

0.02 0.02

« tt and single-top events: « V+jets, fake lepton events, etc:
mop-dependent component. myep-independent component.
- PDF=Gaussian + Lognormal - PDF=Chebyshev polynomial
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Resu |t arXiv:2511.23091

My, = 172,17 £ 0.80 (stat) + 0.81 (syst) + 1.07 (recoil) GeV
= 172.17 £ 1.56 GeV

Stat. uncertainty is of the same order

> [T T 1111 asinother measurements.
8 2200;* ?LT’;SA? V. 140 b ¢ Data, t>Wb, b=J/iy—pup *;
= 20000 7 T = MesizirEiecet 9 Jet-related uncertainties are smaller
@ 18001 - than in any measurements using
& 1600 - other channels (<100 MeV).
L 14001 —~
1200~ —  The recoil modeling uncertainty is
1000E 5 dominant:1.071£0.22 GeV.
800 < Impact on b-fragmentation modelling
600 - is significant.
ggg_ . * b-frag. model in new recoil scheme
of o ] has not been tuned yet.
! ! ! ! LA L B B ) ) )
Y } F —>The uncertainty is conservatively
R | S Y $ + P included, separately from other”
S 0051 T ¢ L ¢ ’ systematic modelling uncertainties.
B N A R I |

- \ll\\
20 40 60 80 100 120 140 160

() [GeV] Other syst. uncertainties are well

controlled and reduced to a level
comparable to the stat uncertainty.
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Pole mass using dileptonic tt+1 jet

The normalized differential cross-section defined as JHEP 12 (2025) 023
Ao 544 —; ) 2m
SQ( ;mpoze) =1 TTiTiet \ith p. = 0 -170 GeV
Ps: M Ott+1—jet dps Ps JStt+1—jets (e )

JStE+1—jets is the invariant mass of the reconstructed tt+1-jet system.

 Existence of an extra 1 jet enhances 10? Detector level
sensitivity of cross-section §  amas T D
to the pole mass. 5 0 R G ™ e
‘2 250:— * ggg‘s‘;n _:
I = M
» Dilepton channel, especially required efut. ** ' :
150— —
. . . — . 100; _f
» 98% efficiency in tt reconstruction - ]
by combined two dedicated methods e E
. . . : Lol | o ———) m
to estimate the kinematics of neutrinos. O — ‘
fz\g <| -1| : . . e . .
8 09 ............... e
* 95% purity of final selection °%

01 02 03 04 05 06 07 08 09 p1

with extra jet of pr>50 GeV, |n|<2.5.
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Unfolding and x> fit JHEP 12 (2025) 023

The p, distribution is unfolded to the parton level

by using Iterative Bayesian Unfolding. T I — E
. = 3 E_ !?; e_aE; Y Jets . Total uncertainty _z

Measurement is performed N R
for the two theoretical predictions separately: I 5 enmens E
. zi i -
pp - ttj (2—3) process o5t R

- JHEP 05 (2022) 146 TR .
- Top quarks are taken as stable particles. 06 253 IOrocess
_ 0 01 02 03 04 05 06 07 08 09 _1

« pp —» bbt*v{~Vj (2-7) process e —— i
© 3.5 = ATLA —e— Unfolded data —

'z (=A3TeV, 14007 ey ;

- JHEP 1 1 (201 6) 098 § 22;'1121[”{3:"?# PIEISPex'afL‘fiE.GV 0acD m',“'“:meeevé
- Includes top-quark decays to the dilepton T E R E
final state and off-shell effects. e =
0.5 — =

 — 3

Slg 12 5

. . . . £le B AP et 0 |

x? fit of the unfolded normalized differential o D7 process ------- .
. . . . 0.6 , E
cross-section distribution. 00T G2 03 04 05 05 07 08 05 1
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Result

JHEP 12 (2025) 023

Measurement using 2—3 process shows the best precision:

‘m}"’l” = 170.73 + 0.33 (stat.) £+ 1.36 (syst.)

+0.34 (scale) +0.24 (PDF @ a5) GeV

—>Main result of this analysis.

 tt modelling, JES and b-tagging
are dominant source of
uncertainties.

Compatible with 2 - 7 one.

« 2 — 7 has reduced sensitivity

]
to mP° and suffers from larger

theoretical scale uncertainties
(expected).

Overall good compatibility with other
determinations.

A difference of ~5 GeV from EW
precision observables.

26/12/2025

(PDF set : PDF4LHC21)

ATLAS

M direct (LHC Run 1, Phys. Rev. Lett. 132 (2024) 261902)
EW fit (Eur. Phys. J. C 78 (2018) 675)

m®®® + total [GeV]

total stat y Reference

o(tt) inclusive, NNLO+NNLL

LHC 7+8 TeV comb. (CT14) Hed 174.0 £ 2.3 JHEP 07 (2023) 213
CMS, 13 TeV (CT14) e 173.7 _*21.'19 EPJC 79 (2019) 368
ATLAS, 13 TeV (CT14) | 1731 2 Epuc 80 (2020) 528
o(tf, tij) differ., N(N)LO

ATLAS, ij, 8 TeV (CT10) b 1711 H§  sner 11 (2019) 150
CMS, ffj, 13 TeV (CT18) bt 1721+ 1.4  JHEP 07 (2023) 077

ATLAS, dilepton, 8 TeV (CT14) k=4

(2019)
(2023)
173.6 £ 1.3 EpPJC 77 (2017) 804
CMS, 3D diff., 13 TeV (CT14) i (2020)

1711+ 0.8 EPJC 80 (2020) 658

This analysis

ATLAS, tfj, 13 TeV (CT18) = 1709+1.5
| | | | | | | | | 1 | | l | | |
140 160 180 200
m, [GeV]
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Summary

The LHC has pursued top-quark mass measurements intensively.
* Run 1: combined results already achieved high precision.

* Run 2: further reduction of systematic uncertainties
using advanced analysis, e.g. simultaneous fits, rare phase space.
- Central values are broadly consistent across analyses.

Projection of the m,, measurements A 3ab ! per experiment

for HL-LHC has been performed. 1500 arXiv:2504.00672

- Profile likelihood fits with large Instabiity —
datasets are expected to significantly = o -?3202 )
reduce measurement uncertainties < Metastability — 13TeV (363 1Y)

= —— S2 with profiling

Myop Measurements using LHC and | ™ >2 without profiling

HL-LHC dataset will show further . (0

iImprovements and help advance T Stability Sl

validation of the SM. e

« E.g. EW fit, vacuum stability. i GeV]

Stay tuned for future results!
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