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Most Precise Top Mass Measurements Method

LHC+Tevatron: Direct top mass measurements [A. Hoang]
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Particle and Astroparticle Physics Colloquium, DESY, January 28 2025
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What is mMC ? [A. Hoang]

What does the question mean in the first place?

Qg
— It means that we can provide the relation ~ mM© = msheme(,) 4 7(:0

where dmsceme can be computed in pQCD

5mscheme 4o

The issue is complicated as we must understand and control the interplay of
the different components of MC event generators.

e hard scattering
e (QED) initial/final
state radiation

e partonic decays, e.g.
t — bW

e parton shower
evolution

e nonperturbative
gluon splitting

e colour singlets

e colourless clusters

e cluster fission

The nature of question is intrinsically theoretical.

Particle and Astroparticle Physics Colloquium, DESY, January 28 2025
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What is mMC ? [A. Hoang]

What does the question mean in the first place?

s (1)

— It means that we can provide the relation ~ m}© = mSheme () +

where dmsceme can be computed in pQCD

5mscheme 4o

The issue is complicated as we must understand and control the interplay of
the different components of MC event generators.

e hard scattering
e (QED) initial/final
state radiation

e partonic decays, e.g.
t — bW

e parton shower
evolution

e colour singlets
e colourless clusters

e cluster fission

The nature of question is intrinsically theoretical.

Translation to pole mass: Additional uncertainty
of about 500 MeV

Particle and Astroparticle Physics Colloquium, DESY, January 28 2025
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mi: Indirect Determinations

CMS [CMS, EPJC 80 (2020) 658]
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https://inspirehep.net/literature/1729144

mi: Indirect Determinations

[CMS, arXiv:2403.01313]

C M S stat. total
BEEEE ATLAS+CMS combination m{®® = 173.4")% GeV

[JHEP 07 (2023) 213]

Indirect mass extractions

Pole mass from cross section

+3.6

Inclusive tt 7 TeV, NNLO ® CT10 @ | m{®°=177.0 .. (tot) GeV [PLB 728 (2014) 496]
Inclusive tt 7+8 TeV, NNLO ® CT14 m°¢=1743 7, (tot) GeV [JHEP 08 (2016) 029]
Inclusive tt 13 TeV, NNLO ® CT14 mP® =170.6 +2.7 (tot) GeV [JHEP 09 (2017) 051]
Inclusive tt 13 TeV, NNLO ® CT14 m**=1737 1, (tot) GeV [EPJC 79 (2019) 368]
Differential tf 13 TeV, NLO + 3D fit (m{*°, o, PDF) m™© = 1705 +0.8 (tot) GeV [EPJC 80 (2020) 658]
Dilepton 7+8 TeV, ATLAS+CMS cross section m®*=173.4 0 (tot) GeV [JHEP 07 (2023) 213]
Differential tt+jet 13 TeV, NLO ® CT18 mP® = 172.13 = 1.43 (tot) GeV [JHEP 07 (2023) 077]
M_S mass from cross section

Inclusive tt 13 TeV, NNLO ® CT14 —e—I m(m)=165.0 " (tot) GeV [EPJC 79 (2019) 368]

» Achieved precision: Between 1.4-2.2 GeV in m
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https://inspirehep.net/literature/2764068

Jet Mass in pp

[A.H. Hoang et al.. PRD 100 (2019), 074021]
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/" » Distribution in mjet
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Can be measured at the
LHC, at the level of stable
easure particles
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https://inspirehep.net/literature/1615202

First measurement of mjet
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[CMS, EP|C 77 (2017),467]
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https://inspirehep.net/literature/1518399

Uncertainty in m [GeV]
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https://doi.org/10.1140/epjc/s10052-017-5030-3

New Techniques: XCone

Boosted lepton+jets 13 TeV Boosted lepton+jets 13 TeV
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2-step jet clustering
» Inherent grooming
» Dynamical effective radius [CMS, PRL 124, 202001 (2020)]
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https://doi.org/10.1103/PhysRevLett.124.202001

mjet

© 04

—|0

0.3

0.2

0.1

Lineshape and Resolution

Boosted lepton+jets
! ! ! ! ! ! ! !

CMS

Simulation

—— XCone (13 TeV) _
R=12, R_,=0.4 i

sub

[PRL 124 (2020) 202001] |

CA (8 TeV)
R=1.2
[EPJC 77 (2017) 467]

----- slex kb l

0

R
100

200

400
[GeV]

|- .-T"'
300

mjet

c 0.15
e,
=
[e
@
o)
o

3 0.1
©
=
[
-

0.05

0

Resolution of 8 TeV

: CMS 0<NPV <10 |
- Simulation o NPV <20 |
| Supplementar S |
- Y —$— NPV >20 B
- —¢— al 1
I_ | | | | | | | | | | _l
500 1000 1500
p>" [GeV!
T, jet

[CMS, TOP-19-005]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-19-005/
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» Improved statistical
uncertainty

» Less susceptibility to UE and
hadronization

» Unfolding to particle level:

Reduction of all
uncertainties

» mi =172.6 £ 2.5 GeV

» Dominant uncertainties:
JES, £1.5 GeV
FSR modelling, +1.2 GeV

[CMS, PRL 124, 202001 (2020)]
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https://doi.org/10.1103/PhysRevLett.124.202001

Improving the Jetmass Scale 1

» XCone method allows for calibration of jet mass scale using mw
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[CMS, EPJC 83 (2023) 160]
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https://doi.org/10.1140/epjc/s10052-023-11587-8

Improving the Jetmass Scale 2

» Template fit of two factors driving the mass scale: four regions

138 fb™' (13 Te

V)

138 b’ (13 TeV)
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[CMS, EP|C 83 (2023) 160]
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https://doi.org/10.1140/epjc/s10052-023-11587-8

Improving the Jetmass Scale 3

» Constraints on both factors, improves JMS by

more than 50%
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[CMS, EPJC 83 (2023) 160]
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https://doi.org/10.1140/epjc/s10052-023-11587-8

Improving the FSR Modelling

[CMS, EPJC 83 (2023) 160]

» Unfolding bias from FSR Modelling
Dimensionality of unfolding too small to capture all PS features

Regularization increases model dependence
» Tune MC modelling to describe data better: reduces unfolding bias

36.3 fb" (13 TeV)

101 fb' (13 TeV)

; I | ' L | ] .
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0.05 tfesn=2 0.05 M irsR=4 . .
_ : [ : » Adjust frsr in
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0~ S —— | | | equivalent to
1.5 1.5 .
o o i choosing
¢ e diff
o5t 05| ifferent
0 0 asFSR(Mz)
132 1:32
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https://doi.org/10.1140/epjc/s10052-023-11587-8
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https://doi.org/10.1140/epjc/s10052-023-11587-8

Determination of m:

L my = 173.06 = 0.84 GeV

+ 0.24 (stat) + 0.61 (exp) £ 0.47 (model) = 0.23 (theo) GeV

W/ e

Experimental [GeV] Model [GeV]
JER
JMS
\ 0,38 ) JMS flavour
© JES
@ Prileup
@ Others

0,37

Choice of m¢
Colour reconn.
‘ |"|damp
@ UE tune
@ Ren. & fac. scales
@ Others
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Uncertainty in m [GeV]

t

Summary on m; from mijet
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[A. Belvedere, C. Englert, R. Kogler, M. Spannowsky, EP]C84, 715 (2024)]
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https://doi.org/10.1103/PhysRevLett.124.202001
https://doi.org/10.1140/epjc/s10052-023-11587-8
https://inspirehep.net/literature/2757970

Future of m; from Jetmass

[J. Holguin, arXiv:2311.0257]

Boosted lepton+jets 3
> ' [CMS, arXiv:2403.01313] - fpptX L TG00
(2' 800__ CMS . 9 . o __ O 2.5 EpT,Jet e [500, 525] GeV —— T(C, 0.1, mtz/p%']et) X 10;
e . Projection - = Pythia 8.3 , e Equilateral proj. x 50]
_8 i ] = 2. : . Cw ~ 4.5 ZLW ]
@ 700 ] &= N ' PT, jet .
o - : 3
S : g Lop -
— _ i Q N ]
< o SR g2 —;
i i o~ - ’
i Projection ] A 0.5 :_ m —
500_— [ Run 2 measurement (138 fb™) B OE o | ||||| N %).%Z:je.t.l.. o -
- ®  Projection for Run2+Run3 (300 fb™) 0 0.2 0.4 0.6 0.8
- A Projection for HL-LHC (3000 fb™')
400 . G
| | | | | | | | | | | | | I_
0 1000 2000 3000 Measuring top/W ratio turns
. . -1
2
Integrated luminosity [fb™ ] Cpeak N m? > m2 PEi\ ( m? )
2 2 2 — 2
PT jet PT jet Mw My

» New techniques in development, more data coming
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https://inspirehep.net/literature/2719279

Areas of improvement

Work in progress:

» Unfolding bias: Choice of m:
» Signal modelling: ME+PS matching, PS, UE, hadronization
» Experimental:

Jet mass resolution

Jet mass scale

Jet mass flavour (b jet JES)
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Normalized
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Unbinned, Multi-Dim Unfolding
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paired data[ T Prmodel (XgenXreco) Generative Network:

Conditional Flow Matching
correspondence
psim(xreco) < > pdata(xreco)

[L. Favaro, RK, A. Paasch, S. Palacios Schweitzer, T. Plehn, D. Schwarz, arXiv:2501.12363]
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Unbinned, Multi-Dim Unfolding

0.061 .
gen m,:
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[L. Favaro, RK, A. Paasch, S. Palacios Schweitzer, T. Plehn, D. Schwarz, arXiv:2501.12363]
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“Nobody in their right mind would ever attempt to use unfolding for a mass
measurement.” [ Lecturer at Terascale Statistics School]

[L. Favaro, RK, A. Paasch, S. Palacios Schweitzer, T. Plehn, D. Schwarz, arXiv:2501.12363]
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Removing the Training Bias

» Add an estimator of m: to the input data Xreco

» Weighted median of 3-jet mass: M ~ my = m,

» For a batch size of about 104 events data

» Training with three different values of m, = {169.5,172.5,175.5} GeV

[L. Favaro, RK, A. Paasch, S. Palacios Schweitzer, T. Plehn, D. Schwarz, arXiv:2501.12363]
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Removing the Training Bias

» Add an estimator of m: to the input data Xreco

» Weighted median of 3-jet mass: M ~ my = m,

» For a batch size of about 104 events data

» Training with three different values of m, = {169.5,172.5,175.5} GeV

m, =171.5 GeV on ,
- & Result from 6-d unfolding:
L 0.04; unfolded
?;s reco x = ({m;}, {My})
S 0.02]
Z. Unfolding bias

of < 100 MeV 1n mu

120 140 160 180 200 220

[L. Favaro, RK, A. Paasch, S. Palacios Schweitzer, T. Plehn, D. Schwarz, arXiv:2501.12363]
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Modelling: Lund Jet Plane

» Classify radiation by kt and angular “hardness”

Initial jet

Harder subjet AL R
— o h N ~
1 ! o | ! .
0 .
- N
) AN
\ () \x./ 3 AN
c S
— . ~ .
| ; I
4 N o
, . _
Cambridge—Aachen declustering In(1 /A R)
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Modelling: Lund Jet Plane

» Classify rad

Initial jet

—

>

H. D
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=X

N’
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UE/MPIl  hadronization
large angle small angle R
In(1/AR)
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Modelling: Lund Jet Plane

» Classify rad

Initial jet
S
H: QJ
O
— -
| =
=
o
UE/MPl  hadronization !
] large angle small angle ®
9299 In(1/AR) J

» Decluster top jets to measure LJP
» Possible to perform partial or full declusterings

» Access radiation pattern in top jets: rich structure
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Lund Jet Plane for Tops

Shower cutoff 0.6

Hadronization 0.4

ATLAS {s=13TeV, 140 fb™
Lund Jet Plane, unfolded data, top jets
» Recent —1.6 =
ATLAS =
measurement |14 £
[ATLAS, arXiv:2407.10879] 5
x
c
» Access to 1
ME+PS matching 0 s
Shower ' 25
e}
g
P

» Correct our models 0.2

LJP reweighting i
0 056 1 15 2 25 3 35 4 45

In(R/AR)
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JMS and JMR Calibration

» Extend the current method to include the JMR

CMS Preliminary 41.5fb!, legacy 2017 (13 TeV)
U | I I l I T l I 1 l I 1 1 l 1 1 I 1 1
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)
Q
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c
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» Unbinned model, constrain JMR and JMS in-situ in the unfolding (!)
More developments needed

» b jet flavour uncertainty more difficult
Fragmentation differences between MC simulations
Detailed studies required to understand response differences
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https://cds.cern.ch/record/2865845

Uncertainty in m, [GeV]

10 Boosted lepton+jets

0.4

0.2

Finally: Theory Input!

- Preliminary [D. Schwarz]
"~ Phase-2 Projection

—— S, (stat. scaling)
—— S, mod. (stat. and exp. syst. scaling)

S, (stat. and exp. syst. scaling + 0.5 model/theory)

1000 2000 3000 4000 5000 6000
Integrated luminosity [fb™']

Projections promise large
improvement in prospective
measurements

With HL-LHC, uncertainties
of 400 MeV in m; in reach

So far, always mMCimplicitly
used, need calculations to
turn the cross section
measurements into m{ ISR
measurements!
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