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The mass of the top quark: which one?

a pseudo-historical approach

Matteo M. Defranchis
Deutsches Elektronen-Synchrotron (DESY)

Makteo M. Defranchis (CERN)



CMS

The concept of mass at the test of time

e 1687 Newton: inertial mass, laws of gravitation
e 1905 Einstein: equivalence between mass and energy
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m; makes the top quark special =

L]

Unlike all other quarks, the top quark decays 1 muon
before forming bound states T, =— ~ 1022 g et i)y

I

Vi
% neutrino

* Behaves (approximately) as a free particle
 Mass can be reconstructed from decay products

g \ t CMS Experiment at the LHC, CERN neutrino |
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f vV, g | top quark production and decay |
b EW decay makes top quark “easy”

to identify experimentally
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m; makes the top quark special

* Spin correlation and quantum entanglement information
transferred to decay products

Matteo M. Defranchis (CERN)
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Can m; break the standard model®

In the SM, m: can be related to mw and mg thanks
to loop corrections to precision EW observables
-> internal consistency of SM

we are here

Stability of Higgs potential at the Planck scale etaStab'e

depends on value of my
-> A <0 would be indirect evidence of BSM physics
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Where do we stand?

CMS review of top quark mass measurements [arXiv:2403.01313]

SR LGHEE Opll B{LEC T 190N 0 F... T OP
QUARK MASS MEASUREMEN TS

BY THE CMS EXPERAMENT

Large number of measurements performed by

CMS (and ATLAS) during LHC Run1 and Run2

 Demonstrates the relevance of the topic

Measurements classified into different classes
* Different methods and topologies, as a cross

check to each other
 But not only...

Significant improvement in precision over the

years thanks to advancements in data analysis
techniques

Matteo M. Defranchis (CERN)
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Lagrangian mass extractions

Pole mass from cross section

Inclusive tt 7 TeV, NNLO ® CT10

Inclusive tt 7+8 TeV, NNLO ® CT14

Inclusive tt 13 TeV, NNLO ® CT14

Inclusive tt 13 TeV, NNLO ® CT14

Differential tf 13 TeV, NLO + 3D fit (m{*° , a, PDF)
Dilepton 7+8 TeV, ATLAS+CMS cross sectlon

Differential ti+jet 13 TeV, NLO ® CT18

MS mass from cross section
Inclusive tt 13 TeV, NNLO ® CT14 —o—

Direct measurements
Full reconstruction

Dilepton 7 TeV, KINb and AMWT
Lepton+jets 7 TeV, 2D ideogram

Dilepton 7 TeV, AMWT

All-jets 7 TeV, 2D ideogram

Lepton+jets 8 TeV, Hybrid ideogram
All-jets 8 TeV, Hybrid ideogram

Dilepton 8 TeV, AMWT

Single top quark 8 TeV, Template fit
Dilepton 8 TeV, M, +M2 Hybrid fit
Lepton+jets 13 TeV, Hybrid ideogram
All-jets 13 TeV, Hybrid ideogram

Dilepton 13 TeV, m, fit

Single top quark 13 TeV In (m, /1 GeV) fit
Lepton+jets 13 TeV, Profile likelihood

Combination 7+8 TeV

Boosted measurements

Boosted 8 TeV, C/A jet mass unfolded |
Boosted 13 TeV, XCone jet mass unfolded
Boosted 13 TeV, XCone jet mass unfolded

Alternative measurements
Dilepton 7 TeV, Kinematic endpoints

1+2 leptons 8 TeV, Lepton + secondary vertex
1+2 leptons 8 TeV, Lepton + J/¥

1

} g o | |
stat. total

BEEEE ATLAS+CMS combination m{®® = 173.4°,% GeV

[JHEP 07 (2023) 213]

---- CMS 7+8 TeV comb. m"® = 172.52 + 0.42 GeV
BB CMS 7+8 TeV comb. stat. uncertainty

[arXiv:2402.08713]
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Top quark production at the LHC
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Zooming in on tt: the final states

* Di-lepton final state extremely clean, but only partial reconstruction of
the top quark mass is possible. |deal for cross section measurements

- Fully hadronic final state pays the price of large QCD background W *
* Lepton+jets final state allows for full reconstruction of m; t

EPJC [1812.10508]

x10° €*u* channel 35.9 fb™ (13 TeV) x10° €W’ channel 35.9 fb™ (13 TeV)
i X
y— — ¢ Data ¢ Data b
Lﬁ : B it other ‘ I tt other
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Number of jets Number of b-tagged jets

ut+jets 15%

e+jets 15% _
"dileptons™ "lepton+jets”
Matteo M. Defranchis (CERN) o



Direct measurements

Full reconstruction 4
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LHC Runl combination (7 and 8 TeV) e

PRL [R402.08713] a
e Combination of 18 input measurements (6 ATLAS + 9 CMS)
. . ATLAS+CMS \s=7,8TeV
e Better than 0.2% precision -> most precise result to date otal
« ] T e ATLAS+CMS combined : 1 1 ,
e Includes & CMS measurements from “alternative methods stat uncertainty etat
ATLAS : m, + total (* stat + syst) [GeV]
-> Precision limited by b-quark jet energy scale uncertainty dilepton 7 TeV et 173.79+ 1.42 (+ 0.54 + 1.31)
lepton+jets 7 TeV . 172.33+ 1.28 (+ 0.75+ 1.04)
all-jets 7 TeV P o —] 175.06+ 1.82 (+ 1.35+ 1.21)
dilepton 8 TeV |-='|--|—| 172.99+ 0.84 (+ 0.41+ 0.74)
';' 175 R I lepton+jets 8 TeV = 172.08+ 0.91 (£ 0.39+ 0.82)
[0} — 0 Kot all-jets 8 TeV —— 173.72+ 1.15 (+ 0.55+ 1.02)
Q) - ATLAS+CMS G s = 7,8 Ter" 7 combined I-El-l-| 172.71+ 0.48 (+ 0.25 + 0.41)
A - Simultaneous 000 ] CMS :
‘é’ i combination 7050 j dilepton 7 TeV i 172,50+ 1.58 (+ 0.43+ 1.52)
@) 1 7 4 | . 68% CL Z f _ lepton+jets 7 TeV E—-i—o—l—l 173.49+ 1.06 (+ 0.43+ 0.97)
g B I, _ all-jets 7 TeV = ——— 173.49+ 1.41 (£ 0.69+ 1.23)
- 95%CL /A - dilepton 8 TeV i 172.22+0.95 (+ 0.18+ 0.94)
| 0000 & - lepton+jets 8 TeV HeH 172.35+ 0.48 (+ 0.16+ 0.45)
- LHCIOpWG ' all-jets 8 TeV H-iH 172.32+0.62 (+ 0.25+ 0.57)
1 73 > single top 8 TeV —————| 172.95+1.20 (+ 0.77 + 0.93)
% Jhy 8 TeV . i 4 173.50+ 3.14 (+ 3.00+ 0.94)
o e e e secondary vertex 8 TeV e 173.68+ 1.12 (£ 0.20+ 1.11)
4 |__combined _ __Hw _ 172.52 + 0.42 (+ 0.14 + 0.39)
1721 ATLAS+CMS LHCiopWG
| dilepton H=H 172.30+ 0.59 (+ 0.29+ 0.51)
n | - h lepton+jets H=H 172.45+ 0.36 (£ 0.17 £ 0.32)
= o4 = ATLAS - all-jets F— 172.60+ 0.45 (+ 0.26+ 0.36)
- 000 - H other : H——H 173.53+ 0.77 (+ 0.43+ 0.64)
171 0000 7 CMS — combined i 172.52+ 0.33 (+ 0.14 % 0.30)
- 47 /? —@— ATLAS+CMS i C T e T T T T
i 007 LHC _ ATLAS _ - cus 165 170 175 180 185
7 MR T N U TN N o v : i 2 I B A mt [GeV]
171 172 173 174 175
mATLAS [GeV] [> 30% improvement over most precise input measurement

Matteo M. Defranchis (CERN) 12



Only LHC result highlighted at Directorate’s

2024 new year presentation

Makteo M. Defranchis (CERN)

ATLAS/CMS Top Mass Combination

e —

All experiments continue to produce many first class
scientific results

One example: Combination of 15 top aﬁark mass
measurements by ATLAS and CMS (Run 1)

e ———————

Mo, = 172.52 * 0.14 (stat) £ 0.30 (sys) GeV
total uncertainty of 0.33 GeV (< 0.2%!)

O Most precise top mass measurement to date thanks to
the combination

0 Measurements are consistent between ATLAS and
CMS and between top-pair decay channels

ATLAS

EXPERIMENT

ATLAS+CMS Preliminary
LHCIopWG
LHC combined
memm Stat uncertain
total uncertainly
ATLAS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
combined
CMS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
single top 8 TeV
Jiy 8 TeV ¥

secondary vertex 8 TeV
combined
LHC combination
dilepton
lepton+jets
all-jets
other
combined

Vs=7,8 TeV

total

1

stat

m, t lolal (+ stal + syst)
173.79+ 1.42 (:0.54+1.31)
172.331 1.28 (x0.75£1.04)
175.06 1 1.82 (+1.35¢1.21)
172.99+ 0.84 (+0.41+0.74)
172.08 + 0.91 (+0.39+0.82)
173724115 (10.55:1.02)
172.71£0.48 (£0.25:0.41)

17250+ 1.58 (+0.43+1.52)
173.49+ 1.06 (+0.43+0.97)
173.494 1.41 (+0.68+1.23)
172,221 0,95 (10.18:0,94)
172,354 0.48 (10 16+0 45)
172.32 + 0.62 (+0.25+0.57)
172,95+ 1.20 (+0.7740.93)
173,50+ 3.14 (+3.00+0.94)
17368+ 1.12 (40.20+1.11)
172,52+ 0.42 (+0.14+0.39)

172.30 4 0.59 (+0.29+0.51)
172.45+ 0.36 (+0.1740.32)
172.60 + 0.45 (+0.26+0.36)
173531+ 0.77 (10.4310.64)
‘172.521l 0.33(:0.1410.30)
1 | 1 | 1

180

185
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“Alternative” methods (e.g. soft muon) ()

e Often consider only certain constituents of b quark jets 0.08
e Soft lepton from B decays, J/W¥, secondary vertex 0.06

0.04

_ q
q m 1
., > a 2
| — —_— —_—
| 1+brbmb
W <
\Y
| /u -o(£->0.18l_IIIIIIIIIIIIIIIIIIIIIIIIII T
— > b S - ATLAS Simulation -
: ; 5 O1°F (s=13Tev - m, = 1705 GeV -
/ ° 0.14 OS selection —m,=172.5 GeV =
2 012 gL m, = 174.5 GeV
e Partial reconstruction of invariant mass of top decay products £ 0.1

lII|III|III|III|III|I

Pros: reduced sensitivity to b-quark jet energy scale

0.02
-> beneficial for combinations -
1.06F
. . 1.04F
Cons: sensitive to fragmentation effects, 1.02E
-> overall less precise 0_9g§
0.96F

0.94F

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

Ratio to m, =172.5 GeV

Matteo M. Defranchis (CERN)



13 TeV measurement w/ profile likelihood

“Traditional” method: vary each parameter in the

analysis and repeat extraction of parameter of interest

e Simmple to implement and interpret
* Neglects correlations between systematics
* Does not make use of data to constrain systematics

Profile-likelihood approach: fit parameter(s) of
interest and systematic uncertainties (nuisance
parameters) all at once

e Takes all correlations into account

 Makes optimal use of multiple distributions

e Can constrain systematic effects from data

e Harder to diagnose, unclear interpretation of
“theory” nuisance parameters

e Can significantly mitigate bias on parameter(s)
of interest

Matteo M. Defranchis (CERN)
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13 TeV profile likelihood result

EPJC [R302.01967]

Electron+jets: mP = 172.11 + 0.49 GeV, — S
Muon+ets: my? = 171.98 +0.42GeV, Most precise |

ﬂ standalone |

Lepton+ets: myP? = 171.77 +0.37 GeV. result |
36.3fb" (13 TeV)
C — T 1 | L L | 1T 1 | L | [ L | T 1T
o ECMS = ! +jets 1D <Am> = 0.63 GeV-
5 0.7_—8. It N/ +jets 2D <Am> = 0.51 Ge\--
e Combination of different Qo  [olmulation i, | iets 30 <Am> = 0.46 GeV-
| - — o -
+— 0.6 794 + jets 4D <Am> = 0.40 GeV-
d,ecaﬁ,’ chfcmnelg ar}d % - =/ +jets 5D <Am> = 0.37 GeV
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s 04F = -
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o @ ' B % % ]
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measurements! 0.2 §% " -
- §é§ -
0.1 _%% —
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Uncertainty on m: vs time

*403.01313

C S 1 I L D B | I | | | | | 1 1 1 I | | | | l I I | | I I | I I I | I | | I

—e—  Stat. uncertainty Statistical . Experimental

Improvement in precision well
beyond decrease in statistical

uncerta,inty e Total uncertainty . Model
e Like many other class of 7 TeV (5.0 fb™") ideogram
measurements, significant my =173.49 + 1.07 GeV =
. JHEP 12 (2012) 105
benefit from advancement in
data analysis techniques 8 TeV (19.7 fb™) ideogram Lo
m, =172.35 £ 0.51 GeV h
Phys. Rev. D 93 (2016) 072004
..
13 TeV (35.9 fb™) ideogram Additional
_ [ J del
: . m, = 172.25 + 0.63 GeV mode h
Natural questlons. Eur. Phys. J. C 78 (2018) 891 Luncertainties
» Do we need to know m; more 13 TeV (36.3 fb) profiled
: : m, = 171.77 + 0.37 GeV e =
precisely than this?

. Eur. Phys. J. C 83 (2023) 963
* How much more precisely can

Wemea’sureit'? PR [N TN TN T M N SN TN TN T AN TN TN TN T NN SN NN A III|III|III|III|
171 172 173 174 0 02 04 06 0.8

m, [GeV] m, uncertainty [GeV]
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Issues with direct measurements

* Matrix element: calculated at fixed order in QCD (NLO) T
parton shower ° 'J

e Parton-shower: leading-logarithmic (LL) approximation
of soft and collinear emissions

e Colour reconnection, hadronisation, and underlying
event: QCD-inspired heuristic models

Hard to interpret results of direct measurements in a
consistent theoretical framework (Lagrangian mass)

< _  MC bias unc
m,— = ni +AMC T Anc

Cannot be estimated from ———— -
first principles (yet) This Is where “Iindirect

measurements come In...

Matteo M. Defranchis (CERN) 18
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The principle of indirect measurements

First of all, “admit” that m; is not a physics observable (as it renormalisation-scheme dependent)

* Mleasure an observable (cross section) sensitive to ms
* Use standalone theory prediction to extract msin a given renormalisation scheme

Inclusive tt cross section (pb)

Matteo M. Defranchis (CERN)
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k CMS/

<GET00D; /
&
(1
P : @D : G%) : P

Nacpt

JHEP [1706.08526]

myrole: pole of the top quark propagator

e Numerically similar to mMC

e Sensitive to IR effects that give rise to
fundamental (renormalon) ambiguity of order
Nqep = 250 MeV

MSbar: short distance mass

e Same renormalisation scheme as asg
* Reabsorbs IR divergencies into bare mass
* Free of (linear) renormalon

my=R(R)

m.<R<m,

Matteo M. Defranchis (CERN)

mySR(R)

my<R<my

m(u)>my ] _

-> a8 ag, the top mass becomes scale dependent

4
3

mq(mq) = mg™® |1 as(mq) + O(as)

21



The running of ms o -

2 _
* Described by renormalisation group equations of QCD ,LL a 2 'Ym (Cks) m
e Can be extracted from a measurement of a differential ’u

cross section as a function of the energy scale of the

process (similar to ag extraction) running of my at NNLO in QCD
1.05 -
* Good agreement with RGE solution at & loops JHEP [2208.11399]
e Can be used as a probe of BSM physics L 00 - .
CMS 35.9 fb” (13 TeV) _ .
8, 3°0F 5 0.95 -
E': 300 :_ _*7 + Data unfolded to parton level §
= -t | =
= - _ —~ 0.90 -
_g 250 _P}_ NLO predictions in MS scheme 35_ NNLO calculation: JHEP 08 (2020) 027
- o M= o=m, = CMS data at vs =13 TeV
o - & ABMP16 5 nnlo PDF set e
© 200 ; ABMP16_5_nlo PDF set 0.85 -
isop- T mt(mt) =162 GeV QCD RGE solution at 3 loops, 5 flavours
B — mt(m) =164 GeV 0.80 -
A m(m) = 166 GeV ® extracted mi(um) / mi(Urer) at NNLO
100 PLB [1909.09193] B O Ut = 238 GeV
50— - .~ i e, 200 250 300 350 400 450 500
oo b b e b o b e b by energy Scale “m — l-—lk/2

400 600 800 1000 1200 1400 1600 1800 2000

m. [GeV]
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The “ultimate” pole mass measurement? - @

PDF
Multi-differential distributions allow to simultaneously g A Iy t
constrain top mass, strong coupling constant, and PDF (‘*ﬂ_
Simultaneous fit with HERA deep inelastic scattering data (NLO) \@S -
o r
Results in remarkable precision of 0.8 GeV, which be further g PS i t

improved by using the full 13 TeV dataset
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A closer look at the 3D measurement

y
o

Result in tension with ATLAS+CMS combination of
7 and 8 TeV measurements

Limitations of fixed order calculations are
particularly pronounced in the threshold region

e Soft gluon resummation (up to NNLL)

 Toponium-like bound state effects -> can lead to a
bias of up to +1.4 GeV in first bin

JHEP [2004.03088]

\‘ 3 \\

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

LHCtopWG
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l‘l
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m,. + tot (stat + syst + theo) [GeV] jL dt Ref.
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Are we doomed to pay this price?

2m ole
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How can we solve this puzzle®

Matteo M. Defranchis (CERN)

CMS

— I T

[This IS where boosted measurements come in...]
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Why are boosted measurements special? e

- _—
[ L Large-R jet mass from boosted top decays can be Inteorate out PRD [0711.2079]
compared to both MC simulation and standalone | Hardg Modes —> Q
L theory prediction in a given renormalisation scheme ]
Factorize Jets, Integrate m
thC —m, SR( R =1 GGV) — R0 +350 MeV out energetic collinear —> SCET
—410 gluons e
t | t
é — IAI TILlAlsl | | | | | | | | | | | | | | | | | | g Evolution and .
= o_()g:— Simulation Preliminary _E decay of top > Soft antitop rt
© 0.08~ PP 7 tt, XCone R=1.0 jets - close to mass shell D Cross-Talk "~ > HQET
[ - Soft-drop (z,,=0.01, f=2) ’
c [ ]
s 0.07E 1000 GeV < p_ < 1500 GeV .
o - - ATL-PHYS-PUB-2021-034
§ 0'06:_ —— Powheg + Pythia8 -
T 005:_ """ NLL prediction, MSR mass | . L o Low top High top
£ - — rediction, pole mass . - _1
S 0.045 e 2 HI Measurements in the momentum
0080 E | boosted regime can |
I : | be used to relate boost
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The present and future of boosted measurements | &)
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Top mass beyond the (HL-) LHC =

m can be measured via e*e- scan e.g. at FCC-ee

2205.06520

e Extracted from the peak position corresponding o} NN B

to the spin-1 toponium state (J/V-like) 1.4 — tt threshold - m, ~ 171.5 GeV ]

. " . s C - —QQbar_Threshold NNNLO —FCC-ee 350 LS only -

* Requires mass definition that is not sensitive to O 4oL Y -

large correction to Coulomb potential S cf TISRonly ~FCC-ee 350 LS+ISR -

-> potential subtracted (PS) mass 3 i NG GTERmIerEnee _

PLB [9804241] N 1 : __

_ b 3 - : -

mt,PS (uf) - mt o mt (/’Lf) B 0.8 $OLS’ Yi : o

_ ' n

N 2203.06520 B . —

[At FCC-ee mt could be - E -

measured at the level - s Y

of 50 MeV or better - .

o o B implementation of corrections : o

based on EPJ C73, 2530 (2013) —

Estimates currently | | | | | | | | | | | -
limited by theoretical

uncertainties 340 345 \/§5[OG V]

S |Ge
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The grand plan for ultimate precision

The MSR mass can be used as a tool to

provide a unified picture
A. H. Hoang

1S _
 Smoothly interpolates between different 1 72 . m > (Mp =32GeV) Annual Reviews
mass definitions (pole, PS, MSbar) 170 [R004.18915]
e Can be naturally related to m;MC vig,
boosted measurements, thanks to its 1 6 8
intrinsic IR cut-off

[GeV]

166
164

m;(R)

Once all the experimental and theoretical
ingredients are in place:

e Can check consistency between results
direct and indirect measurements

e Can perform the “final” grand-combination
and obtain the “ultimate” result
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From the mess to the mass

e It is crucial to measure m; at the highest level of precision in order to test the consistency of the SM

* Despite the remarkable precision achieved so far, fundamental theoretical issues make the
interpretation of the results somewhat unclear

* Remarkable progress is being made on the experi:

mental side, which can provide vital input for

theoretical developments -> watch out for HL-LHC and (hopefully) a future e*e- collider
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See you in 2029... if the

universe Is still there!
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6.3 " (13 TeV)
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