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Outline — part 2

* Partially covered
* Top quark modelling and differential measurements
* Spin correlation/Quantum entanglement/Quantum Magic
* Toponium
* Top quark mass

* Two examples of new physics searches



Simplified structure of a simulated pp event
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* Many pieces, approximations, parameters, seftings fo compare to data
and tune.

* Pl\l/lat’rrix element generation: Sherpa, M69_aMC, Powheg, Pythia,
erwig, ...

* Hadronization and parton shower: Pythia, Herwig ... and underlying
event tunes.

* Pepending on the process/generator Multi-leg LO and (NJNLO
consistently matched to parton shower with N nuwmber of jets with
different matching prescriptions.

* Particle decays and QEP corrections: EviGen, Photos, ...

* (ther essential tools with diverse scopes: Rivet, Professor/
Apprentice, HepMC, ...

A relatively recent review and for references: Valassi, Yazgan,
McFayden et al. CSBS 9 (2021) 12
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https://iopscience.iop.org/article/10.1088/1126-6708/2004/02/056/pdf

Simplified structure of a simulated pp — 7 event

..... gg:g; ggr?nection * Underlying event: any hadronic activity that cant be
S - Color reconnection attributed to particles from the hard process.
R * Underlying event constitutes the recoil against the

hard process.

* Main contribution to underlying event from color
exchanges between beam particles.

* Modelled in terms of multiparton interactions, color
reconnection, and beam-heam remnants.

* (olor reconnection mainly occurs between one of the
fragmentation products of the b quark and the
N proton remnants — induces ambiguity in the origin
h of sowme of the final states present in a b quark jet.

A comprehensive guide to the physics and usage of PYTHIAS8.3
https://arxiv.org/abs/2203.11601



https://arxiv.org/abs/2203.11601

(Top quark) Event modelling: from pp fo observables
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b Hadronization Gen-Jet
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u Underlying event Gen-JEt
d Gen-jet

O (Ssm )= Y [dx dx, f7 (x5 ) £77 (%00087 ) Gy (St (1))

l,j=partons

Top Quark Physics (Production and Mass), E. Yazgan, Lectures in Hadron Collider School - HASCO 2015, Gottingen, Germany, 19-24 July 2015.
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https://indico.cern.ch/event/388801/contribution/13/attachments/1129068/1613110/yazgan_hasco2015.pdf
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Top Quark Event Modeling

Ot (Ssm) = Y [dx,du, f7 (x07 ) £77 (%0087 ) Gy (St (1))

l,J=partons @

Non-perturbative Perturbative in q,

factorization® PDFs(x,u;)® & (8,m,.u,,u,.a, (1))

rt
pra on < uF prarton > l'l‘F

showering/
& hadronization

<3

e.g. see basics of parton showers: https:/indico.cern.ch/
event/82965%%/contributions/3568927/attachments/
1946887/22302%6/ps.pdf

T O ~ \/E ~ \/ x,x,s (Q:energy scale of the hard process)

T decays (N3LO)
o (Q) L
® Lattice QCD (NNLO)
a DIS jets (NLO)
03| O Heavy Qu

¢ Z pole fit

- inputs: m,, a,,
and PDFs ol

o e'¢ jets & shapes (res. NNLO)

v pp —> jets (NLO)

Sept. 2013

1arkonia (NLO)

(N3LO)

0.1} - Q"'A’%%
= QCD o04(M,) =0.1185 £ 0.0006
1 100 1000

Y QIGev]

Top Physics, E. Yazgan, Lectures in Hadron Collider School - HASCO 2017, Gottingen, Germany, 16-21 July 2017.
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https://indico.cern.ch/event/607726/timetable/#20170719

Nucleon Structure

= Hadron collider = parton collider

o " fi(x,Q?) probability to find a parton to carry the fraction x of
 ' the longitudinal hadron momentum at the energy scale Q2.

¢ Intrinsic property of the nucleon = process independent.
o Parametrized by PDF sets.

l ] 1 ‘llll"l’l L L] lllllll

xf

- Q*=10000 GeV* _

ad| PDF sets. )

- MSTWO0S 68% CL

The quark sea: | |
~ Valence quarks emit gluon: o B creossmesucL  xu, -_
that in turn split into quark-
antiquark pairs.

determine the quantum
numbers of the hadron.

104 " 10° 0 ! o 1
sea quarks i x Valence quarks
— —> .
dominate. : dominate.
i

Top Physics, E. Yazgan, Lectures in Hadron Collider School - HASCO 2017, Gottingen, Germany, 16-21 July 2017.



https://indico.cern.ch/event/607726/timetable/#20170719

Hard Process

= Calculation in perturbative QCD
o LO -2 LO ME + Radiation from parton shower.

o Multi-leg LO =2 LO + Additional partons in the hard process but
no loops + radiation from parton shower.

o NLO = LO + Additional partons in the hard process including
loops (+ parton shower).

NLO and multi-leg LO neex matching/merging to the

parton shower.

op Physics, E. Yazgan, Lectures in Hadron Collider School - HASCO 2017, Gottingen, Germany, 16-21 July 2017.



https://indico.cern.ch/event/607726/timetable/#20170719

Top modelling: Underlying event in pp — 7 events

CMS Simulation tt — (evb)(yub) (13 TeV)

Particle flow (PF) candidates
POWHEG+PYTHIA8 [CUETEM2T4 tune]

CMS Simulation tt — (evb)(uvb) (13 TeV)

CMS EPJC79(2019)123
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* Average ~ 25 charged particles.
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* < N > depends strongly on Nlextra jets) and weakly on m(27).
* High < N, > events — collective/quark-gluon plasma effects?

* Weak dependence on m(27) (also of other variables) shows that underlying event is « universal » but more
precise measurements and characterization of underlying event in top quark events ==> wore precise fop
mass measurements with better understood systematics.
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https://cds.cern.ch/record/2235192
https://doi.org/10.1140/epjc/s10052-019-6620-z
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Differential measurements
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* Reconstructed invariant mass of the 17 system compared to different MC configurations (also with
and without « toponium ».

* Ditferent parts of the phase space sensitive to different physics.
* 17 production threshold: m; ~ 2m, ~ 345 GeV
* 17 spin correlation depends on . — BSM effects significant in 7 spin correlations for high m.
* Just below this threshold, recently discovered bound state of a fop quark and top antiquark:
« toponium ». — Recall: predicted in SM long before top quark discovery following the
observations of b-quark and ¢-quark bound states.

* Sensitive to quantum entanglement (an intrinsic property of quantum mechanics) — test
predictions of quantum mechanics at highest energies currently possible.

* Quantum magic — quantifies computational advantage of quantuwm over classical states.

* 17 production cross section sensitive to top-quark mass and top Yukawa coupling.
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* At m(tr) ~ 350 6eV: D = — —A

3
* D =0 < ho spin correlation.

* Top reconstruction

* [ variations from samples w/ different degrees
of SM and no-spin correlation assumptions.

* [ measurement from binned-profile likelihood fit
of cos Q.

* Fits including (and not) a ground state
« toponivm » ():

* Non-relativistic QCP quasi-bound state
model at 343 GeV, cross section=64 pb.
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http://dx.doi.org/10.1088/1361-6633/ad7e4d

Full Spin density matrix

* Ditferential cross section

es d'o Q: unit vector in helicity basis.
2ok Doy Op(p) = P: polarization veet
oo o) 5 i et watr

+ kP - Q+iP - Q—kkQ - (CQ)) x: $pin analyzing power

norm(l

Lepton and d-type quark (from W)

= 2+ Z (.2 for max top quark spin transfer to
decay products: x — 1.

* 17 $pin dependence fullv characterised by 19 coefficients

0, = {P,,P..P,. P, C,m, C .....C,} all probed by angular distributions
2 = ano,,m{zc sin Hp Cos ¢, . ..,kkcos 0, cos 0;}

PhysRevl 110 (2024) 112016
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http://dx.doi.org/10.1103/PhysRevD.110.112016

Quantum entanglement from 7 spin density matrix

+ Peres-Horodecki criterion raix, venova, eripis 126 (2021 9071 provides sufficient condition
for entanglement -
AE=Cnn+‘Crr+Ckk‘>1

* Spin-singlet state * Spin-triplet state (expected
lexpected from gg — 7 v from bothgg, gg — i7at
at production threshold) = . “" high m(:7) and low |cos 0|}

= 0,,,,(1 + DKk cos =
Foosp | ot e . D =G G- G
1 %‘700 los
where D = — —7r(C) S e | When p (1) ~ m,

C

rr?

Ckk>() C

rr?

C <0

0.0 0.2 0.4 0.6 0.8 1.0

20

7

Ap=—3D=Tr(C) > |

Afik, De Nova, EPJPlus 136 (2021) 907

Extract D using y: opening angle Extract D using
between two decay produets in the 7=—QQ +QQ +QQ
helicity basis, cosy = Q - Q 14


https://doi.org/10.1140/epjp/s13360-021-01902-1
https://doi.org/10.1140/epjp/s13360-021-01902-1

Quantum entanglement from 7 spin density matrix

o)
0.1
0
~0.1
0.2
0.3
_0.4
© 0.06
£ 0.04
2 0.02
2 0
0
Sn—o.oz
g ~0.04
<-0.06

CMS 138 fb' (13 TeV)
= z Data
- stat, total unc.
- —— Powheg+P8
I Powheg+H7 '}_E'
I MG5+P8
— - MINNLO+P8 K3
- .
;_-0.3821 0.030 -0.191+0.012 -0.102+0.020 -0.010+0.036
- | I
i_ 4 - i
300 40 60 m(]
Tmﬁa < Tm(h? T/n(hp );8
40 <60 < 80p
Ge|, Ge|, Ge|,

o)
0.1
0
~0.1
0.2
0.3
_0.4
© 0.06
£ 0.04
2 0.02
5 0
0
g-o.oz
g ~0.04
<-0.06

CMS 138 tb™' (13 TeV)

= i Data g

- stat, total unc.

- —— Powheg+P8

e Powheg+H7

- -~ MG5+P8 = =y

— ...... MINNLO+P8

E D (7)

;_-0.4-2;;&).026 -0.265+0.013 -0.0424 +0.0095 0.114+0.015

— I I I

— OT ' | 750 . 5 (I
el Ge|/ Gel,

* @Good agreement with predictions.
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. CMS 138 fb' (13 TeV)
X B i Data
O 22¢ stat, total unc.
T o0 Powheg+P8 _ I _
&> | — Powheg+P8+
L e Meet e e
S 1.6
O -
N 14=——— —— — —
LLI — yy 5.4(4.1)o
& LE t | 54@0
1 = 13.5(4.4)0 16.7(5.6)0
B | Separablle states |,

pT(t) <50 GeV

PhysRevl 110 (2024) 112016

m(tt) > 800 GeV
lcos(0)l < 0.4
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Quantum entanglement from ¢7 spin density matrix

* First observation of
entanglement at high m(:7)
where ~90% of observed
it are space-like separated.


http://dx.doi.org/10.1103/PhysRevD.110.112016

Quantum entanglement: dilepton channel

* > 90 observation of entanglement irrespective of 7.

: : : : CMS 36.3 fb~! (13 TeV)
* lncluding 'P improves the data/simulation LA UUMLIMILE
agreeme" : I/l MG5_aMC@NLO(FxFx) + PYTHIAS + 1, /

/!l POWHEGv2+PYTHIAS + 1, /

/'/ MC Stat.
1I/1l/'] MC Stat. @ Syst.
— Entanglement boundary _
J.S. Bell, CERN-TH-2926
k=1 Data extr. with PH+P8 m(tt_) <400 GeV
Fq 1 @1 Data extr. with PH+P8+n, B.(tt) <0.9

Les cMavssetbes
de M. Rertlmawnn
et La natyre

de lo réalisé

N

\
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-0.491 J—rO.025

Fovdathoun va.ol' -
jvim 137 g0

' With 5,
| 51 47) 6

9|qeledsg
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17 D


http://dx.doi.org/10.1088/1361-6633/ad7e4d
https://cds.cern.ch/record/142461

Quantum « magic »

* Qluanfrum Magic quantifies the computational advantage of quantuwm over
classical states.

* Entanglement by itself doesnt guarantee this.

bl ae i ( 1+ S [(PF + P] + Zi,jEH,k,rCS*)
e.d. TWo-qunit 7z r = 107 E
sys-l'em): L+ ZiEn,k,r[(P 12 a2 12)] + Zi,jEn,k,rCi%

* Zero magic < classical computer.

* M, is nonlinear and phase-space dependent: nonzero magic from

pp — tf doesnt mean the same thing for individval processes
gq — tf and gg — t7 b/e.

18 CMS-PAS-TOP25-001



https://cds.cern.ch/record/2926751

Quan’rum « magic » from tf $pin density matrix

138 fb™’

138 b (13 TeV)

(13 TeV)

i Data

stat, total unc.
Powheg+P8
--------- Powheg+H7
TRETIEY MG5+P8
SETPRREE MiNNLO+P8

lcos(0)l < 0.4
I

= 4F cms i Data = 4F cms

1 2‘_ Preliminary stat, total unc. 12__ Preliminary
F Powheg+P8 -
= e Powheg+H7 1=
0.8 S MG5+P8 08'_
- SETCITTE MiNNLO+P8 -
0.6 0.6
0.4 0.4F
B P N
0.2 0.2
- S M 3 N
OC | | | ot

> 800
m(tt) [GeV]

* (alculation uses the spin density matrix measurement from the leptontjets channel
[PhysRevl 110 (2024) 1120161

* First magic measurement from r7 spin density matrix — M, > 0

300-400 400-600 600-800

* Pepends on phase space region/Good agreement with predictions./Statistical
uncertainties dominant.

* one of the first connections between quantum
information science and particle physies.

* shows the potential of collider experiments for

investigating foundations of quantum mechanics.
19
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http://dx.doi.org/10.1103/PhysRevD.110.112016
https://cds.cern.ch/record/2926751

The top quark — toponium formation

* Most massive elementary particle known since 96— very short lifetime.

1 1 1 m y Aocp: Stale at which o, becomes very strong
— << — K — L ————— ~ 1 fm scaleofahadron (proton radivs)
] s I A2

: J QCD OCD Bigi et al. PLE181(1986)157
production lifetime hadronization spin-decorrelation

o= g = {@- =215 i s 102 g
& : * Toponium: quasi-bound Coulombic systewm (it can be classified using the
. spectroscopic notation: 'S' > Plllete,),
) 3 O 710
LN s P
‘u * Top has swmall speed in 7 system: p ~ am, — v = R
b
pommmmmannanea- : SRtz , s 1
r=8 5 | * Rotation period or foponium formation time: ~ e SEam i I 100=2ts
’,’ [ ! V aS mt
i t// | w* similar to top quark lifetime —> Only a small portion of ¢ and r
) / Wilt survive a complteteirotation to bDave &ap
& Ko observable effect.
& L P
£y %
R e J 5 ==> The smallest hadron in the SM

. ==> The heaviest known bound state! (more massive than the most massive atomic nuclevs).

Adapted from Sumino et al. PRD47(1993%)56 20



https://doi.org/10.1016/0370-2693(86)91275-X
https://inspirehep.net/files/e388d6664ad678c574f2d2cfb3d6ebda

Toponium observation

About v News v Science v Q, Search

TOPIC: Physics

CMS finds unexpected excess of top
quarks

Data from the CMS experiment at CERN'’s Large Hadron Collider reveals
an intriguing excess of top-quark pairs, hinting at the first observation of
a composite particle with unique properties

03 April, 2025

CMS Experiment at the LHC, CERN
Data recorded: 2018-May-01 03:56:48.141056 GMT
., Run/ Event/LS: 315489 / 160946765 / 275

https:/howme.cern/ems-finds-unexpected-excess-top-quarks/

CMS 138 fb~* (13 TeV)

10°- o /3G <1 /3 < Cpan < 1
L. ¢ data tt
> Ce B tX
& mmm other
»
2 unc.
(D) — @
> .
(<b) .

* |nvariant mass of top quark-
antiquark pairs in certain
regions defined by spin-
correlation observables.

* Excess can be modelled by a
new top-antitop bound
state: « toponivm »

8 1.1 postfit (FO pQCD + BG +n),)
5 TL i CMS Simulation Supplementar 13 TeV
O =
S @) m(ny) =343 GeV
2 1.0 B r(qtt) -2.8 GeV
E '%' 3.0 o(ny=6.4pb
2 S
o N =25
2 0.0/ M o) =887pb =
I I | I v
400 700 1000 1300 5 5 — Powheg NLO
Mg [GeV] 10 | — Powheg NLO + n;
: __ NRQCD NLO+NLL
hitps:/arxiv.org/abs/2903.22%82 =21 arXiv:2412.16685
https://cerncourier.com/a/ms-ohserves-top-antitop-excess-2/ 2 bmemmen mEs s T g s
Myt [GeV]
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https://cerncourier.com/a/cms-observes-top-antitop-excess-2/

Toponium observation

CERNCOURIER | grosceinenims
high-energy physics

Physics v | Technology~ | Community ~

STRONG INTERACTIONS | NEWS

Magazine

ATLAS confirms top—antitop excess

9 September 2025

Quasi-bound candidate An event display of an
interaction consistent with the formation of
toponium in the ATLAS detector. The final state

includes two b jets (turquoise cones), a muon (red
line) and an electron (green line). g9 GeV of
missing transverse momentum is indicated by the
dashed white line. Credit: ATLAS Collab. 2025
ATLAS-CONF-2025-008

At the LHC, almost all top—antitop pairs are
produced in a smooth invariant-mass
spectrum described by perturbative QCD. In
March, the CMS collaboration announced
the discovery of an additional 1% localised
near the energy threshold to produce a top
quark and its antiquark (CERN Courier
May/June 2025 p7). The ATLAS
collaboration has now confirmed this

observation.

“The measurement was challenging due to
the small cross section and the limited
mass resolution of about 20%,” says Tomas
Dado of the ATLAS collaboration and CERN.

“Sensitivity was achieved by exploiting
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https:/cds.cern.ch/record/2937636/files/ATLAS-CONF-20259-008.pdf

* At least one of Okuwn’s criteria satisfied...
22
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* Signal extraction using m; and spin correlation observables
(in dilepton and lepton+jets channels).

* |nterpretations with

* Pseudoscalar colour-singlet 17 bound state (;) from a
simplified model of non relativistic QCY (NRQCPD) LFuks et
al. arrive:2102.112811 (« toponium »)

* A and/or H including interference with SM 7 with or
without « toponium ».

k
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[arXiv:hep-ph/9404359]
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A/H — tt or toponium

* Colour-singlet 'S!'! 17 quasi-

bound state, , within a
simplified non relativistic QCY
model, with an unconstrained
normalisation to the background
—> agreement with the

observed data — no need for
additional exotic (pseudolscalar
or scalar boson production?

However, precision not yet

enough to conclude if toponium
by itself or a new A boson, or a
mixture of the two is required.
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Postfit (BG + n: + A/H) —— A(365, 2%), ga = 0.35%342 —— H(425, 3%), gy =0.75%3:43
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Top mass measurements

* Basic methods

* Full invariant mass reconstruction:
The most powerful and standard.

* Partial reconstruction using a variable
correlated to top mass: less powerful
but different systematic uncertainties.

* |ndirect measurements through various
cross section measurewments: top quark
pole mass.

2%



Full mass reconstruction

+
i

* General features:

* Assign each jet to a fop decay product
(constrained kinematic fits)

* Fit to templates.

* (alibration of the method based on

th C — m ;neasured

* Petermination of " and jet energy scale
simultaneously from data.

Main challenges: jet reconstruction, jet energy scale
uncertainties, and modelling.

m mM“=160 GeV
m mM“=170 GeV
mMc=180 GeV

-2A:In(L)

estimator
mean m,

a-my+b

—

* Jet energy scale calibration with
dijet and y/Z + jet events —> "1-3%

* <1% when complemented with in-
situ jet energy scale calibration.



Full mass reconstruction — e.q.

* Tewmplate method with multiple permutations (correct, wrong, unmatched) per event.
* All different permutations taken info account.

* Kinematic fit improves mass reconstruction. [arXiv: 1509.04044 |
45000CMS Lepton+Jets 19.7 b (8 TeV)
> - : 3
T t = Single t ]
(5 40000- Em fv‘?ﬁrﬁ; = Wiets ;
O 35000E [Jttunmatched [ QCD multijet E
~ e * Data ] Diboson : CMS Lepton+jets, 19.7 fb™' (8 TeV)
0 30000F / ] N b S S L B R
C . , Before kinematic fit N n 42D .
2 25000¢ B 1.008 E
£ 20000} : * Hybrid
£ 15000 1.007¢ ®iD -
d‘_’ 10000; 1.006:— E
5000¢ 1 005:_ -
Q : e z
= “j D 1.004F -
T o5l 1 003E E CMS Lepton+jets, 19. 7o (8 TeV)
a 9% "50"" 700 150 200 250 300 T g % 12000F v oarect | EESInglet | -
my° [GeV] 1.002 5 E Q) - [ tt wrong = %-In-ﬂeettss
1001 - o 10000 [Jttunmatched [ QCD multijet
15_ P E — - ¢ Data 1 Diboson
D e — ®» 8000 ’ After P__ selection
25000 CMS___ Leptonsiets, 19.7 " (8 TeV) 172 172.5 s : gof
% - B i correct =§\;219eltest ] m, [GeV] "C_E 6000
| Ettwrong m Z+jets 1 += i
1o 20000 [CJttunmatched [ QCD multijet o i
— [« Data [ Diboson _ & 4000¢
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Summary ot top mass measurements

ATLAS+CMS Preliminary Miop SUMMAry, Vs =1.96 -13 TeV May 2026
LHCtOpWG
-------- LHC comb. (Feb 2024), 7+8 TeV LHCtopwa [1] : —r— = s
* lmproving top mass measurements
total uncertainty Myop + total (stat = syst = recoil) [GeV] [Ldt  Ref.
LHC comb. (Feb 2024), 7+8 TeV 172.52 + 0.33 (0.14 = 0.30) <20 fo” [1] s
World comb. (Mar 2014), 1.9+7 TeV 173.34 = 0.76 (0.36 = 0.67) 87" [2] * e d lc a‘l'e d me as u re me "‘rs 1' e 0 ry a “ d
ATLAS, l+jets, 7 TeV — 172.33 £ 1.27 (0.75 = 1.02) 46" [3] 4
ATLAS, dilepton, 7 TeV 178.79 + 1.42 (0.54 = 1.31) 461" [3] - e
ATLAS, all jets, 7 TeV = 1751+ 1.8 (1.4 = 1.2) 46"  [4] WlOde"l"g s‘rUd‘QSn
ATLAS, dilepton, 8 TeV 172.99 = 0.84 (0.41+ 0.74) 20.3fb" [5]
ATLAS, all jets, 8 TeV 173.72 = 1.15 (0.55 = 1.02) 20317 [6] .
* Alternative measurements
ATLAS comb. (Feb 2024) 7+8 TeV 172.71 + 0.48 (0.25 = 0.41) <20.3 b [1] X . .
ATLAS, leptonic inv. mass, 13 TeV = 174.41+0.81 (0.39 £ 0.66 £ 0.25)  36.1fb™" [8] d d ff f
ATLAS, dilepton (*), 13 TeV 17221+ 0.80 (0.20 £ 0.67 £ 0.39) 139" [9] 's p av l "g l e re “ as p e c s 0
ATLAS, boosted, 13 TeV 172.95 = 0.53 (0.27 =+ 0.46) 140 b [10] s
ATLAS, lepton+J/y, 13 TeV — — 17217 + 1.56 (0.80 + 0.81+ 1.07)  140fb™" [11] -l' m -l'
CMS, I+jets, 7 TeV 173.49 = 1.07 (0.43 = 0.98) 497" [12] sys e a lc s [
CMS, dilepton, 7 TeV 172.5+1.6 (0.4 = 1.5) 490" [13] s
CMS, all jets, 7 TeV 173.49 = 1.39 (0.69 = 1.21) 3517 [14] U b r bl W -l'h W ' '_. d -ﬁ d
CMS, |+jets, 8 TeV 172.35 + 0.51 (0.16 = 0.48) 19.7 fo™" [15] * s e O s e Va es l a e e “e
CMS, dilepton, 8 TeV 172.22 157 (0.18 1) 19.7 b [16] 2o 8 s s
CMS, all jets, 8 TeV 172.32 = 0.64 (0.25 = 0.59) 19.7 tb™! [13] m d ﬁ" ‘l' " " rfurb ‘l- ch.
CMS, single top, 8 TeV 172,95+ 1.22 (0.7 *77) 19.7 o' [17] ass e l 'o l e a 'Ve s
CMS comb. (Feb 2024), 7+8 TeV 172.52 = 0.42 (0.14 t02é39) <19.7 o' [1] =
CMS, all jets, 13 TeV 17234 0.73 (0.20 * ) 35.9 fo' [18] ( ) ZETk
CMS, dilepton, 13 TeV 172.33 = 0.70 (0.14 = 0.69) 359 b [19] O t t ° mf bh? mtt ]etl et
CMS, single top, 13 TeV 17213 177 (0.32 109 359 b [20] ’. £
CMS, boosted, 13 TeV 173.06 = 0.84 (0.24) 138 b [21]
* And alternative topologies.
2| B d0saaar- o 202 [Sb{ LB 867 (dozs) 130608 LI/ EPIC 77 (2017) 354
+ Brefiminar I ?31%8%% 5 Lo T % A“ h ' d - .l- .l. l '.l-h'
5] PLB 761 (2016) 350 13] EPJC 72 (2012) 2202
Y G ) e SNovla point 10 same vaiue witnin
| | [8] JHEP 06 (2023) 019 [16] PRD 93 (2016) 072004 [22] EPJC 83 (2023) 963
| I I R ||

165 T R uncertainties.
my,, [GeV]

* LHC combination precision (7+8 TeV) = 0197 ~ A,

* [ominant systematic uncertainties: jet enerqgy scales, and modelling (e.q. underlying event).
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Top quark mass definitions

* Free quarks not observable (confining property of QCD)

* All quarks except the top quark hadronize —> Top quark mass

theoretical framework dependent.

* Two comwon definitions \

* Pole mass
* Perturbatively defined

* Position of the pole in the renormalised quark
propagator.

* « |ntuitive mass » (directly related to the production

rate of ¢7 pairs.
* Sutfers from ambiquities due to nonperturbative
corrections of order A, ~ 200MeV.
* Running (or short distance mass) n°
* Perturbatively defined
* Renormalization scale dependent
* More difficult to compare to experiment

* The two definitions can be related analytically with an

uncertainty < Ajyqp

29

* Energy levels of mesons and baryons can be measured

very precisely — quark masses can be extracted using
Qco.

* Pifferent hadronic systems provide independent
measurements.

* Hadrons are physical, i.e. observable, even though
constituent quark masses are scheme dependent.

* For top, no hadron spectroscopy to constrain the mass.
Mass reconstructed from decay products.

* Nuwerical value depends on theoretical framework to
translate from experiment to fundamental parameter.



Top quark wmass definitions

* No straightforward definition in standard top mass measurements.

* Monte Carlo mass

* Direct top quark measurements rely on the complicated relation between the experimental observable and ..

* Matrix elements are af fixed order (LO,NLO,NNLO) QCP + parton showers

thWC ;é mf?Ole # miMS ;é mtXX

ATLAS+CMS Preliminary  my,, from cross-section measurements May 2026
LHCtopWG

+ + + th Vv L Ref.
total stat My, = tot (stat = syst = theo) [GeV] f dt e

o(tt) inclusive, NNLO+NNLL

—— 1720 *  With the current precision top-quark pole mass

CMS, 7+8 TeV —e— 173.8 31,'89 . <19.7fb" [2] : :
+1. +1.

—— 1699 57 0115 1) wan @ measurements consistent with the standard

ATLAS, 13 TeV —a—q 172.8 47 140" [4]

LHC comb., 7+8 TeV —— 1734 37 <20 [5] me asureme “'l's.

o(tt+1j) differential, NLO

ATLAS, 7 TeV H—a—t 1737 27 (1514 %)  s6m" [

ATLAS, 8 TeV ] 1711 7804209 %) 20217 m

ATLAS, 13 TeV —a—] 170.7 42 (0.3 £ 1.4%%)  1a0m' [

CMS, 13 TeV —e—1 1721 45 (1.3 1)) 36317 [9]

o(tt) n-differential, NLO

ATLAS, n=1, 8 TeV —H—a—— 173.2 1.6 (0.9 £ 0.8 £+ 1.2) 202" [10]

CMS, n=3, 13 TeV f——] 170.5 + 0.8 (%) 35917 [11]

(*) A shift of the order of +1 GeV on the central value
is expected due to non-relativistic ¢t production

[1] EPJC 74 (2014) 3109 [6] JHEP 10 (2015) 121
CMS, 748 TeV comb. [12] [2] JHEP 08 (2016) 029  [7] JHEP 11 (2019) 150

m,,, from top quark deca
top Pq y [11] EPJC 80 (2020) 658

ATLAS. 748 TeV b. [13 [3] EPJC 79 (2019) 368  [8] JHEP 12 (2025) 023  [12] PRD 93 (2016) 072004
, 7+8 TeV comb. 4] EPJC 86 (2026) 470  [9] JHEP 07 (2023) 077
[13] %5} JHEP 230(7 (20)23) 213 {1]01 EPJC 77( (201)7) 804 [13]EPJC 79 (2019) 290
N R AU N T T N M T T N T T T N N TR T N AN A S N M A I B B B R
155 160 165 170 175 180 185 190
My, [GeV]
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Top Quark Pole Mass from ttbar Production Cross

Section: Fix a (m,) and PDF = Determine m,role

Opn (8mM)= Y [ a £ (6,17 ) 7 (%07 )5 nr (B Mo om0 (1))

I, j=partons
s Full phase space cross sections at parton level with full Run-l data at 7 and 8 TeV
in the most precise channel (ep).
=  Minimize theory x experimental likelihoods.

arXiv:1603.02303 Dependence due to efficiency and

1 acceptance depending weakly on m..

Q' 280 &
&w 260 e b“~ Recall: ¢ = Novs = Novg
o S 0.8 \E% ( Axe)x By |
240 e S S - - - S
L o7t (@ Tey) T log |
220
200; o4 > ltis harder to produce heavier particles.
IO ——— ) my [GeV ]
160~ 5.0 (7 TeV) NNPDF30 1738%17
llllllllllllllllllllllllllllllll 0 MMHT2014 174.1°;¢
170 171 172 173 174 175 176 177 178 CT14 174.3+21
22
m, [GeV] . -
Dominant uncertainties:
31 Luminosity, beam energy 53
Top Physies; E-Yazgan Lecturesin Hadron Collider School - HASCO 2017 Gottingen-German : 017


https://indico.cern.ch/event/607726/timetable/#20170719

- Alternative Top Quark Mass Measurements

Invariant mass of the secondary

vertex w/ >= 3 tracks + lepton. J/W+lepton mass M, in single top topology
| PRD 93 (2016) 092005 | ® | TOP-15:014 | | TOP-15-001 |
- ) N gn

L. ".
‘o ’
*
- ’ )
V a d, \/v
19.7 b’ CMS Preliminary 19.71b7 (8 TeV) .
> CMS 9 7 fb (8 Tev) ; 100 L} e}ujl ; L L} lJelt L) h] L} ]l L) L} l L] L) L) Ll l L] I L) L 1 9.7 fb (8 TeV)
— weel/uw'eu + Jets channel T ) - - . ] @ e
g = ! 3 T ems
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- - Q =
g 10000 l?.l i 1 u>_| mr 172 .60 - .Zo}ms
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Minimal experimental uncertainties.

Alternative event topolo
Large dependence on fragmentation modeling. POIOgY

Partially uncorrelated systematics
M, . mass: J/W+lepton mass: Different color flow=> check for
b fragmentation Result statistically limited “unknown” syst.

Top Quark Physics “, E. Yazgan, Lectures in Hadron Collider Schoc& ZHASCO 2016, Gottingen, Germany, 17-22 July 2016.


https://indico.cern.ch/event/508168/contributions/2028740/attachments/1312415/1964395/yazgan_hasco2016.pdf

Higgs quartic coupling A

Top quark mass and the electroweak vacuum (fate of the universe)

The Top Quark Mass and Vacuum Stability

(Fate of the Universe)
Degrassi, et. al. arXiv:1205.6497

000 — JHEP 08 (2012) 098
NNLO :
008 @ 30 bands in = Measured m, = A (the quartic scalar
M, =1733 + 0.8 GeV (gray) -
: a3(My) = 0.1?84 + 0.00(()%r(er) cou pl ' ng)
0.06 - M;, = 125.1 + 0.2 GeV (blue)
| 1 . p .
004 Vel m —2m?(u)6* (1) + Aw)6* (1) ~ Alw)¢* (n)
for
0.02?
’ ope >>V
000l SONG Too-UtT » stability ¢(M)
4)02_ T » meta-stability v: electroweak minimum
_0’04 h 1 | 1 1 | | A 1 | | A 1 ) | . | |
102 10* 10° 10%® 10' 10'* 10'* 10' 10'%,10%

RGE scale p in GeV

Planck scale

false P

true

Measured top and Higgs masses
- SM valid up to the Planck scale?

uark Physics (Production and Mass), E. Yazgan, Lectures in Hadron Collider School - HASCO 2015, Gottingen, Germany, 19-24 July 2015.
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https:/pda.lbl.gov/2025/reviews/rpp2029-rev-top-quark.pdf



https://pdg.lbl.gov/2025/reviews/rpp2025-rev-top-quark.pdf
https://indico.cern.ch/event/388801/contribution/13/attachments/1129068/1613110/yazgan_hasco2015.pdf

Flavor Changing Neutral Currents *=szsrmmies
three ge?firr?rt:i?)zi )of matter mteractlo(r::) ; :)c:]r:)e carriers

 Transitions that change the flavor of a fermion w/o changing charge.

e Forbidden at tree level in the SM.

e Suppressed at higher orders due to GIM mechanism.

e Due its high mass, Top-Higgs FCNC transitions have the largest suppression in the SM.

e Occurs only at the level of quantum loop corrections.

Bt — Xqg) ~ 10717 — 10717

c,u t

his, V.2, 8

— Any evidence of FCNC indicates
the existence of new physics.

t—Hc
t—Hu
t—=ycC
t—=yu
t—gc
t—qu
t—Zc

t—=Zu

ATLAS+CMS Preliminary 95% CL upper limits <—@ ATLAS <—@ CMS
LHCtopWG

May 2026

Each limit assumes that all
other couplings are SM-like

[1] EPJC 84 (2024) 757

[3] PLB 842 (2023) 137379 (LH)
[5] EPJC 82 (2022) 334 (LH)
[7] PRD 108 (2023) 032019 (LH)

[9] JHEP 07 (2017) 003
Theory predictions
from arXiv:1311.2028

- SM

*Preliminary
[2] PRD 112 (2025) 032008
[4] PRD 109 (2024) 072004
[6] JHEP 02 (2017) 028

[8] CMS-PAS-TOP-17-017*

2HDM(FV) ) 2HDM(FC)
MRS

(1] |

(2]
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71 |
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[7]
B

10‘16‘

10‘13‘

1|0‘10|

1077

107 107
Branching ratio

mass =2.2 MeV/c? =1.28 GeV/c? =173.1 GeV/c? 0 =125.11 GeV/c?
charge 2% 0
spin % 0 H
=4.7 MeVI/c? =96 MeV/c? =4.18 GeVI/c?
Y / | Y / | Y / 1
down strange bottom photon
=0.511 MeV/c? ~105.66 MeV/c? ~1.7768 GeVic2 =91.19 GeVi/c? %)
-1 -1 -1 0 >
-9 |'® '@ (@ |5
electron muon tau lZ boson 2
N
= | <l0eVic2 <0.17 MeVic? <18.2 MeVic? =80.360 GeV/c2 L] o]
O o 0 0 11 0] &3
E Y% Ve Y% VP Y% Vt 1 w 50
=
w electron muon tau <L O
- neutrino || neutrino || neutrino J W boson (O E

* No sign of FCNC in ¢7 or single top
measurements.

* Top quark wmodelling and heavy flavour
tagaing crucial in many searches (as
in SM top quark measurements).

* FONCs in extended Higgs sector still
remain to be studied in more detail.
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SM Effective Field Theory

* New physics effects as a small addition to the SM Lagrangian using higher order (2 = 6)
operators (©.) in a power series of the new physics seale A ~ 1 TeV with coupling strength
coefficients C: constrained by precision measurements in a global fit.

C.07 |
Z smerr = Zsyu + 2 I Ffestive

- interactions with
Y O>5 A‘@ 4 SM fields
D=4
Interactions between SM fields .
Ll
‘:% N.B.: Not an exhaustive example!

Av\omod.v!

ELHC =
Stolen from A. Piccinelli's slides - TOP2025% Workshop
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https://indico.cern.ch/event/1501204/contributions/6561375/attachments/3139912/5574133/TOPEFT_CMS_TOP2025.pdf

ATLAS+CMS Preliminary
LHCtopWG

(Top) quark - vector boson operators - Individual limits

May 2026

Following arXiv:1802.07237

Limit on C [TeV ]

mm ATLAS asymptotic s ATLAS+CMS asymptotic === CMS asymptotic |Dimension-6 operators C = (C/A?)
—_————— - {MSpseudodata
CMS, tiZ [4] 78 fo !
CMS, tt+ Z/W/H, tZq, tHq [6] 42 o~
~ CMS, tZq/ ttZ [7] 138 fb~!
Ciz — CMS, tiy [8] 137 fo~ !
CMS, ttH, ttlv, tee, teeq, tHq, titf [11]138 fo~!
CMS, tf + boosted Z/H [12] 138 fo~ '
CMS, tiZ [4] 78 fo
cll CMS, tfy [8] 137 o'
CMS, CP violation in tfZ and tZq [17] 172 fb~"
ATLAS, tiZ diff. cross section [14] 140 fb~!
Cis ATLAS, tfy diff. cross section [15] 140 fo~
ATLAS, tty + t1Z diff. cross section [16]140 fo~
ATLAS, tiZ diff. cross section [14] 140 fo~'
éEg ATLAS, ttv diff. cross section [15] 140 fo—'
ATLAS, tfy + tZ diff. cross section [16]140 fbo~
CMS, tf and tW, BSM search [3] 36 b
ATLAS+CMS, W helicity [5] 20+20 fb~!
CMS, tt+ Z/W/H, tZq, tHq [6] 42 fp~!
CMS, tZq/ ttZ [7] 138 fo~ '
ATLAS, Top polarization [10] 139 fb~!
Ciw CMS, tiH, tilv, tiee, teeq, tHq, tHE[11]138 fb~
CMS, tf + boosted Z/H [12] 138 fo~ '
ATLAS, tiZ diff. cross section [14] 140 fb~!
ATLAS, ttv diff. cross section [15] 140 fo—'
ATLAS, tty + t1Z diff. cross section [16]140 fo~
— ATLAS, t-chan. 4-angle EFT [18] 140 fo~'
ATLAS, Top polarization [10] 139 fo— '
ATLAS, tiZ diff. cross section [14] 140 fb~!
C[I] ATLAS, ttv diff. cross section [15] 140 fo~'
tw ATLAS, tfy + ttZ diff. cross section [16]140 fb~
CMS, CP violation in tfZ and tZq [17] 172 fb~"
— ATLAS, t-chan. 4-angle EFT [18] 140 fb~!
CMS, tt+ Z/W/H, tZq, tHq [6] 42 o1
~ CMS, ttH, tilv, tiee, teeq, tHq, titf [11]138 fo~
Cow CMS, tf + boosted Z/H [12] 138 fo~ !
ATLAS, t-chan. 4-angle EFT [18] 140 fo—'
Cic/9s S ATLAS, tf £ + jets boosted [9] 139 fo~'
— CMS, tf dilepton [1] 36 fo~ '
— CMS, tf spin correlations [2] 36 fb!
—— CMS, tf and tW, BSM search [3] 36 fo~ '
Cia — CMS, tf + Z/W/H, tZq, tHq [6] 42 fo~ 1
— CMS, ttH, tilv, tiee, teeq, tHq, titf [11]138 fo~
ATLAS, tt rapidity asymmetry [13] 139 fo—!
—— ATLAS, tiZ diff. cross section [14] 140 fb~!
Al —— CMS, tf spin correlations [2] 36 b~
tG ———— ATLAS, ttZ diff. cross section [14] 140 fo—'
[1] JHEP 02 (2019) 149 [7] JHEP 12 (2021) 083 [13] JHEP 08 (2023) 077 EFT formalism is employed at different levels of
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SM Etfective Field Theory

*x 997 CL observed limits on EFT Wilson coefficients of the
dim-6 operators related to (top) quark interaction with
veetor bosons from ATLAS and CMS collaboratiowns.

* |ndividual constraints assuming new physics contributions
from one specific operator at a time.

* |nterpretations use SMEFT framework and Warsaw basis.

hitps:/twiki.cern.ch/twiki/bin/
view/LHCPhysics/

LHCTopWGSummaryPlots#Top _EFT
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Sumwmary

* Top quark plays an important role in precision measurements and new particle searches.
* Top re-discovered at the LHC (ATLAS, CMS, LHCb).

* « Toponium » observed by both ATLAS and CMS.

* Top pair entanglement observed by both ATLAS and CMS.

* Most LHC measurements dominated by systematic uncertainties and precision still increasing with new
analyses using

* wmore data.
* lmproving modelling and systematic uncertainties.
* improved methods with advanced machine learning techniques.

* So far, all results (not only from top quark) are in agreement with SM predictions and no evidence of any
unknown particles.

37



Closing

* « A measurement that cannot be done accurately, can

never be divorced from politics and must therefore
generate mythologies. The more such shades of meaning

there are, the less scientific the discussion hecomes.
Accurate measurement in this sense is scientific law, and a
milieu in which accurate measurement is impossible is
lawless. The need for precision, in turn, redoubles the need
for that other great Greek tradition, open discussion for
ideas and ruthless separation of meaningful things from
'meaniugless ones. Precision alone does not guarantee good
aWw... »

from « A different Universe », R. B. Laughlin
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