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https://cds.cern.ch/record/2916862

CMS Physics Briefing



https://cms.cern/news/cms-collaboration-measures-mass-top-quark-unparalleled-accuracy
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https://cms.cern/news/cms-collaboration-measures-mass-top-quark-unparalleled-accuracy

m,~ 173 GeV

CMS Physics Briefing



https://cms.cern/news/cms-collaboration-measures-mass-top-quark-unparalleled-accuracy

Top mass M; in GeV
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Why so heavy”?

We don’t know!

The fermion masses are free parameters in the SM

Very large mass (= tungsten atom!) — very short lifetime — top quark

(@lmost) never hadronizes

Important connection to the Higgs sector: y, = \/Emt/ v~

Direct input to EV precision fits, the Higgs sector, vacuum stability, etc.
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https://arxiv.org/abs/1205.6497

Why a sixth quark??

e Need to extend the two-quark model to explain CP violation in the kaon
sector (1964)

e Bottom quark discovery (1977) in Y(1S) = u™u~ events — a third quark
generation confirmed

e No FCNC b decays — third generation is also an isospin doublet

e A sixth quark must exist!

e Already seen virtually: large BY — @ mixing (1987) and 1994's EW fit
(178 £ 11 GeV)
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https://arxiv.org/abs/hep-ex/0509008

SPPS

fm, < 80 GeV, it can be produced in W boson decays: W — tb

SppS is a W boson factory!

s = 546 = 630 GeV

-irst « evidence » of a light top at m; =

Eventually, set a lower limit m, > 60 GeV

N Eq= 234 GeV
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https://www.sciencedirect.com/science/article/pii/0370269384914102
https://link.springer.com/article/10.1007/BF01549710

Going superconductive
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https://cerncourier.com/a/superconductivity-and-the-lhc-the-early-days-2/

The discovery machine

The Tevatron: a pp collider, \/E = 1.8 TeV > 2m, =~ 350 GeV
First large-scale (= 6 km ring) superconducting magnet accelerator

Top quark production dominated by qq — tt (= 5 pb)

q L
Two independent experiments: CDF and DO _
One tt pair in 9
1010 collisions!
q t
2.5 1 tt S@&gf tt @ rl;ez)/aztron
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Cross Section (pb)

First appearanc

Observed at m; = 176 + 13 (CDF) and

199 + 30 (DO)
Tens of top quark candidates collected

Top quark mass through kinematic fit

Perfectly In agreement with the
prediction from the EW fit (my and
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https://arxiv.org/abs/hep-ex/9503002
https://arxiv.org/abs/hep-ex/9503003

Cross section

e Production is QCD: = 85% O = 15% g

o Known at NLO accuracy during the top quark discovery

o NLO — NNLO+NNLL:
o +15% Oz
e 00z = 25% — + 3%

e Exiract ag and mP**

fheory' (scalés + pdf) —

Theory (sca/es)
9+t \ CDF and DO, L=8.8fb © —v— |
T 87
b
5
@) 7t
6 L
PPbar — tt+X @ NNLO+NNLL
5 MSTW2008NNLO(68cl)
164 166 168 170 172 174 176 178 180 182
Miop [GeV]

Tevatron Run Il

CDF dilepton - e = 7.09 = 083 B 8.8 fb™
CDF ANN lepton+jets F e 4 7.82; 0.56 4.6 fb™
CDF SVX lepton+jets F———i—i 7.32:: 071 46 fb™
CDF all-jets I . 7.21 ; 1.28 2.9 fb”
CDF combined === 7.63; 050
+0.31=
D@ dilepton e 7.36 + 0.85 5.4 fb™
D@ lepton+jets [————] 7.90+0.74 5.3 fb™!
D@ combined F—tei—i 7.56 +0.59 B
Tevatron combined e 7.60 = 0.41
m, = 172.5 GeV - Yeel =

6 7 8 9

pp — tt cross section (pb) at\/s=1.96 TeV


https://arxiv.org/abs/1303.6254
https://arxiv.org/abs/1309.7570

What is top mass’/

Not just a simple number

Quarks are never free, they are dressed in gluons

The pole of the quark propagator « pole mass » mf(’le ~ 172.5 GeV: intrinsic

uncertainty defined by Agep = 200 MeV

A short-distance « running mass » MS, m(m,) =~ 163 GeV: analogous 1o ag

The MC « kinematic mass » m%vlc ~ 172.5 GeV: the mass parameter in MG

event generators

The mass interpretation problem: the exact relation between the MC and pole/
MS mass is not known

° ®\ -l
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Kinematic reconstruction

e Reconstruct top quark « kinematic » mass
from its decay products

e Resolve lepton-jet permutations using
)(2 minimization

e [t data using top mass templates

0'14:_ 1, fit 1,Mmeas\ 2
- Mtop: 2 (pf o pff )
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https://arxiv.org/abs/hep-ex/0510048
https://arxiv.org/abs/0809.4808
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Mass of the Top Quark
July 2016 (* preliminary)
®

CDF-Il dilepton 1715+ 32 (19= 25)
- =

DO-Il dilepton * 173.50 +1.56 (+1.31=0.84)
@

CDF-Il alljets 175.07 +1.95 (1.55= 1.19)

®
CDF-Il MET+Jets 173.93 +1.85 (£1.26= 1.36)
_ =
CDF-Il lepton+jets 172.85+1.12 (+0.52= 0.98)
——

DO-ll lepton+jets 174.98 +0.76 (x0.41x 0.63)
- =

Tevatron combination * 174.30 +0.65 (+0.35= 0.54)

(Run | and Run II) (= stat = syst)

| | |
165 170 175 180
m, (GeV/c?)
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https://arxiv.org/abs/hep-ex/0510048
https://arxiv.org/abs/1608.01881

Extracting pole mass

Use inclusive tt cross section to

pole
extract m; PLB 703 (2011) 422
No dependenf?e onfkmemahcis,l only P (D0, NLONNLL)
acceptance effects (from simulation) 50 5 | — M M(DO, Approximate NNLO)
- pole pole 97 LEP1, SLD
Find mg - such that Oy (M5 ) .
t theory +t 68% CL
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https://arxiv.org/abs/1104.2887

Asymmetry

At a pp collider the direction of incoming quark is known
N(Ay > 0) — N(Ay < 0)

Define asymmetry Agg = N(Ay > 0) + N(Ay < 0)

 where Ay =y, — ¥z

Small Agg > 0 at NLO QCD from diagram interference: top tends to the follow
the Incoming quark

_Nr—Npg >0 with asymmetry

% App = Nr+ N5p i (NLO / data): tilts forward

q t
symmetric (LO): Arpp =0
>M + [
_ — i m*. ——
q

N

N

dN/dcos 6

~N
~

~
+ N
backward
~1.0 ~05 0.0 0.5 1.0

cos B (top angle vs. incoming quark)



https://arxiv.org/abs/1101.0034

-0.11

Ars anomaly’

Measured at 0.128 + 0.025
(CDF+DO)

Prediction of 0.073 (NLO) —
NNLO (0.095)

Significant high-order
corrections

Overall good agreement
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https://arxiv.org/abs/1101.0034
https://arxiv.org/abs/1411.3007
https://arxiv.org/abs/1411.3007

W+
ai
b w
b
g t
b w
t
g t

Single top

Og—chan =~ 1.0 PP
q q ¢
W
b §
g b

Tevatron Run Il single top quark summary

Measurement Cross section [pb]
s-channel: :
E 0.37
CDF [25] o— 1.367, 5,
: 0.33
DO [22] - 1.107,75;
i 0.26
Tevatron [26] - 1.297,%,
t-channel: g
- 0.38
CDF [21] —o— 1.65 fo.ae
DO [22] . —e—  3.07%0%
Tevatron [this Letter] o 2.25%)%
S+t:
i 0.49
CDF [21] —o— 3.0270%
: 0.60
DO [22] A 411755
Tevatron [this Letter] —o— 3.30 ’fg:iﬁ
[ ! | L | ! | L |
0 1 2 3 4
Cross section [pb]
i\ Theory (NLO+NNLL) [9,12] m, = 172.5 GeV

FProduced via EW

e Direct access to Wib structure = |V, |

e (Observed in t- and s-channels

g Single top quark, Tevatron Runll, L. <9.7 fb™"
'2'3.5_— int
]
e, C
(7)) B
@ I
o) L
€ of 100 :
8 N
Q C
1.5
1 1 FCNC [6,52]
- @ Measurement 1s.d. ¢ Four gen. [51]
0.5 & SM[9,12] 2s.d. O Top-flavor [6]
. | | | 3|s.d. /\ Top pion [6]
00 0.5 1 15 2 25 3 35

s-channel cross section [pb]
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https://arxiv.org/abs/1503.05027

Machine learning for tops

e large W+jets, QCD multijet, and tt &
backgrounds g
e Pioneering use of MVA methods:
neavy-flavor jet tagging and S/B
event kinematics
e Similar methodology allows searching
for the Higgs boson
Tevatron Run Il, SM H—bb, L;=9.7 fo!
& | — Obseved | - Expected for m,~125 GeV/c? 2
----- Expected w/o Higgs Q
+1 s.d. L
+2 s.d.

100 105 110 115 120 125 130 135 140 145 150
mH(GeV/c)

10*

10°

10°

10

= Single top quark, Tevatron Run I, L S 9.7

| ¢ Data 2 SM s-channel
= — Expected background . N SM t-channel

~ | Background uncertainty tVfV/Z+X

= B % Multijets

- B Higgs

;
- -

-7 -1 -0.2 0 01 0.3 0.6

- s-channel single top quark, Tevatron Run Il, L <9.7 fb”
¢ Data

I SM signal
_____ — Expected background
Background uncertainty

TET IIIIIII

N
o

o

0

W
'
N
-

Discriminar-1t output [Iogm(s/b)]

Discriminant output [(s-channel - t-channel)/background]
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https://arxiv.org/abs/1402.5126
https://arxiv.org/abs/1503.05027
https://arxiv.org/abs/1207.6436

1he top factory




Top quark at the LHC

Faster, Harder, Stronger
From discovery to precision

High energy:
~ (X levatron

Cross section:
~ 120x Tevatron

Luminosity:
~ 20 tt pairs per second!

Predominantly produced by

gluon fusion (= 90%)

Inclusive tt cross section [pb]

Ratio to
Prediction

—i
)
w

—_
o
N

10

| ATLAS+CMS Preliminary
LHCtopWG May 2026

NNLO+NNLL, PDF4LHC21 (pp)

B NNLO+NNLL, PDF4LHC21 (pP)

[ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

Mgy = 1725 GeV, (M) = 0.118 + 0.001
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Catching tops

Two general-purpose detectors: ATLAS and CMS
Advanced silicon trackers = finer granularity and higher rate
Precise vertexing and deep-learing heavy flavor taggers

Plleup challenge: 30-60 simultaneous collisions per bunch crossing

—igher energies — boosted top production

25



ENngineering choices

o ATLAS: A Toroidal LHC ApparatuS (huge but
ight)

A huge air-core toroid for a standalone
muon spectrometer, outside calorimeters

A thin 2T solenoid for the inner tracker

Calorimeters sit outside the solenoid —
large, finely-segmented LAr calorimeter

e CMS: Compact Muon Solenoid (compact but
heavy)

One strong 3.8T 6-meter-wide solenoid

Al expect muon system inside of the
solenoid — a compact, dense calorimeter
(lead-tungsten)

ron yoke instrumented with the muon
chambers

26



Re-discovering the top

CMS CMS Experiment at LHC, CERN
- / Data recorded: Wed Jul 14 03:32:41 2010 CEST
25—,/ Run/Event: 140124 / 1749068

E,—_'__“';_,.- { Lumi section: 3

Run Number:155678, Event Number 13304729

Date: 2010-05-24 16:41:53 CEST

b tagged Jet

p, =82.2GeVic,n =-1.79, ¢ =1.03
Jet P, = 56.6 GeV/c, n =0.389, ¢ =2.38

¥ T
.-‘? . )i / £.=119.0 GeV, ¢ = 0.010
Jetp, =152.2 GeVlc, n =0.354, o =275 5 7./ 5}
- — -,-,/ / ,,"4-""
|'/ B |
15 7 /’ Jet p, =43.4 GeVic, n =0.827, ¢ =-0.587
. s -‘}
v AT LAS RSN SR W muon pT =30.6 GeVic, n =-1.67, ¢ = -2.06
\\T‘g n ¥ :-, = NC.
21 EXPERIMENT

e Happened almost immediately (120x cross section wrt Tevatron)

o After a few months of data taking (circa 2010) using just a few po-
2/


https://arxiv.org/abs/1206.4484

Re-welgning the top

ATLAS+CMS \s=7,8TeV
Best known quark mass to | .. ATLAS+CMS combined o

stat uncertamt}/y " stat

dat@ (2024) mt — 17252 i 088 ATLAS total uncertan : m, = total (+ stat + syst) [GeV]

0O dilepton 7 TeV = 173.79+ 1.42 (+ 0.54 = 1.31)

Ge\/ << O ' 2 é) lepton+jets 7 TeV I—l—ll-—i—l 172.33 + 1.28 (+ 0.75+ 1.04)

all-jets 7 TeV N = | 175.06 = 1.82 (= 1.35+ 1.21)

Taal 1t dilepton 8 TeV e 172.99 = 0.84 (= 0.41x 0.74)

NOJ[ anymOre ||m lted by Statl SUCS lepton+jets 8 TeV |—+—-t—-| 172.08 = 0.91 (= 0.39 = 0.82)

, , , all-jets 8 TeV e 173.72+1.15 (= 0.55+ 1.02)
Precision dominated by combined e 172712 0.48 (= 0.25 = 0.41)

, , CMS

systematics: JES & modeling dilepton 7 TeV —t 172.50 + 1.58 (+ 0.43= 1.52)

, lepton+jets 7 TeV e 173.49 = 1.06 (= 0.43 = 0.97)

<|SR/FSR, CO|OF I’GCOHH@CUOH, all-jets 7 TeV F—e—t—1 173.49 + 1.41 (= 0.69 = 1.23)

dilepton 8 TeV —tef— 172.22 + 0.95 (= 0.18 = 0.94)

eJ[C , ) lepton+jets 8 TeV HeH 172.35+ 0.48 (x 0.16 = 0.45)

all-jets 8 TeV e 172.32+ 0.62 (+ 0.25 = 0.57)

single top 8 TeV —H— 172.95+ 1.20 (= 0.77 = 0.93)

Comparable to the top quark | Juystev

i 173.50 + 3.14 (+ 3.00 = 0.94)

Ly ( - ) secondary vertex 8 TeV —te— 173.68 = 1.12 ( 0.20= 1.11)
mass definition ‘uncertal ﬂty combined HeH 172.52 + 0.42 (= 0.14 + 0.39)
ATLAS+CMS LHCIopWG
' dilepton ! 172.30 + 0.59 (= 0.29 = 0.51)
DO@S nOJ[ yet |nC|Ude Run 8 lepton+jets HaH 172.45+ 0.36 (= 0.17 + 0.32)
| all-jets H=H 172.60 = 0.45 (+ 0.26 = 0.36)
measu r@m@nts ' other —— 173.53 + 0.77 (+ 0.43 = 0.64)
combined HiH 172.52 + 0.33 (+ 0.14 = 0.30)
| | | | | | | | | | | | | | | | | | | | | |
165 170 175 180 185

m, [GeV]
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https://arxiv.org/abs/2402.08713
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Catch me if you can

CMS 35.9 1" (13 TeV) CMS 35.9 fb (13 TeV)
3 = - ABMP16_5_nlo PDF set
- _L + Data unfolded to parton level S B w = 476 GeV
O | :5. 1.05 u, = m(mt) = 163 GeV
__Pf NLO predictions in MS scheme P= -
s W o=u =m 1
— ABMP16_5_nlo PDF set ]
- m(m) = 162 GeV 0.95
- mtgm ; _ 123 g:g B [ NLO extraction from differential o;
il t B 0.9— o Reference scale = u f !
E - NLO extraction from inclusive O
:_ , . 4 0.85— ] One-loop RGE, n = 5, ocs(mz) =0.1191
L | I 1 1 1 | 1 1 1 l 1 | 1 | | 1 1 | | | | [ 1 1 | | 1 1 1 I | 1 1 :I | I | | | | | | \ | | | | | | | | | |
400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 -
Top mass is not the constant of nature
ts value depends on the energy scale, »dm(u)

driven by ag, and predicted by QFT 5 du? = —(as(p)) m(p)

First experimental evidence for running top
mass

Consistent with QCD to first order
29



https://arxiv.org/abs/1909.09193

1he precision frontier

The most precise top (MC) mass measurement to date: 171.77 = 0.37 GeV

Reconstruction of tt system for best jet-parton assignment

Simultaneously fit multiple observables and control relevant uncertainties

Dominated by systematics (b jet response, fragmentation, modelling)

Events / 2 GeV

Data/MC

30}
25
201
15}
10}

—
01_;'01

><103 36.3 fb™ (1 3 TeV)
I I | | T_ 1 | | [ [ [ | ]
mm it correct -Sln Iet
- CMS mm tt wrong m W+Jgets
ny + jets [Jtt unmatched mmZ+jets
- ¢ Data —QCD multijet ]
7y Uncertainty ] Diboson
- m*" =172.5 GeV

>0.2

60

80

Events / 5 GeV

Data/MC

507

407

30

x1 03 36 3 fb (13 TeV)
| I | T T
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https://arxiv.org/abs/2302.01967

e | arge data sample enables detailed measurements of top quark properties and

lop goes differential

kKinematics

e (Compare to theory (unfolding): detector = particle = parton

Theory

Data

Detector = reconstruction

Particle = fiducial

Parton = full phase space
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https://arxiv.org/abs/1803.08856

s
AC

Charge asymmetry

e Thereisno Agg at pp collider

e [he initial state is symmetric: no forward or backward
e But underlying QCD asymmetry is still there Ay = |y, | — | y5|

e [ops are pushed to larger rapidity, anti-tops
stay central

o Small effect (Ac = 0.6%)
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m,; [GeV] Mg [TeV]

32


https://arxiv.org/abs/2208.12095

Spinning tops

Top decays before it hadronizes or depolarizes — spin information Is preserved

Top lifetime (= 5 X 10727 s) < hadronization (= 107%* ) < spin-flip (= 10721 g)

t - Wb — £1b:

epton Is a near-perfect spin-analyzer

Spins of top and anti-top are correlated by QCD production
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https://arxiv.org/abs/1907.03729
https://arxiv.org/abs/1903.07570

Going quantum

Classical bit = 0O, 1

Quantum bit = O, 1, and infinite
superposition states

Two bits = entanglement: correlations
too strong for any classical system

Bell's inequality: quantum correlations
exceed the classical Imit = outcomes
are not predetermined

£+

p ——— P
P
1 rest frame >_</
P

CM frame

PPNP 139 (2024) 104134

Bell limit

classical =75%
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https://arxiv.org/abs/2402.07972

Entanglement

e Spins in a tt system form a two qubit state

e [0p gquark spins maximally correlated near the threshold

e Construct spin correlation matrix (C) from two lepton directions

e [Entanglement parameter: D = Tr[C]/3

e (lassical correlation = entanglement (D < — 1/3) = Bell nonlocality

o Recently observed!
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https://arxiv.org/abs/2311.07288

Toponium

Top quarks can form quasi-bound states
Non-relativistic QCD predicts a threshold enhancement

A color-singlet pseudo-scalar i, (M = 343 GeV, width = 2.8 GeV)

Same threshold physics as entanglement CMS 138 fb=1 (13 TeV)
¢+ Data mE tX Unc.
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are used - L ..
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> 102} ’
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g
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https://arxiv.org/abs/2503.22382

Precision EVW physics
All three channels established at the LHC

Single top

Special modeling treatment for tW at NLO (interferes with tt)

A powerful BSM probe and rare process study

Inclusive cross-section [pb]
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Production cross section,

101

CMS Preliminary
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

Top meets HIggs

Yukawa interaction: fermion coupling to the Higgs field

The only access to the tree-level top quark Yukawa (y,): the tth process

Large y, = 1 due to the heavy top, y¢ = \/sz/ vev

Rare process with complex final states

5.1 0" (7 TeV) + 19.7 fb™ (8 TeV) + 35.9 fb™" (13 TeV)
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https://arxiv.org/abs/2207.00043
https://arxiv.org/abs/1811.09696
https://arxiv.org/abs/2509.16039

Top friends

The LHC provided the first direct access to top
EVW couplings

Associated production of top with vector
bosons (Z, W, )

Considerable interplay among different ttX
orocesses in multi-lepton channels
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https://arxiv.org/abs/2201.07301

The ttW pro

e Probes PDFs via W boson charge g

CGSS
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e Observed cross section larger than ol .
prediction wb E
e Motivated advanced theoretical ok :
calculations (very challenging) ' :
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https://atlas.cern/Updates/Physics-Briefing/observation-4tops

The heaviest final state cver observed

Very rare (= 10 fb)

Thought to have been possible only at HL-LHC

Knowledge about ttX backgrounds is vital

Four tops
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https://arxiv.org/abs/2305.13439

Multi-tops

CMS Supplementary 138 fb™' (13 TeV)
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e Did we actually measure four tops” -

N d b 9 w+
e Strong correlation between tttt, tttW, and ; ;
tttq processes W 7 £
* Interference effects in the modelling of the ¢ b t

two processes P


https://arxiv.org/abs/2607.27323
https://arxiv.org/abs/2305.13439

Top+X

e Among the rarest top production processes
e Driven by EW couplings

e [ndividual amplitudes In each process grow
with energy but almost cancel out together

e [xcellent place to search for anomalous
interactions at high energy
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https://arxiv.org/abs/2510.19080

Flavor-changing neutral currents

ulc VA
ulc
" b
ATLAS+CMS Preliminary 95% CL upper limits €<—@ ATLAS <—@ CMS “Prefiminary
LHCtopWG [1] EPJC 84 (2024) 757
g 1% [3] PLB 842 (2023) 137379 (LH) {i} Egg 1;3 ggzi; ggzggi
May 2026 [51 EPJC 82 (2022) 334 (LH) [6] JHEP 02 (2017) 028
[7] PRD 108 (2023) 032019 (LH) 18] CMS-PAS TOP-17-017"
Each limit assumes that all [9] JHEP 07 (2017) 003
other couplings are SM-like Theory predictions - SM 2HDM(FV) [} 2HDM(FC)
_JMSSM[JRPV MRS _
\\\\\ PR . 1]
t—Hc m . 2]
—@ [1]
t—Hu - o -
—@ 3] |
t—>yc al
9
> —@ [3]
ulc t—yu
—@ “ |
t <@ [5]
. . —gcC
Forbidden at tree level in SM <o o
| —@ [5]
, - \ t%gu , [6]
Significantly  suppressed in , | —e® =
- : i ~—0
nigher orders to2ze | —e o
~ ~—0 (7]
' ' t% u ’,/,:,,f’,’,/,
Ne\/\/ phyglcs Can Open |-t up | 11 L L L L L L | |||| r L <1_|_.| | | 1[9]
16 ~13 ~10 7 4 1
BN - - - 0 10 10 10 10 10

top + X processes
48


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

Effective Field Theory

d
LoMEFT = £SM+ZAd 1 ( )

e A generalized approach 10
search for new physics
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https://arxiv.org/abs/2012.02779

Top EFT legacy

e Many top results are included in global EFT combinations
e |nterplay among various sensitivities from different olbservables

o EFT fits became standard in many experimental studies
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Towards the future
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Proton-proton
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Hadrons vs leptons
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What to expect
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