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Top Quark: King of the Standard Model
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The key channel in the SM: ¢ pair production

Theory calculation has reached N>LO.

TABLE III. The ¢7 total cross sections (in pb, with central result for 4 = m,, and uncertainties from scale variation and pdf) at different
perturbative orders in pp collisions at the LHC with various values of /S, with m, = 172.5 GeV and CT18 NNLO pdf.

tt total cross sections at LHC energies with CT18 NNLO pdf
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Nikolaos Kidonakis, Marco Guzzi, Alberto Tonero; Phys.Rev.D 108 (2023) 5, 054012

Scale uncertainty ~ 2%



The precision measurement of 77 pair production

Phys.Rept. 1116 (2025) 127-183
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The experiment is steadily
keeping pace.

It is a true triumph of the SM.

It is now used to determine a,
and PDFs.



Theory/Data

The Next Frontier: Differential Distributions

The real test is in the shapes of distributions, which are sensitive to the
dynamics of QCD.

pp->tt top Py VS=13 TeV m=172.5 GeV

pp->tt topp, VS=13TeV m=172.5GeV
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Tension requires high-order corrections and precision measurement.



Top quark mass measurement

Direct measurement
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Indirect measurement
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Top quark mass measurement

ATLAS: 1905.02302; CMS: 1904.05237
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Theoretical predictions vs experimental data
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Theoretical predictions vs experimental data

CMS CMs:1811.06625 35.9 fb' (13 TeV)
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Bound-state effects near threshold

» Non-relativistic effects in QQ system near the threshold

» Well-studied in quarkonium systems

10



Bound-state effects near threshold

See also:

Kiyo et al.: 0812.0919

Sumino and Yokoya: 1007.0075
Fuks et al.: 2102.11281, 2411.18962
Garzelliet al.: 2412.16685

» Non-relativistic effects in QQ system near the threshold

» Well-studied in quarkonium systems

Ju, Wang, Wang, Xu, Xu, Yang:

1908.02179, 2004.03088

NNLO+NLP resummation of bound-state effects
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do/dM(pb/GeV)

Bound-state effects near threshold

Ju, Wang, Wang, Xu, Xu, Yang:
1908.02179, 2004.03088
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Enhancement ~ 10 pb
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do/dM(pb/GeV)

Bound-state effects near threshold

Ju, Wang, Wang, Xu, Xu, Yang:
1908.02179, 2004.03088

2.5 - 2.3 B
- LHC13TeV, m=1725GeV g CMS E - LHC 13 TeV, u = u, = Hy/4
- NLO ) B
i NNPDF31_nnlo_as_0118 ; NNLO '9 21— NNPDF31_nnlo_as_0118
| M, €[300,380] GeV 3 %%THEP ; ] M, €[300,380] GeV
def _ | def _ + o
s - — NLO+NLP
i o - = NNLO
= e v NNLO+NLP
1.7 —
15~ About 1.4 Ge
13
11 _I | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
170 171 172 173 174 175
m, (GeV)
Enhancement ~ 10 pb Account for most of the tension between direct

and indirect measurements!

11



=
o
w

Events / GeV

10t

O
(a1]
+ 1.1
0
O
ot
o 1.0
-
o
L
o
= 0.9
G
o

Recent CMS and ATLAS measurements

CMS 138 fb~! (13 TeV)

=
o
N

¢+ Data mmm tX Unc.
tt mam Other
.l % < Che| <‘ 1 % < Chan <l 1

- Postfit (FO pQCD + BG + n)

L?QH *T

1l e l |
+T T+ LI T |
— Ny, o(ny) =8.8%}14pb
400 700 1000 1300

mie [GeV]

o(xt) [pb]

CMS: 2503.22382
138 fb~1 (13 TeV)

20 T T
—_ % FO pQCD + BG
15 [ /./ RN # Observed
[ h \.\ —— +1SD
: [ 7\, \ -—--%35SD
0r [/ N Y —— 5D ]
I f . ]
I | ! \\\ \
> P Vo §
L \ 1\ 1 \
| LA Lo
0r * \ \ ' | ]
I . \\ ] I
I \'\ \\ Il I
-5 r '\' \\\ ,1’ ,, 7
\ ~--7 ;
\, /
r \ /
_10 - ‘\‘ . -
I N
_15'.,.|. Ll L. [P B B
-5 0 5 10 15 20 25 30

o(nt) [pb]

=10%
2 1.4 -
0] ATLAS Preliminary — fpoco e \xﬂcls
= /5= 1 - f
3 121 Vs =13TeV, 140.1 fb . . — A % Dot
» | POWHEG V2 hvq + PYTHIA 8 it, post-fit - X Total uncertainty 1
S 10— W Fakes -
& “1<Chan -3 5 <Cnn<y 3 <¢Cran<1
08/ —1cem<-§  -§<Crm<y 1<em<t “1<Chd—y | —<Chady 1<t “1CChu<=t | -3<Cm<y 1conuct
08f
0.4
02
0.0
(%’ 2500~ - I T - - I —— plixaccp) =1.40 T ]
© o -——s e 1. Lo -'—'—’j_ o _Ferd
<] v 1
o F ¥ T T I
2500 —
o F r r 3 I 7 ]
@ 105+ - - - -4 -4 =+ J- 3= =
a o ] _ -~ 7 -
= 1.00 g g Pes & e I ) PR NS S T Y .
g v (L FEC R a = u 9= ' e = * S e e G Ty
o E + r T s T 1 = 3 &
(=) ¥
0.95— = = = = —t -t —fe = = = em preft T =

ATLAS-CONF-2025-008

350 450 350 450 350 450 350

450 350 450 350 450 350 450 350 450 350 450

mg [GeV]

12



Events / GeV

O
(a8

+

Ratio to FO pQCD

=
o
w

-]
o
N

10t

-

=
o

O
©

Observation of a pseudoscalar-like excess?

[CMS, RPP 88 (2025) 087801]

CMS 138 fb~1 (13 TeV)
¢+ Data mmm tX Unc.
tt . Other
'%<Che|<'1 %<Chan<1

- Postfit (Fd pQCD + BG + nt)
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A pseudo-scalar excess at tf threshold is
observed with a selection cut on decay
distribution

o(n,) = 8.8+ 0.5(stat) 11 (syst) pb = 8.8 1 pb.

The cross section enhancement also
confirmed by ATLAS  [ATLAS-CONF-2025-008]

Toponium? some theory modeling, e.g.
[Fuks, Hagiwara, Ma and Zheng, arXiv:2411.18962, arXiv:2509.03596]
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Toponia mass [GeV]
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Toponia mass [GeV]
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Spin correlation and guantum information

The decay of top quarks violates parity, allowing us to infer spin
and spin correlation from decay distributions.

E.g.t - Z*vb, T — ¢~ib, spin vector o; can be measured from
the mean value of the decay direction L”ii in ¢/ rest frame.

Concurrence 6 a quantitative measure of entanglement

[~ Tr(g') — 1, (spin singlet)

@ — . €% > 0: entangle
Tr(C) — 2C;; — 1 % < 0: separable

max; 5 , (spin triplet)
\

D = tr(C)/3 is directly related to the angle between #* and #~
D < — 1/3: entangle
D > — 1/3: separable

Daughter g,

Mother A

Rest frame of A
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Entangled ¢f at the LHC

[Fabbrichesi, Floreanini and Panizzo, arXiv:2102.11883]
[Afik and de Nova, arXiv:2203.05582]
[K. Cheng, T. Han and M. Low, arXiv:2311.09166] ...

Near threshold:
—>
@p-0 O qq produces |11) or ||| ), —— positive spin correlation
1
9 e, 3 gg produces —( IT)) — |iT)) —— negative spin correlation
= 0= V2
6 The mixing of above two states cancels spin correlation, so entanglement is
—> very sentitive to the percentage of contribution from spin singlet/triplet.
Concurrence
794 o
@ f—0 Oﬁ .
Near threshold, gg produces a Qo:s-., w | los
g g ..
:>_’“7<:| Bell state, but a small mixing from | e

qq process reduce the Al
entanglement quite a bit. 1 s [0
og O‘,l 0‘2 0.3 0'4 0.5 0.‘6 0‘7 0.‘8 0.9 ) "
20
[K. Cheng, T. Han and M. Low, arXiv:2407.01672] T

353 0.2




Particle-level D

Entanglement of /7 observed

[ATLAS, Nature 633 (2024) 542]

| ATLAS Son
/s=13TeV, 140 fb'
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,,,,,,,,,,,, ¢°
=== o]
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340 < my < 380 380 < my < 500 my > 500

Particle-level Invariant Mass Range [GeV]

Entanglement (D < — 1/3) is observed near ¢f threshold

First observation of entanglement in a pair of quarks.

Entanglement is explored at the highest accesible energy scale

=

Observation confirmed by CMS

Prediction fits data better if there exists
a pseudo-scalar 7, near tf threshold.

(1, couples to both gg and #f)

1, produces a maximally entangled

state

[CMS, RPP 87 (2024) 117801]
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Single top-quark production

t-channel s-channel

Qi <0 Q>0




Single top production: 114 production

Two-loop virtual corrections to tW production

2
a [ a
Amplitude reads M =\l yH++— M W)\ — | M,
4r 4r
Tree

1-loop 2-loop
—— e e
A A A
e e ——

y 3

o Chen, Dong, Li, Li, Wang, Wang, arXiv:2212.07190

Chen, Dong, Li, Li, Wang, Wang, arXiv:2208.08786



Single top production: 114 production

Real-virtual for t W@NNLO can be on-shell _

4
Investigate the resonance subtraction method / _._x(_._

at 1 loop level

Possible diagrams with resonance contribution —<—{o00 >

Matrix element square can be expanded in terms of

Ren

A2 A

. c® ch a, 3C, 1 u? u?
RV, = 2Re [ﬂ(m wD ] _ = L L cOo .., Cc® = 2_7zB(2) - T4 - (C4—2Cg) log| — | =2 (C4 —2Cp) log

the leading divergent part can be subtracted

Dong, Li, Wang, arXiv:2411.07455
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First fully analytical NNLO QCD corrections

T, [GeV]

Top decay width I,

Chen, Li, Wang, Wang, arXiv:2212.06341

First analytical leading color N3LO QCD corrections
Chen, Li, Li, Wang, Wang, Wu, arXiv:2309.00762

Numerical N3LO QCD corrections
Chen, Chen, Guan, Ma,, arXiv: 2309.01937
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LICENSE.md cense added 4 months ago
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TopWidth.m arXiv information added 4 months ago
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README.md 4

TopWidth

Mathematica Package to calculate the top decay width with NNLO corrections in QCD and NLO corrections in EW.

Requirement

The HPL package is required to generate the numerics of the harmonic polylogarithm, which can be downloaded
from https://krone.physik.uzh.ch/data/HPL/ .

HPL is supposed to be initialized through "<<HPL"". If not please set the path
"$HPLPath="the:\path\cf\the\installation".

Download

Download the package through
git clone https://github.com/haitaoli1/TopWidth.git

go to the directory "TopWidth*", run the example notebook "example.nb".

About 2

Mathematica Package to calculate the
top decay width with NNLO corrections
in QCD and NLO corrections in EW.

0 Readme

&5 LGPL-3.0 license

€7 1star

® 1watching

Languages

® Mathematica 100.0

https://github.com/haitaolil/TopWidth
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Top Quark Physics : rich signatures of NP

Single Top U ——s— 1
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Yukawa y,
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Triple Tops
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1) CPV measurement in the 77 H production

QHC, Xie, Zhang, Zhang, 2008.13442

CP property of ¢t#H interaction
PD—yietH

|(np1 Xnp,)- (1 X nt')l

- |n; X ng

COSPc =

|nP1 X npz

(n, Xn, )-(ng Xne-)
COS¢€~£ _ | P P> |

|npl X np2| g X ng-|
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Normalized distribution

1) CPV measurement in the 7t H production
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Significance (o)

1) CPV measurement in the 7t H production
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2) Trlple Top-Quark Production at the LHC
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2) Triple Top-Quark Production at the LHC

QHC, Chen, Liu, Wang,1901.04643
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Joint constraints from multiple top processes

triple top + four top quarks production
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Top quark physics in the SMEFT

EFT provides a model-independent framework to search for NP.

~ long tails

‘e
.
.
-
..
«
-
"y

No Rate

resonance too heavy to detect

..........
{ L]
......
L ] L 4
lllllllllllllll

‘e
‘.
.

31



Top quark physics in the SMEFT

By combining top, Higgs, diboson, and electroweak precision data, one can constrain the
parameter space from all directions.
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Summary

Standard Model Production Cross Section Measurements

We are in an era of precision, and it is time to consider what we can learn from the data.

Status: October 2023
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