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What’s special with Top?

* Decays before the hadronization [lifetime 0.5x10-24 sec]
— Unique opportunity to study the bare quark
* Strong coupling with the Higgs boson, top Yukawa coupling, y,~1

* Constraints the Higgs mass along with W boson mass
— influences the electroweak vacuum stability

180

e INT;
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£ 175F > .
s - arXiv:1205.06497 [hep-ph]
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g 170+
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Higgs mass M;, in GeV

 Many new physics models result in same signature, e.g, SUSY “stop”
can decay into top
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Top Production in Colliders

10000 | Discovery on the Energy Frontier o7
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§ 100 }
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8 cooling
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2 SPEAR (Charm quark, t lepton) Snowmass report, 2013
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Top quark production
\\ wisen S
R
Other productions
Dominated by tt pairs productions . F g ) . :
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Decay of Top quark

* SM Br(t->W+*b)=100%

* Final states determined through the decay
of W* bosons from top and antitop quarks.
~ Alljets: tt =bWTbW~—bbqq'qq'
* High branching ratio but large QCD
background
e 26jets, 2 b-jets
— lepton+jets: 17 —bWtbW——bbqq'l-v
* Moderately high branching ratio but relatively
low background

— dilepton: tfebW"‘];W— —bbl*vI-v
* Low branching ratio but clean signal

Top Pair Branching Fractions

“alljets™ 46%

t+ets 15%

* Similarly different final states for single

top/electroweak top production 1 1°2/g/
— Dilepton: tW™—=bW*tW~™—bl*vI-v T:‘:e 20, viote 15%
— — — oo jets 15%
— Semileptonic s-channel:th =bW*b — bbl*v \*"\%gj«"k :
¢ e+jets 15% _
"dileptons” "lepton+tjets”
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LHC Performance

400
CMS ™= LHC delivered: 389.35 fb”
400 350 [ CMS recorded: 359.01 fb™'
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After the glorious Run I, LHC started operated at \s=13 TeV during 2015-18 (Run II)

CMS have completed Inner detector upgrades during the Extended Year-End Technical Stop (EYETS) at
the end of 2016 operation

2 2

@ LHC has been performing exceedingly well; during Run II, CMS have recorded >150 fb-! of pp collision
datasets at Vs=13 TeV

R  Finally, unprecedentedly large volume of proton-proton collisions data at Vs=13.6 TeV being recorded
during the LHC Run III
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Branching ratio
Rare decays, New physics
Anomalous couplings

Spin correlation
Charge Asymmetry

Mass, charge, width

Cross sections

Differential cross sections : :
New physics + electroweak single top production

Prolay K. Mal 7
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Inclusive ¢t production cross-section at Vs=5.02 TeV A
I+jets analysis 2017 dataset
* Exactly 1 lepton (electron or muon) (p; > 20 GeV, |n| < 2.4).
Veto on sub-leading lepton of opposite flavour, p; > 10 GeV. arXiv:2410.21631 [hep-ex] accepted by JHEP
* Atleast 3 jets (p; > 25 GeV, |n| < 2.4). CMS . 302pb~" (5.02 TeV)
‘ ¢ Data _ Wejets E
7001 wm ti m Drell-Yan Pre-fit
* MET > 30 GeV. ‘ W oo
6001‘ . tchanned <% Unc
* Events are further categorized into 8 categories depending %004 e jers
on the number of jets and b-tagged jets, and the lepton 0 ‘
flavour (electron or muon). Among those: g 4001
>
w :
* All are signal-dominated Lt
200 |
* £+ 3j=>2band ¥+ 4j = 2b are purest in signal (89% j
of total MC) ad
o!
* ¢+ 3j1b provide the greatest contribution from and o 1] ,
W+jets backgrounds ( and 18% of total MC) &“ f . * 4 ot oy
~ 1.0 4 SRR RN ‘.,,...‘..: } {. ! Satatotaets
2 ..... ) e f e
g | :
o 0,8" : a
2. 2 & &8 2 2 & &
mw « ®m « @™ =« @ w
» 4 main backgrounds: ( t-channel),
W+jets, (cut in MET > 30GeV to

suppress it, estimated from data) and Drell-Yan.
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Inclusive tf production cross-section at Vs=5.02 TeV.
2

arXiv:2410.21631 [hep-ex] accepted by JHEP wspet
CMS 302 po-t {5.02 Tev)
> Final distributions in 27 bins x 2 (e/u) = 54 bins : - i+ fets, Post it i\ Osa  mem Wajets
median [4R(j,j’)] & MVA score (for 3j1b category) | o | i —r it
> Simultaneous maximum-likelihood fit to extract the 1 T i
cross-sections ol -~

62.5 £ 1.6 (stat) *26_,  (syst) £ 1.2 (lumi) pb
» In combination with the CMS dilepton results
62.3 £ 1.5 (stat) + 2.4 (svst) £ 1.2 (lumi) pb

. 1 ! !
Ccms 18 ; e :
0, summary, (6 « 502 TeV g b 4 bt PPN | |
MMLOWNALL PRL 1§10 (2018 "’”'4’-""""‘""'ES""’{""' .#*...V,. .4.(.,.‘,‘):....,.‘ LR B 2
= 1725 0a¥, # (M) « 0.11810.001 it 2 ¢ ! !
‘“ iy ¥ .s | :
W O vy G2 0 £ (Wel) 2 Qv 83 0A..00.. ‘15 3238 3 9 2 3.9 o 1. 38 3
MVA Score AR pusll I AR puslif'} M-Tc‘.ﬁl'l
CMS, o+jets o 618426436412 a0 CHS. = M LLT
> 184264364
L, » 220 po e+ jets, Postfit + Dsta  Wejets
CMS, pepets . . 120 - tf s Drol-Yan
Lo o+ B36:21:27212pb ¥ib : g W —
CMS, I+jets N Epes [Tver) 625415+25+12pb 190 .t channed “ Une
CMS, oy +28s gy | 420
4P 04 @002, 144, L + 300 5" P PRIInaSTARLIpe i i
CMS, combined HoH 623:15:24+12p0 “
L, = X2 b
ATLAS, (0@, e, o) +45+ s
il R [—— 657445:16412p0
ATLAS, e . .
“”_mwg_ R - 62240929+ 10pb
ATLAS, combined . |- 67540923z 11pb : -
MPHIERIR L e
B POFALHCZT 1 owys 0 8 2024 oot ! I
| NNPOF4.0 tr.c a2 oo 8 g” bod ! ol l:? 4 ' i }
“I MSHT20 £ruc v @oav) 341 5:0(- """""a"l‘?f""'t'"""t i daiates &  SERR Y bt
| 1 L CT18 »90 100 gy sre83 1 o3 i 1 § !
ST T ST T T SIS SR 5Tt it i R o L | SO | NS RIS S Pty
20 40 60 80 ‘m 120 5 ot ae s : 5 ) 1y 2 25 ) L T 15 )
MVA Score AR sl S} ARpudif'} LR wuslil)
Prolay K. Mal
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iection [pb])

- events
(1) -
EoAeL
LHCTopWG
Summary of Vs=13 TeV measurements -
ATLAS+CMS Prefiminary -
LHCIOOWG o, summary, {5 = 13 TeV  November 2023
NALOSNNLL PRL 110 (2013) 252004
T M, 1725 GV, o (M) « 0.118:0.001 ¥ o ey e
e scale © POF @ a, sncaranty 0, % (881 £ (3yst) + flarms)
ATLAS, ' +
.wvcn:n":mu L =Hon’ " 8291213 80
ATLAS, l+jats e 4136
PLD 10 (000) 135797 L".lne' : 80104236214 ¢b
ATLAS, all-jets . p———tp—4 864 + 43 + 126 + 18 pb
JHEP 01 (2021) 032, L_ =361 :
CMS, e ’ s
EPUC 79 (2015) 358, L_ = 355" "H 803+ 2:25220pb
CMS, t+a/p —ea— 14 7+
JHEP 02 (2020 191, L = 3590 : 7 Rram
CMS, lvjets :
JHEP 09 (2017) 051, L_« 221" gm 8881+ 21262200
CMS, all-jots * b 4
cusmsr’go—wou. L ~280" ; er3rnaiam
CMS, lojets i 701+ 1221414
PAD 104 (2021) 062013, L_ = 13re’ m: 9 e PO
POFALHC21 JPrys G 49 (2022) 00201
g NNPDF4.0 EPIC 82 (2022) &28
] “ MSHT20 EPJC &1 (2021) 341
[ CT18 pad s c021) 034013
* Prelimnary
1 l 1.1 1 I | 11 l 1 1 1 l 1 1 1 J | 1 : l Ry 1 l
200 400 600 800 1000 1200 1400
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Summary of Inclusive #f production cross-sectiot

A
&
&

I

1

1

. ATLAS+CMS Preliminary

| . PR l1”l

ITI'II

1 L} T L) 1 L] T T 1 LJ L] T ] T Al Ll 1 L] T 1 1 L] L) T ]

LHCiopWG Aped 2024
B NNLOWNNLL, POFALHC2! (po)
B oL, POFALHC2! (6D

Cazakon, Frodier, Masv, PRL 110 (2013) 252004
My = 1725 GaV, (M} » 0.118 £ 0.001

LHCTopWG

1

Tevatron comb. {1.95 TeV, <881 ") 1)

ATLAS comb, o0, up, o2 lojets (502 TeV, 257 po ) (2)
CMS comb., e, l+jets * (502 TeV, 302 g0 ) [
LHC comb . LHCpWG. ey (7 TeV. 51b ') (4)
LHC comb. LHCApWG, oy (8 TeV. 201 ) (4]
ATLAS, ep (13 TeV, 140 16 ) [5)

CMS, e (13 TeV, 3590 16)

ATLAS, lejets (13 TeV, 1390 ) (7]

CMS, lepets (13 TeV, 137 0 ') [8)

ATLAS, e (13.6 TeV,. 2910 ) [9]

CMS, oo, pp, e, bejots (136 TeV, 120 ) [10]

Ll Brs L ik er ¥ (290 M0
—— 113 " 18 20

| lllllll

1

00 -(IrEp d4e

(s [TeV)

Numerous measurements at different center-of-mass energies
at the LHC along with the Tevatron ones exploring different final states
Precise cross-section measurements are quite crucial
» Scrutinizes the QCD predictions
> Possibility to extract several SM parameters e.g., ot;, My,...
All inclusive cross-section measurements are consistent with the SM

11
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1 W-boson associated single top production at Vvs=13.6 TeVi/

JHEP 01 (2025) 107

\ J
.'\

\/

» Inclusive and differential cross-section measurement using 34.7 fb'! Run Ill dataset (2022)
> Sensitive to V, & b-PDF

» tW@NLO interferes with ttbar which is large

t g t

» ML techniques applied for separation between . LO
tW & ttbar ’
b W~ b W™
- 1803(103 Y : _ 347" (136 TeV)
Basic event Selection g g0l CMS  &W a 83“3 !
F mt ]
. T 140 =
* At least 2 leptons opposite charge and flavour (e*p™) (p; > i3 = ViV E
20 GeV, |n| < 2.4). Leading lepton p, > 25 GeV. B 'Bﬁge‘,’,v;,zmy

* Jets (p;>30GeV, [n]| <2.4).

« m(¥4,%3) >20 GeV.

* Categories depending on the number of jets and b-tagged
jets. Among those, used are 1j1b, 2j1b (SRs) and 2j2b (tt CR)

1.2 .. ; ' ‘ : E
1. 0{ O S o g S L L g L o .‘

.
08*

Data / Pred.

(0, 0) (1, 0) 1,1 2.0 @ 1) (2 2)(z3, >0)
(Number of jets, number of b-tagged jets)
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W-boson associated single top production at Vvs=13.6 TeV?\.',

.

JHEP 01 (2025) 107

8 % 8

o= 82.3 2.1 (stat) *99_g , (syst) + 3.3 (lumi) pb
~13% uncertainty, JES and b-jet identification

—_
o

=

T TR T T T S R I
100— CMS

v ee, en, uu (7 TeV, 4.9 b)), PRL 110 (2013) 022003
Aee, en, up (8 TeV, 12.21b"), PRL 112 (2014) 231802

5.. 3

T T T T T

Pred. /Data (Ve )daid(leading lepton p,) nm

9
2
1 -
0

80 : "'*‘

¢ ey (13 TeV, 138 fb'), JHEP 07 (2023) 046 .

#+jets (13 TeV, 36 fo'), JHEP 11 (2021) 111 L L0 I 0 600
60 o eu (13.6 TeV, 34.7 b)), this result

Differential x-sec compared
with different event generators

347 %' (13,6 TeV)
T T l“.

40

Y Y Y 4 T

cms A

Inclusive tW cross section (pb)

llLlllLlllllllL

20
B aNNLOWaN'LL, POF4LHC21 (pp), JHEP 05 (2021) 278
My, = 1725 GaV, (M) = 0.118 £ 0.001
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? CMS //*\'

5 | 2 f El k ' 3

| Summary of Electroweak Top Production \...,

Single top-quark production via electroweak interaction, involving a Witb vertex

f-channel Wt channel s-channel
q' q 8] 4 ¢
% & % D
b t
a . 2] a t N
LHC Top Working Group i , )
& [ ATLas:cus protminary e B Direct determination of the
5 g erpee CKM Matrix element (| Vy|)
3 = zr‘?ommy Quark production = e
3 o sus e e | <> Background process for
tnO?r OLHCo:-e,-.A.-. - .
$f om i {1» T oo N Higgs and BSM searches
g e i 1 <> Major probe in BSM physics
B3 bt = scenarios
h {ﬂ" B <> Precision calculations
10 f L e o available at NLO QCD, NNLO
: ! L ) ] N3LL resummation
5 7 8 13 136
V5 [TeV] 14
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= 4 Simultaneous measurement of ttZ, tZW and tZq //:\

JHEP 02 (2025) 177 \.,,

g t b W~ q q’
g t g t b t
Signal region with three leptons (e or u), >2 jets, >1 b-tagged jet

is estimated from data, WZ and other smaller backgrounds from simulation

Neural network (multi-class classifier) to disentangle different signals and backgrounds

3 output nodes for ttZ+tWZ, tZq, and background (maximum-score splitting to build fit categories)

CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV) CMS 138 fb' (13 TeV)

~ E N~ F N~ 700
. E ¢ Data . 600 ¢ Data s C ¢ Data
S 450F . . E . . F N ;

E N tZgq twz iz o X o C N tZq twz 27 X o C N tZq twWz iz o fiX
; 400 Nonprompt [ Multiboson [ WZ Vy ; r Nonprompt [ Multiboson [l WZ Vy ; 6001— Nonprompt [ Multiboson [l WZ Vy
€ = VZZ777} Une. © 500— V/7777} Une. € C V7777} Une.
D 350 ) e @ 5001
G i P @

E + 400— E

2 ' 300~ =

n
o
S

o
S

- o o

- o o

- 0 o
T

. ) L)

° ®

(4

Data/Pred
o
o
T
Data/Pred.
o
(&)
T
Data/Pred
o
o

04 05 06 07 08 09 1 04 05 06 07 08 08 1 04 05 06 07 08 08 1
ttZ+tWZ output node (max. score) tZq output node (max. score) Background output node (max. score)
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Simultaneous measurement of ttZ, tZW and tZq

JHEP 02 (2025) 177

Simultaneous fit to 3 max-score output nodes in SR and number of jets / b jets in two extra regions
- 4 leptons (ttZ enriched), and no b jets (WZ enriched)

cMS 138 b (13 TeV)

_.
:h :
I

Profiled likelihood-ratio scan for 67, 1wz and oz

—

W
N
o

2

—
(™)

Limited by statistics, main syst. uncertainties on background modelling
and b tagging

—_
—

—

Inclusive cross sections measured to be:

o
©

o
®

o= Best fit

=— 68% CL -

=== 95% CL 15
¢ sm :

ttthWZ cross section ratio to the SM
g

Gz = 0.81£0.10 pb

o
)

06 07 08 09 1 1.1 12 1.3 14
tZq cross section ratio to the SM

Fixing the ttZ (tWZ) and tZq processes to the SM prediction consistent with SM for tZq, v—/
yields a tWZ (ttZ) cross section consistent with previous slight excess for ttZ+tWZ
measurements

Compatible with the previous measurements
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T - L] [ ]
{ | Summary of Vector boson associated fZproduction
s
LHC Top Working Group
I a, =0752008(scale) s 001PDFd  : qp =088 15(scae)+002PORIES I a e =098 £ 0,1000¢) pb
ATLAS+CMS Preliminary § r:u 131 {2023) 231001 § F:‘l.(. 80 (2020) 428 : N:::ff-n;r.f- AMCENLO
LHCtopWG 3 NNLO(QCDMNLO(EW) Z NLO(QCD+EW)SNNLL I moaco
fs=13TeV D0, *3=0M0 M3 I qy . x20=0038Fauet)pb x 20 I 0y x5=01520030L)pb x5 3;-§ o, =077 + 0.140%¢) pb
" § ModGraphs_aMCE&NLO § JHEP 10 (2018) 158 E MadGraph_aMCENLO E MacGeaphs_aMCENLO
April 2024 I NLOQCD I moaco : NLOQCD 2 moaco
Opuns * (Stat.) = (syst.) m‘: as N " 4
0.88 = 0.05 = 0.07 pb . I ATLAS, L_= 140 b
tM - arXiv 2401 05209
0.87 = 0.04 = 0.05 pb S [— A ho ION
0.86 = 0.04 = 0.04 pb Pelmpaming ATLAS, L_= 140 1"
ﬁ‘z . X212 04450
0.95  0.05 = 0.06 pb oo —— CMS, L =775
— JHEP 03 {2020) 058
. CMS, L_=1381"
t&.’,th 1.14 = 0;05 - 0.04 w E Y CPJS-PA;'OP-;’} day
- ATLAS, L_=1401", Vis 1
tﬁ prod. I+jets & dilepton 0.322 + 0.005 £ 0.015pb x 3 : i i ;)452
+0.0026 . ATLAS, L =139, Vis 2
thy +HtWy en 00000 200000 - as0e PD X 20 .-?.-._' JHEP 09 (2020) 049
: : CMS, L =138, Vis3
ﬁ‘f dilepton 0.175 £ 0.003 + 0.006 pb x 5 : i P 08 (222 008
T REI = EA A
thy tjets 0.798 = 0.007 = 0.048 pb ——ip ?::3.1 t"f.:sf e'cb ,Vis 4
3 “9eh) 199 ‘probmeary
1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 ] 1 l 1 1 1 l 1 1 1

0 0.2 04 0.6 1 1.2 14 1.6
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CMS/ | . & "*\\
= 4-top production :‘ )

same-sign 2€ channel 3¢ channel 4¢ channel

>2j, >1b, Hy>200 GeV >2j, >1b, Hy>200 GeV >2j. >1b

>4j, >2b,
Hy >280 GeV
CR-20-45)2b CR-20-23j1b CR-36-2j1b "R-30-Z CR-4(-Z
- +3.7 +2.3
Measured 6=17.7*37 5 ; (stat) **>_; 4 (syst) fb PLB 847 (2023) 138290
138 1" (13 TeV) \ 138 % (13 TeV) ” 138 87 (13 TeV)
cms com m t [cms sou mit £ 0l CMS Vo W
i W iz Wiw iz 5= o =
SR-2/, up L0 [ Nongromex 53 300 SR/ i W Norgrempt T} SR.4f
tX class WY WXy 4 1tX class WiV By o 1tX class W Other t
Postin Ohert  Total une E Postit Cthett  Totw une |~ Postfe Yotal unc
‘g :g 40+
200 (7}
2 & {
I8
100 201

. ‘g 0 1 1
a5 ¥
. . * * ‘:'\ |~ 1
$ % . ' ‘ ; % 05 —1 . '
04 06 08 1 O 0 02 04 06 08 1 a o0 02 04 06 08 1

E
% BDT score ttX BDT score ttX BDT score ttxlg
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4-top production

CMS Experiment at the LHC, CERN
Data recorded: 2018-Sep-07 02:15:53. 332_4086MT]
Run / Event / LS: 322356 / 15315902517&—— =

Prolay K. Mal
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Summary of 4-top production

ner-=y»

LHC Top Working Group
ATLAS and CMS observe |
simultaneous production of four top ﬁfa&&f’-ﬁf”s Preliminary (s = 13 TeV, November 2023
quarks

The ATLAS and CMS collaborations have both observed the simultaneous production

of four top quarks, a rare phenomenon that could hold the key to physics beyond the x V54 €9
Standard Model NLOQCD-EW) NLO(QOCD+EW)eNLL

1

! o, =120 (scale) b Bl o, = 134"} (scale+PDF) fo +——o—ci—
: ' tot. stat

AIENCLIAT,' | Ry Dinene ATLAS, 1L2L0S, 139" e p
I 5‘ . 0 ————— 26 (48" b 190
B
ATgAs. f:ombf.'lASQ fb 247 (:4 9 b 470
X J ‘all- 1 : E 0
cr‘s_.lj.L?Los‘,‘a_n h'ad. 38 fo [T T wora
CMS, comb., 138 1b” :
8 R4l % ran P 1745 (14 £3) fb 40 ¢
FATLAS iy ' T T
ATLAS, 2LSS/3L, 140 b : S
: o) 404 § e 2255 (3w 6o

Observation significance ous assa s’ | S
BCMS :5.60 | 1. 5 ™
HATLAS: 6.10 SR w0
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? Top quark mass from 77 events
QY e g
Many experimental methods to extract the top o
quark mass using different decay modes PRL 132 (2024) 261902

Significant improvements in terms of better

calibrations, theoretical modelling, advanced ATLAS+CNIS 7RI
techniques e é\tg%ﬁﬁggtggt?; e stat

CMS results

< Relative uncertainty (dmy,,/my,,): 0.2%

Latest Run 1 combination with 6 ATLAS & 9

<> Limited by the b-jet energy scale

Consistent between ATLAS and CMS

[T 17 | T
175 ATLAS+CMS

Simultaneous

5277
W 7%

SNNNNNNNNNNNNNN

m10MS [GeV]

N,

(s=7,8TeV "

s
Y
Z
7
Z
r combination 2
- WeswcL Z
1741 7
L | 95%CL 7
| LHCtopwG 7z
1 73 7//////////////////////

IS,

Lz,

L0004 0000000000
PPN

722z

|||||||||||F

772

NN
NN

total uncertain

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

A

iz
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B ';3’5/;//2///?5/// %%’f ATLAS 7

171~ 7577 % cws ]
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Jhp 8 TeV

combined

secondary vertex 8 TeV

ATLAS+CMS LHCIopWG

m, = total (+ stat = syst) [GeV]

173.79 = 1.42
172.33+1.28
175.06 = 1.82
172.99+ 0.84
172.08 = 0.91
173.72+1.15

172.50 = 1.58
173.49 = 1.06
173.49 = 1.41
172.22+ 0.95

172.32+ 0.62
172.95+1.20
173.50 = 3.14
173.68+1.12

T T T T T

+ 0.54 +1.31)
+ 0.75+ 1.04)
+1.35+1.21

)
0.41x 0.74)
0.39: 0.82)

+ 0.55+ 1.02)
172.71+ 0.48 (+ 0.25 = 0.41)

(= 0.43+ 1.52)
(+=0.43+0.97)
(+0.69+ 1.23)
(= 0.18+0.94)
172.35+0.48 (= )
@ )
@
¢
@

0.16+ 0.45

+ 0.25x 0.57
+ 0.77 + 0.93)
+ 3.00+ 0.94)
+0.20+ 1.11)
172.52 + 0.42 (= 0.14 + 0.39)

dilepton 172.30 + 0.59 (x 0.29 = 0.51)
lepton+jets 172.45+ 0.36 (= 0.17 = 0.32)
all-jets 172.60 + 0.45 (= 0.26 = 0.36)
other 173.53= 0.77 (+ 0.43 + 0.64)
combined 172.52 = 0.33 (= 0.14 = 0.30)
I B R o
165 170 175 180
m, [GeV]

Myop=172.52 * 0.14 (stat) £ 0.30 (syst) GeV
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What’s next on

LHC Top Working Group .
ATLAS+CMS Preliminary My SUMMAary, 13 = 1.96-13 TeV  Apel 2024
LHCOpWG
LHC comb. (Feb 2024), 748 TeV uaewa (1) [rm————
= “‘MWM il st
Wotal encartanty A otad s & gt < “
|_——tHC comb. (Feb 2024), 748 TeV 17292 = 0.33 (0.14 = 0.3% e
—_| World comb, (Mar 2014), 1.9+7 TeV 17334 = 0.76 (0.36 : 0.67) A Th > °
A Sty 2N I NSt 8w |
ATLAS, cdlepton, 7 TeV 1737921420582 131) TN
ATLAS, all jots, 7 TeV Pt 1759218 (14212 “we' M
ATLAS, cilapton, 8 TeV T2 10M DA 074 838" 5
ATLAS, all jecs, 8 TeV 737221550055 2 1.0Q) ;
ATLAS, l+jots, 8 TeV 7208105100082
ATLAS comb. (Feb 2024) 7+8 TeV 172.71 = .48 (024 : 0.41)
ATLAS, leptonic inv. mass, 13 TeV 174412080 (030 2 0€6 2 02%) )
ATLAS, dlapton ("), 13 TeV 172212 080 (030 1 067 2 039)
CMS, I+jats, 7 TeV 175492107 0 &) £ 098
CMS, ddepton, 7 TeV 12521604218 a9u 11
CMS, all jots, 7 TaV 1A= 13808 L1 2 150" |12
CMS, l+jats, 8 TeV 172351051016 2 048 ?
CMS, cilapton, 8 TeV 7222 L0800
CMS, all jots 8 TeV 172322084 0252 0.50) :
CMS, single 1op, & TeV 2952122077 D0 yTR N
CMS comb. (Feb 2024), 7+8 TeV 172.52 £ 042 (014 = 0.39)
CMS, all js, 13 TeV MmueNEeN TN °
CMS, cilepton, 13 TeV 12332000142 0.68)
CMS, lvjets, 13 TeV M on :
CMS, single top, 13 TeV 2is 77 a2 T s e e
CMS, boosted, 13 TeV 17306 2 084 0 24) :
* Profiminary
| | 1 1 1 1 1 | ! l | 1 l 1 | i l
165 170 175 180 185
m,, [GeV] e
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Results from Tevatron and LHC
experiments are combined
together — World Combination,

2014

Reached a precision of 0.33
GeV (<0.2%) LHC Run I
combination

Precision is limited by the
understanding of hadronization
modeling, color reconnection,
Jet Energy Scale correction....

Usage of experimentally clear
observables avoiding jets

— charged track & leptons

— Vertex-lepton invariant mass

— Using Charm mesons

Top quark ‘pole’ mass?
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Summary on m,role

» Extraction of top quark pole mass (m°!¢) from inclusive production cross-section (o)

* oycan be calculated theoretically at NNLO for different values of mpole

— Acceptance also depends on mole
— Fixed value of o
e Overall precision ~1%

ATLAS+CMS Preliminary from cross-section measurements November 2023
LHCIopWG T

satal stat m, T %00 (atal t ayet 2 heo| O] ’Ld Aot
o{ti) inclusive, NNLO+NNLL
ATLAS, 748 ToV e 1729 3¢ T
CMS, 748 ToV ey 1738 4 wre' @
CMS, 13 TeV P 1699 5701415 75 wan' ol
ATLAS, 13 TV — 1T Miw' W
LHC comb., 7+8 TeV pme—y 1734 33

ofti+1]) ditferential, NLO

ATLAS, 7 TeV H—e—id IT37 37 (15214 %5 wn'
ATLAS, 8 ToV [u— 1710 V704209 %0 man
CMS. 13 TeV —— 1721 75 (0.3 30 3
oftl) n-differential, NLO
ATLAS, ne1, 8 TeV b——— 1732416(09£0841.2) sozn' ™
CMS, ne3, 13 TV -t 1705 4 0.8 wan' i
m,, from lop quark decay

CMS, 748 ToV como_ [19] il g amdmdae

ATLAS, 748 TaVcomp. |12} 0 APUC IS 00N S N e

156 160 165 170 175 180 185 190
m,, (GeV]
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G, [PD]

—r—r—r——r—r—r—r—T—r—r—r—r—
350 ATLAS+CMS — ATLAS+CMS
B LHCIOPpWG

N B CT14
=== MMHT14
NNPDF3.1_a

A

165 170 175 180 185
m™ [GeV]
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Spin Correlation, polarization and Entanglement in i g

\ NISER 4

<> Top-pairs at the LHC are unpolarized, but their
spins are strongly correlated

nrer-=y

<> Spin information is passed through the W-decay
products (lepton or d-quark)

1/2 1/2

& » » \
b " —~ ~' - >
(fl_/“’ QO | ] 4

| 4
entangled state e.g.: |¥) = %( 4 =1 T>)

probe polarization and in
angular distribution of decay products:

1 do . .
29 (14+Bt it 4B —
Saaaa (1t i )

sufficient condition for entanglement: tr[C] < —1

AN

0.8

y 3% in COM frame

' rel. t velocit

:@0 02 04 06 08 1

t prod. angle |cos 0| w.r.t. beam axis

can be probed in single distribution:
1 do 1 (1 N tr[C]

my

2 100550 (220z) 90T a¥d “'|e 1@ apnoy 'y
|
o
B
pajSuejud aiow <= 32uUldLINJU0I I13YS1Y

;dcosgo 2

cos cp) , with cos ¢ = A

Many new physics models modify the polarization and spin correlation of top quarks
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Nature 633 (2024) 542
arXiv:2311.07288 [hep-ex]

=le, =1y, >2j, >1b

e
60000IATLAs ¢ Data
\s=13Tev, 140" @ Pow*Py (hva)
N - Pow+H7 (hvq)
C I Background ]
C Total uncertainty
40000 o Y 3
30000f
200005
10000~ .
) e e W U P B P D P
E T T T T T T T T T
T 1.2
9 1
208
8 1208060402 0 020406 08 1

Detector-level cos ¢

340 < myz < 380 GeV

36.3fb~' (13 TeV
c,,eooooic‘lv‘ls‘_‘“HH‘HH‘HH‘(HH)
P L0 tiv B 1, dileptonic B ff dileptonic
~ 500000~ 1 Diboson = tw Stat @ Syst
g [ 3 ttother Bl Z+jets ¢ Data
] r
(1 40000 post-fit
L 345 <ml(tt) < 400
30000 5 (1) < 0.9
20000}

Rep. Prog. Phys 87 (2024) 117801

arXiv:2406.03976 [hep-ex]

—=2¢, >2j, >1b

L PHePsa o

E //%////////////////Z 7 7
—

% om0 0% 0e io

cos
345 < myiz < 400 GeV
B,(tt) < 0.9

Events / Bin width [GeV™]

Spin Correlation, polarization and Entanglement in tf{?‘"/

™
Sy
\\_\':t:ll./,

e

.
T

PRD 110 (2024) 112016
arXiv:2409.11067 [hep-ex]

—=1¢, >4j, >1b

138 fb™ (13 TeV)

CMS 2bs,, ! Data -tf correct
. [ tt incorrect tt nonreco.
10 [l tt non e/u+jets | Single t
0 Multijet+EW Uncertainty
3 -
10 2b, high NN score
10
10
1
5 R
0.8 i
0.6
500 1000 1500 2000 2500

m(tt) [GeV]

tt reconstruction with NN
both low and high my;

Kinematic distributions are match quite well with data
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S
o4 ATLAS Son
| /5=13TeV, 140 1b'
-02
&
o = A T Q.
% o —— Nature 633 (2024) 542
¢ | arXiv:2311.07288 [hep-ex]
¢ 04 m - Lmupm-m-;?)-
~==s Limit (Powhog « Pythiall)
| ? s Theory Uncartainty
0.5} @ Data -
| ’ @ FPowheg « Pyhall (hva)
. Bl Powheg * Herwig? () |
O <380 300<my <500 > 500
Parsce-level irvarianm Mass Range (GeV)
__ ,,CMs 138 o' (13 TeV)
x [ Data
O LL stat, total unc.
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= o F - Powtiegit] e :
o 18 MG5+P8 PRD 110 (2024) 112016
c - H
O [ MNNLO+PE  4rxiv:2409.11067 [hep-ex]
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o 5 [ R, (S
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- 1 Separable states |
. m(tf) > 800 GeV
m(tf) < 400 GeV fc(’):( i
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Spin Correlation, polarization and Entanglementin 77
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CMS

|
/8 POWHEGY2 + HERWIG+++7, /
W/l MG5_aMCANLO(FxFx) + PYTHIAS + 1, /
/" POWHEGY2 + PYTHIAS + 1, /

36.3 fb-! (13 TeV)
T ! R ITR

/'l MC Stat.

/11! MC Stat. ® Syst.

— Entanglement boundary N G

k4 Data extr. with PH+P8 m((t) <400 GeV
3.(tt) < 0.9

i Data extr. with PH+P8+1),

Rep. Prog. Phys 87

i ‘ (2024) 117801

arXiv:2406.03976

0491388 ——o—s L

|
I g
-0.480°3928 e - ®
i g | | | |
060 -055 -050 -045 -040 -0.35 -gso

<> Entanglement of ttbar system
have been observed by the ATLAS
& CMS with >50 significance

Prolay K. Mal 29



nrer-=y

e Quantum Entanglement in f¢ system

arXiv:2311.07288, 2406.03976 , Submitted to
Reports on Progress in Physics CMS-TOP-23-007

% TOW NUCLEAR BISEARCH TN

Accepted by Nature

EUNOPTAN ORCOAASATON FOM NUCLEAN BE S ANOH
G = DRAFT
‘_\.'. ) ' | CMS Prysics Aralysis
ATLAS

v e

Summasy

Observation of quantum entanglement In top-quark
pairs using the ATLAS detector

e ATLAS Collan

ey o=~}

Prpsiciata confum QuUantum entangiement
persisls Detwoer 2P guarks, he heavies!
nown fundamental particies

Scientists measure
entanglement at

. Rz paw; o
—— — - - : o - 3 "
: o *}3 he LHC
Large Hadron Collider turned into ; 5. £ 23 :
world s biggest quastum experiment ’ ‘J." Ty =4 4
-1 A (

NI E - (0D CERNCOURIER  txrmesm

P Ty Cumty s W buwe Mgt

Highes energy odmarsation of Guasium
rlangierren!

Courtesy: D. Dobur, ICHEP2024
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<> During the LHC era, the top quark properties are being measured with
unprecedented precision

<> Both ATLAS and CMS have completed the Run | & Il legacy papers

<> Some key measurements have been performed with the full Run
dataset

: 5. ALl b

i\ " [ Jfs

N .S
N
s

Summary & Conclusions

ey
.~,/
e} z
B2 aa

<> Measurement of various properties of top quark are providing crucial
tests on the SM itself while probing the BSM physics; no excess observed
over the SM predictions.

<> Some of the limiting systematics affecting these measurements are
related to

< ttbar modeling (top mass, ttbar scale, ttbar matching scale)

<> Experimental uncertainties related to the jets (Jet Energy Scale, Jet
Energy Resolution), W+jets and QCD background determination
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@ LHC Outlook (Run 3 & beyond)

e == o < LHCRun 3 atVs=13.6 TeV began in 2022; Top properties
CMS - (131 e |
= min e | from the full Run 3 dataset are yet to be explored
=T | < New Physics discovery may be at the door-step and top

o quark properties would play the key role; In addition, we
would also be able to probe tiny SM predictions

<> Many more upgrades with the LHC and the detectors are
scheduled for next two decades. Improved analyses

0 techniques would be refined further

Recorded luminasay (b 1.0}
-

0 * > & - N

High
LHC / HL-LHC Plan Luminosity
LHC
[ ] 2021 2022 202 2024 2025
I FMAM 5 S ASONDE ) FMAM 3 Sono] ) FMAM ) N SIOND ) F M ) DIASOND D FMaM ¥ S ASOl ONCL ) FMAM ) ) A S : ‘ N PN ) T AS NG

0 | g st 159

PoL el LN TTTTTITTTTT BRI RRERARNA LS
2030 2031 2032 203 2034 | 2035
) G I INON ""“!".’."1 613 FMAM 3| NSO 3 AN I .- 3 PN 5 T ASONCE ) PMAM 3 A0

= . il

e | Run4 LS4
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