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The top quark

Three generations
of matter (fermions)
| I [l

mass |24 mevier [l [1.27 Gevic: il (1712 Gevic:|

@ The top quark was discovered by e lze 14t
CDF and DO in 1995, almost 30 years ago vame|_wp | enam J| wp
PRL74 2626-2631 (1995); roveve | flormeve | [ezcover
PRL74 2632-2637 (1995). <xd 7S |ib
8 down strange bottom
@ Properties: zeve | (i (s e
@ belongs to 3™ generation of quarks ":an Va}:ﬂg v:VI o ceve:
@ the top quark is the weak-isospin feutino 7 |_neutio 7 | neuto °H°
partner Of the b-quark . -;umw(' 1‘015.1M¢v/<1 :A]nwev/c' :;\1%3‘
© spin=1/2 1A [ [

@ charge = +2/3 |¢|
@ heaviest known fundamental fermion
(my = 173.34 + 0.76 GeV, World comb.(2014), arXiv:1403.4427)
@ dominant decay mode: t — bW
BR(t — sW) <0.18%, BR(t — dW) <0.02%

® M =1.42 GeV (including mp, My, as, EW corrections)
® 7=(3.297%%9) x10~5s (DO, PRD 85 091104, 2012)
< Aggp ~(100 MeV)~" ~ 10~23s (hadronization time)
= top decays before hadronization takes place
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tt production at the LHC

@ Production at the LHC:
g t  swooe—t 9 t

g t 9 ooy ——— ¢ g t
o(f)=177.3£9.9748 pb @ 7 Tev, o(11)=252.9411.775% pb @ 8 Tev,
o (f1)=83214% pb @ 13 TeV, o (11)=924732 pb @ 13.6 TeV

NNLO+NNLL, m; =172.5 GeV PLB 710 612 (2012), PRL 109 132001(2012),
JHEP 1212 054(2012), JHEP 1301 080(2013), PRL110 252004 (2013).

e Lepton+1ets (~ 30%):

Top pair decay channels  Top pair branching fractions = ,,u )
All jets 44% b
8 |8 ¥
i3 & _ﬂ all-hadronic | A o\ N\ AEATTT ¥
19 |+ -
E-AR=] =] -
k=] E g 8 T+ets 15% .
IS5 [ :
|4 ‘]
I H T 1%
- EWRED o 2% = D|Iepton (~ 5%)
5 | muondets e 2% (Z — et " )
‘v electronHets e utjets 15% ’ 4p
S S| - -
o@@ e'|u| T ud ‘ cs exjets 15%




tt production @ the LHC and Tevatron

Cross-Section Measurements up to 13.6 TeV
5" New ATLAS+CMS Results (April 2024)

CMS, Hjets (13 TeV, 137 fb™) [8]
ATLAS, ep (13.6 TeV, 29 fb”) [9]
CMS, ee, y, ey, I+jets (13.6 TeV.
] PRD 89 (2014) 072001  [6] EPIC 79 (201
[2] JHEP 06 (20:
3] Cn

= B e e e e e B S e s s s S ey s s |
2 103 |~ ATLAS+CMS Preliminary
= E  LHCtopwG April 2024 3
g - NNLO+NNLL, PDFALHC21 (pp) 1
8 - BB NNLO*NNLL, PDFALHC21 (pP) B
n [~ Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
@ | My = 1725 GeV, a,(M,) = 0.118 + 0.001 i
o Y  Tevatron comb. (1.96 TeV, <8.8 fb™) [1]

, o » & ATLAS comb., ee, y, e, Hets (5.02 TeV, 257 pb™) [2]
£ 10°— 4 CMS comb., ey, I+jets * (5.02 TeV, 302 pb™) [3] -
() C ¥ LHC comb., LHCtopWG, ept (7 TeV, 5 fb™) [4] ]
= = A LHC comb., LHCtopWG, ey (8 TeV, 20 b™) [4] —
g - B ATLAS, ep (13 TeV, 140 fb) [5] T
= - A CMS, ep (13 TeV, 35.9 fb”) [6] T
8 [0 ATLAS, I+jets (13 TeV, 139 fb) 7]
= A

[ J
L]

10

£l
o
L1l

[10] JHEP 08 - * Preliminary
P

— T T

I

Ratio to
Prediction

o

>

=
o
[T

IS
)
©
=
1S
e
N
I
i

Vs [TeV]

LHC Physics Course, 19 Marc



t Production @ the LHC

Single top quark production @ LHC

ATLAS+CMS Preliminary lchannel b

I LHGopw ATLAS sxvzstonsts.prosoore i, Epucrraot s, axaiosazis
[T ———

I Single top-quark production !{ LHC comb. sierosizsraoss

April 2024

o
~

ATLAS pLsris orase, HEPor01s064, HEROtz0iaDsa
CMS PL110(201902200,PL1 1202014129802 JHEPO7 2023046, CHS-PASTOP 2308
! i LHC comb. eposaorsioss —
i - -} s-channel ]
3 B ATLAS rrsscormze mesosezy o 7
© CMS sepoacasiooer ) b
tw 5

+  LHC comb. seros(aoisies.

t-channel

N

02

t-channel s-channel

|
Inclusive gross-section [pb]

{ NNLO MCFM, JHEP 02 (2021) 040

21
scale® PDF @ a, uncertainty, m, =172.5 GeV

PDFALHC; N
b Wb woo | HE ]
1 - - - aNNLO +aN°LL JHEPO5 (2021)278
b PDF4LHC21
. W: f contribution removed
10 - scale® PDF®a, uncertainty, m, =172.5 GeV
¢ g t s-channel - - - NLO NPPS205(2010) 10, CPC191(2015) 74
g

CT10nlo, MSTW2008nlo, NNPDF2.3nlo

L -l i 1‘ :ca\:@':DFeu, uncertainty, mmp:1 72.5 GeV B
Wt associated production . L
5 7 8 13 136

Vs [TeV]
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Global Fits of Data

Why is it necessary a precise

model-independent measurement of the Wtb
vertex structure?

@ It may reveal physics beyond the Standard Model
e Vj could be different from the Standard Model value
e Anomalous couplings may appear at the vertex
@ It may help understand possible other new physics beyond the
Standard Model
o top quarks decay almost exclusively to t — Wb
e understanding the structure of the Wtb vertex helps
revealling possible non-standard ¢t production at LHC,
Ztt/~tt couplings at ILC, etc.

e important for B and K physics (indirect limits on anomalous
couplings, see later)
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Global Fits of Data

Main objective: perform a global fit of data @ LHC on top
quark Anomalous/SMEFT Couplings in t — Wb decays

Several processes under study to

probe the Wib vertex!: t
@ Top quark pair production (tt) < »
(i) semileptonic channel ! T D

(ii) dileptonic decays N\,
@ single top quark physics
() t-channel (single lepton)
(i) Wt-channel (dilep. decay)
@ SMEFT/Anomalous coupling =
studied associated

to the Wib vertex

1JHEP1206(2012)088, EPJC77(2017)264, JHEP04(2017)124, JHEP04(2016)023, JHEP12(2017)017,
PLB717(2012)330, PRD90(2014)112006, PLB716(2012)142, PLB756(2016)228, EPJC77(2017)531,
JHEP01(2016)064, JHEP04(2017)086, JHEP01(2018)63, EPJC78(2018)186
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Global Fits of Data

General Wtb vertex Eur. Phys J C50 (2007) 519-533

m g,

9 = -_ 9
L = ——=2b VPL + WPR)t W, Ipl
\@’Y(LL RPR) T3 My

vector (V&) and tensor like couplings (g1, gr) zero @ tree level in SM
I=5° SMEFT parameters: anomalous couplings described by effective operators
Ouw,Oaw s (9553 and Og,q i.€., constraints on anomalous couplings equivalent to
constraints on SMEFT parameters (a more integrating framework) [arXiv:1802.07237]

(9LPL +grPR) W,

Fits
PRD 97 (2018) 1, 013007 (TopFit), arXiv:1811.02492  (Combine Individual Measurements) Using:
o B = | mmr e ¢ B
95% C.L. Limits — 08— 95% C.L. Limits 2
ool S =i + Standara Mocel ; %-
L 06—
“t N » o, Whel,
Szl = A @
Cans ool
E £ 7,813 TeV
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Global Fits of Data

How do we probe these SMEFT/Anomalous Couplings?
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Global Fits of Data

How do we probe these SMEFT/Anomalous Couplings?

by measuring observables that depend on them!
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Global Fits of Data (tt production @ the LHC)

= Example of Decay Observable: cos 8} [Fg, Fi, FR]

) o Vit migesav s
= / Fo=l /T
§ < \
-2 b T "=\
t——— W —— ) Arp
+1/ = 7

+1 /2 +1 /2

0 =m—9 A, - A
(] tb
/ “ g i
<
+1/2 v B cos*,
1 4N 3 sing; \? 1—cos6;\? 1+ cos 6} \?
Ndcosoz_2[ﬁ’<\/2)+ﬁ( 2 )+F"( 2 >

b
EPJC77(2017)264
= T T T T T T T
© 7000 £ ATLAS — Best Fit
S‘ E Leptonic analyser I Background
FO FL FR 5 6000 JL at=202", /5=8Tev + Data
W Longitudinal W Left-Handed W Right-Handed § 5000 etjets (>2 b-tags) +jets (2 2 b-tags)
fraction fraction fraction w

FM = 0.687 & 0.005
FM =0.311 + 0.005
FM = 0.0017 + 0.0001

=
@ NNLO QCD calculation, PRD81(2010)111503 E
(Fo+F+FR=1) e

YL YT YT FATL YO YA AR O




Global Fits of Data (t Production @ the LHC)

Single top quark production @ LHC

New Reference System

(t spin direction)

1 dr 3
=21 +cosy N FPN +

f T,N
t-channel deost; 8

g(l —cos MY FTN 4

)

En.nssf ATLAS Internal 3
T sl Ts=14Tev . 9 ;TN TN
£ oos
t quark decays Soo| Z sin’ 9@ » FO s
+ 2 oo~
! Bl
wr omftea
t A ooe

cos(0)
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Global Fits of Data

Angular Distributions and Helicity Fractions (Fi):

i

Mg,
* m * *

— 4z, Re [V VS + grg%) — ZM—:VRe [Vigh + Vagi) (1 - 2%)

Ao= VLl + [Val] (1= aiy) + [lozl® + l9=l*] (1 - =iy)

715,)
my

+ 221{7 Re [Vig; + Vagrl (1+ I%V) )
Mw

mi me * *
A= V% Vel = IVal] = [lge* = lgal*] = szch [Vigk — Vrerl

+ 2Mﬂsze Vogh — Vaghl ,
w
By = [|VLI*+ [V’ (1 —23) +

2
i

T2 ol +lanl") (1= 53)

™
* * e . * 2
- — 9™ Re [Vigh+ Vags] (1 — -
4zy Re [VLV + grg%] 2MW [Vigi + Vagil (1 —2) oy rald (A() + B,
V=

+ zﬂwzbm (Vagi + Vaghl (1 +45) , 2

M,

Single top quark Cross Sections:

a:aSM(VernVR V2 4+ Ui VLVR+I€QLQE+RQRQ§+HQLQRQLQR+...)
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Global Fits of Data

Ready to Perform the Global Fit with Experimental Datal!
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Global Fits of Data

stematics (JES,JER,Lumi,Xsec):

All Systematics

Angular Distributions Fits with

i) - b
g 4 —— Nominal hd
& A ) Systematic uncertainty‘ ’
#* - - -
- mmm =
105 4
I+jets
(tt)
Iiet I+jets
10° 4 +jets o j
; l+jets (t-chan) 2l+jets
(Wt-chan) (t)
(t-chan)
€0s 6y €os By cos Oy cos 6] cos 6;' €os 6y
tt L + jets t—ch. £+ jets Wt—ch. I +jets t—ch. f + jets t—ch. [+ jets tt dilep.
100% 4
0%




Global Fits of Data

- -0.001 0.002

-0.688 MUEELY

1=z Observables Correlations

Correlations for Global Fit

Observable Correlations in Global Fit 100

0.0034

0.75

--0.25
0.002

0.334 - —0.50

0.002

-0.001 -075

BT o om AL AL

Correlations for Individual Fits

Observale Correlatons in Incvidual it




Global Fits of Data

1=z Couplings Correlations (after fits, complex couplings)

Correlations for Global Fit ‘ Correlations for Individual F

Global Fits with W helicities, Cross-sections and Asymmetries

1.0 1.0
-0.00
0.8 0.8
-06
-0.6
-04
-04
-02
-0.2
0.0
0.0
-02
Re VR Re gl Re gR Im VR Im gL Im gR Re VR Re gL Re gR Im VR Im gL Im gR
m] =2 = = 19/31
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Global Fits of Data

1=z Couplings Correlations (after fits, real couplings)

Correlations for Global Fit Correlations for Individual Fits

Global Fits with W helicities, Cross-sections and Asymmetries Individual Fits with W helicities, Cross-sections and Asymmetries

1.0 1.0
08 0.8
-06
0.6
-04
0.4
-02
-02
-0.0
0.0
-02
-02
Re VR Re gL Re gR Re VR Regl Re gR
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Global Fits of Data

1=z Couplings Results (complex couplings)

Couplings Fit Results

0.2
L W and A fits (V =1 W and A fits (V =1
ﬂ”?Re i} Coupiings ((glbbal fit, ull correlations, V, scan) ﬂ(he 1} Coupiings ((glbbal fit, ull correlations, V, scan)
[ =3 {Re.Im} Couplings (global fit, full correlations) =3 {Re,Im} Couplings (global fit, full correlations)
1{Re, 0} Couplings (global ft, ull correlations) 3{Re, 0} Couplings (global fit, ull correlations)
W {Re.Im) Couplings (indiv. comb. fit, no correlations) W {Re.Im) Couplings (indiv. comb. fit, no correlations)
[ I {Re, 0} Couplings (indiv. comb. fi, no correlations) I {Re, 0} Couplings (indiv. comb. fit, no correlations)
0.1—
& L
S0.05-
o |-
o
r -0.1
s EFit
= 95% C.L. Limits -0. 95% C.L. Limits
P PSRN Y FUTY SN ST FTE R R Y S RN B U PR PR T R
-0.25 -0.2 -0.15 -0.1 —O.OSH 0 005 0.1 0.15 0.2 0.25 % -03 -02 -0.1 0 01 02 03 04

(9) Re(V,)
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Invisible systems in tt events

The LHC is a t-quark factory: e
tt+¢ (p=H,v,W,Z,DM,DE,2HDM...) . <> . %>
s precision SM tests @ BSM b }/: .

The goals: )
=" see if (invisible) BSM particles spoil tt Kine.
Reconstruction and Precision Measurements

I take advantage of the factthat  _
(invisible) BSM particles change tt Kine.

Reconstruct the {f system (2¢)
Explore Spin Physics Observables § t

({t angular dist., mg, pr(ft),...) . X
@ ft+¢producton@LHC V.. <

[WHEP 11 (2023) 125 (6 = 1)) %

[Phys.Rev.D 110 (2024) 7] . R

[JHEP 09 (2022) 246 (¢ = hgy)]
[recently in the context of a 2HDM: ¢ = H2 @& H3]
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ms in tf events

Final State Topology: I ttépy — (bl v,) (b~ 7;)dpm

5" Event Generation @ 13.6 TeV:
@ MadGraph5_aMC@NLO JHEP 1407, 079 (2014) J Alwall et al.
@ NNPDF2.3 PDF NPB 867 244 (2013) R.D.Ball et al. N
for ff¢py (@ NLO) 8
other backgrounds @ LO with MLM:
tt + jets, {tV + jets, Single t,

W(Z)+jets, W(Z)bb+jets, VV+jets X
@ Full spin correlation of t — bW+ — betu,,

T— bW~ — bt~ vy, épy (invisible)

by MadSpin JHEP 1303, 015 (2013) P. Artoisenet et al. —
@ Shower and hadronization by Pythia X

JHEP 0605, 026 (2006) T. Sjostrand, S.Mrenna, P.Z.Skands
I Simulation: DELPHES 3 (default ATLAS cards)
JHEP 1402, 057 (2014)

J. de Favereau, C.Delaere, P. Demin, A.Giammanco, V. Lemaitre, A.Mertens, M.Selvaggi

5" MadAnalysis5 and Event Selection:

EPJC 74, no. 10, 3103 (2014) E.Conte, B.Dumont, B.Fuks, C.Wymant
Niets >2 (p7 >20 GeV, || <2.5) & Nig, >2 (pr >20 GeV, [n| <2.5)

g
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Invisible systems in tt events

Final State Topology: 5= tigpy — (b0 v,)(b~7)dom
1" A- Before Reconstruction pair Jets and Leptons from correct #(1)
=" B- Constrained Kinematic fit

- Mass constraints (2D-distributions):

24000~
(1) (Pw+ + Pp)? = m2 oo~ | Erves 568
@ (pw- +pp)? = 26000 Fue  loeal| 20000 i
w- + Pp)? = = R il 2w
@) (pes +po)? = m2,.
25000 14000~
(4) ( -+ pV) = m2W7 20000/ 120008
10000 =~
II- Missing Transverse Energy (use p.df.): ""F Zﬁii
- To000F- E
() Py +pZ = Ex ” ol
_ 5000 2000F
v — E ‘
(2) py + py - E,V %0 fe5 70 175180 15 180 % 76 7% 80 85 £l E
m; [GeV] my [GeV]

lll- Likelihood probability (use p.d.f.):
(1) Lt = 575> P(P1,)P(PT5) X P(PTo)P(PT2) P(m1, mi) P(PT 1)
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Invisible systems in tt events

Final State Topology: B ttppy — (b0tv,)(bl~7)dpm
1> A- Before Reconstruction pair Jets and Leptons from correct #(t)

Use TMVA with Jets,Leptons Angular Distributions [13 distributions]
=

H
il
E

(1) o182

(1N) aN/0.0636

Background rejection

E i i i i i i I i i d
0 01 02 03 04 05 06 07 08 09 1
Signal efficiency
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Invisible systems in tt events

Final State Topology: 1= tigpy — (b0 v,)(b~7;)dpom
= B- Constralned Kinematic f|t my = 0.01GeV

raphs_aMC@NLO '
o b o :

i - n(ve) n(tt)

pr(ve) J1-
" Cishowen B [Beov)

MadGraphs_aMC@NLO
ol ()

{rec. wio truth match) (v)

 (NLO+Showen ) (NLO+Showen) n(tt)




Invisible systems in tt events

Final State Topology: 1= ttgpy — (b0 1,)(b~ 1) dpm

1= B- Constrained Kinematic fit m, = 100GeV

n(ve) 77(&)

MadGraphs_aMC@NLO

(€01 P, ) (GoV]

MadGraphs_aMC@NLO

(NLO+Shower) nfv) (NLO+Shower) (tt)

(NLOShower) P (1) [GeV]
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Invisible systems in tt events

Final State Topology: 55 tigpy — (bl v,)(bL~7,)dpm
= B- Constralned Kmematlc fit my, = 1000GeV

MadGraphs SMGSNLO . v iencas

n(ve) 77(&)

MadGraphs_aMC@NLO MadGraphs_aMC@NLO . = s, 1000 v

pr(ve)

T T

MadGraphs_aMC@NL(
el

(NLO+Shower) niti)

™ (LosShoven) 7, Gov]




Invisible systems in tt

4 Spin Observables May Be Used to Probe Invisible Particles

l+

i) opening angle (leptons in their parent t)

1 do _ 1 proton
"0 dcosp 2 il =D)eesgy), ;
b
i) A in LAB frame ‘_," t 4 antiproton -

F MadGraph5_aMC@NLO
NLO+Pythia

ZEtt® [P=0']

= 0.

o> LHC, Vs =13 TeV
8
<

LHC, Vs =13 TeV
MadGraph5_aMC@NLO -
0.5NLO+Pythia

L L 1 L L 1 1 Il L Il Il L
o D 05 1 15 2 25 3 0'11 -08 -06 -04 02 0 02 04 06 08 1
cosy

onio Onofre LHC Physics Course 19 March



END

re LHC Physics Course, 191 March



