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EXPERIMENTAL TOP QUARK PHYSICS

R.Schofbeck (HEPHY Vienna)
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WHAT TO EXPECT

Today: Top quark in the SM

1.

Introduction [ Top quark overview

* Production, Properties, Data taking, Decay, Modeling
Basics reconstructing top quarks

Cross section measurements [a selection]

Top quark mass

Prospects for HL-LHC

Tomorrow: Beyond the SM

1.

2.

Example: Spin correlations (beyond the SM)
Effective Field theory

Top quark gauge couplings

Forces among quarks

Global Results

Machine-learning optimal top-quark observables

* Will focus onillustrative examples & concepts, no

attempt at being comprehensive

* Focus on CMS, since this is my experiment



TOP QUARK OVERVIEW
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photon

91.2 GeVic*
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GAUGE BOSONS

1
Z boson

80.4 GeVic*

- W

1

W boson

The 61 & (probably?) last quark

=126 GeV/ic*

Higgs
boggn

Discovered 1995 by CDF and Do at Tevatron

Large production cross section at hadron colliders
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TOP QUARK OVERVIEW - PROPERTIES

* The top quark is the heaviest known fundamental particle.

Interesting properties/problems appear at all scales

1 { L 1 :{5 my
my i Iy ﬁqc[} Pl A2
R - ol N——f .
: production: :lifetime hadronization: :Spin—flip:
10727 g i107% s 1024 i i107% s
oo T e T T

i » Xx-sec measurements; i ® Mass measurements, :
: : hadronization effects, :

at high precision, :
color reconnection,

interplay with PDFs

: * spin correlation, : i * weak interactions,
anomalous strong : :  vector couplings and:

interactions : ¢ dipole moments, ...

* All aspects under scrutiny at the LHC




TOP QUARK OVERVIEW - PRODUCTION

.« Top quark pair production (791 + 25 pb)

J

) = t g t
Q>mm<t 1 z}fﬂw’m’( i
t 9 t x
1 g t
\ ' ] 1 '
0% qq annihilation 90% gluon fusion

. ttw production (0.6 pb)

* Production of a single top quark

..................

t-channel (73%) tW channel (24%) s-channel (3%) tZq (<1%)

238 pb




TOP QUARK OVERVIEW — PRODUCTION (23 TEV)

Ib = 100 fm?2
R, ~ 0.8 fm

o(pp) ~ 80 mb
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| barn = Unit of
Cross section

» 6(13 TeV) = 791 £ 25 pb; Neyeres = Lo X 6 = 137/fb [Run 1] x 791 pb ~ 100 x 106

* Rate = £, xo = 20 kHz/pub x 791 pb = 15.8 Hz



DATA TAKING & LHC SCHEDULE
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TOP QUARK OVERVIEW — DECAY

Decay: t—Wb * Almost exclusively decays as t— Wb. Simple pattern of branching ratios.
|Vtb|?>~ 0.998 _ R .
* Charged current coupling to fermions is universal BR(W — ev) = 10%
w* 2 lighter quark 3 lepton
t families families
W
b I'y = Dep + Thada = CNc +3)I'(W - £v) =9T'(W — £Lv)
‘ A BROW — tv) = — 3 1
f ) ﬂep'l‘rhad 2NC+3 3
top quark pair production

“alljets" 46% e (=119) | 5% semi-lep.

I (=1/9) 9% dileptonic 55 car e
tHets 15% T(=179) 15% semi-lep.
Had (=213) - - - 46% all-had.

 “dileptons”: small cross section, very clean. Up to 95% purity!

+ets 15% . c c
» “lepton+jets”: large cross section, fairly clean

"dileptons™ "lepton+jets™

* "alljets”: Only jets and b-tagged jets in the event; challenging!

\, J/




TOP QUARK OVERVIEW — MODELING

* Experimetally, tt(1/2®) is a clean probe in a messy environmenf 46 .,
* Atlow energies, QCD is non-perturbative

* LHC elevates the proton bound state
to the perturbative regime

* Expose the constituents’ dynamics

* Calculable short-distance phenomena

« Before & after the hard scatter:
many uncertain effects

* ME scales
* Initial and final state radiation
e Multi-parton interactions
* Parton shower & ME matching
* Color reconnection
* Hadronization

* Hadrondecays




BASIC OF RECONSTRUCTION



CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7 m Microstrips (80x180 um) ~200m? ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

PRESHOWER

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels



Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
N
AN

Detector characteristics

: Width: 44m
/ \\ _' Diameter: 22m
- : || | Weight: 7000t

$/2

Spectrometer
momentum resolution

A g, 8a, p

p s 0.3 BL?

¥ :
AN '
. ! .
)
|‘ [

|" i \
¥

¢ T 1

p""’ a \ls
) I

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker



OVERVIEW OF DETECTOR SIGNATURES

tracking

electro-
magnetic
calorimetry

S

hadron muon
calorimetry system

--------------

----------------------------
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PRINCIPLES OF EVENT RECONSTRUCTION

electron

charge a
hadron

charged

hadron charged
hadron

Tracker-Calo Link

When an event is recorded, the hits in the detector cells are stored. Main algorithmic steps are:

1. Build muon candidates, 3. ldentify ‘charged hadron candidates’ among the links by
tracks, and calorimetry clusters associating calorimetric energy to track momenta, when

. . tracks are close
2. Linktracks and the calorimetry

clusters based on spatial proximity 4. ‘photon’ and ‘neutral hadron’ candidates from excess energy

15



A HIGH PILE-UP EVENT

| CMS Experiment at the LHC, CERN
| Data recorded: 2016-Sep-08 08:30:28.497920 GMT
Run-/ Event /'L.S: 280327 / 55711771 / 67




JET RECONSTRUCTION

 Event: List of particles. A highly energetic parton hadronizes into a jet.

* Correlate ‘sprays’ of particles with the initial partons

* Theoretical properties of clustering algorithms are important for calculability

bad good bad good

¥
¥
r
[t ¥
1 P
v 5
[ ¥

Collinear-Safety Infrared-Safety

* Anti-k; algorithm [JHEP 0804:063,2008] satisfies all criteria!
T

1. Selecta conesize R (e.g. R=0.4)

2. Forparticle i, compute all distances d;;and dig
AR? i
'fl:,j'_f = . d*_f = min ( 1 . 1 ) ) pTZ preferS early merge

n2 n2 . ] R2 : .
Pri; Pt of close & energetic particles

L

T

3. Ifapair (ij) has smallest distance in d;;, merge & add momenta.
Repeat step 2.

4. Otherwise label jet, remove from list, start again with 2. until fully clustered.

A quark jet

M

neutral
hadron !

~10%

p, [Gev)

17


https://iopscience.iop.org/article/10.1088/1126-6708/2008/04/063/meta

B-TAGGING AND TOP QUARK DECAY

* b-quarks are crucial role fortop quark reco

b-quarks hadronize into B-hadrons

B-hadrons have a finite life time

* ct=450um, at E=70GeV: Byct = smm

 displaced particles are clustered in jet

* Global jet information achieves 65-70%

tagging efficiency

* Moreinformation is encoded in the features of individual particles

°

* Transformer architectures for Run 3

Recurrent neural networks (LSTMs) read particle list

Exploit the full particle information

Typically find 75-85% at 1% mistag

Factor 5 background reduction (!)

b jet Q) 15'_! LRSI D s re e .’:
~ R [fttevents oo et
[ e b NN 4
\ o0 AKdjets (p, > 30 GeV) :
& [l—DeepJet i .
2 107'E Ealis =
c E—Deepcsv o 3
B cocondan |— b vs udsg E
verte |---bvsc i
i 1072 — R =
\ — ’.\Q\ - :’ 3
i AN L. : ‘" E
N - , —
Y 4 B I better _
:I i 1 .'}: | 1 1 1 1 1 L1 : 1 1 | 1 1 1 | |. 1 1 :
0.3 0.4 05 06 0.7 08 09 1
b-jet efficiency

Charged (16 features) x25 1x1 conv. 64/32/32/8— RNN 150

b

Neutral (8 features) x25 1x1 conv. 32/16/4— RNN 50— Dense bb

: 200 nodes x1, |— z

ry Vix (17 features) x4 1x1 conv. 64/32/32/8— RNN 50— 100 nodes x6 |

Global variables (6 features)
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https://arxiv.org/pdf/2008.10519

DILEPTONIC EVENT RECONSTRUCTION

* No balance of measured z momenta

* 6 unknowns in the neutrino momenta

* Only x,y components are balanced; 2 equations. )
L s = pu. + o,
By i= p, +ps,
measured
* Include 4 mass constraints:
mlf;r-. = (E;+ + E,)* - (Pet + Pus )2,
~(Pes +Pv,)* = (Pgs + o)
’”f&' = (Ey- 4 .’:',,‘,lj (Pe- + Po, )2,
—=(Pe- + Po, )2 — (py- + po.)°.
m? = (Ey+ Epi + EJ)? — (po, +p, c 4, )’
—(Pb, + Per + Do, )2 = (b, + P, + + Pu. )%,
mi = (Ey+ E- + Ep)? — (py, + Pe- + Po.)*
) ”,hu + p, - + Do, ]'.“ _ {},,h: t pp- + Po. -]'.’_
)

Initial partons carry a random proton momentum fraction!

[arXiv:1811.06625]

( let )
Out
b /:-F”"".Vy
\ ATt
o
® 9o 9w :%} > O Om O
p
- w~ O?
7, ‘__.ﬂ \, '
ﬁ’
-
Jet

* Solve forthe 6 unknown neutrino momenta

* Ingeneral, 4 solutions

* notcounting ambiguities!

Take the smallest m(tt) of any real solution

Smear within uncertainties

Repeat 100 times

Average

19


https://www.arxiv.org/pdf/1811.06625

CROSS SECTION MEASUREMENTS



INCLUSIVE CROSS SECTION MEASUREMENTS

Inclusive top pair production cross section (Run 3, 13.6 TeV)

* Predicted at 924 *+ 40 pb (21% larger than at 13 TeV)

Events / bin

Data / fit

CMS
Postfit

¢ Data mmtt Single t W-+jets
QCD mmZ+jets mmDiboson pZUncertainty

1.21 fb' (13.6 TeV)

10°

10*

10°
10°

10

1'45_ ee (1b) [ee (2b) | pp (1b) |uwn (2b) | en (Ob)| eu (1b) | en (2b) |e+jets (1b) | e+jets (2b) [ u+jets (1b) | p+jets (2b)
1.2
E iy“’, ’H*{»{”é 1}};__¢.__9,-,,==.V
il t¥ { 1
0.8 ! f
ot | .dileptonic. Ieptcn+|et.5. .
B Ne TamIrant D N NN D I oI ot En T oE 0D g
< < < < [ < < © © © ©

Number of jets

* Measurement performed in bins of N;, Nj_¢5q, and Njg,
* Multiple bins constrain systematic uncertainties.

* Result 0 =881+ 23 (stat+sys) + 20 (lumi) pb or ~3.5%

[JHEP 08 (2023) 204]

Source Uncertainty (%)
Lepton ID efficiencies 1.6
Trigger efficiency 0.3
JES 0.6
b tagging efficiency 1.1
Pileup reweighting 0.5
ME scale, tt 0.5
ME scale, backgrounds 0.2
ME /PS matching 0.1
PS scales 0.3
PDF and ag 0.3
Top quark pt 0.5
tW background 0.7
t-channel single-t background 0.4
Z+jets background 0.3
W +jets background <0.1
Diboson background 0.6
QCD multijet background 0.3
Statistical uncertainty 0.5
Combined uncertainty 25 |
Integrated luminosity 2.3
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https://arxiv.org/abs/2303.10680

DIFFERENTIAL CROSS SECTION MEASUREMENTS

* Exhaustive single-, double-, triple-differential (p; (tt), m(tt), |y(tt)| ) measurement

[2402.08486]

Events

Data
Pred.

300

250

14°F
1.2 E

08 ¢

0.6

«10° CMS 138 fb™' (13 TeV) CMS 138 b (13 TeV)

_Il\\\|I\I|I\\l\\lll\ll\\\l\llll\l_ .__— 1='!""_"ll|lll-ll T -

© Dilepton ¢ Data . S = Dilepton, parton level # Data, dof =6 E
L ) Bl it signal [ Z+ets @ 1 POW+PYT, ¥ =5

- Loose kin.reco. mmtiother [IMinorbg O 10 MATRIX. =5 o

E B Singlet  ZZUncertainty ; 'E E + STRIPPER, f =5 E

y & = o[ MINNLOPS, X =2

-E 107 ¢ . Total une, E

“E ; - Stat. unc.

o 107F < E

~—— - -

— I~ e -

10%F E

z vaoss :

a o 107° | -
= o . - ==

B AR R /%V/%/ ® “E 1.2} -
= : * (+ g E ﬂ'!: o .. i T gt & + & ¥ 1
1 ;E L= - Q 1

T 0.8F -

400 600 800 1000 1200 1400 1600 1800 2000 . . :
m(tt) [GeV] 500 1000 1500 2000
m(tf) [GeV]

/o do/dy(ti)

ol m
D|m
a0

04

0.3

0.2

0.1

1.2

0.8

CMS 138 b’ (13 TeV)
L D L] LA DL LI L
-~ Dilepton, parton level T
- ?k"ww - N
- =
b - T
— o Data, dof = 11 -1
i MNPOF3 MNLO, £ = 10 g
“ 0 NNPDF31 MLO, X =6 ! |
CT14 HLO, =7
ABMPIE NLOD, X =8
[— MMHTZ014 NLO, X =4 =
, HERAZ0 NLO, X = 60
e " Total unc, e
Sl une,
J ! l L I
[ R Y A _—
_-&D—wu—m-qumw P n
-2 -1 0 1 2
y(tt)

* Similar composition of uncertainties

* Comparisons with various PDF sets, event generators, theory predictions

22


https://arxiv.org/pdf/2402.08486

SINGLE TOP QUARK MEASUREMENTS

Inclusive cross-section [pb]

10?

10

- ATLAS+CMS Preliminary

LHClopWG

Single top-quark production
November 2023

!{I

*f

t-channel

+

ATLAS arxiv:2310.01518, PRD30(2014) 112006, ERJCT7(2017)531, ATLAS-CONF-2023-026"

CMS urer , PL 135042
LHC comb. uxeros201)088

ATLAS pLB716(2012)142, JHEP01(2016)064, JHEPO1{2018)063
CMS PRL110(2013)022003, PAL112(2014)231802, JHEPO7 (2023)046

LHC comb. JHEP0S (2019)088

s-channel

L
]
+

ATLAS PLB756(2016)228, JHEP0B(2023) 191
CMS JHEPOS (2016)027
LHC comb. JHEPOS (2019)088

NNLO MCFM, JHEP 02 (2021) 040

PDF4LHC21
scale® PDF @ a, uncertainty, m(op=172.5 GeV

- = = aNNLO +aN°LL JHEP05(2021) 278

PDF4LHC21
tw: ff contribution removed
scale ® PDF @ «, uncertainty, mm=172.5 GeV

- - - NLO NPPS205(2010) 10, CPC191(2015) 74

CT10nlo, MSTW2008nio, NNPDF2.3nlo
M= B =My,
scale ® PDF @ ., uncertainty, rr}m:ﬁ'z.s GeV

*Preliminary
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LHCTopWGSummaryPlots

Vs [TeV]

: t-channel 215 pb s-channel _ i ¢ 1

E u it :

: g I"_Il'f | Pb . Clb o

i W P :

E E b i é

A . - fremtrevaonssentrsenenessnsassnerercal buonsanunainnaiEIROISIERINNI Z..
: g ’ g !

tWV associated :
71.1 pb '

t-channel, tW associated and electroweak s-channel production measured at various pp collision energy

Including a 5.02 TeV ATLAS t-channel measurement from a short run in 2017

Analyses rely heavily on MVA techinques for object reconstruction



TT+X MEASUREMENTS

-

First observed at the LHC

<

L |

S

Now used for sensitive
tests beyond the SM

CMS Preliminary 138 fb™' (13 TeV)
ST~ T I E A B
@ — — Stat. + syst. unc.
s I ttZ + tWZ sauc ]
= 251 — Osm =
E - Theory unc. .
% of .
E - -
L. 0 =0.75 = 0.05(scale) + 0.01(PDF) pb 8 sk I B
ATLAS+CMS Preliminary PRL 131 (2023) 231901 - 7
LHC topWG NNLO(QCD)+NLO(EW) - i ]
10 —
1s=13TeV 3=0.30"°%(tot.) pb x 3 20 =0.038*°%! - — ]
O, prod. X 307 galtot.) pb x Oy ¥ 038" j(tot.) pb x 20 - .
. MadGraph5_aMC@NLO JHEP 10 (2018) 158 5 - ! 1
April 2024 NLO QCD NLO QCD - .
ol L v vy 1 . I 1 .
Opeas. * (Stat.) = (syst.) ©
T 151 .
s + + b M o .
ttW 0.88 + 0.05 = 0.07 pb ————— b . . . 1
T Sa— .
0.87 £ 0.04 + 0.05 pb i - 20 40 80 80 100
prf w) [GEV]’
= 0.86 + 0.04 + 0.04 pb i ATLAS, L, =140 fb" —
ttZ o arXiv:2312.04450
0.95 + 0.05 = 0.06 pb
ttZ + tWZ 1.14 £ 0.05 = 0.04 pb ety | CMS, L =138 fo!
CMS-PAS-TOP-23-004*
- _ . . . : ATLAS, L_=140 fb™, Vis 1
tt'Y prod_ |+jetS & dllepton 0.322 + 0.005 = 0.015 pb x 3 b = ar)(iv:2403.0!;452
. +0.0026 : ATLAS, L =139 b™, Vis 2
fy +Wy eu 0.0396 = 0.0008 *39°2% pb x 20 et HED 0 25 oae
o + - : CMS, L _=138fb", Vis 3
ttY dilepton 0.175 £ 0.003 + 0.006 pb x 5 : == JHEP 05'@322) 001
: N . : CMS, L _=137fb", Vis 4
fly I+jets 0.798 = 0.007 = 0.048 pb bito— HEP 12 130 -
preliminary
S N N ST SR NN SN SR SR NN S SN SR NN SR SR TN N T N T N S SR SR N S S
0.2 0.4 0.6 1.2 14 1.6

J
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TOP QUARK MASS



TOP QUARK MASS (OVERVIEW)

* Extremely simple tree level: SM masses fromYukawa coupling y, = 1 Higgs potential
/ “-- \ — — 2 2 4
o E\'illﬁm‘et — Ud(qL{I}) df’ + UH({;L(I)) Up + U#’({L(I)) {R + h.c. V(q)) B l‘l |¢| +A|¢|
NN Wy + iw
(1) p— & — =
‘~I* V2 ('\ @ I+ Wy () =v=" ¢ o
T § \ >0
 Tree level: m, = v, viva . Higgs mechanism impressively confirmed! B X
We (e g
hzb
» Extremely complex picture at the loop level: :
- _ ¢p=<¢p>+h=v+h
* MS ‘short distance mass’ approx. 9 GeV lower than pole mass @N3LO

* Experiments use ‘MC mass’ <= would need a well defined perturbative expansion of parton showers ~ 1 GeV
* Confinement : ambiguous (non-perturbative) relations to the pole mass of O(250 MeV)

 Categories of top quark mass measurements (x-sec) relate differently to the Lagrangian parameters
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VAC U U M STAB I LITY [1205.6497, 1207.0980, 1307.3536]

. . . 0,10 ¢
* Since 2012: Higgs self coupling A(m,)~0.14. B =
bos gty 2 Instability
* NNLO SM RGE running of 1 el __ w2l
__::. e ,_;,': l.i“_'-—' — ,,n'-Ft":“ .III =
d\ 332 3 v e | R
d’ﬂg# B 2.:”-2 8,?-{-2 t . ;;i 002 .;; “HI-_ Hlilhi[il} iI|I g
finds the Higgs self-coupling A remarkably small = ™ S \ &
* peculiar interplay of measured m, and m, on oo MemIT3G o I L]
] . [ T ) Y T Sl U S U S Il [ S [ L [ B 0 () 100 150 )
predicted vacuum stability RGE sl rin GeV .
* Aruns to negative values at A~10** GeV for world =0 )
Instability = e llé":
average of m;=173.3 175 R~
3 176 F 3.!:-,::“
* High scale running could be affected by BSM 3 1l
* . . . . . % _ Meta-stability '2>3_"
nelng_* Important implications for models of inflation g m X
with A>T yoerse) o
14 Stahility
lh’:l(i 152 I‘ZJ léh Iéx l.;'() 132

Higgs pole mass M, in GeV

27


https://arxiv.org/abs/1205.6497
https://arxiv.org/abs/1207.0980
https://arxiv.org/abs/1307.3536

CMS

Lagranglan mass extractions
Incluswe tt?TeV NNLO @ CT10

Inclusive tf 7+8 TeV, NNLO ® CT14
Inclusive tf 13 TeV, NNLO ® CT14

Inclusive tt 13 TeV, NNLO ® CT14

155 from cross sectior

Inclusive tf 13 TeV, NNLO ® CT14 o

Direct measurements

Full reconstruction

Dilepton 7 TeV, KINb and AMWT

Differential ff 13 TeV, NLO + 3D fit (m{°°, &, PDF)
Dilepton 7+8 TeV, ATLAS+CMS cross section
Differential ti+jet 13 TeV, NLO ® CT18

————|
stat.  fotal
ATLAS+CMS combination m™* = 173.4'}2 GeV
fec=c] !

CMS 748 TeV comb, m\*® = 172,52 + 0.42 GeV
I CMS 748 TeV comb. stat. uncertainty

38

.
=177.0 3% (tof) GeV

““.1743 5 (ot) GeV JHE

mf™ = 1706 +27 (lof) GeV

m=1737 11 (o) Gev
mi™ =170.5 +0.8 (tot) GeV
™ =1734 )0 (tot) Gev

mP™ = 172,13 + 1.43 (tot) GeV

)

oo (tot) GeV

mym,) = 165.0

Lepton+jets 7 TeV, 2D ideogram

Dilepton 7 TeV, AMWT
All-jets 7 TeV, 2D ideogram

Lepton+jets B TeV, Hybrid ideogram
All-jets 8 TeV, Hybrid ideogram

Dilepton 8 TeV, AMWT

Single top quark 8 TeV, Template fit
Dilepton 8 TeV, MbI+M$‘; Hybrid fit
Lepton+jets 13 TeV, Hybrid ideogram
All-jets 13 TeV, Hybrid ideogram
Dilepton 13 TeV, m, fit
Single top quark 13 TeV, In (m, / 1 GeV) fit
Lepton+jets 13 TeV, Profile likelihood
Combination 7+8 TeV

30 measurements

Boosted 8 TeV, C/A jet mass unfolded | +

Boosted 13 TeV, XCone jet mass unfolded
Boosted 13 TeV, XCone jet mass unfolded

Alternative measurements

Dllepmn ? TeV Klnematlc endpomts

1+2 leptons 8 TeV, Lepton + secondary vertex
1+2 leptons 8 TeV, Lepton + J/'¥

f

[t

mi'© = 1755 +46 (staf)+4.6 (sys)GeV [HEP
' w 173,49 + 0.43 (stal) + 0.98 (sys) GeV [HEP |
m*©=1725 +04 (sta+1.5 (sys)GeV [E7
m}'"® = 173.54 + 0.33 (stal) + 0.96 (sys) GeV [E7
mi'® = 172,35 + 0.16 (stat) + 0.48 (sys) GeV [P0
m}'° = 172.32 + 0.25 (stal) + 0.59 (sys) GeV

m}'*® = 172.82 + 0.19 (stat) + 1.22 (sys) GeV [FAD &

' = 172.95£ 077 (stal) 'y (sys) GeV [eruc T
:9"3 (sys) GeV

mi'® = 172.22 + 0.18 (stat)
mi'® = 172,25 + 0.08 (stat) + 0.62 (sys) GeV

mi' = 172,34 + 0.20 (stal) + 0.70 (sys) GeV (=@
M =172.33 014 (stat) "7 (sys) GeV (=7
mC 172,13 £ 0.32 (stat) ':h
m'® = 171.77 + 0.04 (stal) + 0.37 (sys) GeV

m}'*® = 172.52 + 0.14 (stat) + 0.39 (sys) GeV [arx

(sys) GeV [JHER i

m'%=1709 £6.0 (sta)+6.7 (sys)GeV [F
m*e=1726 +04 (sta) £24 (sys)GeV
m}'"® = 173.06 + 0.24 (stal) + 0.80 (sys) GeV ¢

my'C = 173,68 +0.20 (stat) '

m, =1739 +09 (slat) (sys) GeV [eP.
(sys) GeV |PRD 3

m'©=1735 +3.0 (stal)=0.9 (sys)GeV [HEP 1

160 170

200

m, [GeV]

Indirect meas.

& 350:»ATLASY+(T3M57 T —;;TLAS.CM; E

. o LHCIOPpWG 1

from cross section : I :
300 S5 MMHT14 E

* Infer (pole) top quark 250 NNPDF31.a 3

mass from x-sec

n
3

* ~1% precision, good 150

theoretical control

—

175

N

r

Direct meas. from top

Jet

quark decays

Extract top quark mass
from decay products

Measures the “Monte
Carlo” mass -

Better experimental

Jet
let

precision: 0.2%




DIRECT TOP QUARK MASS MEASUREMENT [Eur. Phys. J. C 83 (2023) 963]

* Best experimental strategy: “5D LL method” T
resolved jets & in-situ calibration on my, — ==
* 380 MeV uncertainty (0.2%) ] . M
* Exp: uncertainties: ool o
Undietying svar -—-—- ::;
* response differs for light jets and b jets ] T T e e B
 modelling uncertainties N S i ——
36.3fb" (13 TeV) ] I B S T
S TS EARRARR - Kt | e ow
< - CMS  + pata—post-it]l] 68% cL[] 95% cL. DESbectina| | e 1 s
4000 # +j'E'fS i JEC pil cﬁ”:"f.::": —-— f n.u

; —52 =1 0 1 2 | —1];_3 -C;.E —C;I.1 0 U;.1 n_lz‘_‘ﬂia.
! (6-8,)/a0 Am, [GeV]
2000 \

* Not a pole mass measurement!

1,05k * Plateau for any my, calibration strategy

0.95(+ OMERUWE Sm aun

»
i

LRI * Further improvements require strategic change

LA R
150 200 250 300 350
m/"[GeV]

Data/Post-fit


https://arxiv.org/abs/2302.01967

M- INBOOSTED TOP QUARK DECAYS [Eur. Phys. J. C 83 (2023) 560}

* Top quarks boosted — decay products merge (
"-‘.."""-‘.\ CMS TTTT | TTTT ] TTTT | TTTT l T T T T | T T T | T 1T 1
q Pre”minary —e— Stat. uncertainty JSlatistical -Experimental
-."._ *— Total uncertainty . Model Theory
UH
b 8 TeV (19.7 1b") ? : iti
:~: Eur. Phys. J. C 77 (2017) 467 - = n
% i Al (3%)
* Jet mass M(jet) sensitive to top quark mass M, e~
13 TeV (138 fb') B
Submitted to EPJC ¢ = ML\\_\’/
* Jet mass (XCone) can be calculated analytically o U TN Y.
and allows an extraction of pole mass A PRy
* For p(top)>750 GeV — 004 . B AR
.-|qu) - CMS —é—Dat_amHG ’ 1 o . '_ ' C_HS '
* Measurement thought impossible after Run | g 003} s=m-mzscev| 2 ; ‘ Sopplomentary’
= s my = 175.5 Gey ) : . ':'l' ) ) .
* Careful calibration of jet mass scale and o 1 W 0 e ]
FSR modelling improve sensitivity to 8oo MeV of o .
-1 - o 5 I
[ m, = 172.76 £ 0.81 GeV ] 3
-2 — T .':ltl"...one“
. E‘E r i - R,_-{.:.H__-z )
¢ Using py(top)>400 GeV gls ah R moa mzors ]
= il | I [ I T TR T T T B - = I_ = I__ = e -
o 0.5.I12-0I ; .1:1-0- I I1E{I 180 200 220 3 2 1 0 1 2 3
* Theory phase space (pr>750) accessible at HL-LHC m,,, [GeV] "



https://arxiv.org/abs/2211.01456

ENERGY CORRELATORS [arXiv:0803.1467]

* So far, focus on exclusive processes [Compare slide 6!]

* S-Matrix elements : Compare theory and prediction with a small number of particles

* Isthere an approach for large multiplicities? Energy correlators [overview]!

To make this idea more quantitative we define for any state a,an

. + -
"angular energy current' in the e e CM frame:

Ra

B = 8- w) (1)

where the sum is over the n, massless particles in a, with energies

{ﬂi} and momentum directions [wi} (w; stands for angles 8, and ).

[G.E Sterman, 1975, 2 citations]

* What are energy correlators? .
Energy flow into directions n(0) at spacial infinit £(0) = lim r"’-f dt n'T(t, rit’)
. y Tlow | I I 1al InTinity r—00 a0 olOTE(O .. £(0,)0|0

(E(01)---E(On)) = Y (61) (6,)0|0)

 Compute n-point correlation of momentum flux (0|010]0)

« Can perturbatively relate correlators to parameters of underlying theory [couplings, transport coefficients, HI, ...]
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https://indico.mitp.uni-mainz.de/event/358
https://arxiv.org/pdf/0803.1467
https://inspirehep.net/literature/100933

M- FROM TRACK-BASED ENERGY CORRELATORS 220108303, 2204125001

* 3-point energy correlators (EEEC) can be related to the top quark mass

* Experimentally: A weighted histogram over the ensemble of triplets of particlesin ajet: w = (pT‘lzI‘sz‘?')
T.jet
* Computed with tracks in boosted hadronic top jets
2
i

Investigate total opening angle ¢ = <> sensitive to the M,

* Track-based M, measurement with (in principle) theoretical control. Will need HL-LHC stats!

4 A (
Theory prediction
N
i:' pp — tX (13 TeV) ) T((,(s.Ca = ,u.l"'y,v",);;,_jvl )
Pr, jet S :5()(). 525] GeV :.'._ _» N 174
’ i $ e *{(s(1 — (s)
4 Pythia8.3 B )
3. T —r— — T RN N m?
pp— X T(¢, 0, me) ] . /" a3 U o G~ 3.5 !
& Lpr et € [500,525] GV T(¢, 0.1, m3/p, ) x 10 " . S PT, jor
e 2.5 H.m.'!- | y b (€ 0 h ey S ) > : 7 ;._;{\/. S r J€ l: .
= Pythia 8.3 ) Equilateral praj. = 50 2 MLy s, T, f _
g B 2P s : VO~ A o (0 P
..... L : : T : @ AV .
g S E 1.5 f
..a I 0.0 |
2 1.F 0.00
E n —0.25
s B 0.5]
{1" - '[]-2 e ;l[l::l et -'-[“_ {]H . ‘ j -
: Z . : 1Y log,o €
AR
(" = 3 d 0.4 _1.50
. J/ \



https://inspirehep.net/literature/2015392
https://arxiv.org/abs/2407.12900

PROSPECTS FOR HL-LHC



CMS UPGRADES FOR HL-LHC

. New endcap calorimeters
Improved muon coverage and trigger high granularity

increased RPC coverage (1.5 < |n| < 2.4) can reconstruct showers in 3D

new electronics
[CMS-TDR-016]__ CMS-TDR-019

Updates to calorimeter
and trigger

higher granularity
electronics for trigger

New precision timing detector
Timing resolution of 30-40 ps for MIPs
full coverage of |n| < 3.0

[CMS-TDR-020]

New inner tracker

I sili
all silicon tracker Upgrade to trigger and DAQ

4 layers of pixels .
: L1 rate increased to 750 kHz
G Ros [L1:CMS-TDR-021] High Level trigger rate to 7.5 kHz

coverage to |n| < 4 [CMS-TDR-014] [QAQ/HLT: CMS-TDR-022] Track information at L1
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https://inspirehep.net/files/0e509a7ebc799efe1a6a914c9873d16d
https://inspirehep.net/files/8f82fb529d70aed03e77640c3453d3af
https://inspirehep.net/files/7ed947b22660641ced12fd630f40fa84
https://inspirehep.net/files/f96f925080108949b5cc608ebcf43546
https://cds.cern.ch/record/2759072/files/CMS-TDR-022.pdf
https://inspirehep.net/files/06706ccc57cf0fbd95863a67a750bfdb

EXPLOITING THE HL-LHC DATA SET

* A great many things have to come together

1. State of the art theoretical tools/calculations

* Factor 2 uncertainty reduction in most perturbative calculations
2. Low-level understanding of sub-detector performance
3. Object performance —realistic projections

4. Novelanalysisideas that incorporate 1-3

[Phys. Rev. Lett. 116, 082003 (2016)]

.K‘/.‘ o . A —_
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https://arxiv.org/abs/1511.00549

EXPLOITING THE HL-LHC DATA SET

* A great many things have to come together

1. State of the art theoretical tools/calculations ,
* Factor 2 uncertainty reduction in most perturbative calculations \\&Q/tﬂo
2. Low-level understanding of sub-detector performance {—m\{:)\‘ (:)
3. Object performance - realistic projections ptaabadeonn /f\ | oales

4. Novelanalysisideas that incorporate 1-3

Cumulative Mt distribution for HL-LHC

|:.Iu‘ _ . ."I..‘upfp_a:ir prm]urtlun at the I;I:LF_LI_IC, _.l 4 TeV |
* kinematic reach HL-LHC 14 TeV with 3/ab 108 : S D IS Gey
. 107 | . SR P - ﬁ - — ['IFltlai ["[])IFS ]

* increase reach by several TeV 10 i ot R e S

* higher-order EWK corrections essential

10° ; i : ﬂ

for precision

N (Mg > Mt @ 3ab™!
5

1 i e e s et e e e e 1 =]|0 events
k- ————— l'.'._':_""?i]f'_lﬁ_ - T T T -
1 ewvent Mtt > 7Tev
10~ 100 2“;'!(! .'!EIII.'H'.I' -1rEIll'.Iﬂ Sl'.llﬂﬂ ﬁ-l';ﬂfl TR0

MY [GeV]


https://arxiv.org/pdf/2008.07860.pdf
https://arxiv.org/abs/1511.00549

EXPLOITING THE HL-LHC DATASET

* A great many things have to come together

[Phys. Rev. Lett. 116, 082003 (2016)]

1. State of the art theoretical tools/calculations . i , ,
* Factor 2 uncertainty reduction in most perturbative calculations \\&Qy/w/—(/:)
2. Low-level understanding of sub-detector performance %iﬁ:\g)é C,)/
3. Object performance — realistic projections | /{\\ g
4. Novelanalysisideas that incorporate 1-3 & 7]

* kinematic reach HL-LHC 14 TeV with 3/ab

* increase reach by several TeV

Cumulative py(t) distribution for HL-LHC

) Top-pair production at the HL-LHC; 14 TeV
. NNLO QCD
b ' ' ' ' Tmy = 1783 GeV
oo S » o O 3.
I — CT14 PDFs

=20 events

3
. . . % e i - | - >2.5TeV
* higher-order EWK corrections essential LY SO SR SOOI R Pr = <
A ' i TeV scale jets/leptons
. . -‘__‘.“- ||:|-'r. b " y ¥ " . - ,; " * N .
for precision 0 P Pt S = ﬂ M o
—_ | siim jets: = 0.
- .. levent (leemi@ChbEs
= 10 1Jll..'ILI llZILIJU lE.‘llll J.'IJ:JU 25:)[! L]

P [GeV]
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https://arxiv.org/abs/1511.00549
https://arxiv.org/pdf/2008.07860.pdf

PRECISION FROM THE BULK AND FROM HIGH ETA

3ab’(14 TeV)
T 10ECMS prasez —
% Simufation “ elp+jels Simulation
= e e Sys @ stat
&:h ! T Stat
3 3 "",_, - POWHEG P8
L=l i
107" .
102
E |
E*ﬂ 1.1E
218 105F
= E
1:
0.95F
09k

0

100 200 300 400

i M i |
500 600 700 800
p.(t) [GeV)

* uncertainty on differential top x-sec O(5%)

* significant impact on high x gluon PDF

Events / 40 GeV

{100 | 1! 3ab’(14 TeV)
; CMS phase-2 B it right reco
L Simulation elu+jets tt wrong reco
25 I~ Preliminary parton level I tt nonreconstructable
E tt nonsignal

Exp. uncertainty

0 100

IZDD. 300 400 500
p.(t) [GeV]

[CMS-FTR-18-015]

[arXiv:1311.1810]

[arXiv:1808.0886x5]

0.9

L] L IIlI-lII L] LI BN IR L)
. CMS Phase-2
. Simulation
- Preliminary

diff. x-sec

- xg(x) p?=30000 GeV’ NLO

"I NNPDF3.1
"I NNPDF3.1 + 7

0.8
104

10°

10?2

10° 1


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-015/index.html
https://arxiv.org/abs/1311.1810
https://arxiv.org/abs/1808.08865

[CMS-FTR-18-015]

PRECISION FROM THE BULK AND FROM HIGH ETA -

[arXiv:1808.0886x]

. 3 ab™! (14 TeV) _ _ ] 3ab’ (14 Te
R B e s + Simulation * uncertainty on differential top x-sec O(5%) @ 12—
S [ s Sspou 2 | Shdon™?
= B - Stat e significantimpact on high x gluon PDF = . Preliminary
8T RS 0 i 3 diff. x-sec
o S * complemented with forward tops: o 4
..... 1P‘ D . A
102 1. 300/fb LHCb data probe high-x PDFs with £ A
s partially reconstructed top quarks 0o U Iy = B008e GeV* NLO 2
g0 105k . . L i
A 2. quark PDFs: use differential charge 7 il :
ﬂle R | asymmetry vs. lepton 0.8 ...'f‘.'f‘.'fpf?.‘:l, :'tt' o =
"0 100 200 300 400 500 600 700 800 10 10 10 10 S 1

o p—

p.(t)[GeV] = R I e o x
S, 8F ppti—IbX, 14 TeV M sensitivity from 300/fb of LHCb
& 7TF aMC@NLO +Pythia I saleToul Uneeminy 3 data in (partial) t and tt final states l
< GE NNPDF3.l
< s = Final state 300fb ' <a >
4 i b 830k 0.295
quark PDFs: 3 g b 130k 0.368
differential I*b charge 2 a peb 12k 0.348
asymmetry vs n; {1) g pebb 1.5k 0415
(%)

(300/fb for HL/LHC)

[9A9] punoJdydeq

w
(o)


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-015/index.html
https://arxiv.org/abs/1311.1810
https://arxiv.org/abs/1808.08865

THETOP QUARK BEYOND THE SM



TOP QUARK PROPERTIES

* The top quark is the heaviest known fundamental particle.

Interesting properties/problems appear at all scales

1 { 1 < 1 c: T

my i T Agep | i A®
2 e ey S—— -
E prﬂ‘ductiﬂllé Elifetillle hadrunizﬂtiﬂni Espln_ﬂlpi
i 107275 i 10778 g g [ 1077 s

* X-seC measurementsg °* mass measurements, :
' : ¢ hadronization effects, :

. _ : i+ color reconnection,
interplay withPDFs : i e cine

at high precision,

i » spin correlation, : | » weak interactions,
anomalous strong i :  vector couplings and ;

interactions : ¢ dipole moments, ...

* all aspects under scrutiny at the LHC; let us discuss an example

e
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EXAMPLE: SPIN CORRELATION

* Physics idea: ttbar unpolarized, but spins are correlated

* The long spin-flip timescale makes the leptons
“spin-analyzers” of the top quark
— t/W/b spins are similarly correlated
* Can we measure the spin or the correlation?

* Transversely polarized W-bosons eject the
charged lepton along the direction of motion

* For aW* pair originating from a top quark pair

Phys. Rev. D 100, 072002 (2019) ri

EP|C 80(2020)754 T L A S

EXPERIMENT

we expect large relative lepton momenta

* Rest-frame angle between leptons (p19!)

1 deo 1 .
B ==(1- D cos p({",£7) )
9 —
. %tl‘{f‘} top rest frame

o dcos ¢

Expect to see more often large lepton angles
SM: tr( spin correlation matrix C) =1

-1 coso

: T 1
+1 : -1 coso +1

4—'1(1—+—c0s9)



https://arxiv.org/abs/1907.03729
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-8181-6.pdf

( ] ) cMmS 359 " (13 TeV)
* Measurement as predicted! ~ owa POWHEGV2 + PYTHIAS
—=— NLO calculation MGS_aMCEINLO + PYTHIAR [FaFx) .
CMS . 35.9 b (13 TeV) WALO calculation oL \ ]
8 g 07F # Unfolded data - NLO, SM ] Cu e 0300200240031 -
§ [ — POWHEGV2 + PYTHIAB  NLO, uncomelated | - ‘,_
o gl MES_aMC@NLO + PYTHIAB [FxFxl ; Cp H——H D812 00232 0.023 . |\ b
'—H-IJ— Con e D329 0.012+ 0018 \ P
E PRkt EL L L L L LEEEE LR ;.........: ...................... '!II i = Momina ]
oo e ) L e S R W A +theory
i i i Al -l DLIT + 0.003:+ D010 ) — = - theory ]
0.4 X ‘ ]
i . ] Ay o 0.103 2 0.003:+ 0.007 2 B sececL
105k mStat  Stat & Syst | result & (stal) & (gyst) i 955, CL
£ | | e e .
g3 1“ 0 0.1 0.2 03 04 05 o A B
= = Spin correlation coefficient/asymmetry 02 0.4 0.6
0.95 - Ce/ A% [TeV]
=1 0.5 0 0.5 1
cosQ
: M 9fb'(13 TeV
ratio to SM: CMS 5.9 1o (13 TeVv)
et ——
:Fsnm(D) = 0.97 £ 0.05: R 3
S EsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEED ﬂ '0.005i0.005i0.001
t CMDM
——— .
d, e CEDM -0.004 + 0.008 + 0.000
This is a limit on non-resonant BSM.
It could be invalidated by competing non-zerm effects. T
We need a theoretically sound & complete approach! —0.2 —0.1

result £ (stat+syst) + (theo)
| I | | 1 | |-
0.3

Anomalous coupling

T —

0.4
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https://arxiv.org/abs/1907.03729

(TOP) EFFECTIVE FIELD THEORY



GOING "LOW-LEVEL" INTHEORY LANDSCAPE

s
q q
v
b ‘J\Ps
q q

Sketch from F. Riva

']?; 10° ,_: —— T ' - unknown, maybe resonant, BSM
S 10° e el SIS ¢ phenomena at a high scale
2 10°k EFT from BSM regime *
S : - e
107§ : ¢
10 - .
|
107 'k ‘w -
o j
o2k ..Fl'ﬂy i
107 interference B .
R - . . . : / i :
C"" 70 100 200 300 400 1000 2000
smies) [GeV]
E U ‘l\ Vil q 2,71
E g B — keep E —“effective
E q — —( Symmetries / \ - description”
E q ’ E q €, [,

B scale I Weak scale — SM effective theory I A=1TeV Log E

e.g. flavor physics

~10"'6m EFT validity = 10-'8m
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THE STANDARD MODEL EFFECTIVE FIELD THEORY

* Organize the pieces in terms
of mass dimension:

ﬁeff_£(4} —|—ZA205$+hG

1. Keep SM symmetries
SU(3) ® SU(2) ®U(1)
2. Keep particle content

3. Scale hierarchy

* g operators affect all SM predictions

(
5 (016) Wi Wi oo
!
A2 (Q'_ Q’) (Q_ ‘?)
22 (@ 9) (7 7)

Anomalous couplings & new interactions (tiny selection!)

W W 9
h
-T- - h = - - =-h
W W 7

* Predicting rates from “squared” diagrams:

- 2

’ “\/’ "

—Cr

e S e

q

* Quite exceptional simplification!



SM-EFT AT MASS DIMENSION 6 (WARSAW BASIS)

Expansion of Higgs doublet: ¢ =

e #% and ;‘D2 23 (LL)(LL) rf'?mrﬁm (LL)(RR)
Qe | fYPGrGEGS || Q, (¥’ Qe (#'2)(perv) Qu | Gt )l | Qe | (Eprper)lEs Qe |l )Enre)
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> v 3 _ \i= .o T T .0 i
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W - i v o ) T T i1 - .
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e A A — ! 1 (1) | L ; Qla]dl (it )y dy) Qo | (@, T W@, T ) |
Q. P Ga GV Qow I oe )T W, Q. oti D, @)1y, " _ - |
)r( r 2 " ( €r) e 2 (¢ :* "y )( ¥ ) Er.]:,.dl ”j'p"_u T ) {dA*TAd,) Q::fl l"fpngr‘fr W, ~*d;)
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Table 2: Dimension-six operators other than the four-fermion ones. Table 3: Four-fermion operators.

h — modified/new interactions with the Higgs field
v — modified SM interactions of the order v2/A?

-+ w — modified/new interactions with longitudinal gauge bosons
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GAUGE COUPLINGS



TOP QUARKINTERACTIONS WITH BOSONS
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* Accurate SM predictions are a key ingredient!
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FORCES AMONG QUARKS



NEW FORCES INVOLVING TOP QUARKS?

* Extended scalar sectors “two Higgs doublet t * Hypothetical UV models
models” from SUSY or other BSM physics Ald
[review]
t

review h/f //

|II

» Massive “chiral” colored force carriers, b/t
otherwise similar to the gluon: {

axigluons [Mimasu et.al.]

» Composite sector whose bound states
mix with the SM particles: (right-handed)
top-quark and/or Higgs compositness

[review]


https://inspirehep.net/literature/902365
https://link.springer.com/article/10.1140/epjc/s10052-019-7062-3
https://inspirehep.net/files/cf63c8914a3634f9ac22d52c3e7bf581
https://arxiv.org/pdf/1506.01961.pdf

NEW FORCES INVOLVING TOP QUARKS?

* Extended scalar sectors “two Higgs doublet * Hypothetical UV models
models” from SUSY or other BSM physics

[review]

* predict force-carrier exchange
* modify predictions for LHC processes
* described by “effective theory”

review

|II

* Massive “chiral” colored force carriers,

otherwise similar to the gluon:

axigluons [Mimasu et.al.]

» Composite sector whose bound states
mix with the SM particles: (right-handed)
top-quark and/or Higgs compositness e CanrchitorirIEERT T

* Combinetvs.t&tvs. b &tvs. light quarks

[review]


https://inspirehep.net/literature/902365
https://link.springer.com/article/10.1140/epjc/s10052-019-7062-3
https://inspirehep.net/files/cf63c8914a3634f9ac22d52c3e7bf581
https://arxiv.org/pdf/1506.01961.pdf

FOUR TOP QUARK PRODUCTION

* ATLAS and CMS measure tttt in all decay channels — 02 to 42 % t “’-““1* F

* Statistically limited: 6(SM) =13.4 + 1- 2.5fb > 6 P
\‘\

* most sensitive channel: 22 with a same charge lepton pair
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https://arxiv.org/pdf/2303.03864.pdf
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THETT+BB PROCESS

* An example of how EFT shapes our interest:

* Since Run 1, tt+bb studied mostly for tuning

* Extra“bb” is amodeling challenge

Significant EFT effects, constraining top-
bottom interactions

[Mimasu et.al. [HEP |1 (2018) 131]
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TOP QUARK CHARGE ASYMMETRY <.

t

- ATLAS

t [TOP-21-014] [arxiv:2208:12095]

q
* Use subtle kinematic effects to target interactions with light quarks Exploit “forward-backward” symmetry:
" - : . qti - N(Aly[>0) - N(Aly| <0)
* The “valence” light-quark carries, on average, a larger fraction of the C = NGy >0) + N@Aly <0)

protons momentum compared to anti-quarks

oosl —— MMLOQCD +« NLOEW  ATLAS
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- ATLAS

t [TOP-21-014] [arxiv:2208:12095]

* Use subtle kinematic effects to target interactions with light quarks Comprehenseive EFT interpretation
* The “valence” light-quark carries, on average, a larger fraction of the | ATLAS (s =13 TeV, 139 fb”
_ A vs. NNLO QCD + NLO EW
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* ATLAS A(tt) = 0.006810.0015 <> 4.70 evidence
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t [TOP-21-014] [arxiv:2208:12095]

» Use subtle kinematic effects to target interactions with light quarks

* The “valence” light-quark carries, on average, a larger fraction of the

“Left-handed” vs. "Right-handed”
protons momentum compared to anti-quarks

—s flat direction

— resolved with Energy asymmetry
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* The +t quark in pair production is more forward s v/ =
T -4 S - P - h
* Charge asymmetry cancels overwhelming gluon-initiated background S B S
left-handed Caq (TeVIAY
* Permille effect

* CMS (22) and ATLAS (22/ 22, resolved/boosted) have measured Ac(tt)

B : — need to combine many
Rl iee68E0.0015 > 470 evidence measurements for unambigous results
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GLOBAL RESULTS



[Ellis, Sanz, et.al. FitMaker JHEPo04(2021)279]

G LO BAL FITS [Rojo, Maltoni et.al. SMEFIT JHEP11(2021)089]

Fit one operator at a time

* First global interpratations .
. i W SU(3)%: EWPO+Diboson+Higgs asoecl T (1Tev)?
combining experimental results 004} msua?susy ewrosoisosonsrisgs op individual; ¢, 17"
0.03 B Top operators: EWPO+top (incl. tH)
* Individual operators constrained to 0.2 | I
~1TeV regime: 10 m R | NEm It
oo if | | i | i | | ] BRI i
* Caveats i | B!
-0.02 . 1 |
* background-subtracted inputs 003 S g I | N .\J.,,
e | - vty Al XX
* simplified uncertainty correlation

0.05

* All-operator (marginalized) fits

significantly less constraining

* adding more processes
— resolve ambiguities

* Experiments move towards

more global fits


https://link.springer.com/article/10.1007/JHEP04(2021)279
https://inspirehep.net/files/a675968cf4a80e193ec9706a88b5b78e

[Ellis, Sanz, et.al. FitMaker JHEP04(2021)279]

G LO BAL FITS [Rojo, Maltoni et.al. SMEFIT JHEP11(2021)089]

Fit of all operators

* First global interpratations 25

SU(3)%: EWPD+Dibason+Higgs (1 TeV)?
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more global fits


https://link.springer.com/article/10.1007/JHEP04(2021)279
https://inspirehep.net/files/a675968cf4a80e193ec9706a88b5b78e

TOP QUARKS WITH ADDITIONAL LEPTONS

* CMS “top quark pair + Z/W/H" analysis [TOP-22-006]

* 20S5/32/49 categories with different b-tag multiplicities and with/without on Z requirement
DCharge misid. DMisid. leptons .Dibnsun DTribnsnn DCDHV. itWZ .ﬁH
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* 178 measurements with full uncertainty correlation, constraining 22 operators

* Some optimization to select an ‘optimal’ 1D observable that captures EFT energy dependence: p1(£jo)

* Mostrecent CMS step towards global in-experiment fit

[TOP-22-006]

66


http://cds.cern.ch/record/2851651/files/TOP-22-006-pas.pdf
http://cds.cern.ch/record/2851651/files/TOP-22-006-pas.pdf

GLOBAL FITS (WITHIN EXPERIMENTYS)

* CMS “top quark pair + Z/W/H"
 full 22D uncertainty correlation

* mostrecent step towards
global in-experiment fit

° 22 operators, 178 measurements

* ATLAS: Higgs+EWK+EWPO
* LEP & SLCEW precision data
* 6 coeff. + 22 lin. comb

* mostly conistent with SM
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https://cds.cern.ch/record/2816369/files/ATL-PHYS-PUB-2022-037.pdf
http://cds.cern.ch/record/2851651/files/TOP-22-006-pas.pdf

SUMMARY!

* Top quark properties precisely constrain many anomalous interactions
* Need coherent theoretical approach (SMEFT) and many complementary processes
* Must combine with other sectors

* This way, we can answer the big questions!

* All couplings and properties in agreement with predictions (within uncertainties)

* Top quark physics still developing after 30 years!
* New, rarer process, still become available: need to scrutinise as well

* There is no single best M, measurement, despite the relevancy for the universe’s fate

* Looking forward to Run 3 & HL-LHC
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MACHINE-LEARNING OPTIMAL TOP-QUARK OBSERVABLES



[Ellis, Sanz, et.al.

LOOKING INTO MANY DIRECTIONS AT ONCE FitMaker JHEP04(2021)27]

* In combination, very tight constraint in

Many individual masurements, often with a “flat directions”

2D operator fit

However(!) including all EFT operators leads to much less powerful

Our earlier example: forces of left- and right-handed top quarks — start with two operators

* Physics question: Can we use the kinematic information in the events to resolve the ambiguities?

wn

right-handed top quarks
8
4q

~§

all-parameter fits
" are less constraining

tt Run 1

tt Run 2

ttV Run 1

ttV + ttH Run 2
tt asymmetries
Combined

i1 Marginalised

-10

Cq
left-handed top quarks

» Can we parametrize an EFT classifier?

* Can machine-learning help to
improve the analysis strategy?

* How to achieve optimality?
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TOP QUARK PAIRS IN THE 22 CHANNEL

* Top quark pair production with 29:

 Clean probes of new physicsin a messy environment
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NEYMAN-PEARSON & LIKELHOOD RATIO “TRICK" aniv:1503.07622

Neyman-Pearson Lemma: The likelihood ratio
test statistic is optimal

| p(xi|6 )
(D)~ = ) log p(@i|SM)

x; €D
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https://arxiv.org/pdf/1503.07622.pdf

NEYMAN-PEARSON & LIKELHOOD RATIO “TRICK"

Likelihood ratio “trick’: label two values: 0, SM

L:/dm Z p(zx, z) (E—f(m))z

z€{0,1}

arxiv:1503.0x7622

Neyman-Pearson Lemma: The likelihood ratio
test statistic is optimal

| p(x;|0 )
q0(D) ~ — Y log p(:|SM)
x, €D
e« opl®,SM) 1
/() p(x,SM) +p(x,0) 1+ r(x)
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https://arxiv.org/pdf/1503.07622.pdf

SENDING MIXED SIGNALS TO THE LOSS FUNCTION

N = B i v138‘fb"(1§TeV) _
=Y [dz (pel0)f@? + sl - f@)?)|  § FaRTTEEE
9cB £ 208 $ Ba
o :
L ?]
f*(;r;) = ! r (CB) _ b Z‘Hf B p(mlﬁ) 05 0 5 1b_“35;'2'0 .'
1+ rp(x) B = p(@[SM) Coo/A2[TeV?]

 Sending ‘mixed signals’ to the loss function
* Averages the training data set
* linear effects cancel in the training

* Classifier does not reflect knowledge on the 8-dependence

* Definition: SMEFT-specific ML exploits the quadratic structure of the SMEFT predictions
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PARAMETRIZED CLASSIFIERS: NETS & TREES

Woulzer et.al. [JHEP o5 (2021) 247]

RS et. al., [2207.10859], [2205.12976]

Fit NNs simultaneously
inject new technology

CART algorithm — Boost

inject new technology

r N\ ( )
) . 2
L=%" fd:r: (plw, 2160)f(2:0)% + plz, 21SM)(1 = f(w:0))?)| | L= fd:r: dz p(z, z|SM) (T(m, 2|0,SM) — F(a, 9))
ecB ochB
_ . Tree ansatz with polynomial F(x,0) = Z 1;(z)F;(0)
Make loss function aware of analytic SMEFT structure SMEFT dependence ie7
5 1
Inyert Iik.el.ihood trick. f(@;6) = 1+ 7(x;0) Can solve for trainable Fi(0) = Zéej w; () _ w;(6)
with positive polynomial of NN -outputs parameters of the predictor J Ziej wi(80) ~ w;(60)
2 A 2 — Large training speedup
r(x;0) = (1 = Z G{Lﬁa(m)) - Z (Z ﬁbn&b(m)) . . | wf(ﬂ)
" 2 b>a Obtain loss function for optimal L = — Z Z w,(00)
partitioning, solved by e.g. ocBjeg I\ 0

linear truncation: optimize
Fisher information

here 3 N
h o parametric © @ ) ) ——
2 dependence . dependence
r(x[0, 6o) S
r(x(60,60o)
|
= J \ )
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https://arxiv.org/abs/2007.10356
https://arxiv.org/abs/2107.10859
https://arxiv.org/abs/2205.12976

LEARNING SMEFT INTTBAR
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* 35 features top quark pairs (22)

* “Boosted Information Tree (BIT)”

* NN are equivalent

* 5 POls, 20 functions simultaneously learned

* 300 trees, D=5, ~9 hrs of training

* also more realistic study, including

ba Ckg rounds [2107. 10859, [2205.12976]

* Learning coefficient functions to
compute parametrized optimal oberables

; 12

H+ﬁ|

0
A2
q

0 62
do(x)+ Edgint(x) + Fdaquad(x) =:R(x|0)do(x)

— parametrized q(0|D)



https://arxiv.org/abs/2107.10859
https://arxiv.org/abs/2205.12976

IMPROVING HIGH DIMENSIONAL LIMITS

—

(8)
t

' Binned (p, m)

Unbinned ML (p%, n)

SM

| Unbinned ML (18 features)

* “Standard model candle” — 95% purity

}m/

* Recent [ML4EFT] on,e.g., top quark pairs ~ “0"—

ML4EFT R. Ambrosio, J. Hoeve, M. Madigan, J. Rojo, V. Sanz [2211.02058]

2 1 [CMS-TOP-PAS-20-006]
—

«10° CMS Preliminary 138 fb" (13 TeV)
ARARS RARERRRR LN RARE LERE RE

" |

Dilepton # Data k|

3sop Diep B Uisignal @ Z+jels i
] I it oller [ 1Mineor byg
300 - B Singlet £ Uncenainty

t

s
Il

1.2 e 3 E
t N
A

_““'H.__/} 08 e —_-:
* Look at 2D limits while 6 more floating B T —
m(tt) [GeV]
— |} - * Physics case: forces among top quarks & light quarks
- , \ ) W * 2 features; binned vs. unbinned tests: Some gain w/ unbinned
— — ||
L X{? L. * What about using the full event information? (28 features)
— - * Large improvement
L G WIRE eﬁ G} “ / Q\ * High dimensional observation (N.,.=18) in a
~_ S~ . / ‘standard model candel’ can constraining a
8 8 3.8 iahdi - o
ﬂiu] c{m] c@ﬂ EE:Jaj high-dimensional (N_,.s=8) model
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https://arxiv.org/abs/2211.02058
http://cds.cern.ch/record/2803771?ln=en
https://arxiv.org/abs/2211.02058

THE END!



ANATOMY OF TOP QUARK BSM IN SM-EFT

Modification of SM
vector interactions

Tensor (dipole) interactions
are 3-loop suppressed
inSM down to ~103

weak coupling to
right handed fermions

modification of top-quark
Yukawa term (Higgs without Higgs)

‘oblique’ Higgs operator
modifying h propagator

--------------------------------------------------------------------------------------------------

O‘{:;EL L(@TD':_[ TI@) (qL ’}lu TIqL) ............ wt
serfonsssen bt rsgreessesse s e - :

) OEJL 5 ({;DT D"u {;i)) (qL ’y” qL) 'ht'
L Od}t L(@TD,,J @) (_ER,}# tR) , ............. /Zﬂq
._ ......................................... u .................... e I Z/?
Oew L( qrot T;tR)t;Dn +hec. ii 5
SEeErEsesNarEseEEasEssEEaEENeERSEEReRRaRRRSERaRn R RRRRnRenns TR A, Feot t :



EFFECTIVE DESCRIPTION

>

(203s: 3000 fb-1) |©

Events

thl:ehsita
frontier

(2019: 65 fb-2)

e - —

il i A .
70 100 200 300 400

(e2) [GeV]

parametrization with a set of
‘effective’ operators

scale / separates
EFT from BSM regime

Sketch from F. Riva

unknown, maybe resonant, BSM
phenomena at a high scale

N
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EFFECTIVE FIELD THEORY

generic extension of the Standard Model

4
Legs = JCE;;,; Og, + h.c. C, Wilson coefficients (complex)
* all gauge invarian o‘%zblnatlons and use EOM to remove redundangz\y scale of dim-6 interactions
O 59 dim-6 gauge-invariant ops.

limited & well defined approximations most general flavor structure: 2599 dof

* global way to look for NP in SM measurements

* parameterizes deviations from higher-order SM predictions = Compare with anomalous coupling approach:
* often break gauge symmetries
* no global hierarchy of effects
defined in unbroken phase of SM — complex pattern after EWSBiess well defined assumptions
EFT provides guidance to exp. searches Disadvallz'::. SimplerintSRIEREY
ges

° e.g. oncombination strategy in TT+X (respects gauge symmetries) * unintuitive (read: ugly)

» few different basis around

* organizing principle is the mass dimension of the operators

* e.g.onwhere toinclude include 4-f ops (global hierarchy)
* canderive (C)on event level analytically — curse of dimensionality is lifted.

1TeV? _ [ TeV?
(jr:rTH:.l_I—-—Z “l! (,‘l"T,“FZT({(_J-(T”.

I 1<
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RECENT REFERENCES
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top Yukawa coupling from kinematic distributions in
the l+jets channel, 36 fb?, 13 TeV
Phys. Rev. D 100, 072007 (2019)

4 top single-lepton + opposite sign dilepton, 36 pb™
JHEP 11 (2019) 082

4 top same-sign and multilepton channels, 137 fb™
Eur. Phys. J. C 80 (2020) 75

ttZ differential in 3/4 lepton channels, 77 fb*
accepted by JHEP

tt spin correlation in 2 lepton final state, 36 fb*
Phys. Rev. D 100, 072002 (2019)

top quark charge asymmetry 36 fb™
JHEP 02 (2019) 149

new physics in ttbar dilepton events 36 fb*
Eur. Phys. J. C 79 (2019) 886
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https://arxiv.org/pdf/1907.01590.pdf
https://arxiv.org/abs/1906.02805
https://arxiv.org/abs/1908.06463
https://arxiv.org/abs/1907.11270
https://arxiv.org/abs/1907.03729
https://arxiv.org/pdf/1811.06625.pdf
https://arxiv.org/abs/1903.11144

4 TOP QUARK PRODUCTION RUN I

* ttttis an unobserved very rare process: o(tttt) = 12 fb

* very large jet and b-jet multiplicities . t n_
* large hadronic activity t "
* CMS (and ATLAS): two main channels g g .
regesingle teptorr+ O S diteptor :
E * 40% branching fraction .

* relatively large backgrounds

12% branching fraction

low backgrounds
* most sensitive channel!

* full Runll data 137 fb™

* MVA & cut-based analysis

* main backgrounds:
ttW, ttZ and ttH

* interesting process from
BSM perspective!

—h
o

Data / Pred.
O =MW L

Eur. Phys. ]. C 80 (2020) 75

137 b~ (13 TeV)

BOT (post-fit)
a Monprompt lep. I Charge misid.
t . e Xy
W s Rare Y

-



https://arxiv.org/abs/1908.06463

CMS
4 TOP QUARK PRODUCTION RUN I

Eur. Phys. ]. C 80 (2020) 75

* Result: significance of 2.6 (2.7) s.d.

cMs 137 6™ (13 TeV) CMS 137 =" (13 TeV)
. . . ' 501 : xﬁ"m it ;’l 85% CL obsarved exclusion regions
* rich set of interpretations! o = Procktod romn seckon 5 = e
40 ,'r =
* constraint on the SMYukawa coupling / I
SM | 0
el / |ye™M| < 1.7 (95% C.L.) E :
* BSM scalar ¢ or vector Z' m<am, o s
Y
 2HDM (m>2m,) and DM SMS
. . . . 00 05 10 15 20 25 00y ioo 180 200 250 300
including tqH/A, tWH/A contributions Ly £ € g oz (Se]
C ‘Obl |C| ve’ HIggS pa rameter 40 SMS 157 167" (13 TeV) 100228 18T & 13 Tel 100 M3 L P
: . 25% CL uppbr Smss 85% CL uppar hmis
H & = m‘”‘"“’“""’gm“ ‘E : mn:gpm +1 and £2 o, g : x‘::n:! +1 and £2 o,
affECtlng the H propagatOH 25 =ii: Median xpected. 1 Pauperimens Tﬁ B0 — o aHDM za;nﬂ-n i % o mﬁiﬁ.’fz“"mu.:anﬂ:1:HWW:
Giudice et.al. JHEP o9 (2019) 41 201 scalar T T Gindary (DM, iy = 600 GaV. e = fom = 1) z == GRS (DM, my = 600 GeV. guu = gom = 1)
. . S 60 & 60
(albeit not the H-VV signatures) 2, 2 Scalar Z Pseudoscalar
. 2 : g 7
m .
H = CDTE*—' < 0.12 z :
] 1 :L
* constrain (pure) H physics . & 5
°%oc a0 450 s00 sE0 600 650

* (notin Warsaw basis) my (GeV)



https://arxiv.org/pdf/1903.07725.pdf
https://arxiv.org/abs/1908.06463

EFTISNOT ASIMPLE BSM MODEL

Can use 4t production to constrain qqtt 4-fermion operators c
.Znhang,

https://arxiv.orglpdf/1 708.05928.pdf

° e.q. 8 3 a _  pra TOP-17-009
s (t{iT”T _tﬂ} (@rY" T un) htps://arxivorglpdf/1 7 10.106 | 4.pdf
There are two operator insertions necessary to produce 4 top quarks

* (can neglect genuine dim-8 operators for wide class of BSM) L

Compare this to a single operator insertion. =

* i.e. modification of the gqgq—tt process

* Can the tiny 4t signal compete in sensitivity?

because @ « [M|?> two insertions give a 4" order polynomial

OLo(4t) =

6.1+0.10C"+0.081C % 2+0.016C>'340.0048C 1 o

f1a f1a f

Comparing inclusive tt xsec O ti inclusive

% (8) id ttmy
—-88<(C,, <71, ® i global
0O tttt M, =3 TeV
Ottt M =4 TeV

4t xsec:

inclusive tt x-sec: .
~11.8<C® < 4.6


https://arxiv.org/pdf/1708.05928.pdf
https://arxiv.org/pdf/1710.10614.pdf

CONSTRAINING THE TOP YUKAWA COUPLING

to constrain top Yukawa coupling Y,

CECEEEEEEE P
G
s r =\/, H
&
&
T III10T0s &S

exploit EWK corrections at &2 &,

idea: use differential single-leptonic x-sec

(déa,, EkfthE]lf{dﬁLo.’thE}

'I_ CMs - Y,=0
015:*1 HATHOR —— Y, =1
F\ —Y,=2
0.1 !1_ Y, =3
: | Top mass uncert
1
0.05
A\
.D 7R |
-0.05 v T
- T — 1-"""-r.-|
b i

T
400 600

compute correction factors with Hathor [1007.1327]

P BN e o AP i Freieeiy
800 1000 1200 1400 1600 1800 2000

M: " [GeV]

in M(tt) and |Ay(tt)| and apply to simulation at parton level

are the most sensitive to Y,

use e/ events with
likelihood based

event reconstruction
for neutrino momentum

Low M(tt) and small |Aytt | regions

i
Top-Yukawa coupling extracted from 57 bins in M(tt) , |Ay(tt)|, and jet multiplicity

Channel Best fit Y, 95% CL upper limit
Expected Observed Expected Observed
3 jets 1L00*55 1627033 <217 <259
4jets 1007030 087+051 <188 <177
=5 jets 1.007033 1271037 <203 <223
Combined 1.0070% 10703 <162 i <167:

&

5

4

CMS

Phys. Rev. D 100, 072007 (2019)

— CMS
- HATHOR

N\
I L1

—u—'f"!=|]
—q-—Yt:‘]

=3 =1 0 1 2 fyg_“
L
35.8 fb" (13 TeV)
E CMS elu+jets, > 3 jets ---. Expected
- (Channels combined) | — Observed
! 95% CL
68% CL
1 I 1 1 1 1 I 1 1 L 1
2 25 3

g6


https://arxiv.org/pdf/1007.1327.pdf
https://arxiv.org/pdf/1907.01590.pdf

CMS
CONSTRAINING EWK COUPLINGS é

accepted by JHEP

* use associate production of tt
with Z bosons to constrain b
electroweak interactions

* interpret x-sec measurements

* 77.5/fb tt+Z in 3+4 lepton { l
final states g ”_+ .

* binnedinN; N, 5000 7 [

 differential x-sec in p(Z), cos(0*)
g ]
000C

» modelling, tagging efficiencies, W q
background estimates contribute to 7 B
systematics o(SM) = 0.839 £+ 0. llf}lph q


https://arxiv.org/abs/1907.11270

CONSTRAINING EWK COUPLINGS

accepted by JHEF

* use associate production of tt OMS Phase2 Simulaton Proiminary 3ab’(4Tev)  CMS o 7IS®T(15TeV cMs 77517 (13TeV)
: : g f —eme2 ] & [ +Daa iz 1 5 T ol
with Z bosons to constrain  so0of- —c=2 4 8§ [ mwz mxy mzz ] &9 ]
g % | WiRare MINonprompt [ZjUncerainty| & | L |
: : 5 e 10~ ., g i = NLO+NNLL
electroweak interactions g s T A4, % 175 _
3 5 | ’*’ ?+/+ g i
* interpret x-sec measurements 3 £ [ & ® % e 1
E |
=
* 77.5/fb tt+Z in 3+4 lepton [ 2.9
' i
final states . S07F
2 "L wEm Ak & 0 7TT0 RO 300400500
. . =] O L TR S P R ST B CEEP R I P TRE T Se P S b
* binnedinN; N - I S H ] pr(Z) [GeV]
= g CMS . - 31;.3 (Z) [GH:'IW 77.50" (13 TeV)
* differential x-sec in p(Z), cos(@*§ 1 S0 I — T T 1 —T :
= 2 ¥
nsu____m 100 150 200 250 300 350 400 § ¢ Dala i tm)x iWi . B(T
p,(I) (GeV) B 10t Bzz " Rare | Nonprompt - Uncertainty
"E 3 leptons .
i)
i i . . £10°
» modelling, tagging efficiencies, 5§
background estimates contribute to W
systematics a(SM) = 0.839 + U.ll]lpb 10

o -
n — o i
T T

Data / Pred.


https://arxiv.org/abs/1907.11270

CONSTRAINING EWK COUPLINGS

* consider single operator insertions
CMS E ------------------------------------------- E
. _ . - I —T % T — | :
* interference term is important for:vector-type. couplings. , P == CulA? o
: : —— CMS 77.5 b (95% CLY — o
| A A : ——CMS 3597 (@% CLE | o
» EFTtensorstructure-induces EWK T SMERT %l E ,] o
; TopFitter (95% CL) Cia /A? 3
dipole'moments (quadratic dependence of x-sec) e
* most stringent direct constraints on A e——— ———Ca /A .
- (@)
the top-Z vector coupling and the EWK dipole moments 3
: : : . 1 Coa IA* _s
* simple linear relations exist at tree level —
° dlfferentlal measurement Improves SenS|t|V|ty -ljl,le, ....... 1| ...........
~20 10 0 10
* small interference for dipoles
Coetficient Expected Observed Previous CMS constraints Indirect constraints
68%CL  95%CL  68%CL  95%CL Exp.95%CL Obs. 95% CL 68% CL
anomalous coupling Lagrangian: L oz/A [-07,07) [-11,11] [-08,05] [-11,11] [-20,20) [-2.6, 2.6] (4.7, 02
............................... A2 - :
: , /a2 [-07,07) [-11,11]  [-08,10) [-12 12] — — — :
ﬁ — EII II"! C _|_ C E }IllilIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII;
(F t) 7 ( LY T 75 I’A) e/ A [-16,14] [-34, 28 (1.7, 4.2] (0.3, 54] [-202, 4.0] [_[2‘_?‘32*2 ;'IJ'“]”'G] [-0.1,37]
ighhg,, S : L /a2 [-11,11] [-21,22] [-30, —1.0] [-40, 0.0] — — (4.7, 0.7]
+ 3, (Cov +ivsCon)|o(pr) Zy & 0 ] eeeermmmmeenmeeesssonetiseeadiindte



CONSTRAINING EWK COUPLINGS

* consider single operator insertions :
. CMS TS [13TeV) c;‘sEFT — ﬁﬁ?;fr:;[,:‘:sraw
* interference term is important for vector- type couplmgs 2T e T T
* EFT:tensor structure induces EWK B
dipole moments (quadratic dependence of x-sec) Potop
. 5:_
* most stringent direct constraints on o :
ot Eeeta B opgpiiedaan i)
the top-Z vector coupling and the EWK dipole moments T e
¢ simple linear relations exist at tree level - - sy |
* differential measurement improves sensitivity Euzu_--.U--F-“f??'“-"‘-'f. L Eo e
* small interference for dipoles Pl :
anomalous coupling Lagrangian: 10 .
L = ei(pr) [v*{Cry + 15C1,4) i :
1(:"-'“’ R oo LT
+ (sz +iy5Cs A) v(ps) Zy o /A" [1/T6V]



CONSTRAINING EWK COUPLINGS

* consider single operator insertions e =

0 coupling model —68% CL ¢ bestfit q - coupling model  —68% CL 4 bestfit q -

......................... QU 195" 8 Tov) 69 L. ¢ Ty

< [ eV 0.2k :

* interference term is important for vector- type coupllngs S HO 02 - e

......................... os :
.................................... : 0.1
* EFT:tensor structure induces EWK ; :
.................................... 0 0_

dipole moments (quadratic dependence of x-sec)

* most stringent direct constraints on

: : : : PE 02 01 0 04 02

the top-Z vector coupling and the EWK dipole moments : c. c
. ' :: 2.V
* simple linear relations exist at tree level Pooom L msemim i s —

—68% CL + bestfit
RUBSMRS B et o e e ma

—68% CL + bestfit
T T

» differential measurement improves sensitivity

* small interference for dipoles

anomalous coupling Lagrangian:

m_lm,r T e S — .
(C:: v +175C2 A) v(pr) Zu Coa /A2 [1TeVF] & 0, IA? [1TeV?)



CHROMOMAGNETIC DIPOLE MOMENTS

top decay products are a probe of

the ttbar spin correlation

1 P 1 . 1
My [y
- —
production lifetime
10°% 5

10°% g

Aqep
"-—v—-‘
hadronization

10 24

5 10 &

directly measure spin correlation matrix

* reconstruct the top momenta; e/y, ee, pp

* probe top spinin 3D (15 observables)

* fully consistent with SM

Most sensitive direct result: D coefficient

1 do 1(1
ocdcosg 2

-

cos @+, 07))
——

top rest frame

Spin correlation is sensitive to
the strong production vertex

o

—lo
0.4

0.3

CMs 35.9 ﬂ:lr"' (13 TeV)

- T T T
+ Unfolded data
— POWHEGWY?Z + PYTHIAE
MGS_aMCENLD + PYTHIAR [FxFx]
- NLD, SM — o
MLO, uncomrelated ” N
MNNLO, SM

Stat @ Syst

| mStat

grevearereey AR T oy f:;-"{'f:i "I"E"v.'-’i - .E
P |8 07f - Y- ' .
‘g # Unfolded data - NLO, M :
E _§ POWHEGWZ2 + PYTHIAR MLO, uncorrelated | E
o gl MOS_aMC@NLO+PYTHIABIFXFX] . |
: ek I :
05} -~

: x

0 e

E 0.4 e -

: el wStal Stat@Syst ] :

CMS

Phys. Rev.D 100, 072002 (2019)

Spin correlation coefficient/asymmetry

0 w6 w3 nf2 2r/3 56 R -1 -0.5 0 0.5 1
Ao | CoSQ

CMS 35.9 %' (13 TeV) CMS 35.9 " (13 TeV)

—=— Data « POWHEGYZ + PYTHIAS —=— Data Standard model

—=— NLO caleulafion - MG5S_aMCENLD + PYTHIAB [FaFx]
C B ] 0,90+ 0,07 = 0.09 £ 0.01
=~ NMLO calculation Kk
C,, e 0300200224001 ey - 113032032+ 0.12
c.-.- —— 0.081 £ 0,023 = 0.023 cm ey 1.0 0004 £ 0,05+ 0,01
-
C.. M= 0.329 £ 0.012 £ 0016 Cu+Cp — - i 0.94 %017 = 0.28 2 0.01
-n - DLEST + 0.007 £ 0,009 D HaH 0,98 + 0.0+ 0.04 + 0.01
AL':" - 0167 £ 0.003+ U010 I':-g. " 0.74 %007 = 0,19 0.07
-
-
0.103 £ 0.003 + 0007
Aﬂ*.! e t A ] Lo 1.05+ 0,03+ 0.08+0.11
PR = GMARE) = B [T ———_y
: | ' ' ' L | . ;. | '
o 0.1 0.2 0.3 0.4 05 0.5 1 15 2

SM spin correlation fraction I‘s“ 9 2


https://arxiv.org/abs/1907.03729

CMS
TOP CMDM AND CHARGE ASYMMETRIES Z

Phys. Rev. D 100, 072002 (2019)

* Constrain the top chromo-magnetic & electric dipole moment

................................................ B R et 2o necuarssssesassnssnsassnnsnnasansnnnzsanss v
O = yg(QUTT 90w | Cia/A” = fu/ 2m)
« 2HDM, SUSY, technicolor, compositeness I*
* perform simultaneous fit to all distributions |~
e currently best limit: -0.10 < C;/AN2<0.22TeV™2
.
* Inthe same dataset, -
measure top charge asymmetries a | | I _' o | _ ] CMS 35.9 b (13 TeV)
i GBI > 0) — (Al D <0)  of | / —_ =
) U-tt(alyl(t t) > 0) + Jtt(ﬁlyu ) < 0) : \1i 'f i ] ‘ : : :::":-IIEGUEwF'rTHIM
E’? |\ B A; particle level E | MG5_aMC@NLO + PYTHIAS [FxFx]
i Ta(Bn(67) > 0) — oy(Ay(6,7) < 0) B\ 4 8% LS
© og(An(L,8) > 0) + og(An(L,£) <0) A\ +teoy | | A% partcle level ‘
: -theory -
* sensitive to axigluon, Z’, W' coupled to top 2[- Wl ssecL - ALY parton level : ‘
: 95% CL o
° first measurement at 13 Tev 0 [ = - ‘u_.d - Iu?ai ] I—I(J.Iosl ] I—I(J.IQL; = I—Olu‘l - Ifl:l‘ = II:I.::H' = II)EEI = ID.IIZIGI - 'D}.(ud

Ce/ A [TeV?)


https://arxiv.org/pdf/1107.0841.pdf
https://arxiv.org/abs/1907.03729

CONSTRAINING SM-EFT WITH TTBAR

* using the dilepton channel,
directly constrain EFT
with tW and tt final states

* splitin e/p lepton flavor
* tt 22jets(=2bjets)
* tW:1-2jets(0-1bjet).

* test separately 6 Wilson coeff:
* :Wibvertex;:top-gluon-coupling;-
:3gvertex FENC cauplings::::::::::

- Signal extraction via
per-channel neural networks

3l-_c'1i2|l3

359167 (13 TeV)

Events /0.1

= * Data m
E CMS Cora*=4.5Tev’ @Rt

- en

E- (14et1-4ag)

— €, /A% = 0.5 TeV I DY
— G, /A% = 7.0 Tev* [ Others
Stat.

Stat. & syst.

[ ] Monprompt

Data/Pred.

- tgq

CMS

Eur. Phys. 3. C79(2019) 886

CMS 35.9f7 (13 TeV)
LI LA AR R S B B e B
B } Obs bestht J
i s : current best
I:Iﬂﬁ'ﬂnhs. . 95%CL
> | 95% obs. (theory sys) :
: ggg | “ | new
| [-1.3,1.3]
< Wtb :
: | i [02,0.7]

ol

i t-gl ot | [:0.24,007]
| . ~ factor 10

=
.
=
=
-

| [ better in BR

- |- I —

(¢*7'Du9) (@r'7'9),

{qcr”ITIt)(ﬁw;:v,

(o AM ) GG

I i_L i i i L
-8 -6 -4 -2 0 2 4 6 8

C. /A2 [Te*-.rill
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https://arxiv.org/abs/1903.11144

FCNC

* FCNC suppressed to 10*2—10* in SM by GIM mechanism

* sensitive probe BSM models: 2HDM, SUSY, etc.

* anomalous coupling Lagrangian:

‘CFC_-“\-'G — §

nevermind prefactors -
different conventions in use.
Compare BR.

V2 K 4. vrar ol : a
7_{:}3 j{q (QJF T (v.'r;qPL + j;jPR)t) G;_w

_I_LCJL Et-q*‘r' (@U#u(f_‘[' PL + Ircr'?PR)t) F y
\//E A Yq J g H

+i KtgH (q(f:rr}cPL + ff;‘PR)t) H

\/E.g KigZ
dew A

. e i
K= %(@“f“(fiﬁﬁ + I2,Pr)t) Z,

(qﬂ'—““(féc;PL 4 fﬁPR)t) Dy

4 Cw

* often simplify chiral structure, e.g. fR = 1.

* gcan beu or ¢, with more sensitivity to u (higher x-sec)

+ h.c.

theory summary:
Snowmass 2013 WG report

7+8 TeV, JHEP 02 (2017) 028

8 TeV, JHEP 04 (2016) 035

13 TeV, JHEP 06 (2018) 102
8 TeV, JHEP 02 (2017) 079

8 TeV, JHEP 07 (2017) 003
13 TeV TOP-17-017
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https://arxiv.org/abs/1702.01404
http://cds.cern.ch/record/2292045/files/TOP-17-017-pas.pdf
https://arxiv.org/abs/1712.02399
https://arxiv.org/abs/1610.04857
https://arxiv.org/abs/1511.03951
https://arxiv.org/abs/1610.03545
https://arxiv.org/pdf/1311.2028.pdf

FCNCT/TT QZ

e combinet & tt FCNC channels 13 TeV TOP-17-017
http://cds.cern.ch/record/2292045
* consider all flavor combinations eee/pee/ppe/ppup 1

require same-flavor opposite-sign Z candidate

consider only tensor coupling K.,

train BDTs to separate t and tt-FCNC signal,

fit output discriminator in CR and SR simultaneous in t/tt v
35867 (13 Tev)
8 TeV £ 70 CMS Preliminary + data E
i 2 Post fit: STSR =u1'z“w =
f \ S g0f Al channets B h
Branching fraction | Expected ‘ 68% CL rangel Observed 2 Wz E
B(t — Zu) (%) 0.027 | 0.018-0.042 | 0.022 "0 it
B(t — Zc) (%) 0.118 | 0.071-0.222 | 0.049 o postttune.
Branching fraction | Expected | Observed 20 | " _
B(t — Zu) (%) 0.015 0.024 1 ‘

B(t— Zc) (%) | 0037 | 0045 . ? |
( J = ‘f; | | | 1
13 'Te\/ Bosf. b . l .

o

0.4 0.2 1] a2 04 (=1 -] 0.8

* statistics dominated; profit from energy and lumi; excluded BR ~ O(10-4)

%107

8 TeV TOP-12-039
JHEP 07 (2017) 003
https://arxiv.org/abs/1702.01404

A58’ (13 TeV)

Comerved
B Expoctsd = 10 13 TeV
seener Expacted £ 2 o
obs. JHEPOT(20171003
-+ axp, JHEPOT(2017)003

CMS Preliminary

012 014 0.16
kg, [ A(GeV)


http://cds.cern.ch/record/2292045
https://arxiv.org/abs/1702.01404

FCNC TQH

* Combine 8 TeV results from top quark pair WH (8 & 13 TeW) 3Ty TR

. . " https://arxiv.org/abs/1712.02399
production in H—bb/yy/WW+tt(+Z2Z) o

JHEP 02 (2017) 079
https://arxiv.org/abs/1610.04857

* H—yy most sensitive

* ForH->WW+tt(+Z2)
combine SS and multi-lepton channels

« H—bb has largest branching 35.9 fb (13 TeV

- - S ool CMS b3j3 |
but large combinatorial background g >0 CHEE .

BDT to select correct assignment in FCNC signal, & 2000 .
ANN (8 TeV) or BDT (23 TeV) to selecting signal 1500} -
At 13TeV, focus on H—bb but include | -. 1000[- J
tH production (+20% sensitivity { Data 500} |

_ UL[%] 8 TeV 13 TeV (bb)| Bt =

from PDF enhancement when q=u ) BR(HU) 055(040) 047(034) | Miws & 18 I
BR(t—Hc) 0.40(0.43) 0.47(0.44) Wb o L NN St Y Y
L s R 0 05 1
Di:“””‘z:::;': BDT discriminant

K= 1)x2.
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https://arxiv.org/abs/1712.02399
https://arxiv.org/abs/1610.04857

FCNCTQH

¢ Combine 8 TeV results from top quark pair o -
tt e Jarxi
production in H—bb/yy/WW+tt(+Z2Z) ( A hﬁDS-//arXIV-ogq;aeii/s/;ggg{g?g

JHEP 02 (2017) 079

* H—yy most sensitive https://arxiv.org/abs/1610.04857

* ForH->WW+tt(+Z2)
combine SS and multi-lepton channels

* H—bb has largest branching
but large combinatorial background
BDT to select correct assignmentin FCNC signal,
ANN (8 TeV) or BDT (23 TeV) to selecting signal

95% CL upper limits
------- Median expected
68% expected
895% expecled
— Observed

* Ata3 TeV, focus on H—bb but include
tH production (+20% sensitivity

UL[%] 8TeV 13 TeV (bb)
BR(t—Hu) 0.55(0.40) 047(0.34)
BR(t—Hc) 0.40(043) 047(0.44)

from PDF enhancement when g=u)

=
=
-
-
=

o 01 02 03 04 0.5 0.8
B(t = uH) [%]
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https://arxiv.org/abs/1712.02399
https://arxiv.org/abs/1610.04857

FCNCSTATUS & OUTLOOK

* common language pragmatic choice: branching ratios

t—-Hc
t—Hu
t—yc
t—yu
t—gc
t—gu
t—Zc

t—=Zu

ATLAS+CMS Preliminary 95%CL upper imits <@ ATLAS <@ CMS

LHClopWG

September 2019

Each himat assumes that
ail other processes are zero

[1) JHEP 05 (2019) 123
(3] JHEP 06 (2018) 102
(5] JHEP 04 (2016) 035
[7) JHEP 02 (2017) 028

[9) CMS-PAS-TOP-17-017 [10) JHEP 07 (2017) 003
-SM 2HDM(FV) CI2HOM(FC)

Theory predictions

from arXiv:1311.2028

| I -

1

0-10

[2] JHEP 02 (2017) 079

[4] arXiv:1908.08461 (LH only)
[6] EPJC 76 (2016) 55

[8] JHEP 07 (2018) 176
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107 10 107
Branching ratio

G. Durieux, F. Maltoni, C. Zhang

e EFT approach IN:  Phys.Rev.D 91,074017 (2015)
htps:llarxivorglpdfl1412.7166.pdf

* points out few missed contributions, e.g.
dilepton final states off the Z-peak that disentangle
EWK contributions from 4f operators

99


https://arxiv.org/pdf/1412.7166.pdf

REFERENCES

new physics in ttbar dilepton events 36 fb"!
Eur. Phys. |. C 79 (2019) 886

in the +jets channel, 36 fb-!, 13 TeV

% top Yukawa coupling from kinematic distributions
Phys. Rev. D 100,072007 (2019

top quark charge asymmetry 36 fb"!

|HEP 02 (2019) 149

CMS~ ¢tZ differential in 3/4 lepton channels, 77 fb"!
accepted by |[HEP

\ \ CMS~ 4 top same-sign and multilepton channels, | 37 fb!
%\ Eur. Phys. . C 80 (2020) 75

% tt spin correlation in 2 lepton final state, 36 fb"!

M. 4 top single-lepton + opposite sign dilepton, 36 pb!

JHEP 11 (2019) 082
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https://arxiv.org/pdf/1907.01590.pdf
https://arxiv.org/abs/1906.02805
https://arxiv.org/abs/1907.11270
https://arxiv.org/abs/1908.06463
https://arxiv.org/abs/1907.03729
https://arxiv.org/pdf/1811.06625.pdf
https://arxiv.org/abs/1903.11144

BIRD'S EYEVIEW:TOP EFT OPERATORS @ LO

;. ................... 1 .................................. et o . .
0B _ ;2 2( T(BI ,ﬁ) aloy ioi i tightest Wtb constraints
s A - from W polarization and single-
1 1 measurements
Ogly = i 47 (' Dup) (@1Q)
1

Ot,at =iy (@Tﬁw

: Otw = ytgw(QJ“yTIt)tﬁ f tt+Z and tt+y constraint

different linear combinations

S NN NN NN NN NN NN N A AN AN NN NN NA NN AN NN NN NN NN NN EAEEEEEEEEEEEEEEEEEEEEEEEEEY
-------------------------------------------------------------------------------------

+ 4 fermion operators
+ FCNC
+ operator mixing
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FCNCT/TT QZ

e combinet & tt FCNC channels

8 TeV TOP-12-039
JHEP 07 (2017) 003
https://arxiv.org/abs/1702.01404

13 TeV TOP-17-017
http://cds.cern.ch/record/2292045

FCNC signal FCNC signal
single-top-quark tt
Tiet, [7]<2.4 > 2jets, [n]<2.4
1btag > 1b tag
my > 10 GeV my > 10 GeV

piss > 40 GeV

piss > 40 GeV

* consider all flavor combinations eee/pee/ppe/upp
require same-flavor opposite-sign Z candidate

* consider only tensor coupling k
tqZ

* three low njet/nbjet SB for (1) non-prompt leptons and W+Jets (separated by m(W) and per flavor) and

for NPL + (2)tand (3) tt

* train BDTs to separate t and tt-FCNC signal,
fit output discriminator in CR and SR simultaneous in t/tt
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https://arxiv.org/abs/1702.01404
http://cds.cern.ch/record/2292045

Madminer[1506.02169] [1805.00013] [1805.00020]

H AR D = S CATTE R M O D E LI N G [1805.12244][1907.10621] [1908.06980] [2109.10414]

1. Analytic predictions for the SMEFT predictions at the parton level - easily recalcuable

( )
2
dosverr(2,|0 ) o< Z |MSMEFT(ZP|9:#R( ) g ( ))l
fl:fz
x PDF(f, xBjmken,hHF( ), )PDF(fzaxBjnrken,zaHF( ), )dz p
\. J
i

S s I
i
2. Phenomena at lower energy scales largely factorize: !
|
— Conditional propabilities factor out [Madminer, full Refs. in backup] i
|
|
— Access to the ‘joint likelihood’ ratio for POIs and some i
|

( é )

2
(x50, 7) = o (0, v) P(Xi, Zreco,i> Zptl,i> Zp,il 0, V) (0, v) p(X|Zreco) P(BrecolZpn) P(Zpul2p) P(2p,16, ) N |M(zp,i:93 )|
i»2ilV, o(SM) P(xiszreco,bzptl,i’zp,i|SM) o(SM) p(xlzreco) p(zrecolzptl) p(zpﬂ'zp)p(zp,ilSM) |M(zp,1—,SM )|2
\ J
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https://arxiv.org/pdf/1506.02169.pdf
https://arxiv.org/pdf/1805.00013.pdf
https://arxiv.org/pdf/1805.00020.pdf
https://arxiv.org/pdf/1805.12244.pdf
https://arxiv.org/pdf/1907.10621.pdf
https://arxiv.org/pdf/1908.06980.pdf
https://arxiv.org/pdf/2109.10414.pdf

TREE ALGORITHM FOR SMEFT LEARNING

[arXiv:2107.10859, arXiv:2205:12976]

Phase-space partitioning

Fs(0)
(0
.0) F(0)  F,(0
F,(0) F,(0) | F5(0)
=X

7

F(z,0) =

A simple tree

jeg

> 1,(=)Fy(0

\

* Atreeis a hierarchical phase-space partitioning

7

\\

Cart algorithm

& *,

y  cutonx;n

Fi(0) =

F.
/\ cut on X,

S o Wi (SM)r(6)
Zx i€J f(SM)
dog
fdzd(ﬂ’z “magic”
j‘ dz d%u (Kyle C.)

D

7

J

* Boosted Information Tree: Associate each region j with a polynomial F;(0)

* The non-linearity is in the change across node positions

Boosting

* Fitting tree: Optimize “node split positions” on some loss. Can compute F;(0) from events in node.

* Boosting elevates tree to an arbitrarily expressive regressor for do(x[0)-

ratios
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https://arxiv.org/abs/2107.10859
https://arxiv.org/pdf/2205.12976.pdf

BACK TO REALITY!

[CMS-TOP-20-006]

: dominate in many/most applications

 Binned analyses? Use additive model with exponentials
N

p
prediction(0, )=ZRn,p(9)EKP( App1+ V' Appo )Un,p(SM)

cms____ = 138 fo' (13 TeV)
s, 10 [ Dilepton, particle level o pata, dof = 7 =
3 | POW+PYT, ¥° =7
1k FuFx+PYT ¥ =5 -
ﬂ E POWsHER, £° = 7 =
— [ mC = 1755 GeV, #¥ =23
'% 107 =, M - 1685 GeV, 12 =11 3
>
D 107 sr
=
107°
107 &
BE 12— == = = ;
3 PR
08fF-=—=-=-=-==L
1 500 1000 15007 \ 2000
I YrLLtt]l [GeV]
| N
N
| N
N
1.2k- - —rmmmm - o™
1 h*"~{l'_“lv%Il a{'D 8= Q0 I
A A AT O o I
0.8F-----m—mm - |
Total unc.
Stat. unc.

p=1

* How to find the parameters A?

* “Vary simulation” <= Generate synthetic datasets

>

ﬁ.n:p

[combine paper]
(N. Wardle)

* Decades of experience with modeling choices
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https://arxiv.org/pdf/2402.08486
https://arxiv.org/abs/2404.06614

REFINABLE MODELING IN 3-STEPS

1. Let's write an unbinned additive model
NP

dx(x]6,7) = > Ry(x[0) ay exp{+ App 1 (x) + 7T Ay o(x) 7 +...} doy(x]SM)
p=1 I

SMEFT normalisation Sp(x|7)
(“k-factors™)

2. The experimentalist (not the framework) decides on further specification

TT(22) has 9o% purity: We have a single EFT process and a number of small backgrounds (DY, non-prompt, ...)

Ny
AR(x19, %) = Regr(x10) Serr(x19) dogea (xISM) + > 'S, (x[)da, (x[SM)

p=1

3. Formthe ratio & learn the factors! r——-——-——-l—). SMEFT Ieimi”g

dn(x|0,v) _ Rerr(x|0)Seer(x|») + Z;ﬁi_ﬁf&ig x| jggﬁmﬂ hﬁ Rigr(x10) Serr(x[9) + 35 @8, (x[)8, (%)
dZ(x[SM) 1+ 3, e T T e R —
e e 3) classifiers
Adding systematics or processes partial training! e



ATLAS UPGRADES FOR HL-LF

Barrel Toroid

Muon Detectors

Inner Detector

Electromagnetic Calorimeters

Solenoid

\

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

CERN AC - ATLAS V1997

Forward Calorimeters

Hadronic Calorimeters

End Cap Toroid

Shielding

Inner Tracking Detector (ITk)

All silicon, strips and Pixels up to [n| < 4
[ATLAS-TDR-025, ATLAS-TDR-030]

Muon system upgrade
New chambers in the Inner barrel

region (|n| = 2.7)
[ATLAS-TDR-026]

High granularity timing detector
(HGTD) 2.4 <|n| < 4.0 with 30ps
[ATLAS-TDR-031]

Upgraded Trigger and
Data Aquisition System
[ATLAS-TDR-0249]
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https://cds.cern.ch/record/2257755
https://cds.cern.ch/record/2285585
https://cds.cern.ch/record/2285580
https://cds.cern.ch/record/2719855
https://cds.cern.ch/record/2285584

) (GeV)
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T
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RECONSTRUCTION PERFORMANCE

* ATLAS ITk nuclear interaction length vs. n with extended tracking coverage

[CMS-FTR-18-015, CMS-NOTE-2018-006]

[ATL-PHYS-PUB-2021-024, ATL-PHYS-PUB-2021-023]

* impacts b-tagging performance similar to Run Il (200PU & up to | n | < 4)

* Excellent & stable PU jet rejection across all PU densities

10—

M i
Gﬂ 02 04 06 08 1

E;™ss resolution not much worse than in Run |l

. i 114T&"|.|"}
—Ph-uzdl.,u:—:ou

— Phase 2 <N, >=140 °

 Run 2 (approx.)

. CMS Phase-2
Simulation Prediminary
E pE = 30 GeV

..J.IJI.J.I.J.

A K

C 1

>

o

V]

(e

V)
I.JJI.J .I.JI.]I.I.JI.J

72 74 16 18 2
PU density (events / mm)
Puppi E;™s resolution for p1(Z)>30

Efficiency for hard-scatter jets

- e rrrrrgpere L LR LR LR LA [y [ T g
13 :_ {z=14 TeV, <p >=200 ATLAS Simulation Preliminary
1.2 [Tk Layout 30 < p_(jet) < 50 GeV n
- Pythia8 dijets —j<2.5 ]
115 Eixed PU jet mistag rate 0.02 =
C 2 Befn|<3.B 3
T o T =
: e Y LT L L LTI L " -
0.9F . =
0.8 " s
- circles: Mominal p =
0.7 — triangles: High p =
0.6F =
lllll | & 5 5 4 04 M R | MR | 4 e

0 0.5 1 1.5 2 2.5 3 3.3

pile-up density [events/mm]

:D 5_35 - —_— ——iitiin -
Y - ATLAS Simulation —— Run-2 =
£ __ Preliminary ™ e IMkLayout
E 0.25— — _:
= E =
g oz - " =
“2 0.5 i =
= = ==
5 01 :.:_-:—_"_'" o - -
o < - - =
S s —
= = =

L —T i RN ST S ST —
= if -

=10 - ;

e 5 u.iF e S =

o] i : —— =

= % 08 i 15 2 25 ] L

E  F I Bl L AL LA L Trrrrl ' o9

= E ATLAS Simulation Praliminary ]

2 10° Vs =14TeV, (n)=200; 1t === papjlet

= M2 T ldni<

£ L i . —_— 2‘-|:h‘||-r:3

o o ITk Layout; 23-00-03 S<iet

=2 S — - mi<25

— 5_____‘-‘ — = FRun 2

10°F L""‘n-.._;_‘

- T

- -

C -

ot

10° = = =

; RN
10 —

g N
_u P T IO N T O A A | IS

1']‘55 06 065 0.7 D?ﬁ 0.8 0485 1‘.]9 095 1
b-jet efficiency

Hard-scatter jet efficiency vs. PU density

108


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-015/index.html
https://cds.cern.ch/record/2650976?ln=de
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-024/
http://cdsweb.cern.ch/record/2776650/files/ATL-PHYS-PUB-2021-023.pdf

[arXiv:1810.03639]
[ATLAS-PHYS-PUB-2018-051]

PDFs AT HL-LHC

* ultimately: Drell-Yan at all m(22), top quarks, W+charm, direct y, forward W+Z, inclusive jets

» differential high- E{¥ x-sec ratio for different PDF sets

* “ultimate” PDF precision for projected measurements: > factor 2

PDFs at the HL-LHC (Q = 10 GeV )

%'1 02 NLO QCD {Jetphnx}, MMHT2014 PDF :‘f " ATLAS Simulation Pruliminpary' ] [ B9 PDF4LHC15
O .F \s =14 TeV, 3 ab" S 1.2[~ NLO QCD (Jetphox) — b “2 + HL-LHC (scen A)
S107F Isolated photon, E' > 0.4 TeV E o fVs=14Tev,3a’ T . 25 4 HL-LHC (scen C)
%1 o* - = [ Isolated photon, E! > 0.4 TeV =
Wopsb . ] 300 1 S 1qmicos 13
L 10° by ; events E i 2
1 U'T """""" o 1 = 2’
8 @ >0,
10 e £
10‘9 i % os~ i 7] AP Ao el -
10" — m'l < 0.6 LR i) | - o(CT14)/c(MMHT2014) 10°% 107 107 102 10”'
..... 0.6 < In'| < 1.37 (x 10 I - 6(NNPDF3.0)/6(MMHT2014) 1 X
10 Mg 1.56 < | < 1.81 (x 109) o 0.8 G(HERAPDF2.0)/c(MMHT2014) a gg => h => bb @ HL-LHC Vs=14 TeV
10712 181 < | <2.37 (x 109) W yES+ER uncertainty 13 TeV, 326" :‘:{i'ia'd[:;i_ﬁé}'s """" A
500 1000 2000 3000 0.4 1 2 3 vosl 5% + HL-LHC (scen A)
E; [GeV] Er[TeV] 108 F5¥ + HLALHC (scen C)
[
17
1]
. . . . e}
* ATLAS directy up to E{¥= 2 TeV with good statistics o



https://arxiv.org/pdf/1810.03639.pdf
https://cds.cern.ch/record/2652285/files/ATL-PHYS-PUB-2018-051.pdf

TOP QUARK MASS (OVERVIEW)

]

* Extremely simple tree level: SM masses fromYukawa couplingy, =135 [ CMS
RN _ g_ 3 ! Preliminary Projection
— P | 1 ¥ C i
o E‘n'ul-:awa — .ff{f({fL{I}) dﬁ’ T .ffax((fL{I))’ Up T U{((L(I)) {R + h.c. E E : === g, JHEP 12(2016)123
w ) 2*5:_ ; - === g (tl), JHEP 08(2016) 029
-E‘ C : sec. vix, PRD 93(2016)2006
E 25_ """"" ¥ - single t, arXiv:1703.02530
8 150 -
3 N , L
. s e
* Tree level: m v/y/2 . Higgs mechanism im resswel confirmed! - R LD e -
t= Yt g9 P Y 0.5\ .
« World average (Tev.+LHC): m, = 173.34 * 0.24 (stat) £ 0.71 (sys) ot 7
J t= 37334 g 72y Runl 0.3ab”, 14 TeV ﬁab”, 14 TeV
» Extremely complex picture at the loop level: 0.17 GeV — 0.1 %

- MS ‘short distance mass’ approx. 10 GeV lower than pole mass @N3LO dominated by JES

* experiments use ‘MC mass’ <= would need a well defined perturbative expansion of parton showers
* direct and indirect top quark mass measurements (x-sec) relate differently to the Lagrangian parameters

 confinement : ambiguous (non-perturbative) relations to the pole mass of O(250 MeV)
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