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‘ Outline I

Lecture 1: Bread & butter Top Physics
. Introduction

. Top pair production cross-section
. Top mass

Lecture 2: Top and New Physics
. Top couplings
. Exotic top production & decay



Why is Top Physics interesting?

+ Discovered in 1995 by CDF and DO at Tevatron. avcrionis | s | e
Not a surprise: required by self-consistency of the SM. o N >
. ")
«  What was more surprising was the large mass. T
* Form=172.55+0.33 GeV.: . (&)
ﬁm Mass: & 1500
y, = L =0.991 + 0.002!! & [ 4
=>» Only quark with a “natural mass”.
=>» Main responsible for instability of Higgs mass against I .
radiative corrections. s 4 -
=> May either play a key role in EWSB, or serve as a window . 1
to New Physics related to EWSB which might be YO £
preferentially coupled to it. 2.0 o —
PR 5 orders of
_ . 2,1 s magnitude
+ Even if the top quark is just a normal quark: ]
* most of the experimental measurements have no oL 4 1
analogue for the lighter quarks, “. H.
+ will allow to make stringent tests of the SM. 1o o 3




‘ Outlining the top-quark profile I

* Precision measurements of top quark properties crucial in order to unveil its true nature.
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‘ Outlining the top-quark profile I

10s of tt events
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Large top samples in Tevatron Run 2 allowed to make the transition from the discovery phase to first precision
measurements of top quark properties.

March 2" 1995: First announcement of top discovery
in a public seminar at Fermilab




‘ Outlining the top-quark profile I

Large top samples in Tevatron Run 2 allowed to make the transition from the discovery phase to first precision
measurements of top quark properties.

10s of tt events
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Outlining the top-quark profile

Large top samples in Tevatron Run 2 allowed to make the transition from the discovery phase to first precision

measurements of top quark properties.

The LHC is the first real top factory and will allow a scrutiny of the top quark far beyond anything previously achieved.

10s of tt events
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Outlining the top-quark profile

» Afuture e*e collider would represent another quantum leap in precision of many
top quark properties.

I Proton collider

I Electron collider

O Electron-Proton collider
=== Construction/Transformation

Preparation

Possible scenarios of future colliders
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CEPC Site Selections

Huanghe Company partcitated

huangdao, Hebei Province (Completed in 2014)
2) Huangling, Shanxi Province (Completed in 2017)
3) Shenshan, Guangdong Province(Completed in 2016)
4) Baoding (Xiong an), Hebei Province (Started in August 2017)
5) Huzhou, Zhejiang Province (Started in March 2018)

6) Chuangchun, Jilin Province (Started in May 2018)

7) Changsha, Hunan Provinee (Started in Dec. 2018)




Top-quark production at a hadron collider

Tevatron pp @ 1.96 TeV (LHC pp @ 14 TeV)

— Strong Interaction —
t

g g
~85%(10%)
6 3
t

5~7.2(984) pb

g t
of% < ~15%(90%)
¥

— Electroweak Interaction

m(=17

Dominant production mechanism is in pairs, mediated by the

strong interaction.

Electroweak production of single top quarks ~1/2 of the tt rate.
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‘ Top-quark production at a hadron collider I

Tevatron pp @ 1.96 TeV (LHC pp @ 14 TeV) CERNFermilaiLoHCSSC
— Strong Interaction — [~ Electroweak Interaction — | | | l | J.’ l
t - ,
q g i q Dot __..—JM
= O 7
< ~85%(10%) 4 1377111‘ q. b tot
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* Dominant production mechanism is in pairs, mediated by the L
strong interaction. . cwtv)—

Electroweak production of single top quarks ~1/2 of the tt rate.
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Top-quark production at a hadron collider

Tevatron pp @ 1.96 TeV (LHC pp @ 14 TeV)
High instantaneous luminosity

— Strong Interaction — [ Electroweak Interaction — > e h
9 t P =>» additional pp collisions (pile-up)
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‘ Top-quark decay I

Within the SM:
. . B(W->qq)~ 67%
*  my>my + m,= dominant 2-body decay t>Wb I, q B(W-Iv)~ 11%, I=e, 1,7
(t>Ws, Wd CKM suppressed) we v, @

tt decay modes

Assuming unitarity of 3-generation CKM matrix:
|Vip| = 0.9990-0.9992 @ 90% CL "
= B(t=>Wb) ~ 100%

« TSMx14GeVatm=175GeV [, >> A,

Top decays before top-flavored hadrons or tt-
guarkonium bound states can form.

all hadronic

tau + jets

Typical final state signatures in top quark pair production:

e, e,u . .
5 5 je jet
\é’wﬂ- VMET
. - . b-jet b-iet w
b-je b- b-i )
%/ " bt 2=
Dilepton Lepton+jets All-hadronic
(BR~5%, low bckg) (BR~30%, moderate bckg) (BR~46%, huge bckg)

=>» Top Physics requires multipurpose detectors!



tt Production Cross Section

13



‘ Production cross-section I

Factorization theorem: ¢i,j/h(X,uF)
Ohiha (8 T0) = Z/dﬂ?ldﬂ?2¢i/h1(1‘1,#F)Q'?j/hg(1’-2=HF)5ij(1’11’323=mtﬁs(ﬂR)aﬂR.« [F)

* oy partonic cross section

*  dyn(X,uf): parton distribution function (PDF) represents probability density to observe a parton i with
longitudinal momentum fraction x in incoming hadron h, when probed at a scale pf

* ug: factorization scale; a free parameter; it determines the proton structure if probed (by virtual photon
or gluon) with g?=-pg?
* uR: renormalization scale; defines size of strong coupling constant
Usual choice:
e =t =ph, BE(m,/2, 2m,)

14



‘ oy Theoretical predictions I

ojjis expanded in powers of strong coupling constant

o,(B.

T
—)=—{0}"+0(a)}
m’ (N )

Leading Order (LO): ~a? o)

X, t(p,)
- Use LO PDFs >.mm<
* Normalization unreliable a7 i,

gy gpy)

%y
8(py) 2(py) <)

b)

3)

15



‘ oy Theoretical predictions I

* ojis expanded in powers of strong coupling constant

2 2
u 12 ) 1) Ien 2
o, ([3’,?) =—{o, +alo, +Lo, " ]+0(a,)}
t

t

NLO: ~as3; L=In(u?/m?)
» Virtual and real corrections are added to LO

q t q. J'_(,“»'r e y——1 & GG6EEG0 f(
>’5¢€< + S +... + 5 +...
. : 3 N Pa < i g aaoeet——m—1t¢
-]
q t q t t P NI a3)
riek) g
+  O66e e F +
3 i q H g t g 0606000 [ g
* Use NLO PDFs.
+ First meaningful cross section prediction.
“‘Approximate NNLO” = NLO+NLL resummation 550
+ Based on NLO+resummation of large logs up to TS S B
NNLL accuracy. 2%,
o
* Reduced scale dependence compared to NLO. R

16



‘ oy. Theoretical predictions I

* Includes:

G,‘j (ﬁ’

m

* 2-loop virtual
* 1-loop virtual + 1 extra parton
+ 2 extra partons

Use NNLO PDFs
* Further improve the prediction including NNLL resummation

ul
\ 2)
t

1

ojjis expanded in powers of strong coupling constant

* ~50% smaller scale dependence than NLO+NNLL

Collider |0t [pb]|scales [pb| | pdf [pb]

Tevatron 7.164 fg;éggzz)) tgiggﬁf_;;
LHC 7 TeV | 172.0 J_fg-.;g-j‘;;g J_rj:;(g:;;i;
LHC 8 TeV | 245.8 j‘;jg:i‘;ﬁ% tgzgz‘;ﬁ;
ERC 14 TeV| 05316 | Bt | )

+3%

+4%

Otot [pb]

az 2 2 2
= {aff) 3 ax[of,.” i Lof/.l‘“] +a’ [ofj') i Laff‘” Y L‘o,ff“)] +0(a’)}

NNLO: ~as* =» current state-of-art: a monumental MILESTONE in perturbative QCD

e

%

arXiv:1303.6254

N Theory (scales + pdf) mmmm
Theory (scales}
9t CDF and DO, L=8.8fb"" +=—+— |
8t
7 L
61 =,
PPbar — tt+X @ NNLO+NNLL \._\
5 MSTW2008NNLO(68cl) ]
164 166 168 170 172 174 176 178 180 182

Miop [GeV]
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https://arxiv.org/abs/1303.6254

‘ oy. Measurement I

10°
2 220F T ! ® Data2015+16 '
. Master fOI‘mU|a 3 200; ::ZI;SATSE\/ 1 1! E :X/[PowhewPVB |
10 = E
Ngata: Observed number of events N = tisDlepon
E ol o 1 S
_N Npkg: predicted number of background events o — Fes s Tt
= o . BR: branching ratio sof ]
o .A .L . . . . 40F= E
BR- A¢ Ace: acceptance times selection efficiency B . N
L: integrated luminosity g rep s :

Q osk
. . . s 0 1 2 3 >4 N
+ Standard likelihood fit: Mo
* To estimate oy from a binned distribution, a likelihood function, defined as the product of Poisson probabilities is
maximized:

L(Gn) - HP(N;Itl/tl, Nkpre'zl (On ))
bins

* Profile likelihood fit:

+ Fitin addition nuisance parameters parameterizing the effect of systematic uncertainties, each assumed to
follow a Gaussian distribution. By including in the fit subsidiary data samples with sufficiently high statistics,
leading systematic uncertainties can be constrained by data, thus improving the precision of the measurement.

L(O_ a) £ HP(N;IIII(I, N[r(’(l(o"” ,(_)Z))HG(O, O-ai )

bins syst

1



‘ Backgrounds I

Top quark measurements at hadron colliders are affected by large
backgrounds, primarily:

W/Z+jets => with real leptons

+ Estimated using MC simulation and sometimes normalized to data

q v

W

e/u

9

QCD multijets =» with jets misidentified as leptons and/or jet energy
mis-measurements giving fake E{™Mss

+ Estimated directly from data

“fake” e/n

A key experimental tool to suppress background is b-jet identification
(b-tagging).

mb

1Tub

1 nb

1pb

Fermilab SSC

CERN l LHC l

O H
m,= 100 GeV ™
O

m_,=1TeV o

C Higgs

=500 GeV
my, 500 GeV

-l

0.001 0.01




Jet reconstruction and calibration

ATLAS

EXPERIMENT
Run: 305777
Event: 4144227629
2016-08-08 08:51:15 CEST




‘ Jet reconstruction and calibration I

Energetic quarks and gluons hadronize into collimated sprays of R " HCQS
hadrons that interact with the detector, denoted “jets’”. I e e
Jets are reconstructed from clusters of energy in the calorimeters . 4

and tracks ("particle flow objects”) using a jet algorithm. & fproon

Most commonly used at LHC: anti-kt algorithm

N
< \particle-ﬂow HH

N

charged
hadrons

2
Clustering grows dii — 1 ARZ‘J’ dig = L
around hard cores Y max(pf,py) B2 pl
“resolved”

Gives ~circular jets
R=radius parameter

well-separated one ant_i-kt
anti-k: R=0.4 jets R=1.0 jet
0. -4 v top
. . . Many “boosted object” taggers
Reconstructed jet 4-momentum is calibrated to correspond to that of exéloiting et Sulb Structgge
a jet formed by stable particles = quite involved procedure (more on information!

this later)! 21



Jet flavour tagging

Displaced
Tracks

Secondary
Vertex

Jet

/
ny / ,"
e s

.
. do /
e

+ Identify b-quarks through dedicated algorithms which combine
information from:

» Tracks with large impact parameter
» Displaced secondary and tertiary vertices
* Mass of secondary vertex
* Information often combined using multivariate techniques
(e.g. Neural Networks).
+ Performance of the algorithm calibrated in data control
samples (e.g. tt events).

EPJC 83 (2023) 681

om

=)
S

%o

Background rejection

A
ATLAS Simulation
Vs =13 TeV, tt events
Anti-kt R = 0.4 PFlow jets

£ 20 GeV < pr < 250 GeV, |n] <25

T T T T S

—— light-flavour jet rejection — MV2c10 ]

----- c-jet rejection —— DL1 (f.=0.018)
—— DLI1r (£.=0.018)

10°

Light-flavour jet ratio

c-jet ratio

.
.,
.,
..
.,
~.,
~~~~~
.........

.

[ I I
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1 1
0.75 0.80 0.85 0.90 0.95 1.00
b-jet efficiency
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https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1

‘ tt modeling I

Precise modeling of event kinematics extremely important (acceptance, differential distributions, systematic

uncertainties,..).

LO ME+PS - LO PDF
NLO ME+PS -> NLO PDF
Follow PDF4LHC

recommendations

\

—

< S
SSS

q Parton
Distribution
Function

Process
dynamics
and environment

SN

o~

[ o

[
Ty
S .
-
" 4 hd
g b -
o
55
Pt e}
<]
T Y °

Hadronization

—

Y

MCs interfaced to Pythia
and/or Herwig.

+ LO ME+PS MCs (ALPGEN, MadGraph)
*  NLO ME+PS MCs (aMC@NLO, Powheg-Box, Sherpa)
+ Different handling of QCD radiation

Additional aspects:

Underlying event

Color .
reconnection

Pileup




‘ tt MC generators I

LO ME+PS MCs (ALPGEN, MadGraph) show in general good agreement
with data. Typically go up to tt+<3 jets.

NLO ME+PS MCs (MC@NLO, Powheg-Box) consistently merge a NLO

pp — t£+0,1(,2,3,4) jets at 13 TeV

arXiv:1803.00950

calculation with PS (provides resummation).

SHERPA & aMC@NLO now merging NLO MCs of different jet
multiplicities. Can also include EW corrections.

=>» current state-of-art, but this is a fast-developing field!

do/dpr, [pb GeV™']
e

ME ———> 10

+0,1 (NLO QCD) + 2,3,4 (LO)
=== +0,1 (NLO QCD+EW,;,) + 2,3,4 (LO)
=== 10,1 (NLO QCD+EW;4++LOg) + 2,3,4 (LO)

E-{\,@ - 0 1

|
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1111 IIlI[IIII

w1

) . 1 I 1 1 | 1
. 100 300
NI

500

SHERPA +OPENLOOPS
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https://arxiv.org/abs/1803.00950

Example: oy in dilepton final states

Very loose preselection: 1e, 1u, 21 b-jet.

Simultaneous measurement of o and b-tagging € counting events
with 1 and 2 b-jets.

N1 = Loy eeu2€b(1 — Cpep) + Nibkg
Ny = Loy Eeucbsz g5 Ngkg

ge,- €1 preselection efficiency
&,: b-jet acceptance and tagging efficiency
Cp: 1/2 b-tag correlation (=1.007)

Results:

0,=1829+3.1+42+3.6pb(ys=7TeV) 3.5%unc.
0, =2429+1.7+55+51pb(ys=8TeV) 32%unc.
o, =824.7+ 69+ 12.1 + 18.4 pb (/s = 13 TeV) 2.4% unc.

Dominant uncertainties: signal modelling, luminosity, PDF

/s values [TeV] Measured cross-section ratio NNLO+NNLL prediction
1377 4.54 +0.08 £0.10 £ 0.12 (0.18) 4.69 +0.16
13/8 3.42+0.03 £0.07 £ 0.10 (0.12) 3.28 £0.08
8/7 1.33 £0.02 £ 0.02 + 0.04 (0.05) 1.43 £ 0.01

Events

MC / Data

Inclusive ff cross-section oz [pb]

Ratiowrt CT14 Ratio wrt PDFALHC

©
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https://link.springer.com/article/10.1140/epjc/s10052-020-7907-9

oy summary: Tevatron and LHC

PRD 89 (2014) 072001

Tevatron Run |l

o)
&
CDF dilepton = e — 7.09+0.83 8.8fb™ c
.0
CDF ANN lepton+jets F e H 7.82+0.56 4.6fb™" S
B 103
CDF SVX leptonsjets  frm@mfm] 7.32+0.71 4.6 b “ 10
(2}
) y 75}
CDF all-jets —e =] 7.21+1.28 2.9fb o
S
(@)
CDF combined - o < 7.63+0.50 =
‘ 2
DO dilepton —— 7.36 + 0.85 5.4 fb = 2
@ 10
DO lepton+jets [—e— 7.90+0.74 5.3fb™ S
£
D@ combined —eo— 7.56 £ 0.59
Tevatron combined o= 7.60+ 0.41

m, = 1725 GeV

10

8 9

6 7
pP — ti cross section (pb) at\'s=1.96 TeV

ATL-PHYS-PUB-2023-014
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T
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Tevatron combined 1.96 TeV (L < 8.8 fb™)
ATLAS combined dilepton, I+jets* 5.02 TeV (L = 257 pb")
CMS combined ey, I+jets 5.02 TeV (L = 27.4-302 pb")
LHC combined ep 7 TeV (L=5fb"")  LHCtopWG
LHC combined ey 8 TeV (L =20 fb™) LHCtopWG
ATLAS ep 13 TeV (L = 140 fo™)
CMS en 13 TeV (L =35.9 fb™)
ATLAS l+jets 13 TeV (L = 139 fb™)
CMS I+jets 13 TeV (L = 137 fb™)
ATLAS ep* 13.6 TeV (L = 11 fb')

ATLAS+CMS Preliminary
LHCtop WG

L1111

June 2023 _|

|

CMS dilepton, l+jets 13.6 TeV (L=1.2 ™)
1000

* Preliminary
900

sook WY

-
-
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| Illllll

=== NNLO+NNLL, PDF4LHC21 (pp) 13 13.6
B =—— NNLO+NNLL, NNPDF3.0 (pp) }
| Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 ]
E Mygp = 172.5 GeV, 0 (M,) = 0.118 + 0.001 3
. | 1 ) ] | 1 ] 1 | ] 1 1 | 1 1 1 | 1 1 L
2 4 6 8 10 12 14
Vs [TeV]

Good agreement with the SM
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.072001
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-014/

Implications of precise o, measurement

Theory (scales + pdf) mmmm Theory (scales + pdif) s
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‘ Differential cross-section measurements I

* Motivation:
+ Comparison to existing (and future!) theoretical predictions: fixed-order calculations, ME+PS MCs
=>» crucial to improve tt modeling and reduce related uncertainties
+ Sensitive to BSM effects.
* Measurements unfolded to particle-jet or parton level.

Parton level (full phase space):

+ Top defined after QCD radiation and before it decays.

+ Mimics definitions of bare quark widely used in fixed order theory calculations.
Particle level (fiducial phase space):

« Based on stable particles after hadronisation (see exact definition used

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/ParticleLevelTopDefinitions). Less model dependent
+ Fiducial phase space defined according to detector level cuts. and thus more precise
* Reduced effect from extrapolation.
Parton Level Particle Level
Closer to detector definition /
b t T s .’, = W
. \\ \ o \ tt
7 w B q ? s
W
q q
G J 28
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Differential cross-section measurements

Motivation:

+ Comparison to existing (and future!) theoretical predictions: fixed-order calculations, ME+PS MCs

=>» crucial to improve tt modeling and reduce related uncertainties

» Sensitive to BSM effects.

Measurements unfolded to particle-jet or parton level.
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Data or theory

Example: Top pt spectrum

At parton level, resolved regime (Vs=8 TeV)
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At particle level, boosted regime (Vs=13 TeV)

500 1000

MC generators (NLO+PS) predict a harder top pr distribution at high values than observed.
Improved description from NNLO calculation (but only fixed-order, not implemented in MC generator!)

30


https://doi.org/10.1007/JHEP06(2022)063

Example: Observables sensitive to QCD radiation

» Probe correctness of simulation for high jet multiplicity QCD at the top scale and measure/tune initial/final state
radiation (ISR/FSR) contributions =» important for top, Higgs and many BSM studies
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https://link.springer.com/article/10.1140/epjc/s10052-017-4766-0
https://link.springer.com/article/10.1007/JHEP09(2016)074

Top Quark Mass
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Top quark mass
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https://arxiv.org/abs/0904.2499

Top mass M, in GeV

Top quark mass

135

+ Large top-Higgs Yukawa coupling also results in large
radiative corrections to Higgs quartic coupling.
« Extrapolating to the Planck scale assuming no New
Physics contributions:
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=>» Implications for stability of electroweak vacuum
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‘ Top mass in QCD perturbative calculations I

Parameters of the Lagrangian have no unique physical interpretation. Radiative corrections require definition of
renormalization scheme.

=p-—m’ — X(p.m" p)
& ) (m®, m?

Xs n
0 sl = mO[E +] + 2 (im0 mO, )

— i O . as
MS scheme: m’ = m(u) ll - =+ ... ] A. Hoang @ Workshop on “Top mass: challenges in

definition and determination”, Frascati, May 2015

— W(M) is pure UV-object without IR-sensitivity
— Useful scheme for 1 > m

— Far away from a kinematic mass of the quark

- «
Pole scheme: ”lO _ mpole [1 s 4. :| N Eﬁnonpole’”lpole”uj)

s

— Absorbes all self energy corrections into the mass parameter

— Close to the notion of the quark rest mass (kinematic mass) Should not be used if
— Renormalon problem: infrared-sensitive contributions from <1 GeV that uncertainties are
below 1 GeV'!
cancel between self-energy and all other diagrams cannot cancel.

— Zfin has perturbative instabilities due to sensitivity to momenta < 1 GeV (Aqcp)
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Strategies to measure the top quark mass

* Indirect measurements:

* Based on the comparison of inclusive or differential tt
cross sections to the corresponding theory calculations

=>» In principle well-defined top mass definition: pole mass
or MSbar mass

* Direct measurements:

+ Exploiting information from the kinematic reconstruction
of measured top-quark decay products, e.g.

Reconstructed m (it or single top events)
B-jet energy spectrum

B hadron transverse decay length
Lepton p+

Lepton+b-jet mass, lepton+J/yp mass

« Parametrise observable in my,, using MC simulation

=>» Actual top mass definition not so clear: “MC top mass”

Cross-section [pb]
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Handles for a precise m{M¢ measurement

Jet Energy Scale (JES)

+ Direct top mass measurement requires precise mapping
between reconstructed jets and original partons =
correct for detector, jet algorithm and physics effects

* Restores the jet energy scale to that of jets made of

stable particles.

 Handles:

— MC simulation
— dijets, photon+jets, Z+jets
— Z+b-jet (verification of b-jet energy scale)

Residual in-situ
calibration using
Z+jets events

£ 0.92F aTLas ‘ eData =

s F Vs=13TeV,80 ", y+jet  aPythia8 ]

0.90F Anti-k, R = 0.4 (PFlow+JES) vSherpa2.1.1

0.88 I7"1<08 — =

|- ¢ :‘—__‘= |

0.861— =, " e, —]

r o et

0.84F - 3

0g= " =

E " ]

080~ o 3

§ 1,05 ‘ ]

L — ]

~ [ e

o s

Q 1.00-+ ‘ ]
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EPJC 81 (2021) 689

P [GeV]

calorimeter jet

b
out of
2 7 cone
Y
L - 7.%,);11’[ icle
=
1

o) e @

o q\

A sophisticated correction procedure (e.g. ATLAS):

Reconstructed pr-density-based Absolute MC-based
jets pile-up correction calibration
Jet finding applied to Applied as a function of Removes residual pile-up Corrects jet 4-momentum
tracking- and/or event prte-.uF p; density dependence, as a to the particle-level energy
calorimeter-based inputs. and jet area. function of 4 and Np,. scale. Both the energy and

direction are calibrated.

Residual in situ
calibration

Global sequential
calibration

Reduces flavour dependence A residual calibration
and energy leakage effects  is applied only to data
using calorimeter, track, and  to correct for data/MC
muon-segment variables. differences.
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Handles for a precise m{M¢ measurement

Jet Energy Scale (JES)

Restores the jet energy scale to that of jets made of
stable particles.

Handles:

B-tagging
Reduction of physics as well as combinatorial

MC simulation
dijets, photon+jets, Z+jets
Z+b-jet (verification of b-jet energy scale)

W mass from W—jj in top quark decays
(in-situ calibration in tt events!)

background
Sophisticated mass extraction techniques

Maximize statistical sensitivity; minimize some
systematic uncertainties (e.g. JES)

Simulation

Accurate detector modeling and state-of-the-art

theoretical knowledge (gluon radiation, b-
fragmentation, etc) required.

Fractional JES uncertainty

Data/MC

0.04

0.02

L R B B BT )

Inclusive jets

AJES=1%> Ami,,=1.7 GeV!

T T T T
- ATLAS I Total uncertainty
I Data 2015-2017, Vs = 13 TeV == Absolute in situ JES 7|
|_Anti-k, R = 0.4 (PFlow+JES) = Relative in situ JES
| n=0.0 = Flav. composition

EPJC 81 (2021) 689
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= Punch-through
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ol Data ' |Z+jets '
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I W+jets B3 Uncertainty
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‘ Systematic uncertainties I

Signal simulation
(PDFs, MC generator,
hadronization model)

Event modeling and
environment
(underlying event,
color reconnection,
QCD radiation, pileup)

Parton Process
Distribution dynamics ‘
Function and environment Hadronization =~ Detector interaction
Reconstruction
experiment
theory M

Physics objects and
detector modeling
(JES, JER, b-tagging,
Eqmiss,...)

Background
contamination

= Can exploit data to verify proper modeling and/or further constrain size of systematic uncertainties.

39



Normalized events / GeV

Ratio

mMC extraction techniques: Template Method

EPJC 79 (2019) 290

+ Identify kinematical variables strongly correlated with

. . > j‘I""I""I""I""l""l'_"'l b
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mMC extraction techniques: ldeogram Method

. Modification of the template method using multiple permutations with different weight.
. Starts from kinematic reconstruction, then computes event likelihood as a function of m; and a JES overall factor.
. Different probability density functions used for different jet quark assignments.

Total uncertainty: 0.51 GeV

5000
E (Dominant systematics: flavor-dependent JES)

1.5
1

100 200 300 400 0'50 50 100 150 200 250 300
mit [GeV] miEe [GeV] 41

. 2-dimensional event likelihood (ideogram) given by: cms Loplonsits, 197 1" (8 ToV)
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Was the single most precise measurement till recently...


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.072004

Measured mM¢ as a function of kinematics

« High sample statistics at the LHC allows to perform the mM® measurement as a function of kinematic variables

that are sensitive to radiation and color reconnection effects: nies, pr(t), ARqq, [Nol,---
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Data well described by models
(possible exception POWHEG+HERWIG)

Much potential with Run 2 (and beyond) statistics!
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March 2014: First mM¢ world average!

arXiv:1403.4427

Tevatron+LHC m,,, combination - March 2014, L, =35 tb'-8.7 b ATLAS + CDF + CMS + DO Preliminary
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L=t 7 V +jets
CMS 2011, l+jets —et— 173.49 + 1.06 (0.27 + 0.33+ 0.97) =49t [ | 277
L =4.910 CMS 2011, di-lepton I 31
CMS 2011, di-lepton —_—— 172.50+1.52(043  +1.46) L=tom
=491 CMS 2011, all jets I 75
CMS 2011, alljets ———t—t 173.49+1.41(069  +1.23) a3 !
World comb. 2014 %17 =510 == 173.34 £ 0.76(0.27 + 0.24 + 0.67) '
g’ 2 Tevatron March 2013 (Run I+l) = =] T73.20 0.8/ (051036061 'Ih;?vatﬁoznthHc My, comb.i
o § arc |
5O LHC September 2013 —01 —t 173.29 + 0.95 (0.23 + 0.26 + 0.88) | i ‘
& . | A tota}\ (stat. syst)
-100 0 100
165 170 175 180 185 BLUE Combination Coefficient [%]
My, [GeV]

Most precise individual measurements at the time were from CDF and CMS in lepton+jets.
Stability checks performed on the impact of assumed correlations (results stable within 200 MeV for the central
value and within 300 MeV for the uncertainty).
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Summary of LHC mM¢ measurements

Now there are multiple measurements with a precision
comparable or better than 2014 world average.

The latest CMS result in the lepton+jets channel fits 5
observables and exploits the profiling of systematic
uncertainties to reach <400 MeV precision:

cMs arXiv:2302.01967 SRR
m,=171.77 £ 0.37 GeV Pre-fitimpacts [ 8+46 [] 8-46

—=— Pull Post-fit impacts [l] 8+49 [l 8-A9 [] MC stat.
JEC flavor bottom 0.89 H 0.19
FSR PS scale gag S 047| [ : 0.14
FSRPS scale X—Xg 076 ) 0.13
BG QCD multijet —— 0.50 0.12
CR: gluon move — 0.37 0.11
CR: QCD inspirpd —a— 0.40 0.00
Early resonance decays T 0.33 0.09
BG Wajets 078 0.08
JEC abs. MPF bias 0.94 0.07
Underlying event 0.52 0.07
ME/PS matching —_— 052 0.06
JEC rel. sample 0.92 0.06
bJES Bowler-Lund central 081 [ ] 0.04
Statistical uncertainty [ ] 0.04
JEC abs. scale 0.98 | 0.04
JER <193 -— 0.33 = » 0.04
bJES Peterson e 045 0.04
JEC rel. FSR 0.97 | m| 0.04
JEC flavor light quarks 0.97 0.04
b tagging mis-tag scale 0.88 0.03
BJES semilep. B decays 0.96 0.03
Pileup 0.86 0.03
FSR PS scale g-gg 1.05 = 0.03
JEC pileup data/MC 0.96 0.03
FSR PS scale g—»qq 0.94 0.03
bJES Bowler-Lund 0.85 0.03

-2 -1 0 1 2 -03 02 -01 0 01 02 03
(6-6,)/40 Am, [GeV]

The next combination will very challenging!

ATLAS+CMS Preliminary
LHCtopWG

"""" World comb. (Mar 2014) [2]
stat
total uncertainty

LHC comb. (Sep 2013) LHctopwa -
World comb. (Mar 2014)
ATLAS, l+jets

ATLAS, dilepton

ATLAS, all jets

ATLAS, single top

ATLAS, dilepton

ATLAS, all jets

ATLAS, l+jets

ATLAS comb. (Oct 2018)
ATLAS, leptonic invariant mass
ATLAS, dilepton (*)

CMS, I+jets

CMS, dilepton

CMS, all jets

CMS, I+jets

CMS, dilepton

CMS, all jets

CMS, single top

CMS comb. (Sep 2015)
CMS, I+jets

CMS, dilepton

CMS, all jets

{

CMS, I+jets
B ed

i§1¥1.11¥

PHLE

Myp SUMMary, ¥s = 7-13 TeV

il

ol
|
—=——|
H=H
——

o——|
H
—
=

* Preliminary

June 2023
total stat
My, * total (stat + syst + recoil) s Ref.
173.29 +0.95 (0.35 + 0.88) 7 TeV [1]
173.34 £ 0.76 (0.36 + 0.67) 1.96-7 TeV [2]
172.33 £1.27 (0.75 + 1.02) 7 TeV [3]
173.79 + 1.41 (0.54 + 1.30) 7 TeV [3]
1751+ 1.8 (1.4 £1.2) 7TeV [4]
1722 +2.1 (0.7 + 2.0) 8TeV [5]
172.99 +0.85 (0.41+ 0.74) 8TeV [6]
173.72 £ 1.15(0.55 + 1.01) 8TeV [7]
172.08 +0.91 (0.39 + 0.82) 8TeV [8]
172.69 +0.48 (0.25 + 0.41) 7+8 TeV [8]
174.41+0.81 (0.39 £ 0.66 + 0.25) 13 TeV [9]
172.21+ 0.80 (0.20 + 0.67 + 0.39) 13 TeV [10]
173.49 + 1.06 (0.43 + 0.97) 7TeV [11]
172.50 + 1.52 (0.43 + 1.46) 7TeV [12]
173.49 + 1.41 (0.69 + 1.23) 7TeV [13]
172.35 £ 0.51 (0.16 £ 0.48) 8TeV [14]
172.82 £1.23 (0.19 + 1.22) 8 TeV [14]
172.32 £ 0.64 (0.25 £ 0.59) 8 TeV [14]
172.95 +1.22(0.77 + 0.95) 8 TeV [15]
172.44 +0.48 (0.13 + 0.47) 7+8 TeV [14]
172.25 + 0.63 (0.08 + 0.62) 13 TeV [16]
172.33 £0.70 (0.14 + 0.69) 13 TeV [17]
172.34 £ 0.73 (0.20 + 0.70) 13 TeV [18]
172.13 £0.77 (0.32 + 0.70) 13 TeV [19]
171.77 £ 0.37 13 TeV [20]
172.76 + 0.81 (0.22 £ 0.78) 13 TeV [21]
157 ePu

181 P
] 16] EPJI
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‘ m.f°'®¢ from o, measurement I

+ Taking as input the ttbar cross section measured in the ep channel.
* Important to obtain measurements as independent as possible on the assumed top quark mass.

JHEP 08 (2016) 029

o, [pb]

19.7 b (8 TeV)

5.0 b (7 TeV)

v b by b b b by e —
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mPo'® = 1738

+1.7
-1.8

GeV

Cross-section [pb]

EPJC 74 (2014) 3109
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[ 8Tev O \s=7Tev, 46" Yvsm,
C \\. \s=8Tev,20.31" e ]
250/—d L DS -
T A S “\i‘ 1
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C T — TN
200|- 77er " SN ~
L @ Q \\ & & &l
L \wf\“‘:f hd i
L T e _
- \
Colv b b b b b by by L
164 166 168 170 172 174 176 178 180 182
m ™ [GeV]

mP%'® = 172.9 725 GeV

+ Measurement dominated by theory uncertainties (scale and PDF).
+ New PDFs have smaller uncertainties than previous generation, thanks to the inclusion in the fit of LHC data.
* At 13/14 TeV the uncertainties due to PDFs are smaller than a 7/8 TeV, as we probe gluon content at lower x.
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Summary of LHC m,f°'* measurements

Theoretical progress is the key to improve
the precision and be competitive with the
MC top mass determinations.

Caveat: The top quark mass extractions
from differential measurements may receive
sizable corrections from Coulomb and soft-
gluon resummation near the tt production
threshold that are not explicitly accounted
for in the theoretical predictions.

Coulomb

Threshold

ATLAS+CMS Preliminary Myep from cross-section measurements
LHCtopWG June 2023
m,,, & tot (stat £ syst + theo) Ref.
total stat

o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV ——e— 1729 %P [l
CMS, 7+8 TeV —e—o 1738 4§ 2
CMS, 13 TeV —— 169.9 27 (0.1£1.5 %) 3
ATLAS, 13 TeV —— 1731 % 4
LHC comb., 7+8 TeV —s— 1734 353 [5]
o(tt+1j) differential, NLO
ATLAS, 7 TeV H—e— 1737 37 (1.5 £ 1.4 §5) &
CMS, 8 TeV (*) ——t—e—i : 169.9 57 (1.1 37 6) 7
ATLAS, 8 TeV (- 171.1 55 (0.4 £ 0.9 57) 8
CMS, 13 TeV —— 172.9 15 (1.3 1) [9]
o(tf) n-differential, NLO
ATLAS, n=1, 8 TeV i 1732 +1.6 (0.9 +0.8 £1.2) [10]
CMS, n=3, 13 TeV | 170.5+0.8 [11]
m,,, from top quark decay [1]EPJC74(2014) 3109 [6] JHEP 10 (2015) 121 [11] EPJC 80 (2020) 658

CMS, 748 TeV comb. [10] GlErC o0 00 EP 1 i vs0 121PAD S 2016) 072004

ATLAS, 748 TeV comb. [11] e O L ey
IIIIIIIIIIIIllIIIlllllllllllllllllllll

155 160 165 170 175 180 185 190
M, [GeV]
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‘ Recap I

The top quark mass is a fundamental parameter of the SM that needs to be
measured as precisely as possible.
Since the top quark is not a free particle the mass definition is not unique.
« Mass definitions used in QCD perturbative calculations (e.g. m°'¢)
(used in EW fits, or EW vacuum stability studies).
+ The relations among these mass definitions is well known.
« Mass as implemented in the Monte Carlo generators: mMC .
+ Finding out precisely the relation between the MC mass and the
masses defined in perturbation theory is a big theoretical challenge!

ole
mp” = my+ Ay

Experiments have performed a wide range of top quark mass measurements

using different techniques and datasets.

« Very precise measurements of mM¢ (<0.5 GeV!).

« Direct measurements of m°* also available (~1-2 GeV) where
theoretical progress is key to improve the precision.

And the precision will continue to improve.

Addressing the issue on the top mass definition and the associated

theoretical uncertainty is becoming more pressing than ever!

t

Total uncertainty on m [GeV]

3 Preliminary Projection
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C sec. vix, PRD 93(2016)2006
2;' ----- single t, arXiv:1703.02530
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‘ Next lecture I

Lecture 2: Top and New Physics
. Top couplings
. Exotic top production & decay



Backup
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‘ tt MC generators I

LO ME+PS MCs (ALPGEN, MadGraph) show in general good agreement
with data. Typically go up to tt+<3 jets.

do/dn,, [pb]

Expected/Data

10?

10

JHEP 01 (2015) 20
=T T T T T T
g ATLAS 3
C —— Data
L POWHEG+PYTHIA
L — — POWHEG(h,_)+PYTHIA
E MC@NLO+HERWIG
EE— S ALPGEN+PYTHIA (o, Down) ]
’ SwEuGEEY 4 7
L _[ Ldt=46f" _|
% Is=7TeV %
| antik, R=0.4 i . |
E ml<25
Cop,> 25 GeV
I I+jets
E_ 1 I I I | |
[ | I I I I B
| | | | | | ]
>8
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‘ tt MC generators I

LO ME+PS MCs (ALPGEN, MadGraph) show in general good agreement
with data. Typically go up to tt+<3 jets.

NLO ME+PS MCs (MC@NLO, Powheg-Box) consistently merge a NLO
calculation with PS (provides resummation).
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‘ MC top quark mass I

Slide from A. Hoang

o hard scattering

1) Matrix elements (LO/NLO)
- ol s 2) Parton shower (LL)
st 3) Hadronization model

Full simulation of all processes (all experimental aspects accessible)

® QCD-inspired: partly first principles QCD < partly model

¢ Description power of data better than intrinsic theory accuracy.

® Top quark in parton shower: treated like a real particle (mMC = m/Pole +?),
® Top quark in matrix elements: mMC = mpole

But pole mass ambiguous by O(Aqp) due to confinement.
Short mass definition more suitable.

« Different approaches are being followed by theorists to calibrate de Monte Carlo top quark mass of a given generator
(i.e. to relate it precisely with a theoretically well defined mass). See e.g. EPS 2017 talk from G. Corcella:
https://indico.cern.ch/event/466934/contributions/2575362/attachments/1489674/2315013/corcella_eps_top.pdf
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‘ m¢°'e from Gy.qje Measurement I
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