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Top quark overview

Main properties
@ Heaviest particle of SM: spln e color charge
o Participates to all |nteract|ons
@ “Natural” mass:

Miop fytf ~174GeV = y; ~ 1

- Privileged relationship with Higgs boson
- Possible role in the EWSB mechanism

@ Decay happens before hadronization can occur:

_ _h h —25
Tiop = F— = =2 = 2x107%s
top Itop G;:mtop\th\ 87‘_\/

@ Angular properties directly accessible through its
decay products

@ Weak interaction decay, dominantly to a W
boson and a b quark
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Introduction: Run-Il prospect

o Very beginning of Run-11: (re)-discoveries of fundamental processes

o Middle of Run-Il: precise measurements and accurate study of cross sections
and other fundamental parameters

o Late Run-Il: potential discoveries for new physics events <— we are here

CMS Integrated Luminosity Delivered, pp, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
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Analyses’ typologies

e Precision SM measurements: better exploiting cross section to derive
fundamental parameters, inclusive and differential top quark mass
measurements, differential angular properties

e Effective field theory (EFT) searches: deviation from SM expectation

e Searches for new resonances: resonant effects due to new particles
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Cross sections measurements: CMS

@ Many cross sections measured with Run-Il data — values of measured cross
sections cover 4 orders of magnitude!

@ Several final states analyzed; inclusive, differential and multi-differential cross

sections studied.

April 2020 CMS Preliminary

.8. 5 X @ 7 TeV CMS measurement (L < 5.0 fb')
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Cross sections measurements: ATLAS

@ Many cross sections measured with Run-Il data — values of measured cross

sections cover 4 orders of magnitude!
@ Several final states analyzed; inclusive, differential and multi-differential cross

sections studied.

Top Quark Production Cross Section Measurements Status: May 2021
8 ATLAS Preliminary o
—_ y
b 10° Fge Run 1,2 V5 =5,7,8,13 TeV 3
E—| LHC pp Vs=5TeV
- single top Ll ‘
10?2 . . LHC pp Vs =7 TeV i
v o Bl Daa 45461
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missing B
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tt cross sections

Let's focus on top pair production.
A lot of measurements at 13 TeV but also at 5,02 TeV by exploiting pp collisions
data

5' E I T T T | T T T I T T T T T T | T T T | T T L
E v Tevatron combined 1.96 TeV (L < 8.8 fb™)
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Discovery of ttV associate production

@ Rarer processes investigated thanks to the amount of data and new analysis

techniques.

@ Among them associate production of top quark pairs and vector bosons are

the most relevant.

ATLAS+CMS Preliminary - “Preliminary
e Vs = 13 TeV, May 2021
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Top-Higgs associate production

e ttH — magnitude of y;  tH — sign of y; | Eur. Phys. J. C 81 (2021) 378‘
oH—-+WW H—=ZZ H—=7randt— all
o 10 different signatures depending on lepton multiplicity
@ Signal to background discrimination with machine learning techniques
@ Results given in term of SM expectation
o Confidence interval at 95%: —0.9 < y; < —0.7 or 0.7 < y; < 1.1

tt H associate production tH associate production

CMS Preliminary 137 fb™ (13 TeV) CMS Preliminary 137 fb (13 TeV)
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http://dx.doi.org/10.1140/epjc/s10052-021-09014-x

Single top quark cross sections

Single top quark production has been precisely measured.
The only missing is the s-channel production.

- ATLAS+CMS Preliminary
LHCtOpWG

Single top-quark production
November 2020
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t-channel production

@ Highest cross section for single top production
@ Cross section as a function of the charge — ratio
@ Golden channel for measurement of CKM matrix elements

u d -
\b 04 - ATLAS+CMS Preliminary — November 2020
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1.4 ; e ATLAS, 4.59 fb', PrD 90 (2014) 112006
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CKM matrix elements

@ Single top events indicated for CKM matrix elements measurements
@ 1 high-pt isolated e/, Njets > 2, Np_ags > 1
@ Several BDTs to discriminate signals ST, by and ST, o

q q

SM assumption

By assuming: [Vib|? 4 [Via|> + [Vis|* = 1

[Vip|? > 0.970
[Vial? + [Vis]? < 0.057

BSM scenario

Presence of additional quark families:

|Vip|? = 0.988 + 0.051
[Viea|> + [Vis|? = 0.06 £ 0.06

Phys. Lett. B 808 (2020) 135609‘
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http://dx.doi.org/10.1016/j.physletb.2020.135609

4 top quarks production

A. De lorio (Universita e INFN Napoli)

Predicted by SM — enhancement by many BSM scenarios

Not observed yet: very rare process o = 12 fb

NEW

Sensitive to magnitude and CP properties of the Yukawa coupling tH [1, 2]

Final state: 4 W bosons and 4 b quarks

] Eur. Phys. J. C

80 (2020) 1085 |

Clean channel 2 leptons same sign (SS) + 3 leptons

t
t
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t
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ATLAS Preliminary
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http://dx.doi.org/10.1103/PhysRevD.95.053004
http://dx.doi.org/10.1103/PhysRevD.99.113003
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3

Top quark mass

Why is it important?
o Key input for EW precision tests
@ Crucial interplay with the Higgs and as
— EW vacuum stability

Cosmological consequences

Challenging for experiments and theory

. 1
— theory ambiguities on m}M¢ vs. mP°'°

pole
n

m]

How can it be determined?
Top Pair Decay Channels

@ Direct measurements:
— observable dependent on my

muon+jets
tau+jets

@ Indirect measurements:

— property f(mP°'®)

electron+jets

' tautjets .

= muon+jets @ Many decay channels, many experimental observables
° it — combination

V[ wit| ud c§

&
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Top quark mass measurements

ATLAS+CMS Preliminary
LHCIopWG
------ World comb. (Mar 2014) [2]
stat
total uncertainty
LHC comb. (Sep 2013) LHctopwe
World comb. (Mar 2014)
ATLAS, lsjets
ATLAS, dilepton
ATLAS, all jets
ATLAS, single top
ATLAS, dilepton
ATLAS, all jets
ATLAS, lsjets
ATLAS comb. (Oct 2018)
ATLAS, leptonic invariant mass ()

My summary, ¥s = 7-13 TeV  April 2021

total stat

My, £ total (stat £ syst)
173.29 £ 0.95 (0.35 +0.88)
173.34 £ 0.76 (0.36 £0.67)
172334127 (0754 1.02)
173794141 (054 £1.30)
1751218(14£12)
1722521 (07£20)
172.99:+ 085 (0.41+ 0.74)
173724115 (055 £1.01)
172084091 (0.39:+082)
172:69 + 048 (0.25 +0.41)
17448078 (040 £ 0.67)

CMS, l+jets 17349+ 1.06 (0.43 £ 0.97)
CMS, dilepton 17250+ 1.52 (0.43 £ 1.46)
CMS, alljets 17349141 0,69+ 1.23)
CMS, l+jets 17235051 (0.16:+ 0.48)
CMS, dilepton 172824123 (0.19+1.22)
CMS, all jets 17232064 (0,254 0.59)

172.95+1.22 (0.77 + 0.95)
172.44 £ 048 (0:13 £ 047)

CMS, single top
CMS comb. (Sep 2015)

CMS, lsjets 17225+ 063 (0.08+ 0.62)
CMS, dilepton 172.33£0.70 (0.14 + 0.69)
CMS, all jets 172.34£0.73 (0.20 £ 0.70)

CMS, single top (*) 17213077 (0.32 0.70)

* Preliminary

oo b e by LY LY T

165 170 175 180 185
My, [GEV]

Links to complete list of top mass
measurements: ATLAS and CMS

A. De lorio (Universita e INFN Napoli)
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Measurements performed in
several different final states:
all-had  /+jets (+jets 0/
Multi-differential measurement
with simultaneous extraction of
top quark mass, as and PDFs:
Eur. Phys. J. C 80 (2020)

Measurement from boosted
topology (top quark decay in
single jet):

Phys. Rev. Lett. 124 (2020)

Almost all top quark mass
determinations have uncertainty
below 1 GeV
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/MASS.html
http://dx.doi.org/10.1140/epjc/s10052-019-6788-2
https://inspirehep.net/literature/1759583
http://dx.doi.org/10.1140/epjc/s10052-018-6332-9
https://dx.doi.org/10.1140/epjc/s10052-019-6863-8
http://dx.doi.org/10.1140/epjc/s10052-020-7917-7
http://dx.doi.org/10.1103/PhysRevLett.124.202001

Running top mass NEW

@ Running mass equation: 2 d:}g‘;) = —y (as(p)) m(p)

@ 2 opposite flavour leptons final states

@ m, extracted from do/dm; at parton level

4 bins in mg _ CMS 35.9 b (13 TeV)
Bin my[GeV] Fraction [%] ui [GeV] \Eéd 105 ABMP16_5_nlo PDF set
1 <420 30 384 = C ﬁre':-uue GeV
2 420-550 39 476 E; 1= o et
3 550-810 2 644 g T
4 >810 7 1024 r
0.95—
CMS 35.9 b (13 TeV) L
5 500 L
> } pata 0.9 [ NLO extraction from differential o,
;E) 400 Wsignal w F o Reference scale p
@ Wsonal ) F One-loop RGE, n r;]'5 ag(m ) =0.1191
80 Osignal 1) 0.85- AR
20 Msinai ) 400500600 700 800 600 1000
D Background u [GeV]
100, Systram™®
460 600 m 1200 ll‘ﬁl 1600 18[0(2 3/0]00 PhyS' Lett' B 803 (2020) 135263 ‘
mee [Ge'
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https://doi.org/10.1016/j.physletb.2020.135263

Forward-backward asymmetry NEW

o 1 isolated lepton (1 or e) ’JHEP 06 (2020) 146‘

@ Several variables simultaneously fitted to distinguish between qq and gg or qg
productions

35.9 b (13 TeV)

. _ . S§ P T
App = a(cosf” > 0) — o(cos " < 0) v<(u'08; --w-e- Median MC values CMS 1
o(cos0* > 0) +o(cosf* <0) 27" w10 ]

LEL 0.6; [ J:20 E

0.4F Fitted data E

0.2~ .

o P E

------- -0.2[- P 3
-0.4F P 3

06 Rt ]

P T AT M b FERSTRR T RTI
04 02 0 02 04 06
Input A®

FB

AL — 0.048%09%5 (stat) 4029 (syst)

A. De lorio (Universita e INFN Napoli) Top flavour physics 08.06.2021 17 /24



https://link.springer.com/article/10.1007%2FJHEP06%282020%29146

Yukawa coupling NEW

@ Weak force mediated corrections ~ O(a®peak)

o t and t with small relative velocity, ot sensitive to Yukawa coupling

@ 2 high-pt isolated e/, Np_tags > 2 ’ Phys.Rev.D 102 (2020) 092013‘
@ No full kinematic reconstruction due to the presence of 2 neutrinos

o Proxy variables My, = M(b+ 7+ b+ £) and |Ay|p = |y(b + ) + y(b + 0)|

. 137 fb? (13 TeV)
. . e
Weak virtual corrections ~ T cws — paa
9 ~.0000000000 t Q st Prefiminary " SMexpected
‘\,I C ---*Simulated
W
t r n 95% CL
9 10000000000 t 3=
q t L
9 C
r ' 68% CL
a F TR R
q J of

Y
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http://dx.doi.org/10.1103/PhysRevD.102.092013

Top quark portal to New Physics

After 26 years the top still is, together with
the Higgs, our best gateway to the
TeraWorld!

Strategies:

@ Precision SM top-quark properties
measurements

@ Search for non-SM top-quark interactions

@ Searches of top-quark partners and other states

Needs:

@ High precision predictions (NNLO in QCD and
NLO EW) for key SM observation

@ A consistent and complete model-independent
framework = EFT

Credits to F. Maltoni
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https://indico.cern.ch/event/303270/contributions/696631/attachments/574068/790567/maltoni_top.pdf

Effective field theories' approach

The EFT is a flexible framework for undertaking indirect
probes of higher energy scales physics.

— An EFT is a low-energy approximation for a more fundamental theory
involving interactions at a mass scale A.
— The effective Lagrangian can then be written as:
d
Ci O(d)
d—4

i

Lefr = Lsy + Z

d,i

A

— Lspn is the SM Lagrangian, Ofd) are the effective operators of dimension d,

and cf are dimensionless parameters known as Wilson coefficients (WCs)

— Dimension-five operators produce lepton number violation, these operators
are neglected

— Dimension-six operators provide the leading contribution from new physics.
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New physics with EFT approach

@ Associated top quark production

—— Ofhers Profiled (20)
Others Fixed to SM (20)

NEW

41,507 (13 TeV)

. ¢) | —— Others Profiled (1) = CMS
with a H, W or Z boson C‘SH “““““ Others Fixed to SM (1) Braliimmnd
:
@ 16 dimension-six operators o0
simultaneously studied O
@ Detector-level observables to o) e
enhance sensitivity to all operators G
[CchargeFiips  [JFakes [MDiboson [ Triboson  [EConvs [ L) Cg !
Wi Wiy [iia HiHg % Totalunc. - Data e
CMS _Preliminary 415" (13 TeV) ?
T 250 Coto
W 200 oo
Cow | i
e x 10
cw0+2
-qo)].o’ ce+5 i T
53075 ‘ —t—t - 1 e p—
w 0.4/
S T as e 7eS 2] e e ow T
N NN NN NN
JHEP 2103 (2021) 095 ‘ -20 -15 -0 5 0 5 10 15 20
Wilson coefficient Cl / A2 [TeV?]
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http://dx.doi.org/10.1007/JHEP03(2021)095

Lepton couplings universality NEW

@ Lepton-flavour universality: W/ coupling not dependent from the £'s mass
@ Important test of the SM: LEP result — 2.7¢ tension
o W— 7v; — pvyvrv, and W— pw, processes, to extract R(7/p)

@ Secondary vertex used to discriminate 7 and p ’arXiv:2007.14040‘

|R(r/p) = 0.992 4 0.013]

£
E ATLAS ¢ Data
S s =13TeV, 139 fo™  [JPrompt u (top) <
= Signal Region B > u (top) T T T T T T
< p—p, 10<p:<20 GeV  [u (hadron decay) ATLAS —a— LEP (Phys.Rept. 532 119)
& Post-Fit [JZ - up » ATLAS - this result
Wz s =13 TeV, 139 fb Statistical Uncertainty
[l Other SM processes [ Systematic Uncertainty
Uncertainty —e— Total Uncertainty
e ]
8 -
o % S 7
En’ N R S SO RO R
8 0% 505 0. 015 02 025 03 035 04 045 05 0.98 1 1.02 1.04 1.06 1.08 1.1
Id| mm] R(t/u)=B(W-1tv)/B(W—-pv)
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https://doi.org/10.1016/j.physrep.2013.07.004
https://arxiv.org/abs/2007.14040

Open channels and potential for Run-Il|

(Re)-discovery at 14 TeV
e single top s-channel
e SM top+Higgs associate production
e 4-top production

Precision SM measurements
e top quark mass
e Yukawa coupling

e multi-differential including higher-pt regime

Direct searches
e resonant top+X production for exotic final states

o non-resonant (EFT) top+X production at growing pr spectra
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Conclusions

@ Many properties of the top quark measured with high precision

@ Top mass is one of the most important: direct and indirect measurements
with uncertainties below 1 GeV

@ Large amount of collision data allows measurements of rare processes to test
the SM predictions for the first time:
— 4 top quarks production
— Direct measurement of |[Via|? + [Vis|?
— Lepton flavour universality

@ Many BSM models can be tested with
differential and multi-differential
measurements

@ No deviation from the SM predictions is
observed but the top quark sector is one of
the most interesting for BSM physics
manifestation

@ Many other studies ongoing: stay tuned
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On top mass definition

In the on-shell (0.s.) and MS schemes S?(p) can then be expressed in terms of
pole and MS masses, respectively, as follows:

P — mys(i) — (A — B)ymygs ()

i
7) — Mpole '

S (p) ~ SE(p, ) =

pole
t

The relation between top-quark pole (mP°°) and MS (my(m;)) masses was

calculated up to four loops in and reads:

Mipote = my(me) [1+0.4244 ag + 0.8345 aZ + 2.375 a + (8.615 £ 0.017) a§ + O(a3)]
= [163.508 + 7.529 + 1.606 + 0.496 + (0.195 & 0.0004)] GeV.

For further details see ‘ arXiv:1903.06574 ‘

The pole mass is closer to what we measure at colliders through invariant mass of
the top decay products.
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