.
articules
/ pLasmas
nivers
< oPplication

(erotolre de Physigue de Clermont

Top Quark Physics Prospectives

Romain Madar (CNRS/IN2P3/LPC) on behalf of many contributors

IN2P3 Prospectives - Particle Physics (GTO01)
IP2I Lyon — 12/03/2020


mailto:romain.madar@clermont.in2p3.fr

French contributions and references

HL-LHC Linear ete~ collider

Physics opportunities at a future linear ¢*¢ collider

Contribution sur la physique du quark top pour les Contribution du

tives IN2P3 Comité Collisionneur Linéaire
prospectives a Patelier GTO1 des prospectives IN2P3

Jeremy Andrea!, Samuel Calvet?, Sabine Crépé-Renaudin®, Frédéric V. Boudry®, D. Boumediene®, J.C. Brient®, J.Y. Hostachy®, I. Laktineh?, E. Kajfasz*,
D. Lacour’, R. Péschl %%, M. Winter”

Déliot **, Benjamin Fuks®, et Romain Madar?

1IPHC, Strashourg
2LPC, Clermont-Ferrand
SLPSC, Grenoble
4CEA, Saclay
SLPTHE, Paris

e Scientifigue d'Orsay

boury cedez 2, Fronce

Main references:

e Standard Model Physics at HL-LHC and HE-LHC - arXiv:1902.04070 (chap 6)
e Physics at the HL-LHC and HE-LHC - arXiv:1902.10229 (chap 2)

e |ILC Technical Design Report (volume 2) - arXiv:1306.6352 (chap 5)

e Top-Quark Physics at CLIC - arXiv:1807.02441

e FCC Physics Opportunities (volume 1) - CERN-ACC-2018-0056 (chap 6)


https://arxiv.org/abs/1902.04070
https://arxiv.org/abs/1902.10229
https://arxiv.org/abs/1306.6352
https://arxiv.org/abs/1807.02441
http://inspirehep.net/record/1713706?ln=en

French contributions and references

HL-LHC Linear ete~ collider

Physics opportunities at a future linear ¢*¢ collider

Contribution sur la physique du quark top pour les Contribution du

tives IN2P3 Comité Collisionneur Linéaire
prospectives a Patelier GTO1 des prospectives IN2P3

Jeremy Andrea!, Samuel Calvet?, Sabine Crépé-Renaudin®, Frédéric V. Boudry®, D. Boumediene®, J.C. Brient®, J.Y. Hostachy®, I. Laktineh?, E. Kajfasz*,
0 S X : . Lacour', R. Pischl £, M. Winter"
Déliot **, Benjamin Fuks®, et Romain Madar? D- Lacour, R. Pded tor

1IPHC, Strashourg
2LPC, Clermont-Ferrand
SLPSC, Grenoble
4CEA, Saclay
SLPTHE, Paris

Main references:

e Standard Model Physics at HL-LHC and HE-LHC - arXiv:1902.04070 (chap 6)
e Physics at the HL-LHC and HE-LHC - arXiv:1902.10229 (chap 2)

e |ILC Technical Design Report (volume 2) - arXiv:1306.6352 (chap 5)

e Top-Quark Physics at CLIC - arXiv:1807.02441

e FCC Physics Opportunities (volume 1) - CERN-ACC-2018-0056 (chap 6)

Caution: this talk is necessarily incomplete and biased.


https://arxiv.org/abs/1902.04070
https://arxiv.org/abs/1902.10229
https://arxiv.org/abs/1306.6352
https://arxiv.org/abs/1807.02441
http://inspirehep.net/record/1713706?ln=en

Place of top quark physics

2-folded general motivations

1. top quark is special, through its mass: why?
2. top quark processes is limiting for many measurements/searches



Place of top quark physics

2-folded general motivations

1. top quark is special, through its mass: why?
2. top quark processes is limiting for many measurements/searches

1. Fundamental aspects

o Qy, my, Ty, ...

QCD coupling: gtt (e.g. spin correlation, strong diplole moments)
electro-weak couplings: Wtb, Ztt, vtt (e.g. EDM, FCNCs)

Higgs coupling y: (e.g. vacuum stability)



Place of top quark physics

2-folded general motivations

1. top quark is special, through its mass: why?
2. top quark processes is limiting for many measurements/searches

1. Fundamental aspects

o Qy, my, Ty, ...

QCD coupling: gtt (e.g. spin correlation, strong diplole moments)
electro-weak couplings: Wtb, Ztt, vtt (e.g. EDM, FCNCs)

Higgs coupling y: (e.g. vacuum stability)

2. Top quark physics as a limiting factor (for other and itself!)

e not so well controlled effects (e.g. color reconnections)
e extreme kinematic regions (rare processes/searches, 'top tagging')

e production with other particles: (heavy) quarks, v, W, Z, H or t



1. Precision measurements
2. Rare processes
3. Effective Fields Theory

4. Conclusions



Precision measurements



Differential cross-section pp — tt

Why do we need to improve these measurements?

ATLAS —— PWG+PY8 Stat + Syst
Vs=13TeV, 36.1 fb' [ Stat Only —— Data

Resolved ... PWG+PY8 Rad. Up ----- PWG+PY8 Rad. Down
Fiducial phase-space ~ _____ PWG+H7  -eee- Sherpa

Absolute cross-section

Prediction
Data

0.8 jets b jets 3 jets 1F et.s
06N =4 JEIN* =5 {IN®° =6 1IN®>6
0 05 0 05 0 05 0 05
pl [Tev]



Differential cross-section pp — tt

Add-on values from HL-LHC: extended phase-space & better precision

3ab™ (14 TeV), 35.8 b (13 TeV)
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Differential cross-section pp — tt

Add-on values from HL-LHC: extended phase-space & better precision

80.18
> 016
< 014

o 012
0.1

Relative uncertal

3ab™ (14 TeV), 35.8 b (13 TeV)

T T T T T
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F_Simulation
E Preliminary
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Impact: improved gluon distribution in the proton (0.002 < x; < 0.5)



Differential cross-section pp — tt

Add-on values from HL-LHC: extended phase-space & better precision

3ab™ (14 TeV), 35.8 b (13 TeV) 12 3ab’ (14 TeV)
E F Phase-2: solid, Phys. Rev. D 97, 112003: dashed |- I I L i
(2018 CMSphasez  — Combines - Theoretical S [ CMS Phase2
0.16 | Simulation — Jet energy b tagging ] + Simulation
E‘ =P | Preliminary — Otherexp. ~ — Stat. 1 1;P’e”mma'y A
gowp e x = (M()/5) exp [£(D)]
@ 0.12F
Q £
€ oaf 1 ]
52’ 0.08 ;—
T 006 ] 2 - 30000 GeV? NLO
g 09 9% H € o
x 0.04 D
0.02 [ NNPDF3.1
B i | — " CINNPDF3.1 +
o o5 1 15 2 25 3 0.8l sl sl L
10 10 10 10 1
ly(th)|: 625.0<M(tt)<850.0 GeV X

Impact: improved gluon distribution in the proton (0.002 < x; < 0.5)
Limiting uncertainties: theory (production/decay modelling), jet energy scale

Assumed theory unc.: twice better than the current ones (!)



Top quark mass

Importance of the top quark mass

e consistency of the SM through the relation between (mw, m;, my)
e relation between y; and m;, as a probe of the Yukawa Higgs sector

e tricky quark mass concept: several top quark mass definitions
e myc: simulation parameter driving events kinematics
® myoe: in principle well defined; in practice ambiguious due to long-range QCD effects
® myg: running renormalized mass, well defined
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Importance of the top quark mass

e consistency of the SM through the relation between (mw, m;, my)
e relation between y; and m;, as a probe of the Yukawa Higgs sector

e tricky quark mass concept: several top quark mass definitions
e myc: simulation parameter driving events kinematics
® myoe: in principle well defined; in practice ambiguious due to long-range QCD effects
® myg: running renormalized mass, well defined

Current measurements

e myc: Am ~ 500MeV syst. limited (tt modelling, jet energy scale)
® Mpoe: Am ~ 1.2GeV syst. limited (tt modelling, jet energy scale)

e main existing approaches (ranked by precision)
e kinematic-based most accurate. Reducing jet energy scale systematics constraining
both light jet and b-jet scales (multi-dimensionnal fit — statistically limited)
e J/v — pp approach with m(ppl) (limited by stat. - low BR - and b-fragmentation)
e doi(m:) SM dependence compared to the observed do,;: well defined mass



Top quark mass future

How to better measure this fundamental SM parameter?

e improving existing measurements
e simply stat limited - e.g. J/1,
e technics requiring large stat - e.g. 3D fit of (JES, b-JES, m;)
e new independent measurements sensitive to different syst - e.g.
gg — ~y7y with a bump at 2m;
e ¢ et colliders: potential of Am; ~ 50 MeV with oz(1/s) - if
\/s > 2m; threshold; Well defined m; (different scheme than LHC)



Top quark mass future: HL-LHC examples

ATL-PHYS-PUB-2018-042

Source of uncertainty | or(miop) [GeV]
Statistical uncertainty 0.14
Method uncertainty 0.11
Signal modelling uncertainties
t1 NLO modelling 0.06
11 PS and hadronisation 0.05
% O arias Smamion iy 1 b-production 024
g 0.16f o=14 TeV, 3000 fb* Y = 11 b-fragmentation 0.11
2ok 4l m=170GeV ] Initial- and final-state radiation 0.04
£ E — m=1725GeV ] Underlying event 0.02
% 0‘12;_ - m=176 GeV _ Colour reconnection 0.02
E 01~ E Background modelling uncertainties 0.10
T 0.08 = Experimental uncertainties
§ 0.065— _ Jet energy scale (JES) 0.31
0.04 = E b-jet energy scale (b-JES) 0.06
F E Jet energy resolution (JER) 0.13
0.02¢ E Jet vertex fraction 0.02
T T 1 T Electrons 0.03
g Muons 0.09
€ o Pile-up 0.04

0 50 100 150 200 250
m(l W) [GeV]



Top quark mass future: HL-LHC examples

arXiv:1607.00990

e : |
0.5 LHC 13TeV, ggoyy ~ —— m=167GeV |
A CTI4NLO, g = pp =m | —— M= 170 GeV
o4l Gouo 1 - 40 GoV) — m=173GeV |
= fxedT,=1498Gev ~ —— M=176CGeV 1
O] L — m=179GeV |
S
S 03
& L
_g L
8 o2
© -
0.1+
[ In, <25, pl> 40 Gev

P I I T P S I S D ST
800 310 320 330 340 350 360 370 380 390 400

m._[GeV]

future studies. Another example is given in the work of Ref. [695], where it is argued that a glitch in the
dilepton spectrum should be visible for a dilepton invariant mass near twice the top mass. This effect is
due to the diphoton production subprocess gg — 7y mediated by a top loop. The projected statistical
error for the mass determination using this method is of 2-3 GeV for the High Luminosity LHC, and



Top quark mass future: HL-LHC overview

= r based on b-hardon dilepton decay.
8 CMS W Final state with 3| - bkg free sample!
= Preliminary Projection //
E - JI¥, JHEP 12(2016)123 ~ Global observable with a theoretically well-
c ' I 4 n
5] 2. o (tf), JHEP 08(2016) 029 ——| defined pole/MS mass (not the “MC mass”)
g‘ sec. vtx, PRD 93(2016)2006 — .
g single {, arxiv:1703.02530 T basedon secondary vertex properties
8 I+jets, PRD 93(2016)2004. (reduced impact from JES)
= 1mrmimimimimimimimimine, \
5 3
<
° N EW production - less QCD-related
[ uncertainties (e.g. color reconnection)
0.
r Direct top mass reconstruction with in situ

constrain of (b) jet energy scales

Runl 0.3ab? 14Tev 3ab™ 14 Tev
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Top quark mass future: ete™ colliders

Observable: o, as function of /s depends on

Te
K os \ ® [Tt (“1S scheme” based on hypothetical T+ meson)
- 9 :#
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e EW production: smaller modelling unc.
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arXiv:1611.04492, “Top Quark Physics at FCC"” (2018) 11


https://arxiv.org/abs/1611.04492
https://indico.cern.ch/event/656491/contributions/2945303/attachments/1630726/2599944/Top_Overview.pdf
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Precision measurements: concluding remarks



Rare processes




Rare processes: what and w

o tf: 832pb QCD production discussed earlier

Proton-proton cross-sections at /s = 13 TeV 12


https://arxiv.org/pdf/1710.10699.pdf
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EW production, probe Witb vertex (Vip,
dipoles), PDFs, but also m; — arXiv:1710.10699
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tty production

ATL-PHYS-PUB-2018-049
Measurements of top-quark properties play an important role in testing the Standard Model (SM) and
its possible extensions. Studies of the production and kinematic properties of a top-quark pair (17) in
association with a photon (i7y) probe the ry coupling. For instance, deviations in the transverse

momentum (pr) spectrum of the photon from the SM prediction could point to new physics through
anomalous dipole moments of the top quark [1-3]. A precision measurement of the 17y production
cross-section could effectively constrain some of the Wilson coefficients in top-quark effective field
theories [4]. Furthermore, differential distributions of photon production in 17 events can provide insight
on the 17 production mechanism, in particular about the #f spin correlation and the production charge
asymmetry [5].
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ATL-PHYS-PUB-2018-049

Measurements of top-quark properties play an important role in testing the Standard Model (SM) and
its possible extensions. Studies of the production and kinematic properties of a top-quark pair (17) in
association with a photon (i7y) probe the ry coupling. For instance, deviations in the transverse
momentum (pr) spectrum of the photon from the SM prediction could point to new physics through
anomalous dipole moments of the top quark [1-3]. A precision measurement of the 17y production
cross-section could effectively constrain some of the Wilson coefficients in top-quark effective field
theories [4]. Furthermore, differential distributions of photon production in 77 events can provide insight
on the 7 production mechanism, in particular about the # spin correlation and the production charge
asymmetry [5].

T T T T T
ATLAS Preliminary  Normalised cross-section
0.8 Vs =13 TeV, 36.1fb”"  Dilepton

0.6F 1 stat. Stat. ® Syst. LHC

T T T T T T T T T
0.3{~ ATLAS Simulation Preliminary Normalised cross-sectiol

Vs=14TeV,3ab"’ en HL-LHC
0 stat. Stat. ® Syst. a

LT

Fractional uncertainty
Fractional uncertainty size

e —— Signal mc‘delling — Bp. uncenawmies. — Signalmodeling  —— fimodelling E
BT « "‘°de""|‘g o Other bklg' modeling o i F Exp. systematics -~ Other bkg. modelling ]
-0.8 ~ I L | | I | | L, AT &
50 10 150 200 2[;5(07) [Gef,;’o 0.3%700"200 300 400 500 600 700 800900 1000 )
T p(Y
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ATL-PHYS-PUB-2018-049

Measurements of top-quark properties play an important role in testing the Standard Model (SM) and
its possible extensions. Studies of the production and kinematic properties of a top-quark pair (17) in
association with a photon (i7y) probe the ry coupling. For instance, deviations in the transverse
momentum (pr) spectrum of the photon from the SM prediction could point to new physics through
anomalous dipole moments of the top quark [1-3]. A precision measurement of the 17y production
cross-section could effectively constrain some of the Wilson coefficients in top-quark effective field
theories [4]. Furthermore, differential distributions of photon production in 77 events can provide insight
on the 17 production mechanism, in particular about the #f spin correlation and the production charge
asymmetry [5].

@ 60F T T T T T T T T Source e+jets | ptjets ee ep M
S [ ATLAS Simulation Preliminary ] 17y PY8 vs HT 1.0% | 1.0% | 1.0% | 1.0% | 1.0%
2 [ (s=14Tev,3ab’v.s. (s=13TeV, 36 b ] 17 ISR/FSR 3.1% | 34% |1.1% | 1.1% | 1.0%
3 50— Dilepotn, normalised - 17 MG5 vs Sherpa | 1.0% | 1.0% | 0.4% | 0.4% | 0.4%
5 E 13 TeV stat. [0 13 TeV sys. [ 13 TeV tot. E Wy norm. 1L6% | 2.7%
g a0 =yt i o - . Zy norm. 17% | 0.7% |2:8% | <0.1% |/4.7%
5 r eV stat. Il 14 TeV sys. B 14 TeV tot. =l Zy QCD scale 17% | <0.1% | 2.8%
F ] Single topnorm. | 1.1% | 1.3% | 0.9% | 0.3% | 0.6%
30 = Diboson norm. | <0.1% | <0.1% | 0.1% 0.1%
r ] Fake-lep norm. 3.0% | 0.5%
F ] e-fake norm. 1 15% | 1.5%
20— - c-fake norm. 2 0.7% | 0.8%
F b JESNP 1 22% | 22% |12% | 1.0% | 1.2%
F . JES Rho topo. L1% | L1% |12% | 1.0% | 1.2%
10— Photon eff. L1% | 11% | 12% | 1.0% | 1.2%
[ Pile-up 22% | 22% |23% | 2.0% |24%
& Luminosity L1% | 1.1% | 12% | 1.0% | 1.2%
%O 35 50 65 80 95 110 140 180 300 5001000 Total i 6.6% | 62% |49% | 33% | 6.7%

p,(1) [GeV]
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tty production - ete™ colliders

Anomalous (CP-conserving) EW dipoles

- _ = = 9—q
.7 = e (RS + SO 10 () |
Z, gamma Z, gamma electro-weak anomal moment

+

& t
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tty production - ete™ colliders

Anomalous (CP-conserving) EW dipoles

N, g, 0) = e o, (RS + RTRCY) + 02 (R |

2m,
Z, gamma Z, gamma electro-weak anomal moment
B
£ - ILC, Vs=500 GeV, L=3200 fb" (preliminary)
T
LEP+HL-LHC-S2
g b EEScs
> FCC-ee, (5=365 GeV, L=2400 fb”
andvi1503.01325
107

ILD-Note-2019:007
(under preparation)
107

' z z z
F Fiv Fin Fov Fav
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tttt production

ATL-PHYS-PUB-2018-047
In the Standard Model (SM) the production of four top quarks (17:7) is a very rare process with an expected
cross-section of o(pp — titi) = 15.83°}%% fb at 14 TeV [1]. This process has not been observed. Many
theories beyond the SM predict an enhancement of the 717 cross-section; examples include gluino pair
production in supersymmetric models [2], pair production of scalar gluons [3, 4], and production of a
heavy pseudoscalar or scalar boson in association with a #7 pair in Type II two-Higgs-doublet models
(2HDM) [5, 6]. In the context of Effective Field Theories, the 1717 cross-section uniquely constrains the
four-top-quark effective operators [7].
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t In the Standard Model (SM) the production of four top quarks (17:7) is a very rare process with an expected
cross-section of o(pp — titi) = 15.83°}%% fb at 14 TeV [1]. This process has not been observed. Many
theories beyond the SM predict an enhancement of the 717 cross-section; examples include gluino pair
production in supersymmetric models [2], pair production of scalar gluons [3, 4], and production of a
heavy pseudoscalar or scalar boson in association with a #7 pair in Type II two-Higgs-doublet models

t
(2HDM) [5, 6]. In the context of Effective Field Theories, the fif cross-section uniquely constrains the
four-top-quark effective operators [7].
i
Simple strategy:
4 SRs based on (Nlep, Nj, Nb) and exploit H.
7 Conclusion H arias Smmon iy me
L - 14 Tev. 30001 "
Projections for the of the SM fi K production cross-section in final states con- RPN

taining two same-charge leptons or at least three lepmm at lem five jets and at least two b-jets at
5 = 14TV were performed in the context of t sity LHC with 3000 fb~" of proton-proton
collisions with the ATLAS experiment. An i i
the precision being|
this yet-unmeasured signal well al

of the four-top-quark production
projected uncertainty.

han the experimental

Hloe,
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tttt production

ATL-PHYS-PUB-2018-047

t In the Standard Model (SM) the production of four top quarks (:7:7) is a very rare process with an expected

cross-section of o(pp — titi) = 15.83°}%% fb at 14 TeV [1]. This process has not been observed. Many

i theories beyond the SM predict an enhancement of the 717 cross-section; examples include gluino pair

production in supersymmetric models [2], pair production of scalar gluons [3, 4], and production of a

heavy pseudoscalar or scalar boson in association with a #7 pair in Type II two-Higgs-doublet models

(2HDM) [5, 6]. In the context of Effective Field Theories, the /i1 cross-section uniquely constrains the
four-top-quark effective operators [7].

i
Simple strategy:
4 SRs based on (Nlep, Nj, Nb) and exploit H.
7 Conclusion § T s sy W niss soonpramoay Wit
14ToV, 3000 1" Mv 0L (5 - 14 Tev, 300010 v

ncansiny

'k production cross-sect in final states con-

Projections for the of the SM fi
taining two same-charge leptons or at least three Iepmm at lea<! fiv jets and at Teast two brets at
i sity LH fb" of proton-proton

this yet-unmeasured signal well above

of the four-top-quark production han the experimental

projected uncertainty.

Bo e
hioeh)

Comment: lepton colliders will not be sensitive to this process. Key element of

the HL-LHC physics program!
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Constraining top-gluon interaction with tttt and tt

Anomalous strong dipoles

gs - . Aa
L= ACQCD + Eto"w(dv + ldA’yg,)? tGZV

16


https://arxiv.org/abs/1907.03729

Constraining top-gluon interaction wi

Anomalous strong dipoles

9s - . Ao
= = to(d d —=tG®
L= Lqcp + m (dv +idays) 5 t G,

Four-top constraints

Coupling  HL-LHC, 14 TeV,3ab ' HE-LHC,27 TeV, ISab '
&, [-0.084, 0.009] [-0.063, 0.001]
) [-0.030, 0.030] [-0.011, 0.011]

(1) Four-top and tt complementary with at (HL-)LHC
(2) FCC-pp reaches a precision better by o(5)
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Constraining top-gluon interaction with tttt and tt

Anomalous strong dipoles

arXiv:1412.6654

S I . A(l
gt to"uy(dv + ldA’YE')?tGZV

L=£QCD+E

Four-top constraints

Coupling  HL-LHC, 14 TeV,3ab ' HE-LHC,27 TeV, ISab '
@, [-0.084, 0.009] [-0.063, 0.001] iiE ot
9 x x i NSRRI IR AR CiBliiRr )

& [-0.030, 0.030] [-0.011,0.011] 003 61 -0.005 0 0.005 0.01

(1) Four-top and tt complementary with at (HL-)LHC
(2) FCC-pp reaches a precision better by o(5)

Angular observables: spin correlation in tt sensitive to strong dipoles
— CMS (13 TeV, 139fb?): —0.014 < dy < 0.004 PRD 100 072002 (2019)
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tttt production: resonant physics

Probing the Higgs sector — arXiv:1602.01934

~ Yt
(@ = mp) + imuTy

off-shell on-shell

g t g t

¢ Yt

1—'< g ***** H “E
t -
g i g t

Mh(q)
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tttt production: resonant physics

Probing the Higgs sector — arXiv:1602.01934

1
y o(tttt) [fb]

t 1
* (q? — mi,) + imyly unc. 10%

9
off-shell on-shell " unc. 1%
12
g t g t
¢ Yt | w0
H
X < H |
<, ; M s
9 R g t
7

8
t 000 025 050 075 100 125 150 175 200

Mh(q)

Yt 2 Yt ¢
oiz(ye) [fb] = 13.14 —2.01 (W) + 1.52 (W)
Yt Yt
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tttt production: resonant physics

Probing the Higgs sector — arXiv:1602.01934

1
y o(tttt) [fb]

t 1
* (q? — mi,) + imyly unc. 10%

unc. 1%
off-shell on-shell f ]
12
g Lo g t
! Ye | o
H
X =< e H | =—
<, Z Ml . Vs
g I g t 000 025 050 075 100 125 130 175 200

Mh(q)

Yt 2 Yt ¢
oiz(ye) [fb] = 13.14 —2.01 (W) + 1.52 (W)
Yt Yt

Probing new sector: a new vector boson interacting only with the top
quark cannot be produced otherwise than in resonant tttt process.
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Rare processes: concluding remarks



Effective Fields Theory




EFT - how to parametrize our ignorance

Motivations

e agnostic approach: precision measurement <> what NP could be
e correlations across channels and observables over the full SM
e combination only fully exploits EFT power (e.g. arXiv:1901.05965)

few individual constraints already discussed (e.g. anomalous dipoles)
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EFT - how to parametrize our ignorance

Motivations

e agnostic approach: precision measurement <> what NP could be

e correlations across channels and observables over the full SM

e combination only fully exploits EFT power (e.g. arXiv:1901.05965)
e few individual constraints already discussed (e.g. anomalous dipoles)

EW couplings only - arXiv:1907.10619
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Conclusions




Summary and conclusion

The top quark is one the key element of the SM

Current state of the art

e impressive precision reached in some areas (e.g. Am; ~ 0.5%)
e certain top-related effects: limiting searches/measurements

e main bottleneck: modelling and associated uncertainties

19



Summary and conclusion

The top quark is one the key element of the SM

Current state of the art

e impressive precision reached in some areas (e.g. Am; ~ 0.5%)
e certain top-related effects: limiting searches/measurements

e main bottleneck: modelling and associated uncertainties

Future of top quark physics

e improve precision on fundamental parameters (m, y:, ...)
e reveal only-partially explored phenomena (e.g. tttt)
— HL-LHC: improve precision and enlarge accessible phase-space

— e"e” colliders (above 2m; threshold): reach another level of precision

Strong and broad expertise in the french community
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Top quark pole mass: examples

Pole mass accessed only 'indirectly’ (first time in 2011 - arXiv:1104.2887)

e inclusive pp — tt cross-section

q 0 - Q 0 -1
o differential pp — tt + 1 jet cross-section v.s. M

JHEP 08 (2016) 029 JHEP 11 (2019) 150
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EFT: Cz, Ci, Wtb interaction
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Anomalous QED/QCD dipoles: formalism

Gordon decomposition of spin-1/2 current

(LRI

u(p)y*u(p) = u(p) u(p)

EM form factor definitions describe generalized yee vertex (g = p — p)

e Fi(q): charge - or Dirac - form factor — effective charge 'distribution’
e F>(qg): magnetic - or Pauli - form factor — F»(0) contains corrections to (g — 2)

e only anomalous magnetic dipole here, no electric dipole (cf. next slide)

r(p,p) = R + o PP g

_ (p;f)uﬁ(q) N I.UW(P2 P) (£ (q) + Fa(a)}

Dipoles as addionnal interaction terms present at tree level (not generated via loops)

- [ioFt"q . = ioh q X
8QED ¥ Twu(dSED +id3™°y%) | ¥ Au + gaco B WV(dSCD +id3®) [ GF
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agnatic form factors: the full picture

Complete review: arXiv:0402058

EM form factors allowed by the EM gauge invariance

e Fi(qg): charge - or Dirac - form factor — effective charge 'distribution’
— Qe = eFl(O)

e F>(qg): magnetic - or Pauli - form factor — F»(0) contains corrections to (g — 2)
— ﬁ(Fl(O) + F2(0)) = p and Hipy o< pé - B

e F3(q): electric dipole moment (never observed, violate time-reversal symmetry)
— — 2 F3(0)=d and Hipe < —d & E

e F4(q): anapole moment (never observed, violate time-reversal symmetry)
— My o F4(0)5 - [v x B — %f]

General expression of the electromagnetic current
= q
r“(p,p) = Fi(g)y" + Fa(q) U“"ﬁ

. 1 2
+ F3(q)iet"*Poas L 4 Fi(q) <q“ - iv“) 7
4m 2m 2m
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https://arxiv.org/pdf/physics/0402058.pdf

Dipoles - discussions

Magnetic-like dipole

e loop-induced: F; + F»; F» = anomalous component on top of ¥y" )

o tree-level: 2-"9 d\, term - vectorial component of the current
e

Electric-like dipole (CP-violating term)

e loop-induced: F3

oMY . .
o tree-level: %/dmys term - axial component of the current

(Questions to me: for the last, one needs to check that oMY 45 oc M U‘Y‘dcrn 3 to be consitent with previous slides). Is that a

problem to have gy, in the lagrangian? Why this is CP-violating?)

General comments

e these formulations work for both electro-weak and strong interactions

e tree-level terms are dim-6 operators: EFT or loop-induced in BSM theories
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