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Top quark (discovery in 1995):

An elementary particle about 180 times heavier than the proton !

The only bare quark that decays before forming bound states, and therefore exposes
its interactions with the other SM particles in a direct way.

Top quark being the heaviest elementary particle (so far)
has the strongest interaction with the Higgs boson

It is crucial to know the top quark couplings precisely to know the details of
Higgs couplings and thus to understand the Electroweak Symmetry Breaking



Top quark is produced at LCH in many processes

pair production

single top with a light jet
single top with W

single top with Z and jet

pair production along with H/Z/W

More than 80 X 10° top pairs
@ 13 TeV, 100 /fb

Top Working Group Summary Plots
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Top Quark Production Cross Section Measurements Status: November 2018
= ATLAS Preliminary |
i D Theary
k 10 E Run1,2 vs=78,13 TV E
- LHC pp y5=7 TeV 3
. _ Dala 45-46M0°°
""_o_u LHC fs=8 TeV
PP ys=
107 : “n. Bl oet= 202- 203 E
L & LHC pp v5=13 TeV
1 B e ; -
s R o
S | -
tt t tw t @W ttZ tZj titH @ tty

t-chan s-chan fid. {+jels



Top quark pair production at the LHC
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Inclusive cross-section [pb]
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Top quark pair in association with Higgs

ATLAS, Phys. Lett. B 784 (2018) 173
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Top quark mass

Need to know precisely
to understand evolution of Higgs coupling.

ATLAS+CMS Preliminary
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Why is it important

V(g) = 1" ¢ + A ¢)°

Running of Higgs self coupling
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Top quark Yukawa influencing the production and decay of the Higgs boson at the LHC

Also the measurement of
Higgs trilinear coupling
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Measurements at LHC

Indirect measurements
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New Physics: Through heavy resonance b ATLAS, Phys.Lett. B788 (2019) 347
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This can be relaxed considering
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High
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Spin-2 Resonance

at HL-LHC
and HE-LHC
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Four Top production at the LHC

ao(pp — titf) = 15.83718% tb at 14 TeV

-21%

Explores top-top scattering

New physics possibilities

May be thought about for Working Group Activity
(including QCD corrections and BSM)
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Standard Decays of Top quark

Gp M3 M2\ M2,
T, — op i 1490
b /s/u t ST \/§ @ M ‘r2()p> ( N j\'IT,QOp

w Vip| = 1.019 £ 0.028
Vis| = (39.4+£2.3) x 1073

Vg = (8.1+£0.5) x 1073

PDG, Phys.Rev. D98 (2018) no.3, 030001

Almost 100% decay to bW



Rare top decays

1) rare top decays (flavor changing neutral currents)

2bodydecays: t—-c¢y ,t—cg, t—cZ, t— ch

t—uy ,t—-ug, t—-uZ, t— uh

3bodydecays: t—secyh ,t—cgh, t—clT(, ..
t—-uyh ,t—ugh, t—ulti—, ..

2) exolic fop decays (into new physics particles)

light charged Higgs: t > H*b, t—» H*s, t » H*d
light neutral gauge boson: t—+Z'c¢, t—Z'u

dark matter: I — xxe, t— xxu
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Beyond the SM
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Present Experimental status

and comparison with
model predictions

Assuming only one
such coupling present at a time

Top Working Group Summary Plots
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Apart from non-standard decays, large FCNC can invoke rare production channels
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Standard Single top productions W AN
I q ! b
b Va ! b Vi W
Non-Standard Single top productions include
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t* u u B ® - -~ h

Chen, Hou, Kao, Kohda 1304.8037; Atwood, Gupta, Soni 1305.2427
Greljo, Kamenik, Kopp 1404.1278; ...



Model Independent - Effective couplings
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Current Limits:

Br(t — Zu(c)) < 1.7(2.4) x 104 = X, Ky < 0.02 ATLAS  JHEP 07 (2018) 176
-5

BR(t = ug) < 4.0 x 10 < 0.002 ATLAS Eur.Phys. J.C. 76 (2016) 55
BR(t — cg) < 2.0 x 107* < 0.005

BR(t — uy) < 1.3 x 107* < 0.017 ATLAS  JHEP 04 (2016) 35

BR(t — ¢y) < 1.7 x 1073 < 0.063

BR(t —» uH) < 2.4 x 1073 < 0.025

ATLAS  JHEP 1710 (2017) 120

BR(t — cH) < 2.2 x 103 < 0.024

Expectations at HL-LHC (3 /ab
| BR(t > cZ) <58x10° BR(t —» uZ) <43 x107° BR(t — qy) <2.5x107°

t—Hq < 1.2x107* ATL-PHYS-PUB-2016-019 ATL-PHYS-PUB-2013-007



Expected reach on the BR

Top Quark Working Group 1311.2028

Process Br Limit Search Dataset Reference
t— Zq 2.2 x 1074 ATLAS tt - Wb+ Zq — tvb+ £6g 300 fb~1, 14 TeV [140]
t— Zq 7x 1075 ATLAS tt - Wb+ Zq — fvb+ €qg 3000 fb=1, 14 TeV [140]
t— Zq 5(2) x 10~ ILC single top, 1 (ouv) 500 fb~1, 250 GeV  Extrap.
t—Zqg 1.5(1.1) x 10745 ILC single top, v, (0u) 500 fb~1, 500 GeV [141]
t— Zq 1.6 (1.7) x 10—3 ILC tt, v, (0uw) 500 fb=1, 500 GeV [141]

t — vq 8 x 1072 ATLAS tt — Wb+ g 300 b=, 14 TeV [140]

t — vq 2.5 x 1073 ATLAS tt - Wb+ vq 3000 b=, 14 TeV [140]
t— vq 6 x 102 ILC single top 500 fb~1, 250 GeV  Extrap.
t — vq 6.4 x 107° ILC single top 500 fb~1, 500 GeV [141]

t — vq 1.0 x 104 ILC tt 500 fb—1, 500 GeV [141]

t — gu 4 x10-° ATLAS gg -t — Wb 300 fb~1, 14 TeV Extrap.
t— gu 1x107° ATLAS gg -t — Wb 3000 fb~1, 14 TeV  Extrap.
t— gc 1x10—° ATLAS gg -t — Wb 300 b1, 14 TeV Extrap.
t — gc 4x107° ATLAS gg -t — Wb 3000 fb~1, 14 TeV  Extrap.
t — hg 2x 1073 LHC tt -+ Wb+ hq — fvb+ £6gX 300 fb~1, 14 TeV Extrap.
t — hg 5x 10~4 LHC tt — Wb+ hq — fvb+ €0gX 3000 fb~1, 14 TeV  Extrap.
t — hg 5x 1074 LHC tt -+ Wb+ hq — fvb+ yyq 300 b=, 14 TeV Extrap.
t — hg 2 x 104 LHC tt -+ Wb+ hq — fvb+~yyq 3000 fb~1, 14 TeV  Extrap.




NP through Effective Lagrangian (SMEFT)

Anomalous Couplings

1 TopFitter Collaboration
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NP through Effective Lagrangian (SMEFT)

Anomalous Couplings

1
SM
= LM 43" = 0+0(A4>

_ 1
Ohg = (QLH) o"'T*tRGS,. Opg = EH‘LHGZ,,G’;"

Oy, =HH (HQ.) tg 1 ,
Op: = H'D,Hipy'tp Oy = §H*HF"”F” |
Onq = H'DHQLY QL Oy =8, (H H)o* (H'H)
O}}% — H‘LUID“HQLJI'#‘QL

A oSN T T TR

C. Degrande, et al
JHEP 1207 (2012) 036,
1205.1065

- _h 0?2
AChtt — ttﬁ )—I— thH> p
_ m‘t
Tyl (1 - cy_) | :
v A? Js=14TeV §
o (pp — tth) 92 12 15 :
. = 611777, + [4571 57 Reng — 497 (5c
TeV ) 2
+ 147 35cpq — 677 28¢,] (%)
+ [543+}3§(§Rchg) + 113253232,
+ 855701k + 270 5c? (18)
+ 2331'?443?0;196”@ — oOflg%chgcy

TeV
3.2tg§RCHyCHG —1.2-_*-§CHCHG] ( A ) ;




Top FCNC through ep > et S. Behera, R. Rahgman, R. Islam, M. Kumar, PP, 1811.04681
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my
g o —x,  —xa ]
o B — K — K N
0.08| — X X -
: L|- : o o )
008 - The scattered electron as a discriminator
0.04— |¢ - Lorentz structure of the coupling can be
- ] probed.
0.02— |
B e ] Something quite hard at LHC
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0.5 1



At the ILC250
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Work under progress



Summary

Apart from probing resonant production of new physics particle, precise measurement
top quark couplings can provide information of physics beyond the Standard Model.

Good knowledge of the top quark couplings are essential to extract Higgs coupling
information.

LHC producing plenty of top quark pairs, can perform precision measurements
including rare top decays.

Other colliders like electron-proton collider, and the ILC can complement the LHC
studies, and have the potential to provide additional informations like the Lorentz
structure of the couplings, which are difficult to probe at the LHC.
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Top Quark Production Cross Section Measurements

Status: November 2018

Model

L chan

tt— chan

L chan

tW

tW

tW

L —chan

Ecm [TeV] JL dt[fb™!]

13

13

13

3.2

20.2

46

3.2

46

3.2

Measurement

o =818+8+35pb
o=2420+17+86pb
o=1820+31+64pb
o=24T7T+6+45pb
o=806+12% pb
oc=68+2+8pb
o=04+10"2 pb
oc=23+13"77pb
c=168+20+40pb

oc=48+ 087135 pb

Theory

o = 8324 pb (top++ NNLO+NLL)

“-46
o = 25201133 pb (top++ NNLO+NNLL)
o = 17717 pb (top++ NNLO+NNLL)
o = 217 + 10 pb (NLO)
o = 87.8"77 pb (NLO+NNLL)
o = 64.6727 pb (NLO+NNLL)
o = 71.7 + 3.0 pb (NLO+NNLL)
o =224+ 1.5 pb (NLO+NNLL)

o =157 +1.1 pb (NLO+NNLL)

o =561 +0.22 pb (NLO+NNLL)

ATLAS Preliminary
Run1,2 4/s=7,8,13

Reference

PLB 761 (2016) 136

EPJC 74 (2014) 3109

EPJC 74 (2014) 3109

JHEP 04 (2017) 086

EPJC 77 (2017) 531

PRD 90 (2014) 112006

JHEP 01 (2018) 63

JHEP 01 (2016) 64

PLB 716 (2012) 142

PLB 756 (2016) 228



Top Quark Production Cross Section Measurements

Status: November 2018

Model

ttW
ttwW
ttZ
ttZ
tZj
ttH
ttH
tty
tty

tty

13

13

13

13

13

Ecm [TeV] JL dt[b™)

79.8

20.3

20.2

46

Measurement

o =087+0.13+0.14 pb
o =360777 +44 b
o=005+008+0.1pb
o=176";2 + 2410

o = 620+ 170 + 160 fb

o =670+00117 fb
o=220+100+701
o=521+0+411b

oc=130+7+171fb

r=63:8" 1

ATLAS Preliminary
Run1,2 4/s=7,8,13

Theory

o = 06735 pb (Madgraph5 + aMCNLO)

o = 232 + 32 fb (MCFM)

o = 0.8877 pb (Madgraph5 + aMCNLO)

o = 215 + 30 fb (HELAC-NLO)

o = 8005 fb (Madgraph5 + aMCNLO)

o = 507+2% fb (LHCHXSWG NLO QCD + NLO EW)
o = 133*%, fb (LHCHXSWG NLO QCD + NLO EW)
o = 405 + 00 fb (MadGraph+PRD 83 (2011) 074013)
or = 151 + 25 fb (MadGraph+PRD 83 (2011) 074013)

o = 48 + 10 fb (Whizard+NLO)

Reference

ATLAS-CONF-2018-047

JHEP 11 (2015) 172

ATLAS-CONF-2018-047

JHEP 11 (2015) 172

PLB 780 (2018) 557

PLB 784 (2018) 173

PLB 784 (2018) 173

ATLAS-CONF-2018-048

JHEP 11 (2017) 086

PRD 91 (2015) 072007



Top quark pair production: Charge Asymmetry

Aly|
AC —

Alyl|

N(Aly| > 0) — N(Aly| < 0)

N(Aly| > 0) + N(Aly| < 0)

Iytl - |3/f|

Difference in the top anti-top rapidities

ATLAS+CMS (s =
LHCtopWG

tt asymmetry
ATLAS, I+jets

EJC 76 (2016) 87

CMS, I+jets (template)
PRD 93 (2016) 034014

ATLAS+CMS, I+jets

LHCtopWG
CMS, I+jets (unfolding)

PLB 757 (2016) 154

ATLAS, dilepton A"
PRD 94 (2016) 032006 _ ©
CMS, dilepton AtCt

PLB 760 (2016) 365

ATLAS, |+ Aets boosted

(IAly II<2an m_> 0.75 TeV)

PLB 756 (2016) 52

QCD NLO (+ EW NLO)

JHEP 01 (2012) 063

8 TeV

total stat

H-e+H

QCD NNLO (+ EW NLO)

based on arXiv:1705.04105, JHEP 04 (2017) 071, JHEP 05 (2016) 034

£
v

A =(stat) =(syst.)
0.0090 = 0.0044 + 0.0025
0.0033 + 0.0026 = 0.0033
0.0055 + 0.0023 = 0.0025
0.0010 = 0.0068 + 0.0037
0.021+0.011+0.012

0.011+ 0.011+ 0.007
0.0095".0005

-0.0007

0.042 = 0.019 = 0.026
0.0160 = 0.0004

dilepton asymmetry

ATLAS, dilepton A" H—m— 0.008 = 0.005 = 0.003

PRD 94 (2016) 032006  C

CMS, dilepton A" H—e—+ 0.003 + 0.006 = 0.003

PLB 760 (2016) 365  ©C

QCD NLO (+ EW NLO) 0.0064 = 0.0003

PIRD8620||PS4P26|III|III|I I|III|III|III
-0.04 -0.02 0 0.02 0.04 0.06 0.08




W’ -> tb by ATLAS Physics Letters B 743 (2015) 235-255
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Process Resolved Effective
OggH 1.061{?, - 0.011{12) — 0.07K¢kp né
OVRBF 0.7453%, + 0.26!‘6%

OWH Ky

Oqq—ZH "‘%

Ogg—sZH 2.27/{% + 0.37n% — 1.64Kg K¢

OttH Ki

OtHW 1.84&:% + 1.57n%\, — 241 kwkt

OtHq 3.4014:% — 3.56&%\, — 5.96Kikw

bbH K

FZZ K%

I'ww Ky

Ivs K

. K2

Iy 1.59&%, +0.07k2 — 0.66Kyw Kt nf,

ATLAS and CMS, JHEP 1608 (2016) 045

ATLAS and CMS -0~ ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
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I | ~t-
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I, | e ———
u —
1 L 1 1 I L1 1 L I 1 1 1 1 1 1 L 1 I 1 1 1 1 I 1 L
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Parameter value



ttH, H— bb, l+jets
Signal strength analysis

277 (13 TeV)

assuming SM BR

4 LI lolblsl I6l8lo/l 1 Cll_l LI | LI l‘ -l_ ! _l‘ : LI I LI I LI o
- — o g : .
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: f 1E
o i H
- e
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—3} N, . Srrmam o . .._.:
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K

ATLAS, Phys.Lett. B784 (2018) 173-191

1 1 I I l 1 I I 1 I I I 1 1 l I 1 1 I I 1 1 I I l 1 I
ATLAS e Total | Stat. [m Syst. — sMm
Vs=13TeV, 36.1-79.8b"

Total  Stat. Syst.
fiH (ob) e : -~ 079+ gg (% g% .+0.53)
fiH (multilepton) | 1.56 + g4a (+ 0% +% o2 )
ftH (yy) —E= 139+ 0 (% 0% . 017 )
fiH@ZZ) < 1.77 at 68% CL
Combined H=—H 132+ 02 (£0.18,+ )2
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Top production at LHC 'B' | T | T | T T T | T T T T T T | T T T | T | T
— Tevat bined 1.96 TeV (L <88 fb’ . -
2 v CMS ew* 5.02 TeV (L = gsepp( ) ) ATLAS+CMS Preliminary  Aug 2016
c ~ m ATLASen7TeV(L=461b") B
o o CMSepn7TeV(L=5fb") LHCIopWG
= 3 m ATLASeu8TeV (L=2031b")
O 10°EF o CMSeu8Tev(L=1971" -
O — v LHC combined e 8 TeV (L =53-20.3fb") ]
w — m ATLASen13TeV (L= 32fb) —
7)) ~ v CMSep* 13TeV(L 221 —
7)) A ATLAS ee/up 13 TeV(L=85 pb ) T T T N
O — O ATLAS hjets” 13 TeV (L = 85 pp”) —
S | A CMSljets* 13 TeV (L=23fb") i 1
~ :OP CMS all-jets* 13 TeV (L=2. 53fb b) 900__ -
reliminary i i
o 21 [ I T _
2 102E YTy
n - 800 4 =
> - - m
O - i 1 4
L = 700 1 4
B E NNLO+NNLL (pp) i 1 _
— NNLO+NNLL (pp) = S R L
10 — Gzakon, Fiedler, Mitov, PRL 110 (2013) 252004 19 Vs[TeV]
— NNPDF3.0, m_ = 172.5 GeV, o (M) = 0.118 £ 0.001 —
B I | | | I | | | | | | | I | | | I | | | N
2 4 6 8 10 12 14
Vs [TeV]

o A8 TeV) = 247.77137 pb

ci(13TeV) = 816.0°,7pb  => 81600000 events @ 100 /fb Luminosity



Top pair invariant mass distribution: a window on new physics

101

100

10~1

10—2

10—3

Frederix and Matloni

JHEP 01 (2009) 047

do(pp = (G =) tt)/dmg [pb/20 GeV]
LO, CTEQ6LL, LHC
m’=600 GeV

- Z/E"—O.M
e x/gﬂ—0.02
Z/E’-0.0l

o O | lIllIl!

1000

1500 2000 2500

tt invariant mass [GeV]

10
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do(pp - (2'/g* =) tt)/dmg [fb/20 GeV]

Mg = By = My, = 2 TeV
LO, CTEQ6L1, LHC

— QCD only Ly

--- Z' Color singlet 1

... g4 Color octet (axial coupling)

| | - I | - 11 | | 1 1 | | 11 | I | I
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11 Inu}-_

1

100

- do(pp ~ (G =) ff)/dmg [pb/20 GeV]

10, CTEQ6L1, LHC
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do/ dm, [fb/ TeV]

Axigluons and Colorons

] 1 1
Vs = 14 TeV l
CTEQ-6L1 3
N ’.»"' ‘A._'\ -~
™ E ‘\ ....~;' ‘—1'.5 ]
102 Rastanuss m, = 1.5 TeV .~ \:“LZ: .'>-’_‘::.\ . ’-.__.\"\ )
R my = 2.5 TeV e “\\'\'\:- oW i
_ my = 3.5 TeV o R |
0b="—"-— me=15TeV, cot§=1 \“:1‘3:\5 et
----- - m=25TeV, cotE=1 \"*'J?;:f,
| == == == mc=3.5TeV, cot&=1 -

0.5 1 LS 2 Z5 3 35 4 4.5
my, [TeV]

Choudhury, Godbole, Singh, Wagh, PLB 657 (2007) 69



Present Experimental status

Process Br Limit Search Dataset
t—-2q 5x107* CMSftt— Wh+2Zq— vb+tlg 197t~ 8TeV
t—-2q 73x10™° ATLAStt— Wh+2Zq— tub+£lg 21t~ 7TeV
t—gu 31x107° ATLAS gg — t — Wb 142", 8 TeV
t—-gc 16x10~* ATLAS qg — t — Wb 1421, 8 TeV
t—s~yu 16x10~* CMS gg — ty — Why 19.1tb~', 8 TeV
t—~yc 18x1072 CMS qg — ty — Why 19.1 1,8 TeV
t—hg 79x10"% ATLAStt— Whb+hg— tvb+~yg 20fb~' 8TeV
t—hg 56x10=2 CMS{t— Wb+ hqg— tvb+tigX 195" 8TeV




Process SM 2HDM(FV) 2HDM(FC) MSSM  RPV RS
t—Zu T7x10717 - - <10-7 <10°° —~
t—Zc 1x10~H <10~ < 1010 <1077 <107 <10°°
t—gu 4x10714 —~ —~ <10-7 <10°° -~
t—gc 5x10712 <101 <108 <1077 <10°% <10°10
t —-~yu 4x1016 E —~ <107% <107? -
t—~vyc 5x10~1 <107 <10~° <107%® <1072 <10°°
t—hu 2x10717 6x10°° - <10~°> <107° —~
t—hec 3x107%  2x10°3 < 10-° <10=° <1072 <10
Top Quark Working Group 1311.2028
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Backup



ATLAS, JHEP 1605 (2016) 160

| I I I I I | I I | I | I I I I I | I I | I I | I I I I
. ATLAS [s=7Tev,45 o'
— total Vs=8 TeV, 20.3 fb”
- statistical (tot) (stat)
_ _ _ +2.6 +2.5 |
tHH—-yy)— | 2 1 nu=1.3 47 e
- _ : +14 +1.1
ftH(H - WW/tt/ZZ) [— —e 4 u=21 " T
_ g P — +1.0 +0.6 ]
ttH(H — bb) i u=14 " .
ffH Combination u=1.7 -~ 08 -o0s
| | | I | | I | | | I | | | I | | | I | | | I | | | I |

-2 0 2 4 6 8 10 12
Best fit u for mH=1 25 GeV
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dilepton ~ ¢ lepton + jets

125 GeV Higgs decays

tt —> final states



Compositeness models / Warped Extra Dim




2HDM) MSSM?2) RS3

t — cZ <106 <107 <105
t — oy <107 <108 <109
t — cg <107° <10~ <1070
t — ch <102 <105 <104

1) Atwood, Reina, Soni hep-ph/9609279  2) Cao et al. hep-ph/0702264
) Agashe, Contino 0906.1542; Azatov et al. 0906.1990; Casagrande et al. 1005.4315
see also Snowmass Top Quark Working Group Report 1311.2028



Constraints from EDM
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