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Top quark is special in many ways

Heaviest 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.

Having 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

In general, top quark can potentially probe dynamics beyond the SM



Top quark pair production at the LHC

Mostly strong process
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More than 80 X 106 top pairs

@ 13 TeV, 100 /fb
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Single Top quark production at the LHC

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 Yukawa influencing the production and decay of the Higgs boson at the LHC
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Also the measurement of
Higgs trilinear coupling
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Four Top production at the LHC

Explores top-top scattering
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Standard Decays of Top quark

T = P 11— — ) (1 +2 — )
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L —

w V, = 1.014 +0.029

Ve=(8.6%0.2) x 107
V,=(415+0.9) x 1073

PDG, Prog. There. Exp. Phys. 2022.083C01 (2022)
Almost 100% decay to bW



Rare top decays - Neutral current
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

3 bodydecays: 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—+Z2'c, t—+Z2'u

dark matter: [ — xxe, t— xxu
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647 \ my top FCNCs are 1-loop suppressed, CKM suppressed
and strongly GIM suppressed
Standard channel
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(Aguilar-Saavedra hep-ph/0409342)

BR(t— ¢y)~5x107" | BR(t— uy)~4x 107

BR(t - cg) ~5x 107" | BR(t — ug) ~4 x 107"
BR(t - ¢Z)~1x10"" | BR(t - uZ)~8x 107"
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SM predictions



Beyond the SM
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Present Experimental status

and comparison with
model predictions

Assuming only one
such coupling present at a time
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Apart from non-standard decays, large FCNC can invoke rare production channels

q & iy, t
q ~Nw ! g
Standard Single top productions W VN
t 1 b b
b Va ! b=y, W
Non-Standard Single top productions include
c g I TR :
e : ¢
t* u u " P S — h

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



Model Independent - Effective couplings c
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Current Limits:

Br(t — Zu(c)) < 1.7(2.4) x 104 > X, kg < 0.02 ATLAS  JHEP 07 (2018) 176

-5
BR(¢ — ug) < 40x 10 < 0.002 ATLAS Eur.Phys. J.C. 76 (2016) 55
BR(t — cg) < 2.0 x 10~* < 0.005
BR(t — uy) < 1.3 x 107 < 0.017 ATLAS  JHEP 04 (2016) 35
BR(t — ¢y) < 1.7 x 10-3 < 0.063

-3
BR(t = ull) < 24 <10 < 0.025 ATLAS  JHEP 1710 (2017) 120
BR(t — cH) < 2.2 x 10~3 < 0.024

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

t—)Hq < 1.2 X1 0_4 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 — tvb + £qg 3000 b1, 14 TeV [140]
t— Zq 5(2) x 1074 ILC single top, 1 (ouv) 500 fb~1, 250 GeV  Extrap.
t—Zq 1.5(1.1) x 10745 ILC single top, v, (ouv) 500 fb~1, 500 GeV [141]
t— Zq 1.6 (1.7) x 1073 ILC tt, vy (ouw) 500 fb—1, 500 GeV [141]

t — vq 8 x 107° ATLAS tt — Wb+ g 300 b=, 14 TeV [140]

t — vq 2.5 x 1073 ATLAS tt — Wb+ ~q 3000 fb~1, 14 TeV 1140]

t — vq 6 x 10—° ILC single top 500 fb—1, 250 GeV  Extrap.
t — g 6.4 x 1075 ILC single top 500 fb~1, 500 GeV [141]

t — vq 1.0 x 10—4 ILC tt 500 fb—1, 500 GeV [141]

t — gu 4x10-° ATLAS gg -t — Wb 300 fb—1, 14 TeV Extrap.
t — gu 1x 1076 ATLAS gg -t — Wb 3000 fb~!, 14 TeV  Extrap.
t — ge 1x10=° ATLAS gg -t — Wb 300 fb—1, 14 TeV Extrap.
t — ge 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+ €gX 3000 fb=1, 14 TeV  Extrap.
t — hg 5x 1074 LHC tt — Wb+ hq — fvb+ yvyq 300 fb~1, 14 TeV Extrap.
t — hq 2x 104 LHC tt -+ Wb+ hq — vb+~vyyq 3000 fb=1, 14 TeV  Extrap.




Top FCNC through ep > et S. Behera, R. Rahgman, R. Islam, M. Kumar, PP, 1811.04681
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Left-Right Models

with Subhasish Behera, Daniel Jeans

Cooupling
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At the ILC250
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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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NP through Effective Lagrangian (SMEFT)
g
Anomalous Couplings
1 TopFitter Collaboration
SM
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C puvA G Av B ~Cu C‘PG t A Apv
Lpg D F(qa T u)goG fA cG GG 4+ =5 A2 (¢'9)G1, G
C(l) 0(3) c..
+ 5 (@9 (@"9) + 5 — (@) ("' q) + 9 5 (@) (@7 u)
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NP through Effective Lagrangian (SMEFT)

Anomalous Couplings
C. Degrande, et al
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Top quark mass

Need to know precisely
to understand evolution of Higgs coupling.

ATLAS+CMS Preliminary
LHCtopWG

------- World comb. (Mar 2014) [2]

Mip SUMMary, Vs =7-13 TeV  November 2018

total stat

stat
total uncertainty M, = total (stat = syst) Is Ref.
LHC comb. (Sep 2013) LHCtopwG 173.29 = 0.95 (0.35 = 0.88) 7 TeV [1]
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
ATLAS, l+jets 172.33 + 1.27 (0.75 = 1.02) 7 TeV [3]
ATLAS, dilepton 173.79 = 1.41 (0.54 + 1.30) 7 TeV [3]
ATLAS, all jets 1751x1.8(1.4=1.2) 7TeV [4]
ATLAS, single top 172.2+ 2.1 (0.7 = 2.0) 8 TeV [5]
ATLAS, dilepton 172.99 = 0.85 (0.41+ 0.74) 8 TeV [6]
ATLAS, all jets 173.72 +1.15 (0.55 = 1.01) 8 TeV [7]
ATLAS, I+jets 172.08 = 0.91 (0.39 + 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) 172.69 + 0.48 (0.25 = 0.41) 7+8 TeV [8]
CMS, l+jets 173.49 + 1.06 (0.43 = 0.97) 7 TeV [9]
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 7 TeV [10]
CMS, all jets 173.49 = 1.41 (0.69 = 1.23) 7 TeV [11]
CMS, I+jets 172.35 = 0.51 (0.16 + 0.48) 8 TeV [12]
CMS, dilepton 172.82 + 1.23 (0.19 = 1.22) 8 TeV [12]
CMS, all jets 172.32 = 0.64 (0.25 + 0.59) 8 TeV [12]
CMS, single top 172.95 + 1.22 (0.77 = 0.95) 8 TeV [13]
CMS comb. (Sep 2015) 172.44 + 0.48 (0.13 = 0.47) 7+8 TeV [12]
CMS, I+jets 172.25 + 0.63 (0.08 = 0.62) 13 TeV [14]
CMS, dilepton 172.33 + 0.70 (0.14 = 0.69) 13 TeV [15]
CMS, all jets 172.34 = 0.79 (0.20 = 0.76) 13 TeV [16]
[1] ATLAS-CONF-2013-102 7] JHEP 09 (2017) 118 [18] EPJC 77 (2017) 354
[2] arXiv:1403.4427 [8] arXiv:1810.01772 [14] arXiv:1805.01428
T e T
[6] Phys.Lett.B761 (2016) 350 [12] Phys.Rev.D93 (2016) 072004
L | I I | L | | I I I I | L1 1
165 170 175 180 185
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Why is it important

V(g) = 1* "¢ + A(¢" p)°

Running of Higgs self coupling
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Degrassi, et al, JHEP08(2012)098 [1205.6497]



Top quark pair production: Charge Asymmetry

ATLAS+CMS \|s=8TeV
LHCtopWG | L e .
ti asymmetry totall stat ' ' ! A =(stat.) =(syst.)
ATLAS, l+jets 0.0090 + 0.0044 + 0.0025
EJC 76 (2016) 87
CMS, l+jets (template)  H-eH 0.0033 + 0.0026 + 0.0033
PRD 93 (2016) 034014
— MS, |+jet ) + 0.0023 = 0.002
A48 _ N(Aly| > 0) — N(Aly| < 0) ATLAS+CMS, I+jets 0.0055 = 0.0023 = 0.0025
C — CMS, I+jets (unfoldin 0.0010 + 0.0068 + 0.0037
N(A|y| > 0) + N(Alyl < O) PLB757(20{6)154$ ) g)
ATLAS, dilepton A" =+ 0.021+0.011+0.012
PRD 94 (2016) 032006 _ ©
CMS, dilepton A" 0.011= 0.011= 0.007
PLB 760 (2016) 365  C 00005
QCD NNLO (+ EW NLO) 0.0095 5007
A | y| L | y | |y_| | _based on arXiv:1705.04105, JHEP 04 (2017) 071, JHEP 05 (2016) 034 .
_ t] t ATLAS, I+jets boosted —— : |
(IAlyll < 2 anc! m_> 0.75 TeV) .0.042 +0.019 = 0.026
PLB 756 (2016) 52 f
. . . e gy CD NLO (+ EW NLO 0.0160 = 0.0004
Difference in the top anti-top rapidities QeDMLO & )
dilepton asymmetry
ATLAS, dilepton A’ H—m—t 0.008 + 0.005 = 0.003
PRD 94 (2016) 032006  C
CMS, dilepton A" H—e—tt 0.003 = 0.006 = 0.003
PLB 760 (2016) 365  C
QCD NLO (+ EW NLO) 0.0064 + 0.0003
FI)RDI86I(20|‘2) P34P26I | L1 1 | [ | | L1 1 | L1 1 | L1 1

-0.04 -0.02 O 0. 0.04 0.06 0.08



ATLAS and CMS, JHEP 1608 (2016) 045

Process Resolved Effective ATLAS and CMS -~ ATLAS+CMS
LHC Run 1 -+ ATLAS
OggH 1.061{% - 0.0lng — 0.07Kk¢kn né N | +1CMSt )
i —1ginterv
2 74 — =
OqaszH Ky " __,,_
Ogg—sZH 2.27/{% + 0.37&% — 1.64ky K¢ " - —-;-—'
2 % E
OttH Kt " :
OtHW 1.841‘6% + 1.57Ii%v — 241 kwkt t —t——
OtHq 3.401{% — 3.56&%, — 5.96Kikw -
b
obt—)H K% IKII o T
I'zz K:% B :
—— ———
I'ww K Kb —
_ 2 - E
Lo Fb |
F‘Y‘Y 1.59K‘2“r + 0.07’£% — 0.66'€W,€t K“% _2I L1 1 I1I 1 1 1 OI 1 1 1 1 1 1 1 1 L é 1 1 L1 3' 1 1

Parameter value



2717 (13 TeV)
assuming SM BR

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

LI LI l L I T I LI I LI I Tl I LI o
- — Obs. 68% CL LT S .
- - Obs. 95% CL /7 .e-om=e ~.e _
- 4 Bestfit -
- — Expected =
-+ SM ]
[ if -
n ¥ -
— E
- =
- A i 7
- N

11 l | - l | - I | . I | .| ;.I—I--l‘: | .| I | .| I | .| _

4 -3 -2 -1 0 1 2

K

ATLAS, Phys.Lett. B784 (2018) 173-191
1 I I 1 I I I 1 I I I 1 I I I 1 I I I I I I I 1 I I I
ATLAS e Total | Stat. [ Syst. — SM
Vs=13TeV, 36.1-79.8 b
Total  Stat. Syst.
LT S — 079+ 38 (+ 92 ,+050)
fiH (multilepton) = 156+ g4 (% 0 + % 0z )
tiH (yy) —== 139+ 0 (+ 0% . 017 )
fiH (Z2) e < 1.77 at 68% CL
Combined H==H 132+ 32 (£0.18,% 0%
| 1 1 1 I 1 1 1 | I 1 1 | 1 I 1 | 1 1 I | 1 1 1 I 1 1
—1 0 1 2 3 4

Op{ og,u



Present Experimental status

Process Br Limit Search Dataset

t—-2q 5x107%  CMSft— Wh+2Zq— tvb+tlg 19.7f ", 8TeV
t—>2q 73x107° ATLAS{t— Wh+2q— tub+tlg 211", 7 TeV
t—gu 31x10° ATLAS gg — t — Wh 142t~ 8TeV
t—sgec 16x107* ATLAS gg — t — Wb 142", 8 TeV
t—s~yu 16x 1074 CMS gqg — ty — Why 19.1fb—',8 TeV
t—~c 18x10°° CMS gqg — ty — Why 19.1 b=, 8 TeV
t—hg 79x10~% ATLAStt— Wb+ hg— tvb+~vyqg 20fb~ ', 8TeV
t—hg 56x102 CMS{t— Wb+ hg— lub+tigX 195t~ 8TeV




Process SM 2HDM(FV) 2HDM(FC) MSSM  RPV RS
t—Zu T7x10717 - - <10-7 <10°° -
t—Zc 1x10~H < 106 <10-10 <10-7 <107 <10°°
t—gu 4x10714 —~ —~ <1077 <10°° —
t—gc 5x10712 < 10 <108 <1077 <107% <10°10
t—~yu 4x10716 E - <10~% <107? -
t—~yc 5H5x10~ <107 <10 <10% <107? <107°?
t—hu 2x107'7 6x10°° -~ <10~° <107? -
t—hec 3x107® 2x10°3 <10~ <107 <1072 <10
Top Quark Working Group 1311.2028
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Top quark is produced at LCH in many processes

pair production Top Quark Production Cross Section Measurements Status: November 2018
single top with a light jet 2 | ATLAS Preliminary B
S-ingle top W'ith W b 10° é_ﬂ Run 1,2 \/;= 7,813 TV LHE pp Vo= 7 T
single top with Z and jet i B oo 45 dsme
R -
. . . o LHC pp v5=8 TeV
pair production along with H/Z/W 107 3 - H BB oes 0o
= LHC pp 5= 13 TeV
I 1 _ al
10! 3 I
More than 80 X 10¢ top pairs ; 5 &
@ 13 TeV, 100 /fb I
1 E -

A ol | I I
10°F c

Top Working Group Summary Plots
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Measurements at LHC

Indirect measurements

pp(gg) > H —yy

c-BR(gg >H-—>vyy) =

2 2
K - Ky (KF, Ky)

osm(gg — H) - BRgm(H — vy) -

o(gg —» H) * BR(H— ~
99 = D BRE=) ~ 520252

JHEP 1608 (2016) 045,

K .

=S
o

Ky

KF

CERN-EP-2016-100, 1606.02266 ; ATLAS-CONF-2013-034;
CERN-PH-TH-2012-284, ArXiv:1209.0040
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k% = 0.57 kG +0.22 -k +0.09 - x5+
0.06 - k2 +0.03 - k5 + 0.03 - k2+
. g2 . g2
0.0023 - k2 + 0.0016 - k%, +
0.0001 - k2 +0.00022 - K2
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