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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 along with H/Z 

single top with a light jet / W /Z and jet 

pair production 
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µCMS, dilepton e
, 50 ns-1 = 43 pb

int
PRL 116 (2016) 052002,  L

µCMS, dilepton e  36 pb± 53 ± 58 ±746 

µCMS, dilepton e
, 25 ns-1 = 2.2 fb

int
EPJC 77 (2017) 172,  L

µCMS, dilepton e  19 pb± 38 ±  9 ±815 

CMS, l+jets *
, 50 ns-1 = 42 pbintCMS-PAS TOP-15-005,  L

CMS, l+jets *  100 pb± 84 ± 27 ±836 

CMS, l+jets
, 25 ns-1 = 2.2 fb

int
JHEP 09 (2017) 051,  L
CMS, l+jets  20 pb± 26 ±  2 ±888 

CMS, all-jets *
-1 = 2.53 fbintCMS-PAS TOP-16-013,  L

CMS, all-jets *  23 pb± 118 ± 25 ±834 

ABM12
) = 0.113

Z
(msα

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJC 75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040

More than 80 X 106  top pairs  
       @ 13 TeV,   100 /fb (approx. one year)



Single Top quark production at the LHC
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Single top-quark production
November 2018

t-channel

tW

s-channel

ATLAS t-channel
086 (2017) 04 JHEP

531, (2017) 77 112006, EPJC (2014) 90 PRD

CMS t-channel
752 (2017) PLB 772

090, (2014) 06 035, JHEP (2012) 12 JHEP

ATLAS tW
063 (2018) 01 JHEP

064, (2016) 01 142, JHEP (2012) PLB 716

CMS tW
117 (2018) 10 JHEP

231802, (2014) 112 022003, PRL (2013) 110 PRL

LHC combination, tW
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
228 (2016) PLB 756

ATLAS-CONF-2011-118 95% CL,

CMS s-channel
        7+8 TeV combined fit 95% CL×

CL 95% 027 (2016) 09 JHEP

58 (2014) PLB 736NNLO 
scale uncertainty

091503, (2011) 83 PRDNNLL  + NLO
054028 (2010) 81 054018, PRD (2010) 82 PRD

 contribution removedttW: t
 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
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F
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R
µ

CT10nlo, MSTW2008nlo, NNPDF2.3nlo
VeG 65 =

F
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T
tW: p

scale uncertainty

 uncertaintysα ⊕ PDF ⊕scale 
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  from single top quark production
theoσ

measσ
| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD 83 (2011) 091503, PRD 82 (2010) 054018,       
PRD 81 (2010) 054028       

 PDF⊕: scale theoσ∆
 = 172.5 GeVtopm

May 2018

 including top-quark mass uncertainty1 

: NLO PDF4LHC11 theoσ 2 

    NPPS205 (2010) 10, CPC191 (2015) 74
 including beam energy uncertainty3 

total  theo

 (theo)± (meas) ±| tbVLV|f
t-channel:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 
 1,2ATLAS 8 TeV

 )1−EPJC 77 (2017) 531  (20.2 fb
 0.024± 0.042 ±1.028 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combination 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 
 2CMS 13 TeV

 )1−PLB 772 (2017) 752  (2.3 fb
 0.02± 0.07 ±1.05 

 2ATLAS 13 TeV
 )1−JHEP 04 (2017) 086  (3.2 fb

 0.02± 0.09 ±1.07 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 
 1,3ATLAS 8 TeV

 )1−JHEP 01 (2016) 064  (20.3 fb
 0.03± 0.10 ±1.01 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 
 1,3LHC combination 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

LHCtopWG  0.04± 0.08 ±1.02 

 2ATLAS 13 TeV
 )1−EPJC 78 (2018) 186  (3.2 fb

 0.04± 0.24 ±1.14 

 3ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 

direct measurement of Vtb More than 30 X 106   single top  
       @ 13 TeV,   100 /fb 



Top quark pair in association with Higgs

ATLAS, Phys. Lett. B 784 (2018) 173

About 60000  top pairs along with H  
       @ 13 TeV,   100 /fb 

Direct measurement of Yukawa coupling
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ATLAS+CMS Preliminary  = 7-13 TeVs summary, topm
WGtopLHC

November 2018

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

total  stat

 syst)± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 

ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 

ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 

ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 

CMS, l+jets 7 TeV  [9] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [10] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [11] 1.23)± 1.41 (0.69 ±173.49 

CMS, l+jets 8 TeV  [12] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [12] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [12] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [13] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [12] 0.47)± 0.48 (0.13 ±172.44 

CMS, l+jets 13 TeV  [14] 0.62)± 0.63 (0.08 ±172.25 

CMS, dilepton 13 TeV  [15] 0.69)± 0.70 (0.14 ±172.33 

CMS, all jets 13 TeV  [16] 0.76)± 0.79 (0.20 ±172.34 
[1] ATLAS-CONF-2013-102
[2] arXiv:1403.4427
[3] Eur.Phys.J.C75 (2015) 330
[4] Eur.Phys.J.C75 (2015) 158
[5] ATLAS-CONF-2014-055
[6] Phys.Lett.B761 (2016) 350

[7] JHEP 09 (2017) 118
[8] arXiv:1810.01772
[9] JHEP 12 (2012) 105
[10] Eur.Phys.J.C72 (2012) 2202
[11] Eur.Phys.J.C74 (2014) 2758
[12] Phys.Rev.D93 (2016) 072004

[13] EPJC 77 (2017) 354
[14] arXiv:1805.01428
[15] CMS PAS TOP-17-001
[16] CMS PAS TOP-17-008

Top quark mass

Need to know precisely 
to understand evolution of 
Higgs coupling.



Why is it important

In 2HDM / MSSM g
htt
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Running of Higgs self coupling

In the SM, at tree level

g
htt

SM = 2 mt

υ
=

2 ⋅ 173.34 ± 0.76( )
246

= 0.996 ± 0.004

Degrassi, et al,    JHEP08(2012)098    [1205.6497]

yt=ghtt



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

SM   =>

Also the measurement of 
Higgs trilinear coupling



Measurements at LHC
Indirect measurements

pp(gg)→ H → γγ

JHEP 1608 (2016) 045, CERN-EP-2016-100, 1606.02266 ; ATLAS-CONF-2013-034; 
CERN-PH-TH-2012-284, ArXiv:1209.0040



New Physics: Through heavy resonance ATLAS,  Phys.Lett. B788 (2019) 347 



This can be relaxed considering 

Frank, Ozdel, PP:  arXiv:1812.05681

(respecting all constraints  
including those from Flavour Sector)

Phys.Rev. D99 (2019) no.3, 035001 
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arXiv: 1812.07831

High Luminosity LHC expectations



Spin-2   Resonance 

at HL-LHC 
and HE-LHC



Four Top production at the LHC

Explores top-top scattering

New physics possibilities not studied well.



Standard Decays of Top quark

/s / u

Almost 100% decay to     bW

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



Rare top decays



SM predictions

Standard channel



2HDM

MSSM

Beyond the SM 



Branching ratio
16−10 13−10 10−10 7−10 4−10 1−10

Zu→t

Zc→t

gu→t

gc→t

uγ→t

cγ→t

Hu→t

Hc→t

SM 2HDM(FV) 2HDM(FC)

MSSM RPV RS
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[7]

[8]

[7]

[6]

[5]

[6]

[5]

[4]

[4]

[3]

[1]

[2]

[1]

  ATLAS   CMS95%CL upper limits
[1] ATLAS-CONF-2018-049 [2] JHEP 02 (2017) 079
[3] JHEP 06 (2018) 102 [4] JHEP 04 (2016) 035
[5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] JHEP 07 (2018) 176 [8] CMS-PAS-TOP-17-017
[9] JHEP 07 (2017) 003

from arXiv:1311.2028
Theory predictions

ATLAS+CMS Preliminary
LHCtopWG

September 2018

all other processes are zero
Each limit assumes that

Present Experimental status
and comparison with  
model predictions

Assuming only one  
such coupling present at a time

Top Working Group Summary Plots 

ATL-PHYS-PUB-2018-034



Non-Standard Single top productions include

Standard Single top productions

Apart from non-standard decays, large FCNC can invoke rare production channels



Model Independent -  Effective couplings

,



Current Limits:

Expectations at HL-LHC

=> 0.02, ATLAS     JHEP 07 (2018) 176
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ATLAS     JHEP 04 (2016) 35

ATLAS     JHEP 1710 (2017) 120

ATL-PHYS-PUB-2016-019 ATL-PHYS-PUB-2013-0071.2 X

( 3 /ab )



1311.2028Top Quark Working GroupExpected reach on the BR



NP through Effective Lagrangian  (SMEFT)
 Anomalous Couplings 

TopFitter Collaboration 
1512.03360



NP through Effective Lagrangian  (SMEFT)
 Anomalous Couplings 

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

1205.1065

s = 14 TeV
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The scattered electron as a discriminator  

Lorentz structure of the coupling can be  
probed.

S. Behera, R. Rahman, R. Islam, M. Kumar, PP, 1811.04681 Top FCNC through        ep > et

Something quite hard at LHC



e−

e+ γ/Z

q̄(ū, c̄)

t
W+

b

νl(νe, νµ)

l+(e+, µ+)

At the ILC250 Subhasish Behera, Daniel Jeans, PP 



At the ILC250 Subhasish Behera, Daniel Jeans, PP 

We studied the signal (1j + 1b-jet + 1 lepton + missing energy) 
against the SM background.

Major Backgrounds

10.99 

cross section (pb)

  0.83

0.75

0.01

14.79

  +



At the ILC250 Subhasish Behera, Daniel Jeans, PP 

Kinematic Selections to improve the signal significance.                80% left-polarised electron beam 
                                                                                                   30% right-polarised positron beam

before after
signal

background



At the ILC250 Subhasish Behera, Daniel Jeans, PP 

angular distribution of the light jet 
is sensitive to the type of coupling

potential to distinguish the  
Lorentz structure of the coupling



Summary

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

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.

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



Thank you


