
Physics at CMS

Sudeshna Banerjee 
Kajari Mazumdar 

Gobinda Majumder 
Monoranjan Guchait 

Post Docs 
Niladri Bihari Sahoo

Siddesh Sawant
Sandhya Jain

Students
Soham Bhattacharya

Suman Chatterjee
Pallabi Das

Saikat Karmakar
Sarbesh Uplap(JRF) 

DHEP Annual Meeting
May 8-9, 2018

Mandakini Patil
Brij Jaishwal
Puneet patel

Aravind H Vijay(not in CMS)



SM Higgs Observation in ttH

jets + b tags(3 or 4) 

7 TeV + 8 TeV + 13TeV => 5 sigma observation



Search for ttH  production  
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Sudeshna Banerjee, Saikat Karmakar, Siddhesh Sawant

Plan: Working on 2017 data, continue with 2018 data.
Complete legacy analysis 2016+2017+2018 data



Measurement of Drell Yan cross sections at 
13 TeV 

+ +

•    S.Jain,  G.Majumder, K.Mazumdar  
     + Punjab Univ. + others  

•   Computation for FEWZ calculation done in 
     IndiaCMS T2, TIFR 

•   K.Mazumdar: language editor

• Benchmark process at hadron colliders 

• Test of perturbative calculations in SM 
      including higher order  effects. 

   Background to many processes, including 
   search for beyond standard model (BSM)

+ ……

SMP-17-001, to be submitted to JHEP 

PP ! Z/� +X ! ee+ µµ+X
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Measurement of φ*  differential cross section in DY 
process

+ + +…….
• At leading order Z  has  only longitudinal 

boost

• With higher order corrections Z has  also  
transverse boost ➔ non-zero  transverse momentum   

• Related variable with better accuracy 

• Precision measurement (better than 0.1%) 
confirms standard model predictions.

JHEP 03 (2018) 172  supporting document: AN-2014/107

R.Chatterjee , M.Guchait, K.Mazumdar  + Panjab Uni. 
+ others



            Search for H → bb decay in VBF process
•  H → bb decay : has the maximum branching of  60%  

• Study coupling of H with b-quarks. 

• VBF H process has unique topology. 

• Still QCD Multijet background is larger by several 
orders

4-jet signal topology:

• 2 central b-jets from H decay 
• 2 light q-jets (from VBF) with large Δη and m(jj)

Search strategy:
• Use BDT to exploit the differences between signal and QCD 
• Perform a fit in mbb spectrum  (i) in Z region, & (ii) H region

Status: on-going study with 2016 data  to estimate QCD background and bias in  
parametrization 

  K. Mazumdar, Niladribihari Sahoo  + CTS, Bangalore + others
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tHq multilepton analysis
• Higgs to fermion Yukawa coupling is proportional to 

fermion mass, for top yt is ~1.
     ➔ important to confirm it experimentally.

•  tHq process exposes the relative sign of Htt & HWW couplings 
via interference. (ttH cannot)

• Destructive interference in SM: 𝜎tHq(𝜅V = 𝜅t =1) = 70.96 fb (at √s = 13 TeV).
• Large enhancement for negative relative sign between 𝜅t and 𝜅V in tHq 

production.   e.g., 𝜎 tHq(𝜅V = -𝜅t =1) = 792.7 fb.

• same-sign dilepton analysis targets the H ! WW etc.
• Combined limit on 𝜎(tHq+tHW+ttH)xBR(H→WW*, 𝜏𝜏, ZZ*) derived as a 

function of 𝜅t/𝜅V.
• 𝜅t  values outside (-1.25, 1.6) are excluded at 95% C.L. for 𝜅V = 1.0.

• Documentation: AN-16-378 and HIG-17-005 to be published in PRD

Study the coupling modifiers  w.r.t. SM 𝜅t and 𝜅V 

Pallabi Das, K.Mazumdar + others

http://cms.cern.ch/iCMS/jsp/db_notes/noteInfo.jsp?cmsnoteid=CMS%20AN-2016/378
http://cms.cern.ch/iCMS/analysisadmin/cadi?ancode=HIG-17-005


Vector boson scattering

H H

• The most important process to be studied at LHC to establish the role of Higgs  
       boson in electroweak symmetry breaking.

• Extremely low rate combined with large  
      background.

• Best sensitivity in same sign Di-lepton  
      final state.  
     Jets have vector boson fusion topology.

➢ Preliminary results indicate  highly  granular endcap 
      calorimeter and extended coverage for  lepton 
      measurement crucial for achieving very high  
      sensitivity of VBS at high tail of dijet mass  ➔
 (i) role of Higgs boson in mass generation established  
(ii) effects from BSM or higher dimensional operators  
     can be studied/constrained  better.   

S.Jain, G.Majumder, K.Mazumdar,  
A.Savin, S. Uplap

FTR-18-005 
AN-2017/306



Di  Higgs production
•  Higgs self-coupling ➔ Di-Higgs production 

• Describes  Higgs potential ! most  important 
parameter in Higgs sector yet  to be estimated 
experimentally.

• Cross section very low (~ 33 fb)  
   ➔ 2016 data does not have sensitivity to measure the SM rate 
   ➔ need high luminosity

• Constraints can be obtained with current data on coupling modifier 
Kλ 

• BSM can increase the cross-section value by 10 [Kλ = 10 → σBSM = 10 x 
σSM ]

• On-going projection studies for HL-LHC:  potential of Di-Higgs production and decay 
      in H! bb, H!γγ final states,  when   H produced in gg fusion or VBF process. 
      Branching ratio: 0.26%, best sensitivity!

K.Mazumdar, Arnab Roy,  Niladribihari Sahoo + others 



Radius Scan for Inclusive Jets in CMS Experiment

pp ! Jets
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Inclusive measurements using AntiKT with jet size parameter : 0.1, 0.2….1.2 

! NLO predictions (Powheg, NLOJet++, Herwig7) are closer to data compared to LO
(Pythia8, Herwig++, Madgraph)
! Fixed order prediction (NLOJet++) fail to describe the trend
! Non-perturbative cor used for NLOJet++ to make hadron level prediction

PH=Powheg
P8=Pythia8
Hwg=Herwig++

Suman Chatterjee, Gobinda Majumder



POWHEG+PYTHIA8 POWHEG+Herwig++

Radius Scan for Inclusive Jets in CMS Experiment
Observable : Ratio of x-section w.r.t. AK4 jets

Powheg+Pythia8 can can describe the ratio the
best but overshoots for large jet sizes at low pt

Powheg+Herwig++ is better for large jet sizes
little large prediction for AK1 jets at low pt
(still within systematics)

Herwig7++ can’t describe jets of very small sizes
(0.1,0.2): deviate more at larger pt

Suman Chatterjee, Gobinda Majumder



Implementation of of Recursive Soft Drop in CMS
A new jet grooming technique : performs soft-drop iteratively until a
specified number of subjets (nprong+1) are obtained

Soft-drop criteria is checked at each step of
declustering along C-A clustering history
Stops with (N+1) subjets in final groomed jet
N=1 default soft-drop (SD)

Used AK8PUPPI jets in HGCAL geometry at <PU>~200 Implemented in CMS Framework
Suman Chatterjee, G. Majumder 



Top squark searches: Di-Tau final states(1)

 [GeV]t~ m
200 400 600 800 1000 1200

 [G
eV

]
0 1χ∼

m

0

100

200

300

400

500

600

700

800

3−10

2−10

1−10

1

10

210
 (13 TeV)-135.9 fbCMS   

1
0
χ∼ t → t~ or 

1
0
χ∼ ± b W→ 

1
±χ∼ b → t~, t~ t~ →pp 

NLO+NLL exclusion
theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

 = 5 GeV0

1
χ∼

-m±

1
χ∼m

) = 50%
1
0
χ∼ t → t~BR(

95
%

 C
.L

. u
pp

er
 li

m
it 

on
 c

ro
ss

 s
ec

tio
n 

[p
b]

High

Exclusion are valid for leptonic final states: 
electron or muon
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Currents limits are not applicable
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3rd Generation squark search important in light of 125 GeV Higgs

S. Banerjee, Soham Bhattacharya, MG, G. Majumder, K.Mazumdar
 A Nayak, S.Sharma



Signal region comparison/optimization [1]

Have compared four di↵erent types of signal regions involving the sensitive variables mentioned
before.

Type A (SRA) with 6 bins:

n⌧h � 2

/ET = [50� 200, 200�1]

m⌧h⌧h
T2 = [0� 40, 40� 80, 80�1]

nb � 1

Type B (SRB) with 18 bins:

n⌧h � 2

/ET = [50� 200, 200�1]

m⌧h⌧h
T2 = [0� 40, 40� 80, 80�1]

H⌧h⌧hjet
T = [100� 300, 300� 700, 700�1]

nb � 1
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Top squark searches: Di-Tau final states(2)
Signal regions are divided in various bins

Signal region comparison/optimization [4]

exclusion
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Best Combination

Background estimation is  underway 



Top squark searches: Di-Tau final states(3)

tt̄ CR yields

Left: CRBeµ, Right: CRBµµ

L = 35.9 fb-1
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Estimation of background is underway

Top background: Data driven estimation 

Top background: Validating using template method 



Soham Bhattacharya(TIFR), 
Ashraf Mohamed(DESY)

Prospects of using the HO for L1 muon trigger
Prospects of using the HO for L1 muon trigger

[Soham Bhattacharya (TIFR), Ashraf Mohamed (DESY)]

Recovering muons lost by the muon stations:

Use the HO+MB1 (innermost muon station)
coincidence to cover gaps of MB2/3/4 in the region
i⌘ ± 3 (0.174 < |⌘| < 0.261). Try to recover the muons
in this region that have a signal in the HO and MB1 but
not in any of the other muon stations. E�ciency gain of
⇠ 5% in this gap at the cost of ⇠ 60% gain in track
(Barrel Muon Track) rate at 22 GeV; large contribution
from fakes (hadronic shower tails) - not a viable option.

Use the MB1+HO or MB2+HO coincidence to recover
very soft muons (⇠ 3� 4 GeV). Can recover only
5� 7% of these muons; large incident angle (due to large
bending) of these muons at the muon station reduces
their acceptance.
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Prospects of using the HO for L1 muon trigger

Muon station track momentum confirmation:

Track �� vs pT correlation not very strong for MB34 tracks (tracks that have hits in
the two outermost muon stations only).
Use the �i� between track’s HO and MB3 hits for track pT confirmation.
Requiring �i�  1 for tracks with pT > 22 GeV reduces their rate by ⇠ 19% at the cost
of only ⇠ 0.5% loss in e�ciency.
Can reduce contribution from fakes without a↵ecting real high pT tracks.

2 / 2
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Light Higgs at the LHC
In MSSM having a H(125) is not so easy

Next to MSSM : Two Higgs doublet + a singlet 
Easy to achieve a 125 GeV SM like Higgs 
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<latexit sha1_base64="m/u0Kk1F8yfaLnTWIKiz5NVfJlg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3opccKxhbaUDbbSbt0dxN2N0Ip/QtePKh49Rd589+YtDlo64OBx3szzMwLE8GNdd1vZ2V1bX1js7RV3t7Z3duvHBw+mjjVDH0Wi1i3Q2pQcIW+5VZgO9FIZSiwFY7ucr/1hNrwWD3YcYKBpAPFI86ozaVG76Lcq1TdmjsDWSZeQapQoNmrfHX7MUslKssENabjuYkNJlRbzgROy93UYELZiA6wk1FFJZpgMrt1Sk4zpU+iWGelLJmpvycmVBozlmHWKakdmkUvF//zOqmNroMJV0lqUbH5oigVxMYkf5z0uUZmxTgjlGme3UrYkGrKbBZPHoK3+PIy8c9rNzXv/rJavy3SKMExnMAZeHAFdWhAE3xgMIRneIU3RzovzrvzMW9dcYqZI/gD5/MHaGqNWg==</latexit><latexit sha1_base64="m/u0Kk1F8yfaLnTWIKiz5NVfJlg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3opccKxhbaUDbbSbt0dxN2N0Ip/QtePKh49Rd589+YtDlo64OBx3szzMwLE8GNdd1vZ2V1bX1js7RV3t7Z3duvHBw+mjjVDH0Wi1i3Q2pQcIW+5VZgO9FIZSiwFY7ucr/1hNrwWD3YcYKBpAPFI86ozaVG76Lcq1TdmjsDWSZeQapQoNmrfHX7MUslKssENabjuYkNJlRbzgROy93UYELZiA6wk1FFJZpgMrt1Sk4zpU+iWGelLJmpvycmVBozlmHWKakdmkUvF//zOqmNroMJV0lqUbH5oigVxMYkf5z0uUZmxTgjlGme3UrYkGrKbBZPHoK3+PIy8c9rNzXv/rJavy3SKMExnMAZeHAFdWhAE3xgMIRneIU3RzovzrvzMW9dcYqZI/gD5/MHaGqNWg==</latexit><latexit sha1_base64="m/u0Kk1F8yfaLnTWIKiz5NVfJlg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3opccKxhbaUDbbSbt0dxN2N0Ip/QtePKh49Rd589+YtDlo64OBx3szzMwLE8GNdd1vZ2V1bX1js7RV3t7Z3duvHBw+mjjVDH0Wi1i3Q2pQcIW+5VZgO9FIZSiwFY7ucr/1hNrwWD3YcYKBpAPFI86ozaVG76Lcq1TdmjsDWSZeQapQoNmrfHX7MUslKssENabjuYkNJlRbzgROy93UYELZiA6wk1FFJZpgMrt1Sk4zpU+iWGelLJmpvycmVBozlmHWKakdmkUvF//zOqmNroMJV0lqUbH5oigVxMYkf5z0uUZmxTgjlGme3UrYkGrKbBZPHoK3+PIy8c9rNzXv/rJavy3SKMExnMAZeHAFdWhAE3xgMIRneIU3RzovzrvzMW9dcYqZI/gD5/MHaGqNWg==</latexit><latexit sha1_base64="m/u0Kk1F8yfaLnTWIKiz5NVfJlg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokK6q3opccKxhbaUDbbSbt0dxN2N0Ip/QtePKh49Rd589+YtDlo64OBx3szzMwLE8GNdd1vZ2V1bX1js7RV3t7Z3duvHBw+mjjVDH0Wi1i3Q2pQcIW+5VZgO9FIZSiwFY7ucr/1hNrwWD3YcYKBpAPFI86ozaVG76Lcq1TdmjsDWSZeQapQoNmrfHX7MUslKssENabjuYkNJlRbzgROy93UYELZiA6wk1FFJZpgMrt1Sk4zpU+iWGelLJmpvycmVBozlmHWKakdmkUvF//zOqmNroMJV0lqUbH5oigVxMYkf5z0uUZmxTgjlGme3UrYkGrKbBZPHoK3+PIy8c9rNzXv/rJavy3SKMExnMAZeHAFdWhAE3xgMIRneIU3RzovzrvzMW9dcYqZI/gD5/MHaGqNWg==</latexit>

H±
<latexit sha1_base64="ShCoxLzIcP8Ji6IJ5fFjINf8hCc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3opccKpi20sWy2m3btZjfsboQS+h+8eFDx6g/y5r9x0+agrQ8GHu/NMDMvTDjTxnW/nZXVtfWNzdJWeXtnd2+/cnDY0jJVhPpEcqk6IdaUM0F9wwynnURRHIectsPxbe63n6jSTIp7M0loEOOhYBEj2Fip1XjoJXG5X6m6NXcGtEy8glShQLNf+eoNJEljKgzhWOuu5yYmyLAyjHA6LfdSTRNMxnhIu5YKHFMdZLNrp+jUKgMUSWVLGDRTf09kONZ6Eoe2M8ZmpBe9XPzP66YmugoyJpLUUEHmi6KUIyNR/joaMEWJ4RNLMFHM3orICCtMjA0oD8FbfHmZ+Oe165p3d1Gt3xRplOAYTuAMPLiEOjSgCT4QeIRneIU3RzovzrvzMW9dcYqZI/gD5/MHQGOOcw==</latexit><latexit sha1_base64="ShCoxLzIcP8Ji6IJ5fFjINf8hCc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3opccKpi20sWy2m3btZjfsboQS+h+8eFDx6g/y5r9x0+agrQ8GHu/NMDMvTDjTxnW/nZXVtfWNzdJWeXtnd2+/cnDY0jJVhPpEcqk6IdaUM0F9wwynnURRHIectsPxbe63n6jSTIp7M0loEOOhYBEj2Fip1XjoJXG5X6m6NXcGtEy8glShQLNf+eoNJEljKgzhWOuu5yYmyLAyjHA6LfdSTRNMxnhIu5YKHFMdZLNrp+jUKgMUSWVLGDRTf09kONZ6Eoe2M8ZmpBe9XPzP66YmugoyJpLUUEHmi6KUIyNR/joaMEWJ4RNLMFHM3orICCtMjA0oD8FbfHmZ+Oe165p3d1Gt3xRplOAYTuAMPLiEOjSgCT4QeIRneIU3RzovzrvzMW9dcYqZI/gD5/MHQGOOcw==</latexit><latexit sha1_base64="ShCoxLzIcP8Ji6IJ5fFjINf8hCc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3opccKpi20sWy2m3btZjfsboQS+h+8eFDx6g/y5r9x0+agrQ8GHu/NMDMvTDjTxnW/nZXVtfWNzdJWeXtnd2+/cnDY0jJVhPpEcqk6IdaUM0F9wwynnURRHIectsPxbe63n6jSTIp7M0loEOOhYBEj2Fip1XjoJXG5X6m6NXcGtEy8glShQLNf+eoNJEljKgzhWOuu5yYmyLAyjHA6LfdSTRNMxnhIu5YKHFMdZLNrp+jUKgMUSWVLGDRTf09kONZ6Eoe2M8ZmpBe9XPzP66YmugoyJpLUUEHmi6KUIyNR/joaMEWJ4RNLMFHM3orICCtMjA0oD8FbfHmZ+Oe165p3d1Gt3xRplOAYTuAMPLiEOjSgCT4QeIRneIU3RzovzrvzMW9dcYqZI/gD5/MHQGOOcw==</latexit><latexit sha1_base64="ShCoxLzIcP8Ji6IJ5fFjINf8hCc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3opccKpi20sWy2m3btZjfsboQS+h+8eFDx6g/y5r9x0+agrQ8GHu/NMDMvTDjTxnW/nZXVtfWNzdJWeXtnd2+/cnDY0jJVhPpEcqk6IdaUM0F9wwynnURRHIectsPxbe63n6jSTIp7M0loEOOhYBEj2Fip1XjoJXG5X6m6NXcGtEy8glShQLNf+eoNJEljKgzhWOuu5yYmyLAyjHA6LfdSTRNMxnhIu5YKHFMdZLNrp+jUKgMUSWVLGDRTf09kONZ6Eoe2M8ZmpBe9XPzP66YmugoyJpLUUEHmi6KUIyNR/joaMEWJ4RNLMFHM3orICCtMjA0oD8FbfHmZ+Oe165p3d1Gt3xRplOAYTuAMPLiEOjSgCT4QeIRneIU3RzovzrvzMW9dcYqZI/gD5/MHQGOOcw==</latexit>

A1
<latexit sha1_base64="zPJdCiMWbCNRlltC9gWGSMQcppc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rGFtoQ9lst+3S3U3YnQgl9C948aDi1V/kzX9j0uagrQ8GHu/NMDMvjKWw6LrfTmlldW19o7xZ2dre2d2r7h882igxjPsskpFph9RyKTT3UaDk7dhwqkLJW+H4NvdbT9xYEekHnMQ8UHSoxUAwirl03fMqvWrNrbszkGXiFaQGBZq96le3H7FEcY1MUms7nhtjkFKDgkk+rXQTy2PKxnTIOxnVVHEbpLNbp+QkU/pkEJmsNJKZ+nsipcraiQqzTkVxZBe9XPzP6yQ4uAxSoeMEuWbzRYNEEoxI/jjpC8MZyklGKDMiu5WwETWUYRZPHoK3+PIy8c/qV3Xv/rzWuCnSKMMRHMMpeHABDbiDJvjAYATP8ApvjnJenHfnY95acoqZQ/gD5/MHWriNUQ==</latexit><latexit sha1_base64="zPJdCiMWbCNRlltC9gWGSMQcppc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rGFtoQ9lst+3S3U3YnQgl9C948aDi1V/kzX9j0uagrQ8GHu/NMDMvjKWw6LrfTmlldW19o7xZ2dre2d2r7h882igxjPsskpFph9RyKTT3UaDk7dhwqkLJW+H4NvdbT9xYEekHnMQ8UHSoxUAwirl03fMqvWrNrbszkGXiFaQGBZq96le3H7FEcY1MUms7nhtjkFKDgkk+rXQTy2PKxnTIOxnVVHEbpLNbp+QkU/pkEJmsNJKZ+nsipcraiQqzTkVxZBe9XPzP6yQ4uAxSoeMEuWbzRYNEEoxI/jjpC8MZyklGKDMiu5WwETWUYRZPHoK3+PIy8c/qV3Xv/rzWuCnSKMMRHMMpeHABDbiDJvjAYATP8ApvjnJenHfnY95acoqZQ/gD5/MHWriNUQ==</latexit><latexit sha1_base64="zPJdCiMWbCNRlltC9gWGSMQcppc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rGFtoQ9lst+3S3U3YnQgl9C948aDi1V/kzX9j0uagrQ8GHu/NMDMvjKWw6LrfTmlldW19o7xZ2dre2d2r7h882igxjPsskpFph9RyKTT3UaDk7dhwqkLJW+H4NvdbT9xYEekHnMQ8UHSoxUAwirl03fMqvWrNrbszkGXiFaQGBZq96le3H7FEcY1MUms7nhtjkFKDgkk+rXQTy2PKxnTIOxnVVHEbpLNbp+QkU/pkEJmsNJKZ+nsipcraiQqzTkVxZBe9XPzP6yQ4uAxSoeMEuWbzRYNEEoxI/jjpC8MZyklGKDMiu5WwETWUYRZPHoK3+PIy8c/qV3Xv/rzWuCnSKMMRHMMpeHABDbiDJvjAYATP8ApvjnJenHfnY95acoqZQ/gD5/MHWriNUQ==</latexit><latexit sha1_base64="zPJdCiMWbCNRlltC9gWGSMQcppc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rGFtoQ9lst+3S3U3YnQgl9C948aDi1V/kzX9j0uagrQ8GHu/NMDMvjKWw6LrfTmlldW19o7xZ2dre2d2r7h882igxjPsskpFph9RyKTT3UaDk7dhwqkLJW+H4NvdbT9xYEekHnMQ8UHSoxUAwirl03fMqvWrNrbszkGXiFaQGBZq96le3H7FEcY1MUms7nhtjkFKDgkk+rXQTy2PKxnTIOxnVVHEbpLNbp+QkU/pkEJmsNJKZ+nsipcraiQqzTkVxZBe9XPzP6yQ4uAxSoeMEuWbzRYNEEoxI/jjpC8MZyklGKDMiu5WwETWUYRZPHoK3+PIy8c/qV3Xv/rzWuCnSKMMRHMMpeHABDbiDJvjAYATP8ApvjnJenHfnY95acoqZQ/gD5/MHWriNUQ==</latexit>

H1
<latexit sha1_base64="yo7w4y0w8nYSu9gQOi/LWuMq21E=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3opceKxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE/lgxikGMR1IHnFGjZXuGz2vV6m6NXcGsky8glShQLNX+er2E5bFKA0TVOuO56YmyKkynAmclLuZxpSyER1gx1JJY9RBPjt1Qk6t0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zOpmJroKcyzQzKNl8UZQJYhIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2xC8xZeXiX9eu655dxfV+k2RRgmO4QTOwINLqEMDmuADgwE8wyu8OcJ5cd6dj3nrilPMHMEfOJ8/MIWNRA==</latexit><latexit sha1_base64="yo7w4y0w8nYSu9gQOi/LWuMq21E=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3opceKxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE/lgxikGMR1IHnFGjZXuGz2vV6m6NXcGsky8glShQLNX+er2E5bFKA0TVOuO56YmyKkynAmclLuZxpSyER1gx1JJY9RBPjt1Qk6t0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zOpmJroKcyzQzKNl8UZQJYhIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2xC8xZeXiX9eu655dxfV+k2RRgmO4QTOwINLqEMDmuADgwE8wyu8OcJ5cd6dj3nrilPMHMEfOJ8/MIWNRA==</latexit><latexit sha1_base64="yo7w4y0w8nYSu9gQOi/LWuMq21E=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3opceKxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE/lgxikGMR1IHnFGjZXuGz2vV6m6NXcGsky8glShQLNX+er2E5bFKA0TVOuO56YmyKkynAmclLuZxpSyER1gx1JJY9RBPjt1Qk6t0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zOpmJroKcyzQzKNl8UZQJYhIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2xC8xZeXiX9eu655dxfV+k2RRgmO4QTOwINLqEMDmuADgwE8wyu8OcJ5cd6dj3nrilPMHMEfOJ8/MIWNRA==</latexit><latexit sha1_base64="yo7w4y0w8nYSu9gQOi/LWuMq21E=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3opceKxhbaUDbbSbt0swm7G6GE/gQvHlS8+o+8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE/lgxikGMR1IHnFGjZXuGz2vV6m6NXcGsky8glShQLNX+er2E5bFKA0TVOuO56YmyKkynAmclLuZxpSyER1gx1JJY9RBPjt1Qk6t0idRomxJQ2bq74mcxlqP49B2xtQM9aI3Ff/zOpmJroKcyzQzKNl8UZQJYhIy/Zv0uUJmxNgSyhS3txI2pIoyY9Mp2xC8xZeXiX9eu655dxfV+k2RRgmO4QTOwINLqEMDmuADgwE8wyu8OcJ5cd6dj3nrilPMHMEfOJ8/MIWNRA==</latexit>

H2 ⇠ HSM
<latexit sha1_base64="C3YdpUPIuQwAnKH6J/RcevpMGJw=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKoN6KXnoRKhpbaEPYbLft0s0m7G4KJfSfePGg4tWf4s1/46bNQVsfDDzem2FmXphwprTjfFultfWNza3ydmVnd2//wD48elJxKgn1SMxj2QmxopwJ6mmmOe0kkuIo5LQdjm9zvz2hUrFYPOppQv0IDwUbMIK1kQLbbgZ11FMsQs0ge7ibVQK76tScOdAqcQtShQKtwP7q9WOSRlRowrFSXddJtJ9hqRnhdFbppYommIzxkHYNFTiiys/ml8/QmVH6aBBLU0Kjufp7IsORUtMoNJ0R1iO17OXif1431YMrP2MiSTUVZLFokHKkY5THgPpMUqL51BBMJDO3IjLCEhNtwspDcJdfXiVevXZdc+8vqo2bIo0ynMApnIMLl9CAJrTAAwITeIZXeLMy68V6tz4WrSWrmDmGP7A+fwAAnJIm</latexit><latexit sha1_base64="C3YdpUPIuQwAnKH6J/RcevpMGJw=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKoN6KXnoRKhpbaEPYbLft0s0m7G4KJfSfePGg4tWf4s1/46bNQVsfDDzem2FmXphwprTjfFultfWNza3ydmVnd2//wD48elJxKgn1SMxj2QmxopwJ6mmmOe0kkuIo5LQdjm9zvz2hUrFYPOppQv0IDwUbMIK1kQLbbgZ11FMsQs0ge7ibVQK76tScOdAqcQtShQKtwP7q9WOSRlRowrFSXddJtJ9hqRnhdFbppYommIzxkHYNFTiiys/ml8/QmVH6aBBLU0Kjufp7IsORUtMoNJ0R1iO17OXif1431YMrP2MiSTUVZLFokHKkY5THgPpMUqL51BBMJDO3IjLCEhNtwspDcJdfXiVevXZdc+8vqo2bIo0ynMApnIMLl9CAJrTAAwITeIZXeLMy68V6tz4WrSWrmDmGP7A+fwAAnJIm</latexit><latexit sha1_base64="C3YdpUPIuQwAnKH6J/RcevpMGJw=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKoN6KXnoRKhpbaEPYbLft0s0m7G4KJfSfePGg4tWf4s1/46bNQVsfDDzem2FmXphwprTjfFultfWNza3ydmVnd2//wD48elJxKgn1SMxj2QmxopwJ6mmmOe0kkuIo5LQdjm9zvz2hUrFYPOppQv0IDwUbMIK1kQLbbgZ11FMsQs0ge7ibVQK76tScOdAqcQtShQKtwP7q9WOSRlRowrFSXddJtJ9hqRnhdFbppYommIzxkHYNFTiiys/ml8/QmVH6aBBLU0Kjufp7IsORUtMoNJ0R1iO17OXif1431YMrP2MiSTUVZLFokHKkY5THgPpMUqL51BBMJDO3IjLCEhNtwspDcJdfXiVevXZdc+8vqo2bIo0ynMApnIMLl9CAJrTAAwITeIZXeLMy68V6tz4WrSWrmDmGP7A+fwAAnJIm</latexit><latexit sha1_base64="C3YdpUPIuQwAnKH6J/RcevpMGJw=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBbBU0mKoN6KXnoRKhpbaEPYbLft0s0m7G4KJfSfePGg4tWf4s1/46bNQVsfDDzem2FmXphwprTjfFultfWNza3ydmVnd2//wD48elJxKgn1SMxj2QmxopwJ6mmmOe0kkuIo5LQdjm9zvz2hUrFYPOppQv0IDwUbMIK1kQLbbgZ11FMsQs0ge7ibVQK76tScOdAqcQtShQKtwP7q9WOSRlRowrFSXddJtJ9hqRnhdFbppYommIzxkHYNFTiiys/ml8/QmVH6aBBLU0Kjufp7IsORUtMoNJ0R1iO17OXif1431YMrP2MiSTUVZLFokHKkY5THgPpMUqL51BBMJDO3IjLCEhNtwspDcJdfXiVevXZdc+8vqo2bIo0ynMApnIMLl9CAJrTAAwITeIZXeLMy68V6tz4WrSWrmDmGP7A+fwAAnJIm</latexit>

A2
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Figure 6: Loop diagrams for the decay of A1 to two photons, mediated by fermion (f) and

chargino(�̃±).

the NMSSM values. Thus, it is given as [56, 57],
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Here Nc is the QCD color factor, ef is the electric charge of the fermions (f), Ax(⌧x)

are the loop functions given by,

Ax(⌧x) = ⌧x

✓
sin�1 1p

⌧x

◆2

, ⌧x =
4M2

x

M2
A1

; x = f, �̃±
i . (3.7)

Here gA1
f are the couplings of A1 with the heavier fermions(f=top and bottom quarks),

where as gA1

�̃± are the same with charginos, and all those are given by [9],

gA1
u = �i

mup
2v sin �

P12, gA1
d = i

mdp
2v cos �

P11, (3.8)

g�̃±
i �̃⌥

j A1
=

ip
2
[�P13Ui2Vj2 � g2(P12Ui1Vj2 + P11Ui2Vj1)] (3.9)

Here P and (U,V) are the mixing matrices for pseudoscalar Higgs bosons and chargino

sector respectively and, in particular P11 = sin↵A sin � and P12 = sin↵A cos �. In the

pure singlet limit of A1(P11,P12 ⇠ 0), see Eq. 2.6 and, the fermion couplings(gA1
u , gA1

d )

approach to almost negligible value(⇠ 10�5), and, hence the corresponding fermionic

loop contribution in Eq. 3.6 are extremely suppressed. On the other hand, the presence

of Higgsino composition (Ui2,Vj2) in the chargino state yields an enhanced coupling

with A1 via the singlet-Higgsino-Higgsino interaction(see the term proportional to � in

Eq.3.9). Needless to say, that it is an e↵ect beyond MSSM. Naturally, it is interesting

to identify the region of the parameter space which o↵ers a finite partial width of

A1 ! �� mode. We try to study it by examining the mixing of CP odd Higgs bosons
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Figure 8: BR of A1 for case(A), same as in Fig. 7.
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Figure 9: Same as in Fig. 8 but for case(B).

Here, note that A1 is dominantly singlet like resulting in all of its available fermionic decay
channels suppressed. Primarily the o↵-diagonal elements in the Higgs mass matrix determine
the composition of Higgs boson states. For example, in case of A1 when the o↵-diagonal term
of pseudoscaler Higgs mass matrix vanishes for a certain combination of the parameters, then
A1 becomes completely singlet like. From the 2⇥2 Higgs CP odd mass matrix, one can
conclude that the vanishing of o↵-diagonal term leads A1 purely singlet dominated which can
be translated to the relation such as A� ⇠ 2µeff

� and it occurs for a wide region of parameters.
Moreover, A1 does not have any tree level coupling with the vector bosons. In this kind of a
scenario, A1 can still couple to photons at one loop with charginos in the loop. The Higgsino
like charginos favourably couple to a singlet like A1 state and enhance the partial width of
A1 ! �� mode. Therefore, for the regions of the parameter space where both the charginos
are Higgsino like, BR(A1 ! ��) turns out to be very large for a wide range of mA1 as clearly
seen in Fig. 9 [23, 82]. Evidently, this di-photon final state appears to be one of the striking
features of this model and can be exploited not only to discover A1 at the LHC, but also
to discriminate the MSSM from the NMSSM. It will be discussed later in more detail. In
addition, A1 ! ⌧⌧ mode is also present with a reasonable BR(⇠ 10%) which can also provide
a clean signal of A1. The other sub dominant decay modes of A1 are presented in Fig. 9
(right) where the dominant one is the invisible decay channel, A1 ! �̃0

1�̃
0
1. The BR of A1 in

the muonic channel, A1 ! µµ is of the same order (⇠ 10�4) as before along with other sub-
dominant channels like A1 ! gg,Z�. Note that, both the plots in Figs. 8 and 9 presenting

xvi

Br(A1 ! ��) ⇠ 50� 100%
<latexit sha1_base64="pRqeUchDsM3Ya3VHNgy68ecT6CM=">AAACDnicbVA7T8MwGHTKq5RXgJHFoioqA5WDQMBWysJYJEIrNVHkuE5r1U4i20Gqov4DFv4KCwMgVmY2/g3uY4DCSbZOd98n+y5MOVMaoS+rsLC4tLxSXC2trW9sbtnbO3cqySShLkl4ItshVpSzmLqaaU7bqaRYhJy2wsHV2G/dU6lYEt/qYUp9gXsxixjB2kiBfdCQ1cvAgZ5OoNfDQuDpfQg9xQQ8RUcOQl4lsMuohiaAf4kzI2UwQzOwP71uQjJBY004VqrjoFT7OZaaEU5HJS9TNMVkgHu0Y2iMBVV+PskzghWjdGGUSHNiDSfqz40cC6WGIjSTAuu+mvfG4n9eJ9PRuZ+zOM00jcn0oSjj0IQflwO7TFKi+dAQTCQzf4WkjyUm2lRYMiU485H/Eve4dlFzbk7K9casjSLYA/ugChxwBurgGjSBCwh4AE/gBbxaj9az9Wa9T0cL1mxnF/yC9fEN47OZlw==</latexit><latexit sha1_base64="pRqeUchDsM3Ya3VHNgy68ecT6CM=">AAACDnicbVA7T8MwGHTKq5RXgJHFoioqA5WDQMBWysJYJEIrNVHkuE5r1U4i20Gqov4DFv4KCwMgVmY2/g3uY4DCSbZOd98n+y5MOVMaoS+rsLC4tLxSXC2trW9sbtnbO3cqySShLkl4ItshVpSzmLqaaU7bqaRYhJy2wsHV2G/dU6lYEt/qYUp9gXsxixjB2kiBfdCQ1cvAgZ5OoNfDQuDpfQg9xQQ8RUcOQl4lsMuohiaAf4kzI2UwQzOwP71uQjJBY004VqrjoFT7OZaaEU5HJS9TNMVkgHu0Y2iMBVV+PskzghWjdGGUSHNiDSfqz40cC6WGIjSTAuu+mvfG4n9eJ9PRuZ+zOM00jcn0oSjj0IQflwO7TFKi+dAQTCQzf4WkjyUm2lRYMiU485H/Eve4dlFzbk7K9casjSLYA/ugChxwBurgGjSBCwh4AE/gBbxaj9az9Wa9T0cL1mxnF/yC9fEN47OZlw==</latexit><latexit sha1_base64="pRqeUchDsM3Ya3VHNgy68ecT6CM=">AAACDnicbVA7T8MwGHTKq5RXgJHFoioqA5WDQMBWysJYJEIrNVHkuE5r1U4i20Gqov4DFv4KCwMgVmY2/g3uY4DCSbZOd98n+y5MOVMaoS+rsLC4tLxSXC2trW9sbtnbO3cqySShLkl4ItshVpSzmLqaaU7bqaRYhJy2wsHV2G/dU6lYEt/qYUp9gXsxixjB2kiBfdCQ1cvAgZ5OoNfDQuDpfQg9xQQ8RUcOQl4lsMuohiaAf4kzI2UwQzOwP71uQjJBY004VqrjoFT7OZaaEU5HJS9TNMVkgHu0Y2iMBVV+PskzghWjdGGUSHNiDSfqz40cC6WGIjSTAuu+mvfG4n9eJ9PRuZ+zOM00jcn0oSjj0IQflwO7TFKi+dAQTCQzf4WkjyUm2lRYMiU485H/Eve4dlFzbk7K9casjSLYA/ugChxwBurgGjSBCwh4AE/gBbxaj9az9Wa9T0cL1mxnF/yC9fEN47OZlw==</latexit><latexit sha1_base64="pRqeUchDsM3Ya3VHNgy68ecT6CM=">AAACDnicbVA7T8MwGHTKq5RXgJHFoioqA5WDQMBWysJYJEIrNVHkuE5r1U4i20Gqov4DFv4KCwMgVmY2/g3uY4DCSbZOd98n+y5MOVMaoS+rsLC4tLxSXC2trW9sbtnbO3cqySShLkl4ItshVpSzmLqaaU7bqaRYhJy2wsHV2G/dU6lYEt/qYUp9gXsxixjB2kiBfdCQ1cvAgZ5OoNfDQuDpfQg9xQQ8RUcOQl4lsMuohiaAf4kzI2UwQzOwP71uQjJBY004VqrjoFT7OZaaEU5HJS9TNMVkgHu0Y2iMBVV+PskzghWjdGGUSHNiDSfqz40cC6WGIjSTAuu+mvfG4n9eJ9PRuZ+zOM00jcn0oSjj0IQflwO7TFKi+dAQTCQzf4WkjyUm2lRYMiU485H/Eve4dlFzbk7K9casjSLYA/ugChxwBurgGjSBCwh4AE/gBbxaj9az9Wa9T0cL1mxnF/yC9fEN47OZlw==</latexit>



is considerably very large, even with 100% BR. This large BR of A1 into this di-photon

channel is a novel feature of the NMSSM unlike the other SUSY models [18,20,21,34,35]

Since experimentally, photon is a well reconstructed clean object, this di-photon mode

is expected to provide a robust signal of A1 at the LHC. Following this, we try to

exploit this di-photon mode of A1, to find its discovery potential at the LHC Run 2

experiment. At the parton level, the production of a pair of A1 via the Eq. 1.1, and

its subsequent decay following the Eq. 1.3, results in four photons in the final state.

Presence of multiple photons in the final state, of course, very encouraging, since the

contamination due to the SM backgrounds is not expected to be severe [36–39]. In

this present study, the production of the SM Higgs H is considered in association with

top pairs(tt̄H), gauge bosons(WH, ZH) and also the single top quark(tH). In order to

regulate the possible contamination due to the SM backgrounds, we demand at least

one hard lepton arising from W or semileptonic decays of top quarks, in the final state

along with at least three photons. The requirement of one lepton in the final state

barring us from using the H production via gluon-gluon fusion [40].

Hence, the production mechanism of the signal, n�� + n`` + E/T (` = e, µ, n� �
3, n` � 1) can be represented as,

pp ! tt̄H, WH, ZH, tH (1.4)

! n�� + n``+ E/T (1.5)

with H and A1 decays given by Eq.1.1 and 1.3 respectively. The E/T arises due to

the presence of neutrinos in the leptonic decays of W and top quarks. The sources of

various possible backgrounds are discussed in the later section.

Notice that the signal rate depends on the product of BRs as,

� = BR(H ! A1A1)⇥ BR(A1 ! ��)2. (1.6)

Interestingly, this product of BRs is found to be constrained by ATLAS data published

recently [29]. The ATLAS collaboration carried out searches for new phenomena in

events with at least three photons at a center-of-mass energy 8 TeV with an integrated

luminosity of 20.3fb�1. From the non observation of any excess events, limits are set

at 95% C.L on the rate of events in terms of cross section multiplied by branching

ratios [29],

� ⇥ � <
⇠ 10�3�SM , (1.7)

here � is the Higgs production cross section in new physics scenario, where as �SM is

the same, but for the SM Higgs. The above constraint sets upper limit on � as,

� <
⇠ 10�3, (1.8)

4

H ! A1A1 ! 4�
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Multi photon signal of light Higgs

W��, Z��, tt̄��, tt̄���
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Backgrounds

Signal

is considerably very large, even with 100% BR. This large BR of A1 into this di-photon

channel is a novel feature of the NMSSM unlike the other SUSY models [18,20,21,34,35]

Since experimentally, photon is a well reconstructed clean object, this di-photon mode

is expected to provide a robust signal of A1 at the LHC. Following this, we try to

exploit this di-photon mode of A1, to find its discovery potential at the LHC Run 2

experiment. At the parton level, the production of a pair of A1 via the Eq. 1.1, and

its subsequent decay following the Eq. 1.3, results in four photons in the final state.

Presence of multiple photons in the final state, of course, very encouraging, since the

contamination due to the SM backgrounds is not expected to be severe [36–39]. In

this present study, the production of the SM Higgs H is considered in association with

top pairs(tt̄H), gauge bosons(WH, ZH) and also the single top quark(tH). In order to

regulate the possible contamination due to the SM backgrounds, we demand at least

one hard lepton arising from W or semileptonic decays of top quarks, in the final state

along with at least three photons. The requirement of one lepton in the final state

barring us from using the H production via gluon-gluon fusion [40].

Hence, the production mechanism of the signal, n�� + n`` + E/T (` = e, µ, n� �
3, n` � 1) can be represented as,

pp ! tt̄H, WH, ZH, tH (1.4)

! n�� + n``+ E/T (1.5)

with H and A1 decays given by Eq.1.1 and 1.3 respectively. The E/T arises due to

the presence of neutrinos in the leptonic decays of W and top quarks. The sources of

various possible backgrounds are discussed in the later section.

Notice that the signal rate depends on the product of BRs as,

� = BR(H ! A1A1)⇥ BR(A1 ! ��)2. (1.6)

Interestingly, this product of BRs is found to be constrained by ATLAS data published

recently [29]. The ATLAS collaboration carried out searches for new phenomena in

events with at least three photons at a center-of-mass energy 8 TeV with an integrated

luminosity of 20.3fb�1. From the non observation of any excess events, limits are set

at 95% C.L on the rate of events in terms of cross section multiplied by branching

ratios [29],

� ⇥ � <
⇠ 10�3�SM , (1.7)

here � is the Higgs production cross section in new physics scenario, where as �SM is

the same, but for the SM Higgs. The above constraint sets upper limit on � as,

� <
⇠ 10�3, (1.8)

4

Rates: � ⇥ �
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is considerably very large, even with 100% BR. This large BR of A1 into this di-photon

channel is a novel feature of the NMSSM unlike the other SUSY models [18,20,21,34,35]

Since experimentally, photon is a well reconstructed clean object, this di-photon mode

is expected to provide a robust signal of A1 at the LHC. Following this, we try to

exploit this di-photon mode of A1, to find its discovery potential at the LHC Run 2

experiment. At the parton level, the production of a pair of A1 via the Eq. 1.1, and

its subsequent decay following the Eq. 1.3, results in four photons in the final state.

Presence of multiple photons in the final state, of course, very encouraging, since the

contamination due to the SM backgrounds is not expected to be severe [36–39]. In

this present study, the production of the SM Higgs H is considered in association with

top pairs(tt̄H), gauge bosons(WH, ZH) and also the single top quark(tH). In order to

regulate the possible contamination due to the SM backgrounds, we demand at least

one hard lepton arising from W or semileptonic decays of top quarks, in the final state

along with at least three photons. The requirement of one lepton in the final state

barring us from using the H production via gluon-gluon fusion [40].

Hence, the production mechanism of the signal, n�� + n`` + E/T (` = e, µ, n� �
3, n` � 1) can be represented as,

pp ! tt̄H, WH, ZH, tH (1.4)

! n�� + n``+ E/T (1.5)

with H and A1 decays given by Eq.1.1 and 1.3 respectively. The E/T arises due to

the presence of neutrinos in the leptonic decays of W and top quarks. The sources of

various possible backgrounds are discussed in the later section.

Notice that the signal rate depends on the product of BRs as,

� = BR(H ! A1A1)⇥ BR(A1 ! ��)2. (1.6)

Interestingly, this product of BRs is found to be constrained by ATLAS data published

recently [29]. The ATLAS collaboration carried out searches for new phenomena in

events with at least three photons at a center-of-mass energy 8 TeV with an integrated

luminosity of 20.3fb�1. From the non observation of any excess events, limits are set

at 95% C.L on the rate of events in terms of cross section multiplied by branching

ratios [29],

� ⇥ � <
⇠ 10�3�SM , (1.7)

here � is the Higgs production cross section in new physics scenario, where as �SM is

the same, but for the SM Higgs. The above constraint sets upper limit on � as,

� <
⇠ 10�3, (1.8)

4

ATLAS at 8 TeV



Results: Light Higgs

Table 3: Cross sections(�) after each set of cuts normalizing it by acceptance e�ciencies for

three values of mA1(in GeV).

tt̄H W±H ZH

�(fb) ! 507.1 1420 767.4

mA1 mA1 mA1

Selection 10 30 60 10 30 60 10 30 60

N� � 3 105.8 142.7 192.8 355.0 429.7 620.6 17.6 20.8 29.2

N` � 1 26.0 34.3 47.6 52.6 65.6 92.5 14.4 17.2 24.0

E/T � 30 22.2 29.6 40.8 36.3 47.0 65.0 0.9 1.2 1.8

m�3� < 130 21.5 28.9 40.3 35.9 46.6 64.8 0.9 1.2 1.7

Table 4: Same as Table 3, but for tH process.

tHb tHj tHW±

�(fb) ! 2.82 72.71 15.17

mA1 mA1 mA1

Selection 10 30 60 10 30 60 10 30 60

N� � 3 0.74 1.04 1.34 19.39 25.77 34.25 3.38 5.34 6.74

N` � 1 0.09 0.13 0.18 2.48 3.51 4.60 0.90 1.42 1.76

E/T � 30 0.07 0.09 0.13 1.91 2.68 3.51 0.75 1.21 1.45

m�3� < 130 0.07 0.09 0.13 1.90 2.66 3.47 0.73 1.19 1.43

Table 5: Background cross section after each set of cuts normalizing it by acceptance e�-

ciencies.

W�� Z�� tt̄�� tt̄���

�(fb) ! 407.0 257.0 13.64 0.670

Selections

N� � 3 1.11 0.16 0.12 0.11

N` � 1 0.089 0.081 0.024 0.028

E/T > 30 0.058 0.002 0.021 0.024

m�3� < 130 0.026 0.001 0.007 0.007
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mA1 Signal CS(fb) Bkg CS(fb) L(fb�1)

(GeV) � ⇥ ✏ac ⇥ � 100 300 1000

S/
p
B

10 0.061 3.01 5.21 9.51

30 0.081 0.041 3.97 6.88 12.57

60 0.111 5.51 9.53 17.41

Table 6: Signal significance for � = 10�3.

ination between background and signal events, without a↵ecting the latter too much,

as presented in Tables 3, 4 and 5. Eventually, the total background cross section

remains to be 0.041 fb, where almost 70% contribution is due to the W�� process. In

case of the signal, WH is the leading source followed by ttH, where as the contributions

due to ZH and tH are very tiny. Note that, while presenting the signal cross sections

in Table 3 and 4 the product of two BRs, Eq. 1.1, and Eq. 6.3, which is essentially �,

is not taken into account.

In Table 6, we present cross sections for the signal for three values ofmA1 along with

the background cross section. Here the final signal cross sections are obtained by taking

into account the depletion due to the BRs of Higgs and A1 in terms of �, Eq. 1.6, which

is restricted to be � <
⇠ 10�3, Eq. 1.8. We choose limiting value of � = 10�3 to present

signal significance in a model independent way. Three integrated luminosity options

are considered, L =100, 300, 1000 fb�1 to present the discovery potential of A1. Signal

sensitivity for lower masses of A1 is moderate for 100fb�1 integrated luminosity, while

for higher masses it is quite high. For higher luminosity options, the entire considered

mass range of A1 is easily detectable with significance more than 5�. Although results

are presented for three choices of mA1 , however, conclusion remains same for the whole

range of 10-60 GeV. The signal sensitivity degrades by 50% for a factor of two depletion

of the limiting value of the combined branching ratio �. Note that this proposed search

strategy does not work for lower masses (<⇠ 10 GeV) of A1, where one requires to develop

di↵erent methodology due to the poor isolation of soft photons originating from very

light A1 decay [71]. Finally, as demonstrated, the discovery potential of light A1 is quite

high, even for 100fb�1 integrated luminosity option, which is expected to be achieved

at the end of the next year LHC operation. Discovery of light A1, not only establish

the new physics signal, but an indicative for the NMSSM model.
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Heavy Charged Higgs at the LHC
Predicted by MSSM  

Any generic 2 HDM model

Unique and un ambiguous signature of BSM

mt > mH±
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Heavy Charged Higgs at the LHC(2)
mH± >> mt
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pp ! tH�(b) ! t(tb)(b) ! (bW )(bWb)(b)
<latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit><latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit><latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit><latexit sha1_base64="X/BbPPQRM1pmBhxdK1enSbL+gJw=">AAAB2HicbZDNSgMxFIXv1L86Vq1rN8EiuCozbtSd4MZlBccW2qFkMnfa0ExmSO4IpfQFXLhRfDB3vo3pz0KtBwIf5yTk3pOUSloKgi+vtrW9s7tX3/cPGv7h0XGz8WSLygiMRKEK00u4RSU1RiRJYa80yPNEYTeZ3C3y7jMaKwv9SNMS45yPtMyk4OSszrDZCtrBUmwTwjW0YK1h83OQFqLKUZNQ3Np+GJQUz7ghKRTO/UFlseRiwkfYd6h5jjaeLcecs3PnpCwrjDua2NL9+WLGc2uneeJu5pzG9m+2MP/L+hVl1/FM6rIi1GL1UVYpRgVb7MxSaVCQmjrgwkg3KxNjbrgg14zvOgj/brwJ0WX7ph0+BFCHUziDCwjhCm7hHjoQgYAUXuDNG3uv3vuqqpq37uwEfsn7+AaqKYoN</latexit><latexit sha1_base64="ZjHSon9gpyE5fhkxy+q6q0FHw94=">AAACEXicbVDLSgMxFL1TX7VWrW7dBIswLiwzIqg7wU2XFaxTaMeSSdM2NPMguSOU0h9x46+4caHixp1/Y6YdQVsPBM4jl+SeIJFCo+N8WYWV1bX1jeJmaau8vbNb2Svf6ThVjDdZLGPVCqjmUkS8iQIlbyWK0zCQ3AtG11nuPXClRRzd4jjhfkgHkegLRtFY3cpZkpAOxgRJ/f6E2MFxrmw09EfagZcJj+Ret1J1as4MZJm4OalCjka38tnpxSwNeYRMUq3brpOgP6EKBZN8WuqkmieUjeiAtw2NaMi1P5ltNyVHxumRfqzMiZDM3N8TExpqPQ4DczOkONSLWWb+l7VT7F/4ExElKfKIzR/qp5JkBZiqSE8ozlCODaFMCfNXwoZUUYam0JIpwV1ceZk0T2uXNffGgSIcwCHY4MI5XEEdGtAEBo/wDK/wZj1ZL9b7vK2Clde2D39gfXwDIl+azg==</latexit><latexit sha1_base64="ZjHSon9gpyE5fhkxy+q6q0FHw94=">AAACEXicbVDLSgMxFL1TX7VWrW7dBIswLiwzIqg7wU2XFaxTaMeSSdM2NPMguSOU0h9x46+4caHixp1/Y6YdQVsPBM4jl+SeIJFCo+N8WYWV1bX1jeJmaau8vbNb2Svf6ThVjDdZLGPVCqjmUkS8iQIlbyWK0zCQ3AtG11nuPXClRRzd4jjhfkgHkegLRtFY3cpZkpAOxgRJ/f6E2MFxrmw09EfagZcJj+Ret1J1as4MZJm4OalCjka38tnpxSwNeYRMUq3brpOgP6EKBZN8WuqkmieUjeiAtw2NaMi1P5ltNyVHxumRfqzMiZDM3N8TExpqPQ4DczOkONSLWWb+l7VT7F/4ExElKfKIzR/qp5JkBZiqSE8ozlCODaFMCfNXwoZUUYam0JIpwV1ceZk0T2uXNffGgSIcwCHY4MI5XEEdGtAEBo/wDK/wZj1ZL9b7vK2Clde2D39gfXwDIl+azg==</latexit><latexit sha1_base64="TbK1TVXw1U2hZ+Du+BKsMj/vP/U=">AAACHHicbVBLS8NAEN74rPUV9ehlsQjxYElEUG9FLz1WMKbQxrLZbtqlmwe7E6GU/hEv/hUvHlS8eBD8N27aCNo6sPA9ZpidL0gFV2DbX8bC4tLyympprby+sbm1be7s3qokk5S5NBGJbAZEMcFj5gIHwZqpZCQKBPOCwVXue/dMKp7ENzBMmR+RXsxDTgloqWOepiluQ4IB1++OsRUcFcwCDX+oFXg58XChdcyKXbUnheeBU4AKKqrRMT/a3YRmEYuBCqJUy7FT8EdEAqeCjcvtTLGU0AHpsZaGMYmY8keT68b4UCtdHCZSvxjwRP09MSKRUsMo0J0Rgb6a9XLxP6+VQXjuj3icZsBiOl0UZgLnAeiocJdLRkEMNSBUcv1XTPtEEgo60LIOwZk9eR64J9WLqnNtV2qXRRoltI8OkIUcdIZqqI4ayEUUPaAn9IJejUfj2Xgz3qetC0Yxs4f+lPH5DdUKnFE=</latexit><latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit><latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit><latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit><latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit><latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit><latexit sha1_base64="9jVK5oMQJuEwASLmKDacuxRWkLw=">AAACHHicbVBLSwMxEM7WV62vVY9egkWoB8uuFNRb0UuPFVy30NaSTdM2NJtdklmhlP4RL/4VLx5UvHgQ/Ddm2xW0dSDwPWaYzBfEgmtwnC8rt7S8srqWXy9sbG5t79i7e7c6ShRlHo1EpBoB0UxwyTzgIFgjVoyEgWB+MLxKff+eKc0jeQOjmLVD0pe8xykBI3XsShzjFkQYcO3uBJeC44yVwMAfWgr8lPg40zp20Sk708KLwM1AEWVV79gfrW5Ek5BJoIJo3XSdGNpjooBTwSaFVqJZTOiQ9FnTQElCptvj6XUTfGSULu5FyjwJeKr+nhiTUOtRGJjOkMBAz3up+J/XTKB33h5zGSfAJJ0t6iUCpwGYqHCXK0ZBjAwgVHHzV0wHRBEKJtCCCcGdP3kReKfli7J7XSlWL7M08ugAHaISctEZqqIaqiMPUfSAntALerUerWfrzXqfteasbGYf/Snr8xvWSpxV</latexit>

pp ! tt̄ ! (bw)(bw)
<latexit sha1_base64="WGGxGWx5Vn3rDfCDOpcgkLwwB0Y=">AAACCHicbVC7TsMwFHXKq5RXgJHFokIqS5UgJGCrYGEsEqGV2qhyXKe16iSWfQOqoq4s/AoLAyBWPoGNv8FNM0DLkWwdn3uvrs8JpOAaHOfbKi0tr6yuldcrG5tb2zv27t6dTlJFmUcTkah2QDQTPGYecBCsLRUjUSBYKxhdTeute6Y0T+JbGEvmR2QQ85BTAkbq2VhK3IUEG0A3IApD/qwFD8ezq2dXnbqTAy8StyBVVKDZs7+6/YSmEYuBCqJ1x3Uk+BlRwKlgk0o31UwSOiID1jE0JhHTfpY7meAjo/RxmChzYsC5+nsiI5HW4ygwnRGBoZ6vTcX/ap0UwnM/47FMgcV0tihMBTZep7HgPleMghgbQqji5q+YDokiFEx4FROCO295kXgn9Yu6e3NabVwWaZTRATpENeSiM9RA16iJPETRI3pGr+jNerJerHfrY9ZasoqZffQH1ucParKXKg==</latexit><latexit sha1_base64="WGGxGWx5Vn3rDfCDOpcgkLwwB0Y=">AAACCHicbVC7TsMwFHXKq5RXgJHFokIqS5UgJGCrYGEsEqGV2qhyXKe16iSWfQOqoq4s/AoLAyBWPoGNv8FNM0DLkWwdn3uvrs8JpOAaHOfbKi0tr6yuldcrG5tb2zv27t6dTlJFmUcTkah2QDQTPGYecBCsLRUjUSBYKxhdTeute6Y0T+JbGEvmR2QQ85BTAkbq2VhK3IUEG0A3IApD/qwFD8ezq2dXnbqTAy8StyBVVKDZs7+6/YSmEYuBCqJ1x3Uk+BlRwKlgk0o31UwSOiID1jE0JhHTfpY7meAjo/RxmChzYsC5+nsiI5HW4ygwnRGBoZ6vTcX/ap0UwnM/47FMgcV0tihMBTZep7HgPleMghgbQqji5q+YDokiFEx4FROCO295kXgn9Yu6e3NabVwWaZTRATpENeSiM9RA16iJPETRI3pGr+jNerJerHfrY9ZasoqZffQH1ucParKXKg==</latexit><latexit sha1_base64="WGGxGWx5Vn3rDfCDOpcgkLwwB0Y=">AAACCHicbVC7TsMwFHXKq5RXgJHFokIqS5UgJGCrYGEsEqGV2qhyXKe16iSWfQOqoq4s/AoLAyBWPoGNv8FNM0DLkWwdn3uvrs8JpOAaHOfbKi0tr6yuldcrG5tb2zv27t6dTlJFmUcTkah2QDQTPGYecBCsLRUjUSBYKxhdTeute6Y0T+JbGEvmR2QQ85BTAkbq2VhK3IUEG0A3IApD/qwFD8ezq2dXnbqTAy8StyBVVKDZs7+6/YSmEYuBCqJ1x3Uk+BlRwKlgk0o31UwSOiID1jE0JhHTfpY7meAjo/RxmChzYsC5+nsiI5HW4ygwnRGBoZ6vTcX/ap0UwnM/47FMgcV0tihMBTZep7HgPleMghgbQqji5q+YDokiFEx4FROCO295kXgn9Yu6e3NabVwWaZTRATpENeSiM9RA16iJPETRI3pGr+jNerJerHfrY9ZasoqZffQH1ucParKXKg==</latexit><latexit sha1_base64="WGGxGWx5Vn3rDfCDOpcgkLwwB0Y=">AAACCHicbVC7TsMwFHXKq5RXgJHFokIqS5UgJGCrYGEsEqGV2qhyXKe16iSWfQOqoq4s/AoLAyBWPoGNv8FNM0DLkWwdn3uvrs8JpOAaHOfbKi0tr6yuldcrG5tb2zv27t6dTlJFmUcTkah2QDQTPGYecBCsLRUjUSBYKxhdTeute6Y0T+JbGEvmR2QQ85BTAkbq2VhK3IUEG0A3IApD/qwFD8ezq2dXnbqTAy8StyBVVKDZs7+6/YSmEYuBCqJ1x3Uk+BlRwKlgk0o31UwSOiID1jE0JhHTfpY7meAjo/RxmChzYsC5+nsiI5HW4ygwnRGBoZ6vTcX/ap0UwnM/47FMgcV0tihMBTZep7HgPleMghgbQqji5q+YDokiFEx4FROCO295kXgn9Yu6e3NabVwWaZTRATpENeSiM9RA16iJPETRI3pGr+jNerJerHfrY9ZasoqZffQH1ucParKXKg==</latexit>

pp ! tt̄bb̄ ! (bW )(bW )bb̄
<latexit sha1_base64="Kuxaz4Y1CcSJm+wA4a8vcSOpDiY=">AAACF3icbVBNS8MwGE79nPOr6tFLcAjzMlsR1NvQi8cJ1g3WMpIs3cLStCSpMMp+hhf/ihcPKl715r8xayvo5gPJ+/A870vyPjjhTGnH+bIWFpeWV1Yra9X1jc2tbXtn907FqSTUIzGPZQcjRTkT1NNMc9pJJEUR5rSNR1dTv31PpWKxuNXjhAYRGggWMoK0kXr2cZJAX8dQQx8jaQouCM7VOm4fFdeP3LNrTsPJAeeJW5IaKNHq2Z9+PyZpRIUmHCnVdZ1EBxmSmhFOJ1U/VTRBZIQGtGuoQBFVQZYvNoGHRunDMJbmCA1z9fdEhiKlxhE2nRHSQzXrTcX/vG6qw/MgYyJJNRWkeChMOZwmYVKCfSYp0XxsCCKSmb9CMkQSEW2yrJoQ3NmV54l30rhouDenteZlmUYF7IMDUAcuOANNcA1awAMEPIAn8AJerUfr2Xqz3ovWBauc2QN/YH18A5MTnIo=</latexit><latexit sha1_base64="Kuxaz4Y1CcSJm+wA4a8vcSOpDiY=">AAACF3icbVBNS8MwGE79nPOr6tFLcAjzMlsR1NvQi8cJ1g3WMpIs3cLStCSpMMp+hhf/ihcPKl715r8xayvo5gPJ+/A870vyPjjhTGnH+bIWFpeWV1Yra9X1jc2tbXtn907FqSTUIzGPZQcjRTkT1NNMc9pJJEUR5rSNR1dTv31PpWKxuNXjhAYRGggWMoK0kXr2cZJAX8dQQx8jaQouCM7VOm4fFdeP3LNrTsPJAeeJW5IaKNHq2Z9+PyZpRIUmHCnVdZ1EBxmSmhFOJ1U/VTRBZIQGtGuoQBFVQZYvNoGHRunDMJbmCA1z9fdEhiKlxhE2nRHSQzXrTcX/vG6qw/MgYyJJNRWkeChMOZwmYVKCfSYp0XxsCCKSmb9CMkQSEW2yrJoQ3NmV54l30rhouDenteZlmUYF7IMDUAcuOANNcA1awAMEPIAn8AJerUfr2Xqz3ovWBauc2QN/YH18A5MTnIo=</latexit><latexit sha1_base64="Kuxaz4Y1CcSJm+wA4a8vcSOpDiY=">AAACF3icbVBNS8MwGE79nPOr6tFLcAjzMlsR1NvQi8cJ1g3WMpIs3cLStCSpMMp+hhf/ihcPKl715r8xayvo5gPJ+/A870vyPjjhTGnH+bIWFpeWV1Yra9X1jc2tbXtn907FqSTUIzGPZQcjRTkT1NNMc9pJJEUR5rSNR1dTv31PpWKxuNXjhAYRGggWMoK0kXr2cZJAX8dQQx8jaQouCM7VOm4fFdeP3LNrTsPJAeeJW5IaKNHq2Z9+PyZpRIUmHCnVdZ1EBxmSmhFOJ1U/VTRBZIQGtGuoQBFVQZYvNoGHRunDMJbmCA1z9fdEhiKlxhE2nRHSQzXrTcX/vG6qw/MgYyJJNRWkeChMOZwmYVKCfSYp0XxsCCKSmb9CMkQSEW2yrJoQ3NmV54l30rhouDenteZlmUYF7IMDUAcuOANNcA1awAMEPIAn8AJerUfr2Xqz3ovWBauc2QN/YH18A5MTnIo=</latexit><latexit sha1_base64="Kuxaz4Y1CcSJm+wA4a8vcSOpDiY=">AAACF3icbVBNS8MwGE79nPOr6tFLcAjzMlsR1NvQi8cJ1g3WMpIs3cLStCSpMMp+hhf/ihcPKl715r8xayvo5gPJ+/A870vyPjjhTGnH+bIWFpeWV1Yra9X1jc2tbXtn907FqSTUIzGPZQcjRTkT1NNMc9pJJEUR5rSNR1dTv31PpWKxuNXjhAYRGggWMoK0kXr2cZJAX8dQQx8jaQouCM7VOm4fFdeP3LNrTsPJAeeJW5IaKNHq2Z9+PyZpRIUmHCnVdZ1EBxmSmhFOJ1U/VTRBZIQGtGuoQBFVQZYvNoGHRunDMJbmCA1z9fdEhiKlxhE2nRHSQzXrTcX/vG6qw/MgYyJJNRWkeChMOZwmYVKCfSYp0XxsCCKSmb9CMkQSEW2yrJoQ3NmV54l30rhouDenteZlmUYF7IMDUAcuOANNcA1awAMEPIAn8AJerUfr2Xqz3ovWBauc2QN/YH18A5MTnIo=</latexit>

pp ! jets
<latexit sha1_base64="1HM2Cq+W4LHUAUeFrAga0QZtfME=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsp+3aTbLsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvkoJr47rfTmlldW19o7xZ2dre2d2r7h886DRTDH2WilS1I6pR8AR9w43AtlRI40hgKxrdTP3WEyrN0+TejCWGMR0kvM8ZNVYKpCSBSckjGk261Zpbd2cgy8QrSA0KNLvVr6CXsizGxDBBte54rjRhTpXhTOCkEmQaJWUjOsCOpQmNUYf57OYJObFKj/RTZSsxZKb+nshprPU4jmxnTM1QL3pT8T+vk5n+ZZjzRGYGEzZf1M8EsW9OAyA9rpAZMbaEMsXtrYQNqaLM2JgqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBgYRneIU3J3NenHfnY95acoqZQ/gD5/MHqbaQ+w==</latexit><latexit sha1_base64="1HM2Cq+W4LHUAUeFrAga0QZtfME=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsp+3aTbLsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvkoJr47rfTmlldW19o7xZ2dre2d2r7h886DRTDH2WilS1I6pR8AR9w43AtlRI40hgKxrdTP3WEyrN0+TejCWGMR0kvM8ZNVYKpCSBSckjGk261Zpbd2cgy8QrSA0KNLvVr6CXsizGxDBBte54rjRhTpXhTOCkEmQaJWUjOsCOpQmNUYf57OYJObFKj/RTZSsxZKb+nshprPU4jmxnTM1QL3pT8T+vk5n+ZZjzRGYGEzZf1M8EsW9OAyA9rpAZMbaEMsXtrYQNqaLM2JgqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBgYRneIU3J3NenHfnY95acoqZQ/gD5/MHqbaQ+w==</latexit><latexit sha1_base64="1HM2Cq+W4LHUAUeFrAga0QZtfME=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsp+3aTbLsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvkoJr47rfTmlldW19o7xZ2dre2d2r7h886DRTDH2WilS1I6pR8AR9w43AtlRI40hgKxrdTP3WEyrN0+TejCWGMR0kvM8ZNVYKpCSBSckjGk261Zpbd2cgy8QrSA0KNLvVr6CXsizGxDBBte54rjRhTpXhTOCkEmQaJWUjOsCOpQmNUYf57OYJObFKj/RTZSsxZKb+nshprPU4jmxnTM1QL3pT8T+vk5n+ZZjzRGYGEzZf1M8EsW9OAyA9rpAZMbaEMsXtrYQNqaLM2JgqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBgYRneIU3J3NenHfnY95acoqZQ/gD5/MHqbaQ+w==</latexit><latexit sha1_base64="1HM2Cq+W4LHUAUeFrAga0QZtfME=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGFtoQtlsp+3aTbLsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvkoJr47rfTmlldW19o7xZ2dre2d2r7h886DRTDH2WilS1I6pR8AR9w43AtlRI40hgKxrdTP3WEyrN0+TejCWGMR0kvM8ZNVYKpCSBSckjGk261Zpbd2cgy8QrSA0KNLvVr6CXsizGxDBBte54rjRhTpXhTOCkEmQaJWUjOsCOpQmNUYf57OYJObFKj/RTZSsxZKb+nshprPU4jmxnTM1QL3pT8T+vk5n+ZZjzRGYGEzZf1M8EsW9OAyA9rpAZMbaEMsXtrYQNqaLM2JgqNgRv8eVl4p/Vr+re3XmtcV2kUYYjOIZT8OACGnALTfCBgYRneIU3J3NenHfnY95acoqZQ/gD5/MHqbaQ+w==</latexit>

� ⇠ 103pb
<latexit sha1_base64="fWRkPdI0BuE3ZxOKp2KvlIrv12c=">AAAB/HicbVDLSgMxFL1TX7W+xsfOTbAIrsqMCuqu6MZlBccW2rFk0kwbmmSGJCPUofgrblyouPVD3Pk3po+Fth643MM595KbE6WcaeN5305hYXFpeaW4Wlpb39jccrd37nSSKUIDkvBENSKsKWeSBoYZThupolhEnNaj/tXIrz9QpVkib80gpaHAXcliRrCxUtvda2nWFRjZJpDv3Z+gNEJtt+xVvDHQPPGnpAxT1NruV6uTkExQaQjHWjd9LzVhjpVhhNNhqZVpmmLSx13atFRiQXWYj68fokOrdFCcKFvSoLH6eyPHQuuBiOykwKanZ72R+J/XzEx8HuZMppmhkkweijOOTIJGUaAOU5QYPrAEE8XsrYj0sMLE2MBKNgR/9svzJDiuXFT8m9Ny9XKaRhH24QCOwIczqMI11CAAAo/wDK/w5jw5L8678zEZLTjTnV34A+fzB6zck50=</latexit><latexit sha1_base64="fWRkPdI0BuE3ZxOKp2KvlIrv12c=">AAAB/HicbVDLSgMxFL1TX7W+xsfOTbAIrsqMCuqu6MZlBccW2rFk0kwbmmSGJCPUofgrblyouPVD3Pk3po+Fth643MM595KbE6WcaeN5305hYXFpeaW4Wlpb39jccrd37nSSKUIDkvBENSKsKWeSBoYZThupolhEnNaj/tXIrz9QpVkib80gpaHAXcliRrCxUtvda2nWFRjZJpDv3Z+gNEJtt+xVvDHQPPGnpAxT1NruV6uTkExQaQjHWjd9LzVhjpVhhNNhqZVpmmLSx13atFRiQXWYj68fokOrdFCcKFvSoLH6eyPHQuuBiOykwKanZ72R+J/XzEx8HuZMppmhkkweijOOTIJGUaAOU5QYPrAEE8XsrYj0sMLE2MBKNgR/9svzJDiuXFT8m9Ny9XKaRhH24QCOwIczqMI11CAAAo/wDK/w5jw5L8678zEZLTjTnV34A+fzB6zck50=</latexit><latexit sha1_base64="fWRkPdI0BuE3ZxOKp2KvlIrv12c=">AAAB/HicbVDLSgMxFL1TX7W+xsfOTbAIrsqMCuqu6MZlBccW2rFk0kwbmmSGJCPUofgrblyouPVD3Pk3po+Fth643MM595KbE6WcaeN5305hYXFpeaW4Wlpb39jccrd37nSSKUIDkvBENSKsKWeSBoYZThupolhEnNaj/tXIrz9QpVkib80gpaHAXcliRrCxUtvda2nWFRjZJpDv3Z+gNEJtt+xVvDHQPPGnpAxT1NruV6uTkExQaQjHWjd9LzVhjpVhhNNhqZVpmmLSx13atFRiQXWYj68fokOrdFCcKFvSoLH6eyPHQuuBiOykwKanZ72R+J/XzEx8HuZMppmhkkweijOOTIJGUaAOU5QYPrAEE8XsrYj0sMLE2MBKNgR/9svzJDiuXFT8m9Ny9XKaRhH24QCOwIczqMI11CAAAo/wDK/w5jw5L8678zEZLTjTnV34A+fzB6zck50=</latexit><latexit sha1_base64="fWRkPdI0BuE3ZxOKp2KvlIrv12c=">AAAB/HicbVDLSgMxFL1TX7W+xsfOTbAIrsqMCuqu6MZlBccW2rFk0kwbmmSGJCPUofgrblyouPVD3Pk3po+Fth643MM595KbE6WcaeN5305hYXFpeaW4Wlpb39jccrd37nSSKUIDkvBENSKsKWeSBoYZThupolhEnNaj/tXIrz9QpVkib80gpaHAXcliRrCxUtvda2nWFRjZJpDv3Z+gNEJtt+xVvDHQPPGnpAxT1NruV6uTkExQaQjHWjd9LzVhjpVhhNNhqZVpmmLSx13atFRiQXWYj68fokOrdFCcKFvSoLH6eyPHQuuBiOykwKanZ72R+J/XzEx8HuZMppmhkkweijOOTIJGUaAOU5QYPrAEE8XsrYj0sMLE2MBKNgR/9svzJDiuXFT8m9Ny9XKaRhH24QCOwIczqMI11CAAAo/wDK/w5jw5L8678zEZLTjTnV34A+fzB6zck50=</latexit>

� ⇠ 10pb
<latexit sha1_base64="1169bHHmNPZeZUjWgwYnWit0bT8=">AAAB+XicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBPVW9OKxgmsL7VKyabYNTbJLklXK2p/ixYOKV/+JN/+NabsHbX0wzOO9GTJ5UcqZNp737ZRWVtfWN8qbla3tnd09t7p/r5NMERqQhCeqHWFNOZM0MMxw2k4VxSLitBWNrqd+64EqzRJ5Z8YpDQUeSBYzgo2Vem61q9lAYGSbQL6H0qjn1ry6NwNaJn5BalCg2XO/uv2EZIJKQzjWuuN7qQlzrAwjnE4q3UzTFJMRHtCOpRILqsN8dvoEHVulj+JE2ZIGzdTfGzkWWo9FZCcFNkO96E3F/7xOZuKLMGcyzQyVZP5QnHFkEjTNAfWZosTwsSWYKGZvRWSIFSbGplWxIfiLX14mwWn9su7fntUaV0UaZTiEIzgBH86hATfQhAAIPMIzvMKb8+S8OO/Ox3y05BQ7B/AHzucPICGSzg==</latexit><latexit sha1_base64="1169bHHmNPZeZUjWgwYnWit0bT8=">AAAB+XicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBPVW9OKxgmsL7VKyabYNTbJLklXK2p/ixYOKV/+JN/+NabsHbX0wzOO9GTJ5UcqZNp737ZRWVtfWN8qbla3tnd09t7p/r5NMERqQhCeqHWFNOZM0MMxw2k4VxSLitBWNrqd+64EqzRJ5Z8YpDQUeSBYzgo2Vem61q9lAYGSbQL6H0qjn1ry6NwNaJn5BalCg2XO/uv2EZIJKQzjWuuN7qQlzrAwjnE4q3UzTFJMRHtCOpRILqsN8dvoEHVulj+JE2ZIGzdTfGzkWWo9FZCcFNkO96E3F/7xOZuKLMGcyzQyVZP5QnHFkEjTNAfWZosTwsSWYKGZvRWSIFSbGplWxIfiLX14mwWn9su7fntUaV0UaZTiEIzgBH86hATfQhAAIPMIzvMKb8+S8OO/Ox3y05BQ7B/AHzucPICGSzg==</latexit><latexit sha1_base64="1169bHHmNPZeZUjWgwYnWit0bT8=">AAAB+XicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBPVW9OKxgmsL7VKyabYNTbJLklXK2p/ixYOKV/+JN/+NabsHbX0wzOO9GTJ5UcqZNp737ZRWVtfWN8qbla3tnd09t7p/r5NMERqQhCeqHWFNOZM0MMxw2k4VxSLitBWNrqd+64EqzRJ5Z8YpDQUeSBYzgo2Vem61q9lAYGSbQL6H0qjn1ry6NwNaJn5BalCg2XO/uv2EZIJKQzjWuuN7qQlzrAwjnE4q3UzTFJMRHtCOpRILqsN8dvoEHVulj+JE2ZIGzdTfGzkWWo9FZCcFNkO96E3F/7xOZuKLMGcyzQyVZP5QnHFkEjTNAfWZosTwsSWYKGZvRWSIFSbGplWxIfiLX14mwWn9su7fntUaV0UaZTiEIzgBH86hATfQhAAIPMIzvMKb8+S8OO/Ox3y05BQ7B/AHzucPICGSzg==</latexit><latexit sha1_base64="1169bHHmNPZeZUjWgwYnWit0bT8=">AAAB+XicbVBNSwMxEJ2tX7V+bfXoJVgET2VXBPVW9OKxgmsL7VKyabYNTbJLklXK2p/ixYOKV/+JN/+NabsHbX0wzOO9GTJ5UcqZNp737ZRWVtfWN8qbla3tnd09t7p/r5NMERqQhCeqHWFNOZM0MMxw2k4VxSLitBWNrqd+64EqzRJ5Z8YpDQUeSBYzgo2Vem61q9lAYGSbQL6H0qjn1ry6NwNaJn5BalCg2XO/uv2EZIJKQzjWuuN7qQlzrAwjnE4q3UzTFJMRHtCOpRILqsN8dvoEHVulj+JE2ZIGzdTfGzkWWo9FZCcFNkO96E3F/7xOZuKLMGcyzQyVZP5QnHFkEjTNAfWZosTwsSWYKGZvRWSIFSbGplWxIfiLX14mwWn9su7fntUaV0UaZTiEIzgBH86hATfQhAAIPMIzvMKb8+S8OO/Ox3y05BQ7B/AHzucPICGSzg==</latexit>

Background: 
� ⇠ 108pb

<latexit sha1_base64="MaxVIetZfmVnCcsq9a/C/SHqCUI=">AAAB/HicbVDLSgMxFL1TX7W+xsfOTbAIrsqMCNZd0Y3LCtYW2rFk0kwbmmSGJCPUofgrblyouPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3YKS8srq2vF9dLG5tb2jru7d6fjVBHaIDGPVSvEmnImacMww2krURSLkNNmOLya+M0HqjSL5a0ZJTQQuC9ZxAg2Vuq6Bx3N+gIj2wTyvfsqSkLUdctexZsCLRI/J2XIUe+6X51eTFJBpSEca932vcQEGVaGEU7HpU6qaYLJEPdp21KJBdVBNr1+jI6t0kNRrGxJg6bq740MC61HIrSTApuBnvcm4n9eOzVRNciYTFJDJZk9FKUcmRhNokA9pigxfGQJJorZWxEZYIWJsYGVbAj+/JcXSeO0clHxb87Ktcs8jSIcwhGcgA/nUINrqEMDCDzCM7zCm/PkvDjvzsdstODkO/vwB87nD7R/k6I=</latexit><latexit sha1_base64="MaxVIetZfmVnCcsq9a/C/SHqCUI=">AAAB/HicbVDLSgMxFL1TX7W+xsfOTbAIrsqMCNZd0Y3LCtYW2rFk0kwbmmSGJCPUofgrblyouPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3YKS8srq2vF9dLG5tb2jru7d6fjVBHaIDGPVSvEmnImacMww2krURSLkNNmOLya+M0HqjSL5a0ZJTQQuC9ZxAg2Vuq6Bx3N+gIj2wTyvfsqSkLUdctexZsCLRI/J2XIUe+6X51eTFJBpSEca932vcQEGVaGEU7HpU6qaYLJEPdp21KJBdVBNr1+jI6t0kNRrGxJg6bq740MC61HIrSTApuBnvcm4n9eOzVRNciYTFJDJZk9FKUcmRhNokA9pigxfGQJJorZWxEZYIWJsYGVbAj+/JcXSeO0clHxb87Ktcs8jSIcwhGcgA/nUINrqEMDCDzCM7zCm/PkvDjvzsdstODkO/vwB87nD7R/k6I=</latexit><latexit sha1_base64="MaxVIetZfmVnCcsq9a/C/SHqCUI=">AAAB/HicbVDLSgMxFL1TX7W+xsfOTbAIrsqMCNZd0Y3LCtYW2rFk0kwbmmSGJCPUofgrblyouPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3YKS8srq2vF9dLG5tb2jru7d6fjVBHaIDGPVSvEmnImacMww2krURSLkNNmOLya+M0HqjSL5a0ZJTQQuC9ZxAg2Vuq6Bx3N+gIj2wTyvfsqSkLUdctexZsCLRI/J2XIUe+6X51eTFJBpSEca932vcQEGVaGEU7HpU6qaYLJEPdp21KJBdVBNr1+jI6t0kNRrGxJg6bq740MC61HIrSTApuBnvcm4n9eOzVRNciYTFJDJZk9FKUcmRhNokA9pigxfGQJJorZWxEZYIWJsYGVbAj+/JcXSeO0clHxb87Ktcs8jSIcwhGcgA/nUINrqEMDCDzCM7zCm/PkvDjvzsdstODkO/vwB87nD7R/k6I=</latexit><latexit sha1_base64="MaxVIetZfmVnCcsq9a/C/SHqCUI=">AAAB/HicbVDLSgMxFL1TX7W+xsfOTbAIrsqMCNZd0Y3LCtYW2rFk0kwbmmSGJCPUofgrblyouPVD3Pk3pu0stPXA5R7OuZfcnDDhTBvP+3YKS8srq2vF9dLG5tb2jru7d6fjVBHaIDGPVSvEmnImacMww2krURSLkNNmOLya+M0HqjSL5a0ZJTQQuC9ZxAg2Vuq6Bx3N+gIj2wTyvfsqSkLUdctexZsCLRI/J2XIUe+6X51eTFJBpSEca932vcQEGVaGEU7HpU6qaYLJEPdp21KJBdVBNr1+jI6t0kNRrGxJg6bq740MC61HIrSTApuBnvcm4n9eOzVRNciYTFJDJZk9FKUcmRhNokA9pigxfGQJJorZWxEZYIWJsYGVbAj+/JcXSeO0clHxb87Ktcs8jSIcwhGcgA/nUINrqEMDCDzCM7zCm/PkvDjvzsdstODkO/vwB87nD7R/k6I=</latexit>

� ⇠ O(10 fb)
<latexit sha1_base64="Q4x9sOawbucJseR6wjz1qLuHGJg=">AAACGnicbVDLSgMxFM3UVx1foy7dBItQN2WmCOqu6MadFRxb6JSSSTNtaJIZkoxQhvY73PgrblyouBM3/o1pOwtte+ByD+fcS3JPmDCqtOv+WIWV1bX1jeKmvbW9s7vn7B88qDiVmPg4ZrFshkgRRgXxNdWMNBNJEA8ZaYSD64nfeCRS0Vjc62FC2hz1BI0oRtpIHacaKNrjCJrGYRZgxODtqOy543EUntpwGTpOya24U8BF4uWkBHLUO85X0I1xyonQmCGlWp6b6HaGpKaYkZEdpIokCA9Qj7QMFYgT1c6mt43giVG6MIqlKaHhVP27kSGu1JCHZpIj3Vfz3kRc5rVSHV20MyqSVBOBZw9FKYM6hpOgYJdKgjUbGoKwpOavEPeRRFibOG0Tgjd/8iLxq5XLind3Vqpd5WkUwRE4BmXggXNQAzegDnyAwRN4AW/g3Xq2Xq0P63M2WrDynUPwD9b3L2uqmtg=</latexit><latexit sha1_base64="Q4x9sOawbucJseR6wjz1qLuHGJg=">AAACGnicbVDLSgMxFM3UVx1foy7dBItQN2WmCOqu6MadFRxb6JSSSTNtaJIZkoxQhvY73PgrblyouBM3/o1pOwtte+ByD+fcS3JPmDCqtOv+WIWV1bX1jeKmvbW9s7vn7B88qDiVmPg4ZrFshkgRRgXxNdWMNBNJEA8ZaYSD64nfeCRS0Vjc62FC2hz1BI0oRtpIHacaKNrjCJrGYRZgxODtqOy543EUntpwGTpOya24U8BF4uWkBHLUO85X0I1xyonQmCGlWp6b6HaGpKaYkZEdpIokCA9Qj7QMFYgT1c6mt43giVG6MIqlKaHhVP27kSGu1JCHZpIj3Vfz3kRc5rVSHV20MyqSVBOBZw9FKYM6hpOgYJdKgjUbGoKwpOavEPeRRFibOG0Tgjd/8iLxq5XLind3Vqpd5WkUwRE4BmXggXNQAzegDnyAwRN4AW/g3Xq2Xq0P63M2WrDynUPwD9b3L2uqmtg=</latexit><latexit sha1_base64="Q4x9sOawbucJseR6wjz1qLuHGJg=">AAACGnicbVDLSgMxFM3UVx1foy7dBItQN2WmCOqu6MadFRxb6JSSSTNtaJIZkoxQhvY73PgrblyouBM3/o1pOwtte+ByD+fcS3JPmDCqtOv+WIWV1bX1jeKmvbW9s7vn7B88qDiVmPg4ZrFshkgRRgXxNdWMNBNJEA8ZaYSD64nfeCRS0Vjc62FC2hz1BI0oRtpIHacaKNrjCJrGYRZgxODtqOy543EUntpwGTpOya24U8BF4uWkBHLUO85X0I1xyonQmCGlWp6b6HaGpKaYkZEdpIokCA9Qj7QMFYgT1c6mt43giVG6MIqlKaHhVP27kSGu1JCHZpIj3Vfz3kRc5rVSHV20MyqSVBOBZw9FKYM6hpOgYJdKgjUbGoKwpOavEPeRRFibOG0Tgjd/8iLxq5XLind3Vqpd5WkUwRE4BmXggXNQAzegDnyAwRN4AW/g3Xq2Xq0P63M2WrDynUPwD9b3L2uqmtg=</latexit><latexit sha1_base64="Q4x9sOawbucJseR6wjz1qLuHGJg=">AAACGnicbVDLSgMxFM3UVx1foy7dBItQN2WmCOqu6MadFRxb6JSSSTNtaJIZkoxQhvY73PgrblyouBM3/o1pOwtte+ByD+fcS3JPmDCqtOv+WIWV1bX1jeKmvbW9s7vn7B88qDiVmPg4ZrFshkgRRgXxNdWMNBNJEA8ZaYSD64nfeCRS0Vjc62FC2hz1BI0oRtpIHacaKNrjCJrGYRZgxODtqOy543EUntpwGTpOya24U8BF4uWkBHLUO85X0I1xyonQmCGlWp6b6HaGpKaYkZEdpIokCA9Qj7QMFYgT1c6mt43giVG6MIqlKaHhVP27kSGu1JCHZpIj3Vfz3kRc5rVSHV20MyqSVBOBZw9FKYM6hpOgYJdKgjUbGoKwpOavEPeRRFibOG0Tgjd/8iLxq5XLind3Vqpd5WkUwRE4BmXggXNQAzegDnyAwRN4AW/g3Xq2Xq0P63M2WrDynUPwD9b3L2uqmtg=</latexit>

H
reco

+ t
reco

+ b� jets
<latexit sha1_base64="Am9lhTP9oP3V7fMaICqqO50svwQ=">AAACB3icbVDLSsNAFJ34rPUVdenCwSIIYklEUHdFN11WMLbQhjCZTtqxk0mYuRFK6NKNv+LGhYpbf8Gdf+P0AWrrgYHDOfdy55wwFVyD43xZc/MLi0vLhZXi6tr6xqa9tX2rk0xR5tFEJKoREs0El8wDDoI1UsVIHApWD3tXQ79+z5TmibyBfsr8mHQkjzglYKTA3qsGuWI0GeAjDD80xMf4joHGgV1yys4IeJa4E1JCE9QC+7PVTmgWMwlUEK2brpOCnxMFnAo2KLYyzVJCe6TDmoZKEjPt56MgA3xglDaOEmWeBDxSf2/kJNa6H4dmMibQ1dPeUPzPa2YQnfs5l2kGTNLxoSgTGBI8bAW3uUkOom8IoYqbv2LaJYpQMN0VTQnudORZ4p2UL8ru9Wmpcjlpo4B20T46RC46QxVURTXkIYoe0BN6Qa/Wo/VsvVnv49E5a7Kzg/7A+vgGg3mX7A==</latexit><latexit sha1_base64="Am9lhTP9oP3V7fMaICqqO50svwQ=">AAACB3icbVDLSsNAFJ34rPUVdenCwSIIYklEUHdFN11WMLbQhjCZTtqxk0mYuRFK6NKNv+LGhYpbf8Gdf+P0AWrrgYHDOfdy55wwFVyD43xZc/MLi0vLhZXi6tr6xqa9tX2rk0xR5tFEJKoREs0El8wDDoI1UsVIHApWD3tXQ79+z5TmibyBfsr8mHQkjzglYKTA3qsGuWI0GeAjDD80xMf4joHGgV1yys4IeJa4E1JCE9QC+7PVTmgWMwlUEK2brpOCnxMFnAo2KLYyzVJCe6TDmoZKEjPt56MgA3xglDaOEmWeBDxSf2/kJNa6H4dmMibQ1dPeUPzPa2YQnfs5l2kGTNLxoSgTGBI8bAW3uUkOom8IoYqbv2LaJYpQMN0VTQnudORZ4p2UL8ru9Wmpcjlpo4B20T46RC46QxVURTXkIYoe0BN6Qa/Wo/VsvVnv49E5a7Kzg/7A+vgGg3mX7A==</latexit><latexit sha1_base64="Am9lhTP9oP3V7fMaICqqO50svwQ=">AAACB3icbVDLSsNAFJ34rPUVdenCwSIIYklEUHdFN11WMLbQhjCZTtqxk0mYuRFK6NKNv+LGhYpbf8Gdf+P0AWrrgYHDOfdy55wwFVyD43xZc/MLi0vLhZXi6tr6xqa9tX2rk0xR5tFEJKoREs0El8wDDoI1UsVIHApWD3tXQ79+z5TmibyBfsr8mHQkjzglYKTA3qsGuWI0GeAjDD80xMf4joHGgV1yys4IeJa4E1JCE9QC+7PVTmgWMwlUEK2brpOCnxMFnAo2KLYyzVJCe6TDmoZKEjPt56MgA3xglDaOEmWeBDxSf2/kJNa6H4dmMibQ1dPeUPzPa2YQnfs5l2kGTNLxoSgTGBI8bAW3uUkOom8IoYqbv2LaJYpQMN0VTQnudORZ4p2UL8ru9Wmpcjlpo4B20T46RC46QxVURTXkIYoe0BN6Qa/Wo/VsvVnv49E5a7Kzg/7A+vgGg3mX7A==</latexit><latexit sha1_base64="Am9lhTP9oP3V7fMaICqqO50svwQ=">AAACB3icbVDLSsNAFJ34rPUVdenCwSIIYklEUHdFN11WMLbQhjCZTtqxk0mYuRFK6NKNv+LGhYpbf8Gdf+P0AWrrgYHDOfdy55wwFVyD43xZc/MLi0vLhZXi6tr6xqa9tX2rk0xR5tFEJKoREs0El8wDDoI1UsVIHApWD3tXQ79+z5TmibyBfsr8mHQkjzglYKTA3qsGuWI0GeAjDD80xMf4joHGgV1yys4IeJa4E1JCE9QC+7PVTmgWMwlUEK2brpOCnxMFnAo2KLYyzVJCe6TDmoZKEjPt56MgA3xglDaOEmWeBDxSf2/kJNa6H4dmMibQ1dPeUPzPa2YQnfs5l2kGTNLxoSgTGBI8bAW3uUkOom8IoYqbv2LaJYpQMN0VTQnudORZ4p2UL8ru9Wmpcjlpo4B20T46RC46QxVURTXkIYoe0BN6Qa/Wo/VsvVnv49E5a7Kzg/7A+vgGg3mX7A==</latexit>

Signal: 
H

reco

+ n
`

(� 1) + b� jets
<latexit sha1_base64="ExCsO7NC/hDEEtgvZucB2Ky6UGI=">AAACCnicbVBNS8NAEN3Ur1q/oh69LC1CRSyJCOqt6KXHCsYWmhI222m7drMJuxuhhN69+Fe8eFDx6i/w5r9x+3HQ1gcDj/dmmJkXJpwp7TjfVm5peWV1Lb9e2Njc2t6xd/fuVJxKCh6NeSybIVHAmQBPM82hmUggUcihEQ6ux37jAaRisbjVwwTaEekJ1mWUaCMFdrEWZBJoPMLHWAQ+cI7Lfg+we2SE8OQetArsklNxJsCLxJ2REpqhHthffiemaQRCU06UarlOotsZkZpRDqOCnypICB2QHrQMFSQC1c4mv4zwoVE6uBtLU0Ljifp7IiORUsMoNJ0R0X01743F/7xWqrsX7YyJJNUg6HRRN+VYx3gcDO4wk4PmQ0MIlczcimmfSEK1ia9gQnDnX14k3mnlsuLenJWqV7M08ugAFVEZuegcVVEN1ZGHKHpEz+gVvVlP1ov1bn1MW3PWbGYf/YH1+QPFOZiG</latexit><latexit sha1_base64="ExCsO7NC/hDEEtgvZucB2Ky6UGI=">AAACCnicbVBNS8NAEN3Ur1q/oh69LC1CRSyJCOqt6KXHCsYWmhI222m7drMJuxuhhN69+Fe8eFDx6i/w5r9x+3HQ1gcDj/dmmJkXJpwp7TjfVm5peWV1Lb9e2Njc2t6xd/fuVJxKCh6NeSybIVHAmQBPM82hmUggUcihEQ6ux37jAaRisbjVwwTaEekJ1mWUaCMFdrEWZBJoPMLHWAQ+cI7Lfg+we2SE8OQetArsklNxJsCLxJ2REpqhHthffiemaQRCU06UarlOotsZkZpRDqOCnypICB2QHrQMFSQC1c4mv4zwoVE6uBtLU0Ljifp7IiORUsMoNJ0R0X01743F/7xWqrsX7YyJJNUg6HRRN+VYx3gcDO4wk4PmQ0MIlczcimmfSEK1ia9gQnDnX14k3mnlsuLenJWqV7M08ugAFVEZuegcVVEN1ZGHKHpEz+gVvVlP1ov1bn1MW3PWbGYf/YH1+QPFOZiG</latexit><latexit sha1_base64="ExCsO7NC/hDEEtgvZucB2Ky6UGI=">AAACCnicbVBNS8NAEN3Ur1q/oh69LC1CRSyJCOqt6KXHCsYWmhI222m7drMJuxuhhN69+Fe8eFDx6i/w5r9x+3HQ1gcDj/dmmJkXJpwp7TjfVm5peWV1Lb9e2Njc2t6xd/fuVJxKCh6NeSybIVHAmQBPM82hmUggUcihEQ6ux37jAaRisbjVwwTaEekJ1mWUaCMFdrEWZBJoPMLHWAQ+cI7Lfg+we2SE8OQetArsklNxJsCLxJ2REpqhHthffiemaQRCU06UarlOotsZkZpRDqOCnypICB2QHrQMFSQC1c4mv4zwoVE6uBtLU0Ljifp7IiORUsMoNJ0R0X01743F/7xWqrsX7YyJJNUg6HRRN+VYx3gcDO4wk4PmQ0MIlczcimmfSEK1ia9gQnDnX14k3mnlsuLenJWqV7M08ugAFVEZuegcVVEN1ZGHKHpEz+gVvVlP1ov1bn1MW3PWbGYf/YH1+QPFOZiG</latexit><latexit sha1_base64="ExCsO7NC/hDEEtgvZucB2Ky6UGI=">AAACCnicbVBNS8NAEN3Ur1q/oh69LC1CRSyJCOqt6KXHCsYWmhI222m7drMJuxuhhN69+Fe8eFDx6i/w5r9x+3HQ1gcDj/dmmJkXJpwp7TjfVm5peWV1Lb9e2Njc2t6xd/fuVJxKCh6NeSybIVHAmQBPM82hmUggUcihEQ6ux37jAaRisbjVwwTaEekJ1mWUaCMFdrEWZBJoPMLHWAQ+cI7Lfg+we2SE8OQetArsklNxJsCLxJ2REpqhHthffiemaQRCU06UarlOotsZkZpRDqOCnypICB2QHrQMFSQC1c4mv4zwoVE6uBtLU0Ljifp7IiORUsMoNJ0R0X01743F/7xWqrsX7YyJJNUg6HRRN+VYx3gcDO4wk4PmQ0MIlczcimmfSEK1ia9gQnDnX14k3mnlsuLenJWqV7M08ugAFVEZuegcVVEN1ZGHKHpEz+gVvVlP1ov1bn1MW3PWbGYf/YH1+QPFOZiG</latexit>

Cut based analysis:  Sensitivity is very low, even for HL-LHC, 



Heavy Charged Higgs at the LHC(3)

Boosted top reconstruction: MVA top tagging.
BDT method to separate out signal and backgrounds

Presented results for generic 2 HDM model 

Figure 9: Same as for Fig. 8, but for leptonic signal.

Figure 10: Results from Leptonic case.

A cut on BDT output D¿0.9 leads significance about 3� for L =300fb�1. The study580

is extended upto the 1000 GeV mass of the charged Higgs. The final results in terms581

of sensitivity of charged Higgs signal are presented in Table ?? for three luminosity582

options few representative choices of mH± .583

Table 12: Sinsitivity table for Leptonic case

Leptonic: mH± (GeV)

300 500 800 1000
Sp
B

L = 300 fb�1 5.22 2.94 0.96 0.39

L = 1000 fb�1 9.54 5.37 1.70 0.71

L = 3000 fb�1 16.52 9.31 3.04 1.23

The discovery potential of charged Higgs of 300 GeV mass, is quite promising even584

for 300fb�1 luminosity options at 13 TeV energy. However, for higher masses,e.g. for585

mH±=500 GeV, one needs high luminosity options such as 1000fb�1 and more. This586

study shows that for higher masses ⇠ 1000 GeV, it is very hard to achieve better signal587

sensitivity even for HL-LHC option. In this case, may be 100 TeV colliders or ILC are588

the better options(ref).589
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Table 8: Signal significances for few values of mH± and for three luminosity options.

Hadronic: mH± (GeV)

300 500 800 1000
Sp
B

L = 300 fb�1 6.05 2.65 0.61 0.22

L = 1000 fb�1 11.04 4.84 1.05 0.40

L = 3000 fb�1 19.13 8.39 1.93 0.70

Table 9: Final sensitivity for hadronic case for all 4 types of 2HDM, tan (�) = 30.

Note: the higher sensitivity in this case for Type-2 as compared to previous table is

the exact imposition of cos (� � ↵) = 0 leading to higher Br (H± ! tb)

Type ! 1 2 3 4

mH± = 300 GeV L = 300 fb�1 4.271⇥ 10�2 7.381 0.162 4.262⇥ 10�2

tan (�) = 30 L = 1000 fb�1 7.798⇥ 10�2 13.476 0.296 7.781⇥ 10�2

cos (� � ↵) = 0 L = 3000 fb�1 0.135 23.341 0.512 0.135

mH± = 500 GeV L = 300 fb�1 1.691⇥ 10�2 3.085 9.086⇥ 10�2 1.690⇥ 10�2

tan (�) = 30 L = 1000 fb�1 3.088⇥ 10�2 5.633 0.166 3.085⇥ 10�2

cos (� � ↵) = 0 L = 3000 fb�1 5.348⇥ 10�2 9.756 0.287 5.344⇥ 10�2

mH± = 800 GeV L = 300 fb�1 3.918⇥ 10�3 0.706 2.151⇥ 10�2 3.917⇥ 10�3

tan (�) = 30 L = 1000 fb�1 7.154⇥ 10�3 1.289 3.927⇥ 10�2 7.151⇥ 10�3

cos (� � ↵) = 0 L = 3000 fb�1 1.239⇥ 10�2 2.232 6.801⇥ 10�2 1.239⇥ 10�2

Table 10: Final sensitivity for Hadronic case for all 4 types of 2HDM, tan (�) = 3.

Type ! 1 2 3 4

mH± = 300 GeV L = 300 fb�1 4.271 4.338 4.338 4.271

tan (�) = 3 L = 1000 fb�1 7.798 7.921 7.921 7.797

cos (� � ↵) = 0 L = 3000 fb�1 13.506 13.719 13.719 13.505

mH± = 500 GeV L = 300 fb�1 1.691 1.720 1.720 1.691

tan (�) = 3 L = 1000 fb�1 3.088 3.141 3.141 3.088

cos (� � ↵) = 0 L = 3000 fb�1 5.348 5.440 5.440 5.348

mH± = 800 GeV L = 300 fb�1 0.392 0.398 0.398 0.392

tan (�) = 3 L = 1000 fb�1 0.715 0.728 0.728 0.715

cos (� � ↵) = 0 L = 3000 fb�1 1.239 1.260 1.260 1.239
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Summary
Contribution in CMS activities significant:

SM : 3 Higgs: 3  SUSY: 1  
Upgraded(Physics): 2

Proposals are made in Higgs Physics

Activities for HL-LHC and HE-LHC along with more
Co-ordinatination among ourselves


