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Introduction
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• Higgs boson completes the SM  

• Describes < 5% of universe (YET) 

• Various models have been proposed to address the limitations of the SM, 
which often require the existence of additional Higgs candidates or other 
new particles 

• This presentation, focuses on search for Beyond the Standard Model (BSM) 
scalars
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Our problem is that we 
don’t see the bigger 

picture

Outline
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2. LLP: ɸ→XX

1. b hadron decay: hb→ɸX

1. LLP: H125→SS

2. VBF H±/H±± → WZ/W±W±

3. h→W+W- 

3. X→HY→𝜏𝜏bb

2. X → ɣɣ

5. X → ZZ → 4l, 2l2q and 2l2𝜈  

(HL-LHC)

3. LLP: H→SS→bb𝜏𝜏, bbdd

4. ggϕ → ττ(or bbϕ → bbττ)
1. H± → HW±

Inspired from Felix Frensch presentation

2. X→HH→bbWW

1. X→HH/HY→ɣɣbb
1. H → aa → 4ɣ (resolved)

2. H → aa → 4ɣ (boosted)

1. H → eμ

3. H → aa → 2μ2b, 2𝜏2b

: See Pallabi talk (link) 

: See Ang Li talk (link) 

: Included in this talk 

: Not included/older results

1. X →WW, ZZ

http://indico.hep.manchester.ac.uk/contributionDisplay.py?contribId=288&sessionId=0&confId=4221
https://indico.cern.ch/event/1198609/contributions/5367321/
https://indico.cern.ch/event/1198609/contributions/5358313/
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X → ɣɣ
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Ref: CMS-PAS-HIG-20-002
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• Search for narrow signal peak over smoothly-falling background 

• Probe both gluon gluon fusion and VBF production mode 

• Even selection based on BDT photon ID, signal and data-driven 
background modeling using discrete profiling method (inherited from 
Higgs discovery analysis H→ɣɣ)
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Local (global) 
significance: 
2.9𝜎 (1.3𝜎) at 

95.4 GeV

Scalar mass: 70 - 110 GeV

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html
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h→W+W- 
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Ref: CMS-PAS-HIG-20-016

• Search for new resonance → 
leptonic decaying W boson  

• Probe gluon gluon fusion and 
VBF production mode 

• Experimental signature: 2 
different/same flavour, 
opposite sign leptons + MET 

• DNN to categorise ggF, VBF and 
background
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html
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Ref: Accepted JHEP
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• Analyzed 4 𝜏𝜏 channels: μ𝜏h, e𝜏h, 𝜏h𝜏h, and 
eμ 

• Di-𝜏, jet→𝜏h backgrounds, and QCD (eμ) 
estimated from data 

• For low scalar mass (60 - 200 GeV): 
binned template distribution based on 
m𝜏𝜏 was used to extract signal 

• For high mass (250-3500 GeV): Total 
transverse mass (  ) was usedmtot

T

Scalar mass:  
Low mass: 60 - 200 GeV 
High mass: 250 - 3500

ggϕ → ττ(or bbϕ → bbττ) ggɸ

bbɸ

Excess at 100 GeV 

Local (global) 3.1 (2.7) 𝜎 

Excess at 1.2 TeV 

Local (global) 2.8 (2.4) 𝜎 

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
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X → WW, ZZ
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Ref: arXiv:2210.00043

<latexit sha1_base64="8sq/iD/ySHS0hhU4Nq+kYx+Y5Qg="></latexit>
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• Masses below 2.7 TeV are excluded 

• Observed excess at 2.9 TeV, with 

• Local (global) significance: 3.6𝜎 (2.3𝜎)

• Both ggF and VBF production 
mode 

• Two bosons are reconstructed 
as separate AK8 jets 

• To discriminate W-jet with 
QCD: A mass-decorrelated 
deep neural network 
tagger was used 

• 3D maximum likelihood fit of 
signal and background 
template to the data in the 
( ) spacemAK8

jj , mAK8
jet1 , mAK8

jet2

Other results are in backup
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http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-009/index.html
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HH scenario: 
Scalar (X) mass: 260 GeV - 1 TeV 
HY scenario (MY < MX - MH): 
Scalar (X) mass: 300 GeV - 1 TeV  
Scalar (Y) mass: 90 GeV - 800 GeV

8
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• Select di-photon and two resolved b-jets 

• Two MVA method trained: 

1. NN-based ttHKiller: To reject ttH 
background, whose topology is 
similar to signal 

2. BDT classifier: To discriminate 
signal and backgrounds 

• 2D:  fit is used to extract signalmγγ : mjj
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-011/index.html
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Ref: CMS-PAS-HIG-21-005

X→HH→bbWW
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Observed Median expected

=1 TeVΛBulk Radion 68% expected

=3 TeVΛBulk Radion 95% expected

• Analysed both Semi-leptonic 
(SL) and di-leptonic  (DL) decay 
of WW 

• Explored both boosted and 
resolved scenarios of H→bb 

• Separate parametrized DNN 
training was done for SL and 
DL channel 

• To extract HH signal, maximum 
likelihood fit was done using 
the DNN score for SL and DL 2D 
fit of DNN output and the 
Heavy Mass Estimator (HME)

HH scenario: 
Scalar (X) mass: 250 GeV - 900 GeV

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
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H± → HW±
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Ref: Accepted JHEP
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• Associated 
production of 
charged Higgs with 
hadronic top quark 

• DNN was trained for 
resolved top tagging: 
Loose WP used 

• Dominant jet to 𝜏h 
was driven using 
data via fake rate 
method

Scalar mass: 300 - 700 GeV
Loose WP

Post-fit

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-010/index.html
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H125→SS
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Ref: JHEP 03 (2022) 160
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Scalar mass (LLP): 15, 40 and    
                               55 GeV 
Mean life time: 1 - 1000 mm

• Trigger on di-lepton decay of Z boson 

• Display jet search, optimized for low pT jets 

• Final state upto 4 fermion jets
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Categories definition in backup: Slide 24
S → bb̄ S → dd̄

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-003/
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Ref: JHEP 04 (2022) 062
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• Trigger on di-muons 

• Use “data-scouting” techniques to access 
lower mass events than is possible with 
standard triggers 

• Two displaced muons and associated displaced 
vertex 

• 0.3 ≤ m(ɸ) ≤ 5 GeV 

• 0.1 ≤ c𝜏(ɸ) ≲ 100 mm 

Using Scouting dataset
LLP

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/
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X → ZZ → 4l, 2l2q and 2l2𝜈

13

Ref: CMS-PAS-FTR-18-040
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Source Run 2 uncertainty Projection minimum uncertainty
Lepton selection efficiency 4–8% 0.5%
Lepton ID 1–10% 0.5%
Jet energy scale, resolution 1–10% 1%
b-tagging 5–7% 1%
Integrated luminosity 2.5% 1%

Source Run 2 uncertainty Projection minimum uncertainty
Lepton selection efficiency 4–8% 0.5%
Lepton ID 1–10% 0.5%
Jet energy scale, resolution 1–10% 1%
b-tagging 5–7% 1%
Integrated luminosity 2.5% 1%

• Projection of CMS to HL-LHC 

• Target luminosity: 3000 fb-1  

• Both production mode ggF and VBF 

• Assume the narrow width signal

HL-LHC Projection

fVBF : Fraction of VBF 
fVBF + fggH = 1

100 % VBF  
production

fVBF : floated

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-040/index.html
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Summary
• The discovery of Higgs-like particle: Triggered 

a significant increase in BSM Higgs searches 

• CMS employed a comprehensive range of 
analyses, covering various production and 
decay process including various physics 
scenarios 

• If any new physics lies within the accessible 
sensitivity range, we will find it ☺

14

I am hiding!

SM

BSM

Inspired from Felix Frensch presentationStay tuned… Run-3 started 👏

http://indico.hep.manchester.ac.uk/contributionDisplay.py?contribId=288&sessionId=0&confId=4221
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Reference: link

Thank you for your time

https://www.explainxkcd.com/wiki/index.php/1437:_Higgs_Boson


Backup
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Open questions
• Many unanswered questions: 

• The hierarchy problem 

• Gravity is not included 

• Neutrino masses are not included 

• Anomalous magnetic moment of the muon 

• Dark matter is not included 

• Dark energy is not included 

• … 

•

17

Pictorial representation of the rotational velocity of stars as a 
function of distance from the center for three galaxies, the Milky 

Way, M31, and NGC 4258

https://www.hindawi.com/journals/ahep/2014/878203/
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CADI Comments Included?

HIG-20-002 Low mass Higgs search using di-photons

HIG-20-016 Scalar decay to W+W- to dileptons

HIG-21-001 ggɸ/bbɸ → 𝜏𝜏

HIG-21-011 H->h125h->ggbb
HIG-21-005 HH → bbWW

B2G-20-009 heavy resonances decaying to WW, WZ, ZZ, WH, or ZH boson pairs

HIG-20-014 H -> hh -> ττbb 

EXO-20-014 long lived low mass scalars in decays of B hadrons, scouting analysis

EXO-20-003 SM higgs decaying to 2 scalars

EXO-20-015 SM higgs decaying to 2 scalars, in forward region

HIG-21-010 H± → HW± 

HIG-20-017 VBF charged Higgs boson

EXO-21-006 Scalar decaying to long lived bosons

HIG-20-018 Scalar search in supersymmetric cascade 

FTR-18-040 H-> ZZ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-009/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-003/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-010/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-040/index.html
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ɸ→XX
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Ref: CMS-EXO-21-006

�

µ̄

µ

f̄

f

X

X

LLP

LLP

Scalar (ɸ) mass: 125 GeV - 1 TeV 
Scalar LLP (X) mass: 20 - 350 GeV 
Mean decay length: 3, 30 and 250 cm

Reconstructed event classification: 
1. Both muons use tracker and muons system: TMS-TMS category 
2. Both muons use only muon system: STA-STA category 
3. One muon with only muon system, another muon with both tracker & muon system: STA-TMS category
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Ang Li Talk

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-006/
https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=3412&pid=26486
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Ref: JHEP 11 (2021) 057
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hs: NMSSM Higgs
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H mass: 240 - 3000 GeV 
Hs mass: 60 - 2800 GeV

NN output score for signal node

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
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X → WW, ZZ
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Ref: arXiv:2210.00043
<latexit sha1_base64="8sq/iD/ySHS0hhU4Nq+kYx+Y5Qg="></latexit>
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VBF requirements on AK4 jets 

• Not overlapping with the AK8 jet 

•  

•  

|ΔηAK4 | > 4.5

MAK4
jj > 800 GeV

|ΔηAK4 | > 4.5

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-009/index.html
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H→SS→bb𝜏𝜏, bbdd
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Ref: Phy. Rev. Lett. 127 (2021) 261804

First search at the LHC that uses a muon 
detector as a sampling calorimeter to 
identify showers produced by decays of LLPs 
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Signal efficiency of combined cluster reconstruction as 
a function of the simulated r and z decay position of S

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015/
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VBF H±/H±± → WZ/W±W±
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Ref: Eur. Phys. J. C 81 (2021) 723
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Scalar mass: 200 - 3000 GeV

• Both single and double charged Higgs: Georgi 
Machacek model 

• Final states: WW, WZ  

• Leptonic decay modes for W and Z bosons 

• Requires two jets with large value of rapidity 
gap and di-jet invariant mass

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/index.html
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Ref: JHEP 03 (2022) 160
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Scalar mass: 15, 40 and 55 GeV 
Mean life time: 1 - 1000 mm

• Jet Impact Parameter significance ( ): The median of the logarithm 

(base 10) of the impact parameter significance (dxy/σdxy) of all the tracks 
matched to the jet, with dxy  being the track transverse impact 
parameter and σdxy its uncertainty 

• Jet transverse angle ( ): the median logarithm (base 10) of the angle 
between the track direction and the vector connecting its innermost hit 
in the silicon tracker to the PV. Prompt jets have  near zero as the 
vector connecting the PV to the track’s innermost hit tends to be aligned 
with the jet-axis.  

•  : for each PV candidate (vi), we define  as  

                     

The  variable corresponds to the maximum  value across all 
reconstructed vertices

̂IP2D
sig

Θ̂2D

Θ̂2D

αmax α

α(vi) =
∑vitracks ptrack

T

∑all tracks ptrack
T

αmax α

Back

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-003/
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Ref: JHEP 04 (2022) 062
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b hadron decay: hb→ɸX

Resonance Mean mass [GeV] s [MeV] Lower bound [GeV] Upper bound [GeV]
(mean �5s) (mean +5s)

KS 0.46 5 0.43 0.49
h 0.55 5 0.52 0.58
r/w 0.78 10 0.73 0.84
f(1020) 1.02 10 0.96 1.08
J/y 3.09 40 2.91 3.27
Y(2S) 3.68 40 3.47 3.89
U(1S) 9.43 90 8.99 9.87
U(2S) 10.00 80 9.61 10.39
U(3S) 10.32 90 9.87 10.77

List of known resonances
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Back

Ref (Theory): Phys. Rev. D 103, 015026

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.015026
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Ref: CMS-EXO-21-006
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X

X

LLP

LLP

Scalar (ɸ) mass: 125 GeV - 1 TeV 
Scalar LLP (X) mass: 20 - 350 GeV 
Mean decay length: 3, 30 and 250 cm

Reconstructed event classification: 
1. Both muons use tracker and muons system: TMS-TMS category 
2. Both muons use only muon system: STA-STA category 
3. One muon with only muon system, another muon with both tracker & muon system: STA-TMS category

Back

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-006/
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Ref: CMS-PAS-HIG-20-002
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Expected SM-like Higgs boson signal yield (mH = 90 GeV) Bkg. DY Bkg.

Total ggH VBF WH ZH ttH seff sHM (GeV
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�1

)

(%) (%) (%) (%) (%) (GeV) (GeV)

2016 0 130 71.9 15.6 6.2 3.6 2.6 1.12 1.00 271 12

36.3 fb
�1

1 304 87.4 6.6 3.6 2.1 0.3 1.25 1.07 3093 33

2 407 94.7 2.5 1.7 1.0 0.1 1.87 1.51 9190 193

Total 842 88.5 6.0 3.1 1.8 0.6 1.50 1.20 12 554 239
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html
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Ref: JHEP 11 (2021) 057
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hs: NMSSM Higgs

 more τh-like

opposite sign
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HH(VBF) Resolved 1b Resolved 2b Boosted
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1 lepton channel

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
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h→W+W- 
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Ref: CMS-PAS-HIG-20-016

Preselection 1. Lepton pT > 30 GeV
2. Lepton pT > 20 GeV

3. Lepton pT < 10 GeV (if present)
Missing transverse momentum pmiss

T > 30 GeV
Dilepton transverse momentum pT,ll > 30 GeV

Dilepton mass mll > 20 GeV
High mass selection Angle f between leptons fll > 2.0 rad

Deviation in f and h between back-to-back leptons < 3.0
Angle f between either lepton and MET fl,MET < 1.6 rad

Scalar sum of the transverse momenta pT,l1 + pT,l2 + pmiss
T > 250 GeV

mll > 140 GeV
Category Opposite flavor Same flavor
Signal region Number of b-tagged jets Nb�tag = 0

Transverse mass mT,ll+MET > 60 GeV mT,ll+MET > 80 GeV
20 GeV < mll < 70 GeV or mll > 110 GeV

Transverse mass of leading Wboson mT,l1+MET > 60 GeV
pmiss

T > 40 GeV
Top control region Nb�tag � 1

mT,ll+MET > 60 GeV mT,ll+MET > 80 GeV
20 GeV < mll < 70 GeV or mll > 110 GeV

mT,l1+MET > 60 GeV, pmiss
T > 40 GeV

DY control region Nb�tag = 0
mT,ll+MET < 60 GeV No cut on mT,ll+MET

mll < 90 GeV 70 GeV < mll < 110 GeV
mT,l1+MET > 60 GeV, pmiss

T > 40 GeV

Scenario Mass [GeV ] ggF cross sec. [pb] VBF cross sec. [pb] Local signi. [s] Global signi. [s]
SM fVBF 800 0.16 0.057 3.2 1.7 ± 0.2
fVBF = 1 650 0.0 0.16 3.8 2.6 ± 0.2
fVBF = 0 950 0.19 0.0 2.6 0.4 ± 0.6
floating fVBF 650 2.9 ⇥ 10�6 0.16 3.8 2.4 ± 0.2

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html
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VBF H±/H±± → WZ/W±W±

30

Ref: Eur. Phys. J. C 81 (2021) 723

Variable W±W± WZ
Leptons 2 leptons, pT > 25/20 GeV 3 leptons, pT > 25/10/20 GeV
pj

T >50/30 GeV >50/30 GeV
|m`` � mZ| >15 GeV (ee) <15 GeV
m`` >20 GeV —
m``` — >100 GeV
pmiss

T >30 GeV >30 GeV
b jet veto Required Required
th veto Required Required
max(z⇤` ) <0.75 <1.0
mjj >500 GeV >500 GeV
|Dhjj| >2.5 >2.5

Process WW SR WZ SR Nonprompt CR tZq CR ZZ CR
H±±(500) ! W±W± 666± 68 — 48.9± 5.1 — —
H±(500) ! WZ 19.2± 2.4 107± 11 1.7± 0.2 8.0± 0.9 —
W±W± 230± 16 — 28.2± 1.8 — —
WZ 67.8± 5.8 196± 15 10.3± 1.0 27.2± 2.4 —
ZZ 0.7± 0.2 6.4± 2.0 0.1± 0.1 1.1± 0.3 13.3± 4.0
Nonprompt 262± 36 22.3± 7.7 263± 21 8.4± 3.1 0.2± 0.2
tVx 8.4± 1.9 17.7± 3.3 28.8± 5.6 62± 11 0.2± 0.1
Other background 31.1± 7.3 6.8± 1.4 21.1± 4.2 2.2± 0.4 0.3± 0.1
Total background 600± 40 249± 18 352± 22 101± 12 14.0± 4.0
Data 602 249 352 101 14

1000 2000 3000
 [GeV]

5Hm
0

0.05

0.1

0.15

 e
ffi

ci
en

cy
×

Ac
ce

pt
an

ce
 

 (13 TeV)-1137 fb

CMS +/H++H

νlν l→ +W+ W→ ++ H

ν 3l→Z + W→ + H

500 1000 1500 2000
 [GeV]

5Hm
0

0.2

0.4

0.6

0.8

1Hs

 (13 TeV)-1137 fb

CMS

 Observed
 68% expected

 95% expected
) > 0.1

5
(Hm)/

5
(HΓ

Back

http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/index.html


Ram Krishna Sharma LHCP 2023 23/05/2023

H± → HW±

31

Ref: Accepted JHEP
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H→SS→bb𝜏𝜏, bbdd

32

Ref: Phy. Rev. Lett. 127 (2021) 261804

• First search at the LHC that uses a muon 
detector as a sampling calorimeter to 
identify showers produced by decays of 
LLPs 
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CADI Comments
HIG-22-002 Scalar search decay to eμ final state Pallabi
HIG-21-016 H => aa => 4 photons (boosted final state, includes a new ML technique to 

reconstruct merged photons in ECAL)
Pallabi

HIG-21-011 H->h125h->ggbb
HIG-21-010 H± → HW± 
HIG-21-005 HH → bbWW
HIG-21-003 H => aa => 4 photons (resolved final state) Pallabi
HIG-21-001 ggɸ/bbɸ → 𝜏𝜏
EXO-21-006 Scalar decaying to long lived bosons
HIG-20-018 Scalar search in supersymmetric cascade 
HIG-20-017 VBF charged Higgs boson
HIG-20-016 Scalar decay to W+W- to dileptons
HIG-20-014 H -> hh -> ττbb 
HIG-20-002 Low mass Higgs search using di-photons
EXO-20-014 long lived low mass scalars in decays of B hadrons, scouting analysis
EXO-20-003 SM higgs decaying to 2 scalars
EXO-20-015 SM higgs decaying to 2 scalars, in forward region
FTR-18-040 H-> ZZ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-002/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-011/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-010/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-003/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-006/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-016/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-014/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-003/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-040/index.html

