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Run 1 LHC
CMS and ATLAS ]BSM, Bγκ, gκ, bκ, τκ, tκ, Wκ, Zκ[

Observed
SM expected

Motivation
• Higgs boson has been observed in several 

decay channels

• current studies of its properties are 
consistent with the SM predictions

• Several rare decays have not been observed 

• an excess would be a clear indication of 
new physics  

• Several BSM theories predict exotic decays

• potential invisible or undetectable BBSM < 34% 
(39% exp.) @ 95% C.L. with Run-Ⅰ data

• still allow ample space to look for BSM 
Higgs decays  

• provide an excellent opportunity to look for 
new physics !
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Rare and exotic Higgs decays 
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H→ll+γ

H→μμ

H→invisible

LFV Higgs decays 
 

H→aa

Exotic 
decays

Rare 
decays

recently updated results are ~1 month old

Recently updated

Recently updated

Recently updated
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H→Z/γ* + γ→llγ

• Signature: an opposite-sign isolated lepton pair and an isolated photon

• a clean final-state with good mass resolution

• the threshold, mll = 50 GeV, is used to separate H→Zγ and H→γ*γ 

• In SM, 
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loop induced decay
→ sensitive to physics
     beyond SM
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H→Zγ→llγ (l = e, μ)

• BR(H→Zγ) = 1.533 × 10-3

• signal yield is similar to H→ZZ→4l but suffers from large 
background (Zγ, Z+jets)

• 7 mutually exclusive categories used to differentiate production 
modes, increase S/B, and enhance the peak resolution 

• sensitivity enhanced by 18%  
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lepton tag 
 

electron pT > 7 GeV
muon pT > 5 GeV

di-jet tag 
 

Δηjj > 3.5, mjj >500 GeV
Zeppenfeld < 2.5  
ΔΦ(llγ, jj) > 2.4

boosted tag 
 

pTllγ > 60 GeV

4 untagged 
categories  

 

enhance llγ mass 
resolution and S/B

CMS HIG-17-007
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H→γ*γ→llγ (l = μ)
• BR(H→γ*γ→μμγ) = 3.83 × 10-5

• unique event topology → two collimated leptons from γ* decay

• challenge in trigger and identification

• smaller signal yield but better sensitivity than H→Zγ

• reject J/ψ+γ and Υ+γ with mμμ

• 4 mutually exclusive categories used to differentiate production modes, increase S/B, 
and enhance the peak resolution 

• sensitivity enhanced by 11%  
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di-jet tag 
 

Δηjj > 3.5, mjj >500 GeV
Zeppenfeld < 2.5  
ΔΦ(llγ, jj) > 2.4

3 untagged 
categories  

 

enhance llγ mass 
resolution and S/B

CMS HIG-17-007
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Signal extraction

• background fit function minimizes 
the bias introduced by selected 
shape

• data are fitted by smoothly falling 
functions to determine the 
background

• signal is modeled with a double 
sided Crystal Ball function and a 
Crystal Ball function plus an 
additional Gaussian function for 
γ*γ and Zγ
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Results of H→llγ
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H→μμ

• BR(H→μμ) = 2.18 × 10-4

• only accessible channel to test Higgs 
couplings to second generation fermions at 
LHC

• clean fermionic decay

• search for a small peak over a large DY 
background

• several BSM scenarios predict a higher BR

• deviation from SM could be a sign for 
new physics 
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shape of the high-mass DY distribution. A secondary contribution is induced by the single123

and pair production of top quarks, which have flatter profiles. Several analytic functions were124

considered for the background shape. The first set includes generic series, such as a sum of125

exponential functions or of Bernstein polynomials, which involve no prior assumption about126

the background shape. The second set includes modified versions of the Breit–Wigner Z-peak127

distribution, derived and validated by fitting FEWZ predictions of the DY invariant mass dis-128

tribution at NNLO. Both sets are summarized in Equations 1–4. In addition, FEWZ spectra129

templates multiplied by polynomial functions are considered.130
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In some categories, a variation on the modified Breit–Wigner distribution (Eq. 4) is used, mul-131

tiplying it by a Bernstein polynomial of up to degree 4.132

Due to differences in muon mass resolution and background composition, we select the back-133

ground functional form separately for each category. Figure 3 shows the dimuon mass spec-134

trum for the two most sensitive categories, category 14 (right) and 12 (left). The choice of the135

background function is based on minimizing the possible bias in the fitted signal yields.136
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Figure 3: Signal-plus-background (S+B) fit (solid) and the background-only (B) component
(dashed) of the dimuon mass spectrum in events from category 12 (left) with the Modified Breit-
Wigner multiplied by a Bernstein polynomial (degree 4) as the functional form and category
14 (right) with the Modified Breit-Wigner functional form. The lower plots show the dimuon
mass spectrum with the fitted background component subtracted (B component subtracted).

To estimate the possible bias, all of the functions in Eq. 1–4, and some additional functional137

combinations and FEWZ spectra templates, are used to fit the data in each category. From138

each of these fits, pseudo-experiments are randomly generated to create thousands of pseudo-139

datasets, taking into account the uncertainty on the fit parameters. Each of the functions is140

then used to fit the pseudo-datasets generated from the other functions, with the measured141

^
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H→μμ analysis 

• BDT is used to improve the search sensitivity

• 15 categories are defined based on BDT score and μμ 
mass resolution 

• BDT loosely correlated with VBF
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Results of H→μμ
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H→invisible 
• BR(H→ZZ→4ν) = 0.1% in SM

• a number of BSM models allow for this

• interactions between the Higgs and dark matter

• complementary to direct detection 

• dark matter mass < mH/2； H→DM kinematically open
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H→invisible：VBF tag

• most sensitive mode due to VBF 
topology 

• reject extra leptons

• two strategies:

• cut and count

• shape analysis based on mjj

• use the full discrimination power 
of the invariant mass distribution

• improve the search sensitivity
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H→invisible：mono-V tag

• Z(→ll)+H

• smaller cross section than VBF

• clean final state with low background

• the multivariate BDT classifier is 
used to improve the search 
sensitivity by 10%  

• V(→qq)+H

• large background but relatively larger 
signal contribution 

• large radius jet (R = 0.8), pT > 250 
GeV

• rely on jet substructure techniques
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H→invisible：mono-jet tag

• measure ggH process where 
the Higgs system is boosted 
and recoils against a jet

• events failing mono-V tag but 
satisfying jet pT > 100 GeV 
(R = 0.4) are included

• large background

• improve V(jj)H sensitivity by 
12.5% after adding this mode
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H→invisible：combination

• No significant deviations from SM expectation are observed in any search mode 

• The observed (expected) 95% CL limit on BR(H→inv) assuming SM is 0.24 (0.18)

• The results have been interpreted in Higgs portal model assuming the scalar or fermion nature of the DM

• excluding the very low DM masses below 20 (fermion) or 7 (scalar) GeV
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Lepton flavor violating decays

• a clear indication of BSM physics 

• best sensitivity for H→eτ and H→μτ

• look into multiple channels of the τ decay

• BDT is used to improve the search sensitivity

• no obvious excess observed 

• set upper limits on branching ratios and non-
diagonal elements of Yukawa coupling matrix
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h→aa→2X2Y

• well motivated by BSM theories 
such as 2HDM+S, …

• X and Y can be any types of 
fermions, gluon or photon

• BR of “a” boson to SM particles 
depends on

• mass of the “a” boson

• models (i.e. types of the 2HDM)

• model parameters (i.e. tanβ)
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h→aa→μμττ

• 4 final states: μμ × (τeτμ, τeτh, 
τμτh, τhτh)

• targets on non-boosted τ pairs, 
and requires 4 well reconstructed 
and isolated leptons

• main backgrounds (fake leptons 
or taus) estimated from data

• final observable is the mass of μμ

• no significant excess observed 
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h→aa→ττbb

• first probe of this final state

• large BRs in most models due to mb and mτ

• 3 ττ final states: eτh, μτh, eμ

• at least 1 b-tagged jet (pT > 20 GeV)

• backgrounds estimated from MC or data 
depending on whether taus are real or fake

• final observable is the visible mass of ττ

• the sensitivity at low(high) masses is reduced 
due to isolation inefficiencies of boosted “a” 
boson to ττ (higher backgrounds)

• the most stringent limits in 2HDM+S type II at 
the LHC so far
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new summary plot of aa→2X2Y

21

 (GeV)am
1 10

 a
a)

→
B(

h
SM
σ

h
σ

95
%

 C
L 

on
 

-710

-610

-510

-410

-310

-210

-110

1

10

210

310

 (8 TeV)µµµµ→aa→h
 (8 TeV)ττττ→aa→h
 (8 TeV)ττττ→aa→h

bb (8 TeV)µµ→aa→h
 (8 TeV)ττµµ→aa→h
 (13 TeV)ττµµ→aa→h

bb (13 TeV)ττ→aa→h
expected observed

CMS
Preliminary

 (13 TeV)-1 (8 TeV) + 35.9 fb-119.7 fb

2HDM+S type III
 = 5.0βtan

h→aa→ττbb

h→aa→μμττ

CMS HIG-17-029



Chia Ming, Kuo/NCU, Taiwan 2018/4/18

Summary

• the discovery of the Higgs boson opens a 
new opportunity to search for new 
physics via the rare or exotic decays!

• a broad program performed by CMS in  
this field

• observations are in agreement with SM

• still looking for it …
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• Backup
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Outlook of H→invisible

• SM BR(H→inv.) = 0.001
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CMS DP-2016-064

2016

2018

S1 : all systematic uncertainties are fixed  
        to 2015 values

S2 : experimental systematic uncertainties  
        decrease with L and theoretical ones 
        are scaled by 1/2

      → improved by a factor of 2 by the  
           end of 2018 and 5 at HL-LHC 
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2HDM+S

• type I: all SM particles couple to the first doublet

• type II: leptons and down-type quarks couple to 
the second doublet and up-type quarks couple to 
the first doublet

• type III: leptons couple to the second doublet 
and quarks to the first one

• type IV: down-type quarks couple to the second 
doublet, while leptons and up-type quarks couple 
to the first doublet 
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