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Figure 10: The estimated sensitivities in the various search channels for the heavier MSSM Higgs
bosons in the [tanβ,MA] plane: H/A → τ+τ− (light blue), H → WW + ZZ (green), H/A → tt̄
(red), A → hZ (brown) and H → hh (yellow). The projection is made for the LHC with 7+8 TeV
and the full 25 fb−1 of data collected so far. The radiative corrections are such that the lightest h
mass is Mh = 126 GeV.

5.3 Remarks on the charged Higgs boson

We close this discussions with a few remarks on the charged Higgs boson case. First of all,

the production rates are very large only for MH± <∼ 170 GeV when the H± state can be

produced in top decays. In this case, the decay channel H± → τν is always substantial and

leads to the constraints that have been discussed earlier and which are less effective than

those coming from H/A → ττ searches at high tan β. In the low tan β region, two other

channels can be considered: H+ → cs̄ that has been studied by the ATLAS collaboration

in a two–Higgs doublet model with the 7 TeV data [89] and H+ → cb̄. The branching ratio

for the latter channel is significant for tan β <∼ 3 and has been obtained by assuming the

same CKM angles as in the SM, in particular Vcb ≈ 0.04 [35]. This channel, if observed

would thus allow to check some of the CKM matrix elements in the charged Higgs sector.

Finally, the processes t → H+b at low mass and pp → btH± at high mass with

H± → Wh can have large rates at sufficiently low tan β. The cross section times branching

fraction is displayed in Fig. 11 in the [tan β,MA] plane for a 14 TeV c.m. energy. Shown

are the contours with σ × BR = 1, 5 and 10 fb which, for a luminosity of 300 fb−1 would

correspond to a small number of events. We will not perform an analysis for this particular

final state. We simply note that the final state topology, pp → tbH± → tbWh resembles

that of the pp → tt̄h process that is considered as a means to measure the htt̄ Yukawa

coupling and which is considered to be viable at 14 TeV with a high luminosity.

Hence, even for the charged Higgs bosons, there are interesting search channels which

can be considered if the low tan β region is reopened.
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Motivazione dell’analisi

• 2012: Scoperta del bosone di Higgs a 125 GeV   ☺ 
• Molte domande ancora aperte (i.e. gerarchia, materia oscura…)   ☹ 
• Le estensioni più semplici sono date dai modelli 2HDM (i.e. MSSM…) 

• 5 bosoni di Higgs fisici: H+, H-, A, H, h 
• A livello “albero” sono descritti da 2 parametri: mA, tan𝛃 

• H➝hh & A➝Zh permettono di esplorare le regioni a basso valore di tan𝛽 
in un intervallo di massa tra 250 e 350 GeV.

Theoretical estimated sensitivity
(arXiv:1304.1787v2)

   Stato finale:   hh→bb𝛕𝛕
• Segnatura chiara 
• Alti Branching Ratio 

• BR(h➝bb) ~ 58 % 
• BR(h➝𝜏𝜏)  ~ 6,3 % 

• Stato finale inesplorato

   Stato finale:   Zh➝𝓵𝓵𝛕𝛕
• Z➝ee/𝜇𝜇 è interamente ricostruito         
• h➝𝜏𝜏 è il secondo Branching  

Ratio tra i fermioni 
• Stato finale inesplorato
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Strategia di analisi

H→hh→𝛕𝛕bb A→Zh→ll𝛕𝛕

3 canali x 3 categorie  
= 

9 stati finali

 4 canali x 2 categorie 
= 

8 stati finali

3 canali di decadimento 
(della coppia 𝜏𝜏) 

e𝜏h      𝜇𝜏h      𝜏h𝜏h

3 categorie 
(dal b-tagging di due jet)

2jet-0tag      2jet-1tag      2jet-2tag Z➝e+e-           Z➝𝜇+𝜇-

e𝜇    e𝜏h    𝜇𝜏h    𝜏h𝜏h

Reiezione dei fondi: 
70 GeV < mbb < 150 GeV 
90 GeV < m𝜏𝜏 < 150 GeV

×

+

3 canali di decadimento 
(della coppia 𝜏𝜏)  

×
2 categorie 

(dal decadimento della Z)

Reiezione dei fondi: 
LTh =∑ pTvisibile(𝜏) > soglia dipendente  

dal decadimento della coppia 𝜏𝜏

+
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• Prende come input i quadri-vettori 
(2b e 2𝜏) con le loro incertezze e  
l’Energia Trasversa Mancante  
(𝜈 dal decadimento dei 𝜏). 

• Impone dei vincoli cinematici: 
 
  m(𝜏𝜏) = m(bb) = mh = 125 GeV 

• Assume l’approssimazione collinare 
per i prodotti di decadimento del 𝜏.

5

Massa invariante H→hh→𝜏𝜏bb

mH = 300 GeV

La massa invariante dei quattro corpi mH è calcolata  
attraverso l’algoritmo KinematicFit:
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Figure 1. Distributions of M⌧⌧ reconstructed by the SVfit algorithm (left) and of the mass of
all visible tau decay products (right), for H ! ⌧⌧ signal events of mass mH = 125 GeV and for
the irreducible Z/�⇤ ! ⌧⌧ background, in the decay channel ⌧⌧ ! µ⌧had.

Overall, the SVfit algorithm is found to improve the sensitivity of the SM H ! ⌧⌧ analysis
performed by CMS by about 30%, compared to performing the same analysis using Mvis.

Alternative mass reconstruction algorithms [9, 11, 12] have been evaluated in the context of
the CMS H ! ⌧⌧ analysis and found to provide less gain in sensitivity compared to SVfit.

4. Summary

An algorithm for reconstruction of the pair mass in the context of the CMS H ! ⌧⌧ analysis has
been presented. The algorithm is found to improve the sensitivity of the SM H ! ⌧⌧ analysis
performed by CMS by about 30%, corresponding to an increase of about 70% in integrated
luminosity.
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Massa invariante A→Zh→𝓁𝓁𝜏𝜏

La massa invariante dei quattro corpi mA è calcolata a partire  
dall’informazione dei quadri-vettori dei 2 bosoni intermedi:

• Bosone Z ricostruito usando i quadri-vettori dei leptoni 
• Bosone h riscostruito attraverso l’algoritmo SVFit

Massa visibile Massa da SVFit

SVFit ricostruisce il bosone che decade nella coppia 𝜏𝜏: 
• Stimatore maximum likelihood 
• Prende come input i quadri-momenti dei tau, la MET e le risoluzioni
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Distribuzioni di massa invariante (dati a 8 TeV)

Distribuzioni di massa invariante per i processi H➝hh e A➝Zh
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Estrazione del segnale

• Le distribuzioni di massa invariante sono fittate con un 
maximum likelihood fit binnato. 

• Il parametro d’interesse è 𝜎 × BR del segnale 

• Incertezze sistematiche trattate come parametri di nuisance

Differenti origini, le principali sono:  
• Sezioni d’urto 
• Luminosità 
• Leptoni: identificazione & trigger 
• b-tagging: efficienza & mistag 
• Fondi: shape & normalizzazione
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Risultati: Limiti di Esclusione

Limiti d’esclusione “model independent”  
al 95% di Confidence Level su 

  𝜎(ggH)×BR(H➝hh➝𝜏𝜏bb)        &        𝜎(ggA)×BR(A➝Zh➝ 𝓁𝓁𝜏𝜏)
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Risultati: interpretazione nei modelli MSSM & 2HDM

Escluse ampie regioni a basso tan𝛽 (per MSSM), ma altre porzioni 
dello spazio dei parametri rimangono ancora da investigare.
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Prospettive future
La naturale continuazione di questa analisi è lo studio  

dei dati del Run-II:

Nel Run-II: 
√s=8➝13 TeV

Incremento sezioni d’urto 
di produzione del segnale 
rispetto a quelle dei fondi

H→hh→bb𝛕𝛕 @ 13 TeV  
già pubblica, 

MA 
non ancora competitiva con 
le analisi del Run-I a causa  

della statistica limitata (2.7 fb-1)

A livello di analisi: 
• Sensitività maggiore 
• Accesso a regioni di 

alta massa

Non ci resta che aspettare i nuovi dati…!

Per la fine del 2016 ci  
aspettiamo di superare la 

 sensitività del Run-I !

http://inspirehep.net/record/1427786


Francesco Brivio 31/03/2016 12

Backup
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Limit Comparison

Comparison with different final states 
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SVFit Algorithm

Four-momenta of 
visible decay products

Observed MET 
value

Tau pair decay  
kinematics

The best estimate M𝜏𝜏 for the tau pair mass is the Mi𝜏𝜏 
which maximizes the probability P(Mi𝜏𝜏).

Tau pair decay kinematic depend on a different number of parameters,  
depending on the tau pair decay: 
• fully hadronic ➝ 4 parameters 
• semileptonic  ➝ 5 parameters 
• leptonic          ➝ 6 parameters 
Only 2 observables (Ɇx,Ɇy) ➝ under constrained problem ➝ likelihood approach
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Higgs Production

Higgs production
Gluon fusion

bb associated production
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Higgs Branching Ratios

H Branching Ratios h Branching Ratios
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Systematic Uncertainties

A→Zh→𝓵𝓵𝛕𝛕
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Systematic Uncertainties

H→hh→bb𝛕𝛕
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Background Estimation

H→hh→bb𝛍𝛕h A→Zh→𝛍𝛍𝛍𝛕h

Z→𝛕𝛕
Embedded 

sample

QCD
Data driven 

method

tt
Monte Carlo 

sampleElectroweak
From data 
Sidebands

ZZ
Monte Carlo 

sample

Reducible
From data 

control samples

Rare
Monte Carlo 

sample
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Objects selection (H➝hh➝bb𝜏𝜏)

𝜇𝜏h channel 
• 𝜇: pT > 20 GeV  

     |𝜂|<2.1 
• 𝜏h: pT > 20 GeV  

     |𝜂|<2.3

e𝜏h channel 
• e: pT > 24 GeV  

     |𝜂|<2.1 
• 𝜏h: pT > 20 GeV 

     |𝜂|<2.3

+
• charge(e/𝜇) = - charge(𝜏) 
• loose isolation criteria 
• mT=√2pTMET(1-cos𝛥𝜙) < 30 GeV

𝜏h𝜏h channel 
• 𝜏h(1): pT > 45 GeV ; |𝜂|<2.1 
• 𝜏h(2): pT > 45 GeV ; |𝜂|<2.1 
• charge(𝜏1) = - charge(𝜏2)

+
2 jets per event: 
• pT > 20 GeV 
• |𝜂|<2.4
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Objects selection (A➝Zh➝𝓁𝓁𝜏𝜏)

Z➝𝜇𝜇 
• 𝜇1: pT > 20 GeV ; |𝜂|<2.4 
• 𝜇2: pT > 10 GeV ; |𝜂|<2.4

+

h➝𝜏𝜏 (➝e𝜇/e𝜏h/𝜇𝜏h/𝜏h𝜏h) 
• 𝜇:  pT > 10 GeV ; |𝜂|<2.4 
• e:  pT > 10 GeV ; |𝜂|<2.5 
• 𝜏h: pT > 21 GeV ; |𝜂|<2.3

Z➝ee 
• e1: pT > 20 GeV ; |𝜂|<2.5 
• e2: pT > 10 GeV ; |𝜂|<2.5

• 60 GeV < m(ee/𝜇𝜇) < 120 GeV 
• ambiguity ➝ m(ee/𝜇𝜇) closest  

                      to mZ
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CLs method
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Hhh mass distributions : 𝜇𝜏h channel
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Hhh mass distributions : e𝜏h channel
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Hhh mass distributions : 𝜏h𝜏h channel
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Azh mass distributions : Z➝𝜇𝜇 channel
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Azh mass distributions : Z➝ee channel
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Preliminary result with 13 TeV data

Preliminary exclusion limit observed with CMS data at 13 TeV for the 
H➝hh➝bb𝜏𝜏 decay. Presented at Moriond. Pre-approved (HIG-16-013)

HIG-16-013
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HIG-15-013

“Model independent search for Higgs boson pair production 
in the bb𝜏+𝜏- final state.”

• High mass region 
• Only the fully hadronic tau decay


