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Why taus?
• τ’s are precious for SM Higgs measurements: 

• Theoretical reasons: 
• Yukawa couplings are proportional to the mass of the interacting particle 
• τ are massive → sizeable BR 

• Experimental reasons: 
• relatively clean experimental signature,  

b-quarks couple more strongly to Higgs but are more difficult to identify 

→ measure fermion couplings, and investigate possible deviations 

• τ’s are precious for BSM searches: 
• BSM physics manifests as anomalous couplings, e.g. Lepton Flavour Violation 
• a zoo of new particles predicted to decay in channels with τ’s 

• often τ channels are enhanced, e.g. MSSM 
• τ’s in final states of multiple decays involving H(125)
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(some) τ analyses at a glance

SM H→ττ

MSSM 
φ→ττ

MSSM 
H+→τν

X→hh→bbττ

SM H 
CP meas.

LFV 
H→μτ

h→hh→bbττ

EXO 
W’, Z’, Nτ
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Study of the 125 GeV SM Higgs boson 

• Higgs coupling measurement 

• triple Higgs self coupling λhhh (for the future) 

• measurement of Higgs CP (for the future)

SM H→ττ

SM H 
CP meas.

h→hh→bbττ
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BSM searches 

• τ analyses lead MSSM H sensitivity 

• Lepton Flavour Violation  
in Higgs sector 
accessible only with τ’s 

• wealth of BSM resonances 
decaying in final states with τ’s 

• heavy resonance and boosted taus

MSSM 
φ→ττ

MSSM 
H+→τν

X→hh→bbττ

LFV 
H→μτ

EXO 
W’, Z’, Nτ
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• overwhelming production of jets  
at hadronic colliders 

• need to keep the jet→τ mis-identification  
probability as low as possible 

• → isolation is the main tool  
to reduce such contamination.  
It estimates of the activity around  
the tau: high for jets, low for taus 

• electrons and muons too  
can be erroneously identified as τ! 

• need to cope with diverse sources  
of contaminations

Why τ’s are challenging? - 1
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Why τ’s are challenging? - 2 
• τ decays always involve neutrinos 

• not detectable → ETmiss → missing kinematic information 
• impossible to directly reconstruct di-τ invariant masses 
→ need tools to estimate di-τ mass from visible products and ETmiss 

• τ triggers need to efficiently select taus in such a busy environment 
• they need to fit into tight constraints of 

• time spent analysing each event 
• number of events that can be saved per unit time 

• avoid cutting phase space useful interesting physics 

→ often τ triggers are multi-object and analysis specific: 𝓵τ, di-τ, τ+ ETmiss 
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Outline

• tau object in CMS 
• reconstruction and identification 

• performance on data 

• tau triggers 

•  tau in CMS analyses: 
• Higgs: SM and BSM 

• Exotic searches

8

μ pT 23.4 GeV

τ pT 39.3 GeV

H→τμτh VBF candidate


mττ 
mjj  
Δηjj 

= 102.0 GeV 
= 1.4 TeV 
= 5.8 
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Tau object at CMS 
https://cds.cern.ch/record/2196972
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Tau reconstruction
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The τ lepton
• τ is the only lepton heavy enough to decay into hadrons  

mτ = 1.777 GeV, lifetime 2.91E-13 s, cτ = 90 μm 

• out of the many possible hadronic tau decays (PDG),  
we group them into three families or decay modes: 

• 1-prong, 1-prong + nπ0, 3-prong 
• h can be either π or K, but predominantly π and mπ± hypothesis is always assumed 

• π0 are reconstructed from e and γ deposits in rectangular regions in ECal, called strips
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5.6 Hadronic decays of taus 43

Table 4: Branching fraction B of the main t decay modes [39]. The generic symbol h� represents
a charged hadron, pion or kaon. In some cases, the decay products arise from an intermediate
mesonic resonance.

Decay mode Meson resonance B [%]
t� ! e� ne nt 17.8
t� ! µ� nµ nt 17.4
t� ! h� nt 11.5
t� ! h� p0 nt r(770) 26.0
t� ! h� p0 p0 nt a1(1260) 10.8
t� ! h� h+ h� nt a1(1260) 9.8
t� ! h� h+ h� p0 nt 4.8
Other modes with hadrons 1.8
All modes containing hadrons 64.8

Table 5: Correlation between the reconstructed and generated decay modes, for th produced
in simulated Z/g⇤ ! tt events. Reconstructed th candidates are required to be matched to a
generated th, to have pT > 20 GeV and |h| < 2.3, to be reconstructed under one of the HPS
decay modes, and to satisfy the loose isolation working point.

Generated
Reconstructed t� ! h�nt t� ! h� � 1p0 nt t� ! h�h+h�nt

t� ! h�nt 0.89 0.16 0.01
t� ! h� � 1p0 nt 0.11 0.83 0.02
t� ! h�h+h�nt 0.00 0.01 0.97

charge equal to ±1. Isolated th candidates are selected by requiring no track with pT > 1 GeV1253

within an annulus of size 0.07 < DR < 0.5 centred on the highest pT track, and less than 5 GeV1254

of energy in the ECAL within 0.15 < DR < 0.5.1255

The performance of the HPS and Calo th algorithms are compared in terms of identification1256

efficiency, jet misidentification rate, and momentum reconstruction. Samples of events with a1257

th in the final state originating from the Drell-Yan process or from a hypothetical heavy scalar1258

decay cover the th pT range between 20 GeV and 2 TeV. For the measurement of the jet misiden-1259

tification rate, a QCD multijet sample covering the same pT range is used.1260

The probability for the HPS algorithm to assign the correct decay mode to reconstructed and1261

identified th is shown in Table 5. The generated decay mode is typically found for about 90%1262

of the th. The largest decay-mode migrations, of the order of 10-15%, affect single-prong th and1263

are due to the reconstruction of an incorrect number of p0.1264

The performance of the th momentum reconstruction from either the HPS or Calo algorithm1265

is illustrated in Fig. 20. The left side of the figure shows the distribution of the ratio between1266

the reconstructed and generated th pT. Up to a generated pT of 100 GeV, the HPS algorithm re-1267

constructs the th momentum with a much better accuracy and precision than the calorimeters1268

for the reasons given in Section 5.1. The asymmetry of the distribution is due to the cases in1269

which some of the particles produced in the decay are left out because they would lead the th1270

to fail the collimation or mass requirements. The th is then reconstructed with a different decay1271

mode with a reduced momentum. When all reconstructed particles in the jet matching the th1272

are considered, the distribution is symmetric but the resolution degrades as some of the jet par-1273

ticles do not come from the t decay. The right side of Fig. 20 shows the distributions obtained1274

http://pdg.lbl.gov/2016/reviews/rpp2016-rev-tau-branching-fractions.pdf
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Intermission - Particle Flow - 1

make use of all CMS sub detector: redundancy and inter-calibration  

reconstruct all stable particles in the event: μ, e, γ, neutral/charged hadrons
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Zoom"
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Missing"Transverse"Energy"
Momentum"

6"

For"the"first"&me"in"a"hadron"collider"experiment"

Intermission - Particle Flow - 2
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PF particles are used to build high-level objects in a consistent way 

global event description

jets

Colin Bernet 
LHC France 2013
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Tau mass

Distribution of visible mass of the τ
h
 

leptons in μτ
h
 events

Points with error bars correspond to 
observed data; filled histograms 
correspond to simulated events with 
genuine τ

h
's from Z→τ

μ
τ

h
 divided 

accordingly to their reconstructed decay 
mode: h±h±h-/+ (pale yellow), h±π0 
(yellow), h± (orange), objects 
misidentified as τ

h
 from Z→μμ (blue), 

electroweak processes such as W+jets, 
VV (red), QCD multijets (pink) and ttbar 
(purple); shaded band corresponds with 
uncertainty of τ

h
 identification efficiency. 

τh reconstruction in CMS

1428-03-2012 Simone.Gennai@cern.ch

CMS Tau ID
Reconstruction of the decay modes :

1 prong, 1 prong + pi0’s, 3 prongs

Various working points for isolation

additional selections to reject electrons and muons

4

τ→π± τ→ρ→π±π0(π0) τ→a1→π±π±π∓

Hadron Plus Strip algorithm (HPS) 
• run on Particle Flow inputs:  

jets and their charged and neutral constituents 
• can identify each τh decay mode 
• exploits the ρ(770) and a1(1220)  

intermediate resonances through mass 
window requirements 

5.6 Hadronic decays of taus 43

Table 4: Branching fraction B of the main t decay modes [39]. The generic symbol h� represents
a charged hadron, pion or kaon. In some cases, the decay products arise from an intermediate
mesonic resonance.

Decay mode Meson resonance B [%]
t� ! e� ne nt 17.8
t� ! µ� nµ nt 17.4
t� ! h� nt 11.5
t� ! h� p0 nt r(770) 26.0
t� ! h� p0 p0 nt a1(1260) 10.8
t� ! h� h+ h� nt a1(1260) 9.8
t� ! h� h+ h� p0 nt 4.8
Other modes with hadrons 1.8
All modes containing hadrons 64.8

Table 5: Correlation between the reconstructed and generated decay modes, for th produced
in simulated Z/g⇤ ! tt events. Reconstructed th candidates are required to be matched to a
generated th, to have pT > 20 GeV and |h| < 2.3, to be reconstructed under one of the HPS
decay modes, and to satisfy the loose isolation working point.

Generated
Reconstructed t� ! h�nt t� ! h� � 1p0 nt t� ! h�h+h�nt

t� ! h�nt 0.89 0.16 0.01
t� ! h� � 1p0 nt 0.11 0.83 0.02
t� ! h�h+h�nt 0.00 0.01 0.97

charge equal to ±1. Isolated th candidates are selected by requiring no track with pT > 1 GeV1253

within an annulus of size 0.07 < DR < 0.5 centred on the highest pT track, and less than 5 GeV1254

of energy in the ECAL within 0.15 < DR < 0.5.1255

The performance of the HPS and Calo th algorithms are compared in terms of identification1256

efficiency, jet misidentification rate, and momentum reconstruction. Samples of events with a1257

th in the final state originating from the Drell-Yan process or from a hypothetical heavy scalar1258

decay cover the th pT range between 20 GeV and 2 TeV. For the measurement of the jet misiden-1259

tification rate, a QCD multijet sample covering the same pT range is used.1260

The probability for the HPS algorithm to assign the correct decay mode to reconstructed and1261

identified th is shown in Table 5. The generated decay mode is typically found for about 90%1262

of the th. The largest decay-mode migrations, of the order of 10-15%, affect single-prong th and1263

are due to the reconstruction of an incorrect number of p0.1264

The performance of the th momentum reconstruction from either the HPS or Calo algorithm1265

is illustrated in Fig. 20. The left side of the figure shows the distribution of the ratio between1266

the reconstructed and generated th pT. Up to a generated pT of 100 GeV, the HPS algorithm re-1267

constructs the th momentum with a much better accuracy and precision than the calorimeters1268

for the reasons given in Section 5.1. The asymmetry of the distribution is due to the cases in1269

which some of the particles produced in the decay are left out because they would lead the th1270

to fail the collimation or mass requirements. The th is then reconstructed with a different decay1271

mode with a reduced momentum. When all reconstructed particles in the jet matching the th1272

are considered, the distribution is symmetric but the resolution degrades as some of the jet par-1273

ticles do not come from the t decay. The right side of Fig. 20 shows the distributions obtained1274
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62 6 Validation with 2012 data and pileup mitigation
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Figure 35: Distribution of reconstructed t decay mode (left) and of th candidate mass (right) in
Z/g⇤ ! tt events selected in data compared to the Monte Carlo expectation. The Z/g⇤ ! tt
events are selected in the decay channel with a muon and a th.

observed differences between data and simulation in the probability for jets to get misidentified1663

as hadronic t decays are applied as corrections to simulated events in physics analyses.1664

The t decay mode and th energy reconstruction have been validated with Z/g⇤ ! tt events.1665

The level of data-to-simulation agreement is shown in Fig. 35. The th energy in the simulation1666

has been increased by +1.0% in order to match the observed data.1667

Further information on the validation of the th reconstruction with collision data is given in1668

Ref. [41].1669

τh reconstruction in CMS

1528-03-2012 Simone.Gennai@cern.ch

CMS Tau ID
Reconstruction of the decay modes :

1 prong, 1 prong + pi0’s, 3 prongs

Various working points for isolation

additional selections to reject electrons and muons

4

τ→π± τ→ρ→π±π0(π0) τ→a1→π±π±π∓

5.6 Hadronic decays of taus 43

Table 4: Branching fraction B of the main t decay modes [39]. The generic symbol h� represents
a charged hadron, pion or kaon. In some cases, the decay products arise from an intermediate
mesonic resonance.

Decay mode Meson resonance B [%]
t� ! e� ne nt 17.8
t� ! µ� nµ nt 17.4
t� ! h� nt 11.5
t� ! h� p0 nt r(770) 26.0
t� ! h� p0 p0 nt a1(1260) 10.8
t� ! h� h+ h� nt a1(1260) 9.8
t� ! h� h+ h� p0 nt 4.8
Other modes with hadrons 1.8
All modes containing hadrons 64.8

Table 5: Correlation between the reconstructed and generated decay modes, for th produced
in simulated Z/g⇤ ! tt events. Reconstructed th candidates are required to be matched to a
generated th, to have pT > 20 GeV and |h| < 2.3, to be reconstructed under one of the HPS
decay modes, and to satisfy the loose isolation working point.

Generated
Reconstructed t� ! h�nt t� ! h� � 1p0 nt t� ! h�h+h�nt

t� ! h�nt 0.89 0.16 0.01
t� ! h� � 1p0 nt 0.11 0.83 0.02
t� ! h�h+h�nt 0.00 0.01 0.97

charge equal to ±1. Isolated th candidates are selected by requiring no track with pT > 1 GeV1253

within an annulus of size 0.07 < DR < 0.5 centred on the highest pT track, and less than 5 GeV1254

of energy in the ECAL within 0.15 < DR < 0.5.1255

The performance of the HPS and Calo th algorithms are compared in terms of identification1256

efficiency, jet misidentification rate, and momentum reconstruction. Samples of events with a1257

th in the final state originating from the Drell-Yan process or from a hypothetical heavy scalar1258

decay cover the th pT range between 20 GeV and 2 TeV. For the measurement of the jet misiden-1259

tification rate, a QCD multijet sample covering the same pT range is used.1260

The probability for the HPS algorithm to assign the correct decay mode to reconstructed and1261

identified th is shown in Table 5. The generated decay mode is typically found for about 90%1262

of the th. The largest decay-mode migrations, of the order of 10-15%, affect single-prong th and1263

are due to the reconstruction of an incorrect number of p0.1264

The performance of the th momentum reconstruction from either the HPS or Calo algorithm1265

is illustrated in Fig. 20. The left side of the figure shows the distribution of the ratio between1266

the reconstructed and generated th pT. Up to a generated pT of 100 GeV, the HPS algorithm re-1267

constructs the th momentum with a much better accuracy and precision than the calorimeters1268

for the reasons given in Section 5.1. The asymmetry of the distribution is due to the cases in1269

which some of the particles produced in the decay are left out because they would lead the th1270

to fail the collimation or mass requirements. The th is then reconstructed with a different decay1271

mode with a reduced momentum. When all reconstructed particles in the jet matching the th1272

are considered, the distribution is symmetric but the resolution degrades as some of the jet par-1273

ticles do not come from the t decay. The right side of Fig. 20 shows the distributions obtained1274

Hadron Plus Strip algorithm (HPS) 
• run on Particle Flow inputs:  

jets and their charged and neutral constituents 
• can identify each τh decay mode 
• exploits the ρ(770) and a1(1220)  

intermediate resonances through mass 
window requirements 
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Dynamic strip reconstruction
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• better acceptance for genuine taus 
• lower probability that a tau product is accounted as 

isolation candidate 
• signal cone shrinks at hight pT, better fake rejection 
• exploited further as part of isolation

ECal
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Camilla Galloni - Boost 2016

Boosted regime
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• High mass resonances (Radion, 
Graviton, Z’,W’) may decay in 
high-pT Higgs bosons

• Challenging high-pT H→"" 
reconstruction
• taus can be collimated 
• tau decay products can overlap

Boosted Taus

dedicated τ reconstruction  
for the high-pT regime 

• e.g. heavy X→hh→bbττ,  
where h’s are highly boosted  
and their decay product overlap
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• unified approach for both ℓτ and ττ 
• start from a fat jet (cone R=0.8) 
• identify subjets (pT>10 GeV) 

• ℓ are considered as subjets too 
• run standard τ reconstruction  

on subjets 
• isolation computed within the subjet 

radius to avoid overlaps 

Camilla Galloni - Boost 2016

Boosted reconstruction Run-2
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For all final state: boosted technique

ν

!

!

H

h

ν
π
h

π

large cone jet
sj1

sj2
ν

!

!

H

ν
π
h

sj1

sj2
ν

•Start from large cone jet (R=0.8):

•subjet(sj) finding algorithm and require 2 subjets:
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In semileptonic final state the lepton is considered a 
subjet at this stage

•Use subjets as a seeds for CMS Tau reconstruction 
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Boosted reconstruction Run-2
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Boosted taus - Performance

• the boosted tau reconstruction significantly improves signal acceptance 
for high pTH > 500 GeV, especially for τhτh

19

Camilla Galloni - Boost 2016

H→!! identification Run-2
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Run I

Boosted tau reconstruction more efficient for high-pT Higgs 
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• SVFit: Maximum likelihood estimator  
of the di-τ system mass 

• Estimated event-by-event using four-momenta of visible 
decay products, Exmiss, Eymiss, and expected ETmiss 
resolution, ETmiss is assumed to be coming only from taus

di-τ mass reconstruction: SVFit algorithm

Z/H(125) separation largely improved, mH resolution ~15% 
essential tool for H→ττ analyses

20

mττ reconstruction 

16 Moriond EW, March 2013 Valentina Dutta, MIT 

� Maximum likelihood method used to 
estimate mass of ττ system 

� Estimated on event-by-event basis 
using four-momenta of visible decay 
products, Ex

miss, Ey
miss, and expected 

ET
miss resolution 

� Nuisance parameters integrated out 
� 15-20% resolution on reconstructed 

mττ 
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Tau identification

21
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Sources of misidentified τ’s
• quark/gluon initiated jets 

• cut- and MVA-based isolation discriminators 

• electrons can be misidentified  
as 1-prong or 1-prong + (n)π0 τh 

• both electrons and π± are associated to a track and  
calorimetric deposits  

• they can emit bremsstrahlung and the emerging γ  
(possibly converting back to e+e-) 
could be identified as π0 

• multivariate discriminant 

• muons can be misidentified as 1-prong taus 
• veto discriminants based on the presence of  

segments in the outer muon detectors 
• efficiency > 95% up to the TeV scale, μ→τ rate < 10-4

22
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Cut-based isolation
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6 5 Tau identification algorithm for Run-2
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Figure 1: Distance in h (left) and in f (right) between th and e/g, that are due to tau decay
products, as a function of e/g pT. A sample of simulated th decays is used. The size of the
window is larger in the f-direction due to magnetic bending. The dotted point shows 95%
quantile for the given bin, and the dashed lines represent the fitted functions f and g given by
Eq. 3.

5.3 Tau discrimination against jets with dynamic strip reconstruction

Requiring th candidates to pass isolation requirements provides a strong handle for reduc-
ing the jet ! th misidentification probability. The two types of th isolation discriminators
developed in Run-1, namely the isolation-sum and the MVA-based discriminators, have been
further optimized and trained for Run-2. A cone with DR = 0.5 has been used for evaluation
of isolation performance, however, in busy environments (such as Higgs boson production in
association with top quarks), it is also useful to use a smaller cone with DR = 0.3.

5.3.1 Isolation-sum discriminators

The th candidate isolation is computed by summing the transverse momenta of charged par-
ticles of pcharged

T > 0.5 GeV and photons of pg
T > 0.5 GeV reconstructed with the PF algorithm,

within an isolation cone of size DR = 0.5(0.3), centered around the th direction. Charged
hadrons and photons that are constituents of the th candidate are excluded from the pT-sum.
The contribution from pileup is suppressed by requiring the tracks associated to charged parti-
cles to originate from the production vertex of the th candidate, within dz < 0.2 cm. The effect
of pileup on photon isolation is estiamted by summing the transverse momenta of charged
particles within a cone of size DR = 0.8 around the th direction, and with tracks not originat-
ing from the th production vertex, dz > 0.2 cm. It is then subtracted from photon isolation by
multiplying Db, taking into account the ratio of neutral to charged hadron production in the
hadronization process of inelastic proton-proton collisions, as well as the different cone size
used for the pileup estimation:

It = Â pcharged
T (dZ < 0.2 cm) + max

⇣
0, Â pg

T � Db Â pcharged
T (dZ > 0.2 cm)

⌘
. (4)

In Run-2, Db = 0.2 is used, obtained by fitting the Â pcharged
T (dz > 0.2 cm) as a function of

Â pg
T, in order to make the th identification efficiency insensitive to pileup. During Run-1, an

charged isolation 
• tracks compatible with τ’s vertex 
• pile-up robust  

neutral isolation 
• pile-up corrected γ’s 
• neutral pile-up subtraction 

proportional to charged pile-up 
through the empirical Δβ factor  

strip specific requirement 
• on ΣpT of the strips far  

from the signal cone 
• Rsig is defined as 0.05 < 3.0/pTτ < 0.1 

R = 0.5 (0.3)

τ 

π± 

π0 

charged 

neutral 

dz < 0.2 cm

PF Jet

τh direction 

5.3 Tau discrimination against jets with dynamic strip reconstruction 7

empirical factor of 0.46 was used to scale the Db corrections [30]; it was found to overcorrect
the pileup contribution to the isolation.

The Loose, Medium, and Tight working points of the isolation-sum discriminators are defined
by requiring It to be less than 2.5, 1.5, and 0.8 GeV, respectively. The thresholds are chosen to
keep the th identification efficiency equidistant between the three working points.

In addition to It, the dynamic strip reconstruction provides another handle to further re-
duce the jet ! th misidentification probability. A cut on the pT-sum of e/g that are in-
cluded in the strips used to reconstruct the th candidate but are outside of the signal cone,
Rsig = 3.0/pT (GeV), is applied as follows:

pstrip, outer
T = Â pe/g

T (DR > Rsig) < 0.10 · pt
T , (5)

where the sum extends over all e/g included in any strip. The upper (lower) limit of Rsig is set
to be 0.1 (0.05).

The expected performance of the Db corrected isolation is shown in Fig. 2, as a comparison
between the Run-1 and Run-2 algorithms. To see where the improvement comes from, the
Run-1 performance is separately shown for Db = 0.46, Db = 0.46 with pstrip, outer

T selection,
and retuned Db = 0.2 with pstrip, outer

T selection. As a signal process, two different MC samples
are used; one is H ! tt and the other is Z0 ! tt (2 TeV). The QCD MC sample is used as a
background process with jet pT up to 100 GeV (for the ROC curve with H ! tt as a signal)
and up to 1000 GeV (for the ROC curve with Z0 ! tt (2 TeV) as a signal), such that its pT
coverage is similar to the corresponding signal process. By comparing the left and right dis-
tributions in Fig. 2, the gain of the dynamic strip reconstruction can be seen in high pT th’s, as
expected. For the H ! tt process, the performance of the medium and tight working points
slightly improved compared to Run-1. However, in the high efficiency region, the misidentifi-
cation probability starts to increase faster not only because the th pT tends to decrease, but also
because the strip size increases. As a result, the pstrip, outer

T cut becomes tight.

5.3.2 MVA-based discriminators against jets

As an alternative to the isolation-sum discriminator, the MVA th identification discriminator
has been in use since Run-1. It combines the isolation and shape variables with variables sen-
sitive to t-lifetime information to provide the best possible discrimination of th decays from
quark and gluon jets. A Boosted Decision Tree (BDT) is used to achieve a strong reduction in
the jet ! th misidentification probability. The MVA identification method and the variables
used as input to the BDT are discussed in [30].

In addition to the variables used in Run-1, a few more variables have been included in Run-2:

• Shape variables: pstrip, outer
T (Eq. 5) and pT-weighted DR, Dh and Df (with respect to

the th axis) of photons and electrons in strips inside or outside of signal cone,
• t-lifetime information: the signed impact parameter of the leading track of the th

candidate, and its significance,
• Multiplicity: the total number of photon and electron candidates (pT > 0.5 GeV) in

signal and isolation cones.

The BDT is retrained using simulated samples for Run-2. The th candidates are selected with
pT > 20 GeV and |h| < 2.3. Samples of Z/g⇤ ! tt, W ! tn, H ! tt, Z0 ! tt, and
W0 ! tn events are used to model the th decays. QCD multi-jet, W+jets, and tt+jets events
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MVA-based isolation
Boosted Decision Tree discriminator 

• training includes all observables used in cut-based isolation plus: 
• τ lifetime variables impact parameter (transverse and 3D for 3-prong) and its significance  
• shape variables weighed ΔR, Δφ and Δη between the e/γ in strip and the τh direction 
• e/γ multiplicities in signal and isolation cones 

• training done on a mix of genuine taus from DY, H, Z’ and W’  
and fake taus from QCD and W+Jets processes
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MVA-based isolation expected performance - 1

fakes are reduced by ~2x at equal efficiency

25
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MVA-based isolation expected performance - 2
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Anti-electron discriminator

anti-electron  
Boosted Decision Tree discriminator 

• based on shape variables, HCal/ECal 
deposits, bremsstrahlung quantities 
and e/γ multiplicities 

• training done on genuine taus from Z/
γ*→ττ and fake taus from Z/γ*→ee 

• medium WP: eff 80%, FR 3E-3

27

/26 MVA anti-e discriminator
•  Why we need this ? 

14 

•  MVA categories updated
•  Re-training using Spring15 samples (13TeV)
•  pT dependent working points are introduced for the 

output MVA (to achieve flat efficiency in pT) 

A “perfect” electron  
can mimic 1prong (+π0) taus

Run-1 •  MVA based anti-e discriminator

Run-2
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Tau identification performance on data 
L = 2.3 fb-1 @ 13 TeV, 2015
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Tau measurement techniques using data
• Z→ττ process is the standard candle for τ measurements in data 

• different techniques are used 
• Z→τμτh Tag&Probe	 main method, workhorse 

• Z→μμ / Z→ττ	 	 orthogonal method, different systematics 

• W*→τν		 	 	 to cover high pT taus phase space  

29

tag τμ 
probe τh 

Z
tag the Z event and select  

an unbiassed sample of taus (probes)

apply the desired selection on  
the probes and count pass/(pass+fail) probes

efficiency = 
μ selection

μ selection + τ selection
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TauID efficiency measurement via T&P

T&P on Z→μτh events 

• τh isolation passing and 
failing probes 

• two complementary 
observables: 

• visible τμτh mass 
• track multiplicity in τh 

• SFs compatible with 1. 
within 6% uncertainty
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TauID efficiency measurement via Z→τμτh/Z→μμ

• similar selections to Zμμ and Zττ to improve Phase Space overlap.  
Cancellation of common systematic uncertainties: complementary to T&P 

• resulting SFs compatible with those obtained via T&P
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TauID efficiency measurement at high pT via W*→τν 
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• select highly virtual W boson (mT > 200 GeV) to enrich the sample in high pT taus 
• similarly to the previous slide, use both W*→μν and W*→τν 
• resulting SFs ~0.95 with 15% uncertainty
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Tau helicity 
https://cds.cern.ch/record/2216986
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https://cds.cern.ch/record/2216986?ln=en


Riccardo Manzoni - Università & INFN Milano Bicocca

Reconstruction of Z → ττ → µνν, 3πν

! Assume taus from Z decay
and apply constraints:

! Invariant mass of two taus
is equal to MZ (PDG)

! Transverse momentum
balance of τ pair

! Constraints on τ leptons
direction using muon helix
and measured vertices

+1 overconstrained fit allows
to fully reconstruct system with
kinematic of both τ leptons

SV

PV

2τ

1τ

µ

π
π

π

ν

ν

ν

1a

5 / 13

τ helicity measurement
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• the τ polarisation is an interesting observable 
• sin2θw ∝ Aτ = (N+-N-)/(N++N-) where N± is the number  

of τ leptons with helicity ±1 coming from the Z→ττ process  

• Higgs CP properties can be measured through  
measuring the helicity of τ’s from the H→ττ process 

• tau spin can can be accessed through  
different polarisation-sensitive observables: 

• angular distributions of the τ decay products in τ±→a1±ντ→π±π±π∓ντ 

• energy asymmetry E(π±)-E(π0) / E(π±)+E(π0) in τ±→ρ±ντ→π±π0ντ
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τ helicity measurement - τ±→a1±ντ→π±π±π∓ντ

Optimal obesrvable ωa1
2

One-dimensional optimal observable ωa1 = |M+(θ∗,β,γ)|2−|M−(θ∗,β,γ)|2

|M+(θ∗,β,γ)|2+|M−(θ∗,β,γ)|2 is
used to extract Aτ from data using Monte Carlo templates; M± is the
matrix element of the decay τ → 3πν with helicity ± 1.
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ωa1 distribution for τ leptons with helicity +1 (blue) and −1 (red), at the
generator-level without any selection applied (left), and the reconstructed level

after selection (right).

2M. Davier et al., Phys.Lett.B 306, 411-417, 1993
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Spin observables for the decay τ
± → a

±

1 ν → 3π±
ν

1

-τ

1
-a

τν

* θ

-τ

1
-a

τν

* θ

! θ∗ angle between τ direction and a1 in the τ rest frame
! γ describes the relative pions orientation within its plane
! β is the angle between laboratory and the 3π plane
1J.H Kuhn, E. Mirkes, Z. Phys. C - Particles and Fields 56, 661-671 (1992)

3 / 13

optimal 1D observable ∝ Aτ  

generator 
level
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τ helicity measurement - τ±→ρ±ντ→π±π0ντ

• Ech-En asymmetry ∝ cosψ* and polarisation-sensitive 
• detector effects (i.e. lower efficiency for soft π0) only marginally smear the 

distribution shown here for the generator level
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Energy asymmetry distribution
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Charge-Neutral energy asymmetry, [E(π±) - E(π0)]/[E(π±) + E(π0)] at the
generator-level (left) without any selections, and at the reconstructed level (right)
after applying event selections for the Z → µτh events, shown separately for the
left-handed (red) and the right-handed (blue) taus. In the left plot, left- and right-
handed templates are scaled such that sum of them become unity, while keeping
relative yield as expected from simulation. The taus used here come from Drell-Yan
Monte-Carlo events pp → Z → ττ , where the energy in the center-of-mass of the
hard-subprocess is limited to 3 GeV within a Z-mass window (only for the left plot).
The asymmetric shape of the reconstructed right-handed template, in blue on the
right, is due to the lower tau ID efficiency for the soft π0 reconstruction.
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The charge-neutral energy asymmetry in the decay

τ → ρν → π
±
π

0
ν

! In the dominant hadronic tau decay,
τh → ρν → π

±
π

0
ν, the energy

asymmetry between π± and π0 is a
polarization-sensitive variable

! The reconstructed energy

asymmetry is commissioned using

Z → ττ decays with µτh final state
! The energy asymmetry

distribution in data (2015, 2.3
fb−1 √

s = 13 TeV) is fitted
using templates obtained
from simulated events with
left- and right-handed taus

! Obtained fraction of the left-
(right-) handed template is
compared to expectation from
simulation

-π

0π

-ρ
*ψ

|0πP + -πP|
0π - E-πE

 
π
2 - 4mρ

2m
ρm

* = ψcos

11 / 13

generator 
level
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τ helicity measurement - validation on data

• in both measurements the measured polarisation values are well 
compatible with MC prediction 

• indication of robustness of PF-based τ reconstruction algorithm
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Extracting polarization from data
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from different selection efficiency of τ spin states is:
Aτ = (−35.5 ± 6.4(stat.only))%. This value can be compared to not corrected
MC prediction of −32%. 10 / 13

Commisioning in data

Charge-Neutral energy asymmetry,[E(π±)
- E(π0)]/[E(π±) + E(π0)] distribution in
data, enriched in Z → µτh events, is
fitted using the left- and the right- handed
templates. The data (black dots)
correspond to 2.3/fb, collected by CMS in
2015, at a center of mass energy of 13
TeV. From the obtained fraction of the
left- (right- ) handed templates, fL =
66.8% (fR =33.2%), respectively, one can
calculate the tau polarization, pτ = fR -
fL to be, pτ = -33.6% ± 3.7% (stat only).
This is compared to the MC expectation,
-33%, showing good agreement. Note
that the measured polarization heavily
depends on the selection and therefore
differs from the theoretical prediction of
pτ ∼ -16% expected in inclusive Z → ττ

decays. This demonstrates that the π±

and π0 are correctly reconstructed and
measured in the particle-flow based tau
identification algorithm of CMS.
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Tau triggers

38
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τ triggers
• the CMS trigger system comprises two distinct subsystems: 

• Level-1: hardware based, fast but coarse, 40 MHz → 100 kHz 

• High Level Trigger: software based, sophisticated but slower, 100 kHz → 1 kHz 

• the goal is to maximise the signal efficiency at minimum cost  
in terms of rate and CPU time 

• taus are reconstructed at both levels and a variety  
of triggers are used by the analyses, often as multi object triggers

39

Tau triggers in 2016
Channel typical trigger selection used by

μτ iso μ 19 GeV, iso τ 20 GeV SM & MSSM H→ττ, hh→bbττ, Z’

eτ iso e 22 GeV, iso τ 29 GeV SM & MSSM H→ττ, hh→bbττ, Z’

ττ double iso τ 35 GeV SM & MSSM H→ττ, hh→bbττ, Z’

τ+ETmiss iso τ 50 GeV, ETmiss 100 GeV H±→τν, W’ 

τ iso τ 140 GeV H±→τν, W’
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Upgraded CMS Level 1 trigger

• in 2016 the upgrade of CMS L1 trigger system has been completed 

• the calorimetric system can now read out at much finer granularity 
• L1 taus are purely calorimetric objects and vastly profit from the upgraded system

40

the minimal grain is a 
Trigger Tower (TT) 0.087η x 
0.087φ, comprises 1 HCal 
unit and 5x5 ECal crystals 

~ offline τ cone size 

in 2016, CMS L1 can  
‘see’ each TT

Run I legacy L1

12 x 12 TT

2015 stage-1 L1

4 x 4 TT

2016 stage-2 L2

1 x 1 TT

φ

η
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τ’s at Level-1

τ identification 
• build clusters around 

local maxima 
• template shapes 
• contiguous clusters  

can be merged 
• gather all the π0/±  

from τ decay

           Luca Cadamuro (LLR)                                10/12/2015L1-TSG meeting

Tau algorithm

10

Clustering

Merging

Isolation

Calibration

…

η

ɸ

• TT are regrouped into clusters 
• Basic object to form L1 tau candidates

• Search for neighbors in a defined path 
(tau decay products can be spread out) 

• ~15% merged, 85% non merged

• Compute isolation as E(6x9) - E (tau) 
• PU subtraction at hardware level

• Improves energy resolution

Shape veto • Cluster with certain shapes are rejected 
• Additional background rejection

η

ɸ

τ isolation 

• compute energy in a 6x9 ηφ region 

pile-up subtraction  

• estimate average PU  
by counting # of  
trigger towers with ET > 0 GeV

energy  
resolution

energy  
resolution 

vs pT
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τ’s at HLT 

• based on ParticleFlow@HLT  
(simplified tracking) 

• streamlined reconstruction: 
• π± and π0→γγ are built as in offline, but 

decay modes not explicitly enforced 
• main goal is to minimise CPU 

consumption preserving efficiency 
• cut-based isolation
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Tau in CMS analyses

43
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CMS analyses using taus
• τh are used in several realms, both in SM and BSM scenarios 

• couplings and search of new resonances 

• I will discuss only a subset of representative analyses 
• SM H→ττ: couplings and properties 

• MSSM φ→ττ @13 TeV 

• H±→τν @13 TeV 

• X→h125h125→ττ bb @13 TeV 

• LFV H→μτ(e,h) 

• all CMS public results are collected here 

• many of the analyses presented in the following are being updated  
for coming Moriond17… stay tuned!

44

http://cms-results.web.cern.ch/cms-results/public-results/publications/
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SM H→ττ

45
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H→ττ analysis motivations

• H→ττ main probe to test Higgs Yukawa coupling to fermions  
• τ is heavy: sizeable BR(H→ττ) = 6.3% at mH = 125 GeV 
• cleaner experimental signature than H→bb 

Boson with mass 125 GeV discovered by ATLAS & CMS 
is this the SM Higgs boson? ⇒ measure the couplings
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SM H→ττ analysis
• complex analysis: 

• (6 di-τ final states) x (VBF, VH, ggF) x (categories) 

• relies on reconstructing mττ using SVfit 

• Run2 analysis will be published soon: 
• Run1 sensitivity surpassed only with the full 2016 statistics 
• 8 → 13 TeV made BSM searches more interesting with the first data
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H→ττ as a probe to fermion couplings

Vκ
0.0 0.5 1.0 1.5 2.0

f
κ
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1.0
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2.0
95% CL
68% CL
Best fit
SM

 = 125 GeVHm

 at 8 TeV-1 at 7 TeV, 19.7 fb-1, 4.9 fbττ→CMS H

H →ττ very sensitive 
channel to kf 

kf measured with 30% 
precision 

sensitivity to kV  
from VBF and VH

J. High Energy Phys. 05 (2014) 104
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H→ττ in the big Higgs picture

• ATLAS + CMS: 5σ H→ττ observation! 
• provides strong constraints on: 

• fermion coupling modifier 𝜿F  
• VBF H cross section
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J. High Energy Phys. 08 (2016) 045
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MSSM A/H and H±

50
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H/A→ττ and H±→τν as a probe for MSSM
the Minimal Supersymmetric Standard Model is the simplest extension to 

the SM including SUSY partners of the SM particles

51

• 5 Higgs bosons 
• 2 charged H±  
• 3 neutral (collectively labelled as φ) 

• 1 light h (SM-like) 
• 2 heavy A/H (CP-odd/even) 

• two parameters describe the 
model at the tree level 
• mA mass of the heavy CP-odd Higgs 
• tanβ related to ratio of the couplings  

to up/down-type fermions

for moderate-to-large values of tanβ, the couplings to τ’s are greatly enhanced
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MSSM H/A→ττ - strategy
• four final states considered μτ, eτ, ττ and eμ 

• two categories based on the presence of b-jets to address the two 
dominant production modes
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• fit to the total transverse mass 
distribution mTtotUpdates since 2015 analysis

• Using total transverse mass mTtot as discriminating variable 

     
     with:  

• Re-optimised τh isolation working point, τh pT cut and mT 
cut  

• Added Z—>μμ control region to the fit 
• Was discussed during pre-approval, but not included in 

the fit at the time 
• QCD estimation: 

• OS/SS ratios rederived (μτh,eτh,eμ) 
• Sideband revised (τhτh)

7
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MSSM H/A→ττ - model independent results

• τhτh channel is the most sensitive especially for mA > 200 GeV 
every improvement on τ reconstruction/ID impacts here directly
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95% CL Excluded:
Observed  Expectedσ 1±
Expected  Expectedσ 2±

CMS
Preliminary
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MSSM H/A→ττ - model dependent results

• exclusion contour in the MSSM vs SM hypothesis test 
• already surpassed Run-1 performance at high mass thanks to 8→13 TeV 

and both analysis and τh improvements
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• two different scenarios: 	 heavy charged Higgs: 	 mH± > mt - mb 
	 	 	 	 	 	 	 light charged Higgs: 		 mH± < mt - mb 

• signature: 1 τh, ≥ 3 jets, ≥ 1 b-jets, ETmiss and 0𝓁 

• different kinematic selections for the two scenarios 

• topological selections: Δφ(τh, ETmiss) vs Δφ(jet, ETmiss)  

• signal extraction through a fit to mT distribution

H±→τν - strategy
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H±→τν - results

56

• light H± almost ruled out in MSSM mhmod+ (and most of other) scenario(s)
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Summary of MSSM analyses - 8 TeV

H→ττ dominates the 
exclusion in the large tanβ 
region  

H±→τν rules out the low 
mass region 

τ analyses driving force of 
MSSM H bosons searches
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Lepton Flavour Violation
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Search for Lepton Flavour Violating H→μτ(e,h)

• LFV Higgs decays are prohibited in the SM, but can arise in a vast 
number of BSM models 

• 2HDM, SUSY, composite Higgs, Randall-Sudrum, … 

• why taus?  
taus are the heaviest leptons and couple favourably to the Higgs 

• analysis strategy: 
• similar to SM H→ττ, but μ has higher pT being prompt  
• events are sorted in categories based on the number of jets 
• signal is extracted through a ML fit to the collinear mass distribution 
• Mcoll is bult assuming that neutrino(s) arising from the τ decay are highly boosted and 

their direction can be approximated to that of the visible products of the τ  
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• observed B(H→μτ)<1.2%: most stringent limit on LFV Yukawa coupling 
• 13 TeV analysis does not confirm the 2.4σ excess observed in the 8 TeV analysis, 

but the Run2 analysis not as sensitive as Run1 yet
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Resonant (and non-resonant)  
X(h)→hh→bbττ
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Motivations for X/h→hh→bbττ 
• non resonant: 

• predicted SM process, access to Higgs trilinear self coupling λhhh (Higgs potential) 
(beyond reach in Run2, need HL-LHC) 

• BSM contributions can modify the coupling: 𝜅λ = λhhh / λhhhSM  

• resonant: 

• in several models, heavy particles can decay in hh, e.g.: Radion, Graviton, MSSM H 

• the bbττ final state is chosen  
because it has good BR 7.3%  
and sufficiently clean  
experimental signature 

• μτ, eτ, ττ channels considered
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‣ The search for an extension of the scalar sector is a key item of the Run 2 LHC 
physics program 

‣ Its evidence could come from resonant enhancement of the production of a 
pair of h bosons pp→H→hh 

Branching ratios and production 
mechanisms are decoupled effects. 
hh has a phenomenologically rich set 
of final states.  
The choice of the channel is always a 
trade-off between selection efficiency 
and signal purity

The model independent search is performed in bb!! considering only e!h, μ!h, and !h!h in the range mH = [250, 900*] GeV

*900 GeV: limit for the resolved " reconstruction to work well
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X/h→hh→bbττ - strategy
• strategy largely common for the two analyses 

• events with a good di-τ pair  
and a good b-jet pair 

• mττ and mbb mass windows  
around 125 GeV 

• BDT discriminator to reduce ttbar  
(angular variables, NR only) 

• categorisation: 
• 2 b-jet resolved 
• 1 b-jet resolved + 1 jet 
• boosted b-jets (relevant for mX > 600 GeV) 

• signal extraction through a fit to the 4-body mττbb invariant mass 
• 4-body mass computed using a kinematic fit imposing mbb = mττ = 125 GeV 
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Mass selection

Mass selection re-optimized 
around signal peak 

Signal and tt distributions 
have a peak in close 
regions, with tt one shifted 
towards lower mbb and m!! 
values 
□ mass window re-optimization 

using both square and circular 
selections to better capture the 
signal topology 

□ circular selection slightly better 
performing (+5% tt rejection, + 
8% DY rejection). Expect better 
performance also against QCD
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Non-resonant h→hh→bbττ - results

• exclusion limit on σ x BR as a function of the coupling modifier kλ
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Resonant X→hh→bbττ - results
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• exclusion limit on σ x BR as a function of the mass of the resonance

https://cds.cern.ch/record/2204936
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High mass X→hh→bbττ with boosted taus
• extend the search to masses up to 2.5 TeV 

• the two h125 from the heavy resonance are boosted and their decay products 
very close to each other → boosted b’s and τ’s
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Exotic searches
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W’→τν and Z’→ττ searches
• heavy gauge bosons are foreseen in several BSM models, e.g. Sequential 

Standard Model (SSM) 

• similar signature and properties to SM W & Z
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Heavy neutrinos and 3rd generation leptoquark
• neutrino oscillations → mν > 0 → seesaw mechanism → right-handed neutrinos 

• can be accommodated in Left Right Symmetric Extensions (LRSE) of the SM, which 
predict the existence of heavy gauge bosons W±R and Z’  

• typical process in W±R → τ Nτ → τ τ ντ , where Nτ is the heavy neutrino  

• Lepto-Quark (LQ) models also foresee signatures with two τ’s

69

CMS-EXO-16-016 
τhτh channel
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Outlook to CMS upgrades impact on taus

70



Riccardo Manzoni - Università & INFN Milano Bicocca

• the name of the game: higher luminosity ⟷ higher PU (up to 200!) 

• 2017 phase-1: 4th pixel barrel layer and 3rd endcap disk 
• better track/vertex resolution 
• improvement in tau reconstruction  

and performance,  
e.g. lifetime variables 

• HL-LHC phase-2:  
• 4x tracker granularity 
• High Granularity Calorimeter 
• tracking at L1 trigger 
• more L1 bandwidth 
• muon system up to |η|~3
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Projections to HL-LHC, 300-3000 fb-1

• precision measurement of the SM Higgs couplings 

• at HL-LHC will reach sensitivity to SM h→hh 

• push the exclusion limits in the MSSM scenario 
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Projected 95% CL exclusion region in the MSSM 
mhmod+ benchmark scenario [1].  The expected 
exclusion of the 2015 analysis [2] is given by the 
pink area and grey bands. This result compares the 
three neutral Higgs bosons, h, H and A, predicted in 
the MSSM to the  single 125 GeV h in the SM.  In 
order not to be sensitive to current differences in 
125 GeV h prediction between the two,  the 
projected limits do not include the h as part of the 
signal, thus the projected sensitivity is based solely 
on the expectation for H and A. Median expected 
exclusion projections are given for 300 fb-1 and 
3000 fb-1 under three scenarios.  In scenario 1 the 
systematic uncertainties remain unchanged from 
the values of the 2015 analysis, with the exception 
of those accounting for the finite number of 
simulated MC events which are scaled down with 
luminosity. In scenario 2 experimental uncertainties 
are additionally scaled down with luminosity until a 
lower bound based on the expected future 
performance of CMS is reached. The theoretical 
uncertainties are reduced by a factor 1/2. In a third 
stat. only scenario all systematic uncertainties are 
neglected.
[1] M. S. Carena et al., �MSSM Higgs boson searches at the 
LHC: benchmark scenarios after the discovery of a Higgs-like 
particle�, Eur. Phys. J. C 73 (2013) 2552
[2] CMS Collaboration, �Search for a neutral MSSM Higgs boson 
decaying into ττ at 13 TeV�, CMS PAS HIG-16-006 (2016) 

MSSM Limits

Diagrams contributing to 

the SM HH production

.

Experimental uncertainty on SM 
HH production

Projection of the sensitivity to the SM ggàHH production at 3 ab-1, based on 13 TeV 

preliminary analyses performed with data collected in 2015. The uncertainty on the signal 

modifier μ=σHH/σSMHH is provided assuming different scenarios on the systematic uncertainties. 

3 ab-1

https://cds.cern.ch/record/2221747/

https://cds.cern.ch/record/2221747/files/DP2016_064.pdf
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Conclusions
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τh is a fundamental tool for a broad physics programme 
look for new results at Moriond17 with full Run2 stats 

τh reconstruction vastly improved in Run2 
established algorithms, triggers, performance 

CMS upgrades will ensure this programme to continue 
even in extremely harsh PU conditions
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Backup
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The Compact Muon Solenoid detector
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Particle signatures in CMS
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Anti-electron discriminator expected performance
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jet→τh rate measurement
•  
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• data/MC comparison shown form in W→μν + Jets enriched regions 
• mis-ID probability strongly depends on parton flavour and on jet-τh charge mismatch 

•  measurements in other regions are performed too 
• the data/MC disagreement is understood to be due ultimately to the MC hadronisation tune
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Tau energy scale measurement

• mvis(μτ) and τh mass (not shown here) distributions are sensitive to τES 

• produce Z→τμτh templates in the -6% +6% energy scale range 

• maximum likelihood fit to data with τES (per decay mode) as POI 

• results range from -1.5% to +1.5% depending on the decay mode
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τ charge misidentification measurement

• selection of Zτμτh enriched OS events and the corresponding SS sideband 
• simultaneous ML fit to extract the charge misID probability 
• upper limit PCF = 0.22%
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Embedded sample

• hybrid data + MC events 

• Z kinematics, Jets, ETmiss 

underlying event from data 
• better modelling and small (if 

not absent) uncertainties 

• only tau decay is left to the 
simulation
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H±→τν - final distributions
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H±→τν - model independent results
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shown in Fig. 6 (left) for the mass range between 80–160 GeV, while in Fig. 6 (right) the model223

independent limits on the production cross section s(pp ! tbH±) at
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s = 13 TeV times the224

branching fraction B(H± ! t±nt) are presented for masses in the range 180 GeV–3 TeV.225
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Figure 6: The observed 95 % CL exclusion limits (solid points) on B(t ! bH±) · B(H± ! t±nt)
(left) and s(pp ! H±W⌥bb) · B(H± ! t±nt) (right) is compared to the expectations from
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are interpreted in the context of the mmod+
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9 Summary231

We presented a search for charged Higgs bosons decaying to H± ! t±nt in the fully hadronic232

final state. The charged Higgs bosons can be produced in top quark decays pp ! H±W⌥bb, if233

the charged Higgs boson is lighter than the top quark, or via direct production pp ! t(b)H± in234

association with a top quark at high masses. In both cases the experimental final state is similar.235

The search is performed using data collected in 2016 by CMS at
p

s = 13 TeV, corresponding236

to a total integrated luminosity of 12.9 fb�1. The observation agrees with the standard model237

prediction. Model independent limits on charged Higgs bosons branching fraction B(t !238

H±b) ⇥ B(H± ! tn) and the cross section times branching fraction spp!t(b)H± ⇥ B(H± !239

tn) are given for the mass ranges of 80 GeV < mH± < 160 GeV and 180 GeV < mH± < 3 TeV,240

• Low Mass: model is the BR 

• High mass: 

!

• No excess is observed

Model Independent Limits

22

PAS
PAS

9

A binned maximum likelihood fit is performed to the mT distribution, in order to extract the216

presence of a signal. The best-fit values the mT distribution is shown in Fig. 5 for the low-217

and high-mass searches selections.fixme post fit The fit is carried out both in the background-218

only and signal+background scenarios, and the 95% confidence level (CL) limits are set on the219

production cross-section using the CLs criterion [43, 44] on the likelihood ratio test-statistics [45,220

46].221

Model independent limits on the branching fraction of B (t ! bH±) ⇥ B(H± ! t±nt) are222

shown in Fig. 6 (left) for the mass range between 80–160 GeV, while in Fig. 6 (right) the model223

independent limits on the production cross section s(pp ! tbH±) at
p

s = 13 TeV times the224

branching fraction B(H± ! t±nt) are presented for masses in the range 180 GeV–3 TeV.225

 (GeV)+Hm
80 90 100 110 120 130 140 150 160

ντ
→+ H

B× b+ H
→t

B
95

%
 C

L 
lim

it 
on

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fb

CMS
Preliminary

τν
+τ → +b, H+ H→t 

+jets final statehτ

 (GeV)+Hm
310

 (p
b)

ντ
→+ H

B×+ H
σ

95
%

 C
L 

lim
it 

on
 

3−10

2−10

1−10

1

10

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fb

CMS
Preliminary

τν
+τ → +, H+(b)Ht →pp 

+jets final statehτ

Figure 6: The observed 95 % CL exclusion limits (solid points) on s(pp ! H±W⌥bb) · B(H± !
t±nt) (left) and s(pp ! tbH±) · B(H± ! t±nt) (right) is compared to the expectations from
the 2HDM model (dashed line). The green (yellow) error bands represent one (two) standard
deviations of the expected limit.

The limits are compatible with the SM expectations of a background only hypothesis. Limits226

are interpreted in the context of the mmod+
h benchmark scenario [47]. The excluded region of227

the (mH± , tan b) parameter space at 95% CL is shown in Fig. 7. Since the production cross228

section times branching fraction enhances at large tan b, the high tan b region is consequently229

excluded.230

9 Summary231

We presented a search for charged Higgs bosons decaying to H± ! t±nt in the fully hadronic232

final state. The charged Higgs bosons can be produced in top quark decays pp ! H±W⌥bb, if233

the charged Higgs boson is lighter than the top quark, or via direct production pp ! t(b)H± in234

association with a top quark at high masses. In both cases the experimental final state is similar.235

The search is performed using data collected in 2016 by CMS at
p

s = 13 TeV, corresponding236

to a total integrated luminosity of 12.9 fb�1. The observation agrees with the standard model237

prediction. Model independent limits on charged Higgs bosons branching fraction B(t !238

H±b) ⇥ B(H± ! tn) and the cross section times branching fraction spp!t(b)H± ⇥ B(H± !239

tn) are given for the mass ranges of 80 GeV < mH± < 160 GeV and 180 GeV < mH± < 3 TeV,240

9

A binned maximum likelihood fit is performed to the mT distribution, in order to extract the216

presence of a signal. The best-fit values the mT distribution is shown in Fig. 5 for the low-217

and high-mass searches selections.fixme post fit The fit is carried out both in the background-218

only and signal+background scenarios, and the 95% confidence level (CL) limits are set on the219

production cross-section using the CLs criterion [43, 44] on the likelihood ratio test-statistics [45,220

46].221

Model independent limits on the branching fraction of B (t ! bH±) ⇥ B(H± ! t±nt) are222

shown in Fig. 6 (left) for the mass range between 80–160 GeV, while in Fig. 6 (right) the model223

independent limits on the production cross section s(pp ! tbH±) at
p

s = 13 TeV times the224

branching fraction B(H± ! t±nt) are presented for masses in the range 180 GeV–3 TeV.225

 (GeV)+Hm
80 90 100 110 120 130 140 150 160

ντ
→+ H

B× b+ H
→t

B
95

%
 C

L 
lim

it 
on

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fb

CMS
Preliminary

τν
+τ → +b, H+ H→t 

+jets final statehτ

 (GeV)+Hm
310

 (p
b)

ντ
→+ H

B×+ H
σ

95
%

 C
L 

lim
it 

on
 

3−10

2−10

1−10

1

10

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fb

CMS
Preliminary

τν
+τ → +, H+(b)Ht →pp 

+jets final statehτ

Figure 6: The observed 95 % CL exclusion limits (solid points) on s(pp ! H±W⌥bb) · B(H± !
t±nt) (left) and s(pp ! tbH±) · B(H± ! t±nt) (right) is compared to the expectations from
the 2HDM model (dashed line). The green (yellow) error bands represent one (two) standard
deviations of the expected limit.

The limits are compatible with the SM expectations of a background only hypothesis. Limits226

are interpreted in the context of the mmod+
h benchmark scenario [47]. The excluded region of227

the (mH± , tan b) parameter space at 95% CL is shown in Fig. 7. Since the production cross228

section times branching fraction enhances at large tan b, the high tan b region is consequently229

excluded.230

9 Summary231

We presented a search for charged Higgs bosons decaying to H± ! t±nt in the fully hadronic232

final state. The charged Higgs bosons can be produced in top quark decays pp ! H±W⌥bb, if233

the charged Higgs boson is lighter than the top quark, or via direct production pp ! t(b)H± in234

association with a top quark at high masses. In both cases the experimental final state is similar.235

The search is performed using data collected in 2016 by CMS at
p

s = 13 TeV, corresponding236

to a total integrated luminosity of 12.9 fb�1. The observation agrees with the standard model237

prediction. Model independent limits on charged Higgs bosons branching fraction B(t !238

H±b) ⇥ B(H± ! tn) and the cross section times branching fraction spp!t(b)H± ⇥ B(H± !239

tn) are given for the mass ranges of 80 GeV < mH± < 160 GeV and 180 GeV < mH± < 3 TeV,240

9

A binned maximum likelihood fit is performed to the mT distribution, in order to extract the216

presence of a signal. The best-fit values the mT distribution is shown in Fig. 5 for the low-217

and high-mass searches selections.fixme post fit The fit is carried out both in the background-218

only and signal+background scenarios, and the 95% confidence level (CL) limits are set on the219

production cross-section using the CLs criterion [43, 44] on the likelihood ratio test-statistics [45,220

46].221

Model independent limits on the branching fraction of B (t ! bH±) ⇥ B(H± ! t±nt) are222

shown in Fig. 6 (left) for the mass range between 80–160 GeV, while in Fig. 6 (right) the model223

independent limits on the production cross section s(pp ! tbH±) at
p

s = 13 TeV times the224

branching fraction B(H± ! t±nt) are presented for masses in the range 180 GeV–3 TeV.225

 (GeV)+Hm
80 90 100 110 120 130 140 150 160

ντ
→+ H

B× b+ H
→t

B
95

%
 C

L 
lim

it 
on

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fb

CMS
Preliminary

τν
+τ → +b, H+ H→t 

+jets final statehτ

 (GeV)+Hm
310

 (p
b)

ντ
→+ H

B×+ H
σ

95
%

 C
L 

lim
it 

on
 

3−10

2−10

1−10

1

10

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fb

CMS
Preliminary

τν
+τ → +, H+(b)Ht →pp 

+jets final statehτ

Figure 6: The observed 95 % CL exclusion limits (solid points) on s(pp ! H±W⌥bb) · B(H± !
t±nt) (left) and s(pp ! tbH±) · B(H± ! t±nt) (right) is compared to the expectations from
the 2HDM model (dashed line). The green (yellow) error bands represent one (two) standard
deviations of the expected limit.

The limits are compatible with the SM expectations of a background only hypothesis. Limits226

are interpreted in the context of the mmod+
h benchmark scenario [47]. The excluded region of227

the (mH± , tan b) parameter space at 95% CL is shown in Fig. 7. Since the production cross228

section times branching fraction enhances at large tan b, the high tan b region is consequently229

excluded.230

9 Summary231

We presented a search for charged Higgs bosons decaying to H± ! t±nt in the fully hadronic232

final state. The charged Higgs bosons can be produced in top quark decays pp ! H±W⌥bb, if233

the charged Higgs boson is lighter than the top quark, or via direct production pp ! t(b)H± in234

association with a top quark at high masses. In both cases the experimental final state is similar.235

The search is performed using data collected in 2016 by CMS at
p

s = 13 TeV, corresponding236

to a total integrated luminosity of 12.9 fb�1. The observation agrees with the standard model237

prediction. Model independent limits on charged Higgs bosons branching fraction B(t !238

H±b) ⇥ B(H± ! tn) and the cross section times branching fraction spp!t(b)H± ⇥ B(H± !239

tn) are given for the mass ranges of 80 GeV < mH± < 160 GeV and 180 GeV < mH± < 3 TeV,240

9

A binned maximum likelihood fit is performed to the mT distribution, in order to extract the216

presence of a signal. The best-fit values the mT distribution is shown in Fig. 5 for the low-217

and high-mass searches selections.fixme post fit The fit is carried out both in the background-218

only and signal+background scenarios, and the 95% confidence level (CL) limits are set on the219

production cross-section using the CLs criterion [43, 44] on the likelihood ratio test-statistics [45,220

46].221

Model independent limits on the branching fraction of B (t ! bH±) ⇥ B(H± ! t±nt) are222

shown in Fig. 6 (left) for the mass range between 80–160 GeV, while in Fig. 6 (right) the model223

independent limits on the production cross section s(pp ! tbH±) at
p

s = 13 TeV times the224

branching fraction B(H± ! t±nt) are presented for masses in the range 180 GeV–3 TeV.225

 (GeV)+Hm
80 90 100 110 120 130 140 150 160

ντ
→+ H

B× b+ H
→t

B
95

%
 C

L 
lim

it 
on

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fb

CMS
Preliminary

τν
+τ → +b, H+ H→t 

+jets final statehτ

 (GeV)+Hm
310

 (p
b)

ντ
→+ H

B×+ H
σ

95
%

 C
L 

lim
it 

on
 

3−10

2−10

1−10

1

10

Observed
σ 1±Expected median 
σ 2±Expected median 

 (13 TeV)-112.9 fb

CMS
Preliminary

τν
+τ → +, H+(b)Ht →pp 

+jets final statehτ

Figure 6: The observed 95 % CL exclusion limits (solid points) on B(t ! bH±) · B(H± ! t±nt)
(left) and s(pp ! H±W⌥bb) · B(H± ! t±nt) (right) is compared to the expectations from
the SM model (dashed line). The green (yellow) error bands represent one (two) standard
deviations of the expected limit.

The limits are compatible with the SM expectations of a background only hypothesis. Limits226

are interpreted in the context of the mmod+
h benchmark scenario [47]. The excluded region of227

the (mH± , tan b) parameter space at 95% CL is shown in Fig. 7. Since the production cross228

section times branching fraction enhances at large tan b, the high tan b region is consequently229

excluded.230

9 Summary231

We presented a search for charged Higgs bosons decaying to H± ! t±nt in the fully hadronic232

final state. The charged Higgs bosons can be produced in top quark decays pp ! H±W⌥bb, if233

the charged Higgs boson is lighter than the top quark, or via direct production pp ! t(b)H± in234

association with a top quark at high masses. In both cases the experimental final state is similar.235

The search is performed using data collected in 2016 by CMS at
p

s = 13 TeV, corresponding236

to a total integrated luminosity of 12.9 fb�1. The observation agrees with the standard model237

prediction. Model independent limits on charged Higgs bosons branching fraction B(t !238

H±b) ⇥ B(H± ! tn) and the cross section times branching fraction spp!t(b)H± ⇥ B(H± !239

tn) are given for the mass ranges of 80 GeV < mH± < 160 GeV and 180 GeV < mH± < 3 TeV,240



Riccardo Manzoni - Università & INFN Milano Bicocca

 (GeV)+Hm
90 100 110 120 130 140 150 160

β
ta

n 

10

20

30

40

50

60

Observed
Excluded

σ 1±Expected median 
σ 2±Expected median 

3 GeV± 125≠ MSSM
hm

 (13 TeV)-112.9 fbCMSPreliminary

τν
+τ → +b, H+ H→t 

+jets final statehτ

mod+
hmMSSM 

 (GeV)+Hm
200 250 300 350 400 450 500
β

ta
n 

10

20

30

40

50

60

Observed
Excluded

σ 1±Expected median 
σ 2±Expected median 

3 GeV± 125≠ MSSM
hm

 (13 TeV)-112.9 fbCMSPreliminary

τν
+τ → +, H+(b)Ht →pp 

+jets final statehτ

mod+
hmMSSM 

H±→τν - results in MSSM mhmod+ scenario
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• light H± almost ruled out in this (and most of other) scenario(s)
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Non-resonant h→hh - theory motivation
• in the SM this arises from the interference of these two processes 
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Theoretical motivation

The measurement of σ(hh) is the principal way to extract the trilinear Higgs 
coupling λhhh 

Data available in Run II do not allow to constrain SM hh production, but can 
constrain BSM models that predict and enhanced hh production 

The BSM physics is modeled with an effective Lagrangian by adding dim-6 
operators to SM Lagrangian: yielding in total 5 couplings λhhh, yt, c2, cg, c2g , 
and new diagrams
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�(gg ! h)

�(gg ! h)SM
⇠| cg + �yt |2

σSMhh(13TeV) = 33.45fb+4.3%-6.0%(scale unc.) ±3.1%(PDF+αS unc) [YR4] 

note: in linear EFT, cg = c2g and c2 =−(3mt/2v)yt 

• where λhhh indicates the trilinear Higgs coupling 
which is expected to be too small to be measured at LHC in Run2 

• BSM contributions can be present and are represented by  
the coupling modifier kλ = λhhh / λhhhSM 

that affects both the cross section and the kinematics of the hh process

           Luca Cadamuro (LLR)                                27/07/2016       CMS central approval

Anomalous λhhh

Anomalous λhhh affects both the shape and the cross-section of the hh signal in 
different production modes: coupling modifier kλ = λhhh/λhhh

SM 

Focus on gg fusion production in this analysis
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
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3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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Resonant MSSM H→hh→bbττ - 8 TeV

• the results of the 8 TeV analysis were interpreted in the MSSM (together with A→Zh→𝓁𝓁ττ), 
low tanβ and 2HDM type-II models, further reducing the non excluded parameter space 

• update at 13 TeV foreseen for Moriond17
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