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Outline
• Why search for H → ττ? 

• How we search for H → ττ at CMS 

• What we learned about SM H → ττ from Run 1 

• Tau identification in Run 2  

• Highlights of early Run 2 searches involving taus, 
including search for H+ → τν 
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Introduction
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Searching for H → ττ from 
the SM:

 [GeV]HM
80 100 120 140 160 180 200

H
ig

gs
 B

R
 +

 T
ot

al
 U

nc
er

t

-410

-310

-210

-110

1

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
3

bb

ττ

µµ

cc

gg

γγ γZ

WW

ZZ

125	GeV	

Most sensitive fermionic decay 
channel -> observing it essential 
to complete SM H picture and 
measure Yukawa coupling

BSM searches involving taus:

• Searches for BSM physics often 
involves extended Higgs sectors 

• These can include possible 
enhanced couplings to down-
type fermions, e.g. in MSSM, 
where tanβ = ratio of two Higgs 
doublets, H → ττ leads the 
exclusions of regions at high 
tanβ (more on this in MSSM talk 
later!) 

• Taus are important probe of 
possible BSM Higgs 
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Searching for H → ττ
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τh = hadronic 
tau decay

Leptonic tau 
decays

→ For 2 taus, 6 possible final 
states: μτh eτh τhτh eμ μμ and ee 

We often refer to these as 
"channels" - generally they have 
different background composition 
and are optimised separately

Additionally events are separated 
into "categories" based on other 
properties of the signal being 
searched for

W/Z

W/Z

q

q

q

H

q

e.g. for the SM, VBF tagging 
using 2 forward jets, for MSSM 
analysis b-tagging to target bbH 
production....
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SM H → ττ search from Run 1

509/11/16

high pT(τh) 
high pT(τh) 

boost

low pT(τh) low pT(τh) 

tight 
VBF tag

(2012 only)

high pT(τh)  loose
VBF tag 

pT(τh) > 45 GeV

low pT(µ) low pT(µ) 

tight 
VBF tag

(2012 only)

high pT(µ) high pT(µ) 
loose

VBF tag
pT(µ) > 35 GeV

low pT(l)low pT(l)

high pT(l)high pT(l)
2-jetpT(l) > 35 GeV

boost VBF tag large 
boost

pT
ττ  > 

170 GeV
pT

ττ > 100 GeV
mjj > 500 GeV
|Δηjj| > 3.5

eτh

eµ

ee, µµ

τhτh

 µτh low pT(τh) 

tight
VBF tag

(2012 only)

high pT(τh) high pT(τh) 
high pT(τh)  

boost loose
VBF tag

pT(τh) > 45 GeV

pT
ττ > 

100 GeV

pT
ττ > 100 GeV

mjj > 700 GeV
|Δηjj| > 4.0

mjj > 500 GeV
|Δηjj| > 3.5

low pT(τh) 

0-jet 1-jet 2-jet 

baseline

baseline

baseline

baseline

baseline

    > 30 GeV

pT
ττ > 

100 GeV

Emiss
T

Targeting gluon fusion and VBF 
production (also combined with 
dedicated ZH + WH analyses)

Full di-tau mass reconstructed using 
likelihood based algorithm:
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Backgrounds to H → ττ
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Strategy:	
•  Suppress	QCD	with	isolated	leptons.	
•  mT	<	30	GeV	cut	to	suppress	W+Jets.	
•  Extract	signal	from	binned	maximum-likelihood		
					fit	to	mττ.	Combine	channels	and	categories.	

mT	=	transverse	mass	
between	lepton	and	ETmiss	

6

• Use data driven methods for background estimation 
• Background dominated 0 jet category used to constrain backgrounds:
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Mass plots at 8 TeV
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Channel comparison
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Interpretation of results
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Combination with ATLAS
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>5σ significance for H → ττ when combining ATLAS and 
CMS results from Run 1

Parameter value
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CMS-PAS-TAU-16-002

• As in Run 1 - reconstruct hadronic 
taus in different hadronic decay 
modes ("hadron plus strips" 
algorithm)

2016-09-21 

τh reconstruction 

Tau trigger and identification at CMS in Run-2 (O. Davignon for CMS) 

14 

 
¤  E 

¤  τh reconstruction @ CMS 
Hadron Plus Strips (HPS) algorithm 
v  τh build from combination of PF π± and 

π0!γγ candidates (strips) 
v  Reconstruction of different decay modes 

1-prong 1-prong + π0’s 3-prong 

¤  Essentially same algorithm as Run-1 
¤  New: dynamic strip size in 1-prong + 

π0’s reconstruction, function of 
expected e/γ pT ECAL ‘strip’ 

• New for Run 2 - dynamic strip 
size in 1 prong + pi0 
reconstruction, changes as 
function of expected e/γ pT

• Multivariate isolation 
discriminator retrained for Run 
2, now includes information on 
dynamic strip size, significantly 
outperforms cut based 
discriminant
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Run 2 Higgs searches involving taus
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Gain in signal cross-section in going from 8 →13 TeV 
much larger for heavier Higgs bosons → with early 13 TeV 
data focus was on BSM Higgs boson searches (in order of 
how recent): 

• MSSM φ→ττ search on 12.9 fb-1 of 2016 data :     
CMS-PAS-HIG-16-037 - new for this conference! 

• Charged Higgs H+ →τν search on 12.9 fb-1 of 2016 
data: CMS-PAS-HIG-16-031 - released in early October 
for Charged Higgs 2016 conference - more in the 
next slides 

• H→hh→ττbb resonant search on 12.9 fb-1 of 2016 
data: CMS-PAS-HIG-16-029 - released for ICHEP 

• H→hh→ττbb non-resonant search on 12.9 fb-1 of 2016 
data: CMS-PAS-HIG-16-028 - released for ICHEP 

• + some previous iterations on 2015 data 
• LFV H→μτ on 2.3 fb-1 of 2015 data: CMS-PAS-

HIG-16-005

Later today

Later today

Later this week

Later today
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• Using hadronic tau final state for the H+ 

• Cuts on missing ET and tau pT (cuts tuned separately for low and high mass search) 
• For both topologies, high jet multiplicities -> select events with >= 3 jets and >=1 

btag jet 

Fully hadronic final state

• Light and heavy H+ have similar fully hadronic final state
! same analysis, but di↵erent selection thresholds

• All neutrinos in the event come from H+ decay
! limits can be extracted from transverse mass
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! same analysis, but di↵erent selection thresholds
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• Additional cut on 
topological discriminator 
to reject multi jet events:  

4 5 Event selection

5 Event selection

The events selection starts online requiring the presence of a th and large /ET. Online trigger
requires that a loosely isolated hadronic tau with pth

T > 50 GeV and |hth | < 2.1, that con-
tains a leading charged hadron with pT > 30 GeV, and that the missing transverse energy,
reconstructed with the calorimetric information only, has a magnitude of /ET > 90 GeV. The
efficiency of the th and /ET parts of the trigger are measured independently and corrections
are propagated to the simulation. Figure 2 shows the efficiency in simulation (prior to the
correction) and in data for the th and /ET parts of the trigger used in the analysis.

 (GeV/c)
T

 phτ
20 40 60 80 100 120 140 160 180 200

R
at

io

0.6
0.8

1
1.2
1.4

H
LT

 ta
u 

ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

Data

Simulation

 (13 TeV)-112.9 fbCMSPreliminary

MET Type 1 (GeV)
50 100 150 200 250 300

R
at

io

0.6
0.8

1
1.2
1.4

L1
+H

LT
 M

ET
 e

ffi
ci

en
cy

0

0.2

0.4

0.6

0.8

1

Data

Simulation

 (13 TeV)-112.9 fbCMSPreliminary

Figure 2: Data/simulation of the trigger efficiency for the hadronic tau transverse momentum
(left) and the missing transverse energy (right) parts of the th plus /ET trigger, respectively.

Events are subsequently selected requiring to have offline pth

T > 60 GeV and /ET > 100 GeV;
for the search region below the top mass, the /ET and pth

T requirements are made closer to
the trigger requirements to /ET > 90 GeV and pth

T > 50 GeV in order to have a larger signal
acceptance. Additionally, events containing at least one isolated lepton (e, µ) are rejected.

The presence of a signal is further enhanced by requiring at least three reconstructed jets
(Njets � 3), and in the tracker-covered region one b-tagged jet.

Moreover, the event variable Rmin
bb [20] is used to reject multijet events where the /ET and th are

in a back-to-back configuration. It is defined through the angular correlation among the th, the
/ET, and the three leading jets in the event (j1..j3) as:

Rmin
bb = min

j2j1..j3

q
Df( /ET, j)2 + (p � Df(th, /ET))2 (1)

Its value is required to be greater than Rmin
bb > 40�, and the distribution of this variable for

events passing the all selection with the exception of the self requirement is presented in Fig. 3.Cut of Rbbmin > 40 degrees applied 
(i.e. outside of circle shown)

13

CMS-PAS-HIG-16-031
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H+→τν Analysis at 13 TeV

1409/11/16

• Transverse mass used as final 
discriminating variable:
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Figure 3: Sketch of the plane Df(th, /ET)–Df(th, jn) and it’s connection to the Rmin
bb variable

(left), and the angular variable Rmin
bb after the all selection except the self requirement (right);

the data points (solid black) with their statistical uncertainty (solid lines) are compared to the
background predictions split for the different contributions (filled histograms).

The signal extraction is performed with the transverse mass variable (mT), reconstructed from
the hadronic tau and /ET, and defined as [42]:

m2
T = 2 · pth

T | /~ET|
⇣

1 � cos Df( /ET, th)
⌘

(2)

The presence of additional neutrinos from the t !th decay smears the distribution to lower mT
values, preserving but making less sharp the end-point expected at mT = mH± . An additional
smearing of this distribution is expected from the width of the charged Higgs, especially large
at high values of mH± .

6 Background estimation

The main background process are QCD multijet production, electroweak (EW) processes and
events containing top quark(s). We distinguish processes with genuine tau leptons and those
with electrons, muons or jets being misidentified as hadronic tau decays.

Data-driven techniques are exploited in order to estimate the misidentified jets faking a hadronic
tau. This background comes mostly from the multijet production. The probability of a jet faking
a tau is small, but the huge cross section makes this background contribution sizable. Jointly
to the lacking of reliable predictions from simulations in this phase space and tau enrichment
filters, data-driven techniques are deployed and predictions based on reverting the isolation
identification requirements allow for quite good control over these kind of backgrounds.

The background with misidentified tau leptons is measured by selecting events which are en-
riched in this contribution, by reverting the isolation requirements on the hadronic taus (in-
verted selection). In order to normalize this contribution to the one with at least one isolated

• Main backgrounds from fake taus - 
estimated from data using inverted tau 
selection 

• EWK + tt genuine tau background taken 
from simulation
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H+→τν results
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• Limits on each production process for range of H+ masses:
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• Limits in MSSM mhmod+ benchmark scenario:
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Summary
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• SM H→ττ has been seen at the level of 3σ in 
ATLAS and CMS alone and 5σ in combination 
using the Run 1 dataset. 

• Hadronic tau ID performance has generally been 
maintained and improved in Run 2 compared 
with Run 1 

• Taus remain an important Higgs search channel 
in Run 2 and have a wide range of interesting 
BSM searches  

• Many BSM H→ττ results already released on Run 
2 data, and show no evidence for additional 
Higgs bosons yet.  

‣ Watch this space! More coming soon with full 
2016 dataset 
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• BDT discriminant used in ee and μμ channels:

JHEP 1405 (2014) 104

J
H
E
P
0
5
(
2
0
1
4
)
1
0
4

Uncertainty Affected processes Change in acceptance

Tau energy scale signal & sim. backgrounds 1–29%
Tau ID (& trigger) signal & sim. backgrounds 6–19%
e misidentified as τh Z → ee 20–74%
µ misidentified as τh Z → µµ 30%
Jet misidentified as τh Z + jets 20–80%
Electron ID & trigger signal & sim. backgrounds 2–6%
Muon ID & trigger signal & sim. backgrounds 2–4%
Electron energy scale signal & sim. backgrounds up to 13%
Jet energy scale signal & sim. backgrounds up to 20%
Emiss

T scale signal & sim. backgrounds 1–12%
εb-tag b jets signal & sim. backgrounds up to 8%
εb-tag light-flavoured jets signal & sim. backgrounds 1–3%

Norm. Z production Z 3%
Z → ττ category Z → ττ 2–14%
Norm. W+ jets W+ jets 10–100%
Norm. tt tt 8–35%
Norm. diboson diboson 6–45%
Norm. QCD multijet QCD multijet 6–70%
Shape QCD multijet QCD multijet shape only
Norm. reducible background Reducible bkg. 15–30%
Shape reducible background Reducible bkg. shape only
Luminosity 7TeV (8TeV) signal & sim. backgrounds 2.2% (2.6%)

PDF (qq) signal & sim. backgrounds 4–5%
PDF (gg) signal & sim. backgrounds 10%
Norm. ZZ/WZ ZZ/WZ 4–8%
Norm. tt + Z tt + Z 50%
Scale variation signal 3–41%
Underlying event & parton shower signal 2–10%

Limited number of events all shape only

Table 3. Systematic uncertainties, affected samples, and change in acceptance resulting from
a variation of the nuisance parameter equivalent to one standard deviation. Several systematic
uncertainties are treated as (partially) correlated for different decay channels and/or categories.

and 1-jet categories. The final discriminant is defined as

D =

∫ B1

−∞

∫ B2

−∞
fsig(B

′
1, B

′
2) dB

′
1 dB

′
2. (9.1)

In this expression, fsig is the two-dimensional joint probability density for the signal.

Therefore, D represents the probability for a signal event to have a value lower than B1

for the first BDT and B2 for the second BDT.

Figures 8 and 9 show the mττ distributions observed for the 8TeV dataset in the most

sensitive categories of the µτh, eτh, τhτh, and eµ channels together with the background

distributions resulting from the global fit described in detail below. The discriminator

distributions for the 8TeV dataset in the ℓℓ channels are shown in figure 10. The complete

set of distributions is presented in appendix A. The signal prediction for a Higgs boson

– 22 –

• i.e. probability for a signal event to have a value 
lower than B1 for the first BDT and B2 for the 
second BDT
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'LL + ll • WH and ZH channels in different tautau final 
states 

• Use of LT variable: 
• for WH: LT = pTl + pTl' + pTτh 
• for ZH: LT = pTL + pTL'
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4 5 Tau identification algorithm for Run-2

5.1 Hadrons plus strips algorithm

The HPS algorithm is seeded by the reconstructed jets. The algorithm looks into the con-
stituents of the jets to reconstruct the neutral pions that are present in most th decays. The
high probability for photons originating from p0 ! gg decays to convert to e+e� pairs is ac-
counted for by collecting the photon and electron (pT > 0.5 GeV) constituents of the jet into
clusters (strips). The size of the strips is set to a fixed value of 0.05 ⇥ 0.20 in the h � f direction
in the Run-1 HPS algorithm. Strips containing one or more electron or photon constituents and
passing a cut of pT > 2.5 GeV on the transverse momentum sum of electrons plus photons
included in the strip are kept as p0 candidates for further processing. The th candidates are
formed by combining the strips with the charged-particle constituents of the jet. Based on the
observed number of strips and charged particles, it is assigned to be one of the following decay
modes:

• a single charged particle without any strips: h±;
• combination of one charged particle and one strip: h±p0;
• combination of a single charged particle with two strips: h±p0p0;
• combination of three charged particles: h±h⌥h±.

5.2 Dynamic strip reconstruction

After Run-1, additional studies were performed in order to optimize the strip size. In practice,
there were cases where th decay products contributed to the isolation, such as:

• A charged pion from th decay experiences nuclear interaction with tracker material
and produces several secondary particles with low pT. This ends up with low pT
electrons and photons that go outside strip window. This will affect the isolation of
the th, although it is part of the th decay product.

• Photons from p0 ! gg have a large probability to convert to an e+e� pair and, after
multiple conversion and bremsstrahlung, electrons and photons may go outside the
fixed size window. This will also affect the isolation.

Naı̈vely, these decay products can be integrated as part of the signal by suitably widening the
strip size. On the contrary, if the th has a large pT the decay product tend to be boosted in the th
flight direction. In this case, a smaller strip size than that considered in Run-1 [30] can reduce
background contributions in the strip while accounting for all th decay products.

Based on these considerations, the strip reconstruction of the HPS algorithm has been improved
for Run-2, and proceeds as follows:

(i) The highest pT electron or photon (e/g) not yet included in any strip is used to seed a
new strip. The initial position of the strip in h and f is set to the h and f of the seed e/g.

(ii) The next highest pT e/g that is within,

Dh = f (pg
T) + f (pstrip

T )

Df = g(pg
T) + g(pstrip

T ) . (2)

centered on the strip location is merged into the strip. The functions f and g are deter-
mined using a single t gun MC sample, such that 95% of all electrons and photons, that
are due to th decay products, are contained within a strip. The functional form is derived
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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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10 6 Event samples for the validation with data

the e ! th misidentification probability while maintaining a high efficiency on real th decays
over a wide pT range. The variables used as input for the BDT are identical to the ones de-
scribed in Ref. [30], with the addition of the following photon-related variables:

• the number of photons in any of the strips associated with the th candidate;
• the pT-weighted root-mean-square of the distances in h and f between all photons

included in any strip and the leading track of the th candidate;
• the fraction of th energy carried by photons.

These variables are computed separately for photons inside and outside the th candidate signal
cone in order to increase their separation power.

The BDT is trained with the simulated samples listed in Section 3, containing the genuine th
and the electron. Reconstructed th candidates are considered as signal (background) in the case
they are matched to a th decay (electron) at generator level.

Different working points are defined on the BDT output according to the efficiency for real th
to pass the discriminator. The expected effect on the efficiency of th reconstruction and on the
misidentification probability are presented in Fig. 5.
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Figure 5: Efficiency of the th identification estimated with simulated Z/g⇤ ! tt events (left)
and the e ! th misidentification probability estimated with simulated Z/g⇤ ! ee events
(right) for the Very Loose, Loose, Medium, Tight and Very Tight working points of the MVA
based anti-e discrimination algorithm. The efficiency is shown as a function of the th transverse
momentum while the misidentification probability is shown as a function of the e transverse
momentum. Both efficiency and misidentification probability are calculated for th candidates
with a reconstructed decay mode and passing the Loose working point of the isolation sum
discriminator.

6 Event samples for the validation with data
The th reconstruction and identification performance is measured in data, with a strategy sim-
ilar to that described in Ref. [30]. The th identification efficiency, charge misidentification prob-
ability, and th energy scale are validated using Z/g⇤ ! tµth events. Highly virtual W⇤ ! thn
events are used to measure the th identification efficiency in high pT region. Samples of
W+jets are used to validate the probability with which quark and gluon jets get misidentified

• Same variables as in Run 1 plus:

CMS-PAS-TAU-16-002


