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Tau ID at hadron colliders

• Many exciting new physics 
signals could appear in tau 
channels

• QCD background 
is very large!

• Dominant background in 
many analyses is fake taus
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The Large Hadron Collider

• ~3.7 pb-1 delivered

• √s = 7 TeV for 2011

• expect 1 fb-1

• O(10k) of real taus!

• Shutdown at end of 2011

• Upgrade to √s = 14 TeV
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Particle Flow Algorithm

• Clusters and links signals from all subdetectors

• Produces a list of particle candidates

• To the user looks just like Monte Carlo

taus in CMS are built using Particle Flow objects
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Particle Flow Algorithm
CMS Preliminary

4 2 Commissioning of the link algorithm

(a) (b)

Figure 3: Charged-hadron tracks (lines with squares, representing the hits measured in the

tracker and the various extrapolation positions to the ECAL and HCAL) each linked to (a) one

or two ECAL clusters and (b) an HCAL cluster (dots). Each square represents a calorimeter

cell. The grey area is proportional to the logarithm of the energy measured in each cell. The

clusters represented by a star are linked to neither of the two tracks, and are therefore photon

candidates.

(a) (b)

Figure 4: Track-cluster link distance in (a) the ECAL and (b) the HCAL, for tracks with pT larger

than 1 GeV/c, in the data (dots with error bars) and in the simulation (histogram). The typical

cell size is 0.02 in the ECAL and 0.1 in the HCAL.
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see CMS PAS PFT-10-002



Particle Flow Performance

invariant mass of PF photon pairs

2 2 Calorimeter response to photons and charged hadrons

The photon-pair invariant-mass distribution is shown in Fig. 1 along with a fit by a Gaussian

for the signal, added to an ad hoc function for the background. From this fit, an average re-

constructed mass of 135.2 ± 0.1 MeV/c2
and a resolution of 13.2 ± 0.1 MeV/c2

are obtained, to

be compared with the prediction from the Geant-based simulation of 136.9 ± 0.2 MeV/c2
for

the mass and 12.8 ± 0.2 MeV/c2
for the resolution. The agreement with the world average π0

mass of 135 MeV/c2
[8] is better than 1%, and the agreement between data and simulation is

at the same level. This agreement validates the photon energy scale used in the particle-flow

reconstruction algorithm.
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Figure 1: Photon-pair invariant-mass distribution in the barrel (|η| < 1.0) for the data (a) and

the simulation (b).

2.2 Calorimeter response to hadrons

A charged or neutral hadron can deposit energy in the electromagnetic calorimeter and in the

hadron calorimeter. The hadron energy E is obtained with a simple linear calibration of the

resulting EECAL and EHCAL cluster energies [2]. This calibration is essential in the reconstruc-

tion of neutral hadrons, but also in the detection of neutral particles overlapping with charged

hadrons. The calibration is assumed to be identical for charged and neutral hadrons, and has so

far been obtained from single hadrons produced with the fast simulation of the CMS detector.

To verify the calibration procedure, a clean selection of charged hadrons was made in which

the charged-hadron candidate was required to have a track with pT > 1 GeV/c, p > 3 GeV/c
and at least 15 hits, of which at least two in the pixel layers. The requirement on the number of

hits was tightened to up to 21 hits when the track points to the end-cap regions, which feature

more tracker layers. These stringent criteria are meant to select particles having high-quality

tracks with a robust momentum measurement and that reach the calorimeter without experi-

encing nuclear interactions with the tracker material. The hadron identification was ensured by

requiring the track to be linked to a cluster in the hadron calorimeter with EHCAL > 1 GeV. An

isolation requirement was applied by requesting that no other tracks be linked to this cluster,

which is loose enough to allow for a very large sample of tracks to be extracted.

Figures 2a and 2b display the average calibrated calorimeter response in the barrel (here de-

fined as |η| < 1.4) and in the end-caps (1.4 < |η| < 2.4) for the selected charged hadrons in

the data, with a comparison to the raw calorimeter response, as a function of the track mo-

mentum. The slope of the cluster calibration curve is close to unity up to the largest energies

available so far. Small deviations from unity at low momentum, however, can be observed in
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Traditional CMS Tau ID
geometrically defined isolation
define geometric region around tau 

candidate and require low detector activity

see CMS PAS PFT-08-001

relies on the fact that taus 
are more collimated than QCD

CMS Physics TDR results use these algorithms

presented today: “shrinking cone” algorithm



Shrinking Cone Algorithm
reduce QCD by applying isolation requirement

require a leading candidate with 
pT > 5 within ΔR < 0.1 of jet axis

signal objects are those with 
ΔR < ΔRsig of the lead candidate

isolation objects are those 
in the region ΔRsig < ΔR < 0.5 

about the lead candidate

∆R =
�

∆φ2 + ∆η2

∆Rsig = 5.0/Ejet
T
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Decay Mode CMS Tau ID
Particle Flow algorithm allows
examination of meson content

two new algorithms:
Hadrons Plus Strips (HPS) algorithm

Tau Neural Classifier (TaNC) algorithm 

GOAL:
optimize tau identification for 
individual tau decay modes 



Hadrons Plus Strips Algorithm
build signal components combinatorially

cluster gammas into π0 
candidates using η-φ strips
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build all possible taus
that have a ʻtau-likeʼ multiplicity

from the seed jet

tau that is ʻmost isolatedʼ 
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is the  final tau candidate 
associated to the seed jet0.05

0.
20



Tau Neural Classifier
a neural network for each decay mode

cluster gammas into π0 
candidates by combinatoric 
pairs compatible with mπ0
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signal objects are defined 
using shrinking cone

depending on decay mode

a different neural network
is applied!



7 TeV, 8.4 nb-1Fake Rates
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Zττ efficiencies
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Efficiency vs. Fake Rate

 [GeV/c]TJet P
0 10 20 30 40 50 60 70 80 90 100

Fa
ke

 R
at

e

-410

-310

-210

-110

1

Shrinking signal cone

TaNC 0.50%
HPS medium isolation

TCTau

CMS Preliminary
-1Data, L = 8.4nb

 = 7 TeVs
| < 2.5!|

decay mode algorithms preserve high τ efficiency
while lowering fake rate by 5 to 10 times 

Zττ Efficiency (sim) QCD Fake Rate (data)



Comparison to Monte Carlo
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Comparison to Monte Carlo
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preliminary studies indicate disagreement 
due to Monte Carlo hadronization modeling

10 5 Jets

5 Jets
The expected jet resolution and response, as well as a first attempt at a measurement of these
quantities are presented in Ref. [11]. The present study focuses on commissioning the com-
position of jets made of reconstructed particles. All particles were clustered into jets with the
anti-kT algorithm [13], with distance parameter R = 0.5. Residual jet energy scale corrections,
of the order of 5% in the barrel and 10% in the end-caps, obtained from the simulation, were
then applied to reach unit response. Di-jet events were selected by requiring a basic minimum-
bias trigger together with a well-defined primary vertex, in a sample corresponding to an in-
tegrated luminosity of 6.2 nb−1. All distributions are presented after the cleaning procedure
described in Section 3 has been applied. Additionally, a di-jet sample was formed by requiring
the two jets to be well contained in the detector acceptance (|η| < 3), to be back-to-back (open-
ing azimuthal angle greater than π − 0.5), and to have a transverse momentum pT in excess of
25 GeV/c. All jets satisfying those criteria were considered. No jet quality criteria were applied,
for a maximum sensitivity to possible detector effects.

Basic jet properties (transverse momentum, invariant mass, ratio of jet momentum to jet invari-
ant mass, angular position, and constituent multiplicity) are presented in Fig. 10, which shows
the level of agreement between data and simulation.

(a) (b) (c)

(d) (e) (f)

Figure 10: Basic jet properties in di-jet events: Distributions of (a) jet transverse momentum;
(b) jet invariant mass; (c) the ratio of jet momentum to jet invariant mass; (d) jet pseudorapidity;
(e) jet azimuth; and (f) number of particle constituents in a jet.

The most significant deviation appears as an excess of jets beyond the tracker acceptance
(|η| > 2.5). This excess is the combined result of the slightly larger response of the hadron

inclusive PFJet multiplicityeffect does not
depend on η 



Summary
• CMS Particle Flow algorithm has been 

commissioned with data 

• Advanced tau identification algorithms 
have reduced QCD fake rate by ~5X for 
similar signal efficiency

• Tau ID fake rate measurements within 
20-30% of MC prediction

• Investigations into effect of MC QCD 
hadronization model ongoing



Particle Flow Commissioning
observables from particle flow jets

10 5 Jets

5 Jets
The expected jet resolution and response, as well as a first attempt at a measurement of these
quantities are presented in Ref. [11]. The present study focuses on commissioning the com-
position of jets made of reconstructed particles. All particles were clustered into jets with the
anti-kT algorithm [13], with distance parameter R = 0.5. Residual jet energy scale corrections,
of the order of 5% in the barrel and 10% in the end-caps, obtained from the simulation, were
then applied to reach unit response. Di-jet events were selected by requiring a basic minimum-
bias trigger together with a well-defined primary vertex, in a sample corresponding to an in-
tegrated luminosity of 6.2 nb−1. All distributions are presented after the cleaning procedure
described in Section 3 has been applied. Additionally, a di-jet sample was formed by requiring
the two jets to be well contained in the detector acceptance (|η| < 3), to be back-to-back (open-
ing azimuthal angle greater than π − 0.5), and to have a transverse momentum pT in excess of
25 GeV/c. All jets satisfying those criteria were considered. No jet quality criteria were applied,
for a maximum sensitivity to possible detector effects.

Basic jet properties (transverse momentum, invariant mass, ratio of jet momentum to jet invari-
ant mass, angular position, and constituent multiplicity) are presented in Fig. 10, which shows
the level of agreement between data and simulation.

(a) (b) (c)

(d) (e) (f)

Figure 10: Basic jet properties in di-jet events: Distributions of (a) jet transverse momentum;
(b) jet invariant mass; (c) the ratio of jet momentum to jet invariant mass; (d) jet pseudorapidity;
(e) jet azimuth; and (f) number of particle constituents in a jet.

The most significant deviation appears as an excess of jets beyond the tracker acceptance
(|η| > 2.5). This excess is the combined result of the slightly larger response of the hadron



Particle Flow Commissioning

2 2 Calorimeter response to photons and charged hadrons

The photon-pair invariant-mass distribution is shown in Fig. 1 along with a fit by a Gaussian

for the signal, added to an ad hoc function for the background. From this fit, an average re-

constructed mass of 135.2 ± 0.1 MeV/c2
and a resolution of 13.2 ± 0.1 MeV/c2

are obtained, to

be compared with the prediction from the Geant-based simulation of 136.9 ± 0.2 MeV/c2
for

the mass and 12.8 ± 0.2 MeV/c2
for the resolution. The agreement with the world average π0

mass of 135 MeV/c2
[8] is better than 1%, and the agreement between data and simulation is

at the same level. This agreement validates the photon energy scale used in the particle-flow

reconstruction algorithm.
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Figure 1: Photon-pair invariant-mass distribution in the barrel (|η| < 1.0) for the data (a) and

the simulation (b).

2.2 Calorimeter response to hadrons

A charged or neutral hadron can deposit energy in the electromagnetic calorimeter and in the

hadron calorimeter. The hadron energy E is obtained with a simple linear calibration of the

resulting EECAL and EHCAL cluster energies [2]. This calibration is essential in the reconstruc-

tion of neutral hadrons, but also in the detection of neutral particles overlapping with charged

hadrons. The calibration is assumed to be identical for charged and neutral hadrons, and has so

far been obtained from single hadrons produced with the fast simulation of the CMS detector.

To verify the calibration procedure, a clean selection of charged hadrons was made in which

the charged-hadron candidate was required to have a track with pT > 1 GeV/c, p > 3 GeV/c
and at least 15 hits, of which at least two in the pixel layers. The requirement on the number of

hits was tightened to up to 21 hits when the track points to the end-cap regions, which feature

more tracker layers. These stringent criteria are meant to select particles having high-quality

tracks with a robust momentum measurement and that reach the calorimeter without experi-

encing nuclear interactions with the tracker material. The hadron identification was ensured by

requiring the track to be linked to a cluster in the hadron calorimeter with EHCAL > 1 GeV. An

isolation requirement was applied by requesting that no other tracks be linked to this cluster,

which is loose enough to allow for a very large sample of tracks to be extracted.

Figures 2a and 2b display the average calibrated calorimeter response in the barrel (here de-

fined as |η| < 1.4) and in the end-caps (1.4 < |η| < 2.4) for the selected charged hadrons in

the data, with a comparison to the raw calorimeter response, as a function of the track mo-

mentum. The slope of the cluster calibration curve is close to unity up to the largest energies

available so far. Small deviations from unity at low momentum, however, can be observed in

7 TeV Data, 0.1 nb-1 Simulation

invariant mass of PF photon pairs

π0 mass agrees with world average within 1%


