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1. Particle Flow Algorithm

Precise energy measurement of QCD jet is in demand for current arré fedllider exper-
iments. Calorimeter is an essential part of the detector to measure energypartitles which
produce electromagnetic or hadron showers in the absorber materititlePanergy can be de-
termined based on energy it deposited in a properly calibrated calorimetehn farticle in a jet
deposits energy in the calorimeter producing a broad shower. Thejef@nergy can be measured
as energy of the calorimeter cluster associated with the shower prodyedidie particles within
jet. However the resolution of this calorimeter approach for jet energyuneaent is limited by
the resolution of the hadron calorimeter which is quite poor.

Hadrons carry about 70% of the total energy of the jet: 60% comes finanged and 10% from
neutral hadrons. Photons account for the rest 30%. Typical gmesglution of the calorimeter

is & ~ 92 for the electromagnetic part aﬁg ~ % for the hadronic part. Following standard

E ™ VE
calorime\{t;r approach one gets jet energfgas= EHAP + EEM where most of the energy depends
on the resolution of hadron calorimeter.

The resolution can be improved by adding information from other sub-esgo the calorime-
ter clusters. Calorimeter is usually preceded by a tracker for momentum resesu of charged
particles. The resolution of the tracker is much better than the resolution béthren calorimeter.
One can improve jet energy measurement significantly by utilizing traékgr= Eiracks+ En+ Ey,
whereE;axs IS the energy of charged components of the jet extracted from the tr&gkeznergy
of neutral hadrons measured in the hadron calorimeterEgndphoton energy measured in the
electromagnetic calorimeter. In this case only 10% of the jet energy reliesdyorcalorimeter.

The concept of breaking jet components into different particle spenkssing the best suit-
able detector to measure the energy of each component is called Particlalgmithm (PFA)

For experimental setup which includes tracker and calorimeter, jet enesgiution obtained
with Particle Flow Algorithm consists of the following terma?(Ej) = 0%(Eiracks) + 0%(En) +
0?(Ey) + o%(conf.), where first three terms corresponds to the detectors resolution andsthe la
term accounts for the uncertainties in assigning detector responseditnlpaiparticle species.
This term is called "confusion term”. When tracker is used for energy uneaents of charged
particles their energy deposition in the calorimeter should be subtractedHeoocalorimeter clus-
ter before assigning energies to neutral components of the jet. In maey ttas can only be
done approximately which leads to additional smearing of the resolution orf the combined
resolution of the tracker and the calorimeter. In general the confusiondesws with the size
of the calorimeter segmentation since it becomes difficult to separate ovedagmergy deposi-
tions from particles in the jet. High particle density also deteriorates the resohgicalorimeter
energy deposition cannot be assigned unambiguously to spatially claggegaeven in a highly
segmented calorimeter.

Thus one of the challenges for the PFA is to minimize the confusion term wheghires
separation of charged and neutral jet components with proper enssigynad to each component.

2. Tau Leptons at CDF

At CDF experiment at the Tevatron hadronically decaying tau leptons lignatsre in the
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detector which is similar to quark or gluon jets. Visible products of tau decagisbof charged
and neutral pions collimated into a narrow cone due to boost effect. foher@FA can be used
to measure visible energy of the tau jet. Neutral pions are detected afteddvaiy into a pair
of photons which essentially leaves no neutral hadron component in a excgpt for very rare
admixture of kaons. Hadronic taus are then, less complicated objects tharjais and therefore
they can serve as a feasibility probe for Particle Flow Algorithms.

In addition to be a step forward toward better understanding of jets, hiadiaus play an
important role at CDF [1] [2]. Higgs boson decay ratio into a pair of tau lepte only about 10%
of the decay ratio to a pair of b-quarks. However modes with one tau thechgdronically and
another decaying to leptons have advantage of low Drell-Yan backdrduaddition backgrounds
from QCD jets can be controlled by isolation requirements applied to either datlse These
"golden modes" accounts for 46% ldf — 1T channel. Efficient identification and precise energy
measurement of hadronically decaying tau leptons is indispensable farahehf Higgs boson
in this channel.

At CDF precision of Particle Flow Algorithm is limited by large calorimeter segmemiatio
The size of calorimeter towers is comparable to the size of a typical tau jet. dpges® to use
likelihood-based approach to separate hadrons from electromagngtatsodnd properly assign
energy to all visible decay products [5].

2.1 CDF detector overview

For detailed description of the CDF detector we refer to [3]. The followiagspof the de-
tector are used in tau reconstruction and identification. The silicon vertektde (SVX) is the
part of CDF detector closest to the beam line. It allows precise measurefe vertex posi-
tion in the transverse plane via- @ tracking covering pseudorapidity)| < 2.0. Central Outer
Tracker (COT) is a drift chamber covering radii from 0.4 m to 1.37 m. TI@T Cesolution
is opr/p% ~ 0.0015GeV/c)~! covering pseudorapidity regiom| < 1. If available SVX hits
are added to the COT information improving the resolution. Central calorinedéetromagnetic
(EM) and hadronic (HAD), covers pseudorapidjty] < 1.1. EM is a lead-scintillator calorime-
ter with resolutiondEr /Er = 0.135/\/Er ¢ 0.02. HAD is an iron-scintillator with resolution
0.5/v/Et ¢ 0.03. The calorimeter consists of towers with azimuthal segmentatien15> and
pseudorapidityn ~ 0.1. Shower Maximum (CES) detector is a set of strip-wire chambers lo-
cated inside the EM at the expected maximum of the electromagnetic showér (misfradiation
lengths). The clusters formed by strip and wires are primarily used to neepeasition of elec-
tromagnetic showers. While CES clusters pulse height is rarely useddayyemeasurement due
to poor energy resolution of 23%, one can benefit from CES informatjocombining it with
information from other parts of the detector.

2.2 Reconstruction and identification of tau leptons

There are several triggers at CDF which are used to select eventsaglitbriic tau candidates
in the final state. For the likelihood algorithm performance tests we utilize d bgtton plustrack
triggers [4] which require at least one electron or muon candidate in tiieatpart of the detector
and one tau candidate. Thepton plustrack triggers are highly efficient in selection df— 11
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events. Isolated track withy > 5 GeVk becomes a hadronic tau candidate. Track is considered
isolated if there are no other tracks with > 1.5 GeVkt in the annulus A7 < \/A@? + An? < 0.52
around the seed track.

In the offline reconstruction, a tau candidate is matched to a cluster of caleritoeers. At
least one tower wither > 5 GeV is required. All tracks that point to the calorimeter cluster are
added to the tau candidate. The track with highgsbecomes a seed track. CES clusters with
no COT track nearby beconm® candidates. To suppress large jet induced backgrounds, typical
analyses demand tau candidates to be isolated, e.g. by requiring no tratksamdidates above
a certain threshold in the isolation annulus. Separation of hadronic tansfextrons is typically
achieved by applying cut on the ratio of energy deposition in HAD and Eldricaeters. Tau
candidate is rejected if track associated with tau is identified as a muon by thegsysiem of
the CDF detector. In order to further reject backgrounds the invamss of the tracks and®
associated with tau candidate is required to be consistent with the mass ofttau lep

3. Likelihood-based method

To reconstruct tau energy we utilize likelihood function based on particke $pecific signa-
tures in the detector sub-systems. Sub-detector responses assodilatbe tau candidate (tracks
pr in the COT, energy deposition in the EM and HAD towers and CES clustergiesgare used
as inputs into the likelihood function. Parameters of the likelihood are rapeztdy energies
of the assumed particles inside the tau jet. For each candidate we maximize liddiilmmbion
by varying these parameters to obtain the best estimate on particle energiesefodetector re-
sponses. Sum of the energies of the constituent particles gives an estni@io energy. Shape
of the likelihood function can be used to obtain uncertainties on the endigyaésr. After energy
of each particle within tau jet is reconstructed p-value is used to test thepsso about particle
content of tau decay products. Low p-value indicates that originah@s$@ombination of particle
is unlikely to produce observed response in the detector and we adjbsftbehesis about particle
content.

Hadronic tau decay products nearly 100% of the time consist of chaiged which may
be accompanied by neutral pions subsequently decaying to photonsd dabbration of the
sub-detector response for pions and photons is essential. Ref¢b¢nescribes details on how
calorimeter and CES response functions are obtained for chargedapidphiotons. Since position
of the photon with respect to the calorimeter tower is known from CES, ctbbraf EM takes
into account energy leakages from the photons which are close to the eflipe tower. Momenta
of charged pions are fully determined by the high precision COT measutemeénherefore can
be fixed in the likelihood function. Therefore only photons energies akaawn parameters that
need to be determined by likelihood maximization.

3.1 Construction of the Likelihood

For completeness we repeat here mathematical details from [5] on how likelfia@ction
is constructed. Highegir track in a tau candidate is extrapolated to the CES and corresponding
calorimeter tower becomes a seed tower. A grid of 3x3 towers is formeadarbe seed tower.
Each track and CES cluster is associated to one tower on the grid. EachvEeMpgmvides its
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own measurement used in the likelihood. In the case of hadronic calorimetsym energies of
all nine towers into a single measuremd#tt/AP, for the entire "super-cluster". In assumption that
decay products of tau are charged tracks and photons, the likelihootdini has the following
form:

N , .
L — fCAL(EEM’EHAD’Eni,Ey) % rl fCES(ECES(J)‘Eél))' (3.1)
j

WhereEEM = (EEM() | EEM()  EEMO) is set of energy depositions in each EM tower,
Ey = (Ey,..,Ey,.-.,Ey,) - set of photons energies akg;- represents energies of charged pions
determined by the COT measuremefftES(ECES) |EJ)) — PDFSESis the CES response function
for isolated photonsf “A-(EEM EHAD|E . E,) is calorimeter response function for a jet consisting
of charged pions and photons with enerdigs andE,. Note thatf" depends on the number
of particles in the jet and on position relative to the seed tower. This functiderised from
calorimeter response functions to isolated particles and generally cangmatther lengthy integral
expressions, which fortunately can be relatively easily computed nurigrica

As an example, we provide a calorimeter response function for a tau jeh wbitsist of one
charged pion and two merged photons from neutral pion all located in guecsdorimeter tower.
Here we denote calorimeter response function to isolated partidkDBy"-(x,y|E), wherex and
y are energy deposition in EM and HAD respectively.

'EEM EEM .EHAD EHAD

fCAL(EEM EFADIE,. E)) :/0 dxl/o dxz/0 dY1/0 dy,
x PDF;AE(x1,Y1|Ey) x PDFRAE (X2, Yo  Eppe ) X
x B(E™M —x1 =) x S(E™ —y1 —y,) (3.2)

3.2 Correction for misidentified particles

Values ofE = andE, which maximize 3.1 represents the best estimate on energies of particles
in tau decay. However if original hypothesis about particle content imecgrect the visible energy
of the tau will be wrongly determined. The number of photon candidates in jettaomes from
CES clustering algorithm described in [5]. If photon candidates arenedoonstructed, the energy
of the tau will be underestimated since in this case the energy is definedlasiexgy only. We
can correct for this inefficiency of CES clustering by looking at p-vdtuesuch events:

AL (x, y|E ) dxdy, (3.3)

fCAL(X,y‘Eni)<fCAL(EEM 7EHAD|E"i)

whereE - - tracks energies reconstructed by COT &itf, EHAP - observed calorimeter response.
For small p-valuef§ < 0.01) we insert a photon into the likelihood function and change it ftom
fCAL(EEM EMAD|E .+ ) with tau energy determined &s = 5 E- toL = fCAL(EEM EMADIE . E))
with E; = 5 E= +E,. Apart from CES inefficiency in photon reconstruction, neutral kazars
also lead to small p-values calculated using 3.3 because energy depositierhadron calorime-
ter will be larger than it is expected for the tracks reconstructed in the ©Q#&.to excess of
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hadron energy p-value will not improve after a photon is added to the likelih€onsequently

if p-value remains smallg < 0.03) we remove the photon and add kaon instead and maximize
L = fCAL(EEM EHAD|E . |Eo) with tau energy determined & = ¥ E+ + Exo. For the purpose

of tau energy reconstruction we assume that kaon response in the ctdortae be adequately
described by charged pion response.

4. Algorithm Performance

We test performance of the algorithm usiig— 17 events. We select a sample, in which one
tau decays hadronicallyr (— 1,v;) and the other decays to leptorns— ev;Ve Or T — UV Vy).
Presence of a muon or an electron with tight isolation cuts significantly redwseskgrounds com-
ing from QCD jets. Events with lepton and tau candidates having electricelbfthe same sign
allow simple estimation of backgrounds directly from data.

4.1 Reconstruction of Tau Energy in MC

Figure 1 shows difference between reconstructed tau candidateyearatgrue visible en-
ergy obtained at generator level. Likelihood-based technique is cothpéite standard CDF tau
energy reconstruction, which utilizes Particle Flow Algorithm principles lodfies from insuffi-
cient separation of contribution from overlapping particles. For quangtammparison between
the two algorithms we use fraction of events which reconstructed endigyvithin 10% of the
true energy. Improvements in the resolution are visible the most in 1-prorgyéis where the
contribution from neutral pions to the total energy is larger. Most of@grtaus consist of only
charged tracks which energies are perfectly determined by the COTaandot be improved by
likelihood algorithm. If photons do accompany three charged pions theialbwentribution to
the total energy is smaller than in the case of 1-prongs and the resolutioa phtttons energy
measurement will contribute less to the tau energy resolution.

‘ 1-prong, frac (0.1)=0.83, frac (£0.1)=0.75 ‘ ‘ 3-prong, frac (+0.1)=0.86, frac (#01)=083 ‘
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Figure 1: Comparison between reconstructed tau energy and true éagyefiorZ — 17 events in CDF Il de-

tector simulation. The red solid line corresponds to theliilood method, the black dashed line corresponds
to standard CDF tau reconstruction. Left: events with Ingrbadronic taus, right: 3-prong taus.
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4.2 p(770) Invariant Mass in MC and Data

A large fraction & 40%) of all hadronic tau decays goes yié/70) meson:rﬁ — Vpt —
v, 1t 1°. Measurement of the invariant mass of tier® system provides an excellent test of the
algorithm as it is sensitive to relatively small perturbations in 4-momentum assig®. To
select a sample of tau candidates containing a sipgf@0), we require exactly one COT track
associated with tau candidate.
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Figure 2: The invariant mass aoft™ and® candidatesZ — 1T events in CDF Il detector simulation. The
red solid line corresponds to likelihood method, the blaakhd line corresponds to standard CDF tau
reconstruction, the blue shaded histogram correspontig iotariant mass reconstructed at generator level.

Figure 2 shows distribution of the invariant mass of 1-prong taug fer 1,7 andZ — Th1,
events in CDF Il detector simulation. Events in the second bin corresponrgrang) taus with no
photon candidates and have invariant mass of charged pion which is 8\/4°GFigure 3 com-
pares invariant mass distribution using standard CDF method and the likelifased approach
in data and in simulation. The total number of events is relatively small due to tightian re-
quirements applied to leptonicaly decaying taug in> ThTe andZ — 1,7, event candidates. The
final tau sample shown on the Fig. 3 has QCD jet contamination less than 5%ufityeof the
sample was estimated by counting the number of events in the data which paastheedection
criteria asZtt events but have both tau candidates with the same electric charge. It ishelear
the likelihood based technique allows a significant improvement compared stathéard CDF
algorithm. Apart from serving as evidence of better energy resolutidheolikelihood approach,
the improved mass resolution allows more stringent jet background ssjapraghile preserving
high efficiency of tau identification.

5. Conclusions

It has been shown that the proposed likelihood based technique allavest@stial improve-
ment in energy measurement for hadronically decaying tau leptons. Thednattvides better
energy scale and resolution. The main improvement comes from the actreedteent of cases
with overlapping particle depositions that are difficult for conventional oagh The power of
the likelihood based method is demonstrated in data using tau jet invariant maagemeant that
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Figure 3: The invariant mass oft™ and7° candidates foZ — 1Te andZ — Th Ty events reconstructed in
data. Left : standard CDF tau reconstruction algorithm.hRigikelihood technique. Solid line represents
events in CDF Il detector simulation normalized to the nundfesvents in data.

indicates a substantial improvement in energy measurement resolution eshtpaxisting meth-
ods. Likelihood approach allows to cross check the hypothesis abadid@aontent within tau jet
which further improves energy resolution.
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