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SILICON TRACKER
CMS Detector  “-"u
s ~66M channels

Microstrips (80-180um)

Pixels ~200m? ~9.6M channels
CRYSTAL ELECTROMAGNETIC
TraCker CALORIMETER (ECAL)
EC AL _ ~76k scintillating POWO, crystals
HCAL
Solenoid S
o o BV, PRESHOWER
> L I A Silicon strips
Muons ~16m° ~137k channels

STEEL RETURN YOKE

~13000 tonnes
SUPERCONDUCTING
SOLENOID
Niobium-titanium coil
carrying ~18000 A FORWARD
CALORIMETER
Steel + quartz fibres
HADRON CALORIMETER (HCAL) ‘ ~2k channels
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS
Overall diameter :150m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m

Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers
Magnetic field :38T
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Particle-Flow Algorithm

Consistent Interpretation of all detector signal in terms of individual particles
* ¢, Y, photons, charged hadrons, neutral hadrons

T

. B HCAL
— Clusters
hadron : : A [ detector

: : s

. <

: “

: 3 ECAL

: Clustérs

particle-flow

Higher level objects are reconstructed using individual particles as input:
* 1, Jets (incl. b-tagging), E;™s
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Mass m.= 1.78 GeV

Tau Decays

CMS, 19.7 fb' at 8 TeV
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r~ 5> a7, p(770) 26.0 2000F
r— = 7 w070 VT a1(1260) 10.8 80 05 0.4 06 0 i
e a1 (1260) 9.8 s [GeV]
r~ > ata— x0 U 4.8
Other hadronic modes 1.7 0]
All hadronic modes 64.8 E
Electrons/muons from t—> e/J decays reconstructed by standard
CMS electron/muon reconstruction
T, Identification = reconstruction of nt*, p*, a,* signatures
Acceptance of t, reconstruction:  P;*>20GeVand |n | <2.3
typically used by physics analyses in CMS
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“Hadron plus Strips” (HPS) Algorithm

@ Seeded by anti-k; (R = 0.5) jets build from particle-flow output

@ Build combination of charged Hadrons + Strips (=T, candidate)

Hadron + Strip Three Hadrons
YA A A AAAA,

[ [ [ [ [ [ [ )
. [ [ [/ { /[ [/ /
single !
Hadron /
.I.

e pt 2> m*nd a, 2t

a, > mrnon° a; >t
@ Select combinations passing mass window cuts for 1t¥, p*, a,
@ Most isolated 1, kept in case multiple combinations pass mass cuts
@ Apply cut-based isolation or MVA based 1, identification

@ Compute discriminators against e and
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HPS n® Reconstruction

|_Tracker Material Budget |

Neutral pions decay via t® 2 yy 2
x 2

almost instantaneously 18]
1.6F

CMS has all silicon tracking detector ::

=>» High probability for photons to convert 1

0.8F

=>» 3.8 T magnetic field separates e*e” pair in ¢ 0.6

0.4}

0.2F

¢ A
>R ( d) ph in n- stri e | Y
econstruct (converted) photons in n-¢ strips
YL
Strips may contain either both photons

from n® decay or just one Y

0.05
n
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Taus and Backgrounds at the LHC

proton - (anti)proton cross sections
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Taus and Backgrounds at the LHC

proton - (anti)proton cross sections
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2012

33 -2
events / sec for L =10 cm”s

Large background from
QCD multi-jet production

W = tvand Z/y* = ttare the
dominant sources for taus in the
Standard Model: “Standard Candle”
for tau ID commissioning
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Taus and Backgrounds at the LHC

proton - (anti)proton cross sections
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2012

33 -2
evients / sec for L =10 cm”s

Large background from
QCD multi-jet production

W = tvand Z/y* = ttare the
dominant sources for taus in the
Standard Model: “Standard Candle”
for tau ID commissioning

Higgs =2 1t
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Taus and Backgrounds at the LHC

proton - (anti)proton cross sections
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Taus and Backgrounds at the LHC

proton - (anti)proton cross sections
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The Challenge: Pile-up

pp inelastic cross-section @ 8 TeV: 69.4 mb

Typical instantaneous luminosity in 2012: 5103 cm?st

=» O(25) simultaneous pp interactions expected per bunch-crossing

Each yellow dot
represents 1 pp
interaction vertex

p

Each green line
represents 1
reconstructed track

CMS detector is hardly ever “empty” !
=» Sophisticated methods are necessary to use particle isolation at the LHC

Christian Veelken Identification of hadronic Tau decays in CMS
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Cut-based Tau Isolation ©

Sum transverse momenta of charged hadrons
plus photons within isolation cone of size AR = 0.5

Isolation Pr-sum:  |so = % PThi(dZ <2mm) + Py

Christian Veelken Identification of hadronic Tau decays in CMS



Cut-based Tau Isolation 0

Sum transverse momenta of charged hadrons
plus photons within isolation cone of size AR = 0.5

Isolation P;-sum:  |so =[Z PThi’(dZ < zmm)J + PTV

Charged hadrons of P; > 0.5 GeV
within dZ < 2mm of 1, production vertex [!

e Effect of PU on charged hadron isolation minimal due to dZ < 2mm cut

[1l7, production vertex taken to be the vertex
that is closest to the highest P; (“leading”) track of the t,

Christian Veelken Identification of hadronic Tau decays in CMS 14



Cut-based Tau Isolation 2

Sum transverse momenta of charged hadrons
plus photons within isolation cone of size AR = 0.5

Isolation P;-sum:  |so =[Z PThi’(dZ < zmm)J +[PTV]

Charged hadrons of P; > 0.5 GeV
within dZ < 2mm of 1, production vertex [! Photons of P; > 0.5 GeV

e Effect of PU on charged hadron isolation minimal due to dZ < 2mm cut

 PU contribution to photon isolation corrected for on statistical basis
(see next slide)

[1l7, production vertex taken to be the vertex
that is closest to the highest P; (“leading”) track of the t,

Christian Veelken Identification of hadronic Tau decays in CMS
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AR Correction

Aim: Compensate for pile-up contribution to isolation P;-sum

* Compute P;-sum of charged hadrons failing dZ cut
within cone R = 0.5 around t,, direction

e Subtract AB correction from photon isolation

AB =k * X P;"*(dZ >2mm)

k = ratio of photon/charged hadron energy per unit area in PU events

(k = 0.5 expected from Isospin symmetry, actual value slightly different
due to P;thresholds and reconstruction efficiencies)

Christian Veelken Identification of hadronic Tau decays in CMS

16



Working-Points

Different cuts on Iso define Loose, Medium and Tight tau ID working-points:

\WP___| _Requirement _

Loose Iso < 2.0 GeV
Medium Iso < 1.0 GeV
Tight Iso < 0.8 GeV

All 3 WPs are actually quite tight: necessary to reduce large QCD background

CMS Simulation 2012, Vs = 8 TeV

0

% 1.4 —— HPS Ap Isolation Loose
i 12:_ — HPS A Isolation Medium

"I~ HPS Ap Isolation Tight
1:—
0.8

=>» Tau ID efficiency robust vs. PU 0l #
if AB correction is used 0al T - ﬂmw%mm:emm“
02
C Z— 1t
I e v b e e

0

5 10 15 20 25 30

Num. d Verti
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Tau ID Performance (Cut-based)

CMS Preliminary 2012, /s = 8 TeV, L = 19.7 fb’
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=>» Tau ID efficiency ~60%, flat vs. P; for P;* > 40 GeV
=> Jet 2 1, fake-rate ~1-2% at low P, steeply falling with P

=» Good agreement between Monte Carlo simulation and data in terms of tau

50 100 150 200 250 300 350 400 450 500

P [GeVic]

ID efficiency, up to 20% difference in jet = t, fake-rate
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MVA Tau ID

Idea: Use tau lifetime information to improve 1, ID performance

Input Variables:

Y.P1(charged contribution).
L Pp(neutral contribution).
Pile up correction.

)

Reconstructed T decay mode.

PT(T) *Used to parameterize Py and 1)
dependence of the MVA input
Ll (T) variables

abs(d,y) of the t.

sign(d,,) of the t.

d,, significance.

Presence of a secondary vertex.

T flight length.

J |\

J1

T tlight length significance.

—_—

Cut based isolation
variables

T reco and kinematic variables

Variables sensitive to the
impact parameter

SV sensitive variables

=>» Loose, Medium, Tight WPs defined by cut on BDT output

Christian Veelken
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=>» MVA T, ID covers a wide range of tau ID efficiency and fake-rate

=>» Very Loose working-point yields tau ID efficiency of » 70%,
Tight WP provides fake-rate of 10 (for high P; jets)

=>» Agreement between simulation and data very similar to cut-based Tt ID

Christian Veelken
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Tau ID Efficiency vs. Fake-rate

CMS Simulation 2012

_'Cl_') 1 0-1 —
9 i HPS &f 8-hit
o [ HPS op 3-hit | CUt based
L(E .~ —®— MVA excl. Lifetime
.~ —@®— MVA incl. Lifetime
2012 1 -
10°
2013 I n i
B P;>20GeV,In1<2.3
B Efficiency: Z/y  — vt MC .
Fake-rate: QCD multi-jet MC (15 < PT < 3000 GeV flat)
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Efficiency

=>» Tau ID algorithm performance improved steadily during LHC run 1,

as we gained more experience with the detector and LHC running conditions
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e/J Rejection

Electrons and muons are typically isolated

=>» e/u appear like one-prong hadronic tau decays in tracking detector

=» Information provided by calorimeter/muon system used to discriminate

e/u fromt,

Anti-p discriminator:

* Cut-based, veto T, candidates in case there are nearby track segments in
muon system

* Efficiency > 95%, fake-rate ~0.1%

Anti-e discriminator:

* Dedicated MVA trained to separate e from T,, using typical electron ID
variables as input

* Efficiency ¥90% (~70%), Fake-rate ~0.5% (~0.1%) for Loose (Tight) WP

Performance measured in data using Z/y* = ee (Z/y* 2 uu) events
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Summary

* The particle-flow and “Hadron plus Strips” algorithms allow to
reconstruct individual hadronic tau decay modes

* CMS tau ID performed well during LHC run 1:
* 7, identification efficiency typically 50-60%

* Probability for jets, electrons and muons to be misidentified
as hadronic tau decays typically few per mille to O(1%)

* T, reconstruction has been robust against pile-up

e LHC is about to restart taking data at 13 TeV center-of-mass
energy, higher pile-up and 25ns collisions next year

=2 CMS is making good progress to prepare its event reconstruction
as well as its triggers for these challenging conditions!
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Overview of Tau Triggers
pp Collision

p

[ During 2012 data-taking period

Final State |_____L1____| High Level Trigger

20 MHz

L+ T, SingleMu14 [1] IsoMul8 + PFTau20
L1 e+, SinglelsoEle20 [ IsoEle22 + PFTau20
DoubleTau44 DoublePFTau35
100 kHz l T DoubIeCe:})thaIJet64 (2] DoublePFTau30 + Jet30
T, + E;miss MET40 [ PFMET70 + PFTau35
{ H LT } [1] typical threshold. Small variation of the thresholds occurred

during the data-taking period.

0(300 Hz) [21OR recovers inefficiency of L1 tau isolation requirements
(described on next slide)

Permanent
Storage
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L1 Tau Trigger

Reconstruction of L1 Tau P;:

Sum of energy deposits in ECAL plus HCAL
in a region of 12x12 Trigger Towers

The sum of energy deposits is calibrated using
calibration parameters determined for jets.

The calibration overcorrects the true energy of
taus by a factor O(1.5)

L1 Tau isolation:

7 of the 8 non-central 4x4 regions are required
to contain E; < 2 GeV

* Energy within the central 4x4 region [t is required to be
concentrated in a region of at most 2x2 Trigger Towers

Trigger Towers outside of the 2x2 region are
required to satisfy E;f¢At < 4 GeV and E;"AL < 4 GeV

[11and each other 4x4 region

Trigger

HCAL
ECAL

PbWO4
Crystal —— e
—>
An,Ad = 0.348
>

An,Ad = 1.04

<

Passes isolation

Fails isolation

e =

F—ge0=0—]

—n=0.35 —]
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HLT Tau Trigger (t,1,)
L2

* Reconstruct calorimeter jets in n-¢ regions
matched to L1 Tau OR L1 Centrallet seeds,
using iterative cone algorithm with R =0.2

* Require 2 calorimeter jets of P >30 GeV and |n| <2.1

[113 calorimeter jets of P; > 30 GeV and |n| < 3.0 required for DoublePFTau30 + Jet30 trigger.
2 of the jets are required to be within |n| < 2.1.

L2.5

» Reconstruct tracks from hits in pixel detector,
within regions seeded by calorimeter jets

e Reconstruct “hard scatter” vertex

* Require that there be no pixel tracks of P; > 1.2 GeV
within annulus of size 0.2 < AR < 0.4 around jet axis

Christian Veelken Identification of hadronic Tau decays in CMS
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HLT Tau Trigger (t,1,)

axis

leading
Track/charged hadr. PFCandidate
axis

L3
* Reconstruct tracks from hits in pixel

plus strip detector
* Run particle-flow algorithm
* Run simple 1, reconstruction:

o P; = sum of particles within “signal cone”

of size AR =0.15

Suoo Uonejog,

&
<

jet-leading element
matching cone

p

.
>

o Highest P; (“leading”) track within signal cone
p

required to pass P; > 1 GeV 1
o Require no tracks of P > 1 GeV and compatible

with originating from “hard scatter” vertex within isolation annulus of size

0.15 < AR < 0.45 around leading track
[115 GeV threshold required during part of 2012 data-taking period

L2, L2.5 and L3 are “virtual” trigger levels, implemented in software
(running simplified fast version of the offline CMS event reconstruction algorithms)

Identification of hadronic Tau decays in CMS

Christian Veelken

28



HPS Tau Reconstruction

Based on CMS Particle-Flow algorithm

PFlet \

PFGammas PFChargedHadrons

Y

-, T (K, KF
n x ¢ Clustering e, (K5 K)

‘ Strips T,, decay mode
! > )
Reconstruction

lDecay Mode, Tau ID observables

Hadron + Stri
oron * StIP - Three Hadrons

: L //// _Cuts _ Isolation based
single T
Hadron i Tau ID discriminators
.i (Cuts based on invariant mass of
] Hadrons + Strips and energy within

T-jet not associated to rt#, p*, a,)

p*t > it md a, 2wt

+

a, > mtn'n’ a, 2>

Christian Veelken Identification of hadronic Tau decays in CMS 29



Decay Mode Reconstruction

CMS Simulation 2010,\/s=7 TeV

:

a

reconstructed as T decay mode
gO
@

I

I

* Purity of tau decay mode reconstruction 80-90%

» Data well modeled by Monte Carlo simulation

Christian Veelken

generated T decay mode

Identification of hadronic Tau decays in CMS
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0.13 0.83 0.04
0.85 0.16 0.05
| |
T TUtO(S) pLo]w8
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0.8

0.6

0.4

CMS,\s =7 TeV, 36 pb"

@ Data
dzZ—-st
B W+jets

I tt/ewk
BQcb

I I

T

TCTEO TUTITTC
reconstructed T decay mode
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Tau Energy Scale

Validated by 2 Methods:
* Fit of visible Mass peak in Z 2 tt = pr, 4 Events

* Data/MC Comparison of 1,4, Mass

arbitrary units

CMS,\'s = 7 TeV, 36 pb”

0.6 T T T | I
® Data
. 1. == === Simulation
| === TauES*1.03
0.4 Y ees TauES*0.97

|
0.8 1 1.2

|
04 06

1.4
visible t (nn°) mass (GeV/c?)

Tau energy scale stable vs. PU
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arbitrary units

CMS,\s = 7 TeV, 36 pb”

T T T T T T T
#® Data
= Simulation
0.6 -
== TauES*1.03
=== TauES*0.97
0.4 — : mEEe -
0.2} , -
| T el | | | |
0 1.4

04 06 08 1 1.2

1.6

1.8

visible T (nnn) mass (GeV/c?)
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Measurement of e = t, and p = 1, Fake-rates

CMS Preliminary 2012 \/s=8 TeV L ~500 pb™: passing probe

e = 1, and u = 1, fake-rates measured via Tag & Probe
technique using Drell-Yan events:

*Z/y* > e*e for e = 1, fake-rate
*Z/y* = pru for u > 1, fake-rate

'S
<)
T | LI

Pass

_Events/ (3.33333)
N
o
T T T
|

o
o
LI
|

8of -

Z/y* 2 ete (Z/y* = u'w) events are: oof —
* triggered by single electron (muon) triggers o .
* selected by requiring 1 well identified and isolated “ J \:;_:m =
electron (muon) M plus 1 1, candidate of P, > 20 GeV, 0758 s S0 55 06 105 101 20
| r] | < 2°3 and oppOSite Charge [2] CMS Preliminary 2012 \/s=8 TeV L ~ 500 pb™: failing probe
Selected events are split into 2 categories: sl Fail -
* Pass: passing tau ID and anti-e (anti-u) discriminator 4*@%)005_ ;
* Fail: not in Pass category )
The Drell-Yan contribution to each category is determined by 30000:
fitting the distribution of m,,, the mass of the Tag + Probe pair 200001~ .
NDY 10000? -
9 FR= pase : Lol | B
DY 0 75 80 8 90 95 100 105 110 115 120
Ng%?sfs + Nfail ¥ m,, (GeV/c?)
11 the “Tag” [21 the “Probe”; no isolation or other tau ID cuts are applied on the probe
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