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Overview

The tau lepton, LHC and ATLAS
Higgs analysis with taus

New: Particle Flow

What do we gain from it?
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The Tau Lepton

e Mass ~ 1.8 GeV others
Irtimly

« Proper decay length: ~ 87 um
P yIens : 3t __ leptonic
- Weak decays: L .

v — Undetected 1rt2n0v
T

— Hadronic modes

1rtim v 1ty

In the ATLAS detector:
* Leptonic decays really “look like” e,u
« “Tau” = hadronic decay
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LHC — Our Source of T Leptons

30
. LHC COIIideS protons ;ATLIAS 1T T T 1T T 1T 1T 1T T 17T T 1T 177
. “Run 1” completed in Feb 2013: collision 25;_Pr.e'i':;”§rl‘_’ d oz ey
energy of 7 and 8 TeV 20 Carasremoses | oiin”
- [l Good for Physics

« “Run 2" started 2015: 13 TeV collision energy,
more integrated luminosity

-
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2011, Ns =7 TeV

Delivered: 5.46 fb
Recorded: 5.08 fb”
Physics: 4.57 fb”'
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults

ATLAS Detector

« Multi-purpose detector for various physics signatures with leptons, jets, photons
« Momentum range ~1-1000 GeV (typically 10-100 GeV from EW processes)
« 2T magnetic field 44m

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector \

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker
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ATLAS Detector

Detection:

« Charged particles: Tracking
detectors, 6/p,~ 0.05%-p,[GeV]

resolution

* e,y. EM calorimeters:
6/E~10%/\ E[GeV ]

« Hadronic calorimeter:
G/E~50%/ E[GeV |

« Muon spectrometer:
c/p <10%

21.12.2016
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Run 1 Higgs Discovery

“Higgs boson” discovery in 2012 from
combined analysis of multiple decay

channels: vy, ZZ, WW

L L UL BRI I
ATLAS 2011 -2012 |
{s=7TeV: [Ldt=4.6-4.8 fb" e Exp.
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Phys Lett B 716 (2012) 1

H- 1t : 4.50 excess observed

SM Higgs-to-lepton coupling largest for t —
only accessible fermionic decay channel so far

Evidence for Yukawa couplings of Higgs

Strong constraints on VBF production cross
section

—————————————JHEP 04 (2015) 117
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http://arxiv.org/ct?url=http://dx.doi.org/10%2E1007/JHEP04%282015%29117&v=1dbc2917
http://www.sciencedirect.com/science/article/pii/S037026931200857X

Higgs analysis with t's — Requirements

———JHEP 04 (2015) 117

> ST PR R IR,
& [ ATLAS e Data 1 Real 1's major background to H - tt signal:
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c B i ers . L
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3 B 72, Uncert. i
o 40 e =
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http://arxiv.org/ct?url=http://dx.doi.org/10%2E1007/JHEP04%282015%29117&v=1dbc2917

Taus in the ATLAS Calorimeter

Hcal3
Hcal?2

Hcall
Ecal3

Ecal2
[T RLERR RN ORRRRRRHORIRRR Str| p— Layer

A An=01
mo T 15 cm
150 cm
Taus typically strongly boosted:
Opening angle ~ 0.2 rad
P
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21.12.2016

Taus in the ATLAS Calorimeter

Hcal3
Hcal?2

Hcall
Ecal3

Ecal2
RLERR RN ORRRRRRHORIRRR Str| p— Layer

An=0.1

15 cm

[
N
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21.12.2016

Run 1 Energy Measurement

Run 1: visible T energy measured
entirely in the calorimeter:

Hcal3 h
Hcal2
Hcall
Ecal3 > = E(7)
Ecal2

TN RN RN AR S'tr| p- Layer J

An=0.1

PW, Grad.kolleg Freiburg
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Run 1 Energy Measurement

Run 1: visible T energy measured

However poor calorimeter entirely in the calorimeter:

resolution of 7t* limits energy {

Hcal3 A
Hcal2

Hcall
Ecal3 > =E(1)

Ecal2

MY I St ri p- Layer/
X e
.

resolution, e.g. HCAL:

o(E) _50%
E VE

@ 3%

An=0.1
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Run 1 Energy Measurement

However poor calorimeter

resolution of w* limits energy
resolution, e.g. HCAL:

Run 1: visible T energy measured

entirely in the calorimeter:

Hcal3
Hcal2
Hcall

\

o(E) _ 50%

@ 3%

E ~ E

A S—

o An=0.1
w0

Ecal3
Ecal2

Strip-Layer/

> =E(1)

= P R A

. .. . 5 30f Calorimeter —3

Energy resolution of ©t* is superior in the = f Track ]
5 25 ——Tracker - =

tracker below p_ ~ 120 GeV 2 j e =
o ; ; ; ; ]

3y 20 ol

A -

T S e I N S e -

— Can do better than Run 1 method! 10;\ _— ]
C / _

] T _
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New for Run 2 @ ATLAS: Particle Flow

Alternative: “Particle Flow” approach

“Exploit full detector information to resolve, identify and measure each single particle!”

* No strict definition — move away from pure calorimetry for 4-momentum measurements

» Measure 4-momentum with tracking detector instead of calorimeter — improve resolution!
* For both isolated and non-isolated particles! e.g. inside jet or hadronically decaying tau

Muon
Spectrometer

] o
Neutring|
¥

Hadronic
Calorimeter

| Proton

£ Nel;tron' S ,«" The dashed tracks

3 T i i are invisible to
V P the detector
\ A
\ . i "
Electromagnetic : 0

Calorimeter — *Electrons
\pnm‘o‘ﬁ ! ;
Solenoid magnet ¢ \ b !

Transition
REGIENN
Tracking Tracker

PixellSCT
detector

http://atlas.ch

21.12.2016 PW, Grad.kolleg Freiburg 14



New for Run 2 @ ATLAS: Particle Flow

Alternative: “Particle Flow” approach

“Exploit full detector information to resolve, identify and measure each single particle!”

21.12.2016

Photons (from =°)
measured in ECAL

Hcal3
Hcal2

Hcall
Ecal3

Ecal2
RLERR RN ORRRRRRHORIRRR Str’| p— Layer

71'0"3.\.:‘ T

Q_‘
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An=0.1

Charged particles
measured in tracker
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New for Run 2 @ ATLAS: Particle Flow

Alternative: “Particle Flow” approach

“Exploit full detector information to resolve, identify and measure each single particle!”

Photons (from =°)
measured in ECAL

Challenge: Separate energy deposits in calorimeter
from different particles (“confusion”)
— Detector specifications important: granularity!

« Employed in various experiments to different extent — e.g. all Tevatron and LEP expmts.
- ... and future: ILC detectors designed for Particle flow

Hcal3
Hcal2

Hcall
Ecal3

Ecal2
RLERR RN ORRRRRRHORIRRR Str| p— Layer

w

‘

Q—‘

An=0.1

Charged particles
measured in tracker

- ... and a contemporary: CMS - full event reconstruction with Particle Flow

21.12.2016 PW, Grad.kolleg Freiburg
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Reconstruction Algorithm

=

.?_f.
=
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Reconstruction Algorithm

~99% of T decays contain no neutral hadrons!

| - * Assign all HCAL energy — n*

21.12.2016

* redo clustering in EMCAL only

EM TopoClusters

Hcal3
Hcal2

Hcall
——Ecal3

Ecal2

[T T T Strl P- La)’e r
An=0.1

Track

PW, Grad.kolleg Freiburg
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Lt

Reconstruction Algorithm

Match closest cluster to track

21.12.2016

Hcal3
Hcal2

IO | 00 W | Strip-Layer

If no cluster found within 0.04 then
assume 7* did not leave a cluster - no
subtraction

PW, Grad.kolleg Freiburg
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Lt

21.12.2016

Reconstruction Algorithm

Estimate nt* energy to be subtracted

Hcal3 _
Hcal2 * Overlap of n° and =* only in ECAL

il

[T

Ecal3
Ecalp  Eep(®) = p(track) — E(Hcal)

Strip-Layer

PW, Grad.kolleg Freiburg

Heall Compute 7t* energy in ECAL simply as:
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&  Reconstruction Algorithm

Subtract Eexp(ni) from energy of matched cluster

s
N

Hcal3
Hcal2
Hcall

- | Ecal3
l :- Ecal2
R S tri p- Layer

"'r. 'I.“ An=0.1
w0 T

21.12.2016 PW, Grad.kolleg Freiburg
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Reconstruction Algorithm

Hcal3
Hcal?2

Hcall
Ecal3

Ecal2

I St p- Layer

An=0.1
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Reconstruction Algorithm

Hcal3
Hcal2

Hcall
Ecal3

. ,- Ecal2
_ | :
T g T [T AT TNTrTvTRT St” -LE] er
p-Lay
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=
e

’c Reconstruction Algorithm

Hcal3
Hcal2

A~ Hcall
— Ecal3

Ecal2

21.12.2016

I i I Stri pP- Layer'

An=20.1

Ay
7 T

PW, Grad.kolleg Freiburg
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21.12.2016

Reconstruction Algorithm

Hcal3
Hcal2
Hcall

Ecal3
Ecal2

Strip-Layer

An=20.1

PW, Grad.kolleg Freiburg
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&  Reconstruction Algorithm

Hcal3
Hcal2

Hcall
Ecal3

Ecal2
I St p- Layer

Instead of simply “throwing away” ©* remnant cluster — significant
performance gain by exploiting
* Cluster properties
* T kinematics
Also: Important to pick the right nt° cluster for analysis!
21.12.2016 PW, Grad.kolleg Freiburg



&  Reconstruction Algorithm

Fail m° ID-— Hcal3

v
v |
Pass n° ID Hcal?
: Hcall
acks B -
l } Ecal2
I |||I||rlwl'1klyv,‘ﬁ| I Stri p- Layer
Yoy An=0.1

Suppress ©* remnants using BDT based on

* Cluster moments
* Number of photons

21.12.2016 PW, Grad.kolleg Freiburg
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T Reconstruction Algorithm

v _ . _
| -“' g :

0.05- l.. - s 1 | III Z

B ' s _ I
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i = - = . 7 ‘
i l. -.:. .l.‘..f-.-_._ 7 | ATLAS Simulation Zly*—rr | i

II!:-#I!’*| T T T IR R R T l.'!al.ﬁ. 00 : : : . OIS 1 1 1 ) 0

R JRN T T, B iy .
T, :

Cluster logarithm of energy variance #? identification efficiency

Suppress ©* remnants using BDT based on

F T T T T T T T T | T T T T I T T T T I —
ATLAS Simu|3ti0n — ‘ri'u clusters

—
|
|
|

0.7 2 ¥y 1T —=— Background clusters | -

o
[43]
|
|

Fraction of clusters/ 0.5
*
.

1 - background efficiency

* Cluster moments
* Number of photons
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&  Reconstruction Algorithm

=

21.12.2016

. 701D Hcal3
Pass m° ID Fail > 1D ngm

Hcall
Ecal3

Ecal2
1Strip-Layer

Suppress ©* remnants using BDT based on

* Cluster moments

* Number of photons
— This in combination with a cut on E_(neutral) > ~2 GeV
gives the gain in particle flow t resolution!
PW, Grad.kolleg Freiburg 29



&  Reconstruction Algorithm

-
L

| ocayode classtcaton |

21.12.2016

il 0
Pass 1 D | Fail =° ID

Classify decay mode using
» Decay kinematics

 ° ID information
* Number of photons

PW, Grad.kolleg Freiburg

—Hcal3
Hcal2

Hcall
Ecal3

Ecal2

1Strip-Layer
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&  Reconstruction Algorithm

-
L.

| ocayode classtcaton |

21.12.2016

[

| ATLAS Simulation
2'!}’“—:»??

Decay mode 2 efficiency
o
U"I

—e— 0 {0, 1}2% 212 (0xf)
L e {0 122, (12D
—— W {1224x% =222% , (12])
[ A {122k 2210 =20))
—— 3N {021}2% 212° , (0x])
e AN {0214 2120 (1)

[](}Olllli}lﬁIII

Decay mode 1 efficiency

Classify decay mode using
» Decay kinematics

 ° ID information
* Number of photons

PW, Grad.kolleg Freiburg
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‘5 Reconstruction Algorithm

e

Fail m° ID-— Hcal3

v
v [
Pass nt° ID Hcal?
,-'\ N\ Hcall
l' ,- Ecal2
IBNERIEA, " 11 ||ul*ﬁ!n‘|||||||r (AT Stri p- Layer
. | N\
Ii " -.f Ap=01

v

N

=

21.12.2016 PW, Grad.kolleg Freiburg
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T Reconstruction Algorithm

Fail m° ID-— Hcal3

m

Pass m° ID ' Hcal?
,-'\ N\ Hcall
— YA Ecal3
Ecal2

||||||||||||mm‘nnlg-wmr I St ri p- Layer

An=0.1

21.12.2016 PW, Grad.kolleg Freiburg
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‘5 Reconstruction Algorithm

Fail m° ID-— Hcal3

v
v [
Pass nt° ID Hcal?
,-'\ N\ Hcall
l‘ ,- Ecal2
IBNERIEA, " 11 ||u|‘|nl!'|||||||||r (AT S‘t!’i P- Layer'
../ 7 . 5
i g An=0.1
v

21.12.2016 PW, Grad.kolleg Freiburg
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T Reconstruction Algorithm

Fail m° ID-— Hcal3

Pass ° ID | Hcal?
' Hcall
- \1 Ecal3
Ecal2
| " T 1:n1|\1ﬂ1-nnmrnrm‘m—.n- Strin-| aver
Reconstruction of hadronic decay products of tau leptons with the

ATLAS experiment

The ATLAS Collaboration

Abstract

This paper presents a new method of reconstructing the individual charged and neutral had-
rons in tau decays with the ATLAS detector. The reconstructed hadrons are used to classify
the decay mode and to calculate the visible four-momentum of reconstructed tau candidates,
21.12.2016 groemificantly imorovine the resolution with rezpect to the calibration 1in the existine tan re- 35
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Particle flow performance
— What do we gain?’

PW, Grad.kolleg Freiburg
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What's the gain? — 4-vector resolution

Better 4-momentum resolution than calorimeter-only in Run 1.:
« Angular resolution: >5 times improved

CERN-PH-EP-2015-294

::'_h,. 1 03 E T T T l T I T | T T T T T T = E" 1 03 o T T T l T _I T T T T T T T —
T - ATLAS Simulation Tau Particle Flow 3 i - ATLAS Simulation Tau Particle Flow 3
5 L ZIy —rt ------- Baseline ] T C Zly =t --—-—-- Baseline ]
© - . k= - .
2102 4 210k 4
o = 3 0 = -
© C . © B .
o - 1 o - 2
o 7 12 -
= 10p R [0 E
1 E 1 3
107" . 107 E
C__1 1 1 | 1 1 1 | 1 1 1 | 1 1 - C__1 1 1 | 1 1 1 | 1 1 1 | 1 1 [

-0.04 -0.02 0 0.02 0.04 -0.04 —-0.02 0 0.02 0.04
n- % ¢ - ¢%°" [rad]
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https://cds.cern.ch/record/2116436

Probability density

21.12.2016

What's the gain? — 4-vector resolution

Better 4-momentum resolution than calorimeter-only in Run 1.:
« Angular resolution: >5 times improved
- Energy resolution: ~2 times improved at low E

—_
o

—

3

—
<
O

[
- ATLAS Simulation

%*

N
~
J
=3
=

T T T T T T T
Tau Particle Flow

e (CONSEtLUENt-based

------- Baseline

gen
EES

Mo

Relative E; resolution

0.4

0.3

CERN-PH-EP-2015-294

B ,IdTILAIS Slimulaltioln l l T;lu IéarticlelFIO\lN il
2y en Constituent-based
PAL s Baseline :
\ g“.x e Core resolution

h Tail resolution .

PW, Grad.kolleg Freiburg
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https://cds.cern.ch/record/2116436

What's the gain? — 4-vector resolution

CERN-PH-EP-2015-294

-
@ [ ATLAS Simulation m Features of resolution distribution:
o 10 Zly™—>17 h+:'r° =
Sk ;3-.-;2:: - - Best resolution for modes without w*
% - el and correctly reconstructed decays
@ ) 1] : L :
S 4L —— Total | - Misestimation of ©° — bias of ~25%
& - ] - Large low-energy bias from decays with
i i neutral Kaons (not fully reconstructed)
101? _E
10 ) gL =
Eo [ |- Fi R SR TSR B W -
0 0.5 1 1.5 2
EJES"
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What's the gain? — 4-vector resolution

Better 4-momentum resolution than calorimeter-only in Run 1.:

« Angular resolution: >5 times improved

- Energy resolution: ~2 times improved at low E

» Performance quite insensitive to busy-ness of collision environment

0.2

¥ had-vis

ATLAS Simulation

reconstruction

Tau Particle Flow
------ - Constituent-based
------- Baseline

Rel. E; resolution

|

Rel. E; linearity

21.12.2016

5

10

15 20

Number of primary vertices

PW, Grad.kolleg Freiburg

CERN-PH-EP-2015-294

(“Offset” correction of ~100-400
MeV applied to Run 1 here)
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What's the gain? — 4-vector resolution

Better 4-momentum resolution than calorimeter-only in Run 1.:
« Angular resolution: >5 times improved
- Energy resolution: ~2 times improved at low E

» Performance quite insensitive to busy-ness of collision environment

* Performance also well modeled in data!
CERN-PH-EP-2015-294

> 3500 |= T T T T l T T T T l T T T T l T T T T =]
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O - g B 7yt 3R ]
— 3000 R4 [ Z/;::Z (3H°) g
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— 2500~ Z/y*—tt (h* 70 iin
% C Zly*—tt (hY) 7
c C I Background ]
G>J 2000 Yy Stat. Uncertainty =
T E 5
Same plot also on 1500( =
the EPJC cover! 1000 =
500 =
ot
d_ 1 5 F T T T T | T T T T T T T T | T T T T =
X C 3 ]
Cli
8‘ 0_5 A | | | | | | | | | | | | 1 | | | | jiE|
@) 0 0.5 1 1.5 2

Reconstructed 7, , . mass [GeV]
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21.12.2016

Particle Flow —
What does it give us beyond
a better 4-momentum
measurement?

PW, Grad.kolleg Freiburg
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What's the gain? — H vs. Z discrimination

> e L LA R E .
. . . 8 . ATLAS —¢— Data i
Z -1t major background in H—tt analysis 2 sof 1o «veriBoosted  — HO25) weto)
- L= -1 B Z- e i
£ [ (s=T7Tev, 4.5 fb . e .
2 60— ys=8TeV, 20.3fb + B Fakes ]
u; B 7z Uncert. ]
= 40— —
& - ]
+ L i
E 200 N
o ]
S 20F
3z
= 10r
a B
3 o
= 50 100 150 200

mVMC 1GeV]

Yet unexploited: Discriminate Z (vector) from H (scalar) using longitudinal T polarization

21.12.2016 PW, Grad.kolleg Freiburg



What's the gain? — H vs. Z discrimination

Discriminate

Z (vector)

H (scalar) /

Longitudinal T polarization
anti-correlated correlated

21.12.2016 PW, Grad.kolleg Freiburg
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What's the gain? — H vs. Z discrimination

Discriminate

Z (vector)

H (scalar) -

Longitudinal T polarization

F~ - - T T T T T
0.0018F

= Mode: t*—nnly
e all
Measured in each t 00014F-
using energy asymmetry °%']

lefthanded
righthanded
of t and 7t° 0.00085
in t— v decays 0.0004F

21.12.2016 PW, Grad.kolleg Freiburg 45



Prospects for Higgs CP Measurement

H - tt important:

New Game

» Pseudoscalar Higgs in major models does _
not couple at tree level to WW and ZZ - Soore
need fermionic final states!

More from us

- Tau is only lepton that gives access to R il D B

. . . . . Z CHECK IN > ) S
polarization through kinematics of its decay
products — need Particle Flow!

- Higgs CP measurement in its decay by correlating transverse 1 polarizations

21.12.2016 PW, Grad.kolleg Freiburg 46



Prospects for Higgs CP Measurement

Higgs CP measurement by correlating transverse 1 polarizations:

Ur
[ e
——]

#
1
I
1
I
T ! T+
\ hu

Ut Ur T
§+
SI_ J_T . .

. T s |
' A : |
1
T ¥ i‘ﬂ—i_ L *W-'_
n* and 7 preferably parallel " and 1 preferably antiparallel
03¢ - v .
\\‘E &QL' ’ (PZ—IE
be 7 _'\/"‘\C;P:H E
. *E'Z 0.2 :_ ’/ ‘-. // \' \\\ _:
Measured using angle s L w N g ]
between t decay planes: S 0I5F 7 \ N~ /]
l; C / “‘. .\ .o“ N _
= Ol L // .‘, o AS ]
- C s e TN \\ﬁ_:
0.05F - 7
Eomy =125 CeV .
DeSChetaI, O-élllllllIl_fl{lllIIIIIlllllIIIIII'JRIIIIIIIIL_
Phys. Lett. B 579 (2004) 157 - . g P on
Berge et al, ges rest frame @cp [rad]

Eur. Phys. J. C 74 (2014) 3164 PW, Grad.kolleg Freiburg 47



Prospects for Higgs CP Measurement

&
Higgs CP measurement by correlating transverse 1 polarizations:
vy [ Jﬁ«r = Jﬁr
Too +—> S S
LT Y - = | b
I A© | hﬂ :
T ’:' ;‘ﬂ—i_ Vr *W-'_
" and n preferably parallel n* and © preferably antiparallel
Measured using angle Actual reconstruction of decay planes
between t decay planes: dependent on decay mode!
Higgs rest frame
21.12.2016 PW, Grad.kolleg Freiburg 48



Particle Flow Performance for CP Meas.

Five-way decay mode classification:
74.7% efficiency

w
=
I+
\%
/g
N
o

Reconstructed decay mode

Efficiency:

[ | [ [
. ATLAS Simulation ZiY-=TT
Tau Particle Flow Diagonal fraction: 74.7%

— 0.2 2.5 3.6 5.3 56.6 —
= 0.2 0.6 0.3 92.5 40.2 —
— 0.4 6.0 35.4 0.1 0.4 —
— 9.4 74.8 56.3 0.9 2.5 —
— 89.7 16.0 4.3 1.2 0.3

hIi hilfco hizlzn‘) 3/|7i 3hi|zm°

Generated decay mode

Probability density

—_
o

—

107"

10

é’x

Can resolve single =°:
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— This makes CP state measurement in H- 1t possible!
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CERN-PH-EP-2015-294
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Particle Flow Performance for CP Meas.

Five-way decay mode classification:
74.7% efficiency

Well modeled: CERN-PH-EP-2015-294
B [ I I I 2
ATLAS e Data(8TeV,5.0fb"
6000 Bl Z/y et (3P 1%

| e, B Z/y -7 (3hY)

W Z/y =t (h*>27°)
Zly =zt (h* 7°)

| Z/y*—tt (hY) 4

I Background

4000 74 Stat. Uncertainty

Events / Decay mode
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e kR h>272° 3k 3hT217°
Reconstructed decay mode

— This makes CP state measurement in H—- 1t possible!

21.12.2016 PW, Grad.kolleg Freiburg
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Conclusions

Qv‘

« Particle flow reconstruction for tau leptons is being prepared for ATLAS analysis
« Tau reconstruction benefits significantly from Particle flow

« 5-way decay-mode classification - Higgs CP

- E, core resolution of 7, improved by factor ~2 at low E

« Angular resolution improved by factor ~5

21.12.2016 PW, Grad.kolleg Freiburg
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Important Physics Results with t's

. . 1
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> UL L > 1N LA L L Y [N L L L L I L ) L L L B B %) F (| )I I I : : : : I I I I ) I il
) L : i ] 4 (A) ATLA e Data 2011
g o ATLAS —o— Data - 8 = ATLAS Preliminary ILdt: 155 \\s = 7 TeV ] G 10 E e 1 (] Multijet 3
S 80— H-s 7t VBF+Boosted — H(125) 1=1.0) — 1 600 N = F Ldt=4.61b ] ]
=~ L — B -t Y - 7 5t 1 — 1035_ |:|Z/}’ —TT -
2 T {s5=7TeV,45fb B - LIz - ] 3 3
= r- p Il Others 2 500k B Multijet T £ E B Wty =
2 60 (5=8Tev, 203" 4w Fokes -5 - DOW-py 3 5 Lol [ oth 4
= - 72 Uncert. T C Wty 3 G>J 10 H miks  §F 0 it E
= = ’ 400 my/Z-pp - W F iZ(1250)—> 1T A
g L - A . 10F .
% - 3000 [CDiboson = z E
£ 20 - ] 16 | . -
B 200 — 3 e
C ] = _;
- 100F- =L
2 C . o ]
m 4 10 E
; 0 . E 3
§ ° [ | | ]
N '3 1 I 1 /| I 1 1 1 1 f
3 mys(w, ) [GeV] 1070 500 1000 150(
E’ E . . . L ‘ L Ly tot miss
g 50 100 150 200 m_|9 (Thad—vis’ Thad-vis® ET ) [GeV]

------
- -

mVMC [GeV]

- Fake 1's are major background:
“Particle jet”

Quark- or gluon-initiated jets

“Parton jet”

p Underlying
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Jets fake t's

— Fake 1's are major background!

1) Huge QCD production cross section

21.12.2016

Standard Model Production Cross Section Measurements
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Jets fake t's

— Fake 1's are major background!
1) Huge QCD production cross section
2) QCD jets look similar

« Jets hadronize mostly into
» t* (~60% of jet energy)
* v (~30%, from n°)
* Neutral hadrons (~10%)

jetcone

» Hadronically decaying taus (t) decay almost exclusively into
» * (~100% of decays)
» ° (~2/3 of decays)

21.12.2016 PW, Grad.kolleg Freiburg
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Higgs analysis with t's — Requirements
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21.12.2016

Fake t's are major background:
« Large QCD cross section
» Jets “look similar’” — hadronize into majorly pions

= Need good discrimination against jets

Jet rejection factor ~100 achieved with excellent Run 1

tau identification: Q =

UL I L | L T 17T | L | T
Simulation+Data 2012, {s=8TeV
-+-1-track

2

== 3-track

—
[e]
w

.
e
*a
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-
"
o
e
»
.

Inverse Background Efficiency

102 20 GeV< p< 40 GeV, [nl< 2.5
= L 20,
10 | Tauidentification N\ . B
= ATLAS Internal 3
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01 02 03 04 05 06 07 08 09 1

Signal Efficiency
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Tau Reco and ID efficiencies

Decay mode B [%] A cpeo [%] em [%]

h* 11.5 32 75
h* n¥ 30.0 33 55
h* >27" 10.6 43 40
3h* 9.5 38 70
3h% > 17" 5.1 38 46

Table 2: Five dominant Tp.4_yis decay modes [59]. Tau neutrinos are omitted from the table. The symbol i* stands
for 7 or K*. Decays involving K= contribute ~3% to the total hadronic branching fraction. Decays involving
neutral kaons are excluded. The branching fraction (8), the fraction of generated Tpag_vis's in simulated Z — 77
events that are reconstructed and pass the T,4_vis selection described in Section 2.2 without the jet and electron

discrimination ((A- &g, ) and the fraction of those 1,4 vis candidates that also pass the jet and electron discrimination
(emp) for each decay mode are given.

21.12.2016 PW, Grad.kolleg Freiburg



Tau Identification

Reconstructed from energy deposits in calorimeter — initial steps identical to jet
reconstruction

Associate tracks reconstructed in the tracking detectors

|dentification using calorimeter cell and track variables: exploit that taus are on
average more narrow than jets — excellent rejection of jets reaching factors of ~100!

Hcal3
HCa |2 a\ 104 E LI I L | T 1T T 1 | L I_I T 1T I L I T 1T 171 | LI I LI IE
S = Simulation+Data 2012, ys=8TeV 3
Hcall S —-1-track -
Ecal3 g 10° ==3-track —
c * 3
Ecal2 3 f :
o ~ i
) < .,

T T Strip-Layer g 107 A 20 GeV< p <40 GeV, Inl<2.5
1 (nil] E """" E
X An=01 o F -
70} S | Tauidentificaion N\ . . |

L £ 10 .

ATLAS Internal

-
11 IIIIII|

01 02 03 04 05 06 07 08 09 1
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Reconstruction Algorithm

Hcal3
Tracks ey
Hcall
| ; Ecal3
| i
! Ecal2
T i Stri p- Layer
-,
T ‘Ap=01
w0 |

— Tells us if a cluster contains more than 1 ©°
Counts energy deposits with E_ > 300-430 MeV associated

to cluster, count twice if E. > 10 GeV —improves

* Purity of decays with 1 «°
- Efficiency of decays with 2 r°



Reconstruction Algorithm
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— Tells us if a cluster contains more than 1 ©°
Counts energy deposits with E_ > 300-430 MeV associated

to cluster, count twice if E_> 10 GeV — improves

* Purity of decays with 1 «°
- Efficiency of decays with 2 r°



T Performance: ©° 4-vector resolution

Angular core resolution: (0.0056, 0.012) in (n,9)
Relative energy core resolution: 16%

- T T T T T T T T T = | — T T T [ T T T 1 T T 1 fan R R
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Pileup has very little impact without pileup correction!
- E_ increases by ~15 MeV per vertex

- E, resolution degrades by 0.5% per vertex
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T Performance: Decay mode classification

Overall classification efficiency: 74.4%
» High efficiencies in important modes 1pOn, 1pln and 3p0On

 High purity these modes (cf. Run 1 track-based classification: 27%, 52%, 69%)

Efficiency:
o + T T . | b} | | | |
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T Performance: T 4-vector resolution

E. response:

« Calculate resolution-weighted sum of “constituent-based” and calorimeter-only (= Run
1) E. — smooth transition at high E_ where calorimeter measurement gets better

- To suppress E_ resolution tails - use Run 1 E_ if the two E_ disagree by >5¢
-~ Rel. E_ core resolution ~8% at 20 GeV (Factor ~2 better than Run 1)
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T Performance: T 4-vector resolution

E. response:

« Calculate resolution-weighted sum of “constituent-based” and calorimeter-only (= Run
1) E. — smooth transition at high E_ where calorimeter measurement gets better

- To suppress E_ resolution tails - use Run 1 E_ if the two E_ disagree by >5¢
-~ Rel. E_ core resolution ~8% at 20 GeV (Factor ~2 better than Run 1)

0.2 T T T T T T | T T T T | T T T T | ]

ATLAS Simulation Tau Particle Flow —3
Thaduis M€CONstruction - Constituent-based _3
------- Baseline

Little impact from pileup without pileup
correction:

Rel. E; resolution

- E, increases by ~4 MeV per vertex

» Resolution degrades by ~0.5%

|

Rel. E; linearity

5 10 15 20
Number of primary vertices
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T Performance: =° ID

Cluster pseudorapidity, |gs|
Magnitude of the energy-weighted n position of the cluster

Cluster width, {r2)clus
Second moment in distance to the shower axis

Cluster i width in EM1, (5?

clus
EMI1 }

Second moment in 1 in EM1

Cluster i width in EM2, (5?

clus
EME}

Second moment in 1 in EM2

Cluster depth, A%

. centre .
Distance of the shower centre from the calorimeter front face measured along the
shower axis

Cluster PS energy fraction, I,f;!;“
Fraction of energy in the PS

Trrefar eae B <lus
Cluster core energy fraction, f7 =

Sum of the highest cell energy in PS, EM1 and EM2 divided by the total energy

Cluster logarithm of energy variance, log(p*)us
Logarithm of the second moment in energy density

Tovetar TS v Fracts clus
Cluster EM1 core energy fraction, "fmre,EM '

Energy in the three innermost EM 1 cells divided by the total energy in EM1

Cluster asymmetry with respect to track, ﬂf:::k
Asymmetry in 7p—¢ space of the energy distribution in EM1 with respect to the ex-
trapolated track position

Tovetar TS . nrclus
Cluster EM1 cells, ‘NEMI

Number of cells in EM1 with positive energy
Cluster EM2 cells, N;!;Isz
Number of cells in EM2 with positive energy
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T Performance: =° ID
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Figure 1: (a) Distribution of the logarithm of the second moment in energy density Df;rgm clusters that do (signal)
or do not (background) originate from 7”’s, as used in the #” identification. (b) 1 — efficiency for background ="
s to pass thresholds on the 7° identification score. The x”

vs. the efficiency for signal =”

cand

associated with ,3_vis s selected from simulated Z — tr events.
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T Performance: ECALI deposits
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Figure 4: Efficiency for a photon to create a maximum in the first layer of the EM calorimeter in simulated 7 — yy
events and the corresponding probability to create a maximum that is shared with the other photon. The photons
are required to not interact with the material in the tracking system.
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T Performance: Kinematic decay mode

21.12.2016

classification

x? identification score of the first 7%
cand

SBDT
T
" identification score of the ”Ean 4 With the highest " identification score

Er fraction of the first :rrgm " S0
Et of the HEM 4w ith the highest 7" identification score, divided by the Eq-sum of all

[] o +*
cand S and h=’s

"y
Hadron separation, AR(h*, n")

AR between the 5= and the HE']an d with the highest 7 identification score

h= distance, Dy-

Ep-weighted AR between the h* and the Thagvis axis, which is calculated by sum-
ming the four-vectors of all #*’s and :rﬂmd’s

Number of photons, N,

Total number of photons in the Thad—vis. as reconstructed in Section 3.3

x? identification score of second Jri'an 4 S'EDT

" identification score of the ”Ean 4 With the second-highest " identification score
x° 4 Et fraction, fa
Can
Eq-sum of 7 s, divided by the Ep-sum of z° s and h*’s
cand ! cand
?Tﬂ

cand
Invariant mass calculated from the sum of .?Tgﬂ_nd four-vectors

mass, Mo

Number of #' N
cand !

Standard deviation of the h* pr, o=
Standard deviation, calculated from the pr values of the h=’s for tp,59_is With three
associated tracks

h= mass, my=
Invariant mass calculated from the sum of A* four-vectors
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T Performance: Kinematic decay mode
classification

Decay mode test N{;rrfﬂnd} N{;rr?D} Variables
+ 0 = 0 BDT £ 0
h= {0, 1}z I | STV fro1. AR(h=, 1), Dp=, N,
> 2 I
h* {1,>2)n" -7 > 9 SBPT. o, mu, Nyo. N,
> 1 0
3h=1{0, =21 }r” ; | I S ?DT‘ a0, TE gt Mp=, Ny

Table 5: Details regarding the decay mode classification of the Tau Particle Flow. BDTs are trained to distinguish
decay modes in three decay mode tests. The Tpa4_.is s entering each test are further categorised based on the number
of reconstructed, N(”Sand}* and identified. N(:rﬁ]] neutral pions. The variables used in the BDTs for each test are

listed.
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T Performance: Kinematic decay mode
classification

-
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| ATLAS Simulation
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Figure 5: Decay mode classification efficiency for the A= {0, 1}2°, h* {1,>2}a", and 3h* {0,>1}a" tests. For each
test, “decay mode 17 corresponds to the mode with fewer 7’s. Working points corresponding to the optimal
thresholds on the BDT score for each test are marked.
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What's the gain? — H vs. Z discrimination

Discriminate

Z (vector)

H (scalar) /

Longitudinal T polarization

Discrimination through correlation of n— n° energy asymmetry

Prerequisites:
* Need to reconstruct ©° energy &
« High purity decay mode classification ‘\Q'

— Now available with new reconstruction

21.12.2016 PW, Grad.kolleg Freiburg
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ATLAS Run 1 Tau Reconstruction

- T, appears as narrow, isolated jet from neutral (e.g. n°) and charged particles (e.g. ©*)
« Calorimeter seed: anti-kT jet with R=0.4, p_. > 10 GeV, |n|<2.5
» Classify in number of tracks (“prongs”) in AR=0.2 of jet seed Cells in Layer 3

. L ApxAN = 0.0245x0.05
« 1, energy = energy of topological clusters within AR=0.2

2Xg
Hcal3 —0 o /\
Hcal2 N & 16X
Hcall
Ecal3
Ecal2 :

T[‘ig T
ger IUW(A
r

S

{7z _
T MIIMIMIITE c3] 1 ///QM__ _ .
770t 1 /Tr_ An=0.1 /ﬁ—x W)
/ d
3 /NH . ‘ AN AN Square cells in
ECAL: X ~ 2.1 cm, Moli¢re radius ~ 4.4 cm 1 @ @/N Layer 2
HCAL: 0.1x0.1 in /0, 7.4\ long, 3 layers ° 5““ -~ \ \A:I |H(P 00245
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ATLAS Run 1 Tau Reconstruction
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Figure 13: Distribution of the reconstructed mass of the 7y, ,;. when using the Tau Particle Flow 1,4 ;. four-
momentum reconstruction in the Z — 11 tag-and-probe analysis. The estimated background contribution, domin-
ated by multijet and W(— pv)+jets production, has been subtracted from the data. The simulated Z — 77 sample
is normalised to the background subtracted data. The contributions from 1y, ,;, with generated h*, h* x and 34*
modes are overlaid. The hatched band represents the statistical uncertainty on the prediction.
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ATLAS Run 1 Tau Reconstruction

A LAS Simulation
70 reconstruction
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ATLAS Run 1 Tau Reconstruction
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Figure 11: Tau m,;; distribution of the Tau Particle Flow reconstruction of fake tau candidates from jets in a Z(—
pp)+jets event selection, for data and simulation. The simulated Z(— pp)+jets events are reweighted so that the
Z boson pr distribution and the overall normalisation match that in the data. The hatched band represents the
statistical uncertainty on the prediction.
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