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Why taus ?
y aus m S I arXiv:1606.02266
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« test lepton universality, e.g. R(D¥) b ¢

« some BSM might have enhanced t-coupling:  ° T v
— Yukawa coupling to scalar, e.g. neutral MSSM Higgs
— leptoquarks
—Z orW
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https://arxiv.org/abs/1606.02266

t-lepton properties

 mass 1.776 GeV

= can decay to hadrons (m_ = 140 MeV)
« decay:

— 65% hadronically (“z,")

— 35% fully leptonically
* lifetime 1=2.9%X10"3s

= yct ~ 1 mm (20 GeV)

= secondary vertex

1, is a collimated, isolated jet T 0

25/05/20



T;, reconstruction

* anti-k;, R=04
 seed for t, candidate

tracker

Tt — nty, T+ o atrly, T = rEaFrty,

Decay mode reconstruction

detector interactions of different decay modes

 charged tracks (*)

« ECAL clusters (r°) ™ m L.
Identification
MVA to reject jets, e or u
* lifetime
* isolation
« energy fractions _
quark/gluon jet Th jet

25/05/20 4



Map to t;, reconstruction & identification

HPS algorithm

— BDT against jet
+ BDT against e
+ cut-based against u

— DNN “DeepTau” against jet/e/u

25/05/20

“Baseline” algorithm

— BDT against jet
+ overlap removal e/u

— RNN against jet
+ BDT against e

Tau Particle Flow
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dentificat

T;, reconstruction &

CMS

Hadron-plus-strips (HPS) algorithm

0.05 < AR,;; < 0.2

AK4 jet of particle flow (PF) hadrons, e/y

| cone +

seed

lation cone

ISO

signa

decay mode by counting

— charged hadrons

assign

ips”)

— ECAL clusters (e/y merged into “str

pr(h) > 0.5 GeV

convolutional deep neural network (DNN)

DeepTau algorithm
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TAU-16-002/

CMS: T, reconstruction & identification

Hadron-plus-strips (HPS) algorithm 21 x 21 cells (1) X § = 0.05 x 0.05)
« seed: AK4 jet of particle flow (PF) hadrons, e/y
« signal cone + isolation cone
e assign t,, decay mode by counting

— charged hadrons

— ECAL clusters (e/y merged into “strips”)

e

11 x 11 cells
(n x ¢ =0.02 x 0.02)

L

DeepTau algorithm
« convolutional deep neural network (DNN)
— high level: t lifetime, isolation, e/y kinematics, ...

Signal cone

Isolation cone

. . . n
— PF hadron/u/ely information in small px¢ cells of z,
« multiclassifier into t, u, €, or jet probabilities
100 CMS Simulation Preliminary 2017 (13 TeV)
100 CMS Simulation Preliminary 2017 (13 TeV) 100 CMS Simulation Preliminary 2017 (13 TeV) -—4— MVA vs. jets (JINST 13 (2018) P10005)
-4~ MVA vs. electrons (JINST 13 (2018) P10005) 4 Cut based (JINST 13 (2018) P10005) "+ MVA (updated decay modes)
- —— DeepTau vs. electrons —— DeepTau vs. muons > DeepTau vs. jets
£ 1014 210714 = A
E pr<100 GeV /,- ,_ii, pr<100 GeV 2 10714 pr <100 GeV ’.
o 3 5
S10°2 . 5 1072 . s
A anti-e 2 anti-u : 2
£ 10 €10 . £
o S +
5 S 9
3 =
w 10~4 1074
3
5 1073
g % 10! 4 e E 44
'E 10! 4 8 ] s
$ _____ 3 3 1 e
g g o e
> 100 f §
= 05 0?6 0‘7 0?8 0?9 10 3 0.9800 0.9‘825 0.9‘850 0.9‘875 0.9‘900 0.9‘925 0.9‘950 0.9‘975 1.0000 = !

! ici ici 03 0.4 05 0.6 0.7 08 0.9 1.0
Tau ID efficiency Tau ID efficiency
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https://cds.cern.ch/record/2694158/
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Map to t;, reconstruction & identification

Universitat Zarich, Physik-Institut, Izaak Neutelings

“Baseline” algorithm

— BDT against jet
+ overlap removal e/u

— RNN against jet
+ BDT against e

Tau Particle Flow



ATLAS t,, reconstruction & identification

» seed: AK4 jet of clusters
« signal cone + isolation cone

« BDTs used for track classification
= 1, decay mode: 1 or 3 prong (inclusive in 7°)

RNN algorithm

» recurrent neural networks discriminating jets

 input variables related to pi(h) > 1 GeV
— high-level: 7 lifetime, isolation, energy fractions,
— low-level: tracks and clusters

“Baseline” reconstruction algorithm \
g 2
T \
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-045/

ATLAS t,, reconstruction: Tau Particle Flow

Tau Particle Flow (TPF) algorithm
seed: baseline 1, candidate

reconstruct & identify individual particles

— 1t tracks + clusters

additional BDTs assign decay mode

improved momentum resolution pr < 100 GeV

Probability density
3 3

—
TTT T T TTTTTT

10’15

T T T [ T T T N
F ATLAS Simulation
- Zly*>tr

T [ T T T
Tau Particle Flow 7

Baseline

_0.04

25/05/20

I | I I I I I
-0.02 0

Il ‘ Il Il Il 3
0.02 0.04
¢ - ¢°°" [rad]

Relative E; resolution

0.4

0.3

0.2

0.1

3

N T T T ‘ T T T ‘ T T T ‘ T T
- ATLAS Simulation Tau Particle Flow
L Zly*—>tr - Constituent-based
N Baseline
" e Core resolution N
R A Tail resolution J
N A T
. \A Aok .. iy U A, . ‘W
A~~-.‘\ A |
LN z
[ tail 95% CI ]

e.
T-e--.
."'0---...

S S
ST NPT S P -— :..?-T.::,;:,::.“'..‘.; -

core 68% CI
Il Il Il ‘ Il Il Il

40 60

EPJC 76 (2016) 295

80 100
EF" [GeV]

pr(h) > 1 GeV

>'7
ARiso < 0-4
[ ] T \ \ T
'8 | ATLAS Simulation Zly*—>rr |
€ Tau Particle Flow Diagonal fraction: 74.7%
>
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-06/

Detector description for t,, identification

X1\0:\3 ‘ T T T

101 o 13 ® L e B
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ATLAS  ATLAS.CONE2017-025 o e AR <06
. - - - 0.2<AR<0.6
* f|t to Nt
racks
.. CMS 35.9 fb™ (2016, 13 TeV) x10°CMS 35.9 b (2016, 13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/TAU-16-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-029/
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T;, reconstruction

Identification

Decay mode reconstruction

» charged tracks (7*)
« ECAL clusters (1°)

« anti-kr, AR=04
» seed for 1,

Energy calibration

MVA to reject jets, e or u
* lifetime
* isolation

Universitat Zurich, Physik-Institut, 1zaak Neutelings
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Energy calibration

ATLAS

* T, prec° is interpolated between
calo- and TPF-based pr

15

. (T a0.vis) TESOlUtION [%]

101~

* calibrated for pr9" with boosted « | *.

regression tree (BRT)
— interpolated, calo & TPF pr S

T T T
—— Data

Bz
[ Z—> ee/up
COw-1v
[ Jet>l,x fakes
B3 Uncertainty
.03 Z>tr Predfit

3
S 24100
[) 2_2;ATLAS Preliminary
20— T g oo 15=13TeV, 321"
- ATLAS Preliminary « Baseline 5 1.8E77 ey 1-track
| Simulation . BRT § 1.6
L -4 o 140
° 1.2
1
* 0.8
] 0.6
. calo-based - 045
o o 1 0.2
AAAAA MU SRS 3
1 B
BRT &
P I B S SR 3
50 100 150 200 250 cD‘E

— calorimeter-related variables
- NPV, Ntrack, N/ZO’

* resolution ~6%
* energy scale in MC ~1-3%

CMS
* T, P is sum of PF constituents

* PF constituents are already calibrated
= 11, pr%° well modeled, resolution ~10%

» energy scale in MC ~1-3%

25/05/20
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ATLAS-CONF-2017-029
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-029/
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T, mass @ ATLAS and CMS

Tau Particle Flow + BDT

Reconstructed 7, , .. mass [GeV]

EPJC 76 (2016) 295
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https://cds.cern.ch/record/2622155/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-06/

Visible Z — 7,7, mass @ ATLAS and CMS
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u + 1, events

Tau Particle Flow + BDT

T | T T T T | T T T T
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I Background
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2014-06/
https://cds.cern.ch/record/2694158/
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Summary

study of t leptons is important for new physics
searches and measurements

each detector has its unique approach

— CMS: PF provides ready-made, and well-calibrated
T}, constituents

— ATLAS: Baseline more calorimeter-based,
but Tau Particle Flow exploits tracking to improve
momentum resolution below 100 GeV

excellent understanding of the detector allows for a
good description of t,, reconstruction

recent development of NNs significantly improved jet
rejection, ~1% misidentification for 60% efficiency

Universitat Zarich, Physik-Institut, Izaak Neutelings 16
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p;(n) = 18 GeV
P‘}is('l'h) = 26 GeV
m,;s (1, T) = 47 GeV
m. (1,ET"*) = 8 GeV

EM* =7 GeV
Run Number: 160613, Event Number: 9209492
Date: 2010-08-03 02:12:37 CEST
-5
on L — TT 3 i
Candidate in 7 TeV Collisions’, AN

3-prong hadronic
tau decay




CATLAS
) EXPERIMENT

Run 155697, Event 6769403
Time 2010-05-24, 17:38 CEST

W-1v candidate in
7 TeV collisions

py(t) = 29 GeV

E™s = 39 GeV
A(t,E™) = 3.1
m, = 68 GeV
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Tau fakes

charged tracks u
+ ECAL clusters
+
e ? T 0 1 Tt
VRN
| / \
e — 1, fake U — t,, fake Jj — 1, fake real t,,

many other objects can fake tau
= exploit 7's isolation & impact parameter

25/05/20 Universitat Zarich, Physik-Institut, Izaak Neutelings
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T lepton pair decay modes

one 7 lepton pair of 7 leptons

ee
3% €1 HK
6% 3%

Universitat Zurich, Physik-Institut, 1zaak Neutelings
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CMS: t,, reconstruction & identification

Hadron-plus-strips (HPS) algorithm
« seed: AK4 jet of PF hadrons, ey

« signal cone + isolation cone

« assign decay mode by counting
— charged hadrons
— ECAL clusters (e/y merged into “strips”)

. . pr(h) > 0.5 GeV 0.05 < AR,y < 0.2
BDT-based isolation pi(ely) > 1.0 GeV AR, <0.4
» discriminate against jets
o input variables related to - CMS Simulation Preliminary (2017, 13 TeV)
7 lifetime, isolation, e/y kinematics, 5 [
8102
o
CMS Simulation Preliminary CMS Simulation Preliminary c C
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Run-2: Dynamic strip reconstruction

CMS simulation CMS simulation
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CMS: BDT input variables

CMS Simulation Preliminary

CMS Simulation Preliminary
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TAU-16-002/

CMS t, identification: DeepTau

21 x 21 cells (n X ¢ = 0.05 x 0.05)

DeepTau algorithm
» deep neural network
» multiclassifier into 7, u, €, or jet probabilities

* input:
— high level variables similar to BDT
— hadron/u/ely information in nx¢ cells of 1,
» outperforms BDT
208 819 TP 185 600 TP 161004 TP
e ) e —\ "¢ Y/
Inner cells Pre-processing 5 convolution cell
:> each inner cell ‘ layers with 3x3 g
separately windows 2
J o ]
208 819 TP 371200TP .g'
s N s N one Ye &
Outer cells Pre-processing 10 convolution cell 5 dense # Yu =
each outer cell ‘ layers with 3x3 ‘ layers A -
separately windows y; -
J - J
. )

High level features Pre-processing 3
. =
[ > | ofhighlevel | ——————) S
[
features ) %
19911 TP =

TP = trainable parameter ) o ) ) .
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CMS Simulation Preliminary 2017 (13 TeV)

-—4— MVA vs. jets (JINST 13 (2018) P10005)
-—¢— MVA (updated decay modes)
—— DeepTau vs. jets

pr< 100 GeV
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DNN architecture

DeepTau

4 outputs

sindut 681

Ye
Yjet

57 outputs

e

s

{5 [spouzs | i
- M
{~ [sopouog ] |
: SOpou €11 i
-

¥ 105703 inputs

[T >

High-level
features

64 outputs

=]
[

2

ja]

=

64 outputs %

o

=

o

o

371200 TP
185600 TP

1[92 a8uts 01 %
g X 1g woy %
sIaAe[ i
uonnoAuod QT & UONN[OAUOD G
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e/v
J’_

h

11 x 11 grid
a 188 inp

21 x 21 grid
Outer cells 2188 inputs

Inner cells

11 x 11 input grid

Filters w/ 1 x 1 window to

reduce number of filters for
subsequent convolution
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Applied similarly for inner and outer cells
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TP: trainable parameter

Applied similarly for inner and outer cells
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Visible Z — 7,7, mass @ ATLAS and CMS

u + 1, events

HPS + BDT HPS + DeepTau

x10° CMS Preliminary 2018, 59.7 fb" (13 TeV) >><1 0° CMSPlreliminalry 2|o1 8, 59|.7 fb™ (T 3 TeV)
> [Trrr[rrrrrrrryrrrrpro T [rrrryrrrryrrrr T T T T T T T
8 250 pt, : MVAoIdDM2017v2 - 8 250[ ur, : DeepTaulD2017v2p1 ]
A ] o | ]
1C—) - ~+ Observed i ~ o0ok ~+ Observed B
~ 2001 []Drell-Yan — 1, . ; i []Drell-Yan = T,T, ]
2 - M Drell-Yan with | — 1, 1 = - [@Drell-Yan with | - 7, 1
S I [Drell-Yan withj —> 7, ] © 5ol W Drell-Yan with j — 7,
> 1501 WW + jets - |.|>J i MW + jets i
L - [t and single top ] - [t and single top .
i [ Diboson ) - @Diboson i
100 [JQCD multijet A 1001~ lx:\\IQC?fTU|tljet -
: W post-fit unc. i increases [ \post-fit unc. ]
- i by ~20° o ]
B | | | fake T}, decreases gl == N

N 1nn 0 50 100 150 200 250 300

0 50 100 150 200 250 300 by ~23%

m,. [GeV] m, [GeV]
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ATLAS



T, decay mode reconstruction

-c T T I T T T T I T T T T I T T T T I T T T T I T T T T I T T
I 1__ ATLAS Preliminary -e-truth 1p ]
e | Simulation ——truth 3p _
= L Vs=13TeV i
g o8l ]
(11 B I u 9y t t. 0.6 N " __
aseline” T, reconstruction - ]
0.4_— o
(no ¥ reconstruction) . 1
0.2 " —
ol L1 S .
0 1 2 3 4 5
reconstructed number of tracks
) C x w w w © x x w w w
'8 ATLAS e Data(8TeV,5.01™ '8 | ATLAS Simulation Zly*>tr |
g 6000~ ) W Z/y e (@ =1) S Tau Particle Flow Diagonal fraction: 74.7%
> B [ 2] B Z/y 17 (3hY) | >
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7 (b =°
e L Zly* stz (h) . ©
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2000 T
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(° reconstruction)
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Reconstructed decay mode
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Generated decay mode
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ATLAS Run-l t;, reconstruction

7, four-momentum = calorimeter clusters

— ATLAS does not have a particle flow

o ,

25/05/20

@® jet barycenter
® tracks

n

7, Objects are seeded by AK4 jets (just like CMS!)
T, vertex = track vertex with largest momentum fraction in AR < 0.2

LAr calorimeter

43Xg ///////////

AR < 0.2
AR <04

pr > 1 Ge¥

T, vertex



ATLAS: RNN architecture

 recurrent neural network (RNN)
 three branches:
— tracks (pr-ordered)
— clusters, ordered by (E-ordered)
— high-level variables related to lifetime, isolation, ...

Shared Shared

Tracks LSTM LSTM
dense dense
Merge
Clusters Shared Shared LSTM LSTM > Dense » Dense » Dense
dense dense /J/
ngb—level Dense Dense Dense
variables
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