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MOTIVATION FOR TAUS

Light SM higgs discovery:
Second highest BR after b’s
o Cleaner signatures
Understanding higgs:

o Verifying fundamental V,~m,
prediction requires two cﬁannels

o h—>yy and h—>rtt
If nature chose SUSY, taus even more
Important:
Co-annihilation region: SUSY cascades
contain taus
o Easy to confuse with jets

Higgs: enhancement in cross-sections,
additional heavy higgs bosons can be
directly observed
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HADRONICALLY DECAYING TAUS

Tau branching fractions:
BR(t—>uvv)=BR(t—evv)=18%
BR(t—hadrons+v)~64%

Many potentially interesting signatures have 2-4

tau leptons in the final state leading to some
variety 1n possible combinations

ee 3%
HEL 3%
eu 6%
ety 23%
KTy 23%

T, Th 42%

Lepton-only channels may be
cleaner, but hadronically
decaying tau’s share 1s too
large to 1gnore

For channels with more taus,
fraction of purely leptonic
decays will be much less



RECONSTRUCTION AND
@ IDENTIFICATION TECHNIQUES




EXPERIMENTAL CHALLENGE

Visible decay products of taus are soft
due to escaping neutrinos:

Requires low thresholds to preserve
acceptance

True for both light higgs and SUSY
searches and also for important
calibrations samples (Z’s, W’s)

Multi-jet background for hadronic taus
1S mgh T decay
Fake rate 1s at least 1-2 orders of
magnitude higher than for e or u
Typical hadronic tau ID strategy:
Look for narrow energetic isolated jets

At least one relatively high p particle
(track), isolation, low multiplicity and
narrow shape of the jet core

Implementations can vary




AN ILLUSTRATION FROM CDF:
Z—>TT CROSS-SECTION

1s large: ~40%
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TAU RECONSTRUCTION AND ID:
WISHES AND LLESSONS

Low pp thresholds to keep Jet backgrounds exponentially
acceptance high as escaping increase towards low pp
neutrinos soften the spectrum

Keep reconstruction seed Jet backgrounds grow fast with
thresholds low to maintain high lower seed requirements
efficiency at low py

sImportant for Higgs, could

be critical for SUSY
Decrease inefficiency of ID Jet backgrounds grow x5-10
(dominated by 1solations) faster than signal efficiency
Decrease backgrounds Efficiency 1s already low, need

new handles on backgrounds
*Does not have to be just
tau ID, e.g. event topology
cuts can help just as well



TAU ENERGY MEASUREMENT

120

Jet backgrounds generally : 4 Data (350 pb-)
fall steeper than signal 100[- [ ] z=
. - |:| W+jets
See plot on the right sl T gammatjets
Accurate measurement of - I z—ee
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tau jet energy aids in

discriminating from jets
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Can benefit from Particle
Flow like algorithms



PARTICLE FLOW

Particle Flow 1dea 1s based on reconstructing individual
particles by combining best available measurements from
across the detector

Standard jet reconstruction often rely on calorimeters only, yet
the momentum of a charged pion in a jet can be much better
measured in the tracker
Three steps: break complex objects and energy deposits
into particles, measure momentum of each particle, then
put things back together

The challenge is to correctly divide energy deposits and make all
pieces work together

CMS is blessed with a beautiful and powerful PF algorithm

Not many realize that e.g. CDF has been using a PF tau
reconstruction for already well over a decade



CDF PF TAU RECONSTRUCTION

Shower Max (CES) Detector

Tau decay products consist
mainly of 7*‘s and n°‘s cEer

Need to separate their deposits in
ECAL to measure photon E

CDF 1is highly not optimal for PF:

Too large calorimeter towers
( AnxAp~=0.1x0.25)

Cf. typical tau size AR~0.07 Toof
ECAL deposits can’t be separated  2°%

Poor man’s solution:

Count photons 1n Shower Max
detector and subtract expected
charged pion contribution on

average + “ad hoc corrections”

-1 -0.5 0 0.5 1
R(p) = (pfec - p&en) / pGen



CDF LIKELIHOOD BASED TAU PF

A better approach 1s to build a
consistent framework for statistical
separation of the deposits

Build Probability Density Functions
(PDF) for calorimeter responses for
pions and electrons vs true pr:

2D ECAL vs HCAL (they are correlated)

1D ShowerMax(turns out it can measure
energy w/ AE/E~30% if well calibrated)

Next, for a given hypothesis of tau
particle content and momenta build
likelihood of the observed detector
responses:

L(PB;) = PDF(p; | E{*) -
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CDF LIKELIHOOD-BASED TAU

Improved tau energy resolution

Not even the best part
Several new Tau ID knobs

Energy dependent p-value, improved
energy profile, tau invariant mass

Estimator for energy uncertainty
(separate golden taus from ok taus)

Steeper falling jet backgrounds (due
to better resolution)

As a bi-product, found CDF HCAL
energy scale to be off by ~15%

For at least 10 years, maybe 20

All this will go into the new CDF
high luminosity Higgs search
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CMS PF BASED TAU RECONSTRUCTION

CMS Preliminary|

Seeded by generic PF jets

Inherits excellent energy
resolution

CMS 1s almost as if 1t was built
for PF

Followed by Clustering
Particles assigned to the tau and
1solation regions

o Some variations — will talk later

One improvement is adding
photon based seeding
Appreciable improvement in low
momentum efficiency
o Low pp taus are important in

SUSY

Came with surprisingly little
overhead 1in background rates
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CMS PF TAU:
DECAY MODE CLASSIFICATION

Decay Mode Branching ratio(%)
. . . T__ — Iu:li‘ﬂvf 17.4
Classify candidates according to known | © ¢ %= 9
tau decay modes T 260
A clever 1dea b/c different modes have S i
different levels of background other 17
More knobs to optimize efficiency versus _f i
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. . 40 ]
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One has an additional recovery for 20 E
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Efficiency

CMS PF TAU:
IDENTIFICATION METHODS

Two and a half methods:

Traditional cone based algorithm — more of a base for
further more advanced methods

TaNC: NN-based algorithm built on top of cone based
HPS: inside-out tau reconstruction, more cut-based

Performance:
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CMS PF TAU:
ELECTRON REJECTION

After you are done fighting
jet backgrounds, an
unpleasant surprise:

Electrons are “perfect taus”

Some are easy to remove, but
there 1s a stubborn component
when an electron undergoes
strong brem

Multivariate discriminator to
distinguish
Rejection power in data is in

reasonable agreement with
simulation
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® DI-TAU MASS RECONSTRUCTION




DI-TAU INVARIANT MASS

RECONSTRUCTION
T, Thaa T T, Thea ChANNEIS
: . , 1000 : .
Strictly speaking, mass is not e
reconstructable due to 800 MSSM ¢tz Search | |
cancellation of missing energy sool Preliminary
from neutrinos 200 { observed
. ) I ] A—tr
Consider a back-to-back Higgs Ol Zy—w
decay: adding 1 TeV of neutrino 200f E 9;thfaL EW, tt
energy in each direction does not erae

change any measured quantities 0 50 100 150 200 250 300
m, (GeVic?)

tioal ; for H; h _ .
Critical item for Higgs searc Separating Z and h is a

key challenge in
searching for Higgs

Large Z—tt 1s just a step away

Use estimators:

E.g., invariant mass of two

visible tau decay products and
measured MET

Any improvement will be
a big help



COLLINEAR APPROXIMATION

High p; taus are collimated:

Small angle between
neutrinos and visible decay
particles

Un-project 2D MET onto the
visible tau 3D directions

Now can measure mass as
peak position 1s about right

But major shortcomings:
Only works for substantially
not back-to-back topologies

~30% of events?

A long tail (Z tail!)

0.08

>
tau #2 MET#2

0.1l Realistic resolution
— had-had channel

0.06
0.04

0.02

s ofis Ty

[ pr>10 GeVic, E>10GeV | Hostt, M,=130 GeV/c?

b

T | T T T ‘ T T T | T T T ‘ T T T |
— Z/y 11, M,>30 GeV/ic™—
...... H-tt, M=115 GeV/c® ]
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| | 1 L1 ‘ 11| | L1 1 ‘ 1 L1 |
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Reconstructed M_, [GeV/c™]

R.K. Ellis, I. Hinchliffe, M. Soldate‘and
J.J. Van der Bij, Nucl. Phys. B297, 221

(1988).



MISSING MASS CALCULATOR ALGORITHM

Start with both hadronic decays. 4 equations

ET.I — Pmisy S 9111'151 COS @Pmisy + Pmisy S111 HH’IiSQ COS QPmisy

AET.Q — Pmis; Sl Qmisl S @pjs, + Pmisy SHI Qnﬁs; S Pmisy

172 2 2 ¢ 12 2 2 2
"1‘[?'1 = Mpisy + Myisy + 2\/1?')\:151 + ?nvisl \/pmisl + '-'rnmisl
_vaislpmisl COS Qf:)'t."ml

172 _ .2 2 ‘ . 2 2 2
"1‘[?'2 = Mmisg + Myisg + 2\/j')x’isg + ?”Visg \/pmisg + ?nmisg

— vaisgpmiSQ COS ngmg

... and 6 unknowns (m,_. =0 as only one neutrino)

Can solve for given pairs of (¢, ;1,9 ic0)

Each (¢,,;41,0:.2) cOrresponds to a certain orientation (angle) of
neutrino wrt to the visible tau direction
But not all of them are equally likely

o e.g. a soft neutrino with large angle can satisfy mass constraints
but how often does that happen?

* The idea and a lion share of credit belongs to Sasha Pronko (FNAL/LBNL)



MISSING MASS CALCULATOR ALGORITHM

Check MC for the angle between the tau direction
and neutrinos:

=1 -

w B w C
103_ -
i 10°5

10°E

109;

0 01 02 03 04 05 06 0.7 0.8 1

AR ' ' ' AR ' ' AR

Use these distributions to classify likelihood of each
topology (= a solution for a point in (¢,;.1,d:40) grid)
and therefore each value of mass

L(m|¢.9,) = L(AR, [ ) x L(AR, [ 4,)



MISSING MASS CALCULATOR ALGORITHM

Now fill a distribution of 025/ sl esoluton, 1 svet — s srama
T s qm A e e ep-had channe
invariant masses from Y epep chamel
scanned points weighing 015, E
each by L: ot E

And use maximum as an
estimator

0.05

In real life need to account L L M. solutions, [GeVic]

for MET resolution Details in A. Elagin, P. Murat,

Add MET is an additional A.Pronko, A.S., arXiv:1012.4686

scan parameter constrained
by the actual measurement

L(m)=L(m|¢,q,, E;)xPDF(E;)



MMC: TEST WITH DATA

CDF Run 2 Preliminary
* * 600 MMCR t ti
Fantastic improvement: o™ < i sgowms 4 -
_— 500:— D Z/y* >ttt vvv e
. . . - I"h =1y
The peak is in the right 3 &t . k2
400F_Collinear Approximation
place 3 - - Data- Background - —+ E
] ) : 300 :_ |:| Z/Y* —> 1T, VvV g
Much superior resolution £ - . =
: . @ 2901 L, B
No high mass tail 4 | oof. mE)>206Gev/e [ a
No loss of efficiency for ) S T e ==
0 20 40 60 80 100 120 140 160
back-to-back topology m(t7) GeV/c?
o The lower integral for the Note that this 1s the

Collinear Approximation is due lepton+tau channel
)

to 1ts 1nefficiency for the back- .
to-back topologyy not the best performing

Two hadronic tau one



@ TRIGGERING FOR TAUS




TAU TRIGGERING

When triggering, you want to repeat the
reconstruction steps but real fast

So simplified algorithms
To get fast background rejection, recast the most
powerful tools you have in offline:

Seeding (e.g. ask a stiff track, spatially compact energy
deposit)

Isolation (no stuff around)

The trick 1s to do 1t as early as possible (Level-1)

The more you cut early, the more time you have to do more
through clean-up later

CDF has been an excellent place for it and 1t paid off:

Tracking at Level-1, flexible calorimeter trigger



——1Irlgger
Tower

TAU TRIGGERS AT CMS : |

|
The weakest point in the CMS = = B
L patterns
tau program: [
L1 has no tracking and the I ]
Calorimeter trigger was just not T HCAL
designed well for taus %%4 - — ECAL Ellj
The wide cone (shared with regular o-Loyetal revTe 1.0"&“""‘1" “y

jets) prevents background control
and poor energy resolution

QCD 0-170: L1 DoubleTau
- (3,3)
L] (442)

Some remedies applied, but this is
remains a problem
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May have to use variety of trigger
paths to increase acceptance if rate
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. NOT SO DISTANT FUTURE: HL-
@0 LHC




Integrated Luminosity

LHC—HL-LHC LUMINOSITY PROFILE

>

L_~3000 fb"

L,_~300 fb"! m/

— L ~5x 10%
L <10* L _.~50fb" [l _— ~ peak
peak ) int / Lpeak~1-2 x 1034
L ~2-5fb7 -~

~1,<0.2-1x10%

>

2013 2017(?) 2020(?) 2030

Disclaimer: above 1s a mix of official provisional
projections and my own guesses

Luminosity leveling



HI-LHC: FUTURE IN GRAPHIC DETAILS

-
e

Every experimentalist’s ultimate nightmare!



HI-LHC: FUTURE IN GRAPHIC DETAILS




SLHC: FINDING JETS IS A DAUNTING TASK

With 200 pile-up

Interactions, expect ~3
GeV of random energy
per calorimeter tower

C.f. a typical jet cone of
AR~0.5 1s 144 towers

If you look for a 200
GeV jet, there will be
one 1n any random
direction in the CMS

Heavy implications for
taus
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TAU TRIGGERING AT SLHC

Fortunately, current CMS
calo trigger has flaws

L1 probability of Trigger > 40 GeV Vs. PU I

Brob(Trigger>40GeV)
z o

Fortunately b/c 1t leaves room
for large improvements

. Current L1

Can do a lot better by going
to tower level

"
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ﬁ 300f ..|7* Upgrade Probability of triggering for a
C Existi - . .
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100f _ o

0 7 New trigger design: improves

tifing rate for ~50 pile-up interactions
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IS PHASE II TRACKING POSSIBLE?

Critically important for taus pass fail

Even more critical for triggering /
Amounts of data are enormous, can’t
move 1t off the detector in real time 1 mm l

A couple of 1deas:
New “stacked layers” with built-in -

. TS % 100 pm
fixed threshold triggering
o Allows reduction in the amount of data .
to be moved from the detector Pass fail
o Possibly regional tracking seeded by l
muon detectors or calorimeters 300 um I
Thick sensors, look at the cluster size -
100 pum

o Sort of similar idea



SUMMARY

There 1s plenty of motivation for using tau leptons
in searches for new physics at the energy frontier

Low acceptances and high background rates make
tau 1dentification challenging

Despite that, there has been a steady improvement
1n tau reconstruction and 1dentification techniques
Some matured at the Tevatron

A lot more coming from the LHC active deployment of
multivariate techniques

Some are very new, like the MMC mass calculation

The discovery can be around the corner and we have
the tools to make that discovery



	Searches with Taus: �Experimental Challenges
	Motivation for Taus
	Hadronically Decaying Taus
	Reconstruction and identification Techniques
	Experimental Challenge
	An Illustration from CDF: �Ztt Cross-Section
	Tau Reconstruction and ID:�Wishes and Lessons
	Tau Energy Measurement
	Particle Flow
	CDF PF Tau Reconstruction
	CDF Likelihood Based Tau PF
	CDF Likelihood-Based Tau
	CMS PF Based Tau Reconstruction
	CMS PF Tau: �Decay Mode Classification
	CMS PF Tau:�Identification Methods
	CMS PF Tau:�Electron Rejection
	CMS PF Tau�Performance in Data
	Di-Tau Mass Reconstruction
	Di-Tau Invariant Mass Reconstruction
	Collinear Approximation
	Missing Mass Calculator Algorithm
	Missing Mass Calculator Algorithm
	Missing Mass Calculator Algorithm
	MMC: Test with Data
	Triggering for Taus
	Tau Triggering
	Tau Triggers at CMS
	Not So Distant Future: HL-LHC
	LHCHL-LHC Luminosity Profile
	HI-LHC: Future in Graphic Details
	HI-LHC: Future in Graphic Details
	SLHC: Finding Jets is a Daunting Task
	Tau Triggering at SLHC
	Is Phase II Tracking Possible?
	Summary

