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Introduction / Motivation

v/Z

WW is a standard process with a
large cross-section
e+ wW— — 15 pb in semileptonic channel at 500 GeV

- w- Three central physics issues
addressable by this channel are

— Dynamics of the charged triple gauge
couplings

— Measurement of W boson mass, width,
cross-section, and BR

— Beam polarization measurement



500 GeV Samples

Study here is at /s = 500 GeV
Total luminosity : 4000 fb~?

TSN Pol. [ (-08,+03) | (+0.8,0.3) | (-0.8,-0.3) | (+0.8,+0.3) |
Polarizations: [ Lum [/~ | 1600 [ 1600 | 400 | 400 |
Reco/Sim:  1LCSoftv02-00-02  ILD_15_o1_v02

MC Background Samples (DBD)-

— 2-fermion
- Z-bhabhag/hadronic/leptonic — 6-fermion
— A-fermion - eeWW, ZAWW, vvWW, xxWW
- ttbar

- singleW-leptonic

- Zee/vv-leptonic/semileptonic i
- singleZsingleWMix-leptonic - SM nggs
- WW-hadronic/leptonic

- ZZ-hadronic/leptonic/semileptonic
- ZZWWNMix-hadronic/leptonic

Note: signal events are split into WW-like and not WW-like events
events that contain an off shell W (+£10GeV to nominal mass) are considered to be not WW-like

- xxxxZ, yyyyZ

- eeH, qqH, pupH, 77H, vrH


ILCSoft v02-00-02
ILD_l5_o1_v02

Analysis Approach

Step 1-
Treat all lepton flavors universally
Identify signal lepton candidates with TauFinder

Optimization Categories:
m Optimize TauFinder to efficiently find

lepton jets based on decay signatures Prompt 1
. . . Prompt e
] Slmulta.\ne:ously reject fake lepton jets from Inclusive T
hadronic jets T = pruv.
m Examine 7 separate categories of lepton T —> eVelr
jets 7 — hadronic (1-prong)

7 — hadronic (3-prong)
Step 2-
With a selected lepton, treat the remaining system as hadronic

components of W — qq
Use y-cut and kinematic cuts on mini-jets to mitigate pileup (v7)

Step 3- Perform basic event selection for multiple polarization scenarios
Step 4- Obtain physics measurements



(1) TauFinder

TauFinder basic operation

m Seed lepton jet candidates with tracks ordered by |P|
m All particles within the search cone are added to the lepton jet

m Each candidate is subjected to acceptance conditions

Operating Criteria/Acceptance Conditions

- Search Cone Angle J@l- The opening
angle of the search cone for the lepton jet

[rad]

- lIsolation Cone Angle . - Outer isolation ‘
cone around the search cone of the lepton \
jet [rad]

allowed within the isolation cone region
GV fa

- Invariant Mass - The upper limit on lepton
candidate mass [GeV]

- 0 < Max N Tracks < 3




(1) TauFinder Optimization

Optimization of 3 parameters:

— SearchCone « € [0, 0.15] rad with 0.01 rad
steps

— IsolationCone 3 € [0, 0.15] rad with 0.01 rad
steps

— IsolationEnergy Ejs, € [0,5.5] GeV with 0.5
GeV steps

For simplicity, fix invariant mass cut < 2 GeV

Optimization metric definitions:
Efficiency for true leptons
using WW — qqlv

€s = Nmatched / Nstotal

- Nmatched > 1 candidate matched within
100 mrads of the Gen. lepton/visible
components

- Nstotar includes an acceptance cut with 3
visible Gen. fermions |cosf| < 0.99

Optimal working point at:

)
/

Probability of fake leptons
using WW — qqqq

1
Prake =1 — (1 —ep)*

eb = Np/Nptotal

Prke = probability of 1 success(fake) given
1 trial(jet)

Np > 1 reconstructed lepton jet from all 4
jets

Nptotar includes an acceptance cut with 4

visible Gen. fermions |cosf| < 0.99
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(1) TauFinder Optimization Results

Optimized against qqfv and gqqq samples with 100% e, e4 polarization

Channel €s 1 — Phake % search- isoCone isoE
Matched Cone [rad] [GeV]
[rad]
T = vrp 0.802 0.974 0.984 0.03 0.15 3.0
T — vre 0.781 0.963 0.981 0.05 0.15 3.5
7 Had-1p 0.707 0.943 0.951 0.07 0.15 4.5
7 Had-3p 0.709 0.930 0.937 0.07 0.15 55
Prompt e 0.839 0.961 0.970 0.04 0.15 4.0

m Trickier reconstruction suggests wider cones and more isolation energy

Use two cones for analysis - and _ for a - and - selection

m Expect tight selection to best capture all high quality lepton candidates

m Loose selection should boost efficiency of hadronic



(2) Hadronic System

Generator Mass Difference

cutd 0 0
Entries 70683
Mean 5596
StdDev 2521

N
S
=)

If a lepton has been found,

- select highest energy candidate as signal
lepton

Events P% 0.5 GeV Bin
S
3

S
1]
=]

®
<]
]

LR B L A R R R R

- shuffle remaining fakes back into the
hadronic system.

@
3
]

At least one quark tends to be very forward, so
pileup tends to mix into the jets 200
These beam particles cannot be cleanly removed 200
by standard methods e.g. kT algorithm with ‘ ‘ ‘ ‘

T, |

tuned R values -loo 80 60 40 20 0 20 40 60 80 100
My -

M

100% e, et polarization
Measured mass is often larger than the true value
Mitigate Pileup with “Jet Fragmentation”
- tune y-cut(o< szet) values on the durham algorthim (eekt)

- apply simple cuts to the resulting “mini-jets”



(2) Optimized W Mass

Find best W jet parameters with signal prompt muons
Jet Clustering — yCut:[1 x 1073,5 x 1079)
pT : [0, 5] bins of 0.5GeV

Kinematic cuts — i
|cos]| : [0.9, 1] 0.01bins

Use 2 optimization parameters from the M2#* — MEZ" dist.:

- Full Width Half Maximum (FWHM)
- Number of bin Entries in the Mode

The Mode Entries is the number of entries in the Maximum bin + the number of Entries of the
nearest left/right neighbor bins
The Mode is the weighted mean of the center of the 3 Mode bins

The Maximum for the FWHM is the "Mode Average” or the average number of entries from the 3
mode bins

The edges of the Width for FWHM are the weighted average between the 2 bins around the half
maximum ( 1 bin above 1 bin below)



(2) Hadronic System Results

Generator Mass Difference

WW- qquvelpR

2200 — YCutses

& 2000] — YCut1le-3

S 1800) —— YCut5e-6
1200
1000
800|
600|
400
200|

L I I B e

Comparison of 3 YCuts

M

with the same kinematic

cuts Pt>2 GeV AND |cosf| <1 (optimized for

5e-05)

Small peak around -80
been incorrectly thrown

Mass Difference Statistics:

ycut: 0.001 ptcut: 2 costcut
ycut: 5e-05 ptcut: 2 costcut:
ycut: 5e-06 ptcut: 2 costcut:

GeV is where the W has
out

: 1 FWHM: 11.769 RMS: 24.1855 Mode:
: 1 FWHM: 9.7087 RMS: 25.2774 Mod!

Events Per 0.5 GeV Bin

g

g

H

8

W - qq Mass

WW-. qq v elpR

—— YCut 5e-5, Pt>2GeV

—— YCut le-3, No Cuts

20 50 60 70 80 % 10 110

120 130
Mass [GeV]

Significant Improvement !

0.24211 mean: 0.782898 modeEnt: 5199
0.25127 mea

3.09776 modeEnt: 6326

: 1 FWHM: 11.567 RMS: 25.7475 Mode: -1.75521 mean: -9.57673 modeEnt: 5475

Best Performance is reached with:
ycut= 5e-05 and removal of mini-jets with pT < 2 GeV
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(3) Event Selection Overview

Perform event selection with two mutually exclusive groups:
1st group will use i cone (optimized for prompt muons)

- tight cuts will be targeted towards prompt signal leptons 1 /e

2nd group will use the 7 cone (optimized for inclusive T decays)

- Loose cuts should address 7s not reconstructed by muon cone

- orthogonalize selection require O tight leptons in loose selection
Overall efficiency € =€y + €1
Overall purity p = (No + N1)/(Bo + Bi + No + i)
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Description of current cuts:(currently tight/loose are mostly the same)

adapted from ref. I.MarchesiniDESY-THESIS2011
—Note reconstucted particles are boosted against crossing angle boost— (3.5 GeV in x)

- Require at least 1 reconstructed lepton

- more than 10 tracks in the event (Before pileup removal)

- Reject events with no genuine missing Pt

Sum of the total visible energy in the event

- Rest-frame energy with visible and inferred missing energy
EcoszvisJFleissl and P¥ =(|Pmiss|7_zﬁvr's)

miss

- constrains hadronic system to be W-like

- limit the W™ backward scattering

- Require the visible system to recoil against a low mass object

mirecoil =s+ Msis - 2\/§EVi5 and MZ = (PI,JJ;J + P;)Q

vis
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I. Marchesini DESY-THESIS 2011

(3) Event Selection (Tight)

Tight Signal = muon cone for p, e, T signal events
All plots include an N Lepton > 0 cut (except N Lepton plot)
Polarization: (-0.8,4-0.3) Luminosity: 1600 fb~*

s Number of Reconstructed Lepf Tight Signal o Total Track Multiplicity = ToniSond
§ 60] [ 2 ferm 4500 [ 2 ferm
g 4 ferm E 14 ferm
5 I 6 ferm 40001 I 6 ferm
3 Wl SM Higgs 35001 W SM Higgs
& E
3000F
ZSOUf
ZUOUf
1500f
1000f
500 i
L L PRI L |
o 1 2 3 4 5 0 10 20 30 40 50 6
N Lep. Jets N Tracks
N Leptons > 0 N Tracks > 10
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(3) Event Selection (Tight)

Tight Signal = muon cone for i, e, T signal events
All plots include an N Lepton > 0 cut
Polarization: (-0.8,4-0.3) Luminosity: 1600 fb=*

isil Visible Ener: . -
" Visible Pt [ Tight Signal act e = Tight Signal

B [ 2 ferm £ [ 2 ferm

2 [14ferm E 4 ferm

g Il 6 ferm S I 6 ferm

@ Il SM Higgs 5 I SM Higgs
2

&

I L L
300 400 500 600 700
Gev GeV

0]

0 20

Visible Pt > 5 GeV Visible Energy < 500 GeV
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(3) Event Selection (Tight)

Tight Signal = muon cone for i, e, T signal events
All plots include an N Lepton > 0 cut
Polarization: (-0.8,4-0.3) Luminosity: 1600 fb~*

W - qq Reconstructed Masr%. :
16 s Tight Signal x10° aq Tight Signal
£ FE [ 2 ferm £000 [ 2 ferm
El il 14 ferm 3 14 ferm
s F I 6 ferm 500 I 6 ferm
51600 B SM Higgs & M SM Higgs
a C g
£F Zo00
uh; =
1000; 1500
; 1000
E 500
% 100 200 300 400 500 600 700 K 200
Gev Mass GeV
Ecom > 100 GeV 40 < My, < 120



(3) Event Selection (Tight)

Tight Signal = muon cone for i, e, T signal events

All plots include an N Lepton > 0 cut

Polarization: (-0.8,4-0.3) Luminosity: 1600 fb~*
W Scattering angle

Mass? Recoiling from 9y TR STgE |

x10° x10°
3500 = Tight Signal £ [ 2 ferm
8 [ 2ferm 49000 [J4ferm
mooo| B 40 o I 6 ferm
2000 6 ferm 000 "
$ | NN SM Higgs = Il SM Higgs
2500 Zooo
E g
£ 000
2000 &
E 5000
1500~ 4000
1000 3000
E 2000
500/~
1000
o T e e B L o
1 08 -06 -04 -02 0 02 04 06 1 0 50 100 150 200 250
~qoos6 GeV?
2 2
—qcosfy > —0.95 m,ecoi < 135,000 GeV
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(3) Event Selection — Example Distribution

Tight Signal = muon cone for u, e, T signal events
Polarization: (-0.8,+0.3) Luminosity: 1600 fb~?
Example: Hadronic mass distribution after all event selection cuts

W - qq Reconstructed Mass A“‘Tﬁ*‘ﬁm

=

s [ 2 ferm

3 14 ferm
500 [l 6 ferm

K Il SM Higgs
8

2

&

S
8
8

1500

1000|

50

s

200
Mass GeV
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(3) Event Selection — “WW-like" Signal

Polarization: (-0.8,40.3) Luminosity: 1600 fb—*

Tight Selection with muon cone

Prompt 1 Prompt e T Tot. Sig. 2f 4f 6f Higgs
Base Evts 3.87 x 100 3.80 x 10°  3.00 x 10°  1.17 x 107 4.22 x 107  3.22 x 107  2.14 x 10°  4.12 x 10°
Lepton 3.31 x 106 3.20 x 106  2.28 x 10° 8.78 x 10° 1.15 x 107  1.18 x 10’  1.63 x 10°  1.15 x 10°
Eyis 3.28 x 100 3.11 x 100 227 x 109  8.67 x 10°  1.06 x 107  1.15 x 107  1.62 x 10° 1.1 x 10°
N Tracks 319 x 100 3.03 x 100 2.21 x 100 8.43 x 10° 2.54 x 10° 2,50 x 10® 1.49 x 10° 8.89 x 10%
—qcosf 3.18 x 100 3.01 x 10° 218 x 10° 8.37 x 10° 2.10 x 10° 2.26 x 106 1.44 x 10° 8.52 x 10*
Mgq >40 2.94 x 10°  2.80 x 106 2.03 x 10° 7.7 x 10®  1.13 x 10 1.3 x 105 1.42 x 10° 7.56 x 10*
Mgq <120 2.72 x 109 257 x 105  1.83 x 106 7.13 x 105 568 x 10° 2.68 x 10° 2.02 x 10*  2.97 x 10*
Ecom 272 x 1006 257 x 106  1.83 x 105 7.13 x 105 5.58 x 105 2.65 x 105  2.02 x 10*  2.96 x 10%
Pt vis. 2.60 x 100 2.55 x 100 1.81 x 10%  7.05 x 10®  3.21 x 10° 237 x 105 2.01 x 10*  2.94 x 10*
m o 2.69 x 100 254 x 10 1.80 x 10 7.03 x 10° 2.93 x 10° 2.02 x 105 1.94 x 10*  2.23 x 10*

Loose selection with tau cone

Prompt /& Prompt e T Tot. Sig. oF aF 6F Higes
Base Evts 3.87 x 100 3.80 x 10°  3.00 x 10° 1.17 x 107  4.22 x 10’  3.22 x 107  2.14 x 10°  4.12 x 10°
Lepton 3.36 x 100 3.30 x 10°  2.82 x 10° 9.48 x 10® 1.30 x 107  1.36 x 107  1.77 x 10°  1.38 x 10°
Tight Lep.  7.72 x 10%  1.28 x 105 570 x 105  7.76 x 10° 1.93 x 10° 2.15 x 10°  1.61 x 10*  3.12 x 10%
Veto
Eyis 7.64 x 10*  1.26 x 10° 570 x 10° 7.72x 10° 1.82 x 100 1.94 x 100 1.54 x 10*  3.02 x 10*
N Tracks 7.37 x 10 1.21 x 105  5.54 x 10°  7.49 x 10° 1.50 x 106 1.64 x 10° 1.51 x 10* 2.71 x 10*
—qcosf 6.30 x 104  1.12 x 10°  5.32 x 10° 7.07 x 10° 1.1 x 10° 1.41 x 106 1.45 x 10*  2.56 x 10*
Mgq > 40  4.92 x 10* 972 x 10* 4.86 x 10° 6.33 x 105 598 x 10° 1.30 x 10% 1.4 x 10*  2.33 x 10*
Mgq <120 4.04 x 10*  7.81 x 10* 4.16 x 10° 5.35 x 10> 2.58 x 10° 1.1 x 10° 1.11 x 103 1.24 x 10%
Ecom 4.04 x 10 7.81 x 10*  4.16 x 10° 534 x 10° 2.50 x 10° 1.10 x 10° 1.1 x 103  1.24 x 10*
Pt vis. 4.00 x 104 7.74 x 10* 412 x 10° 520 x 10° 117 x 105  1.01 x 10° 1.1 x 103 1.23 x 10%

3.94 x 1 x10° 1

m . 94 x 104 7.70 x 104 4.07 x 10° 5.24 02 x 105 7.59 x 104 1.02 x 103 9.73 x 103
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(3) Event Selection — Not “WW-like" Signal

Polarization: (-0.8,40.3) Luminosity: 1600 fb~*

Signal events containing off-shell W

Signal events with at least 1 off off shell(O.S.) W are separated into a new category of not
“"WW-like" signal events

Loose Selection with tau cone

Tight Selection with muon cone Prompt 1 O.S. Prompt e O.S. Tau O.S.

Prompt © 0.5.  Prompte 0.5.  Tau 0.5, Base Evts 5.78 x 10° 3.88 x 100 5.70 x 10°

Base Evts 5.78 x 10° 3.88 x 100 5.70 x 10° Lepton 5.15 x 10° 2.47 x 100 4.26 x 10°

Lepton 5.11 x 10° 2.27 x 100 3.42 x 10° Tight Lep.  8.18 x 103 2.61 x 10° 8.83 x 104

Eyis 5.08 x 10° 2.25 x 100 3.41 x 10° Veto

N Tracks 4.95 x 10° 2.19 x 100 3.35 x 10° Evis 7.87 x 103 2.61 x 10° 8.83 x 10*

—qcosO 4.94 x 10° 2.10 x 100 3.31 x 10° N Tracks 7.57 x 10° 2.48 x 10° X

Mgg > 40  4.67 x 10 2.01 x 100 3.14 x 105 || —aqcosd 6.97 x 103 2.31 x 10° x

Mgq < 120 3.44 x 10° 1.81 x 100 2.39 x 10° Mgq > 40 5.60 x 103 1.38 x 10° X

Ecom 3.44 x 10° 1.81 x 10° 2.39 x 10° Mgq < 120 3.63 x 10° 1.20 x 105 X

Pt vis. 3.40 x 10° 1.80 x 108 2.36 x 10° Ecom 3.63 x 103 1.18 x 10° x

m o 3.40 x 10° 1.76 x 100 2.34 x 10° Pt vis. 3.63 x 103 1.18 x 10° X

— selection is not that efficient for these types of events, and is not optimized to select these events
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Event Selection Summary (LR)

(-0.8, +0.3) 1600 fb— 1

Tight Selection Tight 4 Loose Sel.
Sel. Total Efficiency Purity Sel. Total Efficiency Purity
Bkg. 5.36e+05 7.25e+-05
Signal 4.49e+06 0578 =+ 0.893 4.93e+06 0.635 =+ 0.872
0.002 0.002

- Signal is only on-shell WW-like events

- Signal 4+ O.S.(Off-Shell) includes both selections including the not WW-like signal events
- in LR we find ratio of S/B to be 1 order of magnitude

- Good efficiency and high purity for the signal case

- When adding O.S. events we only strengthen the purity, but efficiency drops because the
events are not ideal for selection

With Sig.+0.S. and Tight + Loose Sel.
42 (stat.) = 0.04%
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(4) W-Mass Measurement

Comparison of Generator mass differences
Polarization: (-0.8,+0.3) Luminosity: 1600 fb~?

W - qq Gen. Mass Difference W - qq Gen. Mass Difference
x10° WWS1mqgDiffoL x10° DiffCuts
5 C Entries 137816 £ E Entries 107638
2 r Mean 5773 2 700 Mean -1.152
9 500 | Std Dev 23.67 o | Std Dev 10.67
g r g r
g r 8%
& 00— H
r Y 500~
300} 00—
£ 300~
200? E
C 200~
100; E
C 100~
Covnl T e T T e I = o S I i N AN I
-loo~ -80 -60 -40 -20 0 20 40 60 @'(")mi g},{O -100 -80 60 -40 -20 o 20 40 60 gggs g} 0
Mw 'Mtlu Muu 'Mun
Before Event Selection and pileup removal After Event selection and pileup removal
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(4) W-Mass Measurement

Polarization: (-0.8,+0.3) Luminosity:
Tight Signal+0.S. u, 7 only

Events/ (1)

W mass
250220 RMS = 11.5715 + 0.0036|
s Mean = 80.0818 + 0.005:
300} Entries = 5060623
E mean = 80.0069 + 0.0032
2500 sigma = 0.000026 + 0.000031
E width = 10.5818 + 0.0074
200~
150
100
50—
oE oA B B BN P s
20 50 60 70 80 9 100 110 120

W mass (in GeV/c?)

Applied Voigtian fit to get a model for

W-mass shape

Poor fit, and statistical errors correspond
to unweighted number of events

1600 fb~1

Events / (1 mass )

W mass

x10°

C mean = 80.0112 £ 0.0032
300} sigma = 0.361 + 0.053

£ width = 10.570 +0.011
2501—
200~
150—
100~
50—

= N A BN AP v

k! 50 60 70 80 90 00 110 1

W mass (in GeV/c?)

m Fit a toy model based on previous shape fit

m Uses statistics consistent with 1600 fb™!
(5.06M Events)

0
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Summary

Completed Work:

Performed a benchmarking analysis with WW — gqfv
Treated the leptons universally with TauFinder

Rejected 7y pileup by fragmenting jets and making a Pt cut on the
resulting mini-jets

Performed a basic event selection for all polarizations for a total of
4000 fb~1 of data

Reported statistical errors AMy, and Ao

TODO:

Constrained fitting for W-mass and event selection improvements
Study efficiency as a function of cosé of the lepton

Separate muonic taus and prompt muons using IP significance or
constrained fits



Backup
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(1) TauFinder Optimization

Optimization of 3 parameters:

— searchCone € [0,0.15] rad with 0.01 rad steps

— isolationCone € [0,0.15] rad with 0.01 rad steps
— isolationEnergy € [0,5.5] GeV with 0.5 GeV steps
For simplicity, fix invariant mass cut at 3 GeV

Define optimization metrics:

Efficiency using WW — qqlnu for
true leptons:

Es = Nmatched/NStotal
— a tau candidate is considered matched within

100 mrads of the gen lepton

— if the gen lepton is a tau, the jet is matched
to the gen visible components — excluding FSR
— Nsiotar is the Number of events with 3 visible
gen fermions |cosf| < 0.99

fake leptons: Use WW — qqqq
= &b = Np/Nprotal

Np is any event with at least one reconstructed
tau jet

4 quarks give 4 chances to create a tau jet g
—Use a better tuning parameter Pgy which is the
probability of reconstructing a tau jet from a
single quark jet

1
Pfake::I-f(]-ff'—‘b)4

op,, =4 /——Sb___
fake — 4\/ Nptorar/1—€p

The optimal working point is chosen from the two tuning parameters

max[(1 — Prake)es]
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(3) Event Selection (Tight)

Performance of hadronic mass and W~ scattering angle
Polarization: (-0.8,4+-0.3) Luminosity: 1600 fb~!
All cuts applied, tight selection only with pu, e, 7

Measured and Gen W' Scattering Difference W - qq Gen. Mass Difference
(U diffHist x10° WWS1mggiffCuts
54000— Entries 109463 5 F Enties 107638
s F Mean  0.004632 3 700F- Mean — -1152
%500; Std Dev. 0.1424 {2 E Std Dev 10.67
g r g
2 F g o0
?000; £ E
E “ 500
2500(— =
E 200~
2000 OF
1500~ 300
1000 200—
500— 100~
S N, I S I U
1 08 06 -04 02 0 02 04 06 08 _1 -loo 80 60 40 20 0 20 40 60 80 100
~(cos8e™ - cos6ly") Vs
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