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Introduction

Tau Polarisation around Z Boson Pole
Tau polarisation is

__ Ovight-handed — Oleft-handed

Ovight-handed T Oleft-handed

for the 7~ lepton.

Pure Z = 77 —P. = A, = % =0.149 ~ 2 — 8sin’ by

Purey - 77 P. =0

Z boson dominates for m; .~ ~ mz

P. = —0.1517 £ 0.0019 within 66 < mz,,- < 116 GeV predicted by
Alpgen+Pythia6+Tauola



ATLAS Measurement

Measurement in Z /4" — 77 decays at ATLAS

e Measure P, in a flduaal region and in 66 GeV < my, - < 116 GeV
range. Use 20.2fb™ ! dataset with Vs =8TeV
e Z bosons produced via qqZ vertex = complementary to precision
measurements in ee collisions
e Second P, measurement in hadron collisions. New experimental
techniques
e Evaluation of signal modelling uncertainties
e Precise estimation of the significant backgrounds
e Previously found P, € [—1.00, —0.91] with 95% credibility in
W — v using 24 pb~ " ATLAS data with /s = 7 TeV
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Tau Decays: 7 — 7= v (11%)

Decay in T~ rest frame

momentum
%
spin

..... boost . .. = = _
tolab > Vg Left-handed V¢ Right-handed

%) L U
.. g o
e Access spin via decays. 50 GeV taus S Left-handed r—sztv
fly ~2.5mm s L — Right-handed t—7*v
e In 77 rest frame for helicity A S 150 -
r 1o o) = F
—_— X = _ cos L
dcosf™ 2 T i
e Lab distrib. of x, = E™s /E": L
1.dr i
S =14 ~1 L .
Fo. — 1t -(2xis — 1) 0-5:
“Left-handed”: A - =—lor A +=+1 0:‘ R N R B
“nght handed" : )\ _=41or )\ s =—1 0 0.2 0.4 0.6 0.8 1
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Tau Decays: 7 — h™n’v (26%)

L e s s s s s s s sy

| ATLAS Simulation

; (s =8TeV,20.2fb"

ft-hande Right-handed

A visible p. A

r left-handed t—h*ndv 1
F —right-handed t—h*n% 1

0.5

pion 7\.‘.‘\‘,”\””\.‘.&_
momenta 405 0 05 1

generated T
e Mostly 7 — p(— 7ri7ro)1/ decays, where p meson has spin 1
e Left- (right-) handed: p with large x,;; are transversely

(longitudinally) polarised, so pions have similar (different) momenta.
Observable:

Fraction of events [%] / 0.01

Ehj: — Eﬂo

E++Eo
5 s
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Events /0.125

Reconstructed T Observable

T T 10 T T
| T channel, left-handed ATLAS Simulation | & t ATLAS Simulation 7,7, channel, right-handed -
_{ 5 1
1500 ls=8TeV,202f0" | 2 qpop| Vs=8TeV,20.2fb m
r Oai,, 2 L Oair,, i
[ KA thtv ) S rshiv
L 4 = L 1
L T—h'ndy w [Flrohinoy
1000 Other 7., _| r Other 1, b
i | 500/~ -
5001~ b L |
07 e i ] o=t Ll
-1 -0.5 0 0.5 1 1.5 -1 -0.5 0 0.5 1 1.5
T T

ATLAS Run 1: decay mode and 7° momenta not reconstructed = Use

+
_Ehi_Enowz',D-?- .
Eh + + ETr 0 p_‘lf_ had-vis ’

where h™ denotes 7% and K*. Select taus with one h™
6


https://arxiv.org/abs/1709.03490

ntroduction ATLAS Measurement CMS Performance Studies Conclusion:

Signal Signature and Event Selection

Lepton selection:

e Single electron or muon trigger
Tag: ° p-?ep > 26GeV, |n"| < 2.5
T"'—)IJ" e Pass identification and isolation

r p_7l:had-vis > 20 GeV, |n"'had-vis| <25
/q e Pass medium identification

e Single-prong

/ Event topology:
J Opposite lepton and 7,4 electric charges

]
q Probe: o my < 30GeV
T=n e SAp <35
e 40 < m,, < 85GeV
]

Separate 7,—Tj,g and 7,~Th,q Channels
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ATLAS Measurement

B —
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Significance (stat.)

CMS Performance Studies

Suppression of W — /v Background

Conclusions

L e
ATLAS

Vs =8TeV, 20.2 b
Before £A¢ requirement
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Signal
region

T
T

e Data
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[ Right-handed
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] Multijet
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T

W+jets

PRI BARERI I Y PR e - A
L F“|_L,_,n -

2 4 6
TAO

my = 2. Iepton Emlss (1 — cos Ad) ( lepton EmlsS))

Z A(Z5 _ ‘A(;S(p!l?pton, ETmiSS)

+ ’A(ﬁ (pjl:had—vis’ E_II'PiSS) ‘


https://arxiv.org/abs/1709.03490

Introduction ATLAS Measurement CMS Performance Studies Conclusions

W+jets Background Estimate

W +jets control region Signal region
0 e ey 3000
SE_ r ® Data Wz~ [Jothers ] ,(! L e Daa [ tett-handed [ right-handed -
e [ N\ Uncertainty (stat) 1 e b [ ovsice mass range [ weiets v
2] 2000~ ) t [oters N\ Uncertainty (stat) 4
g [ AR . 1 5 L S § i
L 'Y (] i
@ [ et P I 1 & 2000 -
15001 ‘. ) - F ]
r 1 | ATLAS ]
[ ¢ 1 i \s=8TeV, 202 1b" 1
1000 - ] L Signal region, 7,1, ., channel ]
i ATLAS ¢ ] 1000
[ s=8TeV,20.21b" - 3
500+ ° Opposite-sign W-jets CR, 1,1, channel — o
L o ] H &_ﬁ—»
r L .
=t T T AR eSS 0 e ==
=1 -0.5 0 0.5 1 15 =1 -0.5 0 0.5 1 1.5
T T

o W +jets control region: my > 70GeV and > A¢ > 3.5
e Shape: from data in W +jets control region with small correction
e Normalisation: scale using simulation

signal region
Nsignal region __ NW+jets CR  Nsimulated
estimated — "observed NW+jets CR
9 simulated
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Multijet Background Estimate

Events /0.125

Events / 0.125

not isolated lepton

es
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Expected T Distributions in Signal Region

Te—Thad Channel T, ~Thad Channel

e LN A o s e
® Data [ Left-handed [ Right-handed
[ Outside mass range  [] Wiiets [ Muttijet
[Jothers . N Uncertainty (stat.)

.

L e LA s s
® Data [ Left-handed [ Right-handed
g 2500 Wl ouside mass range [ wiets [ Muttjet

[ [Jothers N\ Uncertainty (stat.)

> 2500

2000

*

2000

Events /0.125

Events /

ATLAS
{s=8TeV,20.2fb"

Signal region, 1,7, ., channel

ATLAS
Vs=8TeV,20.2 fb"

Signal region, 7,7, _, channel

1500 1500

1000 1000

| NS NS WS NN N

500 500

T T [ TT T T[T T T [T T T [ TT T [ TTTT

o o

Significance (stat.)
|
e
Significance (stat.)
I
é)]

-1 —05 0 0.5 1 1.5

e Tau polarisation shown as predicted by simulation

e Signal purity: 68% (Te~Th,q channel), 84% (7,~Thaq channel)

e Minor Z/v* — £¢ and top pair backgrounds from simulation
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Example Systematic: 7;,4 Identification

Propagate differences

0 T e I ) L e !
B E ATLAS , 1 & 0.09F - E
FVs=8TeV,20.2fb = : E ] E
& 6000; Opposite-sign Wets CR, 5,5, channel ] 2 0‘085 e - E
C 5000 S 4 £ 0.07t e =
° [ e Daa . 1 5 E x- E
fim} E [ Weiets (sim) 1 2 0.06F =
4000 mmz/y'—>er -4 o F == - 3
F Jotners o 1 5 0.055 oy 4
[ A\ Uncertainty (stat.) = E B
3000 W\ Freeramy (s E _5 0.04F ?TLAS ‘ = 3
E 1 © = s=8TeV, 20.2fb . =
2000 o = Lg 0'035 1,7, Channel, left-handed - E
1000 E . S 0.02 E nominal (stat. uncertainties) = o
g o L S ~3
ObereLes arm AP J S i SN BRI IR
:;KE,\ 5_ L "_:_;_);;_i;; I3 .5 11 TT T [ T T T T [ T T T T [ T T T T [ T T 1T
2 o R e e s e EEpmmrE
5 = S -
g =5 [ I “_L{_I g 09 - i i i i
S ; i
3.‘;_’ 0.4 0.6 0.8 1 o -1 -0.5 0 0.5 1 15
“%’ fcem LS Y

Impact of tau identification (ID) on shape of T distribution:
o Estimate uncertainties in each 7,4 ID input variable in W +jets CR
o Propagate differences to signal in signal region and consider shape
variations as uncertainties
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Extraction of Tau Polarisation
Te—Thad Channel T4 ~Thad Channel
L 08000
3000_ e Data [ ett-nanded [ might-handed | ﬁ [ e Daa [ tetthanded [ Right-handed
| [ Outside mass range [ Wets [ muttet 3 t [ Outside mass range [ Wets [ muttet 4
| [oters N\ Uncertainty (stat.) |l @ t [others ) N\ Uncertainty (stat) 4
_ oo 15 | |
: . & 2000 ; s
2000 ‘ \ - i float P 1
I [* A7TLAS float © 1 | ATLAS |
[ (s=8TeV,20.21b" 1 L Vs=8TeV,20.2 " 1
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L et 1 1o000F :
1000 : i o
G L M L1 P T T C E T
=1 -0.5 0 0.5 1 1.5 =1 -0.5 0 0.5 1 1.5

e Extended binned maximum likelihood fit

Simultaneously fit signal and same-sign regions in both channels

Polarisation extracted from relative normalisation of left- and

right-handed signal templates

Nuisance parameters control template variations within uncertainties
13
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Post Fit T Distributions
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Results
Channel P; in mass-selected region P in fiducial region
Te~Thad —0.20+£0.02 (stat) £ 0.05 (syst) —0.33+0.03 (stat) & 0.05 (syst)
Tu Thad —0.13+0.02 (stat) £ 0.05 (syst) —0.26+0.02 (stat) & 0.05 (syst)
Combination  —0.14+0.02 (stat) £ 0.04 (syst) —0.27=+0.02 (stat) & 0.04 (syst)
Prediction —0.1517 + 0.0019 —0.270 + 0.006
j 10 — T T T T T T T
z [ ATLAS i | ATLAS Simulation |
D ls=8TeV,20.2fb" 1 ls=8TeV,20.2fb"
o Polarisation in mass range 1 [~ TuThag Channel + T
L Al
— Combinati [ B
6~ T:T’h"; 'Cr;f;:]onnd Huonpyaecsit | + Fiducial region selection |
t — T, Tyaq ChANNEI Muon naccept. + and effect on Pt
4+ Visible <, p, accept. [ + 7]
: Visible 7, m accept. B + I
2r 1 towm, | + ]
i \// 1 o] | 1
0 PRI RS S S o " R Y R | n P P P
-0.3 -0.2 -0.1 0 -05 -04 -03 -02 -01
PPOI PT

.2 . .
o Measurement of sin® 8y, would require correction for v — 77
contribution and interference
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CMS: Study with Single-Prong 7;,,4 Decays

2 T
s ® Observed
o 1400 tt
[ Electroweak
1200 [ QCD multijet
[ Z—= (left-handed)
1000 [ Z->t (right-handed)

CMS Preliminary
T

2015, 2.3 fb'' (13TeV)

¢
I T P T P P T P

k)

g0 P -
0.8
0.6 1 L 1
-1.0 0.5 0.0 0.5 1.0

charge-neutral energy asymmetry
e Select Z/v* — 77 decays with one 7 — uvv decay and one
single-prong T7j,,4 decay from 2.3 fb~! dataset with Vs =13TeV
e Require reconstructed 7% in Thad decay. Reconstruct

Ehi — Eﬂo
T Ex+Ey

e Stat-only fit: P, = —0.336 4 0.037 in signal region (predict: —0.33)
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CMS: Study with Three-Prong 7,4 Decays

m CMS Preliminary 19.7 67" (8 Tev)
go0oL —e— Observed
& F +ty Far
800 - i
L h, = +1
700 [ h: :
I [— = -
600— =+ - =+ B 5xg
F B
500— H .
a0 =+ -+
300 e
r = .
200 : ==
F -
100~ %I Lo,
Fo=e R o
o= o
1=
w 12—
8 by bt ot +"fff+.f_+_
Pt =
sl
-1

0.8 —0.6 04 0.2 0 0.2 0.4 0.6 0.8 O‘)a
4

e Two thirds of three-prong decays proceed via a; — pm — 7w

e Construct so-called optimal observable w, from three 7,4 decay
angles assuming mz .~ = mz and pr 7 =0

e Stat-only fit to 19.7fb~* data with /s = 8 TeV yields

P, = —0.355 + 0.064 in signal region (predict: —0.32)
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Conclusions

Conclusions

e ATLAS measured tau polarisation in Z /" — 77 decays using
single-prong 7,,4 decays as spin analysers. Precision: 0.05

e CMS performed advanced performance studies using single- and
three-prong 7}.,4 decays and decay mode identification

Great prospects for further measurements in Z /4" — 77 and other
processes
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Backup: Tau Decays: 7 — fvv (35%)

2 T ]
i ro Left-handed 7,
! \ — Right-handed t,,
5 15F ]
g9
s i
0.5/ \ .
i \.
i N
L N 4
oL ol Ty
0 02 04 06 08 1
Xvis

e Three-body decay into left-handed fermions
e Unobservable neutrinos reduce sensitivity of x, w.r.t. 7 — v

dar Glg m5 5 2 4 3 1 2 8 3
= Tz 3x5 — X — A\ N 3x5. — =X
dXvis 1927‘[3 3 XVlS + 3 XVlS T 3 + XVlS 3 XVlS
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Backup: Event Generators

Sample Event generator PDF UE tune
(Z/v* — 77) + jets  ALPGEN 2.14 [3] + PYTHIA6.427 [4] CTEQGL1 [10]  Perugia2011C [11]
(Z/y* = 77) + jets  PYTHIA 8.160 [20] CTEQ6L1 AU2 [21]
(Z/y* — 77) + jets POWHEG r1556 [22,23,24] + PyTHIA 8.160 CT10 [25] AUET?2 [31]
(Z/y* — 77) + jets  ALPGEN 2.14 + HERWIG 6.5/JimMmY 4.3 [26,27] CTEQ6L1 Perugia2011C
Top pairs + jets PowHEG 12129 + PYTHIA 6.426 CT10 AUET2

(W — ev) + jets ALPGEN 2.14 + PYTHIA 6.427 CTEQG6L1 Perugia2011C
(W — ) + jets ALPGEN 2.14 + PYTHIA 6.427 CTEQGL1 Perugia2011C
(W = 7v) + jets ALPGEN 2.14 + PYTHIA 6.427 CTEQG6L1 Perugia2011C
(Z/y* — ee) + jets  ALPGEN 2.14 + PYTHIA 6.427 CTEQ6L1 Perugia2011C
(Z/y* — pp) + jets  ALPGEN 2.14 + PYTHIA 6.427 CTEQ6L1 Perugia2011C
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Backup: Event Yields

Stu

dies

Conclusions

Process

Te—Thad Channel

T, ~Thad channel

Data
Total expected

32243

32000 1599

32347

33000 159

Left-handed

Right-handed

Outside mass-selected region
W+jets

Multijet

Top pair

(Z]v* = tl)+jets

13800 *1109

7800
430
2240
6200
360
1210

+600
—600

+40
—40
+260
—240

+600
—600

+40
—40
+140
—140

17000 +1399

9600
550
2600
2400
390
360

+700
—700

+40
—40
+210
—220

+270
—300

+40
—40

+50
—40
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T Distributions
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i 1 soor il
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Backup: The m,;, Requirement

VIS

SO0 T TGS R T T e
O FVs-8Tev,202fp" ~ Dliothamed 7 02" & is=8TeV,2021"
© 8000} sgioe m, requroment gf®]  EDFNhansed & ]
g Eor ener [ Outside mass range | S r | ]
§2] 5000 Hhad [ Weets (sim.) E S L ]
= F CMutiet B = 0.15- [ N
Q E [others ] D + 1 ]
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E 1 s , L] ]
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1000 3 L * - Uncertainty (stat.) ]
F E - [ Uncertainty (total) i
ot 0 Lo v b v v b v by 0y 0
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® 0 e = g g 1 o= - T E|
S 5 ‘ | N POV ] ——— R
% 0 50 100 515 100 150 200 >250
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2
o Visible mass: m,, = \/(p'ePtO" + pThad—vis>

e Cut eliminates interesting events with true m; .~ > mz. But would
need dedicated measurement anyway
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Backup: Suppression of W — (v Background
W-pv, +jet Signal, no jet Signal, with jet

‘T+_>IJ+ T _)“-

, jet
jet->T -
‘fake’ 5

e Definition: Y Ay = @1 + ¢y,
e For signal: >> Ap < m. For background: Y Ap > 7

24
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Backup: Shape Correction in W +jets Estimate
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Backup: Opposite- and Same-Sign Shape Differences

ITe) L B o sy s 7o) L B e e S FLAL
a [ 1,7, Channel ATLAS ] N [ 7,T,.4 Channel ATLAS ]
f— “e“had — [— "H“had —
S 0.1 s=8TeV,20.2fb" S 0.1 s=8TeV,20.2fb"
~ [ 7 ~ [ ]
*g 0.08_— ] *g 0.08_— il ‘_‘h— ]
g X 12 § W, M 1
[ B b [0 Y T AW e . 1
s 0.061~ — s 0.06- = LS .
c C ] c C o 1
L 4 L [ 1
o o -
£ 0.04[ - £ 0.04F .
IS C o ] © L - | ]
— [ 7 — [ T
w 0 02; ma — Same-sign region (stat. uncertainties) g * 1 w 0 02; ®, -~ Same-sign region (stat. uncertainties) ]
° - - Opposite-sign multijet control region = : = -a Opposite-sign multijet control region -
F -=- Same-sign multijet control region - - -=- Same-sign multijet control region il
o] RN N B R o] S RN BN BRI R
= L A I S | = T[T T T T [ T T T T T T T[T T T g
] 2 . 5] 2 .
> 01.‘ BiA o m ma ™ A_f k3 0 ..‘ PR TSN N O S
3 Loma . AN R 8 - o LR
2 2 = g 2
5 _ PR S I Y I S A Y I 5 _ @t v b L u 9
£ -1 -0.5 0 0.5 1 1.5 £ -1 -0.5 0 0.5 1 1.5
=) (=3
& r 3

26


https://arxiv.org/abs/1709.03490

Introduction

ATLAS Measurement

CMS Performance Studies

Conclusions

Systematics: Modelling of Signal Process
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e Compare nominal Alpgen+Pythiab to Pythia8 and Powheg+Pythia8

e Reweigh various truth level distributions
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Systematics: Tau Energy Reconstruction
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Backup: Systematic Uncertainties

Source of uncertainty Number of parameters Constraint  Steer variation of
Multijet estimate 40 None one bin each

MC statistical 40 Poissonian  one bin each

Modelling of signal process 3 Gaussian shape and normalisation
Thad identification 5 Gaussian shape or normalisation
Signal sample splitting 2 Gaussian shape and normalisation
TES and TER 6 Gaussian shape and normalisation
PDF 1 Gaussian shape and normalisation
W +jets shape 2 Gaussian shape

Other 34 or 36 Gaussian normalisation

Source of uncertainty

op, in mass-selected region

op, in fiducial region

Modelling of signal process +0.026 +0.022
Thad identification 4+0.020 40.024
MC statistical +0.016 +0.019
Signal sample splitting +0.015 +0.015
TES and TER +0.015 +0.019
Multijet estimate +0.013 +0.013
PDF +0.007 +0.005
W+jets shape +0.002 +0.003
Other +0.008 +0.003
Total systematic uncertainty +0.040 +0.039
Statistical uncertainty +0.015 +0.016
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Backup: Post Fit NP Values and Uncertainties
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Backup: Signature of 7 — 7= 7’v Decay in ATLAS
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