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Couplings of the Z boson to fermions

m SM electroweak interaction Lagrangian in terms of weak & e.m. currents:

L=gJW+¢J'B= i(J—WJr + JTW™) + d (J° — sin? Gy M) Z° 4 e JFM AP

V2 cos By
W couplings of strength  Z neutral couplings: mixed Y couplings
g to weak-isospin J* weak-isospin J3 + e.m. of strength e

Weak-isospin (1,), hypercharge (Y)  gsinfy = ¢’ cosfy =e, sin’fy = 0.22
& e.m. (Q) couplings & charges: Q=Ty+y M=y

m Electron-positron annihilation into fermions: e‘e- — Z — ffbar
Z boson has left-handed (from J3,J*™) & right-handed (from J®™) couplings to fermions:

gr=1—-Q sin® Gy gr=—Q sin? Oy
e’ f
These are usually expressed as vector and axial-vector couplings ¢y and ca:
ey = gr + gr = I3 — 2Qsin® Oy ca=gr—gr=13

and the vertex coupling for a neutral current interaction is written:

Fd i

Note that ¢y and ¢4 have different values for different types of fermion.

g
cos By

1
P3lev = ear’)

e f
Lepton 2cy 2cs || Quark 2cy 2cy
Ve, Vy, Ur 1 1 u,c,t 1— % sin? Oy 1
e, T —1+4sin’fy | -1 || d,s,b | -1+ 3sin’fy | —1

Z couplings depend on the fermion Q,l, (i.e. diff. for diff. lepton/quark type)
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Forward-backward e*e’ — f f asymmetries

m Mixed Z vector & axial-vector couplings induce asymmetries in angular
distributions of the final-state fermions (a part from e* helicity, and polari-

zation of the produced particles) fully determined by weak mixing angle:

e’ i
dog 3 i
Toos = ROI (1= PeA)(1+ cos? 0) + 2(A. — Pe) Ar cos )
2 2 v 7/
7 _Yuf — Yrr _ AYvEgAr gvt/ gAf
Ar = =5 2 T 2 5 =2 2
9t +9re  9vet9ac 1+ (9vi/9ar)
e f
2
f;v: =1-— % sin? Qgﬁ =1 — 4|Qf| sin” Ggff
3

m Experimentally: Take ratio of number of forward (backward) (anti)fermions
in hemisphere defined by the direction of the e (e*) beam: 8 < (>) /2.

cosB > 0: forward f
cosB < 0 backward

The cosf term gives a forward-backward asymmetry

NF — NB do
Ab hadl o hadl e-l—
= NN / o) B= / P
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Forward-backward bb asymmetry around Z pole

m LEP exps. carried out 8 measurements (lepton- or jet-charge based) of °
A . (largest & most accurately measured one of all fermions):

+

& _
ALEPH —e—+ 0.1003 + 0.0038 + 0.0017 b
leptons 1991-95 11
DELPHI = 0.1025 + 0.0051 + 0.0024
leptons 199195 |77 3
L3 0.1001 + 0.0060 + 0.0035 74
leptons 1990-95 i
OPAL —de— 0.0977 + 0.0038 + 0.0018 - b
leptons 1990-2000 =5 e
ALEPH 1o 0.1010 + 0.0025 + 0.0012
inclusive 1991-95
DELPHI —.— 0.0978 + 0.0030 + 0.0015  LO:
inclusive 1992_2(010) e
L3 A 0.0948 + 0.0101 + 0.0056
= et iagras
OPAL —— 0.0994 + 0.0034 + 0.0018  NNLO: W%;
inclusive 1991-2(41) ] o
AL:O — .0992 + 0.0016
LEP = FB
1 1 A2 —0.1037+0.0008

008 009 0.
m Experimental b-quark asymmetry has a ~2.8 pull w.r.t. theoretical prediction
including QED/EWK, NNLO QCD, b-quark mass, jet/thrust axis corrections
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sin“@_. from b-b fwd-bckwd asymmetry in e‘e

m Effective weak angle from b-quark asymmetry at Z pole is 2.6 away
from world-average. Largest TH-EXP discrepancy among EWPQOs:

3 2 1 0] 1

=2

sin® @.°P* = 0.23166 =% 0.00032 o)
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aal) (p13)
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CMS pp 1 fb” ' e Mz [GeV]
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ATLAS ee+uu 5t o had (D]
al 0.2308+0.0012 R
=1 0.
LHCb uu 3 fb 0.23142+0.00107 ifj
.'| ™
CDF ppe 9 fb ® 0.2315:0.0010 4, (SLD)
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August 2016: preliminary 0.23137+0.00047 RS
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b-quark asymetry uncertainties at the Z pole

m Experimental uncertainties on A, extraction:

Y Table 1: LEP measurements of A% and associated statistical, total systematic, and QCD-systematic uncertainties
— . 0 FB ) ¥ ) i
Statl Stl Cal = il ' 5 A) (with the newly-computed QCD systematics quoted in parentheses).
0,b T
At planned FCC-ee, Measurement Arp uncertainties

_ ' stat.  total syst. QCD syst. (new)
with X10°> more e'€—Z'S i lepion 0027 00B 00080007 41% 1% 06%(08%)
re U250 SEn e DELPHI lepton (20045)° 01025+ 0.0051£0.0024 64%  24%  15%(L3%)

_ 25 L3 lepton (1999)° 0.1001+0.006040.0035 6.9%  34%  18%(0.8%)
will be negligible: ~0.05%  oPALlepton (2003)7 0007700038 £0.0018 43%  15%  11%(14%)

ATEPH jet-charge (2001)° 0101000025 00012 27%  L1%  05%(0.5%)
(0.4%)
(0.4%)
(0.3%)

DELPHI jet-charge (2005)° 0.0978 £0.0030£0.0015 3.3%  15%  05%(04%
. : 10
— Systematics: +0.6% 1.3 jet-charge (1998) 005480101+ 0056 108%  59%  41%(04%
— OPAL jet-charge (2002)"  0.0094£0.0034£0.0018 3.7%  18%  15%(0.3%
QCD-related: £0.5%

m QCD biases on Ai; (depending strongly on exp. selection procedure):
— Hard gluon radiation (controlled theoretically via o > NNLO corrections)

— Smearing of b-jet (thrust) axis due to: [Estimated via parton-
(1) b and (b—) ¢ soft radiation & hadronization. ~ Shower simulations by

(2) B and D hadron decay models. Abbaneo et al.,
EPJC 4 (1998)]
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QCD Monte Carlo setup ()

m LEP QCD uncertainties based on JETSET (1998). Lots of progress
In parton-shower & hadronization in the last 20 years. Impact on A _.?

m We run 107 e*e— Z — bb events in 8(x8) MC setups mimicking the
8 (4 lepton-based, 4 jet-charge-based) LEP measurements.

m PYTHIA 8.226 with 7 different parton-shower & hadronization tunes:

tune 1 the original PYTHIA8 parameter set, based on some very old flavor studies
(with JETSET around 1990) and a simple tune of alpha strong to three-jet
shapes to the new pT-ordered shower.

tune 2 a tune by Marc Montull to the LEP 1 particle composition, as published in
the RPP (August 2007).

tune 3 a tune to a wide selection of LEP1 data by Hendrik Hoeth within the Rivet +
Professor framework, both to hadronization and timelike-shower parameters
(June 2009).

tune 4 a tune to LEP data by Peter Skands, by hand, both to hadronization and
timelike-shower parameters (September 2013). use CMW convention for the
shower alpha s scale.

tune 5 first tune to LEP data by Nadine Fischer (September 2013), based on the
default flavor-composition parameters. Input is event shapes (ALEPH and
DELPHI), identified particle spectra (ALEPH), multiplicities (PDG), and B
hadron fragmentation functions (ALEPH).

tune 6 second tune to LEP data by Nadine Fischer (September 2013).

tune 7 the Monash 2013 tune by Peter Skands at al. to both et + e~ and pp/pp data.
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QCD Monte Carlo setup (ll)

m We run 10’ e'e— Z — bb events in 8(x8) MC setups mimicking the
8 (4 lepton-based, 4 jet-charge-based) LEP measurements.

m PYTHIA 8.226+VINCIA 2.2 (alternative dipole antenna parton shower):
Different PS impacts b-jet thrust & (refitted) b—B fragmentation:

Central VINCIA tune with uncertainty given by 10 parameter variations:

variation 0 | Current (user) settings.

variation 1 | Default settings(default antenna functions, default o, settings).

variation 2 | User settings with as(Q/ k‘ﬁb)T where () = k,ptr is the user scale choice and Fs:ﬁb
is an additional scaling factor.
variation 3 | User settings with u's(k:be).

variation 4 | MAX antenna set (large finite terms) with user a, settings.

variation 5 | MIN antenna set (large finite terms) with user a, settings.

variation 6 | NLO-Hi: user settings with branching probabilities multiplied by (1 + a4(Q))
to represent unknown (but finite) NLO corrections.

variation 7 | NLO-Lo: as above, but with division instead of multiplication.

variation 8 | User settings with all color factors for gluon emission =3.

variation 9 | User settings with all color factors for gluon emission =8/3.

variation 1() | User settings with a modified Pimp factor, scales enter with 4th power instead
of 2nd power,only if smooth ordering on.
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QCD Monte Carlo setup (ll)

m We run 10’ e'e— Z — bb events in 8(x8) MC setups mimicking the
8 (4 lepton-based, 4 jet-charge-based) LEP measurements.

m PYTHIA 8.226+VINCIA 2.2 (alternative dipole antenna parton shower)
Different PS impacts b-jet thrust & (refitted) b—B fragmentation:

— 102 & 1-T (b E <
iy : (b) 3 10k xB
e, 10— - L3 % - - SLD
E —  \inci B . -
% - Vincia = - — Vincia
= - —— Pythia — B .
< 1 1L — Pythia
107 7 -
= AR R
102 o 10"
E Vincia 1.026 + MadGraph 4.426 + Pythia 8.15 =14 = incia 1.026 + MadGraph 4.426 + Pythia 8.150
C Data from Phys.Rept. 399 (2004) 71 — Data from Phys.Rev. D65 (2002) 092006
10° ¢ | -
E oo o b e b R R R R R R R R R R R D T R T
1.4F 1.4F
§ 12F é’cg 12F
= = -
I g
= O.B:— = 08F
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e*e: > b b at Vs=91.2 GeV: MC simulation analyses

m Original LEP analyses reimplemented in 8x8 PY8(+VINCIA) simulations:

lepton measurem | lepton cuts applied jet-basedmeasurem | jet-charge cuts applied
Yeut 2 0.02.
Mo > 6GeV/c2 Yeut = V.02,
ALEPH-2002 Fojr e, p> 2GeV /e ALEPH-2001 Mot > 6GeV/ 2,
For p, p > 2.5GeV /c. k=05
Yeut 2 0.01.
For e, p> 2 GeV/c.
DELPHI-2004 | For s, p > 2.5 GeV/c. DELPHI-2005 Yeut 2 0.01.
For both e and g, k=06
yL 2 1.6 GEV/C.
Yeut 2 0.02.
Mjet > 6GeV/c?. s > 002
cut = B B
L.3-1999 gz; Z}.p 2 3 GeV/e. 1.3-1998 M, > 6GeV/c.
p >4 GeV/e. k=04
For both e and p, p, > 1GeV/c
Yeut 2 0.02.
OPAL-2003 For both e and g, OPAL-2002 Yeur = 0.02.
p>2 GeV/e k= 0.9
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Lepton-based A” . measurements

m Original LEP analyses reimplemented in 8x8 PY8(+VINCIA) simulations:

Reconstruct b-jets with Jade algorithm.

Determine the thrust axis of event (as a proxy of the bb direction)
Determine b-quark charge from hardest lepton charge.
Measure 0 between e~ and thrust axis

Fit differential cross section and extract A25

d 3 8
° o— (1 + cos® 6 + gAggs coS 9)

dcosf 8

Correct for xg ~ 0.12 to transform A%S to A2,
A% = ARs(1 — 2xs)

ya: the B°BO effective mixing parameter (the probability that a
semileptonically decaying b-quark is reconstructed as a b-quark)
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Lepton-based A2 extraction

Examples of fits of reconstructed polar angle ggs 5 distributions (tune=T7)

Afb

1

216087
0.04887
Sid Dev 0.631
2 ndt 183.1 /188
N 215948

1712568

0.04848

0.8208

189.0 /196
1711241
0.07358 + 0.00225

A_FB 0.0705 +0.0020

-1 08 -08 04 02 1] 02 o4 0.8 ﬁ*m;
ALEPH-2002 DELPHI-2004
do _ § 2 § obs
m = 0'8 (1 + cos“ 0 + 3AFB cos o
Alb Afb

Entries 188306

Mean 0.04743 Maan 0.04478

Sid Dev 08307 Sid Dev 0.820
" 27 et 187.3/ 198 ¥/ ndf 183.2 /198

N 1881 2 4.1 N 323216.7
k A_FB 0.0718 £ 0.0023 A_FB 0.07088 £ 0.00184

L3-1999 OPAL-2003
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Jet-charge-based A”. measurements

m Original LEP analyses reimplemented in 8x8 PY8(+VINCIA) simulations:
® Reconstruct b-jets with Jade algorithm.

e Determine the thrust axis of the event (as a proxy of the bb direction)

e Identify b-quark and b-quark using jet charge Q, = %”Eﬂo
L

longitudinal momentum of the final-state particles with respect to the
thrust axis

where p, is the

e Extract A% by fitting cos @ distribution

(Qr — Qp)
(Qp — Qp)

Qr jet charge in the forward hemisphere
Qg jet charge in the backward hemisphere

—A0b3§ cos 6
831+ cos26

e Correct for missing higher-order QCD terms and for difference between
thrust axis and b-direction 1 + C = 1.00319 &+ 0.00033

(full QCD correction in an unbiased sample of bb events: C value is
slightly different for parton- and hadron-level corrections, and is

experiment-dependent)
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Jet-charge-based A2 extraction

Examples of fits of reconstructed polar angle Qf, Qg distributions (tune= 7)

0,14

012

0.1

Afb
=014
0.12-—
(1]
o.08f—
D.M-—
o e 10.83/8
0.04/ k -9003+04
r 0.09857 + 0.00219
oazf
L 1 il L | e W werer |
[ 0.1 0.2 03 0.4 05 0.6 0.7

L3-1998
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Afb
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Mean 0.6124
Std Dev 0.2458
2/ ndt 75418
k -8266 + 0.4
A_FB 0.09993 1 0.00185
1 1 1 1 P il 1 1 L
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Lepton-based A®_: QCD uncertainties

0.104

0.104

E‘m C e'e—bb, V5=92.4 GeV ALEPH [lepton-charge] E“m C e'e’— bb, {5=92.4 GeV DELPHI [lepton-charge]
S W 0.102 o W 0.102 .
< - _ < - Consistent old&new
0.1 Consistent old&new 01 QCD uncertainties:
0.098F- QCD uncertainties: 0.098F-
- i ' Tl
0.096 - 0096 | AR
0.094— 0.094— +
0.092F 0.0921—
gL ALEPH (2002) e DELPHI (2004)
C | | | | | | | | | | C | | | | | | | | |
0088, % 3 4 5 8 7 i1 22 00885 3 4 5 8 7 11 22
PYTHIAS (tune 1-7) | VINCIA | data PYTHIAS (tune 1-7) | VINCIA | data
o 0.104——— 7 | A—
_unr & C e'e’— bb, s=92.4 GeV L3 [lepton-charge] B & C ete'—bb, {s=92.4 GeV OPAL [lepton-charge]
™ L L -
S 0102 S 0102
0.1 0.1—
0.098]- 0.098 U NI Eﬁu
- | C i Hilil !
0.094[— New QCD uncertainties 0.094— + New QCD uncertainties
0092t~ smaller than old ones oos2e  consistent with old ones
0.09 - L3 (1999) 803 — OPAL (2003)
C | | | | | | | | | C | | | | | | | | |
00885 3 4 5 8 7 11 22 0088~ % 3 4 5 6 7 11 22
PYTHIAS (tune 1-7) | VINCIA | data PYTHIAS (tune 1-7) | VINCIA | data

m New average QCD uncertainties ~consistent with original ones
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Jet-charge-based Ab_: QCD uncertainties

a 0.104 ——— :
& 0 T e'e—bb, Vs=92.4 GeV ALEPH [jet-charge]
o W __
< 0.102:
0.1—
0.098—
00% -  New QCD uncertainties
0094 - larger than old ones
0.092—
0.09~ ALEPH (2001)
C | | | | | | | | |
00882 3 4 5 6 7 11 22
PYTHIAS (tune 1-7) | VINCIA | data
o 0104 —— :
a4 T ee’'— bb, (s=92.4 GeV L3 [jet-charge]
™ ;
°< 0.102:
01_— - |'|
0.098—
0096 New QCD uncertainties
00s4 (much) smaller than old ones
0.092—
0.091- L3 (1998)
C | | | | | | | | |
0088, 2 3 4 5 6 7 11 22
PYTHIAS (tune 1-7) | VINCIA | data

obs,b
FB

obs.b

1]
T8

<

0.104 =
C e'e—bb, Vs=92.4 GeV DELPHI [jet-charge]
0.102—
0.1 HL:::;Z!'..t::i!!!'ﬁfilI:2:I*Z:J!!:IT*’!!QIJZII#I:::Ii!l;:!:'.-::iifﬁ“i;i::::.!.%ll
0.098
0.096] _ 4l
- Consistent old & new
009" QCD uncertainties:
0.092—
0.09— DELPHI (2005)
C | | | | | | | | | |
00885 3 4 5 6 7 1.1 22
PYTHIAS (tune 1-7) | VINCIA | data
0.104 —
C ete'—bb, {s=92.4 GeV OPAL [jet-charge]
0.102—
0.1—
0.098— ‘Bﬁﬂ
0096~ New QCD uncertainties o
0094— Smaller than old ones
0.092—
0.09_- OPAL (2002)
C | | | | | | | | | |
0088~ % 3 4 5 6 7 11 22
PYTHIAS (tune 1-7) | VINCIA | data

m Smaller average uncertainties than lepton-based analysis.
New QCD uncertainties consistent or smaller than original ones
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Summary

m Forward-backward asymetry of et 5 o]
b-quarks in e*e"— Z(bb) shows e
largest TH-EXP discrepancy today oo
among EWPO: A__ = 0.0992+0.0016 <
(2.8c from th.: 0.1037+0.0008) e b e
m Dominant systematic uncertainties due to QCD i
effects (parton shower, hadronization) have not M;ﬁ;@“]
been cross-checked in 20 years. T 10 =
O Reanaly3|s of QCD uncertalntles W|th modern PS (PY8 PY8+VINCIA):
+ e + }}IEHLWH%HIH (T
: 5535 * = TiETE % = il

RN H UL 2 9 5
PYTHIAS (1 PYTHIAS (1 PvaAe(

u New QCD uncertamtles conS|stent (sllghtly smaller) with oId ones. Jet based
more precise than lepton-based extraction. Updated A__. = 0.0996+0.0015

m Ongoing sim. with x100 times more stats. to “approach” FCC-ee conditions.
FCC-ee QCD b-jet fragmentation studies needed to further reduce uncertainty.
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Backup slides
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