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QCD physics in e*e” collisions

m e*e collisions provide an extremely clean environment with fully-
controlled initial-state to highly precisely probe q,g dynamics:

e’ q
%% Advantages compared to p-p collisions:
Js ~ 91 GeV%} 9 - Electroweak initial-state with known kinematics
4 Y'" i - No QCD “underlying event”
e 7 - Smaller QCD radiation (only in final-state)
e+“*% - Smaller non-pQCD uncertainties (no PDFs)
Vs ~ 160 GeV %;;@ ) : .
P ® Plus QCD physics in vy (EPA) collisions:
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EU HEP mid-term perspectives (2030-2040)

m Indirect new physics searches: Higher-precision/lumi e*e" colliders.
B In May 2013, European Strategy said (very similar statements from US)
+ Acknowledge the strong physics case of e*e~ colliders with intermediate +/s

e Participate in ILC if Japan government moves forward with the project

e In the context of the FCC, perform accelerator R&D and design studies

= In view of a high-luminosity, high-energy, circular e*e™ collider as a first step
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EU HEP long-term perspectives (2040-2060)

m Direct new physics searches: Higher-energy colliders.

B In May 2013, European Strategy said (very similar statements from US)
+ Perform R&D and design studies for high-energy frontier machines at CERN
e HE-LHC, a programme for an energy increase to 33 TeV in the LHC tunnel
e FCC, a100-km circular ring with a pp collider long-term project at v/s = 200 TeV

e CLIC, ane*e™ collider project with /s from 0.3 to 3 TeV
Similar circular projects

. (50 or 70km) in China
SCHWEIZ / \.“.\\\"‘ pp collisions at /s ~ 50 or 70 TeV
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CERN Future Circular Collider (FCC) project

m FCC European Design Study, ongoing CDR (expected by mid 2018)

w— 3 g
-~ B - . T A o ¥

m 100 kmring, Nb_Sn 16 T magnets,
LHC used as injector:

e pp at Vs=100 TeV, L~2x10%,L ~ 1 ab*/yr
(also pPb & PbPb at Vs=39-63 TeV)

e e'e option (before pp) at Vs=90-350 GeV i 80100 km
L~10%-4-10%, L_=1-90 ab*/yr for H, Z

e e-h option at Vs=3.5 TeV, L~10%
L .~ 0.1 ab/yr. (also e-Pb at Vs~1-3 TeV)
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CERN FCC-ee project

m FCC European Design Study, ongoing CDR (expected by mid 2018)

e e'e” option (before pp) at Vs = 90, 125, 160, 240, 350 GeV

Vs (GeV): 90 (Z) | 125 (eeH) | 160 (WW) | 240 (HZ) | 350 (¢f) | 350 (WW—H)
o 43 nb 290 ab 4 pb 200 fb 0.5 pb 25 fb
L/TP (cm™2s™1) 4.3-10°¢ | 2.2.10%¢ 7.6-10°° 1.8.10%° 5.1034 5.1034
Lins (ab™'/yr, 2 IPs) 86 45 15 3.5 1.0 1.0
Events/year (2 IPs) 3.7-10"2 1.3.10% 6.1-107 7.0-10° 5.10° 2.5.10%
Years needed (2 IPs) 2.5 1.5 1 3 0.5 3

# of light-q jetslyear. O(10%?) — O(107%) O(10°9) — —

# of gluon-jets/year: O(10)  O(10%) O(109) O(10°) — O(10%)

# of heavy-Q jetslyr:  O(10*?)  O(10% O(107) O(10%  O(10° O(10%)
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QCD = crucial SM sector at future e*e colliders

» Though QCD is not per se the main driving force behind e*e- machines,
QCD is crucial for many measurements (signals & backgrounds):

e High-precision o._: Affects SM fits/tests, all hadronic decays,...

e N"LO corrs., N"LL resummations: Needed for all precise QCD final states
e Heavy-Quark/Quark/Gluon separation, subjet structure, boosted topologies,...:
Needed for all precision measurements & searches with final jets.

e Non-perturbative QCD: Colour reconnection affects e*e" jetty final-states:
e'e - WW-4j, Z-4j, tt(m top extraction)

o ...
m | will cover a few of the ongoing dedicated QCD studies:

e FCC (ee): Multiple studies under investigation.
(SppC/CEPC: Similar possibilities as FCC:not investigated, also lower lumi)

e ILC (GigaZ option): o determination.
e CLIC: photon-photon QCD physics (e.g. 7y structure function).
(There exist a few possibilities at Belle-1l and other low-Vs e*e- machines)
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QCD coupling o_

» Determines strength of the strong interaction between quarks & gluons.

» Single free parameter in QCD in the m,— O limit.
» Determined at a ref. scale (Q=m,), decreases as o ~In(Q2/A2) A~0.2 GeV

T 7 T | 0.5 : Sep 2003
s aqQ i Uncert.~2.5% | %Q Uncert.~0.5%
04l \ ] v Tdecays (N'LO)
I & Lattice QCD (NNLO)
. i & DIS jets iNLO)
o3| A\ o Heavy Quarkonia (NLO)
| NN o e'e jets & shapes (res. NNLO)
| : I.‘l-{- ' m o Z pole fit (N'LO)
' [ ozl el 02+ 5 v PP -> jels INLO)
[ o1 o
1989 | 12000 " 2013
* o QIGevi Ui T gGev) 10 1 10 100 1000
Q[GeV]
as(M,) =0.110* 3008 (NLO) » as (M) = 0.1184.£0.0031 (NNLO) » as(M,) = 0.1185 £ 0.0006 (NNLO)
G. Altarelli, Ann. Rev. Nuel. Part. Sci. 39, 1989 S.B., 7. Phys. G 26, 2000
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QCD coupling o_

» Determines strength of the strong interaction between quarks & gluons.

» Single free parameter in QCD in the m,— O limit.
» Determined at a ref. scale (Q=m,), decreases as o ~In(Q2/A2) A~0.2 GeV

T — | 05—

October 2015
1 AL Uncert.~2.5% | oJQ) Uncert.~1%
04l .
v thL‘L‘l{}h NLO)
At . 0 a DIS jets (NLO)
_ ! o3l [N\ o Heavy Quarkonia (NLO
g | o ¢% jets & shapes (rs. NNLO)
s ® c.w. precision fits (NNLO)
' [ 02l S 02+ v Pp —>ji.'ISI|_.\'I_U|
l. = hm‘}iﬁn | v pp—> IL(NNLO)
[ o1 ' o
11989 | 12000 " 2015
10 Q (;e" 00 0 IL. S —— .I;o et ..‘.‘:_._-.l.'.alj e : L
[ ] Q [GeV] 1 10 100 Q [GeV]
ag(M.)=0.110*0008 (NLO) » ag(M.)=0.1184=0.0031 (NNLO) » » otg(M,) = 0.1181 £ 0.0013 (NNLO)
G. Altarelli, Ann Rev. Nucl Part Sci. 39, 1989 S B..J Phys.G 26,2000

» Least precisely known of all interaction couplings !
o0 ~10" <« oG, <« 107 <« 0G~10°« o0, ~10°
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Importance of the QCD coupling o

» Impacts all QCD x-sections & decays (H), precision top & parametric EWPO.:

Msbar mass error budget (from threshold scan)

Process O (pb) Jas%) PDF+a,(%) Scale(%)  (GMFR9%)=P  [(GMEP1%)thee 7w, () ) o™= 57m, (773,) ) >

gegH 49.87 + 3.7 -6.2 +7.4 -2.61 +0.32 40MeV 50 MeV 7-23MeV 70 MeV
ttH 0.611 1+ 30 189 93 +5.9 = improvement in as crucial by (M) = 0.001
Channel Mu[GeV] das(%)  Amy Am, Quantity FCC-ee future param.unc. Main source
H—-c 126 +71 +01% +23% Mz [Mev] 0.1 0.1 Jaus
Ry [1079) 6 <1 Sas

H—gg 126 + 4.1 +01% 0%
Ry [1073] 1 1.3 Saus

Sven Heinemeyer — 1st FCC physics workshop, CERN, 17.01.2017

» Impacts physics approaching Planck scale: EW vacuum stability, GUT

0.06 X T T
L A\ my = 124 GeV ] = .
r '\ m, = 173.2 GeV 1 60 L ]
0.04 as(Mz)=0.1184 ) i il
3 [ 50 | .
Eﬂ 0.02 - i ]
& i 40 |- 4
§ 0.00 - E ol
g <o f| A .
g —0.02 - L
=5 ] 20 =
~0041 S o= (New coloured ]
006t eI ol (il i Sectofsk) i
102 104 10 11;):3E10: 10_12(31::4 106 10!8 1020 1 02 1 06 1 010 1 014
scale u in Ge Q [GeV]
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World o_ determination (PDG 2016)

m Determined today by comparing 6 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:

October 2015

ol (QZ) (1) lattice v T decays (N3LO) [S.Betke et. al.]
S -
a DIS jets (NLO)
s (2) T decays 0 H+ez_-w-y Quarkonia (NLO)

03| o ¢'e jets & shapes (res. NNLO)
® c¢.w. precision fits (NNLO)
v pp—> jets (NLO)
v pp —> tt (NNLO)

02}

(5) Z decays
B 6) pp—ttbar
0.1 |
= QCD 0g(M,)=0.1181 £0.0013

100 1000

Y QIGev]

DIS'17, Birmingham, April 2017 11/22 David d'Enterria (CERN)



World o_ determination (PDG 2016)

m Determined today by comparing 6 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale.

October 2015

ol (QZ) (1) lattice v T decays (N3LO) [S.Betke et. al.]
S -
a DIS jets (NLO)
s (2) T decays 0 Heavy Quarkonia (NLO)
031 (e*e) o e'¢ jets & shapes (res. NNLO)
® c¢.w. precision fits (NNLO)

v pp—> jets (NLO)
v pp —> tt (N\NLO)

02l

(4) e*e jets (shapes, rates) (e*e’)
(5) Z,W decays (e*e)
DTN s . 5" 6) pp—ttbar
0.1 i g
= QCD 05(M,) =0.1181 £0.0013
1 100 1000

Y QIGev]
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o via hadronic Z decays

1 g )
» Computed at N°LO: Rz = -2 =) _ gewni 143 e, (Z) +0(ad) + 6 +bap)

I'Z —1) n=1
127 .I' 127 I'?
» LEP: T", = 2.4952+0.0023 GeV (20.1%), r} - had= Opd = —— —yy o = —— =L
mz F mz PZ
After nggs dlscovery o, can be dlrectly determlned from full fit of SM
T T TT T T[T T TT o 5 [ T T
M, [ fitter[-.° N = E
M, a a5t €] fitter|..):
Tw 0.2 - -
" 02 TETTTN """"b}EsZ;;ééi;%HrTL' (Gigaz, presenftheo. tnc. 3%
0‘:.: s 3.5 . HOH ag(M,) from" T de '. ys at 3NLO [E Jcse 305(2008)] =
R, -0.9 3l k F : E
Als -0.8 = =
A (LEP) 0.2 25 —
A (SLD) -2.0 C -
sin“e!T'(@_) 0.7 » 2 —
Al ' 0.9 = =
A ; ] 2.5 1.5 :— _:
A 0.0 - -
A, = 0.6 TE g W S B Eh
R 0.0 0.5 — [K.M6nig et. al.] % —
R ; — : -0.8 = 3
m, 0.0 0 = 1 [ I PR I T TR T N - - PRI R NN 1 -
™, 0.0 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126
m, I 0.5 aS(Mz)
Ao (VP i -0.2
o, (M) =0.1196 % 0.0030 (+2.5%)

(o = Omeas) / OCmeas

» ECC-ee: — Z stats (X10° LEP) will lead to: do_< 0.2%
— TH uncertainties: sinzeeﬁ,mw,mtOIO
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o via hadronic W decays

» Computed at N?3LO: Ty .. = V2 e > Wl

4
a\k
in w 14 Z (?S) + 6electroweak(a) F- §n1ixed(aa5)
quarks i, k=1

» LEP: ', = 1405+29 MeV (£2%), BR,, = 0.6741£0.0027 (+0.4%)
Extraction with large exp. & parametric

(CKM V_) uncertainties today: o (M) =0.117£0.040 (+35%
—— CKM unitarity
Ry, oxp = 2:069 £ 0.013 - - - -Experimental CKM Rl on =2.089 (1£1x107)  =——CKM unitarity
0,16 e !' B A E 0121 . 1 S : . 1 .
] : __________________ :
0,14 - A L.--- i bFCC i
1 Al | hheshe i
o S J’ Q i
0,12 - i e FCC-ee estimate :
1 S| 0,120 4 : rooL
. 0,104 i o - —
~ = | ’ A ~ =2
% 0,08 ] J i gtm o (my,) = 0.1197 + 0.0003,,, |
3 ] =1 | 3 ! i
h... !
0,06 - Tl 5 :
] R U | 0,119 - i L
. A S - E
0,02 - L e | : B
’ 'i._ 1
s 2)=0.040.16_ +0.02_ [ e !
oo04+—~LH— a°(.mw), : i, per i, =2 0,118~ : . - i - . .
198 200 2,02 204 206 208 210 212 214 216 2,0680 2,0685 2,0690 2,0695 2,0700
R
Ry [D.d'E, M.Srebre, PLB763(2016)465] W

» FCC-ee: — Huge W stats (X10* LEP) will lead to: éa_< 0.3%
— TH uncertainty: [6V_| to be significantly improved (10-)
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o from hadronic t-lepton decays

_ 4
» Computed at N?LO: r, = N2t badons) g, v $7, (%) 4 0fad) + )
n=1

L(t7 = vre 7e) m

» Experimentally: R, e = 34697 £ 0.0080 (20.23%)

» Various pQCD approaches Baikov |_;_._| ~
(FOPT vs CIPT) & treatment  Davier Fro— %
of non-pQCD contributions,  Pich o N
yield different results. Boito =1 &

SM review H— wn

.....................
....................

Uncertainty slightly increased: 0.11 0115 012 0.125 0.13
2013 (£1.3%) = 2015 (£1.5%) ' - (Mz)= 0 11’92 £ 0 6018 (11..5%)

» Future prospects:
— Better understanding of FOPT vs CIPT differences.
— Better spectral functions needed (high stats & better precision):
B-factories (BELLE-II)

— High-stats: O(10") from Z(tt) at FCC-ee(90) (less Giga-Z): da_< 1%
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o via e*e’ jet event shapes & rates

» Computed at N>*LO+N@LL accuracy.
» LEP data for thrust, C-parameter, 7 =1 — max

> Ip

jet shapes, 3-jet x-sections no 2l
. == 2.
Results sensitive to non-pQCD ¢+ _ 32 |Pz||p;|b12u 0
(hadronization) accounted for 2 lED
via MCs or analytically: [S.Kluth et al., A.Hoang et. al ]
ALEPH (jets&shapes) I| I & | $
"""" Full NOLL resalts | 1] OPAL j&s) ——e | D
C-parameter ] JADE(j&s) | & i !
norm TP C Dissertori 3)  b——-@—— %
3L ] JADE gj) ; ' & | S
o f | bowm —e— S
TR | Abbater e+ =)
C—Parameter with Q5 = ;1‘1 i GE‘h rm'l‘ﬂ ® : :F'
Thrust } i Hoang —e— | g
norm ~— [ ST e ' (o S N A e o o e e e Y D Y O OO ot A OO
00_.1'1(') a1 6.1'14(' (';.1'16 518 01 011 0115 012 0125 013
o xs(M2)=0.1169 = 0.0034 (*2.9%)
» FCC-ee:

— Higher-Vs data needed for rates (lower-Vs for shapes): 8a,_ < 1%
— TH uncert.: Jet rates with improved (NNLL or N°LL) resummation
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o from y QCD structure function

1 2
*» Computed at NNLO: / daFy (@, Q% P = 1o { - gg)qo +enio+ 288 o0 1+ 0(2)

The Pointlike Photon Structure Function at Large o

*» Poor 2 (x,Q?) experimental measurements:  §°[==gme [arpge [omewss
i

[ —-— Hadronic

» Extraction (NLO) with large exp.
uncertainties today: -

o, (M) = 0.1198 + 0.0054
(+4.5%)
[M.Klasen et al. PRL89 (2002)122004] + e

i | 4 OPAL 01 <x<0.6) L TASS <08 ]
» Future prospects: 225 [ 4 ALEPH (01 <x <0567 + AMY 05« <05 -

I ¥ L3 (0.1 <x <0.5/6) ¥ TOPAZ (0.3 <x < 0.8)

2 b 4 PLUT 3 <x<0.
— Better data badly needed. 1 FIADE (01 <10
"7 |-- GRVLO (0.2 0.9) $ LC1 (0.1 0.6)
- Be”e'” ? 1.5 - GRVLO (0.3iii0.8) B LC2 (0.3ii:0.8) B

— Dedicated studies at ILC exist: 15 [ oRy O (01 <X <00

[~ HO (0.1 < x < 0.6)

— Huge vy (EPA) stats at e

FCC-ee will lead to: 60, < 1% S ™ o s |
" FTIR.Nisius, arXiv:0907.2782]  Tun-20m"

2000/04/28 2 [GeV?

Q° [GeV7]
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High-precision parton FFs & hadronization

m Parton-to-hadron fragmentation functions known at NNLO at high-z &
[D.Anderle et al., A.Vossen et al., B.Knie_:hl etal., at NNLO*+NNLL at low-z:

V.Bertone et al., N.Sato et al., D.deFlorian et al.,...]

v £
10" Y ) (I;nli;clqzl[rllbll 10 N (1I,r’oltolt)cliclnilfdlz §1SDIS|0r‘ed Gaussian (limiting spectrum, m_ =140 MeV)::Eééégéggégi
10’ Vs=10.52 GeV 10’ Vs=1054 GeV -8 -[Kotikov et al. il .y o=
8= 8 S
© Perez-Rama , igzzmsvﬁAsso%
~ —4— V=35 GeV [TASSO]
; o - 75 = sl
10" 10" = g ot e
102 102 \ 4; ; E;égg § EEELF}
| | BABAR (promp) —— 3= e
10° |4 10 . oF Ta Ve 183 Gov (ALERH
12| dataltheory 12| | data/theory : ERs
U-; SRR R oM D; . : 1*+¥14ﬂ ----- 1 zggggzggg%zzﬂ
o8y . 08y f¢ O e
0 01020304 0506 07 0809 1 0 01 0203 04 05 06 07 08 09 1 O 7 8 9 10
2 2 £ = In(1/x)
» FCC-ee (much broader z range) allow for o, extraction with 6o, < 1%
m High-precision PID'd hadrons allow for detailed non-pQCD
studies: baryon & strangeness production, Bose-Einstein and
Fermi-Dirac final-state correlations, colour string dynamics
(spin effects, helix,...):
conservation of : baryon number strangeness transverse momentum

string breaking ¢ G qq ¢q GEED g G s S G q q i q q P q

How local? How local? How Iocal'?
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High-precision jet substructure (angularities)

m State-of-the-art jet 1 A\
substructure studies "« Ef R~ EZJ:t PN o ey A5
based On IR-Safe (normalized E"X 0" pI’OdUCtS) LHA width mass
angularities variables: T S S S .- <¢5
jet multiplicity, mass, shapes
(thrust, C-param., broadening),... W .8 (Laég.i;)

: 0 1 2

CompUtabIe (NnLO+NnLL) via SCET [Larkoski,Salam, Thaler,13]

(clean data needed to control non-pQCD corrs.) [Larkoski, Thaler, Waalewijn, 14]

m High-stats & high-precision (clean) jet structure at FCC-ee energies:

30 T : 4

I I I
- Q=912 Z(I'T)+H(gg)
P il - - ] = +++ H— g8 i |
; .l‘ . Pythia8
R G 3+ + ' Hetwig7 .
200 I\
i 23 25 - 5 with mMDT |
15} S P 7
Z + 1+++1-_++ ++++
Z + et +H
~ 15+ +, 7
10 | - +++++ ,
+
1 h +++*+ . B
+
5 + "'_H. +
05— * - n
L L L L . ol i i 5 i : 0 = | | | ’-:-t__
0.00 005 0.10 045 020 000 0.05 040 0.45 0.20 0 02 0.4 06 08 1
T T
P [J.Thaler et al.] 25 [G.Soyez et al.] M
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High-precision g-jet studies via e‘e—H(gg)+X

m FCC-ee H(gg) is a "pure gluon” factory: £ _~{0000000
H - gg (BR~10% accurately know) provides - - -~ - - .
O(200.000) extra-clean digluon events: .
» High-precision study of gluon radiation & g-jet properties I
Handles to 5p|it degeneracies G. Soyez, K. Hamacher, G. Rauco, S. Tokar, Y. Sakaki
H—gg vs Z—qq 351 s H— g8 Pj:;::mgg) 1
Rely on good H—+gg vs H—bb separation; « 2_2 ' ' Her‘:fMT |
mandated by Higgs studies requirements anyway? £ ,[  + +++++:+1-¢+++++ . |
Z_p bbg VS Z_p qq(g) ‘E 15 |- + +y +++++"+++++++ _
g in one hemisphere recoils against two b-jets in 0; N _+,+"+;*++ |
other hemisphere: b tagging - LH angularities . :
Vary jet radius: small-R — calo resolution Mo |
(R ~ 0.1 also useful for jet substructure) — Check N"LO antenna functions

— Improve g/g/Q discrim.tools (BSM)

— Octet neutralization? (zero-charge
gluon jet w/ rap-gaps)

— Colour reconnection? Glueballs ?

— Leading n's,baryons in g jets?
DIS'17, Birmingham, April 2017 20/22 David d'Enterria (CERN)

Vary Ecy range : below my : radiative events
— forward boosted

(also useful for FFs & general scaling studies);
Scaling is slow, logarithmic — large lever arm



Colour reconnection in multi-jet final states

m Colour reconnection among partons in e*e- = Source of uncertainty in
m,, M, aGC extractions in multijet final-states: e*e-—» WW(4)), Z(4)), tt

m Use e*e leptonic final-states to learn about CR:
At LEP 2: hot topic (by QCD standards): ‘string drag’ effect on W mass

Non-zero effect convincingly demonstrated at LEP-2
No-CR excluded at 99.5% CL [Phys.Rept. 532 (2013) 119] @

But not much detailed (differential) information

Thousand times more WW at FCC-ee o)

Sjostrand: turn the W mass problem around; use huge
sample of semi-leptonic events to measure my

— use as constraint to measure CR in hadronic WW @
Has become even hotter topic at LHC ~O (%)
o
It appears jet universality is under heavy attack. ® kinematics
Fundamental to understanding & modeling hadronisation
Follow-up studies now underway at LHC. T. Sjostrand, W. Metzger, S. Kluth, C. Bierlich
. . + Overlaps — interactions?
High-stats ee = other side of story _Tooveraps T AVErastonst
increased tensions (strangeness
Also relevant in (hadronic) ee—tt, and Z—4 jets breakdown of string picture?
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Summary

¥ The precision required to fully exploit the future ee/pp/ep/eA/AA
SM & BSM programs requires exquisite control of (n)pQCD, accessible
thanks to multiple, unique, high-stats, clean e*e- measurements:

October 2015 10% ' A wpl O —i—
o (QZ) v Tdecays (N3LO) do™ /dz [nb] ke gz_DistoﬂedGaussian (Iimitingspemrum,me"=140MeV)EE 26 Gov B
8 a DIS jets (NLO) 10’ Jg=10.52 GeV _8 g
o Heavy Quarkonia (NLO) b 8t i)
03 o e'¢ jets & shapes (res. NNLO) ] 10° ~ 7F j : i
® c.w. precision fits (NNLO) 6E P
0 0 - 107" E
(1) Per-mille o, via hadronic >
102 =
0 1 3§
Z,W,t decays, jet shapes,... 2 i
o e < N1 11 i
Y o v_"..~ 1 , g H
0.1 Ry o9 & 10
= QCD OLS(MZ)=0.1181 +0.0013 Y 0 0.1 0.2 03 0.4 02_5 0.6 0.7 0.8 0.9 1 & =In(1/x)
1 0o Gey] ™ L (2) Fragmentation functions at N"LO+N"LL

(3) N"LO+N"LL jet angularities : -
s H — e
, : ‘ : : 38 +++ g8 Pythia8
- 2 - - 3 + + Herwig?7 —
23 25 4 with mMDT
» TANN % 2 + +++*+++1-++++++++ -
| \\‘ Z + +++ +++
T TSs . = 15r . +++++ |
(5) High-precision non-pQCD: wro S ()
. 0 | | | " Ng
s, B prod., final-state corrs.,... o 02 o4 06 08 1 o kinematies
M2
baryon number strangeness transverse momentiim . . . 0
sy e jems e qemb; qem; (4) High-precision g/q/Q  (6) <1% control of
discrimination colour reconnection

How local? How local? How local?
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Backup slides
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