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I Motivation

Why QCD?

@ Dominant in collisions
m Control of QCD effects as background processes

a Interesting by itself!
= Modelling of QCD jets is very important for MCs

= Shower properties:
Coherence, emission of soft jets, angular correlations of jets
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I Shower Properties

Coherence, emission of soft jets, angular correlations of jets

m Showers: Correct in soft and collinear limit

a QCD colour coherence:
Destructive interference between colour partners

e BER I Ee

=- Angular ordering or
Angular vetos or
Coherent dipoles / antennae
= Comparing different shower models

2
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Monte Carlo Showers

HERWIG++  [MBahret al, 0803.0883]

m Angular ordered parton shower:
Quasi-collinear splitting functions + angular ordering

a pidip—ordered dipole shower with partitioned dipoles (similar to SHERPA)

[S Platzer, S Gieseke, 0909.5593]

a Option to switch to ¢2-ordering as non-coherent example

PYTHIA8 [T Sjsstrand, S Mrenna, P Skands, 0710.3820]
m Angular vetos to obtain coherence

w Ordering variable: p? _ .,

VINCIA (W Giele, D Kosower, P Skands, 0707.3652] @S a plugin to PYTHIA8
m Reproduction of soft and collinear limits with antenna functions

m Ordering variable: Antenna p’jA or antenna mass
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I Event Selection and Observables

a ME:ete™ — qq for 5 flavours (u, d, ¢, s, b) @ 91.2 GeV

Higher jets produced by shower (no higher-order matching)
m efe k algorithm: d;; = 2 - min(E7, E2)(1 — cos 6;5)

yij = dij /Q?
Jets ordered in energy (1st jet refers to hardest)

m 3 — 4 clustering scale y3_4 > 0.0045 (~ 6 GeV)
as compromise between
- statistics and
- minimizing influence of hadronization and B decays
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Event Selection and Observables

a ME:ete™ — ¢ for 5 flavours (u, d, ¢, s, b) @ 91.2 GeV

y3—4 > 0.0045 to minimize influence of hadronization and B decays

m All events clustered into 2 jets o
Ratio of jet masses, M%/M%I

® Y354 > Y253/2 = F
« ” : s 4=
(“compressed” scale hierarchy) 5 F
= c
m Ratio of jet masses M? /M? 5 E
L/ME 2 -
[J Alcaraz Maestre et al, 1203.6803] ! — His d;:f shower
| H++ p7. dip shower
N —— H++ g7 shower
V p? , shower
- ==V mass shower
- - - Pythia shower
out of the box/old tune
Il Il ‘ Il Il Il ‘ Il Il Il
8
5 e e
54
Il Il ‘ Il Il Il ‘ Il Il Il
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Event Selection and Observables

a ME:ete™ — ¢ for 5 flavours (u, d, ¢, s, b) @ 91.2 GeV

m All events clustered into 2 jets

Y34 > y253/2
(“compressed” scale hierarchy)

Ratio of jet masses M2 /M%

[J Alcaraz Maestre et al, 1203.6803]

2
M H Mi
M?% /M small

MY

M3 /M? large
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(7‘1dt7/d(M%/M%_,)

Ratio

1.4

y3—4 > 0.0045 to minimize influence of hadronization and B decays

Ratio of jet masses, M%/M%I

—— H++ def shower
—— H++ g7 shower
--- V mass shower

- - - Pythia shower
out of the box/old tune

H++ p?, dip shower

V p? , shower
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Event Selection and Observables

ME: ete™ — qq for 5 flavours (u, d, ¢, s, b) @ 91.2 GeV

y3—4 > 0.0045 to minimize influence of hadronization and B decays

All events clustered into 4 jets
arg 13 > 2m/3
(1stand 2nd / 1st and 3rd
jet back-to-back)
g3 < 7r/6
(2nd and 3rd jet collinear)
Angle between 1st and 4th jet: a4
[J Alcaraz Maestre et al, 1203.6803]

4
3 A1q
) 1
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rr‘lda/d(am/n)

Ratio

Angle between 1st and 4th jet, a14

_._out of the box/old tune

—— H++ def shower
H++ pidi shower
—— H++ ¢? shower
V p?  shower
- -~V mass shower
- -~ Pythia shower
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Event Selection and Observables

a ME:ete™ — ¢ for 5 flavours (u, d, ¢, s, b) @ 91.2 GeV
® y3_,4 > 0.0045 to minimize influence of hadronization and B decays

m All events clustered into 4 jets )
Angle between 1st and 4th jet, a14

® Qaj9/13 > 2”/3 ,\I:\ 4 E —— H++ def shower
a3 < 7r/6 3 35 E —— H++ p;di shower
k=3 = —— H++ ¢* shower
m Angle between 1st and 4th jet: 14 3§ £ V p}  shower
325 - ==V mass shower
[J Alcaraz Maestre et al, 1203.6803] s E -~ - Pythia shower
= _._out of the box/old tune
3744’> 1 15 ? ::‘
2 aiq4 ~ 0.0 E
4 0.5 ;7
3 1 o B L IR R B,
2 0.5 4
aig ~ 0.5 F ‘ Pj
14 1.2 . :l'"c':LL |
g Tk Cp Py
5] 1E = (i T
3 1 = — |
= ! 08 (! .
2 a1q ~ 1.0 Er- [
0'6’7}4—‘:{‘\\\‘\\\‘\\\‘\\\
o 0.2 0.4 0.6 0.8 1
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I Tuning: Observables and x?/Nyof

m Aim: Similarly well description of the same LEP data by all showers

m Professor framework [ Buckley et al, 0907.2973]

m Observables:

- Event shapes (ALEPH, DELPHI)  (ALEPH Coll, PRPLC,294,1], [DELPHI Coll,, ZEPYA,C73,11]

- Jet rates (OPAL)  [JADE Coll., OPAL Coll., HEP-EX/0001055]
- Identified particle spectra (ALEPH)  [DELPHI Coll., ZEPYA,C73,11]

- b quark fragmentation functions (ALEPH)

[ALEPH Coll., HEP-EX/0106051]

- Mean particle multiplicities (PDG)  (Particle Data Group, PHLTA,B667,1]

X2 /Ngof Default  Tune
HERWIG++ Angular Ordered Default Shower 202 16.9
HERWIG++ pf_dip-Ordered Dipole Shower 3485 23.0
HERWIG++ ¢2-Ordered Dipole Shower 358.2 253
VINCIA p?% ,-Ordered Shower 9.1 7.0
VINCIA Mass-Ordered Shower 14.6 9.3
PYTHIA8 Shower 8.0 7.4
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Tuning, Effect of Hadronization

X2 /Nyof Default  Tune

HERWIG++ Angular Ordered Default Shower 20.2 16.9 <« due to keeping
HERWIG++ p? ;. -Ordered Dipole Shower 3485 23.0 Pgpit fixed
HERWIG++ ¢2-Ordered Dipole Shower 3582 253 4

VINCIA p? ,-Ordered Shower 9.1 7.0

VINCIA Mass-Ordered Shower 14.6 9.3

PYTHIA8 Shower 8.0 7.4

14 with y3_,4 > 0.0045, a3 < 71/6, 1213 > 271/3 aq4 with y3_,4 > 0.0045, ap3 < 71/6, a12/13 > 27/3
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Data Analysis

m Framework for reconstructing, analysing and correcting OPAL data

[OPAL Coll., HEP-EX/0503051]

Data set covers LEP2 run = ~ 400000 event samples @ 91.2 GeV
Selection of Events

= Various criteria for tracks and clusters to select hadronic Z° decays
m Containment cut | cos 07| < 0.9
m Reconstruction and Correction
m Events reconstructed with energy flow algorithm
m Detector correction: PYTHIA6 events with detector simulation
= Ratio (hadron level / detector level) for each bin for each observable
m Systematic Uncertainties (ordered in decreasing effect)

@ Detector correction with HERWIG
@ Variation of the reconstruction procedure
@ Variation of the containment cut | cos 01| < 0.7
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Data Plots: M7 /M7 with tuned parameters

M2 /M3, with y3 54 > 0.0045, y354 > y2,3/2 M2/ M3, with y3 4 > 0.0045, y3 .4 > Y2 13/2
—~ L B B B B —~ L B B B
T r 1 QT r b
= Py —e— OPAL (PRELIMINARY) . = Py —e— OPAL (PRELIMINARY) .
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E r H++ pid‘P shower, x?/n = 3.1 7 = r --- V mass shower, x>/n =023
g 15— —— H++ g% shower, x2/n =175 —| T a5 - - Pythia shower, x2/n =051  —|
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Data Plots: M7 /M7 with tuned parameters

M2/ M%; with Y354 > 0.0045, Y34 > y253/2 M2/ M2 with y3_,4 > 0.0045, Y354 > y253/2
— O e FE A A A e — L FEL I A A A e A
o= = 1 o r 1
s b —e— OPAL (PRELIMINARY) k! I —e— OPAL (PRELIMINARY) E
s r —— He++ def shower, x2/n =113 ] o = V p? 5 shower, x2/n = 0.23 1
E r H++ pid‘P shower, x?/n = 3.1 7 = r --- V mass shower, x>/n =023
g 15— —— H++ ¢? shower, x>/n =175 —] g 15— - - Pythia shower, x2/n =051  —|
N - 1
;‘U £ 1 L‘U F e |t 1
s 1 S e | 55
K ] od 3 B
P ] P Tt ]
o5 - 51 -
R I T IS I R N
14— — —
E 3 ] - 3
éL: 2 B g 2 = |
E E - | =
o E = g SRS il
= 08 - S o8F 3
Bl SR N RN BN I Sl SR NN RN BN I
o 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1
2 M2 2 /M2
M2/M, M2 /M

= Reduce to easier Observable = Asymmetry:

> y(z)

_ N _ z<zQ . .
AS(z) = Moo = 72 7@ for different asymmetry axis xo
x>x0
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Data Plots: M7 /M7 with tuned parameters

[ — H++ g% shower [ --- Pythia shower

Asymmetry for M7 / M% Asymmetry for M7 / M%
= L L L L BB B = L L L L B
% 3
Z: 1 | —e— OPAL (PRELIMINARY) | Z‘_‘ 1 | —e— OPAL (PRELIMINARY) |
> [ —— H++ def shower ] > C V p% , shower ]
= r H++ pidip shower q =  —-- V mass shower q
==

A +

E j

< 4
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axis axis

= Reduce to easier Observable = Asymmetry:

> y(z) 2

_ N _ =<%o ~ M M2
AS(z) = Vet — S o) ~ - L
x>x0
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Data Plots: o4 with tuned parameters

ol do/d(as/ )

MC/Data

2.5

1.5

05
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ay4 with yz 4 > 0.0045, a3 < 71/6, 1213 > 271/3
L B A
—e— OPAL (PRELIMINARY)
—— He++ def shower, x2/n = 0.51
—— H++ pfdip shower, x?/n = 0.80
—— H++ ¢? shower, x?/n = 1.07

o
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Data Plots: o4 with tuned parameters

ay4 with yz 4 > 0.0045, a3 < 71/6, 1213 > 271/3 a4 with y3,4 > 0.0045, ap3 < 71/6, a12/13 > 27/3
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= Reduce to easier Observable = Division of different regions:
> y(@) Towards region (t):  1st and 4th jet collinear
T <z<T2 . .
AS(z) = S 0 Away region (a): 1st and 4th jet back-to-back
yx . . .
zz<lz<ay Central region (c):  1st jet approx. L 4th jet
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Data Plots: o4 with tuned parameters

Central /Towards for different definitions of the regions for a;; ~ Central/Towards for different definitions of the regions for a4

3 FI I I I I I I I B 3 £ I I I I I I I [
= —e— OPAL (PRELIMINARY) T —— OPAL (PRELIMINARY)
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= Reduce to easier Observable = Division of different regions:
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Data Plots: o4 with tuned parameters

Central/ Away for different definitions of the regions for a4 Central/ Away for different definitions of the regions for a4
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= Reduce to easier Observable = Division of different regions:
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T <z<To
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AS(z) =
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I Conclusion

Proposed new observables for measurement of soft shower properties

Measurement of the new observables (OPAL data)

MCs provide (mostly) consistent and good description of the data

m Hadronization effects showing up in new observables for HERWIG++

Possibility to discriminate between the showers on hadron level
= complete error analysis in the data?!
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I a14: Definitions of the Regions

Central/Towards  Central/Away  Towards/Away
# Central Region Towards Region  Away Region  Towards region
1 0.4 < a14/7r < 0.6 a14/7r < 0.3 a14/7r > 0.6 a14/7r < 0.3
2 0.4 < a1a/m < 0.6 aa/m < 0.2 aia/m > 0.7 a1a/m < 0.3
3 0.4 < a14/7r < 0.6 a14/71' <04 a14/7r > 0.8 a14/71' < 0.3
4 0.45 < a14/7r < 0.55 a14/7r < 0.3 a14/7r > 0.6 a14/7r < 0.2
5 045 < ajg/m <0.55 a1a/m < 0.2 ara/m > 0.7 a1a/m < 0.2
6 0.45 < a1a/m < 0.55 aa/m < 0.4 a1a/7m > 0.8 ata/m < 0.2
7 0.35 < CM14/7T < 0.65 a14/71' < 0.3 Oz14/TI' > 0.6 a14/71' < 0.4
8 0.35 < a14/7r < 0.65 a14/7r < 0.2 a14/7r > 0.7 a14/7r <04
9 0.35 < aja/m < 0.65 aa/m < 0.4 aia/m > 0.8 aa/m < 0.4

02.12.13
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Data Plots: o4 with tuned parameters

Towards/Away for different definitions of the regions for a4 Towards/Away for different definitions of the regions for a4
< FT T I I I R < FI I I I I 14
- r —e— OPAL (PRELIMINARY) - L —e— OPAL (PRELIMINARY) |
L —— H++ def shower \% piA shower 4

Het F’zmip shower - -~ V mass shower ——

10" = —— H++ ¢% shower 10" = - -~ Pythia shower =
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= Reduce to easier Observable = Devision of different regions:

AS(z) = M ~ 2 i74’. !
13<;<z4 y(x) iV_” '
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Data Plots: o4 with tuned parameters

Away /Towards for different definitions of the regions for a4

I I I I I I I I
—e— OPAL (PRELIMINARY)—
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H++ pi dip shower ]

2] 1
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= Reduce to easier Observable = Devision of different regions:
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Bin-wise x>

Bin-wise x2 for ajy

L B O N A
—— H++ def shower

—— He+ p7 g, shower

—— H++ g% shower

R
3

S
B

—— H++ def shower

2 g
—— H++ pzld'P shower
—— H++ ¢° shower
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Detector correction factor

Detector correction factor

1.5

0.5

Detector correction factor for a4/ 7

L B B B T
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o e e by 1 M1
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=

S
3
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Detector correction factor
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I Systematic Uncertainties

a1q with y34 > 0.0045, a3 < 7/6, k1213 > 271/3

—~ 25T T A L B B —
R C 7 QT
= £ —— Pythia Corr. 7 =
& L0 —— Herwig Corr. ]| a
z £ - -~ Tracks+Clusters ] E
L) £ _—— Cut cosfr 3 z
T 15 = — N
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C ] b
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Systematic Uncertainties (ordered in decreasing contribution)

@ Detector correction with HERWIG
@ Variation of the reconstruction procedure

@ Variation of the containment cut | cos 0| < 0.7
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I Parton Level Observable [S Platzer, S Gieseke, 0909.5593]

a ME:ete™ — qq for 5 flavours (u, d, ¢, s, b) @ 91.2 GeV
m All higher jets produced by shower (no matching)
m 4 parton events, ordered in energy (1st parton is hardest)

m Ey4 < Eiot/10 (4th jet soft),
agz < m/8 (2nd and 3rd jet collinear),

Difference in opening angles

L B B R R R

= 5T §
i i i - > L —— H++ def shower ]

aga < /2 (A;th jet emitted by dipole 2-3) s LE Hot 2y shower E
o* N F —— H++ g% shower 9

3 T n ]
‘-—L>—. 1 s -

& C ]

2 // g ]
2 =

m Difference in opening angles: e =
a* = agq — a3 F ]

o et Ly b b b i

-0.1 o 0.1 0.2 0.3 0.4 0.5

ot /= (a4 —23) /7T

4
, 3Z§_2 3\2 3“

= Similar observable on hadron level?
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Tuning Observables: Event Shapes

Observable Weight
In-plane p in GeV w.r.t. sphericity axes 1.0
In-plane p | in GeV w.r.t. thrust axes 1.0
Out-of-plane p | in GeV w.r.t. sphericity axes 1.0
Out-of-plane p | in GeV w.r.t. thrust axes 1.0
Mean out-of-plane p | in GeV w.r.t. thrust axis vs. x, 1.0
Mean p | in GeV vs. z, 1.0
Scaled momentum x4, = |p|/|Ppeam| 1.0
Log of scaled momentum, log(1/xp) 1.0
Energy-energy correlation, EEC 1.0
Sphericity, S 1.0
Aplanarity, A 2.0
Planarity, P 1.0
D parameter 1.0
C parameter 1.0
1-Thrust 1.0
Thrust major, M 1.0
Thrust minor, m 2.0
Oblatness, O = M — m 1.0
Charged multiplicity distribution 2.0
Mean charged multiplicity 150.0
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Tuning Observables: Particle Spectra, Jet Rates
and B Observables

Observable Weight Observable Weight
K*E (892) spectrum 1.0 AP spectrum 1.0
p spectrum 1.0 0 spectrum 1.0
w(782) spectrum 1.0 p spectrum 1.0
E7 spectrum 1.0 n’ spectrum 1.0
K*0 spectrum 1.0 =0(1530) spectrum 1.0
¢ spectrum 1.0 7= spectrum 1.0
=+ spectrum 1.0 7 spectrum 1.0
~ spectrum 1.0 KO spectrum 1.0
K+ spectrum 1.0

Observable Weight Observable Weight
Differential 2-jet rate 2.0 Differential 4-jet rate 2.0
Differential 3-jet rate 2.0 Differential 5-jet rate 2.0
Observable Weight

b quark fragmentation function f(xv]vseak) 7.0

Mean of b quark fragmentation function f(z"lvseak) 3.0
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Tuning Observables: Mean multiplicities

Observable Weight Observable Weight Observable Weight
p0(770) 10.0 Xe1(3510) 10.0 B* 10.0
ATt (1232) 10.0 Dt 10.0 =0 10.0
K*T(892) 10.0 =t 10.0 n 10.0
0 10.0 f1(1285) 10.0 ag (980) 10.0
AY 10.0 f2(1270) 10.0 D} 10.0
Kt 10.0 J/P(18) 10.0 pT(770) 10.0
=9(1530) 10.0 B} 10.0 == 10.0
A(1520) 10.0 B*x 10.0 w(782) 10.0
DIt (2112) 10.0 Af 10.0 Y(18) 10.0
£~ (1385) 10.0 DO 10.0 »+(1385) 10.0
£1(1420) 10.0 f5(1525) 10.0 D 10.0
$(1020) 10.0 e 10.0 p 10.0
K30 10.0 p, 10.0 B 10.0
Q- 10.0 K*0(892) 10.0 K° 10.0
»+(1385) 10.0 5 10.0 B+, BY 10.0
$(25) 10.0 at 10.0 A 10.0
D*t 10.0 f0(980) 10.0 n’(958) 10.0
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I Tuning Parameters HERWIG++

Default Range Angular Ordering Tune
an, 0.120 0.100 — 0.125 0.123
pimin 1.00 GeV  (0.50 — 1.50) GeV  1.39 GeV
mg,e 0.95GeV  (0.67—3.00) GeV  0.70 GeV
Clnax 3.25GeV  (2.00 —4.50) GeV  3.59 GeV
Clpow 1.28 2.00 — 10.00 2.59
Psplit 1.14 fixed 0.60
Default Range pidip-Ordering Tune  ¢3-Ordering Tune
an, 0.113 0.100 — 0.138 0.128 0.138
wRrr 1.41GeV  (0.50 —2.00) GeV  0.78 GeV 0.72 GeV
Mg.c 1.08 GeV  (0.67 — 3.00) GeV  0.70 GeV 0.96 GeV
Clmax  4.17GeV  (2.00 — 4.50) GeV  3.12 GeV 2.73 GeV
Clpow 5.73 2.00 — 10.00 5.72 2.00
Pgpii 0.77 0.00 — 1.40 0.74 1.33
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I Tuning Parameters PYTHIA8 and VINCIA

Default  Range PYTHIA8 Tune
ag 0.138 0.120 —0.139  0.139
2™ 0.40 0.40 — 1.00 0.41
a, 0.30 0.20 — 0.70 0.35
b 0.80 0.50 — 1.50 0.94
agp 0.50 0.50 — 0.10 0.95
o 0.304 0.200 — 0.400  0.284

VINCIA

Default  Range p? A-Ordering Tune  Mass-Ordering Tune
as 0.129 0.120 — 0.132  0.132 0.132
2™ 0.60 0.46 — 1.00 0.65 0.84
ap 0.38 0.20 — 0.70 0.26 0.47
b 0.90 0.50 — 1.50 0.74 0.82
agp 1.00 0.50 — 0.10 0.93 0.50
o 0.275 0.200 — 0.400  0.270 0.294
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I Tuning Parameter: Pgp)it

I:)split <1 PSplit >1
M, M,
@/
F)split <1 Psplit >1
My =m1 + (M —m1 — mq)'Ri/PSpm and Ms = mo + (M — mo — ’rnq)'R;/PsP"t
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