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Advantages of e*e™ collisions to study QCD

Structureless ¢ /e~

© No uncertainties from
bgam PDF

s o No MPI, no pileup

Controllable initial-state QED
radiations

O No gluonic initial state
radiations

O No Initial state correlation

effects
(such as CGC)
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The ALEPH detector and sample

Hadron Calorimeter

Electromagnetic
Calorimeter

/-resonance dataset
Vs =91.2 GeV
Dominant by ete™ — y*/Z = ff
N Suppressed bkg. at the Z-pole

Superconducting
Magnet (1.5T)

Muon Chamber

Time Projection
Chamber

High-energy dataset
\/s = 130-209 GeV

Above W*TW~ threshold (160 GeV),

more possible channels

o Re-analyze with MIT Open Data format -
Radiative-return-to-Z =

o ALEPH archived Pythiab MC: effective COM energy \/;/
for corrections and the comparison baseline

* There are also Z-resonance events in LEP2 sample
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Charged multiplicity distributions

High-energy dataset

e*e’— hadrons, \s=183-209 GeV

Z-resonance dataset
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Higher multiplicity reach

* NQHhne: number of charged particles after selections
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Unfolded thrust distribution — Good quality data
[YIOD) PRELIMINARY

Pencil-like: T closes to 1
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avchived data € the -
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Spherical: T closes to 0.5
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Further comparisons with MC — a8 % R
Anti-kT jet measurements =

Jet energy spectrum Jet substructure —

" LEP1
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ALEPH jet
[THEP 06 (2022) 008
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https://link.springer.com/article/10.1007/JHEP06(2022)008

Cleanest tests for heavy-ion phenomenology & QCD

Two-particle correlations (2PC)

o Soft probe to study Quark-Gluon Plasma
(QGP) in HI collisions

o Spatial anisotropy can happen as:

Initial density fluctuation
_|_
Hydrodynamical expansion of
perfect-fluid-like QGP

Reaction Zf

L
+€ =
M. Kaneta x’

Spatial anisotropy

— s T ™ e Y _

o Ridge-like signals (spatial anisotropy)
appears in not only AA, but also pA & pp!

PbPb \/s, =2.76 TeV

g CMS pPb \[s, = 5.02 TeV, N°;"™ > 110
3.0< pT”g <3.5GeV/c

(d) CMS N> 110, 1.0GeV/c<pT<3.0GeV/c

. . .
. .
. . .

. . . .
. .
4 .

R(An,A¢)

4 4 4
PbPb [Eur. Phys.J.,c72] PP [Phys. Lett. B718  pp [1HEP 1009 (2010) 091]
(2013) 795-814] “ ‘

o eTe™ collisions is clean!

o Onsets of azimuthal anisotropic
correlations?

o Useful test with the absence of Initial state
correlations effect

ISMD 2023, Gyongyos, Hungary 7


https://link.springer.com/article/10.1140/epjc/s10052-012-2012-3
https://www.sciencedirect.com/science/article/pii/S0370269312011768?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269312011768?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269312011768?via=ihub
https://link.springer.com/article/10.1007/JHEP09(2010)091

Analysis method: 2PC observable construction

Signal
(raw correlation function)
e Track pairs’ angular difference in

n (pseudorapidity), ¢ (azimuthal angle)

AN\

trigger particle

d2 Nsame
S(An, Ag) =
NR™ dAndA¢

R

s P2 An =n1-n2

Reference axis
(z axis)

T @ C.M. frame

n = — Intan(6/2)

ISMD 2023, Gyongyos, Hungary



Analysis method: 2PC observable construction

Signal Background

(raw correlation function) (accounting for-baseline of random pairing)

ITrack pairs’ angular difference In
n (pseudorapidity), & (azimuthal angle)

n
e.mn H

| g2npar S(A7, Ad)
I S 17 W N ekl 4
o dAndAg B(An, A¢p)

— Two-particle correlation function
I I I I I (per-trigger-particle associated yield) ISMD 2023, Gydngyds, Hungary .



Data
PYTHIAG6 MC
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- CooR, = 1.28

no
LI BO

1.6 < |An| < 3.2 .
N, = 30 .

| ¢ Thrust coordinates é ¢ i i ]
o ¥ Archived PYTHIA 6.1 '

llllllllll llllllllllllllll

|
ALEPH Archlved Data -
L Coi, = 1.61

PYTHIA
CZYAM =1.64

1.6 < |An| < 3.2 §
N,, > 35 ;
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ISMD 2023, Gyongyos, Hungary

LEP1 ¢"e™ 2PC
[Phys. Rev. Lett. 123, 212002 (2019)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.212002
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LEP1 ¢"e™ 2PC
[Phys. Rev. Lett. 123, 212002 (2019)]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.212002
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High collision energy & high multiplicity

+ —_
e ¢ —hadrons
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High multiplicity (N1« = 50)

ALEPH Archived Data e'e’, Vs = 183-209 GeV
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Flow coefficients — quantification of anisotropy

d Npairs J\jassoc
Y(Ag) = =

Ny, dA@ 2r

rig

O To quantify the excess, Fourier fit on the 1-dim. correlation:

VoA cos(nAgb))

© The flow coefficients v, correspond to different mode expansions:

vi2, 1.6 < |An| < 3.2} =s1gn(V A/ Vi

Triangular flow

ISMD 20234Gyongyos, Hungary
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o V2 data — V2, MC

CMS Archived ALEPH data LEP2, Vs = 183-209 GeV
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0.10F " - 2 .
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https://www.sciencedirect.com/science/article/pii/S037026931630747X?ref=cra_js_challenge&fr=RR-1

Summary

Z-resonance dataset

Thrust coordinates

© First 2PC analysis done in eTe™ collision data o
1 5_ ‘ A XS
o No hint of the azimuthal anisotropic correlations ) i / \
()

o Good agreements btw data & Pythia6 MC

o~
>

<

0.5

0.1

0

-0.1F

Archived ALEPH data

LEP2, Vs = 183-209 GeV

0.3F

0.2F

—  Preliminary
: Ntrack 230
0.4

Thrust axis

—=— CMS pp 13 TeV, vzub{z}
=~ CMSpp7TeV, vj‘b{z}
CMS pp 5 TeV, vZ“b{Z}

—

g 5 ¥ }ﬂ‘ N .
:km!‘“

—o— Data - Archived MC

0

1

High-energy dataset (@ /s > 180 GeV)

o Potential long-range near-side enhancement
appears only on data but not MC

© Flow coefficient v, demonstrates a correspondence
with LHC pp data

o On-going. Stay tuned!

lhantk you very mitcht!
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(slides from

High quality archived data B00ST 202

Badea, Komiske, Metodiev, Thaler,
Nachman, Lee, paper in preparation

Year = 1993

Run = 21655, Event = 4906 )
l ()- """"" ' L Ll L LJ ' Ll LJ L} L l Ll Ll L LJ ?

NParticle = 67 (55 charged) 3
Thrust = 0.705714
PRELIMINARY ]
= 10" " E
5 I i
j") 10Y E
” .
% ]
5 10! E
- W+ ALEPH E.P.J. C (2004) :
N 102 [ ALEPH Raw 1994 Data E
g Pythia 6 4+ Geant 3 Sim. ]
g 103 == PyTHIA 6 Gen. -
Z. = IBU 1 — T + stat.
104 W+ UniFold 1 — T + stat. :_r 1
4 " " " % " 4 " " % " " " " : + + + :Hﬁ + + + .
1.15

— K ) .jh lI"
=2 1.0 Ft -

YV AY, PP P ! b ol

= 0.85 .

= -
NP PR SRR . " . l"'h. .
0.0 0.1 0.2 0.3 0.4 0.5

Thrust 1 =T

ALEPH: EPJC 35 (2004) 456 Published results can be reproducea

Big thanks to ALEPH collaboration and MIT open data
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https://www.youtube.com/watch?v=E_RAU8AGTcU

LEP 2 data & MC processes

Year v.s. |Js v.s. int. L Js v.s. X-section
' Year | Mean energy | Luminosity | L3
V'8 [GeV] pb~] 10 4—5 S
1995, 1997 130.3 6 : e
® e e —eeqq
136.3 6 o=
. 3 | ® e'e —qq(y)
1996 161.3 12 o) :
172.1 12 =
| i c
1997 183.7 50 = 1 Hadronic gg production
1998 188.6 180 D
1999 191.6 30 e :
195.5 90 810 Four fermion processes
109.5 90 O
2018 40 e+ W+ e+ W+
2000 204.8 80 ¢ T VWWhW
206.5 130 Ve 1 ;
)
208.0 8 : e —>—WWvw o _
745 10 ' - e*e —=HZ ° woe W
Total 130 — 209 745 | eehs — —_—

80 100 120 140 160 180 200 Diverse decay chavnwnels above
Vs (GeV) | J

H
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LEP 2 event selections

Acceptance 10 4. ‘ 1/”]‘__(_3_
Polar angle of sphericity f e
: ® e e —eeqq

axis: 7n/36 < Hlab < 297/36 3] ® e*e"—qq(y)
10 /\ e‘e ™ —=u'u(y)
= _
g JJ\

> 5 tracks 8 TN

Echga 2 15 GeV 2
&

m,, =115 GeV

! I |

80 100 120 140 160 180 200
Vs (GeV)
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LEP 2 event selections

183 GeV

700 T} n
Radiative veturn o the 2 : ]
600 | | i
A E ¢ i
Vs ~ 40 GeVv S 500 | : ‘_
L3 2400 b '; i
10 - e § 300 f— .'~ :
- - -
® e'e"—e'e qq 200 [ =
10 3~ * e'e"—qq(y) - -
LA e*e™—>u u(y) 100 A TS,
= 0.4 0.6 0.8 1
210 ~ VS'n/'S
O . —_ .
D Hadronic gg production patislEESvEEzih
75
S 10 -
& Four fermion processes
* ISR cut
1 E ete =27
| ee ~WWy Required on the visible mass and
11 ® ee —yy
10 4 - e*e~—HZ the reconstructed center-of-mass
’ mH=11'5 G?V ' | ' | ‘ :-:f.i. ' | P
80 100 120 140 160 180 200 energy

Vs (GeV)
N .
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https://arxiv.org/pdf/hep-ex/9904011.pdf

Two-particle correlations

I
I I I ISMD 2023, Gydngyds, Hungary
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Selection

\/ » Track Selection: \

« Particle flow candidate O, 1, 2 (charged hadron / et /,ui)

« Number of TPC hits for a charged tracks (Ntpc) >= 4, y2/ndf < 1000
 [dO|<2cm
* [z0|< 10 cm

\/ + |cosB|<0.94
« pr>0.2GeV (transverse momentum with respect to beam axis)

* Neutral Hadron Selection:
» Particle flow candidate 4, 5 (ECAL / HCAL object)
« E>0.4 GeV
* |cosB|<0.98

Selection

 Event Selection:
 Number of good charged particles >= 5 (including charged hadrons and leptons)
 Number of good ch+neu. particles >= 13
° Ec:harged >15 GeV

* |COS‘(esphericity)‘<O-82

I
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Analysis methods

Signal

(raw correlation function)

Track pairs’ angular difference in
n (pseudorapidity), ¢ (azimuthal angle)

trigger particle

1 d2 Nsame
. S(An, Ag) = corr
Two-particle NZ™ dAndA¢
correlations
<&
Beam axis
(z axis)
===/
n @ C.M. frame

I N
I I I I ISMD 2023, Gyongyos, Hungary 24



Two-particle

correlations

Analysis methods

Signal Background

(raw correlatic _ __‘_v_unction) (accounting baseline of random pairing)
Track pairs’ angular difference In
n (pseudorapidity), ¢ (azimuthal angle)

Factoring out the random pairing effect!

Beam axis
(C.M. frame z axis)

ISMD 2023, Gyongyos, Hungary
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Analysis methods

Signal Background

(raw correlation function) (accounting baseline of random pairing)
Track pairs’ angular difference In
n (pseudorapidity), ¢ (azimuthal angle)

Two-particle - 1 d2 Npair S( An. A ¢)
correlations izg = B(0,0) X {k ’
— Ny dAndAg B(An, Ag)
1—|82-§ —_peanraxis”
(C.M. frame z axis)

Two-particle correlation function
(per-trigger-particle associated yield)

I N
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Azimuthal differential associated yield Y(A®)

Two-particle correlation

function Associated yield vs. A
(per-trigger-particle
associated yield) V(A = 1 dNPar _ 1 [ Aflnax ] J2ypair i
1 dzN pa Z:‘fm?:f S i N trig dA¢ A77max _ A77min Ao N trig dA’?dA¢
Nyig dAndAg i;a;“(;;‘?esonamg__,,__,....:;;;jﬁ:::j:::;:::;.._,,v.

Ridge Signal
Short Range Middle Range Long Range (long-range, near-side

1.4—| LI | IIIIIIIIIIII | L | L |—l— _l T 1T | |||||||||||| | L | L | I_ _I 1T | IIIIIIIIIIII | L | T 1T 1 1 | |_ CMSpr\I?:‘r’ozTeVNﬂ «««« o . (A¢~O))
i Preliminary) 7] 1.6 Preliminary) - Preliminary) - rep<aGeve i
- ¥ Data ( v) ] " [§ Data ( ) ] 2.5 |§ Data ( V) 4 ,
B Syst.= 0.7% i N Syst.= 0.7% . - Syst.= 0.7% - 5 RN
1.2 —MC y ° ] 1.4 —MC y ° ~ - —MC y ° = €5 o (Preliminary) -
| Offl - Ol ©4 oL Offl =1 216 E i
. 6<Nofme < 10 of 6N <10 E - 6=NOMe <10 g ) Syst.= 0.7% :
1 - — i B -
. . RO0=lAnl<1.0 . - 1.0=<lAn<1.5 ] . . 1.5=<IAn<3.0 : o]
3 7 3 S ] s 150 s NOffine - 10 ]
> - > -
0.8 - . 8: g <Anl < 3.0 E
0.6l ] 0.6} B
[ | 0.4
O'4_I 111 | | I - | | I | | N I - | | I | | I |_I ]
o 05 1 15 2 25 3 0
Aq) N

I . S5
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Corrections

~

e To calibrate the nonuniform detection efficiency and misconstruction bias

 Reconstructed tracks are weighted by the inverse of the efficiency correction
factor:

i d3Nreco / d3Ngen
dpd0de " dpdOdq

é(pr. 0, ¢, Nyy) =

rec
trk

e A closure test is performed by comparing the py, 0, ¢ distributions of the
\/ generator level and those of the corrected reconstructed level

1. Efficiency
correction

2. Residual MC
correction

\/\ /

I =
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Corrections

4 A

* To deal with remaining possible reconstruction effects

* Bin-by-bin correction: the correction factor is derived from the histogram
ratio of MC correlation functions at the reconstruction and generator level as
Y(A¢) en,i
C(Ap) = ———
Y (A¢ )reco,ir

* Final data correlation results are obtained from the multiplication of the
original correlation function with the bin-by-bin correction factor

\/

1. Efficiency

correction <

2. Residual MC
correction

\/k /

I
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Perfect-fluid-like QGP expansion

2PC characterizes the medium expansion in the
transverse region w.r.t. the reference axis:

B e e oy e Beam axis analysis:

Beam axis hydrodynamic expansion of possible QGP
medium in HI collisions

.. "4 ’-" o, v
. = $ YA
L » - BT A . ) -
. - P . -
v g -
’ BT e s L 1 00 S
> &) ‘: - : NS
Fl » - S2e B RN

' 4 v - :
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Hypothetical QGP in e e~ ?

2PC characterizes the medium expansion in the
transverse region w.r.t. the reference axis:

B e e oy e Beam axis analysis:

Beam axis hydrodynamic expansion of possible QGP
medium in HI collisions

out—going divection of

ete™ events # beam axis

(in general) Thrust axis

 Thrust axis analysis:
""""""" AR REE soft emissions or QGP in e e~ annihilation

I I I I I ISMD 2023, Gyongyos, Hungary e



Anisotropic correlation around thrust axis in eTe™7

Thrust axis 71
-, (used it as z axis)
~..._:proxy of dijet axis

L}
...
L 4
L/

trigger
particle

e+

e

Beam pipe

An =n1-n2

If high energy quarks can
form some medium,
looking from the thrust
axis Is sensitive to the
azimuthal anisotropy of
this “imaginary medium.”

| | L
| ’..
L

5

(quark from e e~ annihilation)

I
I I I I ISMD 2023, Gydngyds, Hungary 32



Long-range correlations (c.f. MC)
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2PC — comparisons with the low-

energy Belle experiment
(Vs=10.52 GeV)

I
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c.f. MC
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Puzzles we faced along the way...

Low-energy Belle data o Simulate by Sherpa generator on different /s:

o Sharp origin-peak correlation evolved from null to

e ) ) significant intra-jet correlation as /s goes high!
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Puzzles we faced along the way...

Difficulties of the analysis:

* Larger initial-state radiation effects (radiative return
to the 2)

« Complicated physics processes above the di-boson
production threshold (WW, Z2)

Ongoing checks:

* Scanning of the long-range |An| projection window

High-energy LEP 2 data with MC

To see If the signals really persist regardless the
choice of the configuration

* (Consistency check: look into the year-dependence
(collision-energy-dependence)

 Compared with modern MC generators
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Anti-kT jet measurement
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Motivation

ete” system offers
cleanest tests of QCD

o Unambiguous inputs to pQCD
calculation & pheno. models
(PYTHIA / HERWIG / SHERPA)

o Unlike pp & HI, jet energy
spectrum at e "e Is peaked

= sensitive to tunes/params. In
fragmentation calculation

Anti-kt jet measurement

o Great opportunity for
= LO, 9/ jet re-analysis @ LEP
o Modern jet reco. & clustering algo.
since the end of LEP
jets
o Jets are important building blocks!
4 (e.g., BSM searches at LHC,
probes of quark-gluon plasma at
RHIC)
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Analysis method: anti-k jet

Anti-kr clustering

R =04 <R:\/An2+Agb2>

Grooming & substructure

Soft drop algorithm

ﬁ' R = opening angle
Acceptance cut: 0.27 < Ojgt < 0.87

(avoid beam pipe)

Calibration

o

0.2F

0.15-

Jet resolution o1

0.05-
Yy 0.1‘15-0.‘5075‘ \ \ \ \ hd
5 10 15 20 25 30 35 40 45
GenE

MC

min(2 ,<V))

— = ) = enerqy sharin
ek S oo s

Unfold to

gen. level

Data / MC Ex: inclusive jet energy

ISMD 2023, Gyongyos, Hungary 41



Analysis method: anti-k jet

Clustering
o Anti-kr algorithm, R = 0.4 Anti-kT clustering
(R _\/ar+ A¢2) (FastJet)

o Acceptance:
(avoid beam pipe)

027 < Hjet < 0.87 /
//

dy = min (E2 B

1 —cos b
)

Il —CcosR

l
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Analysis method: anti-k jet

Clustering

| rd str r
o Anti-kr algorithm, R = 0.4 |[dentity hard structure

“‘ Clean up

wide-angle
/ soft energy
S 4

/

Grooming & substructure

JHEP 1405 (2014) 146
PRL 100 (2008) 242001
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Analysis method: anti-k jet

Clustering

o Anti-kr algorithm, R = 0.4 Soft drop/mMDT grooming  Recluster jet constituents

with C/A algorithm

Grooming & substructure

o Rg = opening angle

© Z, = energy sharing . .
Sequentially open up jet

until condition Is met

min(E,, E,) < 0,, )ﬂ
2= > Zout\
E, + E, R

O

algorithm direction

<

JHEP 1405 (2014) 146
PRL 100 (2008) 242001

jet 0,, = opening angle
btw sub-jet 1&2

(Zeut- ) = (0.1,0.0)
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Analysis method: anti-k jet

Clustering o
o Anticks al +h R 0.4 §1-2:— Raw Corrected .
-— p— O = _ - i
NTI-KT a gOrI m, . MC-baSGd é 1.1:_ E=20.0~25.0GeV :
Grooming & substructure calibration :
1_
O R = opening angle :
J 0.9- .
O — ' L fe °¢ ]
Z, = energy sharing oot +. =
Calibration 0 02 08 s 0o

Data/MC Monitoring on two variables:

residual o Forward-/ backward-side energy difference
calibration o Multi jet mass

I H
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Analysis method: anti-k jet

Clustering
O Anti-kt algorithm, R = 0.4
Grooming & substructure

o Rg = opening angle
© Z,=energy sharing

Calibration

Jet resolution In simulation

W
=
C i
0.2t
0.15}
0.1+ -
0.05F -
o 0.45-0.50m F
510 15 20 25 30 35 40 45

GenE

Energy resolution: 10-25%
(Angular resolution: 0.01-0.05)

ISMD 2023, Gyongyos, Hungary

Data resolution

MC resolution

o
a1

_. Data/MC ratiq.
: o
N
|
_._
|

C o
@
III|IIIIII
_._

0.99(— -

0-5% difference in energy resolution
between data and MC
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Analysis method: anti-k jet

CIUSterlng ALEPH Archived MC 1994, e'e’ Vs = 91.2 Ge 1
. . | I | | | |
O  Anti-kt algorithm, R = 0.4 F
40 |
Grooming & substructure . +

107
o Rg = opening angle

] I

% 30 -
: o) _
© Z,=energy sharing w 1 2
Calibration 8 1=
Unfolding to gen. level 0 :

Underflow bins

0 20 40 60
Reco Jet E (GeV)

Example: inclusive jet energy

I N .
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Jet measurement observables

sensitive to the soft radiation sensitive to the hard part

Inclusive jets Leading dijets
Energy spectra Energy spectra
Full jet mass Energy sum

Groomed jet angle
Energy sharing

Groomed jet mass

Soft drop grooming
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(slides from

Global leading dijet

by Yi Chen)

Yes 5 i

acceptance

detector detector
E3 > E2

We want to measure global leading dijet

But: out-of-acceptance |ets appear lower in energy
— selection + correction

I H
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' LEP1 Jet energy spectrum

Rising edge sensitive to jet function

c.f. analytical calculation c.f. fragmentation models

ALEPH Archived Data 1994, e*e” ¥s = 91.2 GeV 5 10_1ALEF’H Archived Data 1994, e*e” ¥s = 91.2 GeV
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consistent WH;NV\
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£ e L L | ; uncevrtainties
NLL’ Y R i o
[JHEP 07 (2021) 041] Jet E (GeV) @ low E Jet E (GeV)

ALEPH jet
NLL' vesumed geverally ©  |0—20% disagreement [JHEP 06 (2022) 008]
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https://link.springer.com/article/10.1007/JHEP06(2022)008
https://arxiv.org/pdf/2103.16573.pdf

Jet substructure observables — R;

ALEPH Archived Data 1994, e'e’ Vs = 91.2 GeV_

10~ 100<JetE<150 40.0 < JetE -
— _ Preliminary 1 | ]
10— @low E o [ mikyjinogs *Pfume | @highE
(soft radiation & 3 | z,-0.1%-00 e R :
Opening angle (R;)  combinatorial) 2 . 1 TBVOLUEN -
©
. I " more similar to
higher R~ <
9N G LHC/RHIC
s o
8 1.2 | -
Worse MC/data agreement g 1 == — T |
&E 08_| - I . I \\l : i " | - |
0 02 04 06 0 02 04 06
Jet R Jet R,
ALEPH jet
[THEP 06 (2022) 008]
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https://link.springer.com/article/10.1007/JHEP06(2022)008

N34l Jet substructure observables — 7
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ALEPH jet
[THEP 06 (2022) 008]
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https://link.springer.com/article/10.1007/JHEP06(2022)008

(slides from

Energy sharing Z; oo 0z

A0 . — . min{ £ =)
4 . ALEPH Archived Data 1994, e'¢’ Vs = 91.2 GeV AN+ ﬂ
6 100<JetE<15.0 L 400 <JetE -

el 1 e Data
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Z : —PYQUEN

S ¢

< 2F

s o
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e 1

= 0.9F

o 0. 8

Jet Z Jet Zs

/M—Ilgh energy

4@ 3 More similar to the 1/z
e from splitting function
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