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About this talk

* Title
= Were there any anomalies in the gluon jets in ALEPH?
 Abstract

= According to the Abelian decomposition of QCD, there is a theoretical prediction that
gluons can be classified into two types, each exhibiting distinct experimental signatures.
The optimal setting for experimental verification of this theory is a clean environment such as
the LEP rather than the LHC. We have investigated whether there were any anomalies
observed already in the gluon jets recorded in the ALEPH experiment and revisited the
analyses with the archived ALEPH data. In this presentation, we will show our latest
updates on our study on the gluon jet properties in ALEPH.
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Motivation: Are there two types of gluons?



Theoretical motiv

« "Experimental verification of Two types

of Gluon Jets in QCD”

= Y. M. Cho, Pengming Zhang, and Li-Ping Zou
v Phys. Rev. D 107, 054024 - Published 17 March 2023
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The Abelian decomposition of QCD tells that there are two types of gluons, the color neutral neurons
and colored chromons. We propose to confirm the Abelian decomposition testing the existence of two types
of gluon jets experimentally. We predict that one quarter of the gluon jet is made of the neurons which has
the color factor 3/4 and the sharpest jet radius and smallest charged particle multiplicity, while the three
quarters of the gluon jet are made of the chromons with the color factor 9/4, which have the broadest jet
radius (broader than the quark jet). Moreover, we argue that the neuron jet has a distinct color flow which
forms an ideal color dipole, while the quark and chromon jets have distorted dipole pattern. To test the
plausibility of this proposal, we suggest to analyze the gluon distribution against the jet shape (the
sphericity) and/or particle multiplicity from the existing gluon jet events and look for two distinct peaks in

the distribution.

DOI: 10.1103/PhysRevD.107.054024

L. INTRODUCTION

A common misunderstanding on QCD is that the non-
Abelian color gauge symmetry is so tight that it defines
the theory almost uniquely and thus, does not allow any
simplification. This is not true. The Abelian decomposi-
tion of QCD tells that we can construct the restricted QCD
(RCD), which inherits the full non-Abelian color gauge
symmetry with the restricted potential obtained by the
Abelian projection. This tells that QCD has a nontrivial
core, RCD, which describes the Abelian subdynamics of
QCD but has the full color gauge symmetry. Moreover, it
tells that QCD can be viewed as RCD which has the gauge
covariant valence gluons as the colored source [1.2].
This is because the Abelian decomposition decomposes
the color gauge potential to the restricted potential made
of the color neutral gluon potential, the topological
monopole potential, and the gauge covariant valence
potential, which describes the colored gluon gauge
independently.
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There are ample motivations for the Abelian decom-
position. Consider the proton made of three quarks.
Obviously, we need the gluons to bind the quarks in the
proton. However, the quark model tells that the proton has
no valence gluon. If so, what is the binding gluon that bind
the quarks in proton, and how do we distinguish it from the
valence gluon?

Moreover, the simple group theory tells that the color
gauge group has the Abelian subgroup generated by the
diagonal generators and that the gauge potential, which
corresponds to these generators, must be color neutral,
while the potential which corresponds to the off diagonal
generators must carry the color. This strongly implies that
there are two types of gluon, the color neutral ones and
colored ones. And they should behave differently, because
they have different color charges. If so, how can we
distinguish them?

Another motivation is the color confinement in
QCD. Two popular proposals for the confinement are
the monopole condensation [2,3] and the Abelian domi-
nance [4,5]. To prove the monopole condensation, we first
have to separate the monopole potential gauge independ-
ently. Similarly, to prove the Abelian dominance, we
have to know what is the Abelian part and how to
separate it.

The Abelian decomposition tells how to do this. It
decomposes the non-Abelian gauge potential to two parts,
the restricted Abelian part, which has the full non-Abelian
gauge symmetry and the gauge covariant valence part,

Published by the American Physical Society




Abelian decomposition of QCD

Nontopological Colorless binding gluons
Maxwell part (neurons®*)
Restricted *photon in QED
Abelian part

Topological

Non-Abelian Dirac part
gauge potential

Non-Abelian monopole

Gauge covariant , Constituent gluons
valence part (chromons*)

*quark in QCD

V0000 == AMWW dh

gluon neuron chromon
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Decomposition of Feynman diagrams

(a) M.i{ — MMN< op {

(b) % = K 9 % ol ><
gluon neuron chromon

(c) —{ — ‘§ =3 _'_<

quark
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Neuron jet and Chromon jet

neurons WMM LO O(gz)

chromons § \ @ \ LO 0(g)

&

quarks > \ LO O(Q)
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Experimental signatures of gluon jets

* if there exist two distinct types of gluons, then
= Color neutral gluons (neurons) > EM jet like shape

- Narrow jet
- Low multiplicity

= Colored gluons (chromons) - Typical hadronic jet shape

S
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then, we might observed...

 due to the typical jet reconstruction techniques,
= deficit of color neutral gluons
v"might not be reconstructed as jets

= excess of jets with small number of tracks
v'check this easily by seeing # of tracks in jets

= two distinct jet shapes
v'narrow jet (neurons) .vs. broad jet (chromons)

= anomalies in energy shares of tracks in a jet
v high share (neurons) .vs. low share (chromons)

Aug. 27, 2024 Gluon jet study
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Recall: QCD Jet study @ LEP



electron
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LEP vs LHC for QCD study

positron

No initial state colors, back-to-back jets Initial state colors, boosted jets

Gluon jet study
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QCD jet study @ LEP1

* LEP1 : Z0 peak energy
et +e > ¥,Z2% - qq
Vs =91 GeV
— Z mass

* Pros and Cons for QCD study

v Pros: No initial state color = clean jets
— up to 90% gluon jet purity!!

v Cons: difficult to access LEP data (already 30 years have passed)
— there were ALEPH, DELPHI, L3, OPAL, however, can we access to the data??

“"But! You've got a friend”

Aug. 27, 2024 Gluon jet study
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ALEPH 2-jet vs 3-jet events

E(j1) > E(j2) > E(j3)
jet3 pr(1) > pr(2) > pr(s)

Gluon jet study



ALEPH study on gluon jets

* “Quark and Gluon jet properties
in symmetric three-jet events”

* Phys. Lett. B 384, 353-364 (1996)
v after the ALEPH LEP1 runs

Emax TAG Emax TAGEmax

N N N

borg gorb corg gorc
(M (B) ©

Sample Number of jets uds ¢ b g

M (J2 and J3) 45280 314 88 113 485
T (J2 or J3) 2071 6.1 A7 22  90.0
B (J2 and J3) 872 25 30 445 500
C (J2 and 13) 40 0 33 15 50

19 September 1996

t
i

]
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Physics Letters B 384 (1996) 353-364

Quark and gluon jet properties in symmetric three-jet events

ALEPH Collaboration
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Fragmentation function X; (ALEPH)

« Fragmentation function (Xg)

= like Bjorken x (track’s energy share)

E, 1 dN

\/ = — - H
Xg 7 > N ax, a5 @ function of X

 ALEPH observations (PLB-384, 353-364)
= Gluons are softer
v" broader

= Quarks are harder
v' collimated

« Were there any ALEPH gluon anomalies?
= Quarks
v' good agreement between Data and MC
= Gluons

v" Neurons - excess in high X
v" Chromons - excess in low X

Aug. 27, 2024 Gluon jet study
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ALEPH

¢ Gluons
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— Jetset7.3
... Herwig5.5
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Fragmentation function X; (DELPHI)

« "Measurement of the gluon fragmentation
function and a comparison of the scaling vi
olation in gluon and quark jets”

= Eur. Phys. J. C. 13, 573-589 (2000)
v LEP1 runs 1992-1995

Jet 2

Y events qqg events

Aug. 27, 2024 Gluon jet study
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Anomaly in charged multiplicity

« "Test of colour reconnection models using three-jet events in hadronic Z

decays”
= Eur. Phys. J. C. 48, 685-698 (2006)

L LEP1 1992-1995 ALEPH LEP1 1992-1995 ALEPH
c 0 c [
§ /"-"\ ) ; 0.016
330.14 - I/ \ g-jet "-"3 _ g-jet * data
E% & \l S 0014 |- P JETSET
i < S S
QCD model million events | / P data T [ JETSETHGAL
: \ |/ JETSET 0.012 j E"E 5 . """""" ARO
jg$§g$ +GAL, Ry — 0.04 g'g o TS =L s JETSET+GAL [ Lol TiTye AR1
, = 0. . oo 0.01 7! i i N
JETSET+GAL, Ry =0.10 3.4 i P bt ]
JETSET+BE3, 0.5 008 |-
ARIADNE ARO 3.4 I
ARIADNE AR1 3.4
HERWIG 0.5 All tracks
HERWIG CR 0.5
jet number (Ejet), GV spread, GeV (nch) Py
1 40.8 2.7 8.81 0.059
2 32.7 4.5 8.28 0.248
3 17.7 5.1 7.02 0.693
' I16 18
n.,.(Ay)
broader distribution Excess in low multiplicity 18
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Resurrection of the ALEPH data



ALEPH @ LEP1

Vertex
Detector

] Inner Tracking
Chamber

= Time Projection
Chamber

Electromagnetic
Calorimeter

- Superconducting
Magnet Coil

West Area

East Area

. Hadron
Calorimeter

electrons
positrons
protons
antiprotons
Pb ions

- Muon
Chambers

- Luminosity

Monitots

TPC:0(1)~0.06% ECAL : 28 018 | 1o HCAL : 2B 085

pr E vE

"E  VE
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MIT archived data
« Data Samples | Data | MC

. 1991 230,513
+ —_ 1
[ |
Archived eTe~ data 1095 51474

v ete™ collisions in LEP1 @ /s = 91 GeV 1993 538 601
— a total of 3.3M hadronic events 1994 1,365,440

1995 595,095
Total 3,281,123 973,769

« MC Samples

= Archived e*e™ simulation data
v ete™ collisions in PYTHIA 6.1 @ /s = 91 GeV

— a total of ~ 1M hadronic events
stable GEN particles from PYTHIA
reconstructed particles after GALEPH (GEANT3+ALEPH) detector simulation

Aug. 27, 2024 Gluon jet study 21
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4000

3000

Number of Events

Ntrk 2 13 & Minv 2 35
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d

ronic event

IMvsNall
Entries 3281123
Mean x 29.43
. Meany 82.27
] " |StdDevx  7.233
25000 | Std Devy 9.941

20000

15000

10000

DATA

5000

[T R

60
40 50

Nurmnber of par\'\c\es

IMvsNall_mc
Entries 973769
Mean x 29.64
. Meany 82.97

"] StdDevx 7.256
e Std Devy 9.908

MC

60

mer of particles
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selection

Invariant mass of events (GeV)

Invariant mass of events (GeV)

|
I IMvsNall
I -I u ‘ o .. . Entries 3281123
140 C | x Mean x 29.43 b
[ - . Mean y 82.27
[ g StdDevx  7.233
120 = Std Devy 9.941
1001 10°
80 -
r 10°
60—
=
L 10
20
O L L1 l L1 ‘ I I - ‘ I I - ‘ I I - ‘ I I - 1
0 10 I 30 40 50 60
Number of particles
|
|
1 IMvsNall_mc
| " x Entries 973769
140 j I Mean x 29.64
= Mean y 82.97
120 ! 'f B StaDevx 7.256 e
= Std Devy 9.908
100 r
80 - 10°
60
a0 10
20
r -
0 L I ‘ I I ‘ I ‘ I ‘ I ‘ I 1
0 10 20 30 40 50 60
| Number of particles
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Jet reconstruction

 Jet reconstruction
= ALEPH used Durham (k) algorithm

* We use Fastjet (version 3.4.1.3)

v’ Jet algorithm : "Anti-Kt algorithm”
— using 4-vector (pt, eta, phi, mass) of particles with an opening angle R = 0.5

* Jet energy resolution
» ALEPH achieved a JER of %~0.6/\/E/Gev with Particle Flow

VTPC+VTX: o (pi) ~0.006 (GeV/c)™!
T
vECAL: =%~0.18/,/E/GeV, HCAL: -2 ~0.85/,/E/GeV

— e.g. 36 GeV jet = 10% error

Aug. 27, 2024 Gluon jet study
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Gen. Jet Energy (GeV)

Aug. 27, 2024

Jet energy correction

Correction factors = Egen/Erec

AntiKT5_gen_sim_E
Entries 710777
Mean x 25.81
l vean y 27.43 P*

StdDevx 16.18
Std Devy  16.41

fl T

50¢

i
()]

D
o

35 . Il

;F o . 10°
30 . [ ) |
25 % i

31 -
20 ’ r n 10%
off !

: A R(jet ,jet ) <01
106 10

" the others A R > 0.6

(¢))

(=}

1

o
iy
o

20 30 40 50 60 70 80 90 100

Rec. Jet Energy (GeV)

240
220
200
180
160
140
120
100
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genjet
simjet
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Rec. Jet Energy (GeV)
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B tagging

* B tagging
= Lepton tagging method

v lepton with p > 3GeV & p, > 1.25GeV
— p, calculated from the jet reconstructed without lepton

= Tagging efficiency
v'According to Jetset study
- b:889+1.2%
~c: 6.1+1.1%
— uds: ~5%

p, > 1.25GeV

0.'
L)
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Event selections & observables



3-jet event selection

 S1 : Hadronic event selection
- Ntrk = 13, Nchg = 5, ) Echg > 15 GeV

« S2 : 3-jet event selection
* Njots =3 (E; > 10 GeV)

* S3 : 3-jet geometry selection

" 012,013,0;3
v 019,013 = 150° + 7.5° (Tight: ALEPH revisited)
- Equark -~ Egluon ~ 24 GeV

v 0.5 < 0,3 <min(642,043) (Loose: This analysis)
* $4 : b-jet tagging
= Only one of J2 and J3 tagged as b-jet

Aug. 27, 2024 Gluon jet study
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Event selections

3-jet event selection Data MC
S0: 1991-1995 2900317 973769
S1: Nyy =13, Nepg =5, X Epg=15GeV 2876547 767769
S2: Njots =3 (E; > 10 GeV) 432565 119655

Tight selection (ALEPH revisited)
S3: 912,013 = 150° + 7. 5° 26649 8137
S4: one b-jet among J2 & J3 3064 907
Loose selection (This analysis)

$3: 0.5 < 0,3 < min(@lz, 913) 341152 96406
S4: one b-jet among J2 & J3 40984 11243

Aug. 27, 2024 Gluon jet study
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Analysis and results



What observables should we measure?

* Particle multiplicities
= number of particles in a jet

‘/nall: Nchg) Npeu
— particles: charged + neutrals
charged: Track objects (e*, u*, r*)
neutrals : ECAL/HCAL objects (y,n)

* Fragmentation functions
Ep

= particle’s energy fraction: Xy =

Ejet
all ychg yneu

v XE, X7, XE

— particles: charged + neutrals

Aug. 27, 2024 Gluon jet study



Systematic error estimation

In values

» Basics: Model comparison study

* To see the data anomaly Data +
* To test the MC model

» Most of detector related systematic
effects cancel out in the ratio plot

In ratios

op = \/ (O..IS'ztat)z +(Gfey5t)2 +

1.0

I Stat. Error

] Stat. Error

Stat. + Syst.
Errors



Gluons

Quarks

Systematic error: Jet Energy Correction

Under corrected

Default

Over corrected

L
E© -
€=
-
L
©=
E -
E [}
=,
_—.—
-2
——

—p—
'l L

O-D & U-D

-0.2f

-0.4F

0.3

0.8 1
XE, of jet

0.8~
0.6

0.4~

0.4}

0.8~

0.6

Syst. Error

Quark

Based on statistical errors from JEC factor estimation (Profile histogram)



Gluons

Quarks

Systematic error: Jet Energy Resolution

LC: -10%

sim AntiKT5, 9<E, Quark

Default

sim AntiKT5, 10<E, Quark

HC: + 10%

sim AntiKT5, 11<E, Quark

HC-D & LC-D

0.8 1
XE, of jet

0.2 0.4 0.6 0.8 1
XE, of jet

Syst. Error

0.8
[ -— JER, SysUp
0.6
[ = JER, SysDown
0.4
0.2
0 —I——i—-—n_l_l_l_l_l_l_l-
-0.2

-0.4]

0.8

0.4

0.2

Based on 10% variations on Jet Energy Cut : Default £ 1 GeV

Quark

0.6

= JER, SysUp

= JER, SysDown




(U/N)dN/dX

10

10

10

Fragmentation

—
<
e —

M o e b Tes 0 e ¢ g s Ll s aen ) g )

0

ALEPH

¢ Gluons

o udesb Quarks

—_ Jetset7.3
.. Herwig5.5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

E

function Xy : charged only (Tight cut)

Number of events
)
w

-
o
\S]
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ALEPH revisited (Tight)

B ALEPH — Gluon MC

B e Gluon Data

= T Quark MC

- O Quark Data

H— | 1 1 1 | 1 1 1 | 1 1 1 1 1 L | 1 I{ 1

— £ Gluon sys. uncer.

- Quark sys, urcer.

C ~

E /

= \

— *&“@@W =

0 02 04 06 08 1
XECharged of jet

No meaningful excesses
were found from our ALEPH
reanalysis, within statistical
and systematical errors.
3064 events only

— more statistics needed
— control systematic errors

= Use the loose cut

40984 events are available



X : charged vs neutral (Loose cut)

All particles

Charged particles

Neutral particles

(2} E [72] E 7] E
GCJ - ALEPH — Gluon MC GCJ E ALEPH — Gluon MC GCJ E ALEPH — Gluon MC
5 - e Gluon Data 5 i e Gluon Data 5 B e Gluon Data
Y— L Quark MC “— | e Quark MC Y S Quark MC
o > 10'E o
(T) 104:— © Quark Data 5 = © Quark Data 5 1 04; © Quark Data
o = Ne! - Ne! -
& - & B £ C
> L > B >
= | =z - Z :
10% 1035* 10°
: . : o) : L]
o0 T 10° ;
e 2 3 1025 e
- - o e
N : : :
i I | ‘ | | | ‘ | | | ‘ | | | ‘ | I T I | ‘ | | | ‘ | | | ‘ | | | ‘ | HL I | | | | ‘ | | ‘
© Q2.5;— Gluon sys. u:er) - "=~ - © Q2.5;— GIuorI: sys. unc;., - T =~ © 02-5;— gluo:: Sys. uncer.
8 S 2? Y Quark sys./u er. { N 8 s 2? Y Quark sys. u;c : \\ (DU S 2;, uark sys. uncer.
o 15F 5 o 15 * o 15
g 1 g 1 g
05F 0.5} 0.5F
0" 0" 0 02 04 06 08 1
XEneutral of jet
Particles with high energy share are more often in gluons in data than those of in MC.
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Charged particle multiplicity (Tight cut)

ALEPH
5
> 0016 - et
'Om g Je ------- * data
z-(%’ 0.014 JETSET
= JETSET+GAL
0012 [ gy G b e AR
.......................... ARl

0.01

0.008

0.006

T

0.004

0.002 r

0 L\
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Number of events
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ALEPH revisited (Tight)

— Gluon MC
® Gluon Data

----- Quark MC
© Quark Data

ALEPH

E| 1 | 1 1 1 1 | 1 1 Il Il

— £ Gluon sys. uncer.

= Quark sys. uncer.

%ﬁ%ﬂ&@“é‘ e e

0 5 15 20
Ncharged of Jet

Gluon jet study

No meaningful
discrepancies were
found from our
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Gluon jet particle multiplicity anomaly? (Loose cut)
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Gluons with two tracks! Gluons without charged tracks.
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Number of events

Correlation between X and (all)

Low multiplicity gluon High multiplicity gluon
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Event display



Year: 1991, EventNo: 806, RunNo: 12716
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Year: 1993, EventNo: 6991, RunNo: 22504
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Year: 1994, EventNo: 7452, RunNo: 27200 n e u ro n I i ke
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Year: 1994, EventNo: 5975, RunNo: 29653
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Single track gluons? Who are they?
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2-track gluons? Who are they?

j21j3 : b-jet & gluon (916 evts)
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Remarks & Discussions



Conclusions

« We followed ALPEH's previous QCD jet analysis.

= Reconfirm the ALEPH’s uncertain anomalies in N and X
v Excess of charged tracks with a large energy share

v Correlation between two anomalies in N and X
— Excess of low multiplicity jet in ALEPH data

* We cannot claim the existence of two types of gluons; how
ever, we see that Cho-gluons could explain such anomalies.
= In-depth studies of the Gluon anomaly are needed

v"using other variables
v using other elaborated jet algorithms that are sensitive to the jet shape.

= MC generator level studies are also necessary
v for unfolded analysis
v with implementation of Neurons & Chromons
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backup slides



charged multiplicity

 ALEPH
* NFM=Natural Flavor Mix @ Z
" (ng) =9.90 £0.10 + 0.27 Ry/nem = 1.194 & 0.027(stat) & 0.019(syst)
" (Nygs) =7.90+0.44 +0.26 R, juus = 1.249 £ 0.084(stat) & 0.022(syst)
" (np) =9.32+£0.27 £0.27 | Rep=1.060+0.041(sta) £0.020(sys0)
" (n,)=8.37+1.64 + 0.28 Ry/c = 1.183 + 0.221 (stat) + 0.021(syst)
- Model

* R,/ = 1.077 (JETSET) 1.003 (HERWIG)
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Casimir operators

* In QCD, the strong force is described by the SU(3) gauge th
eory, where:

« Quarks are in the fundamental representation (triplet) of SU(3).
* Gluons are in the adjoint representation (octet) of SU(3).

* Cr : Casimir Operator for the Fundamental Representation
= strength of the interaction between quarks

N2-1

* C4 : Casimir Operator for the Adjoint Representation

= characterizes the self-interaction of gluons
vC4s=N,=3 (for QCD)

vV Cp =

— g (for QCD)
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gluons without a charged track

» two photon mass

Data : 273 events, 1337 combinations MC : 44 events, 201 combinations

%2 I ndf 79.91/ 44 %2/ ndf 44.41/37

ool Prob 0.000751 24 Prob 0.1878

I p0 -9.586 = 3.400 20 po 0.3525 + 1.0218

* p1 108 = 7.8 p1 12.61=3.99

| p2 ~98.81+ 6.30 20 p2 -13.42 = 3.74

80— p3 13.85 + 1.99 18 p3 0.9527 = 0.2478

i p4 0.1181 + 0.0228 16 p4 0.03385 + 0.01270

| p5 0.1544 = 0.0035 p5 0.1455 = 0.0041
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* such gluons have pi0, however no noticeable difference
is found



Our obsevations & implications

« Data excesses in gluon jets (compared to MC)
0 XE
v Gluon jets have more charged tracks with high energy share (high Xg)
- Ntrk
v Gluon jets with small number of tracks (2 tracks) are more
 Implications

= It is unclear whether this is simply MC's fault or if there is any
gluon anomaly in the data.
v"MC tuning for fragmentations is required.
v Can this be natually explained by Cho-gluon theory?
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