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o (Collectivity signal
Two-particle correlation: soft probe for Quark-Gluon Plasma (QGP) in heavy ion collisions
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o Minimal conditions for collectivity behavior [nucl-th:1707.02307]
Smaller collision systems such as ep, ete, yp, YA, to the future EIC!

CMS Preliminary Ny, < 35, s = 8.16 TeV (68.8nb™)
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ALEPH e*e- [Phys. Rev. Lett. 123, 212002 (2019)]
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O Thrust-axis two-particle correlation: N Y A

Search for medium expanding transverse to the out-going quark dlrectlons
o The first measurement at B-factory energy:
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(statistics used in this analysis)

O The advantages:
o (Clean environment of ete- system: turn-off any possible CGC effect

o New inputs to the phenomenological fragmentation models at low collision energy

O Newly-devised “thrust axis analysis” is sensitive to soft emissions
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Boost to the CM frame
for the correlation study!
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O PYTHIA6-based Belle MC:

° gq (g = u,d, c and s) fragmentation

© Y (4S) decays (by EVTGEN)

O Also simulated:

O Radiative Bhabha events

O Low multiplicity ete™ — [T]~

O [wo-photon processes

o High statistics sample allows for probing
the very stringent high-multiplicity class:
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Thrust axis is defined with the consideration of the missing momentum (MET):
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m Beam-axis two-particle correlations — off-resonance ({/s=10.52 GeV)
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https://arxiv.org/pdf/2201.01694.pdf

Beam-axis two-particle correlations — on-resonance (\/s=10.58 GeV)

_._Belle e'e”, s=10.58 GeV (preliminary)
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Observable icle correlation

O New reference z axis: event thrust axis

particles (pr,n,d) are re-calculated with respect to thrust axis

o . o Thrust axis
o Similar to heavy-ion collisions study, the role of wigger (used it as z axis)
beam remnant is replaced by outgoing quarks particle '
An =n1 -
Thrust axis =T
(PrOxy Of the |n|t|a| quark,s d|reCt|On) ®© © 6 0 060 00 00 00 0 0 0 0 0 o ®© © 6 06 0600 0 06000 00 0 0 0 o >
Beam axis

n
. ’0.
¢

If high energy quarks can
form some medium,
looking from the thrust
axis is sensitive to the
azimuthal anisotropy of

% this “imaginary medium.” ALEPH
I : ete: Phys. Rev. Lett.
(quark from e+e- annihilation) 123. 212002 (2019)
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Observable icle correlation

The mid rapidity region is where a correlation
function sensitive to:

——— ———
Beam axis e Beam axis analysis:
hydrodynamic expansion of possible QGP
medium in HI collisions
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Observable rticle correlation

Ou‘l:'t)o‘mg divection of

+  — - - - gm= - . .
eTe” events ¥ beam axis The mid rapidity region is where a correlation
(v geveral) function sensitive to:

e Beam axis analysis:
hydrodynamic expansion of possible QGP
medium in HI collisions

Thrust axis

 T[hrust axis analysis:
R EESR) . CRUERSRERE o soft emissions or QGP in e e~ annihilation
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Observable orrelation function

How to understand correlation function in thrust axis coordinate?

O |ntra-jet correlation of on-axis jets is diluted!

Collinear leading intra-jet
correlation dilutes along A}

Belle e*e’, Vs = 10.52 GeV Bellee'e, Vs =1052GeV = Em
12<N9""e <999 12<N9""e <999 T

Beam Axis Thrust Axis

® ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o o o o ..O..QQ...Q..OQ..Q>
Off Y(4S) resonance

leading intra-jet correlation viewead leading intra-jet correlation viewead
@ beam coordinate @ thrust coordinate
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Observable orrelation function

A weakened jet correlation

O |ntra-jet correlation of on-axis jets is diluted!
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Observable elation function

A weakened jet correlation
O |ntra-jet correlation of on-axis jets is diluted!

o Back-to-back-jet correlation is excluded at finite
IAn| region of interest

o) -
(¥ Preliminary

Belle e*e’, Vs = 10.52 GeV
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Beam Axis
Off Y(4S) resonance

An=n1-n2

©c e o000 0000000 00 tecccecsccccscccccccc P
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N"9 dAndAG
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Thrust-axis two-patrticle correlations — off-resonance (Js=10.52 GeV)

Belle e'e”, ¥s=10.52 GeV (preliminary)
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https://arxiv.org/pdf/2201.01694.pdf
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m Ridge yield upper limits
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(preliminary) (preliminary)
10 —— Off Y(4S) resonance 10 —— Off Y (4S) resonance 0 0.3 0.6 0.9 10
’ On Y(4S) resonance ’ — On Y (4S) resonance C.L. Central value
1 Markers shifted to the right by 0.5 | Markers shifted to the right by 0.5 rel. uncertainty in %

10™ 10™
O O 95%
@ 1077 © 107 o505 9% 2% _ _
> > T O Thrust axis analysis:
8_) 10 % 10 95% 95% | y |
S o4 S o4 95%, v W o Off-resonance: no significant ridge

105 105 y ! S|.gnal, bqt CL Ig hlgh—.m.ultlpllcnty

i ] v bins are limited by statistics
107° 107°
>50 >50 >50 >50
107k 289 50 >5¢ 97% 107k 229 © On-resonance: low-scale long-range
10—8 | | III' L 111 | L 111 | 11 ] | | 11 IEI | L 111 10—8 | | III | | | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 | L 111 near_Side enhancement
16 6 7 8 9 10 11 12 13 14 15 16
corr corr
< I\Itrk > < I\Itrk >
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Generator study Off-resonance Y(Ag)

Low-multiplicity _> High-multiplicity

OoMCs consistent with data Belle e*e”, s= _10 52 GeV. (15 <l <30) (preliminary)
INn near side 2'5+E$/”TGG[§Nta 6 < Ntrk<10 10<Ntrk<12 123Ntrk<14 * Ntrk_14
= 2 (PYTHIAG) oo _osa | chata _ v oo _ 1 45 | oo _ 4 75 t 1
: : : S - [ |PYTHIA8.240 ~2au="% 4 2vam = - A 2vam = 1 2 = =
o Discrepancies in the away- | ¢ ' mocwerer | w
. . 'éﬁg 11 o 04 1 ] x B
side magnitude g | [srERPazas % % a
e O ) e [ . $ 4t
e : Beam axis coordinate - i
. . g 0.5 I e
Differences in data & MC g ! = e —————¢ _
correlation shapes 006l o e
0.05| | 1 1 :
= 0.04] 1 : :
| 0.vo
O PYTHIAG6 agrees better 23 oo2| |
: 5= 0.01}
with data than HERWIG Y S =SS SEMV=
_0.01}- Thrust axis '
&SHERPA s o.ozlr_\l_ﬁprlr
S ——— e — —A4 A A
O PYTHIAS8 has similar ; _0'020 05 1 15 2 25 30 05 1 15 2 25 30 05 1 15 2 25 30 05 1 15 2 25 3
AQ Ad AQ AQ

behavior as PYTHIAG6
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Generator study

Lack of origin-peak
jet correlation

dngair
NZ" dAndAd

1

o Sharp origin-peak
correlation is recovered as
Js goes high

O Thrust-axis analysis:
from null to significant
intra-jet correlation!

* Demonstrated with 6 < Nk < 10
This phenomenon is seen In all
multiplicity ranges

Yu-Chen (Janice) Chen

Larger origin peak
correlation is found

Understanding the thrust-axis two-particle correlations

Thrust axis

6 =N, <10
00<IAn<1.0

[ ]
L

Sherpa e'e”

(1a) ¥s=10.52 Ge 0.6F (1b)

L]
(=g

ete” — qq
| off-resonance
1 /(Js=10.52 GeV) |

3 i
R AL N, " ] ~
¥ + Y teearag ! L8 8 SRPR
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CI2Npair

1 dN*"
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o
&
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Js = 20 GeV

0.42F(4b)
0.4k
. 0.38 3 . .
S 0.36F .
1_I :LfO.34:— "
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0.32F . .
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Generator study

Understanding the thrust-axis two-particle correlations

R - 10 < N, <12
: - e - (1b 1.5 <lAnl <3.0
Long-range near-side enhancement in — M S
on-resonance sample . e 035
AR ete”™ - Y(4S) | 2YAM
1.13f c H ':
1.125F TRl op
o 1.122 t:é st :‘"+ twé k wfk“»-« o onad
|8 1.115} Y1S) | YQS)  Y(S) ”i"'”"")‘(e}g) g~
% :O 1 . 1 1 : 944 946 10.00 10.02 1;::“ (HJG:;]] 102;0‘54 10.58 10.62
—|3 % 1.105}
< 1.1} B
1.095¢ -
109)  comlated syst=1.3% Schematic plot for Y (4S5) — BB
0 05 1 15 2 25 3 (Orange, blue CneS) |
O Two B-meson decays: RCAE N B
5 L A
special event topology o reansite coclation
. . — “ & \Z, 0
thrust axis alignment _- i ‘
: < Different B
o Toy sample pairing g (toy)
uncorrelated B’s from : 2 : g o5
. * - j— . '
. . : : o By
different events shows : SNy ; T 035§
. P . 12 O
similar enhancement! ; 4
““ A A :: éB 2
., N (= Zthrust)
B "*aggpgunnst*’ e Aq)
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O First results of two-particle correlations measured in both beam axis and thrust axis
coordinates at Belle

O Beam axis analysis, strong exclusion of ridge signals

O Thrust axis analysis: Thrust axis

. " . . s . . 102§ """" R L L N R
o Off-resonance: no significant ridge signal, origin-peak jet 10F —— offv@s)resonance PrEIMINED)
. . s . i On Y (4S) resonance C.L. Central value j
correlation scales with collision energy "B Marerssniteatohe rgntby 05
107 —~
; e F 9§% E
o On-resonance: low-scale long-range near-side 2 107F o 9% B
. ) 10_3§— 95% 95% E
enhancement due to special decay topology of &3’ ok el [V W
Y (4S) — BB system, observed also on MC il ) o :
" " . _7i >50 E
O PYTHIA is in better agreement with data than SHERPA & 1°8§ 1o
0% 7 8 9 10 11 12 13 14 15 16

HERWIG (N

mamea
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Charged particles

Primary tracks e [reconstructed] the distance in the transverse plane of the

decay vertex from the primary vertex < 1 cm
e [MC-truth| decay promptly or from particles with proper

lifetime 7 < 1 em/c

Acceptance 17° < 8 < 150°
High quality tracks pr = 0.2 GeV
Impact parameter Ar| < 2, |Az| <5

Duplicate track removal | veto the softer track of a low-momentum pair (pr < 0.4 GeV)
travelling with a small open angle 4:

1. same-sign charges with cosd > 0.95

2. opposite-sign charges with cosd < —0.95
Photon conversion veto | veto track pairs which can form common vertices (V? objects)
with

1. z distance between two tracks < 10 cm

2. reconstructed V"’s mass < 0.25 GeV

3. decay-vertex radius > 1.5 cm
Neutral particles (for thrust calculation)

Cluster selection No direct track-matching and tracks matched at cluster edges
Acceptance 17° < 8 < 150°
Energy cut Forward endcap: F < 0.10 GeV

Backward endcap: E < 0.15 GeV

Barrel: E < 0.05 GeV
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hrust distribution

* plot statistics: |Ldt: 1.3 fb-
8 GeV Belle e*e’, Vs = 10.58 GeV - : |
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Observable .r.t. beam axis

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

Signal
(raw correlation function) trigger
particle
1 d2 J\ysame An=n1-n
S(An, A) = s g
Ni™ dAndAd
Beam axis
(CM z axis)
Background Two-particle correlation function
(accounting for baseline of random pairing) (per-trigger-particle associated yield)
. 1 d°NPr S(An, A
L d°N™ Neo dandng DX B((An A(ﬁ;
L ]\It(;ﬁrr dA}’]dA¢ trk H ¢ ", §b

N9 dAndA¢

1
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Observable

Two-particle correlation function

(per-trigger-particle
associated yield)

1 d2Npair

Belle e*e’, Vs = 10.52 GeV
6=N2""<10

Beam Axis
Off Y(4S) resonance

Short Range
(0 < IAnI < 1)

1.4

1.2

Y(Ag)

0.8

0.6

(Prellmlnary) i

- MG Syst.=0.7% .

. 6=NP{"™ <10

Q.0 <IAnl < 1.0

0.4

Ad

Yu-Chen (Janice) Chen

c.D Prellmlna( ¢) —

Y(Ag)

Associated yield vs. A}

d Npair
dA¢

N, trig

Middle Range

sociated yield Y(Ag@)

1 d2 Npair

IAM<15)
1.6 Prellmlnar .
" [§ Data ( )] i
L —_ (o]
1.4 —Mc Syst.=0.7%
jof 6= NOMfine < 10
1.0=<IAnl<1.5

1 JA”max
A’7max _ A’/Imin Afi

Y(A9)

Long Range
(1 5<|An|<30)

Nyig dAndAg

(Prellmlnary)

2-5:— .Data
| — (o]
S Syst.= 0.7%
T 6<NMe <10

1.5 =<IAnl <3.0

dAn

::A¢=¢1—¢2~0 “’:

a?

L
.
A

Ridge Signal
(long-range, near-side (A¢~0))

II|IIII|IIII|I_
(Preliminary) -

SYSt. =0.7%

2 N

(lllustration,

NOfine < 10

<IAnl < 3.0

pPDb)
P
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Observable iated yield Y(A¢)

Two-particle correlation function . - . . - -
(per-trigger-particle 1o’ 5= 10s2cev w=~emmy  Qrigin-peak intra-jet correlations
6=N>M""°<10 -
@ near side (An,Ad)~(0,0)

associated yield) Beam Axis '_
Off Y(4S) resonance

1 d2Npair
Niig dAndA¢ 13 *2-
Ol 1.5
0.5¢"
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Observable iated yield Y(A¢)

Two-particle correlation function - . -
Belle e, (5 = 1052 GV ===  Back-to-back jet correlations

(per-trigger-particle " .
associated yield) o Axis @ away side (A(IJ"'TIZ)

Off Y(4S) resonance

1 d2 Npair
Niyig dAndA¢ :

1 N>
N9 dAndA¢
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Observable ed yield Y(Ag)

Two-particle correlation function 0723 ociminr i ]
(per-trigger-particle ~ 2eo°e 'e=10:52Ge¥ amray - Ridge correlations

associated yield) Beam Axis
Off Y(4S) resonance

@ long range, near side

1 d2Npar

= 2.5 CMS pPb \[5, = 5.02 TeV, N >
Ntrig dA'r’dA¢ gZ%j 2_ 1I‘\</I|0Tpi’t;Gsewc502Tev 1o
~E,  H :
= 0.54> %

long range
(1.5 < |An| < 3.0)

Belle e’e’, (s=10.52Gev &
: (Preliminary) -

r el 2.51- Bl Data
- B — o
x . - —MC Syst. 0.7%
F 6 =N < 10
. . 1.5=<IAn<3.0
S 1.5 —
> T
Y 4 0 i b
L ridge :

enhancement o

Covv o o bvv v v v b v b g L
0 0.5 1 1.5 2 2.5 3
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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

Systematics

Selections

1. Primary particle selection
Vary the primary particle definition between the proper lifetime cut ¢ < 1 cm/c and the vertex cut
V.<1cm

2. Tracking efficiency
Universal 0.35% uncertainty quoted for high p, ( > 200 MeV/c) tracks

3. Event selection

Vary the energy sum in ECL from > 0.18 \/E to > 0.23 \/E

Histogramming imperfection
4. B(0,0) extrapolation and long-range correlation scaling
Corrections of bin-size effect on the B(0,0) scaling factor and the magnitude of the long-range

correlations are applied. Uncertainties of the correction factors are considered as sources of systematics
5. AP bin width

Reweighting

Accessing by reweighting factors with the alternative parametrization
6. MC reweighting
/. Thrust mixing reweighting
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Systematics

o Selections (primary particle, tracking, and event selections) are the dominant systematics

SOuUrces

o Qthers are comparably small: O(10~*) up to 0.5%

Primary particle selection
Tracking efficiency

Event selection

B(0,0) extrapolation
& Long-range scaling

MC reweighting

A¢ bin width

Beam axis analysis

| <0.
D 0.3

m <0.1%-0.49
<0.1%-0.39

--<O.“| %-0.39
<0.1%-0.19

» <0.1%-0.2°

| <0.1%

<0.1%-0.1%

19%-1.0%

5%

0.4%-6.3%

B Off-resonance
On-resonance

Primary particle selection
Tracking efficiency

Event selection

B(0,0) extrapolation
Thrust mixing reweighting

MC reweighting

0

0.

5

1.5

rel. uncertainty in %

o A¢ bin width

32

Thrust axis analysis

_— <0.1
<0.17

®» <0.1%-0.19

<0.1%-0

I ) 3509,

-- <0.1%-0.3%
<0.1%-0.4%

m» <0.1%-0.2%

|
<0.1%-0.5%

I <0.19%-1.3%

<0.1%-1.1%

%-0.2%
%-0.1%

0o

1%

<0.1%-3.8%

0

0.3

0.0

rel. uncertainty in %

0.9

1.2



m Quantifying ridge signal by ZYAM method

o ZYAM method (zero vield at minimum) is applied to calculate “ridge yield”

Belle e*e", | \s=1 |0.52 C|1‘ev

_||||| |||||||||||||||| ||||||_
Belle e*e’, Vs = 10.52 GeV = Prefiminary - (Preliminary) 7

6<Np, <10 or CEeam — 1.4067 = 0.0159(stat.) + 0.0109(syst.) 5 ¢
Beam Axis L b -
Off Y(4S) resonance - I Data 3
ey " 5[~ — 3rd order Fourier ¢ 7
g% ‘  —3rd order poly + cos2x
= L
Ol 1.5} S | — 4th order poly _
e B Offline
= 1 NOTe > 12

o No significant ridge signals are observed in
both beam, thrust axis coordinates

o Upper limits of ridge vield by the bootstrap method reported

Phys.Rev. C72 (2005)
011902

bootstrap

(beam Coo_Fdinates) (thrust coo_rdinates)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.011902
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.72.011902
https://projecteuclid.org/euclid.aos/1176344552

m Quantifying ridge signal by ZYAM method

Bootstrap method

e Fit the long-range vield distribution Y(A®).

e Vary the functional distribution by statistical and systematic uncertainties to construct
a pseudo data.

e Refit the distribution with the same function and get a new ridge vield from this
smeared distribution.

e Jotal 2M pseudo data are constructed.

Data Pseudo data Pseudo data
0.399 F r . 0.401 '
- 6 < N2 < 10 0309 8 < N7y "® < 10 "~ 6 < NOMine _ 40
0.398 Data - Pseudo-data N,,,,...: 0/2000000 / 0.4 L Pseudo-data N,,,...: 1/2000000

Cayam=0.3952

0.397 [ C;yan=0.3924 0.398 [ cyyan=0.3940 0.399 |-

- . =7.402126-01 V - X, =7.82008¢-01 /f; - x,,=7.58829¢-01 /
T Vie3.13469e-04 T E Yige=3:39068e-04 50398 |- ¥,,=4.39351e-04
Doaes |- S | El
> : A >0.396 - >-0.397 )
0.394 :— // C // B - /«’/
- 0.395 = 1 Y /
- R 0.396 — e
0393V 4 / - I e / - ™ /'/
— _\H“*'“-——_ _—*-'// [ A S A ] :-:'f':‘:-_—.—_-_.."—::"_/_f ___________________________ I I S e d ]
e 0.394 |- 1. =
0.392 - + - 0.395F
0.391:—111||11||11||11|||11||1|||1|||| 0'393—_||1|||||||||1|||1||||||||||||1| 0.394_—11||1|||1||1|1||1|||1|||1|||11
0 02 04 06 0.8 1 12 14 0 02 04 06 0.8 1 12 14 0 02 04 06 0.8 1 12 14
Ad AO A bootstrap
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https://projecteuclid.org/euclid.aos/1176344552

On-resonance Y(A¢g)

Generator study

(1.5 < |An| < 3.0)

Belle e’e’, \s=10.58 GeV
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Generator study

Fraction of Total Events

Ratio

Fraction of Total Tracks

Ratio

Kinematics distribution
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Fraction of Total Events
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Fraction of Total Tracks
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ete” {s=10.52 GeV
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