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A The first unexpected discovery at LHC: Ridge in high multiplicity pp from CMS
A The origin may not necessary hydrodynamics, possible explanations includes:
A Initial state effect (e.g. CGC)
A Escape mechanism / Single or few scatterings (AMPT, PYTHIA with Rope Mechanism,
Multi-parton rescatteringe )

A Final state effect due to mini-QGP CMS JHEP 09 (2010) 091
A é CMS pPb PLB 718 (2013) 795-814
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Physics Questions to be Addressed

A What are the minimum conditions for ridge signal in a small system?

A Can detectable collectivity arise from final state effects unrelated to the initial state?
A How does collectivity vary in different physics processes?

Als the underlying physics the same in small and large systems?

Aé
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Physics Questions to be Addressed

A What are the minimum conditions for ridge signal in a small system?

Vary the transverse size and multiplicity of the collision system

A Can detectable collectivity arise from final state effects unrelated to the initial state?

Use el ectron beams t hat doesnot hayv

A How does collectivity vary in different physics processes?

Als the underlying physics the same in small and large systems?

By collection of all the experimental data and compare
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I I I I I Yen-Jie Lee (MIT) High Multiplciity e+e- Collisions 4 \ﬂ



System Size

NTransverdRPAR Si zeo
pPA

AA

- PbPb, {s,,=5.5TeV

-5

-10—

x (fm)
—10F TGlauberMC v.3 _,% gi— O(l'lo fm)

N ! P RN
-10 -5 0 5

—o §— 0 o(1fm)

Multiplicity

N
I I I I I Yen-Jie Lee (MIT) High Multiplciity e+e- Collisions 5 @)



Smallest System: e*e-

ﬁ T ransverse S | 7 e c\) / M P I (c) popo S =276 TeV. 220 <Njf* 2 260
High multiplicity pPb \

(D) pPb sy =502 TeV, 220 < Ni™ < 260
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High multiplicity PP

(@) pp Vs =7 Tev, N2> 110

l<pT<3GeV/cJ 4

O(1-10 fm)

e Ae*e events: collisions with well-defined initial conditions
A No complication from hadron structure
: A No multi-parton interaction
g A No gluonic initial state radiation L
R 01 0 giuonic Multiplicity

N
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Reference AxIs for ete-

Random orientation of the jets Thrust axis analysis to follow
the rdirection of color stringo

Thrust Axis €

e'e"—>qq

Thrust AXIs

Sensitive to imedium expansiono perpendicular to the Thrust axis

N
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e*e at 10.52 (Belle) and 91 GeV (ALEPH)
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Janice Chen A(I)

A No sign of ridge signal in high multiplicity electron-positron
collisions up to ~35 charged particles per event
A New reference to the collective behavior in small systems!

Off Y(4S) resonance, Belle PRL 128 (2022) 14, 142005
On Y(4S) resonance, Belle JHEP 03 (2023) 171

ALEPH archived data PRL 123, 212002 (2019)
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Searches with ZEUS, H1 and CMS ap
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(b) Resolved photoproduction.
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(a) Neutral current deep inelastic scattering.

Multiplicity
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Searches with ZEUS, H1 and CMS ap

NTransver se

Can a9) & o=

H1 DIS

Photoproduction: H1 Preliminary  high multiplicity

ep s =319 GeV
5<Q” < 100 GeV’

15 <N < 20

0.3<p""<3.0GeV

Si zeo |/

ZEUS, H1 and CMS ap studies limited to low multiplicities

(Up to ~20 particles)

No indication of long-range correlation was found
O 1

ZEUS ep neutral current DIS: JHEP 04 (2020) 070
ZEUS ep photonuclear: JHEP 12 (2021) 102

H1 ep neutral current DIS: (preliminary) H1lprelim-20-033
CMS pPb photonuclear: PLB 844 (2023) 137905

Multiplicity

Yen-Jie Lee (MIT)
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https://arxiv.org/pdf/1912.07431.pdf
https://arxiv.org/pdf/2106.12377.pdf
https://www-h1.desy.de/psfiles/confpap/IS2021/H1prelim-20-033.pdf
https://arxiv.org/pdf/2204.13486

Alransverse Sizeo/ MPI

MPI>1
| ZEUS, H1 and CMS ap studies limited to low multiplicities
(Up to ~20 patrticles)

No indication of long-range correlation was found

Next steps: (1) Increase multiplicity
(2) Increase <MPI|>

Multiplicity
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Can We Overlap Two Color Strings?

e'e — qQq

No ridge-like structure

m -
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Can We Overlap Two Color Strings?

e'e — qQq

No ridge-like structure
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High Multiplicity e*e- Event at LEP 2

e"e” — qq e"e” — WTW™ = qqqq

No ridge-like structure
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Charged Particle Multiplicity Distributions in LEP2 Data
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Phys. Rept. 532 (2013) 119-244

Yen-Jie Lee (MIT)

s—

= Reported range

ALEP2 energies give access to also different physics processes

EPJC 63 611 (2009)
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Charged Particle Multiplicity Distributions in LEP2 Data

e*e’— hadrons, (s=183-209 GeV
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ALEP2 energies give access to also different physics processes |
A At high multiplicity, W\ contribution becomes significant chen mrances
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The Highest Multiplicity Events in Archived LEP2 Data

ALEPH Archived Data ALEPH Archived Data
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Inclusive Hadronic e*e” Events at LEP 2 (N,,O 5 )
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A Along-range near-side correlation signal shows up at high multiplicity!

A Data also feature a narrower away-side spectrum at o ¢’
arXiv:2312.05084
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Assoclated Yield as a Function of Multiplicity
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Extracted v, vs. Charged Particle p+

Inclusive High Multiplicity
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A Reasonable agreement between Inclusive data and MC (Left)
A At High Multiplicity (Right): Larger v, and v, magnitudes than MC (dash lines)

A v, v, change sign at high p-
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PV in etfe- Compared to v,5U? in pp Collisions
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Emerging Picture
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Emerging Picture

nfransverse Sizeo/ iMPIo CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-03 17:13:85.770304 GMT
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High multiplicity pPb

b) pPb sy =5.02 TeV, 220 < N2 < 260
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High multiplicity PP

513
" pd
(@) pp Vs =7 Tev,N¥ > 110 p— g 2
g

St
S TR
N O §
PR - ‘:\\\\\\:\‘
PURIIR, . TS
PEOATIRDY, J
P

ALICE Preliminary

!
pp Vs =13TeV S0

dszair

: W
7 i
ORI
AR
AN
R
Gty

'o”'i:;::“\
255000 )
25 SO \“““"

l<p;<3GeVic

; \ 0(1-10 fm)

I<p;<3GeVic 4

4 O O(1f m)

ALEPH e'e”, (5=183-209 GeV e+ e- A W+W-

Ny > 50
Thrust Axis

1<p,<3GeV/c

Vs =318 GeV

05<p <50GeV
15<n<20
2
1 o
£ 08

CMS preliminary 138 fb™ (pp 13 TeV)

Larg er M P I <N,>=101 Anti-k, R=0.8
Top 0.0023% highest-N/, jets pe'> 550
than op be,

m® <1.6

Multiplicity

m -
I I I I I Yen-Jie Lee (MIT) High Multiplciity e+e- Collisions 25 @)



Lessons Learned from Collectivity Searches

AWhat are the minimum conditions for ridge signal in a small system?

Large MPI and/or multiplicity events help reducing the V,,, and directly reveal the ridge

A Can detectable collectivity arise from final state effects unrelated to the initial state?

Indication of final state effects from CMS high multiplicity single jet and ALEPH LEP2 data

A How does collectivity vary in different physics processes?

Long-range near-side correlations vary in different physics processes
In LEP data

Als the underlying physics the same in small and large systems?

Data suggest that small systems lacking hadronic initial state effects
could still yield a ridge-like signal. Nature of the correlation to be understood.

N
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nlransverse Sizeo/ MMPIl0

High multiplicity pPb

b) pPb sy =5.02 TeV, 220 < N2 < 260
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Future program with
: Ridge (1) e*e- with different physics processes
Larger MP! 1 W e g3 identified with LEP and FCC data
fhan op P g (2) UPC AA data at RHIC & LHC

No ridge LA e (3) Investigation with EIC data

Multiplicity
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Projection to FCC-ee

A Estimation with ALEPH archived data

U) 1013 % I I I I | I ‘ I I | I I I g
A Extrapolation with NBD fit to the archived data *qc: 102 £ _;
o | > qo'E t  ALEPH LEP1 3
A Significantly higher reach up to event LLI 1010 = =
multiplicity of around 75 particles S e = — ALEPH LEP1x 108 2
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Projection to FCC-ee

p-Pb 10-20% at 5 TeV p-Pb 0-10% at 5 TeV

A Extrapolation with archived LEP2 data

p N 1 013 — I | — \ L . \%
A Significant increase in multiplicity reach: < 10'2 —
~ central proton-lead collisions 2 10" t  ALEPH LEP 6 —
= 10 —— ALEPHLEP1x10° =
A Lar_ge statistics will enabl_e new analyses 8 10° ALEPH LEP2 x 10* E
which are not yet accessible: o) o 5
A 3-particle and multi-particle correlation g 10’ —%
analyses Z 108 =
A Strangeness enhancement 105 . =
A Charm baryon to meson ratio JE S e, E
enhancement 1 03 . .. =
A Studies of its process dependence 10 . ., =
A High multiplicity jet substructure 102 . —=
A High multiplicity event energy-energy- 10 =~ K =
correlators 1 5 ﬁTm _;
, ) —1 I R R B I R R 1 1| N R ! I R R \ =

A é many other ideas tolkgmel o, 40 80 30 100 120

Event Multiplicity
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Selected List of Analyses

Aete-
A ALEPH LEP1 (91 GeV) PRL 123 (2019) 21, 212002
A ALEPH LEP2 (183-209 GeV): https://arxiv.org/pdf/2312.05084
A Belle Off-resonance 10.52 GeV : PRL 128 (2022) 14, 142005
A Belle On-resonance (Y(4S)): JHEP 03 (2023) 171
Adp
A CMS pPb photonuclear: PLB 844 (2023) 137905
A ZEUS ep neutral current DIS: JHEP 04 (2020) 070
A ZEUS ep photonuclear: JHEP 12 (2021) 102
A H1 ep neutral current DIS: (preliminary) Hlprelim-20-033
AoPDb
A ATLAS PbPb photonuclear: PRC 104 (2021) 1, 014903
App
A ALICE MB: https://arxiv.org/pdf/2311.14357.pdf
A CMS Single Jet in pp: CMS-HIN-21-013 arXiv:2312.17103
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%201906.00489
https://arxiv.org/pdf/2312.05084
https://arxiv.org/pdf/2201.01694
https://arxiv.org/pdf/2206.09440.pdf
https://arxiv.org/pdf/2204.13486
https://arxiv.org/pdf/1912.07431.pdf
https://arxiv.org/pdf/2106.12377.pdf
https://www-h1.desy.de/psfiles/confpap/IS2021/H1prelim-20-033.pdf
https://arxiv.org/pdf/2101.10771.pdf
https://arxiv.org/pdf/2311.14357.pdf
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Compilation of Ridge Yield Limit in e*e- collisions
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The ALEPH Detector
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(a) Neutral current deep inelastic scattering.
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