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Interpretation of the Ridge Signal

pp Vs =7 TeV, N2> 110 PPb \[s = 5.02 TeV,220 < N2 < 260 PbPb /s = 2.76 TeV, 220 < N2 < 260

“Pb

The origin may not be hydrodynamics,
possible explanations include:
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Overlapping strings in PYTHIA

e Escape mechanism / Single or few scatterings
(AMPT, PYTHIA with Rope Mechanism,
Multi-parton rescattering...)

* Final state effect due to mini-QGP production

n/s=0.0

Zi-Weli Lin’s talk

y [fm]
y [fm)
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Physics Questions to be Addressed

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

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

How does collectivity vary in different physics processes?

Is the underlying physics the same in small and large systems?
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Physics Questions to be Addressed

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

Vary the transverse size and multiplicity of the collision system

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

Use electron beams that do not carry hadronic PDFs or beam remnants

How does collectivity vary in different physics processes?

* |s the underlying physics the same in small and large systems?

Collect data across systems and compare systematically
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Smallest System: e*e-

“Transverse Size” | MPI
High multiplicity pPb
(D) pPb sy =5.02 TeV, 220 < No™ < 260

High multiplicity PP

(@) pp V5 =7 TeV, N> 110
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l<pT<3GeV/cj 4

2 éag_
g O(1-10 fm)
IR\ - e'e”events: collisions with well-defined initial conditions
Sadr « No complication from hadron structure
« No multi-parton interaction
o 2A * No gluonic initial state radiation .
J Multiplicity
etk < 0.1 fm
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(C) PbPb |5y =276 TeV, 220 < Ngy™ < 260
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Definition of Charged-Track EEC in e*e" Collisions

 No Jet reconstruction, Full event
1 dO, EZ-EJ-/EQ)

O
N event deL 5

« Sum over pairs of charged particles in the event

 Normalize by total energy E in the event
(91.2 GeV by definition in LEP1)

* O is the opening angle (in rad.)
» Observable naturally reaches the back-to-back region ©, = 1

» Back-to-back (Sudakov Limit)
c AtO ~Tr
 Study correlations of the full set of particles, not just those within jets

* Not possible to explore with jet substructure
* Presents a unique opportunity in e*e’!
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Charged-Track EEC in e*e vs. Theory
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Charged-Track EEC with DELPHI and ALEPH Data
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Charged-Track EEC with DELPHI and ALEPH Data
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Inclusive Jet Spectra: Scanning the Parton Shower

ALEPH Archived Data 1994, e*e” s = 91.2 GeV * New preliminary radius scan: fully corrected energy
spectra for R values from 0.1 to 1.2

w o F < o
S | Antikgets R - Small R resolves the shower: radiation is split into
%H PN ++j+++ o many narrow, lower-energy jets; the 45.6 GeV peak
8 10 e et +"“++++ softens and moves to lower energy.
z L RERRRe T N . o
= e _i_+++'++*i . * Large R captures the hemisphere: radiation
IS e P +++ '{' - T | recombines into one jet near E;,; = m,/2 = 45.6 GeV.
107 kT
e i +
: ete” = )
.
-3 O = — —
10° E R=0.1 oF g [ |
= R=0.2
- - R=08 VA
10_4 E_ —— R =12 e q
1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | 1 1 1 | | I I | | L1 1
10 15 20 25 30 35 40 45 50

VS.
E.. (GeV)

R| resolves radiation — R? rebuilds the m,/2 peak

Bill Zhou
(Vanderbilt)
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Yen-Jie Lee (MIT)

ALEPH Archived Data 1994, e’e” Vs =91.2 GeV

Anti-k; jet R=0.2
020 W< B, <080

Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations

ALEPH Archived Data 1994, e'e” Vs =91.2 GeV

020 m< 8,<0.80

1Ny AN JAE
1Ny INJIE

3_104: 025 m< 6,<075 m
2107

3107
2-1072
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3107
203k v v Uy L b b L

Ratio to Data
Ratio to Data

Inclusive Jet Spectrum vs. Jet Resolution Parameter

ALEPH Archived Data 1994, e'e” Vs = 91.2 GeV

ALEPH Archived Data 1994, e'e” Vs =91.2 GeV

Anti-k jet R=1.2

107

— Data
« Data compared to PYTHIAG6, PYTHIA8, SHERPA, HERWIG, and PanScales — SHERPA
» Constrains both parton shower evolution and hadronization modeling — PYTHIA 8
« For R=1.2; Data has sharper peak than predictions from event generators | — PYTHIA 6
* Most of the modern generators fail to describe the data — HERWIG 7

Bil Zhou  — PanScales NNLL
(Vanderbilt)
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Jet Drift In ete- and Heavy lon Collisions

* In heavy ion collisions, jet drift Is

sensitive to jet-medium interaction

* Azimuthal angle measured around the

jet WTA axis

« Quantify the azimuthal anisotropy
with Fourier decomposition

« Establish a vacuum baseline

with ete- data

Yen-Jie Lee (MIT)

wiels 7 Dipole Anisotropy V,: Ellipticity

(Vanderhbilt)

Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations

V5: Triangular Anisotropy

13

@

CMSg;



Jet Drift In e*e Collisions
ALEPH archived data 1994, e e =, 1/5 =91.2 GeV

— Pythia6 —— Sherpa = Herwig7 ® Unfolded ALEPH [ Stat. box I Total syst. bar

ML i (€) WTA, v

[ 2.0 20F ]
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° 12F < L < [
2 [ 2N 2
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c : 3
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Gen./unfolded —1
Gen./unfolded —1

vl'l VH

* Nonzero v, v, and v, already in vacuum e*e- jets through vacuum showering,
hadronization, and jet-axis response.

Luke Lu

- HERWIG7 and SHERPA over predict the anisotropy (Vanderbilt
QGP signal must be additional deformation relative to the vacuum spectra
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e*e Study with AMPT (A Multi-Phase Transport Model)

Single-String Configuration Two-String Configuration
—0.4 —=0.
Q B Q B
0.3~ = 0.6
= _ L = Lk
© 5 o =
5021 50.41 ¥,
o] = o] %,
i GOl
> 0.1 >'0.2_— \
o o
~0.1- 0.2
’ - .
-0.21- -0.4— ! 'i
-0.3F 0.6
_0-:IIII|IIII|II\I|IIII|IIII|IIII|I\II|IIII _0_|||||||||||||||||||||||||||||||
%4 03 02 01 0 01 02 103 04 58 06 04 02 0 02 04 06 08
X Coordinate [fm] X Coordinate [fm]

Jamie Nagle, Zi-Wei Lin, et al, PRC 97 (2018) 2, 024909
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Example: One String Configuration Study with AMPT

@0-0215_"|""|""|""|""|""|'_ Ty B HESESTG Y R A A ]

g . AMPT e* +e — q+ g [One String] (@ E 0.06 Case 1: With Interactions (b) E

: p_(rm > 0.5 GeV/c; p_(‘I_BJI > 0.5 GeV/c : g- 0.04 ;_ Case 2: Without Interactions _;

0.021 — g 0.02F V(20ase1) (2c:ase 2) =

- e  Case 1: With Interactions 7 g g ]

- = 0_ _____ =
= =  Case 2: Without Interactions ] : =
- - ; -0.02
0.0205— o H :
E 1 ~0.04F
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0.02 & D08
A . -0.1
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-1 0 1 2 3 4 0 0.5 1 1.5 2 2.5
A¢ [rad] p_[GeV/c]
%@ With Interaction: A significant reduction of v,
* V, becomes smaller than the reference without interaction
'0'3‘“.,‘2“‘4;‘1'"““‘.,‘,“é;,z‘;‘;,‘tg [,,,‘,’]“ Jamie Nagle, Zi-Wei Lin, et al, PRC 97 (2018) 2, 024909
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Example: Two Strings Configuration Study with AMPT

30.0215 ) ] I ) ] ) ] I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 L] 1 I L] L] I
3 [ AMPT [Two Strings] @ 2 014l ] £
) I B
| p¥'> 0.5 GeVic; p‘TB’ > 0.5 GeV/c ] S 3 = 04 §
0.021 — ~ 0.12— e —1035%
~ e Case 1: With Interactions g ‘ﬁ' - - S
[ | : 1 - 0.1 —0.3 £
| =  Case 2: Without Interactions ] =2 7 - g
0.0205- ~ > 0.08 AMPT [Two Strings] 30%d
- Case 1:c, = (12.3 £ 0.01)E-3 3 9 Hop ©
| Case 2:¢, =(3.30 £ 0.01)E-3 s 0.06 B Fraction of Partons that Scatter S
- : —0.15 ©
0.02— — 0.04 ® V,(p, = 0.75 GeVic) w.rt. \¥, = m/2 - I_‘I_E
3 —o.1
0.02|— —0.05
0.0195 L1 I L1 1 l L1 1 1 l L1 1 1 l L1 1 1 l L1 1 1 I L1 1 : I I l : - I l : I : I : : : I : I I I T l e I 3 : : I . . l I : I:
3 0 1 > 3 1 0O 20 40 60 80 100 120 140 160 180 200
conr Ao [rad] Collision Energy [GeV]
N « With Interaction: A significant enhancement of v,
v * Little change in terms of v; magnitude (from a Fourier
o B decomposition fit to the data in the figure)
08 0 o4 02 0oz ‘co‘4d‘ 08 ['m?]s Jamie Nagle, Zi-Wei Lin, et al, PRC 97 (2018) 2, 024909
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High Multiplicity Event in e*e” Collisions in LEP1

Highest multiplicity event in ALEPH LEP1 data ALEPH Archived Da

i Azimuthal Vie
Collision Energy = 91 GeV Anti-k, R=0.8 E S¢hems

== Thrust Axis
Tracks in Leading Je

et C_I Jracks in Subleading Jet
acks in Third Jet
Tracks in Fourth Jet
Other T™acks
/___._--"
Z°y
o q \&
POINL ' s i & " Lo 4
Anthony Badea AustinBaty  Chris McGinn Michael Peters Jesse Thaler n Michele Pa tCh ng Tzu-An Sheng ,
I nocenti
+ YJL ,'
arXiv: 1906.00489 55 Charged Particles Y 4
PRL 123, 212002 (2019) Thrust T=0.71 ,
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e*e at 10.52 (Belle) and 91 GeV (ALEPH)

91 GeV , 5 €€ — hadrons, 's=91 GeV Belle e'e”. ¥s=10.52 GeV
Sy SVl [ U UL U U LU U -
Thiu5coorlingles - ALEPH Archived Data - 0'82; ﬁData
i CData - 128 i B
L T ZYAM T ] B
ol _ C;HH’A ~ 1130 : oE 081:- MC PYTHIA6
3 o ® L 12<N* <14 i
: 0.8F rk
1 514 - 1% Thrust coordinates . ] gk t
- % Archived PYTHIA 6.1 . N L
n 1.6< |A‘I’]| <3.2 * i 0.79 -4
B Ntrk >30 - ] F ‘
= = = L
| ] el
e > 30 ‘% d ] 0'785'”,”"
- 7 077 = correlated syst.= 1.5%
7. R Ei & 0 T | [ WO | S TN W o P o | o 0 ] iy oS M) NN | By e |05 S
10.52 GeV ] o 1;) TR 02305 =i, | DEueRpo b=ty
Yu—‘Chen “Janice” Chen Aq)

*  No sign of ridge signal in high multiplicity electron-positron

& collisions up to ~35 charged particles per event
 New reference to the collective behavior in small systems!
Off Y(4S) resonance, Belle PRL 128 (2022) 14, 142005
ALEPH archived data PRL 123, 212002 (2019)
12 < Nii < 14 On Y(4S) resonance, Belle JHEP 03 (2023) 171
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Compilation of Ridge Yield Limit in e*e- collisions

CMS pp Vs =13 TeV
T T

[ 1< plT”g, pf”“ <3 GeV/c
2 0.10F
Oﬁ "L Long range (IAnl > 2)

< [ *105<N<150

[ $10<N<20

........

h*-h* ]

A¢ (radians)

1. Find minimum point
2. Integrate area under it

Yi Chen’s slide

LA

Yu-Chen “Janice” Chen

Yen-Jie Lee (MIT)

Assoclated yield

Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations
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—BELLE, e'e {s=10.52 GeV
— ALEPH, e'e” {s=91.2 GeV
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( l\Itrk )

No significant ridge signal in €’e —qq
from low to high multiplicity (up to ~35 particles)

—h
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Associated yield
3
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SRR T
(83} B w \V]
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ete — hadrons, Ys=91 GeV -

50

;I T | T T | T T | [ I I | 1A | T T | T 1T T T T TT
: ALEPH Archlved Data E
| — Thrust coordinates i
= —— Lab coordinates (shifted right) 5
;— Scaled CMS Result 95% —;
- ® pp7TeV 3
-+ pPb5.02TeV ) -
= PbPb 2.76 TeV 9% +-3
F 95% ]
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= 95%0959, I E
. 96.0% ]
g 96:3% 99.97% |
_I 1 11 | II | ’:[I I:|:| 1 111 | || | 1 |11 | 1111 | I | | 1 11 I—
5 15 20 25 30 35 40 45

corr
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Emerging Picture

“Transverse Size” | “MPI”

ete-
“MPI”:]- n n =
Multiplicit
<< 0.1 fm PliCIty

N -
: . : : : : : : : ( :) M5~
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Emerging Picture

“Transverse Size” | “MPI”

HERA Data

Photoproduction:

ZEUS

Larger MPI
than yp

ete
‘MPI"=1
<< 0.1 fm

Multiplicity

N CMS,|
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Emerging Picture

ALICE Preliminary
pp Vs =13TeV

Larger MPI
than yp

ete
‘MPI"=1
<< 0.1 fm

Yen-Jie Lee (MIT)

“Transverse Size” | “MPI”

ALICE Low multiplicity pp signal

MPI>1

CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-03 17:13:35.770304 GMT
Run/ Event/LS: 320809 / 36984778 / 233

138 b (pp 13 TeV)

CMS preliminary

CMS High Multiplicity Jet

<N,>=101
Top 0.0023% highest-N!, jets

Anti-k, R=0.8

P!> 550
. <16
&

Xiaoyu Liu’s talk

Multiplicity

@
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Emerging Picture

“Transverse Size” | “MPI” CMS Experiment at the LHC, CERN
| Data recorded: 2018-Aug-03 17:13:35.770304 GMT
ALICE Low mu|t|p||c|ty pp Signa| Run/ Event/LS: 320809 / 36984?775 / 233

(NG o019y = 30 8 ALICE Preliminary
1 < P, trigrassoc < 2 GeV/c pp Vs =13TeV

/) LAF~Ne
V.3
-

318 GeV B
05<p <50GeV I a
15<n<20 "‘"""“;'— “’ »
o2 o S -
s ¢“’,¢‘ R X -
g¢ ST,
30 ?

Larger MPI oo s CMS High Multiplicity Jet
N e
ete 2
iR, > 'V / = . y
“MPI"=1 . A& Xiaoyu Liu’s talk tinlic
0.3 <j_<3.0GeV O:\)\(“‘(‘;‘ i b« Mu tlp ICIty
<< 0.1 fm : :

— CMS, !
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Can We Overlap Two Color Strings?

€

Yen-Jie Lee (MIT)

e — qq

No ridge-like structure

Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations
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High Multiplicity e*e- Event at LEP 2 !!

_I_

e'e —qq ete" o W™W™ — qqqq

L ~ Bryer = 0.07 fm

No ridge-like structure
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Charged Particle Multiplicity Distributions in LEP2 Data

e*e’— hadrons, (s=183-209 GeV

.- + - ~ : =L I Inmiminel I L L I Iy ol I | I | L I [ b | I H
e e —qq(y) | L3 : :
_ _ 4 B - LEP2 Data ]
e f e’ P 105 [ PRELIMINARY . N
1 _ (79] qq
) o e+e‘+e+_e_qq e 10" & oy -
Y z 3 * e'e —qq(y) ) E :
- ,-\10 : e e'e uu(y) > £ %T ] .
e f e f _8- LLI [ 4 W+W |
= © 10°%F Hz E
c 2 —-— = . B
@) - = -
® ece %W-lw_ B3 10 § ﬁ E ) - Other 4f states -
3 “ E ,
/)] -3 | |
" —<— VW' 310 4 - 107 ¢E 2
Ve A O i -_.(_'9) B ]
. | ®efesWW !} 7
e —— VWV W" 1 1 o e'e 727 /Jﬂ_— E 10—4 = =
o W e e e:e_—)W+W_'\{ |/| |J——‘||”':'— LL E E
_1- ®e e_—>~{y | - -
10 - e e —-HZ B |
. z bomemtmens 0 M RUE 107
o W e e 80 100 120 140 160 180 200 0 10 20 30 40 50 60 70
En ergy Vs (GeV) h *MC contributions are stacked NOfﬂlne
Phys. Rept. 532 (2013) 119-244 " Reported range Trk

EPJC 63 611 (2009)

« LEP2Z energies also give access to different physics processes
At high multiplicity, \W*"\\/- contribution becomes significant
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The Highest Multiplicity Events in Archived LEP2 Data

ALEPH Archived Data ALEPH Archived Data

Anti-k R=0.8 Escheme Jgl Anti-k. R=0.8 Eschemg¢ Jet\w
mmmm [ hrust Axis \ mmmm [ hrust Axis

Tracks in Leading Jet Tracks in Leading Jet

Tracks in Subleading Jet ‘_ ,’ Tracks in Subleading Jet

Lrécks in Third Jet \ ,/ Tracks in Third Jet

Tracks in Fourth Jet

Othe
N ,leam\

Tracks in Fowth Jet :
Other Tigacks

,/
;/, // | R \ //
/ 64 Charged Particles /’ 64 Charged Particles
/ / l N Thrust T=0.71 Thrust T=0.80
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Inclusive Hadronic e*e” Events at LEP 2 (N, 2

ALEPH e'e",

Inclusive

Thrust Axis
e*e’— hadrons, (s=183-209 GeV ALEPH e*e”, Vs=183-209 GeV
EI | L | LI I | | | | L I LI l Rl Il I | L I E : _g 2. |
= -+ LEP2 Dat 1 - i gE 2
- QICDPRELIMINARY g _ TN p=  MEEIE o3 15
L ok . : L 16</n <32 f 1
0>> - %ZYT ! \ L Inclusive @
LI S : ] . -
© 102 . =43 |loe - =@ Data s
- - ] < W Y
S F a 137 I Ewmc ~
‘5 T 1 5= F 2
10° = 4 1Z sal @
— = 3 09 o
O - : [ m
© ] : ]
i . I (syst.= 0.8%)
10_5 0.7_IIIIIIIIIIIIII|IIII‘IIII|IIII|I
0 =10 20 30 40 50 60 70 ‘PN A5¢ 2 25 3
n Offline
g N « Excellent agreement between data and
.< ............................................... ) Slmulatlon (ArCh|Ved MC)
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High Multiplicity e*e- Events at LEP 2 (N, = 50)

ALEPH e'e", s=183-209 GeV

Ny > 50
Thrust Axis
e*e’— hadrons, (s=183-209 GeV ALEPH e*e”, Vs=183-209 GeV
FT T T T [T T T T [T T T T[T T T T[T T T T[T T T T [ TTTT[H L L B £ <el
- - 4.2 g 13
. - LEP2 Data . - - {1 &5
N - QICDPRELIMINARY g _ : L bl I
=G - 4  16<|An|<3.2 1 7=
g) - ] - Ny =350 ]
L h 1 ] ] + {
& 107 ¢ 48 | 38" e Data ]
= 3 Z L -
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B sl | &= >°r + ]
10 = = - I 1 arxiv:2312.05084 PLB
g = : i ] 856 (2024) 138957
"'8 [ ] 3.4 N
o :
5 3 3.2 =
i ’ - (syst.=1.7%) - g )
10°° 0I - I015I S l|' - I1'5I - l|2' - l2|5I - Jé' Yu-Chen “Janice” Chen (MIT)

AQ

* A IVIYTidllye liedl-SiuEe Lullieidauull siylial shows up at high multiplicity!
= SR > * Data also feature a narrower away-side spectrum at A¢~1r

N - C
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High Multiplicity e*e- Events at LEP1 vs LEP 2

ALEPH e'e”, /s=183-209 GeV

SmMmc

1 dN™"
Np dAd
H
<
O
SR —
| | ; 1
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1 dealr
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o

N,
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trk Thrust Axis
ALEPH e”e|‘, Ef91.2|GeV | ALEPH e*e’, Vs=183-209 GeV
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Assoclated Yield as a Function of Multiplicity

« Very tight upper limit set with ,
and LEP2 data set at low
multiplicity (<40), lower than
pp results

 Indication of an increasing trend at
high multiplicity in LEP2 data

* Non-zero central value reported at the
highest multiplicity bin with large
statistical uncertainty

arXiv:2312.05084 PLB 856 (2024) 138957

Analysis note: MITHIG-MOD-NOTE-23-011 (arXiv:2309.09874)

I I I I I Yen-Jie Lee (MIT) Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations 32

102 E| L | L | | I ' L | L | L | I I§
1oL [1/BELLE, ee"10.52 GeV E
= ALEPH, e'e 91.2 GeV
T ALICE, pp 13 TeV E
S 10" E WALEPH, e'e’ 183-209 GeV. -
2 F :
o 10—2 3 B =
e I 3
S 10 = =
00‘7 —4 [ 3
W 10 = I =
< - =
10°F -8- Central value =
10E — Limit (95% C.L. -
1 _E_ 6 >99% 98.4% >99% unless noted) E
0E"'-'|||1I||I||||I||||||||||||||||||§

0O 10 20 30 40 50 60 70

( NCO[T >
trk

CMSgg



Extracted v, vs. Charged Particle p-

Inclusive High Multiplicity
g ALEPH e*e’, s = 183-209 GeV Thrust Axis
N U VAR S

;O [
: Ntrk >0 : : Ntrk > 50 J
0.5F 1 F * -
7 e [ e s R
P .
> 0= b e oL N
[ o0 y —’—:*:' 2 » """" y
i _'_"'—"“"—"'——.—hr- = [ —i—=.= i
| T T e A\ N Vq ]
0.5+ —e-Data | L -V, -
[ ---MC ] | -V, |
T ST E N AT N N A N A T SN TR A P SR NN W W (NN SN SN W NN T S AN N A
0 1 2 3 4 0 1 2 3 4 LR
pT (GeV) pT (GeV) Yu-Chen “Janice” Chen (MIT)

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

arXiv:2312.05084
PLB 856 (2024) 138957
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Av, in ete- Compared to v,5' in pp Collisions

ALEPH e*e’, (s = 183-209 GeV

CMS
N 1 I 1 I 1 1 1 I 1 1 1
0.15--®pp1s=13TeV 105 < NJ"™ < 150
| “ppis=7TeV (110 < NI < 150)
L Opp \s=5TeV
0 10-_ |An| > 2
FC\T ot i @
g~ r @ o o
(D>N B & 0 ¢ {h ;
L L
%
0.05- 95 &
& %
- 0.3< pissc"’ <3 GeV/c
0.00_ 1 1 1 I 1 1 1 I 1 1 1
0 2 4
P, (GeV/c)

- Nyg 250 [YIOD
- Thrust Axis :
0.5~ -
- ete- ¢ I

s, SN

PP
o Data - MC
-+ CMS pp 13 TeV, v>**{2} ]

_0'5__ o CMS pp 7 TeV, VZU%{Z} /
: *CMS pp 5 TeV, vZ”b{Z} .
0 4 6

« MC based “Non-flow subtraction”; Av,= v,Pa@ .- y M

» Similar increasing trend in e*e- and pp data as a function of p-

Yen-Jie Lee (MIT)
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Emerging Picture (Artist’'s impression)

“Transverse Size” | “MPI”

High multiplicity pPb

b) pPb sy =5.02 TeV, 220 < N2 < 260
P NN k

High multiplicity PP

(@) pp Vs =7 TeV,N¥™ > 110

L —

e
> sty
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o Thrust Axis

~ O(1fm)

Photoproduction:
ZEUS

“MPI"=2

Vs =318 GeV.
05<p <50GeV

Ridge

C) PbPb /sy =2.76 TeV, 220 < N2 < 260
( ) m wk

1<pT<3GeV/cJ 4

O(1-10 fm)

Larger MPI
than yp

Thrust coordinates

’ﬂ

No ridge

“MP1"=1
<< 0.1 fm

Yen-Jie Lee (MIT)
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CMS preliminary 138 fb! (pp 13 TeV)

<N, >=101
Top 0.0023% highest-N!, jets

Anti-k, R=0.8
pF'>550
m*<1.6

Multiplicity

35




Going Against the Flow

N - : ) CMS |
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Going against the flow:

negative v, prediction in small
system size, contrary to
hydrodynamic picture

Repulsion between string-like fields can
generate momentum anisotropy along the
major axis, yielding v,<0

Sign-changing v, with system size/multiplicity
IS predicted by string-shoving and
Kinetic-theory calculations

molt. (cent)

Shoving (v2 < 0)

the flow! ,
arXiv:2409.16093 @

Phys.Lett.B 874 (2026) 140216




What does e Te™ resolve parton configurations mean?

- Offli - j -
\ Source Fractions vs. Np§'"€ Single string Two strings
: - baseline collectivity test
aq
—— WtW-
0.8 —a— 77
__.
C 0.6-
he,
O
©
T 0.4 B — _ -
ete” - qq ete” > WTW™ - 4f
0.2
0.0 4 e == / This evgnt-by-eyent pgrtonic-geometry
[10,20) [20,30) [30,40) [40,50) [50,999) handle is unavailable in pp/pA

NEffine range
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Enrichment of 2-string purity with BDT

o Separate WW—4q (signal) from
qqg (background)

Input discriminants:
kinematics, 4-jet clustering

d2 cW
30 A : 15.0 4 :
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o Scan BDT working points to test ridge
observables as two-string purity increases

, Z string
purity =

—
o

Zstring+ 1 string

80% eff: 0.144
85% eff: 0.111

‘Working Points (BDT Cut):

>
:3_ 0.6 ete
— —e— Signal Eff = 80%
St —s=— Signal Eff = 85%
n e —— Signal Eff = 90%
| Signal Eff = 95%
ool ¥ | —+— Signal Eff = 100%
X Q
Q ,’\/ fb , ‘) Q"
N AD AP \>9 9

(Inclusive) ntrk Bins




v, extraction with WW-enhanced dataset

_0_1§_ —e— Data _%
E —e— MC -
» Flow coefficients v,(2,1.6 < |An| < 3.2) 1 F ——t t E
extracted from long-range correlation waS o Uy
o Vq,V3:Decreasing magnitude as 035 ———————— I
multiplicity grows; data and MC I :
show good agreement 02 - =
- ! -
NG = MF —4 0 =
o V,:Data visibly flips sign, more E == M
drastic than MC o1 bt ’ =

% - 5I(\)Ilultiplicity » °

Voo = sign(Vaa )4/ |Vaa| g

- _0_12_:$:—$— ¢ _+_ l _i

arXiv:2606.21094 02

30 40 50 60 70
Multiplicity
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Sign-changing v, as a function of Ntk

o U, modulation is quantified by sign(AV,)/|AV,| : AV, =P %ta. ymMc
A sign change in data-MC AV, proxy is observed!

Note that this doesn’t necessary mean we observe negative v, since
this is a two particle correlation measurement

ALEPH e’e’, \s = 183-207 GeV

O.2I ! | ! I ! I | I [ I I | I [ I I | I [ I ! | LI
- Thrust Axis 7
Vo, AjA«Y‘a I —®- Data - MC j
\ 0_1__ + ;
stri S 1
"3 = —0— |

> 0

O — > d
C L -
Ml)lt. CQM} % - .
- e*e‘ -
Aqainst 01 g .
the flow' | I 1
Going against the flow I ]
arXiv:2409.16093 oobe L v v L Lo L Ly
30 40 50 60 70
Multiplicity

o Independent cross-checks with DELPHI & OPAL data are possible arXiv-2606.21004
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https://arxiv.org/pdf/2409.16093

String-shoving Response Iin Two-Particle Cumulants

Thrust Axis
Pythia Z-pole 5M eta-gap comparison, |Delta eta|>1.6
@ Pythia no shoving B Pythia shoving A Pythia enhanced shoving 0.4 Ve Ve o
® inclusive B |Delta eta|>1.6 ® shoving/no inclusive N ) . } { ¢
M shoving/no |Delta eta|>1.6 @ enhanced/no inclusive M enhanced/no |Delta eta|>1.6 - 0.3 o
N . |
> 0.2 nn - n " = * ]
pd® . |
2 . c . 0.1 *
PYTHIAS string-shoving branch: Gleipnir models
repulsive interactions between color strings 0.0
(private communication) o8| .,
-g 06 - on
: : : 3 0.4 - . 't ]
Configs: No shoving / Nominal / Enhanced @0.2 * ]
* Nominal: repulsionFactor = 0.25; 0.0
- Enhanced: 0.50 4
o}
-E 1.0 = [ UY T— SRR ___________® nel___________ eme® __________aue® el ‘__f_+, ___________ ii _________
. S t
Effect: small beam-axis changes, larger B,
thrust-axis v, shifts
s Y
¢ S ? U S % $
offline
I\Itrk
I N _ CMS/ !
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Next: Collectivity with Subevent

LEP1 reconstructed MC, thrust axis

o Subevent method and large rapidity gap could

—— inclusive —— |An[>1.0
suppress c,{2} —— AN>1.6 —— JAN>2.0
— |An[>2.5 —— |An|>3.0

—— two-sub gap O —=— two-sub gap 1.0

- Combination of large rapidity gap and subevents —— two-sub gap 1.6 —— two-sub gap 2.0

could suppress the nonflow

o However, significant nonzero c,{2} still present in
the largest rapidity gap setting

offline
I\Itrk
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Next: Collectivity with Multi-particle Cumulant

> Multi-particle cumulants could provide amore sy
stringent test of collectivity behavior ﬁ 0.5r
hv-l =
o Current exploration with generator-level LEP1 $" 0 4F . ) ‘ : ;
MC: E . E a i l
rt = .
o Sufficient statistics enables up to 0'3:
v,{8} extraction with LEP1 statistics 0D Vz{ﬁ} {
: ; i Vv PYTHIA 6.1
o Non-zero high-order cumulants can arise 0.1 % VZEG% e s——
even in MC sample without hydrodynamic B ¥ VE{S} {;reliminaryj
collectivity 03 | | | | PSS LY
o) o (9] o )]
N ™ ™ < )]
OI u';l ol L‘_)I 0’:I
N N ™ (80} g
= \\hat is the appropriated nonflow-suppressed
observable, or non-flow subtraction technique to offline
assess collectivity? Ntrk

Yen-Jie Lee (MIT)
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K/t Ratio vs. Event Multiplicity in Z->Dijet Events

E [ T T T T T 0T1T T T T T T 111 | T T T TTT] T ] E028_|| II|II | I|IIII|I|||| l |||||||||:
E D24 E ] 2 026 e DELPHIdata (v7, stat) :I DELPHI inherited syst. |
n 2 DELPHI data _ = DELPHI PYTHIA8 v2.5 truth = = = PYTHIA v8.317, Tune:ee=7 _
0.22 - '_l " | DELPHI inherited syst. e‘e” = 0.24 : “* PYTHIA v8.317, DIPSY flavour ropes— PYTHIA v8.315, Dire shower —:
C | _ £i2loll: L — === PYTHIA v6.428 default == HERWIG v7.3.0 cluster T
0.2— n ALICE pp 7 TeV [p,-integrated] ] 0.22 | -~ SHERPAv3.03, CSS+Ahadic X-SCAPE/JETSCAPE colorless —
. ALICE Pb-Pb 2.76 TeV [p_-integrated] ] == X-SCAPELETSGAPE hybrid .
0.18 N DB o o e S el 5
0.16 eal=d] & l = 0.18 ;— 9*‘,,/ g T8 -w:.‘t”.‘"_"ﬁ-._ o —;
2 T 117 3 0.16 CEE e e .
0.14 — T i | — L — —— e s S ] ]
8 _| H%T”?IT | . Duld [ o o g S | —
012 | ¢7 = S :
- - LA RS s T ete =1
0.1 = NER T TR -
U.UE : = . e : R I 008:| T A o o T . A R I“"I“'I-.I. clo oo by |:
1 10 10° L%:F 0 5 10 15 20 25 30
pr € 0.4 — 5.0 cev, |cosf| € 0.15 — 0.675 dN,,/dn (mi<0.5) dN,/dn (nl<0.5)
* Doesn't follow the pp and PbPb trend » Generators predict the decreasing trend
« Higher dN/dn: quark fragments into more * Different results from various generators -

partons - reduced number of strange quarks.  new input to generator tuning
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Lessons Learned from Collectivity Searches

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

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

T8 =
[ Thrust

Single-string e*e—=>qq gives the null baseline.
Two-string LEP2 e*e->W*W- is the cleanest final-state geometry test /7% N

Multiplicity

Data suggest that small systems lacking hadronic initial state effects
could still yield a ridge-like signal.

These data suggest final-state collectivity-like correlations can emerge even
without hadronic initial-state structure; the mechanism remains to be determined.”

N - : ) CMS |
I I I I I Yen-Jie Lee (MIT) Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations 45 ‘E*E' ) é%




Emerging Picture (Artist’'s impression)

“Transverse Size” / “MPI”

(C) PoPb (f5y =276 TeV, 220 < No™ < 260
High multiplicity pPb

b) pPb sy =5.02 TeV, 220 < N2 < 260
P NN uk

(@) pp Vs =7 TeV,N¥™ > 110 —" é._
—e o— A,;.»

High multiplicity PP

8%
S 34 SRS

N S I LY
20wk s imi L8N g3 sty
(N5Zeeene1o) _39.8 ALICE Preliminary » N :, A
1< e < 260V oo Ve = 13TeV z - AT €5 LR
MPI>1 I A i 5 f
2 xw02 S 11 A )
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g 3.60 ) & “ ““
P X W \ i
= 314 (i i D
B 33 o 3
g 330 ALEPH e'e”, {5=183-209 GeV +A- + S (1_1 fm)
5 e e SWHN N\ < 0(1-10
3 o 2 AT\ 1<py<3GeVic 4
ThrustAxis - | \\

1 <p,<3GeV/c -4 > O(lfm)
~ O(1fm)

Photoproduction: 13 M P I ”” — 2
ZEUS
Future program with
€ Pl > 1 Ridge (1) e*e- with different physics processes

Larger WP | identified with LEP and FCC data
B P g (2) UPC AA data at RHIC & LHC
No ridge (3) Investigation with EIC data

“MPI"'=1
<< 0.1 fm

Multiplicity

N - : :) CMS,/|
I I I I I Yen-Jie Lee (MIT) Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations 46 (e*e' ; é%



Backup Slides
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Agentic Analysis of Charge Flux in e*e- Collisions

dl | UCSANTA BARBARA
| Kavli Institute for
| Theoretical Physics

Start from a blackboard
drawing in KITP UCSB
presenting the calculation

to us

Yen-Jie Lee (MIT)

Q) = Y q,6(0 - 06)

+
© —
+
i
5 - 2 1 K. Lee l. Moult
Z ; Z (Argonne) (Yale)

It took just 3 days for agentic Al to extract the
first result with estimated systematics

Kyle and lan are “in the loop” via comments in
overleaf where the agents are programmed to
check periodically the comment section

Agentic Al was able to identify data and MC
difference on anti-proton modeling. However,
failed to produce a fully data-driven
correction

Bridging Vacuum and Dense QCD with Jet and Event Shape from the EPA 48

T T T T T T T T T T T T T T T T T T T T T T T T

0.02 + DELPHI Open Data 199441995 |

! Syst. unc.
| = N°®LO theory
4 Corrected Data

£
ete”
Preliminary

U

0.01

Charge Correlator

—0.01

B N

—0.02

.........................

Human carried out results are consistent
with agentic Al with a sophisticated Z=2>t* 1
based data-driven correction

.. . Ji Zh
Preliminary results are shown in LHCP 2026 ;Qiﬁze,bigg
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Long term future: Projection to FCC-ee

 Estimation with ALEPH archived data

103

w % I I I I | I | I I | I I I %
« Extrapolation with NBD fit to the archived data g 1012 ; =
o | > o t  ALEPH LEP1 =
 Significantly higher reach up to event LL 1010 . =
multiplicity of around 75 particles S e = — ALEPH LEP1 x 10° E
) 8 =
10% g T T T T T T T T -g 10 = _§
1oL [IBELLE, e’ 10.52 GeV S 10' = ALEPHLEPL =
ALEPH, e'e’ 91.2 GeV Z 10 = 1992-1995 _;
T [ ALICE, pp 13 Tev s =
S 10" @ALEPH, e'e 183-209 GeV s & ., =
S T 10¢ £ = =
ho) 10 E — '0‘ -
S F 10° & - =
2107F - I 3 = o, e
Q _4E ' ] 102 E =
o 107 117, E = =
< =F ] 10 = =
10 3 ' -8- Central value 3 ;ﬁ =
g 1A L
- E - % 4% > % E 10— | | | | | I | | I | | | | | | |

10 TE 1 I‘.’I | | T)sf/l |98II4I/I |Slafl/l | | I 111 | 1 1 11 | 11 1 E 0 20 40 60 80 100 . . . 120

0 1020 SRy 20 000 Event Multiplicity

trk
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Projection to FCC-ee

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

+ Extrapolation with archived LEP2 data

p U) 1 013 I I I | I | \ I I | I T \IAE
 Significant increase in multiplicity reach: < 10'2 —;
~ central proton-lead collisions G>J 10" t  ALEPH LEP1 6 =
H'-':' 1010 —— ALEPH LEP1x 10> 5
* Large statistics will enable new analyses S 100 — ALEPHLEP2 x10* =
which are not yet accessible: o) o o/ =
O 10° = =
« 3-particle and multi-particle correlation g 107 —%
analyses < 108 —
- Strangeness enhancement 10° . 3
« Charm baryon to meson ratio i E W "'-..‘ =
enhancement 1 03 : .. =
« Studies of its process dependence 10° =, "o =
« High multiplicity jet substructure 102 .. —
« High multiplicity event energy-energy- 10 & '# =
correlators 1 5 ﬁTm _g
. ) 1 0—1 ! ! ! | ! | | | ! ! | | ! ! ! ! | ! ! —

... many other ideas to come! 0 20 40 60 30 100 120

Event Multiplicity
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Selected List of Analyses

-ete-
 ALEPH LEP1 (91 GeV) PRL 123 (2019) 21, 212002
 ALEPH LEP2 (183-209 GeV): https://arxiv.org/pdf/2312.05084
» Belle Off-resonance (10.52 GeV) PRL 128 (2022) 14, 142005
« Belle On-resonance (Y (4S)): JHEP 03 (2023) 171
*YP
« CMS pPb photonuclear: PLB 844 (2023) 137905
« ZEUS ep neutral current DIS: JHEP 04 (2020) 070
« ZEUS ep photonuclear: JHEP 12 (2021) 102
« H1 ep neutral current DIS: (preliminary) H1prelim-20-033
- YPb
« ATLAS PbPb photonuclear: PRC 104 (2021) 1, 014903
- pp
 ALICE MB: https://arxiv.org/pdf/2311.14357.pdf
« 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
https://arxiv.org/abs/2312.17103

Av, In efe

0.05 - o CMS pp 13 TeV, vSUb{Z} ]

L 0 3 LI A L N L L L L L e R L B R B | ALEPH e+e-’ \[; = 183-209 GeV
Q = - | | | | | | | |
c [ - B i
Y N Case 1: With Interactions (b) ] N”k =50
2 0.251 | ' — - Thrust Axis :
5 N Case 2: Without Interactions = 0.5+ _
bt B (Case 1) . (Case?2) ] N + |
a 02p R - —~ | €€ : g
- - - >
- N ] < i i
S 0.15 — oy —(+;' P c " ~ 7
= _ ’ 3? 0
0.1 - = | PP |
- ] o))
: - » Ot -o-Data - MC -

_0'5__ *CMSpp7TeV, v, {2} .
°t ,____,____l____l___l__ - CI\/ISpp5TerS”b{2} -
0 0.5 1 1.5 2 25 o 1 5
[GeVIc] pT (GeV)
« MC based “Non-flow subtraction”; Av,= v,Pa@ . y MC
Jamie Nagle, Zi-Wei Lin, et al, PRC 97 Zr5>é'\21220321£-2:5ggggfl-5

(2018) 2, 024909
- - . o L . . L ; C CMS~
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System Size

“Transverse Size” | MPI

Photoproduction Scattered
© - -+ - @ electron
Incoming
electron
© Yo
(X
r.." o
. ¢
¢ s 9
t "
©
& ¢
[
e the
(b) Resolved photoproduction.
DIS © Scattered
bd electron
>
¢ » >
Incoming
electron
©
[
¢ b
“W,de ®
9 Kas
L
¢ 1/Q < 0.2 fm
C e ©
(a) Neutral current deep inelastic scattering. M u Itl p I I Clty
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Hadronic Event Selection

« Track Selection:
« Particle Flow Candidate O, 1, 2
* Number of TPC hits for a charged tracks >= 4

 |dO|<2cm
* ]z0|< 10 cm
* |cosB|<0.94

* p>0.2GeV (transverse momentum with respect to beam axis)
* Nypc >=4
x?/ndf < 1000.

 Neutral Hadron Selection:
» Particle Flow Candidate 4, 5 (ECAL / HCAL object)
« E>0.4 GeV
* |c0sB6]<0.98

« Event Selection:
 Number of good charged particles >= 5 (including charged hadrons and
leptons)
* Number of good ch+neu. Particles >= 13
Echarged >15 GeV
* |Cos(esphericity)|<0-82

N . CMmS, |
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The ALEPH Detector

Charged Particle Multiplicity

Superconducting Electromagnetic

Magnet (15T) Calorlmeter :l | I L | 1T T I L I L I L l L I E

| . " [IOD) PRELIMINARY < Z resonance -

Muon Chamber = 10" 3 o, = High energy 3

q>) i OOOO'.”..QQQ(.)'OQQ .

LI [ =% Ty e, |

8 102 o N, =

o E o. OO % ® E

— i e oo e ]

= I 2 o %0 7]

Time Projection CC> 103 ¢ % s ) ol

Chamb . 0 . -

amber _,(—3 : $ g | |+] :

8 . i o Twi i

SSaa. - OF s E

Inner Tracking Chamber ——— B & ‘ H :

LEPl e+e- data at Z pOIe (91 Gev) taken 10—5 _l L1 1 I 1 1 1 1 I I 1 1 1 l 1 1 1 1 I | lol¢d] I 111 I 1 1 1 1 I l—

between 1992-1995 0O 10 20 30 40 50 60 70
LEP2 e*e- data above Z pole up 209 GeV NOffline

+ ~ RHIC energy Trk
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Example validation study of archived data and MC

e*e’ — hadrons, (s=183-209 GeV

| | | LI | [ D | I L | L ] e+e-% hadrons, V§=183-209 Gev

+ =LA I L I L I L I L I L I | L I H
1 = - LEP2 Data E : =155 Hals :
- W Nzz - " [ [YIOD PRELIMINARY B ]
107 E & e e :
C o wWw . LL L , _
- " . — Ll -
Q5107 F . E 2k §
_D|_D E ,2 E |2 C .:! ** Other 4f states -
R - 2 ] © 1073 — M _
e 8 E 5 #H
- | Bl d
- . i -
105 L _ 107

0.5 0.6 0.7 0.8 0.9 1 0 10 20 30 40 50 60 70

| | | | | NOfﬂine

Thrust Trk

» Inspected thrust distributions (shown) and many other control plots (visible energies) year-by-year.
 Reasonable agreement between data and archived MC.

Yu-Chen “Janice” Chen (MIT)
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Charged Particle Multiplicity Distributions in LEP2 Data

+ — ]

] — T 11 I LI I LI I | L I | I L I LI I H
® ee —qq(y) . L3 : :
- i o i 10 0 I PRELIMINARY SIS

] eee—eeqr| = 107 + High energy =

>‘WYM< >W§W< 3 * e'e’=qq(y) 0 2 o sovecSion :
) ’_\10 E o e'e U u(y) ﬁ N OO. O.;“.... LEP2 i
e f e o - T o % %, 1/$=183-209 GeV ]
c © 10°5 o R E
8 10 2__ 6 § .. ©) % E
® e’ SWW £10” ° - Y :
(7)) ‘-I5 B o OO ®p ]
(7)) -3 | * o ©o |
- 810 - c "°F M
Vel v 2 i LEP1 E 74 :
| o efesWwW" o O [ o s )
e T WWw 1 1 0e'e—zz ;/Jlﬂ:'_— E 107 = \/§:91 GeV R o | * 3
o W e W 1 efesWwy |/. | J'_J'r__:,_ L - OO ¢ .
1l e'e oy | i 5 ’
M M 10 _ . ﬁ e“;’)l(;'e% ‘ . . . 10—5 cov v b P by |¢d AR A
o W e W 80 100 120 140 160 180 200 0 10 20 30 40 50 60 70
Vs (GeV) = ffl
Energy — NTe e
Phys. Rept. 532 (2013) 119-244 = Reported range

EPJC 63 611 (2009)

« LEPZ energies also give access to different physics processes

1
Yu-Chen “Janice” Chen (MIT)

N . CMS, /|
I I I I I Yen-Jie Lee (MIT) Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations 57 (e*e‘h é;




14

Single String Configuration™: High Multiplicity Jet

ALEPH Archived Data PYTHIA 8
Azi .
AfmltT::h;l(\)/gVé Scheme Jet 13 TevV PP
wmm mm  Thrust Axis anti.kt R=0.8
Tracks in Leading Jet
Tracks in Subleading Jet
Tracks in Third Jet
Tracks in Fourth Jet -
Or'till(;rsTIrnacti';J ° pT =939 GeV
o N, = 27
e
—P*p / PR
p. =880 GeV
(il
N, =112 /1 AN
ALEPH archived data PRL 123, 212002 (2019) Austin Baty, Gardner P., Li W. PRC 107, 064908 (2023)
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CMS CMS Experiment at the LHC, CERN
Data recorded: 2018-Aug-03 17:13:35.770304 GMT
Run / Event / LS: 320809 / 369847 {' 8/ 23 3 '
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Two-Particle Correlation with Particles In Jet

CMS 138 fb™' (pp 13 TeV)
0.4 e, 0.5<] <3.0GeV
. ”o" ; :/‘
® - —@— DATA Y (00 "'e" Austin Baty

Jet axis

—— PYTHIA \ |
russs SHERPA N & @

A

[Q\|

A

.k

: .

= 02F me<16
v

o

=

|AT]*| > 2 CMS preliminary 138 b (pp 13 TeV)
0.1 Anti-k_l_ R=0.8 <N,>=26 :j:ti-k;;:O.B
P > 550 GeV
0 | | | | | | 1 | | | 1 | | | | | | | | | |
20 40 60 80 100
J
Nch

* N, <90: PYTHIA8 and SHERPA can effectively describe the data.

arXiv: 2312.17103
Submitted to PRL
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Two-Particle Correlation in High Multiplicity Jet

CMS 138 fb™' (pp 13 TeV)
0.4 e, 0.5<] <3.0GeV
o .
@ . —0— DATA

AN*l > 2
0.1 Anti-k,R=0.8

P > 550 GeV

A

[Q\|

A

.k

: .

= 02F me<16
v

o

=

—— PYTHIA
russs SHERPA

ch

« At high multiplicity (N, > 90), the data v, deviates from the

decreasing trend observed in the MC!
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Azimuthal Anisotropy in High Multiplicity Jet

CMS 138 b (pp 13 TeV)  cMms 138 fo ' (pp 13 TeV)
- () _
0.4- ... 0.5<] <3.0 GeV o Tt
'o. | . B '~~ V
® ’o,.‘ - -*""‘l';;.._l 2
| o ., —e— DATA R N -
oy 03 —— PYTHIA 0 M. S ¥y
*A ...... SHERPA T .'___!--;-_-_-h'f"'""""
A .2
g . = | 0 ==="F V3 “J." l—.
= 027 m¥<16 g pe
aY) * ® . 01— \V /’4,' Anti kR=0.8 |
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' S -~ o’
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0 1 | | | | | 1 | | | 1 | | | | | | | 1 'v'
20 40 60 80 100 L Wn=2 -=n=2 =—-n=2
N 0.3 <} <3.0 GeV ¢ n=3 --n=3 =—-n=3
. At high multiplicity (N, > 90), V, is significantly reduced. e T e e e
* V; become positive in datal! N
ch
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Final State linteraction (FSI) Model Calculation

04F " 1 0.3<j <3.0GeVic

_ 7 | 05<j <30GeVlc
- - -
I :
© 0.3F E
S 0.3f 1L
AL 1t
£0.2F 1k
;ﬁ - p-pati1i3TeV ]l
-« CMS, Prelimina 1r
¥ 0.1 — op-SOmb W/rhyFS| 10
of = 1.5 mb, w/ hFS| i
— 0.=0.0 mb, w/ hFSI .
o ____ (_,p=00mb WO hFSI @) -
0. | ar
0. i
0. i
0. i
0

09920 40 60 80 1000
ch

« PYTHIA + UrQMD FSI could explain the jet data W. Zhao, Zi-Wei Lin and Xin-Nian Wang
 Potential extension to e*e- data arXiv:2401.13137
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Searches with ZEUS, H1 and CMS yp

“Transverse Size” /| MPI
1/Nocp ~ 1 fm

H Nucl intact
Photoproduction Scattered 7N Ne mai o
© =+ -> - @ electron \ /
Incoming %’ \
electron
§ SA N .\, reso l\/ed Gap partially
FA VW filled

«  photon /

- ¢
¢ Y
‘ ‘\-,, "

C I No rapidity
(. gap

« e Ne—
¢

S ¢ LY 4’%&
Nucleus breaks up
(b) Resolved photoproduction. Multiple neutrons
DlS © Scattered
4 electron
»
¢ -
M| Incoming
electron
(%
P \ ¢
(s S,
«

5" 1/Q<0.2 fm

(a) Neutral current deep inelastic scattering.

Multiplicity
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Searches with ZEUS, H1 and CMS yp

“Transverse Size” | MPI

Photoproduction:

Yen-Jie Lee (MIT)

ZEUS, H1 and CMS yp studies limited to low multiplicities

H1 Preliminary Hhth[n)mjlincity (Up to ~20 partICIeS)

No indication of long-range correlation was found

o ATLAS yPb shows no sign of ridge before subtraction

Q}Q’VQO\\/{; 0\
MPI =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 Ce .
ATLAS PbPb photonuclear: PRC 104 (2021) 1, 014903 Multiplicity

Investigation of Flow-Like Signals in e+e- Using Two- and Multi-Particle Correlations 65 ‘E*e))

CMSg;
|


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
https://arxiv.org/pdf/2101.10771.pdf

“Transverse Size” | MPI

ZEUS, H1 and CMS yp studies limited to low multiplicities
MPI>1 (Up to ~20 particles)

No indication of long-range correlation was found

v»\"' MPI = 1 ATLAS yPb shows no sign of ridge before subtraction

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

Multiplicity
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« Reweight the MC to match the data multiplicity spectrum * PYTHIAS with shoving changes the correlation function

« Effect of reweighting is small

Yen-Jie Lee (MIT)

« Doesn’t produce a near-side excess
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PYTHIA and HERWIG Generator Studies

0.5

0.4

« HERWIGT (with or without ISR) and PYTHIAS (with or without shoving)

N -
I I I I I Yen-Jie Lee (MIT)
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No near-side enhancement observed
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System Size

“Transverse Size” /| MPI

PA

£ pPb, Vs, =8.8 TeV

y (fm)

10

--

-10

AA

- PbPb, {s, = 5.5 TeV

[ TGlauberMC v.3

0 S [ o | il TR | S|y ST
-10 -5 0 5 10

x (fm)

—§ — o@-10Mm)

Multiplicity

Yen-Jie Lee (MIT)
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AA

“Transverse Size” /| MPI i

PA :

gwE pPb, (s,,= 8.8 TeV - 5%

PP i o

3 i

R ol [ : s

\ ¢ RSl I, of '

& L ETs \\ﬁ,:'ii'».":: - i

:5, * 7 \'\ e ~5}:— ‘10:‘

ey, :=~-:*;
= 10
e ‘.c -, F 10 5 0 5 10(f ) _’é é’_ O(l_lo fm)
/e /] a..:- X (fm

— §— 2 0(1fm)

In the small system limit, it is crucial to emphasize the space and time dependence of
parton shower development.

Multiplicity
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Reference AxIs for ete-

Thrust axis analysis to follow
the “direction of color string”

,-\
q>1\\\ I

N

Random orientation of the jets

)

n

e'e"—>qq

Thrust AxIs

Sensitive to “medium expansion” perpendicular to the Thrust axis
(Not necessary QGP, it could be a few rescatterings of partons)
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Going Against the Flow

Collective flow in large systems .
. . Small system explanation
(heavy-ion collisions) I
Escape mechanism Strings

Hydrodynamics ) ) ,
Long range isotropization (v2 < 0) Shoving (v2 < 0)

- — <+ =

} | i

Spatial , A
asymmetry T :
A e

Pressure ‘ ¢

gradients I

Short range isotropization (v2 > 0)
| Idea
Positive
Y ' ¥ azimutal ? T
| anisotropy - - . vzﬂ‘ hydro

T (v2 > 0) ‘ :
Y

m

molt. Cceutrﬁ

‘ Against

¢ the flow!

T - . arxiv:2409.16093
At low multiplicity, similar conclusion as AMPT study Phys.Lett.B 874 (2026) 140216
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