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Introduction

Neifiee 2 260 (C) PbPb sy =276 TeV, 220 < Ngi™ < 260
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 Origin of ridge in small systems still uncertain
« Initial state effect (CGC)
* Flowing mini Quark Gluon Plasma

« MPIs P ‘ <
« “Escape” mechanism T D%
« Complications from complexity of hadronic events
« Hadron structure )
« Gluon ISR P AV2 <
« Beam remnants YQ@

« Can we simplify the system? 5
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Nonzero v, seen in yA collisions!

Dominated by resolved photon inte
No direct control over initial photon
» Large range of effective collision

in UPC
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See talk by B. Seidlitz yesterday , [Gev]
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At higher Q?, can control kinematics and interaction process better

« Does v, persist in DIS region?



DIS and e"e” collisions

Deep Inelastic Scattering e'e” Annihilations
e E g e’
AVAVAVAVA
_ Z
P (QQQ > e
« Study high-multiplicity events with Phys. Rev. C 97, 024909 (2018)
well-defined initial conditions Ug“"’“sg Manatt e h MG ™
[ p™ > 0.5 GeVic; p® > 0.5 GeVic
« Control systems to study 0.021:—pT o GeNlci By > 05 5ol 3

Case 1: With Interactions

« parton fragmentation
* proton structure 0.0205

« hadronization and rescattering - Case 1: ¢, = (12.3  0.01)E-3
[ Case 2: ¢, =(3.30 + 0.01)E-3

Case 2: Without Interactions

» DIS: Use electron to tag Q% x 0.02f
« e¢'e: Use clean decay of Z — qq
. _ 0.0195
» Suggested that ridge could be in e'e’  — 2 3 4
Ao [rad]



HERA DIS Data

Based on results from the ZEUS Collaboration
QM 2018 talk


https://indico.cern.ch/event/656452/contributions/2869834/attachments/1649776/2638052/ZEUS.pdf

HERA and ZEUS

« HERA ran from 1992-2007
« 27.6 GeV electron/positron
* 920 GeV proton

e Vs =318 GeV

 Tracking:

 Microvertex tracker

e Quter drift chamber

 Forward straw tracker
* DIS events, Q* > 5 GeV?
« E_>10 GeV

e 46M events




Multiplicity Distribution

ZEUS Preliminary ZEUS Preliminary
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« ZEUS tracker covers

-1.5<n<20
0.1<p;<5.0GeVic

Only samples one side of n distribution

UptoN,, =30

Interesting to revisit with larger acceptance/different beam energy
* Synergy with EIC / VHEeP / LHeC plans?



ZEUS Preliminary
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cn{2} = ((2)) = ({e™P222))

Nep = z Weff Wy

o
N

o
-

e Cumulant method used
- Measures c {2}

N, is weighted track sum N

o
C:'IIII|IIII|IIII|IIII|III

« Large N dependence observed for inclusive tracks
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« Cumulant method used -
. Measures c_{2} 0

N, is weighted track sum

ZEUS Preliminary

{s=318 GeV, 366 pb™ |An|>
Q? > 5 GeV? [eJo.0
0.1<p_<5.0GeVic [¢]05

« Large N dependence observed for inclusive tracks

 Applying n gap causes c,{2} to cross 0
* Conservation of momentum in DIS



c,{2} and c,{2}

ZEUS Preliminary o ZEUS Preliminary
% [ o| Vs=318GeV, 366 pb" jan> & L Vs=318 GeV, 366 pb” janj>
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* C,{2} nonzero for |An|>0
e C,{2} slightly above O large at N,

10



c,{2}

c,{2} and c,{2}

ZEUS Preliminary ZEUS Preliminary
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* C,{2} nonzero for |An|>0
c,{2} slightly above 0 large at N,

Vanish when n gap is required!
Statistics become poor for large n gap

Similar results for c,{2}

11



c,{2} and c,{2}

ZEUS Preliminary ZEUS Preliminary
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« C,{2} <0.01 at N_, =15 implies v, < 0.1
» Still room for small v,, signal, especially at high multiplicity

« No strong evidence for 'flow-like' effect in the probed N, range

12



Comparisons to MC
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c,{2} better described by Ariadne
c,{2} better described by Lepto
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Data (|An|>0.5) compared to Ariadne and Lepto generators
Both describe data for N _, <8

Multiplicity-dependent measurements can still constrain MC

13



LEP e’e Data

Based on analysis of archived ALEPH data

Anthony Badea,! Austin Baty,! Paoti Chang,? Gian Michele Innocenti,! Marcello Maggi,”
Christopher McGinn,! Michael Peters,! Tzu-An Sheng,? Jesse Thaler,! and Yen-Jie Lee!: *

Arxiv:1906.00489
(Submitted to PRL)


https://arxiv.org/pdf/1906.00489.pdf

The ALEPH Detector

Hadron Calorimeter

: | | T
Superconducting Electrf)magnetlc = e'e’ — hadrons, is = 91 GeV_
Calorimeter ALEPH Archived Data =
Muon Chamber 10° 3 E
\ wn : N
D10° = -
= F -
C : ]
LIJ 102 g_ —§
Time Projection i i
Chamber 10 E
1L 1
Inner Tracking Chamber E
0 10 20 30 40 50
* LEP1 e’e” data at 91 GeV (1991-1995) ol

» Data archived as list of energy-flow objects
« Multiplicities up to 50

* p:>0.2 GeV and |n|<1.74
» Calorimeters used for event shape variables

15



Thrust Axis definition

P\
A\

//

S at

Soft radiation & y

* Thrust axis: L
* Maximizes momentum projection O,
» Proxy for outgoing quarks from Z decay A ~
» Can we reproduce old ALEPH measurement? /[ ThrustAxis 7

16



Unfolded Thrust Distribution

[ZIOD PRELIMINARY o
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* Reproduced existing measurements with archived data!
* Most events are dijet-like

« But what about high-multiplicity events?

17



High Multiplicity e’e’ Event (1)

ALEPH Archived Data

Azimuthal View

Anti-k; R=0.8 E Scheme Jet
mm mm Thrust Axis
Tracks in Leading Jet
Tracks in Subleading Jet
Tracks in Third Jet
Tracks in Fourth Jet

Other Tracks
39 tracks
T=0.98
,I
U4
Y
V
4
V,
7 4
Y 4
V4
,l
V4



High Multiplicity e’e” Event (2)

ALEPRH Archived Data

zimuthal View
ARti-k; R=0.8 E Scheme Jet
mm mm Thryst Axis
Tracks in Leading Jet
Tracks,in Subleading Jet
Tracks IN Third Jet
Tracks in Kourth Jet ”

44 tracks
T =0.57




Beam-axis coordinates

B\
I\

V| * First repeat analysis done in pp, pA, AA collisions

Soft radiation NI ™

s

- ThrustAxis N

20



Beam-axis coordinates

 First repeat analysis done in pp, pA, AA collisions
* Define n, ¢ with respect to the beam pipe

21



Beam-axis coordinates

 First repeat analysis done in pp, pA, AA collisions

* Define n, ¢ with respect to the beam pipe
|

|
—

Reaction i, 3

plane '
AA Y i;,//

collision e Eaa

"

*’T ‘\ . A
» Look for near-side ridge in two-particle correlation
* Large An, small A

* Sensitive to expansion of 'mini-QGP' perpendicular to beam axis

22



Beam-axis two-particle correlation

Low Multiplicity High Multiplicity
ALEPH e'e — hadrons, Vs = 91GeV
5 < N2 <10, [co8(8,,,)| < 0.94
p'Tab>O.2GleV

ALEPH e*e — hadrons, {s = 91GeV

NG 2 35} [cos(8,_)| < 0.94
p'Tab > 0.2 GeV

Beam coordinates Beam coordinates

3
o}
Z
ol
©

o

A —

N9 dANdA
o

c e
L3
Z &
sl
Ol

o

Z

* Clear jet peak at (An,A¢) = (0,0)
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Beam-axis two-particle correlation

Low Multiplicity

ALEPH e'e” — hadrons, Vs = 91GeV

5 < N2 <10, [co8(8,,,)| < 0.94

p'Tab > 0.2 GeV

Beam coordinates

3
o}
Z
ol
©

o

~—

N9 dANdA
o

* Clear jet peak at (An,A¢) = (0,0)
e No clear near-side ridge

High Multiplicity

ALEPH e*e — hadrons, {s = 91GeV

NG 2 35} [cos(8,_)| < 0.94

ab
p'Tab >0.2 GeV

Beam coordinates

~—

c e
L3
Z &
sl
Ol

o

Z
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Projection

Low Multiplicity

e*e — hadrons, Ys=91 GeV

_I T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | I T T 1 | I_
1ol ALEPH Archived Data -
ALEPH e'e’ — hadrons, s = 91GeV i Cgfﬁfm = 0.48 7
5 < N2 <10, [co8(8,,,)| < 0.94 10__CPYTH|,&, _ (.37 _]
P > 0.2 GeV . F ZYAM ' g
Beam coordinates % & - al
- © " % Lab coordinates ]
g g S |c 6 ¥ Archived PYTHIA 6.1 —
g5 23 [ 16<an <32 ’
IS) - — i
s E A 5N <10 ]
Z B i
2r o ’ i
U: B> :-w__-af':@:_@__?__? ________________________ _:
4> - -
Cova v v b v bvv oo b Lo o |

0 0.5 1 1.5 2 2.5 3

A

* Project 1.6<|An|<3.2 into a 1D plot
* Fit data from O<|A¢|<m/2 with Fourier series
* Subtract off the 'zero yield at minimum' (ZYAM)

25



Projection

Low Multiplicity e*e — hadrons. Vs=91 GeV

_I T T T | I T 1T 71 | I T 171 | I 17T T T | I 17T T T | I 17T 1T 1 | I_

s ALEPH Archived Data -

) L ~Data i
PYTHIA 6 e*e — hadrons, Vs = 91GeV T Coyay = 0.48 g
5 < N0 < 10, |cog(8,,)| < 0.94 [ ~PYTHIA -
— 10F Covany = 0.37 Ll
pTa >0.2 GeV = L 1
Beam coordinates % 8:— ]
- © [ & Lab coordinates !

] g 5 | 6 % Archived PYTHIA 6.1 i —
&g zZIZ [ 16<an <32 6
o B i
o -l 2 a- 5=N, <10 -
1—EZ B - o i
2__ s © _

N 8 ° ]

OWGOBE ..................... .

- | | | | | h

0 0.5 1 1.5 2 2.5 3

Ad
* Very similar to archived PYTHIA 6.1 predictions
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Going to higher multiplicities...

e*e — hadrons, Vs=91 GeV

e*e — hadrons, Vs=91 GeV LUOD) e'e — hadrons, Vs=91 Gev LUOD)
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5 8- — e — .
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Thrust-axis coordinates

y - * Maybe beam coordinates are not the best for e'e’

Soft radiation NI T

s

[ ThrustAxis 7l
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Thrust-axis coordinates

* Maybe beam coordinates are not the best for e*e
 Align coordinates with thrust axis
 Follows direction of color string connecting
outgoing quarks

/
/

/ RN n
{ v |
/V
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Thrust-axis coordinates

* Maybe beam coordinates are not the best for e*e
 Align coordinates with thrust axis
 Follows direction of color string connecting
outgoing quarks

/
/

/ RN N
{ v |
/V

« Sensitive to final-state radiation
* Fragmentation patterns of quarks
e Thrust (coordinates) vary on event-by-event basis!
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Correlation with thrust axis

ALEPH e'*e — hadrons, Vs = 91GeV ALEPH e'e — hadrons, Vs = 91GeV
10 < NPI'™ < 20, [cos(8,,,)| < 0.94 g N > 35, [cos(8,_ )| < 0.94

p > 0.2 GeV L P> 0.2 GeV

Thrust coordinates | Thrust coordinates

= 3 1 =
S 0.7 g
ze . Z
%5lq 0.6 ¥
O 1 p ;'/
o 0.5*E “ X
Tz 04 T
4

* Narrower away-side peak in high-multiplicity events
« Toy-event studies indicate this could be due to increased multi-jet events
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>30

ALEPH e'e — hadrons, Vs = 91GeV o*e _ hadrons. V.91 GeV
D_ IIII|IIII|II‘II|IIII|IIII|IIII|I

Offline
Mo 2 30, Joos(8, )| < 0.94 ALEPH Archived Data
p'Talo > 0.2 GeV Cgﬁfm _ 108
C

Thrust axis projection N

trk

0.4—

Thrust coordinates PYTHIA

ZYAM T 1.30

SZ - & Thrust coordinates 0
& - % Archived PYTHIA 6.1 .

- 1.6 <an < 3.2 d
- [ N, 230 .

- &

L ]

L ]

[ Lo
II|IIII|IIII|IIII|FI0II|IIII

_IIII|IIII|IIII|IIII|IIII|IIII|T

0 0.5 1 1.5 2 2.5 3
A

* Projection into A¢ + ZYAM shows data in agreement with PYTHIA 6
* No significant near-side ridge observed
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Comparison to Modern MC (10-20)

ee —>l-’la.ldlrlolnls,,,\/7,._..9‘.|..(ae\/ul|'|""I""l""""'|I
8_—1 b < |A]’|| < 3.2 f’—— ALEPH Archived Data _
10 <N, <20 CT :
. T N

. —— Data
- [ Archived PYTHIA 6.1
4~ PYTHIA 8.230
5 [ il Herwig 7.1.5
" P Sherpa 2.2.6

C?\fmm =1.08 71 = Covam =041 7

0;—.—.—.—-
- | Lab coordmates il Thrust coordmates (20x)
_20 0.5 1 2 2 5 3 0 0 5 1 2 2 5 3

A(D M’

 All generators are able to predict 10-20 multiplicity in lab coordinates
« Slight shape differences in thrust analysis
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Comparison to Modern MC (>30)

e'e - hadrons, Vs=91GevV [OD
8-1.6 < |A| < 3.2 1+ ALEPH Archived Data
N, =30 | P
5 « Data 1 / -

D% - [ Archived PYTHIA 6.1
7 4-EE PYTHIA 8.230

EZE . Il Herwig 7.1.5
=" L M Sherpa 2.2.6

Coyay = 3.59 1 = Coyay =128~

| | Lab coordinates [ Thrust coordmates (20x):
0 05 1 15 2 25 30 05 1 2 25 3
A A(D

» More difficult to predict high multiplicity events
« Herwig 7 does not predict the thrust distribution well
» Archived Pythia 6 seems to be best (tuned to the ALEPH data)
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Setting a limit

Vary data within uncertainties to create pseudodata
Repeat fit + ZYAM, integrate any near-side yield

Majority of trials have no yield B
Find value containing 95% of trials 10 e'e — hadrons, Vs=91 GeV

;I [ | [ | [ [ I I [ | T I.| [ | T T | [ \;

* Limits lower than pPb/PbPb results 5 ALEPH Archived Data E

1_—Thrus’[ coordinates , N

s'e _ hadrons. V5291 GeV - — Lab coordinates (shifted right)

S S I I I IR AL IR B - _

S i ] _ Scaled CMS Result .

o ALEPH Archwled Data - © 10 1 = b 7 TeV 95% E

@ 10 Beam coordinates 3 G_;. S B b 5.02 TeV -

-'5_ E 35 < Ntrk E o 10_2 - be 276 TeV 95% = _

S g2k 0 4 O - i =

= - 95% = iy G 95% .

-'5 E’. 4 E 6 10_3 f 950/0D & _:

S100 ey 18 £ [ed

2 ; L/ <U£ 4 i |

S0 %ﬁ . 3 1072 95%959% E

o f 4§ - 96.0% ]

g Jﬁ i 1B 988%__99.7% __

10° F = - -

EI | 1 11 | 1 11 | 1 11 | 1 11 | 11 1 | 1 11 | 1 11 | 1 1 IﬁlE E I I I E
-0.02 0 002004006 008 01 0120.14 10—6|||||||| A T SN A WA N R

(N
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Connecting to v,

_IIII[]|lll||II|I[[I[]]]ll|||IL’_]]]Illlllll[[[]]Wl.llllll[l[[l
; I ALEPH Archived 6ata
8" - Data 1 1.6<]An| <3.2
2 | Fitto PYTHIAG.1 STy s
& B PYTHIA + v,=0.1 // 1 Nrac 230

_ ' | PYTHIA +v,=0.2 ,/
15 | PYTHIA+v,=03 »
<
1-25

S IS/
o=~ Coyam=3-59 7"+ MZYAM =1 28 d
2:_ | | Lab coordmates I Thrust cogrdlnates (20x)
0 05 1 1. 2 2.5 3 0 0.5 1 15 2 25 3
Aq> Ad

Estimate sensitivity to v, by constructing a toy 1-D correlation
* Assume ZYAM-subtracted pairs flow, everything else non-flow

May not be sensitive to v,<0.1 in lab coordinates (huge non-flow)

Better sensitivity in thrust coordinates
Exact conclusions depend on assumption of flow/non-flow fraction
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Summary

No significant c,{2} observed in DIS data

No associated yield seen in e'e data
High multiplicity measurements limited by statistics/acceptance
e Interesting to revisit in future (EIC / LHeC / ILC)

Data constrain MC in high multiplicity region where models differ
References for studying collectivity in small systems

ete — hadrons, Vs= 91 GeV
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Summary

No significant c,{2} observed in DIS data

No associated yield seen in e'e data
High multiplicity measurements limited by statistics/acceptance
e Interesting to revisit in future (EIC / LHeC / ILC)

Data constrain MC in high multiplicity region where models differ
References for studying collectivity in small systems
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ALEPH Thrust 1D correlations
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ALEPH e’e" N

" bins

Nk range Fraction of data (%) (Ne) (Nee

5, 10) 3.1 8.2 8.9
m 20) 59.2 15.2 15.8
120, 30) 34.6 23.1 234
i!} 1} 3.1 324 J32.6

0 ) 0.5 30.9 JI7.2

Measurements of two-particle correlations in e*e™ collisions at 91 GeV with ALEPH
archived data

Anthony Badea,! Austin Baty,! Paoti Chang,? Gian Michele Innocenti,’ Marcello Maggi,?
Christopher McGinn,! Michael Peters,! Tzu-An Sheng,? Jesse Thaler,’ and Yen-Jie Lee!" *
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ALEPH Thrust vs Multiplicity
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MC Thrust comparison
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