Bridging Vacuum and Dense QCD with Jet and

Event Shape from the Electron-Positron Alliance

N B .
I Yen-Jie Lee
I I for the ete- Alllance

Hard Probes 2026
Vanderbilt University, Nashville, TN
June 23, 2026

‘ MI' T HI G group's woltUSDOENY supported by 1 (@)
HP 25226

=== | aboratory for .
I““ Nuclear Science Yed i e (LMBI el )



Electron-Positron Allilance

Janice Chen Austin Baty  Chris McGinn  Michael Peters Anthony Badea  Paoti Chang Y u | Zehi a n gHoney Khindri  Xiaoyuan Zhang
(MIT) (MIT) (MIT) (UChicago) (SJTU) U. Was hi (nTgviades) (MIT)

PI

/

@The Electron-Positron Alliance About Papers Talks Links
Tzu-AnShengd Be Nac hman YiChen Jingyhang L u kLeu MJK h an Chen-Hua Hsu
MIT)  (stanford(adedt)) (Vanderbiltvanderbidvanderbi INTY) o "N <é<m>'e(§'>> S
H ete” — hadrons
!a = !» Maximize o ek
) scientific impact *
7 '1’ , f ‘ ’ of collected data N A
R B ! . § 107! Lighttsy OPE '-_.. d_ .w...'
i i llo Maggi i . . Foloiod - W % & 4
7l ST e h. ERAREEE " © Y Mazlr;eFlg Ba?ggl Gunther Dissertori Nishant Gaurav Davd@&nt er r i a - \\1“'\1\10“1\\\”1 i T e
B 0SS ( MI T ) ( MI T ) (ETH ZUI’ICh) (Vandel’bﬂt) ( C E R N ) 10-° 10~ 10-3 102 lib ’(] 7(1_(1»(’1’)]“1/3 1 1-102 1-10=° 1-10~* 1-10"°

!

lso@e

-

YenJielee Jeet e@uptdaschhiaf enbac BidlZhou i Cristian Baldenegro Ting-HsiangHsu Pr abPwajtah ar i https //ee-al Ilance'o rg

(MIT) (Ul C) (LBNL) (Vanderbilt) (MIT) (NTU) (11T Madr as)

i ot Yedi e (LMleT) Bridging Vacuum and Dense QCD with Jet and Event Shape from the EPA ete

HP 25226


https://ee-alliance.org/

Jet s EIlPosBronon Ann

AlJet ®eiwnth identical algorithms as those use:(
ANo gluonic initial state radiation
ANo complipatidossrobuti on functlpqgns
ANo beam remnaptas i mmdrmwclttiions . "
ACleanest test of pQCD and pheno-n‘ge:°r1‘o|'6g|ca

.‘0

o i 2 P o.:-.:‘.\o;, ’ .” .'vi:::,-\\:" o—.
Ry S ("™, a4 sCJean. v ac u'u.ng;:r. ef er enese \ T F R e
B AA and f ut ur & RN C measur.eme-n‘t s o e
e e =g .. \. u.,.‘ ‘ ' :::
i ey R T e E
AGuide precision QCD | eratmo ,.OE
studi es for -ddpe ofgu taun B AR
\\: LTh .,".’ o'\,\) ,/‘o:..
747 .... . ..:?,.‘.:\.‘;
| A
e e R P p
—>e  &——— > H. .%

i 2boratorvior  Yen-Jie Lee (MIT) Bridging Vacuum and Dense QCD with Jet and Event Shape from the EPA 3 (e*e'>)
HP 25226



Inclusive Jet Spectrum from ALEPH vs. Generators

ALEPH Archived Data 1994, e*e’ fs = 91.2 GeV
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Inclusive Jet Spectra: Scanning the Parton Shower

ALEPH Archived Data 1994, e*e’ Vs = 91.2 GeV A New preliminary radius scan: fully corrected energy
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Ratio to Data

Inclusive Jet Spectrum vs. Jet Resolution Parameter
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ALEPH archived data 1994, e *e~, /s =91.2 GeV
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A Nonzero v, v, and v, already in vacuum e*e" jets through vacuum showering,
hadronization, and jet-axis response.

Luke Lu
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Definition of Charged-Track EEC in e*e" Collisions

ANo Jet reconstruction, Full event

1 dO, EZ-EJ-/EQ)
Nevent deL

ASum over pairs of charged particles in the event

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

AU, is the opening angle (in rad.)
A Observable naturally reaches the back-to-back region U, a

ABack-to-back (Sudakov Limit)
AAtU, ~
A Study correlations of the full set of particles, not just those within jets

ANot possible to explore with jet substructure
APresents a unique opportunity in e*e’!
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EEC

Result: Charged-Track EEC in e*e"vs. Theory
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Agentic Al: K/° Ratio in High Multiplicity e*e-

kaon-tag reco-only S+B fit with ¢/Kg cross-feed

Ol 1?/ndf = 0.998 S 0.24 | ' CE e T
G 26000/ S=1106.4,0 = 383.0 | e  Current DELPHI inclusive K/x with PID SF (stat) |
I3 KO = 1339.7 ® (.22 —[C—— Current DELPHI PID-SF uncertainty —
8 LacoofstT 1 ' = - 0O  Current DELPHI inclusive K/x without PID SF (stat) 4
B n B 0 ARGUS (10 GeV) 1
- = o2 © TPC(29GeV) i
22000— Q ol A ALEPH (91 GeV) —
- eter = - o BELPHI (9(13 GeV) s
-~ ' B dh PAL (91 GeV) .
. —4+— R I vent assi o PRELIMINARY | O
20000 ng:-f{l:tnysame -event assi gnmemg _ 0.18 - o SLD (91 GeV) % :
[ eema Total background - —
8000 — K signal — —
1 [ seessse q:wsr.c?:;-treatment shape O 'I 6 o * =
L - Kg wrong-treatment shape ~ j
16000 [— - Threshold background s (:) o) ’
: 0.14 i L} 2
14000 == roserimy LB o A e ] [ [T L3 1 I | I e n
= n7 nNn75 nge nAas na N as 1 1Nk 11 : :
D::' : + + 0.12 — ete —
tH by gt Hyt, + : S
ottt R i +++++ i +++++++++++ it N - E
-4 ) : , . ] I L I 1 L L Lo
0.7 0.75 0.8 0.85 09 0.95 1 1.05 1.1 10
m(Kn) [GeV]

Data driven cornrnfkKi on facgtor, .f.ro
KAK an doA K K r%d b it

AAgentwasAadble to identpbywkthg becL

- o . . Yi Chen Nishant Gaurav Honey Khindri
A P h y S Igalll gltanc e wa S critical. (Vanderbilt)  (Vanderbil)  (IT Madras)
i 2beratorvior  Yen-Jie Lee (MIT) Bridging Vacuum and Dense QCD with Jet and Event Shape from the EPA 13 e'e”

HP 25226



V'S . E XAeDn t|EeMain tt

E [ T T T rrir) T T T T T 111 | T T T TTT] T ] E028_|| II|II | I|Illl|l|||| l |||||||||:

2 024 E ] 2 0 26 e DELPHIdata (v7, stat) :I DELPHI inherited syst. |

_ * DELPHIdata J = DELPHI PYTHIAS v2.5 truth = = = PYTHIA v8.317, Tune:ee=7 ]

0.22 — [~ | DELPHIinherited syst e'e” N 0.24 [~ PYTHIAV8.317, 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

:_-_ m— - - .;59 4'/4'-'1-.1||...-._____ -”"' H'I*,,“‘“:;' B

0.16 = T N B 0.18 - . S et

: \ RERRITEERNSTS: . (| [ e

0.14 — T i | — L — —— e o -~ =

g _| H%T”?IT | 7 Duld = o o e S I L -

oa2f | 7T E : :

= - [ RS S R ete" =

0.1 = NER T TR -

D.UB_ : S . e : R : - 008:| 1 1 1 1 | I I | | | I I | |~"|"‘-|-.|. 1 | I Y R | | 1 1 1 1 |:

1 10 10° L%:F 0 5 10 15 20 25 30

h N TE  uBteev AT O L T X U dN,,/dn (ml<0.5) dN_ /dn (nl<0.5)
ADoesno6t fomdnd RbRb trend e A Generators predict the decreasing trend

A Higher dN/dd: quark fragments into more A Different results from various generators A

partons A reduced number of strange quarks.  new input to generator tuning

Wi boratorvfor — vyedi e (LMeleT) Bridging Vacuum and Dense QCD with Jet and Event Shape from the EPA 14 (e*e‘>)
HP 25226



Agentil ¢ AQhd nFgaeux *eomo | &

| | UCSANTA BARBARA
| Kavli Institute for
| Theoretical Physics

Start from a blackboard
drawing in KITP UCSB
presenting the calculation
to us

I I I === | aboratory for
l l Nuclear Science

Yen-Jie Lee (MIT)

00) = ) 4:5(0 - 6)

& iem
S Jv

I. Moult
(Yale)

A

; # “K Loe

Z ‘ : Z (Argonne)
It took just 3 days for agentic Al to extract the
first result with estimated systematics

Kyl e and | an are fndin
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

S

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

0.01

0.00

Charge Correlator

—0.01

t H)(é'

Human carried out results are consistent
with agentic Al with a sophisticated ZA U U
based data-driven correction

Preliminary results are shown in LHCP 2026

Jindhan
(Vander
e*e”

15
HP 25226



ALEPH Archived Data 1994, e*e” Vs = 91.2 GeV
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A Jet spectra and R scans map how vacuum showers redistribute = =" g
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Example 3: K/° Ratio in High Multiplicity e*e-
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K/ Ratio in High Multiplicity e*e-

Datadriven Correction Agent

Check in  —

6verleaf

GitHub

Can Al agents perform a new analysis
involving particle identification,
multidimensional efficiency correction
and resolution unfolding

al AVWNEA2 |y ¢
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Groomed Jet Radius R vs. Event Generators
ALEPH Archived Data 1994, e'¢’ ¥s = 91.2 GeV_
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https://arxiv.org/pdf/2111.09914.pdf
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Compari son 26etwwwebknldeé&t

AMass scale for SANER®PAI és SHERPArangul ¢

ALEPH Archived Data 1994, e'e” Vs = 91.2 GeV
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ALEPH e'e, Vs = 91.2 GeV
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Breaking degeneracy in ({1, o)

® Precision theory calculation in both kinematic limits breaks the degeneracy.

Dependence onag(my) Dependence on €2,
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Strangeness across
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Now what 3 out

Historical inclusive charged K/x in e*e’ LHC charged K/x versus event activity
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t O me as ur e e v

Start with \/ | 0 , SO mostly 2 jets

Naively we can look at beam
axis

Q Q

el ()

Def rnmteo be t he

deteTtor

Then we measure w.r.t. ’Q l’y
Q-ss 1@
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t O me as ur e e v

Thrust axis follows initial color string \

direction (for 2 jet topology)

Q Q
@

Analogous to hadron colliders where initial
color string is in the beam axis

c.f. see also
t wparticle cor .onDeflﬁae rapi dity w.r t . t hrust
PRIL2®03J9 .
212002 ¢ m 3}05
PLB5®O024 P and Q QL) T[EB)
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The LEP and DELPHI detector

LEP1: collide ate O( . few million hadronic events
LEP2: higher energy up to 209 GeV
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