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Event-shape observables

 Particle colliders:

Break nucleons into pieces to study their internal structure

- Can be inferred from the produced particles

* But: understanding the collision process can be very difficult
- Huge number of particles produced at every collision

- Additional contributions from nonperturbative physics

Run: 244918
Time: 2015-11-25 10:36:18

- Event-shape observables Q¢ Colcing system: Pb-Pb

Collision energy: 5.02 TeV

- Instead of individual particles, focus on the geometry of
the ﬁnal State ALICE collaboration

- Less sensitive to nonperturbative contributions




Energy correlators

* Measure energy flow instead of individual particles Yan zhang (2203.04349)

 Can be defined in terms of energy flow operators

£()1X) = 3 Bd® (@, — )| X)
ieX
 Energy correlators in terms of flow operators:

(E(Nr) - E(N))

* Allows for a definition in very generic field theories

Can be studied in many separate areas of physics ..

Nuclear Physics & <

* Focus of this talk: Moult, Zhu (2506.09119)

Energy correlators for nuclear structure




Energy correlators: Brief history

IP5

* One of the first infrared-safe event shapes in QCD

- IntrOduced in the Iate 70’5 Basham et al. (Phys.Rev.Lett. 41 (1978))

* Measured and studied in the e*e colliders during 90’s .

¢ IP7

e “Forgotten” for a long time

DELPHI

™8

P2 p
< 77 AIRPORT

- Renewed interest due to the seminal paper:

Hofman, Maldacena (0803.1467) FRANCE

Systematized the study of energy correlators —

SWITZERLAND

. . . e . Citations per year
Energy Correlations in electron - Positron Annihilation: Testing QCD
64
C.Louis Basham (Washington U., Seattle), Lowell S. Brown (Washington U., Seattle), Stephen D.
Ellis (Washington U., Seattle), Sherwin T. Love (Washington U., Seattle)

Aug, 1978

13 pages

Published in: Phys.Rev.Lett. 41 (1978) 1585
DOI: 10.1103/PhysRevLett.41.1585

Report numbers: RLO-1388-759

View in: OSTI.GOV, ADS Abstract Service

[4 cite [_‘zq' reference search %) 561 citations 1978 19'90 20'02 20'14 2()'26




Energy correlators: Connection to cross sections

Formal definition in terms of the energy flow operators Momentum-sum rule:

More intuitive: an energy-weighted cross section [ dz 2D n(z

Connection to particle production: Di—p / \

- Weight by energy and sum over all particles

Energy weight

* Hadronization: intermediate partons into measurable Fragmentation function
Sum over produced hadrons
hadrons
- Described by NP fragmentation functions e Follows from momentum conservation
.  Fragmentation function cancelled
: h 51 ) 2
Cross section: o~ X Lip identically

= Reduced sensitivity to NP physics!

3 h ~d
Energy correlator: zh: ha E};Eh X /a ® .




Energy-energy correlator

 Measure energy flow at two points
 Can be measured as a function of the angle y

» Especially clean in ete collisions:

- Spherical symmetry

eT+e >h+h+ X:

= do ‘7 d(cosf;; — cos
dCOS X Z / Z] X) Moult, Zhu (1801.02627)




EEC
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Electron-Positron Alliance Collaboration (2511.00149)



EEC: Different regions

* AngU|ar dependence: prObeS different phySiCS 103 AI_IEIFI)I|:IIIIe+eI-,I EII?QJI?IPG\/I IIIIIII| I TRIE TR miTTTT MTTTT T MmITTT T |II
§ — Igully Corrected Data -
. _ _ . . ~ 102;_ Transition Transition _;
Back-to-back limit: @ ~ 7 = =
i) - Hafjrron Quarks and emissions -
- Transverse momentum of the partons becomes i, °F e Gluons /”“'“’”'
- EI° F 1 |
Important: Di—>h(z) _ Di—m(z,kT) gl F b
—|_3 1; Collinearl’-.,. Sudakovl 3
= Access to transverse-momentum-dependent - = = 1
(TMD) distributions 107" o - - -
. . " I —. | llllIIlII lIIIIlIIl IIIIlIL[] lllllllll | ) Illllllll |l|1lIIII |IIII1II1 IIlIlIIll
* Collinear limit: 0~ 0 107 = 102 172 1-10° 1-10°

zZ = (1- cos(0))/2

- Probes jet substructure
Electron-Positron Alliance Collaboration (2505.11828)

- Transition from perturbative to nonperturbative
physics
8



EEC: Back-to-back region and TMD factorization

2back-to-back = 1 X jq & j(j

* Back-to-back limit: Separation into different parts
= Can be described through TMD factorization

* Separation given in terms of the factorization scale

Not unigue = Renormalization group evolution L " ) ol
: Vi, Vi; iy ) fina
ol @ hard Hft = >0
 TMD factorization: two renormalization scales / il—p:m :
£ z
d d " soft 1 S St' 1 V( pat%t Si/
1 H — H 1 b N b initia Vi, Vis g
dlog/,b Og (Q?II’L) /Y/,l, (ILL7 Q) dlog/,L Ogj(Z(a’;7 7/’67 C) ,ylu,(/'L7 C) ollineq, ~ 1/: } > 1/
qar 0 5 ! vf
d ” TMD Handbook (2304.03302)
log J, (2, b, 1, ¢) = K (b, - ins-
dlog V7 g Jq(x,b, 11, C) (b, 1) Collins-Soper (CS) kernel




EEC: Ingredients for the TMD factorization

Perturbative part: Nonperturbative (NP) part:

Can be calculated to very high orders! 1) NP jet function

2) NP CS kernel

1.6
1.4
>< 1] 1]
R Cannot be calculated using perturbation theory
% 1.0
08 . .
5., e Lattice calculations
—
T oa ete™ — 7* — hadrons
cu(mz) = 0.118  Phenomenological fits
162 164 166 168 170 172 174 176 178 180
o T T T T T T T
X[ ] 1.0k --- N’LO IFY23 MAP24FI ¥ LPC23
. L fmm AR AN AN e N3LL ART23 PB24 DWF24
Duhr, Mistlberger, Vita (2205.02242) MAPNN2S SECoA ART2S % This Work
0.5 MAP22 ASWZ24 .

Accuracy| H,J |Tcusp(aws)|vE(as) |V (as)| Blas) = '

LL Tree level| 1-loop - — 1-loop .~ 0.0t

NLL Tree level| 2-loop | 1-loop | 1-loop |2-loop S

NLL/ 1-loop 2-loop | 1-loop | 1-loop |2-loop |§ —05}

NNLL 1-loop 3-loop | 2-loop | 2-loop |3-loop i ’

NNLL' 2-loop 3-loop | 2-loop | 2-loop |3-loop

N3LL 2-loop 4-loop | 3-loop | 3-loop |4-loop —1.0f

N3LL/ 3-loop 4-loop | 3-loop | 3-loop |4-loop

N4LL 3-loop 5-loop | 4-loop | 4-loop |5-loop —-1.5¢

N4LL/ 4-loop 5-loop | 4-loop | 4-loop |5-loop Bollweg et al. (2504.04625) 0.0 10
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EEC: Collinear limit

T T T TTT T T T 1T
T ALICE pp \st:S.oz Tev
[ Anti-kcharged-particle jets, R = 0.4, |r7jet| <05

0.6~ p, .., >10Gevic —

E Transition region I (20, 40) GeV/c E

. A . 0.5 Peak = 2.39 GeV/c = (40, 60) GeVic

* Small angles = Perturbative splittings become important [ 5017 GeVie v (60,80) Gevic |
— Described th rOUgh CO"inear factorization 0_4;Hadron region Pertubative region {

[ — AXR, pQCD ]

— l l -
O_3}kT < AQC]P A‘I kr > AQCI}:

'ﬁg o

e Can be measured both in ete- and hadronic collisions

hj hj R
Inp° Jetmmﬁ “Ox 3 (GevicYY

- Hadronic colliders: defined inside jets

T
s

0.2F g -
i - i
 How to understand the transition from perturbative to 01 ! *_'3, .
. . B T i
nonperturbative regions? B T ]
ot = ol
- 1.4: .
Relevant scale: transverse momentum 8 12f . -
between the produced pair P o s <UL
- ® 0.8 i =
= - o Y

: k R T ——

= ~ 1 10
3 J_ pT L m):_h]etDRL (GeV/c)

. L. . ) ALICE Collaboration (2409.12687)
R. = Angular variable for a pair inside a jet 12




EEC: Collinear limit and factorization

* Collinear factorization: 2icollinear = Hi @ Jiyjik ik

Hard scattering and the final-state splitting (jet function)

- Hard function: Process dependent
- Jet function: Universal!

* As in TMD factorization:
Separation given by the factorization scale u

* Choice of factorization scale not unique

. . AN H, .
= Evolution equations (DGLAP) ~ oL 7
d L dy T d 1 ,
== - -H{ - J =— | dyy?J P
Tlog 2 1@, @) L , LW 1) H(y,Q,u) Jlog 12 (p; 1) /0 yy~JI(yp, ) - Py, )

13




EEC: Collinear jet function and nonperturbative physics

e Perturbative region:

Y

Parton splits into two partons = Independent fragmentation
J ~ Z/dzl Zthl (2’1) X Z/dZQ ZQDh2 (22) ~ 1
hl h2

 Nonperturbative region:

Parton directly into two hadrons = Dihadron fragmentation

JN Z /dzleQ 21Z2Dh17h2(21,22,kT)

hi,h2 Lee, Stewart (2507.11495)
Guo, Yuan, Zhao (2507.15820)
- Has to be modelled Chang et al ({2507.15923)

Kang, Metz, Pitonyak, Zhang (2507.17444)
Guo, Vogelsang, Yuan, Zhao (2512.15896) 14
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EEC: Collinear limit in pp collisions

* Going from e*e to pp collisions: only changes the hard function
* pp collisions: EEC measured inside jets with momentum pr

* Good description across a wide range of angles and transverse momenta!

Barata, Kang, Lépez, JP (2411.11782) dX"(Ry)
102 dprdydRg
<3
O ANN CMS
2 SN
"’ 0’00‘\\\ NG
K> SN\
! & & \\\
10° ¢ 1 N
S \\\
X N
% \\
<3 N
§\§ \ AN
100 pr [GeV] gL T pr [GeV] NS
¢ 1410-1784 \\*\{q%l ¢ 1101-1410 AL
§ 8461101 “%35‘ ? 633-846
P 468638 N ? 330-468
—— Theory 220—330 ¢ 97-220
-1 . . . . . . . .
10 1073 102 10-1 1073 102 10-1 102 10-1 16
Ry, Ry Ry




EEC: Collinear limit and universality of the jet function

Factorization: collinear jet function should be universal

O10°E —
. o . i = STAR Preltmmaly_ "
across different collisions environments s e e
% 102 = e |1’|iet |T< 0.6
E E —
S

e*te (LEP): sensitive to quark jets

pp (LHC): sensitive to gluons jets

107"
E‘ P . o —e— 20.00< pmm<25.DOGeWc x 0.05
. . . L S —*— 2500<p  <30.00GeVc x 0.20
Combine fits for the quark and gluon jets to produce 102 o e <, <smo00ate

- Barata et al. Phys. Rev. Lett. 134, 251903 (2025) —*— 300<p  <4320Gevic x 500

- - Hermann et al. arXiv:2507.17704 —=— 4320<p_ _ <51.80 GeVic x 20.00
predictions for RHIC o 4 oy AN

1072 107

AR

= Good description of the data! |
Manuel Rosales, APS DNP Fall Meeting 2025
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EEC: Collinear limit and universality of the jet function

Quark and gluon contributions can be further studied

100 L

in different processes

o g - Z-boson production: more sensitive to quarks
/./ <pr< e N
(pr) =24.43GeV N Z(nz, pzr)

10° 10! b

p _I_ p % Z _I_ jet plpa) e B «— p(pB)

>
3 \
A
s
T§ ’ N X
7 i \
Il 10-1F ‘/-/. Uncertainty \\\ N\ jet(ns, psr, R)
= 4 30 < pyr < 50 GeV N .
= \ LHCb collaborat 2610.14221
3 (pr)=38.19GeV \, 1o LHCb pp coII|S|ons \(§ 13 TeV, AKSZ taggedjets collaboration { )
5 100 10! ~ 12— r —
' — ' X 20<p <SOGeV 30<p <50GeV 50<p et<1OOGeV
e qF Dat& 1 Data"'* 1 ¢ Data’ i
Wi PYTHIA 8 PYTHIA 8 * O PYTHIA 8
100 sk — Mayo Lépezetal.j —Mayo Lopezet al. _*_—Mayo Lopezetal. |
g 0.6f
1071 Y
50 < pyr < 100 GeV N
<pJT> =61.02GeV \\\‘\\. 0.4} T
10° 10! 102 o= & v
' ' 0.2} 3 t X g
{pr) x [GeV]
b
C A A A 1 18
Barata, Kang, Mayo Lépez, JP, Zhou (2609.03072) 107t




EEC: Collinear limit and nuclear modification

* Going from pp to pA collisions:

ALICE

O
. . W 1.2 p-Pband pp Sy =5.02Tev |4
Modifications from the nuclear environment g9 | anti-k, ch jets, R =0.4,20 < p" < 40 GeV/c
AR all pairs, p'™ > 1.0 GeV/c

* Nonperturbative region (pTRL < AQCD)

- Modifications to the dihadron fragmentation

—@— p—Pb/pp

Comover model
0.8 — — p_ broadening model
— Twist-4 OPE model

- Interactions with the background gluons i . e . .
1072 107t

e Perturbative region (pTRL > AQCD)

R,

ALICE Collaboration (2606.18143)

19




One-point energy correlator

“Simplest” energy correlator:

OPEC,,,(x) = /d’ﬁf (58’5)) d(7 - 1y — cos x)

Measure energy flow with respect to a reference direction

« Study nuclear modification: " yeA Energy flow inside a jet
A x Yep e+p/A—>e+jet(h)+X

Energy flow with respect to the virtual photon

et+p/A—e+h+X 4.‘\ ..........
e 9

1O e Fu, Kang, JP, Zhou (2512.16847)
. = ("
--- only nTMDPDF e r( )
"""" only nTMDFF
LOFT HF qF
_____ —— both —— both H —— both
: 0.9F ---- only nTMDPDF {9 ---- only nTMDPDF i --= onlynTMDPDF
0.8 =+ only nTMDFF ---------- ly nTMDFF ---------- ly nTMDFF
0.7F
=2
33
e 0.6
0.5

041

1 1 1 1 1 1 1 1 1
1073 1072 1071 1073 1072 107! 1073 1072 107!




Transverse energy correlators

 Hadronic colliders: beam direction specifies a direction

<

- No spherical symmetry as in ete
- However, azimuthal symmetry retained Gao et al. (1901.04497)

= Look at transverse energy correlators instead

Ali, Pietarinen, Stirling (Phys.Lett.B 141 (1984) 447-454) é OA? ATLAS Vs=7 TeV det= 158 pb” _g

B 0.35 .

% g anti'kt jetsR=04 _o_ Data (exp. unc.) g

= 0'3:_ oc;“(mz)=0.1173 % NLO pQCD (th. unc.) E

0250 CT10 NNLO =

* Analogous to standard energy correlators: B E

9 0.155—' —E

005  a ____.--'—f

= 1.1F ]

* More suitable for hadronic colliders - 1?‘**t*+$¥t'+"**+++*‘**‘ﬂi

8 osf E

= Enables similar studies as energy correlators in ete 08 08 04 02 0 02 04 05 08

cos ¢ 21

ATLAS Collaboration (1508.01579)




Vector-boson tagged TEEC in pp and pA collisions

e Back-to-back in the azimuthal angle

= TMD factorization!
* Possible to examine nuclear corrections

e Can be studied at RHIC and LHC

108E

* pyr € (20,80) GeV

r Yy Ye € (_27 2)
100 ™ g9 € (2,5)

/8 =13 TeV
pp — v + h (TEEC) j

L pzr € (20,80) GeV

103 ™ yz,ye € (=2,2)
FE gz, € (2,5)

T " A B
\/8 =13 TeV
pp — Z + h (TEEC) 7

1073

| /5 =13TeV
pPb — v + h (TEEC)

py1 € (20,80) GeV

Vs =13 TeV
- pPb — Z + h (TEEC)

Kang, Lee, JP, Zhao, Zhou (2410.02747)
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Energy correlators in the high-energy limit

H1 and ZEUS

* High energies = Small momentum fraction x Q*=10 GeV*

—— HERAPDF1.0

- exp. uncert.
|:| model uncert.

- parametrization uncert. xuy

— Gluon distribution starts to dominate 0.8

e Eventually would break unitarity

0.6
I xg (x 0.05)

= Tamed by nonlinear gluon recombination

04 -

XS (x 0.05)

~

* Leads to gluon saturation

0.2

10"
Gluon

H1 and ZEUS (0911.0884)

2
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Gluon saturation

Characterized by the saturation scale Qs

For protons: Qs < 1 GeV = Small effect at perturbative scales

- Increases at higher energies: Q? ~ 1/IEO'3
- Enhanced in heavy nuclei: Q? 4~ A1/3Q§ ;

Very difficult to measure

— No clear definite experimental signal evidence yet!

Need clean observables to distinguish from other effects

- Energy correlators insensitive to final-state hadronization

= Potential for measuring gluon saturation

24



Searching for gluon saturation with energy correlators

Saturation hard to distinguish from just one observable: e+p/A—e+h+X

Liu at al. (2301.01788)

= Look at many different processes

p =3 x107%,Q% = 25GeV?, \/5 = 105GeV

95— PROTON MV JcISK ‘GOLlﬁ I\l\"rc]}l\' ‘ |

1 i% ---- PROTON GBW GOLD GBW
. Q, 2 F . PROTON Coll —— GOLD Coll. E
Possible to measure at RHIC, LHC and EIC

p+p/A—~v+h+X = )

1.0
e [ —— p+tp Vs =5.02TeV k
% 08f T P+§F=fi?~g P’T:IUGeV ] ’y _|_ p/A — h _|_ ;( 15
O A p+Pb, ¢ = 1. yl: ) 1 TEEC — p Vs =90 GeV
é 0.6 i‘\ Z’le = ;0 GeV /‘;L: b JE:SaésJev,z.7< yi.ys <40 - An =05 y=09
3 [ Yt = ] — p.. >5Ge F S _ P
% A\ / LT 20n Lol Auc=10 Q=3 GeV
O 04N 4 — —oPb ; t =123 x107%
2t if- P s
[ = =) )
ﬂﬁ\;c 021 b g & = -
[ o . g 0.5
[ d =g s
1.0 T + -
< [ T - [
ST F""*crmv"‘ 0.0 It
08F o 1.00 F
= - : : . ST STIVISIT TIET NI ST L STE ~ ___.---—«—---"""""_'_"_"__.__—-—__—"—"’_—’ -
0.1 0.3 0.5 0.7 0.9 05 1 15 2 25 3 ~ 075 e e
T ) :’ T -
050 I I I I I I I g
01 02 03 04 05 06 07 08 09
1+ coso 5
Kang, Kao, Li, JP (2504.00069) T = —2 Ganguli, Kotko (2507.23435) 25

Kang, Kao, Li, JP (2603.02300)




Searching for gluon saturation with TEEC

Back-to-back limit especially sensitive to saturation = Need to combine small x with TMD factorization

etp/A—e+h+X (T4 v +p/A—=h+h+X

Kang, JP, Zhao, Zhou (in preparation)

Kang, JP, Zhao, Zhou (2311.17142)

I T Hl | I
1.0 vVs=8Gev .
I 1.0F Ry _
:::::Z::::::::::::l::::::::::::Z:::::::::::::::::::: ............ - GBW fl
(? M rcBK f;
+|o -- nTMD JFs onl
D — Y -
=) 0 0.8 « = 0.0099 «+ nTMD PDFs only
o] k=]
N—
3 y = 0.95, Q2 =4 GeV?
_ S 06F b = 4 GeV, yy = —1.39 T
0.7F
- —GBW || Preliminary
! _ICBK 0.4__| . . N PP | N . . PRI | n
06 | " L PR R T A B H | " L PR S S A | N " n ]_0_3 ]_0_2 10_1
107° 1072 107! = 1+ cos¢ -
T 2
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Odderon with (energy) correlators

QI0[00/0/0[0/0/00
\(LQQQQQQQQQQl\r

)‘ 0000000000

Polarized beams at the EIC:

Possible to study also the spin asymmetries Odderon: C-odd interaction with the target

* Small x: Described by the odderon interaction « Discovered only recently: o, Totem Collaborations (2012.03981)

EC + charge weight Charge correlator
010 T T T T T T T T
€+p/A —> €+h+X 0.03F  Pp=3GeV
V5 = 140 GeV 0.08 b
0.02 VE =105 GeV
. —~ Q? =20 GeV?
A Polarized = 0.01F 2 0.06 f 2 =0.002 T
ur ~ . = 8
Unpolarized L5 000 % 0.04
< <
~0.01}
— 009 0.02
(e —0.02F —— y.= —0.80 (x = 0.010)
11[//4,'/ 5 ;\‘/\_‘ § ol — y.=—155 (2 =0.005) 0.00 | | | | | | | -
K \Jf%\‘*}’" T . — %= 280 (z=0002 7135 140 145 150 155 160 165 170 175 180
h —04 —0.2 0.0 0.2 0.4 6 (degree)
§

Bhattacharya, Kang, Padilla, JP (2504.10475) Cao, Kang, Padilla, JP (2609.12064) 27




Summary

 Energy correlators:

Measure energy flow instead of individual particles

- Provides a clean probe of quantum field theories

. . * Lots of topics not discussed
* Experimentally simple
- Higher-point energy correlators

. ) . - Light-ray operator product expansion
* Possible to study different aspects of nuclear physics: B}

Energy correlators with charge

- Boosted energy correlators

- Jet substructure - Energy correlators with heavy quarks

- Transverse-momentum-dependent distributions - Hotnuclear effects (quark-gluon plasma)
- Power corrections
— Gluon saturation - Energy correlators in conformal theories

- Energy correlators in gravity

- Nuclear modification .
Ist goes on...

Many processes still unexplored = Opportunities at the current and future colliders! 28
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