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Energy Correlators

— mapping microscopic correlations among partons into
macroscopic correlations among hadrons




Physics Objectives

Seeing confined motion
Access hadronization
Resolve spin structure

BFKL and gluon saturation

Motivation: Understand the glue that binds us all

pQCD/Reggeon

Amplitudes/Correlators

Theory

Compute

Lattice

Pheno




Parameters screened invisible physics,
Physics theory are about relations between observables

Renormalizability = Factorization

APY(AX) > h/2, (AEYAf) > h/?

the heart of factorization:

Scattering amplitude Observable = NP®P

(O : AQCD) Hadronic dynamics




The SIDIS Landscape

Kinematics of Current Region Fragmentation in Semi-Inclusive Deeply Inelastic
Scattering

M. Boglione?, J. Collins®, L. Gamberg®, J. O. Gonzalez-Hernandez%¢, T. C. Rogers®®, N. Sato®

Figure 1: Lowest order SIDIS graphs corresponding to (a) the current region (b) the target region and (c) the central (soft) region. The faded zigzag lines represent

non-perturbative and other interactions (e.g. hadronization) between the outgoing parton and the target jet.
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Finite S matrix as SCET Wilson coefficient

L AL+ Z Z.C.0O.

Soft

Figure 1 — Schematic LHC collision. The collinear (green and blue) and soft radiation (orange) are described
dynamically in SCET. The hard scattering (zoomed in on the right) is encoded in matching coefficients.
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Rapidity Renormalization Group |

4-loop CS Kernel

.Moult, H.X.Zhu, Y.J.Zhu]
(C.Duhr, B. Mistlberger, G. Vita]

L ///})7?'21(}6&\/_1
107 Fﬂjjj{\//// T e,
CSSRG . :
2 S 0 \ :
(u”,¢) DS
Gl Pt
ARV TTAHARL A SO
1 110 102
1
net — V(ve,vis ) ﬁnaL
SCETIRG T 5{m, 1=
z $
(/’t o U ) = "
fli - O patuj, =

initial V (v, vi; pi)

Vi Vf
[J.Y.Chiu, A.Jain, D.Neil, |.Z.Rothstein]

the Collins-Soper Kernel

—_ q q
K(b 1> //t) — ZACUSP(IM ’ /’tb) T 7R(/’tb)
K(bla lu)
0.25 - --- N°LO I This work
{ RQCD 23 ® LPC 22
0.00 4] SV 19 ¥V  SWZ 22
MAP 22
~0.25 -
0504
—0.75 -
~1.00
—1.25 1
~1.50 14 . . L .
0.1 0.2 0.3 0. 0.7




Polarized N3LO twist-2 matchings + NNLO DGLAP

Small-x resummation of Linearly
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Figure 2.5: Leading power quark parton distribution functions for the proton or a spin-1/2 hadron. Figure 2.7: Leading power gluon TMD parton distribution functions for a spin-1/2 hadron (or unpo-
o larized hadron).
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Figure 2.6: Leading power quark TMD fragmentation functions for a spin-1/2 (or for an unpolarized Figure 2.8: Leading power gluon TMD fragmentation functions for an unpolarized or spin-0 hadron or
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EPC

Unpolarized transverse momentum dependent parton distributions
of the nucleon from lattice QCD

Lattice calculation of the intrinsic soft function and

the Collins-Soper kernel
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Why Energy Correlators?

EEC: model-independent probe, final-state EEC jet perturbative N4LL, no jet algorithm!

e SIDIS T
w B |2 1|2
o X h o~ , - . Convolution in gT space, needs
SIDIS k T& 9 NG 5 9 7{’@’ simultaneous fit of both initial-
- X P by ook state and final-state TMDs

2. Needs empirical models

dU(QT) — 00 H(Q9 //t)flq(xa Cm k ” /’t) ® qu(Za Cﬁ’ QT A A /’t)

» Jet based
pq e
1. Need clustering algorithms
QR 2. Hindered by NGLs (WTA)
do(qy) = ooH(Q, ,u)flq(x, Cns> s 1) @ S (Cr‘v T » 41 — K75 ﬂ) 3. In low-energy machine?
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Quark TMDs from Event Shapes
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Gluon TMDs from Dijet Transverse Energy-Energy Correlations

where K | is the intrinsic transverse momentum of the gluons. However, for the contribution of

linearly-polarized gluons, direct terms identically vanish

HY EH_RV'V
( JL ' L _L) €:|:M(’I’LJ, ’r_LJ)E‘j:V(’nJ, ’fLJ) = 0, (2.28)
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while crossed terms with helicity-flipped gluons survive, and contributions from different operator
bases are added coherently, e.g., for v*g — gg we have contributions from linearly-polarized gluons as
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The SIDIS Landscape

Kinematics of Current Region Fragmentation in Semi-Inclusive Deeply Inelastic
Scattering

M. Boglione?, J. Collins®, L. Gamberg®, J. O. Gonzalez-Hernandez%¢, T. C. Rogers®®, N. Sato®
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Figure 1: Lowest order SIDIS graphs corresponding to (a) the current region (b) the target region and (c) the central (soft) region. The faded zigzag lines represent

non-perturbative and other interactions (e.g. hadronization) between the outgoing parton and the target jet.
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Energy Correlators Resolving Proton Spin
(E(ﬁ))N — Jd4x e'd*(N, S) \J(x)ﬁ(ﬁ)](()) [N, §)

TMD PDFs NECs
DIS
=

Motivation
 Spin decomposition, Ji sum rule (frame independent), Jaffe—-Manohar (infinite-momentum frame):

noo
!
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Current Fragmentation

DIS Energy Correlations
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Target Frag mentation Observable = NPQP
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Crossing initial-state target to the final-state identified hadron

Motivation: probe hadronization, quark transversity

(E(ﬁ)) ) = d*x e'4*(0 | J(x)]:](ﬁ)a;ahJ(O) |10)

Crossing
XB —> I/XB
(@), = |dixe(h, S | JQE®IO) |7, S)) .
A

Inversion relation between Bjorken variable
Xx_B and Feynman variable z_F=1/x_B 17



Collinear limit
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Towards High-Energy Diffractive Energy Correlators

(a) (b)

Figure 1: Lowest order SIDIS graphs corresponding to (a) the current region (b) the target region and (c) the central (soft) region. The faded zigzag lines represent
non-perturbative and other interactions (e.g. hadronization) between the outgoing parton and the target jet.

Kinematics of Current Region Fragmentation in Semi-Inclusive Deeply Inelastic
Scattering

M. Boglione?, J. Collins®, L. Gamberg®, J. O. Gonzalez-Hernandez?®®, T. C. Rogers®¢, N. Sato®
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EEC of Mueller-Navelet Jets
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Factorization and Factorization Violation

Dijet TEEC Spectator-Active




Process-dependence of TMDs & NECs

We will see that, in the Drell-Yan process, proving factorization requires that the TMD
parton densities have past-pointing Wilson lines. Thus the Sivers function reverses sign
between the two processes:

fllT,SIDIs(x’ kr) = _flJY_",DY(x, kt), (13.124)

current
quark jet

SSA given by interference between = helicity :

final state
Interaction

spectator >

system
proton 11-2001

Proton target transverse spin Sg e [BI’OdSky, Hwang and Schmidt (2002)]

The phase arising from the initial- and final-state interactions in QCD is analogous
to the Coulomb phase of Abelian QED amplitudes. The Coulomb phase depends on
the product of charges and relative velocity of each ingoing and outgoing charged
pair [7]. Thus because of the
different color charge of the ingoing 3~ antiquark in DY and the outgoing 3, quark
in DIS. In order to check the sign, we will carry out the DY calculation explicitly in

22
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Rapidity Renormalization Group I
Regge Trajectory BFKL & Beyond
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Reggeon Field Theory vs. Glauber SCET

(Gauge invariant effective action

for high energy processes in QCD

L. N. Lipatov T
Petersburg Institute of Nuclear Physics, Gatchina, 188350, St. Petersburg, Russia

and

1995

Deutsches Elektronen-Synchrotron DESY, Hamburg

An Effective Field Theory for Forward Scattering and
Factorization Violation

Ira Z. Rothstein! and lain W. Stewart?

1 Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213, USA
2 Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
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Non-Renormalization Theorem

SCETq = EFTReggeon — QCD\t|<<s
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Virtual Vs. Cut
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The Reggeon & Glauber
gluons should be
defined in a regulator-
iIndependent way!
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Why Energy Correlators?

 asingle observable that embraces (1) hard radiation (2) current fragmentation (3) target
fragmentation (4) multi-regge kinematics

» collinear-safe, allows consistent matching between perturbative and non-perturbative regions,
thus can describe QCD phase transition from free parton gase to non-perturbative confinement

» strict operator definition in terms of correlation functions of local operators, which offers a
promising avenue to probe the nonperturbative spin structure of the proton from first principles
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OutLook

Tame Confined Motion with Energy Correlators

» Lattice QCD computation of Nucleon Energy Correlators
* Energy Correlators Resolving Quark Transversity & Sivers Effects

* Energy Correlators for high-energy diffractive processes

BFKL Program

* Two-loop Non-renormalization for Gluon and Quark Reggeization

 Small-x Resummation: a) sudakov region b) target fragmentation region



do /Int[pb]

Impact of BLNY18 at perturbative region
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