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Asymptotic Correlators — Jet Substructure!
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N
Jet Substructure

e Jet Substructure uses correlations in energy flux to provide
qualitatively new ways to study physics at the LHC.

e Requires development of theoretical techniques for asymptotic
observables characterizing high multiplicity states.
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Energy Correlators in Data

o Significant recent progress bridging theory and experiment!
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Asymptotic Observables at Colliders

Two-Point Energy Correlator
{&:&)

Scaling Behavior of Quarks and Gluons

A Perturbative Playground
for Physical Observables

Applications
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Asymptotic Observables at Colliders
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Detectors

e What is a detector?

[Caron Huot, Kologlu, Kravchuk, Meltzer, Simmons Duffin]

e To be able to understand subtle signals in energy flux, we must
understand what a detector is in Quantum Field Theory.
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-
Calorimeter Cells in Field Theory

o Calorimeter cells can be given a field theoretic definition in terms of

hght_ ray Opel’atorS Hofman, Maldacena], [Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov]
. Korchemsky, Sterman]

Ore, Sterman]

Basham, Brown, Ellis, Love]

E(fi) = lim r° /dt n'Toq(t, )
r—00
0

e From the perspective of QFT, jet substructure is the study of
correlation functions of light ray operators.
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Energy Correlators

e Correlation functions of energy flow operators take an interesting
intermediate position between amplitudes and correlation functions.

Energy Correlation
Corrglators Functions

Amplitudes

Asymptotic
States \/

IR Finite

e Despite their physical importance, much less explored.
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N
Towards the World of Hadron Colliders

e Can this theoretical idealization possibly work in the messy world of
hadron colliders?

e Can it provide new ways of understanding these complex collisions?
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Energy Correlators: Present

(£189)
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The Strong Coupling Constant from Scaling

)

Light-Ray OPE
_—
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-
The OPE Limit of Lightray Operators

e Energy flow operators admit a Lorentzian OPE: “the lightray OPE”

E()E(Rg) ~ > 07405 (n)

[Hofman, Maldacena]
[Chang, Kologlu, Kravchuk, Simmons Duffin, Zhiboedov]
QCD: [Dixon, Moult, Zhu]

e Predicts universal scaling behavior in correlations of energy flux at

energies E’ >> AQCD . See early work by [Konishi, Ukawa, Veneziano]
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-
The Lightray OPE

e In CFTs, the lightray OPE is a convergent, and rigorous expansion.
[Hofman, Maldacena; Chang, Kologlu, Kravchuk, Simmons Duffin, Zhiboedov]

5(ﬁ1)5( 2) = 3 6704 (n)
Light-Ray OPE /.

oS

e To describe the leading scaling at the LHC, we can restrict to the
leading term in the OPE = twist-2 light ray operators.

e To understand what we can hope to see at the LHC, must look at the
structure of these operators.
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The Leading Twist Lightray OPE [Hofman, Moldacena

e The twist-2 operators in QCD are characterized by a spin-J and a

transverse spin j = 0, 2.

e These can be light-transformed to obtain a vector of twist-2 lightray

operators parametrized by spin-J:

Local Operators [Kravchuk, Simmons Duffin]
1 - ) _ o]
Ol = 370" iDH)" 'y lim 2 [ dt
transverse 2 o0 N
spin-0 [ , 1 Y —0> @[J] (ﬁ) =
O = — S FLH DY) 2Ry
trasnpsI:egse ol 8/\)7 _ F;Hr 7D+ J— 2F"+€)\ 6w
henc:ty+

e The anomalous dimensions of these operators,

d - -
— _OYl(p) =4 (7
dlnuz@ (nl) ’Y(J)@ (nl)

determines the leading behavior of jet substructure.
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Scaling Behavior in

e An experimental

Jets

Thanks to Helen Caines, Meng Xiao, ChenFeng Lu,

Andrew Tamis, Ananya Rai.
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realization of the lightray OPE:
OPE inside high-energy jets!

STAR Preliminary: #5 = 200 GeV, 15 < Full Jet p_<20 GeVic
STAR Preliminary: ¥ = 200 GeV 20 < Full Jet p_ <30 GeVic
STAR Preliminary: §5 = 200 GeV 30 < Full Jet p_ <50 GeVie
ALICE Preliminary: ¥§ = 5.02 TeV, 20 < Charged Jet p, <40 GeVic
ALICE Preliminary: ¥§ = 5.02 TeV, 40 < Charged Jet p, < 60 GeVic
ALICE Preliminary:¥5 = 13 TeV, 20 < Charged Jet p_ < 40 GeVic
ALICE Preliminary:¥6 = 13 TeV, 40 < Charged Jet p_ <60 GeVi/c
ALICE Preliminary: ¥5 = 13 TeV, 60 < Charged Jet p, <80 GeVic
CMS Preliminary:¥§ = 13 TeV, 97 < Full Jet p, <220 GeVic

13 TeV, 220 <Full Jot p, <330 GeVic

CMS Preliminary: ¥ = 13 TeV, 330 < Full Jet p_ < 468 GeVic

13 TeV, 468 < Full Jet p, <638 GeVic

13 TeV, 638 < Full Jet p, <846 GeVic

CMS Preliminary:¥§ = 13 TeV, 846 < Full Jet p_ < 1101 GeVic
CMS Preliminary:¥§ = 13 TeV, 1101 < Full Jet p_ <1410 GeVic
CMS Preliminary: ‘E =13TeV, 1410 < Full Jet P < 1784 GeVic

CMS Preliminary:

CMS Preliminary: §§

CMS Preliminary:

e Universal scaling in a hadron collider environment.

e Dominated by classical scaling. Can we accurately measure

anomalous scaling?
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The Spectrum of a Jet

e The light-ray OPE predicts that the N-point correlators develop an
anomalous scaling that depends on .

3.0

‘2& NLL Projected Correlators
' 2 2% === E3C/EEC
£ | —— EAC/EEC i
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(&1€aE5-1) | (ol
<£1€2> (@[3]) 1.0

ENC/EEC Ratios

0.01 0.02 0.05 0.10

Ry

e Directly probes the spectrum of (twist-2) lightray
operators from asymptotic energy flux.
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|
Anomalous Scaling of 3/2 Ratio

e Anomalous scaling measured from 15 GeV to 1784 GeV!
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The Strong Coupling

e Proof of principle as can be extracted from jet substructure in
complicated hadron collider environment: 4% accuracy.

e Hope to use high energies of the LHC to resolve previous tensions in

s extractions.
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A Perturbative Playground for
Physical Observables

P — 2w
2 Q 247 1-w
V7
Z1
// P
B
Ps Q
Py
9=z z3=1
P
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Multipoint Correlators
e The only explicit results for correlators with IV > 2 are the remarkable

strong coupling results of Hofman and Maldacena:

(i) i) = ()" 1432 %[(ﬁi-ﬁjﬁ - §]+
i<j

L 3 () ) )+ + 07

e The wealth of techniques developed to compute perturbative
scattering amplitudes can be applied to multi-point correlators at
weak coupling.

(i) g E(7i2) z
q@i(
o y
&(7i3)

GZ‘(Z,Z)
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Multi-point Correlators at Weak Coupling

e Energy correlators define an interesting class of finite integrals.
e Provide a playground for the exploration of the perturbative structure

of physical observables.
[Chicherin, Moult, Sokatchev, Yan, Zhu]

_ z—w
47 1-w

P, .
40
Z1
Py
T—@ —
Py
Zo=z z3=1
Py

e Allow modern integration techniques to be used for directly
measureable physical observables.
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-
Example Perturbative Calculation

e To compute in perturbation theory, one integrates over the energy
fraction of particles, with the angles of observed particles fixed.

e At lowest order in perturbation theory, one has:

/dwldedw;; (5(1 — W1 — w2 — W3) (wlew;;) P1*>3

o Consider for illustration a simple Mandelstam invariant in the splitting

; 1
function Pj_3 D TR

e One obtains integrals of the form:
wWiwaws
wiwezdy + wiwszly + waws 22,

/dwldwgdw36(1 — W1 — W2 — UJ3)

e This is immediately recognized as a Feynman parameter integral,
where the |z;;|? are the dual coordinates:

555 - x5+1 :P?,fgj = (x; — $j)2 = (pi + - 'pj—l)Q,

2 2
T < |2
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-
Three-Point Correlator at Weak Coupling

e Turn out to have an elegant perturbative structure. e.g. in N' =4

[Chen, Luo, Moult, Yang, Zhang, Zhu]

e Here ® and Dy are polylogarithmic functions

e Real world QCD involves more complicated polynomials, but is
otherwise similar.
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Shape Dependence of Non-Gaussianities

e Can directly study the three-point correlator of lightray operators
inside high energy jets.

LL + LO prediction, Ry = 0.35

[Chen, Moult, Thaler, Zhu]

o |llustrates theoretical control over multi-point correlations!
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: [Chang, Simmons-Duffin]
Celestial Blocks [Chen, Moult, Sandor, Zhu]

e Can be decomposed into celestial blocks:

=
rotation w.rt. 7l € S°

e In the "jet substructure” limit, reduces to living in the plane
transverse to the jet:
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Casimir Differential Equations

e Celestial blocks derived by solving Casimir differential equations

N 1 1 2123 _
G(z1,22,23,0) = Gr- ) ()t (2’1 7 ) 9(2,2)

Symmetry: Lorentz Group

J celestial dimension | ------ i -K
J

Representation labels: | : )
] transverse spin | ------ -

z2 23

1 o
Quadratic Casimir: glv.fm,M‘“’ cigenvalug _ (6(6—2)+4%)

Casimir Equation: acting Casimir operator on 21, 22

£ (21, 22) Ly (21, 22 G = —(8(6 — 2) + 12
[Dolan, Osborn, 2003]

a a
Y (51 20) = " L
)= 3 ( S 3)

i=1,2

Solutions (2D Conformal Blocks):

_ 1 _ _

98,42, 2) = 75— (ko (Do (2) + Koy (2) ks~ (2))
s

[Notations] Inourcase,a=0,b=—1

ka(z) = 2P/% o Fy (g +a,§+b,ﬂ,z)
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Celestial Partial Waves

e These are partial waves living on the

10
Qeos

6 05
00

o Celestial block expansion converges rapidly.

Gluon Jet

— LOQCD
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-
Perturbative Data from Lightray OPE

e Interesting interplay with structure of Feynman diagrams.

e e.g. In QCD can choose color structures to “
n 2
isolate internal parton states. “_ﬁ<a

e Only j = 0,2 contribute. Leading twist j = 2 block uncontaminated
by higher twist contributions.

23 Contributing Operator
" 2 FADYF ey v
d=4,j=2 twist-2, transverse spin-2 3z +§ 2.2 =3
& gluonic operator —Zz 1 2z —ZZz
39 4. 39
—2z +%ZB 2 +2*02223 2zt
—23%Z 5 F1 (3,2,6,2)
Osp (229, 2l 229, 0
7 140 140° 14

56 207 5 _» 233 43 233 5.4 207 25 5.
77 APt It t 07 1077 7

o Non-trivial interplay with structure of transcendental function space.
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-
Four-point Correlator at Weak Coupling

e Recently extended this to the four-point energy correlator in ' = 4
SYM.

e Obtained a compact expression in terms of weight-3 polylogarithms.
[Chicherin, Moult, Sokatchev, Yan, Zhu]

& N =i
z
Z1
/ P
T—@ —
Py
22= 2z z3=1
Py

e Much still to be learned about perturbative structure of physical
observables.
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Applications J
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|
Three Applications:

e The Confinement Transition

e Weighing the Top Quark

e Resolving the Scales of
the Quark Gluon Plasma
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The Confinement Transition J
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Dynamics of Hadronization

e What are the dynamics of the hadronization process?

2000
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1500 E{;;E
3 L
2 1000 Y
s =
5001 -k — experiment
== width
o input
- 3 prediction
0

Hadronic Physics

Long Time Scale
Low Energy
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Evolution
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High Energy
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4] Particle Data Group 2013
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The Confinement Transition
Ry

(£189)

E IA [ ALICE Preliminary
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Weighing the Top Quark

,.mm ¢~y

w

[Holguin, Moult, Pathak, Procura, Schofbeck, Schwarz]
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Top Quark Mass Measurement Proposal

e Use the W to convert between angular and mass scales.

3. — T
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e Optimistic for a precision top quark mass extraction at the LHC.
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Resolving the Scales of the Quark Gluon Plasma J

[Andres, Dominguez, Holguin, Kunnawalkam Elayavalli, Marquet, Moult]
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]
Resolving the Scales of the QGP

o QGP scales cleanly imprinted in two-point correlation!

Two—Point Energy Correlator

0.100
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- 0010
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— Total ==--- Vacuum

p Sursearou]
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A 4

e Resolve Femtometer scales from asymptotic energy flux!
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]
Resolving the Scales of the QGP

e Higher point correlators allow us to probe the “shape” of the wake.

Hadrons, Jet}/* /Jet"** 08
wako-on X

Hybrid Model (Inclusive Sample) 200 GeV/¢ <p,, <360 GeVic

n=1,06<R, <07

Full anti-k, jets, R =

Hybrid Model (Inclusive Sample)
Hadrons, n =1
Full anti-k, jets, R = 0.8
260 GeV/c < p, , <360 GeVic
T, -a- Vacuum Jet
o Jet + wake

E E - Jet + no wake

Normalized EEC

10? 107

[Bossi, He, Kudinoor, Moult, Pablos, Rai, Rajagopal]
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Questions

¢ Would be interesting to better develop connections between the study
of lightray operators, and celestial holography.

e Many objects appear in both:

OPE

Celestial blocks
W1 +00, Woo algebras

e Structure of energy correlators in gravity essentially unexplored...

e Improved understanding of the structure of asymptotic observables
will have significant impact on experiment!
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Summary

e Asymptotic observables play an important roI :
in collider experiments.

. 5

A4

e Jet Substructure provides a physical realization
of the OPE limit of lightray operators =
direct bridge between recent field theory
developments and QCD phenomenology.

Two-Point Energy Correlator
(&:&)
§ CMS Open Data

=

=N

AKS Je

e Better understanding of asymptotic observables
will have significant impact on improving our
understanding of the Standard Model.
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