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Introduction

EECs (Energy-Energy Correlators)
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detectors * Observable in the detector space, a direct correspondence with “calorimeter cells”

— an observable which is intuitively simple and obvious
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Introduction

EECs (Egghead-Egghead Correlators)
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Introduction

N-Point Energy Correlators

N-1
do Z E, FE; ---E, H 1 —cos Xi i,
iN j=1

2 il,ZQ,...,

T

inclusive
* IRC safe, weighted cross-section

* Observable in the detector space, a direct correspondence with “calorimeter cells”

detectors C e e . .
: — an observable which is intuitively simple and obvious

* It has an operator definition

N-1 EM)X) =) E.6P (25 — Q) |X)

/ Energy Flow /
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Introduction

Collinear Limit of Energy Correlators

* In the collinear limit, 2;; — 1 (i.e. 9% — 0), give rise to

Phenomenological tools

* Jet substructure study

Theoretical tools

: Light-Ray OPE
>

* Light-ray Operator Product

Hxpansion (OPE)



Introduction

Collinear Limit of Energy Correlators

* In the collinear limit, 2;; — 1 (i.e. 91-23- — 0), give rise to

Phenomenological tools Theoretical tools
it . -
Light-Ray OPE
>
........................................... ;0 ;0
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* Jet substructure study * Light-ray Operator Product Expansion (OPE)




EC as jet substructure

Energy correlators as jet substructure

Jet Shape Energy Correlators

Example: Jet mass (angularities) W ( X J)

0(Ta — Ta(X))

Ty ~ 2 g>—a
Collinear 21
e T 1 ‘90 ~ Taq

a

(Collinear-)soft

Ta
93 ~ R Zes ~ R2—a
e The measured value of € constrains the radiation * Weighted cross-section, or, ensemble averaged observable.
pattern inside the jet, X ; * It does not constrain the phase space of an individual jet

Lessons:
1. space of detectors vs space of the states 2. Probes fixed scale
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EC as jet substructure

Energy correlators as jet substructure

Jet Shape

Example: Jet mass (angularities)

0(Ta — Ta(X))

2—a
Ta ~ 20”7 % Collinear 4
Ze~ 1 Oc ~ 745 °
¢ gr soft 0\ P
Hggr ~ R Zdgr ™ Zcut <E) — <cut

€ gr soft (collinear-soft)

1
0 p 23;16 W 2—5—1—5 TaRB 2—a+B
Zegr ™ <cut E = Zcut R2—a HEgr ~

Zcut

* The measured value of € constrains the radiation

pattern inside the jet, X ;

* Still sensitive to soft radiation, complicated NP structure.

Lessons:
1. space of detectors vs space of the states

8

Energy Correlators

* Weighted cross-section, or, ensemble averaged observable.

* It does not constrain the phase space of an individual jet

2. Probes fixed scale



EC as jet substructure

Energy correlators as jet substructure

* Fixed number of detectors * Makes incorporation of NP dynamics much simpler

space of detectors vs space of the states

Example: Track observable
Chang, Procura, Thaler, Waalewijn, " | 3

 T;(x;, ) describes momentum fraction of initial parton 4

converted to tracks, i.e. pffrk — 33@]9?
* Jet shape measured on track 1s then
o(e —e({p; € Xs})) — d(e—e({zip; € X}))

which requires simultaneous knowledge of all the tracks in jet.

* On the other hand, energy correlators on tracks only require a simple
replacement:

E(n) — Er(n) =T;(1, n)E(N) Ti(1, 1) = /d:zja:Ti(:E,,u)

* This simple structure allowed energy correlators on track to be computed at the

Chen, Moult, Zhang, Zhu, "20 same accuracy as the state of the art calculation perturbative calculation.
Li, Moult, van Velzen, Waalewijn, Zhu, "2 |
Jaarsma, Li, Moult, Waalewijn, Zhu, 22



EC as jet substructure

Energy correlators as jet substructure

* Probes fixed scale Example: Top mass Holguin, Moult, Pathak, Procura, 22
Y 2 J T g J TRL 1.5 T T 1 | S I | I — T T 1 S I 1
K b, \/_ bJ, PYTHLIA8 ete - t(— ch} )+ X — m, = 170GeV -
| N\ 360=002,n=1, R=12 —m; = 172GeV -
scale knob W o - 2000Gev —m, = i;(s) gez
A —_—m, = e
1. _ — : "
I o g
u ® u . = o) 0s i T
~ Solid = Hadron level >
. Dasheid Partlon level | | | -

0.
0.04 005 006 0.07 0.08 0.09 0.1
3¢
R2
Equilateral triangle, so ¢ ~ T

2
3m;

QQ

* One sees a clear top mass sensitive peak around 3¢ ~

10



EC as jet substructure Jet Fragmentation Functions EC at the LHC Beautiful and Charming EC

Energy correlators as jet substructure

* Probes fixed scale

e~ 2pyrvz~prrRL . : : :
Example: Transition between hadronic and perturbative regions

perturbative region

~ * Unlike in jet shape, which can have
a T T multiple scales at a fixed value of the observable,
; +  Charged-Hadron EEC one really probes fixed angular and associated energy scale.
o 100 o F ; * This makes the transition between different regions clear.
LLS - Free Hadron | Transition Quarks/Gluons :
o M - * Free hadron region is consistent with the freely propagating
N 2 o : .S
= 10~ 5 E uniformly distributed hadrons.
= ok &
s [ .
~ i CMS 2011 Open Data
103 F ot . N
_I_.F[' AKS Jets, [ < 1.9
: .[.']' py" € [500,550] GeV T * Now, let’s look at the perturbative region.
I.J- CHS, p;*¢ > 1 GeV 3
10-4 | e B s aaaald e
107 107 10" 10"
Ry ~ AQCD R[ Ry, ~ Rjet
pJT

Komiske, Moult, Thaler, Zhu, *22 11



EC as jet substructure

Energy correlators as jet substructure

Komiske, Moult, Thaler, Zhu, "22

E3C/EEC CMS 2011 Open Data l “

4

FAC/EEC AKS Jets, [p¢t < 1.9
ESC/EEC ~ Pr €[00.550]Gev 1T
Charged-Hadron Ratios i

+ -t

E6C/EEC CHS, pPFC > 1 GeV i -l._‘_'" ..

T

it

LT

ENC/EEC Ratio
\S)

[
I
x4
T
Fr
r
]

* Want to be able to extend the formalism to study energy correlators as jet substructure at the LHC!

12



EC as jet substructure

Energy correlators at e e~

do BB 1 — cos xij
Z =2 v (- =7

2 2
For convenience, cumulant: Y] < Z, In Q—, M) L / dz’ d_o' (Z In Q—, ,u>
p? 0o Jo  dz p?

[lnj Z/ZLL —1/(G+ 1) xIn? ™ 2 and 6(z) = 1

* In the collinear limit, z — 1 (i.e. X?j — 0), factorizes as (using SC!

> (z an—Q,,u) /1 d:z:x2f<ln Zx22Q2,u> .ﬁ(:):,@—j,,u>
s 0 M P
HEEC ~ V72 Q p ~ Q
Hard function
j: { Iy, J } (source)
L B

EEC Jet function Jq(z) — Z Z <O b_Cn|X> (Q/ ; S, (‘9@] < X) <X ‘Xn| >

(L]
e

X ~Vz

Dixon, Moult, Zhu, " | 9

13



EC as jet substructure

Energy correlators at e e~

do EZEJ 1 — cos Xij

2 Z 2
For convenience, cumulant: Y, z, 1n Q—, T = ! / dz’ d—O- z/, In Q—, !
p? oo Jo  dz p?

@ [lnjz/z}+%1/(j+1) x It 2 and  §(2) — 1
o)

* In the collinear limit, z — 1 (i.e. X?j — 0), factorizes as (using SC!
2 1 2()2 2
)y (z,an—Q,,u> :/ drx?J (ln - 2Q ,,u> - H (:E,Q—Q,,u>
M 0 M P

pEEC ~ V2 Q  pE ~
EEC Jet function Hard function

N xQ‘xixj j: {an Jg} (source)

C
~

Dixon, Moult, Zhu, " 19 ()?

\
Fanwo Ay 0y g Ry

14




EC as jet substructure

Energy correlators at e e~

do BB 1 — cos xij

z(,z):%m%)szw = E()E () =0 YO ()

power-law behavior with scaling from twist-2 spin-3 anomalous dimension, related to OPE.

(L]

do
3) >0 — z—1|,0=0

can be computed using OPE alone!

Dixon, Moult, Zhu, " | 9

15



EC as jet substructure

Energy correlators at ¢

do EZE]

o

1 — cos xi;
2

* In non-CFTs (like QCD), there is competition between beta functions
and twist-2 spin-3 anomalous dimension.

0.04

z(1-2)/0, do/dz

0.02

0.01

Dixon, Moult, Zhu, " | 9

006 T T T T

0.05

0.03

e Te ™ EEC for small z (Q = My)
l T T T T l T T T T | T T T T

—— NNLL + NLO

| a, = 0.118, n; =5, u = Q

—— NLL

—— NLO (exact)

| | | | | | | | | | | | | | | | | | |
0 0.05 0.1
Z

0.15 0.2

z(1-2)/0, do/dz

0.10

0.08

0.06

0.04

Higgs EEC for small z (Mg = My)

0.12 | ag = 0.118, ny =5, pu=Q

T I T T T T | T T T T | T
NNLL + NLO

—— NLL

NLO (exact)
LO (exact)

0

| | | | | 1
0.05 0.1 0.15 0.2

zZ

* Higher scale would give larger window of region where the contribution from the twist-two anomalous dimension

dominates over that of beta function, giving phenomenological connection to Light-ray OPE and other CFT techniques

* Higher energy provides more particles 1n jet, allowing us to study higher-point correlators

—> Jets at the LHC!

e Smaller NP corrections

16



EC as jet substructure Jet Fragmentation Functions EC at the LHC Beautiful and Charming EC

The jet fragmentation function and energy correlators

Factorization
doPP—iet (ENC)X

dprdnd{(}

— Z fa/A & fb/B o Hgb o gc({C})
a,b,c AQCD pr priR p

pT\/E

where {C} stands for the collection of angles in N-point cortrelators

1
Ge (2, {C},pr R, 1) = Z/O dx ™ Jij (2,2, prR, 1) Jeec ({C}, z, 1) P
j

e JrrC is the same EEC jet function as eTe~ case (can use track or other cases too)
*Energy correlators are expectation values on a state |U) do . )
| T (WIE () € ()] V)
In e" e, the state 1s created by a local operator. ¢}

* As discussed, G, , describes how jet algorithms are used to “create” the state |¥) in which energy
correlators are measured.

* More formally, ) = Z cs.i|¥s i) whered, j are the quantum numbers of the celestial sphere.

0,7 Chen, Moult, Sandor, Zhu "22

17 Chang, Simmons-Duffin “22



EC as jet substructure

Jet Fragmentation Functions

EC at the LHC Beautiful and Charming EC

2-Point Energy correlators at the LHC

e~ 2pyrvVz~prrRe

do
dR 1

3.0 .
| \
sl Two-Point Energy Correlator
¢ CMS Open Data
: do
ar oM } = NLL
1.5/ . {
1.0¢
0sl } . AKS5 Jets, n||l< 1.9
ot { } + pr = 500-55(0 GeV -
OO_'i ! ! ! [ L ! [y ! ! |'.|.||A__
0.001 0.005 [0.010 0.050 0.100 0500 1
Ry ~ Aqcp RL Ry ~ Riet
PJ.T

18

e One can see clear transition between the
perturbative and hadronization regions.

* Perturbative region agrees well with the data
without any soft drop grooming, trimming, pruning, etc.

* At very small angle, the result 1s consistent with
uniformly distributed freely propagating hadrons.

KL, Megaj, Moult, "22



EC at the LHC

Projected Energy correlators at the LHC

w~2prrvz~prrRL

NP (R 1) = / 4{CY 6 (Ry, — max[{C}]) TR ({Ch . p)

* Integrate over all shapes with fixed largest angle, R

* Related to the OPE limit of the N-point correlators,
scales as twist-2 spin-(N+1) anomalous dimension in the conformal limit.

Space of 3-point correlator

19 KL, Megaj, Moult, "22



EC as jet substructure Jet Fragmentation Functions EC at the LHC Beautiful and Charming EC

Projected Energy correlators at the LHC

2.0} <815253> ¢ CMS Open Data 2-0} <51 - 54> ¢ CMS Open Data T
| = NLL A | == NLL { A
T L (88
= | =
o o
O | O ¢ j : . .
2 o] Ir | B | *Slope increases with N as predicted
Qi } } { L ; by the light-ray OPEs
0.5+ + . 0.5+ i
| AKS5 Jets, | < 1.9 AKs Jets, 1] < 1.9 | ® Non-perturbative effects expected to
V pp = 500-550 CeV j b = 500-550 CeV : :
0 L s 0 L et cancel in ratio
0.005 0.010 0.050 0.100 0.500 0.005 0.010 0.050 0.100 0.500
Ry Ry .
S S B S I 1w * Already at competing order of accuracy
20, < & ... g5> ¢ glﬁdLS Open Data  Jo0 20 < & ... 56> ¢ 1(51&8 Open Data | as the state-of-the-art calculation of
| — } A * £ e - } other jet substructure
.. (&) .. (&1&)
o o * Precision calculations of Qg
E 1.0+ E 1.0+
~— - ~— -
O O
& e
0.5 } } * ¢ ¢ % ; 0.5 } ¢ ! ;
| AKS5 Jets, |n| < 1.9 : : } } { % E AK5 Jets, |n| < 1.9 :
| pr = 500-550 GeV | pr = 500-550 GeV |
00 0005 0.010 T 0050 0400 0500 0.0 0005 0010 T 0050 0100 T 0500
f o L KL, Megaj, Moukt, *22



Beautiful and Charming EC

EeautLﬁ[ and Cﬁarming energy correlators

* What happens if we consider energy correlators
between heavy meson and other particles in a heavy jet?

M

* Heavy quark suppresses gluon emission around the angular region 0 < o
T

dead-cone

* Recently, ALLICE collaboration made a direct observation of the dead-cone etfect

ALICE Collaboration 22 (Nature)

* Sophisticated reclustering techniques.
g T [ Fuyrecusierede Can we observe the dead-cone effect statistically using energy correlators?

- Charm quark
*  Gluon emission vertex
Emitted gluon
0, >0,>... >0

1 KL, Mecaj, Moult, In Progress



Virtual

@,
X % o'e X e
_Jp &)
N1
T@ B
=
= 0.5
- .

Beautiful and Charming EC

Beauuﬁ[ and Cﬁarming energy correlators

* What happens if we consider energy correlators

between heavy meson and other particles in a heavy jet?

10—

® Light Jet

® [Beauty Jet

=

k -
T
IR S

+ mirror diagram

r
6«% I
. — | o .

+ mirror diagram

01—2

5 g g — NLL Charm |
7 < 1 2> ® Charm Jet == NLL Beauty |

AK5 Jets, |n| < 1.9
pp = 500-550 GeV

Ry
* UV poles match the light jet case as expected

* As the virtuality approaches heavy quark IR scale, we see a turning over.

! | ! L ! ! ! | ! I
0.005 0.010 0.050 0.100

! |
0.500

KL, Mecaj, Moult, In Progress



Beautiful and Charming EC

EeautLﬁ[ and Cﬁarming energy correlators

2.0 T | T T T | T T T T |

- EEC(heavy)/EEC(light) I i
i RL ~ = RL ™~ —°
_ PJ,T pPJ,T
151 pr > 200 GeV
R=10.5

vy /light) Ratio

EEC(hea
o

0.5+

—— Charming EEC -
—— Beautiful EEC

I | I I I | I Lo
0.500 1

0.0 : . I 1 ! I I | |
0.001 0.005 0.010 0.050 0.100

* One observes clear turning around heavy quark scale (both from Pythia and the fixed order calculation).

* Suppression at small angle can be interpreted as a direct signature of the dead-cone

23 KL, Mecaj, Moult, In Progress



Beautiful and Charming EC

Beauuﬁ[ and Cﬁarming energy correlators

E3C(heavy)/E3C(light)

* One observes clear turning around heavy quark scale (both from Pythia and the fixed order calculation).

* Suppression at small angle can be interpreted as a direct signature of the dead-cone

24



Normalized EEC

1.4

1.2

1.0

0.8

0.6-

Venturing into precision calculations

(£182)

Two-Point Energy Correlator

% CMS Open Data

AKS5 Jets, |n] < 1.9
pr = 500-550 GeV

0.20 | 050

25




Outlook

Czakon, Generet, Mitov, Poncelet "2 |
Partial results computed

NNLO semi-inclusive hard function A
dO.pp—>jet(N—proj)X }

__ ) He¢ N —proj R
dprdndRy g;cf /TA®f?/B® ab DG, (Rr)

NNLO PDFs \/
NNPDFs, CTEQ, ...

1 * Unprecedented precision calculation of
Qi\l_proj (z, Rp,,prR, 1) = Z / dwa:NjL-j (2,2, prR, 1) JgggroJ (Rp,, x, 1t) jet substructure on the horizon!
: 0
7 ! ! 74
A Projected ENC jet function
Partial results Available even for the track casel Chen, Moult, Zhang, Zhu, *20
KL, Liu, Moult, In progress Li, Moult, van Velzen, Waalewijn, Zhu, "2 |

Jaarsma, Li, Moult, Waalewijn, Zhu, "22

26



Outlook

Czakon, Generet, Mitov, Poncelet "2 |
Partial results computed

NNLO semi-inclusive hard function 4\

!

[ 7C

do.pp—>jet(N—proj)X

dprdndRp,

KN N—rO' [

1on calculation of
e horizon!

g(l?T—proj (Za RL7pTR7 :u) —

, Moult, Zhang, Zhu, "20
lzen, Waalewijn, Zhu, "2 |
oult, Waalewijn, Zhu, "22



