New Angles on Energy Correlators

Wouter Waalewijn
UNIVERSITY OF AMSTERDAM

BNL High Energy Theory Seminar - June 12



Outline

1.

2
3
4.
O
0
/

Introduction to jets and jet substructure

. Introduction to energy correlators

. Energy-energy correlator: on track to high precision

Analytic continuation and small-x physics

. New angles on energy correlators
. Bonus

. Conclusions



1. Introduction to jets and jet sulstr




What is a jet?

Quarks and gluons produced in colliders radiate and hadronize
— result in collimated streams of hadrons.
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A brief history of jet definitions

Should be: infrared and collinear safe
easy to implement in theory & experiment

Sterman-Weinberg SISCone
ONne idpoint
UA1 XCone
. 1980 1990 2000 2010
Clustering Jade ;

ambridge/Aachen

SISCone, R=1, f=0.75

Cacciari, Salam, Soyez]
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A brief history of jet definitions

Should be: infrared and collinear safe
easy to implement in theory & experiment
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Jets matter

Jets enter in most LHC analyses as signal or background.

Study parton evolution with jets — improve parton showers



Jets matter

Jets enter in most LHC analyses as signal or background.

Study parton evolution with jets — improve parton showers,
probe quark-gluon plasma.

Jet

3 Jets 3 subjets



2. Introduction to energy correlators

Normalized EEC
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Introduction to energy correlators

Event (or jet) shapes describe it through one number.

Energy—Energy Correlator probes correlations in energy flow:

[Basham, Brown, Ellis, Love]
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Introduction to energy correlators

Event (or jet) shapes describe it through one number.

Energy-Energy Correlator probes correlations in energy flow:

j_(; B /da > ( . 0(0 — 0:5) ~ (E(R1)E(N2))

[Basham, Brown, Ellis, Love]

O

E(n) = lim dt r°nTo;(t, ri)
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Why the hype?

Recent interest in energy correlators has been driven by:

v'Natural separation of physics at different scales.

v Simpler theoretical description — better interpretation.

v Suppression of soft contamination (no grooming).

Wide range of applications:
Strong coupling determination,
Top quark mass determination,
Probing quark-gluon plasma,

Dead cone for heavy quarks, ...
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Different physics at different angles

- Collinear: power-law scaling, determined by DGLAP evolution.

* Back-to-back: Sudakov, described by TMD factorization.

Back-to-Back

Collinear
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Collinear region

10° ———rr ————rrr
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[Komiske, Moult, Thaler, Zhu]
At the LHC, (E, 0) — (p;, R).
Perturbative region: ~ R” with y set by DGLARP.

Nonperturbative region: ~ R?, free hadron gas.



Recent measurements
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v Scaling of EEC in perturbative and nonperturbative regimes
observed by ALICE, STAR and CMS over wide energy range

(Note factor R difference compared to the previous slide.)
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N-point energy correlator

N-point correlators parametrized by all pairs of angles 91-]-

One can project onto largest angle 6,

Ei b E
/ do 30 g 00 —max{Biy o)

1,9,k [Chen, Moult, Zhang, Zhu]

Projected N-point correlator (ENC) again has power-law in
collinear region.

Uncertainties reduced in ratio of N-point and 2-point.

16



Application: as

-1
CMS 36.3 fb' (13 TeV) cms 36.3fb" (13 TeV)
T —F T 0.8F .
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d pF' (GeV)

Extract a(m,) from slope of ESC/EEC, compare to NLO+NNLL.

Best fit a,(m,) = 0.1229J_r8:88%‘2l (stat.) fg:gggg (syst.) fg:gggg (theory)

IS most precise measurement from jet substructure.

17



Application: top quark mass

Existing approaches offer either good theoretical control or
good sensitivity to top quark mass — try energy correlators.

Convert the top quark peak position into a mass using W.

30 T T T [ [ [ [ [ [ [ [ [ [ [ [ I
pp—tX L T(¢,0,00) ]
O 2.5 [PTjet € [500,525]GeV  ——— T(¢,0.1,m}/p3,,) X 10
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[Holguin, Moult, Pathak, Procura, Schofbeck, Schwarz]
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Energy Weighted Observable Correlations

Motivation: directly study correlations in e.g. mass.

Collinear unsafe — regularize using subjet radius r,,

Example: mass EWOC for hadronically decaying W boson
do — Z /d()‘ 2% 5(m — mij)

dm —
subjets 17,7

10t E Mass EWOC

0: pp to WHW—, \/s=14.0 TeV
10 EAKTS Jets, 500 GeV < prjot

10!

[Alipour-Fard, WW]|



Mass EWOC for hadronic W

Shift in mw Detern.runfatlo.n = Mass EWOC
from the peak of each distribution
=  EEC
Mass EWOC — i _ .
m = Mm
A k?t Subjets, EEC ot = 0.1 ore MDT €SS
robust robust
T'sub — 0.3 <
q .
S 94 MeV ST | 49 Mev [
(cf ref. [57]) MeV i
Part .
Ao ¥ 144 MeV | 1150 18 Mev
Hadron MeV |
UE (MPI
(MP1) 271 MeV 00 998 MeV
On/Oft MeV
0 02 04 06 08 1
Al (GeV)

vEWOC competitive with soft drop mass.

For EEC, it is essential to use my, to extract m,
[Alipour-Fard, WW]|



—nergy correlator: on track to high precision
LEPH e*e, Vs =91.2 GeV, Preliminary
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Motivation for track-based measurements

v Pile-up removal.

v Superior angular resolution
— good for jet substructure.

All particles: Charged particles:
DELPHI

107 ALEPH e'e, Vs =91.2 GeV, Preliminary
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=
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[Y.-C. Chen’s talk at Hard Probes 2024



Main message on track-based predictions

Track-based measurements are sensitive to hadronization.

Instead of hadronization models in parton showers,
track functions offer systematically improvable framework.,

Recently extended to O(a2) — high precision possible!

v For energy correlators, track functions are easy to implement
(only moments).

$ DELPHI = NLO
=~ LO

0010- =912 GeV

AEEC on Charged Particles

1111
. IIlT
1.0 —0.8 —0.6 —04 —02 0.0

“ L, Moult, Schrijnder van Velzen, WW, Zhu] 22

Ratio to NLO
)
=)




Track functions 101

p.u
—

[Chang, Procura, Thaler, W\W]|

T;(x, ) describes total momentum fraction « of initial parton i
converted to tracks, i.e. p* = xp* + O(Aqcp)

Nonperturbative, process-independent function.
Conservation of probability: fOl dzTi(z) =1

Similar matching and evolution as for PDFs and
fragmentation functions, but nonlinear.
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Track function evolution at NLO

Projects onto DGLAP, but also yields evolution of multi-hadron
fragmentation functions

Related IR poles needed for matching, simplifies for integer
moments. [Chen, Jaarsma, Li, Moult, WW, Zhuj] 25



Ingredients for track-based EEC

Collinear region (z — 0)
NNLL resummation of single logarithms of z.
Nonperturbative plateau (modelled).

Jet function matched onto track functions:
Ji = TioiT5(2) + Tims ja T (1)T3(1)

Back-to-Back

Collinear

Back-to-back region (z — 1)
(N)NNNLL resummation of double logarithms of 1-z.
TMD factorization, nonperturbative Collins-Soper kernel.

Jet function matched onto T(1), soft function only contributes through recaoil.

Fixed-order region
Order o from CoLoRFUINNLO.

All regions:

Leading nonperturbative correction described by €2, rescaled by T,(1)

oy : : : : 26
Transition between regions using profile functions.



Results for track-based EEC

A first comparison to archived ALEPH data:

:

107 ALEPH e*e’, Vs =91.2 GeV, Preliminary

—— Fully Corrected Data E
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[Y.-C. Chen’s talk at Hard Probes 2024 - theory input: Jaarsma, Li, Moult, WW, Zhu]
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Uncertainties
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[Jaarsma, Li, Moult, WW, Zhu]

v Uncertainties reduce at higher orders.

Important remaining uncertainty from
, for which we don’t have complete resummation.
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4. Analytic continuation and small-x physics

8 1 [ T T 1 T T T T T T T T 1 T T T T [T
i B
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©) L _
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} L . _
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Motivation for analytic continuation

N-point correlator has power-law scaling ~ R/ with

Y(N) ~ /O 1dx ™ P(z)

the N-th moment of the DGLAP splitting functions P(x).

For N — 0 we can study small-x physics using jets.
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Motivation for analytic continuation

N-point correlator has power-law scaling ~ R/ with

Y(N) ~ /O 1dx ™ P(z)

the N-th moment of the DGLAP splitting functions P(x).

For N — 0 we can study small-x physics using jets.

This scaling follows from:

Rr [NV] 1 .
/ iR, & :/ dxa;NH(az,Q)-ﬂNl(ln R”Q)
dity 0 f f

| hard scattering jet formation
[Dixon, Moult, Zhu; Chen, Moult, Zhang, Zhu]

where H satisfies the usual DGLAP evolution.
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Analytic continuation in N

The projected correlator can be rewritten as:

do!V]
dR; Z/dOX Z WI(S) 6(Ry, — max{R;;}i jes),
X

SCX

N
W) =0, WIS = (Ta) - 30 wis).
1€S 5/;5
[Chen, Moult, Zhang, Zhu]
E.g. for two particles:

2 2 2 2
W = (21 4+ 20)° — 2] — 25 = 22129

3] 3 .3 _ .3 2 2
WP = (21 4 29)° — 27 — 25 = 32729 + 32125
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Analytic continuation in N

The projected correlator can be rewritten as:

doV!
diEL = Z/dcx Z WH(S) 6(Rr, — max{Ri;}ijes)
X

SCX

N
W) =0, WIS = (Ta) - 30 wis).
1€S 5/;5
[Chen, Moult, Zhang, Zhu]
E.g. for two particles:

2 2 2 2
W = (21 4+ 20)° — 2] — 25 = 22129

3] 3 .3 .3 2 2
WP = (21 4 29)° — 27 — 25 = 32729 + 32125

This form can be analytically continued in /.

Prohibitive computation time: 6(2*") for M particles.
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Speeding up

Avoid nested sums over subsets by storing intermediates:

Time: 62*") - 62™), Memory: O(M) - O(M2M)

Approximation: replace M by su

pjets Instead of particles,

with a maximum numlber of subj

v Validation;

error|%)]
- 0o =2 N w »~O

ets ng,,;,

§ O% | 3
g -1 5 3
C _2F 1 3
g _3;_ 5‘/—
S -4E 1 3
= 1
g _gé_ * ;13
4% :7g | ’1l| 5 III| IIII‘I
1074 1073 1072 107"

fi [Budhraja, Chen, WW] Ry

34



Power-law as function of N

-+ DGLAP 1st eigenvalue — —
- = DGLAP 2nd eigenvalue

----- BFKL anom. dim.

—— Exponent from Open Data -

Exponent /Anomalous Dimensions

nl |
\llll‘llll‘llll‘llll‘llll‘llll‘l

2 3 4 5 6 7

N
Fit CMS open data to power law.

Due to quark/gluon mixing not just one power-law exponent
— plot both DGLAP eigenvalues.

Interestingly, approaches BFKL for N — 0.
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5. New angles on energy correlators

= rep2r03 RE3C
. 7 102

AK5 Jets, || < 1.9
Pt €500, 550] GeV

.- 0
e Ry/ Ry
1071
CMS Open Data : 2011A Jet Primary Dataset



Issues

Computation time: 6(M"Y) or 6(2M).
Parametrization in terms of all distances Is redundant;:

N
(2> >2N—3 for N> 3.

Orientation is not preserved. E.g. for 3-point,
all 6 permutations are mapped to same R, Ry, Ry.

e
L g ‘
T 4
g 1
!
. 1
.

.. ! Rp
Ras

[
‘
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New parametrization

Isolate a special point s and only consider the distance to it:

1,7,k,..

Time is @(M2 In M) for projected correlator for all N!

Clear from cumulative:

R
1 doN
Z[N](Rl) :/ /1 dR/ /dO' ZZS ZdlSk S, R
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New parametrization

Isolate a special point s and only consider the distance to it:

1,7,k,..

Time is @(M2 In M) for projected correlator for all N!

Clear from cumulative:
R
1 doV
[N] _ R’
) (Rl)—/ R i /da g Zs|Zdisk (S, R)

R, < R; £ 2Ry, sO R, is good measure of overall scale.

Same theory framework. First difference is in ©(a?) constant
— NNLL effect = R, = R|[1 + O(a,)].
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Comparing old and new projected correlator

= T T T TTIT T T TTTTT T T 17171 T T TTTTH

0.9 =— N=3 —new(Ry) : E

08E- N =45 ---old(R) ! E

07E N =6 E

—~ 0.65— _E

¥ = E

S 0 5§_ _§

O E =

2 04F E

A E

0.3 =

0.2E L AK5 Jets, || < 1.9 =

= L py € [500,550] GeV =

0.1 = / ' CMS Open Data : \: =

= Z E E 2011A Jet Primary Dataset \\*, I

0.E  ——— T il Lol 1

1074 103 1072 10”1 100

R*<: RL or Rl)

Difference small. Most visible Iin transition region.
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Comparing old and new projected correlator

0_9§__ ]lv :' ?l - ]l nelw(lRll)l | E“l ' ' o | '\‘_.' - ”_; 351 CMS Opgn Data:.ZOllA Jet Primary Dataset, 10° events 1
= : - A 3 [ AK5 Jets, |[nit| < 1.9, p' € [500, 550] GeV
085 N =45 - - old(R E [
= old(£2,) E 30f—— N=2 (18 5) Old (2.5 s)
0.7 — — I
n L f T V=5 (185) Old (12 h)
~ O°F = — |—— N=10 (18 5)
A 3 = |
o O5E E o0 N=50 (18 s)
2 04E- E = N=100 (18 )
A = (]
0.2 'AKS Jets, [t < 1.9 =
E it € [500,550] GeV
0.1 = : CMS Open Data : O
= E E 2011A Jet Primary Dataset \\“ 3
0- = I 1 I I | 1 L 11111 I |
1074 1073 1072 107" 100

R*(: RL or Rl)

Difference small. Most visible Iin transition region.

v'"New parametrization is much faster.

100
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Resolved energy correlator

Use polar coordinates around the special point.

Nonredundant.
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Resolved energy correlator

.’L AKS Jets, [Pt < 1.9 - , Ry/Ry
1 Pt e 500, 550] GeV = 10—
CMS Open Data : 2011A Jet Primary Dataset

- Use polar coordinates around the special point.
- Nonredundant.

o ' ' ' ' /
Maintains orientation. Old defimtion
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Bulls-eye for different jets

SRS re21,023 RE3C 770N riep21,023 RE3C

AKS Jets, [®t] < 1.9 R2/R1 L0 AK8 Jets, [Pt < 1.9 Rz/R1 L0
Pt €500, 550] GeV LT Pt €500, 550] GeV T
Pythia 8.310, pp — hadrons, /s =14 TeV Pythia 8.310, pp — W W, /s =14 TeV

- Comparing QCD and W jets.

- Qualitative differences
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Bulls-eye for different jets

Pan *\\ re21,023 RE3C Pan ‘\\ riep21,02 RE3C
/ 2 / 2
1 10 1 10
|\ @ /I l\ @ /I
S~ S
o5 ®2
10! 10!

AKS Jets, [®t] < 1.9

Ry/R; oo AKS Jets, [P < 1.9 RQ/Rl oo
| I Pt € [500, 550] GeV | I
Pythia 8.310, pp — hadrons, /s =14 TeV Pythia 8.310, pp — W W, /s =14 TeV

Pt €500, 550] GeV

- Comparing QCD and W jets.

- Qualitative differences, not visible in old

parametrization. P
Old definition
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Radial distribution for different jets

Pythia 8.310, pp — hadrons, /s =14 TeV ¢Po-integrated
AKS Jets, | < 1.9, pl* € [500, 550] GeV RE3C
0.8 0.8
— 0.6 0.6
Q: I
~—
N ]
Q: 0.4F . - 0.4
0.2 . - 0.2
00 102 10! 100 — 00
Ry
Pythia 8.310, pp — hadrons, \/s =14 TeV Ry-integrated
AKS Jets, |17t < 1.9, pIS € [500, 550] GeV £3C
1.0 ———rrr — ——— 2.00
1.75
Old and new agree on
r 1.50
14 )
lower half”.
~ 0.6 4 .
S _
~— L 1 1.00
n | ]
A 04 ! .
I 1 - 0.50
0.2 E
0.0 : : —- 0.00

1072 10~1 100



Radial distribution for different jets

1.0

0.8

0.0

0.8

0.0

Pythia 8.310, pp — hadrons, /s =14 TeV
AKS Jets, [niet| < 1.9, pit €[500, 550] GeV

0.2

1072

107t

R;

Pythia 8.310, pp — hadrons, /s =14 TeV

0.2

AKS Jets, | < 1.9, pl<* € [500, 550] GeV
1.0 ———— ———— :

102

101 109

¢Po-integrated

RE3C

- 0.4

- 0.2

Rjy/-integrated

E3C@

2.00
1.75
1.50
1.25
1.00
- 0.75
- 0.50

- 0.25

—- 0.00

Pythia 8.310, pp = WT W™, /s =14 TeV ¢o-integrated

AKS Jets, || < 1.9, pit €[500, 550] GeV RE3C
1.0 1.0
0.8} 0.8
0.6 0.6
04 - 0.4
0.2F 0.2
0.0 L 0.0

1072

Old and new agree on
“lower half”.

W boson mass imprinted.
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. Bonus



Higgs + 1 jet at aNNLL'+NNLO

0,100 NNLO |
% 0.050] B aNNLL' + NNLO -
2 j _
o)
2

0.010!
E& :
< 0.0057
~
3 R=104

pp — H + 1 jet (13 TeV)
0001 oo

80 100 120 140 160 180
pII? [GeV]
[Cal, Lim, Scott, Tackmann, WW]|

Higgs + 1 jet production with a veto on additional jets:

Extra “N” compared to previous study [Liu, Petriello].

Resum leading nonglobal logarithms, logarithms of jet radius.
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Higgs + 1 jet at aNNLL'+NNLO

0.100/F 8. = 1o NNLO _
2 0.050] B aNNLL' + NNLO | &
@) - =
~ kS
B ks
— S
0.010} g
m£ : o
< 0.005] E
Iy - <
S 'R =0.4 I B B ,
pp — H + 1 jet (13 TeV) BT aNNLL' + NNLO -
0'001 --------------------------- O=II_I‘—III_'I_I'-l-'l_l'-‘l'l—-l—--l- |—-—|- I—I—--l—-—l -I--I—_
80 100 120 140 160 180 80 100 120 140 160 180
py [GeV] pH [GeV]

[Cal, Lim, Scott, Tackmann, WW]|

Higgs + 1 jet production with a veto on additional jets:
Extra “N” compared to previous study [Liu, Petriello].
Resum leading nonglobal logarithms, logarithms of jet radius.

Missing pieces parametrized by theory nuisance parameters.
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g, slicing with multiple jets

For color-singlet production, cancel IR divergences by gy slicing

do 0 dosceT > doqcep
2 _ |4 1 4+ O(s? d
ax /Y97 x gt O )]+/5 19X dgr

[Catani, Grazzini]

g fails for jets, because emissions inside jets leave g, = 0.
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g, slicing with multiple jets

For color-singlet production, cancel IR divergences by gy slicing

do 0 dosceT > doqcep
d 1 4+ O(s? d
ax ), 497 x g L0 )H/(; 19X dgr

[Catani, Grazzini]

gr falls for jets, because emissions inside jets leave g, = 0.

N-jettiness can be used for jets [stewart, Tackmann, Ww: Boughezal, Focke, Liu,

Petriello; Gaunt, Stahlhofen, Tackmann, Walsh],

but soft function complicated sei, behnadi, Mohrmann, Rahn].

kT-ﬂeSS also works with jetS [Buonocore, Grazzini, Haag, Rottoli, Savoini],
but no factorization formula.
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g, slicing with multiple jets

For color-singlet production, cancel IR divergences by gy slicing

do 0 dosceT > doqcep
2 _ |4 1 4+ O(s? d
ax /Y97 x gt O )H/(; 19X dgr

[Catani, Grazzini]

g, fails for jets, because emissions inside jets leave g, = 0.

N-jettiness can be used for jets [stewart, Tackmann, Ww: Boughezal, Focke, Liu,

Petriello; Gaunt, Stahlhofen, Tackmann, Walsh],

but soft function complicated sei, behnadi, Mohrmann, Rahn].

kT-ﬂeSS also works with jetS [Buonocore, Grazzini, Haag, Rottoli, Savoini],
but no factorization formula.

v g works when using winner-take-all axis [saam; Bertolini, Chan, Thaler]

Planar processes: component transverse to plane is simple.
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g, slicing with multiple jets

SoMO(555) [pb)

50O (55 [pb

LHC 13TeV pp — 2jets(E scheme)-+X @NLO

Iv12] <2, Pri1>100GeV, Pr, > 80GeV, R = 0.5, dynamical scale: 2pr
x107
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Proof of concept at NLO.

505 [pb]

3oN-O(g) [pb]

LHC 13TeV pp — 2jets(E scheme)+X @NLO

lyi2| <2, Pr1>100GeV, Pt > 80GeV, R = 0.5 dynamical scale: 2pr
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[Fu, Rahn, Shao, WW, Wu]
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g, slicing with multiple jets

LHC 13TeV pp — 2jets(E scheme)-+X @NLO LHC 13TeV pp — 2jets(E scheme)+X @NLO
Iv12] <2, Pri1>100GeV, Pr, > 80GeV, R = 0.5, dynamical scale: 2pr lyi2| <2, Pr1>100GeV, Pt > 80GeV, R = 0.5 dynamical scale: 2pr
x 10’ x 107
— SCET(< 6¢™) —— SCET(< q5%)
1.0 QCD (> §¢*) 10 QCD (> q%")
¢ QCD+SCET ¢ QCD+SCET
E 05 g 0.5
S S
= z
E E

ooooo
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2 1 T

s S
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~1{ ¢ Slicing . -19 ¢ Slicing
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qCUt
|0g10(5¢wt) 10810 (PLT>

[Fu, Rahn, Shao, WW, Wu]
Proof of concept at NLO. At NNLO:
For planar case (6¢) only need constant of two-loop gluon jet.

For g, also need two-loop soft function (expand in R).
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Conclusions

Energy correlators separate scales, suppress soft radiation,
simple(r) theory — applications: a;, m,, ...

Track-lbased energy correlators can be calculated at high
precision, and only involve a few moments of track functions.

Analytic continuation in N gives access to small x In jets.

New parametrization enables fast evaluation of higher-point
correlators and qualitative differences between jet samples.

Now studying nonperturbative effects, back-to-back region,
as well as new applications (heavy ions) with new definition.
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Thank you!



