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Introduction to energy correlators

Event shapes, like thrust, describe it through one number.

Energy—Energy Correlator probes correlations in energy flow:

[Basham, Brown, Ellis, Love]
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Why the hype?

Recent interest in energy correlators has been driven by:
Natural separation of physics at different scales.
Suppression of soft contamination (no grooming).

Simpler theoretical description, improving interpretation.



Why the hype?

Recent interest in energy correlators has been driven by:
Natural separation of physics at different scales.
Suppression of soft contamination (no grooming).

Simpler theoretical description, improving interpretation.

Wide range of applications:
Strong coupling determination (this talk).
Top quark mass determination = see A. Pathak’s talk.
Probing quark-gluon plasma.

Dead cone for heavy quarks...



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



Collinear region
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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.



Jet-based EEC measurements
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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.)



Superior resolution from tracks

Resolution of charged-particle tracks essential for probing
energy correlators in collinear and back-to-back limit.

All particles: Charged particles:
_ DELPH‘[ e ALEPH e'e,, Vs =91.2 GeV, Preliminary
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[Y.-C. Chen’s talk at Hard Probes 2024
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Track-based predictions for EEC

Track-based predictions using track functions (moments).
[Chang, Procura, Thaler, WW; Chen, Moult, Zhang, Zhu; Li, Moult, Schrijnder van Velzen, WW, Zhu]

Comparison to archived ALEPH data:
Charged particles:

10° ALEPH e*e, Vs =91.2 GeV, Preliminary
E —— Fully Corrected Data
' ' ' . C Track Function Theory Calculation
Predictions include: (L. (NWLL Colinesr- NNNLL Sucakon)
NNLL in collinear !

NNNLL in back-to-back

1 d(Sum EiEj/EZ)

Collins-Soper kernel

Nonperturbative €2,

[Y.-C. Chen’s talk at Hard Probes 2024 - theory input: Jaarsma, Li, Moult, WW, Zhu]
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Transverse EEC (TEEC)

Study back-to-back in pp, by restricting to transverse plane:

— /da Z (ET’iET’j 5 0(cos @ — cos ¢;;)

[Ali, Pietarinen, Stirling]

(At the LHC, jets instead of particles are used.)

High precision available:

1oL ELo

= [ NLO

~ [ NLL+LO

— [ NNLL+NLO
1|~ TEEC (Vs=13 TeV
= P, +P,,> 500 GeV
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[Gao, Li, Moult, Zhu]
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igher-point energy correlators



Projected N-point energy correlator (ENC)

Project onto largest angle 6, :

do!V] EEEk
0, /da Z

)

(HL — max{@ij, Hika s e

7)

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

Uncertainties reduced in ratio ENC/EEC.
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Projected N-point energy correlator (ENC)

Project onto largest angle 6, :

do!V] EEEk
0, /da Z

B 5(9L — max{60;;,0ir, - })

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

Uncertainties reduced in ratio ENC/EEC.

Perturbative region has power-law scaling ~ R with at LL
1
Y(N) ~ / dz 2™ P(z)
0
This scaling follows from:

RL [V] 1 .
/ dR’; dg, :/ dxxNH(a:,Q>-ﬁN](ln RL‘”Q)
dR} 0 T iz

[Dixon, Moult, Zhu; Chen, Moult, Zhang, Zhu] hard scattering jet formation 15




Power-law scaling as function of N

N
<1

o
o

-0.5 -+ 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 ) 6 4
N [Budhraja, Chen, WW]

Fit power-law exponent of ENC in CMS open data.

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

Interestingly, approaches BFKL for N — 0.

[Chang, Chen, Kravchuk, Simmons-Duffin, Zhuj



Better parametrization

Computation time is an issue: O(M"Y) for M particles.
(or O(2*M) for non-integer N)

17



Better parametrization

Computation time is an issue: O(M"Y) for M particles.
(or O(2*M) for non-integer N)

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

/da Z Zs Z Zi Zio ° — max{ Ry, Reiy, - })

11,225, [Alipour-fard, Budhraja, Thaler, WW]

R, < R; £ 2Ry, sO R, is good measure of overall scale.
First difference is an NNLL effect = R, = R([1 + O(a,)].

Time is O(M?1n M) for projected correlator for all N!
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Better parametrization and visualization

AKS Jets, [pi¢t| < 1.9 RQ/Rl PY
Pt €500, 550] GeV i
Pythia 8.310, pp — hadrons, /s =14 TeV 1

[Alipour-fard, Budhraja, Thaler, W\V]

- Resolve three particles using polar coordinates
around special point (hon-redundant).

19



Better parametrization and visualization

AKS Jets, [pi*t] < 1.9
Pt €500, 550] GeV

Rg/Rl | 100 AK8 Jets, ]7;J'et| <19
] Pt € 500, 550] GeV
Pythia 8.310, pp — hadrons, /s =14 TeV Pythia 8.310, pp — W W™, /s =14 TeV

[Alipour-fard, Budhraja, Thaler, WW]

- Resolve three particles using polar coordinates
around special point (hon-redundant).

- Qualitative difference between QCD and W jets,
not visible in old parametrization.

OLD

‘%Rl

C 100
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Top quark mass determination

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
= -Pythia 8.3 , e Equilateral proj. x 50
:;J 2.8 ¢ ECWN4'5TW .
My = B '
! B
\- R E 1.5 —
- i -
>/ 8 N
“: / -8 ]_ o :—
“‘ h
| A 0.5F
woooYe e T e,
0
0 0.8

[Holguin, Moult, Pathak, Procura, Schofbeck, Schwarz]

21



3. Strong coupling determination



Strong coupling from AEEC at LEP

DELPHI DELPHI

] Dota ] Dato
—~——  ME opt.

—  ME opt.

x degrees X degrees

AEEC(y) = EEC(180° — ») — EEC(y)

23



Strong coupling from AEEC at LEP

DELPHI DELPHI

] Dota ] Dato
—~——  ME opt.

—  ME opt.

Uncertainties:

Theory: vary scale u? = fs with
f between 0.004 and 1.

Systematic: vary fragmentation
parameters.

1 1 l i . | ‘ i1 1 1 I 1 1
0 25 50 75
x degrees X degrees

Extract from integral of AEEC(y) = EEC(180° — y) — EEC(y)
between 28.8° < y < 90°, comparing to @(asz) [Elis, Ross, Terrano]

Result: a(m,) = 0.106J_r8:88§ (stat.) fg:ggg (syst.) J_r8:88(3) (theory)
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Strong coupling from (A)EEC at SLC

AL AL o AL AL L
0.14 — (a) \lL AEEC Fit results : = Uncertainties:

Theory O(a?):
- scale uncertainty (again using f)
- differences between 4 calculations

|
|
. | .
: | - fragmentation
". | .
‘- | Systematic:
R S JI ] - event selection cuts
2 - tracking
O IIIIIII| [ LI | |||||ﬁ|' [ LI [ LI . \
103 101 10" - Monte Carlo statistics
Toa7as Renormalization Scale Factor f=p?/s
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Strong coupling from (A)EEC at SLC

0.14 - (a) /i AEEC Fit results : —  Uncertainties:
AN — . n
C \ | ] 2\,
‘fg 012 A ST Theory O(a;):

_ - scale uncertainty (again using f)

~
e

i
0.10 (=L /f| L1 cl ol 1 :|||||I — - differences between 4 calculations
sk () L\ | _._RSE | - - fragmentation
\ —_——
N '. | AB | .
S ': \-\\| — P;E | Systematic:
x - L G — '
4 U | - event selection cuts
| SLD \v V| Te——___ 1 _ .
L\ == | - tracking
O IIIIIII| [ LI _ M 't C | 't 't 't
1073 1071 10 onte Lario statistiCs
SeaTs Renormalization Scale Factor f=u?/s

AEEC vs. EEC: smaller scale uncertainty, fragmentation similar

Fit AEEC between 21.6° < 8 < 79.2°:

a(m,) = 0.1 16J_r8:88% (stat.) fg:ggj (syst.) fg:ggg (theory)
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Strong coupling from EEC at SLC + resummation

L L S R S
KN O(0:2)+Resummed fits SLD

1 +« Data c-* 3
5 05 ---- R-mgtchlng . i - ~
® U.o" — Modified R-matching | -
< Th 5 -
S i o -
Q o
w 0.1 .

o

0.05 [«~— Fit Range (R-matching) — |
:—l (Modified R-matching) —ITI
[ | | | | | |

100 120 140 160 180
704778 X (degrees)

Include NLL resummation in the back-to-back region
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Strong coupling from EEC at SLC + resummation

I I I I 0.15 T T TTTT T TTTT
| | | | | | | | |
— — Modified R—matching .
KN O(a.3)+Resummed fits SLD o’ - (a) ,;JP_;?;___-__:_—;L/;/’
—~ 1E « Data - S & _
5 05 ---- R-mgtchlng | ] L . .
@ V.9 — Modified R-matching | _ | -
N B _ | B | - |
g L] Ll L |||||||
= = | . 011 W'Y ——Rse | ]
N | 8- (b) W\l % -——a | -7 -
w 0.1 — | | — . B \ \" ——— KN //I/
- o - W o, N\ |
0.05 [+— Fit Range (R-matching) —> | - b O
< (Modified R-matching) ——» - - SLD PN T S
| ' ' ' ' I o Lol Ll g =
100 120 140 160 180 1071 100 101
3-94
7647A8 X (degrees) 7647AS Renormalization Scale Factor f=u?/s

Include NLL resummation in the back-to-back region

Fit EEC, averaging 2 matching schemes, now vary % < f<4:

a(m,) = 0.130f8:88% (stat.) fg:ggg (syst.) fg:ggz (theory)
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Global fit of EEC

Theory input: NNLO + NNLL,
b-quark mass effects.

Hadronization modelled using
Sherpa with Lund string or cluster

fragmentation, and Herwig.

Correlations between bins assessed

using Monte Carlo.

=

Color to correlation coefficient - -60

-40

-20

0 or N/A

20

10 oo [N

Experiment | +/s, GeV, data | /s, GeV, MC | Events
SLD [47] 91.2(91.2) 91.2 60000
OPAL [50] 91.2(91.2) 91.2 336247
OPAL [51] 91.2(91.2) 91.2 128032
L3 [4] 91.2(91.2) 91.2 169700
DELPHI [49] | 91.2(91.2) 91.2 120600
TOPAZ [52] | 59.0 — 60.0(59.5) 59.5 540
TOPAZ [52] | 52.0 — 55.0(53.3) 53.3 745
TASSO [53] | 38.4 — 46.8(43.5) 435 6434
TASSO [53] | 32.0 — 35.2(34.0) 34.0 52118
PLUTO [58] 34.6(34.6) 34.0 6964
JADE [54] | 29.0 — 36.0(34.0) 34.0 12719
CELLO [57] 34.0(34.0) 34.0 2600
MARKII [56] | 29.0(29.0) 29.0 5024
MARKII [56] 29.0(29.0) 29.0 13829
MAC [55] 29.0(29.0) 29.0 65000
TASSO [53] | 21.0 — 23.0(22.0) 22.0 1913
JADE [54] 22.0(22.0) 22.0 1399
CELLO [57] 22.0(22.0) 22.0 2000
TASSO [53] | 12.4 — 14.4(14.0) 14.0 2704
JADE [54] 14.0(14.0) 14.0 2112

[Kardos, Kluth, Somogyi, Tulipant, Verbytskyi
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Global fit of EEC

Renormalization scale: Hadronization model:
’EO.1407 T T T ’S 0.1407 T T 1 T T I —
g - < NNLO+NNLL+SE E i —~- NNLO-+NNLL
— 0.135| = NLO+NNLL+SE — 0.135] |
e - NNLO+NNLL+S¢ | 3 i

0.130) - NLO+NNLL+S¢ : 0.130 |
0.125| ] 0.125|
0.120/ ] 0.120/
z z . '
0.115| . 0.115| .
0.110| ] 0.110|
0.105 | ] 0.105 | |
R 20 ol | gL GC (M A, DMW
xr
R Model

Fit EEC between 60° < 0 < 160°:

_ +0.0002 +0.0010 +0.0026 +0.0008
a(my) = 0.11757 75005 €x0.) Ty o010 (hadr) Zgoeze en.) Ty aoos (€S-)

[Kardos, Kluth, Somogyi, Tulipant, Verbytskyi 30



Global fit of EEC

Renormalization scale: Hadronization model:
’GO.1407 T T T ’S 0.1407 T T 1 T T I —
g -+ NNLO+NNLL+SE E i —~-NNLO-+NNLL
— 0.135| = NLO+NNLL+SE — 0.135] .
3 . —NNLO+NNLL+S¢ 3 [

0.130) - NLO+NNLL+S¢ : 0.130 |
0.125| | 0.125|
0.120/ | 0.120/

i E i ]

0.110 | 0.110|
0.105| | 0.105|

271 20 21 St SC HM An PMW
Model

Fit EEC between 60° < 0 < 160°:

_ +0.0002 +0.0010 +0.0026 +0.0008
a(my) = 0.11757 75005 €xp.) Z 5010 (hadr) Zyiose (en.) Ty aoos (€s-)

[Kardos, Kluth, Somogyi, Tulipant, Verbytskyi 31



Strong coupling from (A)TEEC

TEEC not measured with particles but on anti-kt R=0.4 jets
with p, > 100 GeV. (For two leading jets, H, > 800 GeV.)

Experimental uncertainties:

Jet Energy Scale and Monte Carlo Modeling dominate

3 8_I T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T I_ '§ Sil T T | LI | LI | LI | LI | LI | LI | LI | LI | T T I:
'o; ~ ATLAS TEEC — Total syst. --- JES ] = - ATLAS ATEEC — Total syst. --- JES -
£ 6 Vs=13TeV; 139fb" - MC Mod. --JER  — £ - Vs=13TeV; 139 fb" - MC Mod. .- JER .
5 Z Unfolding —JAR ’ 5 Unfolding —JAR ]
o 41— — o m
c - — C —
- - e T S ]
o o M | S Y - —
© - © e y
£ Lt ! & 3
& 0 A e R T A e 2 e
> - > _
%) - %) i
—2 B T T S | 7

. A -1 ]

“C H_ > 1000 GeV E ,F Hr,> 1000 GeV E

_6_—|- 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 'l—_ _I 111 | 111 1 | 111 1 | 111 1 | 111 1 | 111 1 | 111 1 | 111 1 | 111 1 | 111 I_

1 -08 -06 -04 02 0 02 04 06 08 1 -1 -09 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 0.2 -0.1 O

cos ¢ CoS ¢
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Strong coupling from (A)TEEC

'OE' _I T | T T T | T T T T T T T T T | T T T | T T T | T T T | T T T | T T] 'g‘ :l LI | LI | IIIIIIIIIIII | LI | LI | LI | LI |:
= 6— ATLAS . Scale u_ _ = PDF eigen. = 10— ATLAS Scale u_ _ = PDF eigen.
.:E; ~ TEEC Vs=13TeV ----ocs(mz) var. === non-pQCD ] .:E; 8 ATEEC Vs=13TeV ----cxs(mz) var. == non-pQCD —
§ 4~ MMHT 2014 (NNLO) —Total syst. - § 6 MMHT 2014 (NNLO) — Total syst. =
c B ] c - .
N ] S il ]

o 21— T Q *E .
© U P VPSRN P T -] © 2 — _
5 ettt ot A 5 Y B a
-.(7) K B ey m m _ -'(7) P T ] R = ER NE R NE ¥ o
= __' | iy Mimm i ----':".‘t'-E = “:""""ll'f-'lnnu-'h'--'n'u'u'--'u'nHul'-uh-'n'n'u'. ...... '.I-'-I-’--l-'-l:-l'--_'nl'-:-l'--_'nl'-:-'ll ------------------------------------------------------- -:
(dp) : !-_ wn -2 ettt ettt st s s =
P s ﬂ-mll_k A T e T

_4[ Hq,>1000 GeV L -6 H,,> 1000 GeV E

L | | 1 1 | | 1 1 | | 1 1 | | | | | 1 1 | | 1 1 | | | | | 1 1 | | | A _8 :|— 1 1 1 | | | | 1 1 1 | | 1 1 1 | | | | 1 1 1 | | 1 1 1 | | | | 1 1 | -|:

-08 -06 04 02 0 02 04 06 038 -09 -08 -0.7 -06 -05 -04 -03 -02 -01 O

COS ¢ COS ¢

Theoretical uncertainties
Scale uncertainty reduced by factor 3 by NNLO (czakon, Mitov, Poncelet; ...

Varying 0.117 < a(m,) < 0.119 is shown for comparison

Fit: a(m,) = 0.1 1751“8:8882 (exp.) fg:gg%‘ (theory) TEEC

a(m,) = 0.1185f8:8883 (exp.) fg:ggg (theory) ATEEC




Strong coupling from E3C/EEC in jets

cms ~ 36.3b7 (13 TeV)
01_6:_ Data  —— NNLL,pp0+NP = o (my) 41.02
W [#]p)": 97-220 GeVv
%1.5_ 4] p': 330-468 GeV

| [1]p)": 638-846 GeV
- [1]pX": 1101-1410 GeV

—
~
T | T

—i
N
I
‘VTV‘}H

—
W
T T | T T T

| P |
107"

Extract a,(m,) from slope of E3C/EEC, compare to NLO+NNLL.
E.g. effect of hadronization and UE: 5-40% — 0-3% in ratio.
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Strong coupling from E3C/EEC in jets

-1
cus 363 10" (13 TeV) oms 36.3 15 (13 TeV)
o B J1.02 0.8~ g

016l Data  —— NNLLappo NP - ag(my) ] o &

UL jet - N L
Wl pT : 97-220 GeV - W 0.7 B

Q [ pf‘: 330-468 GeV - (:)) :
W15 [1]p)®": 638-846 GeV : W oo _

- [1]pX": 1101-1410 GeV 3 o I

- - Q_ -
14r H : 3 0.5) —
1.3F 3 1o, 0.41 .
St 0.3} .

1.2 E‘-\ —H— T i

0.2~ 55406600 8001000 1200 1400 1600

d pF' (GeV)

Extract a,(m,) from slope of E3C/EEC, compare to NLO+NNLL.
E.g. effect of hadronization and UE: 5-40% — 0-3% in ratio.

| P |
107"

Best fit a,(m,) = 0.12291“8:885l (stat.) fg:gggé (syst.) fg:gggg (theory)

IS most precise measurement from jet substructure.
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Nonperturbative corrections from field theory

N1 do ]
: E dor,
Back to eTe™: jets have same . K Iaa
' ' . . \ 3 £ ZEmt energy correlator
behavior in collinear limit. BN _ggggiggmwo%
VR e $ Pythia § Herwig =~ OPAL(1993) 4 =
= B \‘==. S ==;}’/ -
Non-perturbative correction: 0E e o
_ from thrust | A
lda‘[ ] 1 il N le/ 61 (radians)

_|_ .
o dry, o drp 2V Q(ap(l-ap))??

[Lee, Pathak, Stewart, Sun]

Does not cancel in ratio (but
does in the asymmetry).

[See also Schindler, Stewart, Sun; Chen, Monni, Xu, Zhu]
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Nonperturbative corrections from field theory

~ 1 dol]
. = oy,
Back to eTe™: jets have same . K I
behavior in collinear limit. BN =Nk
| e N EPyth EH rwig © OPAL(1993) 4 3
. ' — —_——— =‘===""‘T";%§
Non-perturbative correction: 0 SR T
ldg[ ] 1 dO'[ ] N N | qu 61 (radians)
o dzp, o dxp, 2V @) (aj‘L(l — IL))3/2 06 | — R, NLL|+LO+Q(R0)|_—
[Lee, Pathak, Stewart, Sun] o iL?ij 0.125
o 0.5 — a,(myz) =0.115
5 - — g(my) = 0.105
Does not cancel in ratio (but 2
does in the asymmetry). 5
Pythia/Herwig underestimate :
effect of hadronization. \i@ogi
[See also Schindler, Stewart, Sun; Chen, Monni, Xu, Zhu] Eﬂjf gigg_%g o l’ | - § Pytic 4 Horuiy |—
e 7 500 1000 1500 2000

Q(GeV) 37



Conclusions

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

Higher-point correlators can now e evaluated quickly with
new parametrization.

Strong coupling determined from EEC in e+e-, and in pp from
TEEC and jet EEC.

NNLO enables high precision for TEEC.

Treatment of hadronization needs improvement.
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Conclusions

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

Higher-point correlators can now e evaluated quickly with
new parametrization.

Strong coupling determined from EEC in e+e-, and in pp from
TEEC and jet EEC.

NNLO enables high precision for TEEC.

Treatment of hadronization needs improvement.

Thank you!
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