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Energy-energy correlator

e Two-point energy correlator (EEC)

O
Energy flow operator £(n) =/0 dt lim r*n*To;(t, ri)

r— 00

* Perturbative calculation (analytic at NLO, numeric at NNLO)
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Nonperturbative correction

» Event shape observables in ee™ collisions exhibit a

leading nonperturbative correction

g e s ds
—(e) = (e — Ce ) —— = F Cerc
de de Q) dz  dz Q
Event shape EEC
° Nonperturbative matrix element Ql C. Lee, G. F. Sterman, hep-ph/0603066, 0611061
o <0| trY YTET( 0)Y,Y|0)

Transverse energy flow operator ET(n) — COSh nfd¢ g(’ﬁ:)
 C,Is analytically calculable

G. P. Salam, D. Wicke, hep-ph/0102343

e Hadron mass corrections V. Mateu, |. Stewart, J. Thaler, 1209.3781
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Renormalon and R scheme

« MS perturbative series has an ambiguity — renormalon

_ l—cosy Probe with bubble sum

renormalon ambiguity in EEC ° T 2 ] /

A 1 di] . SiCF€5/6 1 AQCD
o i e )
S. Schindler, |. Stewart, ZS, JHEP 10 (2023) 187

« Ambiguities must cancel in observable: can extract Cgp

/ Known renormalon
1 dZ 3 1 di) | 1 @ 0709.3519
oo dz  og\dz/ 2[z(1 — 2)]3/2 Q
Renormalon /

we calculated

« MS scheme:

» R scheme: remove renormalon from both pert. series and (),

A. H. Hoang, A. Jain, |. Scimemi, I. Stewart, 0803.4214, 0908.3189
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EEC w/ nonperturbative correction

S. Schindler, |. Stewart, ZS, JHEP 10 (2023) 187

e Construct EEC in R scheme with nonperturbative correction

1dX 1 dyR-scheme(p) . 1 Q1 (R)
oo dz 0oy dz 2[[2(1 — z)]?’/Q]Jr Q

* Test (2; universality and improvement to convergence

- — - MS, NLO + 94
R—scheme, LO + Q;(Ry)
—— R—scheme, NLO + Q;(Ry)

Using fit value of {2, and o (m,)
R. Abbate, M. Fickinger, A. H. Hoang,

W ‘ > V. Mateu, I. Stewart, 1006.3080
=
’: s - b OPAL(1993) ’ Included hadron mass corrections
107" _/v . E
, NIl Q=my ] 1 —cosy
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Projected Energy Correlators

* N-point energy correlator: E(Ry)
E(z)
» Depends on N(N — 1)/2 angles
* Projected N-point energy correlator (pENC): / E(n3)
1 —cos 0,
H. Chen, I. Moult, X-Y. Zhang, H-X. Zhu, 2004.11381 3 = 2

Integrate out information about the shape

dE[N] . H]kvzl E’ik
dry Z 4o TN 5. 13?3)§N{zlm})
11,.-+IN
. /d4 o1 T ﬁ/dﬂ—» 5 _ 1—min (7;-7;)
— T QN 11 n L], 9
X L (0|J# ()€ (711) € () ... . € (i) J*(0)] O)

—

o0
Energy flow operator  £(7) =/ dt lim r?n'Ty,(t, ri7)
0

r—00
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Leading NP Correction to pENC

C. Lee, G. F. Sterman, hep-ph/0603066, 0611061

« The same matrix element (3, gives leading (in ) NP correction
for pENC ot 1 O(ay)

1 . .
0 = — (0| tr YLV, €7(0)Y, Y 1|0)
Nc -
Transverse energy flow operator ~ E7 (77) — COSh_377 f do g(ﬁ)

e q
» The same calculation as for the EEC gives x; dependence;
detector combinatorics gives factor of N e B e, 28 009
N ~[N 0 _
1 dO'[ ] . 1 dO'[ ] N Q1 MS scheme

O d:EL O dCIZL

2N QRS A

*At higher order in «a , the x; and N dependence can be different

« Translate to R scheme for better convergence
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1 doV

K. Lee, A. Pathak, |. Stewart, ZS,

Parameter free predictions!

N —_
2% (1 —xp)— Phys.Rev.Lett. 133 (2024) 23, 231902
o d(EL .
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— == R, NLO + Q1 (Ry) OPAL(1993 4 g= V. Mateu, |. Stewart, 1006.3080
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Small angle region

S. Schindler, |. Stewart, ZS, JHEP 10 (2023) 187

* Fixed-order EEC results don’t agree well with data at endpoints

257% (LA LA A S ) RS S
20% | with hadron ____ 1;{/181’\11;80 _Ig_zﬂl
— 15% masses B R, + Q1 (Ro)
O' 10% |
= 5% |
AR
N —5% |
W\>< —10% |
S| —15%]| _
—20%f; - @=mz; | OPAL(1993)f,
_25% R | T R T AT N I A
0O 20 40 60 80 100120140160 180
x (degrees) =0,
: . : 1 —coséd
 Need to resum log(x;) in collinear region  x, = > L0

*in back-to-back region, 3-particle contribution also gives leading NP correction,
so the situation is more complicated for N>2
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Collinear factorization for pENC

H. Chen, I. Moult, X-Y. Zhang, H-X Zhu, 2004.11381

* Factorize into jet and hard function W. Chen, J. Gao, Y-B. Li, Z. Xu, X-Y. Zhang, H-X Zhu, 2307.07510

(true for eTe™ and pp ) K Lee, B Mecs, | Mot 220503414
doN]

dz’

1 2 2
Z/ dz N JW (1n xszQ aM) - H (%%aﬂ)
0 M M

- —

—

PENC jet function captures x; dependence

1

TL
Cumulative distribution — Z[N] (ZEL) = ;/ dmL
0

e Leading nonperturbative correction arises in J INl'and the same
Q2 will appear

Z Z <O|Xn|X>Hk . max {2} < zr) <X|Xn‘0>

1<l m<N
X 11.. ZNEX

Wii - A T W@ - A
- )5 leading NP correction 5” (- A,)
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NP Correction to Jet Function

. Scale of the jet functionis Q" =, /x; x 0

/ / i /
2a LI Q,M = 2NV JIN ( In g,u + ¢ —Ql + (’)(O‘S(Q )AQCD)
M ! Q’ Q/

D
additional x~! from Q'

. Q’
CLL ~ N\ 2N—1 j[N_l] (111 —,,Ll/)
v

- -

=

e Valid up to leading log accuracy

leading log coefficient

+ RG consistency: J has the same evolution structure as jIV!

dJ WV (1 222 Q" 1 L 9¢0). .
éln . ) =/dnyJ[N](1n xLzzQ )'P(y)
H 0 N
H. Chen, I. Moult, X-Y. Zhang, H-X Zhu, 2004.11381 Splitting functions
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NP Correction to Jet Function

K. Lee, A. Pathak, I. Stewart, ZS,
Phys.Rev.Lett. 133 (2024) 23, 231902

* Putting everything together

2()2 . 2002 NQ : 2, 22Q?
o sl el ey D aalE s L_gN-1 7IN-1] (] ,
. p? L & p? - VZLTQ - ik
perturbative series in MS  leading NP correction at LL accuracy
* Move to R scheme . w0
0(R) =0 —R;dn(ﬁ)[ - ]

2 9 00 .
20 (2, ) =24 (w2, ) - 35 R g, /) (S2)

e Construct cross section in collinear limit with factorization

1 22 2
E[N](SEL) =/ dx 2V JIV] (ln szzQ ,,U) - H (x, %M)
0
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Confinement transition x; — 0

* Including resummation significantly
Improves our description of
the approach to the transition region

* Nonperturbative effects are essential

; - Q=mz } OPAL(1993)%
_25%- RN I 7YV T AN NN T NTRNN NN A !
) 20 40 60 80 100120140160180
2Nl :
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9 - \‘ E Pythia E Herwig =~ OPAL(1993) E
C i g :E_
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10t 10Y

Free hadron
01 (radians)
Identify location of peak at 2Q,/(Q, /3 pe) ~ 2/3
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Confinement transition x; — 0

1 doV

(o) d@L

E_— - T T T
6 f— E 2-point energy correlator
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K. Lee, A. Pathak, I. Stewart, ZS,
Phys.Rev.Lett. 133 (2024) 23, 231902

* Predict location of peak
for pENC

NQl/(Q\/xL,peak) £t 2/3

Including NP correction

Is essential to agree with
hadron-level MC

Normalizing to the total
Cross section

(not just perturbative
region!)
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Ratio of pENC/EEC

* In collinear region:

 Ratios of energy correlators give access to a,

do [N]/ dxr, L geeeiClE was[v(‘))(N)—’Y(O)(M)]

6™ g, UL
CMS 2402.13864: using pE3C/EEC
a(my) = 0.1229“:8:8%'8

* NP correction
changes linear
scaling behavior!

May 15, 2025

2Nl do V]
o d@L
= | I IL| 3 T =
(V] 3 D 0 1 | -
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Bt :EL - e ]
0 - Lo E Lo | -
107! 0"
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L

B | | | |
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Scaling behavior

K. Lee, A. Pathak, |. Stewart, ZS,
Phys.Rev.Lett. 133 (2024) 23, 231902

2 doy, /2 doy,
b 3 point,/2-point 1 * Close to transition region,
1 hadron-level MC deviates
1 from linear slope
1.2 == R, NLL+LO + Q(Ry) —
e == R, NLL+LO ]
E. E Pythia E Herwig i
10 | | —
L7 ™ 4-point/2-point
-  Our model-independent NP
13 F correction captures this

deviation well

NP effects do not
completely cancel in ratios!
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Impact on o, extraction

K. Lee, A. Pathak, I. Stewart, ZS,
Phys.Rev.Lett. 133 (2024) 23, 231902

0.6 | '« Extract slope away from
— — R, NLL+LO+Q(RO) m 'R .
- ce+ R NLL+LO 1 transition region
— as(myg) =0.125 - .
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() B — (t5(Mz) = 0.105 | . .
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() L _
2 0.4-1 _ energy
3L |
&t + ¢ Including NP corrections
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Impact on o, extraction

0.6— ]
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K. Lee, A. Pathak, I. Stewart, ZS,
Phys.Rev.Lett. 133 (2024) 23, 231902

e NP effects do not
completely cancel in
ratios!

* Lower panel: difference
between parton and
hadron level prediction

 Hadronization effects
are larger than
standard prediction
from MC(had - part)!
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 We give a model-independent prediction of the leading
nonperturbative correction to the projected energy correlator

> Derive N and x; dependence

> The universal matrix element {2, shows up for all angle cross
section and collinear jet function

« We show that the x; -resummed R scheme series with

nonperturbative correction better captures the approach to
confinement transition

 We demonstrate in a model-independent way that including

nonperturbative corrections has a more significant impact on a,
extraction than predicted by MCs
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Renormalon Analysis

 Ambiguity in perturbative series — nonperturbative correction

y R
A1/2 (id—2> — ]{ du exp [ —Uu .l ] 51/2 Inverse Borel transformation
0o dz u=1/2 Booes(k)d u—1/2
Ambiguity in perturbative series Residue around u=1/2 pole
from u=1/2 renormalon in Borel plane
. [«

 Observables are physical and have no ambiguity Jx= .
» Provide a cross check on the coefficient of €2,

d% i

Az " \@z)T *Q
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Renormalon in the EEC

S. Schindler, I. Stewart, ZS, 2305.19311

* Leading renormalon: bubble sum approximation =

e “Probe” gluon
e <
( ke D) Bo (%) 72

» Renormalon ambiguity in the gg or gg contribution only

u = 1/2 residue =0

1 n
] n u = 1/2 residue # 0
..... ‘_QL_Q&x B
P
g ZL=2) : . -
qu:(l—z)/ dr -z [1—4:1:z-l—:1:(1—|—2z-|—4z)—2:c z(1—|—2z)-|—2:1:z]
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Renormalon in the EEC

S. Schindler, I. Stewart, ZS, 2305.19311

* Leading renormalon: bubble sum approximation =

e “Probe” gluon
e <
( ke D) Bo (%) 72

» Renormalon ambiguity in the gg or gg contribution only

1 n u = 1/2 residue # 0

( 1 df]) _8iC’Fe5/6 1 Aqcp ~ l—cosy
fo (CEEEIEE () 2
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Renormalon in pENC

* One “probe” gluon contribution

l N EN—].E ..... JL-QE*
RV \1 g

[V] - :
2 e chzﬁv - —  Jnax {zim})
* Modified gg renormalon residue: | - cost,

<ij = 5

TN—pt _ /1 . eV (1 — 2) 7222422 — 223(222% + 2) + 22(42% + 22+ 1) — 4z2 + 1)
q9 0 (1 = 332)4_2“

X =

£
0

Same residue from integral
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