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Energy-energy correlators (EEC)

@ Two-point energy correlator
o Particles weighted by their energy
= Less sensitive to the nonperturbative IR region

e One of the first infrared-safe event shapes in QCD
Basham, Brown, Ellis, Love, Phys.Rev.Lett. 41 (1978) 1585, Phys.Lett.B
85 (1979) 297-299
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Moult, Zhu, 1801.02627
See also Haitao Li's talk yesterday
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Different limits of EEC

@ Collinear limit: x =0
e Probes jet substructure
Dixon, Moult, Zhu, 1905.01310
@ Back-to-back limit: y =«
e Probes TMD physics

Moult, Zhu, 1801.02627
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Transverse energy-energy correlators (TEEC)

e+p/A—¢€ +h

do ETIETh 1+COS¢ 1+COS¢
TEEC= - 7 — dome _STAETh of 14 coso _ 1+4cosg
dr dy. d2ps- zh: / oS S Era (T 2> )7

@ Generalization of the EEC Ali, Pietarinen, Stirling, Phys.Lett.B 141 (1984) 447-454

e More suitable for hadronic colliders

@ Back-to-back region in the azimuthal plane: p =7 < 7 < 1
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TEEC for lepton-hadron production in DIS at small x

@ Factorization proven for similar processes

o Lepton-jet production Liu et al., 1812.08077; Arratia et al., 2007.07281
o Combined TMD and small-x framework for dijets at NLO

Caucal et al, 2108.06347, 2208.13872; Taels et al, 2204.11650
= Strong motivation for factorization in this process

@ Using SCET we can write a factorization formula for TEEC

__ 4o _ 2P7 [T db e £(u) 2 () 112
TEEC = deYedZP%— _UOH(Q7N)¥eq\/F o . COS(2b\/’7TPT)fq (X7b7ﬂ7</y )Snnh(bnuay)‘jq (b’lu’vg/y)
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@ Factorization proven for similar processes
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o Combined TMD and small-x framework for dijets at NLO
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= Strong motivation for factorization in this process

@ Using SCET we can write a factorization formula for TEEC

_ do 2P [ db e\ o(u) 2 (u) 1,2
TEEC = a7 dy. 2pe = ooH(Q, u)z oy cos(ZbﬁpT)fq (x, b, u,C/v )5,,,7h(b7 w,v)Jg (b, p, ¢ %)

= 250‘51“ % (the leading-order partonic cross section)

J. Penttala (UCLA) TEEC in CGC April 10 2024



TEEC for lepton-hadron production in DIS at small x

@ Factorization proven for similar processes

o Lepton-jet production Liu et al., 1812.08077; Arratia et al., 2007.07281
o Combined TMD and small-x framework for dijets at NLO

Caucal et al, 2108.06347, 2208.13872; Taels et al, 2204.11650
= Strong motivation for factorization in this process

@ Using SCET we can write a factorization formula for TEEC

do ps [ db
= — —  —ogH g 2FT it e (1) 2 - (u) 1.2
TEEC de_)/e d2p€l— g0 (Q,,U) . eq\//]f o . COS(2b\/’7TpT)fq (X7 b7“7 C/V )5 h(b7 s V)JCI (b’ M?C/D )

H(Q,u) =1+ a;—? [— In <g—22) -3 In(é—i) -8+ %2} is the hard function
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TEEC for lepton-hadron production in DIS at small x

@ Factorization proven for similar processes

o Lepton-jet production Liu et al., 1812.08077; Arratia et al., 2007.07281
o Combined TMD and small-x framework for dijets at NLO

Caucal et al, 2108.06347, 2208.13872; Taels et al, 2204.11650
= Strong motivation for factorization in this process

@ Using SCET we can write a factorization formula for TEEC

do pS [ db
= — —  —ogH 2FT it e f(“) b 2 - (u) 1.2
TEEC = e — (Q, 1) §q N - cos(2by/7p% ) fq" (x, b, 11 C/v*) Suny (b, 1) Jg" (b, 1, ¢’ [v?)

fq(”) (x, b, i, (/1/2) is the unsubtracted quark TMD
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TEEC for lepton-hadron production in DIS at small x

@ Factorization proven for similar processes

o Lepton-jet production Liu et al., 1812.08077; Arratia et al., 2007.07281
o Combined TMD and small-x framework for dijets at NLO

Caucal et al, 2108.06347, 2208.13872; Taels et al, 2204.11650
= Strong motivation for factorization in this process

@ Using SCET we can write a factorization formula for TEEC

__ do 2P [T db (1) 2 (u) 2
TEEC—W—UOH(Q#);%F o ?C05(2b\ﬁPeT)fq (X:b:lbaC/V )Sﬂﬁh(b‘,/lfll)‘jq (b’M»C,/V)

Snn, (b, 11, 17) is the soft function for soft gluon radiation
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TEEC for lepton-hadron production in DIS at small x

@ Factorization proven for similar processes

o Lepton-jet production Liu et al., 1812.08077; Arratia et al., 2007.07281
o Combined TMD and small-x framework for dijets at NLO

Caucal et al, 2108.06347, 2208.13872; Taels et al, 2204.11650
= Strong motivation for factorization in this process

@ Using SCET we can write a factorization formula for TEEC

do pe > db u (u
TEEC = m = 00H(Q7u);e$7§' A ?COS(2b\ﬁp$—)fé )(X., b, i, C/I/Q)Sn,,h(bf/zfu)Jq )(b.//.g/ 1/2)

Jé")(b_ 11,¢" /1) is the unsubtracted TEEC jet function
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Renormalization

The unsubtracted quantities can be renormalized using the standard TMD soft functions

u 1 u vy Snﬁ b,,u,l/ 2
fq( )(X7 b, ¢/v?) = qu(xv b, i1, ¢), Jc(y )(b~/'~@ JV?) = 5(([)/11/))Jq<b1 /hC)
nn el nnp ) )

4 (¢, b, 1, /%) S, (b ) 47 (b 1. € [2) = ks b 1, ) (b, 1, €)
Our equation for TEEC can then be written as:

do

2 PT < db £
TEEC — T = ooH(Q, u)z i = cos(2bV/7pf) fy(x, b, . g)Jq(b, ,L,g)

@ The dependence on the rapidity renormahzation scale v cancels

o For the renormalization and Collins—Soper scales we set u? = = f = Q?
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Quark distribution — TMD evolution

e fy(x, b, i1, C) satisfies the TMD evolution equations for the scales y and ¢

In fy(x, b, 1, ¢) = K(b, 1) S fa(x, b, 11,¢) = 7 [s(11), ¢/ 11
dinp

dlf

e We can write: fy(x, b, 11,¢) = fq (X, b,,ub*,u%*) exp[—Spert(14s ib. , )]

where the perturbative Sudakov factor

|
Spert (s b, C) = —K(b*,ub*)ln(rf) —/# lﬁfvﬂ [as(u), /2}

by

evolves the quark TMD from the initial scale jp, to the scales p=+/¢ = Q

@ Note: nonperturbative Sudakov factor assumed to be part of the initial condition
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Quark distribution — relation to the small-x dipole amplitudes

Initial condition for the TMD evolution:

Quark TMD at small x

NcS1 b+r
qu(X7|b|7/*Lb*a:u'2b*) — 8(;'('4 /d d2 ( )

x Ka(erlrl) 1+ Sx([bl) = Sx([b -+ rl) = Sx(|r])

b+ rllr |

o where N(|r]) =1 - S.(Ir]) = 1 — f-tr [V(5)VI(-

is the dipole amplitude

o Initial scale chosen as pp, = 2e7 7€ /b, where
by = b/\/1+ b2/b2,, and bmax = 1.5 GeV !
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Models for the dipole amplitude

© The Golec-Biernat-Wiisthoff (GBW) model:

§:(r) = exp (—fz‘?f(x)>

where the saturation scale Q; reads: Q2(x) =1 GeV? x (%)A

© MclLerran-Venugopalan model at xg

r’Q? 1
Sy, (r) = exp [— 45’0 In(r/\QCD +ec- e)

with the running-coupling Balitsky—Kovchegov (rcBK) evolution equation
W‘S’X(M) = [d?¢ K(r,¥) [SX(|r’|)SX(|r —r])— SX(|r|)] for the x dependence

Parameters from Golec-Biernat-Wiisthoff, hep-ph/9807513 (GBW) and Lappi, Mantysaari, 1309.6963 (I’CBK)
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TEEC jet function

@ The TEEC jet function is given in terms of the TMD fragmentation functions El,h/q:

1 ~ ~
Iy (B 8) = X [ dz2Bupsa(2.b.0)
h
@ The TMD FFs can be further written in terms of the collinear FFs as

Dl h/q<z b, u, C Z/ dy Cis q( )Dh/l( be) X exp[*spert(ﬂvub*wé>:| X eXp|:75Np<z./ b, Qoﬂf)]

o (;, q<\5 b) = 0jg0(1 — z) are the matching coefficients at LO
o Sudakov factors Syere and Syp handle the TMD evolution of the TMD FFs
e Perturbative Sudakov the same as for the quark TMD

o Nonperturbative Sudakov modeled using Echevarria, Kang, Terry, 2009.10710; Sun et al, 1406.3073
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Numerical results — proton targets

@ Studied in the EIC kinematics

@ Sensitivity to the dipole amplitude:
Up to a factor 2 difference between

rcBK and GBW at p$ = 2 GeV

@ Low-momentum region most sensitive to
gluon saturation
= Potentially a good process to study

saturation effects

J. Penttala (UCLA) TEEC in CGC
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Numerical results — nuclear suppression

1.0

Py~ 2GeV

@ We model nuclei by changing the saturation scale

Q2 , = c AY/3 Q2 where c € [0.5, 1] to estimate uncertainty

0.7

in the nuclear geometry T enw

0.6 L

@ To study nuclear suppression we consider the quantity 10

_ l dG'eA dUep 10
Ra = A deyedzp?,_/

drdy.d’p v
e Without saturation Ry — 1 “”’/

o Smaller dipoles probed when /7p$ large i
= Saturation effects smaller in this region o7p -
—1rcBK
@ Nuclear modification of 15 — 20% can be expected for 7 <1 "= = o
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Summary

@ TEEC is an infrared-safe event-shape observable
o Probes TMD physics in the back-to-back region

@ We have considered TEEC for DIS using the combined TMD and small-x framework
e The quark TMD and the jet function evolved with the TMD evolution
e The initial condition for the quark TMD modeled using the small-x dipole amplitude

o TEEC found to be sensitive to saturation in the back-to-back limit 7 < 1

= An interesting process to measure at the EIC
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