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Introduction
Energy-Energy Correlators (EEC):

e Measures the correlations of energy deposition in
two detectors with opening angle y

* Extensively investigated at various colliders

* One of the first infrared safe event-shapes defined
in QCD Basham, Brown, Ellis, Love “78 ~79

CERN
\ Moult, Zhu 18

N4

TASSO, JADE, PLUTO, OPAL, L3, ALEPH, ...

Introduction Summary
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Energy-Energy Correlators (EEC):

e Measures the correlations of energy deposition in
two detectors with opening angle y

* Extensively investigated at various colliders

One of the first infrared safe event-shapes defined
in QCD Basham, Brown, Ellis, Love “78 ~79

In ete™ annihilation:

dx . _ EE.
£ = Z {da—JcS (cos 0, — cos;g)
d cos y y Q2

Basham, Brown, Ellis, Love 78 ~79

Moult, Zhu " 18

1. Collinear limit y — 0: probe jet substructure.

Dixon, Moult, Zhu, " 19 _ _
Chen, Dixon, Luo, Moult, Yang, Zhang, Zhu, " 19 Factorization of the

two point correlator

X—0
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Introduction

. . Basham, Brown, Ellis, Love 78 *79
EEC at the back-to-back limit T Moult, Zhu 18

Ebert, Mistlberger, Vita ~20

dZlee ElEJ
= do ) (cos 0. — cos;g)
dcosy “= 2
L]
1
1 r =% 0]

Definition

EECinete™ ' Summary
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Introduction

. . Basham, Brown, Ellis, Love 78 *79
EEC at the back-to-back limit T Moult, Zhu 18

Ebert, Mistlberger, Vita ~20

dZe+e- ElE
= [da o (cos 0, — cos )()
dcosy -
i,J
1
1 r = 0.1
EEC.. (2) 1 dZ2,. - 1
+,-\T) = — —_
ce c dr )
Definition
By
z70?
L
qT - Zl Lepton plane

EECinete™ Summary
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EEC at the baCk'tO'baCk Iimit Gottfried-dackson frame

In the back-to-back limit (y — z, 7 — 0):

« Unpolarized processes in both e*e ™ collisions
have been studied and observed.

Lepton plane

- 1 dZ,. 1 1 do qT
Definition: EEC,.,-(v) = — = — Z dqzdz; dz; 2;2— ol 7—
o dr 2 y ' o dqidzdz; 02
. . ) dzc*c— 271'4\ C!L!n bdb 2 24l 2
Factorization: === =—77 Z / dg25(t — @ / 5 Jo(bar)Jq(b, u, C/v ) Jg(b, 11, ¢ /12 |S (b7, i, v)

z-weighted FF sum over ) . ) )
hadrons produced in the final Jo(b,p, /7)) = Z/ dz z Dy pjq(2, 0% p,(/v7),
states h V0

Moult, Zhu " 18

. ,

Introduction EECineTe™ ' Summary
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EEC at the baCk'tO'baCk Iimit Gottfried-dackson frame

Ny

“~._ Hadron plane
~

In the back-to-back limit (y — z, 7 — 0):

Lepton plane

e Related to more TMD observables. et

e Include transverse partonic process

1dz,. do q7
Definition:  EEC,,,-(7,¢) = — = — dq;dz; z— ol 7 —— | o(¢ —

(7.0) = o d'cdgb Z J 7rd "o dqjdzdz; ( Q2> @~ bar)

L. dY+e-  2mNeog,, bdb 2\
Factorization: @ = ?Q(; Z /dq, - ? /27_ [lo(bql) Jo(b, p, C /) J4(b, p, C /2 S(B2, p, v)

b2
+ = cos 26a(bar) Ty (b, C/v2) T (b, C[vP)S(B%, v
1
. 2y — 7, 4 2 2 z-weighted sum over hadrons

Moult, Zhu “ 18 Jo(b, 1, C/v7) = Z/; dzlee,,'_,q(z,b GV, produced in the final states

Introduction EECineTe™ ' Summary
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EEC at the baCk'tO'baCk Iimit Gottfried-dackson frame

In the back-to-back limit (y — z, 7 — 0):

Lepton plane

e Related to more TMD observables. et

e Include transverse partonic process

1dz,. do q7
Definition: EEC . (7,¢) = — = — dq;dz; z — ol 7—— |o(¢p —
e (B 0) = c d’cdqb Z J 11 adq%dzldzj ( Q? = 9u)
. . ) dzc* e 271'4\ c ('YLIII bdb 2 2\ vr1 2
Factorization: irdd 302 Z /dq, T — @ / - [lo(qu) Jo(b, p, C/v7)J5(b, 1, (/) S(b7, p, v)
b2
+ = c0s 26.J3(bar) J-(b, s C/vA) I (b, 1, C ) S (0%, ,0)|
|
. . 2y — N o (2. b2 2y z-weighted sum over hadrons
Moult, Zhu 18 J4(b, p, C/v7) X’:A dz z Dy pyq(2, 07, p, (/v7), oroduced in the final states
Kang, Lee, Shao, FZ 1b” 1 2y _ : rla ¢, p2 2 -
(aarl;l(%v: 53?03.xx(;<x) <_7) Jq (b, /") :z’:/o dz2 Hipjq(2, 671, C/V7) Hy: Collins function
in b-space

11
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EEC with a subset S Gottfried-Jackson frame

Flexible to change the summation
over all i1 to a subset S of &

N E.g. S = charged particles Better energy.resolutlon and. |
smaller experimental uncertainties
h heS
S=h Probe fragmentation function
|
. Jo(b. . C/v%) 3 dz z Dy 102, b2, 1, C /2, z-weighted sum over hadrons
Moult, Zhu 18 g(b, 1, C/v7) X’: [ e Lh/q(2, 0% 1, (/%) oroduced in the final states
‘3 |
Kang, Lee, Shao, FZ _& 1 2y _| Tla ¢, p2 2 N
(arXiv: 2303 .XxxX) ( 2 ) Jq (b CfV7) 2 z’: " dzzHlf".-""l("’b 1 /v H{‘Z Collins function

in b-space
12
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EEC with a subset S Gottfried-Jackson frame

Flexible to change the summation
over all i1 to a subset S of &

E g S = charged particles Better energy resolution and
2 [ = 2 , ~r smaller experimental uncertainties
h heS
S=h Probe fragmentation functions (FFs)

Phenomenology: S = {#n"}, {#n~}, {n™, 7~} Available extraction of pion FFs

1

. Jo(b. . C/v%) 3 dz z Dy 102, b2, 1, C /2, z-weighted sum over hadrons
Moult, Zhu “18 q(b, p, C/v7) 2’: ; Lh/q(2, 0%, 1, {/V7), oroduced in the final states
 J 1
Kang, Lee, Shao, FZ _i 1 2y | Tla ¢, p2 2 - . .
(arXiv: 2303.xxxX) ( 2 ) Ja (B, C/V7) = 2’: " dzzHijjq(2, 671, C/V7). H{‘Z Collins function

in b-space
13
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Example for EEC in ¢ "¢ : Collins asymmetry

1dY ¢,
2 d Z EEC,+- (T, ¢) == de;;
hhy b h,ESXS o
. 1 1 do 1+ cos Gij
_ 7

SXS _—
Acte- J,J,®S
EEC +¢- ~ Z [Jq®Jq®S+COSZ¢JéL®JéL®S] :

q

SxS={rt, 7"} x{rt, 77} ——
1 F SXS:?TJF%XFT_ —_— 1 )
Sx8={r)xir ) — T ) =Y [ dez il b ¢/v),
h

Collins function: Kang,

. Prokudin, Sun, Yuan *15 : -l a
0.5 dZZHij:h/q(Z,bQ,ﬂ,C/VZ).

(%)

SxS
ee

Ph,

A
o

—0.5 F  /s5=10.6 GeV

Belle kinematics

0 0.1 0.2 0.3

Lepton plane

Prediction for Collins

asymmetry at Belle kinematics " Gottfried-Jackson frame

Summary

Introduction EECinete™
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EEC at the back-to-back limit

Deep Inelastic
Scattering in Breit frame

In the back-to-back limit (y — z, 7 — 0):

o Unpolarized processes in ep collisions have
been studied and observed.

Lepton plane

Li, Vitev, Zhu "20

Definition: Li, Marks, Vitev “21
1 d¥pi1s 1 / 1 do 1+ cos Hap
= — - = 00, aca —
EECois(7) = 47 2 Za: Wadzaza i dbudza’ (T ( 2
ar
02
B 1 +cosy
Compare to e¥e™ : T=—0

Introduction Summary
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EEC at the back-to-back limit

Deep Inelastic
Scattering in Breit frame

In the back-to-back limit (y — z, 7 — 0):

o Unpolarized processes in ep collisions have
been studied and observed.

Lepton plane

Li, Vitev, Zhu "20

Definition: Li, Marks, Vitev “21
1 d¥pi1s 1 / 1 do 1+ cos 9ap
EE = — = — dO,dz,z,— ) -
Cors(7) o dr 2 Za: “a? 0 dOapddapdz, (T ( 2
ar
Definition: Q?

~ 1d¥pis _ 1 1 do 1+ cos Hap
EECDIS(T, ¢) = ; de¢ = 5 Z(z:/deadzaza;deapd¢apdza6 (’T - ( 9 )) 5(¢ ¢ap)‘

Kang, Lee, Shao, FZ
(arXiv: 2303 .xxxX)

Introduction Summary
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EEC at the back-to-back limit

Deep Inelastic
Scattering in Breit frame

7 e
In the back-to-back limit (y — x, 7 — 0): W
I €
e Related to more TMD observables. P
* Include transverse partonic process
dXpis 27m 1+ (1—y)? / 5 . g | / db b Li, Vitev, Zhu 20
em d*ardlt — =L\S . . . . N
d:I:dyde(/ﬁ Qz y q1 ( Qg) (05 ¢’q1) o Fuu Li, Marks, Vitev "21
2 1 - COSs . , 2 1 - in
+ cos(2¢q,.) (1-y) (26ar) + S sin(2¢y;.) (1—y) ]5‘; (2¢ar)

1+ (1—-ygy)2" UV 1+ (1—-1y)?

sin . . ) 2(1 — in
+ |S, | [sin(qbq?‘ — és)fz‘rwq? bs) sin(dg,. + &5) (1-y) J:f (dar+6s)

14+ (1—1y)2
2(1 - in \
+ sin(3¢,, — ¢s) (1-y) f (309~ )]

14 (1-y)2 " Incoming p pol.
(2 ) . cos(dg.,. ~ @)
Kang, Lee, Shao, FZ + Ae [‘SI 1+ (1—y)2 }-LL + |S L[ cos(og. — @) Fpp ™ ;
(arXiv: 2303 .xxxX)
New probe for all TMDPDFs S
Incoming e pol.
17

Introduction inete” ' Summary
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EEC at the back-to-back limit

Deep Inelastic
Scattering in Breit frame

7 e
In the back-to-back limit (y — x, 7 — 0): W
/€
e Related to more TMD observables. P
* Include transverse partonic process
d¥pis  2mal, 1+ (1—y)? / 5 . g | / db b Li, Vitev, Zhu 20
o d qré(T — =£)6(d — dg..) | —< Fuu i itev ®
d:I:dyde(]ﬁ Qz y q1 ( (22) (d’ ¢q1) o vu Li, Marks, Vitev "21
2 1 - COs . ) 2 1 - l!l
+ cos(2¢q,.) ( y) (26ar) + 5) sin(2¢q,.) ( ) f‘; (2¢ar)

1+ (1 . y)2 uu 1+ (1 . y)Z

Flexible to change the
: in(dg... 2(1 — in
summation overall zto | +|§,| [Sin(%?‘ — ) FinGer=da) sin(q,. + 6) (1-y) R (¢ +65)

7T

1+ (1~
a subset S of /1 Lo \
) , 2(1 - q) in(3dg.,. ~d,)

Z Z + sin(3¢,,. — q‘)_.,.)l T Fop . ]

Incoming p pol.

< Mg 22 —Y) F S y Y F oS Gar —6s)
Kang, Lee, Shao, FZ T Ae (9] 1+ (1 —y)2 L+ | llwb( = &) Fpr )
(arXiv: 2303 .xxxX)
New probe for all TMDPDFs S
Incoming e pol.
18
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Example for EEC in SIDIS: Collins asymmetry

2(1 _ y) fln(¢QT +¢8

A dy 2mal, 14 (1 — y)? db b
DIS — — 9 DIS _ em Y / 2 - q_T /
1+(1 y) ]:UU drdydrdg Q2 y d“qr 6(7- Qz) Fuu
]:.sm(¢qT +és) h QR ]J_ 2(1 —y) cos(2¢g,.) : 2(1—y) in(2¢q,)
+ COS(2¢(]T) 1+ (1 . y)zj:UU + Sll Sln(2¢QT) 1+ (1 . y)z‘FlSIL
]:UU N*fl ® Jq in 2(1 — in
| +184] [sin(% 60)Fyr ") H{sin(der + )5 +((1 _y))szJT(¢QT+¢S)
[ S = {n, 7T+E S J
i S =17
0.8 F /5=105GeV . ? _ . (1 — y) in(3¢q, —os)
i () — 15 GeV S=1n -_— —+ Sln(3¢qT ¢S) (1 y)2 ur "

0.6 F 01<y<0385
i EIC kinematics

2 — cos -
+ Ae [SII T y(2—y) Frr +|8S1|cos(¢g, — ¢s)F; (¢"T ¢ )] } :

+(1—y)?

0.4

(%)

DIS

0.2

S

0
—0.2 b
i Collins function: Kang,
—-04 | Prokudin, Sun, Yuan " 15
0 0.1 0.2 0.3

Lepton plane
T

Prediction for Collins

asymmetry at EIC kinematics 19

Introduction inete” ' Summary
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Example for EEC in SIDIS: Sivers asymmetry

ASivers .F(S;;(¢QT_ bs)
DIS =
Fuu
s di
]:.Sln(‘ﬁqT ¢ Nf‘lT ® Jq
Fou ~Hh ®J,
Sivers function: Echevarria, Kang, Terry “20
5 -
[ S={rt, 77} ——
4 F
X 3 [
~ | V5=105GeV
0;32 - (Q) =15 GeV
nAa 2 F 0.1<y<0.85
= EIC kinematics
L
0 I | | |
0.1 0.2 0.3
T

Prediction for Sivers
asymmetry at EIC kinematics

Introduction

dXpIs 2w, 1+ (1— y)2 / 9 qT / db b
— em d 5 47
dedydrdp Q2 " qro( Q2) Fuu

2(1 — cos(2 . 2(1 — in(2
+ cos(2¢4,.) ( _y) 2.7:UU( bar) + S” sin(2¢y,.) ( ) QFZL( bar)
1+ (1 y) 1+ (1 y)

1 in 8 . 2(1 - in(¢q- 2
+|Slllsm(¢qrr ) Fomfar =02) + sin(dgr + 6) +((1 _yg)/)z Fon(Ger +62)

1— in — g
+sin(3¢q7 ¢S) ((1 y;)zfifT(S%T ’ )]

#0e 51728 P 4181 cos(ey — 97|,

Lepton plane

20
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Summary

e EEC in the early literatures: handles only the unpolarized scattering (¢ Te™
annihilation and ep collisions).

* By generalizing the EEC with azimuthal angle dependence, one gets access to spin-
dependent effects (polarized incoming p).

e We introduce a Collins-type EEC jet function = probe all the TMD PDFs, e.g. Sivers
function, etc.

e Polarized beam at the future EIC: enable studies along this direction

Lepton plane Lepton plane

Introduction
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Lepton plane

22
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Lepton plane

Backup

Lepton plane

23
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TMD factorization:

K’(bal-l'b*)
~ B s C
Dsi"‘};/q(z b2, () = ?u’?/q(z iy, , C;) e Spert (Habiv.) Sxp (6,:Q0,¢r) <‘ /Cf) : (3.3)

'ba gl C K’(ba“b*)

7L a,sub (A ~ 1 sub S  Hi

H]_,h,/q (Z, b2, /“1‘7 Cf) prmt (—Z) Hil:h/l; (Z, l‘l’b*) C’L)e SP t(“a#b*) SNP (baQO)Cf) ( C_f> :
1

Collinear matching:

sub

DYhq(Zs o, G) = Cliq® Dy sl (2, 1, G) + O(bzAQCD)

su ollins 1 -~
iLh/ b(z Mb, 5 Cz) = 50‘7(3(—1; X H1 ;(L?/)) + Aj<—q®HF,h/j] (Z b, Cz) + O(bzAQCD)
Sum rule:

1
Z/O dzle,h/j(Za/—L)zla
Z/ dzH”(l% (z,1) =0.

24
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TMD factorization:

K’(bal-l'b*)
~ _ _gh1 G
DY (2,0%, 1, Cp) = DY (25 o, , Gi)e™ Soertition) =S (0:Q0.67) (\/Cf) ,

'ba gl C K’(ba“b*)

7L a,sub (A ~ 1 sub S  Hi

H]_,h,/q (Z, b2,/"1‘7 Cf) prmt (—Z) Hil:h/l; (Z, l'l'b*)cz)e SP t(“a#b*) SNP (baQO)Cf) ( C_f> :
1

Collinear matching:

sub

DYhq(Zs o, G) = Cliq® Dy sl (2, 1, G) + O(bzAQCD)

1(3 ~ -
550 (2, . G) = 3OS @ Hy () + Aj®Hrpys] (2., G) + OB Adcp)
Sum rule: Cbo 1 - ,
Jq (b s by C) = Z/O zdz Dl,h/q(zvb s Ky C)

1
Z/ dzle,h/j (Z,,LL)Z].,
° o Z/ Zdz./ ]<—q aﬂb* ) C) Dl /g (:L' :u'b*) ~Spert (thtb )

Z/ zH”(sz (z,u) =0.
:/ Td’TC](_q(T Mb*,C [Z/ d(l)il)Dl h/j (ZE ”b*)] —Spert (K16, )

0
1
0

25
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TMD factorization:

K’(bal-l'b*)
~ _ _gh1 G
DY (2,0%, 1, Cp) = DY (25 o, , Gi)e™ Soertition) =S (0:Q0.67) (\/Cf) ,

'ba gl C K’(ba“b*)

7L a,sub (A ~ 1 sub S  Hi

H]_,h,/q (Z, b2,/"1‘7 Cf) prmt (—Z) Hil:h/l; (Z, l'l'b*)cz)e SP t(“a#b*) SNP (baQO)Cf) ( C_f> :
1

Collinear matching:

sub

DYhq(Zs o, G) = Cliq® Dy sl (2, 1, G) + O(bzAQCD)

su ollins 1 -~
iLh/ b(z Mb, 5 Cz) = 50‘7(3(—1; X H1 ;(L?/)) + Aj<—q®HF,h/j] (Z b, Cz) + O(bzAQCD)
Sum rule:

1
Z/O dzle,h/j (Za/—L) =1,

S
Z/ dz ;) (2,1) = 0. (
S

b su a,Su
7) T (b, 1, Q) Z/ dzzH, " (2,67, 1, )

Zba ollins . .
) / dz / C(?(_lé ’ :u' bx > C)Hl }("/2] (:E, l,l,b*) e Sper (/J'aﬂ'b*)
1b®

1
) deC(?:lélns T, :u’b*?C) [Z/O dZII HlJ,—]S}Z] (x, /'l‘b* )] e"SPert(#,#b*)
h

=0,

20



