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Motivation

increased information via symmetry breaking

® ¥ =4 SYM: "Hydrogen Atom"

EEC: NLO
NNLO

E3C: LO, Collinear
LO

E4C: LO, Collinear

[Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, 2014]

'Yan, Zhang, 2022]

® QCD in electron-positron colliders: "Metal Atom"

EEC: LO
NLO
E3C: LO, Collinear

[Basham, Brown, Ellis, Love, 1978]

] ., /'/ \'\
Dixon, Luo, Shtabovenko, Yang, Zhu, 2018] [ M@M ‘

[Chen, Luo, Moult, Yang, Zhang, Zhu, 2019]

'Henn, Sokatchev, Yan, Zhiboedov, 2019]
'Chen, Luo, Moult, Yang, Zhang, Zhu, 2019]

® QCD in hadron colliders: "Zeeman effect"

EEC: Back—-to—-Back
FEEC: LO, Full angle

'Gao, Li, Moult, Zhu, 2019; 2023]
'Chen, Ruan, Zhu, forthcoming]
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'Chicherin, Moult, Sokatchev, Yan, Yunyue, 2024]
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What "Splits Out" ?

\ Collinear limit and back—to—back

imit, well understood in the EEC
of et ¢~ colliders

opposite coplanar limit, well (

understood as the back-to—-back

limit in the TEEC of pp colliders
p AY S / art from [Gao, Li, Moult, Zhu, 2023]
B ) . | .
o — = he Regge limit, characterized by a large rapidity
< < difference (AY) between the two detectors, remains

unexplored in the context of energy correlators.
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EEC at Hadron Colliders

in pure gluon scattering

EEC at Hadron Colliders is defined as:

d*> i
_ (2) _ (2) _
0 z' | do,, .isiix EE 6P(Q, — Q,)6(Q, gzpj)

l,]

with dependence on three angles: 6, 0,, .

The collision axis breaks down to
, rendering the final result considerably
more complex, yet providing additional insights.

Using operator language, EEC can be expressed as a matrix element, which schematically factorizes as:

(P1Ps |E(na)E(ny)| PLP2) =

> [ duidn 2w fa(a) fp(afalor) Bp2) 1) )| alpr)B(p2))
o, 0

p1=x1P1,p2=x2 >

Py-n _
Wi =3 .n“ = ¢~ Han we X The detector rapidities Y, , and Y, , are related by a boost.
2 — = can be reconstructed from
. P11y _ ,=2Yp Wy %%) .
Wp =e “d the computed in the parton frame.

P2 - N,



EEC Results

for pure gluon scattering

. d*x _ 0’ r I (1 —x)*x? Z ﬂfull,tree ’ . E £ : |l —cosy
LO EEC for gluon scattering: 40,40, 1634w |, (1 —x0p & |7 x: Energy fraction £ = 5
5 6 s Compact and symmetric
. 1<i<j<s . .
The averaged squared amplitude: Z ﬂﬁ“"’tree = é ﬁ . Z (Sla(2>Sa(2)a(3)Sa<3)a(4)sa<4)a(5>sa(5>1) <+— in amplitude level
h,c y o€,

The final result spans over pages, so we only
present its main structure:

d’x 9g?

d€2,d<, - (87)>(cay — C¢)5(CAY + cy)(cy + cp)(CayCy + CayCy — cyCy — 1)

Cy + ¢ Cay + Say) (cy +5y) + 1
X | Co+ C ln< ’ >+C21n ( ) ( ) SAySy
CAy+Cy CAY+CY'|'SAY+SY

CyCy+ 1
+C5pcsc(¢p) + Cy AVspy + Csarccos csc(@)sy
Cy + Cd)

1<i<j<5

O compare with experimental data, we use:
O
O

O azimuthal angle separation: ¢

Shorthand notation:

cy =coshY, c,y=coshAY, c¢,=cos¢, etc.



Redundancy of EEC

in the rational term

) I ] .
d’s A ‘A, ‘A, A, Shorthand notation:
dQ,dQ,
I ] I —cosy
0g" y,=co0s0,,y,=cosl, (= 5 ,
X
3 (87(1 =32 (1 =3P &) (1 = O (= 35)"+4C33) ((a=38) =40 = ya 3= ) =

° A ~ 1\, n3
(Y € V) + (e = =Y = =) + (0 = = Vb = = V) - Ansatz: 4 Z Crpmany & Ya Yy

—t ny,N,,13=0
° )

Constraints on n. (210 terms):

l

O ¢ — oo, EEC ~ l; n, < 4. ® Constraints on coefficients:
Fms
1
0y, — o0, EEC ~y3: n, < 11. O¢—0, EEC ~ ? C m,m, IX€d fOr ny < 2. 84 terms left.
~ 3 1
Oy, = o0, EEC ~ y;: ny < 11. Oy, —*1,y, > +(1 =20, EEC~1 . Same for a < b.
+ Va

O symmetric under y, < y,: n, < n,
O Residues in{ - 0,1; y,, > *1; y, -1y, > F1l,z> 1.
O symmetric under y, » — vy ,y, = — y;:

EEC vanishes when n, + n, is odd. 14 terms left.
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The EEC Landscape

at parton level
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The EEC Landscape

at parton level
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The EEC Landscape

at parton level
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The EEC Landscape

in dijet production

Contribution from pure gluon scattering: "

P =6800.0 GeV
Qmax = 200.0 GeV

Qmax = 200.0 GeV

/
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Limiting Behavior of EEC

Singular Approximations in Various Limits

Bg 8

collinear limit > . > | opposite L gor 0 Y |otulltree :
> = Oy ‘ gfulltree|; o dQ,dQ, 163847 ‘
e coplanar limit h,c

d0.dQ, 1638475 8
r o (L —0x 27p1 @
o (@—=x03 pp 578
dZZ b (eAY+eY)3 (6Y+AY_|_ 1)3
dQ.dQ, ~ (eAY +1)0(e¥ — 1) e
27 g% + e AV + 13 (eV + eV = 1)?
8192 7% (1 — ¢)

28%(1 — x)x

dx 077

Pg(—g(x)

4’ o 189g° (eV + e + 1)3

dQdQ, 819205 <¢2 + AYz) y

(
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U
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EEC in the Regge Limit

Leading Power Leading Log Approximation
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EEC In the Regge Limit:

Toward LL Resummation



A Mysterious Ridge Effect

in proton—proton collision
[CMS, 2011]

pp \'s =7 TeV, N= 110

CMS Preliminary pp \'s=7TeV, N= 110

trig

2<p_"<3 GeV/c
1<piSS°C<2 GeV/c

N CMS Preliminary

5< ptTrig <6 GeV/c
1 <p™* <2 GeV/c

%, 'O: 1. 82 T T 4

C\"o_g 1. %51.35‘5“ A
_| e 1. _| ©1.307"
Z < |
4

Long-range enhancement on the near side
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Amplitude in Multi Regge Limit

Leading Logarithm Approximation

P1 P3 a Ok =ppt+Apt K, pe=1>p> > p (Al 13 (4,1 > |4
- - 2 - -

a3 ® ® On shell condition: <kil — ki+1l> N —pikiSs ki R — A4S, ko NS

b lk: 1 — — 1+

! . i, o B _ TN 3, Mo Pl k., k., are fixed by detector!
ci, 01 1"‘3 1—,01 1—)’4 ) 1+;tn+1 o ‘ N
iy h h,
b, 85 lkz o‘ elkonal vertex (polarlzatlon dotted |n) 2gf ap ! 3p 2g a7 4p2

o @: Lipatov’'s effective vertex

LV
[*(k., ki 1) = ; H_ A+ H— kH 4 kH

* l(l H) AiPis ((,0 /1z'+1>p1 ( + Pi & L 1L

® 2

C A I
C O biC lk reggeized gluon D, (5, k) = —— (; ) = & (l_l>
lkn kzzJ_ ki) ki) Pi
Ng2 [ - Kk Ng? [ - 2k>
ec(k?) = — o [dzk : - _ % szk :
1673 ( B %)2 1673 2 ]z>2>




EEC in Multi Regge Limit

Leading Logarithm Approximation

O Phase Space Integral:

O2-2+nkEEC:

O EEC in Mellin Space:
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Evolution Equation for EEC

in the Regge limit
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NNLO LL EEC In

the Regge limit

iterative solution to the BFKL equation

00 kg’ e in(¢a_¢b)

i

1
2ﬂ2kakb @ — a_s)(n(y )

G(w, k, ky) = i

n=0 °

To see the ¢ dependence, we use iterative solution
up to N3LO and find that:

—O0

272%An? In An
QA 9 —
f(n, An, @) 3197757
302In A 1 [ 30%InA i 1
X114 s ﬂln7+— s T In’7 — —In*y
4772 2 4 772 3

1 + 25 cos(¢) + n?
. :

with 7 =

19

A, = )
> 42

enhancement on the near side

_ Ng’

1) =2 (—yg— Rely((n+ D12 + iv)])
decrease with increasing n




Celestial Block

For Hadron Colliders



Conformal and Lorentz Symmetry

From 4D Minkowski to Celestial Sphere

L, =
L_1o0=2D
1
Lorentz LO,M _ 5 (Pu 14 K,U)
1
L1,y = §(PM_KM)
MY = —sin 09,
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Celestial Blocks for Hadron Colliders

solving the Casimir equation

Embedding Formalism
ﬁ Conformal Symmetry on 2d Celestial Sphere

EEC at hadron colliders has the general form:
(Projective null vector)

PPy |E(ng)E(ny)| P1 P Py - P
(PP |Ena)En)| P Py) - PPy oy 0

(P1 P2 | Py Ps)  (ng -mp)3
o (n, - my)(ny - ny) o (ny - n,)(ny - ny) L P1-n,\ Breaking the boost symmetry
(ny - n,)(n,-ny) (ny-n)(n, - ny) P,-n, along the beam direction

Casimir Equation:  |[(1 = 2)z%07 + (w0, —1)z°0, + (z < 2)| Fyi(z. Z.w) = (k(h — 1) + h(h — 1)) F},j(z, Z, w)

. " d : : :
Solution Fz.7w) = Z 2_7’ s Winé};-)(Z, 2); 2d conformal block: - _
’ 5 0 T eereeeaens P | oF (hh = y; 2k 7)) [zh F (h, h — v, 2h; z)] +(z o 7)




Celestial Block Decomposition
Applied to the Result of the EEC

d’x 27 g° [ dy 14y(y* + 55y% + 304)

— — T CSC W}/G(y) 7,7 G(O) .7
dQ, dQ, 282)(n - my)? | | 2xi 7 csc(ry) > G402 2) - 103 2)

[ dy y(122y° + 8897y* + 157493y% + 612168) .\ _ 0 -
iy 7 csc(my) 005 WIZGgO(z, 7) 35 G6,O(Z’ 2)

[ dy y(641y° + 50456y* + 875819y° +2994204) oo 0y -
| 2 T 110250 "7 %a@® ~ 75 G620 D

+===1 higher twist

Light-ray OPE:




Block Expansion vs Series Expansion

e (r, 2, wp)

- Laurent Expansion up to O(’)

Original Function

'wp:]

=€

Block Expansion up to leading twist

Block Expansion up to next—to leading twist
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Gep @, 1, ©)

Celestial Block Dependence
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A Window to Twist-4 Operators
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Analyticity in Spin

collinear and transverse



Analyticity in Collinear Spin

even— and odd-signature

, 1 2/+1 +e7'" | iti
For 2—to—2 scattering: </(s. 1) = —,<J’> a1 ; ROAR ORI C t1e! wave decomposition
C S11 T

21 at amplitude level

. . - d artial wave decomposition
Recall the celestial block expansion: F(z,z,w) = Z 2_7/ Cs.jy W Ggyj)(z, 7)
J Zmp ’

0,]

12 collinear spin difference between interfering partial waves.

Applying collinear boost A, = ¢=7K; e _ TV

T P(y) = # - imo(y)

(P 1Py A} T§11>>...<W§22>\AY\P (Py) = e”mN(p P 2|q’(§3>---<q’$|1) 1F2) integer pole in y

collinear spin I
J, —J
F(z,7,w) = F(z,7,e w) » y = 12 >

Nno interference between

odd and even collinear spins!
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Analyticity in Transverse Spin

| orentzian inversion formula

[Caron—Huot, 2018]

Fz,z,w)= ) w"
m=0 )

O T LR e S e e TI e e
-5t A _
~10F o ]

S st _

3;6: -15 : ® OPE coefficients with 6=j+4

s =20¢ ‘ . | ]

a7 ‘@ Ao OPE coefficients with 6=j+6

L _25¢ ]
30 _ analytic formula with §=j+4 :
-35 - analytic formula with 6=j+6 ]

0 2 4 6 8 10 12 14
J
1 OO = I ' T ' T T T T ]
0 R & & - ®

% -100} _-

85%5 - é ® OPE coefficients with 6=j+4 1

m [ -

ﬁqé ~200te A OPE coefficients with 6=j+6 -

| [
L A ]
-300+ analytic formula with 6=j+4 -
analytic formula with 6=j+6 ]
=400 © i

J oo

—Res 8.
y=0 OF/thir

—Resés® .
y=0 0=j+6,j,y

—Res s
y=2 o=j+4,j.y

j24

—Res 88 .
y=2 0=j+6.,5,y

j=4

—Resc; ; Gg’;’)(z, Z)

16 T'(j+ 2)?
__ 161U+ )(24H-+1—11)
3 TQj+3)
j=4
128 I'(j + 3)?
= - U3 30m,— 19)
15 TQ2j+5)
j>4

LG+ 2T +4) 48
= : —32H; + ———
I'2j+3) JG+3)

80 1088>
G+ DG +2) 15

TG+ +5) (_ N 96
T TQj+5) MGG+

64 22412)
(J+2)(j+3) 105

Analytic function of transverse spin j

140 ._l 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 T T T
f e OPE coefficients with 6=j+4 ] 8 T(j+2)I'(j+3
120} PRI —Resat | = GG +5) (1208, +113)
[ A OPE coefficients with §=j+6 ] r=1 T 15 ['(2j +3)
_ 1001 § j=>4
B2 ool lytic formula with 6=j+4 . .
S 30 ‘ analytic formula wi j+ I B AT + 300 +4) o 20
2 60l Iytic formula with 6=j+6 | | oy Comj+6 =3 : j+2 7
2 60 analy j =1 046y 5  TQj+5) j+2
40k j=4
_ X 80
20t +— + 183
Jj+3
Obe o v v el R & @ = =
0 2 4 6 8 10 12 14
]
tooor R B e _TG+2rG+5) (32, 24
200 _ ® OPE coefficients with 6=j+4 _ ) =63S C Sl oy = T2+ 3) 3 41 Gt
;A 4 OPE coefficients with 6=j+6 | 724
L 600f | | o N 40 N 15566
%S o i analytic formula with 6=j+4 G+ DG +2) 315
2 400 ! -
gla analytic formula with 6=j+6 B e ~ (G +3)(+6) (16 o 78
200f ] Resce> . . = . Hip—— :
: . - y=3 OIS I'(2j+5) 3 G+DG+4)
0 ® s & = 24
[ N 4 N 7069
—200-‘| P R S S TS S S NS S S T S S SR S S S S S S B ('+2)('+3) 45
0 2 4 6 8 10 12 14 / /

28



Summary and Outlook

® For hadron colliders, we investigate the EEC with full anqular dependence, achieving:

O The first Analytic LO Result in pure gluon scattering.
O in several limits.
O Evolution equation in the Regge Limit.
® From a formal theoretical perspective:
O Celestial Block for hadron colliders.
O in both collinear and transverse spin.
® Potential directions for further research:
O EEC in
O LL Resummation in the Regge limit.

o Operator Language of the pomeron exchange.
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Table of Labels

: : : : Celestial Dimension Celestial Spin
Dimension | Spin Twist , , ,
Operator 0 (Transverse Spin) | Celestial Twist
A J T (Collinear Spin) 7
TH” 4 2 2
E 1 3 2 3 0 3
[J] X%, (J+1)
O, J+2 J 2 _abeled by J (0/2)
oWhii(gy 4 J+1 2 o+ 0/ J+1/
g Labeled By J
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