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Collider Physics

-
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»

periment

 Experimentally viable
 Easy to calculate
 Have clean theoretical understanding



Event Shapes

VS (more) spherical distribution

Example: Thrust
[Farhi, 1977]

T = max 2= P
7l Q

pencil-like 1 ~ 1
spherical T ~ 1/2




Energy-energy correlator

[Basham, Brown, Ellis and Love, 1978]
iIntroduced energy-energy correlation

d> Ei L 1 —cosb;;

which characterizes the correlation of two energy detectors at spatial infinity (celestial sphere).

Energy Correlation N | o | Spin Correlation
on the celestial sphere Familiar concept in statistical mechanics! on the plane (2D Ising)

Probability Distribution .....

differential cross section Boltzmann factor ......
do e HEEEEEE
Weighting Factor =====

eigenvalues of energy eigenvalues of spin ......




Energy Flow Operator £(n)

“Perturbative” vs “Non-perturbative”

A calorimeter only detects particles flowing along direction 72, and weight with its

energy £/, e.g. e
cql o827 _ 5
/(27_‘_)32EﬁEpaﬁapé (n p)

The radiation power passing the detector
(located at Rn) at time t is

n'" T (t, Rit) R*dS)

[Korchemsky, Sterman, 1999;
Hofman, Maldacena, 2008;
Bauer, Fleming, Lee, Sterman, 2008; ...]

 Integrate { to get the total received energy

* Detector is effectively located at infinity

non-perturbative definition



Energy Flow Operator

For free theory, we can use mode expansion [see, e.g. Bauer, Fleming, Lee and Sterman, 2008]

00 3
2\ T 2 It _,iTOi b Free scalar d’p ) t ()= A
E(m) rggor/o ;17 (t, rn) m (277)32EﬁEp azap0 " (1 — p)
so they are equivalent when acting on asymptotic Fock state. /
The energy flow operator is a non-local operator
defined on a light-ray located at future null infinity I I
E(i) = lim r? / dt ;T " (t, rii) it
T—> 00 0 T —» OO
Equivalent form in lightcone coordinate
1 xt\° [ rT T I I
-\ : v — 3 m Hip2 |~ M K
E(n) = 4;13100( 5 ) /_Oodx My My T ( TR )

This is an example of light-ray operators.



Energy Correlators

Energy correlators are correlation function of multiple energy flow operators inside

some non-vacuum states / — — Looks like a correlation function
<\Ij ‘g (nl )8 (nQ) e | \Ij> in a fictitious 2D field theory on S

e.g. created by local operators
[mOmentum Space] <O/(_q) |g(ﬁ1 )g(ﬁQ) o ‘O(CI)> Sourceqwi;h(téte(l;,r(;\,c())Tentum

[coordinate space] (|0 (x)E(11)E(1i2) .. .O(0)|2)

t Wightman function, not time-ordered function

Light-ray operators lie in the future of all local sources

Schwinger-Keldysh contour
O Light-ray operators

v

Positions of local operators

O, O

l



Light-ray Operators

light transform of local operators

Energy flow operator  £(7@) =| lim r? / dt|m; T (t, ri7)
0

T— 00

Energy radiation fall with inverse square law, r? compensates this effect to be non-vanishing.

More general light-ray operators

twist

O() = lim /&=D /O dt O 19 (8, rii) . T

T— 00

Lesson from CFT:  O(z,z) = OMF2tr ()2, 2,0, ... 2y

T

(21 - 29 — 22125223
(2%)2
(T — +o0)

> " ($+>J—A
send x to null infinity

(0(0,21)0(x, 22)) =



Light-ray Operators

light transform of local operators

Energy flow operator  £(7@) =| lim r? / dt|m; T (t, ri7)
0

T— 00

Energy radiation fall with inverse square law, 72 compensates this effect to be non-vanishing.

More general light-ray operators

twist

O(#) = lim #2=D /O dt OM 17 (4, )i, .. . T,

T— 00

In other contexts of physics, light-ray operators are not
necessarily at null infinity—they can live on any light-ray.

direction ,.~¢

L|O|(z,n) :/ do(—a) 2770 (a: n,n)

_ @7
starting point >

[Kravchuk, Simmons-Duffin, 2018]



Light-ray Operators

In CFT, different configurations are related by conformal transformation.
[Hofman and Maldecena, 2008; Kravchuk, Simmons-Duffin, 2018]

null infinity <— nuliplane y* =0

celestial sphere 52 <+ t{ransverse plane ]RQ

Conformal

—-
Transformation

/ dy=O(y"™ =0,y",y)

— OO

Don’t need to deal with taking limit in this case

In embedding space formalism, they correspond to different gauge fixing.
[see Kologlu, Kravchuk, Simmons-Duffin and Zhiboedov, 2019]



AdS/CFT Correspondence

strong coupling weak coupling
stress tensor insertion metric perturbation
1%
T+ o
energy flow operator £ gravitational shockwave
time ( \ energy correlators propagation through shockwaves
conformal
boundary
light-ray operator shockwave (flat space version)

h—— o< d(y™)

d—4

localized on the null plane

In strong coupling limit, energy correlations are uniform distributions. [Hofman, Maldacena, 2008]



Spacetime Symmetry

Little group that fixes a light-ray in future null infinity consists of

translations, collinear boost, transverse rotations, dilatation
Poincare group part

* Dimension=.J — 1 hm E.O“1 HI(t, rn) T
T— OO

—(A-)) -1
e Collinear Spin=1— A lim (- x)>7 /OO d(n-x) O (), .. .0y,
Boost quantum number LT oC — 00
Boost along 71 n* — b, at — A iaH
O(7) = AN 720(7) —2———  |O(An#) = A0 (")

homogeneous

* Transverse Spin = transverse spin of the local operator

e Momentum = 0 (invariant under translations)



Light-ray OPE

W Short distance scaling behavior is determined liquid helium critical behavior
b by local Operator Product Expansion (OPE). =

S
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‘02 ($2)
o & ~ > O()

—_
o
X |

Specific heat, cal/’K,
=

o
(9]
.

0.0-

12 14 16 18 20 22 24 26 28 30
T, 'K

Small angle behavior is controlled by the OPE of these light-ray operators.
EEC collinear limit

1.2 S = CMS 2011 Open Data |

CMS 2011 Simulation
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“local OPE on the celestial sphere” [Komiske, Moult, Thaler, Zhu, in preparation]



Light-ray OPE

Symmetry and Power Counting

Expansion parameter () is dimensionless, the dimensions simply add up.
(of light-ray operators)

Recall that the dimension of a light-ray operator is J — 1 |/ is the collinear spin of the local operator

(Exact in CFT)

Example:in ££ OPE, J; =J, =1 = J =3 different from local OPE: ./ — 3 operator is absent in the 7’/ OPE



Light-ray OPE

Symmetry and Power Counting

Lorentz group Is equivalent to the conformal group on the celestial sphere

—il 7\ An A
o ¥ Y

\ \?\ \\;\\

\ \\\ boost along 77 rotation along 71
O R [ ] [ i
dlmensmn spin J 1 -

2, dilation w.r.t. 77 € S° rotation w.r.t. 77 € S°

Angle @ plays the role of length on the celestial sphere

— power counting on @ is related to celestial dimension (boost quantum number)
twist 7, = dim A; — spin (J; = 3)

Light-ray OPE g(ﬁl) E(ﬁg) ~ g C; 6’7_73_4@2- (ﬁQ) [Hofman, Maldacena, 2008]
1
collinear spin (1-4) + 1-4) = (.—4) + (1-4)



Light-ray OPE

Light-ray OPE  E£(7i1) E(7i2) ~ Y ¢; 07 *0;(ii2)

Small angle scaling is dominated by the leading twist operators.

Light-ray OPE in CFT is rigorous and convergent. [Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov, 2019]
[Chang, Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov, 2020]

In QCD, things are less understood, but the leading power contribution is. [HC, Moult, Zhu, 2020]



Pl o) 47137 1:42:43

Polchinski: There is a lot of QCD data, can you see this (scaling behavior) there?

Maldacena: People do not do this. | haven’t figured out why they don’t. | think they just
haven’t thought about this. | was talking to people who did this calculation of two-point
function at LEP, computing alpha_s and so on, and they focused mostly on the large
angles. But they didn’t study the small angles. And | asked him whether they had a good
reason for not studying the small angles and they said well we didn’t know the
resummation formula, didn’t study it.



EEC with CMS Open Data

[Komiske, Moult, Thaler, Zhu, in preparation]

Packaged in “MIT Open Data”, provided by Jesse Thaler and Patrick Komiske

Nice scaling behavior in perturbative regime
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Application in QCD



Leading Twist Operators in QCD

Local Operators
unpolarized

1 - o0

(0N = Syt (EDT) Ny 2

transverse J ! 2/ Tlggo r dt
spin-0 | | 0
L O = —2—JF5+(@'D+)J—2F5+
1 -
trasnpsi\lic_egse ngé\): 7 F“+ (2D+)J 2F”+e>\ L polarized
helicity =
: J] (= d’p (2) (= pJ—1
Mode Expansion OESY (2759 707 (P — 1) B (b




E(ny)E(nz) OPE

IN quark state
Q) £ (7)€ (7i2) $(0)[0)
E1E2 e_i(p1—|—p2)-$ IT:L:Q
H— 0 1 2

- 2 02 (V9a(2) —74¢(3)) + (Vgq(2) — 7gq(3))]

\ d3p A — —1p-x
related to twist-2 Anom. Dim. /(27’(‘)32E5(2) (p T n) 7/2 E3 e

Confirms the general analysis: (1) spin-3 operator, (2) correct scaling behavior

/E%dEl E2dE,
(27’(’)32E1 (27T)32E2




E(ny)E(n2) OPE
In gluon state
QA (z) E(rir)E(riz) Ay (0)[2) i

2 2 ;
— / El alsy EQdEQ E{E5 e —i(p1+p2)-x &QQ,Q,Q,O,%; %QMQL i
(27’(’)32E1 (27T)32E2 :ﬁl

0 — 0 1 27 y 3
——  —o_ 75 [Co) (A4} (x) O AL(0)[2)

Wilson coefficients

polarized : (Y93(2) = 793(3)) + 215 (745(2) — 743(3))



ol(iy)E (i) OPE

Introduce the Wilson coefficient matrix

Yaq(J) 21§ Yqq(J) anVqé(J)e_.Qw/Q anVqé(J)(?Qw/Q
a¢(J) _ qu(J%. 799(*]; %Lc’?(t])@_mqs/z ng(J)€21i/2
Yaq(J)e*? Vg (J)e*™? Yag(J) Vog,+(J)et?
7§q((])6—22¢ Vég(J)e_zqu ,y@,:(tj)e—zlng Ya5(J)
OPE leading -, . ) 1 2 -~ ~ 1 = ) . .
contribution O (7)€ (R2) = 5 72 _C'¢(J) — Cy(J + 1)_ OY*H(7;) + higher twist

Energy flow operator corresponds to J = 2, and doesn’t distinguish quark and gluon.

£~ 02 + 0O
1 2 (A 14
EEOPE  E£(M)E(Ng) = >3 |Ca(2) = Co(3) OB(71) + higher twist

—

7 =(1,1,0,0)



3-point Energy Correlator

IN the collinear limit
Kinematics

In the collinear limit, EEEC configuration can be approximated by a triangle.
[HC, Luo, Moult, Yang, Zhang, Zhu, 2019]
Moduli space of triangle shape

Parameterized in terms of
(1) the longest side? xf, [Size]

Im(z) (2) a complex number 2 [Shape]
E,E,E. Sab She

R@(Z) 5(:61 ) 5(:132 ) 5(333 Sac
(Q/2)% 45, By AEWE, AFE E.

collinear phase space measurement

1 A3y,
efinition -~ — 3 [[10F][F7][Meend

a,b,c

1 — 3 splitting probability
L1,L2,L3 length? of each side ~ angle?



Squeezed Limit

Squeezed limit physically corresponds to bringing two detectors very close.

squeezed d*%;
= = 2
limit db7 dO%de

¢
95
0r,

39 — 20 cos(2¢) 273 4+ 10 cos(2¢) 16

(0) _ T 2 -
Sqq () = CrnsTE ( 5or > + CrCy ( SoF + C% -
126 — 20 cos(2¢) 882 + 10 cos(2¢) 3

Sq'"(¢) = CanyTr ( SoF ) C3 ( 5o, ) CanTFg

Squeezed limit encodes spin correlation information and the
Leading Power resummation is done. [HC, Moult, Zhu, 2020]

All-order EEEC, A\ = —0.4

——Analytic ¢ Toy shower O(a? (Analytic)

Quark jet

. When collinear spin correlation is included
" in the PanScales family of parton showers,
our resummed result provides validation of

shower results.
[Karlberg, Salam, Scyboz, Verheyen, 2021]
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Interference Effect

Contributing Operator

FcéH_ (iD+)FcIL/+E>\,u€A,V

twist-2, transverse spin-2
gluonic operator




Squeezed Limit
from light-ray OPE

w77 [Cos(2) = Cox 3)] (€)1 () )

X —_—

T |Cos(2) = Cos(3)] [C,.(3) = Cp, (4)]|( (721 )| Haret unction

(2m)% 05 07,

. . J
This correctly reproduces the previous fixed order squeezed limit results. unpolarized jet <@[§,:> —

: [4) (= \V\ —
Hierarchy 60; > fqg quark jet <@ (r1) ) = (1,0,0,0)

fixed order result needs to be resummed ! gluon jet <@[4] (ﬁ1)> = (0,1,0,0)



RG evolution
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transverse Cl
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transverse 2 2 -~ _
spin-2 - i V(J) = (VQQ(J) Vgg(J) 0




LL Results for Squeezed Limit

E(M1)E(N2)E(N3)
12 2 0, (0.Q)] EORE
7O 0 1| &s\YL ° [A ~ 1 [ ag 0 iy
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More Structures...

higher power expansion

For simplicity, tagging final state quarks RA)_@: R
2
Squeezed limit: 21 - 22 — 0 .

[HC, Moult, Sandor, Zhu, forthcoming]

Expanding the full result:

'
__ — 3 = | 39 o 9 =3
gu,v) =g(z,z2) x —2°Z 107 2 —2Z LP
39 39
_As 4Ttz 4% 54 NLP
q_ 20 20
—2°Z oF1 (3,2,6, 2) ;
——2°Z | 229z422 2112323 | 229z224 —9225
{ 7 140 140 " 140 7 NNLP
Block Structure 207 5
D - 207 = 233 ,_ 233 5 4 | 25 96
Conformal Symmetry _§Z6Z 140Z5Z2 14OZ z 14023Z I 14OZ ’ 7ZZ NNNLP

on the Celestial Sphere



Summary

* Light-ray operators play an important role in collider physics.

e Light-ray OPE, organized as twist expansion, governs the small angle
scaling behavior.

* As an application in QCD, light-ray OPE correctly predicts the perturbative
3-point energy correlator in the squeezed limit and nicely organizes the RG.

Thanks!



