Energy-Energy-Correlations:
from ee to pp then to ep colliders
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CMS Experiment at the LHC, CERN
({’2 ¥ Data recorded: 2016-Sep-27 14:40:45.336640 GMT
p, ~ 1 Run/Event/LS: 281707 / 1353407816 / 851
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Outline of this talk

Introduction to Energy correlators: theory foundation
EECs in e+e- colliders: the computational frontier

EECs in hadron colliders: “phase transition”, tracks and multi-hadron
fragmentation

EECs in ep: a new probe of nucleon structure



The world of correlation functions

CMS Experiment at LHC, CERN

Data recorded: Fri Oct 512:29:33 2012 CEST
Run/Event: 204541 / 52508234

Lumi section: 32




Energy flow operator

>0.1-0.5 GeV

20 GeV ~1TeV (depends on detector)
13 TeV , Theor
\ ‘/ Detection /
J Hadrons
Partons 00
000 .—|
P\‘ ) = \|

E(n) = lim r2/ dt ;T (t, rit)
0

Tkachov, 1995
Morris, Thorne, Yurtsever, 1988

r+t=tan(u + v)

r—t=tan(u — v)

https://tikz.net/relativity_penrose_diagram/



Energy correlators (EECs)

Two point energy correlator (£(n1)E(n2))w —
three point (E(n1)E(n2)E(n3))w SN
four point (E () E(m)E (n3)E () [T

W: excitation of color sources from vacuum or medium

Conjecture: EECs consist of a complete basis of all IRC safe observables

moment of EEC related to average of C parameter
moment of EEEC related to average of D parameter

Chen, Moult, Zhang, HXZ, 2004.11381



E(n) = lim r2/ dt 7, T (t, riv)
0 ;

T— 00

lim &(n

nz —>n1

Z 07:0; (7

spacelike OPE

A spacelike-timelike puzzle

What happen if lim (£(n1)E(n2))w

no—n1

P,y(z) = Cr (1 T (1:6 z)° e:c)
Fog(@) = 2Ca (1;<fff>2)2
P (@)= % (1 ) 2x§1_ 6:1:))

timelike fragmentation



A spacelike-timelike duality

Konishi, Ukawa, Veneziano, 1978

Dixon, Moult, HXZ, 1905.01310
All order resummation
d - ! S
~J (In6?, p) = / dyy*J (In(y6°), 1)) - Pr(y, )
dln p 0

Vs(N) <= 7 (N +vs(N))

spacelike DGLAP at integer spin = timelike DGLAP at non-integer spin

Gribov-Lipatov-Basso-Korchemsky reciprocity

Chen, Yang, HXZ, Zhu, 2006.10534
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e+e- collider
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Sudakov region



EEC and TMD fragmentation

Collins, Soper, 1982
All logarithmic order resummation formula Moult, HXZ, 1801.02627

lim EEC(0) = H(Q)J(0) ® J(6) @ S(0)

0—

asIn*(m —6) + o2 In* (7 — 0) + &> In® (7 — 6)

Ng * Pa — Q
s ny - py = Q Jet function

1
J(bJ_) — Z /O dz ZDN/q(Za bJ_) first moment of TMD
N

fragmentation function

are 1 db™ iPtb— /2 — — %
X

Swo(b,mv) = lim <t (O[T [5,(0)8a-(0)] T [Sh (w(B1)) S (w(B2))] 10)

V——+00 Nc

TMD soft function
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How to transit from resummation to fixed order?

S | | | B
B JETSET 7.3 ~
-—-—- HERWIG 5.5 -
e Data
5 1 = Requires Sudakov resummation of
E 05 [ power corrections, a hard problem.
S B
S B _
LL]
L B _
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Spacetime picture of Sudakov divergences

Chen, Zhou, HXZ, 2301.03616

O G . )

g: virtual photon momentum

r1 =0, zo=(l3,mM2), 4= (tg,774)

Sudakov limit & Double lightcone limit

2 2 2
Tig, Ta3 K 73
Origin of double logarithms:
1. Ordinary lightcone OPE x%Q — 0

2. Summing over infinite number of operator
exchange

Pyt (DF)
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Resummation through infinite operator summation

Chen, Zhou, HXZ, 2301.03616

(Ju(@1) TP (22) T (24) T (25))

X1 S-channel OPE

X4 partial wave decomposition of 4-pt function
Z — ZaTleAal($17$27x37x4)
T l OTal T l
truncated in T, ZZ _ _
but infinite in |~ X2 X3 Gae(u,v) = 5 _ o ka—e—2(2)ka+e(2) — (2 ¢ 2)

ks(x) = 2°/% 2 F1(B/2, 8/2, B; x)

Two ways to sum over infinite spin:

1. Geometric approach: approximate the spin sum as continuous integral. Use integral representation of G and saddle approximation

2. Algebraic approach: Expand G around large spin + recursion relation in spin expansion
-

-
CTGAJ(Z,Z) = JZJGA’[(Z,Z) JE,E — (é -+ 5)(€ | 5 1)

T
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First TMD-like Sudakov resummation beyond
leading power and leading log (in a toy model)

Chen, Zhou, HXZ, 2301.03616
1+ cosé

2 CLL2

L >
EEC(y) = ——&

v© : \f f +al, = C (7 L: —4)e” S, @
_ 2 I Qa — I I
4y 4|\ 2Ve® e BT 12

EEC Back—to—Back Limit Resummatlon

y:

Leading power
Next-to-leading power erf(z = / ~dt

Currently only N=4 SYM, but promising
for QCD
Many interesting things to explored, stay 0 - - - .

tune! 0
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From ee to pp collider

N ALEPH -

Jet at the LHC ~ TeV

Jet at the LEP ~ 50 GeV large window of evolution
short window of QCD evolution large number of particles
small number of particles perturbation works very well

15



Probing the time evolution of jet through CMS

open data
<5(n1)5(n2)>q, : N1 - No = COSRL
100 =T T TT] l | T T ' S L 'E
; +  Charged-Hadron EEC :
Correlation energy scale:
107! E <
& : PrRyp
Ej Free Hadron @ Transition Quarks/Gluons -
I Attt T
N 107 E 25 S
= aF _
- _FI- g - unphysical from jet
S - ¢ : clustering algorithm
NOT REAL Z . ,{:I~ CMS 2011 Open Data
EXPERIMENTAL 10~ g _]_.[.'l' AKS Jets, || < 1.9 g
MEASUREMET : -H' pi € [500,550) Gev
[H' CHS, pt'“ > 1 GeV 1
10_4 3 - II””IZ . II””II - II””O
10 10 10 10

Ry
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Komiske, Moult, Thaler, HXZ, 2201.07800



Precision measurement for as

Largest uncertainty!

Can we precisely measure a; from jet substructure?

Prospects for strong coupling measurement at
hadron colliders using soft-drop jet mass

and emphasize that experimentally distinguishing quark and gluon jets is not required for an
o, measurement. We conclude that measuring «, to the 10% level is feasible now, and with
improvements in theory a 5% level measurement is possible. Getting down to the 1% level to
be competitive with other state-of-the-art measurements will be challenging.

Holmfridur S. Hannesdottir,»? Aditya Pathak,>%¢ Matthew D. Schwartz,’” lain W.
Stewart/

17



ENC/EEC Ratio
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CMS 2011 Open Data
AKS Jets, [’ < 1.9
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Projected energy correlators
E3C/EEC =

* Slope related to anomalous dimension of

twist 2 operator y(as)

 Many non-perturbation effects cancel out:

18

PDFs

hadronization corrections

hard scattering scale dependence
Experiment can achieve sub-percent

accuracy. The only bottleneck: theory
prediction!

Chen, Moult, Zhang, HXZ, 2004.11381



NNLLapprox NOW available!

Ty Q?
12

dy y~N JV] (In

/

jet function need to know beyond NLO!

dJN(In “’fgz) 1 N
-/ ) By)

dIn p?

Jq($1,$2,$3,Q,N2) —
o 2N g X iH ) IBRRC o
" 2D Eucildean
4D \\ feynman integral
Minkowskian l
phase space l+p1‘\ > P3
integral /;/v

/\
P2

5% accuracy on as from jet substructure feasible now
1% possible with further theory improvement
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Chen, Gao, Li, Xu, Zhang, HXZ, 2306.xxxxx



High luminosity LHC




High luminosity LHC
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Ratio to Data

(1/ Cregum) d 6/ d p

Superior accuracy from track-based observable
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Ratio to Data
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Track function

* Involving multi-particle correlation

o Straightforward generalization to
other guantum number

 Complex evolution equation,
previously only known at LO

_ +id—2. ik~ yt/2 Pr ,,
Tye) = [yt a e 25(‘”” k) T = a@ Y, | dzdnd,P® (21,2801 - 2, - 2)
i X ] dIn p? = i—]
1 - . ,
N, T _77<0|¢(y+, O,y¢)|X><XI¢(0)|0>_ X Ty )T (6, )SIX — 20— 25, -

Chang, Procura, Thaler, Waalewijn, 1303.6637
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EEC on tracks

e AEEC(cos )() EEC(cos )() EEC( COS )() COS X< <0

. I DELPHI = LO

) 71i(xa /’t) — as(/’t) Z szdxldxzpi(i),}k(zla Z2)5(1 _ Z1 o ZZ)

dlnpy Iy g 0.100 :
o i = NLO |
X Ti(xy, w1 (%, )OIX — 21— 25X, ] 8 | -
£ 0.010.
= :
P]
of i
1 1 = - [0.014
— :
/ dx x / dﬂ?ldCUQ (371Z1 + CEQZZ) O 0°001§ 0.012
0 0 5 |
o i 0.0IO.-
; 10_4? 0.008 |
d T (1 = —y VT (] 20 7,1 , OO 05 Cosd 03 050
Tl = ~ROT(+ Y (-2 1,1 058 056 034 082 00
d ' 2158 267°\ 4 o
dln;ﬂT‘(z) —}/g?(3)T (2)+Z( zyql)(3))T((2)+ Cs (—8C3+ . + 25 >—§CAnfTF] T ()T ,(1)+-- 2
_ =]
d ) 2,1 ) 767263 278z \ 2 P
Tl = D@, (3)+Z( (4)) T,(3)+ _CA (24¢3+ ST ~CanyT | 17,1 E
+Y [CATF<213102551 ?2%2) CiTios ]Tg(l)Tq(l)Tq(l)+---. 210 -08  -06  —04  —02 00
g CoSy

” Li, Moult, van Velzen, Waalewijn, HXZ, 2108.01674



Generalized DGLAP evolution

The full NLO evolution has recently been calculated, using knowledge from moment
Highly nonlinear evolution equation

Charged Energy Fraction in e"e~ — hadrons
3.0

LO
21 B NLO
2.0F NNLO

~
3
I
s
3
!
O
||
S
N

truncated to at most
1->3 kernel

uncertainty

i : .o
d ln ,U/Q 1—1 1—>11 12

2 [ 7-(1) (1) o
e [Ki—ViT@(x) ™ Kz‘—m‘lz‘z ® Tiy Tip (v) 0.0 0.2 0.4 0.6 0.8 1.0

w

Chen, Jaarsma, Li, Moult, Waalewijn, HXZ, 2210.10058, 2210.10061
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NLO kernel of di-hadron fragmentation from track
evolution T

d
Efﬂ;;;il)ﬁ%hﬂh?(yl’yQ)
Track

Function

2

5

= a; {K &’ZDHM (Y1,Y2)

Dihadron DGLAP

1
n 1 n n
+ y: S:/O dz Kz'(—zilz'g(z) [/dyildy,sz‘l—mlhg(yih?/12)5(91 — <1 y’11)5(y2— 21 3/’12)

{iria} n

R

" /dyéldy§2Di2—>h1h2 (yélv y/22)5(y1 — "% yél)é(y2 ~ % yé2)]

n 1 n n
T Sj Sj/dzdt Kz'(—zfiligig(z7t) [/dy/11dy,12Di1—>h1h2(y/11>?/12)5(y1 — Z1 ?/11)5@2— 21 ?/12)

{t1i0i3} ™

T / Qo1 A Diysioe e (Yt Yo )8 (31 — "2 1 )6 (12 — "2 o)

Trihadron

+ / dys1dYs Dis—hihs (Y315 ¥32)0 (Y1 — "23y31) 0 (y2 — 23 y{u)] }

o
o
{' ‘ !< + single hadron fragmentation evolution

oo oo Majumder, Wang, hep-ph/0402245
6 Chen, Jaarsma, Li, Moult, Waalewijn, HXZ, 2210.10058, 2210.10061

N-hadron



ep and nucleon structure
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ep and nucleon structure

el

e Structure
function

measurement:
PDFs(x)

e SIDIS:

e TMD

* spin
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ep and nucleon structure

el

29

o Structure function

measurement:
PDFs(x)

e SIDIS:

« TMD

e spin

e How can we utilize

the forward
Information and
what does it
probes?



The nucleon EEC

Energy weighted correlation of forward hadron with beam

o0 - L -+
fopc(e,0) = [ D L(PIGO)E@)w(y)IP)

) /

Insertion of energy flow operator between lightcone separated field

Naturally generalize to N energy flow operator insertion

Compare with

S du— .
collinear PDF: £, () = /_ ) Y ey L PLR0)(y )P
o * dy= .+ -7 -
TMD PDF: () :/_m Qy—we”p VT (Pl Oy, y)IP)

What can we learn from the nucleon EEC?

30 Gauge link is suppressed for brevity



Modified DGLAP evolution
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dIn p?

5 fi,eEC(V, lﬂ

Qe

I [ I

(R

| I I

a,% (nlojet++)
— a, Logs

2
— a,” Logs

1 1 1 l

10—2 ‘ I l

I | I I I I I I I I I

1 1 | | | | | | | l 1 | | I
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-2. 0. 2. +.

y=In(tan[6/2])

Bjorken scaling and scaling

violation, not in Q evolution
but in angle!
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Q0
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(EEC) x

)

Liu, HXZ, 2209.02080

Cao, Liu, HXZ, 2303.01530
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Quark fragmentation v.s. nucleon structure
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EEC in jet fragmentation The nucleon EEC
imaging the time evolution of quark to hadrons through angle Imaging the structure of nucleon through angle

Pythia simulation only
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Summary and outlook

* Energy correlators provide new perspectives on old
problems in QCD

* Solid theory foundation with operator definition
 Many different applications from ee to pp then to ep colliders
 Sudakov resummation and TMD:;

* Probing the time evolution of quark fragmentation and
nucleon structure

* Precision measurement of strong coupling constant

* Application to track observables and generalized DGLAP
evolution

* Gluon spin double slit interference in jet (not covered)

* Probing gluon saturation (not covered)
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Summary and outlook

* Energy correlators provide new perspectives on old
problems in QCD

* Solid theory foundation with operator definition

 Many different applications from ee to pp then to ep colliders

Many exciting theory and
phenomenology waiting for exploration.

 Sudakov resummation and TMD:;

* Probing the time evolution of quark fragmentation and
nucleon structure

Stay tune!

* Precision measurement of strong coupling constant

Thank you for your attention!

* Application to track observables and generalized DGLAP
evolution

* Gluon spin double slit interference in jet (not covered)

* Probing gluon saturation (not covered)
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