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Flowing one-point correlators in QCD

Minho SON
KAIST

Based on two works with Marc Riembau (CERN)

Flow between extremal one-point energy correlators in QCD

Marc Riembau, Minho Son

The energy density generated by a vector current is characterized by a single parameter ag bounded by unitarity to —1/2 < ag <1,
with extremal values saturated by free theories of different matter content. Through confinement, QCD transmutes fermionic matter
into scalars, revealing a nontrivial flow between extremal correlators. We reconstruct this flow using perturbative QCD and chiral
perturbation theory. The observable is accessible with currently available experimental data.

One-point correlators of conserved and non-conserved charges in QCD

Marc Riembau, Minho Son

One-point correlators of conserved charges are argued to be perturbatively IR safe in QCD, which includes not only the density of
energy, but also those of electric charge, isospin and baryon number. Theoretical and phenomenological aspects of the density matrix
of one-point correlators are discussed in the context of the states produced by a chiral current, as in the decay of a polarized
electroweak boson. Densities of some non-conserved charges such as energy with arbitrary non-negative powers, despite their
incalculability, are shown to obey an infinite set of consistency constraints. QCD is observed to live near a kink in the allowed




Collider Physics is
about getting information from the data

We organize collider data in terms of
11

CMS Experiment at LHC, CERN

Data recorded: Tue May 25 06:24:04 2010[3EST
Run/Event: 136100 / 103078800
Lumi section: 348

Jets, leptons, photons, MET
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Collider Physics is
about getting information from the data

We organize collider data in terms of
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Collider data is nothing but a se
carried by them {E;, p;, Q;}

energy flows and quantum numbers

Collider Physics could be all about how energies and those charges are correlated



History goes back to the seminal paper

Starting with G. Sterman 75’

Energy Correlations in Electron-Positron Annihilation: Testing Quantum Chromodynamics

C. Louis Basham, Lowell S, Brown, Stephen D. Ellis, and Sherwin T. Love

Department of Physics, University of Washington, Seattle, Washington 98195
(Received 21 August 1978)
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A typical two-jet event observed in TASSO

1/0't dE/dX [1/rad]

Measure the product of two
energy detectors as a function

of inter-detector angle y
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On the experiment side

N-point Energy correlator is computed by summing
over all products of energies of N detectors.

(E(AA) -+ E(MN))




Road to QFT calculation of correlators

Energy flow operator (detector)

v Definition in terms of its action on a state

EMIX) = D E 8@ @~ )

lIEX

G. Sterman 75" (15t suggestion of EC)

v' Relating to energy-momentum tensor (non-perturbative)

0 _ N.A.Sveshnikov, F.V.Tkachov 96
EM) = lim | dtr?nYj; (t,r7)
r-o J,

where j* = T, 7 : detector config

E.g. neutral scalar

Toi(x) = T(x)0;p(x) = p(x)9;p(x)
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Road to QFT calculation of correlators

Energy flow operator (detector)

v Definition in terms of its action on a state

EMIX) = D E 8@ @~ )

lIEX

G. Sterman 75" (15t suggestion of EC)

v' Relating to energy-momentum tensor (non-perturbative)

0 _ N.A.Sveshnikov, F.V.Tkachov 96
EM) = lim | dtr?nYj; (t,r7)
r-o J,

where j* = T, 7 : detector config

Similarly to Q(#) for j* = YyHy
D = {¢,9}

: collectively density flow operator



Road to QFT calculation of correlators

co

E(R) = lim | dt r2n'T?; (t,rn)

0

Limit for sending detector to infinity can be removed

= 2f dy T-_(y~,y"=0,%)

on ds? = —dy*tdy~ + dy?

Hofman-Maldacena 08’

: called "null integrated operator’, as opposed to a local operator

Cartoon from Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov 19’



Energy flux operator, manifestly Lorentz covariant

D END) foo dx_

. 2 —
lim x5 T,, (xpnt 4+ x_n#)
X4 —00

T, =nknY uv/(nﬁ)z

ﬁ
N |

)
N—

xn=mn)x_=t—r = tan(

x* = x nt 4+ x_n#

xn=mn)x,=t+r = tan(

Cartoon from
Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, 13’

Lightray OPE



Road to QFT calculation of correlators

Collider data : a set of {E;, p;, Q;}

/

3 Operator O insertion
n
ergy f/ux of o creates states |X) — |p1’ T pN)
dach st .
ate >
Energy flux of each state is #Ssociated
with the energy flow ator
il E(N)

Detectors at
infinity

EC defined as quantum expectation value of a product of energy flux
operators acting on the state produced by the operator insertion

1
(E(r) ~ E(A)) = 7-(010 E(R) - E(An)O10)

Operator Product Expansion (OPE) was shown
to be possible for “conformal collider’

Hofman-Maldacena 2008 Later followed by
Kravchuk, Simmons-Duffin 2018

Kravchuk, Kologlu, Simmons-Duffin, Zhiboedov 2019



One-point correlators in QCD

As the simplest correlator while carrying super-rich structure and its
applications, we focus on one-point correlator of the vector/chiral current,

generalizing to any types of conserved charges




One-point correlators

of states by a chiral operator, as a polarized electroweak gauge boson

The polarization can be chosen to be a point in spacelike directions. Due to SO(3)
symmetry and energy conservation, the form is fixed to be

1 D Onh
(DAY = ﬁ(OKE* JOD@A)(G - €)]0) = <4_7_[>[5th +ap ((gh 1) (€ - 1) — gh )]

Three-point function of two conserved L ik
currents and stress-energy tensor AT

1
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"Weighted cross section’



One-point correlators

of states by a chiral operator, as a polarized electroweak gauge boson

The polarization can be chosen to be a point in spacelike directions. Due to SO(3)
symmetry and energy conservation, the form is fixed to be

1 D Onh
(DAY = ﬁ(OKE* JOD@A)(G - €)]0) = <4_7_[>[5th +ap ((gh 1) (€ - 1) — gh )]

Three-point function of two conserved L ik
currents and stress-energy tensor AT

Parity even part

) sin“ 1 (D) 1
DYy, = 2|1 _Z _ 2 29 _
(D )4+ i |1 an| 3 (D)oo . [1 + ayp (cos 6 3)]
ptid
c. = sinf €, -1 = cosf
+ > 0

Angle between the detector
and the beam axis



One-point correlators 0=3
etv, -» ud @ 80 GeV d «|: =3
The density matrix of one-point . .
correlators of states produced by h=-3 6 h=-5
chiral current, as in the decay of + \
polarized spin-1 electroweak N (. VVH )
gauge boson € Ve
Right-handed position Left-handed neutrino
2
u ¢=3
1=t
2
p=1i
3
w !
D)) = — = wgz(1 + cos0)? + wy, (1 — cosB)?
1( N )135in201+13( ) cosd
= (w-4+w - — == ——(w5 —w,,) cos
4~ 2\ 2 3J] 4m2"¢ T*

3 3
(D) =wz+w, ap = —§+0(as), by =§(Wa—wu)+0(ocs)

Total flux Parity-even Parity-odd



One-point correlators of conserved charges

- 1O T P.S. only

== NLO P.S.+hadr.

ag = —1.33£0.02
bo = —0.237 £ 0.005 |-

— — ][ = LO T PS. only
£ = — .).2 . 2 T - ~ y
i 1.221 £0.002 11 | - NIO- g P'S - hdr:

0.4¢

et o) T P.S. only ar = —1.33 £0.02

0.2

by = —0.256 £ 0.002 |

][ = LO I PS. only
— NLO P.S.+hadr. |0z =—0027+0005]] 1

== NLO I P.S.+hadr.

ke —0:79—0.5—-025 0:

cos 6

L. —0:65—0:5—0:25 0.

cosf

"Measuring these on ALEPH data would be interesting’




Bound from the positivity of energy

(E,) = %[1 + ag (; sin? 0 — 1)]

**Note | changed normalization

Positivity of energy

1
(€)>0 +— _E <ac<1l Hofman-Maldacena 2008
Yyryp ¢*DH

Interestingly, it fixes the sign of quantum correction to
stay within the unitarity bound

Can tell about spin of decayed particles



Flowing Hofman-Maldacena bound:

1

1
—§<Clg<1 —)—E<Clg(Q) <1

Explored, for the first time,
by RIEMBAU and SON 25’

Application to QCD

Evolution of one-point energy correlator from EW-scale all
the way down to pion threshold

ete” - y* - hadrons : low E QCD ete” - y* - quarks : pQCD

Theory of Pion (scalar)

1
~ sub-GeV Transition from
theory of fermions to
theory of scalars
1 ~ 10%2GeV
2

Theory of Quark (fermion)



Flowing Hofman-Maldacena bound:

Measurement of the longitudinal and transverse

to— 5 F
° p— .
cross-section at eTe™ collider e e ) quarks

d%o 3 dor 3 do
— T . L
——  (ete" > h+X)==(1+cos?0)—+—=sin2 9 —
dx dcos6 8 dx 4 dx
3 do A
+—cos 0 —
4 dx
Precision calculation (theory) Precision measurement (experiment)
NLO in QCD , , RECENT RESULTS IN ELECTRON-POSITRON
Basham, BI’OWI’], Ell IS, Love 78 ANNIHILATION ABOVE 2 GeV*
NZLO in QCD Rijken, van Neerven 96’ 97 Gary J. FELDMAN and Martin L. PERL
M itOV MOCh 06/ Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305, U.S.A.
Blumlei n, Ravindran 06’ Measurement of the longitudinal and transverse cross-section in
3 . ete annihilation at /s = 3544 GeV
N LO In QCD H . ’ M. Blumenstengel, O. Biebel, P.A. Movilla Fernandez, P. Pfeifenschneider ',
e, Xing, Yang, Zhu 25 S. Bethke, S. Kluth
~ 0 (a 53.) JADE Collaboration >
Measurement of the longitudinal, transverse
1 3 0 I and asymmetry fragmentation functions at LEP
ag - — = + ‘- OPAL Collaboration

Measurement of the quark and gluon fragmentation functions
This relation first pointed out by in Z° hadronic decays
RIEMBAU and SON 257 DELPHI Collaboration




Flowing Hofman-Maldacena bound:

RIEMBAU and SON 25’

o <ag(Q) <1

ete”™ -» y* - hadrons : Low E QCD

Extracted by combining Monte Carlo simulation
(Phokhara 10.0) and Experimental data

ag unknown

KKrm, 5w, 6w, wnm

=
=
—
1]
g
e
<
&
<
|
)
+
L
b

1.0
Vs [GeV]

ag known
dm

a = Weighted_sum Of . 77_,,_7—-*""_77-773'/:"7:?1\7;"" nmww, Wi, nw
individual contribution '




New panoramic notion of QCD confinement

: precision calculation & precision measurements are possible

Unitarity bound

\PT
pQCD (NLO)

pQCD (NNLO)
pQCD (NLO)

DELPHI
1

OPAL

=il

Unitarity bound

10 30 100

vV 2 [GCV] M. RIEMBAU and M. SON 25°

v A rare example that explicitly exhibits the evolution of effective degrees
of freedom across the wide range of scales




New panoramic notion of QCD confinement

: precision calculation & precision measurements are possible

Unitarity bound

\PT
pQCD (NLO)

pQCD (NNLO)
pQCD (NLO)

OPAL
DELPHI

Unitarity bound

10 100

vV 2 [GCV] M. RIEMBAU and M. SON 25°

pQCD: Excellent agreement with data of
R-ratio at the order of 0(a¥)

Expect to get saturated at the order of O(ad)




Generalization to two-point energy correlator



Detector for two-point correlator

Center of mass of detectors

L, Nyt
Ne = —2
Relative detectors
N
ny = —2

(E(M1)E(,)) =

EC(2)
4T

[1+ 550)(Z)< sin® @ — 1) afgz)(z)ZsinZG C05(2¢)]

RIEMBAU and SON in progress

Leads to two-dimensional bound space



Detector for two-point correlator

(E(1)E(MR)) =

This inclusive part
has a long history

ALEPH e'e’, Vs = 91.2 GeV

—— Archived MC
—— Fully Corrected Data
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MC/Data

EEC(2)
4

3
-[1 + agg,o) (z) (E sin® @ — 1)

+ NLO, NNLO in N=4 SYM

@22
Aege

LO in QCD, Basham, Ellis, Brown, Love
NLO in QCD, Dixon, Luo, Shtabovenko, Yang, Zhu
NNLO in QCD (numerical), Duca, Duhr, Kardos, Somogyi, Trocsanyi

2505.11828

)(z) Z sin?@ cos(qu)]



20 positivity bound

Higher order precision
computations of spinning parts just
began

The evolution of QCD across the
scales resolved in two-dim space

RIEMBAU and SON in near future

RIEMBAU and SON in progress

# [1 + aggo) ) ( sin? @ — 1) aéiz)(Z)ZSiUZQ C05(2¢)]

(E(M1)E(MR)) =

Literature restricted Newly explored by RIEMBAU and SON

to this inclusive part :
in progress



Summary

Unlike what people have been naively arguing, reconstructing full Euler
angle dependence opens up lots of new avenues for both precision
calculation and precision measurements

A striking example is the "confinement’ in QCD
probed by dynamic effective DOF traveling across large scales



