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Introduction

Context:

* There has been an exceptionally successful program of studying QCD
in vacuum and medium with event shape observables and algorithmic
substructure.
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Introduction

Context:

* However, there is an
interesting disconnect
between much of the
developments in
collider QCD
phenomenology and
formal theory.
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Abstract
We present a new approach to computing event shape distributions or, more precisely, charge
flow correlations in a generic conformal field theory (CFT). These infrared finite observables are
familiar from collider physics studies and describe the angular distribution of global charges in

outgoing radiation created from the vacuum by some source. The charge flow correlations can
be expressed in terms of Wightman correlation functions in a certain limit. We explain how
to compute these quantities starting from their Euclidean analogues by means of a non-trivial
analytic continuation which, in the framework of CFT, can be performed elegantly in Mellin
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Abstract

Unitary, Lorentz-invariant quantum field theories in flat spacetime obey mi-
crocausality: commutators vanish at spacelike separation. For interacting theo-
ries in more than two dimensions, we show that this implies that the averaged
null energy, [ duT,,,, must be positive. This non-local operator appears in the
operator product expansion of local operators in the lightcone limit, and therefore
contributes to n-point functions. We derive a sum rule that isolates this contri-
bution and is manifestly positive. The argument also applies to certain higher
spin operators other than the stress tensor, generating an infinite family of new
constraints of the form [ duX . > 0. These lead to new inequalities for the

coupling constants of spinning operators in conformal field theory, which include

as special cases (but are generally stronger than) the existing constraints from
the lightcone bootstrap, deep inelastic scattering, conformal collider methods,
and relative entropy. We also comment on the relation to the recent derivation

of the averaged null energy condition from relative entropy, and suggest a more
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Introduction

Conformal collider physics:
Energy and charge correlations

What’s the middle ground?

O

A= li}m dt r*n'To;(t, rit)

0

The energy flow operator is an ANEC operator, it can be computed directly in
CFTs admitting many new computational techniques.

enry Labor c ersity, Princeton, N,
b School of Natural Sciences, Institute for Advanced Study

Its correlation functions are also directly collider observables — Energy
Correlators.

We want to apply these to HI collisions to study jet quenching.



Introduction
Very quickly, what is €(n)?
E (1) = Idealised calorimeter output at a solid angle labelled by 7.

Correlation functions of €(n) quantify the correlations between the
average calorimeter outputs at different points across the celestial
sphere from a particular process.

They are functions of the angles between the calorimeters.



Introduction

Important

observables.

difference

between

correlators

and more

‘typical’
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Introduction

Additional to the computational benefits from formal theory,

phenomenologically energy correlators are very good at isolating parts
of multiscale dynamics.

2 °T2
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The angular size of a correlation often can be interpreted as a time
parameter for the physics inducing the correlations.



Introduction

t=0to 1 fm/c t=1to 10 fm/c t>10 fm/c

Time

The QGP in heavy ion collisions (HIC):
— 20 years of HIC at RHIC, 10 years of HIC at the LHC, sPHENIX coming soon.



Computing Correlation Functions of £€(n)

Recap

e Correlation functions in statistics:
o Corry,(X,Y) = (XY) — (X)) (also just the covariance)
» Corr3(X,Y,2) =(XYZ) — (X)({Y{Z) — Corr,(Y, Z))

* (E(ny) ...E(M;) ) = Corr;(E(ny), ..., E(n;)) rather than a time
ordered QFT correlator. Strictly they are Wightman functions.



Computing Correlation Functions of £€(n)

Which correlation function is the one for us?
* |n the ealier slides the 2-point correlator gives a sensitive probe of hadronisation.

* In 2201.08393 the 3-point provided a sensitive probe to the top mass.

Look to what is currently done and successful.

* Ry, can be expressed as a function of one-point correlators + corrections:

* Rya = <NAA>/(<NC011><Npp>)- (N) is the one point correlator of the number
opertator and due to momentum conservation (N) = (£)/(Q).

* In effect, R, 4 gives access to the simplest but also least sensitive correlator.

* Let us systematically increase the sentivity by looking directly at the 2-point
correlator.


https://arxiv.org/abs/2201.08393

Computing Correlation Functions of £€(n)

al 1 nz)

E"(M1)E™(ny) do;; EI'E?
2 = 25 [ iy g 8 = ),

Where i, j are final state hadrons and g;; is the inclusive cross section to produce i, j with a
hard scale Q.

We integrate out the global O(3) symmetry due to find the distribution we’re interested in.

(n) n n
2 e )

Let me now set up the perturbative calculation we perform.

d(ng - mqy — cosB)



Computing Correlation Functions of £€(n)

The average momentum exchange between the two correlator points goes as ~ 60, the
wide angle region where 6Q > Aqcp is largely determined by perturbative physics. We
therefore write the observable as a sum over inclusive partonic cross-sections:

(n) 3 ) Dl Dl A E™ E™
d. :l /qu g dO'qg g —4q s l /dEgl - daglgz g1 g2
dé o “dOdE,dE, Q2 o i G Do E Q%
1 do E™ E™ Noos
i dE q192 q1°7q2 CTAGE %, Q
) o / q1,92 dequ qu2 an _|— (perm q q) Sl 9 Q

In pp collisions this is a simple application of CSS inclusive factorisation and can be
convoluted with fragmentation or track functions. We must assume this also holds in AA

collisions.
Note the finite number of terms in the sum over partonic cross sections!



Computing Correlation Functions of £€(n)

We now re-parameterise the medium contribution to each partonic cross section. Note
this is not a factorisation, just a parameterisation.

d"V&C

d@dEszj

dé;;

dodE;dE;

(1+F<“)(E E; 9))

And using this parameterisation we can now compute terms not dependent on FU ]21 using

the well developed frameworks from pp physics (pick your favourite between the celestial
OPE, SCET, or jet calculus).

Ill show results at LO+NLL for the pp-like terms later on. NLO+NNLL is available in the
literature. This part is well understood and not the focus of my talk.



Computing Correlation Functions of £€(n)

Now we must focus on the ‘medium’ terms that contain the physics intrinsic to Hl
collisions. So far we’ve not approximated anything other than assuming perturbative
factorisation. Let’s introduce some new helpful variables:

da.vac E?’LETL da.V&C
dE. . Fl19) qg a9 _ /d dyse Fla9) a9 n(]_ 2 — n
/ 4,9 © med deEqug an < dp med dgdszSZ ( < 12 /Q)

where z = E,/Q and u; = Q — E; —E; > 0 is the energy scale of the radiation over
which the perturbative cross sections are inclusive.

With this parameterisation and assuming we are measuring quark jets:

D2 e a0 o fis/Q ~ +/Aqcp/Q
2, ~ med dngsz_} Q2n

i7€{9,9,G}
da.VELC

— /dz Féi? dQ?igz 2 (= 24" (1 + O (ié;) + O (aS(QQ) lntSn))



Computing Correlation Functions of £€(n)

Thus we will compute our observable from the master formula:

vac

sbRl =) do 7 A
- — (n) 9 .n(1 _ \N Hs QCD

As promised, the pp-like part at LO+NLL:
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Computing Fieq

This is what we’re interested in. To progress further we will have to input models for the
interaction between a jet and a medium. We will rely on the BDMPS-Z approach and use

. : . (ij)
various approximations to solve for F_ .. e
[ cms ‘PR'EZLL:E:I:‘:‘:;’I::ZMSNN =276 TeV fL dt =7-150 ;.b'é
Jet modification in HIC key points which we must consider: ol = molasapnoti 0102 <1t ]
- g -
. . : . 1.5}+'b-jet (0-10%) i <2 ] i
Energy loss through medium-induced radiation A { -
* Widely studied in terms of suppression of jets and high-p hadrons. oo S ls ﬂH’“ """" . ;
0-55— 5N m +*++'++-+‘*¢“‘+£~ E
Colour coherence effects — what we want to study! T e Pl ;
* Breaking of angular ordering. O e :
p, (m.) [GeV]

* Expected to modify jet inner structure.

* Often understood in terms of simplified calculations, but not yet unequivocally seen in observables.
arXiv:1512.08107, 1710.03237, 1812.05111, 2010.00028, 2210.07901 and more

We wont yet consider medium response — this will likely need Monte Carlo.
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Computing Fieq

From energy loss to energy correlator jet substructure:

For typical energy loss calculation we only need the

soft limit z < 1
Soft divergence of the vacuum vertex

For energy correlator jet substructure with colour
coherence

Interplay of emissions from multiple sources or
multiple scatters

Harder vertices — the energy weight removes the
essential soft divergence. Phase space volume
matters more.
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Computing Fieq

Leading structure to study is a (quark) jet fragmenting into a jet and a subjet in the
presence of a medium.

k,z

q,l—z

/
e

1 o0
ME = E/ / dt1 (2m)26 (p; — k1 — q,)G5% (k, L; 1, t1; 2E)
PoP1k1g; Jt

0
x Golt (@, Ly, t1; (1 — 2)E) V (k1 — 2py, 2)TP G117 (py, 1139y, to; E) M (E, po)
13/02/2023



Computing Fieq

The formalism we use, based in BDMPS-Z:

* All particles have a large longitudinal momentum compared to their transverse momenta and therefore there
is a decoupling between transverse and longitudinal dynamics

 We work in a mixed representation with momentum coordinates in the transverse direction and “time” (+
coordinate) in the longitudinal direction.

* Multiple scatterings resumed through propagators in a background field
P, tl w Do, t2

E E :gR(pzat%platl;w)

* Vacuum vertices A— A~

kﬂ Z?ﬁ
D, o /
=) = V(k —2p, )T (2m)*6@(p — k — q)

* Background field averaged at the level of the cross section

<A“_ (q, tl)Ab_T(qz, t2)> = 5ab5(t2 Y t1)5(2)(Q1 —q3)v(q,)

TpllIli= =)0



Computing Fied
Full evaluation keeping z and 6 not yet achieved.

Two available approximations:
* Opacity expansion (N = 1)  arXiv:1807.03799
* Unitarity problems can lead to negative cross sections.
e Recursive formulas to generate all orders (not yet implemented numerically).

 “Tilted” Wilson lines
 Resums multiple scatterings in the eikonal approximation.
* Assumes semi-hard splittings (z not too small).
 We implement this using both a Yukawa and HO potential for medium scatterings
and for now using the leading colour limit.

arXiv:1907.03653
arXiv:2107.02542
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Computing Fieq

For intuition, focus on HO for a bit.

For a static medium of length within the harmonic app
relevant scales directly from the formulas
* (Vacuum) formation time:

2

i R T B (EL)~Y/?2

e Decoherence time:

f @, > 0.then 6. becomes irrelevant

roximation one can read off the
arXiv:1907.03653

Below 6; all emissions have a formation time
larger than L. This emerges as complete
cancellations between dipole and quadrapole
(i)

(in-out and in-in) terms in F_ 4 driving it

rapidly to zero below ;.

Below 6. emissions do not colour decohere and
the medium does not independently resolve
them. This emerges as an exponential
suppression in the factorisable dipole terms

within Fr(riljgd forcing it to become small below 6.


https://arxiv.org/abs/1907.03653

Interpretation for Fy,eq

E > gL? E K gL?
£ 0 @ N
\v
_—(___ ° <
@ ’W‘
\ 4 \ /
For angles 6. > 6 > 6, the quark jet Initial splitting can be resolved by the
undergoes some minimal energy loss but the medium when 6 > 6. Broadening and

substructure is not resolved. energy loss occur.



Numerical evaluation of Feq

Numerical integration is needed

L
dt
Fmed:2/ tl [
0 f

1
eV VAl e[V Va] - - el VAL

L _ _
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L U 173 3
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Numerical evaluation of Feq

Two—Point Energy Correlator

Two—Point Energy Correlator
Comparing Approximations

Comparing Approximations
\\ \ T T T T
1 \‘ — Yukawa
06 HO g=nou?
= B = — GLV
[ 107! JAI S
= — Yukawa = o4l \ T NLL Vacuum
g HO f=ngu? g B=100/GeV, L=5 i, m=0 0"t =1 GV
o | Fam = A>
1072 — GLv . =
~ 02
----- NLL Vacuum ity :
E=100 GeV, L=5 fm, ny=2 fm™', u=1 GeV
10~ ' ' l ' ' ,
5 4 3 24 0 -
In 6

In 6
General features: an enhancement which begins above 6;, at 8 > 6; the enhancement
peaks and then settles into a new medium dependent scaling law.

Amplitudes appear model dependent.



Numerical evaluation of Feq

Two—Point Energy Correlator
Comparing Approximations

1-\\
W\ 107!
S | EsEsE NLL Vacuum
Q
B HO: =1 GeV?*fm™!
= -2
N 107 — GLV: ng=3 fm™!, u=1.4 GeV
— Yukawa: ng=1 fm™', 4=0.7 GeV
3 E=100 GeV, L=5 fm
10~ D
-5 -4 -3 -2 -1 0
In6

Whilst amplitudes are very model dependent, the differences can be fairly well absorbed
into variation of the model parameters (not so much the wide angle though).



Numerical evaluation of Feq

Coherence from Two—Point Correlations
BDMPS-7, H.O. & Wilson lines
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Hpedk/ E?
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Numerical evaluation of Feq

Yukawa Potential Coherence Sweep
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GLV Approximation Coherence Sweep
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Numerical evaluation of Feq

Two—Point Energy Correlator
Comparing Approximations

Controlled by 6, Controlled by (8, — 8,)
W
= — Yukawa \
g HO §=no>2 Controlled by number of
M - . .
102l — Gy \ large scatters limit.
_____ NIL Vs !Be-hqves as if medium is
‘ | infinitely long and so
E=100 GeV, L=5 fm, np=2 fm™!, u=1 GeV
03— . ... . N always decoherent.
-5 -4 -3 -2 -1 0

In 6
Provided E > E,. ~ §L?



Questions and observations

Coherence is a feature independent of the approach we take to evaluating the BDMPS-Z framework.

It doesn’t seem clearly associated with a particular crisp angle or energy. Analytically, harsh
boundaries on the phase-space of radiation emerge from approximations of emission kernels and
medium interactions. In more complete numerical evaluations these boundaries are fuzzy.

Energy correlators provide a nice window into coherence and general features of jet quenching.
Other models can be readily input — if you can compute Fj,o4, you can compute this observable.

How does the observable change with a more realistic medium?

What other information can we extract? Can we access the 3-point correlator?



Conclusions

Energy Correlators are cool and fun! -

The simple and inclusive nature of energy correlators perhaps provides a window into
degrees of theoretical control than can be very hard to otherwise achieve in jet
substructure within HI physics.

We’ve shown that (within the BDMPS-Z) framework, coherence can be accessed in a model
independent way through energy correlator spectra.

There are several steps that needed to be taken to produce less idealised predictions that
can be compared with experiment. Also, the novelty of these observables possibly
introduces several experimental challenges. However, they show great promise and so |
think it is worth the effort!
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Jet Quenching

Po
&
0% q.1 -z
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Jet Quenching
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Jet Quenching
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