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We study energy correlators as probes of strongly coupled nearly conformal field theories within their
holographically dual descriptions, focusing on the important features that appear in realistic theories going
beyond the standard model. In particular, we study warped geometries which asymptote to AdS5, as well as
IR-truncations dual to a 4D gap. Our correlators are computed by in-in type Witten perturbative diagrams,
corresponding to a large-N expansion of the strong dynamics. We describe how this sets the stage for
phenomenological applications for collider searches beyond the standard model as well as for new
theoretical explorations in Lorentzian holography.
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I. INTRODUCTION

It is highly plausible that physics beyond the standard
model (BSM) includes strongly coupled dynamics, which
can generate the hierarchical structure of particle physics
we observe. For example, Higgs compositeness and partial
compositeness of other standard model particles are elegant
strong-coupling mechanisms of this type (reviewed in [1]).
It is a major goal of collider experiments to discover such
BSM physics. Of course, strong coupling presents a
theoretical challenge to understand its nonperturbative
features and a phenomenological challenge to associate
measurements with theoretically meaningful quantities.
QCD provides an interesting and subtle precedent, greatly
simplified by asymptotic freedom at collider energies while
still producing highly nonperturbative hadronic features at
detector scales. However, asymptotic freedom is not
guaranteed beyond the standard model and it is a robust
possibility that BSM physics is strongly coupled even at
collider energies, most straightforwardly if it is close to a
nontrivial RG fixed point in the UV so the dynamics is
approximately conformal there. This conformal regime can
however be theoretically tractable if it has a weakly coupled
AdS/CFT holographic dual. The weak couplings in the
higher-dimensional anti–de Sitter (AdS) description are
dual to a large-N type expansion of the conformal field
theory (CFT). The AdS theory is characterized by the mass-
spin spectrum of AdS5 particles and their interactions,
roughly dual to CFT scaling dimensions and operator

product expansion (OPE) coefficients. It would be very
exciting to discover such BSM physics and measure these
fundamental AdS/CFT data. Energy correlators are the
ideal observables for pragmatically formulating this task
phenomenologically.
Energy correlators (ECs) were first proposed in the

context of QCD measurements at the Large Electron-
Positron (LEP) collider [2,3]. The basic idea is to measure
energy deposited in calorimeters as a function of angle
around a collision point, independent of other details of the
specific final state. This defines a natural set of IR/
collinear-safe observables. In QCD, these are precisely
calculable in asymptotically free perturbation theory.
Intuitively, decreasing angles probe physics at decreasing
energy scales in units of the hard scale in the underlying
process, so that confinement effects are important at
sufficiently small angles, where perturbative calculability
is therefore lost. Recently, there has been a revival of
interest for applications to LHC physics. More theoreti-
cally, energy correlators have been developed in the context
of (strongly coupled) CFT, starting from the seminal paper
of Ref. [4]. See Ref. [5] for a comprehensive review of
these developments and an extensive list of references.
However, applications to strongly coupled BSM physics

remain largely unexplored. In this paper, we begin devel-
oping some of the theoretical tools to pursue this goal. The
issues we tackle are of interest theoretically to better
understand Lorentzian AdS/CFT duality, as well as being
relevant for phenomenology. In a realistic setting, the
strong coupling physics will not be exactly conformal,
but will in general have a nontrivial RG flow. Furthermore,
the IR of the strong dynamics will necessarily have a mass
gap. This is obvious if the strong sector is a UV extension
above the standard model (SM), such as in composite
Higgs dynamics, since the weakly coupled SM must
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emerge by currently observed energies. But even if the
strong dynamics appears in a “hidden sector” without SM
charges it is crucial to have a gap below which hidden states
decay back to the SM so that they can be detected by SM
calorimeters. Finally, the strong dynamics will not be
isolated, but weakly coupled to other fields which neces-
sarily deform away from conformality. The holographic
dual of all these aspects is captured by warped compacti-
fications, which take the form of Randall-Sundrum I (RS1)
models [6] in higher-dimensional Effective Field Theory
(EFT), consisting of an approximately AdS5 bulk truncated
by UV and IR boundaries.
The presence of a gap means that the strong dynamics

(RS1) has a well-defined 4D S-matrix unlike exact CFT.
Yet, this S-matrix is hard to calculate. At strong coupling a
small gap relative to collider energy will typically result in a
high-multiplicity final state from cascade decays which
cannot be captured at fixed order even within a weakly
coupled RS1 dual. Furthermore, in AdS (RS1 bulk) EFT
the heavy AdS fields that have been integrated out are dual
to composite high-dimension CFT operators which inter-
polate 4D states which can still be light enough (in 4D
mass) to be produced on-shell. Yet these states are not
captured by the AdS effective description. Energy corre-
lators provide partially inclusive physical observables
which can mitigate these problems, recovering holographic
perturbative EFT control.
Most of the existing work on holographic energy-corre-

lators exploits the magic of conformal symmetry, which is
broken in realistic settings. Here, we begin the perturbative
framing of these holographic correlators in more general
warped geometries in which only 4D Poincare symmetry is
exact. Energy detector operators are constructed from the
energy-momentum tensor of the strong dynamics, dual to
5D general relativity in the holographic description. When
the strong dynamics is a CFT the detectors can effectively be
placed at null infinity and are then dual to AdS shockwave
geometries which then leads to dramatic simplifications [4].
However, these simplifications are lost or obscured once we
break exact conformal invariance. In particular, in the
presence of a 4D mass gap final state particles cannot
formally reach null infinity. Furthermore, nontrivial angular
correlations between different detectors requires bulk inter-
actions of the incoming state beyond those minimally
required with the detector gravitational field, as we will
show is true even beyond the conformally symmetric limit.
These extra interactions do not reduce to simple plane-wave
(free particle) propagation in the shockwave geometry of the
detectors.
Because of these limitations when going beyond con-

formal invariance we study EC directly in terms of in-in
variants of Witten diagrams in the holographic description,
working in 4D momentum space and in position space in
the holographic direction. We find this to better clarify the
physics and kinematics of EC in collider settings and

connect to usual 4D perturbative calculations at weak
coupling.1 We will comment on how the Witten diagrams
capture simplifications of the shockwave approach in the
gapless limit. In future work, we wish to apply this
framework to collider phenomenology, either searching
for hidden sectors in the ongoing LHC (and its high-
luminosity upgrade) or searching for UV extensions of the
standard model at future colliders.
References [8–10] have studied holographic energy

correlators motivated by “AdS/QCD” models of QCD
and the confinement gap in particular. While these employ
similar frameworks to RS1, here we are inspired by BSM
realizations and we also use a quite different methodology.
Presently, we find significant disagreement on several of
the overlapping issues. Wewill comment on these in Sec. V.
Our paper is organized as follows. In Sec. II, we start in

exact AdS and derive ECs for a simple one-particle AdS
state, dual to a single-trace CFT state in the large-N
expansion. At leading order in large-N this particle only
interacts with the detectors. Our results match with known
results, but with a rather simple physical picture. However,
more general particle interactions (dual to 1=N corrections)
are needed in order to get nontrivial angular correlations
between different detectors. We study a simple example in
Sec. III, exploiting the angular operator product expansion,
showing how one can measure AdS masses (CFT scaling
dimensions). In Sec. IV, we study the deformation away
from exact AdS (dual to nontrivial renormalization group
(RG) flows), while in Sec. V we study the impact of an IR
boundary as in RS1 (dual to a 4D mass gap). We present
our outlook in Sec. VI.
We end this introduction by briefly defining the basic

operator observable that will be relevant for the paper and
to present our notation.
Energy correlators. Energy detectors are modeled as

operators,

EðnÞ ¼ lim
r→þ∞

r2
Z þ∞

0

dtT0iðt; rnÞni; ð1:1Þ

which measure the energy flux in the direction n at a large
distance r → ∞ from the “collision point.” In gapless
theories such as CFTs, where signals propagate asymp-
totically at the speed of light, the integration contour can
equivalently be pushed to null infinity Iþ (see, e.g., [7]),
giving the equivalent form

EðnÞ ¼ 1

24
lim

x̂þn→þ∞
ðx̂þn Þ2

Z þ∞

−∞
dx̂−nTμνðx̂½n�Þn̄μn̄ν; ð1:2Þ

where we defined the vector x̂½n� ¼ x̂þn
2
nμ þ x̂−n

2
n̄μ with nμ ¼

ð1;nÞ and n̄μ ¼ ð1;−nÞ. Figure 1 illustrates the two

1This sacrifices some of the advantages of combining a
completely position space approach with conformal symmetry [7].
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integration contours which approach each other for
large r → ∞.
For a momentum eigenstate with positive energy,

jsðpÞi,2 we define energy correlators as energy detector
“in-in” expectations,

hEðn1Þ…EðnNÞisðpÞ ≡ hsðpÞjEðn1Þ…EðnNÞjsðpÞi
hsðpÞjsðpÞi : ð1:4Þ

The definition (1.4) further relies on the fact that energy
detectors commute with the momentum generator,
½Pμ; EðnÞ� ¼ 0 as we will verify for our cases of interest.3

Notation. We use capital letters M;N;… for 5D indices,
with XM ¼ ðxμ; wÞ. We adopt mostly minus convention.
Given a unit three-vector n representing a direction in
ordinary three-space, we introduce the null vectors

nμ ¼ ð1;nÞ; n̄μ ¼ ð1;−nÞ; ð1:5Þ

and define the light-cone decomposition for any four-
vector vμ

vμ ¼ vþn
2
nμ þ v−n

2
n̄μ þ ðvTnÞμ; ð1:6Þ

where the transverse component satisfies n · vTn ¼
n̄ · vTn ¼ 0. Detector positions are a special case notation-
ally. We denote them, prior to the limit in (1.2), by x̂μ½n�,
with components

x̂μ½n� ¼ x̂½n�þn
2

nμ þ x̂½n�−n
2

n̄μ; ð1:7Þ

while xμT ½n� ¼ 0. With a slight abuse of notation, we will
drop the ½n� argument in the components x̂½n��n and simply
denote them by x̂�n .

II. DETECTORS AND HOLOGRAPHY IN ADS

We begin by considering ECs applied to a CFT which
enjoys a weakly coupled AdS5 dual, with background
metric

ds2 ≡ ḠMNdXMdXN ¼ dx2 − dw2

w2
: ð2:1Þ

We work in units where the AdS radius is set to unity,
RAdS ≡ 1. We consider an AdS effective field theory (EFT)
consisting of a scalar field Φ coupled to 5D GR,

S¼
Z

d4xdw
ffiffiffiffi
G

p �
1

2
∂MΦ∂

MΦ−
M2

Φ
2

Φ2þR−2Λ
2κ

�
: ð2:2Þ

We will take the state jsðpÞi in (1.4) of a single
Φ propagating in AdS. In Sec. II A we will treat this
5D-massive particle in the classical point particle (PP)
limit, deferring a second quantized treatment of Φ until
Sec. II B. The important physics will be more transparent in
this way.

A. Lightning derivation: Classical point particle

The AdS point particle is described by the action

SPP ¼
1

2

Z
dτ

�
1

e
ẊMGMNẊN þ eM2

Φ

�
; ð2:3Þ

where e≡ eðτÞ is the worldline einbein and dots denote
derivatives with respect to the worldline parameter τ.
Varying the action (2.3) with respect to e yields the

constraint

GMNẊMẊN − e2M2
Φ ¼ 0: ð2:4Þ

Using reparametrization invariance, we can freely fix the
gauge eMΦ ¼ 1. Together with the equations of motion for
XM, this leads to

FIG. 1. Penrose representation of Minkowski space, showing
the two different contours of integration for detectors. The curved
blue line represents the worldline of integration of a detector at
finite distance from the central collision point [see (1.1)]. The red
and blue straight lines represent the light-ray limit of the detector
worldlines applicable for gapless 4D theories [see (1.2)].

2More precisely, the momentum eigenstates appearing in (1.4)
should be understood as normalizable wave packets of the formZ

d4xe−ip·xe−
ðx0Þ2þx2

2σ2 sðxÞj0i; ð1:3Þ

with the limit σ → ∞ taken at the end of the calculation. We will
comment on this point whenever relevant in the rest of the paper.

3This can be shown by a direct calculation in ordinary weakly
coupled field theory, see e.g., [11]. In a CFT, instead, the relations
½Pμ; EðnÞ� ¼ 0 follow from the fact that EðnÞ transforms as a
primary operator inserted at spatial infinity [12].
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pμ ¼ MΦ
ẋμ
w2

; ẇ2 ¼ w2

M2
Φ
ðp2w2 −M2

ΦÞ; ð2:5Þ

where pμ is the conserved four-momentum along the usual
4D directions.
Notice that the consistency of the second equation

in (2.5) requires

pw > MΦ; ð2:6Þ

implying that smaller values of the holographic coordinate
w are not classically accessible.
It is convenient to parametrize the trajectory as a function

of w. Using

dxμ

dw
¼ ẋμ

ẇ
¼ pμwffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2w2 −M2
Φ

p ; ð2:7Þ

we obtain

xμPPðwÞ ¼
pμ

p2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2w2 −M2

Φ

q
; ð2:8Þ

where we fixed the integration constant by imposing the
boundary condition xμPPðw ¼ MΦ=pÞ ¼ 0, and we defined

p≡ ffiffiffiffiffi
p2

p
> 0.

We are first interested in the expectation value of a single
energy detector (depicted in Fig. 2),

hEðnÞiPP¼
1

24
lim

x̂þn→∞
ðx̂þn Þ2

Z
∞

−∞
dx̂−n n̄μn̄νhTμνðx̂½n�ÞiPP; ð2:9Þ

as in (1.2) where hTμνðxÞiPP is given holographically as

hTμνðxÞiPP ¼
Z

d4ydw
w5

Kμν
αβðx − y; wÞT αβ

PPðy; wÞ: ð2:10Þ

Here T MN
PP ðx; wÞ is the stress tensor of the point particle

T MN
PP ðx;wÞ¼ 2ffiffiffiffi

G
p δSPP

δGMNðx;wÞ
¼
Z

dτ
MΦffiffiffiffi
G

p ẊMðτÞẊNðτÞδð5ÞðX−XðτÞÞ; ð2:11Þ

and Kμν
αβðx; wÞ is the bulk-to-boundary propagator in AdS

for the metric perturbation that we conveniently express in
mixed position-momentum space

Kμν;αβðq; wÞ ¼
q2

2
K2ðqwÞΠμν;αβðqÞ ð2:12Þ

with Πμν;αβ the projector onto the symmetric traceless
tensor components, K2 the Bessel function of the second
kind and where we are working in axial gauge:
G5M − Ḡ5M ¼ 0. Notice that to obtain the correct retarded
(classical) prescription (2.12) is actually evaluated at q ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 − ðq0 þ iϵÞ2

p
and that the normalization of (2.10) with

(2.12) is such that the external stress-tensor measures
energy.
Combining (2.9) and (2.10), we can perform the x−n

integral first.
Referring back to (1.6) for the notation, we find

Z
dx̂−n

Z
d4q
ð2πÞ4e

iq·ðx̂½n�−xPPÞq
2

2
K2ðqwÞΠþþ

αβ ðqÞ

¼δðx̂þn −xþPP;nÞ
Z

d2qTn
ð2πÞ2e

iqTn ·x
T
PP;n

ðqTnÞ2
2

K2

�
w

ffiffiffiffiffiffiffiffiffiffiffi
ðqTnÞ2

q �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

∼ w2

ððxTn Þ2þw2Þ3

δþα δþβ :

ð2:13Þ

The equality follows from the fact that the x̂−n integral
enforces qþn ¼ 0. As a consequence, any dependence on q−n
in the integrand, including that appearing in the polariza-
tion tensor Πþþ

αβ ðqÞ, drops out, except for the phase factor.
The subsequent integration over q−n then yields the delta
function δðx̂þn − xþPP;nÞ. Notice that this result relies cru-
cially on the fact that the x−n integration is performed along
a lightlike direction.
From the classical trajectory (2.8), we see that the large-

xþn limit corresponds to large values of the holographic
coordinate w, where the five-dimensional mass MΦ can be
neglected. In this regime, the trajectory simplifies to
xμPPðwÞ ≃ wpμ=p. In the same limit, the point-particle stress
tensor reduces to

T μν
PPðx; wÞ⟶w→∞

w5

w2p
w4pμpνδð4Þ

�
xα −

pαw
p

�
: ð2:14Þ

The remainder of the calculation is now straightforward.
After combining (2.9) with (2.10) and performing the light-
ray integration as in (2.13) the integral over the interaction

FIG. 2. Holographic one-point EC for a classical point particle
in AdS.
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point is completely saturated by the δ-function

hEðnÞiPP ¼
1

4π

Z
dw
pw2

δðx̂þn − xþPP;nÞ
ðxþn Þ2w6ðpþ

n Þ2
ððxTPP;nÞ2 þ w2Þ3 ;

ð2:15Þ

and we finally obtain

hEðnÞiPP ¼
1

4π

ðp2Þ2
ðn · pÞ3 : ð2:16Þ

The result in (2.16) agrees with the direct calculation of
the ECs in a CFT. While our state jsðpÞi is described by a
single point particle in AdS, it holographically corresponds
to a strongly coupled CFT state with center-of-mass (CoM)
momentum pμ which is spreading over time as captured by
w → ∞ as t → ∞. Because the AdS point particle repre-
sents a spread out state from the CFT perspective, notice
that p need not point in the same direction as n in order to
be registered by the detector. In other words the CoM does
not have to head directly to the detector in order for some
part of the CFT state to be detected.
Consider now two detectors, Eðn1Þ and Eðn2Þ. The

calculation consists of three contributions, depicted in
Fig. 3. The first one is trivially factorized,

hEðn1ÞEðn2Þið2aÞPP ¼ hEðn1ÞiPPhEðn2ÞiPP; ð2:17Þ

because the point-particle trajectory is fixed by (2.8) and
each detector is then given by two copy of (2.10) with
independent integrals over the PP trajectory in (2.8).
However the remaining two contributions, shown in

Fig. 3(b) and 3(c), could in principle lead to a nontrivial
correlation between detectors and so nontrivial correction
to (2.17). Yet, in AdS these connected contributions are
known to vanish, as first pointed out in Ref. [4]. We will
explain this point later, in Sec. IV, and further generalize it
to the case of asymptotic AdS geometries.
Furthermore, this result straightforwardly generalizes to

an arbitrary number of detectors,

hEðn1Þ…EðnNÞiPP¼hEðn1ÞiPP � � �hEðnNÞiPP
¼ 1

ð4πÞN
ðp2Þ2

ðn1 ·pÞ3
� � � ðp2Þ2

ðnN ·pÞ3 : ð2:18Þ

This factorization is a consequence of the tree-level
approximation in AdS, which is dual to a large-N color
limit from the CFT view point. This result will not survive
loop corrections in AdS dual to 1=N corrections in the CFT.
These loop corrections will further introduce new nontrivial
dependencies on angular separations between detectors
parametrized by ni · nj, even for fixed ni · p. In other
words, in the rest frame p ¼ ðp0; 0Þ, (2.18) does not
depend on the angles between the detectors but this
property will be spoiled by loops.

B. Second quantization

We now consider the same problem in the second-
quantized description, which is more useful when consid-
ering general interactions.
It is convenient to decompose the bulk scalar field as (see

Ref. [13] for a thorough discussion)

Φðx; wÞ ¼
Z

∞

0

dmN m

Z
dΩm

p fmðwÞða†mðpÞeip·x þ H:c:Þ;

ð2:19Þ

where

fmðwÞ ¼ w2JνðmwÞ;

dΩm
p ≡ d3p

ð2πÞ32ωp

����
ωp¼

ffiffiffiffiffiffiffiffiffiffi
p2þm2

p ; ð2:20Þ

N m ¼ ffiffiffiffi
m

p
and ν ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Φ þ 4
p

. The mode functions
N mfmðwÞ satisfy the completeness relation

Z
∞

0

dmmfmðwÞfmðw0Þ ¼ w3δðw − w0Þ; ð2:21Þ

while the annihilation and creation operators að†Þm ðpÞ obey
the usual canonical commutation relations with continuum
normalization,

(a) (b) (c)

FIG. 3. Holographic two-point EC for a classical point particle in AdS. We show that the two contributions in panels (b) and (c) vanish.
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½amðpÞ; a†m0 ðp0Þ� ¼ ð2πÞ32ωpδ
ð3Þðp − p0Þδðm −m0Þ;

½amðpÞ; am0 ðp0Þ� ¼ ½a†mðpÞ; a†m0 ðp0Þ� ¼ 0: ð2:22Þ

We now consider a state with positive energy p0 > 0

jΦðp;wÞi≡
Z

d4xe−ip·xΦðx; wÞj0i

¼ π
ffiffiffiffi
p

p
fpðwÞa†pðpÞj0i; ð2:23Þ

localized in the w direction. Notice that for w > 0 this is not
a diffeo-invariant state but it is consistent to consider it in
the presence of diffeo gauge fixing, as typically done in
perturbative calculations. It reduces to a diffeo-invariant
state as w → 0. But here we start with w > 0 because this
will be a useful intermediate building block for higher order
calculations. Furthermore we have

Z
d4xeipxh0jΦðx; wfÞΦð0; wiÞj0i

≡ hΦðp;wfÞjΦðp;wiÞi
¼ θðp0Þθðp2ÞπfpðwfÞfpðwiÞ: ð2:24Þ

Let us focus first on the one point EC

hΦðp; wfÞjEðnÞjΦðp; wiÞi; ð2:25Þ

where, now, the stress-tensor at the boundary corresponds
to the following bulk operator

EðnÞ ¼ 1

24
lim

x̂þn→∞
ðx̂þn Þ2

Z
dx̂−n

Z
dwd4y
w5

× n̄μn̄νK
μν
αβðx̂½n� − y; wÞT αβ

Φ ðy; wÞ; ð2:26Þ

with T MN
Φ the 5D stress tensor for Φ, expressed in terms of

second quantized fields.
Practically (2.25) can be computed starting from the

following “in-in” Witten-diagram

ð2:27Þ

where

Iðp; q; wÞ ¼ πfpðwÞfpþqðwÞn̄μn̄νKμν;αβðq; wÞVαβðp; qÞ:
ð2:28Þ

and VMNðp; qÞ is the graviton-scalar-scalar vertex. Notice
that at this stage, before performing the light-ray integral
and sending the detector to infinity, there is a finite
momentum q flowing in the graviton line. Furthermore,
we stress that in (2.27), (2.28) the bulk-to-bulk propagator
for the external state(s) are effectively on shell, meaning
that fp denotes fm with m ¼

ffiffiffiffiffi
p2

p
. This is a consequence

of the in-in structure of the correlator. We also emphasize
that the circle in (2.27) does not indicate global AdS; it
simply denotes that points inside the circle correspond to
bulk fields, while points on the circle represent boundary
fields, according to the usual AdS/CFT prescription.
We are interested in (2.27) where the detector is inserted

at the position x̂½n� (via Fourier transform) and we perform
the operations on x̂½n� as in (1.2),

lim
x̂þn→∞

ðx̂þn Þ2
Z

dx̂−n

Z
d4q
ð2πÞ4

Z
dw
w5

eiq·x̂½n�fpþqðwfÞIðp;q;wÞ:

ð2:29Þ

The reader can check that this expression has a finite large-
xþn limit, where we scale 1=qμ ∼ w ∼ xþn . Then, the mode
function in (2.28) scales as

fpðwÞ⟶
w→∞

w2

ffiffiffi
2

π

r
cosðpwÞffiffiffiffiffiffiffi

pw
p ∼ ðxþn Þ5=2: ð2:30Þ

Meanwhile, the bulk-to-boundary graviton propagator
scales as Kμν;αβðq; wÞ ∼ 1=ðxþn Þ2,4 while the vertex scales
as Vαβðp; qÞ ∼ ðxþn Þ4 (noting the raised indices). It then
follows that Iðp; q; wÞ ∼ ðxþn Þ5, while the full expression in
(2.29) is finite once x−n also scales linearly with xþn . Finally,
note that the external mode function fpþqðwfÞ simply loses
its q dependence in this limit and does not scale with xþn .
We thus get, for large xþn ,

Z
dw
w5

Z
d4q
ð2πÞ4 e

iq·xnIðp;q;wÞ

≃
Z

∞

0

dw
pw2

Z
d4q
ð2πÞ4 e

iq·ðxμn−pμw
pÞn̄μn̄νKμν;αβðq;wÞVαβðp;0Þ;

ð2:31Þ

and we can immediately recognize that the Fourier trans-
form of Kμν;αβ is precisely the expectation value of the
stress tensor on the classical trajectory we found in (2.13).5

The rest of the calculation parallels the classical point

4This can be readily understood by starting in position space,
where Kðλx; λwÞ ∼ λ−6Kðx; wÞ, and then stripping out an overall
λ−4 through the Fourier transform.

5The cosðpwÞ in (2.30) comes with positive and negative
phases. We kept only the combination which does not leave a
large phase in the x̂þn → ∞ limit.
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particle and we get

lim
x̂þn→∞

ðx̂þn Þ2
Z

dx̂−n

Z
dw
w5

Z
d4q
ð2πÞ4e

iq·x̂½n�Iðp;q;wÞ¼ ðp2Þ2
ðp ·nÞ3 ;

ð2:32Þ
and we finally get

hΦðp;wfÞjEðnÞjΦðp; wiÞi
hΦðp;wfÞjΦðp; wiÞi

¼ 1

4π

ðp2Þ2
ðn · pÞ3 : ð2:33Þ

It is instructive to notice that, diagrammatically, we have
derived the Feynman rule shown in Fig. 4, which closely
resembles the usual structure encountered in 4D flat-space
weakly coupled theories and its relationship to the cutting
prescription. Indeed, once the bulk propagator is written in
mixedmomentum-position space ðp; wÞ, the cutting rules are
completely analogous to the standard ones (see, e.g., Ref. [14]
for a thorough discussion). The Feynman propagator reads

GFðp; wf; wiÞ ¼ i
Z

∞

0

dmm
fmðwiÞfmðwfÞ
p2 −m2 þ iϵ

: ð2:34Þ

The cutting rule acts on the denominator ðp2 −m2 þ iϵÞ
according to the usual Minkowski-Cutkosky prescription.
Notice that, in the present case, the denominator in (2.33) is
itself the cut propagator, which cancels against the corre-
sponding numerator.
We now move on and consider two detectors

hΦðp;wfÞjEðn1ÞEðn2ÞjΦðp;wiÞi: ð2:35Þ

Following the previous discussion we have just to consider
the following “in-in” diagram

ð2:36Þ

where Iðp; q; wÞwas defined before in (2.28). Notice again
that all the scalar lines are on shell, in the sense that the
mass index of the mode function matches the invariant
mass of the corresponding state, since their creation and
annihilation operators are simplified in terms of (product
of) their commutators.
The calculation of (2.35) via (2.36) follows closely the

previous discussion. We can start by performing the
integrals in the region 1=qμ1 ∼ w ∼ xþn → ∞ keeping fixed
q2 and w2. After the integral we get Iðp; q1Þ ¼ ðp2Þ2=ðn1 ·
pÞ3 as in (2.32). Then we can perform the second integral
which ultimately results in

hΦðp;wfÞjEðn1ÞEðn2ÞjΦðp;wiÞi
hΦðp;wfÞjΦðp;wiÞi

¼ 1

ð4πÞ2
ðp2Þ2

ðn1 ·pÞ3
ðp2Þ2

ðn2 ·pÞ3
:

ð2:37Þ

In principle there are two other diagrams accompany-
ing (2.36), which are the second-quantized analogs of
Figs. 3(b) and 3(c), but as stated in Sec. II A these diagrams
vanish, as explained in Sec. IV. Therefore (2.37) is the
complete answer for two detectors.
This result straightforwardly generalizes to several

detectors and we can conclude that the action of the
detector is just

EðnÞ ¼
Z

∞

0

dm
Z

dΩpa
†
mðpÞamðpÞ

1

4π

p4

ðn · pÞ3 ; ð2:38Þ

i.e., just weighting free particles in the bulk by the single-
particle response.
Notice also that localizing the states on the boundary via

the usual AdS/CFT prescription, i.e., considering the state
created by the CFT operator O dual to Φ

jOðpÞi≡ lim
w→0

1

wΔO
Φðp;wÞj0i; ð2:39Þ

withΔO ¼ 2þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4þM2

Φ

p
, we recast the usual result by [4]

hEðn1Þ…EðnNÞiOðpÞ ¼
1

ð4πÞN
ðp2Þ2

ðn1 ·pÞ3
…

ðp2Þ2
ðnN ·pÞ3 : ð2:40Þ

III. 1=N CORRECTIONS AND THE
ANGULAR OPE

Energy correlators discussed so far, at leading order in
1=N (leading order in AdS interactions) and for states with
finite p > 0, completely factorize into the measurement of
each detector separately. Indeed, in this limit the action of
the energy detectors, as defined in (2.38), simply amounts
to “counting” AdS particle weighted by the conformally
determined function of p and n, insensitive to the detailed

FIG. 4. Cutting relation for the one-point EC discussed in the
text. Here, nμ ¼ ð1;nÞ.
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microscopic structure of the dynamics, such as the scaling
dimensions.
More interesting correlations arise once nontrivial 1=N

corrections, corresponding to bulk interactions beyond just
those to detector gravitons, are taken into account. In this
section we focus on the simplest class of such effects,
namely nonfactorized correlations at small angles between
a pair of detectors (function of “n1 · n2”), which are
controlled by the light-ray OPE.
Small angles and light-ray OPE. The small-angle limit

of two detectors (see, e.g., [12,15]) admits a “detector”
OPE, controlled by conformal-invariant selection rules of
the form

Eðn1ÞEðn2Þ ∼
X
τ

θτ−4cð3Þτ OJ¼3
τ ðnÞ; ð3:1Þ

where n1 · n2 ¼ cos θ and cð3Þτ are numerical coefficients.
The operators Oτ appearing on the right-hand side are
referred to as light-ray operators and define new “effective
detectors” that are local in angle.6 Such operators can be
defined either as integrals of local CFT operators along a
light-ray, as in (1.2), or as the outcome of an operator product
expansion, as in (3.1). In the former case τ ¼ Δ − J and J are
simply twist and spin of the local CFT operator, whereas in
the latter case it is conventional to continue using the labels τ
and J but they no longer refer to a local CFToperator. Instead
they are defined by the quantum numbers of the light-ray
operators as detailed below. All this is true for a general CFT.
Moreover when a large-N expansion (its AdS dual) is
available, the operators Oτ in (3.1) can be expressed in
terms of local and/or bilocal multitrace operators [4].
The detector EðnÞ and, more generally, light-ray oper-

ators have particularly simple transformation properties
under dilatations and boosts along the n direction, the latter
usually called “collinear spin.” Let us consider EðnÞ as
defined in (1.2). It is straightforward to check that under
dilatations

xμ → λ−1xμ ⇒ EðnÞ → λEðnÞ: ð3:2Þ

Similarly, under collinear spin along the n direction,

ðxþn ;x−n ;xTnÞ→ðλxþn ;λ−1x−n ;xTnÞ ⇒ EðnÞ→λ−3EðnÞ: ð3:3Þ

Moreover, in the small-angle limit the boost acts as
θ → λθ.7 As a consequence, the OPE (3.1) fixes the scaling
dimension and collinear spin of the light-ray operators

OJ¼3
τ to be ðΔOJ¼3

τ
; JOJ¼3

τ
Þ ¼ ð3 − 1; 1 − τ − 3Þ. More gen-

erally a light-ray operator with scaling dimension ΔOτ
and

collinear spin JOJ
τ
it is conventional to define associated

“twist” τ and “spin” J by ðΔOJ
τ
; JOJ

τ
Þ ¼ ðJ − 1; 1 − τ − JÞ,

regardless of whether they arise as integrals of local CFT
operators with these quantum numbers or light-ray operator
products. These transformation properties are summarized
in Table I.
In the AdS dual, the large-N expansion makes it possible

to identify the light-ray operator OJ
τ associated with the

scalar field Φ introduced in (2.2) with the following
double-trace expression,

OJ
2ΔO

ðnÞ ¼ lim
x̂þn→∞

ðx̂þn Þ2ΔO

Z
dx̂−ndt

× ½ðtþ iϵÞ−1−J þ ð−1ÞJð−tþ iϵÞ−1−J�
×Oðx̂þn ; x̂−n − tÞOðx̂þn ; x̂−n þ tÞ; ð3:4Þ

where O is the CFT operator dual to Φ and we follow the
conventions of [12]. The iϵ prescription in the kernel
projects the bilocal operator onto a definite collinear spin
J and enforces positive-energy support [12]. More gen-
erally, similarly to (3.4) one must also consider additional
double-trace light-ray operators such as those built out of
the CFT stress tensor Tμν.
It is instructive to first study the action of the operator in

(3.4) at leading order in the state created by O with finite
p > 0. This can be computed starting directly from the
(N ¼ ∞) factorized form of the Witten diagram depicted in
Fig. 5, involving the double trace operator OJ

τ. Starting
from position space we get

FIG. 5. Diagram corresponding to the matrix element in AdS
one-particle state of the double-trace operator in the two-detector
OPE of (3.1).

TABLE I. The collinear spin and dimension quantum numbers
of operators and quantities appearing in the angular OPE (3.1).
ΛIR is the gap relevant for Sec. V.

E OJ
τ θ ΛIR

J −3 1 − τ − J 1 0
Δ 1 J − 1 0 1

6More precisely, detectors are light-ray operators inserted at
spatial infinity. Furthermore, generalizations of (3.1) include
operators with transverse spin (see, e.g., [16]), which do not
qualitatively affect the discussion that follows.

7Under boosts one may assign weights nμ → λnμ and n̄μ →
λ−1n̄μ, so that xþn ¼ x · n̄ and x−n ¼ x · n transformas in (3.3). Since
θ ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − n1 · n2

p
, in the collinear limit this implies θ → λθ.
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hOðxÞOJ
2ΔðnÞOð0Þi ≃ 1

ðx · nÞ2ΔþJ−1 ; ð3:5Þ

where we should emphasize that it is crucial to maintain the
proper ordering of the operators and we are dropping
overall factors. It is easy to check that the Fourier transform
of (3.5) vanishes for any state with given finite
pμ ¼ ðp0; 0Þ. Indeed we can just consider (3.5) in momen-
tum space for a wave packet with some smearing σ to see
that the result is exponentially suppressed,

Z
d4xeip

0x0e−x
2=2σ2hOðxÞOJ

2ΔðnÞOð0Þi∼e−ðp0Þ2σ2=2; ð3:6Þ

and vanishes when we send σ → ∞, trying to localize the
wave packet in momentum. It is easy to understand this just
inspecting the associated factorized diagram in Fig. 5. The
only way for our particle to “hit” the detector is to travel
directly in its direction (at the speed of light) since no
interaction happens in the bulk at this order. A similar
argument was used in Appendix B of [4] to show the θ
dependence in (3.1).
We emphasize that this is consistent with the absence of

any θ dependence that we found before for states with
definite pμ with p > 0 (implicitly σ → ∞). Nontrivial
angular dependence on n1 · n2, of the type seen in the
OPE (3.1) arises, in states with definite p > 0, once we
include additional bulk interactions.
One-loop correction in AdS. For our AdS single-particle

state these bulk interactions appear at one loop order. To
simplify the discussion, it is easier to have two separate
species of AdS particles by introducing another scalar X in
(2.2), with action

SX ¼
Z

d4xdw
ffiffiffiffi
G

p �
1

2
∂MX∂MX −

1

2
M2

XX
2 −

λ

3!
XΦ2

�
:

ð3:7Þ

We consider the loop diagram shown in Fig. 6(a), where
double lines denote the field X and single lines denote Φ.
While the full expression for this diagram is rather
involved, to highlight the physics of interest it is useful
to focus on the integration region where q ∼ 1=r (with r the
detector size).
Indeed, in this regime the loop integral can retain a

nonanalytic angular dependence. We can extract the small-
angle behavior following our previous considerations. In the
small-angle limit, theOPE in (3.1) applies, and the diagram in
Fig. 6(a) effectively collapses to that in Fig. 6(b), i.e.,

hEðn1ÞEðn2ÞiOðpÞ⟶
θ≪1

λ2θ2ΔX−4hOJ¼3
2ΔX

iOðpÞ

¼ λ2
ðp2Þ4

ðn1 ·pÞ6
θ2ΔX−4

ðp2ÞΔX−2

ðp ·n1Þ2ΔX−4
; ð3:8Þ

wherewe are dropping againOð1Þ factors. In the second line,
we computed the expectation value hOJ¼3

2ΔX
iOðpÞ, depicted in

Fig. 6, by a direct calculation. Furthermore it can be checked
that for even collinear spin J, (3.4) collapses to a light-ray
integrated local operator whose expectationvalue hOJ

2ΔX
iOðpÞ

is now just determined by conformal invariance. The analytic
continuation of this to J ¼ 3 is consistent with (3.8).
The result in (3.8) illustrates how measurement of the

small angle θ dependence of the energy correlators, allows
us to extract CFT scaling (dual to AdS) masses.8

IV. FLOWING TOWARD THE CFT

We now consider a CFT deformed by an irrelevant
interaction

LðΛUVÞ ¼ LCFT þ g0OΨ; ð4:1Þ
whereOΨ is an operator of scaling dimension ΔΨ > 4. The
effect of CFT breaking can be modeled via AdS/CFT by
considering a bulk-scalar Ψ with massM2

Ψ ¼ ΔΨðΔΨ − 4Þ.
The EFT cutoff is modeled by a UV boundary at a location
w0 ¼ 1=ΛUV and g0 in (4.1) is imposed as a boundary
condition

ΨðwÞ ¼ g0

�
w0

w

�
ΔΨ−4

: ð4:2Þ

This profile back reacts on the geometry, which can be
parametrized as

ds2 ¼ ḠMNdXMdXN ¼ ρðwÞdx2 − dw2

w2
; ð4:3Þ

where ρðwÞ is determined by solving the Einstein equations
GMN ¼ T MN

Ψ , with GMN the Einstein tensor, and T MN
Ψ the

stress tensor sourced by the Ψ profile (4.2).

(a) (b)

FIG. 6. (a) A 1=N correction to the two-point EC where
nontrivial angular dependence first appear for our state.
(b) The leading OPE contribution to (a) as in (3.1).

8More precisely the OPE of (3.1) includes all light-ray
operators with spin J ¼ 3, including double trace operators built
out of two stress tensors, with integer twist leading to analytic θ2
dependence at leading order in 1=N. Even if this power of θ
dominates that in (3.8), in principle the nonanalytic θ dependence
in (3.8) can be used to extract ΔX .
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Expanding to first nontrivial order in g0, the independent
component of the Einstein equations reduces to

3
ρ0

w
¼ −

g20
w2
0

�
w0

w

�
2ðΔΨ−4ÞðΔΨ − 4Þ; ð4:4Þ

where derivatives are with respect to w. Solving this
equation yields the approximate metric factor

ρðwÞ ¼ 1 −
g20
6

�
w0

w

�
2ðΔΨ−4Þ þOðg40Þ: ð4:5Þ

While this is an approximate solution, any Lorentz-invariant
irrelevant deformation generates ametric of the formof (4.3),
where ρðwÞ⟶w→∞1, i.e. asymptotically AdS.
We now consider our scalar of (2.2) in this more general

metric. We start with one detector, closely following the
discussion of the diagram in (2.27).
It is convenient to decompose the operator correspond-

ing to the external states as

Φðx; wÞ ¼
Z

∞

0

dmN m

Z
dΩpfmðwÞða†mðpÞeipx þ H:c:Þ;

ð4:6Þ

with fmðwÞ the mode function

−
w5

ρðwÞ2 ∂w
�
ρðwÞ2
w3

∂wfmðwÞ
�
þM2

ΦfmðwÞ

¼ w2

ρðwÞm
2fmðwÞ; ð4:7Þ

and N m a normalization factor, together with the simple
choice of the boundary condition fmðw0Þ ¼ 0. From the
previous equation we can extract the following asymptotic
solution for the mode function

fmðwÞ⟶
w→∞

w2

ffiffiffi
2

π

r
cosðmwþ ϕÞffiffiffiffiffiffiffi

mw
p ð1þOð1 − ρðwÞÞÞ: ð4:8Þ

The leading behavior corresponds to the plane wave we
found in (2.30).
Next, we need to consider the bulk-to-boundary

propagator of the graviton Kμν;αβðq; wÞ to plug in (2.28).
To explain the relevant physics it is convenient, momen-
tarily, to pretend the graviton is actually itself a scalar
and consider Kðq; wÞ, its bulk-boundary propagator.
Later on we will be more precise. We are interested again
in the limit qμ ∼ 1=w ∼ 1=xþn where xþn goes to infinity.
Kðq; wÞ can be found by solving the Equations of Motion
(EoM) that takes the form

�
−

w5

ρðwÞ2 ∂w
ρðwÞ2
w3

∂wþM2−
w2

ρðwÞq
2

�
Kðq;wÞ¼ 0: ð4:9Þ

We can notice that in the limit we are inter-
ested in, Kðq; wÞ still asymptotes to the pure AdS solution,9

i.e.,

Kðq; wÞ ∼ cKAdSðq; wÞð1þOðρðwÞ − 1ÞÞ; ð4:10Þ

possibly up to a proportionality constant c. Essentially the
same logic applies to the bulk-to-boundary propagator of
the graviton which asymptotes to its AdS form up to a
normalization factor c. The rest of the calculation parallels
the AdS case and we get

hΦðp;wfÞjEðnÞjΦðp;wiÞi
hΦðp;wfÞjΦðp;wiÞi

¼ c
1

4π

ðp2Þ2
ðn · pÞ3 : ð4:11Þ

The normalization factor c can be fixed by energy con-
servation which requires c ¼ 1.
We emphasize that the same result can be analogously

obtained by treating the state in the point particle approxi-
mation, in the same fashion as Sec. II A. Indeed, also in the
metrics (4.2) and (4.5), the particle continues to propagate
to large w and eventually asymptotes to the speed of light,
approaching the classical AdS trajectory xμPPðwÞ ∼ pμw=p.
From the discussion above, in particular around (4.10), it
then follows directly that one recovers the result in (2.16),
which is completely analogous to (4.11) upon setting
c ¼ 1.
Again, we can consider multiple detectors and find the

same results holds as in exact AdS

hΦðp;wfÞjEðn1Þ…EðnNÞjΦðp;wiÞi
hΦðp; wfÞjΦðp; wiÞi

¼
Y
i

1

ð4πÞ
ðp2Þ2

ðni · pÞ3
:

ð4:12Þ

In other words, the action of the energy detector is given by
(2.38). Again this depends on the vanishing of diagrams
analogous to Fig. 3(b) and (c), which we turn to demon-
strate now.
Factorization in the (deformed) CFT. Let us start with a

more detailed derivation of (4.11). The insertion of the
detector EðnÞ on the boundary corresponds to a perturba-
tion of the metric,

9Strictly speaking there are two AdS solutions, however when
Kðq; wÞ is evaluated for spacelike momenta, see (2.13), only one
is acceptable and does not explode for large w.
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ds2 → ds2 þ ðx̂þn Þ2δðxþn − x̂þn ÞhðxTn; wÞdxþndxþn ; ð4:13Þ

where x̂þn is eventually sent to infinity. This form of
perturbation is a consequence of the source being integrated
along a light ray. This follows directly from the discussion
around (2.13), which does not rely on the AdS geometry
but only on the Lorentz structure of the bulk-to-boundary
propagator Kμν;αβ. The precise form of hðxTn; wÞ can be
found by solving the Einstein equations GMN ¼ T MN

Ψ for
the metric in (4.13). TheM ¼ N ¼ 5 component coincides
with (4.4), while using

T μν
Ψ ¼ −

1

2
GμνðḠ55ð∂wΨðwÞÞ2 −M2

ΨΨðwÞ2Þ; ð4:14Þ

withΨðwÞ the classical profile in (4.2) andGμν the metric in
(4.13). We get

�
w3

ρðwÞ ∂w
ρðwÞ2
w3

∂w þ ð∇T
nÞ2

�
w2

ρðwÞ hðx
T
n; wÞ ¼ 0: ð4:15Þ

In the limit w → ∞, (4.15) asymptotes to the AdS equation
of motion, insensitive to the deformation

hðxTn; wÞ⟶
w→∞

Z
d2qTn
ð2πÞ2 e

iqTn ·x
T
n
ðqTnÞ2
2

K2ðw
ffiffiffiffiffiffiffiffiffiffiffi
ðqTnÞ2

q
Þ ð4:16Þ

as in (2.13). This clarifies the derivation of (4.11) (with
c ¼ 1 by energy conservation).
Before turning to multiple detectors it is worth noticing

that (4.15) coincides with the equation of motion of a
massless “scalar field” ≡ w2

ρðwÞ hðxTn; wÞ, in accordance with
(4.9), upon setting qþn ¼ 0 as enforced by the light-ray
integration

R
dx̂−n . Furthermore, as an aside, it is remarkable

that (4.9) is exactly linear in h. In other words, even in this
more general background, the detector insertion is dual to a
geometry that solves the Einstein equations exactly at linear
order, just as in the case of AdS shockwave geometries
corresponding to CFT detector operators.
Let us now turn to multiple detector insertions. It is

convenient to describe the state as a PP moving as xμPPðwÞ ∼
pμw=p for large w.
We consider, for simplicity, a two-point energy correla-

tor. One can write

hEðn1ÞEðn2ÞiPP ¼ hEðn1ÞiPPhEðn2ÞiPP þ hEðn1ÞEðn2Þin:f:PP ;

ð4:17Þ

where the first term corresponds to diagrams with the
topology of Fig. 3(a) and factorizes in complete analogy
with the pure AdS case. The second term (nonfactorized)
receives potential contributions from diagrams analogous

to Figs. 3(b) and (c). We now show that these two
contributions vanish.10

Let us begin with Fig. 3(c), where the point particle
interacts directly with both detectors. The two light-ray
integrals enforce the conditions

xþPP;n1
¼ x̂þn1

; xþPP;n2
¼ x̂þn2

;

which imply

w ¼ p
x̂þn1

pþ
n1

and w ¼ p
x̂þn2

pþ
n2

: ð4:19Þ

It is clear that, when the limits are taken sequentially, these
two conditions cannot be satisfied simultaneously. After
taking the limit x̂þn1

→ ∞, the first constraint forces w → ∞
for any p > 0, while the second constraint keeps w finite as
long as x̂þn2

is held fixed. Consequently, the two constraints
are incompatible for any p > 0, and the contribution
vanishes.
We now turn to Fig. 3(b). The two detectors interact at

the same bulk point YM ¼ ðyμ; wÞ, such that

yþn1
¼ x̂þn1

; yþn2
¼ x̂þn2

; ð4:20Þ

as enforced by the two δ functions arising from the
corresponding light-ray integrals as in (4.13). We consider
the internal graviton propagating between ðy; wÞ and a
point ðxμPPðw0Þ; w0Þ on the classical trajectory of the point
particle,

Gαβ;γδðy − xPPðw0Þ; w; w0Þ; ð4:21Þ

where we keep only four-dimensional indices and work in
axial gauge. Focusing on the three-graviton vertex of the
schematic form hβαh

γ
βh

α
γ (the discussion for other Lorentz

structures is analogous), we obtain

10In pure AdS, as argued in [4], it is possible to perform a global
change of coordinates, schematically “x → y,” such that all
detectors lie on a single null surface (for a short review of this
point, see, e.g., [17]). In these coordinates themetric takes the form

ds2AdS → ds2AdS þ δðyþÞðh1ðyT; wÞ þ � � � þ hNðyT; wÞÞdyþdyþ;
ð4:18Þ

with h1;…; hN related to the individual detector insertions. The
equation of motion for the full perturbation h1 þ � � � þ hN in these
coordinates is of the form (4.15) and is exactly linear in
h1 þ � � � þ hN , so that no nonlinearities emerge.
By contrast, before performing the change of coordinates, while
(4.15) is exactly linear for a single detector insertion, it is not
linear for a superposition of insertions. The resulting nonlinear-
ities are localized at the coincident support of the detectors and
are proportional to δðx̂þn1

− xþn1
Þδðx̂þn2

− xþn2
Þ.
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hEðn1ÞEðn2Þi2b∼ ðx̂þn1
x̂þn2

Þ2
Z

d2yTdwffiffiffiffi
Ḡ

p hðyTn1
;wÞhðyTn2

;wÞ

×
Z

dw0

ðw0Þ5 n̄
α
1n̄

β
2Gαβ;γδðy−xPPðw0Þ;w;w0Þ

×T γδ
PPðxPPðw0Þ;w0Þ; ð4:22Þ

where the d2yT integration is over the plane orthogonal to
both n1 and n2, T

γδ
PP is the point particle stress tensor, with

indices contracted using the bulk metric in (4.3), and where
the limit x̂þn1

; x̂þn2
→ ∞ is understood. We now define

r ∼ x̂þn1
∼ x̂þn2

as our large expansion parameter, which is
eventually sent to infinity, and study the scaling of the
integral in the various regions obtained by rescaling the
integration variables with r.
First, when w and w0 are kept fixed and the separation

ðy − xPPðw0ÞÞ2 ∼ r2, the bulk-to-bulk graviton propagator
approximate a boundary-to-boundary propagator up to
subleading corrections, behaving as

Gαβ;γδ ∼
1

r8
ð1þOðλ2ÞÞ:

It is easy to check that the measure in (4.22) is not enough
to overcome this suppression.
The leading contribution instead arises when all inte-

gration variables scale with r. In this regime the propagator
scales as Gαβ;γδ ∼ 1=r4, while each contraction with n̄μi
produces a factor of order r2. Moreover, the point particle
stress tensor behaves as T PP;γδðr; rÞ ∼ r3 [see (2.14)] and
hðr; rÞ ∼ 1=r4. Putting all factors together, we find

hEðn1ÞEðn2Þi2b ∼
1

r2
; ð4:23Þ

which vanishes in the large-r limit.
Therefore we conclude that, in N → ∞, factorization

holds in the CFT (agreeing with [4]) as well as in its
irrelevant deformation.

V. INTRODUCING A GAP WITH AN IR
BOUNDARY (RS1)

So far, we have considered gapless theories dual to
asymptotically AdS5. As already emphasized, measure-
ments of energy flow are made in the far IR, at arbitrarily
large distances from the interaction point. In the AdS
description, this point was already discussed around (2.13),
where we argued that the detector effectively measures the
point particle at positions w ∼ r, with r the detector size.
This is the key to why, in the absence of bulk interactions,
ECs in the geometry of (4.3) are the same as in pure AdS.
However, any geometry that departs significantly from

AdS in the deep IR, i.e., for w ∼ r, will generically lead to
results that differ from those discussed so far. For instance,

a relevant deformation, such as the one considered in
Sec. IV but when ΔΨ < 4, poses a potential problem: at
large w the metric backreaction in (4.5) grows and
perturbative control of the geometry is eventually lost,
precisely in the large w region relevant for the energy
measurements.
The simplest geometry that departs from AdS in the

infrared is the truncation of AdS by a “IR boundary.” This
is the scenario familiar from RS1 [6], described by the
metric

ds2 ¼ dx2 − dw2

w2
; 0 < w < wIR ≡ 1

ΛIR
: ð5:1Þ

See [6] for the proper treatment of the IR boundary
condition for the gravitational field. This gap represents
a confinement scale ΛIR from the dual 4D viewpoint
(see, e.g., [18]).
We now reconsider the scalar fieldΦ introduced in (2.2),

but propagating in the background (5.1). As well known,
the IR boundary results in a discrete Kaluza-Klein (KK)
spectrum, with 4D mass gap ΛIR ∼ 1=wIR. If this gap is
much smaller than collider energies, ΛIR ≪ p, one expects
the gap to be negligible. However, this appears to conflict
with our earlier analysis in AdS, where we saw that the
interaction of the PP with the detector (graviton) takes place
in the asymptotic IR, w ∼ r → ∞. But if the confinement
length scale is smaller than the detector radius, wIR < r,
this interaction point is clearly absent in the truncated bulk.
Therefore it would appear that the gap/confinement has a
major impact on the energy correlators, in contradiction to
our expectation.
The situation is intuitively clear from the dual 4D

viewpoint. In the CFT limit (no gap), the CFT state
produced at the collision point can grow to a size of the
detector radius r, and therefore give a nontrivial energy
measurement even if its center-of-mass is not headed in the
direction of that detector. But with finite confinement
length, the state produced at the collision is a single stable
confined hadron (Kaluza-Klein resonance) in the large-N
limit and will not be detected unless its center of mass is
exactly in the direction of the detector. However, we will
argue that 1=N (bulk interaction) corrections and the
accompanying hadron decays can dramatically change this
conclusion, with the ECs being well-approximated by the
gapless limit as first intuited.
Free stable KK-excitations/hadrons. We first study

energy correlators in the gapped theory in the absence of
bulk interactions (N ¼ ∞), showing the sharp departure
from AdS.
The continuum decomposition (2.19) is replaced by a

discrete mode expansion,
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Φðx; wÞ ¼
X
a

N a

Z
dΩma

p faðwÞða†maðpÞeip·x þ H:c:Þ;

ð5:2Þ

where ma denotes the discrete mass spectrum, ma ∼ aπΛIR
and for simplicity we impose Dirichlet boundary conditions
on Φ. The corresponding mode functions are

faðwÞ ¼ w2JνðmawÞ; faðwIRÞ ¼ 0; ð5:3Þ

with normalization coefficients N a.
11 The creation and

annihilation operators satisfy the standard 4D canonical
commutation relations. As a result, the Feynman bulk-to-
bulk propagator in (2.34) reduces to

GFðp; wf; wiÞ ¼ i
X
a

ðN aÞ2
faðwfÞfaðwiÞ
p2 −m2

a þ iϵ
: ð5:4Þ

The calculation of ECs closely parallels the case of a
four-dimensional free particle (see, e.g., Ref. [11]) as we
now outline. It is convenient to treat EðnÞ directly as an
operator in the second-quantized theory, as in (2.26),

EðnÞ¼ lim
r→∞

r2
Z þ∞

0

dt

×
Z

dwd4y
w5

niK0i;αβððt;rnÞ−y;wÞT αβ
Φ ðy;wÞ: ð5:5Þ

Notice that, in the expression above, we have used the
original definition of the energy detector (1.1), since in the
present gapped setup, with a finite maximal boost, it is
unclear whether one can push the detector to null infinity
and employ the light-cone definition (1.2). Indeed, Ref. [8]
takes the light-cone limit of detectors even in the gapped
context, which leads to qualitatively different results from
ours. For instance, in the leading approximation (no bulk
interactions beyond those with the detector gravitational
field) we will show that ECs reduce to those of free 4D KK
particles. In this we disagree with [8] which claims a
nontrivial angular correlation between detectors.
The action of the detector (5.5) can be obtained by

expanding the stress tensor T αβ
Φ in terms of creation and

annihilation operators, using the mode expansion (5.2). We
obtain

EðnÞ ¼ lim
r→∞

r2
Z

∞

0

dt
X
a;b

Z
dΩma

p dΩmb
k

× ½gabðp; kÞama
ðpÞa†mbðkÞe−iðt;rnÞ·ðp−kÞ

þ ðk → −kÞ þ H:c:�; ð5:6Þ

where gabðp; kÞ encodes the bulk-to-boundary graviton
propagator convoluted with the mode functions fmðwÞ.
The angular integrals can be evaluated using a stationary-

phase approximation in the large-r limit, which enforces

pkkkn: ð5:7Þ

As a result, we find

EðnÞ ¼ 1

ð2πÞ4 limr→∞

Z
∞

0

dt
X
a;b

Z
djpj2
2ωp

djkj2
2ωk

× ½gabðp; kÞama
ðpÞa†mbðkÞe−itðωp−ωkÞþirðp−kÞ þ � � ��:

ð5:8Þ

We now switch to light-cone coordinates. In the large-r
limit, the time integral becomes

lim
r→∞

Z
∞

0

dteiðωp−ωkÞt−iðjpj−jkjÞr ¼ lim
r→∞

Z
∞

−r
dx−neiðωp−ωkÞx−n

¼ lim
r→∞

δðωp − ωkÞeirðp−
n−k−n Þ;

ð5:9Þ

which imposes that the detector carries no energy and no
further integral remains. We are left with

EðnÞ ¼ −
X
a;b

lim
r→∞

Z
djpjjpj
2ωp

djkjjkj
2ωk

× ½gabðp;−kÞama
ðpÞa†mbðkÞe−iðp−

n−k−n Þr þ H:c:�;
ð5:10Þ

where, again, ωp ¼ ωk.
For a ≠ b, the phase oscillates rapidly as r → ∞. When

convoluted with any smooth test function, these contribu-
tions vanish, and only the diagonal terms with a ¼ b
survive. In this case we have

gaaðp;−pÞ¼ ðN aÞ2ωpjpj
Z

dw
w3

ðfaðwÞÞ2¼ωpjpj; ð5:11Þ

where we used that modes are normalized and that
K0i;αβðq; wÞ⟶q→0

1
w2 η0αηiβ.

Putting all together, we finally obtain

EðnÞ ¼
X
a

Z
dΩma

p ωpa
†
maðpÞama

ðpÞδð2Þðn − p̂Þ; ð5:12Þ

where δð2Þðn − p̂Þ is the obvious δ-function in angle. In
other words, the energy detector simply counts the energy
carried by modes propagating in the direction n. This result
matches our earlier physical interpretation: in the limit

11In the limit ΛIR → 0, the discrete sum reproduces the
continuum decomposition of (2.19):

P
a N a⟶ΛIR→0

R
dm

ffiffiffiffi
m

p
.
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r → ∞, the KK excitations/hadrons behave as effectively
pointlike, free particles.
Beyond stable KK excitations/hadrons. Once we include

perturbative bulk interactions, the KK excitations will be
able to decay, cascading down to the lightest KK modes
(before decaying back to the standard model, which we do
not model here). The process starts with the hard collision
which creates a KK excitation with 4D mass p. Each decay
process will typically result in KK decay products which
have smaller but comparable 4D mass to the parent KK
excitation. Therefore, for p ≫ ΛIR, the entire cascade
process will not be captured by any fixed order in the
bulk perturbation expansion. Furthermore, we are trying to
use AdS EFT above ΛIR, so we are assuming that the dual
(approximate) CFT has a large gap in the spectrum of
scaling dimensions and that we have integrated out the AdS
particles dual to the operators with large dimensions.
However, even operators with large dimensions, OΔ≫1,
can interpolate states with 4D masses ≪ p, and therefore
arise in the cascade decays. These therefore cannot be
captured by the bulk EFT. For both these reasons, it appears
that even the weakly coupled RS1 effective description
does not allow one to compute exclusive processes at high
energies p. Energy correlators (at large angles) are partially
inclusive enough to evade this dismal conclusion because
the energy flow is determined before confinement effects
take place and therefore approximate the correlators of the
gapless (full AdS) theory, where fixed-order AdS pertur-
bation theory is valid.
An analogous situation arises in large-N QCD with a

small number of massless quarks, in which the 4D
spectrum consists of infinitely many stable mesons at
N ¼ ∞, which then decay when we include 1=N correc-
tions, with narrow widths of order Γmeson=mmeson ∼ 1=N.
This seems very different from the perturbative QCD
picture of gapless states of quarks and gluons. And yet,
for sufficiently excited mesons, mmeson > NΛQCD, the
mesons are as wide as their typical ΛQCD splittings and
one thereby returns to a continuous spectrum in this regime.
In this regime, p > NΛQCD, perturbative QCD is expected
to predict energy correlators accurately, at least for ∼Oð1Þ
angles. In the case of the 4D dual confining theory to the
RS1 truncated bulk, the discrete resonances again effec-
tively return to a continuum in the regime mn > NΛIR for
the same reason. In this regime, p > NΛIR, the gapless
CFT accurately predicts the energy correlators, again at
least for ∼Oð1Þ angles, as we explain below.
This also follows froma real-time argument. The collision

produces a high-mass single-trace “meson” state which
expands close to the speed of light. This process is very
well approximated by the exact CFT until a time of order
1=ΛIR ∼ wIR when confinement effects become important.
However, if this state splits (“decays”) into many single-
trace states before this confinement time, confinement will
greatly affect the individual low-lying single-trace mesons

but this will not greatly affect the overall energy flow, and
therefore agree with CFT predictions for energy correlators.
This decay time is of order N=p, so the CFT predictions
should be valid for p ≫ NΛIR.
We now study the systematic corrections to the CFT

predictions at small angles due to the gap.
Small angle sensitivity to confinement. While in the

p ≫ NΛIR regime the energy correlators are well approxi-
mated by the CFT (full AdS) results, deviations from the
CFT behavior are expected in special configurations, such
as detectors placed at very small angular separation. In this
section we argue that precisely in this regime these
corrections can be estimated and the angular dependence
determined as a consequence of (nonlinearly realized)
conformal invariance.
At first sight, it may appear that since the IR boundary

breaks AdS isometries, conformal-invariance control of the
OPE, introduced in Sec. III, is lost. However, there is a limit
of the IR boundary setup, realized in RS1 [6], in which this
breaking is dual to spontaneously broken conformal
invariance [19]. The associated Nambu-Goldstone boson
(the “dilaton”) is given in the RS1 dual by the radion field,
whose fluctuations nonlinearly realize conformal invari-
ance. Therefore, in such a setup we can continue to use
conformal symmetry to control the angular OPE, where the
canonical radion vacuum expectation value (VEV), effec-
tively ΛIR, is treated as a dimension-1 spurion of conformal
breaking, see Table I.
Thus in (3.1), in addition to the OPE terms insensitive to

ΛIR, there will be small corrections proportional to powers
of ΛIR,

Eðn1ÞEðn2Þ ⊃
X
τ

θτ−5cð2Þτ ΛIROJ¼2
τ ðnÞ þ � � � ; ð5:13Þ

where the ellipsis includes terms with higher powers of ΛIR

and cð2Þτ are againOð1ÞOPE coefficients. Again τ spans the
twist of the various light-ray operators entering in the OPE.
For instance, in our theory and at leading order in 1=N,
double trace operators built out of two stress tensors have
leading twist τ ¼ 4, while double trace operators built out
of two scalar O have leading twist τ ¼ 2ΔO as in (3.4).
When evaluated in a state jOðpÞi, with pμ ¼ ðp0; 0Þ in

its rest frame for simplicity, we can readily estimate

hEðn1ÞEðn2Þi ∼ cð3Þτ θτ−4ðp0Þ2 þ cð2Þτ ΛIRp0θτ−5; ð5:14Þ

where we are droppingOð1Þ factors, comparing terms with
the same τ. We see that the IR truncation ΛIR becomes
relatively more important as we go to small angles.
A similar argument was proposed to estimate confine-

ment effects in QCD [20] but with less control of the
conformal symmetry. The nonlinearly realized conformal
symmetry in our case allows us to systematically improve
the small angle corrections as θ → ΛIR=p.
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The different methodology of Ref. [8] already finds a
nontrivial angular dependence with a gap at leading order in
1=N, in contradiction to our results. Indeed, we have
shown that nontrivial angular dependence requires 1=N
corrections leading to “decays,” such as in our in-in loop
process [see Fig. 6(a)], and we expect the gap to affect the
resulting correlations at sufficiently small angles, as the
hadronic gap does in real-world QCD (see, e.g., [20]).
However, such 1=N correctionswere not included inRef. [8].

VI. OUTLOOK

In this paper we studied energy correlator probes of
strongly coupled quantum field theory within their holo-
graphic dual description. We set up these correlators in
terms of in-in variants of Witten diagrams in 4Dmomentum
space and position space in the holographic direction, best
suited to future phenomenological applications and physi-
cal collider intuition. We presented energy correlator
computations in a manner that does not use conformal
symmetry in any essential way so that we were able to
generalize away from exact CFT/AdS, deforming to non-
trivial RG flow. We showed how scaling dimensions, dual
to 5D particle masses in the holographic EFT description,
can be predicted and measured from the angular depend-
ence of energy correlators.
We alsogeneralized to the case of an IR4Dmass gapwhich

is vital in any realistic setting, so that the BSM sector decays
back to SMstates before hitting detectors.We pointed out that
the effects of the gap are not captured at fixed order in
perturbation theory, even in the weakly coupled holographic
description, but in RS1 they are parametrizable by a small
angle OPEwhich exploits the fact that the gap corresponds to
spontaneously broken conformal invariance in the dual CFT.
It is likely that the OPE coefficients are actually calculable in
RS1 EFT, but we did not attempt this here.Wewill tackle this
challenge in futurework, startingwith the simpler problem of
purely 4Dweakly coupledmodelswith spontaneousbreaking
of conformal invariance.
In realistic RS1 holographic models of BSM strong

dynamics both types of deformations occur together. In
particular, irrelevant or nearly marginal deformations away
from conformal invariance are needed to couple to fields
external to the strong dynamics and to trigger and stabilize
the IR gap (such as famously accomplished by the

Goldberger-Wise mechanism [21]) in RS1 and its CFT
dual. We plan to study such a realistic setting in future
work, in which we can use energy correlators to measure
the nontrivial RG flow as a function of angular separation
of detectors. We wish to work toward a program of
detective work in which we can build up the significant
features of the BSM strong dynamics from bottom up
measurements. The holographic EFT formalism is well
suited to this incremental bottom-up exploration. We plan
to study the power and limitations of AdS EFT in the
energy correlator context in future work.12 We expect this to
give insights into Lorentzian AdS/CFT duality.
Even in asymptotically free BSM scenarios, energy

correlators are inclusive enough to be insensitive (at large
enough angles) to the strong-coupling hadronization phys-
ics in the IR which may not be known in detail. We plan to
study hidden valley [25] scenarios in which either type of
BSM strong dynamics, whether approximately conformal
or asymptotically free in the UV, can appear within
upcoming High Luminosity LHC measurements. We will
also explore hidden valley or UVextensions of the SM that
may appear at future colliders.
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