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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 AdSs, 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 AdSs particles and their interactions,
roughly dual to CFT scaling dimensions and operator
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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 AdSs 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 resultin 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.l 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. We will 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. II1, 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. VL

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,

E(m) = lim 12 /M dir®(t, ;. (11

r—-+oo 0

which measure the energy flux in the direction n at a large
distance r — oo 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 .#* (see, e.g., [7]),
giving the equivalent form

E) =4 lim (&) /_ g Gn)aa,. (1.2)

24 fc: —+o00

where we defined the vector X[n] = % n* + % n* with n* =
(I,n) and 7* = (1,—-n). Figure 1 illustrates the two

"This sacrifices some of the advantages of combining a
completely position space approach with conformal symmetry [7].
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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)].

integration contours which approach each other for
large r — .

For a momentum eigenstate with positive energy,
Is(p)),? we define energy correlators as energy detector
“in-in” expectations,

(Emy)...E(my)) )

(s(P)IEMm,)...Emy)ls(p))
oy Y

The definition (1.4) further relies on the fact that energy
detectors commute with the momentum generator,
[P#,£(m)] = 0 as we will verify for our cases of interest.’
Notation. We use capital letters M, N, ... for 5D indices,
with XM = (x#,w). We adopt mostly minus convention.
Given a unit three-vector n representing a direction in
ordinary three-space, we introduce the null vectors

n* = (1,n), n* = (1,-n),

(1.5)

and define the light-cone decomposition for any four-
vector v*

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

. ()22

/ dhxe e 35 (x)[0), (1.3)
with the limit ¢ — oo 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
[P#,E(m)] = 0 follow from the fact that £(n) transforms as a
primary operator inserted at spatial infinity [12].

o= + 0y (o )
2 2 e

(1.6)

where the transverse component satisfies 7n-vl =

- w1 = 0. Detector positions are a special case notation-
ally. We denote them, prior to the limit in (1.2), by 3#[n],
with components

o)y, Xnfy

#n] = =St = (1.7)

while x7[n] = 0. With a slight abuse of notation, we will
drop the [n] argument in the components %[n] and simply
denote them by ;.

II. DETECTORS AND HOLOGRAPHY IN ADS

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

dx* — dw?
-

w

ds2 = GMNdXMdXN = (21)

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

M2 R-2A
—2@2 . (2.2
perif 20, )

S= / d4xdw¢5(%an>an>— .

We will take the state |s(p)) in (1.4) of a single
@ propagating in AdS. In Sec. I A we will treat this
5D-massive particle in the classical point particle (PP)
limit, deferring a second quantized treatment of @ 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

1 1. .
Spp = 3 / dr <—XMGMNXN + eMé), (2.3)
e

where e = ¢(7) is the worldline einbein and dots denote
derivatives with respect to the worldline parameter .
Varying the action (2.3) with respect to e yields the
constraint
GMNXMXN - ezMé =0. (24)
Using reparametrization invariance, we can freely fix the

gauge eM g = 1. Together with the equations of motion for
XM this leads to
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W2

W_ . :M_é(pZWZ_M(ZD)’

(2.5)

where p,, is the conserved four-momentum along the usual
4D directions.

Notice that the consistency of the second equation
in (2.5) requires

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

dx* W' pH'w (27)
dw w A /pzw2 - Mé ’ '
we obtain
p _r 2,2 2 )
xpp(W) = I pw =M, (2.8)

where we fixed the integration constant by imposing the
boundary condition xpp(w = Mg/ p) = 0, and we defined

- 2

=+/p~>0.

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

(€)= lim (550 [ " dign,n, (1) e (29)

as in (1.2) where (T"(x))pp is given holographically as

d*ydw

Ky (x = y.w) Tgp(y, w).

(T (x))pp = / (2.10)

Here 7MN(x,w) is the stress tensor of the point particle

w

FIG. 2. Holographic one-point EC for a classical point particle
in AdS.

2 OSpp
\/7 8Gy (x.w)

/ dT—XM

and K} ;(x,w) is the bulk-to-boundary propagator in AdS

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

T (x.w) =

XN ()69 (X -X(z)), (2.11)

2
Km/,aﬂ(q’ W) = % ICZ(QW)HMy,aﬂ(Q) (2 12)
with IT,, ,; the projector onto the symmetric traceless
tensor components, /C, the Bessel function of the second
kind and where we are working in axial gauge:
Gsy — Gsy = 0. Notice that to obtain the correct retarded

(classical) prescription (2.12) is actually evaluated at ¢ =

q®> — (¢° + ie)? 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 xj
integral first.

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

dA_ q-(%[n]—xpp) ]CZ(qW)H;L/}Jr(CI)
dzq igh-xt (q )2
(({)sz)g

(2.13)

The equality follows from the fact that the X integral
enforces ¢, = 0. As a consequence, any dependence on g,
in the integrand, including that appearing in the polariza-
tion tensor Hg;(q), drops out, except for the phase factor.
The subsequent integration over g, then yields the delta
function §(3; — xip,). Notice that this result relies cru-
cially on the fact that the x; integration is performed along
a lightlike direction.
From the classical trajectory (2.8), we see that the large-
o limit corresponds to large values of the holographic
coordinate w, where the five-dimensional mass Mg can be
neglected. In this regime, the trajectory simplifies to
xbp(W) 22 wp#/ p. In the same limit, the point-particle stress
tensor reduces to

] a
Thp(x, W)mwTw4p”p”6<4> (x" _P W>. (2.14)
“ewrp p

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
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point is completely saturated by the §-function

1 dw (x+)2W6(p+)2
- ot _ ot n n
(€ = g [z —sien) (o s
(2.15)
and we finally obtain
_ L)
<5(n>>PP - Ax (I’l K p)3 . (216)

The result in (2.16) agrees with the direct calculation of
the ECs in a CFT. While our state |s(p)) is described by a
single point particle in AdS, it holographically corresponds
to a strongly coupled CFT state with center-of-mass (CoM)
momentum p* which is spreading over time as captured by
w — oo as t — oo. 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, £(n;) and &£(n,). The
calculation consists of three contributions, depicted in
Fig. 3. The first one is trivially factorized,

(EMNEMY))m) = (Emy))pp(EM))pp, (2,17

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,

4

w
(a)

FIG. 3.

w
(b)

Holographic two-point EC for a classical point particle in AdS. We show that the two contributions in panels (b) and (c) vanish.

(E(my)...EMmy))pp = (E(My))pp - (E(ny))pp
_ @ @)
(477)N("1‘P)3 (”N'P)B‘

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 n;-n;, even for fixed n;- p. In other
words, in the rest frame p = (p° 0), (2.18) does not
depend on the angles between the detectors but this
property will be spoiled by loops.

(2.18)

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)

®(x,w) = Aw dmNm/dQl’;’fm(w)(afn(p)e"P"‘ +H.c.),

(2.19)
where
Fu(w) = wJ, (mw),
3
Aoy = dfp : (2.20)
(27) 20, wop=r/prm?

N, =+m and v=+/M3+4. The mode functions

N . f m(w) satisfy the completeness relation

A " dmmf, (W) fu(W) = ws(w—w), (221

while the annihilation and creation operators aEJ ) (p) obey

the usual canonical commutation relations with continuum

normalization,
@,

w
)

(c
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2
3
~~
=
=
Q

()] = (27)320,6%) (p — p')5(m — '),
w(P)] = [ah(p). al,(p")] = 0.

We now consider a state with positive energy p° > 0

(2.22)

S
3
—~
=
~—

N}

|®(p,w)) E/d4xe_i”'x<b(x,w)|0>
= 2/pf,(W)ay(p)[0).

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

(2.23)

/d4xe’7’x<0|¢>(x,wf)(l>(0,w,-)|0>

= (@ (p, wp)|@(p,w;))

= 0(p°)0(P*)nf (W) f (W) (2.24)
Let us focus first on the one point EC
(@(p, wy)|Em)[@(p, wi)), (2.25)

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

/dA /dwd4

w)Tg (v.w),

X ﬁ”ﬁDKa/}(fc[n] -y, (2.26)

with 7 {gN the 5D stress tensor for @, expressed in terms of
second quantized fields.

Practically (2.25) can be computed starting from the
following “in-in” Witten-diagram

" T (q)

= ﬁfp(wt)fp+q(wf)l(p7qaw) :

(2.27)

where

1(p.q.w) = nf y(W)f pigW)* K 1 05(q. W)V (. q).

(2.28)

and Vyn(p, q) 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 ¢ 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 f, denotes f,, with m = \/? 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 %[n] (via Fourier transform) and we perform
the operations on %[n] as in (1.2),

/dA / [ D e rf L wl(p.g.w).
(2.29)

11m (&)
=0

The reader can check that this expression has a finite large-
& limit, where we scale 1/¢* ~w ~ x;. Then, the mode
function in (2.28) scales as

\/5 cos(pw)

T W
Meanwhile, the bulk-to-boundary graviton propagator
scales as K, q45(q,w) ~ 1/(x)2," while the vertex scales
as V¥(p,q) ~ (x)* (noting the raised indices). It then
follows that I(p, g, w) ~ (x)°, while the full expression in
(2.29) is finite once x; also scales linearly with x;i. Finally,
note that the external mode function f,,(w,) simply loses

its g dependence in this limit and does not scale with x;/ .
We thus get, for large x;,

dw [ d*q .
/5/ 4e’q'x"1(p,q,W)

/ (27[ eiq-(X’f.—pf*;))n i K,waﬂ(q W)V“ﬂ(p,O),

fpw) —w? ()72,

WwW—00

(2.30)

(2.31)

and we can immediately recognize that the Fourier trans-
form of K,, .4 is precisely the expectation value of the
stress tensor on the classical trajectory we found in (2. 13).

The rest of the calculation parallels the classical point

“This can be readily understood by starting in position space,
where K (Ax, iw) ~ A=K (x,w), and then stripping out an overall
1‘4 through the Fourier transform.

>The cos(pw) in (2.30) comes with positive and negative
phases. We kept only the combination which does not leave a
large phase in the X — oo limit.
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particle and we get

. n . [aw d4q ig-&ln (P2)2
(2.32)
and we finally get
D(p, Em)|D(p,w; 2)2
@R ) 1 (P,

(@(p,wp)l@(p,w;))  4x(n-p)*

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
mixed momentum-position space (p, w), the cutting rules are
completely analogous to the standard ones (see, e.g., Ref. [14]
for a thorough discussion). The Feynman propagator reads

fm(wi)fm(wf)

Gr(p.wp,w;) = i[) dmm o (2.34)

The cutting rule acts on the denominator (p? —m? + ic)
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

(@(p, wy)[E(mp)Em)[D(p, wi)). (2.35)

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

ﬁllLﬁTT;w (Q1 ) fl’z”ﬁZTw (CI2)

_ Wfp(wi)fmqqu (wf)><
I(p,q1,w1)I(p+qi,qo,wa)

(2.36)

&(n)

2)2
X @)

FIG. 4. Cutting relation for the one-point EC discussed in the
text. Here, n* = (1,n).

where I(p, g, w) was 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/¢} ~w ~ x; — oo keeping fixed
¢ and w,. After the integral we get I(p, q,) = (p?)*/(n; -
p)? asin (2.32). Then we can perform the second integral
which ultimately results in

(@(p.wplEm)Emy)|@(p.wi)) 1 (p*)* (p?)°
(@(p.wp)|@(p.wy)) (47)* (ny-p)’ (- p)*
(2.37)

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. I 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

g(n) = A"o dm/dgpaL(p)am(p)i(npp)z"

(2.38)
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 ®

0(p)) = lim - (p.)/0).

(2.39)

with Ay = 2 + /4 + M2, we recast the usual result by [4]

1 (p?)? (p?)?

<g(nl)...5(nN)>o(p) = @)V (n,-p) (ny-p)

(2.40)

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
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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 “nj-n,”), 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

Em)Emy) ~ Y 0407 ).

T

(3.1)

3 . .
where n; - n, = cos @ and cg ) are numerical coefficients.

The operators O, 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, asin (3.1). In the formercaser = A — 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 7
and J but they no longer refer to a local CFT operator. 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 O, in (3.1) can be expressed in
terms of local and/or bilocal multitrace operators [4].

The detector £(n) 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 £(n) as
defined in (1.2). It is straightforward to check that under
dilatations

¥ = A = E(m) - AE(n). (3.2)

Similarly, under collinear spin along the n direction,

(i xm,xl) = (At A7 xg 2l = E(m)—»A73E(m).  (3.3)
Moreover, in the small-angle limit the boost acts as
0 — 20 Asa consequence, the OPE (3.1) fixes the scaling
dimension and collinear spin of the light-ray operators

*More 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.

Under boosts one may assign weights n* — An# and #* —
27", sothatxjf = x - and x5 = x - n transform as in (3.3). Since
6 ~ +/1 — n; - n,, in the collinear limit this implies § — 26.

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

£ o’ 0 Ar
J -3 l—7—1J 1 0
A 1 J-1 0 1

0/=3 to be (Agss.Jgr3) = (3— 1.1 —7—3). More gen-
erally a light-ray operator with scaling dimension Ag_and
collinear spin Jgy it is conventional to define associated
“twist” 7 and “spin” J by (Ags, Jor) = (J = 1,1 =7 —=1),
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 L.

In the AdS dual, the large-N expansion makes it possible
to identify the light-ray operator O/ associated with the
scalar field @ introduced in (2.2) with the following
double-trace expression,

Ofs,(n) = lim (57)2% / dizdt

X [(t 4 ie)™' + (=1)! (=t + ie)™'77]

X O&f, 3q —)O(GE, &y + 1), (3.4)

where O is the CFT operator dual to ® and we follow the
conventions of [12]. The ie 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 TH*.

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 = o0) factorized form of the Witten diagram depicted in
Fig. 5, involving the double trace operator Q7. Starting
from position space we get

@ng (n)

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).
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1
(x - n)2BF7=T

(O(x)03,(n)0(0)) = (3.5)

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
p* = (p°,0). Indeed we can just consider (3.5) in momen-
tum space for a wave packet with some smearing o to see
that the result is exponentially suppressed,

/ d*xe?’ =127 (O(x) 04, (n)O(0)) ~e=(P)e*/2 | (3.6)

and vanishes when we send ¢ — oo, 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 6
dependence in (3.1).

We emphasize that this is consistent with the absence of
any 0 dependence that we found before for states with
definite p” with p > 0 (implicitly ¢ — o0). Nontrivial
angular dependence on n; - n,, 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

1 1 2
Sy = / d*xdwVG (5 Oy XoMX — §M§X2 - §X®2> .

(3.7)

We consider the loop diagram shown in Fig. 6(a), where
double lines denote the field X and single lines denote ®.
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 g ~ 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, the OPE in (3.1) applies, and the diagram in
Fig. 6(a) effectively collapses to that in Fig. 6(b), i.e.,

(EM)EML)) o)== A2 HO3 ) o)

o<1

(p2)4 PRAx—4 (pz)AX_Z

=42
(n;-p)° (p-ny)¥x?

(3.8)

E(ny) &(n2) O34 ()

s

(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).

where we are dropping again O(1) factors. In the second line,
we computed the expectation value <®£Z§>O( »)» 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 expectation value (02 Ay ) o(p)
is now just determined by conformal invariance. The analytic
continuation of this to J = 3 is consistent with (3.8).

The result in (3.8) illustrates how measurement of the
small angle 0 dependence of the energy correlators, allows
us to extract CFT scaling (dual to AdS) masses.®

IV. FLOWING TOWARD THE CFT

We now consider a CFT deformed by an irrelevant
interaction

L(Ayv) = Lcrr + 900w, (4.1)

where Oy is an operator of scaling dimension Ay > 4. The
effect of CFT breaking can be modeled via AdS/CFT by
considering a bulk-scalar ¥ with mass M3, = Ay (Ay — 4).
The EFT cutoff is modeled by a UV boundary at a location
wo = 1/Ayy and gy in (4.1) is imposed as a boundary

condition
wa Au—4
v = a(2)" (42)
w
This profile back reacts on the geometry, which can be
parametrized as

p(w)dx* — dw?

w? ’

dS2 = GMNdXMdXN = (43)

where p(w) is determined by solving the Einstein equations
GMN = TUN, with GMV the Einstein tensor, and 74" the
stress tensor sourced by the W profile (4.2).

*More precisely the OPE of (3.1) includes all light-ray
operators with spin J = 3, including double trace operators built
out of two stress tensors, with integer twist leading to analytic 6>
dependence at leading order in 1/N. Even if this power of 6
dominates that in (3.8), in principle the nonanalytic § dependence
in (3.8) can be used to extract Ay.
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Expanding to first nontrivial order in g, the independent
component of the Einstein equations reduces to

/ 2(Ag—4)
3'0—=—ig<@) ' (Ay —4),

(4.4)
w wy \ W

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

pw) =1 -5 (W) Y o). @s)

6 \w

While this is an approximate solution, any Lorentz-invariant
irrelevant deformation generates a metric of the form of (4.3),
where p(w) -=z 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

Dd(x,w) = Am dmN,, / dQy fr(w)(ai(p)e? + H.c.),

(4.6)
with f,,(w) the mode function
5 2
— O (”(WLQ Ot <w)> + My ()
2
- ,)V(VW) m2f (W), (4.7)

and N, a normalization factor, together with the simple
choice of the boundary condition f,,(wy) = 0. From the
previous equation we can extract the following asymptotic
solution for the mode function

fm<w>—>w2\@w<1 +0(1 = p(w).

S (4.8)

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 K, ,5(g.w) 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 K(g,w), its bulk-boundary propagator.
Later on we will be more precise. We are interested again
in the limit ¢# ~ 1/w~ 1/x;f where x; goes to infinity.
K(g,w) can be found by solving the Equations of Motion
(EoM) that takes the form

— WS '{M 2_W_2 2 W) =
( p(w)zaw I 0,+M p(w)q>K(q’ )=0. (4.9)

We can notice that in the limit we are inter-
ested in, K (g, w) still asymptotes to the pure AdS solution,”
ie.,

K(q,w) ~ cKpas(g,w)(1+ O(p(w) — 1)), (4.10)

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

(@(p.wp)lEmM)|®(p,wi)) 1 (p?)?

(@(p.wp)|®(p.w;)) = axlnpp (4.11)

The normalization factor ¢ can be fixed by energy con-
servation which requires ¢ = 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 xpp(w) ~ ptw/ 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=1.

Again, we can consider multiple detectors and find the
same results holds as in exact AdS

<<I>(p,wf)lf(nl)---f(nN)ICP(p,wi)>:H L (p?)
(@(p.wp)|@(p, wy)) L (4x) (n; - p)*
(4.12)

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 £(n) on the boundary corresponds to a perturba-
tion of the metric,

9Stn'ctly speaking there are two AdS solutions, however when
K(g,w) is evaluated for spacelike momenta, see (2.13), only one
is acceptable and does not explode for large w.
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ds* — ds* + (&1)*0(x — 3D h(xI, wydxfdxf,  (4.13)

where % 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 K, ,5. The precise form of h(xj,w) can be
found by solving the Einstein equations GMV = T4V for
the metric in (4.13). The M = N = 5 component coincides
with (4.4), while using

1

Tl = =5G¥(G¥(0,%(W))* - My¥(w)*),  (4.14)

with W(w) the classical profile in (4.2) and G,,, the metric in

(4.13). We get
(W—30 PO, +(VT)2>W—h(xT w) =0
pln) s Tyt =5

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

2 2

(4.15)

20T (g7
h(xg,w)v:;/dﬁeiq“'x“ﬂlcz(w (qn)*) (4.16)

(27)? 2

as in (2.13). This clarifies the derivation of (4.11) (with
¢ = 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” = p”—';) h(xL,w), in accordance with
(4.9), upon setting g, :6 as enforced by the light-ray
integration f dxy . Furthermore, as an aside, it is remarkable
that (4.9) is exactly linear in 4. 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 xpp(w) ~
ptw/ p for large w.

We consider, for simplicity, a two-point energy correla-
tor. One can write

(Em)EMmy))pp = (E(n1))pp(E(M2))pp + (E(01)E (M),
(4.17)

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.

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

+ st + st
= PP, = *n,y>

which imply

2+ 2t
w=p—=t and w=p_r. (4.19)
n, Pn,

It is clear that, when the limits are taken sequentially, these
two conditions cannot be satisfied simultaneously. After
taking the limit % — oo, the first constraint forces w — oo
for any p > 0, while the second constraint keeps w finite as
long as %;, 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 Y™ = (y#,w), such that

o =1, e, =Hh. (4.20)

as enforced by the two & functions arising from the
corresponding light-ray integrals as in (4.13). We consider
the internal graviton propagating between (y,w) and a
point (x5p(w'),w’) on the classical trajectory of the point
particle,

Gapys(y — xpp(W), w.w'), (4.21)

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

schematic form hgh;h;j’ (the discussion for other Lorentz
structures is analogous), we obtain

"In 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 the metric takes the form

dsigs = dsags +6(y")(hy(yr.w) + -+ hy(yr. w))dy*dy™,
(4.18)

with %y, ..., hy related to the individual detector insertions. The
equation of motion for the full perturbation 4 + - - - + hy in these
coordinates is of the form (4.15) and is exactly linear in
hi + - - -+ hy, 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 (35 — X1, )6(xa, — x31,)-
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, [d*yTdw
VG
aw' _, 4 ) )

X (w’)5 ”1”2Gaﬂ,y5()’—xPP(W )w.w)

X Té‘;(xPP(W'),W/)»

(E(m)E(y))* ~ (37, £4,) h(yn, - w)h(yn,. w)

(4.22)

where the @’y integration is over the plane orthogonal to

both n; and n,, T{;; is the point particle stress tensor, with
indices contracted using the bulk metric in (4.3), and where
the limit % ,%i, — oo is understood. We now define
r~3X; ~ X, 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 w' are kept fixed and the separation
(y — xpp(w'))? ~ 2, the bulk-to-bulk graviton propagator
approximate a boundary-to-boundary propagator up to
subleading corrections, behaving as

1
Ga/i,y& ~ ﬁ (1 + 0(12))

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 Gyp,5 ~ 1/ r*, while each contraction with 7"
produces a factor of order r>. Moreover, the point particle
stress tensor behaves as Tpp 5(r,r) ~ r* [see (2.14)] and
h(r,r) ~1/r*. Putting all factors together, we find

(EM)EMmy))* ~—, (4.23)

which vanishes in the large-r limit.

Therefore we conclude that, in N — oo, 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 AdSs. 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 Ay < 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

dx* — dw? 1
=5 O<W<WIR:_'
w AIR

ds> (5.1)

See [6] for the proper treatment of the IR boundary
condition for the gravitational field. This gap represents
a confinement scale AR from the dual 4D viewpoint
(see, e.g., [18]).

We now reconsider the scalar field ® 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 A ~ 1/wg. If this gap is
much smaller than collider energies, Ajg < 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 — oco. 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 = o0), showing the sharp departure
from AdS.

The continuum decomposition (2.19) is replaced by a
discrete mode expansion,
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~ SN, / dQ £ (w)(ah, ()™ + H.c.),
(5.2)

where m, denotes the discrete mass spectrum, m, ~ ar/A
and for simplicity we impose Dirichlet boundary conditions
on ®. The corresponding mode functions are

fa(w) = Wz]v(maw)’ fa(WIR) =0,

(5.3)
with normalization coefficients N a.“ 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

r(p, We,w;) = LZ

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 £(n) directly as an
operator in the second-quantized theory, as in (2.26),

2 / " ar
0
4
y / dwc;’ y
w
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 TY ¢ 1n terms of creation and

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

zfa Wy fa( )

5.4
2+te ( )

EMm)=limr

r—00

n;Koiap((1.r0) =y, w)Tg (v w). (5.5)

£(n) = lim 2 / Tt / Qe Aoy
( ) r—o00 0 %b: P k
X [gap (P> k)ama (p)gj;lb (k)e—i(t,rn)~(p—k)
+ (k= —k) + Hel, (5.6)

"In the limit AR — 0, the discrete sum reproduces the
continuum decomposition of (2.19): Y, Ny— 4 —o [ dm+/m.

where g,,(p, k) encodes the bulk-to-boundary graviton

propagator convoluted with the mode functions f,,(w).
The angular integrals can be evaluated using a stationary-
phase approximation in the large-r limit, which enforces
p|k|n. (5.7)

As a result, we find

£(n) = (2%

d|p|* d|k|?

d il B

Z/’ Za)p Za)k
X [gan (P k)ama (p)ay, (K)e @) tirl-k) L. ],

(5.8)

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

[o9)
dtei@p=o)=i(pl=Ik))r — 1im

s8] . —
lim dxg el(@p=a)xy
r—o g r—oo [_,
= limd(w, — wy )ePn=k),
r—0o0

(5.9)

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

Zl /d|P||P|d|k||k|
r—co 20, 2wy

X [gah (p’ _k)ama (p)ajnb(k)e—i(p;—k;)r + H‘C']’
(5.10)

where, again, o, = wy.

For a # b, the phase oscillates rapidly as r — co. When
convoluted with any smooth test function, these contribu-
tions vanish, and only the diagonal terms with a = b
survive. In this case we have

dw
ua(p=) =N Panlpl [ (Fa00)7 =0yl (5.11)
where we used that modes are normalized and that
KOi,aﬁ(q’ )q—>0 W2 oalip-

Putting all together, we finally obtain
m=3" [ a0 ayah, )an, 01570 -p). (512

where 5(2)(n —p) is the obvious -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
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r — oo, 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 > AR, 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 A, 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, Ops.q,
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 = oo, which then decay when we include 1/N correc-
tions, with narrow widths of order I'ycson/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, Mmeon > NAgep, the
mesons are as wide as their typical Agcp splittings and
one thereby returns to a continuous spectrum in this regime.
In this regime, p > NAqcp, perturbative QCD is expected
to predict energy correlators accurately, at least for ~O(1)
angles. In the case of the 4D dual confining theory to the
RST1 truncated bulk, the discrete resonances again effec-
tively return to a continuum in the regime m, > NA for
the same reason. In this regime, p > NAj, the gapless
CFT accurately predicts the energy correlators, again at
least for ~O(1) angles, as we explain below.

This also follows from a 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/Ar ~ wig 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 > NAp.

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 > NAjg 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. I11, 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 Apg, 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
Ajr, there will be small corrections proportional to powers
of A,

Em)Em;) D Y0P AR )+, (5.13)

where the ellipsis includes terms with higher powers of A

and c\”) are again O(1) OPE coefficients. Again 7 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 7 = 4, while double trace operators built out
of two scalar O have leading twist 7 = 2A as in (3.4).

When evaluated in a state |O(p)), with p* = (p°, 0) in
its rest frame for simplicity, we can readily estimate
(EMEM)) ~ eI 0 (pO) + P Arp®07S, (5.14)
where we are dropping O(1) factors, comparing terms with
the same z. We see that the IR truncation Az 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 6 — A/ 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 corrections were not included in Ref. [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 4D momentum
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 also generalized to the case of an IR 4D mass gap which
is vital in any realistic setting, so that the BSM sector decays
back to SM states 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 OPE which 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. We will tackle this
challenge in future work, starting with the simpler problem of
purely 4D weakly coupled models with spontaneous breaking
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."? 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 UV extensions of the SM that
may appear at future colliders.
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“For example, in the classic strongly coupled N = 4 super-
Yang-Mills theory explicit calculations of energy correlators from
the AdS/CFT dual supergravity EFT diverge for sufficiently small
angles [22]. Similarly in CFTs admitting a controlled large-
charge expansion, where only low-dimension operators are
retained (analogous to the implicit truncation of AdS EFT
[23]), the energy-correlator EFT calculation breaks down for
sufficiently small angles [24].
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