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Jets: collimated sprays of hadrons
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JET SUBSTRUCTURE : 
ELECTROWEAK SCALE AND NEW PHYSICS

32

• Since its first introduction in 2008 by Butterworth, Davison, Rubin and Salam to reconstruct Higgs, 
modern jet substructure studies have been widely used for electroweak and new heavy resonances.

• In parallel, a surge of ML techniques now enables more efficient tagging of these objects.

Can we do precision electroweak studies and constrain new physics?
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JET SUBSTRUCTURE: STUDYING ENERGY FLOW INSIDE JETS
• Beyond massless QCD jets, highly energetic colliders (the LHC and proposed future colliders) 

produce boosted H/W/Z bosons and top quarks whose multi-body decays appear as jets.
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• Since its introduction in 2008 by Butterworth, Davison, Rubin, and Salam for Higgs reconstruction, 
jet substructure has provided a novel way to probe the vast LHC jet data by analyzing energy patterns within jets.
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How to distinguish different particle-initiated jets? 

Look into jet substructure!
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Can we do precision electroweak studies and constrain new physics?
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Jet Substructure as a New Higgs-Search Channel at the Large Hadron Collider

Jonathan M. Butterworth and Adam R. Davison
Department of Physics & Astronomy, University College London, United Kingdom

Mathieu Rubin and Gavin P. Salam
LPTHE; UPMC Univ. Paris 6; Univ. Denis Diderot; CNRS UMR 7589; Paris, France

(Received 2 March 2008; published 18 June 2008)

It is widely considered that, for Higgs boson searches at the CERN Large Hadron Colider, WH and ZH
production where the Higgs boson decays to b !b are poor search channels due to large backgrounds. We
show that at high transverse momenta, employing state-of-the-art jet reconstruction and decomposition
techniques, these processes can be recovered as promising search channels for the standard model Higgs
boson around 120 GeV in mass.

DOI: 10.1103/PhysRevLett.100.242001 PACS numbers: 13.87.Ce, 13.87.Fh

A key aim of the Large Hadron Collider (LHC) at CERN
is to discover the Higgs boson, the particle at the heart of
the standard-model (SM) electroweak symmetry breaking
mechanism. Current electroweak fits, together with the
LEP exclusion limit, favor a light Higgs boson, i.e., one
around 120 GeV in mass [1]. This mass region is particu-
larly challenging for the LHC experiments, and any SM
Higgs-boson discovery is expected to rely on a combina-
tion of several search channels, including gluon fusion!
H ! !!, vector boson fusion, and associated production
with t!t pairs [2,3].

Two significant channels that have generally been con-
sidered less promising are those of Higgs-boson production
in association with a vector boson, pp! WH, ZH, fol-
lowed by the dominant light Higgs-boson decay, to two
b-tagged jets. If there were a way to recover the WH and
ZH channels, it could have a significant impact on Higgs-
boson searches at the LHC. Furthermore, these two chan-
nels also provide unique information on the couplings of a
light Higgs boson separately to W and Z bosons.

Reconstructing W or Z associated H ! b !b production
would typically involve identifying a leptonically decaying
vector boson, plus two jets tagged as containing b-mesons.
Two major difficulties arise in a normal search scenario.
The first is related to detector acceptance: leptons and
b-jets can be effectively tagged only if they are reasonably
central and of sufficiently high transverse momentum. The
relatively low mass of the VH (i.e., WH or ZH) system
means that in practice, it can be produced at rapidities
somewhat beyond the acceptance, and it is also not unusual
for one or more of the decay products to have too small a
transverse momentum. The second issue is the presence of
large backgrounds with intrinsic scales close to a light
Higgs-boson mass. For example, t!t events can produce a
leptonically decaying W, and in each top-quark rest frame,
the b-quark has an energy of !65 GeV, a value uncom-
fortably close to the mH=2 that comes from a decaying
light Higgs boson. If the second W-boson decays along the

beam direction, then such a t!t event can be hard to distin-
guish from a WH signal event.

In this Letter, we investigate VH production in a boosted
regime, in which both bosons have large transverse mo-
menta and are back-to-back. This region corresponds to
only a small fraction of the total VH cross section (about
5% for pT > 200 GeV), but it has several compensating
advantages: (i) in terms of acceptance, the larger mass of
the VH system causes it to be central, and the transversely
boosted kinematics of the V and H ensures that their decay
products will have sufficiently large transverse momenta to
be tagged; (ii) in terms of backgrounds, it is impossible, for
example, for an event with on-shell top-quarks to produce a
high-pT b !b system and a compensating leptonically decay-
ing W, without there also being significant additional jet
activity; (iii) theHZwith Z! " !" channel becomes visible
because of the large missing transverse energy.

One of the keys to successfully exploiting the boosted
VH channels will lie in the use of jet-finding geared to
identifying the characteristic structure of a fast-moving
Higgs boson that decays to b and !b in a common neighbor-
hood in angle. We will therefore start by describing the
method we adopt for this, which builds on previous work
on heavy Higgs decays to boosted W’s [4], WW scattering
at high energies [5], and the analysis of SUSY decay chains
[6]. We shall then proceed to discuss event generation, our
precise cuts, and finally show our results.

When a fast-moving Higgs boson decays, it produces a
single fat jet containing two b-quarks. A successful iden-
tification strategy should flexibly adapt to the fact that the
b !b angular separation will vary significantly with the
Higgs pT and decay orientation, roughly

 Rb !b ’
1!!!!!!!!!!!!!!!!!

z"1# z$
p mH

pT
; "pT % mH$; (1)

where z, 1# z are the momentum fractions of the two
quarks. In particular, one should capture the b, !b and any
gluons they emit, while discarding as much contamination
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as possible from the underlying event (UE), in order to
maximize resolution on the jet mass. One should also
correlate the momentum structure with the directions of
the two b-quarks, and provide a way of placing effective
cuts on the z fractions, both of these aspects serving to
eliminate backgrounds.

To flexibly resolve different angular scales, we use the
inclusive, longitudinally invariant Cambridge or Aachen
(CA) algorithm [7,8]: one calculates the angular distance
!R2

ij ! "yi # yj$2 % "!i #!j$2 between all pairs of ob-
jects (particles) i and j, recombines the closest pair, up-
dates the set of distances, and repeats the procedure until
all objects are separated by a !Rij > R, where R is a
parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K? algorithm [9,10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3 [11]).

Given a hard jet j, obtained with some radius R, we then
use the following new iterative decomposition procedure to
search for a generic boosted heavy-particle decay. It in-
volves two dimensionless parameters," and ycut: (1) Break
the jet j into two subjets by undoing its last stage of
clustering. Label the two subjets j1, j2 such that mj1

>
mj2

. (2) If there was a significant mass drop (MD), mj1
<

"mj, and the splitting is not too asymmetric, y !
min"p2

tj1
;p2
tj2
$

m2
j

!R2
j1;j2

> ycut, then deem j to be the heavy-

particle neighborhood and exit the loop. Note that y ’
min"ptj1

; ptj2
$=max"ptj1

; ptj2
$. (Note also that this ycut is

related to, but not the same as, that used to calculate the
splitting scale in [5,6], which takes the jet pT as the
reference scale rather than the jet mass.) (3) Otherwise,
redefine j to be equal to j1 and go back to step 1. The final
jet j is to be considered as the candidate Higgs boson if
both j1 and j2 have b tags. One can then identify Rb "b with
!Rj1j2

. The effective size of jet jwill thus be just sufficient
to contain the QCD radiation from the Higgs decay, which,
because of angular ordering [12–14], will almost entirely
be emitted in the two angular cones of size Rb "b around the
b-quarks.

The two parameters " and ycut may be chosen indepen-
dently of the Higgs mass and pT . Taking " * 1=

!!!
3
p

en-
sures that if, in its rest frame, the Higgs decays to a
Mercedes b "bg configuration, then it will still trigger the
mass drop condition (we actually take " ! 0:67). The cut
on y ’ min"zj1

; zj2
$=max"zj1

; zj2
$ eliminates the asymmet-

ric configurations that most commonly generate significant
jet masses in non-b or single-b-jets, due to the soft gluon
divergence. It can be shown that the maximum S=

!!!!
B
p

for a
Higgs boson compared to mistagged light jets is to be
obtained with ycut ’ 0:15. Since we have mixed tagged
and mistagged backgrounds, we use a slightly smaller
value, ycut ! 0:09.

In practice, the above procedure is not yet optimal for
LHC at the transverse momenta of interest, pT &

200–300 GeV, because from Eq. (1), Rb "b * 2mH=pT is
still quite large and the resulting Higgs mass peak is
subject to significant degradation from the underlying
event (UE), which scales as R4

b "b [15]. A second novel
element of our analysis is to filter the Higgs neighborhood.
This involves resolving it on a finer angular scale, Rfilt <
Rb "b, and taking the three hardest objects (subjets) that
appear—thus, one captures the dominant O"#s$ radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt ! min"0:3; Rb "b=2$ to be rather
effective. We also require the two hardest of the subjets to
have the b tags.

The overall procedure is sketched in Fig. 1. We illustrate
its effectiveness by showing in Table I, (a) the cross section
for identified Higgs decays in HZ production, with mH !
115 GeV and a reconstructed mass required to be in a
moderately narrow (but experimentally realistic) mass
window, and (b) the cross section for background Zb "b
events in the same mass window. Our results (CA MD-F)
are compared to those for the K? algorithm with the same
ycut and the SISCONE [16] algorithm based just on the jet
mass. The K? algorithm does well on background rejec-
tion, but suffers in mass resolution, leading to a low signal;
SISCONE takes in less UE so gives good resolution on the
signal; however, because it ignores the underlying sub-
structure, fares poorly on background rejection. CA MD-
F performs well both on mass resolution and background
rejection.

The above results were obtained with HERWIG 6.510
[17,18] with JIMMY 4.31 [19] for the underlying event,
which has been used throughout the subsequent analysis.
The signal reconstruction was also cross checked using
PYTHIA 6.403 [20]. In both cases, the underlying event
model was chosen in line with the tunes currently used
by ATLAS and CMS (see for example [21]). [The non-
default parameter setting are: PRSOF ! 0, JMRAD"73$ !
1:8, PTJIM ! 4:9 GeV, JMUEO ! 1, with CTEQ6L [22]
PDFs.] The leading-logarithmic parton shower approxima-
tion used in these programs have been shown to model jet
substructure well in a wide variety of processes [23–28].
For this analysis, signal samples of WH;ZH were gener-
ated, as well as WW, ZW, ZZ, Z% jet, W % jet, t"t, single
top and dijets to study backgrounds. All samples corre-

b Rbb
Rfilt

Rbbg

b

R

mass drop filter

FIG. 1. The three stages of our jet analysis: starting from a
hard massive jet on angular scale R, one identifies the Higgs
neighborhood within it by undoing the clustering (effectively
shrinking the jet radius) until the jet splits into two subjets each
with a significantly lower mass; within this region, one then
further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining
hard perturbative radiation from the Higgs decay products.
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CMS `24

World-leading limits  
on BSM for light  Z′ 

• This has had a tremendous impact on carrying out new physics searches and the need to study 
energy flux in QCD.
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JET SUBSTRUCTURE: STUDYING ENERGY FLOW INSIDE JETS

• Therefore, important Standard Model and BSM questions are also encoded in the energy flow inside jets. 
This motivates a dedicated, precision theoretical program and tools to decode the energy flow inside jets.

5 /40
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new theory insight needed!

• Limits for light  through jet substructure [CMS, 26`]Z′￼

SM measurement, Search for BSM, anomaly detection 

Jet Substructure 
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Can we do precision physics inside jets?  

How to compute jet substructure through first principle QCD?
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Can we do precision physics inside jets?  

How to compute jet substructure through first principle QCD?

Use energy correlators!



Correlation function
CMB v.s. Collider
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CMB One event at a lepton collider 
(generated with Pythia)

Kyle Lee
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Much like cosmology, we infer 
microscopic (early time) physics  
from asymptotic (late time) energy flux

DECODING ASYMPTOTIC ENERGY FLUX IN COLLIDERS

We probe primordial perturbations by  
analyzing correlations in the CMB

From QFT point of view,  
what field theoretic observables  
describe this patterns of energy flux?

6 /40
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DETECTORS IN QFT
From QFT point of view, what is a detector?
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From the perspective of QFT, jet substructure is the 
study of correlation functions of energy flow operators.

= energy correlators!
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DETECTORS IN QFT
From QFT point of view, what is a detector?
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h | | i<latexit sha1_base64="CjsVUK2FB7GO+03zOPEiaR+Y5Vw=">AAACK3icbVDLSgMxFE3qq9ZXq0s3wSLUTZkRqS6LblxWsA9oh5LJZNrQTDIkGbEM/Qy3+gV+jSvFrf9hpp2FbT0QOJxzL/fk+DFn2jjOJyxsbG5t7xR3S3v7B4dH5cpxR8tEEdomkkvV87GmnAnaNsxw2osVxZHPadef3GV+94kqzaR4NNOYehEeCRYygo2V+rXBGJtUzIbuxbBcderOHGiduDmpghytYQWWBoEkSUSFIRxr3Xed2HgpVoYRTmelQaJpjMkEj2jfUoEjqr10nnmGzq0SoFAq+4RBc/XvRoojraeRbycjbMZ61cvEf73nxYElLdDZkWXNj1YSmvDGS5mIE0MFWQQME46MRFlxKGCKEsOnlmCimP0jImOsMDG23pJtz13tap10Lutuo954uKo2b/Mei+AUnIEacME1aIJ70AJtQIAEL+AVvMF3+AG/4PditADznROwBPjzC2KPp4M=</latexit>

(n̂1)
<latexit sha1_base64="cFQko4kjeXMRQlfMal1FAjYp8I0=">AAACK3icbVDLSgMxFE181vpqdekmWIS6KTMi1WXRjSupYB/QDiWTybShmWRIMmIZ+hlu9Qv8GleKW//DTDsL23ogcDjnXu7J8WPOtHGcT7i2vrG5tV3YKe7u7R8clspHbS0TRWiLSC5V18eaciZoyzDDaTdWFEc+px1/fJv5nSeqNJPi0Uxi6kV4KFjICDZW6lX7I2xSMR3cnw9KFafmzIBWiZuTCsjRHJRhsR9IkkRUGMKx1j3XiY2XYmUY4XRa7CeaxpiM8ZD2LBU4otpLZ5mn6MwqAQqlsk8YNFP/bqQ40noS+XYywmakl71M/Nd7nh9Y0AKdHVnU/GgpoQmvvZSJODFUkHnAMOHISJQVhwKmKDF8Ygkmitk/IjLCChNj6y3a9tzlrlZJ+6Lm1mv1h8tK4ybvsQBOwCmoAhdcgQa4A03QAgRI8AJewRt8hx/wC37PR9dgvnMMFgB/fgGVFaeg</latexit>

(n̂N )<latexit sha1_base64="jaleGorbBYhQXaPazLsnSyE2Fuo=">AAACJnicbVDLSgMxFE181vHV6tLNYBFclRmR6rLoxmUF+4B2KJlMpo3NY0gyYhn6D271C/wadyLu/BQz7Sxs64HA4Zx7uScnTBjVxvO+4dr6xubWdmnH2d3bPzgsV47aWqYKkxaWTKpuiDRhVJCWoYaRbqII4iEjnXB8m/udJ6I0leLBTBIScDQUNKYYGSu1+ziSRg/KVa/mzeCuEr8gVVCgOahApx9JnHIiDGZI657vJSbIkDIUMzJ1+qkmCcJjNCQ9SwXiRAfZLO7UPbNK5MZS2SeMO1P/bmSIaz3hoZ3kyIz0speL/3rP8wMLWqTzI4tayJcSmvg6yKhIUkMEngeMU+Ya6eaduRFVBBs2sQRhRe0fXTxCCmFjm3Vse/5yV6ukfVHz67X6/WW1cVP0WAIn4BScAx9cgQa4A03QAhg8ghfwCt7gO/yAn/BrProGi51jsAD48wsqZqXq</latexit>· · ·

From the perspective of QFT, jet substructure is the 
study of correlation functions of energy flow operators.

= energy correlators!

<latexit sha1_base64="PSRiHsXQdHP2pPxwptlGUexMy48=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqhuh6MZlC/YB7VAymUwbmmSGJCOW0i9wq1/g17gTd+LPmGlnYVsPBA7n3Ms9OUHCmTau+w0LG5tb2zvFXWdv/+DwqFQ+bus4VYS2SMxj1Q2wppxJ2jLMcNpNFMUi4LQTjO8zv/NElWaxfDSThPoCDyWLGMHGSs3bQaniVt050DrxclIBORqDMnT6YUxSQaUhHGvd89zE+FOsDCOczpx+qmmCyRgPac9SiQXV/nSedIbOrRKiKFb2SYPm6t+NKRZaT0RgJwU2I73qZeK/3vPiwJIW6uzIshaIlYQmuvGnTCapoZIsAkYpRyZGWV0oZIoSwyeWYKKY/SMiI6wwMbZUx7bnrXa1TtqXVa9WrTWvKvW7vMciOAVn4AJ44BrUwQNogBYggIIX8Are4Dv8gJ/wazFagPnOCVgC/PkFiFSjfA==</latexit>=

Energy Flow Operators
<latexit sha1_base64="BOVr4Ak+rFOvRzZrU5YJ3mWU/Ug="></latexit>

E(~n) =
Z 1

0
dt lim

r!1
r2niT0i(t, r~n)

<latexit sha1_base64="Rn0WhyrUeuHwpyjLZBJixlUmmGI=">AAACIXicbVDLSgMxFM34rPU1PnZugkWomzIjRV0WRXBZwT6gM5RMmmlDk8yQZMQ69F8EV/on7sSd+B+uzbSzsK0HAodz7uWenCBmVGnH+bKWlldW19YLG8XNre2dXXtvv6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLzO/NYDkYpG4l6PYuJz1Bc0pBhpI3XtQ48jPcCIpTfjsjdAOhXj065dcirOBHCRuDkpgRz1rv3j9SKccCI0ZkipjuvE2k+R1BQzMi56iSIxwkPUJx1DBeJE+ekk/RieGKUHw0iaJzScqH83UsSVGvHATGZZ1byXif96j9MDM1rA59Lo8NJPqYgTTQSehgkTBnUEs7pgj0qCNRsZgrCk5j8QD5BEWJtSi6Yod76WRdI8q7jnlepdtVS7yisrgCNwDMrABRegBm5BHTQABk/gGbyCN+vFerc+rM/p6JKV7xyAGVjfv4SopGs=</latexit>

E(n̂)
<latexit sha1_base64="bhm7SkpGgZa8bWiLz/xwdnK2Mls=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBF0U2akqMuiG5cV7APaoWTStA3NZIbkjliG/oTgSv/Enbj1A/wR16btLGzrgcDhnHu5JyeIpTDout/Oyura+sZmbiu/vbO7t184OKybKNGM11gkI90MqOFSKF5DgZI3Y81pGEjeCIa3E7/xyLURkXrAUcz9kPaV6AlG0UrN9oBiqsbnnULRLblTkGXiZaQIGaqdwk+7G7Ek5AqZpMa0PDdGP6UaBZN8nG8nhseUDWmftyxVNOTGT6d5x+TUKl3Si7R9CslU/buR0tCYURjYyZDiwCx6E/Ff72l2YE4LwoU02Lv2U6HiBLliszC9RBKMyKQg0hWaM5QjSyjTwv6HsAHVlKGtMW+L8hZrWSb1i5J3WSrfl4uVm6yyHBzDCZyBB1dQgTuoQg0YSHiGV3hzXpx358P5nI2uONnOEczB+foFadSfJw==</latexit>

n̂)

<latexit sha1_base64="6XxWEUvYmCa3j4Rxs3XWTTS7Sh0="></latexit>

E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

<latexit sha1_base64="LUGFpPYdI/uiGU1mcGthom/mni0="></latexit>

h |E(n̂1) · · · E(n̂N )| i
<latexit sha1_base64="jrg2Q30/L8LLZTBNXMDjEzAhU/4="></latexit>

hE(n̂1) · · · E(n̂N )i ⌘
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Kyle Lee

DETECTORS IN QFT
From QFT point of view, what is a detector?

<latexit sha1_base64="fmiWSj4QhIZ4W5p13zlrCa7xbgA=">AAACXnicbVFNTwIxEO2uiogioBcTLxuJiQdDdolBDx6IXjxiIh8JS0i3DNDQdjdt10gW/oy/xqvevPlTLLAHAWfS5OW9mczMaxAxqrTrflv2zu5eZj97kDs8yh8XiqWTlgpjSaBJQhbKToAVMCqgqalm0IkkYB4waAeTx4XefgWpaChe9DSCHscjQYeUYG2ofvHeZ1iMGPjX6znzxyrCBJIq4fPZpurLZVO/WHYr7jKcbeCloIzSaPRLVs4fhCTmIDRhWKmu50a6l2CpKWEwz/mxAjN2gkfQNVBgDqqXLM+cO5eGGTjDUJontLNk/3YkmCs15YGp5FiP1aa2IP/V3lYD1riBWgxZ5wK+saEe3vUSKqJYgyCrBYcxc3ToLLx2BlQC0WxqACaSmhsdMsYSE21+JGfc8za92gatasWrVWrPN+X6Q+pjFp2jC3SFPHSL6ugJNVATEfSOPtAn+rJ+7IydtwurUttKe07RWthnv7jRtag=</latexit>

h | | i<latexit sha1_base64="CjsVUK2FB7GO+03zOPEiaR+Y5Vw=">AAACK3icbVDLSgMxFE3qq9ZXq0s3wSLUTZkRqS6LblxWsA9oh5LJZNrQTDIkGbEM/Qy3+gV+jSvFrf9hpp2FbT0QOJxzL/fk+DFn2jjOJyxsbG5t7xR3S3v7B4dH5cpxR8tEEdomkkvV87GmnAnaNsxw2osVxZHPadef3GV+94kqzaR4NNOYehEeCRYygo2V+rXBGJtUzIbuxbBcderOHGiduDmpghytYQWWBoEkSUSFIRxr3Xed2HgpVoYRTmelQaJpjMkEj2jfUoEjqr10nnmGzq0SoFAq+4RBc/XvRoojraeRbycjbMZ61cvEf73nxYElLdDZkWXNj1YSmvDGS5mIE0MFWQQME46MRFlxKGCKEsOnlmCimP0jImOsMDG23pJtz13tap10Lutuo954uKo2b/Mei+AUnIEacME1aIJ70AJtQIAEL+AVvMF3+AG/4PditADznROwBPjzC2KPp4M=</latexit>

(n̂1)
<latexit sha1_base64="cFQko4kjeXMRQlfMal1FAjYp8I0=">AAACK3icbVDLSgMxFE181vpqdekmWIS6KTMi1WXRjSupYB/QDiWTybShmWRIMmIZ+hlu9Qv8GleKW//DTDsL23ogcDjnXu7J8WPOtHGcT7i2vrG5tV3YKe7u7R8clspHbS0TRWiLSC5V18eaciZoyzDDaTdWFEc+px1/fJv5nSeqNJPi0Uxi6kV4KFjICDZW6lX7I2xSMR3cnw9KFafmzIBWiZuTCsjRHJRhsR9IkkRUGMKx1j3XiY2XYmUY4XRa7CeaxpiM8ZD2LBU4otpLZ5mn6MwqAQqlsk8YNFP/bqQ40noS+XYywmakl71M/Nd7nh9Y0AKdHVnU/GgpoQmvvZSJODFUkHnAMOHISJQVhwKmKDF8Ygkmitk/IjLCChNj6y3a9tzlrlZJ+6Lm1mv1h8tK4ybvsQBOwCmoAhdcgQa4A03QAgRI8AJewRt8hx/wC37PR9dgvnMMFgB/fgGVFaeg</latexit>

(n̂N )<latexit sha1_base64="jaleGorbBYhQXaPazLsnSyE2Fuo=">AAACJnicbVDLSgMxFE181vHV6tLNYBFclRmR6rLoxmUF+4B2KJlMpo3NY0gyYhn6D271C/wadyLu/BQz7Sxs64HA4Zx7uScnTBjVxvO+4dr6xubWdmnH2d3bPzgsV47aWqYKkxaWTKpuiDRhVJCWoYaRbqII4iEjnXB8m/udJ6I0leLBTBIScDQUNKYYGSu1+ziSRg/KVa/mzeCuEr8gVVCgOahApx9JnHIiDGZI657vJSbIkDIUMzJ1+qkmCcJjNCQ9SwXiRAfZLO7UPbNK5MZS2SeMO1P/bmSIaz3hoZ3kyIz0speL/3rP8wMLWqTzI4tayJcSmvg6yKhIUkMEngeMU+Ya6eaduRFVBBs2sQRhRe0fXTxCCmFjm3Vse/5yV6ukfVHz67X6/WW1cVP0WAIn4BScAx9cgQa4A03QAhg8ghfwCt7gO/yAn/BrProGi51jsAD48wsqZqXq</latexit>· · ·

From the perspective of QFT, jet substructure is the 
study of correlation functions of energy flow operators.

= energy correlators!

<latexit sha1_base64="PSRiHsXQdHP2pPxwptlGUexMy48=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqhuh6MZlC/YB7VAymUwbmmSGJCOW0i9wq1/g17gTd+LPmGlnYVsPBA7n3Ms9OUHCmTau+w0LG5tb2zvFXWdv/+DwqFQ+bus4VYS2SMxj1Q2wppxJ2jLMcNpNFMUi4LQTjO8zv/NElWaxfDSThPoCDyWLGMHGSs3bQaniVt050DrxclIBORqDMnT6YUxSQaUhHGvd89zE+FOsDCOczpx+qmmCyRgPac9SiQXV/nSedIbOrRKiKFb2SYPm6t+NKRZaT0RgJwU2I73qZeK/3vPiwJIW6uzIshaIlYQmuvGnTCapoZIsAkYpRyZGWV0oZIoSwyeWYKKY/SMiI6wwMbZUx7bnrXa1TtqXVa9WrTWvKvW7vMciOAVn4AJ44BrUwQNogBYggIIX8Are4Dv8gJ/wazFagPnOCVgC/PkFiFSjfA==</latexit>=

Energy Flow Operators
<latexit sha1_base64="BOVr4Ak+rFOvRzZrU5YJ3mWU/Ug="></latexit>

E(~n) =
Z 1

0
dt lim

r!1
r2niT0i(t, r~n)

<latexit sha1_base64="Rn0WhyrUeuHwpyjLZBJixlUmmGI=">AAACIXicbVDLSgMxFM34rPU1PnZugkWomzIjRV0WRXBZwT6gM5RMmmlDk8yQZMQ69F8EV/on7sSd+B+uzbSzsK0HAodz7uWenCBmVGnH+bKWlldW19YLG8XNre2dXXtvv6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLzO/NYDkYpG4l6PYuJz1Bc0pBhpI3XtQ48jPcCIpTfjsjdAOhXj065dcirOBHCRuDkpgRz1rv3j9SKccCI0ZkipjuvE2k+R1BQzMi56iSIxwkPUJx1DBeJE+ekk/RieGKUHw0iaJzScqH83UsSVGvHATGZZ1byXif96j9MDM1rA59Lo8NJPqYgTTQSehgkTBnUEs7pgj0qCNRsZgrCk5j8QD5BEWJtSi6Yod76WRdI8q7jnlepdtVS7yisrgCNwDMrABRegBm5BHTQABk/gGbyCN+vFerc+rM/p6JKV7xyAGVjfv4SopGs=</latexit>

E(n̂)
<latexit sha1_base64="bhm7SkpGgZa8bWiLz/xwdnK2Mls=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBF0U2akqMuiG5cV7APaoWTStA3NZIbkjliG/oTgSv/Enbj1A/wR16btLGzrgcDhnHu5JyeIpTDout/Oyura+sZmbiu/vbO7t184OKybKNGM11gkI90MqOFSKF5DgZI3Y81pGEjeCIa3E7/xyLURkXrAUcz9kPaV6AlG0UrN9oBiqsbnnULRLblTkGXiZaQIGaqdwk+7G7Ek5AqZpMa0PDdGP6UaBZN8nG8nhseUDWmftyxVNOTGT6d5x+TUKl3Si7R9CslU/buR0tCYURjYyZDiwCx6E/Ff72l2YE4LwoU02Lv2U6HiBLliszC9RBKMyKQg0hWaM5QjSyjTwv6HsAHVlKGtMW+L8hZrWSb1i5J3WSrfl4uVm6yyHBzDCZyBB1dQgTuoQg0YSHiGV3hzXpx358P5nI2uONnOEczB+foFadSfJw==</latexit>

n̂)

<latexit sha1_base64="6XxWEUvYmCa3j4Rxs3XWTTS7Sh0="></latexit>

E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

<latexit sha1_base64="LUGFpPYdI/uiGU1mcGthom/mni0="></latexit>

h |E(n̂1) · · · E(n̂N )| i
<latexit sha1_base64="jrg2Q30/L8LLZTBNXMDjEzAhU/4="></latexit>

hE(n̂1) · · · E(n̂N )i ⌘

7

Caron-Huot, Kologlu, Kravchuk, Meltzer, Simmons-Duffin`22
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Introduction to Energy Correlators

10

dσ
d cos θ

= ∑
X

∫ dσe+e−→X ∑
a,b∈X

EaEb

Q2
δ(cos(θab) − cos(θ))

• Energy flux & One point energy correlator 

• The Energy-Energy Correlator (EEC)
[Basham, Brown, Ellis, Love, `78]

Kyle Lee

Sterman `75

“Energy flow becomes the focus of computability”

ENERGY CORRELATORS

Basham, Brown, Ellis, Love, `78

<latexit sha1_base64="3ZDDiQEIcLRj9j3UGAqoQMoPzSY=">AAACPnicbZDNSsNAEMc3ftb41epRD4tFqJeSiFSPRRE8VrAf0ISy2WzapZtN2N2IJfTi03jVJ/A1fAFv4tWjmzQH2zow8Oc3M8zM34sZlcqyPoyV1bX1jc3Slrm9s7u3X64cdGSUCEzaOGKR6HlIEkY5aSuqGOnFgqDQY6TrjW+yeveRCEkj/qAmMXFDNOQ0oBgpjQblY4chPmTECZEaYcTS22mNnzkih4Ny1apbecBlYReiCopoDSqG6fgRTkLCFWZIyr5txcpNkVAUMzI1nUSSGOExGpK+lhyFRLpp/sYUnmriwyASOrmCOf07kaJQykno6c7sWrlYy+C/tafZgjnmy2zJPPPChQtVcOWmlMeJIhzPDgwSBlUEMy+hTwXBik20QFhQ/SPEIyQQVtpxU7tnL3q1LDrndbtRb9xfVJvXhY8lcAROQA3Y4BI0wR1ogTbA4Bm8gFfwZrwbn8aX8T1rXTGKmUMwF8bPL/bHr1Q=</latexit>

hE(n)i

Stephen Ellis

Discussion of a perturbative computation of 1-point correlation

Calculations of two-point correlation  
to characterize collider events

<latexit sha1_base64="vNL4SmYJsDNNhk4q2U32+918Ffg=">AAACUHicbVHLSsNAFL2prxpfrS7dBIvQbkIiUl0WRXBZwT6gKWUynbRDJ5MwMxFL6F/4NW71C9z5J+50klawrReGOXPuudx7z/gxo1I5zqdR2Njc2t4p7pp7+weHR6XycVtGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/uQ2y3eeiJA04o9qGpN+iEacBhQjpalByfYY4iNGvBCpMUYsvZtV+cCtLb8vap7IZYNSxbGdPKx14C5ABRbRHJQN0xtGOAkJV5ghKXuuE6t+ioSimJGZ6SWSxAhP0Ij0NOQoJLKf5ovNrHPNDK0gEvpwZeXs34oUhVJOQ18rs3nlai4j/809zxsscUOZNVnm/HBlQhVc91PK40QRjucDBgmzVGRl7lpDKghWbKoBwoLqHS08RgJhpf/A1O65q16tg/aF7dbt+sNlpXGz8LEIp3AGVXDhChpwD01oAYYXeIU3eDc+jC/ju2DMpb83nMBSFMwfbFm0XQ==</latexit>

hE(n1)E(n2)i

8 /40

Kyle Lee

Sterman `75

“Energy flow becomes the focus of computability”

ENERGY CORRELATORS

Basham, Brown, Ellis, Love, `78

<latexit sha1_base64="3ZDDiQEIcLRj9j3UGAqoQMoPzSY=">AAACPnicbZDNSsNAEMc3ftb41epRD4tFqJeSiFSPRRE8VrAf0ISy2WzapZtN2N2IJfTi03jVJ/A1fAFv4tWjmzQH2zow8Oc3M8zM34sZlcqyPoyV1bX1jc3Slrm9s7u3X64cdGSUCEzaOGKR6HlIEkY5aSuqGOnFgqDQY6TrjW+yeveRCEkj/qAmMXFDNOQ0oBgpjQblY4chPmTECZEaYcTS22mNnzkih4Ny1apbecBlYReiCopoDSqG6fgRTkLCFWZIyr5txcpNkVAUMzI1nUSSGOExGpK+lhyFRLpp/sYUnmriwyASOrmCOf07kaJQykno6c7sWrlYy+C/tafZgjnmy2zJPPPChQtVcOWmlMeJIhzPDgwSBlUEMy+hTwXBik20QFhQ/SPEIyQQVtpxU7tnL3q1LDrndbtRb9xfVJvXhY8lcAROQA3Y4BI0wR1ogTbA4Bm8gFfwZrwbn8aX8T1rXTGKmUMwF8bPL/bHr1Q=</latexit>

hE(n)i

Stephen Ellis

Discussion of a perturbative computation of 1-point correlation

Calculations of two-point correlation  
to characterize collider events

<latexit sha1_base64="vNL4SmYJsDNNhk4q2U32+918Ffg=">AAACUHicbVHLSsNAFL2prxpfrS7dBIvQbkIiUl0WRXBZwT6gKWUynbRDJ5MwMxFL6F/4NW71C9z5J+50klawrReGOXPuudx7z/gxo1I5zqdR2Njc2t4p7pp7+weHR6XycVtGicCkhSMWia6PJGGUk5aiipFuLAgKfUY6/uQ2y3eeiJA04o9qGpN+iEacBhQjpalByfYY4iNGvBCpMUYsvZtV+cCtLb8vap7IZYNSxbGdPKx14C5ABRbRHJQN0xtGOAkJV5ghKXuuE6t+ioSimJGZ6SWSxAhP0Ij0NOQoJLKf5ovNrHPNDK0gEvpwZeXs34oUhVJOQ18rs3nlai4j/809zxsscUOZNVnm/HBlQhVc91PK40QRjucDBgmzVGRl7lpDKghWbKoBwoLqHS08RgJhpf/A1O65q16tg/aF7dbt+sNlpXGz8LEIp3AGVXDhChpwD01oAYYXeIU3eDc+jC/ju2DMpb83nMBSFMwfbFm0XQ==</latexit>

hE(n1)E(n2)i

8 /40

[Sterman, `75]

Kyle Lee

Sterman `75

“Energy flow becomes the focus of computability”

ENERGY CORRELATORS

Basham, Brown, Ellis, Love, `78

<latexit sha1_base64="3ZDDiQEIcLRj9j3UGAqoQMoPzSY=">AAACPnicbZDNSsNAEMc3ftb41epRD4tFqJeSiFSPRRE8VrAf0ISy2WzapZtN2N2IJfTi03jVJ/A1fAFv4tWjmzQH2zow8Oc3M8zM34sZlcqyPoyV1bX1jc3Slrm9s7u3X64cdGSUCEzaOGKR6HlIEkY5aSuqGOnFgqDQY6TrjW+yeveRCEkj/qAmMXFDNOQ0oBgpjQblY4chPmTECZEaYcTS22mNnzkih4Ny1apbecBlYReiCopoDSqG6fgRTkLCFWZIyr5txcpNkVAUMzI1nUSSGOExGpK+lhyFRLpp/sYUnmriwyASOrmCOf07kaJQykno6c7sWrlYy+C/tafZgjnmy2zJPPPChQtVcOWmlMeJIhzPDgwSBlUEMy+hTwXBik20QFhQ/SPEIyQQVtpxU7tnL3q1LDrndbtRb9xfVJvXhY8lcAROQA3Y4BI0wR1ogTbA4Bm8gFfwZrwbn8aX8T1rXTGKmUMwF8bPL/bHr1Q=</latexit>
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Fig. 4. Dependence ofcq (Mzo) (solid curves) and 22/d.o.f. (dashed 
curves) on xz for NLLA+ G(e~) fits to the OPAL data. In all 
cases ln(R)-matching was used, with the exception of ZEEC, for 
which modified R-matching was chosen 

be taken to refer to oq ( M z o ) .  We used the In (R )-matching 
scheme to combine the N L L A  and O ( e  2) calculations, 
except for XEE c where the modified R-matching scheme 
was used instead. The use of other matching schemes will 
be discussed in detail below. The fit results are listed in 
Table 5. The data corrected to the par ton level are shown 
in Figs. 2 and 3, with the N L L A +  ~ ( e ~ )  fits superim- 
posed. The dependence of~ s and x2/d.o.f,  on x u is shown 
in Fig. 4. The fits with x u = 1 yield acceptable values of 
x2/d.o.f.  (less than 10 for all observables except B w ) ,  
though they are all greater than unity, as might be ex- 
pected since the theory is known to lack some higher 
order terms, and also since experimental systematic errors 
have not been included at this stage. In the case of M/~, 
B w and B r the theory is seen to diverge from the data at 
high values; this arises because the N L L A  calculations 
are not constrained to fall to zero at the upper kinematic 
limit; the introduction of the modified In (R)-matching 
scheme substantially reduces this problem. Five of the 
observables give very similar values of as, while B w gives 
a rather lower value, and ZEE C a higher result. In the fits 
where xu is treated as a free parameter, we find that only 
the jet broadening measures favour values of x u much 
smaller than one, while several observables yield a best 
fit with x u > 1. The dependence of  ~2/d.o.f. on x u is 
particularly weak for ( 1 -  T) and R2, so that the fitted 
parameters are very poorly determined. 

For  comparison, Table 6 shows corresponding fit 
results using G ( e  2) QCD. The dependence of c~ s and 
x2/d.o.f,  on x u is shown in Fig. 5. Generally the 
cY(0~) calculations give a significantly better X 2 when a 
value x u ~ 1 is adopted, the only exception being B r .  This 
strong scale dependence is an indication of  substantial 
missing higher order contributions. Comparing with the 
N L L A  fit results in Table 5 we note that in several cases 
the inclusion of the N L L A  terms in the QCD calculation 
improves the fit to the data for x u = 1. However, the 
~y (e2) fits with optimised scale generally yield values of 
;~2/d.o.f. as good as those obtained from the N L L A  cal- 
culations. The most striking aspect of the N L L A  fits is 
the elimination of the preference for very small x u values. 

In Table 7 we show the effect of using different match- 
ing schemes to combine the N L L A  and G (es 2) calcula- 
tions. As discussed above, and in [23], the R-matching 
scheme is theoretically less favoured, since it fails to ex- 
ponentiate some terms which are exponentiated in the 
ln(R)-  or modified R-schemes. The fits to the data are 
poor in the R-scheme for B w and B r (for which the co- 
efficient G21 is particularly large), and to a lesser extent 
for Mn,  R 2 and ~ The modified R-scheme, in which the 
deficiencies of the naive R-scheme are remedied by ex- 
ponentiating the Gal term, yields results which are very 
close to the In (R)-scheme. The modified In (R)-scheme, 
in which correct behaviour of  the N L L A  calculations is 
enforced near the kinematic limit, gives a significantly 
improved fit to the data for M n ,  B r ,  and particularly 
B w ,  though the value of0~ s is scarcely affected. We there- 
fore use the In (R)-matching scheme to obtain our stan- 
dard results through this analysis, except for 2TEE c, where 
the modified R-scheme is used instead. 
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dσ
d cos χ

= ∑
X

∫ dσe+e−→X ∑
a,b∈X

EaEb

Q2
δ(cos(θab) − cos(χ))

• The Energy-Energy Correlator (EEC)

Collinear limit 
[Dixon, Moult, Zhu, `19; …]

Back-to-back limit 
[Moult, Zhu, `18; …] 
N LL [Duhr, Mistlberger, Vita, `22]4

[Basham, Brown, Ellis, Love, `78]

[OPAL collaboration, `93]

                               Fixed order 
Analytic NLO [Dixon, Luo, Shtabovenko, Yang, Zhu, `18] 
Numerical NNLO [Del Duca, Duhr, Kardos, Somogyi, Trócsányi, `16]

Kyle Lee

Sterman `75

“Energy flow becomes the focus of computability”

ENERGY CORRELATORS

Basham, Brown, Ellis, Love, `78
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• Extensions: transverse EEC, multi-point 
energy correlators, different processes, … 

• Exciting for theory: perturbative calculations, 
non-perturbative effects, jet substructure, 
connection to CFT, gravity… 

• Probe for phenomena: SM parameters 
like  and masses, perturbative QCD 
dynamics, confinement, heavy-ion physics, 
nuclear physics, …

αs

The High Multiplicity Regime

• A complementary regime: high multiplicity
• Collisions with E � mgap

• Conformal Field Theories

Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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• Good observables are correlations in fluxes at (null) infinity.
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dσ
d cos χ

= ∑
X

∫ dσe+e−→X ∑
a,b∈X

EaEb

Q2
δ(cos(θab) − cos(χ))

• The Energy-Energy Correlator (EEC) [Basham, Brown, Ellis, Love, `78]

Zhiquan Sun (MIT)SCET 2024, Salamanca

Image: 1801.02627

• Energy correlators: strong connection to QFT


• Different from standard collider observable


• Simple factorization in kinematic limits


• Can predict nonperturbative  
behavior away from  
kinematic endpoints


• Phenomenology: extract , , …αs mt

3

χ
Motivation



• Want to study the decay of heavy particles (H, Z, W, t) in high 
energy colliders (LHC, future e+e- collider, …)


• Why? Precision QCD & EW, constraining BSM, searching for new 
physics

Motivation

Kyle Lee

JET SUBSTRUCTURE : 
ELECTROWEAK SCALE AND NEW PHYSICS

32

• Since its first introduction in 2008 by Butterworth, Davison, Rubin and Salam to reconstruct Higgs, 
modern jet substructure studies have been widely used for electroweak and new heavy resonances.

• In parallel, a surge of ML techniques now enables more efficient tagging of these objects.

Can we do precision electroweak studies and constrain new physics?
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• Sensitive to polarization of W

Motivation
5

be integrated over.

The amplitudes at leading order are given by
Eq. (8), now with the energy fraction x related
to the angular separation z between the quarks by
x(z) = 1

2 �1 ±
�

1 − z��z�, where the sign is deter-
mined by whether cos ✓∗ is positive or negative. At
this order in the perturbative expansion, there is
a minimal separation between quarks given by z�,
equal for all vector polarizations. The product of the
quark energies is given by EqEq̄�E

2
= x(1 − x) = z�

4z ,
so the spectrum peaks at z ∼ z� for all entries of the
density matrix. This is shown in Fig. 4 for the diago-
nal ones. Since the longitudinal entry also behaves as
∝ x(1−x), the longitudinal peak is more pronounced
than the one of the transverse distribution.

Two e↵ects resolve the peak and give a contribu-
tion for lower z. First, the finite decay width of the
vector gives a small width of order ∼ �V �mV to the
peak in the energy correlator. However, this e↵ect is
subleading with respect the one given by the QCD
radiation from the quarks. Indeed, the width of the
peak corresponds to the angular scale where the cor-
relator enters in the scaling regime. Such scaling
regime has received recent attention [29, 34] since
it can be described as an operator product expan-
sion of null-ray operators [31, 43]. For our purposes,
it is su�cient to say that this regime is purely con-
trolled by QCD, the z dependence does not depend
on the quark helicity, and apparently it does not o↵er
any information that can be used to disentangle the
di↵erent contributions of the diagonal entries of the
decay density matrix. Below the ∼ (fewGeV)2�E2

scale, one can observe deviations due to hadroniza-
tion [44–46].

O↵-diagonal entries: Interference.— Both one-
and two-point correlators of the decay density ma-
trix depend on the azimuthal angles ��E� and ��EE�,
see Fig 1, which we will denote generically �. The
dependence is fixed to be d⇢Vh′h ∝ ei(h−h′)�. If we use
observables that are inclusive in �, like the invariant
mass of the process or the pT of the vectors, only
the diagonal terms with h = h′ contribute while the
o↵-diagonal ones with h ≠ h′ integrate to zero, giving
the usual factorized picture of production rate times
decay rate. Having control on the azimuthal angle �
allows to be sensitive to the interference between the
production of di↵erent vector polarizations.

While this is inherently interesting, from a BSM
perspective the attractiveness of being sensitive to

FIG. 4: Two-point energy correlator of a
W -boson jet. Both transverse and longitudinal
distributions show a peak at the angular scale
z� =m2

V �E
2. For lower z, one explores the

scaling regime of the individual quark sub-jets.
At very small angular scales z ∼ GeV2

�E2,
hadronization enters and cuts o↵ the correlator.

interference terms is twofold. First, in the case of
diboson production, while SM amplitudes are domi-
nated by opposite-helicity transverse vectors, dimen-
sion six operators a↵ect the production of either
same-helicity vectors of longitudinally-polarized vec-
tors. Therefore, interference terms between the dom-
inant SM amplitudes and the BSM contribution have
non-trivial � dependence. Second, inclusive observ-
ables with quadratic sensitivity to EFT coe�cients
tend to be dominated by the high-energy tail of the
distribution, which might induce problems with the
EFT interpretation. Interference is linearly sensitive
to higher dimension operators, allowing to interpret
the constraints in a broader class of theories [16].

There are two types of interference depending on
�h ≡ h−h′. Interference between the di↵erent trans-
verse polarizations has ��h� = 2, while longitudinal-
transverse interference has ��h� = 1. As mentioned
previously, ignorance on whether the calorimeter is
placed on the helicity-plus or helicity-minus quark
amounts to a x → 1 − x and � → ⇡ + � redundancy.
The e↵ect of this redundancy on the ��h� = 1 interfer-
ence will be discussed below. The e↵ect on ��h� = 2
terms is simpler, since the phase ei�h� is left invari-
ant.

As an example, we study diboson production as a
probe of such interference. At high energy, the SM
produces mainly opposite-helicity vectors. Therefore

[figure from Ricci, Riembau, `22]
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• Setting bounds to BSM models?

Motivation

 [CMS, 26`]



Kyle Lee 33Can we do precision electroweak studies and constrain new physics?
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• Concretely, can advancements in energy correlator calculations give precision extraction of 
top quark mass? Need to improve understanding of multi-prong structure and boost
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[Holguin, Moult, Pathak, Procura, `22 
 Holguin, Moult, Pathak, Procura, Schöfbeck, Schwarz, `23, `24]

Motivation
• Improve top mass measurement using EEEC at the LHC



Boost for Higgs EEC
Kyle Lee

BOOSTED HIGGS JETS
34
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• Can we discriminate scalar (Higgs) vs color octet vector (gluons) sourcing heavy quark pairs?

Can we do precision electroweak studies and constrain new physics? /40

b

b̄

H⟶

2

FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.

where

→E (ωn1) E (ωn2)↑XX
(5)

=

∫
d4x eipH ·x

→0|O†
XX

(x)E (ωn1) E (ωn2)OXX(0)|0↑
∫

d4x eipH ·x→0|O†
XX

(x)OXX(0)|0↑
,

with boosted Higgs momentum pH = (EH , ωpH) such that
p
2
H

= m
2
H
. For the decay channels of interest, Ogg =

G
a

µω
G

a,µω and O
bb̄

= ε̄bεb.
As derived in the Supplemental Material, we can relate

the EEC of a boosted Higgs to its rest-frame decay using
a boost kernel Kε as

1

!XX

d!EEC
H→XX

dϑ
=

∫
dϑrest Kε(ϑrest, ϑ)

1

!XX

d!EEC
H→XX

dϑrest
.

(6)

Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
Higgs massmH , the confinement scale ”QCD, the angular
scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
quark mass mb. As we scan across ϑ, the angular scale

1 For notational simplicity, we use ω to denote the rest-frame angle
ωrest in this section.

µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
fined by these parameters. Fig. 1 displays the full angular
distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
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Here, the leading contribution is governed entirely by the
hard scale mH , and thus the distribution is described by
fixed-order calculations at such UV scale. For both H ↔

bb̄ and H ↔ gg decays, we compute these contributions
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µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
tion (describing correlations arising from collinear split-
tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
anomalous dimensions, up to e#ects from ϱ functions.
For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄
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FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
Higgs massmH , the confinement scale ”QCD, the angular
scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
quark mass mb. As we scan across ϑ, the angular scale

1 For notational simplicity, we use ω to denote the rest-frame angle
ωrest in this section.

µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
fined by these parameters. Fig. 1 displays the full angular
distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
governing each of these regions below and describe the
calculation precision used in each region.

The Wide-Angle Region (ϑ ↓ 1): In the wide-angle
region where ϑ ↓ 1, the angular scale is µEEC ↓ mH .
Here, the leading contribution is governed entirely by the
hard scale mH , and thus the distribution is described by
fixed-order calculations at such UV scale. For both H ↔

bb̄ and H ↔ gg decays, we compute these contributions
to NLO, or O(ϖ2
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) accuracy [52, 53].
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µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
tion (describing correlations arising from collinear split-
tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
anomalous dimensions, up to e#ects from ϱ functions.
For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄
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FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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As derived in the Supplemental Material, we can relate
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=
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Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
Higgs massmH , the confinement scale ”QCD, the angular
scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
quark mass mb. As we scan across ϑ, the angular scale

1 For notational simplicity, we use ω to denote the rest-frame angle
ωrest in this section.

µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
fined by these parameters. Fig. 1 displays the full angular
distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
governing each of these regions below and describe the
calculation precision used in each region.

The Wide-Angle Region (ϑ ↓ 1): In the wide-angle
region where ϑ ↓ 1, the angular scale is µEEC ↓ mH .
Here, the leading contribution is governed entirely by the
hard scale mH , and thus the distribution is described by
fixed-order calculations at such UV scale. For both H ↔

bb̄ and H ↔ gg decays, we compute these contributions
to NLO, or O(ϖ2

s
) accuracy [52, 53].

The Collinear Regime (ϑ ↗ 1): As the angle de-
creases into the collinear regime, defined by mb,”QCD ↗

µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
tion (describing correlations arising from collinear split-
tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
anomalous dimensions, up to e#ects from ϱ functions.
For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄

hard function to NLO [60, 61].

Deeper in the collinear limit, the angular scale µEEC ↓

mHϑ/2 eventually becomes sensitive to the infrared
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FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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(x)E (ωn1) E (ωn2)OXX(0)|0↑
∫

d4x eipH ·x→0|O†
XX

(x)OXX(0)|0↑
,

with boosted Higgs momentum pH = (EH , ωpH) such that
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. For the decay channels of interest, Ogg =
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the EEC of a boosted Higgs to its rest-frame decay using
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=
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Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
Higgs massmH , the confinement scale ”QCD, the angular
scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
quark mass mb. As we scan across ϑ, the angular scale

1 For notational simplicity, we use ω to denote the rest-frame angle
ωrest in this section.

µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
fined by these parameters. Fig. 1 displays the full angular
distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
governing each of these regions below and describe the
calculation precision used in each region.

The Wide-Angle Region (ϑ ↓ 1): In the wide-angle
region where ϑ ↓ 1, the angular scale is µEEC ↓ mH .
Here, the leading contribution is governed entirely by the
hard scale mH , and thus the distribution is described by
fixed-order calculations at such UV scale. For both H ↔

bb̄ and H ↔ gg decays, we compute these contributions
to NLO, or O(ϖ2

s
) accuracy [52, 53].

The Collinear Regime (ϑ ↗ 1): As the angle de-
creases into the collinear regime, defined by mb,”QCD ↗

µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
tion (describing correlations arising from collinear split-
tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
anomalous dimensions, up to e#ects from ϱ functions.
For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄

hard function to NLO [60, 61].

Deeper in the collinear limit, the angular scale µEEC ↓
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Figure 3: Generic configuration of the two-point energy correlator. The single rigid body angle is
given by ω. The remaining angles !, ” and ε are Euler angles.

point correlator, it is particularly convenient to work in a frame where the ẑ-axis coincides with

the center of mass direction of the detector configuration, given by 1
2(n

µ

1 + nµ

2). In this frame,

the two detector directions are written as

ωn1 = (
→
z, 0,

→
1↑ z) , ωn2 = (↑

→
z, 0,

→
1↑ z) , (33)

where we chose to orient relative separation between both detectors along the x-axis, any

other choice is related by a redefinition of the azimuthal angle ε. With this choice of the

frame, the sum and di!erence of the detector directions are given by ωn1+ωn2
2 = (0, 0,

→
1↑ z)

and ωn1→ωn2
2 = (

→
z, 0, 0), respectively, so that the tensors in the decomposition in Eq. 32 become

independent of the internal angle z. A generic detector configuration obtained by an Euler

rotation is illustrated in Fig. 3. Projecting the hadronic tensor in the polarization basis gives

HEE

H1
EE
/3

= (1↑ c+
1

2
b)H±↑ +

3

2
bH±± + (1 + 2c↑ b)H00 , (34)

where H±↑ = ↑(ϑ+ϑ→ + ϑ→ϑ+), H±± = ϑ+ϑ+ + ϑ→ϑ→, and H00 = ϑ0ϑ0. The functions c(z) and

b(z) carry all non-trivial dynamical information of the spinning correlators and they are the

equivalent of the aE parameter for the one-point correlator of a vector current. They are defined

as

c(z) =
Hc

EE
(z)

H1
EE
(z)

and b(z) =
Hb

EE
(z)

H1
EE
(z)

. (35)

In the canonical frame in Eq. 33, the hadronic matrix is diagonal, and the positivity constraints

immediately imply the two-point correlators c(z) and b(z) to lie within the triangle shown in

Fig. 4, whose boundaries are given by the inequalities

1 + 2c(z)↑ b(z) ↓ 0 , 1↑ c(z) + 2b(z) ↓ 0 , 1↑ c(z)↑ b(z) ↓ 0 . (36)
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ni → n′￼i =
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λ( ⃗ni) = (Λ ⋅ ni)0

boost

[figure from Riembau, Son `25]

EEC     EEC(z) ⟶ (z′￼)

• Need to integrate over


• In the rest frame, Higgs EEC depends only on θ

10

from the azimuthal angle of ωn2 with respect to ωn1 and 4ε from integrating over the orientation of ωn1 in the celestial
sphere, with respect to which the decay is isotropic. Note also that m2

H
in the overall normalization at rest is the total

energy component of the decaying particle at rest. This energy component transforms under boost to E
2
H

= ϑ
2
m

2
H
.

Using Eq. (10), Eq. (12), and the transformation of solid angle measure under boost d2!ωn
→
i
= ϖ(ωni)→2

d
2!ωni

, we can

rewrite the z
↑-di”erential EEC distribution for the boosted frame, with the boost direction defined by ωϱ, as

1

#

d#

dz↑
=

1

ϑ2m2
H

∫
d
2!ωn1d

2!ωn2 ϖ(ωn1)ϖ(ωn2) ς

(
z
↑
→

n1 · n2

2ϖ(ωn1)ϖ(ωn2)

)
↑$|E(ωn1)E(ωn2)|$↓

=
1

ϑ2m2
H

∫
dz

∫
d
2!ωn1d

2!ωn2 ϖ(ωn1)ϖ(ωn2) ς
(
z →

n1 · n2

2

)
ς

(
z
↑
→

n1 · n2

2ϖ(ωn1)ϖ(ωn2)

)
↑$|E(ωn1)E(ωn2)|$↓

=
1

ϑ2m2
H

∫
dz

∫
d
2!

4ε

[∫
4ε 2ε sin φdφ ς

(
z →

n1 · n2

2

)
↑$|E(ωn1)E(ωn2)|$↓

]
z

z↑
ς

(
z
↑
→

z

ϖ(ωn1)ϖ(ωn2)

)

=

∫
dz

(
1

ϑ2

∫
d
2!

4ε

z

z↑
ς

(
z
↑
→

z

ϖ(ωn1)ϖ(ωn2)

))
1

#

d#

dz
↔

∫
dzKε(z, z

↑)
1

#

d#

dz
. (15)

Going from the second to the third line, we have rewritten the solid angle integration of ωn1 and ωn2 into di”erential
measure in angle φ = arccos(ωn1 · ωn2) and solid angle integration measure d

2! describing the orientation of the ωn1 and

ωn2 system with respect to the boost direction ωϱ. As the terms in the [· · · ] of the third line do not depend on such
orientation for decays of a scalar source, we are able to explicitly carry out the integral to identify the rest-frame EEC
distribution 1

!
d!
dz

and the boost kernel Kε(z, z↑) that relates the rest and boosted frame EEC distributions.
To derive the analytic form of the boost kernel Kε(z, z↑), we find it convenient to parameterize the rest-frame vectors

ωn1 and ωn2 in terms of ωna and ωnb in the xz-plane and a rotation matrix R as ωn1 = Rna and ωn2 = Rnb. The rotation
R preserves the inner product, ωn1 · ωn2 = ωna · ωnb = cos φ, and ωna,b are parameterized as

ωna =
(
sin

φ

2
, 0, cos

φ

2

)
, ωnb =

(
→ sin

φ

2
, 0, cos

φ

2

)
. (16)

The rotation matrix R is then parameterized by angles (↼,↽) that describe the orientation of the seed vector system

{ωna,ωnb} system with respect to some boost direction ωϱ. Then scaling factors ϖ(ωni) = ϑ(1→ ωϱ · ωni) take the form

ϖ(ωn1) = ϑ(1→ ωϱ · ωn1) = ϑ(1→ ωϱ · (Rωna)) = ϑ →

√
ϑ2 → 1

(
sin

φ

2
cos↽ sin↼+ cos

φ

2
cos↼

)
,

ϖ(ωn2) = ϑ(1→ ωϱ · ωn2) = ϑ(1→ ωϱ · (Rωnb)) = ϑ →

√
ϑ2 → 1

(
→ sin

φ

2
cos↽ sin↼+ cos

φ

2
cos↼

)
. (17)

By performing the angular integration over such rotations d2! = sin↼d↼d↽, the analytic form of the boost kernel can
be derived as

Kε(z, z
↑) =

1

ϑ2

∫
d
2!

4ε

z

z↑
ς

(
z
↑
→

z

ϖ(ωn1)ϖ(ωn2)

)

=
z
3/2 %(m(z, z↑))

2ε ϑ2
√

ϑ2 → 1 z↑5/2 4
√
(1→ z)(1→ z↑)

↗






K
(√

m(z, z↑)
)
, 0 ↘ m(z, z↑) < 1 ,

1√
m(z, z↑)

K
(
1/
√

m(z, z↑)
)
, m(z, z↑) > 1 ,

(18)

where K(k) is the complete elliptic integral of the first kind

K(k) =

∫ 1

0

dt√
(1→ t2) (1→ k2 t2)

, (19)

and the parameter m(z, z↑) in Eq. (18) is given by z, z
↑
, and ϑ as

m(z, z↑) =
2
≃
1→ z

≃
1→ z↑ + z + z

↑ + zz
↑(ϑ2

→ 1)→ 2

4
≃
1→ z

≃
1→ z↑

. (20)

In particular, the boost kernel takes a simple form in the z ⇐ 0 and z ⇐ 1 limits as

Kε(z = 0, z↑) =
4ϑ2

→ 1

3ϑ2
ς(z↑) ,

Kε(z = 1, z↑) =
%(ϑ2

z
↑
→ 1)

2ϑ2
√
ϑ2 → 1 z↑5/2

√
ϑ2z↑ → 1

. (21)

1
Γ

dΓ
dz′￼

= ∫ dz Kγ(z, z′￼)
1
Γ

dΓ
dz

22
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H
in the overall normalization at rest is the total
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Going from the second to the third line, we have rewritten the solid angle integration of ωn1 and ωn2 into di”erential
measure in angle φ = arccos(ωn1 · ωn2) and solid angle integration measure d

2! describing the orientation of the ωn1 and

ωn2 system with respect to the boost direction ωϱ. As the terms in the [· · · ] of the third line do not depend on such
orientation for decays of a scalar source, we are able to explicitly carry out the integral to identify the rest-frame EEC
distribution 1

!
d!
dz

and the boost kernel Kε(z, z↑) that relates the rest and boosted frame EEC distributions.
To derive the analytic form of the boost kernel Kε(z, z↑), we find it convenient to parameterize the rest-frame vectors

ωn1 and ωn2 in terms of ωna and ωnb in the xz-plane and a rotation matrix R as ωn1 = Rna and ωn2 = Rnb. The rotation
R preserves the inner product, ωn1 · ωn2 = ωna · ωnb = cos φ, and ωna,b are parameterized as

ωna =
(
sin

φ

2
, 0, cos

φ

2

)
, ωnb =

(
→ sin

φ
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, 0, cos
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)
. (16)

The rotation matrix R is then parameterized by angles (↼,↽) that describe the orientation of the seed vector system

{ωna,ωnb} system with respect to some boost direction ωϱ. Then scaling factors ϖ(ωni) = ϑ(1→ ωϱ · ωni) take the form
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(
→ sin
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2
cos↼
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By performing the angular integration over such rotations d2! = sin↼d↼d↽, the analytic form of the boost kernel can
be derived as
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↑) =
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where K(k) is the complete elliptic integral of the first kind

K(k) =

∫ 1

0

dt√
(1→ t2) (1→ k2 t2)

, (19)

and the parameter m(z, z↑) in Eq. (18) is given by z, z
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, and ϑ as
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In particular, the boost kernel takes a simple form in the z ⇐ 0 and z ⇐ 1 limits as

Kε(z = 0, z↑) =
4ϑ2
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3ϑ2
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. (21)
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Going from the second to the third line, we have rewritten the solid angle integration of ωn1 and ωn2 into di”erential
measure in angle φ = arccos(ωn1 · ωn2) and solid angle integration measure d

2! describing the orientation of the ωn1 and

ωn2 system with respect to the boost direction ωϱ. As the terms in the [· · · ] of the third line do not depend on such
orientation for decays of a scalar source, we are able to explicitly carry out the integral to identify the rest-frame EEC
distribution 1
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dz

and the boost kernel Kε(z, z↑) that relates the rest and boosted frame EEC distributions.
To derive the analytic form of the boost kernel Kε(z, z↑), we find it convenient to parameterize the rest-frame vectors

ωn1 and ωn2 in terms of ωna and ωnb in the xz-plane and a rotation matrix R as ωn1 = Rna and ωn2 = Rnb. The rotation
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The rotation matrix R is then parameterized by angles (↼,↽) that describe the orientation of the seed vector system

{ωna,ωnb} system with respect to some boost direction ωϱ. Then scaling factors ϖ(ωni) = ϑ(1→ ωϱ · ωni) take the form
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measure in angle φ = arccos(ωn1 · ωn2) and solid angle integration measure d

2! describing the orientation of the ωn1 and

ωn2 system with respect to the boost direction ωϱ. As the terms in the [· · · ] of the third line do not depend on such
orientation for decays of a scalar source, we are able to explicitly carry out the integral to identify the rest-frame EEC
distribution 1
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d
2!

4ε

z

z↑
ς

(
z
↑
→

z

ϖ(ωn1)ϖ(ωn2)

)

=
z
3/2 %(m(z, z↑))

2ε ϑ2
√

ϑ2 → 1 z↑5/2 4
√
(1→ z)(1→ z↑)

↗






K
(√

m(z, z↑)
)
, 0 ↘ m(z, z↑) < 1 ,

1√
m(z, z↑)

K
(
1/
√

m(z, z↑)
)
, m(z, z↑) > 1 ,

(18)

where K(k) is the complete elliptic integral of the first kind

K(k) =

∫ 1

0

dt√
(1→ t2) (1→ k2 t2)

, (19)

and the parameter m(z, z↑) in Eq. (18) is given by z, z
↑
, and ϑ as

m(z, z↑) =
2
≃
1→ z

≃
1→ z↑ + z + z

↑ + zz
↑(ϑ2

→ 1)→ 2

4
≃
1→ z

≃
1→ z↑

. (20)

In particular, the boost kernel takes a simple form in the z ⇐ 0 and z ⇐ 1 limits as

Kε(z = 0, z↑) =
4ϑ2

→ 1

3ϑ2
ς(z↑) ,

Kε(z = 1, z↑) =
%(ϑ2

z
↑
→ 1)

2ϑ2
√
ϑ2 → 1 z↑5/2

√
ϑ2z↑ → 1

. (21)

Elliptic integral of the first kind
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• Very symmetric under 


• Two branches (one closed curve v.s. two curves)

z ↔ z′￼



• EEC sum rules (energy & momentum conservation)


• It relates  with z → 0 z → 1

Aside: EEC Sum Rules
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For 0 < z < 1, depending on the value of m(z, z→), the boost kernel in Eq. (18) lies in di!erent branches (0 →

m(z, z→) < 1 and m(z, z→) > 1)6. We can solve for the range of z, z→ that corresponds to di!erent branches of m(z, z→).
If we fix z at di!erent values, then we find7

• For 0 < z → 1/ω2, we always find m(z, z→) < 1, while the condition m(z, z→) ↑ 0 gives a constraint on the range
of z→ as z

→
↑ → z

→
→ z

→
+, where we define z

→
± below. Therefore, in this regime, the boost kernel always lie in the

first branch 0 → m(z, z→) < 1.

• For 1/ω2
< z < 1, imposing the condition m(z, z→) ↑ 0 constrains the range of z→ to z

→
↑ → z

→
→ 1. Imposing the

m(z, z→) < 1 or m(z, z→) > 1 constraints further separates the range of z→ into z
→
↑ → z

→
< z

→
+ and z

→
+ < z → 1,

respectively. As z
→
↓ z

→
+, we have m(z, z→) ↓ 1 and the boost kernel becomes divergent but the singularity is

integrable there.

The boundary values z→± are defined as

z
→
± =

z
(
ω ↔

√
ω2 ↗ 1

↘
1↗ z

)2 , (22)

which lie between 0 and 1, i.e. 0 → z
→
↑ → z

→
+ → 1.

Finally, in Eq. (6) of the main-text8, the boost kernel was expressed in terms of the angles ε and ε
→ rather than z

and z
→:

1

”

d”

dε→
=

∫
dεKω(ε, ε

→)
1

”

d”

dε
. (23)

The relation between the boost kernels expressed in di!erent variables is simply given by the Jacobian factor as

Kω(ε, ε
→) =

dz
→

dε→
Kω(z, z

→) =
sin ε

2
Kω

(
z =

1↗ cos ε

2
, z

→ =
1↗ cos ε→

2

)
. (24)

EEC Sum Rule and Boost

Energy and momentum conservation imply that the rest-frame EEC distribution for inclusive hadronic decays
satisfies the following sum rule

∫ 1

0
dz

1

”

d”

dz
= 2

∫ 1

0
dz z

1

”

d”

dz
= 1 . (25)

Our boost procedure should preserve such conservation for the boost distribution as well. Normalizing the boosted
distribution by E

2
H

= ω
2
m

2
H
, as shown in Eq. (14), maintains energy conservation exactly, but introduces a 1/ω2

boost factor for the momentum conservation formula, yielding
∫ 1

0
dz

→ 1

”

d”

dz→
= 2ω2

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
= 1 . (26)

We can explicitly show this by
∫ 1

0
dz

→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

[
↗
2(ω2

↗ 1)

3ω2

(
z ↗

1

2

)
+ 1

]
1

”

d”

dz
= 1 ,

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→ z→ Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

z

ω2

1

”

d”

dz
=

1

2ω2
, (27)

where we have first done the dz
→ integrals with Kω in Eq. (18), then used Eq. (25).

6 The condition m(z, z→) < 0 corresponds to a kinematically forbidden configuration. While the algebraic expression for m(z, z→) can be
negative for some choice of z and z

→, such pairs cannot be related by a Lorentz boost and thus lie outside the physical support of the
kernel.

7 Since m(z, z→) is symmetric under z → z
→, the discussion below can also be applied for z when fixing z

→.
8 Note that in Eq. (6), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section they are denoted as ω and ω

→,
respectively.

[Dixon, Moult, Zhu, `19]



• EEC sum rules (energy & momentum conservation)


• First sum rule: obvious from definition,


• Boosted EEC sum rules

EEC Sum Rules

25
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For 0 < z < 1, depending on the value of m(z, z→), the boost kernel in Eq. (18) lies in di!erent branches (0 →

m(z, z→) < 1 and m(z, z→) > 1)6. We can solve for the range of z, z→ that corresponds to di!erent branches of m(z, z→).
If we fix z at di!erent values, then we find7

• For 0 < z → 1/ω2, we always find m(z, z→) < 1, while the condition m(z, z→) ↑ 0 gives a constraint on the range
of z→ as z

→
↑ → z

→
→ z

→
+, where we define z

→
± below. Therefore, in this regime, the boost kernel always lie in the

first branch 0 → m(z, z→) < 1.

• For 1/ω2
< z < 1, imposing the condition m(z, z→) ↑ 0 constrains the range of z→ to z

→
↑ → z

→
→ 1. Imposing the

m(z, z→) < 1 or m(z, z→) > 1 constraints further separates the range of z→ into z
→
↑ → z

→
< z

→
+ and z

→
+ < z → 1,

respectively. As z
→
↓ z

→
+, we have m(z, z→) ↓ 1 and the boost kernel becomes divergent but the singularity is

integrable there.

The boundary values z→± are defined as

z
→
± =

z
(
ω ↔

√
ω2 ↗ 1

↘
1↗ z

)2 , (22)

which lie between 0 and 1, i.e. 0 → z
→
↑ → z

→
+ → 1.

Finally, in Eq. (6) of the main-text8, the boost kernel was expressed in terms of the angles ε and ε
→ rather than z

and z
→:

1

”

d”

dε→
=

∫
dεKω(ε, ε

→)
1

”

d”

dε
. (23)

The relation between the boost kernels expressed in di!erent variables is simply given by the Jacobian factor as

Kω(ε, ε
→) =

dz
→

dε→
Kω(z, z

→) =
sin ε

2
Kω

(
z =

1↗ cos ε

2
, z

→ =
1↗ cos ε→

2

)
. (24)

EEC Sum Rule and Boost

Energy and momentum conservation imply that the rest-frame EEC distribution for inclusive hadronic decays
satisfies the following sum rule

∫ 1

0
dz

1

”

d”

dz
= 2

∫ 1

0
dz z

1

”

d”

dz
= 1 . (25)

Our boost procedure should preserve such conservation for the boost distribution as well. Normalizing the boosted
distribution by E

2
H

= ω
2
m

2
H
, as shown in Eq. (14), maintains energy conservation exactly, but introduces a 1/ω2

boost factor for the momentum conservation formula, yielding
∫ 1

0
dz

→ 1

”

d”

dz→
= 2ω2

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
= 1 . (26)

We can explicitly show this by
∫ 1

0
dz

→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

[
↗
2(ω2

↗ 1)

3ω2

(
z ↗

1

2

)
+ 1

]
1

”

d”

dz
= 1 ,

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→ z→ Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

z

ω2

1

”

d”

dz
=

1

2ω2
, (27)

where we have first done the dz
→ integrals with Kω in Eq. (18), then used Eq. (25).

6 The condition m(z, z→) < 0 corresponds to a kinematically forbidden configuration. While the algebraic expression for m(z, z→) can be
negative for some choice of z and z

→, such pairs cannot be related by a Lorentz boost and thus lie outside the physical support of the
kernel.

7 Since m(z, z→) is symmetric under z → z
→, the discussion below can also be applied for z when fixing z

→.
8 Note that in Eq. (6), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section they are denoted as ω and ω

→,
respectively.
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For 0 < z < 1, depending on the value of m(z, z→), the boost kernel in Eq. (18) lies in di!erent branches (0 →

m(z, z→) < 1 and m(z, z→) > 1)6. We can solve for the range of z, z→ that corresponds to di!erent branches of m(z, z→).
If we fix z at di!erent values, then we find7

• For 0 < z → 1/ω2, we always find m(z, z→) < 1, while the condition m(z, z→) ↑ 0 gives a constraint on the range
of z→ as z

→
↑ → z

→
→ z

→
+, where we define z

→
± below. Therefore, in this regime, the boost kernel always lie in the

first branch 0 → m(z, z→) < 1.

• For 1/ω2
< z < 1, imposing the condition m(z, z→) ↑ 0 constrains the range of z→ to z

→
↑ → z

→
→ 1. Imposing the

m(z, z→) < 1 or m(z, z→) > 1 constraints further separates the range of z→ into z
→
↑ → z

→
< z

→
+ and z

→
+ < z → 1,

respectively. As z
→
↓ z

→
+, we have m(z, z→) ↓ 1 and the boost kernel becomes divergent but the singularity is

integrable there.

The boundary values z→± are defined as

z
→
± =

z
(
ω ↔

√
ω2 ↗ 1

↘
1↗ z

)2 , (22)

which lie between 0 and 1, i.e. 0 → z
→
↑ → z

→
+ → 1.

Finally, in Eq. (6) of the main-text8, the boost kernel was expressed in terms of the angles ε and ε
→ rather than z

and z
→:

1

”

d”

dε→
=

∫
dεKω(ε, ε

→)
1

”

d”

dε
. (23)

The relation between the boost kernels expressed in di!erent variables is simply given by the Jacobian factor as

Kω(ε, ε
→) =

dz
→

dε→
Kω(z, z

→) =
sin ε

2
Kω

(
z =

1↗ cos ε

2
, z

→ =
1↗ cos ε→

2

)
. (24)

EEC Sum Rule and Boost

Energy and momentum conservation imply that the rest-frame EEC distribution for inclusive hadronic decays
satisfies the following sum rule

∫ 1

0
dz

1

”

d”

dz
= 2

∫ 1

0
dz z

1

”

d”

dz
= 1 . (25)

Our boost procedure should preserve such conservation for the boost distribution as well. Normalizing the boosted
distribution by E

2
H

= ω
2
m

2
H
, as shown in Eq. (14), maintains energy conservation exactly, but introduces a 1/ω2

boost factor for the momentum conservation formula, yielding
∫ 1

0
dz

→ 1

”

d”

dz→
= 2ω2

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
= 1 . (26)

We can explicitly show this by
∫ 1

0
dz

→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

[
↗
2(ω2

↗ 1)

3ω2

(
z ↗

1

2

)
+ 1

]
1

”

d”

dz
= 1 ,

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→ z→ Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

z

ω2

1

”

d”

dz
=

1

2ω2
, (27)

where we have first done the dz
→ integrals with Kω in Eq. (18), then used Eq. (25).

6 The condition m(z, z→) < 0 corresponds to a kinematically forbidden configuration. While the algebraic expression for m(z, z→) can be
negative for some choice of z and z

→, such pairs cannot be related by a Lorentz boost and thus lie outside the physical support of the
kernel.

7 Since m(z, z→) is symmetric under z → z
→, the discussion below can also be applied for z when fixing z

→.
8 Note that in Eq. (6), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section they are denoted as ω and ω

→,
respectively.

Higgs EEC notes

June 2025

1 Boost

Rest frame EEC

∑∫

X

∑

i,j→X

dωH(pH)↑X({pi})
EiEj

(
∑

i→X
Ei)2

ε(z → ni · nj/2) (1)

By Lorentz invariance of dω, we have

dωH(pH)↑X({pi}) = dωH(p→
H
=!pH)↑X({p→

i
=!pi}) (2)

where ! is the Boost that takes from the Higgs mass frame to the lab frame.

d”

dz↓

∣∣∣∣
H→↑X→

=
∑∫

X

∑

i,j→X

dωH(p→
H
)↑X({p→

i
})

E↓
i
E↓

j

(
∑

i→X
E↓

i
)2

ε(z↓ → n↓
i
· n↓

j
/2) (3)

=
1

ϑ2m2
H

∑∫

X

∑

i,j→X

dωH(pH)↑X({pi}) EiEjrirj ε
(
z↓ → ni · nj/(2rirj)

)

=
1

ϑ2m2
H

∫
dz

∑∫

X

∑

i,j→X

dωH(pH)↑X({pi}) EiEjε(z → ni · nj/2) rirj ε(z
↓ → z/(rirj)

=
1

4ϖϑ2m2
H

∫
d#

∫
dz

∑∫

X

∑

i,j→X

dωH(pH)↑X({pi}) EiEjε(z → ni · nj/2)ri rj ε(z
↓ → z/(rirj)

=
1

ϑ2m2
H

∫
dz

∑∫

X

∑

i,j→X

dωH(pH)↑X({pi}) EiEjε(z → ni · nj/2)

↑
[
1

4ϖ

∫
d# ri(ϱ#) rj(ϱ#) ε

(
z↓ → z

ri(ϱ#)rj(ϱ#)

)]

=
1

ϑ2

∫
dz

d”

dz

∣∣∣∣
H↑X

↑
[

z

4ϖz↓

∫
d# ε

(
z↓ → z

ri(ϱ#)rj(ϱ#)

)]

=

∫
dzKω(z

↓, z)
d”

dz

∣∣∣∣
H↑X

.

1

1
Γ

dΓ
dz

=
1
σ

• Second sum rule : replace  , then z =
ni ⋅ nj

2
=

pi ⋅ pj

2(Ei ⋅ Ej) ∑
i,j∈X

pi ⋅ pj = m2
H

Can our boost kernel reproduce it?
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For 0 < z < 1, depending on the value of m(z, z→), the boost kernel in Eq. (18) lies in di!erent branches (0 →

m(z, z→) < 1 and m(z, z→) > 1)6. We can solve for the range of z, z→ that corresponds to di!erent branches of m(z, z→).
If we fix z at di!erent values, then we find7

• For 0 < z → 1/ω2, we always find m(z, z→) < 1, while the condition m(z, z→) ↑ 0 gives a constraint on the range
of z→ as z

→
↑ → z

→
→ z

→
+, where we define z

→
± below. Therefore, in this regime, the boost kernel always lie in the

first branch 0 → m(z, z→) < 1.

• For 1/ω2
< z < 1, imposing the condition m(z, z→) ↑ 0 constrains the range of z→ to z

→
↑ → z

→
→ 1. Imposing the

m(z, z→) < 1 or m(z, z→) > 1 constraints further separates the range of z→ into z
→
↑ → z

→
< z

→
+ and z

→
+ < z → 1,

respectively. As z
→
↓ z

→
+, we have m(z, z→) ↓ 1 and the boost kernel becomes divergent but the singularity is

integrable there.

The boundary values z→± are defined as

z
→
± =

z
(
ω ↔

√
ω2 ↗ 1

↘
1↗ z

)2 , (22)

which lie between 0 and 1, i.e. 0 → z
→
↑ → z

→
+ → 1.

Finally, in Eq. (6) of the main-text8, the boost kernel was expressed in terms of the angles ε and ε
→ rather than z

and z
→:

1

”

d”

dε→
=

∫
dεKω(ε, ε

→)
1

”

d”

dε
. (23)

The relation between the boost kernels expressed in di!erent variables is simply given by the Jacobian factor as

Kω(ε, ε
→) =

dz
→

dε→
Kω(z, z

→) =
sin ε

2
Kω

(
z =

1↗ cos ε

2
, z

→ =
1↗ cos ε→

2

)
. (24)

EEC Sum Rule and Boost

Energy and momentum conservation imply that the rest-frame EEC distribution for inclusive hadronic decays
satisfies the following sum rule

∫ 1

0
dz

1

”

d”

dz
= 2

∫ 1

0
dz z

1

”

d”

dz
= 1 . (25)

Our boost procedure should preserve such conservation for the boost distribution as well. Normalizing the boosted
distribution by E

2
H

= ω
2
m

2
H
, as shown in Eq. (14), maintains energy conservation exactly, but introduces a 1/ω2

boost factor for the momentum conservation formula, yielding
∫ 1

0
dz

→ 1

”

d”

dz→
= 2ω2

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
= 1 . (26)

We can explicitly show this by
∫ 1

0
dz

→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

[
↗
2(ω2

↗ 1)

3ω2

(
z ↗

1

2

)
+ 1

]
1

”

d”

dz
= 1 ,

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→ z→ Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

z

ω2

1

”

d”

dz
=

1

2ω2
, (27)

where we have first done the dz
→ integrals with Kω in Eq. (18), then used Eq. (25).

6 The condition m(z, z→) < 0 corresponds to a kinematically forbidden configuration. While the algebraic expression for m(z, z→) can be
negative for some choice of z and z

→, such pairs cannot be related by a Lorentz boost and thus lie outside the physical support of the
kernel.

7 Since m(z, z→) is symmetric under z → z
→, the discussion below can also be applied for z when fixing z

→.
8 Note that in Eq. (6), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section they are denoted as ω and ω

→,
respectively.
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For 0 < z < 1, depending on the value of m(z, z→), the boost kernel in Eq. (18) lies in di!erent branches (0 →

m(z, z→) < 1 and m(z, z→) > 1)6. We can solve for the range of z, z→ that corresponds to di!erent branches of m(z, z→).
If we fix z at di!erent values, then we find7

• For 0 < z → 1/ω2, we always find m(z, z→) < 1, while the condition m(z, z→) ↑ 0 gives a constraint on the range
of z→ as z

→
↑ → z

→
→ z

→
+, where we define z

→
± below. Therefore, in this regime, the boost kernel always lie in the

first branch 0 → m(z, z→) < 1.

• For 1/ω2
< z < 1, imposing the condition m(z, z→) ↑ 0 constrains the range of z→ to z

→
↑ → z

→
→ 1. Imposing the

m(z, z→) < 1 or m(z, z→) > 1 constraints further separates the range of z→ into z
→
↑ → z

→
< z

→
+ and z

→
+ < z → 1,

respectively. As z
→
↓ z

→
+, we have m(z, z→) ↓ 1 and the boost kernel becomes divergent but the singularity is

integrable there.

The boundary values z→± are defined as

z
→
± =

z
(
ω ↔

√
ω2 ↗ 1

↘
1↗ z

)2 , (22)

which lie between 0 and 1, i.e. 0 → z
→
↑ → z

→
+ → 1.

Finally, in Eq. (6) of the main-text8, the boost kernel was expressed in terms of the angles ε and ε
→ rather than z

and z
→:

1

”

d”

dε→
=

∫
dεKω(ε, ε

→)
1

”

d”

dε
. (23)

The relation between the boost kernels expressed in di!erent variables is simply given by the Jacobian factor as

Kω(ε, ε
→) =

dz
→

dε→
Kω(z, z

→) =
sin ε

2
Kω

(
z =

1↗ cos ε

2
, z

→ =
1↗ cos ε→

2

)
. (24)

EEC Sum Rule and Boost

Energy and momentum conservation imply that the rest-frame EEC distribution for inclusive hadronic decays
satisfies the following sum rule

∫ 1

0
dz

1

”

d”

dz
= 2

∫ 1

0
dz z

1

”

d”

dz
= 1 . (25)

Our boost procedure should preserve such conservation for the boost distribution as well. Normalizing the boosted
distribution by E

2
H

= ω
2
m

2
H
, as shown in Eq. (14), maintains energy conservation exactly, but introduces a 1/ω2

boost factor for the momentum conservation formula, yielding
∫ 1

0
dz

→ 1

”

d”

dz→
= 2ω2

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
= 1 . (26)

We can explicitly show this by
∫ 1

0
dz

→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

[
↗
2(ω2

↗ 1)

3ω2

(
z ↗

1

2

)
+ 1

]
1

”

d”

dz
= 1 ,

∫ 1

0
dz

→
z
→ 1

”

d”

dz→
=

∫ 1

0
dz [dz→ z→ Kω(z, z

→)]
1

”

d”

dz
=

∫ 1

0
dz

z

ω2

1

”

d”

dz
=

1

2ω2
, (27)

where we have first done the dz
→ integrals with Kω in Eq. (18), then used Eq. (25).

6 The condition m(z, z→) < 0 corresponds to a kinematically forbidden configuration. While the algebraic expression for m(z, z→) can be
negative for some choice of z and z

→, such pairs cannot be related by a Lorentz boost and thus lie outside the physical support of the
kernel.

7 Since m(z, z→) is symmetric under z → z
→, the discussion below can also be applied for z when fixing z

→.
8 Note that in Eq. (6), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section they are denoted as ω and ω

→,
respectively.
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Peak Structure from a Two-Body Decay

In the rest frame, the products of a two-body decay move back-to-back, characterized by an opening angle ω near
ε, or equivalently z → 1. At the Born level, the rest-frame distribution is expressed as

1

!

d!

dz
=

1

2
[ϑ(z) + ϑ(1↑ z)] , Born-level, Back-to-back decay (28)

where ϑ(z) comes from putting the detectors on the same particle. Let us focus on the ϑ(1↑ z), or the back-to-back
correlation contribution.
As established above, when z lies in the interval 1/ϖ2

< z < 1, the boost kernel Kω(z, z→) in Eq. (18) has two distinct
branches: z

→
↑ ↓ z

→
< z

→
+ with 0 ↓ m(z, z→) < 1 or z

→
+ < z

→
↓ 1 with m(z, z→) > 1. For the Born-level back-to-back

correlation with ϑ(1↑ z), the first branch has no region of support as z→±
z↓1
↑↑↑↔ 1/ϖ2. Consequently, the boost kernel

collapses into a single branch with m(z, z→) > 1.
Therefore, using Eq. (21), the resulting boosted distribution for the 1

2ϑ(1 ↑ z) component (full distribution must
include the ϑ(z)/2 part as well) is

1

2
Kω(z = 1, z→) =

”(ϖ2
z
→
↑ 1)

4ϖ2
√

ϖ2 ↑ 1 z→5/2
√

ϖ2z→ ↑ 1
, (29)

which monotonically increases as z
→
↔ 1/ϖ2 (or equivalently ω

→
↔ arccos(1 ↑ 2/ϖ2)). Note that the z

→ = 1/ϖ2

singularity is integrable in z
→, which is necessary for the sum rule preservation (after including ϑ(z)/2 component).

In the two-body back-to-back decay, Sudakov resummation replaces the singular ϑ(1↑ z) with a broadened distri-
bution. As discussed in the main-text, this distribution rises toward z → 1 before reaching a plateau. Therefore, while
the primary support remains concentrated near z ↗ 1, it is no longer simply a delta function. The LL resummation
expression for such Sudakov resummation was given explicitly on the right-hand side of Eq. (7).
While the exact shape of the boosted peak depends on the details of the Sudakov suppression, its location is

roughly determined by the analytic structure of the kernel. As z approaches (but does not reach) unity, contributions
now arise from both branches of the boost kernel, and the boundary values z

→
±(z) both approach 1/ϖ2. This forces

the support of the first branch (z→↑ ↓ z
→
< z

→
+) into a narrow window around 1/ϖ2. While the support of the

second branch (z→+ < z
→
↓ 1) remains wide, its contribution is dominated by the region near the lower boundary z

→
+,

where the kernel rises to an integrable singularity. Since the rest-frame distribution is concentrated near z ↗ 1, the
convolution is dominated by the kernel’s behavior near these boundaries, resulting in a peak in the boosted frame
near z

→
↗ 1/ϖ2. This expectation explains the feature observed in the main text, where the hadronic decay peak

appears at ω→peak → arccos(1↑ 2/ϖ2).

B. Higgs Production via pp → H +X

With the narrow-width approximation, the production and decay factorizes as Eq. (3) and the Higgs production
cross section ϱ

pp↓H there serves as a proxy for some Higgs production process with a given boost factor ϖ = EH/mH .
In this section, as an example, we provide an explicit prediction for the boost distribution of Higgs production at
the LHC with

↘
s = 13 TeV. We compute the production using the HJ process [117, 118] in NNLOJET [119], with

the PDF4LHC21 40 PDF set [120] accessed via LHAPDF6 [121]. In general, our Higgs production is given with some
p
min
T

< pT < p
max
T

and y
min
H

< yH < y
max
H

. Within such fixed range, we can change our distribution in pT and yH to
the distribution in a boost factor ϖ via

dϱ
pp↓H+X

dϖ
=

∫
p
max
T,H

p
min
T,H

dpT,H

∫
y
max
H

y
min
H

dyH
dϱ

pp↓H+X

dpT,HdyH
ϑ



ϖ ↑

√
p
2
T,H

+m
2
H

cosh yH

mH



 . (30)

Therefore, high pT,H with central rapidity or lower pT,H with high rapidity can both give large boost factor. For

simplicity, if we look at the yH = 0 slice, the map between ϖ and pT is simply given by pT,H = mH

√
ϖ2 ↑ 1. Therefore,

dϱ
pp↓H+X

dϖ
=

dϱ
pp↓H+X

dpT,HdyH

∣∣∣∣
pT,H=mH

↘
ω2↑1

yH=0

mH ϖ√
ϖ2 ↑ 1

, (31)
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Therefore, high pT,H with central rapidity or lower pT,H with high rapidity can both give large boost factor. For

simplicity, if we look at the yH = 0 slice, the map between ϖ and pT is simply given by pT,H = mH

√
ϖ2 ↑ 1. Therefore,
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• At born level (back-to-back decay),


    contributes toδ(1 − z)

0.0 0.2 0.4 0.6 0.8 1.0
z'

1

2

3

4

5
f(z')

γ = 1.5



28

• At one loop


[Dixon, Moult, Zhu, `19]

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

z

Rest-Frame EEC

Boosting fixed-order EEC



28

• At one loop


[Dixon, Moult, Zhu, `19]

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

200

z

Rest-Frame EEC

• After boost


Boosting fixed-order EEC



29

Back-to-back peak  peak near → z′￼ = 1/γ2
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cases ln(R)-matching was used, with the exception of ZEEC, for 
which modified R-matching was chosen 

be taken to refer to oq ( M z o ) .  We used the In (R )-matching 
scheme to combine the N L L A  and O ( e  2) calculations, 
except for XEE c where the modified R-matching scheme 
was used instead. The use of other matching schemes will 
be discussed in detail below. The fit results are listed in 
Table 5. The data corrected to the par ton level are shown 
in Figs. 2 and 3, with the N L L A +  ~ ( e ~ )  fits superim- 
posed. The dependence of~ s and x2/d.o.f,  on x u is shown 
in Fig. 4. The fits with x u = 1 yield acceptable values of 
x2/d.o.f.  (less than 10 for all observables except B w ) ,  
though they are all greater than unity, as might be ex- 
pected since the theory is known to lack some higher 
order terms, and also since experimental systematic errors 
have not been included at this stage. In the case of M/~, 
B w and B r the theory is seen to diverge from the data at 
high values; this arises because the N L L A  calculations 
are not constrained to fall to zero at the upper kinematic 
limit; the introduction of the modified In (R)-matching 
scheme substantially reduces this problem. Five of the 
observables give very similar values of as, while B w gives 
a rather lower value, and ZEE C a higher result. In the fits 
where xu is treated as a free parameter, we find that only 
the jet broadening measures favour values of x u much 
smaller than one, while several observables yield a best 
fit with x u > 1. The dependence of  ~2/d.o.f. on x u is 
particularly weak for ( 1 -  T) and R2, so that the fitted 
parameters are very poorly determined. 

For  comparison, Table 6 shows corresponding fit 
results using G ( e  2) QCD. The dependence of c~ s and 
x2/d.o.f,  on x u is shown in Fig. 5. Generally the 
cY(0~) calculations give a significantly better X 2 when a 
value x u ~ 1 is adopted, the only exception being B r .  This 
strong scale dependence is an indication of  substantial 
missing higher order contributions. Comparing with the 
N L L A  fit results in Table 5 we note that in several cases 
the inclusion of the N L L A  terms in the QCD calculation 
improves the fit to the data for x u = 1. However, the 
~y (e2) fits with optimised scale generally yield values of 
;~2/d.o.f. as good as those obtained from the N L L A  cal- 
culations. The most striking aspect of the N L L A  fits is 
the elimination of the preference for very small x u values. 

In Table 7 we show the effect of using different match- 
ing schemes to combine the N L L A  and G (es 2) calcula- 
tions. As discussed above, and in [23], the R-matching 
scheme is theoretically less favoured, since it fails to ex- 
ponentiate some terms which are exponentiated in the 
ln(R)-  or modified R-schemes. The fits to the data are 
poor in the R-scheme for B w and B r (for which the co- 
efficient G21 is particularly large), and to a lesser extent 
for Mn,  R 2 and ~ The modified R-scheme, in which the 
deficiencies of the naive R-scheme are remedied by ex- 
ponentiating the Gal term, yields results which are very 
close to the In (R)-scheme. The modified In (R)-scheme, 
in which correct behaviour of  the N L L A  calculations is 
enforced near the kinematic limit, gives a significantly 
improved fit to the data for M n ,  B r ,  and particularly 
B w ,  though the value of0~ s is scarcely affected. We there- 
fore use the In (R)-matching scheme to obtain our stan- 
dard results through this analysis, except for 2TEE c, where 
the modified R-scheme is used instead. 

→

Back-to-Back Peak from the Boost kernel



Kyle Lee

BOOSTED HIGGS JETS
34

<latexit sha1_base64="aPcydaSsDkPcNZWm9Gi6ZI5UkpU="></latexit>

H

<latexit sha1_base64="ANmFvSpyD9VTvs/f0LJYFhMFTE4="></latexit>

b

<latexit sha1_base64="3wmYxNy2AeRXQEiKfE7Ij9r/7MU="></latexit>

b̄

Large Boost
<latexit sha1_base64="NZ4fhwNwYd1wquC21/YFQC+h4YI="></latexit>

E � mH

<latexit sha1_base64="ANmFvSpyD9VTvs/f0LJYFhMFTE4="></latexit>

b

<latexit sha1_base64="3wmYxNy2AeRXQEiKfE7Ij9r/7MU="></latexit>

b̄

<latexit sha1_base64="aPcydaSsDkPcNZWm9Gi6ZI5UkpU="></latexit>

H

<latexit sha1_base64="ANmFvSpyD9VTvs/f0LJYFhMFTE4="></latexit>

b

<latexit sha1_base64="3wmYxNy2AeRXQEiKfE7Ij9r/7MU="></latexit>

b̄

<latexit sha1_base64="p9u2xp+RxmCICrF7Jk3ecN4y5NQ="></latexit>vs

• Can we discriminate scalar (Higgs) vs color octet vector (gluons) sourcing heavy quark pairs?

Can we do precision electroweak studies and constrain new physics? /40

b

b̄

H ⟶

• Higgs EEC


Deriving boost kernel


Rest-frame EEC


Boosted EEC


• Extensions: vector bosons (Z/W), multi-point energy correlators

Outline

30

2

FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.

where

→E (ωn1) E (ωn2)↑XX
(5)

=

∫
d4x eipH ·x

→0|O†
XX

(x)E (ωn1) E (ωn2)OXX(0)|0↑
∫

d4x eipH ·x→0|O†
XX

(x)OXX(0)|0↑
,

with boosted Higgs momentum pH = (EH , ωpH) such that
p
2
H

= m
2
H
. For the decay channels of interest, Ogg =

G
a

µω
G

a,µω and O
bb̄

= ε̄bεb.
As derived in the Supplemental Material, we can relate

the EEC of a boosted Higgs to its rest-frame decay using
a boost kernel Kε as

1

!XX

d!EEC
H→XX

dϑ
=

∫
dϑrest Kε(ϑrest, ϑ)

1

!XX

d!EEC
H→XX

dϑrest
.

(6)

Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
Higgs massmH , the confinement scale ”QCD, the angular
scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
quark mass mb. As we scan across ϑ, the angular scale

1 For notational simplicity, we use ω to denote the rest-frame angle
ωrest in this section.

µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
fined by these parameters. Fig. 1 displays the full angular
distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
governing each of these regions below and describe the
calculation precision used in each region.

The Wide-Angle Region (ϑ ↓ 1): In the wide-angle
region where ϑ ↓ 1, the angular scale is µEEC ↓ mH .
Here, the leading contribution is governed entirely by the
hard scale mH , and thus the distribution is described by
fixed-order calculations at such UV scale. For both H ↔

bb̄ and H ↔ gg decays, we compute these contributions
to NLO, or O(ϖ2

s
) accuracy [52, 53].

The Collinear Regime (ϑ ↗ 1): As the angle de-
creases into the collinear regime, defined by mb,”QCD ↗

µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
tion (describing correlations arising from collinear split-
tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
anomalous dimensions, up to e#ects from ϱ functions.
For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄

hard function to NLO [60, 61].

Deeper in the collinear limit, the angular scale µEEC ↓

mHϑ/2 eventually becomes sensitive to the infrared
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FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
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hard function to NLO [60, 61].

Deeper in the collinear limit, the angular scale µEEC ↓

mHϑ/2 eventually becomes sensitive to the infrared

2

FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
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Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
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scales mb and !QCD. As we approach the massive regime
mHω/2 → mb, the mass dependence in the collinear split-
ting can no longer be neglected. While the evolution
between mHω/2 → mb and mH primarily a”ects the nor-
malization, the shape is governed by the fixed-order mas-
sive jet functions [16, 31] sensitive to mass-dependent
collinear splittings. Crucially, this captures the suppres-
sion of radiation around a massive emitter known as the
dead-cone e”ect. Consequently, the singular 1/ω scaling
is regulated by mass e”ects, eventually turning over to

a linear reduction d!EEC

dω
↑ const ↓ ω as ω/2 <

→ mb/mH .
Unless one explicitly selects g ↔ bb̄ splittings [31] inside
gluon jets, such mass e”ects are visible only for b-jets
produced in H ↔ bb̄ decay. Such mass-dependence of
the jet function is only known to NLO, which we use in
the massive regime for bb̄ decay.

Finally, at the deepest infrared scales where mHω/2 →

!QCD, the invariant mass of the splittings approaches
the hadronization scale. Here, the production and cor-
relation of the dihadron state are described by moments
of dihadron fragmentation functions [59, 62, 63] and can-
not be reduced to perturbative objects.2 While these
moments are non-perturbative, their evolution follows a
perturbative kernel. When ω falls below the confinement
scale, i.e., mHω/2 ↗ !QCD, the correlations saturate
to a constant value, reflecting a uniform distribution of
hadrons. Due to the Jacobian factor ω, this results in

a linear scaling d!EEC

dω
↑ const ↓ ω. We model this be-

havior by freezing the ω dependence of the distribution,
consistent with the asymptotic behavior of the moments
of dihadron fragmentation functions [59, 62]. Thus, the
collinear region exhibits a dramatic modification of scal-
ing driven by additional scales like mb and !QCD, e”ec-
tively resolving QCD scales. On the other hand, within
conformal field theory, the classical scaling 1/ω remains
to arbitrarily small angles [64–66] due to a lack of such
additional mass scales.

The Back-to-Back Regime (ε ↘ ω ↗ 1): In the
back-to-back region, ω ↔ ε, the angular scale becomes
µEEC → mH(ε ↘ ω)/2, making the distribution sensi-
tive to large logarithms of ln(ε ↘ ω). In contrast to the
single logarithmic series of the collinear limit, this re-
gion is governed by Sudakov double logarithms arising
from both soft and collinear divergences. In the region
mb,!QCD ↗ mH(ε ↘ ω)/2 ↗ mH , the Sudakov resum-
mation is required [51, 67, 68]. Although we carry out
N4LL resummation below, as an illustration, at the LL

2 Although experimental measurements are always performed on
hadronic final states, when mHω → !QCD, the parton-to-hadron
transition occurs on separated branches. In such cases, energy
conservation implies that the sum over hadronic states acts e”ec-
tively as the identity operator, allowing correlations to be written
in terms of partonic degrees of freedom.

FIG. 2. The angular distribution of the energy-energy correla-
tors for a boosted Higgs boson with mH = 125 GeV and ω = 4
for gg and bb̄ decay channels. We compare the inclusive gg

and bb̄ decay channels, as well as the exclusive measurement
of correlations between B-hadrons. All distributions exhibit a
characteristic peak near εpeak → arccos(1↑ 2/ω2). The verti-
cal dashed line indicates this kinematic value, corresponding
to the boosted topology of the back-to-back two-body decay
in the rest frame.

order, this takes a simple form:
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Physically, this regime corresponds to the formation

of a color flux tube or string between the recoiling par-
tons [69]. This gives rise to the logarithmic growth of
anomalous dimension with cusp anomalous dimensions.
Using a saddle-point approximation, one can show that
the integrand is dominated at LL by an impact param-
eter b↔ where S

XX

LL (b↔) is maximized. This is given by
b↔ = b0/mH exp[4ε/(ϑs(mH)(#XX

(0) + 2ϖ0))]. When the

argument of the Bessel function J0 becomes constant,3

b↔mH(ε ↘ ωonset)/2 → 1 (8)
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exp

[
↘
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]

3 Note that we use the LL expression εs(mH) =
4ϑ/(ϖ0 ln(m2

H
/!2)) in the last line, where ! is the 1-loop

Landau pole scale.



• Collinear regime , 


Classical  scaling + DGLAP res. , anom. scaling


NNLL for , NLL for 

θ ≪ 1

1/θ log θ

H → gg H → bb̄

Rest Frame Higgs EEC

33

2

FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
Higgs massmH , the confinement scale ”QCD, the angular
scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
quark mass mb. As we scan across ϑ, the angular scale

1 For notational simplicity, we use ω to denote the rest-frame angle
ωrest in this section.

µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
fined by these parameters. Fig. 1 displays the full angular
distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
governing each of these regions below and describe the
calculation precision used in each region.

The Wide-Angle Region (ϑ ↓ 1): In the wide-angle
region where ϑ ↓ 1, the angular scale is µEEC ↓ mH .
Here, the leading contribution is governed entirely by the
hard scale mH , and thus the distribution is described by
fixed-order calculations at such UV scale. For both H ↔

bb̄ and H ↔ gg decays, we compute these contributions
to NLO, or O(ϖ2
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) accuracy [52, 53].

The Collinear Regime (ϑ ↗ 1): As the angle de-
creases into the collinear regime, defined by mb,”QCD ↗

µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
tion (describing correlations arising from collinear split-
tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
anomalous dimensions, up to e#ects from ϱ functions.
For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄

hard function to NLO [60, 61].
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FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
Higgs massmH , the confinement scale ”QCD, the angular
scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
quark mass mb. As we scan across ϑ, the angular scale

1 For notational simplicity, we use ω to denote the rest-frame angle
ωrest in this section.

µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
fined by these parameters. Fig. 1 displays the full angular
distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
governing each of these regions below and describe the
calculation precision used in each region.

The Wide-Angle Region (ϑ ↓ 1): In the wide-angle
region where ϑ ↓ 1, the angular scale is µEEC ↓ mH .
Here, the leading contribution is governed entirely by the
hard scale mH , and thus the distribution is described by
fixed-order calculations at such UV scale. For both H ↔

bb̄ and H ↔ gg decays, we compute these contributions
to NLO, or O(ϖ2

s
) accuracy [52, 53].

The Collinear Regime (ϑ ↗ 1): As the angle de-
creases into the collinear regime, defined by mb,”QCD ↗

µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
tion (describing correlations arising from collinear split-
tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
anomalous dimensions, up to e#ects from ϱ functions.
For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄

hard function to NLO [60, 61].

Deeper in the collinear limit, the angular scale µEEC ↓

mHϑ/2 eventually becomes sensitive to the infrared
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FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
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scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
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µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
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distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
governing each of these regions below and describe the
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µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
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tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
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For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄
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FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
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mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.
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scales mb and !QCD. As we approach the massive regime
mHω/2 → mb, the mass dependence in the collinear split-
ting can no longer be neglected. While the evolution
between mHω/2 → mb and mH primarily a”ects the nor-
malization, the shape is governed by the fixed-order mas-
sive jet functions [16, 31] sensitive to mass-dependent
collinear splittings. Crucially, this captures the suppres-
sion of radiation around a massive emitter known as the
dead-cone e”ect. Consequently, the singular 1/ω scaling
is regulated by mass e”ects, eventually turning over to

a linear reduction d!EEC

dω
↑ const ↓ ω as ω/2 <

→ mb/mH .
Unless one explicitly selects g ↔ bb̄ splittings [31] inside
gluon jets, such mass e”ects are visible only for b-jets
produced in H ↔ bb̄ decay. Such mass-dependence of
the jet function is only known to NLO, which we use in
the massive regime for bb̄ decay.

Finally, at the deepest infrared scales where mHω/2 →

!QCD, the invariant mass of the splittings approaches
the hadronization scale. Here, the production and cor-
relation of the dihadron state are described by moments
of dihadron fragmentation functions [59, 62, 63] and can-
not be reduced to perturbative objects.2 While these
moments are non-perturbative, their evolution follows a
perturbative kernel. When ω falls below the confinement
scale, i.e., mHω/2 ↗ !QCD, the correlations saturate
to a constant value, reflecting a uniform distribution of
hadrons. Due to the Jacobian factor ω, this results in

a linear scaling d!EEC

dω
↑ const ↓ ω. We model this be-

havior by freezing the ω dependence of the distribution,
consistent with the asymptotic behavior of the moments
of dihadron fragmentation functions [59, 62]. Thus, the
collinear region exhibits a dramatic modification of scal-
ing driven by additional scales like mb and !QCD, e”ec-
tively resolving QCD scales. On the other hand, within
conformal field theory, the classical scaling 1/ω remains
to arbitrarily small angles [64–66] due to a lack of such
additional mass scales.

The Back-to-Back Regime (ε ↘ ω ↗ 1): In the
back-to-back region, ω ↔ ε, the angular scale becomes
µEEC → mH(ε ↘ ω)/2, making the distribution sensi-
tive to large logarithms of ln(ε ↘ ω). In contrast to the
single logarithmic series of the collinear limit, this re-
gion is governed by Sudakov double logarithms arising
from both soft and collinear divergences. In the region
mb,!QCD ↗ mH(ε ↘ ω)/2 ↗ mH , the Sudakov resum-
mation is required [51, 67, 68]. Although we carry out
N4LL resummation below, as an illustration, at the LL

2 Although experimental measurements are always performed on
hadronic final states, when mHω → !QCD, the parton-to-hadron
transition occurs on separated branches. In such cases, energy
conservation implies that the sum over hadronic states acts e”ec-
tively as the identity operator, allowing correlations to be written
in terms of partonic degrees of freedom.

FIG. 2. The angular distribution of the energy-energy correla-
tors for a boosted Higgs boson with mH = 125 GeV and ω = 4
for gg and bb̄ decay channels. We compare the inclusive gg

and bb̄ decay channels, as well as the exclusive measurement
of correlations between B-hadrons. All distributions exhibit a
characteristic peak near εpeak → arccos(1↑ 2/ω2). The verti-
cal dashed line indicates this kinematic value, corresponding
to the boosted topology of the back-to-back two-body decay
in the rest frame.
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Physically, this regime corresponds to the formation

of a color flux tube or string between the recoiling par-
tons [69]. This gives rise to the logarithmic growth of
anomalous dimension with cusp anomalous dimensions.
Using a saddle-point approximation, one can show that
the integrand is dominated at LL by an impact param-
eter b↔ where S
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LL (b↔) is maximized. This is given by
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• Back-to-back regime , double log series  


• TMD resummation to N LL


• For -correlation, use track function 

π − θ ≪ 1 αn
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• Can we discriminate scalar (Higgs) vs color octet vector (gluons) sourcing heavy quark pairs?

Can we do precision electroweak studies and constrain new physics? /40
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FIG. 1. The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb̄ decay channels.
The angular variable ω scans across distinct physical regimes: the wide-angle region governed by hard fixed-order QCD (ω → 1);
the collinear limit (ω ↑ 1), characterized by classical 1/ω scaling, DGLAP resummation, and modifications from infrared scales
mb and !QCD; and the back-to-back region (ω ↓ ε) dominated by Sudakov double logarithms. The exclusive measurement of
B-hadron correlations in the H ↓ bb̄ channel is dominated by the back-to-back region.

where

→E (ωn1) E (ωn2)↑XX
(5)

=

∫
d4x eipH ·x

→0|O†
XX

(x)E (ωn1) E (ωn2)OXX(0)|0↑
∫

d4x eipH ·x→0|O†
XX

(x)OXX(0)|0↑
,

with boosted Higgs momentum pH = (EH , ωpH) such that
p
2
H

= m
2
H
. For the decay channels of interest, Ogg =

G
a

µω
G

a,µω and O
bb̄

= ε̄bεb.
As derived in the Supplemental Material, we can relate

the EEC of a boosted Higgs to its rest-frame decay using
a boost kernel Kε as

1

!XX

d!EEC
H→XX

dϑ
=

∫
dϑrest Kε(ϑrest, ϑ)

1

!XX

d!EEC
H→XX

dϑrest
.

(6)

Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appro-
priate Lorentz boost to match the boost kinematics.
Higgs Decay at Rest. The Higgs decay EEC dis-

tributions for both the gg and bb̄ channels exhibit dis-
tinct behaviors across varying angular regions. The rel-
evant energy scales governing these distributions are the
Higgs massmH , the confinement scale ”QCD, the angular
scale mH sin(ϑ/2)1, and, for the bb̄ channel, the bottom
quark mass mb. As we scan across ϑ, the angular scale

1 For notational simplicity, we use ω to denote the rest-frame angle
ωrest in this section.

µEEC ↓ mH sin(ϑ/2) probes distinct physical regimes de-
fined by these parameters. Fig. 1 displays the full angular
distribution of various Higgs decay channels and the dis-
tinct physical regimes they probe. We detail the physics
governing each of these regions below and describe the
calculation precision used in each region.

The Wide-Angle Region (ϑ ↓ 1): In the wide-angle
region where ϑ ↓ 1, the angular scale is µEEC ↓ mH .
Here, the leading contribution is governed entirely by the
hard scale mH , and thus the distribution is described by
fixed-order calculations at such UV scale. For both H ↔

bb̄ and H ↔ gg decays, we compute these contributions
to NLO, or O(ϖ2

s
) accuracy [52, 53].

The Collinear Regime (ϑ ↗ 1): As the angle de-
creases into the collinear regime, defined by mb,”QCD ↗

µEEC ↓ mHϑ/2 ↗ mH , the EEC admits a factoriza-
tion into a hard function (describing the production of
a collinear fragmenting parton) and a massless jet func-
tion (describing correlations arising from collinear split-
tings) [13, 14, 50, 58, 59]. The collinear splittings gen-
erate a classical 1/ϑ scaling in the correlations, while
DGLAP resummation of large logarithms of ln ϑ further
induces anomalous scaling determined by twist-2 spin-3
anomalous dimensions, up to e#ects from ϱ functions.
For both the H ↔ bb̄ and H ↔ gg decay channels,
we perform the resummation at the highest available
logarithmic accuracy: next-to-next-to-leading logarithm
(NNLL) for H ↔ gg and NLL for H ↔ bb̄, the latter
being limited by the current availability of the H ↔ bb̄

hard function to NLO [60, 61].

Deeper in the collinear limit, the angular scale µEEC ↓

mHϑ/2 eventually becomes sensitive to the infrared



38

Boosted EEC



Mass sensitivity
Boosted EEC

39



 dependenceγ = EH /mH

40

Boosted EEC



As an example, we used NNLOJET program

Higgs Production 

41

MIT-CTP 5996
SLAC-PUB-260120

Precision Jet Substructure of Boosted Boson Decays with Energy Correlators

Anjie Gao,1, 2, → Kyle Lee,1, 3, † and Xiaoyuan Zhang1, 4, ‡

1
Center for Theoretical Physics – a Leinweber Institute,

Massachusetts Institute of Technology, Cambridge, MA 02139, USA
2
SLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94039, USA

3
Department of Physics, Yale University, New Haven, CT 06511

4
Department of Physics, Harvard University, Cambridge, MA 02138, USA

We initiate the precision study of boosted jet substructure using energy correlators, applying
this framework to hadronic Higgs decays. We demonstrate that the two-body decay of the Higgs
manifests as a distinct angular peak at ω → arccos(1 ↑ 2/ε2) for Lorentz boost factor ε. We show
that infrared scales, such as the dead-cone e!ect and confinement transition, are also resolved within
the boosted distribution. Precision analytic studies of boosted jet substructure may enable precision
electroweak studies and open new avenues for new physics searches.

Introduction. Highly energetic partons produced at
high-energy colliders undergo successive collinear split-
tings, generating collimated sprays of particles known as
jets. These objects encapsulate the universal behavior of
Quantum Chromodynamics (QCD) in the collinear limit.
At the energy scales of the Large Hadron Collider and
beyond, electroweak bosons (W,Z,H) and potential new
heavy resonances are frequently produced with extremely
boosted kinematics. In this regime, the collimation of
their decay products is so significant that these heavy
states manifest in detectors as jet-like radiation patterns.
This convergence in appearance necessitates the use

of advanced jet substructure techniques to disentangle
their origins. This program to analyze radiation patterns
within boosted objects was popularized by a seminal
study of boosted Higgs decays, reconstructed as jets [1].
Since its inception, jet substructure program has pro-
vided some of the most stringent bounds on new heavy
resonances [2–4] and has become a fertile ground for the
development of machine learning applications in collider
data analysis [5–11].
In recent years [12–42], there has been a renewed e!ort

to study jet substructure through the lens of energy cor-
relators measured on a high-energy jet state |”→, such as
the two-point energy-energy correlator (EEC) [43–46]:

↑”|E(ωn1)E(ωn2)|”→ , (1)

measuring the correlations between energy-flow opera-
tors [47],

E(ωn) = lim
r↑↓

∫ ↓

0
dt r

2
n
i
T0i(t, rωn) , (2)

which characterize the energy flux into a calorimeter cell
in the direction ωn. The inherent simplicity of energy cor-
relators is pushing the boundaries of precision calcula-
tions in QCD [48–55]. Furthermore, they o!er a remark-
ably clean interpretation of distinct angular regions given
by ε = arccos(ωn1 · ωn2) between two detectors, providing
a means to clearly discern the physics of confinement,
collinear DGLAP evolution, heavy-quark mass e!ects,

medium modifications, and the Sudakov resummation
regime. As such correlation functions of asymptotic de-
tectors are natural observables in generic quantum field
theories, they are being actively explored in a general
field-theoretic context as well. For a comprehensive re-
view, see [56].

In this letter, we leverage these recent conceptual and
precision developments in energy correlators to revisit
the foundational goals of the jet substructure program
for studying boosted jets. We investigate the correlations
produced by boosted states |”H

XX
→, specifically analyzing

the hadronic decays of boosted Higgs bosons by studying
the EEC distribution di!erential in angle ε as

1

ϑtot

dϑ
EEC
pp↑H↑XX

dε
↓ ϑ

pp↑H
↔

1

#XX

d#EEC
H↑XX

dε
, (3)

where XX ↗ {gg, bb̄} are two of the most frequent
hadronic decay channels of the Higgs, and ϑtot is the
total cross-section of the pp ↘ H ↘ XX decay.

A key simplification of the Higgs boson is its narrow
width, which allows for the factorization between pro-
duction and decay as shown in Eq. (3), rendering non-
factorizable contributions negligible compared to sys-
tems like a top quark [57]. Consequently, ϑpp↑H serves
as a proxy for di!erent production channels generating
boosted Higgs kinematics. In the Supplemental Material,
we present next-to-next-to-leading order (NNLO) predic-
tions for pp ↘ H +X for di!erent Lorentz boost factors
ϖ = EH/mH as an example of a possible Higgs produc-
tion process.

The decay term, 1
!XX

d!EEC
H→XX

dω
, captures the decay dy-

namics in the boosted frame. The EEC distribution on
decays can be written as

1

#XX

d#EEC
H↑XX

dε
≃

1

E
2
H

∫
d
2$εn1d

2$εn2 (4)

↔ ϱ (ε ⇐ arccos(ωn1 · ωn2)) ↑E (ωn1) E (ωn2)→XX
,
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• Need to include different polarization contributions


• The most generic EEC hadronic tensor
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[Riembau, Son `25]

The boundary values z→± are defined as

z
→
± =

z
(
ω →

√
ω2 ↑ 1

↓
1↑ z

)2
, (2.14)

which lie between 0 and 1, i.e. 0 ↔ z
→
↑ ↔ z

→
+ ↔ 1.

Finally, in Eq. (2.7)3, the boost kernel was expressed in terms of the angles ε and ε
→

rather than z and z
→:

1

!

d!

dε→
=

∫
dεKω(ε, ε

→)
1

!

d!

dε
. (2.15)

The relation between the boost kernels expressed in di”erent variables is simply given by the

Jacobian factor as

Kω(ε, ε
→) =

dz
→

dε→
Kω(z, z

→) =
sin ε

2
Kω

(
z =

1↑ cos ε

2
, z

→ =
1↑ cos ε→

2

)
. (2.16)

3 Boosting Polarized Two-Point Correlators

3.1 Rest-Frame Helicity Structures

The scalar analysis above extends directly to spin-1 sources once the rest-frame correlator is

resolved in helicity space. We choose the boson rest frame such that the boost direction to the

lab frame defines the ẑ axis. For fixed opening angle z = 1↑cos ε

2
between the two calorimeters,

the orientation of the detector pair is parameterized by a polar angle ϑ with respect to the

boost axis and an internal azimuth ϖ. If the production plane is kept, its azimuth is denoted

by #. Following [2], we introduce the local shorthand

H
iso

EE (z) ↗ H
(1)

EE (z) ,

Wϑϑ→(ϑ,ϖ,#; z) ↗
↘V,ϱ|E(ςn1)E(ςn2)|V,ϱ→

≃

H
iso

EE (z)
, (3.1)

where H iso

EE (z) is the isotropic spin-averaged rest-frame structure. The anisotropic information

is encoded in the two ratios

a
(2,0)(z) =

H
c

EE(z)↑
1

2
H

b

EE(z)

H
iso

EE (z)
, a

(2,2)(z) =
H

b

EE(z)

H
iso

EE (z)
. (3.2)

With this normalization the spin average obeys 1

3

(
W00 +W++ +W↑↑

)
= 1. The full set of

rest-frame helicity structures needed below is

W00 = 1 + a
(2,0)(z)

(
3 cos2 ϑ↑ 1

)
+

3

2
a
(2,2)(z) sin2 ϑ cos 2ϖ ,

W++ = W↑↑ = 1 + a
(2,0)(z)

(
3

2
sin2 ϑ↑ 1

)
↑

3

4
a
(2,2)(z) sin2 ϑ cos 2ϖ . (3.3)

3Note that in Eq. (2.7), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section

they are denoted as ω and ω→, respectively.
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case of a vector current in Section 2.1. The theoretical constraints on the spinning correlators

stemming from unitarity and energy positiveness are presented in Section 2.2. In Section 2.3

we recover known results for the one-point correlator of a vector current and the stress energy

tensor, and we generalize it to arbitrary spin. In Section 2.4, we discuss the constraints for the

two-point correlator. We comment on the N -point generalization in Section 2.5, one recovering

the correlator for an arbitrary boosted current from the one at rest in Section 2.6, and on the

collinear limit in Section 2.7.

2.1 Spinning correlators of a vector current

The main object considered in this subsection is the density matrix associated with the N -point

correlator sourced by a vector current, as written in Eq. 3. The energy correlator evaluated in

the state generated by a vector current is determined by the correlator

Hµω

E(N) =

ˆ
d4x eiq·x →Jµ(x) En1 . . . EnN Jω(0)↑ , (6)

which we will refer to as the hadronic tensor of the N -point energy correlator, indicated by

the subscript E(N) . This hadronic tensor encodes all the information of both the source and the

dynamics. The projection onto an helicity basis, together with the proper normalization by the

total rate, leads to the density matrix of correlators in Eq. 3. It is particularly convenient to

study the correlator in the center of mass frame, where the injected momentum in the operator

is given by qµ = (Q,ω0) and the null vectors associated with the detectors directions are given

by nµ

i
= (1,ωni). In the rest frame, the temporal components of the hadronic tensor vanish due

to the Ward identity, and it is determined by the spatial components. The spatial part of the

hadronic tensor can be decomposed into the identity plus a traceless symmetric tensor as

Hab

E(N) = H1
E(N)(zij)

εab

3
+

∑

k

H(k)

E(N)(zij)S
ab

(k) , (7)

where a, b = 1, . . . , 3 are spatial indices. The tensors Sab

(k), in the case of a vector current and

energy operators, are traceless symmetric and k runs over all independent tensor structures.

As will become clear below, the number of independent traceless symmetric tensors depends

on the number of detectors N .

The crucial observation is that the functions H1
E(N)(zij) and H(k)

E(N)(zij) appearing in Eq. 7

only depend on the internal angles zij among the detectors, as defined in Eq. 4. Instead, all the

dependence on the Euler angles is entirely contained in Sab

(k). In particular, this implies that

integrating the hadronic tensor over the Euler angles annihilates the traceless symmetric part

and one is left with ˆ
dϑ

2ϖ

d!

2ϖ

d cos”

2
Hab

E(N) = H1
E(N)(zij)

εab

3
, (8)

which is the inclusive part of the correlator. This object is the usual inclusive energy correlator

6

section, strongly suggesting the existence of an analytical approach to the J → ↑ constraints.

It should be noted that a simple linear transformation maps the bounds to those obtained from

the moment problem.

2.4 The spinning two-point energy correlator

While the kinematical dependence of the one point correlator is entirely captured by the Euler

angles, the two-point correlator has a non-trivial dependence on the internal angle z which is

defined as

z =
1↓ ωn1 · ωn2

2
. (31)

The hadronic tensor of Eq. 7 for the two-point energy correlator of a vector current can be

written in terms of the two detector positions, ωn1 and ωn2. The most general tensor structure is

given by

Hab

EE
= H1

EE
(z)

εab

3
+Hc

EE
(z)

(
1

1↓ z

na

1 + na

2

2

nb

1 + nb

2

2
↓

εab

3

)

+Hb

EE
(z)

(
1

z

na

1 ↓ na

2

2

nb

1 ↓ nb

2

2
↓

εab

3

)
.

(32)

The singlet coe!cient H1
EE
(z) is the quantity most commonly computed in the literature, as it

is the only contribution that survives upon integrating over the Euler angles in a polarized

scattering. The remaining two terms in Eq. 32 are traceless symmetric tensors and their

coe!cients Hc

EE
(z) and Hb

EE
(z) define the spinning energy correlators and can only be accessed

through measurements di”erential on the Euler angles. The superscripts c and b in the spinning

correlators stand for collinear and back-to-back, and denote the structures that survive in the

ωn1 = ωn2 and ωn1 = ↓ωn2 limits, respectively. As will be shown below, with an appropriate

choice of frame the tensor structures become independent of the relative angle z. The only two

independent symmetric traceless tensor structures which are also symmetric under n1 ↔ n2 are

those appearing in Eq. 32. The combination na

1n
b

1 + na

2n
b

2 can be written in terms of those in

Eq. 32, and including it amounts to a redefinition of Hc

EE
(z) and Hb

EE
(z). The same holds true

for the structure ϑacdnc

1n
d

2ϑ
befne

1n
f

2 , which can be written in terms of the two tensors in Eq. 32

and the identity. In the case of energy correlations, only parity invariant terms should appear,

which sets to zero the coe!cient of the parity odd structure ϑacdnc

1n
d

2(n
b

1↓nb

2)+(na

1↓na

2)ϑ
befne

1n
f

2 .

This term would be instead relevant for the two-point correlator of other charges, similar to

the case of one-point correlator of conserved charges of a chiral current, as shown in [62] and

as we will discuss in Section 3.3 in the context of energy-charge correlators.

The identification of the spinning correlators Hc

EE
(z) and Hb

EE
(z) with particular coe!cients

of the expansion in Wigner D-matrices depends on the choice of axis used to project the angular

momentum of the rigid body of detectors. Di”erent choices are related by Euler rotations and

correspond to a linear combination of Wigner D-matrices at fixed ϖ. For the case of the two-

16

The boundary values z→± are defined as

z
→
± =

z
(
ω →

√
ω2 ↑ 1

↓
1↑ z

)2
, (2.14)

which lie between 0 and 1, i.e. 0 ↔ z
→
↑ ↔ z

→
+ ↔ 1.

Finally, in Eq. (2.7)3, the boost kernel was expressed in terms of the angles ε and ε
→

rather than z and z
→:

1

!

d!

dε→
=

∫
dεKω(ε, ε

→)
1

!

d!

dε
. (2.15)

The relation between the boost kernels expressed in di”erent variables is simply given by the

Jacobian factor as

Kω(ε, ε
→) =

dz
→

dε→
Kω(z, z

→) =
sin ε

2
Kω

(
z =

1↑ cos ε

2
, z

→ =
1↑ cos ε→

2

)
. (2.16)

3 Boosting Polarized Two-Point Correlators

3.1 Rest-Frame Helicity Structures

The scalar analysis above extends directly to spin-1 sources once the rest-frame correlator is

resolved in helicity space. We choose the boson rest frame such that the boost direction to the

lab frame defines the ẑ axis. For fixed opening angle z = 1↑cos ε

2
between the two calorimeters,

the orientation of the detector pair is parameterized by a polar angle ϑ with respect to the

boost axis and an internal azimuth ϖ. If the production plane is kept, its azimuth is denoted

by #. Following [2], we introduce the local shorthand

H
iso

EE (z) ↗ H
(1)

EE (z) ,

Wϑϑ→(ϑ,ϖ,#; z) ↗
↘V,ϱ|E(ςn1)E(ςn2)|V,ϱ→

≃

H
iso

EE (z)
, (3.1)

where H iso

EE (z) is the isotropic spin-averaged rest-frame structure. The anisotropic information

is encoded in the two ratios

a
(2,0)(z) =

H
(c)

EE (z)↑
1

2
H

(b)

EE (z)

H
iso

EE (z)
, a

(2,2)(z) =
H

(b)

EE (z)

H
iso

EE (z)
. (3.2)

With this normalization the spin average obeys 1

3

(
W00 +W++ +W↑↑

)
= 1. The full set of

rest-frame helicity structures needed below is

W00 = 1 + a
(2,0)(z)

(
3 cos2 ϑ↑ 1

)
+

3

2
a
(2,2)(z) sin2 ϑ cos 2ϖ ,

W++ = W↑↑ = 1 + a
(2,0)(z)

(
3

2
sin2 ϑ↑ 1

)
↑

3

4
a
(2,2)(z) sin2 ϑ cos 2ϖ . (3.3)

3Note that in Eq. (2.7), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section

they are denoted as ω and ω→, respectively.
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section, strongly suggesting the existence of an analytical approach to the J → ↑ constraints.

It should be noted that a simple linear transformation maps the bounds to those obtained from

the moment problem.

2.4 The spinning two-point energy correlator

While the kinematical dependence of the one point correlator is entirely captured by the Euler

angles, the two-point correlator has a non-trivial dependence on the internal angle z which is

defined as

z =
1↓ ωn1 · ωn2

2
. (31)

The hadronic tensor of Eq. 7 for the two-point energy correlator of a vector current can be

written in terms of the two detector positions, ωn1 and ωn2. The most general tensor structure is

given by

Hab

EE
= H1

EE
(z)

εab

3
+Hc

EE
(z)

(
1

1↓ z

na

1 + na

2

2

nb

1 + nb

2

2
↓

εab

3

)

+Hb

EE
(z)

(
1

z

na

1 ↓ na

2

2

nb

1 ↓ nb

2

2
↓

εab

3

)
.

(32)

The singlet coe!cient H1
EE
(z) is the quantity most commonly computed in the literature, as it

is the only contribution that survives upon integrating over the Euler angles in a polarized

scattering. The remaining two terms in Eq. 32 are traceless symmetric tensors and their

coe!cients Hc

EE
(z) and Hb

EE
(z) define the spinning energy correlators and can only be accessed

through measurements di”erential on the Euler angles. The superscripts c and b in the spinning

correlators stand for collinear and back-to-back, and denote the structures that survive in the

ωn1 = ωn2 and ωn1 = ↓ωn2 limits, respectively. As will be shown below, with an appropriate

choice of frame the tensor structures become independent of the relative angle z. The only two

independent symmetric traceless tensor structures which are also symmetric under n1 ↔ n2 are

those appearing in Eq. 32. The combination na

1n
b

1 + na

2n
b

2 can be written in terms of those in

Eq. 32, and including it amounts to a redefinition of Hc

EE
(z) and Hb

EE
(z). The same holds true

for the structure ϑacdnc

1n
d

2ϑ
befne

1n
f

2 , which can be written in terms of the two tensors in Eq. 32

and the identity. In the case of energy correlations, only parity invariant terms should appear,

which sets to zero the coe!cient of the parity odd structure ϑacdnc

1n
d

2(n
b

1↓nb

2)+(na

1↓na

2)ϑ
befne

1n
f

2 .

This term would be instead relevant for the two-point correlator of other charges, similar to

the case of one-point correlator of conserved charges of a chiral current, as shown in [62] and

as we will discuss in Section 3.3 in the context of energy-charge correlators.

The identification of the spinning correlators Hc

EE
(z) and Hb

EE
(z) with particular coe!cients

of the expansion in Wigner D-matrices depends on the choice of axis used to project the angular

momentum of the rigid body of detectors. Di”erent choices are related by Euler rotations and

correspond to a linear combination of Wigner D-matrices at fixed ϖ. For the case of the two-
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Isotropic part         , two anisotropic ratios

The boundary values z→± are defined as

z
→
± =

z
(
ω →

√
ω2 ↑ 1

↓
1↑ z

)2
, (2.14)

which lie between 0 and 1, i.e. 0 ↔ z
→
↑ ↔ z

→
+ ↔ 1.

Finally, in Eq. (2.7)3, the boost kernel was expressed in terms of the angles ε and ε
→

rather than z and z
→:

1

!

d!

dε→
=

∫
dεKω(ε, ε

→)
1

!

d!

dε
. (2.15)

The relation between the boost kernels expressed in di”erent variables is simply given by the

Jacobian factor as

Kω(ε, ε
→) =

dz
→

dε→
Kω(z, z

→) =
sin ε

2
Kω

(
z =

1↑ cos ε

2
, z

→ =
1↑ cos ε→

2

)
. (2.16)

3 Boosting Polarized Two-Point Correlators

3.1 Rest-Frame Helicity Structures

The scalar analysis above extends directly to spin-1 sources once the rest-frame correlator is

resolved in helicity space. We choose the boson rest frame such that the boost direction to the

lab frame defines the ẑ axis. For fixed opening angle z = 1↑cos ε

2
between the two calorimeters,

the orientation of the detector pair is parameterized by a polar angle ϑ with respect to the

boost axis and an internal azimuth ϖ. If the production plane is kept, its azimuth is denoted

by #. Following [2], we introduce the local shorthand

H
iso

EE (z) ↗ H
(1)

EE (z) ,

Wϑϑ→(ϑ,ϖ,#; z) ↗
↘V,ϱ|E(ςn1)E(ςn2)|V,ϱ→

≃

H
iso

EE (z)
, (3.1)

where H iso

EE (z) is the isotropic spin-averaged rest-frame structure. The anisotropic information

is encoded in the two ratios

a
(2,0)(z) =

H
(c)

EE (z)↑
1

2
H

(b)

EE (z)

H
iso

EE (z)
, a

(2,2)(z) =
H

(b)

EE (z)

H
iso

EE (z)
. (3.2)

With this normalization the spin average obeys 1

3

(
W00 +W++ +W↑↑

)
= 1. The full set of

rest-frame helicity structures needed below is

W00 = 1 + a
(2,0)(z)

(
3 cos2 ϑ↑ 1

)
+

3

2
a
(2,2)(z) sin2 ϑ cos 2ϖ ,

W++ = W↑↑ = 1 + a
(2,0)(z)

(
3

2
sin2 ϑ↑ 1

)
↑

3

4
a
(2,2)(z) sin2 ϑ cos 2ϖ . (3.3)

3Note that in Eq. (2.7), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section

they are denoted as ω and ω→, respectively.
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• Need to include different polarization contributions


• In helicity basis, define
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Finally, in Eq. (2.7)3, the boost kernel was expressed in terms of the angles ε and ε
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by #. Following [2], we introduce the local shorthand

H
iso

EE (z) ↗ H
(1)

EE (z) ,
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where H iso

EE (z) is the isotropic spin-averaged rest-frame structure. The anisotropic information

is encoded in the two ratios
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H
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iso
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(2,2)(z) =
H
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iso
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With this normalization the spin average obeys 1

3

(
W00 +W++ +W↑↑

)
= 1. The full set of

rest-frame helicity structures needed below is

W00 = 1 + a
(2,0)(z)

(
3 cos2 ϑ↑ 1

)
+
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a
(2,2)(z) sin2 ϑ cos 2ϖ ,

W++ = W↑↑ = 1 + a
(2,0)(z)

(
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2
sin2 ϑ↑ 1
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↑
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3Note that in Eq. (2.7), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section

they are denoted as ω and ω→, respectively.

– 5 –

W+→ = e
→2i!

[
→
3

2
a
(2,0)(z) sin2 ω→

3

4
a
(2,2)(z)

(
1 + cos2 ω

)
cos 2ε+

3i

2
a
(2,2)(z) cosω sin 2ε

]
,

W+0 = e
→i!

sinω
↑
2

[
3a(2,0)(z) cosω→

3

2
a
(2,2)(z) cosω cos 2ε+

3i

2
a
(2,2)(z) sin 2ε

]
,

W→0 = →e
i!
sinω
↑
2

[
3a(2,0)(z) cosω→

3

2
a
(2,2)(z) cosω cos 2ε→

3i

2
a
(2,2)(z) sin 2ε

]
,

with the remaining entries fixed by Hermiticity,

Wωω→ = W
↑
ω→ω . (3.4)

The terms proportional to sin 2ε drop out after the orientation average because the boost

constraint depends only on cos2 ε.

3.2 Weighted Boost Kernels

To expose the polarized boost map, it is convenient to generalize the scalar kernel to weighted

kernels,

Kε [w](z, z
↓) ↓

1

ϑ2

∫
d
2!

4ϖ

z

z↓
ϱ

(
z
↓
→

z

ς(φn1)ς(φn2)

)
w(ω,ε) . (3.5)

To integrate out ε against the delta function, it is convenient to set u ↓ cosω, C ↓ z/z
↓, and

define

A(u) = ϑ →

√
ϑ2 → 1

↑
1→ z u ,

X(u) =
A(u)2 → C

(ϑ2 → 1) z(1→ u2)
,

Q(u) =
(
A(u)2 → C

)(
(ϑ2 → 1) z(1→ u

2)→
(
A(u)2 → C

))
. (3.6)

Then the delta-function constraint fixes cos2 ε = X(u), while the Jacobian from the ε integral

produces the factor 1/
√

Q(u). The quartic polynomial Q(u) has roots

r1,2 =
ϑ ±

√
z/z↓√

ϑ2 → 1
↑
1→ z

, r3,4 =
ϑ
↑
1→ z ±

√
z/z↓ → z√

ϑ2 → 1
, (3.7)

and we denote by u1 > u2 > u3 > u4 these roots in decreasing order. In this notation the

physical integration region is always the interval u4 ↔ u ↔ u3, so the weighted kernel reduces

to

Kε [w](z, z
↓) =

z
2

2ϖz↓3ϑ2

∫
u3

u4

du√
Q(u)

w(u) . (3.8)

The identification with the unsorted roots is

(u1, u2, u3, u4) =





(r1, r3, r2, r4) , 0 ↔ m(z, z↓) < 1 ,

(r1, r2, r3, r4) , m(z, z↓) > 1 ,
(3.9)
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is encoded in the two ratios
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EE(z)↑
1

2
H

b

EE(z)

H
iso

EE (z)
, a
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H
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With this normalization the spin average obeys 1

3

(
W00 +W++ +W↑↑

)
= 1. The full set of

rest-frame helicity structures needed below is

W00 = 1 + a
(2,0)(z)

(
3 cos2 ϑ↑ 1

)
+

3
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a
(2,2)(z) sin2 ϑ cos 2ϖ ,

W++ = W↑↑ = 1 + a
(2,0)(z)

(
3

2
sin2 ϑ↑ 1
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3
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a
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3Note that in Eq. (2.7), the rest and boosted-frame angles are denoted as ωrest and ω, whereas in this section
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10

from the azimuthal angle of ωn2 with respect to ωn1 and 4ε from integrating over the orientation of ωn1 in the celestial
sphere, with respect to which the decay is isotropic. Note also that m2

H
in the overall normalization at rest is the total

energy component of the decaying particle at rest. This energy component transforms under boost to E
2
H

= ϑ
2
m

2
H
.

Using Eq. (10), Eq. (12), and the transformation of solid angle measure under boost d2!ωn
→
i
= ϖ(ωni)→2

d
2!ωni

, we can

rewrite the z
↑-di”erential EEC distribution for the boosted frame, with the boost direction defined by ωϱ, as

1

#

d#

dz↑
=

1

ϑ2m2
H

∫
d
2!ωn1d

2!ωn2 ϖ(ωn1)ϖ(ωn2) ς

(
z
↑
→

n1 · n2

2ϖ(ωn1)ϖ(ωn2)

)
↑$|E(ωn1)E(ωn2)|$↓

=
1

ϑ2m2
H

∫
dz

∫
d
2!ωn1d

2!ωn2 ϖ(ωn1)ϖ(ωn2) ς
(
z →

n1 · n2

2

)
ς

(
z
↑
→

n1 · n2

2ϖ(ωn1)ϖ(ωn2)

)
↑$|E(ωn1)E(ωn2)|$↓

=
1

ϑ2m2
H

∫
dz

∫
d
2!

4ε

[∫
4ε 2ε sin φdφ ς

(
z →

n1 · n2

2

)
↑$|E(ωn1)E(ωn2)|$↓

]
z

z↑
ς

(
z
↑
→

z

ϖ(ωn1)ϖ(ωn2)

)

=

∫
dz

(
1

ϑ2

∫
d
2!

4ε

z

z↑
ς

(
z
↑
→

z

ϖ(ωn1)ϖ(ωn2)

))
1

#

d#

dz
↔

∫
dzKε(z, z

↑)
1

#

d#

dz
. (15)

Going from the second to the third line, we have rewritten the solid angle integration of ωn1 and ωn2 into di”erential
measure in angle φ = arccos(ωn1 · ωn2) and solid angle integration measure d

2! describing the orientation of the ωn1 and

ωn2 system with respect to the boost direction ωϱ. As the terms in the [· · · ] of the third line do not depend on such
orientation for decays of a scalar source, we are able to explicitly carry out the integral to identify the rest-frame EEC
distribution 1

!
d!
dz

and the boost kernel Kε(z, z↑) that relates the rest and boosted frame EEC distributions.
To derive the analytic form of the boost kernel Kε(z, z↑), we find it convenient to parameterize the rest-frame vectors

ωn1 and ωn2 in terms of ωna and ωnb in the xz-plane and a rotation matrix R as ωn1 = Rna and ωn2 = Rnb. The rotation
R preserves the inner product, ωn1 · ωn2 = ωna · ωnb = cos φ, and ωna,b are parameterized as

ωna =
(
sin

φ

2
, 0, cos

φ

2

)
, ωnb =

(
→ sin

φ

2
, 0, cos

φ

2

)
. (16)

The rotation matrix R is then parameterized by angles (↼,↽) that describe the orientation of the seed vector system

{ωna,ωnb} system with respect to some boost direction ωϱ. Then scaling factors ϖ(ωni) = ϑ(1→ ωϱ · ωni) take the form

ϖ(ωn1) = ϑ(1→ ωϱ · ωn1) = ϑ(1→ ωϱ · (Rωna)) = ϑ →

√
ϑ2 → 1

(
sin

φ

2
cos↽ sin↼+ cos

φ

2
cos↼

)
,

ϖ(ωn2) = ϑ(1→ ωϱ · ωn2) = ϑ(1→ ωϱ · (Rωnb)) = ϑ →

√
ϑ2 → 1

(
→ sin

φ

2
cos↽ sin↼+ cos

φ

2
cos↼

)
. (17)

By performing the angular integration over such rotations d2! = sin↼d↼d↽, the analytic form of the boost kernel can
be derived as

Kε(z, z
↑) =

1

ϑ2

∫
d
2!

4ε

z

z↑
ς

(
z
↑
→

z

ϖ(ωn1)ϖ(ωn2)

)

=
z
3/2 %(m(z, z↑))

2ε ϑ2
√

ϑ2 → 1 z↑5/2 4
√
(1→ z)(1→ z↑)

↗






K
(√

m(z, z↑)
)
, 0 ↘ m(z, z↑) < 1 ,

1√
m(z, z↑)

K
(
1/
√

m(z, z↑)
)
, m(z, z↑) > 1 ,

(18)

where K(k) is the complete elliptic integral of the first kind

K(k) =

∫ 1

0

dt√
(1→ t2) (1→ k2 t2)

, (19)

and the parameter m(z, z↑) in Eq. (18) is given by z, z
↑
, and ϑ as

m(z, z↑) =
2
≃
1→ z

≃
1→ z↑ + z + z

↑ + zz
↑(ϑ2

→ 1)→ 2

4
≃
1→ z

≃
1→ z↑

. (20)

In particular, the boost kernel takes a simple form in the z ⇐ 0 and z ⇐ 1 limits as

Kε(z = 0, z↑) =
4ϑ2

→ 1

3ϑ2
ς(z↑) ,

Kε(z = 1, z↑) =
%(ϑ2

z
↑
→ 1)

2ϑ2
√
ϑ2 → 1 z↑5/2

√
ϑ2z↑ → 1

. (21)
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Likewise for d!→→/dz
↑. The o”-diagonal entries are

1

!

d!+→
dz↑

= e
→2i!

∫
dz

1

!

d!iso

dz

[
→
3

4
a
(2,0)(z)

(
Kω [1]→Kω [cos 2ω]

)

→
3

8
a
(2,2)(z)

(
3Kω [cos 2ε] +Kω [cos 2ω cos 2ε]

)]
,

1

!

d!+0

dz↑
= e

→i!

∫
dz

1

!

d!iso

dz

[ 3

2
↑
2
a
(2,0)(z)Kω [sin 2ω]→

3

4
↑
2
a
(2,2)(z)Kω [sin 2ω cos 2ε]

]
,

1

!

d!→0

dz↑
= →e

i!

∫
dz

1

!

d!iso

dz

[ 3

2
↑
2
a
(2,0)(z)Kω [sin 2ω]→

3

4
↑
2
a
(2,2)(z)Kω [sin 2ω cos 2ε]

]
,

(3.21)

with the remaining o”-diagonal components again fixed by Hermiticity. These are the building

blocks needed for boosted W and Z decays. For a production density matrix ϑεε→ , the lab-

frame spectrum is obtained by contracting ϑεε→ with the boosted helicity matrix. If the

production plane is unobserved, the azimuthal phases average to zero. Only the diagonal

entries in Eq. (3.20) then contribute, so that

1

!

d!ϑ

dz↑
=

∑

ε=0,±1

ϑεε
1

!

d!εε

dz↑
. (3.22)

As a consistency check, summing over the three diagonal polarizations recovers the scalar

kernel:

1

3

(
1

!

d!00

dz↑
+

1

!

d!++

dz↑
+

1

!

d!→→
dz↑

)
=

∫
dzKω(z, z

↑)
1

!

d!iso

dz
. (3.23)

4 Boosting Unpolarized N-Point Correlators

An N -point energy correlator depends on 2N → 3 independent angular variables. We write

the opening angle between ϖni and ϖnj as ϱij , and use

zij =
1→ cos ϱij

2
, z

↑
ij =

1→ cos ϱ↑
ij

2
, (4.1)

for the rest-frame and boosted angles. A convenient independent set is

IN ↓ {12, 23, . . . , N→1N} ↔ {13, 14, . . . , 1N}, (4.2)

and similarly for the primed variables. Under a boost with Doppler factors ς(ϖni), the angular

variables transform as

z
↑
ij =

zij

ς(ϖni)ς(ϖnj)
. (4.3)

The measurement constraints can therefore be written compactly as

φ̂2N→3 ↓

∏

ij↓IN

φ

(
z
↑
ij →

zij

ς(ϖni)ς(ϖnj)

)
. (4.4)
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The corresponding boost kernel is then

K
N

ω ({zij}, {z
→
ij}) =

1

ω2

∫
d
2!

4ε

N∏

i=1

ϑ(ϖni) ϱ̂2N↑3 . (4.5)

The orientation integral has only two degrees of freedom. Thus for N → 3 the kernel

remains distributional: after integrating over !, one expects 2N ↑ 5 residual delta functions.

4.1 Three-Point Case

The boosted distribution takes the convolution form

1

”

d”→

dz
→
12
dz

→
23
dz

→
31

=

∫
dz12 dz23 dz31 K

(3)

ω ({zij}, {z
→
ij})

1

”

d”

dz12 dz23 dz31
. (4.6)

The aim of this subsection is to derive a compact form of the three-point kernel, rewrite it

in the variables (s,ς1,ς2), and isolate the representation that is directly useful for boosted-

EEEC plots as a function of (s→,ς→
1
,ς

→
2
).

4.1.1 Three-Point Boost Kernel

Let three calorimeter directions be represented by unit vectors n̂i (i = 1, 2, 3), and let

zij ↓
1↑ n̂i ·n̂j

2
↔ [0, 1], (ij) ↔ {12, 23, 31}. (4.7)

For a boost with Lorentz factor ω along the direction !, define

ri(!) ↓ ω ↑

√
ω2 ↑ 1 (n̂i ·!). (4.8)

The angular distances transform as

z
→
ij =

zij

rirj
, (4.9)

so the corresponding kernel is

K
(3)

ω ({zij}, {z
→
ij}) =

1

ω2

∫
d
2!

4ε
r1r2r3

∏

(ij)↓{12,23,31}

ϱ

(
z
→
ij ↑

zij

rirj

)
. (4.10)

Introduce

aij ↓
zij

z
→
ij

, (4.11)

so that

ϱ

(
z
→
ij ↑

zij

rirj

)
=

zij

z
→ 2
ij

ϱ(rirj ↑ aij). (4.12)

Then

K
(3)

ω =
(∏

(ij)

zij

z
→ 2
ij

) 1

ω2

∫
d
2!

4ε
r1r2r3

∏

(ij)

ϱ(rirj ↑ aij). (4.13)
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Likewise for d!→→/dz
↑. The o”-diagonal entries are

1

!

d!+→
dz↑

= e
→2i!

∫
dz

1

!

d!iso

dz

[
→
3

4
a
(2,0)(z)

(
Kω [1]→Kω [cos 2ω]

)

→
3

8
a
(2,2)(z)

(
3Kω [cos 2ε] +Kω [cos 2ω cos 2ε]

)]
,

1

!

d!+0

dz↑
= e

→i!

∫
dz

1

!

d!iso

dz

[ 3

2
↑
2
a
(2,0)(z)Kω [sin 2ω]→

3

4
↑
2
a
(2,2)(z)Kω [sin 2ω cos 2ε]

]
,

1

!

d!→0

dz↑
= →e

i!

∫
dz

1

!

d!iso

dz

[ 3

2
↑
2
a
(2,0)(z)Kω [sin 2ω]→

3

4
↑
2
a
(2,2)(z)Kω [sin 2ω cos 2ε]

]
,

(3.21)

with the remaining o”-diagonal components again fixed by Hermiticity. These are the building

blocks needed for boosted W and Z decays. For a production density matrix ϑεε→ , the lab-

frame spectrum is obtained by contracting ϑεε→ with the boosted helicity matrix. If the

production plane is unobserved, the azimuthal phases average to zero. Only the diagonal

entries in Eq. (3.20) then contribute, so that

1

!

d!ϑ

dz↑
=

∑

ε=0,±1

ϑεε
1

!

d!εε

dz↑
. (3.22)

As a consistency check, summing over the three diagonal polarizations recovers the scalar

kernel:

1

3

(
1

!

d!00

dz↑
+

1

!

d!++

dz↑
+

1

!

d!→→
dz↑

)
=

∫
dzKω(z, z

↑)
1

!

d!iso

dz
. (3.23)

4 Boosting Unpolarized N-Point Correlators

An N -point energy correlator depends on 2N → 3 independent angular variables. We write

the opening angle between ϖni and ϖnj as ϱij , and use

zij =
1→ cos ϱij

2
, z

↑
ij =

1→ cos ϱ↑
ij

2
, (4.1)

for the rest-frame and boosted angles. A convenient independent set is

IN ↓ {12, 23, . . . , N→1N} ↔ {13, 14, . . . , 1N}, (4.2)

and similarly for the primed variables. Under a boost with Doppler factors ς(ϖni), the angular

variables transform as

z
↑
ij =

zij

ς(ϖni)ς(ϖnj)
. (4.3)

The measurement constraints can therefore be written compactly as

φ̂2N→3 ↓

∏

ij↓IN

φ

(
z
↑
ij →

zij

ς(ϖni)ς(ϖnj)

)
. (4.4)
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N-point energy correlator depends on 2N−3 independent angular variables

Boost delta function

Boost kernel
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θ12
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Three-Point Correlator (EEEC)

4848

E1

θ12

θ13

E2

E3

θ23

dσ
dz12dz23dz31

≡ ∑
m

∑
1≤i1,⋯i3≤m

∫dσm × ∏
1≤k≤3

Eik

Q ∏
1≤ j<l≤3

δ (zjl −
1 − cos θijil

2 )



Coordinate of the EEEC

4949

zij =
1 − cos θij

2
= sin2

θij

2
det

1 cos θ12 cos θ13

cos θ12 1 cos θ23

cos θ13 cos θ23 1
≥ 0• Allowed region: Gram determinant  

[Yang, Zhang `22]



Coordinate of the EEEC

4949

粽子 zong-zi


zij =
1 − cos θij

2
= sin2

θij

2
det

1 cos θ12 cos θ13

cos θ12 1 cos θ23

cos θ13 cos θ23 1
≥ 0• Allowed region: Gram determinant  

[Yang, Zhang `22]



Celestial Parametrization for the EEEC

5050

θ13

θ23

θ12

z23 = κ(s) sin2 ϕ1

2
, z31 = κ(s) sin2 ϕ2

2
, z12 = κ(s) sin2 ϕ1 + ϕ2

2

κ(s) =
4s

(1 + s)2

zij = sin2
θij

2



Celestial Parametrization for the EEEC

5050

{θ12, θ23, θ13} → {y1, y2, y3} → {ϕ1, ϕ2, s}

zij = sin2
θij

2
=

|yi − yj |
2

(1 + |yi |
2 )(1 + |yj |

2 )

y1 = seiϕ1, y2 = sei(ϕ1+ϕ2), y3 = s

θ13

θ23

θ12

z23 = κ(s) sin2 ϕ1

2
, z31 = κ(s) sin2 ϕ2

2
, z12 = κ(s) sin2 ϕ1 + ϕ2

2

κ(s) =
4s

(1 + s)2

zij = sin2
θij

2



Boosting EEEC

5151

Hence

ω
(
t
→
G

↑1
t→ 1

)
= !G ω

(
N (t, c)→!G

)
, (4.25)

so it is natural to define

F ({zij}, {z
↓
ij}; ε) ↑ N (t, c)→!G. (4.26)

The residual support condition is F = 0.

We can simplify F by using the explicit form of ti,

F ({zij}, {z
↓
ij}; ε) = →

4

z
↓
12
z
↓
23
z
↓
31
(ε2 → 1)

P({zij}, {z
↓
ij}; ε), (4.27)

where

P = (z12z23z31)Q(z↓12, z
↓
23, z

↓
31) + (z↓12z

↓
23z

↓
31)Q(z12, z23, z31)

→ 4(ε2 → 1)z12z23z31z
↓
12z

↓
23z

↓
31 + (d1d2 + d2d3 + d3d1)

+ 2ε
√
z12z23z31z

↓
12
z
↓
23
z
↓
31

[
(z12 + z23 + z31)(z

↓
12 + z

↓
23 + z

↓
31)

→ 2(z12z
↓
12 + z23z

↓
23 + z31z

↓
31)

]
, (4.28)

with

Q(z12, z23, z31) = z
2

12 + z
2

23 + z
2

31 → 2z12z23 → 2z23z31 → 2z31z12, (4.29)

d1 = z23z
↓
31 → z31z

↓
23, d2 = z31z

↓
12 → z12z

↓
31, d3 = z12z

↓
23 → z23z

↓
12. (4.30)

The polynomial P is manifestly symmetric under {zij} ↓ {z
↓
ij
}, as expected from the invert-

ibility of the boost map.

We have

K
(3)

ω ({zij}, {z
↓
ij}) =

↔
!G

16ϑε2
√
ε2 → 1

z12z23z31

z
↓
12
z
↓
23
z
↓
31

ω
(
P
)
. (4.31)

4.1.2 Conversion to celestial variables (s,ϖ1,ϖ2)

It is useful to rewrite the kernel in the celestial variables (s,ϖ1,ϖ2) [3–5]. For notational

convenience we relabel

x1 ↑ z12, x2 ↑ z23, x3 ↑ z31. (4.32)

Then

x1 = →
s

(1 + s)2
(1→ ϱ1)2

ϱ1
, x2 = →

s

(1 + s)2
(1→ ϱ2)2

ϱ2
, x3 = →

s

(1 + s)2
(1→ ϱ1ϱ2)2

ϱ1ϱ2
,

(4.33)

ϱ1 = e
iε1 , ϱ2 = e

iε2 , (4.34)

with analogous primed variables (s↓,ϖ↓
1
,ϖ

↓
2
). s characterizes the overall size of the triangle

formed by n̂i, while ϖ1 and ϖ2 characterize its shape, with

0 ↗ s ↗ 1, 0 ↗ ϖ1 ↗ ϑ, 0 ↗ ϖ2 ↗ ϑ, ϑ ↗ ϖ1 + ϖ2 ↗ 2ϑ . (4.35)
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23z

↓
31 + (d1d2 + d2d3 + d3d1)

+ 2ε
√
z12z23z31z

↓
12
z
↓
23
z
↓
31

[
(z12 + z23 + z31)(z

↓
12 + z

↓
23 + z

↓
31)

→ 2(z12z
↓
12 + z23z

↓
23 + z31z

↓
31)

]
, (4.28)

with

Q(z12, z23, z31) = z
2

12 + z
2

23 + z
2

31 → 2z12z23 → 2z23z31 → 2z31z12, (4.29)

d1 = z23z
↓
31 → z31z

↓
23, d2 = z31z

↓
12 → z12z

↓
31, d3 = z12z

↓
23 → z23z

↓
12. (4.30)

The polynomial P is manifestly symmetric under {zij} ↓ {z
↓
ij
}, as expected from the invert-

ibility of the boost map.

We have

K
(3)

ω ({zij}, {z
↓
ij}) =

↔
!G

16ϑε2
√
ε2 → 1

z12z23z31

z
↓
12
z
↓
23
z
↓
31

ω
(
P
)
. (4.31)

4.1.2 Conversion to celestial variables (s,ϖ1,ϖ2)

It is useful to rewrite the kernel in the celestial variables (s,ϖ1,ϖ2) [3–5]. For notational

convenience we relabel

x1 ↑ z12, x2 ↑ z23, x3 ↑ z31. (4.32)

Then

x1 = →
s

(1 + s)2
(1→ ϱ1)2

ϱ1
, x2 = →

s

(1 + s)2
(1→ ϱ2)2

ϱ2
, x3 = →

s

(1 + s)2
(1→ ϱ1ϱ2)2

ϱ1ϱ2
,

(4.33)

ϱ1 = e
iε1 , ϱ2 = e

iε2 , (4.34)

with analogous primed variables (s↓,ϖ↓
1
,ϖ

↓
2
). s characterizes the overall size of the triangle
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1
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). s characterizes the overall size of the triangle
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The three constraints r1r2 = a12, r2r3 = a23, and r3r1 = a31 determine

r
ω

1 =

√
a12a31

a23
, r

ω

2 =

√
a12a23

a31
, r

ω

3 =

√
a23a31

a12
, (4.14)

and the Jacobian

det
ω(r1r2, r2r3, r3r1)

ω(r1, r2, r3)
= 2r1r2r3 (4.15)

cancels the explicit factor of r1r2r3. Defining

ti →
ε ↑ r

ω

i√
ε2 ↑ 1

, (4.16)

one finds

ϑ(ri ↑ r
ω

i ) =
1√

ε2 ↑ 1
ϑ(n̂i ·!↑ ti), (4.17)

and therefore

K
(3)

ε =
(∏

(ij)

zij

z
→ 2
ij

) 1

2ε2(ε2 ↑ 1)3/2

∫
d
2!

4ϖ

3∏

i=1

ϑ(n̂i ·!↑ ti). (4.18)

Now introduce the Gram matrix

Gij → n̂i ·n̂j =




1 c12 c31

c12 1 c23

c31 c23 1



 , cij = 1↑ 2zij , (4.19)

whose determinant is

”G → detG = 1 + 2c12c23c31 ↑ c
2

12 ↑ c
2

23 ↑ c
2

31

= ↑4(z212 + z
2

23 + z
2

31) + 8(z12z23 + z23z31 + z31z12)↑ 16z12z23z31. (4.20)

Since ! ↓ S
2 has only two degrees of freedom, one residual delta function remains, and the

invariant identity
∫

d
2!

3∏

i=1

ϑ(n̂i ·!↑ ti) =
2

↔
”G

ϑ
(
t
↑
G

↓1
t↑ 1

)
(4.21)

gives

K
(3)

ε ({zij}, {z
→
ij}) =

(∏

(ij)

zij

z
→ 2
ij

) 1

4ϖε2(ε2 ↑ 1)3/2
↔
”G

ϑ
(
t
↑
G

↓1
t↑ 1

)
. (4.22)

To avoid explicit matrix inversion, we define

N (t, c) → t
↑adj(G) t, t

↑
G

↓1
t =

N (t, c)

”G

. (4.23)

For the 3↗ 3 Gram matrix above,

N (t, c) = (1↑ c
2

23)t
2

1 + (1↑ c
2

31)t
2

2 + (1↑ c
2

12)t
2

3

+ 2(c12c23 ↑ c31)t1t2 + 2(c23c31 ↑ c12)t2t3 + 2(c31c12 ↑ c23)t3t1. (4.24)
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To avoid explicit matrix inversion, we define

N (t, c) → t
↑adj(G) t, t

↑
G

↓1
t =

N (t, c)

”G

. (4.23)

For the 3↗ 3 Gram matrix above,

N (t, c) = (1↑ c
2

23)t
2

1 + (1↑ c
2

31)t
2

2 + (1↑ c
2

12)t
2

3

+ 2(c12c23 ↑ c31)t1t2 + 2(c23c31 ↑ c12)t2t3 + 2(c31c12 ↑ c23)t3t1. (4.24)
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E1

θ12

θ13

E2

E3

θ23

• One delta function left


•  symmetric under 


• Boost , rewrite 

𝒫 zij ↔ z′￼ij

(s, ϕ1, ϕ2) → (s′￼, ϕ′￼1, ϕ′￼2)

and

K
(3)

ω (s,ω1,ω2; s
→
,ω

→
1,ω

→
2) = J(s→,ω→

1,ω
→
2)K

(3)

ω

(
{xi(s,ω1,ω2)}, {xi(s

→
,ω

→
1,ω

→
2)}

)
. (4.47)

Using

F = →
4

x
→
1
x
→
2
x
→
3
(ε2 → 1)

P, (4.48)

the kernel can be written in the compact form

K
(3)

ω =
J(s→,ω→

1
,ω

→
2
)
√

!G(s,ω1,ω2)

16ϑε2
√

ε2 → 1

x1(s,ω1,ω2)x2(s,ω1,ω2)x3(s,ω1,ω2)

x1(s→,ω→
1
,ω

→
2
)x2(s→,ω→

1
,ω

→
2
)x3(s→,ω→

1
,ω

→
2
)
ϖ
(
P
)
. (4.49)

4.1.4 Boundary Support at s = 1

The coplanar boundary s = 1 is special because !G = 0 there. Setting ϱ = 1 in (4.42)

immediately gives

P
∣∣
s=1

= →
ϱ
→2

4

(
M → 4ε

↑

ϱ→
↑

UU →
)2

, (4.50)

so the support condition becomes

ε

√
ϱ(s→) =

M

4
↑
UU →

. (4.51)

This equation implies a lower endpoint for the boosted support. To see this, introduce

v ↓ (u1, u2, u3)
↑
, v

→
↓ (u→1, u

→
2, u

→
3)

↑
, J ↓




→1 1 1

1 →1 1

1 1 →1



 . (4.52)

Then

M = v
↑
Jv

→
, v

↑
Jv = 4U, v

→↑
Jv

→ = 4U →
. (4.53)

Since J has signature (+,→,→) and both v and v
→ lie in the same positive cone, the reverse

Cauchy inequality gives

M
2
↔ (v↑Jv)(v→↑Jv→) = 16UU

→
. (4.54)

Hence

ε

√
ϱ(s→) =

M

4
↑
UU →

↔ 1. (4.55)

On the physical branch 0 < s
→
↗ 1, ϱ(s→) = 4s→/(1+s

→)2 is monotonic, so s
→ has a lower bound,

s
→
min = (ε →

√
ε2 → 1)2 . (4.56)

The bound is saturated if and only if v→ is proportional to v, which in the physical domain is

equivalent to

ω
→
1 = ω1, ω

→
2 = ω2. (4.57)
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Boosted LO EEEC

52

• Plug in  and boost


• Fixed  (e.g., )


• Lower bound on  for 

δ(1 − s) f(ϕ1, ϕ2)

ϕ′￼1, ϕ′￼2 = 2π/3

s′￼(γ) = (γ − γ2 − 1)2 = 0.1459 γ = 1.5



Boosted NLO EEEC

53

• In the rest frame [Yang, Zhang `24]



Boosted NLO EEEC

54

• After boost ( , , )γ = 1.5 ϕ′￼1 = ϕ′￼2 =
2π
3

s′￼* = (γ − γ2 − 1)2 = 0.1459

• Need to work out mismatch (bug?) for 


• Need to include resummation at  ( )

s′￼> s′￼*

s → 1 s′￼ ∼ s′￼* [AG, Yang, Zhang `24]



• Higgs EEC


• Boost kernel


• Rest-frame Higgs EEC


• Boosted Higgs EEC


• Boosting EEC for vector bosons (Z/W)


• How to boost for multi-point energy correlators

Conclusions

55


