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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 @ ~ arccos(1 — 2/y?) for Lorentz boost factor y. We show that infrared scales, such
as the dead-cone effect 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 searches for new physics searches.
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I. INTRODUCTION

Highly energetic partons produced at high-energy col-
liders undergo successive collinear splittings, generating
collimated sprays of particles known as jets. These objects
encapsulate the universal behavior of 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 jetlike 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 provided 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 effort
to study jet substructure through the lens of energy
correlators measured on a high-energy jet state |¥), such
as the two-point energy-energy correlator (EEC) [43-46]:
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measuring the correlations between energy-flow operators
[47],

E(n) = lim dtr’n'Ty(t, rit), (2)
r—00 0

which characterize the energy flux into a calorimeter cell in
the direction 7. The inherent simplicity of energy correla-
tors is pushing the boundaries of precision calculations in
QCD [48-55]. Furthermore, they offer a remarkably clean
interpretation of distinct angular regions given by 6 =
arccos(7i; - 11,) between two detectors, providing a means
to clearly discern the physics of confinement, collinear
DGLAP evolution, heavy-quark mass effects, medium
modifications, and the Sudakov resummation regime. As
such correlation functions of asymptotic detectors are
natural observables in generic quantum field theories, they
are being actively explored in a general field-theoretic
context as well. For a comprehensive review, see Ref. [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 |¥¥,), specifically analyzing
the hadronic decays of boosted Higgs bosons by studying

the EEC distribution differential in angle 0 as

EEC EEC
1 do-pp—>H—>XX ~ 6pp—>H % 1 H-XX (3)
Oiot do FXX do

where XX € {gg, bb} are two of the most frequent hadronic
decay channels of the Higgs, and oy, is the total cross-
section of the pp — H — XX decay.
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A key simplification of the Higgs boson is its narrow
width, which allows for the factorization between production
and decay as shown in Eq. (3), rendering nonfactorizable
contributions negligible compared to systems like a top
quark [57]. Consequently, 6”??~" serves as a proxy for
different production channels generating boosted Higgs
kinematics. In the Supplemental Material [58], we present
next-to-next-to-leading order (NNLO) predictions for pp —
H + X for different Lorentz boost factors y = E/my as an
example of a possible Higgs production process.

dFEEC .
The decay term, i =X, captures the decay dynamics

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

1 drgEfxxzi

— 2 — 2 —
I'yx dO _E%{ &Ly &Ly,
x 8(0—arccos(r; 1) (E(m1)E(1)) xx»  (4)
where
(E(n)E(12)) xx

_ J d*xeiPrx (0] Ofy (x)E (1) E(71,) Oxx (0)]0)
[ dxeiPirx (0] Oky (x)Oxx (0)[0)

. (5)

with boosted Higgs momentum py = (Ey, py) such that
p3 =mj. For the decay channels of interest, O,, =
GG and Oy = Wy,

As derived in the next section, we can relate the EEC of a
boosted Higgs to its rest-frame decay using a boost kernel KC,

as

EEC
1 dUgZxx _

L 1 dlySyy
Txx do '

/ dgrestlcy (Qrestv 9) F— do
XX rest

(6)

Thus, our strategy is to first characterize the Higgs decay
distribution at rest with precision then apply the appropriate
Lorentz boost to match the boost kinematics. Our work also
draws inspiration from [64], where a leading-power factori-
zation for boosted 2-subjettiness was derived by relating it to
the rest-frame distribution.

II. ANALYTIC BOOST KERNEL

In this section, we derive the boost kernel ICy, which
maps energy-energy correlator measurements of a hadronic
decay from the rest frame of the Higgs to the measurement
in its boosted frame. Additionally, we demonstrate that
hadronic two-body decays result in a distinct peak at
Opeax ~ arccos(1 —2/y?) after the boost, where y is the
Lorentz boost factor.

A. Boost kernel derivation

To derive the boost kernel, it is convenient to introduce
the angular variables,

1 —cos® 1 —cos®
— d=—7>— (7)

2 2

]
1

where 6 and @' represent the opening angles between the
calorimeter directions in the rest and boosted frames,
respectively. For notational brevity in this section, we
denote rest-frame quantities without a prime and
boosted-frame quantities with a prime ('), such that 8 =
arccos (i - 1) and @' = arccos(7i - 7ib).

Let 7 be a unit 3-vector specifying a detector direction in
the rest frame, and define the associated null vector
n* = (1,i). When we perform a Lorentz boost with
velocity ﬁ characterized by the boost factor y =
1/\/1—=p* and the Lorentz transformation matrix

-

AL (p), this transforms the unit null vector to

- -

NP = y(1 + f - iiyn = 2B, i)n'™, (8)

where n'# is the resulting unit null vector from the boost and
A(B, n ) is the associated rescaling factor. (Henceforth, we will

omit the explicit dependence on E in the argument of A for
brevity.) Such rescaling and the transformation of n* — n™
via the Lorentz transformation A transforms the energy flow
operator £(7i) as [65,66]

UT(A)EG)U(A) = A(iVE(). 9)

Therefore, the two-point energy correlators in the
boosted frames are related to those of the rest frame as

(P E () E (i) [P') = (P|UT(A)E () E(ity) U(A)|'P)
= (P[(UT(A)E@)U(N)(UT(A)E()U(A))|¥P)

= (7 4 OIE ) )E ) ). (10)
where our states have definite momentum as

(P|E(r)E(y)|'P)
_ [ dxe 0|0 (x)E (7)€ (i7i) O(0)[0)
[ d*xe'Pr+(0|O" (x)O(0)]0) '
(W|E(my)E () [¥)
_ [ dxeP(0]O" (x) UT (A)E (i1 )£ (i) U(A) O(0)[0)
[ d*xeiPu* (0|0 (x)UT (A)U(A)O(0)]0)

(11)

with boosted decay particle momentum p}, = (Ey, py) =
ymH(l,ﬁ) and rest-frame momentum py = (mH,6) such
that p? = p/3 = m%. We can then define the EEC dis-
tribution differential only in z (or z’) as
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1drr 1
/dQQ d*Q;.6
Tdz ma

1dr 1

2
2 2 ! n
= d“Qz d=Qs 6 -
Fdz yzm%{/ i il <Z

!

where for the rest-frame distribution, we used the fact that
for a scalar decay source, the decay in its rest frame is
isotropic and thus the correlator (¥|E(7i,)E(7,)|¥) is only
a function of 6. Concretely, 2z can be thought of as
coming from the azimuthal angle of 7, with respect to 7,
and 4z from integrating over the orientation of 7, in the
celestial sphere, with respect to which the decay is
isotropic. Note also that m?% in the overall normalization

|

1dr 1
rd?  ym

/ dZQﬁldzg;iz/l(ﬁ])i(ﬁz)é(z’

1 d?Q
= ﬁ/dZ/— |:/ 47T27Z'Sln9d95<
y my 4z
1 [d*Qz
/ Z<y2/ 4z 7/

Going from the second to the third line, we have
rewritten the solid angle integration of 7, and 7, into
differential measure in angle 6 = arccos(7; - 71,) and solid
angle integration measure d>Q describing the orientation
of the 7, and 71, system with respect to the boost
direction ,B 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 %Z—E and the boost
kernel K,(z,7') that relates the rest and boosted frame
EEC distributions.

To derive the analytic form of the boost kernel I, (z. z'),
we find it convenient to parametrize the rest-frame vectors
n, and 7, in terms of 71, and 7, in the xz-plane and a
rotation matrix R as 7i; = Rn, and 1 My = Rnh The rotation
R preserves the inner product Hy -1y =M, 1, = cos0,

and 7, are parametrized as

- .0 0 - .0 0

n, = smE,O,cosi , n, = —s1n§,0,cos§ .
(14)

>(‘P|€(nl) (1,)|¥) :ml%{/4ﬂ2zrsin9d95<z—

24(1i, )A(7i

- 20 2O MDA _hih M
yzm%]/dz/d i d nzzl(nl)/l(rh)&(z 5 5|z ERIE

) (W& EG)| ).

) (WG )& () ). (12)

|
at rest is the total energy component of the decaying
particle at rest. This energy component transforms under
boost to E% = y>m?,.

Using Eq. (8), Eq. (10), and the transformation of solid
angle measure under boost d*Qy = A(7i;) 2 d?Q; , we can
rewrite the 7/-differential EEC distribution for the boosted

frame, with the boost direction defined by E, as

)

)><‘P|8( Eis)¥)
))<\P|e< EG)|¥)

) (W& (7

R

<Z/_/1(ﬁ )le( >>FZFE/ ldg‘ (13)

[

The rotation matrix R is then parametrized by angles
(9,¢) that describe the orientation of the seed vector
system {7,,7,} system with respect to some boost
direction /3. Then scaling factors A(i1;) = y(1 — 8 - ;) take
the form

A(ry) = y(1 - = (1 - p- (Rii,))
—\/7? s1n cos ¢ sind + cos ecos 19)
Aiiy) = y(1 =B+ iiy) = y(1 = B~ (Riiy))

/=1

0 0
- sinicosq) sind + cosicos 19) .
(15)
By performing the angular integration over such rotations

d’Q = sin 9ddd¢p, the analytic form of the boost kernel
can be derived,

034046-3



ANIJIE GAO, KYLE LEE, and XIAOYUAN ZHANG

PHYS. REV. D 114, 034046 (2026)

1 [d?Qz 2
N==[| —=67 ————5—
K,(z.7) },2/ 4r 7 (Z 1(51)/1<ﬁ2>)

2?0(m(z.7'))

o 2y’ /},2 — 11/5/2\/4_1(1 —2)
where K (k) is the complete elliptic integral of the first kind,

1 dt
K= A V=21 -k2) )

and the parameter m(z, z') in Eq. (16) is given by z, 7/, and y
as

21—Vl =2 424+ +2Z (P -1)-2
4y/1=z/1-7 '

m(z,7) (18)

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

4y -1
3y?

K,(z=0,7) = 8(2),

_ e’ - 1)
27,2\/},2 _ 1Z’5/2\/7/22’ _1 ’

For 0 < z < 1, depending on the value of m(z,z’), the
boost kernel in Eq. (16) lies in different branches
[0 <m(z,7) <1 and m(z,7') > 1]." We can solve for
the range of z, 7’ that corresponds to different branches of
m(z,7'). If we fix z at different values, then we find”

(i) For 0 <z<1/y% we always find m(z,7) <1,
while the condition m(z,7’) > 0 gives a constraint
on the range of 7’ as 7/ < 7/ < 7/,, where we define
7Z/, below. Therefore, in this regime, the boost kernel
always lie in the first branch 0 < m(z,7) < I;

(ii) For 1/y* <z <1, imposing the condition m(z,z') > 0
constrains the range of 7’ to 7z <7 < 1. Imposing
the m(z,z') <1 or m(z,z') > 1 constraints further
separates the range of 7' into z/ <z <z, and
7, <z <1, respectively. As 7' — 7/, we have
m(z,z') — 1 and the boost kernel becomes divergent
but the singularity is integrable there.

(19)

'"The condition m(z,z’) < 0 corresponds to a kinematically
forbidden configuration. While the algebraic expression for
m(z,7') can be negative for some choice of z and 7/, such pairs
cannot be related by a Lorentz boost and thus lie outside the
phgsical support of the kernel.

Since m(z,7') is symmetric under z <> z/, the discussion
below can also be applied for z when fixing z’.

K(y/m(z,7)),
(1-2) {

0<m(z,7) <1,

mK(l/\/m), m(z,z’) > 1, (16)

I
The boundary values z/, are defined as

2= (20)

Z
rF V- 1W1=2)?

which lie between O and 1, i.e., 0 < 7/ < 7/, < 1. Although
the boost kernel mixes regions, the boosted collinear region
7/ < 1/y?* is dominated by the rest-frame collinear region,
and the characteristic peak at 7/ ~ 1/y? by the rest-frame
back-to-back region.

Finally, in Eq. (6),” the boost kernel was expressed in
terms of the angles @ and € rather than z and 7'

1t
rdo

1dr
= | dOK,(0.6) . (21)

The relation between the boost kernels expressed in differ-
ent variables is simply given by the Jacobian factor as

d7
KV(H,H/) :wlcy(z, Z’)
sind’ l—cos® , 1—cos¢
= — = = . 22
2 ’CV( 2 ¢ 2 ) (22)

B. 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:

I 14T I 1dr
de- =0 | a1 23
A ‘Tz /) LTz (23)

Our boost procedure should preserve such conservation for
the boost distribution as well. Normalizing the boosted
distribution by E%, = y?m3,, as shown in Eq. (12), main-
tains energy conservation exactly, but introduces a 1/y?
boost factor for the momentum conservation formula,
yielding

Note that in Eq. (6), the rest and boosted-frame angles are
denoted as 6., and 8, whereas in this section they are denoted as
0 and @', respectively.
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1 1dr 1 1dr
/ d7 —— = 27/2/ d77 -— =1. (24)
0 z 0

We can explicitly show this by

1 1dI’ 1 1dI°
d7 —— = dzld7K,(z,7)] =—
| s = [ ala s

_ 1 2(]/2—1) 1 1dl’
—A dZ|: T 4 E +1 Fd_Z

El

1 1dr 1 1dl’
d/ ! — d d//,C , AV
A S ; z[dZ' 7K, (z z)]rdZ
L z1dl’
= [ a2
/) YTz
1
b 25

where we have first done the d7’ integrals with /C, in
Eq. (16), then used Eq. (23).

C. 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 € near 7z,
or equivalently z~ 1. At the Born level, the rest-frame
distribution is expressed as

1dr 1

= [8(2) + 8(1 -

L =316+ 801 - )],

Born-level, back-to-back decay (26)

where §(z) comes from putting the detectors on the same
particle. Let us focus on the §(1 — z), or the back-to-back
correlation contribution.

As established above, when z lies in the interval
1/y* <z <1, the boost kernel K,(z,2) in Eq. (16) has
two distinct branches: 7 <7 <7/, with 0 <m(z,7) < 1

orz/, < 7' <1 with m(z,7') > 1. For the Born-level back-
to-back correlation with (1 — z), the first branch has no

region of support as z’iﬂl/ y>. Consequently, the
boost kernel collapses into a single branch with
m(z,7') > 1.

Therefore, using Eq. (19), the resulting boosted distri-
bution for the %5(1 — z) component [full distribution must
include the &(z)/2 part as well] is

07 - 1)

- 47/2 /]/2 _ 1Z/5/2 /722/ -1 ’

which monotonically increases as z’ — 1/y* [or equiva-
lently @ — arccos(1 —2/y?)]. Note that the 7/ = 1/y?
singularity is integrable in 7/, which is necessary for the
sum rule preservation [after including 6(z)/2 component].

%]CY(Z: 1,7) (27)

In the two-body back-to-back decay, Sudakov resum-
mation replaces the singular (1 —z) with a broadened
distribution. As will be discussed around Eq. (29), 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
Leading-logarithmic (LL) resummation expression for such
Sudakov resummation was given explicitly on the right-
hand side of Eq. (28).

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 7, (z) both approach 1/y2. This forces the
support of the first branch (7. <z’ < Z/,) into a narrow
window around 1/y%>. 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 7'~ 1/y% This expectation explains the feature
observed in the main text, where the hadronic decay peak
appears at 0., ~ arccos(1 — 2/7%).

III. HIGGS DECAY AT REST

The Higgs decay EEC distributions for both the gg and
bb channels exhibit distinct behaviors across varying
angular regions. The relevant energy scales governing
these distributions are the Higgs mass my, the confinement
scale Aqcp, the angular scale my sin(6/ 2),4 and, for the bb
channel, the bottom quark mass m,. As we scan across 6,
the angular scale puggpc ~ my sin(6/2) probes distinct physi-
cal regimes defined by these parameters. Figure 1 displays
the full angular distribution of various Higgs decay
channels and the distinct 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 (0 ~ 1): In the wide-angle region
where 6 ~ 1, the angular scale is pggpc ~ my. Here, the
leading contribution is governed entirely by the hard scale
my, and thus the distribution is described by fixed-order
calculations at such UV scale. For both H — bb and
H — gg decays, we compute these contributions to
NLO, or O(a?) accuracy [52,53].

The collinear regime (6 < 1): As the angle decreases
into the collinear regime, defined by my,, Agcp < Ugpc~
my0/2 < my, the EEC admits a factorization into a

*For notational simplicity, we use € to denote the rest-frame
angle 6. in this section.
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1 dF};:JE—?XX
Tyx  df 10k

107"k

10-5 = (U1 &(71)E(7i2)| U ) (NNLL oy +NLO+NLLy,)
(W€ )E) [T ;) (NLLeon+NLO+N"LLy,)
F = (\I/Zb\sﬂ nl),su(n2 \\Ilbb> (LO+N4LL12h)

wide-angled
0~1

fif

Higgs at Rest ]
& my =125 GeV 3
u} " XX =gg or bb 1
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0

FIG. 1.

sl Livaa o 0 L Livaa oy
10° 100 10-l 1072 1073

The angular distribution of the energy-energy correlators for hadronic Higgs decays at rest for gg and bb decay channels. The

angular variable 8 scans across distinct physical regimes; the wide-angle region governed by hard fixed-order QCD (€ ~ 1); the collinear
limit (@ < 1), characterized by classical 1/6 scaling, Dokshitzer—Gribov—Lipatov—Altarelli-Parisi (DGLAP) resummation, and
modifications from infrared scales m;, and Agcp; and the back-to-back region (¢ — ) dominated by Sudakov double logarithms.

The exclusive measurement of B-hadron correlations in the H — bb channel is dominated by the back-to-back region.

hard function (describing the production of a collinear
fragmenting parton) and a massless jet function (describing
correlations  arising  from  collinear  splittings)
[13,14,50,67,68]. The collinear splittings generate a
classical 1/6 scaling in the correlations, while DGLAP
resummation of large logarithms of Iné further induces
anomalous scaling determined by twist-2 spin-3 anomalous
dimensions, up to effects from S functions. For both the
H — bb 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 — bb, the latter being limited by the current
availability of the H — bb hard function to NLO [69,70].

Deeper in the collinear limit, the angular scale pggc ~
mpy0/2 eventually becomes sensitive to the infrared scales
my, and Agcp. As we approach the massive regime
my0/2 ~ my, the mass dependence in the collinear split-
ting can no longer be neglected. While the evolution
between my6@/2 ~ m;, and my primarily affects the nor-
malization, the shape is governed by the fixed-order
massive jet functions [16,31] sensitive to mass-dependent
collinear splittings. Crucially, this captures the suppression
of radiation around a massive emitter known as the dead-
cone effect. Consequently, the singular 1/6 scaling is

regulated by mass effects, eventually turning over to a

drt®
Tdo

one explicitly selects g — bb splittings [31] inside gluon
jets, such mass effects are visible only for b-jets produced
in H— bb decay. Such mass-dependence of the jet
function is only known to NLO, which we use in the
massive regime for bb decay.

Finally, at the deepest infrared scales where
my0/2 ~ Agcp, the invariant mass of the splittings
approaches the hadronization scale. Here, the production
and correlation of the dihadron state are described by

linear reduction 2T o const x 0 as 6/2 < mj,/my. Unless

moments of dihadron fragmentation functions [68,71,72]
and cannot be reduced to perturbative objects.” While these
moments are nonperturbative, their evolution follows a
perturbative kernel. When @ falls below the confinement
scale, i.e., my0/2 < Agcp. the correlations saturate to a
constant value, reflecting a uniform distribution of hadrons.
Due to the Jacobian factor 6, this results in a linear scaling

drdZE  const x . We model this behavior by freezing the 6
dependence of the distribution, consistent with the asymp-
totic behavior of the moments of dihadron fragmentation
functions [68,71]. Thus, the collinear region exhibits a
dramatic modification of scaling driven by additional scales
like m,, and Aqcp, effectively resolving QCD scales. On the
other hand, within conformal field theory, the classical
scaling 1/6 remains to arbitrarily small angles [73-75] due
to a lack of such additional mass scales.

The back-to-back regime (x — 60 < 1): In the back-to-
back region, 6 — z, the angular scale becomes
ugec ~ my (7 — 0)/2, making the distribution sensitive to
large logarithms of In(z — ). In contrast to the single
logarithmic series of the collinear limit, this region is
governed by Sudakov double logarithms arising from
both soft and collinear divergences. In the region
my, Agep < my (7 — 6)/2 < my, the Sudakov resumma-
tion is required [51,76,77]. Although we carry out N4LL
resummation below, as an illustration, at the LL order, this
takes a simple form:

>Although experimental measurements are always performed
on hadronic final states, when mpy0 > Aqgcp, the parton-to-
hadron transition occurs on separated branches. In such cases,
energy conservation implies that the sum over hadronic states acts
effectively as the identity operator, allowing correlations to be
written in terms of partonic degrees of freedom.
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2 1 drgSyy
T — HFXX do

O—r

s () [ 757 ol = 0)/2) expl=S5 (b, )

(28)

where H(my) is the hard function and S{X(b,mpy) =

e g—zrgfgp(as(ﬂ))ln(m%l//’ﬂ) denotes the LL Sudakov

exponent, with y;, = 2e¢77£ /b. To leading-logarithmic order,

[(ay(0) ¥ a,Cy/r=ST%  and T2y (ay(n)=

a,Cr/n = 3:T(5. To account for the nonperturbative cor-
rection in the back-to-back limit, we also include the fit form
gk (b) = 2g5b? from Refs. [78,79] in the Sudakov exponent
and apply the g, value obtained from the joint analysis of
experimental and lattice data in the same references.

Physically, this regime corresponds to the formation of a
color flux tube or string between the recoiling partons [80].
This gives rise to the logarithmic growth of anomalous
dimension with cusp anomalous dimensions. Using a
saddle-point approximation, one can show that the inte-
grand is dominated at LL by an impact parameter b, where
S¥X(b,) is maximized. This is given by b, =
by/my exp[4ﬂ/(as(mH)(Fz%( +2py))]. When the argu-
ment of the Bessel function J, becomes constant,’

b*mH(ﬂ - Gonset)/z ~1

my viys
my\mw — eonse 2~ —eXp | —
il /2 e &P as(my) (CG) + 2Bo)
- ml;)/(ro+ﬂ0>Aﬁo/(ro+ﬁo), (29)

the right-hand side of Eq. (28) begins saturating to a constant
value [81]. Including the Jacobian factor 2/(z — @) on the
left-hand-side, this results in a linear decay of i% as
0 — n. In particular, note that the onset angle is significantly
smaller for gg decay, relative to bb decay due to Casimir
scaling in Fﬁ)’)‘ .

Unlike the collinear region, where the 1/6 scaling is
modified to a linear 8 scaling by the sensitivity to the IR
scales m;, and Aqcp, the linear (7 — ) scaling here sets in
already in the perturbative regime, before these IR scales
are reached. The Sudakov form factor saturates the b-space
integrand at a characteristic b, that is independent of
(r — 0) [81], so the resummed distribution becomes effec-
tively constant in (z — ) and the linear scaling follows
from the Jacobian factor 2/(z —@). This behavior is
therefore also observed in conformal field theories

®Note that we use the LL expression a,(my) =
4/ (ByIn(m?2,/A?)) in the last line, where A is the 1-loop Landau
pole scale.

(CFTs) [74,75,82]. Consequently, the impact of additional
IR scales is less striking in the back-to-back region. We
assume the constant values [the right-hand side of Eq. (28)]
are set by the perturbative Sudakov suppression and
perform resummation to N*LL accuracy,” extrapolating
this behavior into the deep infrared. The estimation of scale
uncertainties follow the convention of [84,85]. The tran-
sition to this constant behavior occurs significantly earlier
than Agcp scale my (7 — Ogpser) /2 3> Agep, especially for
H — gg channel as shown in Eq. (29). It would still be
interesting to study the exact impact of the presence of the
Aqcp scale in the back-to-back region, which would
describe the regime where the string eventually breaks,
screening the color connection between the back-to-back
jets and resulting in color-singlet hadrons. On the other
hand, we expect m, scale to be important for H — bb
decay channel as mpy (7 — Oypget) /2 < m,, there and makes
massive jet function in the back-to-back region important
near the onset region. Such a mass-dependent jet function
was computed to NLO recently [86-88], but we do not
include its effect here.

Matching: To combine the resummed distributions in
both collinear and back-to-back limits with the fixed-order
result in the wide-angle region, we use the following
formula:

matched coll,resum coll,sing
dFH—)XX _ dr‘H—»XX _ drH—)XX
derest derest derest
b2b,resum b2b,sing FO
dFH—»XX dr‘H—»XX drH—»XX 30
o don, T do - Y
rest rest rest

where the first and third terms are the collinear and back-to-
back resummation, the second and fourth terms are the
singular expansion in @, of the corresponding resummed
distribution, and the last term is the fixed-order. Following the
log counting, the proper matching is N¥LL in the collinear
resummation, N¥*2LL in the back-to-back resummation and
NKLO in the fixed-order. However, some of the ingredients
are not available so we use the possible highest orders. We
write the orders used for the calculations in each figure.
Measurement only on B hadron correlations: Lastly,
rather than performing measurements inclusively on all
hadronic decays, we may choose to measure correlations
only between B hadrons.® This is achieved using the track
function formalism [89-92] for heavy hadrons [31], treat-
ing b-flavor as a quantum number [93-96]. Due to the
sensitivity to the perturbative scale m,,, such track functions

"For H — gg channel, this includes contribution from linearly
polarized gluons [77,83]. For gluon jet functions, we use
the ‘improved gluon jet function’ scheme in [84].

The energy-flow operator &, is defined to measure the energy
of heavy hadrons, where H represents the set of all hadronic
states with a heavy quark Q or antiquark Q quantum number.
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Aqcp
my

are perturbatively computable up to O(=%2), and we utilize

their two-loop expressions [97,98] augmented with three-
loop logarithms predicted by its renormalization structure.
Due to heavy-quark flavor symmetry, B hadrons originate
primarily from b and b fragmentations. As the bb decay
channel is dominated by bb pairs produced back-to-back,
we intuitively expect the correlations exclusively between
B hadrons to be sensitive primarily to the back-to-back
singular region. Indeed, at LO, the collinear region of
B-hadron-only correlations exhibits no singular behavior.
While g — bb splittings can induce collinear enhancement
at NLO, their contributions will be suppressed. Therefore,
we focus mainly on the back-to-back region calculations,
which we perform up to N*LL accuracy.

Since B-hadron correlations in bb decay constitute a
subset of the inclusive correlations, one might expect them
to lie strictly below the inclusive baseline across all angles
(especially given both are perturbative predictions with
positive energy particles). However, we observe a crossover
between the two predictions. This behavior again suggests
that m,, effects in the jet function are important and must be
accounted for near the scale my(zx — @) ~ my,, where the
CrOSSOVer Occurs.

IV. BOOSTED HIGGS DECAY

With precision predictions for the Higgs at rest, we
perform the boost using Eq. (6). Figure 2 shows the boosted
Higgs distribution (my = 125 GeV) at y = Ey/my =4
for different decay channels. As explicitly derived in the
Sec. II C, a delta function in the back-to-back region of the

—— ———
EEC [l ]
1 dlpSxx = (WY|€(7,)E(7)| ¥ ) (NNLL oy +NLO+NLLy) ]
T a +f ‘ ]
w g (WfE(1)E ()| ¥fE) (NLLoi#NLO4N'LLy)
of == (W€ () En ()| T)5) (LO+NLLyz) E
i e

5: d . _4 'J./v‘ .

Boosted Higgs (y=4) L

h: my =125 GeV = @)<Mz:w [

3 XX =ggor bb
2
1
0:

FIG. 2. The angular distribution of the energy-energy correlators
for a boosted Higgs boson with my = 125 GeV and y = 4 for gg
and bb decay channels. We compare the inclusive gg and bb decay
channels, as well as the exclusive measurement of correlations
between B-hadrons. All distributions exhibit a characteristic peak
near Opey ~ arccos(1 —2/y?). The vertical dashed line indicates
this kinematic value, corresponding to the boosted topology of the
back-to-back two-body decay in the rest frame.

rest-frame distribution, §(z — @), transforms under a boost
into a peak at @, = arccos(1 —2/y*). There, we further
argue that this peak structure is expected for the back-to-
back resummation EEC distribution with large support near
0 ~ & as well. We observe that all curves, namely inclusive
gg and bb decays as well as the exclusive bb measurement,
exhibit peaks near this location, though their shapes differ
subtly. This peak is a signature of the two-prong structure
of the boosted Higgs, reflecting the transformation of a rest-
frame, back-to-back two-body decay into a single, colli-
mated jet. At even smaller angles for the inclusive case, we
see the collinear peak either from the dead-cone suppres-
sion in H — bb or the confinement scale in H — gg, both
still preserved under the boost.

In Fig. 3, we isolate the H — bb channel and vary the
boost factor y. The plot clearly illustrates the shift of peak
locations to smaller 6 with increasing y, consistent with the
increased collimation expected for boosted, jetlike topol-
ogies. At hadronic colliders, angular separations are often
quantified using the longitudinally boost-invariant distance

AR = \/A? + A¢?, for which AR = 6 holds in the small-
angle limit. For highly boosted Higgs jets, most of the
distribution is supported at sufficiently small separations
that this approximation is applicable. Alternatively, if one
tags the precise momentum of the Higgs, one can recon-
struct the full angular distribution of its decay even in
hadronic colliders.

Crucially, the emergence of this distinct peak at Gpeq ~
arccos(1 — 2/y?) stands in stark contrast to the behavior of
the QCD background. Standard QCD jets, dominated by
massless parton branchings, exhibit a characteristic scale-

pig — = If
(Wil Gy )£ [ Wig)
NEL o +NLO+N*LL}
EEC _ mg =125 GeV

FIG. 3. The evolution of the energy-energy correlator distri-
bution for the H — bb decay channel under varying Lorentz
boosts y. As the boost increases, the characteristic peak shifts to
smaller angles, reflecting the increasing collimation of the decay
products into a single jetlike topology.
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1 dUg5 g — 125 GeV ' ' I
Ty df goL=—= mu=200GeV i
E == mp=300GeV E
10-! 3
F Higr= = H
- (W) )| W57) ]
10725 Higgs at Rest E
g NLL o +NLO+N*LLy, ]
1073 __
[ el el RN | Lees o o o [ Levss o 0 ]
10-3 1072 107! 10° 10° 107! 1072 1073

0

FIG. 4. The energy-energy correlator distribution for H — bb decays in the scalar rest frame for varying masses my = 125, 200,
300 GeV. While the qualitative features of the distribution remain consistent, the angular positions of the peaks shift systematically with
the scalar mass. The collinear peak location scales as my8/2 ~ m,,, while the back-to-back peak location is governed by the onset of

Sudakov saturation given in Eq. (29).

invariant behavior where the EEC distribution scales as
~1/80 (until € is small enough to encounter Agcp or m, for
b-jets). The boosted Higgs signal, by contrast, breaks this
scale invariance through the mass scale my, imprinting a
‘hard’ two-prong feature onto the angular distribution. A
precision analytical understanding of such radiation pat-
terns within Higgs jets, facilitated by the EEC as demon-
strated here, can assist in the development of high-precision
parton showers [99-104] and improve the performance
of machine learning taggers [105-110] trained on such
simulations.

V. SCALAR MASS SCALES RESOLVED

It is also interesting to consider how the hard scale, the
mass of the scalar source my, is imprinted on the EEC
distribution. New scalar resonances are motivated in many
new physics scenarios, including supersymmetry [111] and
two-Higgs-doublet models [112]. In Fig. 4, we display the
EEC distribution for H — bb decays in the scalar rest
frame for varying my = 125, 200, 300 GeV. While the
qualitative features remain consistent, the angular positions
of the peaks shift systematically according to the expect-
ations discussed above; the collinear peak occurs at
my0/2 ~my, and the my(m—04)/2 given by
Eq. (29) for the back-to-back region, which exhibits only
a mild dependence on my. Therefore, my roughly sets the
overall scale for the angle in EEC distribution.

In Fig. 5, we examine the imprint of the mass scale my in
the boosted regime, holding the total energy of the scalar
fixed at Ey = 500 GeV. As we vary the mass my = 125,
200, 300 GeV, the corresponding Lorentz boost factor
y = Ey/my changes, resulting in a distinct shift of the
peak location 6, ~ arccos(1 —2/y%). Consequently, for a
jet of fixed energy, the angular location of this peak serves

Ldrl;:IEij E I I g = 125 GeV ]
Ty~ d0 35k =200 GeV ]
"I By =300 GeV ]
3.0F Boosted Higgs 3
Ssk ,‘ Ey =500 GeV

~t ’ Higi= \or= \ gl
b } ; <‘I’b5\5(n1)5(”2)|‘1’b5> ]
2.0 § A NLL oy +NLO+N*LLy;, 7

0.5 1.0 L5 2.0
0

FIG. 5. The angular distribution of the EEC for boosted scalars
with fixed energy Ey =500 GeV and varying masses
my = 125, 200, 300 GeV. The angular position of the peak
depends on the resonance mass. The vertical dashed lines indicate
arccos(1 — 2/y?) for different y = E;/my.

as a direct proxy for the resonance mass, demonstrating the
capability to tag the underlying scalar source.

VI. CONCLUSIONS AND OUTLOOK

In this work, we have presented a comprehensive study
of the energy-energy correlator for boosted Higgs bosons,
integrating precision QCD calculations into the study of
boosted jet substructure. Our results demonstrate that the
simple transformation properties of energy flow operators
under Lorentz boosts render the EEC a particularly robust
observable for characterizing boosted resonances, allowing
for a straightforward transformation of precision calcula-
tions from the rest frame to the boosted distribution.
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We showed that the two-prong structure of the Higgs
decay, which manifests as a singular back-to-back con-
figuration in the rest frame, maps under the boost to a
distinct peak at @~ arccos(1 —2/y%) inside the jet.
Furthermore, we highlighted how fundamental QCD
scales, such as the dead-cone suppression in the H — bb
channel and the onset of confinement in the H — gg
channel, are imprinted on the angular distribution and
preserved in the boosted frame.

Looking forward, this framework opens several avenues
for exploration. It will be interesting to investigate whether
the precise shape dependence of different decay channels
within boosted Higgs jets can be leveraged to statistically
tag specific decay modes [1,107,113—-117], potentially
enhancing sensitivity to the Higgs Yukawa couplings
[118-121]. As discussed in the End Matter, we can resolve
the scalar mass my via angular peaks. This suggests
potential applications for new physics searches, where
the masses of new heavy scalars could be reconstructed
directly from the substructure of their decay jets.
Furthermore, future lepton colliders [122-125] would
provide a pristine environment for the precision measure-
ment of these boosted-jet energy correlators, comple-
menting the ongoing program at the Large Hadron Collider.

The theoretical techniques developed here—combining
fixed-order inputs, resummation, and boost kernels—can
be naturally extended to other boosted systems, such as top
quarks, hadronically decaying W/Z bosons, or novel
resonances predicted by new physics scenarios. Such

extensions include considering boosts with polarization
information. Another important extension is to consider
detailed studies for higher-prong decay modes under boost,
such as the three-prong structure of top quark decays. Such
analyses could enable precision electroweak studies, such
as the determination of the top quark mass [18], or offer
novel means to enhance new physics searches, for instance
by exploiting interference effects via EEC in polarized
decays [126].
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