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The decay out-states of unstable Standard Model (SM) particles provide a unique, well-defined
intrinsic quantum-information probe of the SM parameter space. We use Higgs decays as a test case:
after tracing out kinematics, we compute entanglement among final-state spins and colors across
all decay channels and impose a near-maximal entanglement-entropy criterion. This criterion yields
quantitative indications for fundamental parameters. Within the SM, the entanglement entropy
exhibits a global maximum close to the observed Higgs mass and the measured W mass, the latter
being equivalent to the SU(2)r gauge coupling. In a two-parameter kappa framework, applying the
same criterion points to an SM-like balance between vector and fermion couplings, constraining the
ratio of the sector-wide rescalings. These results suggest that entanglement extremality can serve
as a complementary handle on fundamental parameters.

INTRODUCTION

Quantum-information ideas are increasingly applied to
particle physics. Since Bell’s proposal of experimentally
testable entanglement [1], the possibility of probing quan-
tum correlations in fundamental interactions has been
widely explored [2]. Observations of spin entanglement
in top—quark pairs at the LHC [3, 4] have opened a possi-
bility that colliders can probe entanglement directly, es-
tablishing quantum-information observables as a viable
probe in high-energy physics [5-7].

Recent studies probe whether quantum-information
extrema encode Standard Model (SM) parameters. Ex-
amples include maximal helicity entanglement in lepton
annihilation/scattering yielding sin® fy, = 1/4 [8], min-
imized entanglement in neutrino oscillations constrain-
ing the PMNS CP phase [9], and minimized flavor-
entanglement power shaping CKM and PMNS mixing
[10]. Magic—based QED criteria further refine fy, infer-
ences [11]. Related studies link entanglement to symme-
tries and dynamics [12-26].

The Higgs boson underlies electroweak symmetry
(EW) breaking and the origin of particle masses. While
its properties have been extensively measured at colliders
[27, 28], its mass remains a free SM parameter without a
universally accepted theoretical explanation. Several ap-
proaches aim to explain it: asymptotic-safety arguments
in the SM coupled to gravity suggest my, ~ 126 GeV [29],
criticality of the Higgs potential yields my, ~ 1354+9 GeV
[30], and Planck-scale mass sum rules predict mj ~ 135
GeV [31]. Additionally, a maximal classical multinomial
entropy constructed from the Higgs decay branching ra-
tios yields my, = 125.04 £ 0.25 GeV [32].

In this work, we infer SM parameters from the decay
products of unstable particles. Complementary to scat-
tering analyses, which require a specified center-of-mass
energy, scattering angle and a two-particle in-state, de-
cays are kinematically fixed in the parent’s rest frame and
start from a single-particle in-state determined by the SM

spectrum. This makes decay out-states an intrinsic and
minimal quantum probe for quantum-information studies
in particle physics.

We focus on Higgs decays as a test case, analyzing kine-
matics and evaluating final-state entanglement in spin
and color. The Higgs decays are a promising process
that may serve as a laboratory for quantum-information
tests, with studies of Bell inequalities and entanglement
signatures across multiple channels [33—47]. By consid-
ering all accessible decay channels, rather than a single
exclusive mode, we link our observable directly to the
Higgs mass, EW gauge couplings, and Yukawa couplings.
A near-maximal entropy criterion then provides insights
into these parameters: within the SM it selects Higgs
and W masses close to their observed values. In a two-
parameter x framework, it prefers an approximately SM-
like balance between vector and fermion couplings. This
method is general, directly tied to measurable decay pat-
terns, and extends naturally to other unstable particles
beyond the Higgs boson.

THE DECAY OUT-STATE OF UNSTABLE
PARTICLES

An unstable particle such as the Higgs boson is pre-
pared in a one-particle in-state. At the rest frame, it is
given by

|in> :Nil |pin> |)‘in> ) (1)

where |pin) denotes a one-particle momentum eigen-
state and |Aj,) collects intrinsic quantum numbers
(spin/helicity and gauge charges). The normaliza-
tion factor N' = (2E;,V)"/? ensures (infin) = 1 with
(p|p’) = 2Ei,(27)30®) (pin — p),) and the box normal-
ization (27)30(*)(0) = V. For a scalar field, the spin
label A;, is absent. After the decay, the out-state is

lout) = i7" |in) , (2)
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with 7" is the transition operator. We neglect the trivial
identity piece in the S-matrix, S =1 —l—iT, since we focus
on the entanglement specifically generated by the decay.

For two-body decays, the T-matrix element is related
to the invariant amplitude M by

(P1P2; 5152; €162; 77 [iT|Pin, Ain)
= (2m)*6* (pin — p1 — P2)IME 2 Y (piy — p1p2)

where |s,) and |cy) (o = 1,2) label spin/helicity and
color states, and |i,j) labels the particle species in the
final state. For Higgs decays, the initial particle carries
neither color nor spin. Color conservation implies ¢y =
o1, so we use M) — MibJ below. The out-state
can then be written in terms of amphtudes as

|out) = NZZZ/dﬂldHQ (2m) 45t (Pin — P1 — P2)

2,] S182 C
M;g (Pin = P1p2) |[P1P2; 81825 ¢G5 45) ,  (4)

with dIl; = d®p;/[2E;(27)3]. From Eq. (4), the normal-
ized density matrix of the final state is

3)

_ |out) (out]
~ (out|out)

: (5)
with

(2m)16%(0)
A2
where §(0) is the delta function reflecting the plane-wave
normalization for momentum eigenstates, m;, is the mass
of the decaying particle, and 'ty is its total decay width.

Here we use the standard box-normalization replacement
(2m)6(0) — T

(out|out) = 2minleor = TT ot (6)

ENTANGLEMENT ENTROPY FROM DECAYS

We quantify entanglement in the decay out-state us-
ing the entanglement entropy (EE), following the formu-
lations in Refs. [48, 49]. We take the bipartition of final
states as Hiot = Ha @ Hp, with

HA = ngln ® 7-[color ® Hgarticle ) (7)
H Hkm ® Hkm ® Hé)pln ® Hcolor ® Hlb)article ’ (8)

where M, Hiins Hegrors and Hi i (i = a,b) denote
the momentum, spin, color, and particle-type Hilbert
spaces for particles 7. The reduced density matrix can
be got from the total density matrix p by tracing out Hpg

PR = trag[p], 9)

and we adopt the linear entropy (Tsallis-2) as our mea-
sure of entanglement [50, 51]:

EB(pr) = 1 — trye, o). (10)

Applying py given in Eq. (5) to Eq. (9) , the reduced den-
sity matrix becomes

CC (%3

pR=Y Z Z lrjt P2 sy i) (), el (11)

i sysisy ¢

where
e d®s(p1, p2)
Sl = [ AR S MM (12
mn

k

with dfbg(pl,pz) = dHldHQ(Zﬂ')454(pin — pl,pg). Note
pr is block diagonal in color and particle type.
Consequently, the linear EE takes the simple form

EE(pr)=1— Z —BRZ (13)

where N! and BR; are the color multiplicity and the
branching ratio (BR) for species i. Thus, EE includes
a 1/N. color suppression, 1/3 for quarks and 1/8 for glu-
ons. The spin factor P; is

Z cc; it cc; it
73' — 51828384 = S5152;83827 535435154 (14)
v .. 2
(Z Fcc; i )
8182 §182;8182

For Higgs decays into fermions, this yields P; = 1/2.

HIGGS DECAYS IN TWO- AND THREE-BODY
CHANNELS

We apply the decay-based entanglement framework to
Higgs decays. In the SM, there are 14 Higgs decay chan-
nels:

h—qq, 0, WW, ZZ, gg, vy, Zv, (15)

where ¢ =u,d,c,s,t,band { =e,pu,7 [52].

When my, < 2my -, we use the notation V* indicates an
off-shell gauge boson. The VV* channel is nontrivial for
the EE calculation as it yields a three-body final state.
Consider h(pin) — V(p)V*(@) — V(p1)f(p2) ' (ps),
with ¢ = pa + ps and V = W/Z. The corresponding
out-state is

lout) > N1 Z Z

{ff'} A1,82,82
X |P1, A1)y P2, s2, f) [P3. 83, ') (16)

dq’sM{fs;ss (p1,p2,D3)

where d®3 = dI1;dI1dIl3(27)*6% (pin — p1 — p2 — p3) is the

three-body phase space, and Mﬁi{s;SB (p1,pe2,p3) is the

amplitude, with A; and s 3 parameterizing the helicity

states of the on-shell V' boson and the fermions [53].
The calculation proceeds analogously to the two-body

case. We trace over Hp defined in Eq. (8), now with the
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FIG. 1. Spin factors P; for each Higgs decay channel as a

function of my,.

understanding that “particle b” encompasses both f and
f’. This contributes to the reduced density matrix as

FVV
Y

pr3 Y T My il (V=W2), (1)
VY, tot

where Aj, \] are the helicities of the on-shell V', and

=Yy

{ff'} 52,83

Ao MLV (Mff'*v)* . (18)

)\18283 )\/18283

Thus, the reduced density matrix for the process h —
V'V* has the same structure as in the two-body case, and
the subsequent EE analysis can be carried out similarly.

The spin factor P‘?}}bOdy then follows from Eq. (14),

see Appendix (App. A) for details,

p3—body _ 2F}(ev) + F7(ey)
Vv [2Fr(ev) + Fr(ev)]?’

(19)

where Fp and Fp, encode the transverse and longitudinal
helicity contributions,

Fr(ey) = /Oymx dyﬁv Y -4y, (20)

Ymax 1
Fr(ev) = dy—————V\JY — 4y, 21
o) = [ TRNCIY

with ey = mp/my € [1,2], Y = (& — 1 — y)? and
Ymax = (€ — 1)2. Note that Py has the same form for
the WW and ZZ channels, as the couplings cancel in the
ratio. When mj, > 2my, the decay h — V'V is two-body
and the spin factor is

_ 2412
2—body _ L 29
PVV (2 + TL)Z b ( )

with 7, = (1—€2,/2)? from the longitudinal contribution.
The spin factor for each decay channel is shown in
Fig. 1. For my, < 2my, Pyy is smaller than 1/2, which

reduces its weight compared to fermion channels. At the
threshold mj; = 2my , the two- and three-body descrip-
tions coincide and yield Pyy = 1/3. Near threshold, the
vector bosons are non-relativistic, suppressing helicity in-
formation and equalizing contributions from all three he-
licities. In the heavy-Higgs limit, the vector bosons are
highly boosted, and the longitudinal polarization domi-
nates, so Pyy — 1. The channels to ff, gg, vy and Zy
have P; = 1/2, since these particles carry two helicities,
whereas the longitudinal mode of Z does not contribute.

NEAR-MAXIMAL EE IN HIGGS DECAYS

With the spin factors P; determined, we calculate the
EE for fixed SM inputs. Higgs BRs are taken from
HDECAY [54, 55], including only to the three-body modes
for VV*). We also get an independent analytic calcu-
lation of partial widths (App. B) which gives consistent
EE results (App. C).

In Fig. 2, the left panel shows the dependence of the
EE on the Higgs mass, with other couplings and the SM
vev fixed. A global maximum FFE globally gives

mp = 126.08 + 0.28 GeV, (23)

where the 1o uncertainty is obtained from a Monte
Carlo scan over all other SM parameters within their 1o
ranges [56] and the theory uncertainty for BRs [57, 58].
This is within 0.8% of the latest ATLAS result, 125.11 +
0.11 GeV [59], and CMS result, 125.08 £ 0.12 GeV [60].
We can define a near-maximal region by

AEE
EEmaX

|EE(pr) — E Emax|
EEmaX

<01%,  (24)

the observed Higgs mass lies within this band.

The right panel of Fig. 2 shows the EE as a function
of myy, with other parameters (including U(1)y coupling
¢') fixed. Equivalently, the EE can be viewed as a func-
tion of the SU(2), coupling g or the weak mixing angle
sin Ay . The global maximum EE selects

my = 80.506 & 0.376 GeV (25)

where the 1o error again reflects SM parameter and the-
ory input uncertainties. The central value differs from
the measured my, by < 0.17%. The corresponding near-
maximal-EE band for my is considerably broader than
input uncertainties.

In Fig. 3, we use the two-parameter s framework [61]
to probe the impact of Higgs-coupling deviations, rep-
resentative of beyond-SM scenarios such as two-Higgs-
doublet models [62]. We rescale the SM Higgs couplings
as ghyy — Ky X g%l‘\fv and gprr — Kf X gi’}/[f, keeping
fermion and vector-boson masses fixed. The figure shows
the EE in the (ky,xy) plane with all other parameters
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Entanglement entropy of Higgs decays as a function of the Higgs mass (left) and mw (right). The gray band marks

the experimentally observed SM values (1o), the red band shows the EEmax yield with its 1o uncertainty from SM inputs and
theory, and the green band indicates the near-maximal-EE region.
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FIG. 3. EE in the kfj—kv plane. Green and cyan dotted
curves show contours of AEE/E FEmax = 0.5% and 0.1%, re-
spectively. The magenta star marks the maximal-EE point,
and the white cross denotes the SM point.

at their SM values. The cyan contours denote the near-
maximal condition AEE/E FEyax < 0.1%, which implies

kv
Kf

— 1'00+0.08

—0.06 * (26)

Thus, the maximal-EE criterion prefers an approximately
SM-like balance between hV'V and hff couplings. As
expected for observables built from BRs, the result is
largely insensitive to an overall common rescaling of the
couplings.

DISCUSSIONS

We now clarify several conceptual and practical choices
in our analysis. Firstly, as a comparison we also tested an
EE constructed from a purely diagonal “branching-ratio
density matrix” pn, = Y, BR; |i) (i|, with ¢ running over
all decay channels. This gives EE(py,,) = 1-3_, BR? and
leads to my, ~ 135 GeV, an incorrect myy ~ 72 GeV, and
kv /Kkg ~ 1.6, as shown in Fig. 5 of App. D. These values
are far from the observed SM results, underscoring that
naive BR-based information is not sufficient and that the
spin- and color—derived weights P;/N! are essential.

Secondly, as another baseline we evaluate the asymp-
totic Gibbs-Shannon entropy S ~ »_.logBR; of the
classical multinomial distribution of Higgs decay counts
used in Ref. [32]. We crosschecked that it selects my, ~
126.5240.09 GeV and myy ~ 81.86+0.15 GeV, close but
not fully consistent with the SM value, together with a
sizable deviation in sy /k; = 1.3703, as shown in Fig. 6
of App. E. Since this construction uses only classical
branching ratios, we regard it as a corroborating check
rather than a substitute for our entanglement-based ap-
proach.

Third, we performed a preliminary study of W and Z
decays with unpolarized initial states. For W decays, the
SU(2) 1, gauge coupling drops out of the EE, leaving only
CKM factors and fermion masses; the extremum is essen-
tially flat and does not provide a clear inference. For Z
decays, the EE does depend on sin Ay, but the preferred
value is significantly displaced from the SM one, as shown
in Fig. 7 of App. F. By contrast, Higgs decays are more
informative, since they simultaneously probe the scalar
self-coupling, gauge couplings, and Yukawa couplings.
Taken together, these observations tentatively suggest
that EE in decay processes is most powerful when it cap-



tures global information across different sectors, and may
be less discriminating within a single sector alone; alter-
native quantum-information measures beyond EE might
be needed there.

Fourth, we deliberately trace out all kinematics at the
outset rather than assigning Hi,, to Ha for a “sym-
metric” bipartition. With plane-wave states, a symmet-
ric split leaves explicit box—normalization factors V from
53 (0) and T from §(0) in the EE. In practice, the vol-
ume/time dependence differs between two-body decays
(o< T/V) and three-body decays (o 1/V). Thus, the EE
diverges or vanishes as 7,V — oo, and “normalizing”
procedures [22] does not cure the mismatch. By tracing
out kinematics, the reduced density matrix pg is finite-
dimensional (spin, color, species), and the EE is free of
V and T'. Thus, this bipartition is the well-posed choice.

Finally, we note that the off-shell four-body decays
h — V*V* — 4f are neglected: they are numerically
subleading to the three-body V'V* channels, HDECAY does
not include the full WW/ZZ and identical-fermion inter-
ference, and our construction of P; would mix WW and
ZZ channels in prp and require an ambiguous fermion
partition for four-body final states.

CONCLUSIONS

We explore the decay out-states of unstable particles
as an intrinsic quantum-information probe of the SM
parameter space, formulating an entanglement-entropy
observable and applying it to SM Higgs decays. With
spin— and color-entanglement weights included, a near-
maximal-EE criterion selects a Higgs mass and W mass
close to their measured values, and in a two-parameter
k framework it prefers an approximately SM-like bal-
ance ky/rky ~ 1. Comparisons with purely branching-
ratio—based constructions and with multinomial Shannon
entropy show that entanglement weights are essential for
obtaining phenomenologically viable inferences. Prelimi-
nary W/Z studies further suggest that decay EE is most
informative when it probes global scalar—gauge—Yukawa
structure, and may be less discriminating within a sin-
gle sector alone. Taken together, these results point to
entanglement extremality in decay out-states as a com-
pact, data-adjacent probe of SM couplings, and they
motivate exploring complementary quantum-information
measures beyond the EE when extending this program to
other unstable particles.
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Appendix for
Parameter Inference from Final-State Entanglement in Higgs Decays

In this appendix, we provide detailed derivations and extended calculations supporting the results presented in the
main text.

A. The spin factor in the off-shell decay h — VV™

We here describe the detail of the derivation of Eq. (17). For the process h(pin) — W (p1)W*(q) — V(p1) f(p2) f(p3),
the final state can be written as

|OU»t |h*>WW* Z Z /d(I)?)(pinap17p27p3)M§71V)[\/25253(plaanp?)) ‘p17)\1>V|p2782af> |p3as37f> ) (27)
f A1,A2,82,83
where the amplitude is given by [53]

h—WW* 1 W*—ff

MA A2s285 (P1p2:pa) = M)\l)\z (1.9) q% — m%;[/ + imwFWM)\zszss (p2,p3) (28)
MWW 2 w0\ e (00 A 29
A1 (plaq) =1 v g Elu‘(plv l)eu(qv 2) 9 ( )

* 3 ) B 1— ol
MY\Z&-;;J‘ (P2, p3) = —ig2€,(q, A2)tuf(p2, 52)7” (25) vf(ps, s3), (30)

where €(p, ) is the polarization vector, and uy and v are the fermion spinors. Although we explicitly keep the helicity
state of the off-shell W* boson labeled by As, the expression can be simplified by using the well-known replacement
Z)\z €p(q, A2)€(q, A2) = —gpw + qpq/q?. Using this replacement, the amplitude simplifies as Do M{;V/I\/Qszsg —
M)\HQ% as shown in Eq. (17).

In deriving the reduced density matrix given in Eq. (9), we trace over the full fermionic final states as

TEDIDY /dnldHQdH3 (P1lyy (P2, P3; 51, 85, fl ps [P1)w (P2, Pa; 81, 55, f) - (31)
fosh.sh
Performing the summations and integrals in Eq. (31), we obtain

Ww

1 AN

2mp Lot

ZE S [ daonprpa MG MG M O = 30 25 Ny (il (32)

tot
AL, A

which is the same as Eq. (17) with V' = W. An analogous calculation for the h — ZZ* decay process leads to the
same conclusion.

We then derive the expression of the spin factor P; for the three-body decay process h — V ff. For this decay
process, P; is given by

L Z}\l A2 }\/1‘;2]'—‘;/2‘3\'1
P =
(Z/\l )\1)\1)

Therefore, we need to evaluate the decay width I‘f\/l )\, for each helicity state of the V' boson. In the following, we
derive the explicit expression of Ff\/‘f\z

For the three-body phase-space measure, we can use the decomposition

(33)

dx
d®3(pin, p1, P2, P3) = gd%(pin = p1,q)d®2(q — p2,p3) , (34)

with = ¢%. Then, the decay width I‘Xl‘ﬁ\z can be expressed as

h—VV™ h—VV*
DD DI .7, oot 1Sl A P Y Ve vt S D
A )\3 72mh 2\P1,4 (q mv) +mVF2 2(q D2,P3 A25283 Ays2583

fX2,)\,82,83

ky mi, q"q” ve  0°¢°
omn, Z/ " 2)? + mATE €, (A1)en(A3) < T2 g7 = = /d@zJ,fJé", (36)




where Jﬁ: =1u f(C"f/ — c£75)vf, and ky is a constant which depends on the type of V' boson. For the last integral, we
can use the following useful relation

3 / dDs(q — pa.ps) TS J] = 2 AV, (—gpg + q”Z) , (37)
7 q
with
Flefy2 fy\2
N NI |(eh)? + (h)?]
AW ~ < AZ = .
DD 12z 7 2 127 (38)
f f
As a result, we obtain
keymy (€"(A\1) - @)(e(X2) - 9)
d®s(pin v AY | —e* (M) - e(A
Y\, = th/ / 2(p; %pl,Q)<q “m2)? —&—vaZx T{ €"(A\1) - e(Ao) + Z
1 kvm$, v AY2(m?, md,, ) _
A = 39
“omy / 2m (x —mi )2 + m%,I“Q/x T 167m3 Atz (39)
where
Ma, b, c) = a® 4+ b* 4 ¢* — 2ab — 2bc — 2ca . (40)
The quantity =y, ., satisfies the following equations for each helicity state
_ _ m? —m?2 —x)? — .
Eix =1, ZOOZTV(I):M7 Eij=0 (i#7). (41)

4mi x

For simplicity, we ignore the decay width in the denominator of Eq.(39). This assumption is reasonable in the SM
because my > I'y [56]. Then, the spin factor P; for the h — VV* can be expressed as a function of the V boson
mass and the Higgs boson mass:

733 body _ 2F%(ev) + F7(ev)

~ [2Fr(ev) + Fr(ev)]? (42)
where
Smax
Priev) = [ ar @ —1- e - (43)
fmax
FL(ev):/O dfﬁ(e%—1—f)2\/(6%/—1—f)2—4f, (44)

with ey = myp/my > 1 and fiax = (e — 1)2. Using the above result, we can confirm that lim., o ’P?,}bOdy — 1/3,
which corresponds to the threshold limit.

When the Higgs mass satisfies my, > 2my, the on-shell decay process h(pin) — V(p1)V (p2) is allowed. In this case,
the decay width is given by

2my . (€"(M1) - p2)(e(A2) - p2)
Y% = Wé/d%(nn,plmz) [6 (A1) - €(A2) + 3
m
- WVUQ)\U2(mh7mV7mV)‘—‘>\1>\2 (45)

Therefore, the spin factor is given by

2+ ri(mi)

732 body _ 283 , + 5% _ .
. TR md)P

(2E4+ +E00)?

r=m

Since 7y (m?) = 1 in the case with my, = 2my, we obtain P2 = P3P — 1/3 at the threshold point.
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B. The analytical formulae for Higgs decay partial widths

The following formulae for Higgs decay widths are based on Ref. [63] (for recent progress on higher-order corrections,
see, see Ref. [58, 64]).

e h — qq except for top quarks [63]

. 3myp
I'(h — qq) = S0 mi(mh) [1 + Ay + Ai] , (47)
with
~ 5o 2

ag ag ags

By = 56775 + (3594 = 136N,) (22) + (164.17 = 25.77N; +0.26N7) (= ) : (48)
Ag 2 2 m2 1 m2(mp,)

A2 = (25) 1157 - Z1og b 4 “log? | L 19
(F) 157 grom i +gtoe’ (=0 )| )

where mg(@), me, Nf, and &g = ag(my,) are the MS quark mass of flavor ¢ at the scale u, the top-quark mass,
quark generation numbers and the strong coupling constant at my, respectively. The state-of-the-art QCD
corrections at o2, including full quark-mass dependence, have recently been computed [65]. For the bottom
quark, its mass at the Higgs mass scale has been measured at the LHC with a relatively large uncertainty [66].
In our analysis, we employ the renormalization group evolution for quark masses discussed in Ref. [67] with the
following input values [56]

iy (M) = 4.18 £ 0.03GeV, me(me) = 1.280 +0.025 GeV, my(2GeV) = 93.5+ 0.8 MeV . (50)

For the renormalization group evolution of ag, it is described at the three-loop level by [68, 69]

oo
7 22 = —Boas — frad — Baas, (51)
with
2 38 2857 5033 325
=11-:N =102—- =N — =N, + ZEN2 52
Bo 5 Vi p1 =10 5 Vi P2 = 3 Net = Ny (52)

For the input value in Eq. (51), we use ag(mz) = 0.1180 % 0.0009 [56].

o hh— tf [63]
(> t8) = 2% 68 | 14352 0 6] 53)
where 8; = /1 — 4m?/m3, and
1 2 4 + 8 Ay u
Aly(B) = $AG) + 10+ 348 135105 (10 ) + a2 - ). (54)

The function A(S) is defined by

A(B) =(1+ B%) [4Lig (;g) + 2Li, (—:_g) —3log (ig) log (14‘23> —2log (ijg) log B]

A (55)

where Lis is the Spence function.

o h— 00 [70]

[(h — ) = mlﬁe (56)

87rv



11

h — WW (On-shell) [71]

2,73 4m?2 4 2 4
D(h— WWw) =20 [y 20w (g 2T g ) (57)
64mmi, my my my,

Radiative corrections in this process require inclusion of the soft-photon bremsstrahlung contribution to avoid
infrared divergences [72]. Since tracing out the soft-photon states is non-trivial, we employ the above formula
in our analysis in the region my > 2my .

h — WW* (Off-shell) [53]

3gamp ., (mw
I'h— WW*) = F|— 58
(h = )= i2m (mh)’ (58)
with
3(1 — 822 + 20z 322 —1 47 13 1 3
F(z) = ( 4§21— : z’) arccos ( mes ) —(1—2% (2302 -5 + x2) - 5(1 — 62 +4z*) In2?. (59)

In addition to the decay process h — VV* the Higgs boson can also decay via two off-shell gauge bosons,
h — V*V* [73]. These processes can modify BR(h — VV) by a few percent [63, 73]. This effect is neglected
in our analyses since it is numerically subdominant, HDECAY does not include the full WW/ZZ and identical-
fermion interference, and our P; construction would mix the WW and ZZ channels in pp and introduce an
ambiguous choice of fermion partition for four-body final states.

In addition, we treat the final-state fermions as massless. This is an excellent approximation in the SM:
helicityflip terms in the V* — ff’ current are proportional to m £, so both rate and polarization effects enter
only at O(m?/m%,). For the bottom quark case, we obtain (my/mw)? ~ 2.7 x 10~ with all other fermions
much smaller, and phase-space corrections from finite my are of similar size. Since these effects are well below
the quoted input-parameter uncertainties, Amy/my, (M) ~ 0.7%, the massless approximation is justified.

h — ZZ (On-shell) [71]

2,3 4 2 4 2 4
D(h—2z2)=-2"h_ [1 "z (1— mZ+12mf>. (60)

2 2 2
1287mm7, my, my, my

h — ZZ* (Off-shell) [53]

4
* gaMp 40 2 160 . 4 mzg
'h—2z2")=—">*——7— —sind —sinfy, | F | —= 1
(= 227) = 304875 cos O (7 g ow g sntw ) ) (61)
h — v [70, 74]
2
2
_ _%Mm 3 2
(b= 77) = 5z By, ; NIQ}Avpa(7p) + As(rw)| (62)
where N/ is the color degrees of freedom for the fermion f, and
Ai(z) =243z +32(2—2)f(z), Aijee)=-220[1+1-2)f(z)], (63)
with 7x = 4m3% /m3, and
arcsin?(z~1/2) (x<1)

flz) = 7% {log(Hm)fm]Q (x>1)~
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o h— Zv [75]
2

M2y, O (M3 m2\* QD
D(h > 27) = MCEAT (1 - Z) S NFEEL A g Ag) + A w) (65)
f

where \; = 4m?/m%, 67 = 2T} — 4Qys7y,, and

Ave(z,y) = Li(z,y) — Ia(z,y) (66)
. 5 L 2\siv (5.2 \ 1
Ai(z,y) = W[4 <3 C%V>12( ,y)—|—{<1—|—x> 2, <5+x>}h( ,y)} , (67)
with

. 2202 22
@) = 5t + 5y @) = 1]+ = s o™ =g )] (68)
Ba(e,y) = 5 @) = 1] (69)
(z) = Vo~ —larcsin/x (x>1) 10)

I = VAT {log (%f‘ﬁ%ﬁ) - iw} (x<1)’
o h— gg [76]

aim3i |3 ’

L(h — gg) = 72?)2;3 1 %:A1/2(7'q) (71)

C. Numerical results from analytic decay widths

To check consistency, we compare the EE obtained from HDECAY with that from the analytic expressions for the
Higgs decay widths summarized in App. B.

In the upper panels of Fig.4, the m; and my dependence of the EE is shown. As seen in Fig.4, there is a
discrepancy between the HDECAY results (black solid line) and those from the analytic expressions for the Higgs decay
widths (orange dashed line) due to higher-order corrections [55]. From the EE obtained using the analytic expressions
for the Higgs decay widths, the predicted Higgs and W boson masses are

my = 79.726 £0.148 GeV, mj =126.54 +0.28 GeV. (72)

Comparing Egs. (23) and (25), we conclude that higher-order corrections to the Higgs decay widths are important for
obtaining precise predictions for the Higgs and W boson masses from the EE. In the lower panel of Fig. 4, the SM
point (white cross) and the contour with ky = ky (orange dashed line) lie in the near-maximal EE domain satisfying
AFEFE/EFEnax < 0.1%. This is consistent with the result shown in Fig. 3.

D. Numerical results for FEE=1-)", BR?
We here show predicted SM parameters by maximizing the following simple EE

EE=1-) BR?. (73)

This follows from the assumption that the reduced density matrix that traced out a certain partial state for the final
state is given by

por = 3" BR i) i (74)
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FIG. 4. Distributions of the entanglement entropy using analytical formulae for the Higgs decay widths. Upper left: Depen-
dence of the EE on the Higgs mass my. The black solid line shows results from HDECAY, while the orange dashed line represents
the EE calculated using analytical formulae. The orange band indicates EFEmax with its 1o uncertainty from SM inputs and
theoretical uncertainties. Other colored codes follow the same definition as in Fig.2. Upper right: Dependence of the EE on
the W boson mass mw. Bottom: EE distribution in the (k¢, xv) plane.

It should be noted that the density matrix in Eq. (74) is of the block diagonal structure for each decay channel. Then,
the purity is given by tr[p? ] = ", BR7. Therefore, the linear entropy given in Eq. (10) can be expressed by Eq.(73).

In Fig. 5, the parameter dependence of the EE given in Eq. (73) is shown. Our analysis yields predicted Higgs and
W boson masses below

my = 72497+ 0.313GeV, my =135.18£0.31 GeV. (75)

Comparing Egs. (23) and (25), it is concluded that Eq.(73) does not yield plausible predictions for the Higgs and
W boson masses. Furthermore, the bottom panel of Fig. 5 shows that the SM point does not lie in a region of
near-maximal EE. Based on these findings, we conclude that the EE defined by Eq. (73) is not applicable to the Higgs
sector.

E. Results with the Gibbs-Shannon entropy

In our analysis, we have used the entanglement entropy (EE) defined in Eq.,(13) to calculate physical parameters
such as the Higgs boson mass. In Ref.[32], demonstrated that the maximal classical multinomial entropy (Gibbs-
Shannon entropy) provides a precise prediction for the Higgs boson mass. Here, we briefly explain their analysis and
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FIG. 5. Entanglement entropy distribution for Standard Model parameters using EE =1 -, BRZ. Upper left: EE as a
function of Higgs mass my. Upper right: EE as a function of W boson mass mw. Bottom: EE distribution in the (xy, kv)
plane. Color coding follows the same convention as in Fig. 2.

the differences from our approach.

In classical information theory, probability distributions play a fundamental role. In Ref. [32], the decay branching
ratios of the SM Higgs boson are treated as probabilities py, for each channel k (k = 1,--- ,m), and the Gibbs-Shannon
entropy is evaluated. For N Higgs bosons, the Gibbs-Shannon entropy is given by [32]

N
Sy = Y ~PUnid i) I [P({nedi,)] (76)
)
with
N N N m N .
> = Z DI Z”z . P({ni}iey) = 1,._:n [T, (77)
{n} 1=0 N, =0 : mto

where n; indicates the number of Higgs bosons decaying into the channel i. The authors of Ref. [32] showed that Sy
approaches a simple expression in the large-N limit (verified for N > 107):

Soo = %ln l(27rNe)m_1 Hpk +0 (%) . (78)

k=1
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FIG. 6. Gibbs-Shannon entropy (Eq. (78)) as a function of Standard Model parameters. Upper left: Dependence on the Higgs
mass myp. Upper right: Dependence on the W boson mass mw . Bottom: Distribution in the (ky, kv ) plane. Color coding
follows the same definition as in Fig. 2.

This implies that S, is maximized when the decay processes are democratic (p; = - - -
the EE in Eq. (73).

The upper two panels of Fig. 6 show the dependence of the Gibbs-Shannon entropy on the Higgs and W boson
masses. Following Ref. [32], we use N = 10° in our numerical calculations. We define the near-maximal entropy region
(green domain) by |SZa* — S |/Smax = AS,,/Smax < 0.1%. Maximizing So. yields the following predictions for my,
and myy:

= pm), & property shared by

mp, = 126.52 £ 0.09GeV, mw = 81.856 £ 0.148 GeV . (79)

The predicted Higgs mass deviates from the measured value by within 1.1%, consistent with our result in Eq. (23).
The predicted W boson mass deviates by approximately 1.9% from the measured value. The bottom panel of Fig. 6
shows the Gibbs-Shannon entropy as a function of x; and sy . This figure reveals that the SM point and the contour
k¢ = Ky lie outside the near-maximal entropy domain, despite the relatively accurate mass predictions shown in the
upper panels. These findings suggest that the Gibbs-Shannon entropy in Eq. (78) cannot fully characterize the Higgs
sector. Therefore, we conclude that the EE in Eq. (13) is more effective for determining Higgs properties and the
structure of electroweak interactions.

We note that the predictions in Eq. (79) exclude 4-body decay channels h — V*V* for two reasons: (i) to maintain
consistency with our previous analysis in Egs. (23) and (25), where these subleading contributions were omitted; and
(ii) because HDECAY, the computational tool used in both our work and Ref. [32], cannot adequately model these
processes. For a proper treatment of 4-body final states, specialized tools like PROPHECYAF [77] would be required,
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FIG. 7. Dependence of the entanglement entropy on the weak mixing angle for Z boson decays. Color regions follow the same
convention as in Fig. 2.

which were not employed in the reference study. When these contributions are included using the ad hoc 4-body
off-shell decay in HDECAY, our results agree with those of Ref. [32] within uncertainties.

F. The implication of EE in Z boson decay

We now apply our framework to Z boson decays. The Z boson decays into 11 channels: Z — ff (f = q,{, Ve, v, vr)
except for top quarks. For an unpolarized initial Z boson, the leading-order decay width is given by [78]

Ngcgzmz

_ m2 4m?2
NZ = ff)=——*"—"— c%/+c?4+2(c%/—2ci)m§] 1——;
Z

T 487 cos? Oy ’ (80)

my
where ¢y and c4 are the vector and axial-vector couplings in the Z f f vertex —%;ﬁ(cv — cA'yS). Since the EE in
Eq. (13) depends on branching ratios, it exhibits minimal dependence on the Z boson mass due to m? /m% < 1. We
therefore investigate whether the EE for Z boson decays can predict the weak mixing angle sin fyy .

To compute the EE in Eq. (13), we must determine the spin factor Py for Z — ff. We begin by expressing the
Z f f vertex for each fermion as

fo5y f f
“cosfy VT h’) = - (97.PL + 9rPr), (81)

cos Oy

where C"f/’ A= g{ + g'};, and Pr, g are the chiral projection operators. From this vertex, we compute the decay width

Ff‘jz’f for Z — fifj, where Az and i/j parameterize the polarization of the Z boson (Az = 0,4) and helicity for
fermions (i, = £), respectively. The spin factor is then given by

Az, frdz,
=y D

A ij 0
sz - ! J Ao f 2 (82)
(1)
which can be expressed in terms of g{ /R 33
. (—8ap)[(97)* + ()] +205(5 — 1207) (g1.9h)” — 43 (1 — 427) 9] 9 (91)” + (97)’] (83)
f - 2 9
[(91)? + (9h)?]
(1 =82} [(9])" + (9h)"] + 1623 (1 — 32%) (9] gf)* + 823 (1 — 4a3) 9] gk [(9])* + (97)]
73})2 £ 1\91 R f ! LR2 f ) 9.9r \91, R ’ (84)
[(a1) + (9h)?]
where z; = my/mz. In the chiral limit (z; — 0), the spin factor is of the same form for all initial helicity:

PF =P)=[la0)" + (@h)']/[(91)* + (h)?]”
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Fig. 7 shows the dependence of the EE on the weak mixing angle. The requirement of near-maximal EE yields
sin Oy = 0.61515:0%7 | (85)

which deviates from the measured value sin? Ow (mz) = 0.231 by approximately 28% [56]. We also performed a similar
analysis for W boson decays, but found no meaningful results due to cancellations in the gauge coupling dependence
of the EE. These findings suggest that decay processes involving global information in multiple sectors, such as Higgs
boson decays, may be unique as the quantum information probes.
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