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In high-energy collisions far above the electroweak scale, the effects of electroweak symmetry breaking
are expected to become parametrically small 6 ~ My, /E. This defines the extent to which the electroweak

gauge symmetry is restored: (i) the physics of the transverse gauge bosons and fermions is described by a
massless theory in the unbroken phase; (ii) the longitudinal gauge bosons behave like the Goldstone bosons
and join the Higgs boson to restore the unbroken O(4) symmetry in the original Higgs sector. Using the

unique feature of the radiation amplitude zeros in gauge theory, we propose to study the electroweak
symmetry restoration quantitatively by examining the processes for the gauge boson pair production
W*y, W*Z, and W*H at the LHC and muon colliders.

DOI: 10.1103/sv5n-t5xm

Introduction—The discovery of the Higgs boson com-
pletes the particle spectrum for the standard model (SM) of
elementary particle physics as a self-consistent theory
potentially valid to an exponentially high scale. Yet, the
exploration for physics beyond the electroweak scale
continues to drive the energy frontier to seek new physics
beyond the SM (BSM) and to appreciate the rich physics on
its own right.

In reaching the 10 TeV partonic center-of-momentum
(c.m.) energy, one would expect to enter a qualitatively new
regime. Comparing to the scale (v) of the electroweak
symmetry breaking (EWSB), v/10 TeV ~ 2.5 x 1072, one
starts to entertain the notion of the “electroweak symmetry
restoration” (EWSR). Indeed, it would be analogous to
QCD physics at the scale of 10 GeV, Agcp/10 GeVx
2.5 x 1072, where the physics enters its symmetric phase
described by massless quarks (u, d, s) and gluons, rather
than hadrons in the broken phase. It is thus appropriate to
define the EWSR as that in which the physics is governed
in its symmetric phase with massless particles as gauge
multiplets and their interactions dictated by its full gauge
symmetry.

What first comes to mind when thinking about EWSR is
the Goldstone boson equivalence theorem (GET) [1-3]. It
states that the scattering amplitudes of longitudinal gauge
bosons at high energies are equivalent to those of their
corresponding Goldstone bosons. For an on-shell massive
vector boson p?> = M?, the longitudinal polarization vector
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can be written as
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where § = p/E is the speed and n* = (1, —p) is a lightlike
four-vector. (Note that for an on-shell massive vector
particle, this form is dictated by its Lorentz properties,
regardless of its gauge nature.) Contracting it to obtain the
physical matrix element, the first momentum term ‘“‘sca-
larizes” the amplitude in accordance with the GET at high
energies E > M (or f — 1). The second term measures the
symmetry breaking effect and thus the deviation from the
GET. Thus, we define

5E§E (2)

to quantify the residual effect of the EWSB.

We stress that the Goldstone bosons only specify the
broken symmetry [4] as a subset of a higher-scalar
representation in a UV complete theory. In the SM, the
three Goldstone bosons (0*°) form an SU(2) custodial
triplet [5] corresponding to the broken generators in
SU(2), ® U(1)y - U(1),,,- Beyond the SM in terms of
an effective field theory (EFT) [6-8], their representation
corresponds to the Higgs effective field theory (HEFT) as
the nonlinear realization of the gauge symmetry, in contrast
to the SM effective field theory (SMEFT) as the linear
realization. To observe EWSR for the full symmetry in the
SM, we advocate the following conditions: (i) the physics
of the transverse gauge bosons (W3, Zr, y) and fermions is
described by a massless theory in the unbroken phase;
(ii) the longitudinal gauge bosons (W7 Z; ) are scalarized as

Goldstone bosons (@*, ®°), and join the Higgs boson to
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restore the unbroken O(4) symmetry (o, @’, H) in the
Higgs sector.

Both conditions above can be quantitatively measured by
the residual EWSB effect 6, and should be applicable to any
spontaneously broken theories. In particular, condition
(i1) would provide a quantitative assessment of the Higgs
sector, potentially sensitive to BSM physics, such as
SMEFT with a Higgs doublet versus HEFT with a non-
SM-like Higgs singlet, or even revealing an extended Higgs
sector with a larger global symmetry [9].

The gauge structure of the SM has been established and
tested to high precision by a large number of experiments in
recent decades [10]. The H1 and ZEUS collaborations in
HERA with e*p collisions at E ~ 100 GeV first estab-
lished the unification of neutral currents (via y/Z) and
charged currents (via W¥) [11]. At LEP 2, the measure-
ments for the forward-backward asymmetry reached the
precision to test the unbroken SU(2), ® U(1), gauge
interaction to an accuracy better than M2 /s ~20% [12].
The longitudinal behavior of the gauge boson first
manifested itself in the top-quark decay I'(t - bW,)/
[(t —» bWy) ~m?/2M3, ~2 [13,14]. The milestone dis-
covery of the Higgs boson [15,16] provides crucial evi-
dence for an SM particle spectrum as a UV-complete gauge
theory. Recent results of gauge boson pair production at the
LHC confirmed the existence of longitudinal gauge boson
contributions with a high statistical significance [17,18].
The current studies for WW scattering at the LHC [19,20]
are mostly sensitive to transverse gauge-boson interactions.
The searches of same-sign W boson pairs in association
with two jets found a 3.3¢ significance in the production of
at least one longitudinally polarized W boson [21]. Thus
far, all measurements are near the electroweak scale £ ~ v
in a broken phase measured by é~ My /E ~0.3. The
authors of [22] proposed to establish the equivalence
between the longitudinal gauge boson and the Goldstone
boson (W, H)/c(wH) — 1 in a proper limit » — 0
toward the observation of EWSR. Ultimately, the longi-
tudinal gauge-boson scattering at high energies [2,3] would
reveal the full structure of the scalar sector in the sym-
metric phase.

This Letter attempts to address EWSR quantitatively at
colliders. We propose to carry out a comparative study for
the processes of gauge-boson pair production,

fl.]_CZ - Wiy’ (3)
fl?Z - WiZ’ (4)
f1J72 — W*H. (5)

It was long realized that the Wy process [Eq. (3)] exhibits a
peculiar radiation amplitude zero (RAZ) at a particular
angle specified by the electric charges of the particles
involved [23,24]. In addition, it was later realized that the

WZ process of Eq. (4) also leads to an approximate RAZ
[25]. The important observation made there is that while the
transverse gauge bosons do exhibit an exact RAZ governed
by the electroweak gauge charges, the Goldstones and the
EWSB effects tend to fill in the zeros. They are thus ideal
processes for effectively studying the EWSR conditions
with the following expectations: (a) transverse gauge-boson
production W5y and Wi Z; exhibit RAZs at high energies
described by a massless gauge sector; (b) longitudinal
gauge-boson production WiZ; is symmetric with no RAZ,
behaves similarly to Goldstone bosons, and approaches the
Higgs counterpart Wi H, restoring the original O(4) multi-
plet (w*, @°, H) in the Higgs sector [2]. Again, both are
quantitatively measured by Eq. (2).

In the remainder of this Letter, we first discuss the
characteristic features of the RAZs in Wy/WZ processes
and define quantitative observables for EWSR. We then
propose the search strategy for observing EWSR at the
High Luminosity LHC (HL-LHC) and at a high-energy
muon collider (MuC). Finally, we provide some further
remarks on EWSR and summarize our results.

Radiation amplitude zeroes—We denote the tree-
level helicity amplitude for W~X production as MX)A(X’
where the polarization of particle i can be either 1; =
=+ (transverse) or 1; = 0 (longitudinal). At high energies,
\/s > My, the amplitudes of the processes in Egs. (3)—(5)
can be expressed in terms of the polar angle 8(cy = cos )
of W with respect to f in the partonic c.m. frame,

gV (Aw — o)
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where e = gsiné,, g, = g/ cos0,, 0,, is the weak mixing
angle, V; is the flavor mixing element, Q ;1) = Q1 & 0Oy,
U+ = gl + gf> with ¢/t = T% —sin®6,,Q;, and T5(Q,)
the weak isospin (electric charge) of the fermion f;.
Following Egs. (6)-(9), the RAZs manifest themselves
for the transverse gauge bosons (T = £) at the locations

[ —1/3(=0.1)
0 = { 1(~ = 03)

for diu - Wyy(W3Zr),

_ (10)
for 70 - Wyy(W7Z7),
whereas longitudinal gauge bosons W;Z; (L = 0) fill in
the zero region and approach the Higgs boson production.
The characteristic angular distributions of processes
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Angular distributions of processes dit — W~X (left) and y~v — W~X (right), where X =y, Z, H, at a c.m. energy of 0.5 TeV

(solid) and 3 TeV (dashed). Both Wy (purple) and the transverse modes W;Z; (blue) depict a RAZ. The longitudinal modes W; Z; (red)
and WH (black-dashed) are symmetric, and exactly overlap at high energies.

[(3)—(5)] are shown in Fig. 1 for V3 = 0.5 TeV (solid)
and 3 TeV (dashed). The Wy (purple) and W;Z; (blue)
processes show the RAZs, respectively. The W, Z; (red)
and WH (black) processes, on the other hand, behave
similarly and fill in the RAZs. Note that they completely
overlap at 3 TeV. Other channels, such as W;Z; and W; Z,
present the residual effect from EWSB, which is para-
metrically suppressed in terms of .

These features offer a unique opportunity to examine the
properties of the gauge bosons and the scalars at high
energies separately. Following conditions (a) and (b), we
therefore propose to quantify the EWSR by examining the
two cross-section ratios,

_o(WZ)

. o(WZ)
7 6(Wy)’

rZH:W. (11)

The cross sections are largely dominated by the trans-
versely polarized gauge bosons. We find that the leading-
forward scatterings give the simple behavior

W0z GRS
T e(Wrr) T 01+ 0

This ratio shows similar features of Z; and y, which only
differ by gauge charges, confirming condition (a). As
expected, it has little dependence on the collision energy
and approaches r, =~ 3.1(1.8) for the dii(u~7) process, as
predicted in Eq. (12). It is interesting to note that if the
gauge couplings SU(2), and U(1), had the same strength
g=¢ (or sinf,, =cos@,), then the ratio would be
unity rz, = 1.

In contrast, r;y features the scalar sector. At high
energies, in accordance with Egs. (8) and (9), we expect
c(WiZy) ~o(WEH), or 6(w*a®) ~o(@w*H) in lieu of
GET, quantitatively establishing the O(4) symmetry among

the multiplet (o™, @°, H) in the Higgs sector. In reality,
however, rzy in Eq. (11) is again dominated by transverse
gauge bosons (W;Zy). In order to reduce transverse
contamination, we therefore introduce a selection cut
Acy = ¢y, £ d, to focus on the RAZ region guided by
Eq. (10). We show in Fig. 2 how r,y — 1 around the
RAZ region for /s = 500 GeV (solid curves) and 1 TeV
(dashed curves). We argue that this convergence at high
energies as 0 — 0 signals the restoration of the O(4)
symmetry in the Higgs sector. This provides a quantitative
demonstration of condition (b) above.

EWSR at the LHC—Experimental efforts to observe the
RAZ can be traced back to the Fermilab Tevatron [26].
More recently, CMS has observed the RAZs in Wy [27,28]
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FIG. 2. Cross-section ratio rzy defined in Eq. (11) as a function
of the angular cut Acy = ¢y, & d, where ¢, is the location of the
RAZ provided in Eq. (10). As the angular cut gets narrower, the
ratio r,y converges to 1 at high energies.
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Angular distributions for pp — W*X, where X = y, Z, H at the 14 TeV LHC for a minimum invariant mass of the final state

bosons of My = V5 > 500 GeV (left) and M wx > 1 TeV (right). The horizontal axis is the cosine of the W polar angle with respect to
the boost of the final state multiplied by the W boson electric charge (Qy ). The vertical right axis shows the number of events per bin

corresponding to an integrated luminosity of 3 ab™'.

and ATLAS achieved an impressive measurement of the
RAZ in the WZ final state in the presence of W;Z; [18].
The associate production channels WH /ZH have also been
established at the LHC [29,30].

To observe the EWSR effects described above, we
present the angular distributions for pp — W*X, where
X =y,Z,H, as shown in Fig. 3. The x axis displays the
cosine of the angle of the W boson relative to the boost
direction of the final state in the partonic c.m. frame. Since
the RAZ is symmetric with respect to ¢y = 0, we combine
W* events by multiplying the corresponding W boson
electric charge Qy on cy. We generate events using
MadGraph5_aMC@NLO [31] with specific polarizations of
the vector bosons as described in [32]. (Our event selection
includes the kinematic cuts on the photon p% > 10 GeV
and |n,| < 2.5). To investigate the RAZ at high energies, we
compare the angular distribution for two acceptance cuts
in the invariant mass of the final-state bosons: Myy >
500 GeV (left) and Myy > 1 TeV (right) in Fig. 3. As
expected, the RAZ becomes more pronounced at higher
energies, as indicated by the depth of the blue histogram
near the WZ zero; the longitudinal modes dominate in this
region (red), and contamination from other polarizations is
parametrically suppressed by 6. The vertical axes on the
right side show the significant number of events per bin
expected at the HL-LHC.

It is challenging to measure a “zero.” A variety of effects
can wash out the RAZ at hadron colliders. This includes
detector resolution effects [33]. In the most recent meas-
urement of the RAZ [28], effects such as photon ID, j/e —
y misidentification, and lepton misidentification are the
largest sources of systematic uncertainty on expected yield.
Another important effect that can wash out the RAZ is
higher-order QCD corrections, including final-state radia-
tion [34] and one-loop contributions [35-38]. Although the

RAZ only manifests itself at tree level, authors in [39,40]
demonstrated that by applying a jet veto and measuring
rapidity differences, it is possible to visualize the RAZ at
hadron colliders (see also [41]). Despite the aforemen-
tioned challenges, the measurement of the RAZ in pro-
duction Wy has been established both at the Tevatron and
the LHC [26-28]. Likewise, the measurement of WZ
production has been established with high confidence
[18], including the observation of the RAZ central angular
region in the ¢y distribution where the longitudinal modes
dominate.

The most challenging final state to measure our proposed
observables of Eq. (11) is WH as it relies on Higgs tagging.
The LHC Run 2 has measured Higgs boson production in
association of a leptonically decaying vector boson [29,30].
The projected improvements go well above 5.0c [42].
These projections suggest that it is promising to begin to
scrutinize the EWSR at the level of 6 ¥ My, /1 TeV < 10%
at the HL-LHC. Techniques to improve longitudinal gauge-
boson tagging are also instrumental in performing our
proposed measurements [43-46].

EWSR at a muon collider—A multi-TeV muon collider
has reemerged in recent years as a potential candidate for
physics at the future energy frontier [47-50]. The copious
production of Higgs bosons via vector boson fusion marks
a promising avenue for a precision Higgs program [51-56],
complementing the efforts of a dedicated Higgs factory.
Furthermore, the potential to reach 10 TeV c.m. collisions
offers the opportunity to probe highly motivated theories of
BSM physics [57-65]. At energies well above the electro-
weak scale, all SM particles are relatively light and may be
treated as partons of the high-energy incoming muons
[66—-68]. Of particular interest is the collision y*v — W*X,
where the v beam is from the soft W radiation y — vW,
effectively producing a high-energy uv collider [66,69].
As shown in Fig. 1 for these unique processes [25], the
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FIG. 4. Angular distributions for g+~ — W*X ata 10 TeV MuC for My > 500 GeV (left) and My, x > 2 TeV (right). The vertical
right axis show the number of events per bin corresponding to an integrated luminosity of 10 ab~!.

transverse gauge bosons manifest the RAZs, and the
longitudinal gauge boson and Higgs exhibit the scalar
distributions.

Using MadGraph5_aMC@NLO, we carry out a full tree-level
simulation for utu~ — WTW~X. We assume that the
detector coverage is up to 10° (|| < 2.44). We demand
that one of the W bosons be a collinear radiation (with
|| > 2.44), and the other two bosons WX fall inside the
detector and are essentially back to back in the transverse
plane. Our calculation captures the leading kinematic
characteristic of p*v collisions. We then compute the
cosine of the angle of WT in the WTX c.m. frame. We
show our results in Fig. 4 at 10 TeV MuC with My y >
500 GeV (left) and My > 2 TeV (right). The predicted
distributions show the RAZ at ¢y ~ —0.3 for W;Z; (blue)
and ¢y =1 for W™y (purple). The distribution of the
longitudinal polarizations of W;Z; (red) coincides with
the Higgs channel WH (black). The vertical axes on the
right-hand side again show the number of events per bin
expected at the 10 TeV muon collider. In the clean lepton
collider environment, we expect the other SM background
to be manageable. It is promising to observe the EWSR at
the level of 6 & My, /2 TeV < 5% at the energy illustrated.
It is conceivable to improve the sensitivity at higher My, as
long as a sufficient number of events are reconstructed.

Discussions and summary—Although the Goldstone
bosons are only associated with the spontaneously broken
generators, approaching the limit of the GET is the
necessary step toward EWSR. We have proposed a quan-
titative measure of symmetry breaking effects in Eq. (2).
Depending on the couplings of the Goldstone bosons in the
symmetric phase, this should be made quantitative as

§<3.9.y (13)

For a light fermion f, the condition § < y is hard to satisfy,
indicating the degree of the GET violation and the
electroweak symmetry nonrestoration with respect to that

particular Yukawa coupling ys. A good example of this
nonrestoration is a light fermion splitting to a longitudinal
gauge boson f — fW;. The leading term is due to the
EWSB effect M3,/k%, resulting in the “ultra collinear
behavior” [70], which is typically much larger than the
contribution of the scalar Yukawa coupling y, in the
symmetric phase.

Although EWSR can be established by the proposed
comparative studies at high energies, we reiterate that we
only (experimentally) observe the particles in the broken
phase. Interestingly, projecting to the symmetric phase
from Eqs. (6) and (7), the SU(2) W,; W3 scattering amplitude
produces a RAZ at cos § = 0, while the hypercharge gauge-
boson process W;B does not develop a RAZ due to the
Abelian nature of the interaction. However, in the experi-
ment, we only observe B, W3 — y, Z in the detectors. This
is analogous to QCD, where high-energy processes can be
described by quark or gluon dynamics, but the experimen-
tal observation is in the broken phase ¢, ¢ — hadronic jets
in detectors. Along the line, as already pointed out, the SM
particles and high-energy scattering processes should be
properly treated in the symmetric phase in the partonic
picture, and the electroweak parton distribution functions
[66-68] and the parton showering [70-72] should be
formulated accordingly, while the experimental observ-
ables still manifest themselves as massive particles in the
broken phase.

In summary, we introduced a quantitative measure
of electroweak symmetry restoration (EWSR) by
6 =My /2E. We proposed to study EWSR via three
processes for the gauge-boson pair production by utilizing
their unique gauge structures of RAZs. The LHC experi-
ments have already established the observation of the
Wy, WZ processes, consistent with the SM prediction.
Combined analyses including the WH channel could lead
to exploration of EWSR at a level of 6 ~ 10%. In a future
high-energy lepton collider, such as a multi-TeV muon
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collider, the unique processes u*v — W*X would be able
to further improve the measurement accuracy to a percent-
age level. This can be complementary to the challenging
task of observing the W; W; scattering. Ultimately, EWSR
would be best tested with a high temperature effective
potential at 7 ~ v ~ 250 GeV, perhaps only indirectly
studied from the early Universe cosmology [73]. While
testing EWSR is an interesting process in its own right,
observing deviation from the SM expectation would be
more exciting in the hope of discovering the BSM physics
such as an extended Higgs sector, or new strong dynamics
associated with EWSB, or providing a verdict for the
SMEFT or HEFT formulation.
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