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Determining the relative sign of the Higgs boson couplings to 𝑾 and 𝒁 bosons 
using VBF 𝑾𝑯 production with the ATLAS detector

ATLAS-CONF-2023-057

Recently ATLAS reported a 
study for the “𝑝𝑝 → 𝑊ℎ𝑗𝑗” 
process.

This is an important process 
where the ℎ𝑊𝑊 and ℎ𝑍𝑍
couplings can be determined 
simultaneously. We may be able 
to get some hint of the origin of 
“Spontaneous Electroweak 
Symmetry Breaking”.

In this talk, we focus on the subprocess “𝑊+𝑍 → 𝑊+ℎ”.
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For scatterings of longitudinal gauge bosons, 
large gauge cancellation occurs among 
amplitudes, especially at high energies because 
of polarization vector 𝜀𝜇 𝑝, 0 ∝ 𝐸. A big problem 
of cancellation of significant digits in the 
numerical calculation.

Gauge cancellation for longitudinal gauge-boson scatterings

Recently a new gauge fixing was proposed, 
which does not lead unphysical gauge 
cancelation!!

J. Chen, K. Hagiwara, J. Kanzaki and K. Mawatari, 
“Helicity amplitudes without gauge cancellation for electroweak processes”, Eur.Phys.J.C 83 (2023) 10, 922.

“Feynman Diagram (FD) Gauge”
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Unitary (U) gauge vs Feynman Diagram (FD) gauge

U gauge (Covariant 𝑅𝜉gauge withξ→ ∞)

FD gauge (Non-covariant light-cone gauge with 𝑛𝜇 = )
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Only weak gauge bosons (Nambu-Goldstone bosons are decoupled.)

Quantum states of weak gauge bosons and Nambu-Goldstone bosons 

・propagator (𝜇, 𝜈 = 0, 1, 2, 3) ・polarization vector

・5×5 propagator (𝑀,𝑁 = 0, 1, 2, 3, 4)  ・5 component polarization vector



𝑊+𝑍 → 𝑊+ℎ

for longitudinal gauge bosons in the U and FD gauges 
if we see some differences.

In the following, we present the (differential) cross section of
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Feynman diagrams in the U gauge

s-channel             t-channel            u-channel
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Feynman diagrams in the FD gauge

s-channel            t-channel            u-channel contact (c)-channel

+
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Ex. the s-channel amplitude for 𝜆1 = 𝜆2 = 𝜆3 = +1 in the U and FD gauges

+ + +

① ②   ③     ④

…①

…②

…③

…④

for 𝜆1 = 𝜆2 = 𝜆3 = 0

+ +



Comparison of cross sections in the U gauge and FD gauge

・The solid black line is the physical observable
(obtained by summing the amplitudes of all
channels (s, t, u, c) together and squaring
them.)

・Dotted lines (U gauge) and dashed lines (FD
gauge) are non-physical quantities (obtained by
squaring the individual amplitudes s, t, u, c).

・Whichever one is chosen, the physical cross
section (solid black) remains the same as
expected.
→That is, Gauge invariant.

・However, the contribution from each amplitude
is quite different between the gauges!
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Total cross section for 𝜆1 = 𝜆2 = 𝜆3 = 0

・U gauge : 
・Each amplitude has energy growth.
・Large cancellation between

the three amplitudes (s, t, u) at
high energies.

・ FD gauge :
・No such energy growth of each

amplitude at all, i.e. no such gauge
cancellation.

・ u and t are the main contributors.
・ At higher energies, s and c

become smaller.
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Angular Distribution for 𝜆1 = 𝜆2 = 𝜆3 = 0

・U gauge :
・No clue for the physical distribution 

from each contribution.

・FD gauge : 
・Clear indication to the physical

distribution from each contribution.
・Forward scattering (cos 𝜃 = 1) ：

t is dominant.
・Backward scattering (cos 𝜃 = −1)：

u is dominant.

The FD gauge allows us to interpret the property of each Feynman 
amplitude and the interference among them.
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Summary
We studied 𝑝𝑝 → 𝑊ℎ𝑗𝑗 , especially the 𝑊+𝑍 → 𝑊+ℎ subprocess for longitudinally polarized gauge bosons. 
We found

in the U gauge
・huge gauge cancellation is needed at high energies.
in the FD 
・no such cancellation.
・it is possible to see which are the dominant contributions and to interpret

the property of the individual amplitudes.
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~Iwate Collider School 2023~
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J. Chen, K. Hagiwara, J. Kanzaki and K. Mawatari, 
“Helicity amplitudes without gauge cancellation for electroweak processes”, Eur.Phys.J.C 83 (2023) 10, 922.
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Contact channel



Total cross section for each helicity
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Comparison of differential cross section at 250, 1000,10000 GeV
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Define 4-momentum, polarization vector, 𝛼 and 𝛽
(for calculation of Helicity amplitude)
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Feynman Diagram for 𝑊+𝑍 → 𝑊+ℎ



Amplitude in Unitary Gauge
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