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1. Motivation N
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/Determining the relative sign of the \
Higgs boson couplings to W and Z 0

bosons using VBF WH production at
ATLAS[1] and CMS[2]

3£ SM pred. A (£1,¥1)
VBF WH Higgs comb.
® Best Fit [] Best Fit
W 1c obs. -- 15 exp. --1c obs.
2c obs. 20 exp. ‘:2c obs.
S5c obs. 5cexp. -:5c obs.
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[1] The ATLAS collaboration. “Determining the relative sign of the Higgs boson coupling to W and
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Z boson using VBF WH production with the ATLAS detector”, Phys. Rev. Lett 133,141801, 2024. -1 “—'z-'igTeV 140 b a
[2] The CMS collaboration, “Study of WH production through vector boson scattering and : ""—‘fs i &
extraction of the relative sign of the W and Z couplings to the Higgs boson in proton-proton ’ :?”13 TeV, 36.1-139 fb
wsions at /s = 13TeV", Phys. Lett. B (2025), 860, 139202. j 1 e 0'5' — — (') e 0'5 —— ,; A

A
N

The scenario with opposite-sign couplings of the W and Z to the Higgs
—This hypothesis is excluded at more than bo.

The cross section is highly dependent on the relative sign of the couplings.

[This process is sensitive to new physics contributions involving W, Z and Higgs.]
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1. Introduction

We focus on the [7IT - vvZh process.

- At high energies, the cross section of I7I* - vVZh 10}
is larger than the cross section of [71t — Zh. |

- The Vh production via vector boson scattering is
included.

vw Z h U

102 3

o [fb]

10°F

lﬂ_lr

1072 F

-3
W- Wt W- Wt W- W) 1070

In the following, to make physics discussion simpler, we consider, e~ u™* scattering
in order to eliminate the s-channel contribution Z - v,v, frome~e* - ZZh.

71T - vvZh is important at high-energy lepton collider experiments
to study Higgs coupling to the weak gauge bosons. .




Rapidity : y = %lni?i

1 . | ntrOd U CtiO N - Describes motion along the beam (z) direction

- y=0: central, y>0: forward, y<0: backward
e ,u Yo viZyh; A=0

e ,u toswZh; A=0
} VS = 30TeV } } VS = 30TeV 3 total

] total

We naively expected that the distribution of the longitudinal Z boson and Higgs boson produced from
W-W* - Zh are similar.
However, this is not the case.

Why are y(Z) and y(h) different?
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2. l_l+ — VlVth

We divide e~ u* - vvZh into mainly 3 groups

based on the topology of each Feynman
diagram.

Z h Z E Z h
Z ' -
w- W+ W- W+t W- w+

2

O X

Total

Needless to say, physical cross sections, obtained by squaring
the sum of all relevant amplitudes, are gauge invariant,
while contributions grouped according to the topology of each
Feynman diagram are gauge dependent and unphysical.

Ve Vu Z hVe Py
\
\ w w

b —2) (b —=2h)
V. Uy Ve D,L}.LZ

s b Z

/

W/ w
(c—2) (c—Zh)
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e ut-vwzZh; A=0

9 - A
2. 1717 - VlVth : o
107 E?z} or (c-Z) U”
In such a process, (b-Zh) or (¢-Zh)
gauge cancellation occurs, 10°F I
SThis energy grovvth requires — 103k .
significant cancellations. =
Reducing the event rate, so unreliable... © 10'f i
This is a major obstacle of numerical lo-1l |
simulation for future high-energy
experiments. 1072 ¢ .
Ve Z .h T éd Z ’h fr e. £ h\ 7 1':'_150_ R '1'59 o » 161

Vs [TeV]

totalc |[(a) + (b —2) + (¢ —Z) + (b — Zh) + (¢ — Zh)|?*,
2 2 2
@ o [M|", (b = 2) «[Mg, |, (c = 2) &< M. 5],




e ut->wzyh; A=0

10° - . -
2. l_l+ — VlVth j';m;a' o a

107 . tz-z} or (c-2) U
In such a process, (b-Zh) or (c-Zh) e
gauge cancellation occurs. 10° |
—This energy growth requires — 103k |

significant cancellations. = |
This is a major obstacle of numerical ° 10
simulation for future high-energy o1l
experiments.
A new gauge fixing was proposed and 1073+
it indicates gauge cancellation among . | |
the interfering amplitudes can be L T L
avoided!! Vs [Tevl
total |(a) + (b —2) + (¢ — Z) + + (c — Zh)|?,

2

) mus

2
)(C - Z) X |M(C—Z)

Feynman-Diagram (FD) gauge Rkl LS ORI

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

] J. Chen, K. Hagiwara, J. Kanzaki, K. Mawatari and Y. Zheng , “Helicity amplitudes in light-cone and Feynman-diagram gauges”, Eur.Phys.J.Plus 139 332 (2024)

] K. Hagiwara, J. Kanzaki, O. Mattelaer, K. Mawatari and Y. Zheng, “Automatic generation of helicity amplitudes in Feynman-Diagram gauge”, Phys. ReV. D 110, 056024 (2024) 10
]

3
4
5
6] H.Furusato, K.Mawatari, Y.Suzuki, Y.Zheng, “W-boson pair production at lepton colliders in the Feynman-Diagram gauge”, Phys.Rev.D 110 (2024) 5, 0563005
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J gauge vs FD gauge
U gauge (Covariant Rggauge with & — o)

@nly weak gauge bosons (Nambu-Goldstone bosons are decoupled.) ,_
- propagator (u,v=0,1,2,3)

- polarization vector

L Qudv 1 |
-PL_; — L - — E — 1
\ Jil qg o ”?2 _I_ “:__ ( q“ + :'.”2 ) €u(q’ O) m(q, O, 0, ) Y(ﬁ9 Oa O, )

. . . ‘ fj’
FD gauge (Non-covariant light-cone gauge with n* =(agn(q”). 7
NVeak gauge bosons and Nambu-Goldstone bosons are in Superposition state. \

- 5x5 propagator (M,N =0,1,2,3,4) - b component polarization vector
P _ I ( _.[}p[l! Em::_:;) 6Jw(q’ 0) = (%ﬂ(qa 0)7 l) qﬂ
MN q — m2 4+ je —E'm:—f:? 1 é'(q,0) = €(q,0) — 5
B - n,qy + quny, _ 1 B
\ g.ﬂb’— _g,uu"‘ n-q _”y(l+ﬂ)( 1,0,0,1)

/
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3.e"ut > vV, Zh
We consider the case of 1 = 0.

- The solid black line is the physical observable.
totalc [(Q)+ (b —2)+ (c—Z) + c —Zh)|?

are unphysical quantities.

/U gauge: A
- Each category of the amplitudes has energy growth.
- Large cancellation among each group at

S high energies. D
/FD gauge : N

- No such energy growth of each category at all.
- (b —Z7) and ((c — 2) and (¢ — Zh)) differ by
two orders of magnitude.

_ —~b-2)> ((c = Z) > (c — Zh)). .

o [fb]

10°

107

10!

101

1073

107°

e u*

swZh: A=0

— total
---- (a)
===+ (b-Z) or (c-£)

(b-Zh) or (c-Zh)

10°?

Vs [TeV]
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e ut-vwzZh; A=0

- + v 102, " | |
3.e"u" > v.v,Zh JRS— = ot
- ~ : U e T (@)
U gauge: 10 F e Ge, L (b2) -
* No clue for the physical distribution ; i, O (b-Zh)
N from each contribution. ) - Yy L) (62
100} e % 00 (c-Zh) -
e a
?
-1 -
E‘x 10 :
)
o
1072 ¢ §
1073 R, o E
—4 I
03520 0 1 23

y(Z)

In the FD gauge,
the behavior of each group shows good agreement
with our expectation.

* (c—2Z%), (c—Zh): W~u"* scattering.
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3.e"ut > v v,Zh

e ut-=viZyh; A=0 e pt-»vuzZ,h; A=0

br— 1 | A — 'ﬁ ' ™1 T g I
Vs =30TeV ! : Vs =30TeV 3 total |
5:_ 1] total 5:_
at _af

E i E i

3 )

B | B

o | O
2r
1_ - _
08 a2 0 2 3 6 5

v(Z) y(h)

What causes the difference in the rapidity distributions of Z and Higgs?



3.e"u*t > v v,Zh

e " ut-viZ;h; A=0 e " ut-viZ;h; A=0

omm———m————m—r————— T omm———m————m—r————— T
L VS =30TeV ] L VS =30TeV 3 total |
I i L1 (a)
5 [ total : 5 i
L1 (a)
—_ 4 ] 4 ]
Q ] Q
! j !
3 - 3 -
S ! S
e 1 e
2 —_ Z -
1 (a) . 1 i
T T T - T T R B
y(Z) y(h)

In the y(Z) and y(h), (a) are nearly identical and isotropic.
—As both particles are produced in the same W—W™* — Zh subprocess.
At y~0, (a) in y(Z) dominates, while, (a) in y(h) never dominates.
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3.e"u*t > v v,Zh

e ut-viZyh; A=0

6 ———————— ———
L V5 =306TeV
[ - 1 total
5_‘ - i (a)
. DT (be2) :
L (e2) | 5 (e o (b-2)
— 4_‘ : | I |
_D L
HI:J L
[ =1
373
S |
25
l— L..i,—l:é_}ir
T N
05 -4 -2 0 2 4
y(Z)

ny(2),

/ is mainly emitted collinearly from the lepton lines, leading to a forward-peaked rapidity
distribution.

—S50 (b —Z) and (c — Z) are distributed in forward and backward region, respectively.




3.e"u*t > v v,Zh

e ut-viZyh; A=0 e ut-viZyh; A=0

br— T T T br— —T T I —_—
- VS =30TFeV - V5 =30TeV [ total ]
[ rooY [ total ! . ] i 0 (@) ]
50 I,_i S s A ) o = - 5¢ .
. i I (b-2) i ] 3 3
(¢2) | &0 (¢2) o (b-2) ]
— 4_‘ i ! | . 4_‘ -
o a |
= =
O ? S ‘
3 | 3
2 < 2 ]
1 T@! I B 1 ’
0 ! ! . :-J.': . ! ! 0 I L P PR T L
~6 -4 -2 0 2 4 6 6 -4 -2 0 2 4 6
y(Z) y(h)

ny(2),
/ is mainly emitted collinearly from the lepton lines, leading to a forward-peaked rapidity

distribution.
—S50 (b —Z) and (c — Z) are distributed in forward and backward region, respectively.
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- VeV, Zh

e ut-=vzZyh; A=0

6— —T : ———
/ / L VS =30TeV [ total |
[ T (a) ]
v 51 T (b-2)
Z e S b2y
Recoiled —
— e
e < u* N
w- & W 2
: xS | '
Tlﬂ - i I_:__: 3 _!"": | L
(b - Z) I - _.--"L — — P
y(h)

Iny(h),

(b —Z7) and (c — Z) are swapped and they overlap significantly in the central region.

—Higgs via the VBF (W-W* — h) are isotropically distributed. The W—W* — h system tends to be boosted
into the opposite direction to Z, although the boost effect is not strong enough to completely

separate the contributions from (b — Z) and (c — 2).




3.e ut - vquZh

,u t s wZh }'. 0

o
[ 3BTEV 1 total
0 (@
5t 1 (b-2)
¥ (b-Zh)
I A (o4 B S Y (74
L L (eZh)
a1 ’ |
3
=)
o]

y(Z)

e,u —wuzm }‘. 0

67 . ———
F_ 30TeV [ total
0 (a)
5F L0 (b-2)
(b-Zh)
_ 70 (e-2)
ar (b-Z) (c-2) o (ezh) ]

do/dy [fb]

y(2) :

The dominant amplitude contribution can be
identified in each phase-space region.

Central : (a)
Forward : (a) and (b — Z)
Backward : (a) and (¢ — %)

y(h) :
All amplitude groups, including their interference,

contribute to the physical distribution.
— All amplitude groups, including their

interference, contribute to the physical distribution.
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4. SMEFT

We study how the SMEFT contribution modifies
each amplitude group in the FD gauge.
We introduce the dimension-6 operator Oy, .

Caw

L= Lou+ 5 Onw

Oygw = HH We, We kv
D vh W, W

s _ Caw
CHW T A2

hWW vertex
Vi < Caw [(q1 - g2)9" — 47 db]

How does this modify in the FD gauge?

2.



CHwW - C
L=Lsu+ A2 OHW’ CHW:%

Y

4.e"u* > vV, Zh in SMEFT

For ¢y > 0, the SMEFT contribution suppresses the cross section.
The deviation is particularly large in the central y(Z) region.

Opw = H'H Wi, W*

e u* »v.u,Zoh e ut sv.u,Zoh
0.5 VS =1TeV, &y =10"5GeV2 0.5 VS =1TeV, &y =10"5GeV 2
' —_— sM preliminary — total l - — SM preliminary m— total
- SMEFT - SMEFT
0.20+- 1 0.20+ 1
g 0.15 1 g 0.15 1
= =
3 3
S 0.10 4 S 0.10 4
o o
0.05F 4 0.05 4
0.00 ' 0.00 '
1 1
& — E
gl21.0 . 5=1.0 4
e SIS
I o8} 1 08 1
1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3 -3 3




4. 8_[,l+ — VeV‘uZh in SMEFT Viaw < Caw (@1 - ¢2)9" — a1 d5]

The FD gauge reveals which amplitude is responsible for the SMEFT effect in each phase-space region.
The largest deviation from the SM is observed in the central y(Z) region, where contribution (a) is dominant.

e ut - v,Zoh e ut - v,Zoh
005 VS =1TeV, Cuw=10"°GeV~? 025 VS =1TeV, Cuy=10"°GeV*
’ —_— M preliminary — total ‘ — SM preliminary — total
- = SMEFT ) -— SMEFT
= (a) — (a)
0.20F (b) 0.20F —— (b") 7
(c)
& 0.15+ . & 0.15+ :
>, >,
E‘ 0.10+ . E‘ 0.10+ .
S T
0.05F . 0.05F ]
0.00 0.00 :
S|z 1.01 1 5|z 1.0f |
I ogl ] I o8l ]
-3 3 -3 3

2
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4. Summary

We studied e"u* - vvZh. s

We found =

/U gauge.:

- Each category of the amplitudes has energy growth.

— Large cancellation among the three groups
((@),(b—2),(c—=2),(b—Zh), ) at high energies.

- No clue for the physical distribution from each contribution.

-

2

),

1]

QD)

(-

a

@)
2N

SMEFT :

- No such energy growth of each category at all.

- Naive expectations for the contribution of each group agree.
In particular, it becomes clear which diagrams dominate in
specific regions of phase space.

- We introduced 0y, into this process.
- The FD gauge allows us to identify which individual amplitudes are

responsible for the SMEFT effects observed in physical distributiony

10°

107F___.
105 |

103_

e ut-viZh; A=0

— total .
- (a) U ﬁﬁg
(b-Z) or (c-Z) i

{b-Zh) or (c-Zh) T

o)
=
»] 101 -
10—1-
10—3 -
-5 1 |
10 1071 109 10t
Vs [TeV]
102 e ut-vZyh; A=0
VS =1TeV = total
u .~ i@
10k T b i b-Z) 4
o o (b-Zh)
| e (c-Z)
100 i_ | (c-Zh)
=
=1
,Ew 10
s)
o
1072
10-3
-4




Back up



4. 6_[,l+ — VeVMZh in SMEFT do = dosm + Euw doin + O (Ciw)

The sign and size of the deviation are controlled by égy .
The deviation changes sign for éyy = —Cyy and decreases for smaller |Cyu |-

P + = _
0,25 VS =1TeV, Cyw=107°GeV 005 VS =1TeV, éuy=10"°Gev-?
— SM M _ T T T T T T T T
- SMEFT . ::EFI' m— total
— (a)
0.20r 1 0.20+ —— (b) 7
E | p—
& 0.15f & 0.15¢ .
S >
B 0.10F . E‘ 0.10
0.05F ' 1 0.05 _.
Dlﬂg S —— 0.00
i Bt=- fmw=-10=10" — [ .- {_D“n'ﬁ T T T T I T I d ]
é = e quﬂr.-“-: E 31‘5 Erw= 50 % 1077
':lj"‘g i = 10 % 10 - éé" —r,.»-1-i|3-1r.- E-‘ .
t'” 1.0+ — = !-!I'”-.'-l_i-'.'"'-”'|.||-""-||__--.l""_-‘.'-.!l"'IJ ]
o ” 1.':' B 2 0 W prry -
-3 3 -3 3
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1. Introduction

The discovery of the Higgs boson at the LHC completed the Standard Model.
However, there is much to understand about the Higgs boson.

— The origin of “Spontaneous Electroweak Symmetry Breaking”
We focus on the

Vector-boson and the Higgs (Vh) production via Vector Boson Scattering (VBS).

This is an important process
where the |hZZ| and (hWIW
couplings can be determined
simultaneously.

W~ w* W~ w+ W~ w+

29



3.e ut - vquZh

e,u t s wZh }'. 0

6 — - A

' 3BTEV [ total

0 ()
5| 1 (b-2)
’ " (b-Zh)

L (e L T (e2)
_4r L (e-Zh)
= ' i |
3
)

S

y(Z)

do/dy [fb]

e u —wuzm }‘. 0

F = 3hTeV [ total

......

______

02 (c2)

Rapidity distributions in the FD gauge
y(Z): The central , forward, and backward regions are dominated by (a), (b — Z), and (¢ — Z), respectively.

— The dominant amplitude contribution can be identified in each phase-space region.
y(h): The contributions from (a), (b — Z), and (c — Z) largely overlap in the same phase-space region.
| — All amplitude groups, including their interference, contribute to the physical distribution.
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3. e‘,u+ - v, v, Zh

6 e ut-vizZh; A=0

e bemea oo L hz Ve

do/dy [fb]

e ut-vizZh; A=0

y(h)
and (c — Zh) are very similar in y(Z) and y(h).
—/ and Higgs from and (c — Zh) are emitted together along the e~ line
and the u* line, respectively.

How can these contributions explain the physical observables? B



@Q+Bb)=@+B-2)+(b—Zh)

— + — )
3- e l/l — VeVuZh X |M(a) +M(b—Z) +M(b—Zh)|
6 e ,u _’."".”zf".h. .’l' 0 - 6 e ,u —"UUZA.h }. 0
L VS —3&Tev £ total 3 Vs 30TevI:l tota
; R R j j T (B)=(b-2)+(b-Zh) _
5r L= T (b-2) 1 50 'r' "":_I P (Q)=(c-Z)+(c-Zh) '] 1
: . (b-zh) - : i (a)+(b) | |
(c2) 4 T (e2) F (b2 ] [ i' 1% (a)+(e)
4 (c-Zh) | 1 __4r - '
2 =
3 )
B B
o o

Forward region : (b) < (b — Z) —negative interference with (b — Zh),
—QObservable is described by the interference among
(a) and (b) ((a), (b —Z) and (b — Zh)).
Backward region : Dominated by (a), (c —Z) and (c — Zh).




3.e"u*t > v v,Zh

e " ut-viZ;h; A=0

e ut-viZ;h; A=0

6— S . 6r— T —
- V5 =30TeV [ total | L VS =30TeV ] total _
: i (a) : : 20 (bY)=(b-Z)+(c-Zh) ]
5t T (b-2) A 5r 770 ()=(c-2)+(b-Zh)
(b-Zh) 1 ! (a)+(b")
70 (e-2) I < (a)+(c)
- f (b-2) (¢-2) (c-2h) | =% |
E S E -
33 3
5 | S
o | ©
2.
|
: (b-Zh)
e S B R S
y(h)

,(b’) ~ (b — 7Z) — small interference with (¢ — Zh), interference between (a) and (b’):
O X [Mp_z + Mc_znl? = | Mp_z|* + [Mc_zn|?
(c") ~ (¢ = Z) — small interference with (b — Zh), interference between (a) and (c’).)




3.e"u*t > v v,Zh

gfu* - L{';'Z,;Ih.; .’]' = D. e ut-viZ;h; A=0

6

| VS =30TeV £ total ] - V5 =30TeV [ total :
: 1 (a) L (bY=(b-Z)+(c-Zh) ]
5¢ T (b-2) - 5¢ T (€)=(c-2)+(b-Zh) -
(b-Zh) _ I (a)+(b")
O (¢2) 3 < (@)
ar (b-2)  (c:2) (c-zh) i _

do/dy [fb]
Ly
do/dy [fb]

1
Lo

U 6
y(h)

(b-Zh) .

r(a) and (b") cannot fully describe the observable distribution for y(h) < 0.

Similarly, (a) and (¢") for y(h)>0.
—Since (b") and (¢") significantly overlap in y(h), unlike in y(Z).
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3.e ut - veVuZh

e,u Y voZyh }‘. 0

6— — LA .
L VS = BB‘TEV [ total
7 (a)
5 N (b-2)
j (b-Zh)
() 5T () A (be2)
L L (e-Zh)
= ' E |
)
S

do/dy [fb]

e ut-viZ;h; A=0

i F(Z] >0

-------

i (a) _
(B"V={b-Z)+(c-Zh)
(c')=(c-2)+(b-Zh) ]

(a)+(b')
(a)+(c')

0
y(h)

- To remove the (¢) contribution, we impose a kinematic cut y(Z) > 0 based on y(Z).

—The backward region is completely dominated by (a) +(b") = (a) +(b — Z).

- If we take the y(Z) < 0 cut, (a) + (¢") dominate in the forward region.

By using the FD gauge, appropriate kinematic cuts can be identified.|
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3. FD gauge

Electroweak
symmetry
breaking

In the early universe,
gauge bosons run at the
speed of light (mass 0).

4

s

Unitary (U) gauge

l 5

Gauge bosons eat NG bosons and become fat

wun slower = get the mass). /

4 Feynman-Diagram

Gauge bosons and NG bosons run together
WUn slower = get the mass).
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utut =y VMW-I_h

Gauge cancellations can lead to instabilities in Monte Carlo calculations,

resulting in unreliable cross sections.

Run

ful_LwO_U_14

Collider

mu+ mu+
1833.7946390713698
X
1833.7946390713698
GeV

Banner

tag_1

Cross section (pb) | Events

0.008521 + 1.9e-05

10000

ful_LwO_U_15

mu+ mu+
2254.638430806761
X
2254.638430806761
GeV

0.0107 + 2.7e-05

5762

ful_wO_U_16

ful_wO_U_28

mu+ mu+
2772.0631009396966
X
2772.0631009396966
GeV

mu+ mu+
33076.35093966178
X
33076.35093966178
GeV

tag_1

0.01309 =+ 3.7e-05

0.06202 + 0.0012

597

21

ful_wO_U_29

mu+ mu+
40667.155629366185
X
40667.155629366185
GeV

I.—c-
Q
|=

0.06725 + 0.00055

178

full_w0_U_30

mu+ mu+
50000.0 x 50000.0
GeV

tag_1

0.06911 + 0.00047

180

1.20

1.15F

1.10F

1.05F

1.00F

ratio

0.95F

0.90F

0.85F

— o(U)/o(FD)

0.8

1o
Vs [TeV]

107

102
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1014 S L . S
+ + —_ + —— total
,Ll ,Ll — ,Ll V W h 1012 a_wo e
M ------ b_wo
+ g+ + 5 + 1010 F c_wo i
104 __HTHT 2l yp.lﬂ.{,; h e awOU :
| —— sum 108} ]
- A= 1 ] .
——— r’.:—l E lﬂE'- =
1D3 [ ;‘. - ﬂ - HI:I
i ] © 104+ |
- =—=— sum(pr(f) = 0.1GeV) 3
| —e— sum(pr(/) > 10.0GeV) 102+
1':'1 - 1GD -
a
e 102}
° -4
1[],15_ T S ¥ T\ F R VT
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400 ———r—— - |
I 1 total ]
[ VS = . :
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300l '. (a) + (b-i) + (b-f) -

do/dy [fb]

100}

50

—_———=—=s"

L (@) + () + (ef)
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107}

1. Introduction

Motivated by the Goldstone equivalence theorem, adli
we focus on the longitudinal component;
however, due to collinear enhancement in VBF,
the transverse component gives a comparable

contribution.

101

10°F

o [fb]

101 3

al—=zx

{

Pr ~
L47r:c

al+(1-—1x)? S
Pr ~ ] —r 107
g™ @ °5 (m%v)

7l - vvZh is important at high-energy lepton collider experiments
to study Higgs coupling to the weak gauge bosons.
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Show the contribution of all groups



Total cross section

o [fb]

10°

e ut-vuzZ;h; A=0

107+ -

105 -

103_

101 -

1D_1_

103}

total

- VBS
- W-utje” W (Z emission)

W-pu*feW™ (Zh emission)

-5
1075

“107

o [fb]

10°

107

10°

103

101!

1071

103

1072

10~

e ut-vizZ;h; A=+1

— total

---- VBS

===+ W~ u* (Z emission) 7
W-p* (Zh emission)

=== " W?* (Z emission)

-——- e W= (Zh emission) U -

1
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3.e"u*t > v v,Zh

107, e u —}uuZ,;lh }\ 0 _ 102, e ,u —ruuZAh A=0

soer | =l e B

............

e () I L2270 W™ (Z emission)
1L - | »
10% u - &) =

. e T T : : A eI et eI @ W (Z emission)
I Ty L ' L2200 etW! (Zh emission) ]

|____I

-
-
r

(-
L]
=
|
pasiil i
-
=
=
|

do/dy [fb]

do/dy [fb]

=
Q
Pud
|
|
-
<
o
LI I'l L] LI LELRLL
M
W)

-
=
1
b
|

E 103 - i ) ST S

Wt (Zh emission) 3




3.e"u*t > v v,Zh

e ut-viZh; A=0 e ut-viZh; A=0

br——r— T - or—1— T T
L VS =30TeV_ - 3 total | L VS =30TeV [ total |
: ] Tl @ [ i YR
S5 L B s (Y 5r 7 (b)
i A b (b) | ; (b')
- | ; | s (G I - 73 (o)
— 4 | i — 4r T ()]
= ' | ! : 2 .
Hl:i | i i - u.: -
8 ‘ s |
3 | 3 |
2f - 2f ]
1t . 1t |
23 8 %3

y(Z)

In y(h),
- The y(h) distributed in central region.
—|t does not receive collinear enhancement and thus tends to be emitted more isotropically, the Higgs
is often produced as part of WW fusion or Zh system.
- (b) and (c) are swapped.
— The boost effect.
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3.e"u*t > v v,Zh

do/dy [fb]

4.0 ——— —
- :I tc:tal
35 VS =30TeV —_ )
_ vbs-c
30L Tt vbs-t
! +Vvbs-u
250 | vhbs-s
- vbs-t + vbs-s ]
E.U-— e ubs._u + vbs-s |
1.5F b
1.0 )
ﬂ,5:’ “-‘L
. * 1' ...... -
D'D—E 4 b

eu —rwz,;h A {}

do/dy [fb]

4.0

3.5

eu —rwz,;h A {}

3.0

" v5 =30TeV

LI L

:I tc:tal
(&)

U wbs-t + vbs-s
~wbs-u + vbs-s |

vhs-C
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3.e"u*t > v v,Zh
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e- mu+ ->ve vm~ Z {0} h
Kinematical cut pT(Z,h)>150GeV



pt(Z) distribution

oS WZN;A=0 J— S—
10 | | | £ total 10 ﬁtnta.l
Vs =1TeV °T3VBS Vs =1TeV - 03 VBS ]

e ut-viZyh; A=0

e CIT3 Wt U b CTT3 W
1071 e e I W 10 A 223 e W' 3
S U R 16 E - |

)
:'1-_

10210 . 10°

—VBS is dominant

R
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Enhancement of the VBS

do/dn [fb]

e,u —ruuz,;h A {}

5 —
I:I tutal
VS = 3GTE‘J S ves
4'_ B LD wopt ]
| | T ewt

do/dn [fb]

e,u —ruuz,;h A {}

_ _ I:I tutal

Vs =30TeV - VBS
T
0 emwt
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Enhancement of the VBS

do/dpr [fb/GeV]

i
9
=

[
9
L]

e ut-viZ;h; A=0
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i
T -
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o
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o
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10731
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Enhancement of the VBS
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Enhancement of the VBS

e U 2w A=0 e U2 WZih i A=0
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Vs =30TeV [ total | Vs =30TeV [ total
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Enhancement of the VBS

0.5

e ut-vwzZh; A=0

The VBS contribution can be enhanced by _
some kinematical cuts suggested by the 0.41
distributions of the subgroups in the FD
gauge.

At the same time, we also find that the
dominance of the VBS contribution
depends on the observables, and it is
hard to isolate it from the W — u+ and
e —W + contribution, especially in the 0.1}
observables related to the Higgs boson in
our naive study.

o
(¥

do/dn [fb]

priZ,h)>150GeV 7 vBS
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Enhancement of the VBS

The Weak boson PDFs provide a very et > viZyh: A=0
good approximation under conditions S = T 0tey ol
where VBS is dominant. However, in this - priZ,h)>150GeV o ves
process the W— u + and e— W+ 0.4} i -
contributions are dominant, so the

conditions under which VBS dominates — 03l

are very limited, making the =

use of PDFs for the analysis rather ,_'-5

inefficient. 3 02f

Moreover, in the unitary gauge, the 0.1l

amplitude groups exhibit energy growth '

at high-energy region, which makes it

extremely difficult to study the VBS -8
contribution alone.




e- e+ -> W- W+



3. Helicity amplitudes

2
B —z:- —af1— 7—7-1-2-
AL (4D MO Mz*©) M, M(6) _E_ 1
TmTVi-p
0 0,0) -2y’B+B  2y’B-B 2y*(B-cosb) -
M x E?
AL (A2 M, (6) Mz(6) M, (6)
1 3+p 1 3+ sy( B ) 1 2
0 (0, 0) 1+ By +1 A+ pp c%v[Zs%,V 1] T )2(1 + cos 6)

M/éz
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. e ex » Wy W;'; (AA)=(00)

w- W w- Wt w- w+
K X
; v i
e et e et e et

totalec |[M, + M, + M, |*,
y o |M,|%,Z o< [MI2,v o< |M, |2

1073

100 10
Vs [TeV]

H.Furusato, K.Mawatari, Y.Suzuki, Y.Zheng, “W-boson pair production at lepton colliders in the Feynman-Diagram gauge”, Phys.Rev.D 110 (2024) 5, 053005
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Subprocess VhVBS
W+ Z -> W+ h



Ex. the s-channel amplitude for 4; =4, = 13 = +1inthe U and FD gauges
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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 108 Totalcross section for WgZo»Woh
channels (s, t, u, c) together and squaring —
them.) 10° e
- Dotted lines (U gauge) and dashed lines (FD -----------------
gauge) are non-physical quantities (obtained by 102 ...................

squaring the individual amplitudes s, t, u, ¢).

- Whichever one is chosen, the physical cross o 07
section (solid black) remains the same as e N
expected. O 107 T — tota
—That is, Gauge invariant. B
- However, the contribution from each amplitude N e T R u (V)
is quite different between the gauges! Lg-10] i
W W+ W+ W+ W+ }i'* W+ W+ N E((EII[J)))
s Vs [TeV]
Z ? Z h Z ' Z h
S t u 64



Total cross sectionforA; =1, =4; =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 ¢
become smaller.
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105 R
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Angular Distribution for Ay =1, =13 =0

Differential cross section for Wy Zy,=»Wgh at vs =10 TeV

- U gauge : 10
- No clue for the physical distribution 105
from each contribution. ol
0
- FD gauge : f 10-1}
- Clear indication to the physical S .
distribution from each contribution. 'g.. 107
- Forward scattering (cos8 = 1) : © 107}
t is dominant. v --- s(FD)
- Backward scattering (cos8 = —1) : 107 | )
u is dominant. e | R
-1.0 -0.5 0.0 0.5 1.0
cos6@

The FD gauge allows us to interpret the property of each Feynman
amplitude and the interference among them.
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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.

inthe FD

- no such cancellation.

- it is possible to see which are the dominant contributions and to interpret

the property of the individual amplitudes.

Total cross section for W§Zo—=Wgh

108
105 B v ..................
102 .'__,.-n--nﬂ-l.“‘.“““'.. .................
r— -1
T 107
o- ‘‘‘‘‘‘‘‘
b 10_4 -------------- w— total
““““““““““ s()
..... t (V)
1077
..... (u)
s (FD)
) -=-- t(FD)
. u (FD)
¢ (FD)
1 -13 , |
’ 10° oL |

Vs [TeV]

do/dcosf [pb]

Differential cross section for WgZ,—»Wgsh at vs =10 TeV

108

105 L

102

10—1 L
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B Goldstone boson couplings in the SM

In this appendix, we present all the Goldstone-boson cou-
plings of the SM explicitly, because not only the mag-
nitude but also the relative signs of all the gauge-boson
and the corresponding Goldstone-boson couplings should
be kept exact in order to keep the BRST invariance of
the amplitudes. The Goldstone bosons appear in the four
sector of the SM Lagrangian, the Higgs potential Vy, the
Higgs gauge interactions Ky, the gauge-fixing term L¢p,
and the Yukawa term Ly. We show all of them explicitly
below.

The minimal SM has just one SU(2);, doublet Higgs
field ¢(x). The Lagrangian of the Higgs field is given by

Ly=Ky—Vy (B.l)
with
Ku = (D*6)!(D,0), (B.2)
V2
V=3 (ste-%) (B.3)

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.

2
vH=’"—2”-[H+

H? 4 (n')? + (x2)? + (#3)2]°

2v

(B.12)

Ry %(311)2 + (0nt)(9n-) + %((971‘0)2 (B.15a)

2 2 72
g_ 7+ 7 A gz _Z ) 2 0y2
+[4H W=+ =2 2][(1.+H)+(rr)]
(B.15b)

i _2_ Z[(97°)(v + H) — (0H)x°] (B.15¢)
% §[W+((')7r-) + W= (871)|(v + H) (B.15d)
. i‘g[ﬂ'*(aw') — W (9r )" (B.15¢)

+ ig(sa.gzz —eA)(WHr —Wnt)(v + H)
(B.15f)

+ g(sa'gzz —eA)(WHr~ + W~ zt)z® (B.15g)

= g[(w”fﬁ- + Wat)(0H)

+i(WHa™ — W rT)(97°)] (B.15h)
1
_ i[(§ " s';".)yzz £ eA] (o t)r— — ((')ﬂ'“()g:] |
151
g2 r+ y— 1 2 - + -
+ bu W~ + ((§ —sw)gzZ+eA) ]n T,
(B.15])
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   l −  l + →  𝜈 l    𝜈 - l Z h


   l −  l + →  𝜈 l    𝜈 - l Z h


   s = 13


   l −  l + → v  𝜈 - Z h


   l −  l + → v  𝜈 - Z h  


   l −  l + → Z h


   l −  l + → v  𝜈 - Z h


   𝜅 Z


   𝜅 W


   𝜅 W


   e −  𝜇 +


  Z   →  𝜈 e    𝜈 - e  


   e −  e +   →   Z Z h


  y =  1 2 ln   E +  p Z  E −  p Z


   W −  W + → Z h


   l −  l + →  𝜈 l    𝜈 - l Z h


   l −  l + →  𝜈 l    𝜈 - l Z h


   e −  W +  


   W −  𝜇 +


   


  𝝈 ∝


   e −  𝜇 + → v  𝜈 - Z h


  ( b − Z )


  ( b − Z h )


  ( c − Z )


  ( c − Z h )


  ( a )


   l −  l + →  𝜈 l    𝜈 - l Z h


  ∝   |  ( a ) +  (  b − Z ) +  (  c − Z ) +  (  b − Z h ) + ( c − Z h ) | 2


   ( a ) ∝    |   M   ( a ) | 2 ,  (  b − Z ) ∝    |   M   (  b − Z ) | 2 ,  (  c − Z ) ∝    |   M   (  c − Z ) | 2 , …


   l −  l + →  𝜈 l    𝜈 - l Z h


  ∝   |  ( a ) +  (  b − Z ) +  (  c − Z ) +  (  b − Z h ) + ( c − Z h ) | 2


   ( a ) ∝    |   M   ( a ) | 2 ,  (  b − Z ) ∝    |   M   (  b − Z ) | 2 ,  (  c − Z ) ∝    |   M   (  c − Z ) | 2 , …


   l −  l + →  𝜈 l    𝜈 - l Z h


   R 𝜉


  → ∞


   n 𝜇 =
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  ×
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   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z h


  ( b − Z )


  ( c − Z )


   W −  W +   → h
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  h W W
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   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z h


  ( b ′ )


   (  b − Z )


  ( c − Z h )


   ( a )


  ( b ′ )


  ( c ′ )


   (  c − Z )


   (  b − Z h )


   ( a )


  ( c ′ )


   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z h


   ( a )


  ( b ′ )


   ( a )


  ( c ′ )


  ( b ′ )


  ( c ′ )


   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z h


  ( c )


  𝒚 ( 𝒁 ) > 𝟎


  ( a )  


  ( b ′ )


  ( a )  


  ( b − Z )


  ( a )  


  ( c ′ )


   𝜇 +  𝜇 + →  𝜇 +    𝜈 - 𝜇  W + h


   𝜇 +  𝜇 + →  𝜇 +    𝜈 - 𝜇  W + h


   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z


   l −  l + → v  𝜈 - Z h


   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z h


   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z h


  y ( h )


  y ( h )


  W W


  Z h


   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z h


   e −  𝜇 + →  𝜈 e    𝜈 - 𝜇 Z h


   p T ( Z )


  ∝   |  M 𝛾 +  M Z +  M 𝜈 | 2


  𝛾 ∝    |   M 𝛾 | 2 ,   Z ∝    |   M Z | 2 ,   𝜈 ∝    |   M 𝜈 | 2


   𝜆 1 =  𝜆 2 =  𝜆 3 = + 1  


   𝜆 1 =  𝜆 2 =  𝜆 3 = 0


   𝜆 1 =  𝜆 2 =  𝜆 3 = 0


   𝜆 1 =  𝜆 2 =  𝜆 3 = 0


    ( cos ⁡  𝜃 = 1 )


  (   cos ⁡  𝜃 = − 1


  p p → W h j j


   W + Z →  W + h

