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o, m 1. Motivation: subtle gauge cancetfation

\/ 1.1The Unitarity Problem of SM of EW Interactions

m Ex: WW>WW with gauge couplings only

B Longitudinal vector boson Effv k#/m ~ E/m

= Wt W W - -
w- /S — Wt W W
B Violate unitarity, theory not cosistent.
m Also not renormalizable e
-



o/ m 1. Motivation: subtle gauge cancetfation

\/I'he UF:i’rc:ri’ry Problem of SM of EW Interactions

M Solution: introduce a scalar with couplings to vector bosons

m Verticess A(WW ; ghww = igmy, (Higgs mechanism)
W+ W+ W W+ _— .

v/Z
v/Z

< (E/my)*

Sl Y
% m Final Amplitude: A4 x O(l)

w- w W w- W Unitarity restored
m Condition: precise relation between gauge couplings and hWW o

m Reflection of gauge symmetry in S-mafm'«/qmplifu@ 9 /
30\



o, m 1. Motivation: subtle gauge cancetfation

\/The Unitarity Problem of SM of EW Interactions

N’
L " Goldstone equivalence theorem(GET)
m Amplitudes of Longitudinal vector bosons approximately equal to
amplitudes of the corresponding Goldstone bosons 1}/ + ~ ¢+
— mw
_ —I'O( E )
m GET is a direct consequence of “massive Ward identity” &

B So appliesto any theory with gauge symmetry, e.@MEFT Q)

N\
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m 1. Motivation: subtle gauge cancetfation

\/1 .2 The Techniaue Problem of Large Cancellation |

Vlv WW>WW Large cancellation between diagrams

w+ w+ W+ w+
v/Z
v/Z
W- w+
W= w+
W+ W+ W—|— W—l—
)
Ww- W+ W- W-

W+

x (E/my)*

W

o —(E/mw)?

=

m Theory: single diagrams has unphysical energy behavior, power counting
doesn’t hold (compare standard way to compute WW>WW  with GET )

B Numerical: large number cancellation easily.leady to large error /

N .\
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\_p%merical Problem

-

m 1. Motivation: subtle gauge cancetlation

4

m Cancellation between large numbers(diagrams) easily leads to errors

Otot [Pb]

103

102

10

W-W+ - Z2Z Ve
= a3
- o ]
- _____E’” / —
(e ———® —====== o= = u
- New HELAS HELAS ;a’/ _
- —=— summed --2-- summed ’ .
- —e— longitudinal --e-- Iongitudinal/g"’ .
— ,/’@,/ -
E —@ L L L .E

| | | | L II| | | | | L II| | | | | L II|
0.2 0.5 1 2 5 10 20 50 100
Vs [TeV]

Total cross section of WW > 77
when t /u channel propagators are
given physical decay width

(Madgraph before v3_** versions)
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o m 1. Motivation: subtle gauge cc:ﬁce‘l’(c’rion

\_I/%mericaleroblem: Cancellation between large numbers(diagrams)
m Computing efficiency

N/

Madgraph v3_2 0

PP > ii w+{O}w-{O}h:
Event no; 147/10000

tag_1 [0.0001979 + 2.3e-06] 147 \parton madevent

run_02 LHE

[ remove run [ launch detector simulation ]

PP
‘ 7000.0 x 7000.0 GeV

pp > ji wH{T}w-{T}h:

Run Collider Banner| Cross section (pb) |Events Data Output Action
run_01 2000.0 XF;(;)O 0.0 GeV ?:I;l)R 0.001458 + 4.3e-06| 10000 |parton madevent|LHE [ remove run | launch detector simulation ]
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WW>WW IN GET

+ + + + + +
vt X ¢ o v ¢
~ - \ y N 7/
S L \ /
~ - \ /
~ - \ ,
\
\Z S
")//Z /'vvvvvv\.( A
// \\
- ~ / \
// \\ 7 \
7z N / \
// \\ 7 \
©- © ©- © © ©
+ +
¥ . ¥ ot ot
/ -
D y
N /
\ / -
\ Y
\\ h ,/ I
- ( 'h
/ \ I
/ \ ~
/ \ 7 ~
7 \
/ \
/ b _ _
_ — 2 12
¥ ¥

Physical behavior for individual diagrams

e’

Power counting valid, again becomes a valuable tool for physical analysis /

However, not exact equivalent to VBS amplitude
N’
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- m 1. Motivation: subtle gauge cancéllation

yT/heore’rical Problem

“ m Ex.: SMEFT and Higgs Couplings Measurement -
WiWp — WLWLh/hhh Wf/ZLNWE/QbO
E > m ~ L 4O(m ¢+
T = // ] —|_ ( E ) ® = v+h+ig?
/ N \/5
O = 5(01D)?
At what exactly range is on this picture(GET) valid? Corrections?

Even simpler amplitude WW>WW?

~/

We need a method that manifests GET, but co\nyuies amplitudes exactly.
o/ e\




" m 1. Motivation: subtle gauge cancéllation

\M/heore’rical Problems

N’
“ m Ex: SMEFT and Higgs Couplings Measurement
m Measuring Higgs self-couplings through Wi /Z;, ~ ¢* /¢,
(Mainstream: double Higgs production)
+
Wi Wy, — Wi Wrh/hhh B — ;}f y
v+n—+1
. 7 V2
! ~ N7 m
E >> T Q—*— //%::‘7, _I_O(E)
// \\ . O// \\0
8 O = 45 (279)3
N’

Importance is of the same level as hh production in muon colliders

Junmou Chen, Chih-Ting Ting, Yongcheng Wu, Tong Li  PhysRevD.105.053009 n

Chang-Yuan Yao JHEPMON )Q?j & /
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GET solttion not completely satisfactory

"/
* Need to take into account the energy supgpres&eplP s, 379 (1985
d S Ch anowﬂz and M.'K. Gaillard
m Ward identity kH M, —zmv,/\/l(¢) (From gauge symmetry)
po_ k¥ m L m
L = mw E+|k|n — _ZM E_|_V|V;;|
B N-point amplitudes:
M(WL7WL7WL9""9WL) — (_z)nM(¢7¢a¢77¢) ( )n 1M( n7¢7¢7"" ¢)
+eee + MW, Wy, Wy oo, W) (2)
=

The terms (diagrams) on the RH are 2" times of LH (Naive est.)

B Problem: Too many diagrams, hard to coyculqtp
N e\



= m 2. Solution: “New Feynman Dié‘glém”
\_l/5/-comp0hen’r formalism gun = diag(1,—1,—1,—1,—1)

T m GET gM = (K M " ' P
e = (i) KM Moy = KM, —iM($) =0
m Polarization vector
U ~U
ELIYI — (EL) — kM = (En) Well behaved in high energy and a single object
0 L
m Gauge and Goldstone components combined together
_ M __ = :
M=eMMy =M, — iM(¢)
B N-point amplitudes(pol.vec., propagators, vertices) o

M(k1, kg, ..o k) = €M e eMN Moar ar  ar (K1, Koy ey kn)=?

NV @ &



N m 2. Solution: “New Feynman DiMm”

\I/Q/ouge Choice and Propagators: 5-components formalism

N’
~, = Goldstone equivalence gauge(GEG) sroposed in JHEP11(2017)093
po_ Kt m o : &
L™ mw  BrR"
Gauge condition: n-V =0 or n-e, =0
Transverse: 1, - €. = () Longitudinal: 70 - €], # 0
o [o M ~
€+ satisfies Elz = TI:L—V + el does not satisfy
o . B
gV m . i k
eh = ——nt with n? = (1, —ﬁ)
n-n=0—=n-¢€, =0 °)

So where is k¥ term?

“Scalarized” into Goldstone mode! k“%m\w — ¢ v
N



S m 2. Solution: “New Feynman Diagram”
\I/6/0|uge Choice and Propagator: 5-components formalism

/
9 m Gauge cancellation exists also on the propagator (Rxi gauge)
m Degrees of freedom in Feynman gauge
|4 kaV _ M .
_g,u - T = Z €7 €Y energy increase
14 s==x,L
P V) 7. W, v P
g - Z €s€s + €LEL
- S=—T
Physical degrees of freed% v P kY 4kPnY . m2ntnY
= ES 68 -k I (nk)i o

S=—1T

Even Feynman gauge gives unphysical energy increase!

"V Qs



= m 2. Solution: “New Feynman DiMm”
\I/6/auge Choice and Propagators: 5-components formalism

"/
U Golds’rone equivc:lence gauge(GEG)
Sl MV o[
KLY | g,V .
(Va, @ ) (Vo bp)) = fdany( —9"+ 2550 —id
asPal)s \Vb,¥b)/ — k2 —m?2 Y34 1
w1.v oV
When on-shell, —g» 1= e R Z e’
n-k i
17 n" k" +kFnY M N
( g _|_'~1/ n-k ZG ) Z ’ Gauge-Goldstone mixing terms
(499 s==,L o/

ety =L
PoI.Vec.:Ef:< 5) 6‘24=<€;> : /
7N N e\ /
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e
ertices(SM)

—~

g

m 2. Solution: “New Feynman Didgrém

Table 2. Vertex for VVV: WWZ & WW A. All momenta are outgoing, particles are final states.

Vil Ms W Wtz W-WTA
Ve —ia(g"'** (p1 — p2)"* + g"*"* (p2 — p3)"* +¢"*" (ps — p1)"*) a=gcw a=gsw
V4“2“3 bln“2“3 by — _g22scw2v by — gZQ;sW
Vs ns —— b 9228ng - _92’028W
C
%Ltk by gh1H2 bs = ow b3 =0
yidus ic1(p1 — p2)*? o = L2V c1 = gsw
2Cw
V2t ics(ps —p1)*? C3 = g ¢s =0
V444 O O

Nt

Full List see 2203.1 044016
~ o/

o
Y\

4



.

"’

Old) HELAS(HELicity Amplitudes Subroutines) Introduction

—

\ 4

m 3.1 Numerical Implementation

HELAS compute amplitudes for Madgraph seee.g. 1106.0522

HELAS Basic setup: subroutines

External Lines

External line Subroutine
Flowing-In Fermion IXXXXX
Flowing-0Out Fermion OXXXXX

Vector Boson VXXXXX

Scalar Boson SXXXXX

Vertices

Table 2.3: List of the vertex subroutines in HELAS system.

[ Vertex | Inputs Output Subroutine

FFV FFV | Amplitude I0VXXX

FF A% JIOXXX, J3XXXX

FV F FVIXXX, FVOXXX
FFS FFS Amplitude T0SXXX

FF S HIOXXX

FS F FSIXXX, FSOXXX
VVV VVV | Amplitude VVVXXX

\AY V JVVXXX
VVS VVS | Amplitude VVSXXX

VS \Y% JVSXXX

VV Q HUVUYYY




m 3.1 Numerical Implementation

“I/New HELAS (implementing “New Feynman Diagrams®) -

S—

1. Replace polarization vectors of W /Z to 5-component form

2. Replace propagators of W /Z to GEG in 5-component form

3. Extend vertices involving W /Z to incorporate Goldstone components

(4). Replace propagators of photon and gluons to parton shower gauge
(counter part of GEG for massless case.)

5. Add vertices not existing in Old Feynman Rules(ZZZZ, WWZh,WWAh)

’ "~/

Codes can be found in (HELAS V42)

N g\ ).



\-)éw HELAS Results: 2->2 VBS

N’

New HELAS

1015 L L L L L
B | I | | _
. W-W* — Z Z (longitudinal)
10" Vs =10 TeV ]
-
Mff'—'g—_——;——-;———;-——ﬂ———a———ﬂ—--{a—:
5| _
10 - =— Total .
I s-channel i
1010 | --v-- tu-channel ]
| -=—- contact _
_1sfro---o--0---0---0---0---0--0---0---07
10 15 _I | | | | | | l | | | | | | | | | | I_
0 0.2 0.4 0.6 0.8 1
cos 0

B 3.2 Numerical Results

HELAS
1015 B L I L I L I | I | ]
z—ﬁ-'-'-ﬂ-'-‘-'-&-':- S e e e s
1010 B _|
10° ;73-——e———o——-e—-—e—-—o-——e—-—0—--@———%
1~ _
- l_ -
10—5 __ __
- — Total ]
B --o-- s-channel ]
1019 --v-- t/u-channel —
| -5 contact i
10—15 _I | | l | | | I | | | | | ] | | | | l_
0 0.2 0.4 0.6 0.8 1
coso0

o N
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w HELAS Results: WW production at lepton colliders

102

104

\/

[Tt [
B HELAS
--o-- s-channel
--¥-- t-channel

New HELAS
—e— s-channel
—¥— t-channel

I | lllllll I

IIIIIII l

e eg —~ W W' - pveve

— Total

lIlIllI I

| IIIIIII

| IIlllll

0.2 0.5 1 2

5 10 20

50 100

Vs [TeV]

104

102

102

104

4

B 3.2 Numerical Results

ete” - WTW™ — u~veTr, : total cross section

[

O
.o i

HELAS .
--o-- s-channel e .
.o |

- -or
P ege; > WW" — uvyetve |
o

— Total -

|

I I

I lllllll Illll I

New HELAS

—e— s-channel —
1 I 1 1 1 ll I

L lIIlllI

0.

2 0.5 1 2 5 10 50 100

Vs [TeV]

¥ NS Nt 3\
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B 3.2 Numerical Results

P
\I/Néw HELAS Results: VBS at lepton collide

IS

e ut =5 v, ZZ/WW(WW — ZZ/WW): total cross section
3 [ I I I | LI II I 1 I LI I 1 L ] S B I I I | LI ll I I I I LI II 1 I I T I ]
= o5 €M — VeV ZZ = j015[ €M — veVu W W* A
69 - —— Total ] 59 - —— Total g .
B N B ,::’f;g;;:::’ 7]
10 7 10 ]
10 i ) 10 i B )
L 4w 3
1\F e : 1| :
B New HELAS HELAS ] i New HELAS HELAS i
10 5 o —e— s-channel --e-- s-channel N 10-5 o —e— s-channel --e-- s-channel ]
o —¥— t/u-channel --v-- t/u-channel . - —v»— t-channel --v-- t-channel .
B —=— contact --8-- contact i B —=— contact --2-- contact ]
- e issi - - —%— W emissi -%- W emissi -
1010, [ Zemission e Zemission | 100, | omeson, e Temsten o
0.2 0.5 1 2 5 10 20 50 100 0.2 0.5 1 2 5 10 20 50 100
Vs [TeV] VS [TeV]

g \J ~
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B 3.2 Numerical Results

m_NMew HELAS Results: WW production at lepton colliders
N’
'
— —_— —_ — [ ] [ ] [ ]
< ete” - WTW™ — u ve'r,: angular distribution
New HELAS HELAS New HELAS HELAS
§ Illllllllllllllllll IIIIIIIIIIIIIIIIII E‘ IIIIIIIIIIIIIIIIIII lllllllllllllllllll
'8 106} e[eﬁ - W Wt p‘Vue“‘ve — 106} — '8 106} el‘_eﬁ - WWt u_Vp,eJrVe — 105} [:z;::__z::_-g-:::g::g Z— Z,. X —
| /5 =250 GeV | i | | /5=10TeV ] 9] -2
10% - 10% -
102l —— Total | 102 —— Total N
--e-- s-channel --e-- s-channel
i - = . - --v-- t-channel - --¥-- t-channel =
1= — Total 1 1 — Tota m 1 1= m
--0-- s-channel | --o-- s-channel | | |
--¥-- t-channel --¥-- t-channel r-v-
1072 - 102} — 1072~ 1 102 =
]IIlIllIlIIIlIIIIIl IIlllIll[lllIIIIlll IIIIIllIIIIllIIIIIl llllIlIllIlIlIIlllI
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos o cos 6 cos o cos 0
(a) (b)
~

N -
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CONCLUSION

1. We propose a formalism (New Feynman Diagram) to solve gauge
cancellation of weak scattering amplitudes, including:

5-component pol. vec. , propagators (in GEG), vertices

2. We implement NFD to HELAS(SM), and demonstrate some numerical
results

3. Future: Needing deeper understanding, integrated into Madgra ph(?),
Other models(?)
-/
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\I/IX{ew Feyriman Rule(SM)

o

Y w=/z
M N
Propagator: NEFR
w
A =
WWZ: w-
NFR

NFR=New Feynman Rule

“wave function” of @: i for initial, —i for final "o

m 2. Solution: “New Feynman Didgram

4
7 1% H o~ = = = = -
I v
W+ ¢+ VV+
\‘\ H\‘\'\’\W’v\
- /Nm . | )
4
W~ w= "
¢+ (Z)+ I/V+
\‘\ \‘\ LH-\—L‘_\_HL
: Z _+_ \ - - ¢0 + , - - Q50 \/
p fﬂf «
(b_ e ¢_ 24



m New Feynman Rule(SM)

m 2. Solution: “New Feynman DMm”

~ M Vertices doesn’t exist in “Old” Feynman Diagrams

L1717:

NFR

NFR=New Feynman Rule

Z

¢() 7 7 d)()
< + >-
¢() ’ 7 7 ¢()

¢()
N
N

Z
¢O ¢()
<
N \9\5
7 ¢()

</

S



= m 2. Solution: “New Feynman DiMm”
\—yfew Feynmman Rule(SM)
T m Ex2:77>7Z —
ZX
Doesn’t exist in
“Old” Feynman Rules
NFR=New Feynman Rule e
26 \/
BN

"/ h\ J.



VD/ m 4. Numerical Results
ew HELAS Results: 252 VBS

New HELAS HELAS

— 1015 L L I L I 1T I | 1015 [ T 1T 1 I T 1T I 1T
" Q - ] ‘.g_-:g_: it 2 S = P
o [ W-W* — W-W* (longitudinal)- A RN ez
u'mwj- s =10 TeV —{ 10"} ;
" 1-cos0>10" i i i
WW>WW e[ = 10 =
8 1 9 :
=5 e - i e ]
105} T — 105~ —
| --o-- s-channel - - --o-- s-channel ]
-10]_ _ —10|_ |
10 . --¥-- t-channel - 10 - --¥-- t-channel N
| -=-- contact i | -=-- contact |
10_15__1 o v b by I__ 10_15__1 e L b '_—
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

cos 0 cos0
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\I/Néw HELAS Results: 2->2 VBS

N’

L71>77

101 /5 =10 TeV

5: — Total
10°— . < channel
: --v-- t/u-channel
1| —= contact
e e e e e e e e e e e e e e
10-5|— B
: 'V—-"'V--"V—-"V‘-'-_ =T
10-10FF-¥- V- E
L e e

New HELAS

| ZZ — Z Z (longitudinal)

0 02 04 06 08 1
cos 0

1010

10°

—t
<
(3]

10—10

10—15

m 4. Numerical Results

4

HELAS
1015 L L I L I L L

- SEEICERS-SED-SErh SR SEE AP AR SAS S

1 —

[ — Total i

[ --—e-- s-channel -

| --v-- tu-channel i

_l | | I | | | | | | | | | | | | | | I_

0 0.2 0.4 0.6 0.8 1
coso
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