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Motivation

' : ' 1 p" .
Equivalent (EQ) gauge | | &=~ E00E-p =cj, ~ ~~0 athighE
A. Wulzer; NPB 2014, €Exr — —1
G. Cuomo, L. Vecchi, A. Wulzer; SPP 2020 1
= ! (p— F,0,0,E —p, —1)

m

1 1
. 0 I Rrd’ A 72 D 7L
Feynman-diagram (FD) gauge £O = _ 1 (OHZY — 0" ZM)” + 5m VAVA 0
J. Chen, K. et al; EPJP 2024 J~ a2 7 l ) \ 2
K. Hagiwara, et al; PRD 2024 + 5 (C)H /I ) _|_ m ZH f_)#, i _C' ('H-H Z.UJ
K. Hagiwara, et al; PRD 2024 ~ 2%

/

Other gauges <

n* = (sgn(p®),p/|pl)  n*(d) in the Lagrangian?

e generating no high-energy divergences?
e rcalizable within the Lagrangian for an intuitive identification

of the divergences?
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Idea and derivation

BRST formalism

C. Becchi, A. Rouet, and R. Stora; Annals Phys 1976.
L. V. Tyutin; 1975.

Generalized Ward identity
—>  pM'T,(A) = imT ()
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Idea and derivation

Generalized Ward identity
—>  pM'T,(A) = imT ()

BRST formalism

C. Becchi, A. Rouet, and R. Stora; Annals Phys 1976.
L. V. Tyutin; 1975.

Main idea: Treat the massive polarizations
“like” the massless polarizations in 5D

PMTy(A) =0

— (Tu( A)’ T(»;r)) L’ Unphysical component
of the five-vector gauge field
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Idea and derivation

In the polar basis of the Higgs field & = %

BRST formalism

(v + h)e'™/v

j Leftgh = —

(Opr AM)?

2§

+ (_3(5M6M)C

5V R¢ gauge-fixing term

M=0,1,2,3,4
Vv =VMgun

gMN = dl&g(l, *11 *1; *11 *1)

AM = (AH, )

oM = (9", m)

oM = (9", —m)
m = ev
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Idea and derivation

In the polar basis of the Higgs field ® = %(’U + h)eim/v M =0,1,2,3,4
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, on AMNZ | AM — (A" 1)
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oM = (9", —m)
5V R¢ gauge-fixing term o — o
Propagator
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Idea and derivation

In the polar basis of the Higgs field ® = %(’U + h)eim/v M =0,1,2,3,4
Vv =VYgun
gMN = dlag(la -1,-1,-1, *1)

5 AM 2 - AM — (AH, )
BRST formalism =—>  Lgi1en = ! M2 : "1 c(0Monr)e oM — (9", m)

oM = (9", —m)

5V R¢ gauge-fixing term

m = ev

Propagator

Py P,
P2

’i<—9MN+(1_€)
1 2 — Iy N = 53

2 2 _ pM px* 2 2 2
—%FMNFMN=—%F“VFMU+%m2(A”—la‘“ﬂ) (P =P PM:E — D —m )



Idea and derivation

In the polar basis of the Higgs field & =

L (v 4 h)em/v

M=0,1,2,3,4
V2

Vv =V¥™gun

gMN — diag(I? 71’ 713 71’ 71)

, on AMNZ | AM — (A" 1)
BRST formalism =—>  Lgi1en = ! M2 : iyl c(0™dpr)e oM = (9", m)
oM = (9", —m)
5V R¢ gauge-fixing term o — o

Propagator
1

ﬁfree — __FMNFM

4

1 1 1

__F]WNF :__FpI/FU T2 A“'L—
1 MN 1 r +2m

Notice
4V R¢ gauge

(0" Ay + §mm)?

28

| Py P,
N — illuyn = 7
%5%)2 (P? = PM P}, = E? — p* —m?)
5V R¢ gauge
(OF A, + mm)? Implication of renormalizability

2¢ in the 5V R¢ gauge
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Idea and derivation

In the polar basis of the Higgs field & = %(’U + h)e”r/fU

1 )\ 21 2 Gauge symmetric under
- = U2 uEH12 4 2
L(x) = 4(F )“ + |DH D] 1 <|(I)| ~ ) — AM AM n 8MA

pM, Unphysical
" | component of AM




Idea and derivation

In the polar basis of the Higgs field ® = %(’U + h)e”/fU

\ . 2u? 2 Gauge symmetric under

1
E(m) — _Z(F,ur/)2 + |DM(1)|2 - Z AM N AM 4 8MA

pM. Unphysical
" | component of AM

Five space- and light-like vectors (based on PM) in the 5V description

Space-like orthogonal Light-like
1
GM(+) :_%(07_17_7@070) GM(>): @(‘Eﬂoﬂoﬁpazm)
1
eM(—) = —%(0, +1,—4,0,0) M (<) = ﬁ(E,O,O, —p, —im)
1
M _ .
€ (0) T \/iE (0,0,0,m,zp)
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Idea and derivation

In the polar basis of the Higgs field ® = L(’U + h)e”r/fU

V2

1 A
£lo) = =3 (P + D0 = 3 (fof

4

Gauge symmetric under

2
) =AM, AM 4 gMp

pM. Unphysical
" | component of AM

Five space- and light-like vectors (based on PM) in the 5V description

Space-like orthogonal

M - 1 —1.—1

e’ (+) = 7 (0,—1,—14,0,0)
M _ 1 —j

€ (_) - \/5(01—'_17 7070)
M = —1 m, 1

€ (O) _ \/§E (070703 ) p)

Light-like
M (>) = ;E 0.0, p,im)
M (<) = = (E,0,6,=p, —im)

a,T>7<(p)\phys> are not in the cohomology

ensured by the BRST formalism 51



Idea and derivation

Physical three transverse polarization modes

eM(4) = —%(0, —1,—i,0,0)
eM(—) = —%(0, +1,—1,0,0)
M (0) = ﬁ(o,o,o,m,z’p)
(E=m) (B — o)
M (0) = %(0,0,0, 1,0) M (0) = %(0,0,0,0,i)
Vector (Spin 1) Scalar (Spin 0)

Goldstone absorption clearly seen at the level of
polarization vectors
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Identification of high-energy divergences

[ApAL — ApAL] 4 4 W A A
h i
B . AMA ., .,
A A n x ow A,
_I,_
A A m o '-'r' A,
[ALAL — hh]
A h A h A h A h
h
ceennnid] A
A h
A Poa ho A h
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Identification of high-energy divergences

ArA;, — AP AL

. Al
Polar basis: %H AT

s channel

A(s32 4+ 2m?)?
2m3 (s —m3)

t channel

A(t + 2m? cos f)?
2ma(t —m3)

u channel

A — 2m? cos f)?

2m3 (u — m3)

contact

sum
in the limit

S — 00

in the limit (s — oo) or (v — 0)

m = ev

my = A2 /2

ArA;p — hh

. s Ad /.,
Polar basis: %H eiA%/v

s channel

3A(s3? + 2m?)
2(s —m3?)

t channel

\s(4t + s8* — 582 cos? ) — 4m3)
8mi(t — m?)

u channel

As(du + spB* — 53,?1 cos? @ — 47?2%)

8m3(u — m?)

AN(s3% +2m?)

contact
9702
2my
sum , ‘
: . N/ 2m2(3 4 cos?6)
in the limit 5 11— R~
< -5 oo m;, sin
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Identification of high-energy divergences

ApAL — ApAp | Polar basis: 5H et A/ ApAL — hh Polar basis: J=H eiAt/v
A(s(? +2m?)? 3N\(s3% + 2m?
s channel — ‘(H 5 ???2) — OO s channel (s + Qm ) 60
2m; (s —m;) 2(s —m3)

A(t + 2m? cos f)?
t channel 3 D) — OO
2m; (t — my)

Au — 2m? cos 0)?

As(4t + s — .5_32 cos2f — ;lm.?l)

t channel — -
8mi(t — m?) — O

u channel

2m3 (u — m3) — OO
contact - As(4u + sB* — 582 cos? § — 4m3)
u channel — — > OO
&my (v — m?)
sum
in the limit —%)\ ; 5
5 A(s(3% + 2m
5 — 00 contact (s ‘ +2 ) — 00
2my
in the limit (s — oo) or (v — 0) s N/ o334 coskh)
in the limit 5 (1 — o 5 : )
m = ev < -5 oo m;, sin” 6

mp = A2 /2

Divergences of “tree-level” M’s in v — 0 = Trace clearly the origin in £ (classical)
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Identification of high-energy divergences

In the limit v — 0 (v =€)

1 1
L(x) =— ZFl’“"NFﬁm + 5(8%)2
2 2
2 € .9 1 4 A 3 Ay
= AP _ A -~ _
—|—<e eh + 2h>( eea ) 4eh 16h

~a First origin of divergences
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Identification of high-energy divergences

In the limit v — 0 (v =€)

L(x) =

4

i

1 1
— —F"VFyn + 5(

02
e2eh + 5!12

2

)(

O'h)?

2
- o) - et -

€€

|—> The criminal of divergences

A4
4 1_6h

~a First origin of divergences

How to cure the divergences

—

AY(z) = eva(z)
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Identification of high-energy divergences

In the limit v — 0 (v =€)

1 1

2
+ <e2eh—|— %hQ) (

Polar basis

1 . 14
&= ——He /v
V2

Cartesian basis

1 a4
@zﬁ(ﬂ%-zA)

O'h)?

€€

A4

|—> The criminal of divergences

How to cure the divergences

— AY(z) = eva(z)

2
AP — i‘am‘l) — éeh?’ — pt

4

(%

Lin L (

A
16

A4

H2 + (A4)2

H = \/H2 + (A2,

~a First origin of divergences

) ~{vkos™ (H2 +IfA4)2)’

Ensuring no divergences
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Identification of high-energy divergences

[ALAL — ALAL]
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Identification of high-energy divergences

[ALAL — ALAL]

A A AWA A A A A A A T T ™ A,
h : } _
_______ h : h i —_ ~ +
[} 1
A A AM 4 A A A ™ ‘71.' T A,
Polar basis (Cartesian basis
104 - - - : 104 : - -
~ee 5 =5TeV — /5=15TeV “=e s =5TeV — /5=15Te\
F |
102}
IU{},

i SR RE BE S5 RE SR SR RE R S BN SR RN S EE BS SE Rh S B

102
1074} A=0.1
' : m = 91GeV
10°° ' : 10-6L _ 19
-10  -05 00 0.5 1.0 -1.0 my, = 125GeV

cos 6
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Identification of high-energy divergences

1
5V Rg EM(p, 0) == E(O,O,O;ma —1]7):

4V R e’ (p,0) = M 0)+3ﬂ—i( 0,0, E,0)
5 0 p7 - pa m E _mpa y Y ]
(p— E) PM 1

FD E M 0) =M (p.0 _ -
OI'( Q) 6F‘D(pa ) € (pa )+ m E m

(p_anaan_pa _Zm)
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Identification of high-energy divergences

1 .. :
M I - - . . .
5V R:  M(p,0) = E(O’ 0,0,m, —ip), Second origin of divergences . Unphysical contribution
VR Qp0)=Mpoy+ 2P = 10,0, 8,0
£ o \Ps - p; ml| E - m p,Y, U, ’ . . ' . .
(p— E\PM 1 : Eliminating the contribution

FD or (EQ) GFMD(pa 0) — EM(p?O) + (p o En anaE - b _Zm)

at high energy

m E:%




Identification of high-energy divergences

1 .. :

M _ . 3 . . .
5V Re M (p,0) = E(ojojojm? —ip), v Second origin of divergences . Unphysical contribution
AV Re  M(p,0) = M| 0)+3ﬂ—i( 0,0, E,0)

f 0 P, - P, m E - m P, Y,y ’ . . . . .
y . (p—E|PM 1 . : Eliminating the contribution
FD or (EQ) €FD (pa 0) =€ (pa 0) + m E — E(p o Ea Oa 03 E — b, _Zm) at hlgh energy
5V R¢ gauge 4V R¢ gauge FD gauge
/5 =15 TeV /5 =15 TeV /5 =15 TeV
10%| 10} — :

10!} 10! ZK

‘M(ALAL — ALAL)|

10 -05 00 05 1.0 0 -05 00 05 10 -10 -05 00 05 10
cos 6 cos cos 6



1
GM(pJ O) = E(OJ 07 O7m7 _Zp)a

Summa?"y e (p,0) = €M (p,0) + %% = %(p,0,0,E,O)
e (p,0) = €' (p,0) + b-E)P" _ 1 (p— E,0,0,E — p, —im)

1. 5V R gauge moEm
2. Tree-level high-energy divergences
3. Advantages

X Realizable within the Lagrangian = Intuitive derivation of the propagator
x Massless-like structure (PM Ty (A) = 0)

= Criterion for assessing the degree of divergence from other gauges
= Clear illustration of the GBET at the level of ¢ (P,0)

X No gauge cancellation = Improving numerical calculations

x Partial equivalence with the 4V R¢ gauge = Implications for renormalizability
4. Extention to the non-Abelian case

5. Generalization (suggested by Prof. A. Wulzer)

M

P
eggneral (pa 0) — EM (p, O) + O(P)W and Eé\gneral (pa j:) =777
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Connecting the 5V R¢ gauge with other gauges

[Polar basis|
MN v Y
. 1/2 2 1/2
Vertices ’\ m’ h )‘m w2 (ar — Louga) _ AT,
+ V2 * a2 m
9 Py aPsy Gy po Py 4P, Mt 4
AR (p py V2Am (O AM)2 oM g
s (1, 12 mpP1 4Py " ’ 26 & m)e
| P uPy, Py Py,
5 PyaPoy g, PraPey,
plAARR] (P P) = Am . M M
]MlMQ 152 thl 4P2 4 P, P pEp ’ / \ sA™M = ['LQBa A } =0 C,
3)\1/2 e L sh=[iQp,h] =0,
F[hhh]:_Tmh, 4 x4 4x1 sB = [iQp,B] =0,
(hhhh) 3A sc ={iQp,c} = B,
kb =5 sc={iQpg,c} =0,
\ 1% 4 1x1 )

5V Ward identities

PM Ty an (P, Py) = PM2T 3y s, (P, Py) = 0 for incoming A’s,
PMUTar o, (—PF, —P3) = P Ty ar, (=P, —P5) =0 for outgoing A’s,




Connecting the 5V R¢ gauge with other gauges

1
[Polar basis] 5V Re  €"(p,0) = 5(0,0,0,m, —ip),
M M p PM 1
4V R¢ e (p,0) =€ (p,O)—I—Ef:E(P,OaO;E’ao)
. _ M
Amplitudes from 5V to 4V gauges FDor (BQ) ¢ (p.0) = M (p.0) 4 (p E)% _ %(p_ E.0.0.E — p,—im)

M :T]\«‘I or UJ\J
DA b, Q) (—g*y T e pyy )

p24 o 2;1 F[AAh] P V2m? /P1,4P2,4 Guips  P1r.aPoy,
[AAR] AAR) y* MM\ E2) = s s )
= Lo (P, Q) ( m? )F‘O”l (=@ 7). ma L2 \ Py 4Py, Pl'Py,,
P 4P Py 4P
A . ( 1,424 Gpy s Pr.alop,
F]'vIle (Pl P2) )
gSR my Py 4Ps 4 \ “
F[AAh](P Q) ( ) F[AAh]( Q* Pl) P274P1,u2 Pl PQH
paS Q2 Ry ’ [lhhh) 3N 2my,
AAh 7 —§)m AAhR *
=TI00" (P, Q) ( o ) Lo (=Q Py P _ 3
2 ?
AAR] 1 plAAR
+ At p,, P S
i (2, Q) (Q2 + (1 —¢&)m? ) e ( @ 1) 5V Ward identities
PMTyan, (P, Po) = PYMTpg g, (Py, Po) =0 for incoming A’s,

PMA T oan, (—PF, —Py) = PM* Ty g, (=P, —P3) =0 for outgoing A’s,

SM — ((P1 + P)H, LTTLh)
™ = ((P - Ps)“,z'mh)
UM = (P — Py)",imy,)



Connecting the 5V R¢ gauge with other gauges

[Polar basis|

Amplitudes from 5V to FD (EQ) gauges
(Q]\/f :TI\J or UI':J)
D" (P, Q) (—g*M T (-7, )
Adn p, o) (_ S5 1 €(q,0)Q™ + Q° €R*(q,0))

p2S ‘ /QMQZ‘|

=T

X F%ih}(_Q*a Pl)a

AAhh Am
Lty (P, P2) = m2 Py 4Py
nt1,4£24 \ PyaPy,

pinkn) _ _3AY 2
\/5 3

3A

plhkhh] _ _ 24

2 ?

5V Ward identities

PMTyan, (P, Po) = PYMTpg g, (Py, Po) =0

Pljwl*PMll\/Iz(_Pl*ﬂ _PQ*) - PQNIQ*F.MEMQ(_PF’ _Pz*) =0

SM = (P + Py)".imy,)

UM = ((Py— Py)".imy,)

\ P2,4P1.u2
2 (P1,4P2,49mu2 Py 4Py,

1
5V Re  M(p,0) = (0,0,0,m, —ip),
pM 1
AV R Mo 0)=eM(p.0)+ L1 = —(5.0.0,E.0
3 EO(pa) € (p7)+mE m(paaa 7)
- EyPY™ 1
FD or (EQ) 6%(1970) - EM(pao) + Mf — E(p_ an’an — D, _lm)
(AAR \/ﬁmg /P1,4P2,4 Qoo 131,4132#1
FMlﬂfz(PhPQ): th14P24 ?
o P{ Py,

Pl'Py,, )

for incoming A’s,

for outgoing A’s,
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Identification of the divergences

|Cartesian basis|

1/2 2
[AAR] A 21 G i
1—1 P , P ,
wiy (Pr, P2) = V2my, ( m(2Py1,, + Poy,) —mp,

2m?2

[AARh] A [ —5guw O
FMN = 9 m;%, :
0 —1

9
AAAA Am

FEMNRS = 5 (9+MNI—RS + 9+ MRI-NS + 9+ MSI+NR
h

+ 9+ NRY—MS + G+ NSG—MR + 9+ RSG+MN )

3A
- ?Q—MNQ—RS;
3\ 2,
[hhh] _ h .
b N NOE J+MN =d%ag(l,—1,—1,—1,0)
plhhhh] _ _;/\7 g_nn = diag(0,0,0,0, —1)

im (2P, + le)) | L(z) =

1

_1 MN\2 1 Iz 2
4(A ) +2(3 h)* — 2mhh
\1/2 , , m2 .
+ ﬁmhh(mQA“Aﬂ - m(24"9,A" + A'9,A") - (A )2)
éQﬁu (A4 7)\1/2mh 3fi4
+Sh (mhAA (A)) N R
)\ 2
b (Y ara, - (a),
16 ms H
SA” [iQp, A'] = d"c
= [iQp, A"] = e(v + h)c,
= [iQp,h] = —eA’c,
I[%QB,B]:(]?
SE:{iQB,E}:B
sc={iQp,c} =0
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Identification of the divergences 5V Re  €M(p,0) = %(o,o,o,m _ip),
: . AV R M(p0) = M (p, 0 pPY 1 00.E0
(Cartesian basis| e € (p.0)=e"(p,0)+ —— = —(p,0,0,E,0)
FD or (EQ eM p,0 :eMp,O —I—(p_E)P—Zip—E,U,O,E—pa—im
FD m FE m
AAh AAh *
T (P, Q) (—g*) TIAM (-7, Py)
7+ P§/2)(Q7 — P{"/2)
— F[AAh] P (Q 2 AAh P
Hee ( > Q) m2 PPJl ( Q 1) F[AAh (P P ) _ )\1/2 2m29.u1.u2 (QPQ,LM + Pl.ul)
MM W52 \/imh m(Qplﬂz + PQ.uz) _mh
LA Py, Q) (—g*H) TIAAM (—Q*, P1) 2m?
@+ PE/D(@ — P J2) el =2 g e
/ h
= T[AAM (P, Q) ( = ) it (-Q" P). 2\
plaaaal _ Am?
MNRS = =2 (9+MN9—RS +9+MRI-NS + G+ MSI+NR

h

+ 9+ NRY—MS + G+ NSG—MR + 9+ RSY+MN )

3A
- ?Q’—MNQ—RS;

plhkn) _ A Pmy
\/5 ’
plhhhh] _ _;/\,

Nonconserved 5V Ward identities

2
QU TIAAM g+ py) = 2v/2nm Py — (P, + Py)" mh)
mp
= ((Py — P3)t,imy,)
AAR] 2v/2nm?
QbFEUzS (PQ’Q) = my, P2M'21 = ((P1 ) th)



Diagrams

[ALAL — ALAL]

[ALAL — hh]
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