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MOTIVATIONS:

1. power counting — longitudinal
2. goldstone equivalence

3.(longitudinal ) vector = goldstone + gauge

4. Better understanding Feynman rules from
1t



MOTIVATIONS:

Longitudinal vector boson ¢; ~ % bad energy behavior and huge

Interference!
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Figure: higgs contribution oc =5 fixes the problem.



MOTIVATIONZ2: on-shell scattering amplitudes

MHYV diagrams, Park-Tayler formula

(i 5)°

1. Huge simplifications in calculations

2. Underlying structures uncovered.
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on-shell approach for massive

1. “Miracle” don’t extend to massive
case

2. Lattle group

massless particles : U(1) massive particles : SU(2)

3. Jump of Degrees of freedom

4. It might be beneticial to understand the theory
in QFT formulation better



Our goals:

1. Rederive the Feynman rules by treating gauge
field W and goldstone field

2. Understand the possible underlying

structure (not noticed before)
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GAUGE CHOICE:

Covariant gauge v.s. Physical gauges

1 -

ﬁg— 2&-(8“142)2 £€ - _i(nAa)2
1. Manifest Lorentz 1. No manifest Lorentz
Symmetry symmetry

2. Gauge redundancies 2. Only physical degrees

of freedom remain

3. Ghosts — unitarity 3. Ghosts decouple

1s not straightforward
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PHYSICAL GAUGES (AXIAL GAUGE)

Propagator:
—z'da uu_n“k”+k“n”+ n? kP kY
< AVAp > = i k;j— - (n-k)? )
n? < 0, axial gauge
n® =0 light-cone gauge

2> 0. temporal gauge
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PHYSICAL GAUGES (AXIAL GAUGE)

Propagator:

o v v 2
—10ap(g"” — nuknj%]fﬂn + (n?k)z kHEY)

k2 + i€

< APAY > =

nl/

k°k, < AFAY >= ik*(

goes to 0 when g2 — 0,
only transverse (physical)
polarizations remain
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IMPOSE ON MASSIVE GAUGE
THEORY
1 1 1,
Lz = = GO WE0,Way + 50" Wau0 Wa + 5y Wo, W

+ ;—g(n-an-Wa)(n-an-Wa)*
£¢aWa — —mWWa“auqﬁa

1
E¢g — 5(6u¢a)2

Not easy to work out the propagator.

Solution: treat gauge fields and
goldstone fields as a whole.
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IMPOSE ON MASSIVE GAUGE
THEORY

nM — (TL'U',O), W]?/I — (Wﬁ,gba'), 8M — (aua_mw)a 77MN — diag(la_la_la_la_l)'

KINETIC LAGRANGIAN:

1 1 1
Ly = —iaMWJ%aMW;V - 5(8MW,§” )% + i(n 0 nyyWM)(n -0 npyyWM)*

oM — (0", —mw ) gives kM — (KH, —sz)for Incoming momenturr

kM™ = (k*, imw) for outgoing momentum

k-k*=n""kyk}y = k* —miy  equals to 0 when on shell
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1 1 1
Lywz, = —50MWROV W, + 2 (0mW,")* + 2e(m" 0 nyW,")(n -8 nyW,")*

nM — (nﬂﬂ ) WM — ( ’¢a) — (6”,—mw), 77MN — diag(la_la_la_la_l)'

Algebra 1S completely analogue to the massless case.

- v n* kY +k*nY v
massless: C ABAY > — —i8ab(g" — BT 4 €y )4k k¥)
a”b k2 + i€

. ™~

M * N M_ xN *
—ibap(gM N — RN g ks Mg

k- k* + 1€

massive: <WHWY >=



Propagator:
write gauge components and
goldstone components separately

. kY +kHnV -m
10ab —(gHv — mEEA ) i WpH
< (W#,¢a),(Wéj,¢b) >= 12 C; _ n-k n-k
— My + 1€ _iﬂ_ly’g,nu 1
same'mass forngauge and
when on-shell goldstone modes

. M _N*
Zéab Zs::l:,L €s €s

<WIWE >= k- k*+ e

with
longitudinal pol. 1s interpolatec

by gauge hields and goldstone fie

: (*)
ei\:l( = (el:f: , 0) /
M mw :
€L — (—nn“,z)
M = (— T nt, —i)

n-k



FIVE-COMPONENT TREATMENT
FOR VERTICES

Bottom line: Higgs multiplet 1s a representation of the

gauge group

Question: Arrange interactions with goldstone modes in
a way similar to gauge ?

Good if there 1s custodial symmetry with all the goldstone
bosons.
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SU(2) GAUGE THEORY:
CUSTODIAL SYMMETRY

H = %(iﬂzq’*, ®) =, (h —i0"g0)

O+ igWan ) (B —iZ gy)
Zg ap g 9 22 b
aW o 1 o ac acnr
— (aﬂ—i_zg ap 9 ) ) h2 9 (611'5 2 ’ b)¢ + ¢a

Resulting 1n, for example the Lagrangian term

&

[:W]?/I _ geabcauWNW“bW[C{n,NK
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HiIGGS-KIBBLE MODEL WITH
SU(2) GAUGE GROUP

Triple gauge vertices for massless theory

= —ig(n* (k1 — k2)? +n"P (kg — k3)" + (k3 — k1))



b -

_%((kl — )" + g (k2 — q)") +igmw g™ —i= g™ g™

g 9
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ONSHEL GAUGE SYMMETRY

TWO FORMS OF LONGITUDINAL
POLARIZATION

—>TWO FORMS GIVES THE SAME
RESULTS

63/‘[’11 €2L Sy (kraki.l.) = €1L 61L Sy (k. kL)



On-shell gauge symmetry to GET

eéle 62L5M1 M; (k1...K;.. )—ejl\/il €1LSM1 M; (k1...K;...)

keep the goldstone components

mwy

€nr’ o €or' Shty .. 0 (K. .kz-...)=5(¢1...¢i...)+0(n)

this 1s simply goldstone equivalence theorem
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On-shell gauge symmetry for 3-point amplitudes

1M (1512%23%3)) kM = 0

eM_
Sz mW
MR8 e = gm0 (O — k) e2)@) + Lkt — ha) - (i) — ig i (=)
Z 65‘}3_’%_2ng62 mw Tl T s 2 myy Tomw
. /' n n 1 n ki1 — ko)(k1 + ko m?

. haso=Lqs: mw m% _m%V m%z
iM(P2E)|  = ig(M _ M)
eM o 2 2myy 2myy

o confirmed!
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1.Similarly, for tfW

’I:M(131282333)| y ’C;‘;w — M(181232333)| ) k‘; ) +M(181282383)‘5g,3—>0,62_, = 0 (42)
€37 my €53 myy 2€s3 0 ‘ ?

making use of E.O.Ms. confirmed!

2.for WWW

making use of transverse condition K*Mernr =0

and on-shell condition BMp (.

confirmed!
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COLLINEAR SPLITTING AMPLITUDES

1

iM=) iM;

split * 72 5 - 1M{ + power suppressed
3

k3 approach the pole: on-shell amplitudes

COLLINEAR SPLITTING dP
FUNCTIONS dzdk;

X |Msplit|2

L7



—ig(n™™N (ky — k)P + 7/NE (kg — k3)* + 7/EM (k3 — k1)¥)

MOV — WIW) = ig { [em (ks) - enalke) = S1(—hs + ) - eny ko)
+ [€n, (k2) - €ny(k3) — i(;i)](-kz — k3) - €n, (k1)

- feng (k) - eny (k1) — 21 (ks + ) - € (k)




EXAMPLE: 1—> 2 SPLITTING
WH o W AMPLITUDES

‘N1 = N2 =N3g =N,

iMW, — WEW;) = Fmy _(ki—ky)-n  (katks)-m  —(kstki)-n

2 n- k3 n- ki n - ks
n kl 3 n - k2
Z = 2 =
n k3 n - k3
. ig*vz —Z 27
My wrwo = o= (1+ ?)
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EXAMPLE: 1—> 2 SPLITTING

AMPLITUDES
+ —
h— W/ W,
wM
kll )\
Le* ,\kz - _%((kl — q)tg™N*t + g™ (ko — q)”) + igmw g"¥ — i%ng‘lgN‘l
pes” Wy

Multiple parameters, not so simple
: __ kH m
Alternatively, choose €L = mw — nk "

and evaluate amplitude on-shell.
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EXAMPLE: 1—> 2 SPLITTING

AMPLITUDES
+ —_
iMh—W; W) = igmy LA + €, Fiu + €
L""L mw 2n m nip
. k%—k%—k% ko - €n, + k1 - €n,
= gmw ( Qm%‘, M n2€n,y
onghell ;- (m% —2mjy, kyoma kiomg |, ng - m )
Zma, kl n9 kg 3| (n2 kg)(’nl kl)
2 2
, my —2my, Z 2

: 2 _ .2 12 _ ., 2 2 _
In third step, made us of k3 = mj, k1 = my, and k3 = mjy,

. P 1 [ m; _ _
iM(h = W, W, ) =igmw— 2Z — (1 — 22)

N 2
2Z 2mW



EXAMPLE: 1—> 2 SPLITTING
AMPLITUDES

f—f'w;

\/5

Multiple parameters, the best way is still choose €}, = ,,% — S¥nk

and evaluate amplitude on-shell.
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EXAMPLE: 1—> 2 SPLITTING

AMPLITUDES
f— fFw;
. 83 /89 + _ g 7
IM(f2 — f2W]) = zﬁuL(k 2)7Y u (ks3) - ( — +6n1y)
z' fmw g (k2) (ks — kJu (ko) — i~ = (ko) (ko)
onell i W(mza;ewa)uza(ka)—mgaf(kg)u;s(ka))

g mw 752

_Z\/§n1 Ky (k )%1 (k3)

In third step, made us of the equations of motion for on-shell

particles
IM(f™ 2—)f 2W+) g 1 (m%z—m—gzz—Qm Z)
L V2VzZz my mwy v

1 - g VZz
= z(?/fszE - yflml\/; — ﬁQmW 7)



CONCLUSIONS

1. In a Physical Gauge: longitudinal polarization

vector: gauge components + coldstone components

1
]

2. 5S-component treatment wyg, = (W¢,¢?), simplifies
the Feynman rules: propagators, vertices.
3. Two equivalent forms of longitudinal polarizations:

on-shell gauge symmetry, on-shell match of 3-point

amplitudes

4. Calculations examples for collinear splitting

amplitudes. 5



