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Motivation

Unsolved problems in Standard Model: Dark matter, Neutrino oscillation, Matter antimatter asymmetry, - - -

One powerful strategy for new physics search
in particle physics

Comprehensive stuties for all the allowed effective interactions
of particles including high-spins in a model-independent way

The first extention of [S. Y. Choi and J. H. Jeong, Phys. Rev. D (2022)]
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Outline

1. Decay matrix elements (XlXQ\@ TSt 82 10)
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2. Summary



Decay matrix elements
Symmetric propagator of W

<Matrix elements> [T 1 ()
oty A, b, Mol 572151 0) = O L (ko) = / dhx e (OT{U 4 () 1+ (0)}0)

. corg By B [J;s1,82] ' . .
= M %1 (ky, Ap)e™ P P2 (g, Ag) Tm,,,%I,ﬁl...Jgsz;l,,l...ij,.,(kla k2) —  Symmetric tensor current for p indices

Integer sq 2

*OL1 O * ¥ *v Xl(Sl,O)
g -t Sl(kl,isl)ze 1([61,:&1)”‘6 sl(kl,:lzl)
e¥Pr P (kg dsy) = P (ky, £1) - - £*Po2 (Ko, £1)
Divergence-free Py, €T (po) = 0
Traceless Guip, € HTRITR () =0 Xa(s2,0)
Symmetric EaBpup; €T (po) =0

R. E. Behrends and C. Fronsdal, Phys. Rev. (1957)



Decay matrix elements
Symmetric propagator of W

<Matrix elements> [IH v (p)

(ka Ak 2o O 0) = OS] L (ko ko) = [ato e QT @ )

(A1, A2 )y peg

= "% (ky, A )e™ P2 (g, Ag) F[ Jioed

Qsl .ﬁl 82 s f(

ki, k2) —  Symmetric tensor current for p indices

Integer s 2

* * * Xl(Sl,O)
gra s (’Cl, :|:Sl) = g™ (kl, :|:1) gt (kl, :I:l)
Pro-Bsz (ky, ds9) = e*P1 (kg, 1) - - - £*Ps2 (ky, £1)
[J;s1,8 [J;s1,82]
@()\1,)\22;&1 HJ(kl’ ko) = @()\1 Az)gu
J;s1,s J;s1,8
o i, (k) = T
*al sy (klaAl) — 6*0{()\1) i @ X2(82,0)
*’81 By (kQ, )\2) — E*B()\Q)

o=y, BEPi ey, BEpeccpg

R. E. Behrends and C. Fronsdal, Phys. Rev. (1957)



Decay matrix elements Xi(s1,0)

[J — s1 + s2]
Outline of the algorithm
(T, m)
e
Jis1,s * * J;s1,8 p
O == ) a5
p=~Fki+ ko
q:kl_kQ XQ(SQ,O)
Building blocks
Jis1,
klakQ or p,dq, Guuvs Euvpo - PEX’E;LSQ]
[Jis1,82] _ [Jis81,82] 11 4/[J;81,82] [Jis1,82] 17 44[J;81,82]
Pasu = Z { [F(+81»+52)]u R Feyasn T [F(—Sla—SQ)]H H(Csi —s2)a,Bin Only four helicity configuration!
[J;s1,82] 171 44[J551,52] [J;s1,82] 1M 4/[J581,82] ()\1 )\2)
+ |:F(+31732)i|1u (+31,*52)0{,B;,u, + |:F(317+52)j|.u (317+52)a118;u'} ’

Form factor operators : F(y, x,)u

Form-factor operators

[Fm ],
1,A2 7 i &
Helicity specific operators : Hx, x,)a.8;, [Combination of basic operators] Basic operators
e 3 J;s1,s:
€ ()\1)8 | (AQ)HE)\’l,l)\’z)sz,ﬁ;p & 6>‘1:/\15>‘23>"2



Decay matrix elements

<Form-factor and basic operators>

[J — 0+ 0]

J;81,82 * QY * J;s1,82 J;0,0 -
@EA%)‘?)"L =" (M)e ﬁ(/\Q)PEx,B;# b= @EO,U)M] - PLJ’O’O]

Symmetric|and covariant tensor currents

— qlua p,u,; a‘nd g,u1,u2

Compact square bracket operator form
Puy = Ppn = P

Gy " G, = q

T
Guipz * " " Ypan_1pan — g

[Jss1,50] [Jis1,50]
Cuderr 7 ©O0uam)

(A1,A2) Jp (A1,A2)

J:0,0
@E0,0) Nk, ko) = -

J

,m,l

[F i (e, ko))"

S
o

3

Form factors

[F[J531a32]i|n N [F[J531752]]n

Xl (Sl, 0)

Xa(s2,0)

Symmetric propagator of W

[THL T HIVL VT ()

= [t e prgwn @ )0

—  Symmetric tensor current for p indices



Decay matrix elements Xi(s1,0)

[J — S1 + 82]
<Form-factor and basic operators>
) (T m
[J — S1 + 82] TS, m) N
P
J;s1,8 * * Jis1.8
O S = e Qo) 5 p=ki+ ks
q:kl_kQ XQ(SQ,O)

Boosts of spin-1 polarization vectors of massless particles

Ea,p(k12) — 5%6(’“1,2) +n klla,QB

Polarization-covariant operators

kipap]y = i(klpga;u — K1a9pu — klugpa) — FlTpu aPXIu o 8I~'JXIQ
:k20-/8]/:+ — i(kQUgﬂV T k2ﬁgo'f/ o kQVgUB) — FQGV — aaXQV - 81/X2cr
k1pap]- = eypan ki o —iﬁfpﬂ = —ig e 172
_ - . 6 ~
k20 BV|— = €500 K2 o —iFygy = —ie 55 F00 /2
Fundamental operators
[abed) 4 = i(gabGed — JacGbd — JadJbe) Contraction symbols
1
[abed] - = eqped [abed];[e fgh]; = [abed);[efgh]; g%




Decay matrix elements

<Form-factor and basic operators>

00— 1+1]

Ol = (o) (o)Tiy Y (012 = 1)

(o1,02)

Even-parity scalar operator

1., 1 | . 0;1,1]  _
5 (kupap] ka0 fvls Lilkikaafly = Olorioy) = dor.os (k- k2)

Odd-parity scalar operator

1 | eff . ;
Slkipapslkeo ]z S ilkikaaBl- = O = 0100, . (k- K2)

Basic scalar operators

i |
Siﬁz5([k1k2aﬁ]+j:[klk2a6}_) — U s s, (k- ko)

(01,02)

Xl (Sl, 0)

[J—> 51 —|—SQ]

(T, m)

p=Fki+ ko
q=k1— ko X2(s2.0)

Polarization-covariant operators

[klp()éu]+ - i(klpgocu - klag,o,u - kl,ug,oa)
[kQO-ﬁV]-l- - i(k%rgﬁv - kZﬁgoi/ - k?r/gcrﬂ)
[klpa:u]— = Eypap kiy

[

kgdﬁl/]_ = 6505,/ kg



Decay matrix elements
<Form-factor and basic operators>
1—=140 @ [1 =+0+1]

[1;1,0]
(0170))“

[1;0,1]

(0,02)p - 6*6 (UQ)F[l;O’l]

L [1,1,0]
a(a ) D Bip

Even-parity vector operator

ilkikoaply = @(1;11:8)# = —(k1 - k2)ei ,(01)
ilkokr1fr)L — @101)“ = —(k1 - k2)e3 1 ,(02)
Odd-parity vector operator

ilkiksap) - = OLN = —o1(k - ka)el ,(00)
ilkak1Bv]- = ©G%N = —0a(ks - ka)e 1, (02)

Basic vector operators

1
Vl:ga;,u, — 5([k1k20{ﬂ]+ + [klkzaﬂ]_) — S) [1;1,0]

VQ/B, = %([kgklﬁyh_ + [kgklﬁy]_) — @[1;0,1]

(01,00 —

(0702)“ -

(01’2 = :|:1)

0+ (k1 - ko)l (01)

0y, (k1 - k2)es5 ), (02)

Xl (Sl, 0)

[J—> 51 —|—SQ]

(T, m)
—
P
p =k + ko
q==Fki — Xa(s2,0)

Polarization-covariant operators

kl,ugpoz)
k?r/ga’ﬁ)

[ pOé,LL]_|. - i(klpgocu - klag,o,u —
[’C205V]+ = Z(kzagﬁu - fﬂ2ﬁgou
[k1pop] - = eypap ki

[

kgdﬁl/]_ = 6505,/ kg

Covariant polarization vectors

51,2iu(01,2)

ko 1 -
_ 51’2(01’2) B ( 2.1 8(01,2))
10

(K1 - ko)



Decay matrix elements

<Form-factor and basic operators>

2 > 1+41]
2;1,1 * Q¢ 2;1,1
@EOj,O']Q),[Ll,U,Q =€ (0-1) ( )F[ 161#]1#2 (0-132 — :l:l)

Even-parity tensor operator

I I
(kv pap] g koo Br]y — [kipap) _[keoBr]

[2;1,1]

_> @(0'1,0'2)[_1,1]_1,2 - _60'1:*(72 (kl ’ kQ) [ETLN(UI)GZL”Q (02) —|_ I-Ll H u2]

Odd-parity tensor operator

(kvpap] koo Br] - — [kipap] koo Br]
2;1,1 * ®
— (—)Ecrha]g),ul,u,g = —A0o, 0, (k1 - k2) [EIJ_,u(Ul)‘EQJ_,uQ(UQ) + 1 HQ]

Basic tensor operators

|—| _
ar ﬁ' v 9 Z ( klpaﬂ*] kg{]’,{ﬂ}.}] [klp(lji]—r[kgﬂﬁy]_f)

O = 00 100, o (k1 ) [E] 1, (01)E5 Ly (02) + 1 o]

Xl ('3150)
[J — S1 + 82]
(T, m)
e
Yy
p="Fk+ ks
q=ki— Xo(s2,0)

Polarization-covariant operators

[ POJ,LL]+ = i(klpgoau — k1a9pu — kl,ugpoz)
(koo B4 = i(kaogsy — k28900 — k2v9op)
[k1pap)— = eypap k]
[kQU,BU]_ = &§0Bv kQ

Covariant polarization vectors

51,2iu(01,2)

ko1 -
=¢c12(012) — ( 21 8(01’2))
11

(K1 - ko)



Decay matrix elements

How to construct the 3p vertices

[J;81,82] [Ji81,82] 171 4/[J;81,82] [J5s1,82] 171 44[J381,52]
Faaﬁ;.u o Z { [F(+81,+82)],u H(+31,+82)OA;5;H + [F(—Sh—sz)];u %(—31;—32)%3;#
n
[J 51 82] [J 81,82] [J 81,82] [J 81,82]
T [F(+81,—82)] H(+81,—82)a,5;u T [F( 31,+52)] %( 31,+52)a,ﬁ;u}

For s1 > s9

%(+81,+82)C¥,ﬂ;[$ — £S+ T

52 5152
(s2,82) (51— s2 + S2,52)

Compact square bracket operator form

S:I: 3181 S;tn n (S:I:)n

— [J;51,52] [J;s1,52]
V V H()\la)\Q)aaﬁ;,u“ — H(Ala)\Q)
lagspy Lag;pin — ( ) [F[J;sl,sﬂ}n R [F[J;sl,sz]}n
V V:l: V:l: ()\17)‘2) s ()\15)\2)
261:/-1’1 o 26n5#n — ( 2 ) [J'Sl 82] [J'S s ]
I n T:I: ]__‘a :6#1 — I‘ 191992
a1,Biipipe T an,Britian—1H2n — ( ) ,’

Xl (Sl, 0)

[J—> 51 —|—SQ]

(T, m)

p:k1—|—’€2 k2

q="Fk — ko X2 (s2,0)

Roles of basic operators

12



Decay matrix elements Xi(s1,0)

[J — 51 + 82]
How to construct the 3p vertices
[J551,52] [Ji1,52] v
[Jis1,82] _ [Jis1,82] 1™ 4[J;81,82] Jis1,82] 1M 4 [Jis1,82 —
Fa,ﬁ;u - Z { [F(+31,+82)],u H(+31,+82)a,6;u + [F(_SI:_SZ)]I-L %(—81,—32)%6’;# p
mn
[J;Sl,Sz] n [J;Sl,SQ] [J;Sl,SQ] n [J;Sl,SQ] p — kl _|_ k? kQ
+ [F(+31,—32)LL H(+31,—82)04,5;M + [F(—31,+52)],u %(_31’+52)a’ﬁ;“} q="Fk — ko Xa(s2,0)
For s1 > s9
,H(-l- rag)aBin = (S_|- o S_|-) % (V1+ o V1-|-) Roles of basic operators
S1,TS82)0,0 1 N /, N ’,
S92 51—S82 T_ ‘/2+ S+
(52,82) (81— 52+ 82,82) @\@ 1@
< General expression of the covariant 3p vertices> Vi ®< ,@’/ >(® Vﬁ
r}— //
pieel =3 {eu_) D [F el (8% [(vA) s (v o \
A==+ jn:ﬂl )\2 @ @ @
- Jsiss] 1n | . B | ‘ S~ Vi T
—|—"‘j,‘sming(,j+) Z I:F'E'ij;ll:"—i]sz]] (T)\)Snun |:(Vi\)31—5m111 + (Vg )\)52—51n1nj| } 2
n=>0
A1
(Jx=J —[s1 F52[); (Vsmmin = 1 = Ospnin,0 With s, = min[sy, s3])

13
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Summoary

An efficient algorithm in the covariant formulation. |{X; X5 |@,[_;]1;.S..1;L12]| 0)

Covariance conditions on form factors.
(0,0)n,m,l

Identical particles, Gauge invariance, Discrete symmetries, - - -
Validity of the Landau-Yang and Weinberg-Witten theorems.
Covariant three-point vertices for all the off-shell particles case.
Covariant four-point vertices.

Program for generating covariant vertices and Lagrangian operators.

Algorithm <> Spinor helicity formalism.

14



Thank you



Backup

16



Spin-1 polarization vectors in the ¥(*) rest frame

2 2
k= Y2 1 5) and ke = Y2 (1,-4)

2 2
1 - 1
e(ki,£) = E(O’ F0 —i¢p) and e(kq,£) = 7
n = (sinf cos ¢, sin O sin ¢, cos 0)
6 = (cos @ cos ¢, cos 0 sin ¢, — sin )
b =( —sin¢ , cos¢p , 0 )

(0,70 + id)

17



Scattering matrix elements

Xl(Sl,O)

S —
g q
—ky —k
_ i\ q 1 2
p_k1+k2 2 ! p:kl+k2
q:kl—kg X2(s2,0)
Decay matrix elements Scattering matrix elements
181,8 181,82 81,8 1351582
(k1 A ko, Ao @152 0) = @177 (1, MO 192) ey ) = @45
In the three-point vertices +ko — —ko
In the X5 wave tensors e (ko, +Xo) — —e(ka, FA2)

[J;s1,82] = [J;81,82]
6()\1,—)\2) < . ®(A1,1+/\22)

18



Scattering matrix elements

( 2
B12—0 ma mg’fi(i) — 4k
—S ko =k=k%1,001) —> 120

lim /ky - ko €21 (&) = £k

0, ,—0
- J
4 + + ~[0;1,1] . h Covariant polarization vectors
Sa B SO& B — 9(01702)(]{17 kg) - +()f71=:|:6<71-,—02 (kl ’ k2)
. € o
Vi =V = OUN (kiks) = 405, 2 (ky ko) et (o) (012 = F1) L21u(01,2) b (1)
2,1 €(01,2
LY, =& o -
Vobow = —Vaga, — O (b k) = =04, = (ky - k2) €21, (02) 12(91,2) ( (K1 - ko) )
(21, §
T';IZJB Hv - _T';EB N — G)Eallail)ﬁ“/(kl’ kz) - _601’i6511‘72 (kl ’ kZ) I:glj_,u,(:l:)E:QJ_r/(:l:) + Mo V]
F(Al,)\g) ~ (qu)v (p,u-)v (gu!/) — F()u,—)\z) ~ (pu)a (q;u)v (gw/)

J

19



Scattering matrix elements

( 2
B12—0 ma mg’fi(i) — 4k
—S ko =k=k%1,001) —> 120

lim /ky - ko €21 (&) = £k

0, ,—0
- J
4 + + ~[0;1,1] . h Covariant polarization vectors
Sa)@ - SO&B - 9(01702)(k1?k2) - +001:i601=—02m
=[1; € o
Vi, =-Vib, = OUN (kike) = +06, b Ta) et (o) (012 = £ L21u(71:2) o
2,1 €(01,2
~[1;0,1 =c12(012) —
Vv;;}:’/ - _VVQiB;V — GEO,Uziv(kh kg) = _502,:FM82J-V(0—2) 1’2( 1’2) ( (kl . kg) )
~12:1,1 %
T = T = O Uhike) = =05, 00, o (b K2)[E1 1, (£)e0 1, () + 0 v
F(AL)\Q) ~ (qﬂ)? (p#-)’ (gPW) — F()\la—)\z) ~ (pﬂ)’ %’ (gUV)

J

20



Scattering matrix elements

( )
B12—0 ma ki ko el () =%k
-; k172 - k - ko(laoa 03 1) % 112_>O
lim /ky kg el (£) = £k
L 0, ,—0 )

Form factors including (k- k2) in denominators

S s/ (k1 k) )
Pau= / - [‘]781,82]
‘_/106;#/ k]- k2 > — ®(A1,>\2) # 0
VQZE;V/ \ kl ) kQ y

— Violate the covariance of tensor currents!

(5'525 _ —S;t,g N (:)E(‘)T;ll:;]Q)(k17 ky) = +6mi(5011_02m A Covariant polarization vectors
Vlﬁ;,u _ _Vlﬁ;,u N @E?f,’gﬁu(’flakz) _ +5al.:twghﬂ(01) (012 ==£1) €1,214(01,2) o o)
Vah = —Vaga, — (:)EB;,?JSV(kh k) = —00; = (kat2) €21,(02) =c12(012) - ( 2’(1151 : k‘zl)’Q )
T = T = O Uhike) = =05, 00, o (b K2)[E1 1, (£)e0 1, () + 0 v
Fonne) ~ (00). (1), (9u0) = Fong—aa) ~ (p): (/qﬁ, (Gur)

J

21



Scattering matrix elements

( 2
B12—0 ma mg’fi(i) — 1k
—S ko =k=k%1,001) —> 120

lim /ky - ko €21 (&) = £k

6'1’2—>O
\§ J

< Covariance conditions on form factors>

4 )
Jim, Al X (B k)T =0
i, BTy Ok
\ J
Second key result
e ) oo S ‘
Saig _ S;tﬁ N (:)E(();;ll,’i]g)(klv ko) = +6mi6011_02m Covariant polarization vectors
Vi, =-ViE = OGN (k1 k) = +0,, (b TR) €}y, (01) (01,2 = £1) €1,214(01,2) o
W= Vi = B (k) = b= (AT 20, (0 —cualona) - (B
Tfﬁ v = _T.;tﬁ o (:)E?;ll,’i]g)w(kln ko) = =05, £00, .00 (k1 - ko) (€] (F)eg, () + 1 o v ]
Fonne) ~ (00). (1), (9u0) = Fong—aa) ~ (p): (/q{), (9uv)

J

22



Generalized Landau-Yang theorem

For the identical particles, X; and X, (X; = X»)

[(Xl;kla)\l‘(X%kQ:)\z’ @[J;S’S]IO) = [()_(g;kl,)\ly(Xl;k2,)\2|]@[J;s,s]|0)

lr k1 < ko
e (1, M )e™ (kay Ao) TV (ke ky) = €% (ko Ao)e™® (v, M) T35 (ko )
l, a8 (" Selction rules )
Identical particle condition 1. (J=1,3,--)>(0+0)
Pl o) = P, g 2. (1) = (0==0), (1/2+1/2) (I=1), =
\_ : J

;8,8 J;s,8] 14 s J;s,s J—2s s
IV DY {G(J)a — ) [FRL ] (8 4+ .07 = 29) [F(, )17 (1) }
A==

with [FI750 1772 — 4 [plo]

J—2s
(+s,—s) (—3,+s)]

for even (+) or odd (-) integers J — 2s

and 7, = [1 — (—1)7]/2
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Weinberg-Witten theorem

Conserved tensor currents

g"i@L o1 (k1 ko) = 0

Identical-momentum limit (k1 = ko)
Ol =0(J—2s)2/ AT K

Zeroth components of charged current and energy-momentum tensor

o (B NOTT@IRN) R N0k, )

! - OXN s
Ve N, N/ (K VTR N 250
with (k, Ak, \') = Qko(gﬂ)chS(E _ E/)(s)\,)\,
Ar oy =Qor 2571 for J, or Ty,
(k, £[Jolk, £) _ (k, +|Toulk, £)
970 =0(1-25)Q o — 02— 25k,

24



B*(0,5.2)
H(0,125)
H(0,125)
H(0,125)

H(0,125)
t(1/2,173)
7(1/2,1.7)
7(1/2,1.7)

Z(1,91)
V7 (L, vireua)
J/¥(1,3)
J/¥(L,3)

N e A R

K*(1,0.9)% +~(1,0)
7(1,0) +~(1,0)

9(1,0) +¢(1,0)
Z(1,91) + ~(1,0)

Z*(1, virens) + Z(1,91)
b(1/2,4) + WT(1,80)
m(0,0.15) + v,-(1/2,0)
p(1,0.77) + v.(1/2,0)
7(1/2,1.7) + 7(1/2,1.7)
W~ (1,80) + WT(1,80)
a2(1320)(2,1.3) + p(1,0.77)
f4(2050)(4,2) +~(1,0)
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