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Motivation 2/36

In the Standard Model (SM)

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

But, at the LHC : No new particles and phenomena...

In this situation with no decisive evidence for new physics beyond the SM

!

One powerful strategy : Studying all the allowed effective interactions

of particles including high-spins in a model-independent way

High-spin massless particles

v" With conventional v" Soft photon theorem

; A high-spin massless fields \ —
Realizations Restrictions v LY theorem

v' With light-cone coordinates

No-go theorems V' WW theorem

v In SUSY
Phys. Rept. 405, 279-390 (2005) P. A. Zyla et al. [Particle Data Group] Phys. Lett. B 85, 219-224 (1979)  Phys. Rev. 135, B1049-B1056 (1964)
Phys. Rev. Lett. 81, 1562-1567 (1998) Phys. Rev. D 21, 358 (1980) Dokl. Akad. Nauk SSSR 60 (1948) 1no.2, 207-209

Rev. Mod. Phys. 76, 1 (2003) Phys. Lett. B 85, 219-224 (1979) Phys. Lett. B 96 (1980), 59-62
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No-go theorems — Complete absence of high-spin massless particles in nature? w

LY theorem with its generalization *(=0)
v Spin 1 — vy X /
W(J,m
v Spinl —gg o () ————
v Spin J =0,2,--- — vy or gg o \
. X(s,0)
WW theorem
. . . X(S70) X(S,O)
v All theories allowing a covariant conserved current .J, ~_ 7
Forbid — spin-s > 1/2 massless particles with Q = [ d3Z Jy T~ 7
v" All theories allowing an energy-momentum tensor 7,
Forbid — spin-s > 1 massless particles with P, = [ d*Z Ty,
Exceptions

Spin-1 masslgzss particles, v and g and Discovery of gravitational waves

with 0 = [ d°Z Jo — a spin-2 massless particle called graviton
P. A. Zyla et al. [Particle Data Group] Dokl. Akad. Nauk SSSR 60 (1948) no.2, 207-209 Phys. Lett. B 96 (1980), 59-62

Phys. Rev. D 103 (2021) no.9, 096013 Phys. Rev. Lett. 116, no.6, 061102 (2016)



All the covariant tensor currents

of massless particles
wn the covariant formulation

Outline

1. Algorithm

(a) Symmetric covariant tensor currents
(b) Matrix elements

(c) Form-factor and basic operators

(d) Constructing covariant three-point vertices

(e) How to construct covariant tensor currents
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@[J;31,82]

LA Y |

Extention of
Phys. Rev. D 104 (2021) no.5, 055046
Phys. Rev. D 105 (2022) no.1, 016016

X1(s1,0)
Integer si o /.
v (7 m) (

XQ (52: 0)

Decay matrix elements

(X1 X055 0)

2. Crossing symmetry and identical-momentum limits

(a) Covariance conditions on form factors

(b) Revisiting the WW theorem

3. Summary

X2(s2,0) X1(s1,0)

~_ 7
~ -

Scattering matrix elements

J;s1,8
<‘X1‘9.[1'1"'1#@721 ‘X2>
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Xl(Sl,O)
<Symmetric covariant tensor currents> ’fl/’
Matrix elements in the two-body decay v (1, m) ;
EE—
J;s1.8 _ J;s1,8 " — .
(v, Aus o, Ao O35 0) = OV (e o) p=hith AN
ko
X2 (s2,0)
Assumption : The tensor currents coupled to the ¥(*) propagator
The Feynman propagator of ¥)
[T v () / o P (O T LW 1 ()T (0)1]0)
Free field WHH7 gatisfying (92 + m?2)WH1 I = () (On—shell \I}) — p? =m?
SH1 Divergence-free pu, MR (po) = 0
l:[Jijl"'VJ ~ and Traceless g#z’ﬂj EHl"'Mi"'Hj"'MJ(p’O-) — 0
e Symmetric EaBuip; €T (po) = 0

Phys. Rev. 106, n0.2, 345 (1957) Phys. Rev. 133, B1318-B1332 (1964) Fur. Phys. J. C 42 (2005), 375-389
Prog. Theor. Phys. 41, 214-232 (1969)
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Xl (Sla 0)
<Symmetric covariant tensor currents> ffl/’
Matrix elements in the two-body decay @) (7, m) ‘
EE—
J;s1.8 _ J;s1,8 " — .
(ks Avi o, Ao O35 10) = O] (o) P=hth \
ko
X2(323 0)

Assumption : The tensor currents coupled to the ¥(*) propagator

The Feynman propagator of W (*)
s (p) = [t e (OT{E I (@) ()0

(On-shell ¥) — p? = m?

Divergence-free pp, TPt mavivs
Traceless Gpuogs, LIV —

Symmetric 60518“3“3 ]:[I_Ll...Hi...’u‘j...#Jyl...yJ — 0



Matrix elements in the covariant formulation 7/36

Xl(sla 0)

<Symmetric covariant tensor currents> *"31/’

Matrix elements in the two-body decay

) (7, m) {
EE—

(k1, A1 ko, Ao| O 225201 0) = @l7ist52] (1, ko) p=ki+ks \
ko

(A1, A2)p1 g

X2 (s2,0)
Assumption : The tensor currents coupled to the ¥(*) propagator

The Feynman propagator of W (*)
s (p) = [t e (OT{E I (@) ()0

(Off—SheH \II*) — p? £ m?

Divergence-free py,; I parays
Symmetric

RS N

ulu-uﬂo..-“o..-prl-unVJ
Traceless gluilu‘j H ' ’ 0 - Eaﬁﬂiu’j ("‘) = 0
,‘Ll..ll‘j’i“.#j“.ﬂj

[Symmetric Eapy, TP bg v

I
o
——/




Matrix elements in the covariant formulation
<Matrix elements>
ONN] L, Ui k) = &% (e, A )™ (e, Ng) T2 (o)
Integer sq 2
gho i (b gy} = % (ky, £1) - £%% (hy , £1)
e*PrBea (ky, +59) = "1 (kg, £1) - - - P52 (kg, £1) Xa(s1,0)

) (] m

Repeated structures vm) = (

for the spin-1 polarization vector p=hyt ks \
k2

i/ Xg(SQ,O)
Key guideline
in constructing the Form-factor and basic operators

8/36
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<Form-factor and basic operators>

@[J;0,0]

J;0,0
(0,0)pu1 -+ pe F[ ]J (F1, k2)

J(kl, I{JQ) (81 = S92 = 0)

Symmetric covariant tensor currents — g, p,, and g,

Compact square bracket operator form

Pur - Pun — [p]n’ Quy " Quy, — [Q]na Guips " " Gpon _1p9n — [g]n
On-shell ¥
Divergence-free Py, MR (p o) = 0
Traceless Gpupy € HHT (poa) =0
Symmetric 605,6}1.7;,(1:; El-lll“‘,lti"'ﬂj"'l-b.] (p') J) = 0
[7;0,0] [7;0,0] [7;0,0] J
[6(0 0) (klﬂ kZ)] [F(o 0) (kh k2)] ~ A(o 0).J,0, ola]

Off-shell U*
J

Oy (k1 k2)] =D [Fy " (ka ka)] " ~ D Al il ]

n=0 n,m,l

The U™ rest frame (VRF)

Form-factor operators

[FREs (k)]

" [p]™[g]t with J=n+m+2l
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<Form-factor and basic operators> The W) rest frame (URF)

[@Eiii\’;)ﬂ(kh ko)) (s1 #0 or s9 #0)

Boosts of spin-1 polarization vectors of massless particles

€as(k1,2) = €a,8(k1 o) +Nkl0 0

Polarization-covariant operators

_ T T
< pau) — (klpga,u kla.gp,u - kl,ugpa) — 1pu 8 X 8MX1,0
<k20’61/> = (kZGgﬁu - k26g<71/ k2y906) — Foep = 8O'X2V - aVXQO'
<k’1p05,u> = Eqypap k’Y — _ZFlTpu iepmaFJf’?""/Z
(koo Bv)— = 506, k3 —  —iFhy, = —icyspF° )2
Fundamental operators e ~

Contraction symbols
(abed )y = i(gabged — GacGvd — JadJbe)
1

(abed ) — = eqped . (abed)i(efgh); = (abed)i(efgh)j g™ g™




Matrix elements in the covariant formulation

<Form-factor and basic operators>

[()Efiil)(k1,k2)}

Even-parity scalar operator

eff .
(kipogt) 4 (koo Br) s = ilkikaafl) . —

bo| =

Odd-parity scalar operator

1, 1]
§(k1,0&p>i(kgaﬁv)q: = i(kik2aB)—- —

Basic bosonic scalar operators

+ 1
‘50:.,_3 - 5

[(kikzaB)s £ (kiksaB)-] = OGN (k1 ko) = (k- k)[on, 200,

11/36

The U™ rest frame (VRF)

. Polarization-covariant operators
N (ky, ka) = (ky - ko) |
(:l?,:t ! (krpop) + = i(k1pGap — Fia9ou — K1ugpa)
@(j,:_:,p}(kh k‘g) =0 (koo )+ = i(k2ogpy — k289or — k2v9op)
l (krpap) - = eqypap ki
(k20Bv) - = e5050 k3
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<Form-factor and basic operators> The W) rest frame (URF)

O (k1 k2)] and [O%) (k1 k)]

Even-parity vector operators

[1:1,0]

ik koop)yy  — (ﬁii-ﬂ p(kl: ko) = —(k1 - ko) €7, (K, =5 ko)

- ka) e, (ko i k)

i{kgk‘lﬁb’>+ — q(%];gs:l]u(kl}kg} = —(-1131

Odd-parity vector operators

: 1:1.0] ;. B . +
wkikaop) - — l£.0) (ky, k2) = F (b - k2) elulkr, %5 k2) Polarization-covariant operators
i(kok1Bv)— = Oy, (ki ke) = F (ky - ko) el (ko, £ ) (krpap) s = ilkspGon — FraGon — F1udp0)
, <k20-ﬁy>+ = i(kZUgﬁu - k2590’u - k2l/90'5)
- a1 ; . (kipap) - = eypap ki
Covariant polarization vectors (koo BV)— = E50p0 k)

ko1 -e(kio,x
Ei(kl,%i; /‘92,1) = E(k’l,z, :|:) - ( 21 ]fl(' ;22 )>k1,2 = 61,2¢(:|:)

Basic bosonic vector operators

[<k1k2&u>+ + <]€1k20é[,!,>_] — [(1):11:00 p(kl’ kg) = —(kl . kz) Ej_#(kl, j:, k’g) 6)\1,i

Vih, = 5 [(kak1Bv) 4 £ (kaka )] — &ﬁ’j k1, ko) = —(ky - ko) &', (Ko, &5 K1) 0ny =

+ 1
Vla;;u_§
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<Form-factor and basic operators> The W) rest frame (URF)
[2;1,1]
[9()\ A2 )(klv]@)]

Even-parity tensor operator

(k1pap)  (keoBv)y — (kipap) - (kaoBr) -

.H (k1 ko) = = (K1 - ko) [Ehﬂ(i)EZLy(?) + u]

[(klpau)—(kwﬁv)— L —(krpav) (koo B + ilkikacB) 1 g

Odd-parity tensor operator

Polarization-covariant operators
(kipos) + = i(k1pgap — k1a9pn — k1p9pa)

< O'ﬁl/ + = Z(kQUgﬁy - k2590’u k21190'5)
(
(

r 1 r .
(k1pap) 4 (kaoBv) - — (kipap) - (k2o Br) 4 >
kipogn) - = epap k)

)-

2;1,1 * *
— O, (b1 ke) = Flhy - ko) €L, (B)e51, (F) + 1 e ]

koo fv)_ = esopr kg
1 ]

[(klﬁaw (k2o Br) 4+ = —(kipow )y (k2o Bp) — + i(kikaa ) —gu
Energy-momentum tensor

Basic bosonic tensor operators of a spin-1 particle

1 S, . o ot L
TEg = 5 O 7| (k1pam)r(keoBv). + (kipap) (keoBr) | = 9 P Fove — 19" Fapo
T=1%

- (—)[2/\1 )1\] ),uy(kl’ kz) - _(kl ) ]\’}2) [Eily(i)siy(q:) + [ s V:| (S)\l,i 5)\1,—)\
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Compact square bracket operator form The ™) vest frame (URF)
Sfl B Sciﬁn — (S mA
VEVE S VAR o
V2j{§1 1 V2j£:3n;un - [VQi]n i
i,,ﬁl;mm " 'Tihﬁn;mn,mﬂ — [Ti}n ______________________ "
Ei;:s--lr;ii]551---5712;#1---#‘1 - [F[J;Sl 82]] k2 p=ki+ ks
X> g =k — ks
<Constructing covariant three-point vertices> s*, S ()
+
O35 b ) a3 @
Ex) U™ — X (k1,+s1) + Xa(ka, +s2)  (Integer s1,2 7 0 and s1 > s2) ng{iy o (+,F)

JSl 59 Sg 51 —89
- Z F([+sl,+s]2) S+] [Vﬂ 1. [+Sg, +32]
Wlth J_=J—(s1— $2) 2. H'(Sl - 32) + s2, ‘|‘82]

3. Complement p indices
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: . . : ()
<Constructing covariant three-point vertices> The W) rest frame (VRF)

x 4
. Jr 51.5 ~ = 81 —8min <227 Omin :
[plsensal] = Z {O( I—)Z ,\qll,\:,i] [§A]smin ([fo]n Smin 4 [V3]°2 ) ! X4
A=+ :
f 81,8 A8 81 —8p —A182—Smin :
@(1+)Z Forel (T ([V1]l mE V] )} ______________________ .
z
(J¢ =J —|s1 Fs2|), (Yspim =1 — 0spn,0 With s, = min[sq, s2])
k2 p=ki+ ks
Xo q = kl - kg

First key result



Matrix elements in the covariant formulation 16/36

: . . : ()
<Constructing covariant three-point vertices> The W) rest frame (VRF)

T

] = 57 400 S [ s (1w 1o

A=+ =1

I
=

o OCT+) D [F, {[i;‘jfj—silz)} [T ([‘*’?]Sl_s‘“i“ + [V stmi“)}

re—nr

A
I
|
|
|
|
|
|
I
I

(J¢ =J —|s1 Fs2|), | (Vspin = 1 — Ospin,0 With s, = min[sq, s2])

( ) N Siﬁ — (£, 1)
Constraints Vlﬂ;m L (.0)
V Oy, =0 for J < sy — o V2i6;u - (+,0)
V Oig 25, =0 for J<|s;+ sg Tajfg;w - (£,F)

§ J




Matrix elements in the covariant formulation

<Constructing covariant three-point vertices>

Jr i8], ':“2] 1-/\]

[F[‘};Sl o } )\‘i_]_ /\5‘2

— Z min ([ Vl}\]sl._ﬁlnin + [L/—Q)\]SZ_Snliu)

A==+

{0( I_)Z

"; 81,8 1A15min A151 —Smin —A182—Smin
+J"'5|11111 @(j+)z )\-g]_l 392)} [T :| ([I/i ] ! —|— [If? ] ? )}

.0 With s, = min[sq, $2])

(’}/Srnin = 1 - 55rn

(J5 = J = [s1 F s2),

<How to construct covariant tensor currents>

Wave tensors Momenta Form factors
g x5 9,Xi o
Lo L Al k)] > (0,X]%), (07XF)
O =7 Qg,
B = 61 e )682

17/36

The U™ rest frame (VRF)




Crossing symmetry and identical-momentum limits — 18/

X1(s1,0)

—
q
=k —k
p=ky+ ko q kl . kQ
qg=Fky — ko X2(s2,0) P =k 2
Decay matrix elements Scattering matrix elements

(klp)\ﬁkz,)\2|[9[J;31’521]\0> = [9[&5’,;’;)2}(7411;162)] —> <l€17)\1\[9w;81’52]]\km)\z) = [@[(ifl;\j)z](khkz)]

In the three-point vertices +ko — —ko

In the X5 wave tensors e*(ko, £) = —e(ka, F)

(O] > (O]



Crossing symmetry and identical-momentum limits
Xl(Sl,O)
X2(s2,0) X1(s1,0)
~_ 7
T (J, m) \ k1
q
p =k + k2 I q=ki—k
g =k — ks Xs(s2,0) p=hith
Decay matrix elements Scattering matrix elements
(kM ko Aol [0V 0) =[O0 (ke k)] —— (kM| [O155 2 ] ky, Ao = (O3 (ko o)
el e Bl

Constraints

V Oy, =0 for J<|s;— so

V Oig 75, =0 for J <|[s1+ 59| ]

Constraints

v (:))\1,)\2 =0 for J< ‘Sl —82|

[»/ (:):l:S]_,:l:SQ =0 for J< |81 +82|

19/36



Crossing symmetry and identical-momentum limits 203

p=ki+ ko
q=k1— ko
Constraints

v (:))\1,)\2 =0 for J< ‘81 —82|

+ko — —ko e (ky, +) = —e(ks, F)
8 i )
Ses=—Srs = Onaylkik) = (ki k)
Vi =—Vih, = OG0k ka) = 4k ko) e}, (£)
Vb, = *VQ%;,, — @%ﬁ’ﬂu(kl, ko) = —(k1 - ka)e21,(F)
T2y = Top = OG (ks ke) = =(ky - ka) [T, (R)ey (1) + o v ]
KFo\l,Az) ~ (), @)y Gur) = Fon—xa) ~ ()5 (40)s (9w

J




Crossing symmetry and identical-momentum limits

ki = k°(1,4+sinfy,0,cos ;)
ko = ko(l, — sin fy, 0, cos )

21/36

x 4
|
|
|
|
|
|
|
|
I

p=ki+ ko
q=Fk1— ko
Constraints
V Ox =0 for J<|s; — g
v (:)ishi@ =0 for J <|s1+ s
+ko — —ko e (ky, +) = —e(ks, F)
( B )
Sas=—Sus — @E()A;Il,’)l\}z)(kh@) = +(k1 - k2) Ox;,£00;, A,
View = —View — éﬁ\i’gﬁﬂ(kh ko) = +(k1 - k2) el ,(£) on =
Vas = *Vfﬂ;u — @E};’?\Q;U(kla ko) = — (k1 - ko) e210(F) Oxy 5
T = —TEg = OGN b de) = — (b k) [} (£)ey () + 4 1] 8y, 203, 0,

KF(AlsAE) ~ (qﬂ)ﬂ (pu)a (g,uu) —

F()\l‘_)ﬂ) ~ (p,u,), (Q,LL)J (guu)

J




Crossing symmetry and identical-momentum limits 22/

x4
91’2%0

ki = k°(1,4+sinfy,0,cos ;)
———> k1o =k=1£k"(1,0,0,1) Xo

ko = ko(l, — sin fy, 0, cos )

p=ki+ ko
qg=Fki —ko
Constraints

v (:))\1,)\2 =0 for J< ‘81 —82|

+ko — —ko e (ky, +) = —e(ks, F)
8 i )
Siﬁ = _S;E,B — @E(j\;ll,’)l\}z)(klak:z) = +(k1 - k2) Oxny 400, 2o
View = —View — @E{fjg%#(kh ko) = +(k1 - k2) el ,(£) on =
Vb = —Viby = O, (k1 k2) = — (k1 - k2) €210 (F) Or 5
T = —TEg = OGN b de) = — (b k) [} (£)ey () + 4 1] 8y, 203, 0,
KF(,\lg\z) ~ (@) D) (Gw) = Firy—aa) ~ (0)s (40)s (9urr)

J
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x4
91’2%0

ki = k°(1,4+sinfy,0,cos ;)
———> k1o =k=1£k"(1,0,0,1) Xo

ko = ko(l, — sin fy, 0, cos )

Assumption in the original paper

plim (R Al (Ol [ky X)) = (kA [O ]k, Ay (—1) 7 e S >
p=ki+ ko
q=Fk1— ko
Constraints
V Ox =0 for J<|s; — g
V Oig 15, =0 for J < |s1+ 89
+ko — —ko e (ky, +) = —e(ks, F)
a - )
Sas=—Sus — @E()A;Il,’)l\}z)(kh@) = +(k1 - k2) Ox;,£00;, A,
Viby=—Viky = ONIG (ki ka) =+ ko), () 0y,
Vas = *Vfﬂ;u — @E};’?\Q;U(kla ko) = — (k1 - ko) e210(F) Oxy 5
T = —TEg = OGN b de) = — (b k) [} (£)ey () + 4 1] 8y, 203, 0,
KF<,\1,>\2> ~ (@) D) (Gw) = Firy—aa) ~ (0)s (40)s (9urr)

J




Crossing symmetry and identical-momentum limits — 24/

ki = k°(1,4+sinfy,0,cos ;)
ko = ko(l, — sin fy, 0, cos )

91’2 — 0

———> k1o =k=1£k"(1,0,0,1)

Assumption in the original paper

Hm (ky, Ar|[OF5052]] By o)

6172—>0

= (k[0 B, Mg (—1)

Xo

z 4
|
|
|
|
|
|
|
|
I

p=ki+ ko
q=k1— ko
Constraints

v (:))\1,)\2 =0 for J< ‘81 —82|

+ko — —ko e (ky, +) = —e(ks, F)
([ _
Srs=—515 — @E\;ll,’)l\]z)(khk?) = +(k1 - k2) Oxy, £, -2,
View = View — @E{f,}?ﬁ#(h, ko) = +(k1 - k2) el ,(£) on =
Vi =—Vah, = O, (k) = — (k1 - k) 21, (F) O, 5
T gy = Tuppw = O (k1:k2) = =(k1 - k) [£1 1, (B)ea () + 4 1] Sy 2000,

KF(ALAE) ~ (qﬂ)ﬂ (p;u)a (g,tu/) —

F()\l‘_)ﬂ) ~ (p,u,), (Q,LL)J (guu)

Involve only

(k’l . kz) and 8Sjc)

J




Crossing symmetry and identical-momentum limits — 25/3%

x4
91’2%0

ki = k°(1,4+sinfy,0,cos ;)
———> k1o =k=1£k"(1,0,0,1) Xo

ko = ko(l, — sin fy, 0, cos )

Assumption in the original paper

plim (R Al (O =20l 1k, No) = (kM| [0 |k Ao (1) e e >
p=ki+ko
Blligrgo\/WEj(kl,i;kg):ik q=ki— k2
gin_l,o Vi kyey(ke, ki) = £k Constraints
V Ox =0 for J<|s; — g
V Oig 15, =0 for J < |s1+ 89
+ko — —ko e*(ky, +) = —e(ka, T)
4 )
Siﬁ = _S;E,B — @E?\;Il_")l\}z)(klakzz) =+ (k1 - k2) Oxny 400, -2
View = View — @E{fjg%#(kh ko) = +(k1 - k2) el ,(£) on =
Vb, = —Vﬁw — @Eg&gu(kla ko) = — (k1 - ko) e210(F) Oxy 5
T g = —Tigp = OGN (k1 ke) = —(k1 - ko) (€71, (£)2y 1, () + 6 v] 63, 200,
KFo\l,Az) ~ (@u)s (P)s () = Foay—an) ~ (04)s (0u): (90)

J




Crossing symmetry and identical-momentum limits — 26/3%
A
91,2%0 I

ki = k°(1,4+sinfy,0,cos ;)
———> k1o =k=1£k"(1,0,0,1) Xo

ko = k°(1, — sin 6,0, cos 65)

Assumption in the original paper

Hm (ky, A [O0520] ko 0oy = (k| [0 2] |k M) (1) oo T e >
6172—>0 P
p=ki+ ko
glimo\/kl-k‘g el (k1, £ ko) = +k q="Fk1— ko
1,277
911i2n_1>0 k- ke €1 (ke, &5 k) = £k Constraints
v (:))\1,)\2:0 for J<‘81—82|
v (:):I:s;l,:l:sz =0 for J< |81 + 82|
4 A

Sas=—5xs — @E(:Il,’)l\]z)(khkz) = (k3] 63, +00, A,

Vl:g;u = _Vljc:x;u — @E{f,’gﬁﬂ(h, k2) Mj_p(i) Oxy %

Vi =V = O (b1 k) = —lhr )10 (F) 5

Tai,ﬁ;uv - _Tfiﬁ;ﬂw - éﬁ\f:)l\}z)uu(kl’ ko) = —(k1- k2) [Ehy(i)guu(i) tp V] 5A1,i5A1,A2] — Qk,u,ku

F ~ \Yp )y \Pp)s \Guv Fl,—QNu’ p)s \Gpv
(P~ (@), @) () = Fons-xa) ~ () i) () ) S 2k), (9)




Crossing symmetry and identical-momentum limits

Form factors including (k1 - k2) in denominators

Sta/(kr-k) = C:)Bfll,’;]g)(kak) =+ 0x,4£0x;,— A2

27/36

xr A

= ~[1;1,0
Vit Ve ke = OG0 (B k) = £k, 0y,
- AL 0N s e
Vis, IVEL ks = OS5, (k k) = Fhy 05, 1
p = k1 + k2
q=Fk1— ks
Constraints
v Ox, =0
/ (:):I:sl,:l:32 — 0
(*:I: + ~[0;1,1] )
S8 = "Pap = Oy 0, (k1 k2) = (k3] 63, +00, A,
I'71:|c::>z;,LL = _Vljc:x;u - éﬁ\;ll:g;#(kla kZ) MJ_LL(:{:) 6)\1,:5:
Vi =—Vib,, = O, (kL k) = —(krH3)EaL, (F) Or, 5
Tai,ﬁ;uv - _Tfiﬁ;w — éﬁ\f:)l\}z)uu(kl’ kz) = —(k1- k2) [Ehy(i)guu(i) + V] 5)\1,i5A1,A2]

\[F@l,»\z) ~ (gu), ), (9r) = Fin, —aa) ~ (), (4), (90 |

J

for J < ‘81 —82|

for J < |81 +82|

— 2kuk,

— Q(k#)v (g,uu)



Crossing symmetry and identical-momentum limits — 28/3%

A
Form factors including (k1 - k2) in denominators ’

Sta/(kr-k) = C:)Bfll,’;]g)(kak) =+ 0x,4£0x;,— A2

Vi Ve ks = B0 (k) = 4k, 6,k :
1[7;;;1// Vhki-ky = é%&ﬂ’/(k’ k) = Fhy O,z

. _ P

— Violate the covariance of tensor currents! P kl ;
q=Fr1 — R2
Constraints

v (:))\1,)\2 =0 for J< ‘81 —82|

a B A
Sas=—5xs — @F:ll,’)l\]z)(khkz) = (k3] 63, +00, A,
Vl:g;u = _Vljc:x;u — @E{f,’gﬁﬂ(h, k2) Mj_p(i) Oxy %
Vi =V = O (b1 k) = —lhr )10 (F) 5
Tai,ﬁ;uv - _Tfiﬁ;ﬂw - éﬁ\f:)l\}z)uu(kl’ kz) = —(k1 - ka2) [Ehy(i)guu(i) +p V] 5A1,i5A1,A2] — Qk,u,ku

\[F()\l,)\z) ~ (qu); (Pu), (Guv) — F()\l,—)m) ~ (p“')m (gf““’)’ ) — Q(kp,)u (g,uu)




Crossing symmetry and identical-momentum limits — 29/

A
Form factors including (k1 - k2) in denominators o

S;E,,B/(kl : k2) — (:)E(;:lljl)(k, k) = +5)\1,:|:‘5)\1,—)\27
Vit VR k2 = OG0 (B k) = Lk, 0y,
Vo Vi ke = OGS, (ke k) =+k o0 T

. _ P

— Violate the covariance of tensor currents! b kl ;
q=Fr1 — R2

EX) S’i 8 /(k1-ks) — A scalar current © Constraints

bR Q) ORAQIET) > (k£ Ofk,F) = =5k, 1|0k, 1) =0 ¥ O =0 for J<ls =l

— Contradiction! V Oig 14, =0 for J < |s1+ so

a B A
Sas=—5xs — @F:ll,’)l\]z)(khkz) = (k3] 63, +00, A,
Vl:g;u = _Vljc:x;u — @E{f,’gﬁﬂ(h, k2) Mj_p(i) Oxy %
Vi =V = O (b1 k) = —lhr )10 (F) 5
Tai,ﬁ;uv - _Tfiﬁ;ﬂw - éﬁ\f:)l\}z)uu(kl’ kz) = —(k1 - ka2) [Ehy(i)guu(i) +p V] 5A1,i5A1,A2] — Qk,u,ku

\[F()\l,)\z) ~ (qu); (Pu), (Guv) — F()\l,—)m) ~ (p“')m (gf““’)’ ) — Q(kp,)u (g,uu)




Crossing symmetry and identical-momentum limits — 3036

. ) A
Covariant vertices T !
J_ I

~[J;81,82 J381,82 1 &A1 Smi 7 A1S1 — Smi (7 A152 —Smi X2 : X1
[Lrsl] =5 {@(J)Z[FE,\SI,'ALQJ (82 ([ e 4 (o0 ) .
A=+ n=0 :
Jy !

n J;517‘92 n T Smin ¥ $1 —Smin 7 — §2 —Smin
Fomin O(J4) 3 [P0 [T [([vm +[V5) j} ______________________ ,
n=0 z

p=ki+ ko
) L qg=Fki —ko
< Covariance conditions on form factors>
( y } . ) Constraints
_— . Sl .‘32
lim Al752 X . p— _
k1.0—k (As1,—Asz)n,m,l (kl k2) 0 vV Oy, =0 for J<|sy— o
; 1lJ;81,82] . sa—sal v éi 45, =0 for J <514 s
k1112H%1k A(A31,+)\82)n,m,l X (kl kz) 2 =0 1,L82 | |
\____ J

Second key result



Crossing symmetry and identical-momentum limits — 31/3%

. ) A
Covariant vertices T

J_ I
/81,82 J381,82 M AN18m; T A1581 — S 7 A189 — Smi X2 : X1
[Lrsl] =5 {eu) S (FR 8 (1o 4 (7| .
A=+ n=0 :
.]+ :
HYsmin O(J4) Z [F([;];fﬁﬁf)}n [T*]“"‘““‘[ ([Vflsls“‘“‘ + [Vz’\]s”“““j} ______________________ >
n=0
4
<Revisiting the WW theorem> p =k + ko
q=Fk1— ko
Conserved tensor currents
qm(:)[J;S1,82] (k1, ko) =0 Constraints
Y

(N1, A2) e ptge g _
v @)\1,)\2 =0 for J< ‘81 —82|

+ + _ _
qM{Vl,Q!T }H =0 v @:tsl,:l:s'z =0 for J < |81 + 82|

F o~ (q#)a (p#)v (gﬁw) — F~ (P,u,)a (q29uv - Q,LLQV)




Crossing symmetry and identical-momentum limits — 323

) ) A
Covariant vertices x !
J_ I
riJ;s1,82 ;81,82 1 QA1Smi r 7A1S81 — Smi [ 7A182 —Smi X2 : Xl
[Lrsl] =5 {eu) S (FR 8 (1o 4 (7| .
A=+ n=0 :
I, l
Y s O(J1) Z@ [F([S\I;if;j)}n [TA]Smin[ ([Vl/\]slsmin + [Vz)\]”sminj} ______________________ >
n= <
<Revisiting the WW theorem> D=k + ko
q=k1— ko
Conserved tensor currents
wi y[J351,82] _ Constraints for k1 — ko = 0
q @(Ala)\Z)Hl"‘Ni“‘MJ(kl’kz) =0 ~
vV O4g 15, =0 Always
+ + _
q“{VLQ,T };u =0 V Oig 15, =0 for J<|s1+ 52|

F~ (Q,u)a (p#)v (QW) — F~ (p.u): (ng,uu - Q,uqy) V Ouis s, =0 for 51 # 59

In the identical-momentum limit (ky — ko) — 0

F ~ (D) (qggﬁw —quy) — F~ 2(kyp)




Crossing symmetry and identical-momentum limits — 33/

Covariant vertices for k1 — ko =0 v T
_ . _ X i X
[F[J;s,s]] :QJ—QS Z {@(J o 28) AEi,sif.}s) [k}J_Qs [T)\}s} 2 : 1
A== I
J;s,s —5 #lJ;s,s I
— [OY Ik k) =0 — 227 A k) N N eL0) »
<
<Revisiting the WW theorem> D=k + ko
q=Fk1— ko
Conserved tensor currents
i l51,82] _ Constraints for k; — ko =0
g @(Alal)\Z)Qﬂl"‘Hi“‘MJ(kl’ kz) =0 ~ ! g
vV O4g 15, =0 Always
+ _
Q“{Vl,Q:Ti}# =0 V Oig 15, =0 for J<|s1+ 52|

F ~ (Q,u)a (p#)v (gﬁw) — Fr~ (p.u): (q29,uu - Q,uqy) V Ot 45, =0 for 51 7 59

In the identical-momentum limit (k; — k2) — 0

F ~ (D) (qggﬁw —quy) — F~ 2(kyp)




Crossing symmetry and identical-momentum limits — 343

Covariant vertices for k1 — ko =0
rlJ;s,8 —2s 11 J;s,8 — 95 [ mAs
[F[J, ) ]] _oJ-2 Z {@(J_QS)AEAS,;E;) [k}J 2 [T)\} }
A=+

— [0k, k)] = O — 25) 277 AT (k)

<Revisiting the WW theorem>

e BNGL@IKN) (kA0

e, Nk, N/ (R NTR N 20

O N

with (k, k', ) = 2k°(2m)36°% (k — k") 8.
Take A+ 4y = Q or 257! for J, or T},

<k: :|:|J0|kv :t>
2KV

<k7 :’:|T0,u‘k7 :|:>
2k0

=0(1-25)Q

= 0(2—2s)k,

x 4
|
|
|
|
|
|
|
|
I

Constraints for k1 — ko = 0

V Otg, 35, =0  Always

v @isl,i@ =0 for J<|s1+ s9f
v éi31,i32 =0 for s1# s9



Crossing symmetry and identical-momentum limits — 353

Covariant vertices for k1 — ko =0 33?
o iy Tes.s 9 s X2 i X1
DUl =272 % {@(J—%) Aty (k)72 [T } :
A== I
J;s,s —5 #lJ;s,s I
— [0k k] =0 — 202 AVP (R) NG N0 X
<

<Revisiting the WW theorem> b= ki 4+ ko
3= <ij|@‘u($)|k”Al> (k,)\|@u(0)|k,A> q=Fky— ko
'z - 0 5}\,)\’9
Ve, Alle, A) /(B VKN ok

Constraints for k1 — ko = 0
. IOy 0 3¢3/10 1 _
with (]'C,AU‘E ,A ) = 2k (27'(') ) (k — k )6)\7)\" v (,_)j:51’:|:82 —0 Always
Take f_l(ii) =Qor 25! for J, or T, V Oxas, =0 for J<lsit s
v e:l:sl,:l:82 =0 for 51 75 S9

(k, [ Jo|k, £) (k, £|Top |k, )

=0(1—-25)Q =0(2—-2s)k
0 % ~
Invariant roles of basic operators in all the momentum transfers Vl:::)z;y - (£,0)
T
[ Assumption h Vabiu - (%0
elimk<k1;/\1‘[@[°’;sl’sg]}‘k2;/\2> — <k7A1|[@[J;51,32]]|k7A2>(_1)—A2 T;E’ﬁ”w —  (£,1)
1,2~

15 correct in the quantum field theory including conventional high-spin fields -
L ) Third key result
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Summoary

An efficient algorithm in the covariant formulation.

Covariance constraints on form factors.

Validity of the continuity assumption.

Covariant three-point vertices for all off-shell cases.

Covariant four-point vertices.

Program for generating covariant vertices and Lagrangian operators.

Algorithm <« Spinor helicity formalism.

)

[J;81782:|
M- pg
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Thank you
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Back up
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Three-point vertices for identical particles, X; and X5 (X; = X5)

[(Xl;kla)\1|<X2;k2,)\2|}@m-~w\0) = [(Xz;k1,/\1\<X1;kz,)\zﬂ@mmw0)
\l/ k‘l <« ’{‘2
e**(k1, A1)e*? (k2, A2) Tapipu(br, k2) = £ (ko, A2)e™” (k1 A1) Ta gy (k2. k1)

i o f3
Identical particle condition

Selction rules
1. (J=1,3,---)>5(0+0)
2. (1) = (0==0), (1/2+1/2) (==1), =



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)
v(1,0) +~(1,0)

9(1,0) + g(1,0)
Z(1,91) + ~(1,0)

Z* (1, viera) 4+ 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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