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Landscape of Effective theories?

e (Consistency conditions
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Goal: formulate effective theory for CSP

 Pheno-opportunity?
Motivation: missing something in the IR?
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WHAT ARE
CONTINUOUS-SPIN PARTICLES?



Tﬁey are ’lnﬁniw-cfim ‘Poincare’ iwejos

Little group Generators W, P* =0

P> W W, = %EWWJ”PPU 1 Wer Pl =0

| Wy Wo| = —€uupe WEP?

massless | " U(l) Wo=Ws=Js W, =hP, 1 — dim

massive | Wy =0 (27 4+ 1) — dim



massless i

massive 1}

CSP

Tﬁey are ’lnﬁniw-cfim ‘Poincare’ irrejos

Little group Generators

; 1
WM — §€W/OUJVPPJ

' ISO(2) Wy=W;5=J;

~~ “gpin scale”

W, P* =0

wW,, P, =0

| Wi Wol = —€upe WP P?

Wi X (Jl T ’LKl)) + 1 (JQ T iKQ) X J:t

L/R



Tﬁey are ‘lnﬁniw-cfim ‘Poincare’ irrejos

Little group Generators W, P* =0
2 | 1 - B
Pﬁ W, W= §€uupaJVpPa 4 Wi, P]=0
L :W,ua W,/] — _EMI/,OJWPPG
massless , ,; U (1) Wy =Ws3 = Js W, = hP, | dim

massive | Wy =0 (27 + 1) — dim

CSP ' O ’ ]SO(Q) W() — W3 — JB Wi X (Jl T ZKl)) m il (JQ T iKQ) X JEE/R

~~ “gpin scale”

(W, W_]=0 —— h—1) — |h) = — h+1) 2 — | dim
Ty el W_ W_ W_ W_

2 @flxedp
Wi =-WW_ <0 H|h) =hlh) heZ or Z/2




H-‘Basis vs O-‘Basis

f[H, W:] =Wy

W, W, W, W,
Wi, W_]=0 '"<W> h—1) <W) h) <W> h+1) <W>
Wi=-W,W_<0 H|h) = hlh)
L W_|_ — Wi

2™ 10 Fourier

states labelled by an angle




H-‘Basis vs O-‘Basis

> h-1) ==
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2 .
T do Fourier
h) :/ e"10) «—s
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Z 6—ih9|h>

h=—o0

f[H, W:] =Wy
Wy
[W—HW—] =0 © < W
Wi=-W,W_<0 H|h) = hlh)
L W_|_ — Wi

ISO2-translat.=phase mult.

€

?:O{:

- W

=

:|(9> __ 673(04:

states labelled by an angle

ISO2-rotat.=rotate

e “9) = 16 + w)




ON-SHELL AMPLITUDES



What is a Scattering tamja[ituofe?

1. Lorentz invariance/Little group covariance
2. Unitarity




What is a Scatbering Qzlmja[ituofe?

e.g. ordinary massless particles

7

1. Lorentz invariance/Little group covariance | My, . (Aky...Aky) = 100 F) - gthn0NEn) A, 0 (B k)

2. Unitarity M — Mt = imMMT
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What is a Scartering Sztmja[itucfe?

e.g. ordinary massless particles

e

1. Lorentz invariance/Little group covariance | My, n (Aky...Aky) = etM0W0FkD) 0 gtha0AR) A, 0 (ko k)

2. Unitarity M= MT = iMMT

Step.1 trivialize kinematics by choosing right variables Ma(Pi) = |1)  Aa(ps) =[] Aa(D)Aa (D) = Paa = |10

(AL Ag(p) = e NPI2X L (Ap) = w(A, p)Aa(Ap) M((i7), [2]]) SL(2,C)-invariant

LAQBS‘B (p) = e PN (Ap) = w(A, p) " A (Ap)

= w; "M((i4),ig])  2h-homogenous



What is a Scattering tamja[ituofe?

Step.2 factorization+weak coupling




What is a Scattering Qzlmja[ituofe?

Step.2 factorization+weak coupling

Example

25— U consistent????

Meom (8, t,u) =
Com( Y ) I vV —SU masses, spin, tree or loop?




What is a Scartering tamja[ituc{e?

Step.2 factorization+weak coupling

Example

5w consistent????

v/ —SU masses, spin, tree or loop?

Me.om.(5,t,u) = ¢°

M= g2z (-

S U

) yes! m=0, h=-1/2, 0, 1/2, O; tree




M s solution of a linear differential problem

. ; —% x M

1 - 0 x M

b 2 ( A 8)\64)731 2. M = M % x M
0x M

H' represented on the space of functions of spinors M= {12)123] (é N %>

1 =1
1 = 2
1 =3
1 =4



M s solution of a linear differential problem

9, 9, Tt

1 N 0x M

Hi: — — = )\a )\d ~ 2 — ' -

12 2 ( 0o 8)\64)11 2,... B % M
0 x M

H* represented on the space of functions of spinors M = (12)[23] (g - % )

CSP: represent 2 more diff.op. —W_,— on functions of spinors!

1 =1
1 = 2
1 =3
1 =4



M s solution of a linear differential problem

—ixM i=1

1 9, ~ 0 OxXxM =2

b 2 ( O 3)\a>z'1 2. M= M ;XM i=3
OxM 1=4

e'*F W9y = ei(aq:-ui)|9> }

e “9) = 16 + w)



M s solution of a linear differential problem

—ixM i=1

1 0 ~ 0 OxXxM =2

1,2,... 9 ( aAa 8)\d>z’1 2 HZM th % X M 1= 3
Ox M 1+1=4

e'*F W9y = ei(aq:-ui)|9> }

e “9) = 16 + w)

B Vi=1,2....
d@z M []HL W::] — ::W::

Wi M = p, M HM = i




The rigﬁt variables, again

ML (D), Mo () = M((i5), [i5])  Aa(P)Aa(p) =pas  can't be right for CSP!

Gy T (Jaﬁpﬁd_Jﬁ..P
generators: 9

&t af

O ~ O Waa = PoslH
) Jaﬁ — Z>\(a— JO&B — /L)\(O‘ - - W Woaéé 0



The rigﬁt variables, again

ML (D), Mo () = M((i5), [i5])  Aa(P)Aa(p) =pas  can't be right for CSP!

—9 - - Wad — PadH
-G .Wad:_Z(Jﬁpﬁa_Jﬁ-P ) Ja5:i>\ i J:/L)\(a ? —_—> :
generators: 9 \“ a” af (@ 93 8) &f INA) W Wod —

Solution: SL(2,C) X SL(2,C) acts on 2-dim space of spinors

o [ O 1 1
° ) . o . . . AQ{: o —_—

‘AL = |7) p = i) (A"p") = (il) = const 2E<1>a " OC\/2E<O>Q
q -, j .y ; é
A\t =[5 ot =i N5t = [0l = £ <a 1 i 1 0
M=l Aa=Il [N =[] = cons v () e (]



The rigﬁt variables, again

MNL(P), Ma(p) = M((i5), [i7])  Aa(P)Aa(p) =paa  can't be right for CSP!
. | W, = P..H
e '__7/ 3 ._5 | o a I 5’ 6 %6’ e %6’
generators: ' % T o (JO‘ Faa J@P‘w) Jap = M(O‘W ap = A O\B) { W.,a W = 0
Solution: SL(2,C) X SL(2,C) acts on 2-dim space of spinors
example 0 | .
. . . _ . _ A\, = L ———

‘AL = i) pl. = i) (A"p*) = (11) = const \/ﬁ< 1 )a SRNNGY> ( 0 )a
< . . a 5
A ~, s A ~ 1 1 0
A=l AA=01 VA = il = const e () e (1)
1. Defined up to ISO(2) = i) — w|i) , |i) = w™ i) + 2iapw™ i), [i| = w i, [i| = wli] — 2ia_wli],
2. non-vanishing W2 :  WaaWe* = —(\p) [S\ﬁ])\aiS\d 8. #+ 0

8 Opa  Op°




1S0(2) acting on tam]o[itucfes

e

1. Defined up to ISO(2) :

2. non-vanishing W/f :

i) = wli) , [i)) = wT i) + 2iapw i), [l = w T i
. 5 o -. O
o X XY = — )\ )\~)\O{_)\a7
WaaW (Ap) [ AD] oo a7 # 0

H', W, represented on bi-spinor functions

| — wli| — 2ta_wli]|,
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CSP-AMPLITUDES: EXPLICIT SOLUTIONS



3-pts, fxamy[es

T2 [3)i81= -1l - )P

0
(21) —
0(21 11
translations W <8 ) (L) &,1 < 2
| e log Mg, g, = —= ¢t
0[21] 2 11
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B2 (3)i8) = —JuiL - 212
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(21) —
0(21 11
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| e log Mg, g, = —= ¢t
0[21] 2 11




3-pts, Zxamy[es

T2 [3)i81= -1l - )P

0
(21) —
0(21 11
translations W <8 ) (L) &,1 < 2
| e log Mg, g, = —= ¢t
0[21] 2 11

. e . ‘ e .. .. —ih;0,;
helicity H ~ Exp (—iwH") e > My, ((ig), [i, j])e
hi



n-pts & Cl-[igﬁ-energy [imit

T{ilpT I ~lilpT i |
My, o = ZGXP (Z N.g_ <J. pi J.] ! M.J_ Jlp; 17| ) Z My e~ Sk Onhe

I 7 UGl bl il ) 6o



n-pts & ﬂ-ﬁgﬁ-energy [imit

TllpT i ~(ilpT |7 |
) exp (Z 1y \J Py UNNOR ) ) S My, e S b

Gl i Gn ey lal ) 6

~ 4
V

.




n-pts & Cl-[igﬁ-energy [imit

UV-limit

TllpT i ~(ilpT |7 |
) exp (Z 1y \J Py UNNOR ) ) ™ My e S b

il il Gn ey lal ) 6

~ 4
N “mostly” helicity /;

.




n-pts & ﬂ-ﬁgﬁ-energy [imit

UV-limit

_|_ . _|_ - _ = — 1 .
py Glpy 131 g (e 1] i o
M91“°9n — CXP j— . : . | ]. . ]_ . Mh1...hn€ sz Rk
% EJ: GG 1) R Glpy 1] {Eh:}
- N J“mostly” helicity /.

\\) 1 few */ interacting

S
o IR-deformation —via Wi — of UV theories UV
M=Exp(...) X (M V=0 X phases)

e 3pt’s uniquely fixed by UV ® R

infinitely many A;’s



n-pts & ﬂ-ﬂgﬁ-energy [imit

F il il il 1 UV-limit
Hi \J1P; e J\P; | . o0
Moro, =S exp 32U b5 Ulo ] ) s i
ot 7 UGl Gn ey il ) 6o
- N - “mostly” helicity 4,

\) 1 few +h interacting

B
o IR-deformation —via W/f — of UV theories UV
M=Exp(...) X (M V=0 X phases)

e 3pt’s uniquely fixed by UV ® R

infinitely many A;’s
Example 3pts: mostly photon-CSP

r

—_— i (21) i04 [21] 1 . . 1 . .
. mostly ¢F2,  aF, FH —p M =elte " e Bnp) o(1002) (—<12>26291+292 , [12]26291292)

f1 f

: : - 4 - 14
—i0 (21) i6, [21]) 1452) 1 <3> 0B 13 0. B
. mostly F_ F gHg?’ —m» M = e(“e an) He ) e(192) o _— [ 1 e~ 101 +i02 | 17 i01—i62
Hv= p Z\[Pl <__2>2 ___2_2




’Mass-syfitting selection rule

no (on-shell) 3pt-solution for CSP coupling to same-mass particles (CSPs or not)

Ccsp, massless

. i, 11(21) i, M1(21] 2 2
or massive eg. M DExp (e 1) (215 e 12]121] (12)[21] = m3 = Am* — 0




’Mass-syfitting selection rule

no (on-shell) 3pt-solution for CSP coupling to same-mass particles (CSPs or not)

Ccsp, massless

or massive eg. M DExp (6 (12)[21] = m3 = Am* — 0

01 p1(21) o101 pi1[21] )
(11)(21) 11]21]

IS this
a problem?



Cl\/lass-syfitting selection rule

no (on-shell) 3pt-solution for CSP coupling to same-mass particles (CSPs or not)

Ccsp, massless

| 0, M1(21) _ip, M1[21]
g. E 101 16, 1L 2 A2
or massive eg. M DExp (e 1) (215 e 12]121] (12)[21] = m3 = Am* — 0
. 4pts trivial to write down: but M_, — M ,_, X M_, only if Am* # 0 % /l./\/\)
s this | | . o .
a problem? * No on-shell coupling to gravitons, to photons, to particle-antiparticles pairs,...

. Effective Am? seen as off-shellness: good enough for some questions



’Mass-syfitting selection rule

no (on-shell) 3pt-solution for CSP coupling to same-mass particles (CSPs or not)

Ccsp, massless

| 0, M1(21) _ip, M1[21]
g. E 101 16, 1L 2 A2
or massive eg. M DExp (6 1) (215 e 12]121] (12)[21] = m3 = Am* — 0
. 4pts trivial to write down: but M_, — M ,_, X M_, only if Am* # 0 % /l./\/\)
s this | | . o .
a problem? * No on-shell coupling to gravitons, to photons, to particle-antiparticles pairs,...

. Effective Am? seen as off-shellness: good enough for some questions

- —
(0] TH (0191202 — (Fl(q2)<1\au|z]<1\0V\z]ei<@1—92> +) exp ( <‘1L11> gii : [‘1611] Zi) exp (1 & 2)

energy-momentum of 2 mostly- | 2| = 1 CSPs loophole in Weinberg-Witten



1. Lorentz invariant

4]91:5 . fX&lWl}O [le S 2. 1ISO(2)-covariant

. factorization/ 3pt-unitary

OV



1. Lorentz invariant

4]91:5: fX&lWlJO[@S 2. 1SO(2)-covariant

. factorization/ 3pt-unitary

OV

CSP-Euler-Heisenberg

—i0a (43) 163 [43]
6(1<_>2) X 6('“6 i (43) pe 3@)@(34_%)

—31601 (21) 101 [21]
M = elne™ 1 1515 —pet™ 53 )

S192 — m2

< ([12]2[34]26—’i((91—|—(92‘|—93‘|—94) _I_ [12]2<34>26—i(91+92—93—94) _|_ o ) +(2 — 3) + (2 — 4)



1. Lorentz invariant

4]91:5: fX&lWlJO[@S 2. 1SO(2)-covariant

. factorization/ 3pt-unitary

OV

CSP-Euler-Heisenberg

—i0a (43) 163 [43]
6(1<_>2) X 6('“6 i (43) pe 3@)@(34_%)

—31601 (21) 101 [21]
M = elne™ 1 1515 —pet™ 53 )

S192 — m2

< ([12]2[34]26—’i((91—|—(92‘|—93‘|—94) _I_ [12]2<34>26—i(91+92—93—94) _|_ o ) +(2 — 3) + (2 — 4)

How CSP-photons gravitate? bending of (CSP)-light

1
> ET.(0|T+|1913%) = (0|T,, |24)
m — 0 t

K

h-basis CSP’s ~ CXP "

essential sing. from LG-phases — breaking equiv. principle @ bu > 1



1. Lorentz invariant

4]91:5: fX&lWlJO[gS 2. 1SO(2)-covariant

3. factorization/ 3pt-unitary

CSP-Euler-Heisenberg

' ' i02 [43]
M = e(ue (21) ~ M€ 1W)€(R_>2) < e(ue 2 a3y — M€ 3@)6(&—)4)

S192 — m2

< ([12]2[34]26—’i((91—|—(92‘|—93‘|—94) _I_ [12]2<34>26—i(91+92—93—94) _|_ o ) +(2 — 3) + (2 — 4)

How CSP-photons gravitate? bending of (CSP)-light

1
> ET.(0|7""]1913%) = (0|, |24)
m — 0 t

K

h-basis CSP’s ~ CXP "

essential sing. from LG-phases — breaking equiv. principle @ bu > 1




CONCLUSIONS



Conclusions & Outlook

* Lorentz + ISO(2)-covariance Q f‘ew +h interacting
UV 2 _ 2
» good high-energy behavior Q Wo=-u
(to our surprise) |IR-deformation of massless amp.
. . e..g. in gravity! ® R
CSP-amplitudes exist (€..9 In gravity) nfinitely many /i’s
& » factorisation 4pts — 3pts* Q Q

easy to get mass selection rule

X1

* (linear) coupling to gravity

e Classical Limit?

Future Stress Test: * Thermodynamics? |
* Loops, running, RG-evolution?

» Off-shell correlators? ( e.g. Compton (0| J#J¥ | 191292), (0| THTP?| 191292>)



THANK YOU!

&

HAPPY BIRTHDAY RICCARDO!



BACK-UP SLIDES



2pts and CRunning




Scalar Com}oum

. : 2 . . 2
0 0 o i1 1 p2+€g pa A 241 p4+6% r2 A
M(1°123734) = —e g e et
2 4 4 2

= >

1 CS 3CS 1CS 3 CS




(most[y h=0) Internal CSP

A? 21N/ —S
I oal\

t — 0

) + O (t) Residue

M(1122) =

AzJo( 20/—8 ) AzJo( 21/ —5

t at + Am? u au + Am?
1f§r)
0.1F 1 ’
- a==1 \ |
AT 3 1

)

Family of solutions
factorise well

ootential at Am? — 0, a # 0



momentum Kkick
via KMOC-formalism

CST-figﬁt Bencfing

1n<¢|P]H‘w>1n

d4q

- in<¢‘STP1uSW>in —

Apés — in

(¥|ST[PL

7S]|¢>in

)

eikonal limit: Apag = <_i/(27r)2 d(2p1 - q)0(2p2 'Q)eib'qq“ M4(191¢¢494))p3=_p2_q +...
Pa=—PpP1+q
2 +00
Apeg = 64—77 m?) Y ch,ch / dg [Jn,—1(41/ ) Thy—1(46/q) + Tny+1(41/ Q) Jha+1(41/ )]
hi, hg
: AR T 5 5\ b+
generic wave-packet yr x(—1) _JAh+1( —b q) - JAh—l( —b q)_ —p2
a 1 ok
+1 _JAh+1( —bQQ) + JAh—l( —bzq)_ _02} :
[
Apcs-b
Apgr-b |
definite-0 wave-packet Apt- 26=0 : (s — mz)b_“ 2 Apl: N
CS 167 b2 GR 0.6
0.4 | \p=0
N\ =2
INite- -~ h\/2 sin vV—b2 0.2 —
definite h wave-packet AT 1) = (2 23) (~1)"V2 2(4\/5 ) L, |/O8S 3
time-delay at large-b m - U\ ¥




