Title: Building Massless Tree Amplitudes without a Lagrangian
Date: Dec 02, 2009 11:00 AM
URL: http://pirsa.org/09120098

Abstract: The BCFW recursion relations define Yang-Mills and gravity amplitudes in terms of lower-point amplitudes. | will discuss several
connections between the internal consistency of this recursive definition and the allowed interactions of massless, higher-spin particles.
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Outline

Motivation (then and now)

- Simplicity of Massless Scattering Amplitudes

- Checking BCFW recursion without a QFT

- Why are massless S-matrices simple?

The Four-Particle Test
A Spin-1 Tree S-Matrix from BCFW
Gravity’s Hidden Relations

See also: Benincasa and Cachazo.
He and Zhang 0811.3210
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Scattering Amplitudes
are simple

A=e.TrihlH--TalAca {2 .. - n) + perm’s

"

color-ordered amplitude

Yang Mills n-gluon amplitudes are zero if they contain
<2 gluons of helicity +1.

For 2 helicity +1 gluons i and j (Maximal Helicity Violating).

A . |:.z _ (pi-pj)*
Pirsa:0912I0098 o (pl '1)2)(p2'p3 ) o (p”‘pl) Parke. Tﬂ}-‘l%e;7gb



Simple Amplitudes:
BCFW Recursion

Any n-gluon scattering amplitude can be written in
terms of lower-point scattering amplitudes.
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Simple Amplitudes:
BCFW Recursion

Any n-gluon scattering amplitude can be written in
terms of lower-point scattering amplitudes.
Two complex ¢g's such that

: 1
¥ P
g =pa.g =pg.g =0

e.g.if pap=(1£1.00), g=(00.1 %)

A
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Simple Amplitudes:
BCFW Recursion

Any n-gluon scattering amplitude can be written in
terms of lower-point scattering amplitudes.

B(z")

1
X —
o3 P(") P2
A A(Z")
Two complex ¢’s such that The.;? }
¢ =pa.q=pp.gq=0 Palz) =pa+zq
ol ey, ~
e.g.if pap=(1£1.00), g=(00.1 %) Pglz) =pB — 2¢

are null and
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Simple Amplitudes:
BCFW Recursion

rp"ji(l“_) = PA - :ff'u b fl(pl.. cens DA, -. pf_g) —
pp(z) = pB — 2¢" Alz) = Alpr,---,p4(2),---,pB(2))
\'_ifj = Pa-9 =PB.9 :(]J A
A »
fi 2) _ g
2 A
9 >

if A falls as I/z or
faster at larce 7 *

= factorization poles
associlated w/ on-shell

. mtermediate line
ey SOlve for A(0O) as

sum ot other poles. Rnrttaa Cacha7zaa Feno Witten




Simple Amplitudes:
BCFW Recursion

Proofs of BCFW:

e Show that A(z) ~ 1/z:

- Diagrammatic: build collections of Feynman diagrams
where 1/z or faster fall-off 1s manifest

- Background fields: Determine z-scaling of M, from
symmetry in convenient gauge, contract with €4(z)e"(z)
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Simple Amplitudes:
BCFW Recursion

TP
P{-ﬂ:_) = pa + 2q"
pPr(z) =pB — 2¢"

“)

o

'\\

¢ =paq=pp.q="]

f AE::) .

if A falls as //7 or
faster at large ¢

Pirsa:OQED? SOl?e f‘Dr A(O) as
sum ot other poles.

..... p_lt....pg) —
Azl =Api,coo.palz) oo, pe(z))

A

L ]
A
9- >
. L ]
factorization poles

associated w/ on-shell
imtermediate line
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Simple Amplitudes:
BCFW Recursion

Proofs of BCFW:

e Show that A(z) ~ 1/z:

- Diagrammatic: build collections of Feynman diagrams
where 1/z or faster fall-off 1s manifest

- Background fields: Determine z-scaling of M,,, from
symmetry in convenient gauge, contract with £4(z)ev(z)
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Simple Amplitudes:
BCFW Recursion

Proofs of BCFW:
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Simple Amplitudes:
BCFW Recursion

Proofs of BCFW:

e Show that A(z) ~ 1/z:

- Diagrammatic: build collections of Feynman diagrams
where 1/z or faster ftall-off 1s manifest

- Background fields: Determine z-scaling of M,,, from
symmetry in convenient gauge, contract with €4(z)e"(z)
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Simple Amplitudes:
BCFW Recursion

Proofs of BCFW:

e Show that A(z) ~ 1/z:

- Diagrammatic: build collections of Feynman diagrams
where 1/z or faster fall-off 1s manifest

- Background fields: Determine z-scaling of M,,, from
symmetry in convenient gauge, contract with €4(z)€"(z)

" Al z
a0,

e All poles of tree amplitudes correspond to factorization
w=eethannels — BCEFW form of A(O) follows from integral-dbove




A wide range of theories have BCFW recursion
relations:

® Gauge theory:

- Valid if ha=-1 or hg=+1. for pure gauge theory
[Britto, Cachazo, Feng, Witten]

- Same conditions, where the other marked leg 1s matter
[Cheung]

(.apreduce any amplitude with gauge bosons

t lavvrar-moaoint amnlitfinidac
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A wide range of theories have BCFW recursion
relations:

® Gauge theory:

- Valid if hs=-1 or hg=+1, for pure gauge theory
[Britto, Cachazo, Feng, Witten]

- Same conditions, where the other marked leg 1s matter
[Cheung]

e Gravity: analogous
enincasa, Cachazo, Verroneau; Arkani-Hamed, Kaplan; Cheung]

- In fact, all of these amplitudes ~//z2, so both

%AS’) —(0  and j{A(z) =0

¢ Generalizations when A(z) -> const. at infinity.
[Benincasa, Cachazo; |

(.anreduce any amplitude with gauge bosons (gravitQns)

ty laavvrar-moayint amnlitfiidec



Simple Amplitudes:
BCFW Recursion

Proofs of BCFW:

e Show that A(z) ~ 1/z:

- Diagrammatic: build collections of Feynman diagrams
where 1/z or faster fall-off 1s manifest

- Background fields: Determine z-scaling of M, from
symmetry in convenient gauge, contract with €4(z)e"(z)
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A wide range of theories have BCFW recursion
relations:

® Gauge theory:

- Valid if ha=-1 or hg=+1. for pure gauge theory
[Britto, Cachazo, Feng, Witten]

- Same conditions, where the other marked leg 1s matter
[Cheung]

e Gravity: analogous
enincasa, Cachazo, Verroneau; Arkani-Hamed, Kaplan: Cheung]

- In fact, all of these amplitudes ~//z°, so both

}{‘453) 0 and fA(z) =

¢ (Generalizations when A(z) -> const. at infinity.
[Benincasa, Cachazo; |

(.anreduce any amplitude with gauge bosons (gravitQns)

ty lavvrar-moaint amnlifiidac



Motivation

e 3-point amplitudes & BCFW define (tree)
S-matrices for YM and gravity without
reference to a Lagrangian.

e [ogical completion: Show consistency,
again without reference to Lagrangians!

e (Can we define other “S-matrix theories™
that have no gauge-inv. Lagrangian
o 06120068 description? (e.g. anti-self-dual 3-form in 6d) . om



N=4/8 Amplitudes even simpler

Pirsa:

00000000

Generalized BCFW for all diagrams (involves
SUSY transft. as well as p-shift)

Simple loop expansion — entirely in terms of
“box” diagrams

General formulas for N=4 amplitudes in
twistor space.

Conformal & dual superconformal invariance



Simple S-Matrices:

e Accidentally inherited from SUSY
theories?

Pure gauge/gravity tree amplitudes ~ SUSY amplitudes
(other states appear in pairs)

® Or general properties, with extra
simplification in SUSY?

BCFW with matter — not obviously derived from SUSY

Connection between BCFW at 4-point and elementary
consistency conditions on interactions
Pirsa: 09120098 (.Jacobi id@ﬂti‘.—y, equivalence___.)_ Page 44/82
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Outline

Motivation (then and now)

The Four-Particle Test

“4-point amplitudes alone constrain
interactions and BCFW shifts™ [Benincasa, Cachazo]

A Spin-1 Tree S-Matrix from BCFW
“Simple arguments and 1dentities from 4-point ensure
that BCFW amplitudes have all factorization poles.”
Gravity’s Hidden Relations

“1/z2 fall-oft 1s needed to see that BCFW amplitudes
have all factorization poles.”
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Symmetry Properties of
the S-Matrix

e | orentz Invariance

* Little-Group Covariance

SP[HOI_HEIICH} RH:t — Jf:ti!).ﬁ—l 1)-_] — [] - ‘.tlet P — ” — R_tr:t — _-f\r-lifif.-i_!
l'{t'::il ;’j“ — A = /\' 72+

I \ :\ h‘ )~ J\j-’ i{_jf?, +p)

e Unitarity (at tree level Factonzatlon)

{
Pirsa: 09120 293 j.. ¢ I { % ? é@{




3-Point Amplitudes

[Benincasa and Cachazo]

e Exist for complex momenta (indep. A, \)

® Two degenerate momentum configs:

. Ai-A; =0 Vi,j i3] = As 2
Y. P.=0,P*=0 _,{ _ . 7 w/ invariants M |
Ag "\ =1 ¥ ) .k,-“,i::- —- )‘:-, .

e Helicity+finite real-p limit fixes amplitudes

(no scalar invariants)

A1+l o—1 -1\ _ (23) s

'1(]-+l.- *--+1 ;+1) — ’\ubc<12><13><23>
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Symmetry Properties of
the S-Matrix

e | orentz Invariance

¢ Little-Group Covariance

Spinor-Helicity: Pog = 0. py |p° =0:det P =0 — P,,4
Real p, «— A= 5y

I
L[ e
.*.L?.-ﬂ'l

PP XX LA—e %)

¥ (jl.u-"m ) .L"'"""'.-;—‘ L " ( _."k.,.,_Ju_\ ) o --g'-":r_"-f__ =
_H.:'\ \ I“"H ;

"'v“\ ;\ ]i - \;_- ‘\{jh, Lp

e Unitarity (at tree level Factorization)

e P — Y [ G-




3-Point Amplitudes

[Benincasa and Cachazo]

e Exist for complex momenta (indep. A. \)

® Two degenerate momentum configs:
o

. Xi-X; =0 Vi, j : : il =X X
Y.P=0,P>*=0—{-" 7w/ invariants _[, " :
"\i . ,'i; =1 T«".*.J' !-‘jll:; — }” . f\}

e Helicity+finite real-p limit fixes amplitudes
(no scalar mmvariants)

A1+l 9—1 9—1 (23)° N
J.'_l(].‘l . _l.b '3 ) P— {ib(‘ l_}l"l. ?}l} Ur h:flbf.‘. : P

ALY, 257,310 = Aabe(12)(13)(23)
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Gauge 3-Point Amplitudes

h)(1+1 9—1 9—1) _ ,. (23)° 1 [
*4t'l'](]-(i ‘2b -.3(; )_ h’tlbc(lg}{;gl} ([ZJ} — O)

A(a) 41— 5L _ 231°
Al ](lu 1.* 2, -'33-1) = Rabe [1[3[%1] ({(z7) = 0)
Scalar matter:

| E 1l — . . : { I.-] \l-?l
AW, 28 39 = ke Al

(k must satisty Jacobi 1dentities,
x must form representation)

irsa: 09120098 Page 50/82

All others zero



4-Point Amplitudes

A(1h1 2Rz 3hs ghe) — H(1,2,3,4) x f(s,t,u)

particular solution with correct
helicity transformations

eg. H(1—,2—,3+,4+) = (12)%[34]*

f1isn’t constrained by little group (scalar) or LI, but restricted
by factorization at complex momenta:

lims x A(1,2,3,4) Z A(1,2,—P")A(3,4, P)

s—0

In fact, (12) — 0 and [12] — 0 are distinct configurations,

Pirsa: 09120098 Page 51/82

should both satisfv this limit.



Jacobi1 from Factorization

e Impose r and u-channel factorization

- the individual 3-point amplitudes are singular!

A(17,27,3%,4%) = (12)2[34]2 [“-‘313"5'342 o S

st S

¢ When [12] —>0:
sA(17,27,37,47) — (12>2[34]2[H.ﬂlstﬁ.-_m N H,=_i14:'-,332

Compare to factorization limit:
2R12a0KRa34

sA(1~,27,3%,47) — (12)*[34] :

Pirsa: 09120098 Page 52/82
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Factorization in BCFW

Consider BCFW, where we shift p; and p>by z¢g
with ¢ = |1)|2], i.e.

1] — [1](2) = [1] + 2|2]
2) — [2)(2) = |2) — 2|1)
Two terms:
3 : 4 ;
1 1
>k <
t u
i 3 i 3
Controlled by factorization as [13]. (24) — 0 and 14, (23) — 0

— generates ansatz on previous slide.

Momentum-dependence of 3-point amplitudes (s>0) allows BCFW
terwrork and 1mposes consistency conditions on 3-point coupdisgs.



Jacobi1 from Factorization

e Impose r and u-channel factorization

- the individual 3-point amplitudes are singular!

*4(1‘.2_.3"’.4*‘) _ <12>2[34:l2 |:H.jl.‘3‘:,342 __ Kp1aRp32 | -
S SU

e When [12] —>0 :
sA(1™,27,3%,4%) — (12)2[34]?]

K313K 342 n KA314K332
t

Compare to factorization limit:

o 2 R12aRa;
sA(17,27,3%,4%) — (12)°34 ===

Pirsa: 09120098
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Factorization in BCFW

Consider BCFW, where we shift p; and p>by zg
with ¢ = [1)|2], i.e.

111~\]: = 1] + 2|2
2) - 2)(=) = [2) - =|1)
Two terms:
3 - 4
1 1
% — < + >~ == <
t u
1 3 1 3
Controlled by factorization as [13]. (24) — 0 and 14}, (23) — 0

!

— generates ansatz on previous slide.

Momentum-dependence of 3-point amplitudes (s>0) allows BCFW
tepsvork and imposes consistency conditions on 3-point couphisres.



Factorization from BCFW

Schematically (for gauge theory)

lim (12)[12]Agcr(17.27,31,41) =
12| —0
N |
Factorization: (12)*[34]° t(hljuhg_;u)
Requires Ki12¢K34a + K13aK24a + K14aK32¢ = 0 !

Similar arcuments: interaction vertices of matter w/
¢nin-1 furni<sh renre<entation<s: charoe concervation
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Gauge 4-Point Amplitudes:
Good and Bad BCFW

This procedure works (if Jacobi 1s satisfied)
for |—1,|-); |+],|+) ; and |-], |+) shifts

These are the shifts for which 3-point amplitudes
vanish identically or approach 0 at large 7!

e BCEF shift [37].|17) gives clearly unphysical answer

Pirsa: 09120098

1
(h) _
ll
:i-.
3
- 9— o+ A .
Apcr.any(17,27,37,47) o (12)2[34)2—
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Gravity 4-Point Amplitudes:
Commutation!

’ ‘ ‘ i 51 “F.} ’ 5 “F__’:_;'
Ager(l1 2,22,372,4"%) = ?34}‘1(12>""( o o, = ‘)

¥ >
s=f i

Must cancel double pole and reproduce correct single pole as s—>0,
for any kinematics
S+t=—u: consistentif K13aK2404 = K14aK23a = K12aK34a

Pirsa; 09120098 (Commutative, assoclative algebra regesse:

—= nteraction<e can he dincanalized)



A Remarkably Powertul Condition

1. Pick particles & non-zero 3-point vertices
2. Consider BCFW shift of given-helicity legs

- Bad shifts: BCFW produces clear nonsense (can never
reproduce other poles)
- Good shifts: BCFW can reproduce the “missing” pole.
if 3-point amplitudes satisfy conditions.
These conditions mimic most of the known
constraints on higher-spin interactions!

(spin-1: Jacobi, matter reps & charge conservation:
spin-2: commutative, equivalence; spins 2&3/2: supergravity)

3. Good shifts + 3-point => ansatz for a
==attheory” (set of constructible amplitudes) ===



Outline

e Motivation (then and now)

¢ The Four-Particle Test

“4-point amplitudes alone constrain
interactions and BCFW shifts™

®* A Spin-1 Tree S-Matrix from BCFW

“Simple arguments and Jacobi identities ensure that
n-point BCFW amplitudes have all factorization poles.”

e Gravity’'s Hidden Relations

“1/z2 fall-off is needed to see that BCFW amplitudes
have all factorization poles.”
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Consistency of n-Point Amplitudes

e Factorization on all physical poles

e No unphysical double poles

¢ No spurious poles, that do not correspond to
intermediate particles propagating on-shell.

- BCFW produces these poles, they always cancel.

- This cancellation is also non-trivial from S-matrix
perspective



What poles must we consider?

For definiteness, consider BCF where legs|1] and |2) shift

Exposed by

BCFW

Pirsa: 09120098

“easy’

P 0- <) 1_ ar [12] n\

Un-shifted

Un-shifted pair

Set [ of legs not
mcluding 1. 2

» - Wroneg-hé&li@sty
hard " -

Cnileirl o Eaie srarinnirnibes S



n-Point Unshifted Poles

[ = set of 3 or more legs not including 1, 2

R s

f lim P x

"—-4}

S
Polel BCF Seem) % ! /& K= ‘%

= BCF swurk Pole)

1{=— X ABC?F(; . ]

[ g Page 63/82
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n-Point Unshifted Pair Poles
and the J acobi Identlty

Pirsa: 09120098



n-Point Unshifted Pair Poles
and the Jacobi Identity

R , I'. Fis
i .l. 1 j} l
Apcr D LZ;? h(«i—?’h{‘*—}'ﬁl—%

. (YET _ | f _ %
s srrerind L . .
im s;; X -Jl T K2 + l—
tj|—0
| P, = R 5 ' = o B
] . : il
il 1 1 L
x f i — T — i
J.> P - K2 ’ K= f +3 2 hr
./ *r

!

;
. iy 1
= 7 * Aer
i
f : :nhr {h) :‘h' {h)
- _T_
hi 54 >h|.4> Kl 34 I':-[:,;
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n-Point Unshifted Poles

[ = set of 3 or more legs not including 1, 2

f ltm PE x ...) l

—-H

S
Polel BCF seinr) %“ ! /&h *

= BCF swurk Pole)

[[=e— x ABCF( . ]
\ /
I 9 Page 66/82
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What poles must we consider?

For definiteness, consider BCF where legs|1] and |2) shift

(B)

12} :['—n

Pr—0:

J.
I ) }
Un-shifted N UmquL dldnr

Un-shifted pair

Exposed by

Set [ of legs not
BCFW including 1.2
Pirsa: 09120098 . = ~ WTI'DHLT hﬁf‘hﬁ‘gf{\
“easy’ hard e



n-Point Unshifted Poles

[ = set of 3 or more legs not including 1, 2

l ltm Pr x ..) l

—-H

S g
Polel BCF seent) % }7[1

= BCF swurk Pole)

= 1{=8— xApcr|” ]

| <3 Page 68/82
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n-Point Unique Diagram Poles

I

NO BCFW terms have factorization Right-hand amplitudes approach
limits with 1 & 2 on same side! same Kinematics as [12]—=0
Something non-trivial must happen. Singularities from seoft limits

Very reminiscent of Weinberg's soft photon and graviton
arguments — equality follows from gauge invariance/
conservation of charge.

The.kkeynman diagrams w/ this pole dominate at large z. play a keae.role

"y Iﬂﬂr‘i.rnrnnﬂri_ﬁah—l nrnr\‘l: ni: Q(“Iﬁ?\l,’ t'ﬂr“]'l!"[';'ﬁﬁ Pl o™ Mol o e e e N



Wrong-Helicity Poles: Connecting

Large-z Scaling & Factorization
For BCF bhlﬂl[lg

£ : .
E _"[] (h) ']_. — >’t
: 1

Ditferent 3-point kinematics and different amplitude —
factorization in 2nd case 1s not automatic!

Obvious diagram:

Not singular in this limit for spins

s>0 because left amplitude scales as
positive power of (17)!
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Wrong-Helicity Poles: Connecting
Large-z Scaling & Factorization

Two possible contributions as (17) — () :

> < = 27 = (21) /(1i) —>© as (1i)—0.

Pole if product of amplitudes grows
at large-z.

1 2 — o

B)



Wrong-Helicity Poles: Connecting
Large-z Scaling & Factorization

Two possiblf: contributions as (17) — 0 :

* (i (IQ) 2"[1)) =0

= (2i)/(1i) - as (1)—0.

Ix‘-
Pole if product of amplitudes grows
. at large-z.
M “ f > Plx 1 %
dlmost 2
BCFW

Pirsa: 09120098 Page 72/82

Consider general spin s (finish proof for spin-1. subtlety for spin-2)



Wrong-Helicity Poles: Connecting
Large-z Scaling & Factorization

Two possible contributions as (12) — () :
| z’|1)) =0
; < = (2i) /(1i) — as (1i)—0.
Z
Pole if product of amplitudes grows
T at large-z.
_ L L
B) ? * 3 ' R
) . /) &
L/R K2 fiy Pia K2
i | e e———
P almost

e .y 8—1
const x ( »-l—:-) BCFW



Wrong-Helicity Poles: Connecting
Large-z Scaling & Factorization

Two possible contributions as (17) — () :

o (2] (12) — 27 [1)) =
h}? < = z" =(25)/(1 }—*‘x as (1i)—0.

Pole if product of amplitudes grows
at large-z.

) v,




Two possible contributions as (1/) — 0 :

Wrong-Helicity Poles:
Gauge Theory

A\ Pole if product of amplitudes grows at large-z (€ ~1/2)

\

hy ha hy | hg | (n —1)-point Three-point | lotal scaling

£ = 3| - ] 1 /e 1

_+.. . - - . l ‘¥ 3 L 3 1

- + 4+ - ¢ | f€ | >

- - - ¥ r'-l r—'l

= = =1 € 1 /e 1 |
e ~ || X | (¢) vanishes identically y
| + - F#| & 1/€ 1/¢ | e ]
| -+ ; X (¢) vamshes dentically

B)j{(l—}—:

e Z1VES correct factorization limit ¢/

23]
13

):—1

A(z)

n-1)
' (n-

-
Fn?

good shifts:
no contribution

(Scaling
1/z for “good shifts™
Z* for “bad shift”
follows from helicity &
power-counting — can
derive without QFT!)

I
= A (0)gcr for s=1
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Wrong-Helicity Poles:
Gravity

Two possible contributions as (17) — 0 :
A) Pole if product of amplitudes grows at large-z (€ ~1/2)

No contribution if large-z scaling of n-point amplitudes 1s like 3-point
scaling (1.e. square of gauge theory scalings)

B) ?{, (1 + 2 E:D_l Ai g - Agcr (0) + % W

vanishes by
1/z2 scaling

(2

Unlike 1/z in YM., the gravity 1/z2 is not obvious from BCFW,
~POWer counting, or any other arguments.



1/72

e Very opaque in direct Feynman diagrams
(even l/z requires summing many diagrams)

e Discovered in background field gauge
[Arkani-Hamed and Kaplan]

Consider hard graviton in background metric £, = F; E‘f,hﬂa
“left” and “right” vielbein indices a. a don’t mix—
two separate approximate Lorentz “spin” symmetries
together constrain amplitudes to fall as 1/z=
e No known analogue of the twofold “spin
Lorentz” symmetries in amplitudes

e Follows KLT relations: Agr = “(Aym)>”

e We'd like to understand origin of 1/z2 directly in S-
matrix language — in fact it’s necessary for BCFW to
give sensible amphtudes

Pirsa:



One More Possibility

e In YM and gravity, extra terms associated with z—=
vanish

® Are there theories where, instead, BCFW gives well-

Pirsa:

““behaved amplitudes because they cancel?
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Summary

Hints at much more general structure to be
understood:

e (Consistency conditions for higher-spin
interactions can be obtained from 4-point BCFW

¢ In known examples, BCFW's that work at 4-point
construct consistent n-particle amplitudes

- Spin-1: Guaranteed by simple arguments

- Spin-2: Crucially relies on 1/z2 scaling

irsa: 09120098 Page 79/82



One More Possibility

e In YM and gravity, extra terms associated with z—x
vanish

® Are there theories where, instead, BCFW gives well-

Pirsa:

"“behaved amplitudes because they cancel?
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Wrong-Helicity Poles: Connecting

Large-z Scaling & Factorization
For BCF shifting '1]:

].i — () : : (h) (T3} —+@ - >1.
1

Diitferent 3-point kinematics and different amplitude —
factorization in 2nd case 1s not automatic!

Obvious diagram:

] r . | s _zE
Not singular in this limit for spins

s>0 because left amplitude scales as

positive power of (17)!

Pirsa: 09120098
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n-Point Unique Dlagram Poles

(12)[12] »
)'— —é Jim (12) !;
1 (soft)

NO BCFW terms have factorization Right-hand amplitudes approach
limits with 1 & 2 on same side! same Kinematics as [12]—=0
Something non-trivial must happen. Singularities from soft limits

Very reminiscent of Weinberg's soft photon and graviton
arguments — equality follows from gauge invariance/
conservation of charge.

The.kkeynman diagrams w/ this pole dominate at large z. play a keaw.role
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