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Scattering Amplitudes

~_ / Calculable with Feynman diagrams:
—— @ good: general, clear physical picture.

— \\ @ bad: inefficient, symmetries obscured.
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|
Scattering Amplitudes

~_ / Calculable with Feynman diagrams:
—— @ good: general, clear physical picture.

— \\ @ bad: inefficient, symmetries obscured.

Every theoretical physicist who is any good knows
six or seven different theoretical representations
for exactly the same physics.

Modern approaches:

@ analyticity, kinematic variables (e.g. on-shell), symmetries.
@ relations between theories (e.g. gravity vs gauge theory).

@ new formulations of QFTs.

Ricardo Monteiro (Queen Mary) Scattering Amp. from Ambitwistor Strings 2/32



I
Why Strings?

QFT from low-energy string theory: alternative to Feynman expansion.
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Why Strings?

QFT from low-energy string theory: alternative to Feynman expansion.

Xt -0

particle scattering string scattering
(many Feynman diagrams) (one “world-sheet”, 2D CFT)
Old idea: calculate QFT amplitudes from string theory. [Green, Schwarz, Brink 82]

Insights: UV divergences, algebraic structure,
gravity (closed strings) v.s. gauge theory (open strings), ...

()~ OO
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Why Strings?

QFT from low-energy string theory: alternative to Feynman expansion.

PSP ST~ ®

particle scattering string scattering
(many Feynman diagrams) (one “world-sheet”, 2D CFT)
Old idea: calculate QFT amplitudes from string theory. [Green, Schwarz, Brink 82]

Insights: UV divergences, algebraic structure,
gravity (closed strings) v.s. gauge theory (open strings), ...

()~ OO

Hard: higher loop corrections (simpler at low energy), dropping susy.
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|
World-sheet Models of (Massless) QFTs

String theory: field theory is o/ — 0, massive modes decouple, m2 = ¢,/a’.

Target space is spacetime.
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|
World-sheet Models of (Massless) QFTs

String theory: field theory is o/ — 0, massive modes decouple, m2 = ¢,/a’.

Target space is spacetime.

Is there truncated version just for QFT?

Ambitwistor strings: no «’, only massless states.

D A&+ = ++

Target space is space of (complex) null geodesics = ambitwistor space.

Formulas for amplitudes based on scattering equations.

Ricardo Monteiro (Queen Mary) Scattering Amp. from Ambitwistor Strings 4/32



Worldsheet Models +— Scattering Equations

Old story

Twistor string theory witenosy — RSV formula [roiban, spradiin, Volovich 04]
D = 4 SYM, SUGRA [Hodges, Cachazo, Geyer, Skinner, Mason 12].

Only tree level (unwanted states). [Berkovitz, witten 04]
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Worldsheet Models +— Scattering Equations

Old story

Twistor string theory witenosy — RSV formula [roiban, spradiin, Volovich 04]
D = 4 SYM, SUGRA [Hodges, Cachazo, Geyer, Skinner, Mason 12].

Only tree level (unwanted states). [Berkovitz, witten 04]

New story

Ambitwistor String theory [Mason, skinner 13]  <— GHY formulas (cachazo, He, Yuan 13-14]
Any D. Many theories of massless particles.

Loop-level progress! Unwanted states absent or projected out.
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Outline

@ Tree level
@ One loop

@ Two loops
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Tree Level

Tree Level J
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Tree Level

Scattering Equations e

[Previous history: Fairlie, Roberts ‘72, Gross, Mende '88, Witten '04]

n
Consider n massless particles, k? =0, i=1,...,n, Y k=0.
i=1

E=Y Kk o i

i 01T

@ kinematic invariants s; = (ki + k))> =2k - k; — points o; € CP'

Ao+ B

SL(2,C) invariance,
Q (2,C) invari 0-—>CO'+D

@ (n— 3)! solutions a,(A).
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Tree Level

Scattering Equations e

[Previous history: Fairlie, Roberts ‘72, Gross, Mende '88, Witten '04]

n
Consider n massless particles, k? =0, i=1,...,n, Y k=0.
i=1

E=Y Kk o i

i 01T

@ kinematic invariants s; = (ki + k))> =2k - k; — points o; € CP'

Ao+ B

SL(2,C) invariance,
Q (2,C) invari 0-—>CO'+D

@ (n— 3)! solutions a,(A).

@ factorisation: (ki +...+kn)?2 =0 <=  o1,...,0m = 0%

[Dolan, Goddard 13]
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Tree Level

C HY Form UlaS [Cachazo, He, Yuan '13]
Tree-level scattering amplitude: A= [ du T
mo,n
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Tree Level

C HY Form UlaS [Cachazo, He, Yuan '13]
Tree-level scattering amplitude: A= [ du T
mo,n

@ Measure is universal.

e My » = moduli space of sphere with n marked points
= space of {o;}, up to SL(2, C) transf.

e du~ [[;do;id(E;) localised on solutions to scattering equations
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Tree Level

C HY Form UlaS [Cachazo, He, Yuan '13]
Tree-level scattering amplitude: A= [ du T
mo,n

@ Measure is universal.

e My » = moduli space of sphere with n marked points
= space of {o;}, up to SL(2, C) transf.

e du~ [[;do;id(E;) localised on solutions to scattering equations

@ 7(o) specifies the theory.

(n—3)! T
Direct evaluation: A = =

U[ZOI!A)

Scattering equations hard to solve, but no need for that!

[Dolan, Goddard; Cachazo, Gomez; Baadsgaard at al; Huang et al; Sogaard, Zhang; Cardona, Kalousios; Fu et al; . . .]
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Tree Level

Examples: Yang-Mills theory and Gravity  (cacnazo. te, vuan 12

Ingredients in Yang-Mills (gluon) e**e, T2, Gravity (graviton, ...) e**g,,:
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Tree Level

Examples: Yang-Mills theory and Gravity  (cacnazo. te, vuan 12
Ingredients in Yang-Mills (gluon) e**e, T2, Gravity (graviton, ...) e**g,,:

@ kinematics (¢!, k!'): pfaffian of matrix Pf'M(e!', k", o).

i s N
gauge invariant (¢! — €/ + a k!*) on E; = 0.
(T2 T% ... Tan)

@ colour (T%): c(aj,0)) = o1 on)or —on) (on o) +... “Parke-Taylor’
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Tree Level

Examples: Yang-Mills theory and Gravity  (cacnazo. te, vuan 12
Ingredients in Yang-Mills (gluon) e**e, T2, Gravity (graviton, ...) e**g,,:
@ kinematics (¢/', k'): pfaffian of matrix Pf'M(e!', k!, o)) .

gauge invariant (¢! — €/ + a k!*) on E; = 0.

w(T# T2 ... Tan)
(01 —02)(02 —03) - (0n — 01)

@ colour (T%): c(aj,0)) = +... “Parke-Taylor’

Amplitudes are A = | du Z . Clear n-particle structure in D dimensions!
. ng,n

Yang-Mills theory: Iym = Pt'M(¢;) x C(ay)
Gravity (/" = e'¢?): Tgmay = PI’M(e;) x Pf'M(&))
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Tree Level

Examples: Yang-Mills theory and Gravity  (cacnazo. te, vuan 12
Ingredients in Yang-Mills (gluon) e**e, T2, Gravity (graviton, ...) e**g,,:

@ kinematics (¢!, k!'): pfaffian of matrix Pf'M(e!', k", o).

i s N
gauge invariant (¢! — €/ + a k!*) on E; = 0.
(T2 T% ... Tan)

@ colour (T%): c(aj,0)) = o1 on)or —on) (on o) +... “Parke-Taylor’

Amplitudes are A = | du Z . Clear n-particle structure in D dimensions!
. ng,n

Yang-Mills theory: Iym = Pt'M(¢;) x C(ay)
Gravity (/" = e'¢?): Tgmay = PI’M(e;) x Pf'M(&))

: 2
= GraV|ty ~YM cf. Kawai-Lewellen-Tye relations ‘86
Bern-Carrasco-Johansson relations ‘08
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Other Examples

Many more theories
of massless particles!

e.g. Gravity-Yang-Mills,
Born-Infeld, NLSM,...

[Cachazo, He, Yuan 14]
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Other Examples

Many more theories
of massless particles!

e.g. Gravity-Yang-Mills,
Born-Infeld, NLSM,...

[Cachazo, He, Yuan 14]

Lessons:

Tree Level

H
H
H
squeeze |
H
H
H
H

@ relations between theories

“compactify”

Gravity
compactify
“compactify”
EM
E generalize
¥
single trace
EYM
1
¢ corollary

@ messy Feynman rules # messy amplitudes
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1 generalize

v
Y

generalized
YMS

compactify

“compactify”

|
compactify:
i

i
|
| squeeze
i

~  NLSM
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Tree Level

Geometry of Scattering Equations

n

k.
L(2,C) invariant differential on CP': | P, (o) = —E
SL(2,C) invariant differential on C (o) =do P

i=1

Scattering equations:
2k -k

oj —a/

P?(c)=0 < Res,P?=2E=) =—
J#i
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Tree Level

Geometry of Scattering Equations

n
SL(2,C) invariant differential on CP': | P,(0) = dO’Z L

° g —0j
i=1

Scattering equations:
2 o 2 2 k,‘ . kj

7 T

Theory on sphere based on P,?
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Tree Level

Geometry of Scattering Equations

n

k:
L(2,C) invari iff ial P': |Pu(o) =do ) ——
SL(2,C) invariant differential on C (o) =do D

Scattering equations:

P?(c)=0 < Res,P?=2E=) =—
J#i

2K; - Kk

oj —a/

Theory on sphere based on P,?

Twistor string theory (witten 03] — CHY predecessor (roiban, Spradiin, Volovich 04]
4D Yang-Mills theory.
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Tree Level

Geometry of Scattering Equations

n
SL(2,C) invariant differential on CP': | P,(0) = dO’Z L

° g —0j
i=1

Scattering equations:
2 5 2k - k;

P°(¢c) =0 < Res, P :25:2 s g
i O

Theory on sphere based on P,?

Twistor string theory (witten 03] — CHY predecessor (roiban, Spradiin, Volovich 04]
4D Yang-Mills theory.

Any D? Twistor ~» Ambitwistor space mason, skinner 13]
= space of null geodesics of (complexified) spacetime.
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Tree Level

Strings in Ambitwistor Space [Mason, Skinner 13]

Worldline action for massless particle:

Sp:/p,idx“—%ep2 d=d\d,
Y

worldline y
@ eenforces p?=0 (m?=0).

@ gauge freedom: dx* = apt, jp, =0, de = da.
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Tree Level

Strings in Ambitwistor Space [Mason, Skinner 13]

Worldline action for massless particle:

Sp:/p,idx“—%ep2 d=d\d,
Y

worldline y
@ eenforces p?=0 (m?=0).
@ gauge freedom: dx* = apt, jp, =0, de = da.
Chiral complexification: “string” ¥ at genus 0
s—l/ P.OX" —LeP?|  d—dso,
Ton i 2 - f0o%

@ P,=dop,(o).
@ e enforces P? = 0, same gauge freedom (da ~ da) .
Ambitwistor space: (X*,P,) with P> =0, (X*,P,) ~ (X" +aP* P)).
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Tree Level

Quantisation of Ambitwistor String (Mason, Skinner 13

n
Action: S=, [(P,oX*—}eP?  Amplitude: A = < [TV >
=1
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Tree Level

Quantisation of Ambitwistor String (Mason, Skinner 13

n
Action: S=, [(P,oX*—}eP?  Amplitude: A = < [TV >
=1

Gauge fix e = 0: V; = [ dojé(Res,,P?) kX ... k? =0 massless

Ricardo Monteiro (Queen Mary) Scattering Amp. from Ambitwistor Strings 14/32



Quantisation of Ambitwistor String (Mason, Skinner 13

n
Action: S=, [(P,oX*—}eP?  Amplitude: A = < [TV >

i—1
Gauge fix e = 0: V; = [ dojé(Res,,P?) kX ... k? =0 massless

Integrate X** = 0P, = 2ri Y, ki, 0%(c — 03)

= P, is meromorphic with simple poles at o; with residues k;,,.
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Quantisation of Ambitwistor String (Mason, Skinner 13

n
Action: S=, [(P,oX*—}eP?  Amplitude: A = < [TV >
=1

Gauge fix e = 0: V; = [ dojé(Res,,P?) kX ... k? =0 massless
Integrate X** = 0P, = 2ri Y, ki, 0%(c — 03)

= P, is meromorphic with simple poles at o; with residues k;,,.

Riem ki
. ] ’
iemann sphere CP' = P, —d(,Ei: 7#&’

= Res,,P? =2E; =0 are scattering equations = A = du T
Mo,n
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Quantisation of Ambitwistor String (Mason, Skinner 13

n
Action: S=, [(P,oX*—}eP?  Amplitude: A = < [TV >
=1

Gauge fix e = 0: V; = [ dojé(Res,,P?) kX ... k? =0 massless
Integrate X** = 0P, = 2ri Y, ki, 0%(c — 03)

= P, is meromorphic with simple poles at o; with residues k;,,.

K

ip
g — 0j

= Res,,P? =2E; =0 are scattering equations = A = du T
Mo,n

Riemann sphere CP' = P, =do )
i

Combine with world-sheet matter to reproduce various CHY formulas.
[also Ohmori 15; Casali, Geyer, Mason, RM, Roehrig 15]

E.g., add system of fermions ~- Pfaffian.
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Ambitwistor Strings vs. Ordinary Strings

Ambitwistor strings:

@ chiral, massless states

@ A= [([I;doid(E})) Zi(oi) Tr(v)
Ordinary (closed) strings:

@ not chiral, infinite tower of massive states

@ As(o) = [ (I1;doida))F(|o; — ;1) Zi(oi) Tr(a:)

Formulas: field theory limitis Ag(a’) “= A. Non-triviall

[e.g. Bjerrum-Bohr, Damgaard, Tourkine, Vanhove 14, Mizera 17]
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Ambitwistor Strings vs. Ordinary Strings

Ambitwistor strings:

@ chiral, massless states
@ A= [(I];doid(E)) Zi(oi) Zr(oi)

Ordinary (closed) strings:

@ not chiral, infinite tower of massive states

@ As(o) = [ (I1;doida))F(|o; — ;1) Zi(oi) Tr(a:)

Formulas: field theory limitis Ag(a’) “= A. Non-triviall

[e.g. Bjerrum-Bohr, Damgaard, Tourkine, Vanhove 14, Mizera 17]

Theories:

Surprise understanding from o’ — oo with alternative quantisation.
[Siegel 15, +Huang, Yuan 16, Casali, Tourkine 16, +Herfray 17, Azevedo, Jusinskas 17, ...] [Gross, Mende 88]

Open problem type Il superstring “/—_30 type Il ambitwistor string.
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Higher Genus

Higher Genus J
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Higher Genus

Geometry at Higher Genus

Good theory. Loop corrections? [Adamo, Casali, Skinner 13]

Example: one loop needs torus T (o~ot+l~otT)
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Higher Genus

Geometry at Higher Genus

Good theory. Loop corrections? [Adamo, Casali, Skinner 13]

Example: one loop needs torus T (o~ot+l~otT)

Recall P, is meromorphic with simple poles at o; with residues ki,

k.
@ sphere: P, =do ) J%‘Ji
j

@ torus: P, =/{,do+ Z Ki @i «
i
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Higher Genus

Geometry at Higher Genus

Good theory. Loop corrections? [Adamo, Casali, Skinner 13]

Example: one loop needs torus T (o~ot+l~otT)

Recall P, is meromorphic with simple poles at o; with residues k;,, .
k.

o — o

@ sphere: P, = doZ

i

@ torus: P, =(,do+> k,wmi. | loop momentum! |
i

g
@genusg: P,=> Pw+> k,wi. (gholomorphic diff's)

L

1=1 i
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Higher Genus

Geometry at Higher Genus

Good theory. Loop corrections? [Adamo, Casali, Skinner 13]

Example: one loop needs torus T (o~ot+l~otT)

Recall P, is meromorphic with simple poles at o; with residues k;,, .

k.
@ sphere: P, =do ) Uiil;i

i

@ torus: P, =(,do+> k,wmi. | loop momentum! |
i

g
@genusg: P,=> Pw+> k,wi. (gholomorphic diff's)

L

1=1 i

Scattering equations P? = 0 should localise both o; and parameters 7, .

Higher-genus surfaces hard (Jacobi 6 functions)... Practical?
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One Loop J
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From the TOFUS tO the NOdaI Sphere [Geyer, Mason, RM, Tourkine 15]

Torus scattering equations should localise {c;, 7}, but too hard to solve.

Loop integrand should be easier, like tree level.
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From the Torus to the Nodal Sphere

[Geyer, Mason, RM, Tourkine 15]

Torus scattering equations should localise {c;, 7}, but too hard to solve.
Loop integrand should be easier, like tree level.

Sphere-like torus? Degenerate limit 7 — ico (“nodal” sphere).

/N

0D
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From the TorUS tO the NOdaI Sphere [Geyer, Mason, RM, Tourkine 15]

Torus scattering equations should localise {c;, 7}, but too hard to solve.
Loop integrand should be easier, like tree level.

Sphere-like torus? Degenerate limit 7 — ico (“nodal” sphere).

/—.\
e D
How to get there? Residue theorem on 7 integration: localises on 7 = ico .
/A\
- D -

Different approach: use elliptic parametrisation. (cardona, Gomez 16]
Scattering Amp. from Ambitwistor Strings 19/32



Residue Argument

Torus amplitude: A(”:/dDE dp s modulus 7
9n1.n
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Residue Argument

Torus amplitude: A(”:/dDE dp s modulus 7
9n1.n

P?2(c) =0 ontorus: e E; =0 (no poles at o)),

e P?lg_o=u(lo;,7)do? = u=0 (extra).

Measure: du ~ dro(u) (][ doid(E))

View as residue integral, e.g., /daa(F(o)) = f%ﬁ(g)
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Residue Argument

Torus amplitude: A(”:/dDE dp s modulus 7
9ﬁ1.n

P?2(c) =0 ontorus: e E; =0 (no poles at o)),

o P?lg_o=u(l,0;,7)do? = u=0 (extra).

Measure: du ~ dro(u) (][ doid(E))

View as residue integral, e.g., /daa(F(a)) = }{%ﬁ(g)

1

Use g=€*"" andlocaliseat g =0 (7= i). <—>®

du 7O ~ .7{ dq [, doj torus _ _?{ dq I, doj lorus _ _ [1; doi Ttorus
My n qulliE qull;E ullEi

q=0
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NeW One'LOOp FormU Ia. [Geyer, Mason, RM, Tourkine 15]

’
Final result: A" :/dDE 7 du M /o

Mo,n+2

Like tree level, but now for one-loop integrand!

@ two new “particles”: loop momentum insertions +/

l —/ k; )
e P, =d L L —— | =lw+td
" U<U—U+(+0'—O'(+ZO'—O'/> po t UZU—U,-

@ Z(M = |im Ztorus

T— 0o
@ one-loop scattering equations depend on /,,

P2—-Pw?=0 < P?—/(?w? hasnopolesat o;, ot
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New Formalism

CHY-type expression for loop integrand:

[l o\

1
fmo,n+2

Previous derivation applied to “type Il supergravity in 10D”.

More general?
@ Higher genus is very restrictive (modular invariance).

@ Perturbative QFT less restricted than a string theory!
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New Formalism

CHY-type expression for loop integrand:

[l o\

1
fmo,n+2

Previous derivation applied to “type Il supergravity in 10D”.

More general?
@ Higher genus is very restrictive (modular invariance).

@ Perturbative QFT less restricted than a string theory!

\ Proposal: generic loop expansion is nodal expansion on sphere.

Look directly for Z(") in nodal sphere, in any D.
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NeW C HY'type FormU |aS [Geyer, Mason, RM, Tourkine 15]

Yang-Mills: I\((}\,)l = Ié:n)(e) 7l

colour

Gravity:  Tgy, = Ty (6) T (7)

rav

Double copy!
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NeW C HY'type FormU |aS [Geyer, Mason, RM, Tourkine 15]

Yang-Mills: I\((}\,)l = Ié:n)(e) 7l

colour

G 1 1) (=
GI’&VltY- Iér;v IIEin)(e) Ilsin)(g)

Double copy!

@ Susy: I}E:n)(e) = vector + fermion in the loop
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NeW C HY'type FormU |aS [Geyer, Mason, RM, Tourkine 15]

Yang-Mills: I\((}\,)l = Ié:n)(e) )

colour

- 1 1)/
Gravity: I(G%V Ilﬁin)(e) I&in)(e)
Double copy!

@ Susy: I}E:n)(e) = vector + fermion in the loop

@ Non-susy: Ié:n)(ﬁ) = only vector = ZPf M( 6,,e+, )

(similar to tree level)

Can write “vertex operator” for node.  [roetrig, Skinner 17]
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NeW C HY'type FormU |aS [Geyer, Mason, RM, Tourkine 15]

Yang-Mills: I\((}\,)l = Ié:n)(e) )

colour

- 1 1)/
Gravity: I(G%V Ilﬁin)(e) I&in)(e)
Double copy!

@ Susy: I}E:n)(e) = vector + fermion in the loop

@ Non-susy: Ié:n)(ﬁ) = only vector = ZPf M( 6,,e+, )

(similar to tree level)

Can write “vertex operator” for node.  [roetrig, Skinner 17]

’
New formula: A() = /dDK 72 (0, () = dp™M M
Mo, nt2

Explicit integrand J(¢) ? No need to solve the scattering equations.
[Baadsgaard, Bourjaily, Bjerrum-Bohr, Damgaard, Feng 15; He, Yuan 15, ...]
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New Propagator Structure
New formula:  AM = /dDE 12 dp™M ()
¢ Mo, nt2
]

Puzzle! Only one 72 rest depends onlyon ¢-K, ¢ ¢ ...
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New Propagator Structure

New formula:  AM = /dDE 12 dp™M ()
¢ Mo, nt2
’

Puzzle! Only one 72 rest depends onlyon ¢-K, ¢ ¢ ...

1

@ use = , Di=(t+K)
Shifted Integrand [T D 7 Di 11D = D)
. 1 1
@ shift each term E/ — 72
Bubble: 1 _ 1 . 1
Pl+K2 ~ 2@1-K+K2) " ((+K32(—2(-K—K?)
shi 1 1 N 1
Pl20-K+K2 W —20-K+K?
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New Propagator Structure

New formula:  AM = /dDE lz dp™M ()
¢ Mo, nt2

1
Puzzle! Only one 72 rest depends onlyon ¢-K, ¢ ¢ ...

]
@ use = , Di=(t+K)
Shifted Integrand IT; b 7~ Di 110 = Di)
. 1 1
@ shift each term E/ — 72
Bubble: 1 _ 1 . 1
P+ K2~ PRI-K+K2)  ((+Kp(—2(-K—K?)
shift l 1 n 1
2120 K+ K2 —20-K+ K2

Democratic placement of ¢ in “canonical” integrand.
Good for obtaining loop integrands from trees! “Q-cuts”  [Baadsgaard et al 15, GHY 15]
Consequences for colour-kinematics duality. [He, Schiotterer 16-17, Geyer, RM 17]
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Two Loops J
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Two Loops

Status at Two Loops

ldea: ¢

Done

@ heuiristic: 4-ptS in SUG RA, SYM  [Geyer, Mason, RM, Tourkine 16] [genus 2: Adamo, Casali 15]

@ detailed: n-pts in SUGRA, SYM (ceyer, R 18]

genus 2 follows closely superstring [oHoker, Phong 01, 05]

In progress

@ n-pts in non-SUSY gravity, YM
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Genus 2

There are 2 holomorphic differentials w,, I =1, 2.

Pick homology basis: ~

Normalise w,; with A-cycles: 7{ wy =0y
Al

Period matrix: 7y :j{ wy=7y —> 3 modular parameters
B

. . )
g1 =€7T | Q=€ Qo= e

Bi-nodal sphere:  gi1 = g2 =0 7

01+

Recallgenus 1: g=0 @
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From Genus 2 to the Bi-Nodal Sphere

Solution for P, : Pu=l1wi+ 0w+ > K@i
i

P2(c) =0 atgenus 2: e E; =0 (no poles at o)),

o P?lg—o=uywwy = uy=0 (3extra).

Genus-2 scattering equations would fix {o}, q;y} but too hard to solve.
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From Genus 2 to the Bi-Nodal Sphere

Solution for PHI PH :€1Mw1 —‘y—fzu OJQ—‘rZ k,'u Wi «
i

P2(c) =0 atgenus 2: e E; =0 (no poles at o)),

o P?lg—o=uywwy = uy=0 (3extra).

Genus-2 scattering equations would fix {o}, q;y} but too hard to solve.

Residue argument

Genus 1: from u=0 into g=0.
Genus 2: from Uiy = oo =0 into g1 = g2 = 0. (more subtle)

ST 2o FO
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From Genus 2 to the Bi-Nodal Sphere

Solution for PHI PH :€1Mw1 —‘y—fzu OJQ—‘rZ k,'u Wi «
i
P2(c) =0 atgenus 2: e E; =0 (no poles at o)),
o PPle_o=uywwy = uy=0 (3extra).
Genus-2 scattering equations would fix {o}, q;y} but too hard to solve.

Residue argument

Genus 1: from u=0 into g=0.
Genus 2: from ug1 = U2 = 0 into g1 = g2 = 0.  (more subtle)

o w2l

; o2 D D genus-2 __ dD€1 dDE? 2) 7(2)
Amplitude: A = [ d“01d"0 | du T = 57\ au') T
My . (€1)2(€2)? Jom
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From Genus 2 to the Bi-Nodal Sphere

D D
aohdTl [y @ 1)
(€1)2(£2)2 Jontg poa o1+

g1-

New formula: A®@ :/

Subtle points of residue argument:

@ leftover equation of type uy =0: U1+ Uso + U2 =0
= P?—3wf—Fuwf+((3+ 3)wiwp =0 (nopolesat o, oy, 0+)

Ricardo Monteiro (Queen Mary) Scattering Amp. from Ambitwistor Strings 29/32



From Genus 2 to the Bi-Nodal Sphere

D D
aohdTl [y @ 1)
(€1)2(£2)2 Jontg poa o1+

g1-

New formula: A®@ :/

Subtle points of residue argument:

@ leftover equation of type uy =0: U1+ Uso + U2 =0
= P?—3wf—Fuwf+((3+ 3)wiwp =0 (nopolesat o, oy, 0+)

@ 7® = |im 792 for particular form of 79enus-2
Q11,G22 — 0
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From Genus 2 to the Bi-Nodal Sphere

D Dy O+
d Z;d E; d,U/(z) I(Z) — T2
(51) (52) Mo.nia o1t

g1-

New formula: A®@ :/

Subtle points of residue argument:

@ leftover equation of type uy =0: U1+ Uso + U2 =0
= P?—3wf—Fuwf+((3+ 3)wiwp =0 (nopolesat o, oy, 0+)

@ 7® = |im 792 for particular form of 79enus-2
Q11,G22 — 0

@ leftover g2 becomes cross ratio of o=, oo+. Unrestricted range:

_ 1. g ... modular 1.
Jaei<t = Jigui<t (ae — 2as) S
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From Genus 2 to the Bi-Nodal Sphere

D Dy O+
New formula: A®) :/% du® 7@ —
(€1)2(€2)% Jomg s o

g1-

Subtle points of residue argument:

@ leftover equation of type uy =0: U1+ Uso + U2 =0
= P?—3wf—Fuwf+((3+ 3)wiwp =0 (nopolesat o, oy, 0+)

@ 7® = |im 792 for particular form of 79enus-2
Q11,G22 — 0

@ leftover g2 becomes cross ratio of o=, oo+. Unrestricted range:

I 1 gy, Moddlar o 1
f\Q12\§1 - f\Q12\§1 (1*6712 1*1(;2) - fmz 1-ai2

(2) _ (2) (2) (= (2) @) 7/
ISUGRA_ 71 Liin (€) Lin (& ~ ISYM _Ikln()

Q12 colour

Get 7/

colour from current algebra on bi-nodal sphere (cf. heterotic string).
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All Genus Plausibility

01+
01—

genus g dim¢(Mg,,) =n+3g—3
degenerations —-g
g-nodal sphere dime(Mo ni2g) = (N+29) — 3
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Conclusion

Conclusion J
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Conclusion

Conclusion

@ Ambitwistor strings describe perturbative QFTs.

@ Formulas for YM and gravity, SUSY/no-SUSY. @

loop expansion = nodal expansion ‘
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Conclusion

Conclusion

@ Ambitwistor strings describe perturbative QFTs.
@ Formulas for YM and gravity, SUSY/no-SUSY. @
loop expansion = nodal expansion ‘

Many open questions

@ All-loop story?

@ Double copy from gauge theory to gravity?

@ 4D formalism? Efficient manipulation, inc. loop integration?
@ Beyond scattering amplitudes? Beyond perturbation theory?

@ Insights into string theory?
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Extra slides J
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KLT Relations: String Theory Origin [Kawa, Lewellen, Tye 6]

Vertex operators: Vgiosed(¢"” = &) ~ Vopen(€") Vopen(€”) sj = (ki + k)2

AT AM(103) AM(123) AT = SNTYS12 4V 034y A (1243
§ = AM(128) AM(123) A = TLTUER AM(1234) AV (1243)

Field theory limitis o/ — 0.
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KLT Relations: String Theory Origin [Kawa, Lewellen, Tye 6]

Vertex operators: Vgiosed(¢"” = &) ~ Vopen(€") Vopen(€”) sj = (ki + k)2

AT AM(103) AM(123) AT = SNTYS12 4V 034y A (1243
§ = AM(128) AM(123) A = TLTUER AM(1234) AV (1243)

Field theory limitis o/ — 0.

In general (tree IeveI) [Bern, Dixon, Perelstein, Rozowsky ‘98]
rav YM "1 AYM/ p’ -3
=" AM(P,) Suir[Pa, Pl AM(P) St ~ 8]
Pn,P;,

Useful at loop level via unitarity cuts.
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KLT Relations: String Theory Origin [Kawa, Lewellen, Tye 6]

Vertex operators: Vgiosed(¢"” = &) ~ Vopen(€") Vopen(€”) sj = (ki + k)2

AT AM(103) AM(123) AT = SNTYS12 4V 034y A (1243
5 =A"(123) AT(123) i = —— A" ) AT )

TQ

Field theory limitis o/ — 0.

In general (tree IeveI) [Bern, Dixon, Perelstein, Rozowsky ‘98]
AFV=N" AM(P,) Suwr[Pa. Pl A™M(P) Skur ~ 8)7°

Pn,P;,
Useful at loop level via unitarity cuts.

Recall YM colour decomposition: colour traces or colour factors.
AM= 3" AN 2, ) w(TaT%..T%) = 3 N,c,

non cyclic aEcubic
with ¢, = facf...f  fabe —tr([T2 TP|T°),
but Jacobi identities: ¢, £ ¢z ¢, =0

Ricardo Monteiro (Queen Mary) Scattering Amp. from Ambitwistor Strings 32/32



Summary of Double Copy

Agraul=l") ~ (Prop) ™" Av(e/") % AME) |eoursrppec

KLT relations

Agav = > Awa(e, Pr) Skur[Po. Pol Awa(E Py)

PP,
BCJ double copy
n.(e) cy ny(€) Ny (€
A= (Di Aga = 3 y
aEcubic o aEcubic @

CHY formulas

A= /du I Iywm=Pf'M(e) xC  Zgay = Pf'M(e) x Pf'M(E)
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