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main physical motivation:

simplicity | +—> | symmetry

in particular case of scattering amplitudes:

* in four dimensions massive progress at tree and loop level
inspired by [Witten,03], guided by simplicity
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main physical motivation:

simplicity | +—> | symmetry

in particular case of scattering amplitudes:

* in four dimensions massive progress at tree and loop level
inspifed by [Witten,03], guided by simplicity

* dimensional regularisation in four D

higher dimensions!? { * string theory
* inherent interest: also simple?
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main idea today:

“How symmetries determine simple scattering
amplitudes in higher dimensions.”
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Pirsa: 12030086

main idea today:

“How symmetries determine simple scattering
amplitudes in higher dimensions.”

based on:
arXiv:1201.2653
arXiv:1201.2655
arXiv: 1204.xxxx

hep-th]
'hep-th]

‘hep-th]

Donal O’Connell & RB
RB
RB

Page 9/110



(vectors as

Bringing out simplicity: spinor helicity spinors)
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(vectors as

Bringing out simplicity: spinor helicit .
ging pPlCIty. Sp Y spinors)
* Poincare quantum numbers for multiple plane waves

KWk =klk) K,  KuS,

> SO(D2) K2=0

* on-shell states: little group
SO(D-1) K2 #0

* massless, 4D:Abelian little group — helicity

Pirsa: 12030086 Page 12/110



Bringing out simplicity: spinor helicit vectors as
ging pliCIty. Sp Y spinors)
* Poincare quantum numbers for multiple plane waves

KIk)y=klk) K.  KuS,

> SO(D-2) K?=0

* on-shell states: little group
SO(D-1) K2 +#0

* massless, 4D:Abelian little group — helicity

* helicity violation quantified: |[ny —n_| <n —2
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(vectors as

Bringing out simplicity: spinor helicity <pinors)

* Poincare quantum numbers for multiple plane waves

Kk =klk) K.  KuS,

> SO(D-2) K?=0

* on-shell states: little group
SO(D-1) K2 #0
* massless, 4D:Abelian little group — helicity

* helicity violation quantified: |[ny —n_| <n —2
(all trees, susy loops)

* bound saturated — simple amplitudes (MHYV)
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(vectors as

Bringing out simplicity: spinor helicity pinors)

* Poincare quantum numbers for multiple plane waves

Ky =klk)  Ki  KuS,

> SO(D2) K2=0

* on-shell states: little group
SO(D-1) K?#0
* massless, 4D:Abelian little group — helicity

* helicity violation quantified: |ny —n_| <n —2
(all trees, susy loops)

* bound saturated — simple amplitudes (MHYV)

e.g.in Yang-Mills l | B (i 7
[Parke-Taylor, 87]: l A, (MHV) =
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(vectors as

Bringing out simplicity: spinor helicity <pinors)

* Poincare quantum numbers for multiple plane waves

KIk)y=klk) K  KuS,

> SO(D-2) K?=0

* on-shell states: little group
SO(D-1) K2 #0
* massless, 4D:Abelian little group — helicity

* helicity violation quantified: |[ny —n_| <n —2
(all trees, susy loops)

* bound saturated — simple amplitudes (MHYV)

eginYangMils | iy
[Parke-Taylor, 87]: l A, (MHV) =
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Spinor helicity in higher D

(LiE software online)

* technical complication: non-Abelian little grousz

(m* =0)

* previous formulations in higher D: 3,4,5 pt amplitudes

* spinor helicity in D=6 [Cheung-O’Connell, 09]

* spinor helicity in D=4 [RB, 09] including supersymmetry
* see also D=10, [Caron-Huot-O’Connell, 10], D=6
[Dennen-Huang-Siegel, 09] 3,4,5 pt supersymmetric

S amplitudes

* no MHV amplitude simplicity
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Spinor helicity in higher D

(LiE software online)

* technical complication: non-Abelian little grousz

(m?* =0)

* previous formulations in higher D: 3,4,5 pt amplitudes

* spinor helicity in D=6 [Cheung-O’Connell, 09]

* spinor helicity in D=4 [RB, 09] including supersymmetry
* see also D=10, [Caron-Huot-O’Connell, 10], D=6
[Dennen-Huang-Siegel, 09] 3,4,5 pt supersymmetric

S amplitudes

* no MHV amplitude simplicity
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Spinor helicity in higher D
P 4 & (LiE software online)
* technical complication: non-Abelian little grousz

=0
* previous formulations in higher D: 3,4,5 pt am|a(l2,t’udes )

* spinor helicity in D=6 [Cheung-O’Connell, 09]

* spinor helicity in D=4 [RB, 09] including supersymmetry
* see also D=10, [Caron-Huot-O'Connell, 10], D=6
[Dennen-Huang-Siegel, 09] 3,4,5 pt supersymmetric

S amplitudes

* no MHV amplitude simplicity

but:
- maximal susy “lives” in D=10/D=11
- superstring / M-theory
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Spinor helicity in higher D

chiral representation of Gamma matrix algebra

I“'” o (] (T,“.If.'\l ) — ..A\
0B A 0 RV

3 charge conjugation matrix: ~ CT*C~!' = — (I")"
Qpa 0
(' p— Y . ]) ~— l/\ l
c-( 0 e D — 4k +2
S\eF, o0 ) N i
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Spinor helicity in higher D

chiral representation of Gamma matrix algebra

1.BA' A .
Ph ( ,(;] ot ) b = ( A Weyl spinors
opra U | Aar 1,2,...,D

3 charge conjugation matrix: CTHC ™! = — (]"")T

Y SZH.\ 0 T 1)
C = 0 QA ) D = 4k + 4 raise and lower

v 0 SZH'-V . “ . 1)
C = OB’ 0 . D = 4k + 2 move primes

A

— spinor products: M = [ AY] )\""g-‘g,\, = (\)
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Spinor helicity in higher D

chiral representation of Gamma matrix algebra

1. BA’ A .
Pi ( ,(;] ot ) b = ( A Weyl spinors
opra Y | Aar 1,2,....D

3 charge conjugation matrix: CT*(C™' = — (]"")T

Y SZH.\ 0 6+ 1)
C' = 0 BA ) D = 4k + 4 raise and lower

v 0 SEH'-V . “ . "
C = OB’ " : D = 4k +2 move primes

A

— spinor products: M = [ AY] /\""g-‘g,v = (\)

symmetries: from { [VA]. [AV], (M) . (¥A) } 2 independent
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Vectors and spinors

solve massles chiral Dirac equation

l\ﬂn'ﬂl;\’/\‘l,”, — () A“n-a”v\A\H — () A'z _ ()

Pirsa: 12030086 Page 23/110



Vectors and spinor SO(D-2) little group

Weyl spinors

solve massles chiral Dirac equation

kot BANL Y =0 ka4 AP0 =0 k2 =0
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Vectors and spinor SO(D-2) little group

Weyl spinors

solve massles chiral Dirac equation
.BA’' LA, 2 _
ko Aarar =0 kuoly yJAN0 =0 k<=0
* can see little group as separate or as subgroup of SO(D)
A'“(T‘“'H‘-\ _ /\]f.r:/\‘;’l )\”;0_“;/!/\”

— proof Of: (;1‘“,_\)::’(.' ~
a\b) __ Ak v
(AN =0
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Vectors and spinor SO(D-2) little group

Weyl spinors

solve massles chiral Dirac equation

l,-ﬂﬁu.n,,\f/\‘_v'”, =0 /‘.ﬂnﬁ’:\/\.'\.u —0 12—
* can see little group as separate or as subgroup of SO(D)

/ /
A'“(T‘“'H'-\ — /\“'”/\:} ’ )\ufo.;l /,/\u
— proof of: eHMyd @

I'n Y
[AHAJ)] s (] -2}1 l
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Vectors and spinor SO(D-2) little group

Weyl spinors

solve massles chiral Dirac equation

kot BANL T =0 kuah, AN =0 k% =0

/ /
A'“(T'”'H;\ = /\H'”/\:} ’ )\ufo.;f,;/,/\u
)]f ‘
[)\u/\b] — () 2!\ -V

* complete dictionairy between vectors and spinors

* little group basis choice through a set of fixed spinors:
)\;\.u . A,.‘\;\’ ca A\ ~ L cA
X K QA Ala? X KRATAQ,

(leads to complete basis, numerical convenience)
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Superpoincare —* on-shell superspaces

covariant representation of on-shell supersymmetry algebra

{(26} =K (){."‘\“V - /\.'\.UA(;I\’)
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Superpoincare —* on-shell superspaces

covariant representation of on-shell supersymmetry algebra

{(26} =K (){."‘\“‘, — /\.'\.UA(;I\’)

using fermionic variables,

{’/ . i} = (Sf* (2\ — )\“L”"/u
Oy S

Pirsa: 12030086 Page 29/110



Superpoincare —* on-shell superspaces
covariant representation of on-shell supersymmetry algebra
(Q.0) = k (A,.-x.-x’ . /\.-\.U)\(.-I\’)
using fermionic variables, |

{’/ . i} = (Sf* (2‘ - )\“L”"/u
Ony S

* on-shell superspace: {k,,7,} variables on each leg

* other reps by fermionic fourier transform
* BPS reps from higher D massless
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Superpoincare —* on-shell superspaces

covariant representation of on-shell supersymmetry algebra

{(26} =k (A"""V — /\.'\.rl)\;-l\’)

using fermionic variables,

{’/ . i} = (Sb (2\ — )\“L”"/u
0Ny S

* on-shell superspace: {k,,7,} variables on each leg

* other reps by fermionic fourier transform
* BPS reps from higher D massless
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Superpoincare —* on-shell superspaces

covariant representation of on-shell supersymmetry algebra

{(2 G} =K (){."‘\“\, — /\.'\.UA(;I\’)

using fermionic variables,

{’/ . i} = (Sb (2\ - )\“L”"/u
0Ny S

on-shell superspace: {k,,7,} variables on each leg

)

other reps by fermionic fourier transform 2

BPS reps from higher D massless /i = k7 + - (i
2q - K

extension to massive case (red)
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0

O1la

Superfields for rep: Q4 = A%y, QY ="

identify massless field content; little group spinor rep

O(n) = do + O N M. ..+ ‘f:n('l

, “Ty _ o
dm D “D-2 | 6 states: span

‘ 2

J‘_ - 1 max sYM multiplet
§ 1 2

8 o |

‘ 256 states: span
10 16 8 1\/ max sugra multiplet
* general: ¢ transforms in some representation of little group
* fundamental multiplet: ¢ is a scalar
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0

O1la

Superfields for rep: Q% = A"y, Q4 = \A

L

identify massless field content; little group spinor rep

b(n) = bo + O N &E ... + do(n

: “Ty _ om
dm D “D-2 | 6 states: span

‘ 2

4_ - 1 max sYM multiplet
O 1 2

8 8 l

‘ 256 states: span
10 16 8 1\/ max sugra multiplet
* general: ¢ transforms in some representation of little group
* fundamental multiplet: ¢ is a scalar
* other states antisymmetrized tensor products of ¢with

chiral spinor of SO(D-2)
* can calculate their Dynkin labels
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Massless on-shell superspace in D=10
D=10: 256 states in the fundamental multiplet
o(n) = do+ ¢ N+ ... + do(n)®

field content as SO(8) representations:

bosonic fermionic

0 1,
1 83

2 28, B

. 3 56, |

1 399 + 395, ) ] supergravity
) 1510) |

§) 28 5
7 8 4
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Massive on-shell superspace in D=10

D=10:65.536 states in the fundamental multiplet

b(n.t) = oo + ¢“n, + (,-"),,xi”f + ...+ ¢ ((II)HIH)
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Massive on-shell superspace in D=10

D=10:65.536 states in the fundamental multiplet

b0 1) = do + " Na + dart” + ...+ & ((7)5)

can calculate it's SO(9) Dynkin labels:

0 (0.0.0,0),

1 (0.0.0.1) 4

2 (0.1.0.0)36 + (0.0.1.0)xy

3 (1,0.0.1) 128 4+ (0, 1.0, 1) 432

| (2.0.0,0) 41 4 (0.0.0,2) 196 + (1. 1.0,0)231 + (0.2.0.0)495 + (1. 0.0, 2924
5 (1,0,0.1) 105 4+ (0, 1,0, 1) 430 + (2,0,0. 1)576 4 (0.0, 0, ';)‘,,_ (1.1.0, 1)as60
6 (0.1.0.0)36 4+ (0.0, 1,0)84 + (1. 1,0,0)931 + (1.0.1,0)504 + (1.0.0.2)g04

+(2, |o“o“]‘lll: (2,0,1,0)2457 + (0,1,0,2)2772

(0.0.0. )16 + (1.0.0, 1) 128 + (0. 1.0, 1) 432 + (2.0.0, 1)576

(0,0, 1, )7 + (3,0,0, 1) 1920 + (1, 1,0, )aseo + (1.0, 1. 15040

8 (0,0,0,0); +(1,0,0,0)9 + (0,0,1,0)84 4+ (2.0.0,0) 44 + (0,0,0,2) 196
F(1,0,1.0)504 + (0,2,0,0)405 + (1,0,0.2)924 + (3,0,0,0) 156 + (0,1, 1,0) 1650
F(2,0,1,0)9457 + (2,0,0,2)3900 + (0,0,2,0) 1980 + (4,0,0,0)450

=1

Pirsa: 12030086 Page 38/110



Massive on-shell superspace in D=10

D=10:65.536 states in the fundamental multiplet

O(n.t) = b + ¢“ny + bart® + ...+ b ((n)°c%)

can calculate it's SO(9) Dynkin labels:

0 (0.0,0,0),

1 (0,0,0,1)4 embed in bigger group?
2 (0, 1.0, u) a6 + (0.0.1,0)gy /

3 (1,0,0,1) 128 + (0, 1,0, 1) 43

| (2.0, u 0)as 4 (0.0.0,2) 126 + (1. 1.0,0)231 + (0.2.0,0) 105 + (1,0.0,2) 924

5 (1.0.0, |)|_,\ (0.1.0,1)432 + (2,0,0. 1)576 + (0.0,0, '{)‘,,_ (1,1,0, 1)asa0

§ (0.1.0,0)36 + (0.0, 1,0)84 + (1.1.0,0)93; + (1.0.1,0)505 + (1.0.0.2)904

+(2, I.U.U)‘;m F(2,0,1,0)2457 + (0. 1,0, 2)9770

(0.0.0.1)16 + (1.0.0, 1) 108 + (0. 1.0, 1) 432 + (2.0.0.1)576

F(0,0, 1, 1768 + (3.0,0, 1) 1900 + (1, 1,0, 1)a560 + (1,0, 1. 1)5040

8 (0,0,0,0); +(1,0,0,0)g9 + (0,0, 1,0)4 4+ (2.0,0,0) 44 + (0,0,0.2) 19
F(1,0,1.0)504 + (0,2,0,0)405 + (1,0,0,2)924 + (3,0,0,0)156 + (0.1, 1,0) 1650
(2,0, 1,0)9457 4+ (2,0,0.,2)3900 + (0,0,2,0)1980 + (4,0,0,0)450

=1
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Massive on-shell superspace in D=10

D=10:65.536 states in the fundamental multiplet

O(n, 1) = oo + Ony + bart® + ...+ b ((n)°c%)

can calculate it's SO(16) Dynkin labels:

0 (0,0.0,0,0,0,0.,0),

| (1,0,0.0.0,0.0,0) 16

2 (0,1.0.0,0,0.0,0) 120

3 (0,0.1,0,0,0,0,0)560

1 (0,0,0,1,0,0,0,0) 1520

5 (0.0,0,0,1,0,0,0) 4365

6 (0.0.0.0,0,1.0,0)2008

7 (0,0.0,0,0,0.1,1)11440

8 (0,0,0,0,0,0,2,0)6435 + (0,0,0,0,0,0,0,2)6435

Various other groups in paper
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Massive on-shell superspace in D=10

D=10:65.536 states in the fundamental multiplet

O(n.t) = oo + O"ng + bart® + ...+ b ((n)°c%)

can calculate it's SO(16) Dynkin labels:

0 (0,0.0,0,0,0,0.,0),
| (1,0,0.0.0,0.0,0) 16

2 (0,1.0.0,0,0.0,0) 190

3 (0,0.1,0,0,0,0,0)560

1 (0,0,0,1,0,0,0,0) 1520

5 (0,0,0,0,1,0,0,0) 4365

6 (0.0.0.0,0,1.0,0)2008

7 (0,0.0,0,0,0.1,1)11440

8 (0,0,0,0,0,0,2,0)6435 + (0,0,0,0,0,0,0,2) 5435

Various other groups in paper
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1(5

Superamplitudes Q4 = A\, QY =\ ;
07 a

L

* promote each leg of an amplitude A(k;) = A({ki,ni})
* component amplitudes by fermionic integration

simple formulation of the on-shell susy Ward identities

Q=) Q

(4

GZZGJ

[}
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0

O1la

Superamplitudes QY = AV, 0N =\

L

* promote each leg of an amplitude A(k;) = A({ki,ni})
* component amplitudes by fermionic integration
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/ (5
o,

Superamplitudes QA = N\, OA = \A

* promote each leg of an amplitude A(k;) = A({ki,n:i})
* component amplitudes by fermionic integration

simple formulation of the on-shell susy Ward identities

universal

(4

6226;

[}

solving half:  07(Q) ~e€a, 4, (Q"...Q"7)

Q= ZQ" i - exact,
QA=0QA=0

Pirsa: 12030086 Page 44/110



/ (5
o,

Superamplitudes QA = N\, OA = \A

* promote each leg of an amplitude A(k;) = A({ki,ni})
* component amplitudes by fermionic integration

simple formulation of the on-shell susy Ward identities

universal

(4

GZZGJ

[}

solving half:  07(Q) ~e€a, 4, (Q"...Q"7)

Q= ZQ" i - exact,
QA=0QA=0
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/ (5
o,

Superamplitudes QA =\, OA = \A

* promote each leg of an amplitude A(k;) — A({ki,ni})
* component amplitudes by fermionic integration

simple formulation of the on-shell susy Ward identities

universal

(4

6226;

[}

solving half:  07(Q) ~e€a, 4, (Q"...Q"7)

Q= Z @ i - exact,
QA=0QA=0

Pirsa: 12030086 Page 46/110



/ (5
o,

Superamplitudes QA = N\, OA = \A

* promote each leg of an amplitude A(k;) = A({ki,n:i})
* component amplitudes by fermionic integration

simple formulation of the on-shell susy Ward identities

universal

(4

GZZG;'

[}

solving half:  07(Q) ~e€a, 4, (Q"...Q"7) 4\

Q= ZQ" [ - exact,
RQA=QA=0

special to this
representation
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/ (5
o,

Superamplitudes QA = N\, OA = \A

* promote each leg of an amplitude A(k;) = A({ki,ni})
* component amplitudes by fermionic integration

simple formulation of the on-shell susy Ward identities

universal

(4

6226;

solving half:  07(Q) ~€a,..a, (R ...Q"7) 4\
sothat: A4 =67(Q)A with QA = 0

Q= Z @ [ - exact,
QA=0QA=0

special to this
representation
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1(5

Superamplitudes Q4 = A\, Q4 = \4 ;
07 a

L

* promote each leg of an amplitude A(k;) — A({ki,n:i})
* component amplitudes by fermionic integration

simple formulation of the on-shell susy Ward identities

(4

GZZGJ

solving half:  07(Q) ~€a,..a, (QM...Q"7) 4\
sothat: A = ¢7(Q)A with QA = 0

universal

Q= ZQ" i 7 exact,
QA=0QA =0

special to this
* 3 massless particle exception: representation

, Asj,
3D A A3 4 D+1 . A.
017 (Q) ~ €a,..Ap ((2 Q& f})
A
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Superamplitudes A=6P(Q)A QA =0

3 minimal, maximal fermionic weight for amplitudes

D
D < weight < (#mnssl(‘ss); + (#massive)D — D

e
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Superamplitudes A=56P(Q)A QA =0
3 minimal, maximal fermionic weight for amplitudes

D
D < weight < (#11121551(\5&4)7 + (#massive)D — D

fermionic delta function conjugate delta function

Pirsa: 12030086 Page 51/110



Superamplitudes A=0P(Q)A QA =0
3 minimal, maximal fermionic weight for amplitudes

D
D < weight < (#11121551(‘55)7 + (#massive)D — D

fermionic delta function conjugate delta function

delta function only amplitudes:
simple?

{ four massless

one massive, two massless

immediate four point tree amplitudes:
(5“5((2)

6% (Q) Ay e~ O &)
st 4 =10,Grav. sty

Ap—symMm ~

Pirsa: 12030086 Page 52/110



Superamplitudes A=56P(Q)A QA =0
3 minimal, maximal fermionic weight for amplitudes

D
D < weight < (#11121551(\5&4)7 + (#massive)D — D

fermionic delta function conjugate delta function

delta function only amplitudes:
simple?

{ four massless

one massive, two massless

immediate four point tree amplitudes:
(5“5((2)

()'H(Q) Apro e~ 2 &)
st =10,Grav. sty

Ap—symMm ~
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Superamplitudes A=0P(Q)A QA =0
3 minimal, maximal fermionic weight for amplitudes

D
D < weight < (#mnssl(‘ss)j + (#massive)D — D

fermionic delta function conjugate delta function

delta function only amplitudes:
simple?

{ four massless

one massive, two massless

immediate four point tree amplitudes:
(5“5((2)

Q)
gt {AD=10,Grav. st

; Ap=8.yM ~

(also three points, five points, on-shell recursion in paper)
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Superamplitudes A=0P(Q)A QA =0
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Superamplitudes A=56P(Q)A QA =0
3 minimal, maximal fermionic weight for amplitudes

D
D < weight < (#massl(‘ss)j + (#massive)D — D

fermionic delta function conjugate delta function

delta function only amplitudes:
simple?

{ four massless

one massive, two massless

immediate four point tree amplitudes:
(5“5((2)

| NN
1/1[):3_\',\[ ~ /1])21(].(1111.\'. ~
i st stu

(also three points, five points, on-shell recursion in paper)
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Superamplitudes A=0P(Q)A QA =0

one massive, two massless legs in open superstring (D=8)
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Superamplitudes A=0P(Q)A QA =0

one massive, two massless legs in open superstring (D=8)
* Lorentz invariant, little group covariant
* (sym / anti-sym on massless legs for odd/even level)

* all “Mandelstams” proportional to mass
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Superamplitudes A=6P(Q)A QA=0

one massive, two massless legs in open superstring (D=8)
* Lorentz invariant, little group covariant
* (sym / anti-sym on massless legs for odd/even level)

* all “Mandelstams” proportional to mass

determine
amplitude

) Y Y 1.0 J Q
up to 14(;"\[" _(I.(I) X (‘l‘f (!‘.2.;1 — ]1‘_:;-”) ()P's(())

constant.
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Superamplitudes A=6PQ)A QA=0

one massive, two massless legs in open superstring (D=8)
* Lorentz invariant, little group covariant
* (sym / anti-sym on massless legs for odd/even level)

* all “Mandelstams” proportional to mass

determine ’/ SO(9) vector indices
amplitude y v i

B £6 AM? . G.G) x [«l-’ (Ko, — 1,-.,.;_,,)] 53(Q)
constant.

* only symmetric representation superfields decay to 2 particles

* Dynkin labels (. 0,0.0) vs. full spectrum in [Hanany et.al., 0]
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Superamplitudes A=0P(Q)A QA =0

one massive, two massless legs in open superstring (D=8)
* Lorentz invariant, little group covariant
* (sym / anti-sym on massless legs for odd/even level)

* all “Mandelstams” proportional to mass

determine ’/50(9) vector indices
amplitude ; v i

i o AM? . G.G) x [«l-’ (Ko, — A-,.;_,,)] 53(Q)
constant.

* only symmetric representation superfields decay to 2 particles

* Dynkin labels (. 0,0.0) vs. full spectrum in [Hanany et.al., 0]
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Superamplitudes A=6P(Q)A QA=0

one massive, two massless legs in open superstring (D=8)
* Lorentz invariant, little group covariant
* (sym / anti-sym on massless legs for odd/even level)

* all “Mandelstams” proportional to mass

determine ’/80(9) vector indices
amplitude ; v i

- A .G, G) o |4 (k. — ks )| 8°(Q)
constant.

* only symmetric representation superfields decay to 2 particles

* Dynkin labels (A, 0,0.0) vs. full spectrum in [Hanany et.al., 0]
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Superamplitudes A=6P(Q)A QA=0

one massive, two massless legs in open superstring (D=8)
* Lorentz invariant, little group covariant
* (sym / anti-sym on massless legs for odd/even level)

* all “Mandelstams” proportional to mass

determine '/-80(9) vector indices
amplitude g v i

16 A .G, G) o [ (k= ks )| 6°(Q)
constant.

* only symmetric representation superfields decay to 2 particles
* Dynkin labels (A, 0,0.0) vs. full spectrum in [Hanany et.al., 0]
* factors four point Veneziano amplitude, up to “Hagedorn”

* Ward identities solved for more massive legs at three points
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More simple superamplitudes!’

minimal, maximal fermionic weight for amplitudes

: D :
D < weight < (#massl(‘ss); + (#massive)D — D

e

delta function only amplitudes?

* fermionic weight of amplitudes
related to U(|)r charge
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More simple superamplitudes!’

minimal, maximal fermionic weight for amplitudes

. D .
D < weight < (#massl(‘ss); + (#massive)D — D
- charge |
: : )
delta function only amplitudes’ QA = \Aay,

* fermionic weight of amplitudes

A’ a0
related to U(I)r charge QT = A,

Oa

* massless super fields have natural U(l)r charge (“selfdual’™)

Pirsa: 12030086 Page 65/110



More simple superamplitudes!’

minimal, maximal fermionic weight for amplitudes

: D .
D < weight < (#massl(‘ss); + (#massive)D — D
“ charge |
. : )
delta function only amplitudes? QA = \Aay,

* fermionic weight of amplitudes

A’ A0
related to U(I)r charge QT =X,

Ola

* massless super fields have natural U(l)r charge (“selfdual’™)

* U(l)r in D=8 — rotations in 9-10 plane
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More simple superamplitudes!’

minimal, maximal fermionic weight for amplitudes

: D .
D < weight < (#massl(‘ss); + (#massive)D — D
- charge |
. : ,
delta function only amplitudes? QA = \Aap,

* fermionic weight of amplitudes

A’ a0
related to U(I)r charge QT =X,

Ola

* massless super fields have natural U(l)r charge (“selfdual’™)

* U(l)r in D=8 — rotations in 9-10 plane
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More simple superamplitudes!’

minimal, maximal fermionic weight for amplitudes

: D :
D < weight < (#massl(‘ss); + (#massive)D — D
“ charge |
. : )
delta function only amplitudes? QA = \Aay,

)

Oa

* fermionic weight of amplitudes
related to U(|)r charge

* massless super fields have natural U(I|)r charge (“selfdual’)

* U(l)r in D=8 — rotations in 9-10 plane conserved
— superamplitudes here have weight 2 n
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More simple superamplitudes!’

minimal, maximal fermionic weight for amplitudes

: D .
D < weight < (#nmssl(‘ss); + (#massive)D — D
- charge |
. : )
delta function only amplitudes!? QA = \Aap,

* fermionic weight of amplitudes
related to U(|)r charge

a0

a

0N
* massless super fields have natural U(l)r charge (“selfdual”)

* U(l)r in D=8 — rotations in 9-10 plane conserved
— superamplitudes here have weight 2 n

* U(l)r in D=10 — part of SL(2,R)/U(I) of IIB
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More simple superamplitudes!’

minimal, maximal fermionic weight for amplitudes

: D :
D < weight < (#massl(‘ss); + (#massive)D — D
“ charge |
. : )
delta function only amplitudes? QA = \Aay,

* fermionic weight of amplitudes , C S
( A /\.-\
related to U(I)r charge Y

0N
* massless super fields have natural U(l)r charge (“selfdual”)
* U(l)r in D=8 — rotations in 9-10 plane conserved

— superamplitudes here have weight 2 n
« U(l)r in D=10 — part of SL(2,R)/U(l) of IB  not conserved
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Massless on-shell superspace in D=10, type IIB

D=10: 256 states in the fundamental multiplet
()(I}) p— (,-")() -+ (4-')("1[(, + ...+ 6()(?/)H

field content:

bosonic fermionic
0 1,
1 83
2 28,
/ ) ml
| 35 + 39
5 56
§) 2_(\)) 2
7 8 4
3 L,
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Massless on-shell superspace in D=10, type IIB

D=10: 256 states in the fundamental multiplet
()(I}) p— (;'j){) —+ (4-')("1[(, + ...+ a“(‘f/)(\;

field content: |

holomorphic scalar:, a + ie™*

bosonic ermionic
0 1,
1 83
2 28,
: B % 56
raviton . ‘ —1
8 ! 35, + 35

>

J

=
-] |
o
—
S

=
|OC

conjugate scalar -/
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Massless on-shell superspace in D=10, type IIB

D=10: 256 states in the fundamental multiplet

(.‘,-")(-]}) —— (‘.-';)” +- (4-')("lf(, + ...+ (.-T)()(”)H

field content: |
holomorphic scalar:, a + ie™“

bosonic ermionic
0 1,
| 8,
2 28,
. - 3 516)
raviton . ‘ —=1
8 4 35, + 35,
5 56
7 8 4
3 L,

conjugate scalar -/‘
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Structure of IIB superamplitudes 4, = A4,6'°(Q)

* superamplitudes with only massless fields have:

16 < weight < 8n — 16
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Structure of IIB superamplitudes 4, = A4,,6'°(Q)

* superamplitudes with only massless fields have:
16 < weight < 8n — 16 (weight = even)
* graviton-only amplitudes at weight 4n conserves U(1)r

* delta function only amp violates U(1)r by 4n-16 units

— Maximal R-symmetry Violation
— “MRV” amplitudes, analog of MHV
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Structure of IIB superamplitudes 4, = A4,6'°(Q)

* superamplitudes with only massless fields have:
16 < weight < 8n — 16 (weight = even)
* graviton-only amplitudes at weight 4n conserves U(1)r

* delta function only amp violates U(1)r by 4n-16 units

— Maximal R-symmetry Violation
— “MRV” amplitudes, analog of MHV

MRV amplitudes properties:
* determined by one component amplitude
* completely (Bose) symmetric
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Structure of lIB superamplitudes A, = A,0(Q)

* superamplitudes with only massless fields have:
16 < weight < 8n — 16 (weight = even)
* graviton-only amplitudes at weight 4n conserves U(1)r

* delta function only amp violates U(1)r by 4n-16 units

— Maximal R-symmetry Violation
— “MRV” amplitudes, analog of MHV

MRV amplitudes properties:
* determined by one component amplitude
* completely (Bose) symmetric
* only massive particle poles (n>4)
* = no massless poles in field theory limit
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:

r’i!l\)”{v _ ('(}”IIB)N*Z (”..’3'(.“ + ”'”('l 4 (]/,")(.2 4 O (“l{i))
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:

r’ii”w = ('qn-'z)”*z ((r"‘{('“ + ot +a”cy + O ((\’“))
\> 4

ci: symmetric polynomia in external momenta of dimension 2i

co — constant

C1 — (Z!\,)'2 = ()
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MRV amplitudes in field theory limit A4, = A4,,6'°(Q)

from general properties at string tree level:

r’i’l\,”{v _ ('(}”I_l'.z)u—-'l (”_/.'i(,{) 4 ”'”('l 4 (]/.")(.:3 + O (“l(i))
\> 4

ci: symmetric polynomia in external momenta of dimension 2i

co — constant
Cl — (ZA,)z =0
i

2 ,
C2 — E (512) up to momentum conservation

perms

cs = Y (s12)”. ) (s12523534)

perms perms
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:

r,i!l\}[l{\" _ ('q”u)n;z (”._/:i(,“ + (l'”('l 4+ (]/5(.2 + O (“/{i))
\> 4

ci: symmetric polynomia in external momenta of dimension 2i

)

co — constant sij = (ki +k;)°

S k)2
C1 — ( A,) —

:
2 .

= Y (s12) up to momentum conservation

perms

C3 — Z (""12):;- Z (""12'5"_23'5'.'%-1)

perms perms

determines amplitudes up to |-2 constants (to order a'")
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MRV amplitudes in field theory limit A4, = A4,,6'°(Q)

from general properties at string tree level:

r,i!l\}[l{\" _ ('(1”12):;—2 (”;/:i(,“ + (l'”(‘l 4+ (1/5(.2 + 0O (“/(i))
\> 4

ci: symmetric polynomia in external momenta of dimension 2i

)

co — constant sij = (ki +kj)°

Z 2
C1 — ( 11'-,‘) =

i
2 ,

C2 — E (512) Up to momentum conservation

perms

cs = Y (s12)”. ) (s12523534)

perms perms

determines amplitudes up to -2 constants (to order o’")
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:

A’l\}lm’ — ('qu-'z)”;‘z ((r”('“ +a'te; + ey + O ((\”i))

five point example from dilaton-graviton* amplitude:
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:
A_i}l\}ll{\’ = (.(;(1-'2)”“2 (n“('“ +aey + a’Pes + O (n’“))
five point example from dilaton-graviton* amplitude:

- . e . 5 - .
A}-}'m' :(g(r’“))'; —G((.‘%)n*"i — g((f'))n-"’ ([sf_)]-))

|
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:
A!l\}[l{\" _ (.(m._fz)u_z (”/:i('“ 4+ (l”('l 4+ (}/5(.2 + O (“/{j))
five point example from dllaton gravlton‘4 amplitude:

\\‘ 5/_ 3')\ ‘
AMRY (gq/2)3 —w )a)— 2(¢(5)0" \[s3]5)

+2(g )% "'E[s:f._,]r,)—3—2€\§(7)“ (13[s15)5 + 6[s72534]5)

i(TC( )Q(r’) M(ﬂ[ To]5 + 25[s15834]5) + O ()

* using results from: [Kawa| Lewellen-Tye, 86], [Stieberger-
Taylor, 06], [Huber-Maitre, 07] + equivalence theorem

* only odd zeta’s: [Stieberger, 09], [Stieberger, 127]
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MRV amplitudes in field theory limit A4, = A4,,6'°(Q)

from general properties at string tree level:

A}l\}ll{\" = ('(;(1-'2)”‘2 ((r”('“ +aey + a’Pes + O ((\’“))
five point example from dllaton grawton“‘ amplitude:

S
AN = (ga’?) —w) - 2(c(

1]5)

wlv

+1\g f o15) = 54C(T) a”7)(13[s1,]5 + 651y

( on (g3 2 /9
m( )C65) o M(“[ Tals + 25[s7583]5) + O (™)

* using results from: [Kawa| Lewellen-Tye, 86], [Stieberger-
Taylor, 06], [Huber-Maitre, 07] + equivalence theorem

* only odd zeta’s: [Stieberger, 09], [Stieberger, 127]
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:
~ 4 .) _“.) ¥ ‘ _I- 9
A!l\,[m = (ga'*)" ™" (n“('() +a'te; + a’es + O ((\”’))

determining remaining constants!  — kinematic limits
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MRV amplitudes in field theory limit 4, = A,,6'°(Q)
from general properties at string tree level:

r’ii”{v — ('qu-'z)””"z ((1“('{) +a'te; + ey + O ((\”i))
determining remaining constants!  — soft limits

supersymmetric soft limit: kisni — 0
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:

fii”w = (.(;(1-'2)”‘2 (n“(‘() +atey + e + O ((\’“))
determining remaining constants!  — soft limits
supersymmetric soft limit: %, 7; — 0

* axion decouples in this limit, dilaton related to couplings

5 ) ) i
lim A, ;1({k1.0}, X) = 2¢g.a’" ((r' _2g,— ) Ap(X)

“9s T
k1—0 e 005

“Soft dilaton theorem” [Ademollo et.al., 75], [Shapiro, 75]
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MRV amplitudes in field theory limit 4, = A4,,6'°(Q)

from general properties at string tree level:

A!l\}llf\’ — (grr'z)”‘2 (n“(‘() +atey + e + O ((\’“))
determining remaining constants!  — soft limits
supersymmetric soft limit: 4, 7; — 0

* axion decouples in this limit, dilaton related to couplings

, ; ) ,
lim A,y ({k1,0}, X) = 2502 (u’ _2g,— )A,,(J\)

a9s T
k1—0 e "0

“Soft dilaton theorem” [Ademollo et.al., 75], [Shapiro, 75]
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MRV amplitudes in field theory limit A4, = A4,,6'°(Q)

from general properties at string tree level:

A!l\I[H\’ _ (.(m_fz)u-z (”/:i(,“ + “'”('l -+ ”/5(,2 + O (“/{i))
determining remaining constants!  — soft limits
supersymmetric soft limit: %, 7; — 0

* axion decouples in this limit, dilaton related to couplings

, ) ,
lim A,y ({k1,0}, X) = 2.0 (u’ _2g,— )A,,(A)

20—
ki1 —0 oo’ ’ 005

“Soft dilaton theorem™ [Ademollo et.al., 75], [Shapiro, 75]

* diff operator annihilates gravitational coupling
— relates c¢; for various multiplicities, up to kinematics
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MRV amplitudes in field theory limit A4, = A4,,6'°(Q)

from general properties at string tree level:

r,-ifl\)[l{\" _ ('(}(]IIB)N—«'Z (”._f.'i(.“ 4 ””('l 4 (]/.")(.2 + O (“l(i))

soft dilaton limits determines amplitudes

A;\Jm\’ _ 2(;;)”—“(1"3((3) + , (1""g(.f3) ([”Un)

6 n—4
L (6)
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:

fl,l\,”w — (gn-'z)”""z (n-“('“ + o't + ey + O ((\’”))

soft dilaton limits determines amplitudes from four

Opoints
‘/ mn—4

AMRYV — 9(3yn=40/3((3) + —a((5) ([s72]n)
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:

r,i!l\}[l{\" _ ('(m,_fz)uﬁ:z (”/:i(,“ + ”'”('l 4+ “/5(.2 + 0O (“/{i))

soft dilaton limits determines amplitudes from four

@points
‘/ mn—4

A;\J““’ =2(3)""1a/3¢(3) + - 5 a'"¢(5) ([""fz}n)

SRPRRNY ‘: ,,—
from ﬂve\_’/3v | | f

points _
how many points
for which order?
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

from general properties at string tree level:

)

A!l\}llf\’ = (.(;(1-'“)”‘2 (n“('“ +a'te; + ey + O ((\”"))

soft dilaton limits determines amplitudes from four

@points
/ mn—494

‘;i;\)“{\ _ 2(3)N—‘1(1,’:;C(3) _+_ . ) (},5((5) ([Hl‘lz‘.z}“)

s fr r
from ﬂve\_’/3v | | f

points :
how many points

include more stringy for which order?
symmetries’
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

more stringy symmetry in |IB: SL(2,2)
[Green-Gutperle, 97], [Green et.al., 97-12]

* results for effective action, R*, D*R*, D°R° \'° couplings
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

more stringy symmetry in |IB: SL(2,2)
[Green-Gutperle, 97], [Green et.al., 97-12]

* results for effective action, R*, D*R*, D°R® \'° couplings
* coefficients as functions of background fields 7, = a;, +ie ?*

e.g.: fﬁél(Th- Th) - Z (l + ’”Tb)zkﬁﬁ(/ + ”"Th)iﬁ
(L,m)#(0,0)

Pirsa: 12030086 Page 97/110



MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

more stringy symmetry in |IB: SL(2,2)
[Green-Gutperle, 97], [Green et.al., 97-12]

* results for effective action, R*, D*R*, D°R® \'° couplings

» coefficients as functions of background fields 7, = a; +ie "

-k 2k—f3 ~j
eg: fh(m.m)= Y  (I+mn)* P(l+m7)”
(L,m)#(0,0)
* non-holomorphic Eisenstein series, B3

known to O (u-’T)

oo W

Pirsa: 12030086 Page 98/110



MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

more stringy symmetry in [IB: SL(2,2)
[Green-Gutperle, 97], [Green et.al., 97-12]

* results for effective action, R*, D*R*, D°R° \'° couplings

» coefficients as functions of background fields 7, = a; +ie @

-k 2k— 3 ~B
eg: fh(m.m)= Y  (I+mn)* P(l+m7)"
(L,m)#(0,0)
* non-holomorphic Eisenstein series, B3 —

known to O ((}-’7) @

oo W

*“k” < U(l)r non-conservation(!) a® & B =
* weak string coupling expansion:

lim £ (7. 75) o C(3) + (1-loop) + instanton

ThH—7r10C 2
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MRV amplitudes in field theory limit 4, = A4,,6'%(Q)

more stringy symmetry in |IB: SL(2,2)
[Green-Gutperle, 97], [Green et.al., 97-12]

- (,.‘)h

./..I;'.(T!J- Th) — Z (/ + ”)Th)‘l"f‘)j(/ + I”Th)*ff*.f

(I,m)#(0,0)

T, = ap +1¢€

“exact” amplitude conjecture:

A_‘_,l.!\’ll{\-' o ()‘l(i((g)(”_!‘)y)n—Q (”_!ii n—4 + (}_!.’;./-g—l ([-""‘fg]n) + O (“/(i))

J 3
2

Pirsa: 12030086 Page 100/110



MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

more stringy symmetry in |IB: SL(2,2)
[Green-Gutperle, 97], [Green et.al., 97-12]

=ap+ie” %  f5(m, ) = Z (I +mm)* (L +m7) 7
(I,m)#(0,0)

“exact” amplitude conjecture:

A_‘_,l;\,ll{\-' o ()‘l(i((z)(”__!‘)y)n—Q (”_lii n—4 + (}_;,f,‘/:ijp—l ([H:[-)-)]n) + C) (“/(i))

J 3 2 2
2 2

* analytic part of amplitude (non-branch-cut containing pieces)
* guess for next order exists

* relation to effective action?

Pirsa: 12030086 Page 101/110



MRV amplitudes in field theory limit A4, = A4,,6'°(Q)

more stringy symmetry in [IB: SL(2,2)
[Green-Gutperle, 97], [Green et.al., 97-12]

. — -k k—73 — - 3
™ =ap+ie Y fi(Th,Tp) = Z ([ +mmp) (I +mTy)
(I,m)#(0,0)

“exact” amplitude conjecture:

A_‘_,l;\,ll{\-' X ()‘l(i((g)(”__!‘l'q)n—Q (”_lii n—4 + (}_m‘/:g—l (["‘f')]n) + C) (“/(i))

J 3 2 2
2 2

* analytic part of amplitude (non-branch-cut containing pieces)
* guess for next order exists

* relation to effective action?
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

more stringy symmetry in |IB: SL(2,2)
[Green-Gutperle, 97], [Green et.al., 97-12]

n=ap+ie”%  f5(m, ) = Z (I +mm)* P (L +m7) "7
(I,m)#(0,0)

“exact” amplitude conjecture:

A‘_,l.{\,ll{\-' ~ ()‘l(i((g)(”_!‘)g)n—Q (”_!ii n—4 + (}_!.’;./-ijx—l ([H'.l_’.)]”) + O ((}/(i))

J 3 2 2
2 2

* analytic part of amplitude (non-branch-cut containing pieces)
* guess for next order exists

* relation to effective action?
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MRV amplitudes in field theory limit A4, = A4,,6'%(Q)

more stringy symmetry in [IB: SL(2,Z)
[Green-Gutperle, 97], [Green et.al., 97-12]

n=ap+ie” %  f5(m, ) = Z (I +mm)* P (L +m7) 7
(I,m)#(0,0)

“exact” amplitude conjecture:

A_‘_,l;\,ll{\-' o ()‘l(i((g)(”!‘)y)n—Q (”_lii n—4 + (}_!.’;‘/‘ijx—l ([H'.l_’.)]”) + O (“/(i))

J 3 2 2
2 2

* analytic part of amplitude (non-branch-cut containing pieces)
* guess for next order exists

* relation to effective action?
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MRV amplitudes in field theory limit A4, = A4,,6'°(Q)

more stringy symmetry in [IB: SL(2,Z2)
[Green-Gutperle, 97], [Green et.al., 97-12]

Ty =ap+ie” * ./..I}'(Th- Th) = Z (l + Hm,)kﬁf(/ + mm)ikf'{
(L,m)#(0,0)
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MRV amplitudes in field theory limit A4, = A4,,6'°(Q)

more stringy symmetry in [IB: SL(2,Z2)
[Green-Gutperle, 97], [Green et.al., 97-12]

. — (D f\ ll\f)’ *I\*f
T, =ap +1e” % fo(T, ) = Z (L +mmp) (l +mTy)
(I,m)#(0,0)

“exact” amplitude conjecture:

A_‘_,l;\,li{\-' X ()‘l(i((g)(”__!‘l'q)n—Q (”_lii n—4 + (}_m./:g—l (["“f')]n) + C) (“/(i))

J 3 2 2
2 2

* analytic part of amplitude (non-branch-cut containing pieces)
* guess for next order exists

* relation to effective action?
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Summary, outlook

main drive of this talk:

“How symmetries determine scattering amplitudes
in higher dimensions.”
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Summary, outlook

main drive of this talk:

“How symmetries determine scattering amplitudes
in higher dimensions.”

some examples of applications: simple amplitudes

more examples/explicit amplitudes?
* MHV- MRV analogies!?
* lIA? D=11? — constrained superspaces
* Geometric twistor/pure spinor picture?
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Your Question
Here!
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