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Outline

I. Higher point open superstring amplitudes (tree)
St. St., T.R. Taylor 2006—2008.

e Universal properties and relations

II. Open & closed vs. pure open string disk amplitudes

St. St., to appear very soon.

e Sort of generalized KLT on the disk



I. Recent results for N—point open superstring amplitudes

N—point open string disk amplitudes in background with CFT description
St. St., T.R. Taylor 2006—2008

Motivation: Recent results in YM in spinor basis:
compact expressions, recursion relations, . ..

e Computed N—point open superstring disk amplitude
involving members of vector multiplets to all orders in o/,

e Compact representation to all orders in o/,

e Derived SUSY Ward identities to all orders in o/

Universal Properties

e completely model independent

e universal to all string compactifications

e any numbers of supersymmetries




Examples with members of vector multiplets

e 5—gluon MHV amplitude in superstring theory

A(97,95,99 94,98 ) = Tr(Tr...T5) (V2 gya)3 &

(12)2

X (34)2(45)

((41)[15] K1+ (42)[25] K»)

e Supersymmetric Ward identities in string theory

o 12)2 o
A(QlaQQagél_agz_l.l_?"'?gN) — >2 A(¢17¢27¢:—3,|_7¢j1_7gg_7"'7g]\/')

(34)

e N—gluon MHV amplitude in superstring theory

5,0~ - 2¢(2
A(9179279;,gi,...,g$,a/) — (1_0/ C(Q)F(N))

- 3
X A(91792792_3|_792|.|_7"'79N)+O(a, )



Recent results for N—point open superstring amplitudes

Note:

SUSY transformations within one multiplet (VM) using

e N conserved SUSY charges Ql, I =1,...,N, with Q] = § 4= VI(z)

e (Space—time) SUSY transformation of open string vertex operator O

on world-sheet disk [ Q'(n;) , O(z) ] := ¢ 22 1% Va(w) O()
C.
generates SUSY Ward identitites (valid to all orders in o')

c.f. also talk at Strings 2008.



Generalizations and Task

e Include chiral multiplets (N=1)
e Use of world—sheet supercurrent T

e Include closed strings to probe brane/bulk couplings

—— Derive relations between different types of amplitudes

— Amplitudes of open and closed string moduli



First look: N—point parton amplitudes in D = 4

g = gluon
Consider superstring disk amplitudes involving both V¥ { Y = gaugino

Eg.: CM { mpisiting
in D=4
Ap(97,95 .93 a5.a3) = [ V(s — 20 PO(s)) €(1,2,3,4) ]
X AFT(gl,gzr,ggr,q4,q5)
Ap(97,95,93 94 98) = [ V(s =20 PON(s)) €(1,2,3,4) ]
X AFT(9179279§|_79479 )

Striking relation to all orders in o’ !



N—point parton amplitudes in D = 4

12)4
AFT + — g3 <
th (o192.93:9495) = 19 715503 Gy s o1
with:
14)4(15)
AFT + + = 4 <
91,953,953 a5, @3) Y M (12)(23)(34)(45)(51)
VO®)(s;) = soss f1+ 2 (52534 sass — s152 — s34 — s155) f2
and.
P(5)(Si) = f2, (i, 4, m,n) = a’QEaﬁ/ﬂ/ kit kyg ki ki,
CF- B 2 (4) (12)"
1. Ap(91:95,93 3.04) = 49fyV (55) (12)(23)(34)(41)
I (13)4(14)
Aplo1,93,43. %) = 2 g5 VP (s)) (12)(23)(34)(41)




N—point parton amplitudes in D = 4

( A(g9 ... g%N)

A(x1x2g91 ... g9N-2)
Relations can be generalized to: |«
A(p@1p*2 g . gON-2)

| A(¢M$"2go1 ... gON-2)

No intermediate exchange of KKs nor windings !

anN agN
gN-1 q1

IN-1

g4 g9 [}




Amplitudes important for low string scale physics

Most relevant for signals from low string scale effects in QCD jets

N 103 ‘ T ‘ T ‘ T —
> B . E . . . .
S | T W acakoound 1 @ No intermediate exchange of KKs, windings
St - nor emmission of graviton
= 102 . —
© = -
~N ™. ; . .
3 N o i e Useful for model—independent
- \".\o\ L) ® o o — . .
O T e IR low—energy predictions
10 = 5T =
- 7 /'./ &\ ]
N / ] . . - . . . . .
~e—.—. =5 /,'-’ % 1 e Universal deviation from SM in jet distribution
- ; % ]
TE S~ /'/./ N\ x‘\ =
- gg > 99 J/ .\ N ‘\‘ ]
B _ NN R N
B ﬂ@/ \, \.\ b |
—1 wa N N e
10 = Q/- '\ o~ ~ L} . .
P "\, ~d Lust, St.St., Taylor, arXiv:0807.3333;
= ~ |
- Sl Anchordoqui, Goldberg, Nawata, Lust,
_2 .\

10—t St.St., Taylor, arXiv:0808.0497, arXiv:0904.3547;
M(TeV) Lust, Schlotterer, St.St., Taylor, to appear



Appendix: Chiral matter vertex operator

Vertex operator of chiral fermion (a,b)
a

(,0)

b

V(%_ V2 uk) = gy [T510 7290 whsy(z) =70(2) X

[ gy=(2a/)1/2a/M/* ¢10/2 |

Boundary changing operator =*"%(z), with h :g and:

:ambz faﬂbz — 1
(=) ) =




II. Disk scattering of open and closed strings

1 NO NC 2 NO Nc
A= Z VC_KG H - dCU] H = d Z; < H : Vo(a:j) : H : ‘/C(EZ,ZZ) I>
rE€SN. /2 j=1"%m i=17H+ j=1 i=1
H, o “Ne
0 <
g ZN.—1
®
® .. ..
<3
—@ g o @ L
D-brane stack X T9 T3 TIN,~1 TN,

V,o(x;) = open string vertex operators inserted at x; on the boundary of the disk

V.(Zi, zi) = closed string vertex operators inserted at z; inside the disk




Example: Two open and two closed strings on the disk

With PSL(2,R) transformation three arbitray points wi,w> € R and wz € C may
be mapped to the points x1,x> and zi:

Choice: 1 = —0c0 , zo=1 , Z1 = —tx , 21 =1 , Zo =2 , 20 =2

with z € Hy and z € RT

r1 = —0oQ To=1

A(1,2,3,4) = /_O:Od:v (e(—o00)e(1)c(iz))

2 . .. .. . . .. — .
x /Cd 2 (1 V(=00) 1 1 V(1) & 2 Vi(—iz,iz) : : Ve(Z, 2) )




Two open & two closed strings versus six open strings on the disk

e generic structure of world—sheet disk amplitude
of two open & two closed strings:

W(,ﬁ;,ao) [041,>\1,71,ﬁ1
a,A2,72,062

— / dz 20 (1 + iz)®1 (1 —z'a:)az/sz (1—2)M (1 —3z)

x (z—2)" (z —ix)"M (z —ix)2 (2 +iz)P1 (z 4 ix)P2

: : : ] ) Oprisa
e generic structure of world—sheet disk amplitude of six open strlngszgt_sf, 2005
1 1 1
I ni,n2,n3 _ /dw/dy/dz P23 tn1 yp23+k24+p34+n2 ,P16+13
na4,ns5,Ne,n7,Ng8,19

0 0 O
x (1 — g)P34TNa (1 — )PA5TN5 (1 — ,)P56T76 (1 — gy)P35T77

x (1-— yz)p46+n8 (1-— xyz)p36+n9 . n; eZ




Two open & two closed strings versus six open strings on the disk

After splitting the complex integral into holomorphic and anti—holomorphic pieces:
Analytic continuation, introduce £ = z1 4120 , n =21 — 122 , p =1z,

p,&;n € R.

W(/@,ao) [

1,171,601 -
] = 5 [ dplpl*™ [1+p|* |1 —p|*
042,)\2,’)’2,52 —00

x [ d& [ dn|l—¢M|E—pt €4 pl?

X |1 —=mnl* |n—Dp2n4+pl% |&€—n" O(p,&n)

Answer: Six open strings, with:

z1 = —00, zp=1, 2z3= —p,

zZ4 = p, z5 =&, 2z =
p1 = ka, p2 = ko,
p3 =pa = 3ks, ps =pe =3k

- N,




Two open & two closed strings versus six open strings on the disk

YA, 3,4, 5, 2,6 +A[1,3, 4,5, 6, 2] +A[1, 3,4, 6,5, 2]+

iﬂﬂriﬂt Las
e 2 A[1l, 3,5, 4,2,6]+e 2 A[1,3,5, 4,6, 2] +
ins

e 2 A[1,3,6,4,5, 2] +e'?% (A[1, 3,5, 6,4, 2)+A[1, 3,6,5,4,2])+
el Ar1,04, 3,5, 2, 6] A1, 4,3, 5,6, 2] +A[1; 4, 3,6, 5,2] =

itnn ik Aine ine
e 2 Al2, 4.5, 3,2, 6]+e 2 A[1,4,5; 3,6, 2] +e = A[l,4,6,3,5,2]%
B Rl (4, 5,76, 3,2 +A[L, 1,6, 5,3, 2] ve " SAr1, 6, 3, 4,5, 2]+
i ne

el MW T n[1,3, 2, 5,4, 6] «et?8 (A1, 3, 2,5,.6, 4] +A[L, 3,2, 6..5,.4]) +

i e

+i .
e 2 | A[1.3,5, 2,4, 6] +edTertnC g 3 5 9 6, 4]
Eiﬂ.“:ri.ﬂ’h FL[}-; 3. 6§:2,5; 4] +E1.ﬂ'.‘= {ﬁ[l; Feehioigy 2 '1:] +.F!L[1; 3: 6, 5, 2, ‘!1]] i
1nﬂ+iﬂt A n=
e 2 Hid,16, 3,/2,45, 4] we = A[1, 6, 2,5, 2,41 &
itne i1ns

e 2 A[l,6.3,5, 4,2] «e*T2al1,6,4,3, 5, 2)«e = A[l, 6,4, 5;3,2]



Two open & two closed strings versus six open strings on the disk

After inspecting phase N(p, &, 1) :

o sin(mB82) [A(163542) + A(163524) + A(164532)]

7 (Ky0o0) [0419\1,71,[31]
O‘27)‘2772762

+ sin(w)) [A(134526) + A(143526)]

+ oyoy sin(my2) A(132546) + R

([ A(163542) : 21 <26 <23< 25 < 24 < 22

A(163524) 1 z1 <2< 23< 25 < 22 < 24
_ _ _ _ A(134526) 1 z1 <2z3<24< 25 < 22< 26
with the six open string orderings <«
A(132546) D 21 < 23< 220< 25 < 24 < 26

A(164532) : 21 <26 < 24 < 25 < 23 < 22

A(143526) : z1<za<z23<2z5< 22< 26




Two open & two closed strings versus six open strings on the disk

After inspecting phase MN(p, &, 1) :

e many different contributions (open string orderings) A(a,b,c,d, e, f)

e Mmany striking relations:

A(]'? 57 37 67 47 2)

A(]'? 57 47 67 37 2)
A(1,2,3,6,4,5)
A(1,2,4,6,3,5)

A(1,2,3,6,5,4)

A(]'? 27 47 6757 3)

_|_

A(1727 37 5747 6) 9

A(1727 47 57 37 6) 9

A(1727 4? 5? 37 6) 9

A(1727 3? 5?47 6) 9

= .-E(S'ftﬂ A(1,2,3,4,6,5) + — .[E(S'ftﬂ A(1,2,4,3,6,5)
sin (%) sin (%)

cos [5(s + 2] A(1,2,4,5,3,6)
?in (%) 9 9 9 9 9

= .-E(S}H)} A(1,2,3,4,6,5) 4+ —— .[E(S}H)} A(1,2,4,3,6,5)
sin (%) sin (%)

cos [5(s + 2) A(1,2,3,5,4,6)
Sin (%) 9 9 9 9 9

— Six—dimensional basis !



Appendix

To obtain canonical form of open string amplitudes given
by generalized Euler integrals (along segment [0, 1])

requires rather involved transformations:

2 2 2
L p— -1+ e e
14+ yz 14+ yz (1 4+ yz)
1 1 —2y 2—x
R ————
1—2yz 1 —2yz x(1 — 2yz)
Y (2 —2)y 2 — xyz
I3: p— §———"7— n—
2 —xy 2 —xy 2(2 — zy)
1 1 —2y 2—z
Ihi: p— oy o
1 —2xy 1 —2xy 2(1 — 2zy)



Open & closed vs. pure open string disk amplitude

General: Disk amplitude involving N, open and N, closed strings

IS mapped to disk amplitudes of N, + 2N, open strings

E.9.. No=2, No=1 = four open strings
No=3, No=1 = five open strings
No=4, No=1, N,=2, N.=2 = six open strings

No=2, No=1:. G [Ozo,al,ag] = Sin(ﬂ')\) A(1234)

N,=3, No=1: G© [i;gj = sin(7\2) A(15243) + 0., sin(ra) A(12345)

Non—trivial: (Ng 4+ 2N. — 3)!=dimensional basis of functions




Open string disk amplitudes

Basic ingredients of open & closed disk amplitude:
(N—-3)! (color) ordered open string amplitudes A(1,...,N).

The full open string tree—level N—point amplitude A:

AL,2,.. N) =g Y Tr(@UT%®@ . T%WM) A(1,0(2),...,0(N))
oceSN_1

with Sy_1 = Sny/Zy and states all in the adjoint representation

A(1,2,...,N) tree—level color—ordered N—leg partial amplitude (helicity subamplitude)

The (N — 1)! subamplitudes are not all independent.
In addition to cyclic symmetries by applying reflection and parity symmetries

A(1,2,...,N) = A(1,N,...,2),
A(1,2,...,N) = (=1D)Y A(N,...,2,1)

reduce the number of independent partial amplitudes from (N —1)! to %(N— 1)!



Field—theory D = 4

Moreover in D = 4 FT further relations found by:

e Kileiss, Kuijf, 1989 (N —2)!
Del Duca, Dixon, Maltoni, 2000

e Bern, Carrasco, Johanson, 2008 (N — 3)!

E.g.: Subcyclic property (photon-decoupling identity)

> App(1,0(2),0(3),...,0(N)) =0
oceSN_1

In STTH these relations do not hold beyond FT order !



World—sheet derivation of amplitude relations

However:

By applying world—sheet string techniques

— new algebraic identities

e proof does not rely on any kinematic properties of the
subamplitudes

e these relations hold in any space—time dimensions D

e fOor any amount of supersymmetry



World—sheet derivation of amplitude relations

Eg. N=4:@| A(1,2,4,3) sin(mu) A(1,3,2,4)  sin(ms)
A(1,2,3,4)  sin(xt) = A(1,2,3,4)  sin(wt)

AS a result these relations allow to express all six partial amplitudes
in terms of one, say A(1,2,3,4):

A(174737 2) — A(1727374) J

Sin
A(]-) 2747 3) — A(]-) 3747 2) — ﬂ A(]-) 27374) 9
sin(mt)
Sin
A(1737274) — A(1747273) — ﬂ A(1727374) .
sin(mt)
Clearly, in the field—theory limit the relations simply reduce to the well-known identities:
AFT(1727473) . E AFT(1737274) . f
Apr(1,2,3,4)  t ' App(1,2,3,4) ¢

Subcyclic property Apr(1,2,3,4) + App(1,3,4,2) + Apr(1,4,2,3) =0



World—sheet derivation of amplitude relations

E.g. N =5 : Relations:

Siﬂ[ﬂ'(SQ — 84)] A(l, 2,3,4, 5) + {Sin[ﬂ'(sl + so — 84)] — Siﬂ(ﬂ'sl)} A(l, 3,4,5, 2)
+ sin[n(s2 —s4)] A(1,4,5,2,3) 4 {sin(nwss) + sin[n(s2 — sa — s5)]} A(1,5,2,3,4) =0
[sin(7s1) + sin(wss)] A(1,2,3,4,5) + sin[n(s1 + s5)] A(1,3,4,5,2)
+ {sin[w(s1+ s2 — sa)] —sin[w(s2 —sa —s5)]} A(1,4,5,2,3) +sin[n(s1+ s5)] A(1,5,2,3,4) =0

AS a result these relations allow to express all six partial amplitudes in
terms of two, say A(1,2,3,4,5) and A(1,3,2,4,5)

A(1,2,5,4,3) = —A(1,3,4,5,2) =sin[r(s3 —s1 —s5)] !
x { sin[r(s3 —ss5)] A(1,2,3,4,5) +sin[w(s2 + s3 —s5)] A(1,3,2,4,5) } ,
A(1,3,4,2,5) = —A(1,5,2,4,3) =sin[m(s3 —s1 —s5)] ¢

x { sin(ws1) A(1,2,3,4,5) —sin[nx(s1 + s2)] A(1,3,2,4,5) } ,...
Clearly, in the field theory limit, these two relations boil down to the subcyclic

'dentlty AFT(1727 37475) _I_ AFT(17374757 2) _I_ AFT(174757 273) + AFT(1757 27374) = 0.




World—sheet derivation of amplitude relations

e [ hese relations allow for a complete reduction

of the full string subamplitudes to a

minimal basis of (N — 3)! subamplitudes just like in field—theory

e Reproduce Kleiss—Kuijf and Bern—Carrasco—Johanson identitities

in field—theory limit

Basic ingredients

— of open & closed disk amplitude are

(N — 3)! (color) ordered open string amplitudes A(1,...,N)




Open & closed vs. pure open string disk amplitudes

Sort of generalized KLT on the disk

Velosed(Zi» zi) =~ Vopen(Z;) Vopen(z;) =~ Vopen(n;) Vopen(&;)
z € C ni, & € R

E.g.: (Apy (1) Aps(22) Guapa(Z1,21) Guspe(Z2,22))

= <A,u1($1) Au2($2) Au3(771) A,u4(§1) Au5(772) A,u6(§2)>

(Apy (1) App(x2) F5(Z1,21) F5(22, 22))

~ (Apg (1) Apz(22) xalm) xz(€1) xv(n2) x5(82))



Open & closed vs. pure open string disk amplitudes

T his map reveals
important relations between
open & closed string disk amplitudes

and pure open string disk amplitudes !




