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. Ongbwatt(l/" an S-matrix with (planar) O(t/tawc@

Fu()  _  _Fa(s) =
Zn:a(s)—n - ;a(t)—n \Ez

* Rests cructally on the presence of o0 massive modes

*  Massive modes: mostly Higher Splns (HS)

(Dirac, Fierz, Paull, 1936 - 39)

4D Ay — Py, (O — M2>90,u1--.,u3 —N ¢
[Symumetric] Dlrac-Fierz-Paull i1 5
(DFP) conditions: Pui...us —
[D>4: AM — qb’u(l) (1), (N (™)1 Solul,ul---,us = 0
Mgy 33 1 sy

[Mixed (multi-symmetric)] Vienwna, April. 201z



* [ vacuwm stability: OK with susy'1
*  Key addition: Low-energy effective SUGRA
(2D data translated via RG bnto space-time notlons)

Sp = /ﬁ,yabaaxuabxvgw(X)+/ eabé?aa:“c‘?bX”BW(X)+/ o TR D (X )+

Sh =22 /dDX\/T:e <R _ 1—12H2 + 4(8<D)2)—|—

*  Deep conceptual problems are inherited from (SW)GRA.

*  String Fleld Theory: field theory combinatorics for amplitudes.
Massive modes tncluded. Backoround (in)dependence?

Are strings really at the heart of String Theory?
Lessons from (and for) (massive) HS?

Vviemwna, April. 2012



* Key properties of HS fields:

- Sy mmetric HS flelds, triplets and HS geovietry;

e HS Lnteractions:

— External currents and the vbvz, O{Lgcowtlwultg ;

— Linmiting string 3-pt functions and gauge symmetry;
— Conserved HS currents § exchanges;

— 4-polnt functions and beyond.



Fromsdal (1978): watural extension of s=1,2 cases (BUT with CONSTRAINTS)

(“primes” = traces)

Coan smeLL{g notation (and algebra) hiding space-time bndices:

4

15 Fronsdal constraint




Blanchi identity :

224 Fronsoal covx,stmmt.

Natural to try and forego these “trace” constraints:

*BRST (nown malnlmal) (Buchbinder, Burdik, Pashnev, Tsulaia, , 7998-)

* Minimal compensator form (Francio, AS, mowrad, 2002 -)

—

S=3 Unconstrained Lagrangian
L /7 7 6
(SQMWW’V@@V) I_:Z—delfb\/atb\/e D (Buchbinder et al, 2007 Francia, :2007)]



wWhat are we gatniing ?

A‘&CV some tteratlons: NON-LOCAL gauge invariant equation for ¢ ONLY
= [0y = 0,8, T+ O, K, — o1 = 8,0,AF — 6R%, =0

prp —

s> H’iemmhg of connections ana cur/atures (e wit and Freedmar, 1950)

NON LOCAL geometric equations :

s—m1: g REllvs g
. On o
(Francia and AS, 2002)
S = 277/ 1 [n]’V1~ Vs __ O
qn—1
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QW) = 0

(Kato and ogawa, 19€2; Witten; Neveu, West et al, 1985,,...)

BRST equations for “contracted” Virasoro:

1 T
Ly = 3 > o
[=—oc

D
[Li, L)) = (k—1) Ly + 1 m (m? — 1) dk+1.0
o > ©

First open bosonic Regge trajectory = TRIPLETS T o =

Propagate: s,5-2,5-4, ...
(A. Bengtsson, 1926; Hemnenux, Teltelbolm, 1987) Y
(Pashwnev, Tsulain, 199€; Francia, AS, 2002; Bonelll, 2003; AS, Tsulala, 2003) 0D —

B /
Oown-shell truncation: ¢ — 2D = QOa

(Francia, AS, 2002)

Off-shell truncation :  (euchbinder, kiykhtin, Reshernyak 2007 )

) 1
Geometric form: L ~ RIsIpaps o1

(Frawnctia, 2010)

R[S]Ml-'-/"'s
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Problems :

" Aragone - Deser problem (with “mintmal” gravity coupling)
" wWelnberg — Witten

" Coleman - Mandula

" Velo - Zwanziger problem

" Welnberg's 1964 S-matrix argument

RV EDEN



Problems :

" Aragone - Deser problem (with “mintmal” gravity coupling)
" wWelnberg — Witten

" Coleman - Mandula

" Velo - Zwanziger problem

" Welnberg's 1964 S-matrix argument

But:
Berends, Burgers, van Dam, 1982)
y y , (Bengtsson®, Brink, 1983)
= (Light-cone or covariant) z-vertices (Bowlanger et al, 2001 -)
, , , (Metsaev, 2005,2007)
[Vl L9 her d@YL\/ﬂtL\/@S] (Buchbinder, Fotopoulos, lrges, Petkow, Tsulaia, 2006)

(Boulanger, Leclere, Sundell, 2008)
(Zinoviev, 2008)

= (Scalar) scattering via curvent exchanges (Manvelyan, Mirtehyan, Ruhl, 2009)
(Bekaert, Mowrad, Joung, 2009)

= String contact terms rvesolve Velo-Zwanziger (Argyres, Nappi, 1929)

(Porvatl, Rahwman, 2009)
(Porvatl, Rahman, AS, 2010)

2y 2 _ 1 1 7 (Vasiliev, 1990, 2003)
vasiliev e gs: = Deformedt Low-derivative with A#0 I A

= mﬁmtetg many fields



(Fronsdal, 197g)
(Francila, Mowrad, AS, 2007, 2008)

- Static souwrces: Coulomb-like
- Restdues: degrees o{ freedom

p° Ay — pup-A =
*€.9.871:

I:Iﬂ-

o E ‘ ~

.. Unique NON-LOCAL Lagrangian

(with proper current exchange)
E.g. for s=3:

NOTICE:

vienna, April. 2012 o



—_

1
m=0 : T,TH — E(T’)z

m*0 T,,T"‘W—ET’2
H 3

-

< (van Dam, Veltman; Zakharov, 1970) — (co 1/\,35\/\/60{ T;,w)
S

N I
> (D —2,5) ' Jglnl . gtnl
Vs and D, m=0: n=0 n! (S - 2“)' 2n — 2 . T T,u,r/ . 1 T N2
D) —) s il p_o )
,On_|_]_(D,S) —

D+4+2(s—n—2)

= VDVZ, discow’ciwuitg: comparing B and (B+1)-dim exchanges
= Vs: can describe massive fields a’ la Scherk-Schwarz from (D+1) dimensions :
Leg. fors=2: M P (M, cosmy) , A, sinmy), @ cos(my) ) 1

Vviemwna, April. 2012



Two types of deformations:

" g finite ds radius L

"0 mass M
— 1 ML 2 _ D — 1 (Higuceht, 1927,2002)
= (’]/U/)2 ( ) ( ) (J /)2 (Por@mti, 2001)
D—1 (ML)2 — (D - 2) (Kogan, Mouslopoulos, Papazoglou, 2001)
rRational function of (ML)? massless result as (ML)>0
massive result 3s (ML)
Questions: How to extend to all s ¢ Origin of the poles ?

£.9.: massive s=2 n ds > in general NO gauge symmetry, BUT o  (ML)? =D — 2

“Partial” aauge Stj mmetra : 5huu — VMVVC (Deser, Nepolmechie, 1984)

(peser, Waldvon, 2001)

NOTE: the coupling ), W ls NOT “partially gauge tnvariant
Unless ) v ls CONSERVED AND TRACELESS

/7 A o
Viemwna, April. 2012



Two types of deformations:

" g finite ds radius L
" 0 mass M

2 (Higucht, 1987#,2002)

J ! (Porvati, 2001)
D—1 (ML)2 — (D - 2) ( ) (Kogan, Mouslopoulos, Papazoglou, 2001)

Rational function of (ML)2: {

£.9.: massive s=2 n ds > in general NO gauge symmetry, BUT o  (ML)? =D — 2

“Partial” aauge Stj V%Mﬂtl’g : 5huu — VMVVC (Deser, Nepolmechie, 1984)

(peser, Waldvon, 2001)

NOTE: the coupling ), W ls NOT “partially gauge tnvariant
Unless ) v ls CONSERVED AND TRACELESS

7 A S A
Viewna, April. 2012



Closer Look at old difficulties (for definiteness s-s-2 case)
S

* Aragone-Deser: NO “standard’gravity coupling

for massless HS arownd flat space;

» Fradkin-vasiliev : ok with also higher-dertvative terms arownd
* Metsaev (2007) Light-cone

* Boulanger, Leclereq, Sundell (2002): non-Abelion CUBIC “SEEDS”

HS around flat space; > MORE DERIVATIVES

Naively: 2 devivatives, |,

~

oo |2 G O7P G 4 5,0 3 §ooP oo,

BMTACT[/(ALLY: 49 gauygwawgﬁwi + augowugygﬁ&/ . gowu@u@ygﬁ&/
4’ D(CVL\/WZL\/CS' _9 a(ugu)ayau 5551/ _9 5a7u86augﬁuy 4+ glaaﬁﬁégly - gauyaﬁaggyuy}

DEFORMING the highest vertex to (A)ds one can recover consistent “wmlnimal”
couplings WITH higher-derivative tails, with a singular Limit as A 2 0

A A S~
Vo BPA A1l 1
Wi, ApriL. LO1L



(AS, Taronwna, 2010)

Chan-Paton factors

Gauge fixed Polyakov path integral 2 Koba-Nielsen ampLLtAQes

BN

Vi, (un) U

Yij =Yi — Yj Vertex operators € 2 asywmptotic states

Vvirasoro =2 Flerz-Paull
(Lo—1) [¥) =0
Li [¥) =0

Ly |¥) = 0

HERE massive HS, but ...

viewna, April. 2012 e



For symmetric open-string states

1
¢i(pi, &) = o Bi gy, EEF LN

(15 Regoe trajectory)

gi ) pj
Yij 2 Yij

1 n
Z ~ exp D) E o'pi-pjInlyi;| —v2a!
V7]



(AS, Taronna, 2010)
* Virasoro constraints directly tn generating function

81—1 82—1 83—1

—p§=

—p§=

2
_p —
— L a’ a’ 1%

* L, constraint: mass

* L, constraint: tmmgversatitg — 9 'D:FP OOV\,D[LtiDV\/S

* L, constraint: vanishing trace

—

o KEY SIMPULIFICATION OF 2-POINT FUNCTIONS:

Zphys ~ €Xp \/a—/<§1'p23< Y23 >+€2'P31< Y13 >+§3'p12< Y12 >>+(§1'€2+§1'§3+€2'§3)
2 Y12Y13 Y12Y23 Y13Y23

\

- — Slgns (twist)
“On-shell” couplings > star- product with symbols of fields

At = ¢4 <p1, 5% + \/gpzﬂ) ®2 <p2, £+ 6(?_& + %/pz?,) ®3 (p:)n § =+ \/gpm)

H 5 ~ ]
Viewna, April. 2012
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Wigner
Fumnction

* 0-0-S8:

“A(j):—O—s = <i\/g) P1¢2 ¢3-Dis
Conservea

(massless 9) |+, 6) Lo (.@ + Z\/%§> o (az F 7;\/%/5

(Berends, Burger, van Dam, 1986)

+sAy-pa1 A1u¢'/"'Pf2_1}

—\ S+2
a' s
5) A1 -pasAz-p31d-pia,

SAA D

" IS ~1 | -
Vvienwna, April. 2012
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(AS, Taronna, 2010)

* OLD [DBA: String Theory broken phase of “something”

* AMPULITUDES: can spot extra “dlebris” that ovops out in the “massless”
Limit, where one ought to recover couplings based on conserved curvents.

© A gauge bnvariant pattern shows up!

Az = exp{@[m& 06)(D, p12) + (9, - 06,) (0%, p2a) + (D, - 06, (@, -p31>]}

X @1 (pl; §1 + \/%/pzza) ¢ (pz; §2 + \/%/pm) ®3 <p3; §3 + \/gpm)

£;=0

' G operator: builds o CASCADE of Lower-derivative terms



(AS, Taronna, 2010)

The Limiting couplings are induced by conserved currents: J + @

ji(a:; f) = €xXp <:Fi\/ % fa [841 '8(:2 8?2 —28&‘ 842 '(91 + 2882 8C1 82}>

X ¢1 <$ ¥ i\/glfa G F 73\/204’32> b2 (fl? + i\/g/f, C== i‘V204’31>

* GENERALIZED WIGNER FUNCTIONS, conserved up to massless Klein-
Govdon, divergences and traces. Unlque extemsion to both Fronsdal awad
compensator cases (with divergences and traces), conserved up to complete egs.

¢i=0

CORRESPONDING GAUGE INVARIANT 2-POINT FUNCTIONS:

Ai = exp {\/ %[(351 O, +1)(0e; - p12) + (g, - Ogy +1)(0¢, - p23) + (Og, - Oey + 1)(0, 'Psl)}}

X ¢1(p1;&1) P2 (p2; §2) d3 (P35 E€3)

Related work (evew s): Ma nvelyan, Mirtchyan, Ruhl, 2010

. - S A
Viewna, April. 2012



(AS, Taronna, 2010)

A natural guess for gauge invarant FFe couplings in (type-0) superstrings:

Az[:(‘)]i = exp(£G) Y1 <p17§1 + \/%/P%) [L+de,]v2 <p2’ f2 & \/%/pgl)
X ¢3 <P3a §3 = \/glpn)

Determings corvesponding (Bose and Fermd)conserved HS currents:

I

£,=0

JOE (@ &) = exp (:Fz‘ ,/% Ea [0, -0, 0%y — 208 By - 01 + 208 ¢, .az})

¥, (x T \/gg, G F i\/2a’82> [1+g} U, (m + \/g/g, Co + i\/2a’81)

¢i=0

. al 6% e (0%
Tp (x5 €) = exp (:Fz V5 &a [0 - 0c, 0% — 208 0c, - 01+ 208 0, -az])

x |1+ de] 0 (cc F i \@5, G F Nza/%) P, (:c + Z\/gé G+ ix/2a'81>

¢i=0



(AS, Taronna, 2010)

Owne can complete uniquely the cubic string vertices. The result Ls gauge
bnvariant up the Fronsdal (or compensator) equations, New tngredient:

, 1
Hij = (1 + ¢, - 0¢,) iD; — 5P +O¢, O¢; - O
D. — p: -0 1 & O - O
where LLU; = Dy §¢_§pz' i Vg, U,

Ar = exp:t{\, %[(851 '852 +1)(8§3 'p12) + (852 '853 +1)(8§1 'p23) + (853 '651 +1)(6§2 'p31)i|}

= e o1 (p1;€1) P2 (pa; €2) b3 (pa; €3)
£:=0

A 4

X ¢1(p1;581) P2 (P2 E2) d3(p3; €3)

£:;=0

/

N 3
At (tot) — o &1 [1 - (%) (K12 His + Hoi Moz + Hai Haz) £ (%) X

(:Ho1 Hao Haz s —  Hio Har Hos : )] o1 (p1,61) w2 (P2, &2) @3 (P3,£3)

£:=0

N /T DI A A Yt ia
Viemna, April. 2012



B

5866885600080

d OMYY@V\;E'B)(OMQ V\/ge fDVWLU.LDt: (Fronedal, 197€; Francia, Mowrad, AS, 2007)
1
§ Jinl - glnly
2 d < 9 9
— nl2?"(3 - 3 —s)p
*  Scalar currents § “coupling function” (Berends, Burgers, van Daw, 199¢)

(Bekaert, Joung, Mourad, 2009)

r

J(z,u) = & (x + iu) ®(x —iu), a(z) = Z %ar

*  Bekaert-joung-Mourad amplitude (D=4):

/ /

A =L [ (% (w—t)+ %m) ta (% (w—1) - %m) - ao] X 61 (1) $2 (2) 63 (p3,) D4 (p4)

24

SAA D
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(Taronwna, 2011)

o (Limiting) =-pt functions:

> {(851 O, +1)0e, D12 + (O, - Ocy +1)0¢, - pas + (Og, - Oey +1)0, 'P31] }

X ¢p1(p1;61) P2 (p2; €2) P3(ps; €3)

£:;=0

what Ls the meaning of @?

cubic vertex: tensor products of YM and scalar vertices
These quantities are gauge tnwvariant, up to the DFP conditions

what ave the analogues of the two basic vertices for N>3 pte?

[“Lego bricks” for S-matrix amplitudes]

Viewna, April. 2012
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(Tarvonna, 2011)

* Quartic YM vertex:
"contertermfor Linearized gauge symmetry

* Actually:
oaunge symmetry requires “planarly dual” patrs

* YM amplitudes:

Al AP AS Al (% + B2 + % + B;‘Wp> [tr (T*T*T°T?) + tr (TT°T°T)] + ...

* qauge inwvariant HS amplitudes (open-string-like):

S u

k
Zl...uk 21...1/k 21...1/k gl'l...O'k <% + 63 + 057 + /8“) (Su)k_l |:t,r (TaTbTCTd) + t?" (TdTCTbTa)] + RO

* Weinberg's 1964 argument bypassed: Lowest exchanged spin = 2s-1

* =2 Now-local Lagrangian couplings

* Closed-string-like amplitudes: striking differences already for s=2 |



° Free HS Flelds:
— ConstraLnts, coMPpENSators ano curvatures
— (string Theory (o 2 0) : triplets)

* Interacting HS Fields:
— External curvents ano vbvzZ (O{Ls)comt’mu’ut@
— Cuble tnteractlons and (conserved) currents

* (Old) Frontier crossed: (class of) 4-polnt mvuplitudes
— Massless flat Limits vs Locality

L

Beyond String Theory?

viemwna, Ap
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