String Theo Y
oSS ONS
for 7—@56’% Spins

MASSILD TFArOVIAA
Scuol Normale Supertore & INFN, Prsa

Based on:
Master Thesis (2009) [arXiv:1005.2061] (M.T. aovisor: Prof. A. Sagnottl)
&
to appear: A.Sagwottl and M. T,



Whatis \S’fm'nﬂ Tl ory 7

v It IS a scheme based on the mechanical modlel of the
vibrating relativistic stitng

\‘?

v Although very watwal a lavge wuntber of questions
/‘ rematin unsolved: Backgrovwnd (bn)dependence(?),..,

Rey bngredient for conststency: nfontte tower of HS excitations

Soft UV behavior, open~closed duality, modular tnwvariance, ete...

Thediffioulty  m— -  Tic wechanteal vodel htdes the systematic

A posstble way ' Probe String Theor Within a regime where
out HS excitations are relevant

String Theory is a consistent Higher-Spin Theory! 5




” 2?2, - v .
2 her S foins oS ing Tﬁemﬂy
(n the Limit where the striing tenston tends to zero
or the energy tends to tnfinity all HS excitations

must be treated ow the same footing Gross, Mende (1928),
Awmatt, Ciatalont, Veneziano (19g9)

T _ 1 — O Moeller, West (2005)

21’ he

String Ward tlentities and

Bengtsson (:ngﬁo) ( ) Lenear velations between
Henmweaux, Tettelooim (1987 ’ ,
Pashney, Tsulaca (@ﬁg) soattenwg aMPLLt“dCS

Francid, Saowottt (2002)
Bownelll (2002)

Sngwottt, Tsulata (2004)
fotopoulos, Tsulata (2007) Loy, k. (99 1-n002)

bnwvolving HS excrtations

Lo Granie Boui(e

Sundborg (2001)
Sezgin, Sundell (2002)
Bianechi, Morales, Samtleben et al (20032)




Whatis.the Grande Bouffe?

Colemaw, Mandula (19&7);
Wweinberg (1964);

Velo Zwanziger (1929);
Several’ VLO..@D YﬁSM.LtS: Haag, Lopuszgawslri, gohwius (1975);
Avaciowe, Deser (19729-19€0);
Webnberg, Wittew (19€0);
Porrati (2002)

Two dlifterent approdches on the field theory stde:

>
‘/FYa we-LtRe (vasiliev et al, 1920-; Bowlanger, (azzeolln, Swndell, 2008 )

/7 /.
‘/MetYLO~LL|Q,6 (Sbngh, Hagew, 1974; Fronsdal, Fang, 197; Buchbinder, Tsulaia, Pashney et al, 199€-;
Francin, Sugwnottl, Mowrad, Campoleont, 2002- )

Ustng Strivg Tineoryds a theoretical laboratoryy one caw extract alot of
Lnformation abont cowststent tnterdctions of S states

v Massive seattering amplitiudles and couplings oo wot suffer-fron the
usual problems encowntered n the massless case

v In the massless Liniit ordinary gauge bavariance emerges!

s String Theory unioue as a Higher-Spivn Theory? No!




Pl

> Open Bosonie Striwg) Tivee-level S-matrix Amplrtunes

Review. of the operator formalism
String sywmbol caleulis
Generating function {or 3-potnt correlation functions
3-point Ancplituoles
4-pont Ancplitiles
String Currents
> String) Higher-Spin Couplings
> Couplings 0-0-s
> Couwplings1-1-s
> ceneral case
> Higher-Spin Consenven Currents

> el Theory) Scattertng Anmplitioles

> Generating function of current exchanges
> Scattering awplitunes

YVV VYV YV



( Upen ) Bosonic- String S=matrjx

Chawn-Patown factors

Tne starting pobint is the gauge fixed version of the Polyakov path. tntegral

Owe needs vertex operators associated to asymptotic
states via the state-operator Lsomorphism

very difficult to recover the complete covariant solution tn closed form




Op en- &‘m’zfiﬂ Vertex Opem tors

The Rey open=string
oscillators ave codlified by
the weodle expansion

From Lt oneirecovers the state operator
LSonweprphvsm




Sym%/ Coleulus

It LS comvenient to constier the sY mbols
of the usual striwg oscillators n

(n tervns of sywbols the usual vertex operdtor corvelation function that enters
bnto the definition of the S-matrix becomes

Sywbol of the vertex operator

Generating Function

A useful tntegral vepresentation ts avatlable

weyl-wigner caleulus 8



Generg L‘inﬂ Functions

Standarol two-olimenstonal {Leld theory generating fuunction

S

Z(E™) ~ exp

Z[J] = i(2m) D (J)C exp ( - % | dPod*o’ J(o) J(0") G(o,0")

e A (y) € 4 €M B (yis pi) + o/ pipyInlyy|

For external states tn the {irst e oe
tra|ectoryy of the open string

¢i(pi &) = 7% i g o, gl ghn

b 1 — & ps 1& &

. 2
it Yij 2 Yij



Tﬁ:ﬂee~ﬁaz'nz‘ Flmpﬁ' fudes

The ssue Us wow,to tiepose the
VIvasoro constramnts at the Level
of the generating function tw
oroler to select the ph gs’waL
LATOAALLON

L, comstrabnt: mass paramweterization
for the {irst Regge trajectory

L, constrabnt: transversality

pi & =0

L, constratnt: tracelessmess

Theve ts wo term -
proportional to L L

At the end one obtatnsthe physical generating function for-three-point amplitudles




Tﬁm’&pamf Flmﬁﬁ fudes

The awplitues are given o Y thestar P
product of the physieal generating fiunction !" 2(€2) $3(£3)] * thys

with the synbols of the vertex operators

Te result ts




7—'0m'~p0mf Flmﬁ/ udes

w Ehts casethe aneplitude is given by

, : . AW 90 (gnyd
Again, Leaving arbitrary the z (2m) £(p1 + p2 + p3 + pa)

three fixed tnsertion positions,
owne arrives to 4 Mobius

LAVartant result

p17p27p37p4)

Owe cav proceed i analog ) with the three-pobnt case Lavelthevarious non eyjelic orderings

( o >‘) (851 ' 854 —1_852 ) 853)
X ¢ (pl, £§ V2o (“ps A+ pa(1- ) cbz(pa, £ § V20 (+ps (1= X) — pa\)

X ¢3(p3, & § V2 (4p1 A — p2 (1) ¢4(p4, €4§ V20 (~pr (1= A) + p2 A)

12



Currents
The three-pobnt amplitunes comeputest [
cawn be easiLg turned tnto couplings ‘

The oeneral expression for the current ts

[ A% A%] + ] Tr[- A% A%

d'€y  d%s g : i
WW Z§ (p17p27p3;£7§27£3)¢2(p277’€2)¢3(p377’€3)

6, Cre§ VIl o,

These currents are NOT conserven! But ... i



Derturhative Noether Procedure

Puyecopps 7 Ppyope T 6f(¢)u1---us + O
Spin oo pramr 7 Epaepay T GC(Qbaf)ul---us—l T 0(62) 3

A0, (4° " 9)

It does wot deform the abelian It deforms the abelian gauge
Qaunge symmetry symmetry 14




O~0~s szpﬁ@y

lw this case the current generating functiow ts cowserved and
Ls given by

Berends, Burgers ano Vaw
Doam, (1986)

Bekaert, joung, Mowrad,
(2009)

In this case it is posstble to computte the coupling for every physical state tn the
spectrm showing that only the totally symmetric states cowple with the tachyon

15



(~1~s Couplings
Py

S’meLest now trivial exa mptei

Tints coupling ean beextracted fron our general result and'is given by

s(s = 1) A1 Az 0M piy

— S
T <§ \/%) A1~ A2 6Pty + 541 pas Azy 0 Dt + 54z pa1 AL 0¥ Dl

—\ s+2
a/
+<§\/7) A1 pas A2 psidpis

The on-shell gawge variation with respect to the spin-1 external legs

VAWLSNES ’Ldewtf,oaug

Ow the contrary the gauge vartationw with

respect to the spiin-s external leg gives

To recovey the massless Limtt one should talke
care of such htddew subleading terims

16



(~1~s Couplings
Py

- Parametervze the

Inthis casewe can try a stmple routel aneplitue!

Tl’lﬂ VﬁSlAUZ LS Part of the spin-1 energy momentiun tensor

Traceless on-shell

(t is gauge invariant on-shell with respect
to the spin-s Leg i the massless Limit!

Tihls term gives rise to the nown zero gauce
variation with respect to the spin-s leg




(~1~s Couplings
Py

Tnesame vesult conldl be recovered without any explicit reference to some
PAYAWEte TZALIOW!

L Reconstruct the tail of the couplings starting from.

the highest derivative one!

Compute the
oauge variation

Find a counter terme that
cancels this contribution

Continue until no more

) Disentangle this tatl from the string coupling
contributions arise

2 —
m [] 1



Mussless limit of the Tﬁemﬂy

The procedure outlined in the previous example can be 9
' ' m* — [
uplemented {or the general s-s,~s, coupling!

The result Ls:

%/[(851 '852)(853 .p12) + (852 .853)(851 'p23) + (853 .851)(852 .p31)}

X p1 <p1; &1+ \/%p%) @2 (pz; 2 + \/%p:ﬂ) ?3 (ps; &3 -l-\/%pm)

£i=

This amplitude is gauge invariant up to linearized massless equations of motion
and uniquely determines its off-shell completion up to partial integrations and
field vedefinitions

Stimplest now trivial operator commuting with:



7—@%@:& sz’n Conserved Curvents

The cowplings so {arobtatned are tnduced by woether currents J * @

Aogain they dre conserven up to massless Kletn-corolon equation,
divergences and trices, but thetr completion turns to be completely fixed!

_ |

¢1 (p1§ £ + \/%P23> P2 <P23 &5 + \/%pm) ¢3 (p3§ &5 + \/%Pm)

£:=0

20



Current Excﬁm/;ﬂey

The propagators propagate only
Lrvedluctble degyrees of freedom

same trick: use the
[t must project onto the traceless- lv symbols
Lransverse 'Pa rt Hovmogeneous

Sywmmetric

P(S) (5 2 A 2, € ) )\) polynomial of degree
w fortotally
Sywmmetric tensors

Muassless case: only traceless Projeotor

assoctated to a harmonte
poLg nwomtal

Trce operaator “ 0 ¢ 85

(Laplace Operator)

} The propagator s

Tine result for massless totally
sywmetric fields is




Generating functions of exc ﬁanﬂey

Generating function techniques give theposstbility to sum an tnfinite
ey of propagators with arbitrary coupling constants

Massless HS tn D=4 i{a:i Massive HS in D=2 (FLVSt Rﬁ@@ﬁ
trajeotorg multilet)

The result tn arbitrary B is very complicated and stmplifies only
for some particular chotees of the coupling comstamnts

Massive HS tn D=2 a+3 (First
Coupling function (Bekaert, Joung, Mourad, 2009) Regge tra J ectory muLt'LpLet) 22



Seatte m’zfy A mp [itudes

Owe cave use the string curvents to compute scattertng amplituoles with
exchanges of-tniinitely wany higher-spin particles

X9 (Pl § Voo P2 P2 (P2, Voo P1 ¢3 (P1,§ Vad/ P4 P4 <P2a Voo P3

Stmtlar results for-the other currents, tn hioher
dimenstons and {or massive particles

23



Outlook

We considered totally symmetric spin-s fields belonging to the first Regoe
trajectory) of the open bosonie string:

» AlL three=potnt couplings have been found (both abelian and won-abeliamnt)
> Stgnals of- non-abeltan gauge sywmimetry at the cubic oroler
» Al four-point amplitudes have been computed

» Higher-spin fowr-potnt amplitude computation on the Feld theory side
(Lwﬁwﬁt&Lg many particles propagating)
> Any vererence to the wechanical niodlel has beew conpletely eliminated

Very enticing: dissect the Veneziano ancplitude and confront with the
freldl theory result

cuartie coupling computation

MODYEOVEY:

> Stwilar analysis for mixed-symmnetry fields of the spectrium (work tn progress)
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