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Introduction

e Pure Spinor formulation is a manifestly super-Poincare covariant worldsheet theory of
superstrings. Berkovits

* Tremendously successful in computing of scattering of massless string states — at loop
levels surpasses the well-known RNS formalism approach.

Berkovits, Chandia, Mafra, Gomez, Schlotterer,...

* The massive states remained comparatively unexplored. Unintegrated vertex for 1
massive state was constructed by Berkovits & Chandia (hep-th/0204121). DDF-like
construction was given by Jusinskas (1406.1902).

* General arguments established equivalence between PS and RNS/GS formalism.
Explicit equivalence known for massless states.

Berkovits; Berkovits, Mafra...

* Explicit equivalence for massive states?



1-slide summary of PS formalism

o 1 _
* The worldsheet actionis S=— [ d®z 0X™0X,, + pa00* + waON"
T

* The commuting Majorana-Weyl spinor A satisfies the pure spinor constraint
A"A=0
e Spacetime SUSY is made manifest in terms of the GS variables II'",d,

* The PS constraint implies a gauge invariance jw, = A,,(7"*\)s » Which is
dealt with by working with gauge invariant currents

e Our ordering convention for any composite object is {11"", dn, 00%, N™"™ J, A}
* BRST operator takes a simple form

Q= ?fdz)\ada



Vertex operators in PS

 All vertex operators are of the form

V ~ E O; S; » Appropriate superfields
i \
(1™, d,,, 80%, N™ J, A%

* For n-th massive state, the unintegrated vertex V must have
conformal weight = n and ghost number = 1.

o {lI™,do,00%, N™,J}  All have conformal weight = 1, ghost no. = 0.

A% has conformal weight = 0 but ghost number =1.



Unintegrated vertex

* Constructing the vertex requires determining the superfields S; in
terms of the physical superfield representing the supermultiplet such
that the BRST condition is satisfied.

QV =0——) (Q0y)S;i+0;(QS;) =0 = » 0,5, =0

* |deally, we would like to set all S. = 0 and solve for the Superfields.

P~

* However, due to pure spinor constraint, not all of the O, are actually
independent. So one needs to take care of that.



1°t Massive states in open superstrings

87

* The first massive supermultiplet contains bmnps Gmn> U

N

34 44 128

* These physical fields satisfy
K" bmnp = K" Gmn = k""", =0

1
K ey = — —

Oé’

* Berkovits-Chandia constructed the unintegrated vertex for this

supermultiplet. All superfields must be expressed in terms of the physical

on-shell superfield B,,,, and its super-covariant derivative.
hep-th/0204121
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Berkovits-Chandia construction

Vo= ON"A(X,0)+ : 00° N\ Bas(X,0) : 4+ : dgX*CP (X, 0) : + : TN H,o (X, 0) : < > T ~ Z 0, S,
)

+: JAYEL(X,0) : + N A Fyn (X, 0) -

Baﬁ = (anp)oz,@anp ) Ca,B = (7mnpq)aﬁcmnpq

< 0V = QA and field redefinition
,YmceﬁFan — 0 , (,Ym m)a —0

recall that all operators were not indpendent

N (Ym)ag — ! : IXY (V) ap = O (YY) ag » follows from pure spinor constraint

]

——QZ_A@anAﬂ :(7“w$37b)a5l{{2wmy%—IL[AaAﬁ :(vamng)aﬁ}(s

VWTY

XN (207751 K sy + 1601 g K | = 0

introduce lagrange multiplier superfield Kfnnpq



Berkovits-Chandia construction

* QV + (Lagrange multiplier term) = 0 gives m—
* Formidable set of equations, but it was solved!

* All Superfields were expressed in terms of a

Single superfield B,,n, and its supercovariant

derivative D, By .

* Rest frame analysis showed this superfield Bnp

contains all the 128 bosonic + 128 fermionic d.o.f

('Wnnpq'r)aﬁ [DQB_BU - Vts‘xaHs,S’] =0
('Ymnpq'r)uﬁ [DOZHSﬁ - 750000.3] =0

af lod o 1 st\o
(/Ymnpqr) g |:DaC B +9 QEVB + 5(’7 t) aFBst =0

a/

/
(’Ymnpqr)aﬂ [DaAﬁ T Baﬁ + Odl’y;adscaa = 5D|3Ea =+ 1

(AfStD),BFast}

!_af VWITYS t
nstK

=2« ’ymnpqr’yaﬁ

vwLY

Oé,

/
; PREEV :
(mnp)® | DaAg + Bag + a'45,0:C% — 5 DgFa + 5

(v D)p Fos]

_ /. af wxy s

= 16« 'Ymnplym’j nStK wrys

af o VWIT « s
('Ymnpqr) ‘ DaE,‘S’ = ("Y-mnpqr'y y’)’s) aK vwzy

aff s vwIT s\«
(77anpqr) ‘ DaF[jt o _2(’)’mnpqr’)' w y,},[ ) avKt]vwg;y



What more do we want?

* Vertex operators are used to compute scattering amplitudes. For this one
needs the full covariant 0 expansion of the vertex.

. }I’he BC construction only allows one to perform a B expansion in rest
rame.

* We also need a general prescription to repeat this feat for integrated vertex
and for all higher massive states.

* Goals-
1. Give a systematic procedure to construct massive vertices in PS .

2. The procedure must also allow one to perform the full covariant 6
expansion of the vertex.

3. Compute scattering of massive states, compare with RNS and extend the
explicit equivalence to include massive states.



A systematic procedure to construct
massive vertex

e Step 1: For the n-th massive state, write down the most general
operator of form
P Ve~ 0

|

conf wt = n and gh no. = 1 operator

unknown superfield with proper indices

* Example: For n=1,
V o= O0MAn(X,0)4 : 00°X*Bag(X,0) : + : dg\®CP/(X,0) : 4+ : I™AH,,0 (X, 0) :

+: JAYEL(X,0) i 4+ N A Fmn (X, 0) -
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 Step 2: For each physical field in the supermultiplet, introduce a
superfield defined as

and promote all algebraic conditions on the physical fields to
superfields. We will call these Superfields physical Superfields.

=9Jmn 5 Yma
6=0

Example: For n=1, Bmw

6=0 Yma

K" ma =0 = K" Ve =0 5 ("Ym)a=0—= (V"¥n)a =0

K™ bmnp =0 = k" Bpnp =0, E"gmn =0 —= k"G =0
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* Step 3: Derive all constraints between operators O; at conformal weight n and

ghost no. 2. These constraints are either due to pure spinor constraint or due the

OPE of various constituent objects.

* Handle the constraints either by introducing Lagrange multiplier Superfields or by

solving them to eliminate some operators in favor of others.

* Incorporate them in the BRST condition QV=0.

* Example: for n=1,
_9. Nst)\o{)\ﬁ : (,Y'Ufwmy,y[S)aﬁKt] 4 J)\Of)\ﬁ : (,}/vwmy,.}/s)aBstwxy

VWY

—I—Od,AaaAﬁ [Z(WwayS)aﬁnsthvwmy + 16(,YlULUy)a6KSw$yS:| — 0



* Step 4: Use representation theory of the little group SO(9) to write
down ansatz for each unknown Superfields S; as a linear
combination of the physical Superfields B;, F;.

* Example: For n=1, we had the superfield F,, ., appearing in the
vertex. We can decompose it as

(

FaOa
Famn = 4

Faab



 Step 4: Use representation theory of the little group SO(9) to write
down ansatz for each unknown Superfields S; as a linear
combination of the physical Superfields B;, F;.

* Example: For n=1, we had the superfield F,, ., appearing in the
vertex. We can decompose it as

(
FaOa

1629 — 16 @ 128
Famn:><

Faab



 Step 4: Use representation theory of the little group SO(9) to write
down ansatz for each unknown Superfields S; as a linear
combination of the physical Superfields B;, F;.

* Example: For n=1, we had the superfield F,, ., appearing in the
vertex. We can decompose it as

Fooa 1629 — 16 ® 128—
Fomn = < — physical irrep

Faab

\ unphyscial irrep



 Step 4: Use representation theory of the little group SO(9) to write down
ansatz for each unknown Superfields S; as a linear combination of the
physical Superfields B;, F; .

* Example: For n=1, we had the superfield F, ., appearing in the vertex. We

can decompose it as

Foamn = 4

16 9 — 16 @ 128—

— physical irrep

unphyscial irrep

16 ® 36 =16 © 128 © 432

e Therefore there are 2 independent tensor structures linear in the physical
superfield U in terms of which F,,,, can be expressed.

Fomn = a k[man]a +b ks(’)/s[m]‘;[jn])a

16



* Step 5: Write down similar ansatz for supercovariant derivative of the
physical fields using representation theory.

DoF; =Y sB; Yi=11)np
j

DoB; =Y 8YF; vi=11)np
j

e Example: For n=1,

DoGrn = ar1k” (pr(m\Ijn) )o&

1 _—

16 44 = 128 A 576 unphysical irrep

e We will see soon that these relations are the ones which will allow us to
perform completely covariant © expansion of the vertex.
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* Step 6: Solve for the unknown co-efficients in the ansatz by requiring

1. The ansatz solves QV=0.

2. The ansatz are consistent with the definitions of the physical
superfields.

3. All the ansatz are mutually consistent.

* This completes the construction of unintegrated vertex at n-th mass
level.

18



* Step 6: Solve for the unknown co-efficients in the ansatz by requiring

1. The ansatz solves QV=0.

2. The ansatz are consistent with the definitions of the physical
superfields.

3. All the ansatz are mutually consistent.

* This completes the construction of unintegrated vertex at n-th mass
level.

e How do we know this works?

19



* How do we know this works?

1. Reproduces Berkovits-Chandia vertex for n=1 and their rest
frame analysis. Consistency check!

20



e How do we know this works?

1. Reproduces Berkovits-Chandia vertex for n=1 and their rest
frame analysis. Consistency check!

2. Gives the complete covariant © expansion of BC vertex.

\

New result consistent with BC vertex!
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e How do we know this works?

1. Reproduces Berkovits-Chandia vertex for n=1 and their rest
frame analysis. Consistency check!

2. Gives the complete covariant © expansion of BC vertex.

\

New result consistent with BC vertex!

3. Readily extended to integrated vertex which was constructed for
the first time for n=1. (see Sitender’s talk right after this!)
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e How do we know this works?

1. Reproduces Berkovits-Chandia vertex for n=1 and their rest
frame analysis. Consistency check!

2. Gives the complete covariant © expansion of BC vertex.

\

New result consistent with BC vertex!

3. Readily extended to integrated vertex which was constructed for
the first time for n=1. (see Sitender’s talk right after this!)

4. For 15t massive states, this vertex gives same result as RNS.

23



0 - expansion

 After fixing the unknown coefficients, we get

Da\Ist = EGSTFL’Y@B + ﬂkmBnps (’Y p)a,@ - mk B pq(’}/smnpq)aﬁ
DoBunp = 12(Vmn¥p))a + 240k K (Vt1n ¥y a kP DDy o k?

D.Gsy = 16ikrp(7’p(8qjm) )O‘

e Schematically these gives a set of recursion relations which can be
leveraged to get the O expansion

DY VY 5~ D'Gep + D By

D'Bppy ~ DU DO D =0%D,

DG ~ DYV g

24



0 - expansion

Vs
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Tree level amplitudes in PS

* N-point amplitudes

An = <V1V2V3/U4"'/UN>

focus on 3-pt = (V114 V3)

* Factorizes in two parts

A ~ (ViVoV3) pgg (€% -0
e The PSS measure is normalized as

(N0°) .. =1

PSS
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Tree level amplitudes in PS

* We need to evaluate (V1V2V3) .4, subjected to (\°6°) ... = 1.

* Each unintegrated vertex is at ghost no. 1, so Vi VaVs ~ A3 is
automatic.

* We need to just B expand all 3 vertices and keep only those terms
from the product which has 5 0’s.

Vl V2V3 — Vl V2V3

(213}

* Taking into account all such terms and incorporating plane wave part,
we get the full answer.
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Equivalence to RNS for massive states

* We now have all the ingredients to compute scattering amplitudes of
massless and 15t massive states using PS formalism.

* This allows us to directly compare them with corresponding RNS
formalism and establish explicit equivalence.

e Consider all massless-massless-massive 3-point functions for a fixed
order.

* Let the relative normalization be defined as

NRNS — gffj,eld NPS

e We keep Nps = 1 and keep the relative normalization 9¢i.ia in RNS
vertex operators.

28



a = gluon, y = gluino

all massless

2-massless & 1 massive

Correlator RINS PS
(aaa) —g3V2a/ %0
(axx) ~59a0% 350
(aab) 692 gpV/ 20/ %
(xxb) — 575 9x 9 150
(aag) ~9a9q 50
(xx9) va'glgg w0
(axi) — 25 o905
(xa)) — o G959y 5

> fiX gq

» fix g,
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a = gluon, y = gluino

all massless

2-massless & 1 massive

Correlator RINS PS
(aaa) —g3V2a/ %0
(axx) ~59a0% 350
(aab) 692 gpV/ 20/ %
(xxb) — 575 9x 9 150
(aag) ~9a9q 50
(xx9) va'glgg w0
(axi) — 25 o905
(xa)) — o G959y 5

> fiX gq

» fix g,

> fixgy

» fixg,

> fixgy,
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a = gluon, y = gluino

all massless

2-massless & 1 massive

Correlator RINS PS
(aaa) — g3V 20! T80 > fix g,
(axx) 59495 360 - fix gy
(aab) 6929V 20 % ~ fixgy
(xxb) — 575 9x 9 150
(aag) —929g ~ 50 - fixg,
(xxg) va'g2g & —
(axy) — 102 909x 9y 5 - fixgy
(xay) —%gagxgw 5 E
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a = gluon, y = gluino

all massless

2-massless & 1 massive

Exactly matches! —

Correlator RNS PS
(aaa) —g3V2a/ T80 > fix g,
(axx) ~59a0% 360 - fix gy
(aab) 6929V 20 % ~ fixgy
(xxb) — 575 9x 9 150
(aag) ~9299 ~ 50 - fixg,
(xx9) va'glgg o |
(axy) — 102 909x 9y 5 - fixgy
(xay) - %gagxgw 5 -

non-trivial consistency check

v/
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(ga) = — (g)* = V2
a - b] - .
18024/ X 360 g,
g = ) g, — 1 gy = — V2
" 120v2a g2 8092 v 80¢/ gagy

With these choices of relative normalizations, we have

extended the explicit equivalence between PS & RNS
amplitudes to include 1st massive states as well.
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Summary & Outlook

* We have given a systematic procedure to construct massive vertices in PS
formalism that also gives the covariant 6 expansion to all orders.

We have explicitly shown the equivalence between RNS & PS amplitudes for 15t
massive states.

Can this construction be adapted to construct massive vertices in AdS
backgrounds?

N-point amplitudes for massive states? Higher Loop level?
[Schlotterer’s Talk]

First principle derivation of this prescription? Off-shell states in PS?
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SFT Website

* Please check out the following website
http://string-field-theory.org

e Associated Zulip chat page
https://sft.zulipchat.com

* Comments, suggestions, questions... - Harold Erbin & S.C
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http://string-field-theory.org/
https://sft.zulipchat.com/

Thank you for listening
&

Stay Safe!



