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ABSTRACT: We develop a systematic method to constrain any n-point correlation function
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illustration of the methodology, we work out the three point functions which reproduce the
previously known results. We then work out the four point functions of spinning operators.
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higher point functions as well by performing a similar analysis.
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1 Introduction

Bootstrapping is an important idea which enables us to compute physical quantities of
interest based on symmetries and general considerations without requiring much of the
microscopic details of the theory. Recently, the conformal bootstrap programme [1-3] and
S-matrix bootstrap [4] have played a significant role in our understanding of conformal field
theory as well as quantum field theories in general. The conformal bootstrap programme has
been developed mainly in position space and in Mellin space [5]. The S-matrix bootstrap,
on the other hand is naturally developed in momentum space. These two programmes
have been developed independently without much overlap. One possible way to bridge
this gap is by studying conformal field theory in momentum space. Momentum space
CFT analysis is important as it plays an important role in the context of cosmological
correlation functions [6], in condensed matter physics applications, its connection to one
higher dimensional amplitudes in curved space and the flat space S-matrix [6-8]. Even



though it is important to understand CFT correlation functions in momentum space, there
exist very limited results. [6, 9-25].

One of the reasons why conformal field theory in momentum space has got very limited
attention is its technical difficulty even at the level of the three point functions. One can also
ask, what new things might one learn by thinking in Fourier space? As has been established
in recent developments, at least in three dimensions, momentum space analysis has already
led to interesting new insights® into the structure of CFT correlators [22-25, 28-30]. In an
early work [31, 32] by performing a position space analysis, it was shown that the three
point functions of conserved currents in three dimensions generally have three structures
which are the free bosonic, the free fermionic and a parity odd part which can’t be obtained
from the free theories. However momentum space analysis revealed that the parity odd part
can be obtained by a simple transformation [24]? of the parity even part. Further it was
shown that all three different structures can be constructed® just from the free bosonic or
just the free fermionic theory results [30]. Even though the computation of the three point
functions has seen some progress, very limited results exist for four point functions. There
has been a lack of systematic analysis of four point CFT correlation functions® and all the
more less for spinning ones. Any development of the four point functions would be very
useful. In this paper we consider a particular class of CFTs, the slightly broken higher spin
theories [32, 34, 35]. We constrain the form of spinning four point functions and also show
that we can extend the analysis to the five point level and beyond using momentum space
or spinor helicity considerations. We show that the momentum space considerations are
particularly useful in the context of theories with slightly broken higher spin symmetries.

Examples of slightly broken higher spin theories are given by Chern-Simons matter
theories at large N. Chern-Simons gauge field coupled to matter in the fundamental
representation has been the subject of intense research in the recent past [19, 20, 32, 34-119].
These are interesting models as several large-N exact computations can be performed,®they
show strong weak field theory/field theory duality which are called Bose-Fermi dualities.
These theories also provide a concrete example of non super symmetric Gauge/Gravity
duality. Several exact computation suggest that these theories may be integrable. In the
context of correlation functions of spinning operators, direct perturbative computations
have been done for a few three and four point functions in a special kinemetic regime [43,
45, 60, 98, 114]. Recently, using purely conformal field theory arguments it was shown
that in spinor helicity variables that the three point functions of spinning operators take

nterestingly, momentum space CFT correlators have their own life which cannot be understood as a
Fourier transform of position space CFT correlators. For example, in momentum space and in spinor helicity
variables, one can obtain a larger class of CFT correlation functions which are not consistent with the
position space OPE analysis. However, they play a significant role in connection with cosmological correlation
functions in the o vaccum [26] and its connection to scattering amplitudes in one higher dimension [27].

2The epsilon transform [23, 24] maps the parity even part of the correlation function to the parity odd
part and viceversa.

3This statement is true inside the triangle s; + s; > sy for 4, j, k taking any of the values 1,2,3. Outside
the triangle, we do require at least two structures, the free bosonic and free fermionic structures.

4See [33] for some recent development for the four point function of scalar operators in momentum space.

5There has been an exact computation of the partition function, 2-2 S-matrix, some three point and four
point correlation functions of operators etc. .., please see [19, 20, 32, 34-119] and references therein.



on a very interesting form and appear to have an anyonic phase [25]% which was earlier
observed in the context of 2 — 2 scattering. Since three point functions are universal
and are completely fixed by conformal symmetry, we required hardly any input from the
Chern-Simons matter theories.” However at the level of the four point functions, any such
results would require a lot more information from the specific theory at hand.® At the level
of the three point functions, in [32, 40] slightly broken HS symmetry was used to constrain
the three point functions in these theories. Subsequently, in [19, 20, 109, 121], four point
correlation functions of the form (J;OOO) were explored. In this paper, we develop a
methodology to solve slightly broken HS equations which in principle can be used to solve
any n-point function of spinning operators in terms of the free theory correlators.

The rest of the paper is organised as follows:

In section 2, we briefly describe the theory that we shall be interested in. In section 3 we
briefly review and summarise the answers that we obtain in this paper. Section 4 describes
the steps that we use in the rest of the paper to solve slightly broken HS theories. In
section 5, we demonstrate our methodology with the help of several examples of three point
functions and reproduce known results. In section 6 we solve the four point functions. In
section 7 we describe how the Ward-Takahashi identity for slightly broken HS theory can
be understood in terms of the free theory Ward-Takahashi identities. This also suggests
that slightly broken HS algebra can be understood in terms of the free theory HS algebra.
We explore this in one of the appendices. In section 8 we summarize our results and discuss
various future directions. We also have several appendices which are useful for our main
text. In appendix A, we briefly discuss another SBHS theory of interest, that is, the quasi
bosonic theory. In appendix B, we provide the current algebra and the non conservation
equations for the CS matter theories. In appendix C, we briefly review the spinor helicity
formalism for 3d CFTs. In appendix D, we discuss the epsilon transformation in spinor
helicity variables. In appendix E, we show how we can use the SBHS symmetry to compute
two point functions. In appendix F, we perform a naive conformal block decomposition
which yields expressions for four point functions in the SBHS theory. In appendix G, we
provide the details of solving the HSE for the four point functions. In appendix H, we
attempt to extend our results to the five point case. In appendix I, we present a conjecture
for the general form of n point functions in the SBHS theory. Finally, in appendix J, we
attempt to write the SBHS algebra in terms of the exactly conserved HS algebra.

2 CS matter theories: a short summary

Here we will briefly review Chern-Simons matter theories. There are two classes of these
theories, namely the Quasi fermion (QF) and the Quasi bosonic theories. In this work, we

SInterestingly, in [120] it was shown that the parity violating term in Chiral Higher Spin theory correlator
appears from a certain EM duality.

"The only input from the CS matter theory required is the dependence of coupling constants. This leads
to an interesting anyonic phase which appeared previously in the calculation of a 2 to 2 scattering amplitude.
This anyonic phase appears in spinor helicity variables and reveals anyonic features of the CFT correlation
functions. A deeper understanding of the same phenomena would be a interesting future work.

8See [25] for a very naive bootstrap analysis using momentum space analysis which indicates that the
four point function as well takes a very simple form in the spinor helicity variables.



mainly deal with the QF theory. The details of these theories can be found for example
in [103].

2.1 Quasi fermionic theory

Quasi fermionic theory refers to two different theories, namely CS gauge field coupled to a
fermion or CS gauge field coupled to a critical boson. We review this below.

Fermionic theory coupled to CS field. The fermionic theory coupled to SU(Ny)
Chern-Simons gauge field has the following action

5= [ {@mm@z) i T T(4,0,4, — 5 A A A,) (2.1)
T

We are interested in the limit as Ny — oo and ky — oo such that Ay = ]:—Jf is held fixed.
The spectrum of operators consists of exactly conserved spin 1 and spin 2 currents and
in general spin-s currents J; with scaling dimensions Ay = s+ 1+ (’)(Nif) for s > 3. The

scalar operator has conformal dimension A =2+ O (N%J and is parity odd.

Critical bosonic theory coupled to Chern-Simons theory in d = 3. Let us consider
the critical bosonic theory coupled to Chern-Simons SU(N;) gauge field. The critical theory
is obtained by adding an interaction of the kind o,¢¢ where oy, is an auxiliary field to the
free bosonic Lagrangian. The theory has the following action

_ 2i _
S = /d3;1; [DM¢D“¢ + ieWﬁ%Tr(AM@VAp - gAMAVAp) + ab(;ﬁ(;ﬁ} (2.2)
Again, we are interested in the limit as Ny — 0o and kK — 0o such that Ay = %’7’ is held
fixed. The spin-1 and spin-2 conserved currents have scaling dimensions 2 and 3 respectively.
Apart from these, there is an infinite tower of slightly broken higher spin currents. The
conformal dimension of the spin s current A = s+ 1+ O (%) The scalar operator has

conformal dimension A =2+ O(%;) and is parity even.

2.2 Slightly Broken Higher Spin symmetry

The free theories have exactly conserved higher spin currents 0.Js = 0 for all s. For CS
matter theories, we have currents which are not exactly conserved, that is 0.J5 # 0 for s > 2.
In this paper we are going to use these symmetries to constrain the form of correlation
functions of arbitrary spinning operators following [32, 40]. More precisely we are going
to use

n

Z<J31(Il)---[Qs;Jsi(xi)]---an(xn»:/<8-Js(ﬂf)<]s1($1)---Jsi(xi)---!]sn(xn» (2.3)

i=1 x

where @ is the charge associated with current Jg and 9.J5(xz) # 0. A more detailed form
will be discussed in the subsequent sections. In this paper following [32] we shall use (2.3)
to solve for the correlation functions.



Abbreviation | Full Form
SBHS Slightly broken higher spin
HSE Higher spin equation
FB Free Boson
FF Free Fermion
CB Critical Boson
CF Critical Fermion
QB Quasi Boson
QF Quasi Fermion

Table 1. Abbreviations.

Notation | Description

(...)qr | In quasi-fermionic theory

(...)rr/rB | In free fermionic/bosonic theory

(...)cB In critical bosonic theory

(...oaa | Parity odd correlator

<. . ->FF—FB < . >FF — < . ->FB

Table 2. Notation for correlators.

Some useful definitions. The coupling constant in the CS gauge field coupled to a
fermion in the limit Ny — oo, Ky — 00, is defined as follows,

_ Ny

Y o

(2.4)

We now introduce a few other useful variables which will help simplify our expressions [43, 45]

- sin Ay ~ TAf
N =2N A=t — 2.
! 7T>\f ’ an( 2 ) ( 5)

In the main text we will be working only in the quasi-fermionic theory. In some normalisation
we can fix Ay to take values 0 < Ay < 1. We discuss the Quasi Bosonic theory in appendix A.
We will also frequently use the abbreviations listed in the table below:

3 Summary of results

In this section we summarise the results we have obtained in this paper. Let us describe
some of the notation that is going to be useful.

Notation. Here we introduce some notation for the correlators which we will use to state
our results. For any correlator we define



Epsilon transform. We will also be using an operation known as the epsilon transform
very frequently. We denote the epsilon transform of X as e - X.? The epsilon transform
maps a parity even/odd correlation function to a parity odd/even correlator [23, 24]. We
also make the following useful definition where,

€uabPa

€ X;Lal...an = Xbal...ocn (31)

In position space, the epsilon transform is defined as [23, 24]

d3
TL 97 (o) () ]y, (y2) Ty (43))

(3.2)

(e (1) T () oy o)) = et [ v — P

In momentum space the relation is simpler and can be written as [24]

(e.JHH2 e (py) T, (p2)Jss (P3))

1 s B
:Ef“”%ﬁ? O (p1) Vs (pa) JPVP (pg)) b (i 4 i)+ (4 ) (3.3)

Converting to spinor helicity variables [22, 24|, (e - Jg, Js, Js,) becomes +i(Js, Js, Js,) de-
pending on the helicity.

Having discussed various notations, let us now summarise the results in this paper. To
do that we first summarise the known two and three point functions and then we come to
the four point functions.

3.1 2 point function

We write the general two point function as,
<JSJS>QF = N<J8J8>FF + NX<Jst>odd (34)

It can be shown that [23, 24] the parity odd part can be written in terms of the parity even
part and it turns out that

(JsJs)qr = N(JsJs)rr + NXe - JsJs)pr (3.5)
which upon converting to spinor helicity variables gives, [25]

Neiw)\f

J-J Vop =
(Js J5 )qF Y

(Js I )FF (3.6)

where we have used (2.5).

9As an example we write the epsilon transforms of (JJO) and (TTT) as follows,

(€ Ju(p1)Ju(p2)O(ps)) = ﬁi&ub(pwu(pz)om»

1

(€ Tow(p1) Tap (p2) Tyo (p3)) = p—p@ (p1) T (p2) oo (ps))

For more details, please refer to appendix D.



3.2 3-point functions

It was shown in [32] that for the case of three point functions in the quasi fermionic theory

we havel?

(Js00)qr = N(1 4 A?)(J;00)FF

<J81J820>QF = N<J51J520>FF + N/~\<JS1J‘92O>CB
N
1+ A2

In the above expression the momentum labels and the indices have been suppressed for

(o1 oz Tos)ar = [(TosToa g i + ATy oy TugYoaa + AT, Ty o] (3.7)

clarity and they can be restored appropriately.
However, it was realized [24] that we can write the odd piece in terms of the FF and
FB'! correlators and the final answer turns out to be

(J5,00)qr = N(1 + \*)(J;, 00)rr

<J51J520>QF = N<J31JSQO>FF + NS\(G . J31J520>FF
N
14 \2

We now convert the last equation of (3.8) to spinor helicity variables. For brevity we

<J81J82J53>QF = [<J51J32J33>FF + 5\<€ . J51J32J33>FF—FB + 5\2<J51J52J53>FB} (38)

will work with all helicities as minus. In all minus helicity we have (e - Js, Js, Js; ) FF-FB =

i(Js; Jsy 55 ) FF-FB- )
Then combining the FF and FB terms, and substituting A = tan % we get,

N ,
<J51 J52 J53>QF - E |:<J81 J82J53>FF+FB + e_Zﬂ—Af<J81 JSQ J83>FF—FB:|
- _imAf TA T
= Ne 2 [cos 7f<Jsl JoyJss V¥ + i 8in 2J”<J51J82J83)FB} (3.9)

For, Ay = 0, we get the FF correlator and for Ay = 1, we get the FB correlator.

3-point functions in terms of homogeneous and non-homogeneous decomposition.
It is very interesting to see that the QF correlators can be written in terms of just the free
theory correlators. However for the three-point case it was shown in [30] that we can make
a further stronger claim by representing the correlators in terms of the homogeneous and
non-homogeneous parts [30].

It was shown in [30] that when the triangle inequality

8;+ 85 = s (3.10)

is satisfied, we can define the homogeneous/non-homogeneous parts of a correlator and
break up the known free theory correlators as

<J81J82J83>FB = <J81J82J83>nh + <JS1J82JSS>h
<J51J82J53>FF = <J81J82J53>nh - <JS1J52J83>h (3~11)

Onz
1 1+X2°
When all the spins are non-zero the critical bosonic and free bosonic correlators are identical. When we

%0ur conventions are such that our scalar operator is related to the one in [32] as O =

have some scalar operator then the correlation functions are legendre transforms of each other.



We invert these relations to get

1
<J81 JSQ JS3>nh = 5 <J31 J82 J33 >FB+FF
1
<JS1J82JS3>h = §<JS1J82JS3>FB-FF (3.12)
Thus inside the triangle inequality we can express our result for a general spinning correlator
in spinor helicity variables (3.9) as follows

(Joy JsaTss)QF = N (s, Joy Jss)nn + Ne ™ (Jg Joy Jos)n (3.13)

which is an even stronger statement than (3.8) since the homogeneous and non-homogeneous
parts can be computed in just the free bosonic theory or just in the free fermionic theory [25].
When we are outside the triangle inequality, such that (3.10) does not hold, the only
contribution is from the non-homogeneous parts [30], i.e. both the parity even structures
and the parity odd structure are non-homogeneous. Also

<J51 J52J33>nh,FB 7& <<]51 J32J53>nh,FF (314)

In that case the distinction in (3.11) no longer holds and we can only represent in terms of
the free theories as in (3.9) in spinor helicity variables.

3.3 4-point functions

Now, we turn our attention to the case of 4-point correlators. For general 4-point correlators,

we obtain the following form in momentum space'?

(0000)qr = N(1+23*)*(0000)py
(JL000)qr = N(1+A?)((J,000)pr+A(J,000)cB)
(Js, J5,00) gF = N (Js, J5,00)pp+ NXe- Jy, J5,00)pp.cp+ NN (Jy, J,,00)cp
(Jo, Jey J5;0)qp = N (Js, Joy Jo,O)pr+ N (s, Jo, J5, O) B
(JsrTsadsa Jsa)arF = ufm {2 S A TR O Y R P ST O A A AN 1o

(3.15)

To get a more intuitive form of these correlators, we convert the above expressions to
spinor helicity variables. The general expression for an arbitrary correlator in spinor helicity

12A5 will be discussed in next few sections, the result presented in this section may not be the unique
solution to the SBHS equations. However, as will be clear, the structure of equations are very tight as
solving for say (JJJJ) does require information about (JJT'O), (JJOO). To solve for (JJOO) we need
to know the form of (TTOOO). To solve for (TOOO) we need to know (OOOO). Thus, we see that the
solutions are highly interconnected and even if there are more solutions to the SBHS equation, they will be
extremely constrained.



looks like,

N A A
(J,000)qr = ——— (cos” ! <JSOOO>FF+Sin7Tf(JSOOO>CB>
cos3 5L 2 2
N imA )\ )\
(Js,Js,00) oF = 76_ 7 [cos T <J81J5200>FF + 3sin —= <J51JSQOO)CB]
COS 5
N TAf TAf
<J31J32J330>QF = oY Ccos <J51J52JSSO>FF—|—SIH (J31J82J330>CB
cos —5L

- ir)\f

TAf TAf
(Jo1JsnJssJsy)qr = Ne™ 2 [cos (Jles2 JsgJss)FF + i sin —= <J31J32J33 Js,)C ]

(3.16)

where we have suppressed helicity indices. It is clear that for Ay = 0, we get the expression
for FF correlator. For Ay = 1 we get the CB result. For (J;O00) and (Jy, Js,Js,O) at
Ar = 1 we need to appropriately redefine the correlator by absorbing the coupling constant
dependent factor.'*

As was discussed in (3.13), in the case of three-point correlators we can get an even
stronger statement that just the FB or just the FF theory is enough to construct QF
theory correlation function. However as of yet we don’t have such a statement for four
point functions.'® The above figure summarises our finding that correlation functions in CS
matter theory are obtainable from the free theories with some anyonic phase factor [30]. For
two and three point functions we can just start with the FB or FF answer and appropriately
multiply with the anyonic phase factor to obtain the result in CS matter theory. For the
four (and higher) point case, we do require both the FF and the FB results to get the result
for the CS matter theory.

4 Mapping Slightly Broken HS correlators to free theory correlators

In the previous section we saw that the results in the QF theory can be written in terms
of the FF and FB theory results. In this section we outline the methodology which maps
correlation functions in SBHS theories to the free theories. In the next section we show
how our methodology works explicitly.

4.1 Method

We make use of the SBHS equation following [32] to compute the result for correlation
functions. Our method can be summarized by the following steps::

13In one particular helicity configuration.

141n this paper we have done the analysis for the QF theory. It should be easy to generalize this for
the QB theory. In the QB theory, the four point function of scalar operators Oqg differs from the scalar
four point function of the FB theory by some exchange diagrams in AdSs that come from ¢ vertices, see
equation (1.2) of [98]. The HSE will generate similar contact diagrams for spinning correlators.

15 Analysing four point functions of spinning operators in momentum space is a difficult task and has not
yet been done. It would be interesting to understand the homogeneous and non-homogeneous distinction for
this case as well. It might give us a stronger result as in the case of the three point function as discussed
n (3.13).



ooy .
Cling higher spi™

Figure 1. A chart visualizing the space of theories. Exactly conserved or weakly broken at large— NV
higher spin theories lie on the circle of unit radius.

Step 1: Choose an appropriate charge operator and a seed correlator to write down the
higher spin equation in the interacting theory, say the quasi fermionic theory.

Step 2: Repeat the same for the free and critical theories.

Step 3: Write down the ansatz for each correlator that appears in the slightly broken
higher spin equation in the interacting theory.

Step 4: Map the equations that are at the lowest 0(5\0) and highest orders in the coupling
to the free fermion and critical bosonic theories respectively. This helps us identify
the contributions at the lowest and highest orders as the ones from the free and
critical theories, respectively.

Step 5: Write the pole equations which are obtained by expanding the HSE around \ = =i
to obtain the remaining unknowns in the ansatz.'6

Step 6: Plug back the solution in the higher spin equation and map it to a linear combi-

nation of the equations in the free and critical theories.'”

The above map allows us to identify the unknowns in the ansatz of the interacting
theory correlator purely in terms of the FF and CB theory results.

For certain correlators such as (JJJJ) it turns out that the pole equations are not sufficient and
one has to resort to the higher spin equations at intermediate orders in the coupling to extract out the
remaining unknowns.

For the case of four-point functions, spinor-helicity variables are extremely useful at this step since the
map between parity even and odd parts of the HSE is much more transparent in these variables.

~10 -



5 Example: 3 point functions

The aim of this section is to implement the methodology described in section 4. The
case of two-point functions is straightforward and is dealt with in the appendix E. We
illustrate our methodology for three point functions. The simplest spinning correlator is
of the kind (J;00). However, we know from (3.8) that this correlator does not have an
odd contribution and is completely fixed by the free theory correlator. We start with the
simplest nontrivial correlator (JJO).

5.1 (JJO)qF

As discussed earlier in (3.7), (JoJgO) in the QF theory has an odd part. In our analysis
we make use of higher spin equations and follow the steps given at the end of section 4.

Step 1: we choose the charge operator and the seed correlator to be Q3 and (JOO)
respectively to write the following HSE in position space [20]

([Quv, Ja(z1)]O(22)O(23))qr + (Ja(21)[Qpur, O(22)]0(23)) qr

+ (Ja(21)O(22) [Qpu, O(x3) ) qr = /<3UJZV(IB)Ja(w1)0(902)0(903))QF- (5.1)
We utilize the higher spin algebra (B.24)'® and the current non conservation for .J,,, (B.16)
in the HSE (5.1). We then perform an integration by parts and use the large N factorisation
of the 5-point correlator that appears on the r.h.s. After a subsequent Fourier transform of

the HSE we obtain the following HSE as an algebraic equation in terms of the correlators
of the interacting theory

P1((T0)a(P1)O(P2)O(p3)) qF + P1a{Tuw (p1)O(p2)O(ps3))qF

+ (f(pabPQapm/)<Ja(p1)Jb(p2)O(p3)>QF {2 3}) (5.2)

- (HA;gw(um(Ja(pl)Jy) (2)O(p3))ar + {2 < 3})

where the notation py(,7),), denotes u, v symmetrisation of p1,7T,,. We note that Fourier
transforming (5.2) gets rid of the integral on the r.h.s. of (5.1) and thus makes it easier to
factorise the resulting 5-point function [20].
Step 2: we now write down the corresponding HSEs for the FF theory
P1(u{T1)a(P1)O(P2)O(p3))¥F + P1a (T} (P1)O(p2)O(p3))Fr 53)
d.
+ (€uarpapan) (Ja(p1) o (p2)O(p3) ew + {2 3 3} ) =0

and the CB theory,

P1(u{T)a(P1)O(P2)O(p3))cB + c2p1a{Tuw (p1)O(P2)O(ps3))cB
= pa(up2(Ja(p1)J) (p2)O(ps))cB + {2 <> 3} (5.4)

18We keep the coefficients in the algebra arbitrary since fixing them will not affect our computation.
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Step 3: we consider the following ansatz for the correlators that appear in the HSE (5.2) [32]

(Tya(p1)O(p2)O(p3))qr = N (L + X*)(Tya(p1)O(p2)O(ps))pr (5.5)
ar = N .

(Ja(p1)J5(p2)O(p3)) (Ja(p1) T5(92)O(93))vo + NAM(Ja(p1)J5(p2)O(13))odd

where (Jo(p1)Jg(p2)O0(p3))yv, and (Jo(p1)Jp(p2)O(p3))odd are the unknown parts that we
wish to find. The HSE (5.2) can then be written at different orders in the coupling.

Step 4: at O(X\Y) of (5.2) the HSE is identical to the FF theory equation (5.3) which gives

(Ja(p1)J5(P2)O(p3))vo = (Ja(p1)J5(p2)O(p3)) Fr- (5.6)

Similarly, the highest order equation, namely the one at 0(5\2) is identical to the CB!?
equation (5.4). Thus, we identify

(Ja(p1)J3(p2)O(P3))odd = (Ja(p1)J5(p2)O(p3))cB
(Tua(P1)O(p2)O(p3))¥r = (Tua(p1)O(p2)O(ps))ca (5.7)

Step 5: we now write the pole equation. We expand (5.2) around the pole A\ = +i to get
the following pole equations

€(pabP2aP20) (Ja (P1)Jo(p2)O(P3))oad + {2 > 3} = pa(up2(Ja(p1)J,)(p2)O(ps))rF + {2 <> 3}

€(uabP2aP20) (Ja(P1) Jp(p2) O (p3))rF + {2 <> 3} = pa(up2(Ja(P1) 1) (p2)O(P3))oda + {2 <> 3}
(5.8)

which helps us identify the unknown correlator (Jy(p1)J, (p2)O(p3))odd in terms of the same
correlator in free theory [24, 25]

(Ja(P1)Ju(P2)O(P3))0dd = plzeuab P24 (Ja(p1)Jp(p2)O(p3))FF (5.9)

The expression for (JJO),qq obtained from (5.9) is consistent with the results obtained
using perturbative techniques in special kinematic regimes [43, 45] and by solving conformal
Ward identities in momentum space [24, 25].2°

Step 6: we now use our results to map the SBHS equation to the free theory HSE. To do
this, we use (5.9) and substitute it back into (5.2) and see that the remaining HSE maps to
the free theory equation. Thus we see that the solution for the odd piece that we obtained
from the pole equation is consistent with the HSE at any order.

9This is because the CB theory is obtained in the limit A — oo of the quasi fermionic theory.

20We note that (5.9) is one of the solutions to (5.8) where we ignore {2 <+ 3} exchanges. We will adopt a
similar strategy while computing 4-point functions where we again ignore such permutations. However as
we shall see, pole equations are not sufficient to get the odd piece in case of certain 4-point functions and we
will then have to make full use of the slightly broken HS equations and provide a consistent solution to the
higher spin equation.
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This confirms the result obtained for (Jo(p1)J3(p2)O(P3))oda in (5.8). Thus we have
completely determined the 3-point spinning correlator (Jo(p1)Jg(p2)O(P3))odd in the inter-
acting theory purely in terms of free theory correlators i.e

(Ja(p1)Jp(p2)O(p3))qr = N{Ja(p1)J3(p2)O(p3))rr + Nﬂeﬁa;%(tfa(m)cfb(m)O(ps»FF
(5.10)

Now in spinor-helicity we have (e - JJO) — +i(JJO) depending on the helicity. Thus the
final expression becomes,

(JJO)qr = N(1 +4i\){(JJO)pp
_iN(1—e'™Y)

Y (JJO)pp (5.11)

We note that the expression of the correlator picks up an anyonic phase when we express
the full correlator only in terms of the FF theory correlator.

5.2 (TTO)qr

We now compute the correlator (7,47),0) in the QF theory. The analysis here is very
similar to (JJO)qr obtained in the previous section. We make use of the higher spin
algebra of Q4 in (B.24) and (B.26) and the current non-conservation equation associated
to Jy in (B.16) to obtain the momentum space HSE in terms of the interacting theory
correlators.

Now we assume (I'T'O)qr has the following structure

(Top(p1)Ts(p2)O(p3)) qF = N(Tus(p1) Ty (p2)O(P3))vo + NA(Tas(p1)Tys(p2)O(P3))oda
(5.12)

Repeating the steps as in the previous section, we obtain a set of algebraic equations at
different orders in the coupling. The 0(5\0) equation is the free theory equation after
we identify

(Tap(P1)Ths(p2) O(p3))yvo = (Tap(P1)Ts(p2) O(p3))rr (5.13)

The pole equations help us identify (TTO)oqq in terms of the same correlator in the
free theory

(Top(p1)Ty5(p2)O(P3))odd = f'yab%<Taﬁ<p1)Tb6(p2)O(p3)>FF (5.14)

We then substitute this back (5.13), (5.14) in the SBHS equation and map it to the free
theory equation. Therefore the interacting theory correlator (I'TT)qr is given by

(Top(P1)Tys5(p2)O(p3))qr = N(Tap(p1)Ths (pz)O(p3)>FF+N5\€mb% (Tap(P1)Tos(p2)O(p3))Fr
(5.15)
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Now in spinor-helicity we have (¢ - TTO) — +i(TTO). Thus the final expression becomes,

(TTO)qr = N(1 +i\){(TTO)gr
_ N1 - e~imAr)

(TTO)prp (5.16)
Ty

Yet again we see that the expression of the correlator picks up an anyonic phase.

5.3 (TTT)qr

In this section we will make use of the HSE to obtain the odd part of (I'T'T) in the QF
theory. As before we follow the steps presented at the end of section 4.

Step 1: we choose the charge operator and the seed correlator to be Q4 and (OTT)
respectively to write the following HSE in position space

([Quvp, O@)|Tap(22)Th0(x3)) qr + (O(21)[Quups Tas(2)| The (3)]) qr

+(0(21) T (22)[Quuvps Tho(w3)]) qr = /z<8UJZz/p($)O(x1)TaB(mQ)T’W(x3)>QF (5.17)

We make use of the higher spin algebra (B.24) and (B.26) along with the current non
conservation (B.16) to obtain the following HSE in momentum space

P1(uP1P1p) (O(P1)Tap (P2) Tyo(P3)) QF +€(uabP1aP10(Top) (P1) Tap (P2) Tro (P3)) QF
+ <p2(,up2up2p) <0(P1 )Taﬁ (p2)T79 (p3)>QF +D2(uP2vP20x <O(P1 )Tp)ﬁ (Pz)Twe (p3)>QF + {2 A 3} )

= 1:}2 {pl(upl (T,,p) (P2) Tap(P2)Tho(p3)) Qr + (Pz(u<Tup>Ta/3>QF<O(p1)0(p2)Tw(p3)>QF
+{203})] (5.18)

Step 2: we now write down the corresponding higher spin equation for the FF theory

P1(uP1P1p) (O(P1) T (P2)Tyo (P3)) FF — €(pabP1aP10(Top) (P1) Tap (P2) Tro (P3)) PR

+ (P2(uP20P2p) (O(P1) Ta (p2) Ty (p3)) FE +D2(1P20P20 (O (01) Ty 5 (p2) Tye (p3)) pE+{2 3 3}) =0
(5.19)

and similarly for the CB theory,
P1(uP1vP1) (O (1) Tap(p2) The(p3)) cB + (p2(up21/p2p) (O(p1)Top(p2)Tye(p3))cB
+P2(uP2 P20 O (P1) L) 3 (P2) Too (p3)) o + {2 > 3})

= []h(upl (T,,)(p1)Tap(p2)The(p3))cB + (pZ(y<Tup)TaB>QF<O(p1)0(p2)T~/9(p3)>CB

+{263})] (5.20)
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Step 3: we consider the following ansatz for the correlators that appear in the
HSE (5.18) [32]

<O(p1)0(—p1)>
(O(p1)Tap(p2)Tye(p3))

(Tpo (1) Tap (p2)Ty6(ps)) qr = N

(1423 (0(p1)O(=p1))FF
(O(p1) T (P2)To0(p3))vr +NAO (1) Top (p2) Ty (p3))cn

ﬁ (Tpo (p1)Tap(P2)TH0(P3))ve

AN (Lo (p1) T (p2) Ty0(93)) v + ML po (1) T (p2) Tyo (p3)>odd}
(5.21)

ar=N
qr=N

Our goal is to determine the parity odd part of (T'T'T"), viz. (T, (p1)Tws(P2)Tv6(P3))odd in
terms of the free theory correlators. We can now write the HSE at various orders in the
coupling constant.

Step 4: at O(\?) of (5.18), the HSE is identical to the FF HSE (5.19) which gives

(Tpo (p1)Tap(p2)Th0(P3))ve = (Tpo(p1)Tup(p2)Tyo(p3))FF (5.22)

Similarly, the highest order equation namely the 0(5\3) is identical to the critical bosonic
equation (5.20) since the CB theory is the X — 0o limit of the QF theory. This happens
after we identify

(Tpo (P1)Tap(P2)T10(P3))vs = (Tpo (P1)Tap(p2)The(p3))cB (5.23)
Hence we get 2 of the 3 unknowns.

Step 5: to find the third unknown we expand (5.18) around the pole A= +i to get the
following pole equations

€(uabP1aP1v{Thp) (P1)Tap(P2) Tho(P3))0dd
= P11 ((Tup) (1) T (02) To0 (p3)) 8 — (Tp(p1) T (p2) T (3) v )

E(MabplaPIV(<pr) (p1)Tap(P2)Th0(p3))FB — (Thp) (Pl)Taﬁ(p2)Tv0(p3)>FF>
= P1(uP1{T0p) (P1) T (P2)T10(P3))0dd (5.24)

which helps us identify the unknown correlator (T,,(p1)Tas(p2)T56(P3))odd in terms of the
same correlator in the free theories. Thus from (5.21), after contracting with II,,, (p1) and
p1p we get (TTT)oqq to be

(T (p1)Tap(p2)Tho(P3))0dd

1
= Eﬁuabpla(<sz/(p1)Taﬁ(pZ)T'yQ(pii))FB — (Tyy) (p1)Ta5(p2)Tw(p3)>FF) (5.25)
Step 6: we now use our results to map the SBHS equation to the free theory HSE. We
use the expression for (TTT)eqq and substitute it back into the O(X) and O()\?) equations

and see that they map to the free theory equations. Therefore we see that our solution for
(T'TT)oqq obtained from (5.25) solves the entire higher spin equation and is also consistent
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with results obtained in [24, 25]. The same can also be obtained by solving conformal Ward
identities in momentum space. Thus we have seen that in the QF theory the correlator
(T'TT) is given by

N - N
(TTT)qr = e (TTT)rp + MTTT)oaq + N(TTT)rp)

N 1— )2 2\
- ((TTT + = TTT)pp.pp + (e TTT)pp. 5.26
<< >FF+FB 1 + )\2 < >FF FB 1 T <€ >FB FF) ( )

2 22

Now in spinor-helicity variables we have (e - TTT) — i(TTT) and thus
N 1+i)
(I'TT)qr = ) <<TTT>FF+FB + (1 .5\> <TTT>FF-FB>

—1

N —4iT
=5 (<TTT>FF+FB +e A (TTT)FF-FB) (5.27)

Thus we see the presence of an anyonic phase yet again in the expression for the correlator.
There is one more representation which makes the duality manifest

A A A
(TTT)qp = e~ % (cos %(TTT)FF +isin 7T2f<TTT>FB> (5.28)
Note that at Ay = 0 it gives the FF' and at Ay = 1, it gives the FB answer.

5.4 <J31J52T>QF

In this section we use HSEs to constrain the general 3-point correlator (Js, J;,T') in the
QF theory. We choose the charge operator and the seed correlator to be Q4 and (J, Js,O)
respectively. The relevant operator algebra is given by [32]

[Q47 Js] = 65,5—285J5—2 + cs,saSJs + Cs,s+2aJs+2
[Q4,0] = 020 +¢-0T (5.29)

To solve the resulting HSEs we make use of the following structure of the correlators,
(00)qr = N(1 + A*){(0O0)pr
<J81 JS2O>QF = N<J81 J820>FF + N5‘<J81 JS2O>0dd

1 ~ -
m«‘]& J82T>Yo + >‘<JS1 J52T>0dd + >‘2<J51 J82T>Y2) (5‘30)

where our goal is to obtain (Js, Js,T) vy, (Js; Jss 1) vy, (Js, Js T )odd in terms of the free theory

<JS1 J52T>QF =N

correlators. We use the free and critical theory equations to identify two unknowns

<JS1J82T>Y0 = <J81J82T>FF
<JS1J82T>Y2 = <J81J52T>CB (5.31)

The pole equations take the form
<J81J82T>FF - <J51J52T>CB =€ <<]51<]52T>0dd
<J81J82T>odd =€ (<JS1J82T>FF - <J81J82T>CB) (5-32)
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where the dot indicates a contraction of the Levi-Civita tensor with one of the indices of
the spin s; current in the correlator. From the second equation in (5.32) we obtain the
remaining unknown piece of (J,, Js,T)qr

(Tor Ty Toda = €+ ((Joy T Thwr = (T T, T)om) (5.33)

Therefore we have the full correlator in the QF theory given by

(o1 Jos Tr = szlA ((Tsi T Ty Ae (Joy T T)ww = (Joy Ty T)ew) +A% (s, Ty Theon)
(5.34)
It can be easily checked that the higher spin equations at all orders are satisfied by the
above expression for (Js, Js,T)odd-

5.5 (JsJs;Jss)qr

In this section we use HSEs to constrain the general 3-point correlator (Js, Jg,Js,) with
s; > 2 in the QF theory. We look at the Ward identity corresponding to the non-conservation
equation of the spin-4 current in the correlator (Jg, Jg, Js,)qr. We use the relevant operator
algebra (5.29) for Js. The current non-conservation does not contribute to the r.h.s. after
we perform a large IV factorisation of the resulting 5-point function. The momentum space
HSE becomes

Cs1,51—2P1puP1vP1pPlon Plas <Ja3a4..-as1 Jﬁlﬁz.--ﬂSQ J7172.--753>QF
+ CSl,Slplupll’plp<']a1a2---asl JﬁlﬂzwﬁSQ J7172---%3 >QF
+ 6817S1+2p1M<JI/pa10¢2---O¢sl J5152~~ﬂ52 J7172---%3>QF +{l2}+{1<3}=0 (5.35)

The corresponding FF equation is

Csl,51—2p1up11/p1pplo¢1pla2<Ja3a4...o¢51 Jﬂlﬁg...ﬁSQ J’y1’yg...’ys3>FF
+ Cs1,slpl,upluplp<<]o¢1a2...asl Jﬁlﬁg...BSQ J'yyyg...'ySB>FF
+ CSl,81+2p1,u<=]1/pa1042..-asl Jﬁ152---552 J’Yl’YQ.--’YsS>FF + {1 A 2} + {1 A 3} =0 (5'36)

We use the following ansatz for the general 3-point spinning correlator

N

(Js1 sy s3)QF = e

(<JS1 J82J83>Y0 + 5‘<JS1 J82J53>0dd + 5‘2<J81 J82J83>Y2> (5'37)

where (Jg, Jsy Js5)ve, (Js1s00s5)0dd and (Js, Js, Jss) vy, are the unknowns that we wish to
find. We substitute this back into (5.35) and see that the O(A?) equation is like the FF
equation after we identify

<Ja3a4~-asl Jﬁ152~~-552 J7172~--7S3 >Yo = <Ja3a4...0451 Jﬁ1f32~ﬂs2 J“/172~~%3 >FF (5-38)

The highest order equation in X in (5.35) is like the CB equation. This can be seen after
we use the CB algebra to write the CB higher spin equation and identify

<JV/7061062---0151 J5152m552 J’Yl’YQ-~-’YS3 ), = <JVP041042---0451 JBlBZ-uBSQ J’Yl’72~--%3 )CB (5.39)
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We now use the following ansatz for (Js, Js, Jss)odd
P1up1 <Ja1a2.-.a51 J61Bz~-,352 vaz---%3 Jodd = €vabPlaP1p ((Jbagag--.asl Jlﬁﬁz-.-ﬂSQ JV172--.753 )FF

- <Jb0<2a3..-0451 Jﬁhﬁ’zmﬁsz J’YI’Y2'~-')’53 >CB)
(5.40)

and plug it back into the HSE (5.35). The above ansatz helps map the O()) equation
to the free and critical theory equations. Therefore our ansatz of (Js, Js,Jss)0dd (5.40) is
consistent with the above set of equations. Hence we could compute (Jg, Js,Js;)QF in terms
of free theory correlators as

<J81J82J83>QF
N - ~

= m(<J81J82J53>FF + Ae - <<J81J82JS3>FF - <J51J82JS3>CB> + >‘2<<]81‘]82J83>CB)
(5.41)

which is consistent with the result obtained by solving the conformal Ward identities in
momentum space and reproduces the same result as the one obtained via perturbative
calculations which are in general quite difficult.

If we now write the same in the helicity basis, the steps parallel the analysis done for
(T'TT) in 5.3 which gives

N .

(T Twds)ar = 5 (s Juads)vrers + ¢ ™ (Jy JuJu)rrrs)  (542)
and thus the presence of an anyonic phase is a generic occurrence in three-point functions.
Now, if the spins of the operators satisfy the triangle inequality in (3.10) then from the
discussion in 3.2 we can write this result in terms of homogeneous/non-homogeneous parts
of just the FF theory or just the FB theory.

6 Example-II: 4-point functions

In the previous section we solved for 3-point functions using HSEs. In this section we look
into 4-point functions comprising of operator insertions with arbitrary spins.

6.1 (TOOO)qr

To start with, we look at the simple example of (TOOO)qr. The result of this part was
obtained first in position space by [109], in momentum space in [20] and in Mellin space
in [121]. Below we work in momentum space.

Step 1: we choose the charge operator and the seed correlator to be @4 and (OOOO)
respectively. Then we make use of the higher spin algebra (B.24) and (B.26) along with

the current non conservation (B.16) to obtain the following HSE in momentum space?!

PLup1P1,(0000)GF + 9(uP1)P: (O000)GF + €apuP1oP1a(Thp) O00)qr
+{1 2} + {1 & 31+ {1 & 4} = Apy (1 (T,,)000)qr + {1 > 2} + {1 < 3} + {1 + 4}
(6.1)

21Gtrictly speaking, we should have the constants from the algebra appearing in each term of the Lh.s. but
since our aim is only to map the SBHS HSE to the free theory HSEs, we do not need to fix these constants
to their numerical values. All we had to do was fix their A dependence.
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Step 2: we now write down the corresponding higher spin equations for the free theory

P1uP1P1,{0000)EE + g(1P15)Pt (O000)FF + €ap(uPropra(Thy) OOO0)r

(6.2)
+{le2}+{1<3}+{1<4}=0
and similarly for the CB theory,
P1(uP1P1p) (O000)CB + g(uwp1,)Pi (O000)cE + {1 ¢ 2} + {1 > 3} + {1 > 4} (6.3)

= pl(up1<T,/p)OOO>CB + {1 > 2} + {1 > 3} + {1 > 4}

Step 3: we consider the following ansatz for the correlators that appear in the HSE (6.1)
(6.4)

Step 4: at O(\°) of (6.1) we obtain the HSE to be identical to the FF theory equation (6.2)
which gives

(TOOO)y, = (TOOO)py (6.5)

Similarly, the highest order equation (O(A*)) is identical to the CB equation (6.3) since the
CB theory is the A — oo limit of the quasi fermionic theory. This happens after we identify

(TOOO)y, = (TOOO)cp (6.6)

Step 5: we expand the HSE (6.1) around the point A = =+i and obtain the following pole
equations

EQb(Mp1yp1a<pr)OOO>FF +{le2}+{l< 3+ {14}

= pl(up1<Typ)OOO>CB +{l <2} +{1 <3} + {1+ 4} (6.7)

and

€ab(uP1P1a({Thp) O00) B + {1 > 2} + {1 ¢+ 3} + {1 > 4}

= pl(up1<Tup)OOO>FF + {1 < 2} + {1 <~ 3} + {1 — 4} (6‘8)

One can check again that (6.8) can be mapped to FF and CB equations. In momentum
space it looks complicated to map the above equation to FF and CB equations as it requires
some epsilon transforms. However, going to spinor helicity variables solves this problem as

in spinor helicity variables the epsilon transform becomes trivial®?.

220ne possible solution to these pole equations is
Eab(up1yp1a<Tb,,)OOO>FF = <TuV)OOO>CB (69)

We chose this solution such that equation (6.7) is satisfied individually for each permutation. A direct
verification of this result requires a proper analysis of the contact terms which we leave for future works.
However, we note that certain HSEs demand that this individual equivalence such as that of (T'TTO)( 6.3).
It is easy to check that using naive bootstrap argument involving single trace operator only, one gets (6.9).
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Step 6: considering different order equations of (6.1), it can be shown directly in momen-
tum space that

HSE at O(\?) = FF HSE+CB HSE (6.10)

The O()) equation which is the same as the O(A3) equation is the same as an epsilon
transform of the difference between the FF and CB equations. To see this we move to
spinor helicity variables where it is easily seen. Thus we get,

HSE at O()\) = HSE at O(A\*) = +i(FF HSE-CB HSE) (6.11)

For more details on how the mapping is carried out, refer to G.1. Thus we obtain the
following form for (TTOOO) in the QF theory in spinor helicity variables

(TOOO)qr = N(1 +32) ({TOO0)rx + A(TOOO)cn) (6.12)

Using the same procedure, we can also generalize the above result for correlators with
arbitrary spin as follows in spinor helicity variables.

(Js000)qr = N(1 4+ A?)((J;000)gp + MJ;000)cp) (6.13)

One can check the consistency of the result using the following argument: if we consider
the divergence of the correlator,

(0 - J;000)qr = (1+ A)({0 - Js000)gr + M0 - J;000) ) (6.14)

due to the nonconservation of Jg the left hand side is nonzero while in the r.h.s. the free
theory contribution drops out but the CB term is nonzero due to its nonconservation which
is exactly the same as the left hand side.

6.2 (JJOO}QF

Let us now see how higher spin equations can be used to solve for the 4-point spinning
correlator (J,JgOO) in the QF theory.

Step 1: we choose the charge operator and the seed correlator to be Q3 and (JOOO)
respectively. Then we make use of the higher spin algebra (B.22) and (B.23) along with
the current non conservation (B.15) to obtain the following HSE in momentum space

a1 OO O(p2)0p1))0r + 2104 (Toyalp1)0p2) O(p2) 1)

+ P10 (T (P1)O(p2)O(p3)O(p4)) 0 +2(€ap(uP3P2) (Ja(p1) T (p2) O(p3) O(pa) ) o
+{263}+{2+4}) (6.15)

= (11_:_5?\2) {pl(u(JaJuﬂQF (O(pl)O(pg)O(p3)O(p4)>QF

+ (p2(u(O(p2) O(=p2)) QF (Ja(p1) 1)) (P2) O(p3) O(pa) ) or +{2 > 3} +{2 4})]
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Step 2: we now write down the corresponding higher spin equation for the free theory
€aa(uP10)P1a{O(p1)O(p2) O (p3) O (p4)) ¥ + P1(u{To)a (P1)O(P2)O(p3)O(pa)) P
+ P1a{Tpw (p1)O(p2)O(p3)O(pa))rr + 2<€ab(up2ap2u)<Ja(pl)Jb(pQ)O(pS)O(p4)>FF (6.16)
+{263}+{204}) =0
and similarly we write down the higher spin equation for the CB theory.
P1(u{T0)a(P1)O(p2)O(p3)O(p4))cB + Pral{Tuw (p1)O(p2)O(p3)O(p4))cB
= [16p1(u (Tl JrE ((O(P1) O (2) O (p3) O(pa)) o) (6.17)
+ (2p2(u2(a(P1) 1) (2) O(p3) O(pa)) ) +{2 4+ 3} + {2 ¢+ 4} )|

Step 3: we consider the following ansatz for the correlators that appear in the HSE
in (6.15) [25, 114].

(Jad500)qr = N{(JaJ500)y, + NAX(JaJ300)0d4d + NA*(J4J500)y, (6.18)
Step 4: at O(\°) of (6.15) the HSE is identical to the FF theory equation (6.16) which gives
(JJOO)y, = (JJOO)pp (6.19)

Similarly, the highest order equation namely the O(A*) is identical to the CB equation (6.17)
since the CB theory is the A — oo limit of the QF theory. This happens after we identify

(JJOO)y, = (JJOO)ck (6.20)

Step 5: we expand the HSE around the point A = +i and obtain the following pole
equations

cantupzaps) (a0 To(p2)0(ps)0(p))er — (o (p1) Jo(p2)O(ps) Opa))c ) +2.65 31+ {2 5 4)
= pap2(u{Ja(P1) 1) (P2)O(p3)O(P4))odd +{2 <> 3} +{2 <> 4} (6.21)

and

€ab(uP2aP20) (Ja (P1) Jo(p2) O(P3)O(pa))oda +{2 > 3} +{2 > 4}
= —papau <<Ja(p1)<]z/)(p2)0(p3)0(p4)>FF —(Ja(p1)Jy) (pa)O(ps)O(p4)>CB) +{2¢ 3} +{2< 4}
(6.22)
To solve this equation, as in the case of the three point function, we neglect the permutation
first and then we dot the first pole equation (6.21) with py, and make use of the trivial

transverse Ward identity for (JJOO) to obtain the following expression for the unknown
(JJOO0)oaa,”

(JadyOO)oaq = 6”‘2’%(@&@0@@ — (JaJyOO)cB). (6.23)

#3This result is also consistent with what was obtained in [114]. We thank R.R. Kalloor and Trivko Kukolj
for informing us of this.
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Step 6: we now use our results to map slightly broken HSE to free theory HSE. We can
show that,

HSE at O()\) = CB HSE
HSE at O(\?) = FF HSE (6.24)

For more details on how the mapping is carried out, refer to G.2. The above analysis gives
us all the unknowns that appear in the ansatz (6.18) for the correlator purely in terms of
free theory results. Thus, we can write the QF correlator as

(Jad OO)qp = N (Ja JV00>FF+NX€”“;&(<JQ Jy00)pr —(Ja Jy00) cp) + NA2(J4J,00) cx
2
(6.25)

Now, to write the expression in spinor helicity we dot the above expression with the
null polarization tensors z{'z5. In spinor helicity variables we have (e - JJOO) — i(JJOO)
and thus

(JJOO)qr = N[(JJOO)rr — iA((JJOO)rr — (JJOO)cn) + X*(JJOO)cn]

N } o (6.26)
-5 ((1+ X)(JJOOpr s + (1 = 2% = X2)(JJOO)rr.cn)

To get a more intuitive representation of this, we chose a different normalization and

use (2.5) to write the QF correlator as

(JJOO)qr — 2(1:&2) (14 32)(JJ00) prsc + (1 — 20 — X2)(JJOO)er-c]
g [<JJOO>FF+CB _ i (JJOO) . CB]
N
= 5 [(JT00)rr.cn + e (1TOO)rr-co
_ Fe [cos ”;f (JTOO)gp + i sin "L <JJOO>CB] (6.27)
6.3 (TTTO)

Step 1: the charge operator and seed correlator that we choose are Q4 and (T'TOO)
respectively.
After using (B.26), (B.24) and (B.16), the HSE in momentum space reads,

P1uP10P1p{ Lo (P1) Ty (p2)O(p3)O(p4)) + 01010010 (T (P1) Tro (P2) O (p3)O(pa))

+91,01aP18(T0p(P1) Trho (p2)O(D3)O(pa)) +P1a{Japw ps (P1) Tyo (p2) O(p3)O(p4))

+01,(Javpas(P1)Tye (P2)O(p3)O(P4)) + —=5 €vaaP1aP1P1pP18{O(P1) Ty (p2) O(p3)O(p4))

1
1+ A2
+{1<+2,<a,5>«><w>}}

+ [p3up3up3p <T046 (pl )Twa (pQ)O(pg)O(p4)> +€abP3vP3a <Ta,6’ (pl)T'ya (pQ)pr (pS)O(p4)> + {3 AN 4}}

1_:\)\2 [p3u<0(—P3)O(P3)> (Tap(P1)Tyo(p2)T0p(p3)O(pa)) +{3 > 4}

+P1{Tp (=p1) T (p1))(O(p1) Ty6 (2) O(p3) O (pa)) +{(1 > 2), (e, ) (%0)}} (6.28)
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Step 2: the FF and CB equations are,

[Plupluplp<Taﬁ (P1) 6 (p2)O(P3)O(pa))rF + D101 P10 (Tps (1) Tyo (92) O (p3)O(ps)) rr
+01010P16{Tp(P1) Ty (92) O (03) O (pa) ) ww +P1a{Tapps (91) Ty (p2)O(93)O(pa)) b
+P1(Javpap (P1)Tho (p2)O(p3)O(P4)) FF +€vaaP1aP1uP1,P18(O0(P1) Tho (p2) O(p3) O (pa)) FF
+H{162,(,8) « (1,0)}]
+ [p3up3vp3p<Taﬁ(pl)T 7o (P2)O(P3)O(pa)) ¥r +€pabP3uP3a(Tas (P1) Tro (p2) Tob (P3)O(pa)) pr
+{3 o4} =0 (6.29)

and

[Plupluplp (Tap(p1)Tyo (p2)O(p3)O(pa)) e + P1up1vp1al{Tps(P1)The (P2) O(p3)O(pa)) cB

+ p1uP1a018(Lyp(01) Tyo (p2) O(P3)O(p4)) cB + Pra{Jaumps (1) Tye (p2)O(p3)O(pa))cB

+ P1u(Javpas (p1)Tho (p2)O(p3) O(ps)) e + {1 <> 2, (o, B) > (7, U)}}

+ [Paupaupap(Tas (1) Too (p2) O(p3)O(pa)) o + {3 = 4}

- [p:’m<0(—p3)0(p3)>013<Ta5(p1)Tw(m)Tup(m)O(m))(JB + {3 « 4}

+ P1u(Top(—P1)Tap(P1))cB(O(P1) Tyo (p2)O(p3)O(pa))cB + {(1 < 2), (o, B) < (7, U)}} =0
(6.30)

Step 3: our ansatz is,

(TTTO)qr = - iv v (<TTTO>Y0 + MTTTO)y; + N (TTTO)vs + 5\3<TTTO>Y3) (6.31)

Step 4: comparing the lowest and highest order equations with the FF and CB equations
give,

(TTTO)yo = (TTTO)pp
(TTTO)ys = (TTTO)cp (6.32)

Step 5: expanding the HSE about A = i, we obtain the pole equations,
pspsy (— (T (01) Lo (02)Top(P3) O (1)) i+ (T (1) T (p2) T (p3) O(pa)) v +{3 < 4}
+€vaspaapa (= (Tas (1) oo (92) T (P3) O(pa)) .+ (T (1) T (02) T (p3) O(p) )1 ) = 0
P393 ((Tap(P1) T (2) Top (p3) O(04)) . = (T (1) T (02) T (p3) O (b)) 1 +{3 4+ 4 )

tevarPsapsu (— (Tog(P1) Tyo (02) Tpp (p3)O(pa)) -+ (T (1) Ty (02) Ty (p3) O(p)) 2 ) = 0

(6.33)
One of the solutions of the pole equations is,
(TTTO)y,1 = (I'TTO)cB
(TTTO)yo = (TTTO)pp (6.34)
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Step 6: plugging these into the HSE yields in momentum space,

HSE at O(\?) = FF HSE + CB HSE
HSE at O(\*) = HSE at O(\) (6.35)

Further, in spinor helicity variables one can show that the O(S\) maps to the epsilon
transform of the difference of the FF and CB HSEs.?* Thus we have,

(TTTO) = N((TTTO)pr + MTTTO)cs ) (6.36)
For more details on how the mapping is done, please refer to G.3.

6.4 (JJJJ)qF

We now deal with the case of (JJJJ)qr which has 4 spinning operator insertions and we
will see that its analysis is quite involved compared to the previous examples. In this case,
as we will see, the pole equations by themselves are insufficient to solve for the QF correlator
and thus we have to look at the different order equations in order to arrive at a solution.

Step 1: we choose the charge operator and the seed correlator to be Q3 and (JJJO)
respectively. Then we make use of the higher spin algebra ((B.22) and (B.23)) along with
the current non conservation (B.15) to obtain the following HSE in momentum space

[eaa(,uplu)pla<O(p1)Jﬁ(pQ)J’Y(p?))O(ZM))QF +P1(u(T1)a (P1)J8(p2) J5 (p3)O(p4)) qF
+P1a(Thw (1) J(p2) J7(p3)O(Pa))qr +{1 > 2,4 B} +{1 4 3, <—>7}}
+2€ap(uP1aPav)(Ja(P1) I3 (P2) Iy (P3) Jo(Pa)) QF
1+)2
+D04(u(O(P1)O(=p4))(Ja(p1) Jp(p2) I (P3) J,) (P4)) QF

[(P1(u(Tadi))qr (O 1) J5(p2) 5 (p3)O(pa)) g+ {1 2,0 6 B} +{1 2 3,0 27} )|

(6.37)

Step 2: we now write down the corresponding HSE for the FF theory

[eaa(uply)p1a<0(p1)c]5 (p2)J~(p3)O(p4))FF + P1(u{Tya (1) J5(p2) Iy (P3)O(p4)) ¥R
+ 1ol T (1) T3 (p2) 15 (p3) O (pa))re + (1 6> 2,0 5 B) + (1 3,0 6> )] (6.38)
+ 2€ap(uP1aPav) (Ja (p1)J5(P2) T (P3) Jo(Pa))FF = O
and similarly for the CB theory.
[pl(u<Tu)a(pl)Jﬁ(pQ)J'y(p3)O(p4)>CB+p1a<Tuu(pl)Jﬁ(pQ)Jv(p?))O(pél»CB+(1 = 2,a )
+(1 <—>3,a<—>’y)}
= 16110 (91) T (~21) i (O1) s (p2) 1 () Olon) o+ (1. 2,069 B) (13067

+2ipy(upa(Ja(p1)Js(p2)Jy (p3)Jy) (pa)) cB (6.39)
*4Here the mapping requires that (TOOO)cg = € - (TOOO)rr as we discussed in the footnote 6.1.
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Step 3: we consider the following ansatz for the correlator (JJJJ)qr in momentum
space(momentum and spin labels suppressed for clarity) expanded in orders of the coupling
as in [114]

(JJJJ)= ((JITT)yvo +MITT Ty A 02T TT T )y 33T T T T )y 34T 1T )y,

N
(6.40)

Step 4: we substitute the above ansatz into the HSE and at O(\°) of (6.37) the HSE is
that of the FF theory (6.38) which gives

(JJJ )y, = (JJJJ)pp (6.41)

Similarly, the highest order equation namely the O(A\®) equation is that of the CB (6.39)
since the CB theory is the A — oo limit of the QF theory. Thus, we identify

(JJJ Ty, = (JJJJ)cE (6.42)

Step 5: we expand the HSE around the point A = +i and obtain the following pole equa-
tions

eab(up4ap4y)(<JaJﬁJ"/Jb>Y0 — (JadgJyIp)y, + <JaJﬁJ7Jb>Y4) =
(6.43)
2ipsupa ((JaT o Ty be = (TaTTou)v: )

and

6ab(up4ap4u)(<JaJ6J'bi>Y1 - <JaJ5J,bi>y3) = o1
6.44

27;]94(“174 (<JQJ5J’YJ1/)>Y0 - <J04J5J’Y‘]V>Y2 + <J04J5J’YJV>Y4)
A possible solution to the above pole equations is

(JITT)y, = (JJJJ)y,
(JJJ Ty, = (JTJ D)y, + (JJJ )y, (6.45)

In [114] it was noticed by direct computation in specific kinematic regime that these relations
holds between various components. See appendix B of [114] for more details. As alluded to
earlier, the (JJJJ) pole equations are insufficient to solve for the entire correlator. The
remaining expression in (J.JJJ)qr that is still to be determined is (JJJJ)y,. To get the
expression of Y] in spinor helicity, consider the combination O(A*) — 20(X) and dot it
with the null polarization tensors z1,22523y22,22, and then convert the equation to spinor
helicity variables. Then the expression for Y] that we get is the following

(JJJT)y, = e ((JJJ )y, — (JTJ)y,). (6.46)
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Step 6: we now use our results to map the SBHS equation to the free theory HSEs*® We
can show that in spinor helicity variables,

HSE at O(\) = CB HSE

HSE at O(\?) = 2 FF HSE

HSE at O(\*) = 2 CB HSE

HSE at O(\*) = FF HSE (6.47)

For more details on how the mapping is carried out, refer to G.4. Using the answers obtained
at different orders in coupling (6.45) we get the full correlator to be

N - -
JJJJ = ————|(JJJD)pr + Me - JTJ)pp.cB + N (JJJJ
(JIT e = 3y (979 ew 4+ M- I Dyercn + X211 e

(6.48)

To get a more intuitive form, we can move to spinor-helicity variables by dotting with null
polarisation tensors, which gives us (JJ.JJ)y, to be

(JIT Ty, = i((JTT T}y, = (JTTT)v;) (6.49)

Thus, using the solutions of the pole equation (6.45) and the expression for Y7 that we just
obtained, we can write the full QF correlator in spinor-helicity variables as

(JIJJ)qr = JIJJ I pp +iNJTJ T pp_cB + N (JJJJ)pricB

N
(14 X2)2 <<
+ AT T T)pe—cn + AT ) )

A+
[<JJJJ>FF+CB + 3 ‘<JJJJ>FF—CB]

—1

vl 2 w2

(T T Typescn + e ™ (11T T )ew—cs)|

- TN

A A
— Ne 2" [cos %(JJJDFF +isin 7T2f<JJJJ>CB] (6.50)
which yet again, exhibits the characteristic anyonic behaviour.

6.5 (Js,JsyJs5s,)QF
Now we proceed to the general case of spinning correlators, (Js, Js,Js;Js,)qr for s; > 2.
For this analysis we choose to work with the action of the spin-4 current. A similar analysis

can also be done with the spin-3 current.

2T (=p1) Ja (p1))(O(p1) 5 (92) I (P3) O (P1))oda+€aavp1a{O(p1) Js (p2) I (p3) O(pa)) ci-rr is left over while
performing the mapping. However, we note that (O(p1)Jg(p2)Jy(p3)O(pa))oda is given by an ep-

silon transform of the difference between the corresponding CB and FF correlators as in (6.23) and
€aarvP1a{O(p1)Js(p2)Jy(p3)O(psa))ca-Fr is also similar to the epsilon transformation of the difference be-
tween the CB and FF correlators. Thus, we believe that a more careful analysis of these terms should get
rid of this leftover expression and render the mapping exact. Further evidence is provided by the fact that
this issue does not appear in the general case (Js, Js, Js3Js,) as we discuss below. In order to understand
this, we believe that we need a proper understanding of the structure of spinning 4 point correlators which
we will come back to in a future work.
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Step 1: to write the HSE for general 3-point spinning correlator with s; > 2, consider the
action of @, on the correlator (Js, Js,Js, Js,)qr which gives us

Quyp<J51 Jsz J83 J84>QF

=Csy,51—2 plupluplppl(a1p1a2<Jsl—2 Jsz J53 J54>QF
+Csq,51 pluplup1p<=]sl J32 J53 JS4>QF+051,31+2 pl(u<Jsl+2 J52 J53 J54>QF
(16 2)4(108)+(154) =0

(6.51)

We have set the r.h.s. for this HSE to zero because in the decomposition of six-point correlator
(OT Js, Jsy Jss Js,) coming from the current divergence, the only possible decompositions
at the large N limit are those involving multiplication of two 3-point functions and no
possible decomposition into a 2-point function multiplied by a 4-point function. Also, we
neglect the 3-point contributions while considering the 4-point HSE. Thus, the above HSE
is valid upto 3-point functions.

Step 2: we now write down the corresponding HSEs for the free theory,

Csq,51—2 plupluplppa1p1a2<t]slf2 J52 J53 J54>FF +Csl,s1p1up11/p1p<!]51 J52 J53 J54>FF

(6.52)
+ Cs1,s1+2p1u<Js1+2 Jsz Jsg J54>FF + (1 « 2) + (1 < 3) + (1 A 4) =0

and for the CB theory,

051,81—2 plpplvplppa1p1a2<J81—2 J82 JS3 JS4>CB +C$1,81p1,upll/p1p<*]$1 J$2 JS3 JS4>CB

T Csp,s142 pl,u<=]31+2 JSQ ‘]53 ‘]S4>CB + (1 AR 2) + (1 A 3) + (1 A 4) =0
(6.53)

Step 3: we consider the following ansatz for the general spinning correlator [114]

N ~ -
m(<J51J52J33J54>y0 + )\<J81J52J53J54>y1 + )\2<J51J52J53J54>y2

+ 5‘3<JS1‘]52‘]8:3<]84>Y3 + 5‘4<JS1JS2J53JS4>Y4)

<JS1 J52 J53J54>QF -

(6.54)
we get the equation

P1uP1vP1pP1(a1 Plas Y 12
051,5172 (1+5\2)2 (<J5172J52J53J54>Y0+>\<J5172J52J53J54>Y1 +)\ <J5172J52J53J54>Y2
+5‘3<JS1*2JS2J53J84>Y3+5‘4<J81*2J52J83JS4>Y4)

P1pP1vP1p 1 12 13
FCsy.5. o ( (Jsy Tso Tss Tss ) vo F AN Tsy Jsg Jss Jsu ) vy F A (Jsy Jso Jss sy ) ve + A7 (Tsy Ton Js5 Jsa ) v
v 1 e (¢ o+ A 3% o+ 2% )y
+5‘4<J81J82J83J84>Y4)

Pi(p 1 12

Fen e o (TorsadiaTss To) v+ M Tor 2T Ty Jo )y A2 o 42 T g T v
+5\3<J31+2J32J33J34>y3+5\4<J31+2J32J33Js4>y4)+(1<—>2)+(1H3)+(1<—>4):0 (6.55)

_97 —



Step 4: now as before we look at the lowest and the highest order equations of the HSE
and note that they match the FF and CB equations respectively after we identify

<JS1J82JS3JS4>YO = <J81J82J53J54>FF7
<J81']S2J83J84>Y4 = <J81J82J83JS4>CB (6-56)

Step 5: from the pole equations we get the following relations among the unknowns

<‘]S1JS2J53JS4>Y2 = <J81J82J83‘]S4>Y0 + <JS1J82J83J84>Y4 (6'57)
<J81J52J53JS4>Y3 = <J81J82JS3JS4>Y1 (6'58)

Step 6: we now use our results to map the slightly broken HSE to the free theory HSEs.
We have already mapped the lowest and highest order equations in X and now we consider
the intermediate order equations

O(\):
Csy,51—2P1uP1vP1pPa; Plas <Js1—2J52 J53 J54>Y1 + Csl,s1p1,upll/p1p<‘]81 J82 J83 JS4>Y1 (6 59)
+ Csl,sl+2p1u<Jsl+2J52J53J34>FF +(1+2)+(1+3)+(1+4)=0

0(\?):
Cs1,51—2P1uP1vP1pPay Plas <J81—2J82 JS3 J54>Y2 + Csl,slpluplyp1p<<]sl J82 Jsg JS4>Y2 (6 60)
+ 051,51+2p1u<JS1+2J52JS3JS4>Y2 + (1 A 2) + (1 A 3) + (1 A 4) =0

O(N3):
Cs1,81—2P1uP1vP1pPa;i Plas <J51—2J52 Jsg J54>Y3 + Cs1,s1pl,upluplp<<]sl Isy s JS4>Y3 (6 61)

+ 081,81+2p1#<J51+2J82J83JS4>Y3 + (1 A 2) + (1 A 3) + (1 A 4) =0
Generalizing the results for (JJJJ)qgF, we propose

<J81J82J53JS4>Y2 = <J51J52J53JS4>FF + <JS1J82J53JS4>CB
<J51J52J83JS4>Y3 = <JS1JS2JS3JS4>Y1 = emabp4a(<JSlJ52J53J54>FF - <J81J82J83JS4>CB) (662)

Plugging these expressions into the different order equations, we can map the equations to
the free and critical theory higher spin equations as

HSE at O()\) = HSE at O(\*) = FF HSE — CB HSE (6.63)
HSE at O(\?) = FF HSE + CB HSE (6.64)

Finally, inputting (6.62) in the expression for the QF correlator we get it to be

<J81J32J83JS4>QF = {<JslJ82J83J84>FF+5‘<6‘J31JSQJ33JS4>FF—CB+5‘2<J81J32J33J84>CB}

(14X2)
(6.65)
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and converting it into spinor helicity, we get,

N N
<JS1 J52J83J34>QF = (1_'_5\2)2 (<JS1 J52J33J34>FF_i)\<J31 J52J53J54>FF—CB
+5\2<J81 J82J83JS4>FF+CB_i5\3<J51 JSQ J83JS4>FF—CB+X4<J81 J82J83JS4>CB)

(6.66)

Now using (2.5) we finally have

N .
<JS1 JSQ JS3JS4>QF = 5 [<Js1 J32 J53J54>FF+CB + e—”F)\f<J81 J52J53J34>FF—CB] <667)

Thus we conclude that the correlation functions in a SBSH theory can be computed
using the free theory correlators. We would like to point out once again that the solution
found in this paper is one particular solution to the HSE. However we also saw how the
HSEs for different correlators are interconnected. For example, if we want to solve the HSE
for (JJJJ) we need information about (JJT'O) and (JJOO). To solve for (JJTO) we
need information about (JJOO) and (J3JOO) and so on. Thus, we see that we need to
solve an interconnected set of HSEs. We suspect that finding out any other solution which
would simultaneously satisfy all such constraints would really be a difficult job.

For an extension of the above analysis to the five point case, please refer to appendix H.

7 Ward Takahashi identity of QF theory in terms of free theory

In this section we show that the non-conservation Ward Takahashi Identity can be obtained
from the Ward Takahashi Identity of conserved currents for the boson and fermion. To see
this concretely consider the Ward Takahashi identity for the correlator (Js, Js,Js;)qr. To
analyse this, let’s write the correlator in terms of the free theory and parity odd correlators:

N ~ -
<Jsl J52J53>QF - m (<J31 J32J33>FF + )\2<J81 J32J53>FB + )\<J31 J32J83>0dd> (71)
Now consider the Ward Takahashi identity
1 ~ -
<8.J51J52J33>QF - 1+ 5\2 (<(9 ’ ‘]51 J32J83>FF + >‘2<8 : J81J82J83>FB + )\(6 : J81J82J83>0dd)
(7.2)
From the pole equation of (Js, Js,Jss)(5.40), we know that parity odd correlator is
(Js1Jsadss)odd = € ({Js1 Jsy Js3) PP — (Js1 52 Js3) FB) (7.3)

Inputting (7.3) in (7.2), we get

(0.Jsy s, J53>QF =
1
1+ A2

N—

<<8"]51J82J83>FF+5‘2<8‘J51J82J53>FB+5‘ 6'(<8'J81J82J53>FF_<8'J81J52J53>FB)
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In the Lh.s., we get two contributions, one from the Ward Takahashi identity of the
conservation and the other from the Ward Takahashi identity of the non-conservation.

1 B
— ({0 - T, Js, Js + 020 Jg I, Js
1+)\2 (< 1952 3>FF < 1Y52 3>FB (7.5)

+ 5‘ € (<8 : J81J82J53>FF - <8 : ‘]81J82J83>FB))

(a : JS1J82J83>C + <a : J81J32J53>nc =

Now, the Ward Takahashi contribution from the conservation in the lL.h.s. comes from the
free fermion and free boson terms. Thus, we can write

1
1+ 22

1 ~ -
7~2((8’JS1JszJ53>FF+)‘2<8'JS1J82J53>FB+)‘ f‘(<a'J81J82J83>FF_<8'J81J82J83>FB))

1+ A
(7.6)

((8-J51 Jsz J83>FF+5‘2<8'J81 J82J83>FB) +<8~J51J52J53>nc =

Thus, the FF and FB contributions cancel out from both sides and we are left with a
expression for the Ward Takahashi identity from the non-conservation as
1

(0- J51J52J83>nc = 1t 5\25‘ e ((0- J51J52J83>FF —(0- J81J52J33>FB) (7.7)

Now, we can have two different cases. For the case of outside the triangle, s > so + s3,
the Ward Takahashi identity for free fermion and free boson are not equal and the Ward
Takahashi identity for the correlator has contribution from non-conservation. But, for the
case of inside the triangle, i.e, s; < s9 + s3, the Ward Takahashi identity for the FF and
FB are identical and hence looking at (7.7), we can conclude that the contribution to the
Ward Takahashi identity fom the non-conservation in this case is vanishing. It is consistent
with the fact that inside the triangle, the parity odd part of (Js, Js,Js,) is homogeneous. It
can also be explicitly checked that the non-conservation part does not contribute to the
Ward Takahashi identity in this case.
Finally, returning to (7.4)

]. 32 Y
Wlor = — (WTpp + AWTpp + A e (WTpp — WTen)) (7.8)

Now, to get an interesting perspective, we go to spinor helicity variables where the epsilon
transform of the correlator just becomes i times the correlator. We get

1 . <
WTor = 5 (WTFF + X2WTpg — A i(WTpp — WTFB)) (7.9)
1 L ~
= m(WTFF(1 —iA) +iA(1 — iAW) (7.10)

This can be modified and written as

P

* Z (WTFF — WTFB)> (7.11)

>0

—1

1
WTQF = 5 <(WTFF + WTFB) —
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Using the definition, A = tan % we get

1 —T
WTQF - 5 ((WTFF + WTFB) + e A (WTFF — WTFB))
1 . .
- 5( (1 T e*mf) WTep + (1 — e*““f) WTFB)
- A A
— it (cos %WTPF +isin 7T2fWTFB> (7.12)

This gives us an interesting interpretation that the QF correlator can be expressed in terms
of the free theory correlators with modified Ward Takahashi identity. As is clear from the
previous equation, at Ay = 0 we get the WT of the FF whereas for Ay =1 we get the WT
identity for the FB. For the case when we are inside the triangle s; < s; + s we have
WTrr = WTrp which gives

WTqr = e WTrp. (7.13)

A similar calculation can be repeated for higher point functions.

This mapping of WT identities for SBHS theories to the free theories suggests that the
non conservation should be accounted for by doing simple modification to the HS algebra
for the conserved currents. In appendix J, we elaborate on this topic.

8 Discussion

In this paper, we develop a methodology to systematically solve SBHS equations for spinning
correlation functions. Our solution involves mapping the SBHS theory correlation functions
to the free theory correlation functions. We demonstrate our procedure first with three
point functions which reproduce known results. We then apply our methodology to four
point functions of spinning correlators. We show that the four point functions take on a
remarkably simple form and can be mapped to the free theory correlation functions. Our
analysis in this paper demonstrates the usefulness of momentum space or spinor helicity
variables to deal with slightly broken HSEs. Our main strategy was to map the slightly
broken HSE to exactly conserved HSEs which in turn maps the interacting correlation
functions in terms of the free theory correlators.?® We also showed that one can rewrite the
SBHS algebra in terms of the exactly conserved HS algebra with an appropriate redefinition
of currents.

There are a number of interesting followups on our work.

Perturbative calculation. In this paper we have made use of SBHS symmetry to
compute the correlation functions. It would be interesting to understand the same result
from perturbative calculation in CS matter theory. In general, even for two and three point
functions, the perturbative calculation is very complicated and is only performed for a
few simple cases that too in special kinemetic regions [43, 45]. For four point functions

26We should emphasize that slightly broken HS equation can have more solutions. We checked some more
possibilities but they all lead to inconsistencies. At the level of three point functions, the answers are unique
as can be verified directly by using conformal symmetry [22].
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Figure 2. We denote the effective propagator with a black dot. This black dot contains all possible
quantum corrections.

|

Figure 3. The vertex in interacting theory.

Figure 4. The left hand side of the above figure represents a fully quantum corrected two point
function. The right hand side expresses the same as a free theory correlation function and its
epsilon transform.
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Figure 5. The left hand side of the above figure represents a fully quantum corrected three point
function in the quasi-fermionic theory. The right side expresses the same as a combination of the
free fermionic and the free bosonic correlation functions and their epsilon transform.

see, [60, 98, 101, 111, 114]. However our results suggests that there should be a better
way of formulating the perturbative calculation. For example, if we consider a two point
function, the full answer has both parity even and parity odd results. The parity odd
results appear only in the odd loop calculation. The parity odd results are just an epsilon
transform of the parity even free theory result and since any even loop gives the free theory
result, there should be a direct way to see this happening at the perturbative level. We
display our results in terms of perturbative calculations in a fermion coupled to CS gauge
field by the following set of diagrams.

Hilbert space interpretation. In [118], it was demonstrated that the thermal partition
function of CS matter theories at large N can be given a simple Hilbert space interpretation.
They showed that the partition function can be understood in terms of an associated
ungauged theory Hilbert space subject to a Gauss’ law constraint in CS matter theory.
This Hilbert space interpretation is at the level of single and multiparticle fock space and
in some sense, the high energy sector. On the other hand currents can be interpreted as
bound states and hence can be understood to appear in the low energy sector of Hilbert
space. The fact that correlation functions of these currents can be understood from the free

~32 -



theories and the fact that they show anyonic behaviour indicates that for the low energy
7

sector as well there should be some interesting Hilbert space interpretation.?
Bosonization, anyon and anyonic current. In 2D bosonization, there is a direct map
between currents of the fermionic and bosonic theories. In three dimensions, there may
not exist a direct map as in this case bosonization is realised through anyonic behaviour.
However results in this paper indicate that one might be able to define effective anyonic
currents which interpolate between fermionic and bosonic currents. One should as well
be able to use these anyonic currents to define some effective Wick contraction to get the
correlation functions.

CFT bootstrap in momentum or spinor-helicity variables. Three point function
of conserved currents can have three structures

<J81 J52J53> - nF<Js1 J82J83>FF + nB<J51 J32J53>FB + nOdd<J51 J52 J53>odd- (81)

However solving in spinor helicity and momentum space breaks up things naturally in the
following way:

<<]81 J52J53> = (nF + nB) <J51 J52J83>nh + (nF - nB) (Jsl J52J83>h,even + nodd<<]51 J52J33>h,odd

(8.2)
where the “nh” peice saturates the WT identity and the coefficient of it is fixed by two point
function, whereas the homogeneous piece depends on the OPE coeffcient and contains both
parity even and parity odd contributions. Further, using the fact that in spinor helicity
variables the homogeneous odd and the homogeneous even parts are related trivially which
leads to

<J81J82J83> = 62pt<J81 JS2J83>nh + Csew<JS1 JS2J83>h- (8-3)

Now, if we compute the free theory correlators, the homogeneous and non homogeneous
parts can be isolated just from say, the free bosonic theory correlator. This gives us a
powerful result that the full three point function can just be obtained from just the free
bosonic theory or just from the free fermionic theory.

We would like to repeat the same for four point functions, that is write them in the form,

<J81J82J83JS4> = <J51J52J83J84>nh + <J51J52J53J54>h- (8~4)

We believe separation of homogeneous and non-homogeneous parts in the four point function
would lead to important insights into the structure of four point functions as it did in the
case of three point functions. We believe this will lead to an even more beautiful structure
in CS matter theory.

It would also be very interesting to develop bootstrapping ideas directly in momentum
space or in spinor helicity variables. See [23] for some progress towards this. A naive
analysis is presented below, see also [25].

2"™We thank S. Minwalla, for a discussion on a discussion related to this point.
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(TOOO)qr. We can use conformal block decomposition to write

(TOOO)qr = > (TOJs)qr{Js00)qr
= ((TOJ5>FF + X<T0J>CB) ((1 + 5\2)<JSOO>FF>
s (8.5)
= (1+ X)) ((TOJ, ) (J,00)er + MTOJs)cn(J:00)cn

S

= (14 A)((TO0O0)gr + MTOOO)cp)
Going from the second to the third line we have used the fact that (J;OO)pp = (JsOO0)cp

(JJOO)qr. Doing the same process for (JJOO)qgr, we can write
(JJOO)qr

_ Z(JJJS>QF<JSOO>QF

_Z< e (JTT)er+A e~((JJJS)FF—<JJJS)CB)+5\2<JJJS>CB)> ((1+32)(J,00)xr)

ZZ JIJs)rr (JsO0)pp+ X € (J T TS pr(JsO0)pp —e-(JJJ3) 0B (Js00)cp

+ AT T Js)eB(Js00) e = (JTJOO)pr 4\ €-((JJOO)pp —(JJOO) )+ A3 (JJOO) e
(8.6)

Here again, while going from the second to the third line we have used (J;O0)pp =
(JsOO)cp. Even though the above analysis is very naive, it gives the same result as we
obtained in (3.15). We have not taken care of the double trace contributions. However, as
was explained in the case of scalar four point functions [98], these do not contribute. A
naive analysis for spinning correlators also suggest the same. It would be very interesting
to put these calculations on a firmer footing. Naive analyses for more general cases are
discussed in appendix F.

We believe that since spinor-helicity variables give interesting insights into the CFT
correlation functions even at the level of three point functions, it would also reveal some
interesting structures at the level of the four point functions which have not been understood
as of yet in position or Mellin variables. An other attractive feature of the momentum
space analysis is its connection to S-matrix bootstrap programme. At the level of three
point functions, a detailed relation of flat space amplitudes and CFT correlators appeared
in [27]. It would be interesting to understand this connection at the level of the four point

function better and thus making a connection to the S-matrix bootstrap.

Supersymmetric extension. For the case of three point functions it was observed [108,
122, 123] that conserved currents have two structures, one parity even and one parity odd.
In spinor-helicity variables, this fact can easily be shown, see [30]. This just follows from
plugging np = np in (8.2). This implies that there will be one non-homogeneous and only
one homogeneous odd contribution. In the context of four point functions, it should lead
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to very simple structures. It would be interesting to understand this both in terms of the
higher spin equation as well as the conformal bootstrap perspective in momentum space.
See [124] for a calculation of four point correlation function for the stress tensor multiplet
for N' = 6 susy SBHS theory. Like non-susy case considered in this paper, [124] also showed
that there is no contact term contributing to four point function using super symmetric
localization.

Correlation function under relevant or marginal deformation and at finite
tempearture. In this paper we have considered CS matter theories at the conformal fixed
point. Three point and four functions results are fully expressible in terms of free theory
results. It would be interesting to check if similar conclusions hold true even away from the
conformal fixed point. It would also be interesting to understand if at finite temperature
similar conclusions can be reached. To start with we can just concentrate on turning on
a mass term [20]. In this regard we consider a concrete example of determining the two
point function (J,J,) of conserved higher spin operators in the free massive bosonic theory
where we have deformed the free bosonic theory by introducing the mass term. We start by
acting @, on (Jo(21)O(x2)) in position space.

([Quvs Ja(21)] O(z2))rMB + (Ja(21) [Quv, O(z1)])FMB = 0 (8.7)

Here (...)pmp denotes a correlator in free massive bosonic theory. The algebra in the
massive case is the same as in the case of free theory [20]. Using the algebra (B.6) we get
the equation

(040,000 (21)O0(22))rMB + v (OaJO(21)O(22))rMB + (OpTva(21)O(2z2))rmB  (8.8)
+ (00T (21)O(22)) prB + (Jo(21)0udy (22))FMB = 0

One important difference between the massless case and the massive one is that for the
latter, 2-point functions of different spins may not be zero. Converting this to momentum
space we get the equation

P1uP1:P1a (O (P1)O(—p1))rMB + GuwP1aPT(O(P1)O(—p1))FMB

+ 1 (Tya(p1)O(—p1))pMB + Pral{Luw (p1)O(—p1))rmB + P2u(Ja(P1)Jv(—p1))FMB = 0
(8.10)

Now, we can compute (O(p1)O(—p1))rmB and (T, (p1)O(—p1))rvp explicitly. Inputting
the explicit expression it can be checked that this equation is indeed satisfied [20]. It would
be an interesting future goal to generalise this for the case of slightly broken higher spin
theories and to check that the correlators in the slightly broken theories can be written in
terms of the free bosonic, critical fermion correlators and their epsilon transforms.

Derivation of dual of CS-matter theory. The free bosonic or free fermionic theory in
three dimensions are dual to Vasiliev Type A or Type B theory. CS matter theory which is
a parity violating theory is dual to Vasiliev theory with parity violating 6 term. Given the
fact that we are able to derive the correlation functions in the parity violating CS matter
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theory in terms of free theory, this indicates that there might be a way to write down
these parity violating theta deformed theories in terms of Vasiliev-A or Vasileiv-B theories.
Recently, in [125], it was shown how to rewrite the path integral over free theory vector
models in d dimensions in terms of path integrals of fields in one higher dimension in AdS
space. Since CS matter theory results can be mapped to free theory results, it might turn
out that this rewriting of the path integral can be extended for the case of CS matter theory
and show how the @ term arises. One possible difficulty?® is the fact that position space
correlation functions when expressed in terms of free theory results becomes complicated.
Also, even though we could express the three point function in terms of just the free fermion
theory, the four point function requires both free fermion and crtical bosonic results.?”

Contact diagram in AdS or double trace contribution. As mentioned above, we
could show that the full slightly broken HSEs can be mapped to the FF HSE, CB HSE
their combinations or as we defined earlier, an epsilon transformed version of these. In this
analysis we did not require any contact diagrams. As mentioned in the main-text, the result
reported in the paper solves the SBHS equations but there could be multiple solutions.
In principle one can add contact diagrams to our results [98, 121, 126]. We suspect these
contact diagrams would violate the HSEs. However, let us emphasize again that we could
solve SBHS equations without requiring contact diagrams.

For scalar four point function in [98] it was shown explicitly that contact terms are
not required. For (JJJJ) in [114] it was argued that no contact term is required. Our
results indicate that, we may not require AdS contact diagrams and hence no double trace
contribution os required. The full results are just obtained from single trace contribution.
From AdS perspective this would imply existance of sub-AdS locality in the higher spin

gauge theories.?"

Generating functional for correlation function in CS matter theory. Given the
simplicity of the results presented in this paper, it would be interesting to find out a
generating functional which reproduces all the results. See for three point function for free
theories [31], for four point function in free theories [127], see also [128] for recent abstract
discussions on interacting theories. It would be interesting to find explicit expression of
correlation function for free theories in momentum space for four point functions.

Finite N bootstrap. Reproducing the results presented in this paper from the position
space or Melin space bootstrap perspective would be very interesting. Also generalizing the
results by taking subleading order in O(%) corrections would be an interesting thing to
pursue. In [100] it was shown that to obtain CFT data at % we need to know spinning
four-point functions (Js, Js,Js;Js,). It would be nice to revisit analytic bootstrap program
in [100] in light of the results presented in this paper.

28We thank Ofer Aharony for a comment regarding this point.

9 Hopefully understanding the four point function in spinor helicity variables and their decomposition in
terms of homogeneous and non-homogeneous terms can give us a much stronger result.

30See discussion section in [98].
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A CS matter theory

In the main text we have defined the QF theory. Let us define the QB theory here. The
QB theory is two different theories which are dual to each other. These are a boson coupled
to the CS gauge field and a critical fermion coupled to the CS gauge field. Here we briefly
discuss a boson coupled to the CS gauge field. More details can be found in [103].

A.1 Bosonic theory coupled to CS field
The bosonic theory coupled to the Chern-Simons gauge field has the following action

~ 2
S’:/d?’:v [Dud)DM(ﬁ—Fiﬁszl;Tr(AuauAp_Q;A;LAUA/))‘F(?;)($§+1)(¢¢)3] (A1)
B

The scalar primary operator has conformal dimension A =1+ O (%) and is parity even.
The spin-1 and spin-2 conserved currents have dimensions 2 and 3 respectively. The theory
also has an infinite tower of weakly broken higher spin currents Js with spin s > 2 and
conformal dimension A = s+ 1+ O (%) In this text we will refer to this as the quasi
bosonic(QB) theory.

A.2 Relationship between parameters

The coupling constant in the CS matter theories is defined as follows,

Ny Ny
= —, )\f:7
Kp K

Ab (A.2)

we now introduce a few other useful variables which will help simplify our expressions. [43, 45]

~ sin Ay sin Ay
N = 2N, =2N

b o ! TAf
- A
Agb = tan (77)\b> = cot <7Tf>

2 2

- A A
Agp = cot (7T2b> = tan (7r2f> (A.3)

B Higher Spin current algebra

In theories possessing higher spin symmetry, there exist an infinite tower of conserved
currents such that their associated charge Qs kills any correlator. i.e.

> sy Qs 5] Js,) =0 (B.1)

%
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The conserved charges have an associated algebra with the current operators. We
can constrain this algebra from covariance, dimensionality, parity, spin considerations etc.
Throughout this text we will be mainly focusing on two charges, namely ()3 and ()4. For
the FB theory we have a scalar operator O with dimension A =1 and an infinite tower of
exactly conserved currents Js; with integer spin s and dimension A = s + 1. The algebra of
charges Q3 and Q)4 with O and Jj is given by:

[Q37 O] = [Qw/v O] = Cla(p,Ju) (B2)
[Qg, J] = [Quy, Jp] = CgauayapO + C3gw,8pDO + C4a(uT,,)p + C58PTW (B.?))

[Q47 O] - [Qﬂ”ﬁ’ O] - dlaﬂal/apo + dQQ(ul/ap)DO + d38(/LT1/p) (B4)
Q4, ] = [Quup, Jo]) = da 5(ua,/8p) Jo + ds 8a6(#8yjp) + dﬁg(wjap)\jja

+ d7guuaaDJp + d8ga(,ual/|:|Jp) + d98aJ( (BS)

wvp)
The several constants {c;,d;} can be fixed by using two-point and three-point functions.
Similarly the FF theory in three dimensions has a pseudo-scalar operator O with dimension
A = 2 and an infinite tower of exactly conserved currents J, with integer spin s and
dimension A = s+ 1. The algebra of charges @3 and Q4 with O and Jj is as follows:

[Quv, O] = €uap 90, J° (B.6)

Qurs Tp) = €op(udr)0o0 + 0, Ty + 0T (B.7)

[Quus Tap) = PupuPads + PupsPay + GuvPaliJp + Putvas (B.8)

[Qup: O] = 8,0,8,0 + 60,00 + €400, 00T (B.9)
[Quups Jol = 840, 0p) Ja + b 000,00 p) + O (yurp)

+ 9w 9p) o + 91w 0alJ)p + €go(,0, 00 ) (B.10)

Qs Tog] = 019,00, Tos + 020,000 T + b3 Tupas + badaT s (B.11)

In the case of theories with slightly broken higher spin symmetry, the non-conservation
equation gets a contribution proportional to the coupling strength X and becomes,

S (Joy - [Qss I - Js,) = /<a- JoJo, ... Js,) (B.12)
The non-conservation for the currents Js and Jy for the QB theory is given by [32, 75],
Q- J3=0,J7,(x) = €pab(foJa(x)00,0(x) + b10pJo(2)0,0(x)
+ f16VJa<$)abO(.%') + bgO(x)ab&,Ja(a:)) (B.l?))
0+ Jy=0,J,,(x) = €pab(foTaw (2)0p0,0(x) 4 b10pTo, (x)0,0(x)
+ [10,T00 (2)0p0(x) + boO(2)0p0,T oy () (B.14)

and in the case of QF theories, the non-conservation for Js and Jy are given by

aUJZu = aa(uj,,)O—i—bJ(,,au)O (B.15)
9o J5,, = 100,0() Tp () +€pab (a0 Ja (1) 000 Jo () +b1 Ja(2) 0600 () +e0.J, (1) DaOp Ty ()
(B.16)
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here the several factors {f;,b;} are no longer constants but pick up a X dependence. The
precise values are given as follows,

3\ 2 A
azi..,iﬁ,7 :—7..7,.7
5N 1+ )2 5N 1+ )2
L0 A 512 A 128 )
OTIN1+x2 YT O 3N1+x2 7 3N14 A2
64 X 128 A
=% T 3m1ae (B17)

The algebra for the slightly broken HS theory is also slightly modified where the coefficients
may or may not pick up a dependence of the coupling constant. The modified algebra for
each theory is given by,

Quasi-bosonic theory

(@3, 0] = [Quw, O] = 19,y (B.18)
[Q3, J] = [Q“y, Jp] = 028#8,,6,90 + C3gw,8pDO + C48(MTy)p + C58,,TW (B.lg)
[Q4, O] = [QMVP’ O] = dlﬁﬂ&,&pO + dgg('w,ap)DO + dga('uTl,p) (B.ZO)

(Qu, J] = [Qu}/p7 Jo] = dy 8(“8V8P)Ja +ds 80[8(#81“]#,) + d6g(u,,8p)DJa
+ d79,,0,0J, + dgga(uayDJp) + dgan(lwp) (B.21)

Quasi-fermionic theory
[Quuv O] = C1€uab aaayjb (B22)
1
[Quvs Jp] = mcﬁvﬂ(uaﬂ&’o + 30, T)p + a0 T (B.23)
[Q,Wp, O] = alﬁuc‘)yapO + aggu,ﬁpDO + agewbc‘),,é)apr (B.24)
(Quups Ja] = b1 00Dy Jor + b2 0aD(uDT ) + b3DT )

+ g(,uyap)DJoc + guuaaDJp + Cga(uayDJp) (B25)
[Q/Jl/pa Ta,ﬁ] = blauauapTa,B + b28,uauaan,8 + b38,ujupa[3 + b46at]uupﬁ (B26)

the precise values of all the {a;, b;, ¢, } sometimes cannot be determined but it is usually
not required. The only information we know about these coefficients is if they are modified
for SBHS theories. Our aim in this paper has been to map the correlation function in SBHS
theories to the free theories which does not require explicit knowledge of these coefficients.?!
If we now move to lightcone coordinates, these coeffcients are explicitly known and can be
found in [20, 32].

310ne can fix some of these coefficients usinf two and three point functions and some of them are given by

c1 =1, c2+c3 =2,

a; = 1, a2 = 1. (B27)

We would like to again point out that for our analysis we do not require explicit values of there coefficients
unless they explicitly depend on coupling constants.
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C Spinor helicity variables

Spinor-helicity variables are a useful tool to represent scattering amplitudes and correlation
functions in a compact manner. Here we will give a short introduction of the basic
definitions and list the identities which we used throughout the text. For a more detailed
discussion see [6].

We begin by expressing the 4-momentum as,

Paa = Aa)\o'c (Cl)

We define barred spinors using,

Ao = Aa7d  where 719 = —e‘mﬂga (C.2)

«

The 3-momentum can be expressed as

1 _
P’ =50 Aad’ (C.3)
Using the above relations we can express the momentum derivatives in terms of spinorial

derivatives and the special conformal generator then becomes

ke =23 o), — (C.4)
ST ONiadN,
We also define the inner product brackets as follows,
(i) = € Najs » (i7) = € NiaNjp (C.5)
Finally we define the transverse polarization vectors as,
Zop = Aaks Z;FB = Aaks (C.6)

2p 2p

Given a momentum space expression we dot it with the polarization tensors to convert it
into spinor-helicity notation. For example

(ig) (ig) (if)”

s —
2p; L 4pip;

(C.7)

Zi"Pj = —

When we have three momenta, the spinor brackets satisfy the following relations: [129]

(ba){ac) = E(bec)
(ba)(ac) = (E — 2k.){bc)
(ba)(ac) = (E — 2kp){bc)
(ba) (

ab) = (E — 2k, )(E — 2ky) = k7 — (ka — ky)” (C.8)
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Similarly, when we have four momenta we have the following identities

(ba)(ac) + (bd){dc) = E(bc)
(ba)(ac) + (bd)(de) = (E — 2k.){bc)
(ba)(ac) + (bd)(de) = (E — 2ky)(be)
(ba)(ac) + (bd)(dc) = (FE — 2k, — 2k,){bc)
(ba)(ab) + (be)(eb) + (bd)(db) = 0
(ba)(ab) — (cd){dc) = E(2k, + 2kq — E)
(ba)(ab) — (ed)(dc) = (ke — kp)* — (ko — kp)? (C.9)

In our computation we also made use of the expression of dot products of momenta with
each other and with null transverse polarization vectors z; which satisfy the null condition
zf = 0 and the transverse condition z; - p; = 0. The dot products take the following form

Parity Even:

b) (ba) (ab)(ba)
2p, - pp = —{ab)(ab), 2az+:<a , 204 - 2 =
Pa - o = —(ab)(ab) Pa * 2 20, Pa - %, 5T
ab)? L (ay? )y
22j-z+:—<a 22 7, = — 22z = — C.10
b Apapy b Apaps b Apapy (C10)

_ = ’Lf : E G2
Epz‘zfz,j - pjpk(< k><k.7><] > pz<]k‘> )
st = por(—URGRID — PR )

D Epsilon transforms in spinor-helicity variables

We denote the epsilon transform of a current Js as follows

(o

(€ JU1) (p). ..y = eaa(m%<b7£z-~-us)a(p) ), (D.1)

We illustrate the epsilon transform by an example. Consider the expression of (JJO)eqq in
the quasi-bosonic theory

(Ja(p1) T (92)O(P3)oda = Eaagf’“<Jb<p1>Jy<p2>0<p3>>FB (D.2)

The explicit expression of (JJO)pp is given by,

(Ja(p1)Ju(p2)O(p3))FB = Tpa(P1) Tt (P2) (A(Pi)P2ap16 + B(Pi)dab) (D.3)
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If we dot it with the polarization tensors z1,,, 25, on both sides we will get

A(1,2)2(1,2) (2,1) N B(1,2)?

(J-J-O(p3))rp =

8p1p2 2p1p2
A(1,2)2(1,2)(2,1)  B(1,2)?
J_J_O =1 +1 D4
( (P3))odd o1, Sp1Ds (D.4)

hence we have (e - JJO)pp — i(JJO)pp. Similarly if we dot with zfu, 23 on both sides we
will get

o -,
(J-J-O(p3))rB = A4(1,2)21){1,2)° , B{1,2)

16p1p2 8p1p2
A(1,2)(2,1)(1,2)>  B(1,2)"
J_J_O =— — D.5
( (P3))odd = —i 6p1ps o — (D.5)

so we notice (€ - JJO)pp — —i(JJO)pp. Thus we notice that in spinor-heilcity variables
<6 . JJO>FB — :|:’i<JJO>FB

It turns out that this observation is not limited to just (JJO) and in-fact for any
correlator we have (e - Js, Js,Js;) — £i(Js, Js,Js5). The analogous result for four-point
functions holds true as well.

E Two-point functions

In this section, we use the SBHS equation to calculate the two point functions. We present
a simple example and demonstrate how higher spin symmetry can be employed to calculate
correlation functions.

E.1 <JJ>QF
Consider the action of @3 on the correlator (J,O) in the QF theory,

Qs (Ja(21)O(22)) qr] = /<30J&y)($)Ja($1)0($2)>QF (E.1)
Using (B.22) and (B.23) we expand the Lh.s. as follows

[Qul/a <Ja($1)0($2)>QF]

= ([Quvs Ja(21)]0(z2))qr + (Ja(21)[Quv, O(z2)]) qF
= 265 p(u011) 05 {O(21)O(22)) QF + 30(1,(T0)p(21)O(22)) QF + €401p(Tyn (1) O(22)) qF
+ C1€uab 61a01y<Jb(:U1)O(ZL'2)>QF (EQ)

Now using the fact that (J;O) is zero, the L.h.s. simplifies to just two terms

€260 p(1011) 010 (0(21)O(22)) QF + C1€uab 001 (Ja(21) " (22)) qF (E.3)
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Now, using the non-conservation of Js from (B.15) we can write the r.h.s. as,

[ 0T @)Jae0)Ola)ar = [ (00T @)0(@) + b, (@), 0(@)) a(21)Ow2)ar
= /m(a = b)(9(u ) (2)O(2) Ja(21)O(22)) qr

= [(@=0)00) @ a))or O@O0@)ar  (E4)

where in the second line we used integration by parts and in the third line we wrote the
only nonzero large-N contribution.

Now, to get rid of the integral and to make the overall HSE simpler we write it in
momentum space as follows

C2€0p(uP 1) P10 {O(P1) O(—p1))qF + C1€uabp *P1u(Ja (p1) I (—p1))QF

= 16: (u{Ju) (=P1)Ja(P1))Qr(O(p1)O(—p1))Qr (E.5)

1+ a2
where we used the values for a,b from (B.17). Thus, we have an expression for the unknown
correlator (JJ)qr and now we will try to solve for it. The scalar 2-point function in the
QF theory is given by,

(14 3)(0@)O(~p)hpr = 5 (14332 (6)

v | =

(O(P)O(—p))qr =

while the (JJ)qr correlator decomposes as follows,

(Ju®) o (=p))qr = - [(Ju(p)Ju(=D))even + (Ju(P) 1 (=P))odd]

2
PuPv =P " Guv | -
2 16p ¢J7€ap” (E.7)

21 l\D‘ 22

where the even part of the correlator is just the FF correlator and for the odd part we make
a guess knowing that the term should be parity odd and have the correct dimensions which
leaves only one possibility. Substituting (E.6) and (E.7) back in (E.5) and equating the
parity odd tensor structures we get

ery = (E.8)

A

1
Thus, we see that the above expression for (JJ)qr matches with what we had earlier.

Now, using the definition of N and X from 2.2 let us rewrite the expression in a different way,

N [pups — PP A .
<J,u(p)<]u( p)>QF = [ 16]9 + 16€uuap

2
g
sin 7T/\f PuPv — p2guu tan (T)
=N vaP” E.9
SV [ R (E-9)
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If we now dot with the polarization tensors 21, 22, and convert to spinor-helicity variables,
we will get

in tan (Mf
sinTAy | —pz1 - 22 2
(Ju(p)du(— =N
zlltZQ < M(p) ( p)>QF f 7T)\f 16p ].6 6212’219
_ iNe™(12)2 (E.10)
N 327 A ¢p .

Thus we see that in spinor-helicity variables, the two-point function turns out to be
just the free theory expression but with an overall phase factor. This procedure can be
generalised for arbitrary spin-s conserved currents.

F Naive conformal bootstrapping and conformal block decomposition

In this section we present a naive conformal block decomposition of the four point function.

In the discussion section we presented a naive analysis for (TOOO)qr and (JJOO)qr. In
the following we consider two more cases of interest.

F.1 (JJTO)qr

(JJTO)qr

=Y (JJJ)qr(JTO)qr

=y (Hl;\Q(<JJJs>FF+5\ e.(<JJJs>FF<JJJ3>CB)+X2<JJJS>CB>> (<J3T0>FF+X<JSTO>CB)
= 14_17 > (<JJJ5>FF<J5TO>FF+5\<JJJS>FF<J5TO>CB+/N\(€' (JJTs)pr)(JsTO)pr

S

+22(e-(JJT)pp ) (JsTO)cp— e (JTJ)cp) (JsTOYpp — A2 (e (J T Js) ) (JsTO)cn
+X2<JJJ5>CB<JST0>FF+X3<JJJS>CB<JST0>CB) (F.1)

Now, we can use

(JSTO>FF = €- <J5TO>CB and <JSTO>CB = —€- <JSTO>FF (F2)
If we input this into (F.1), we get

1+1;2 > ((JJJS>FF<JST0)FF—X(JJJS>FF(6- (JsTO)pp)+ e (JJ T pp)(JsTO)pp

S

— XN (e(JTJS)pr) (€ (JTO)pp)—Ne-(JJ T cp) (- (JsTO)ep) — N2 (e-(JJ J ) ) (JsTO)cn
+ X2 (T T on (e (JTO)en) + A3 (T T Jo)on (JTO)on)
(F.3)
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Schematically, we write (e-(JJJs))(e- (JsTO)) as £(JJJ5)(JsTO). Thus the above equation

becomes

1+1X2 > (<JJJS>FF<JST0>FF4<JJJS>FF(6- (JTOYpp)4+A(e- (JJJ)pr)(JTO)pr
FA((JJJ)pp) (JsTO)er) FANT T Jo) o) ((JTO)en) = A2 (e- (J ] Js) o) (Js TO) o
+5\2<JJJS>CB(6-<JSTO>CB)+5\3(JJJS>CB<JSTO>CB>
1

- (<JJT0>FF—X e (JITOYpp+A e (JJTOYprFA2(JITO)pp

TNJITO)cg -2 € (JJTO)cp+A> e~<JJTO>CB+5\3(JJT0>CB)

b ((7TO)erF3(JITO)er FNJITO)cn+ A ]I TO) o)

142

(F.4)
Comparing to the ansatz that we had for (JJ TO)QF,32 we can identify that

(JJTO)y2=F(JJTO)pr (JJTO)y1=F(JJTO)cB (F.5)

However, only the identifications with the plus signs satisfy the pole equations for (JJTO)qr.

Thus, we have
(JIJTO)yo = (JJTO)pr (JJTO)y1 = (JJTO)cp (F.6)

This is analogous to (TTTO)qr (6.36).
F.2 (JJJJ)gr
(JJJJ)qr

=Y (JJJs)qr(JsJ J)qr

=>. Hlp (<JJJS>FF+X e-((JJJs>FF—(JJJS>CB)+5\2(JJJS>CB)

X ((JoT Tyee+X e ((Jo Type = (JsJ T)om)+ X2 (Jo T)on)
1 ~ - -
=3 [((JJJJ>FF+2)\ e (JTTTVpp—273 e (JJJD) e+ N (JJTT)cn

+X2(J T T yee+ 32T T T o )
+y (—X<JJJS>FF(6- (JJ J)eB)+ X (T T J)pr(Jod J)cn— A (e(J T Jo)pr) (€ (JsJ J)cB)

+ X3 (e (JTT)pr) (JeJT)cB —Me-(J T T cp) (s J T pp — A2 (e- (J T Js) ) (- (o J T ) pr)

+X2<JJJS)CB<JSJJ>FF+X3<JJJS>CB(6-<JSJJ>FF))] (F.7)

32We have done a schematic analysis here. Hence, it is possible that there might be extra terms like
Xe - (JJTO) in the expression. But, if we include these terms, the pole equation of (JJTO)qr doesn’t get
satisfied. Thus, using the higher spin equations we neglect these terms. There could also be some contact
terms as well as contributions from products of 3-point correlators. There could also be contact diagram
contributions from AdS which have to satisfy higher spin equations by themselves. Studying them will be
interesting and we plan to return to this problem in the future.
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Now, we cannot move forward with the terms inside the summation. This is because in this
case we do not have a direct epsilon transform relation between (JsJJ)pp and (JsJJ)cB.
In case of (JJTO)qr, we could proceed because we could write (J;TO)pr and (J;TO)cB
as epsilon transforms of each other, but this is not possible in the analysis of (JJJJ). Thus,
the conformal block argument of (JJ.J.J) does not help us infer much. However, using the
higher spin equation, we could solve for (JJJJ)qr.

G Details of four-point HSEs

G.1 <T000>QF

We discussed the case of (TOOO) in section 6.1. It turns out that in this case the HSE
allows for a stronger result as follows.
We shall now explicitly show the mapping of the SBHS equations to the free theory

HSEs. At O(\) of (6.1) we have

€ab(uP1vP1a{Thp) (P1)O(p2) O(p3) O (pa))yy + +{1 & 2} +{1 & 3} + {1 & 4}
= —12p1(up1<T,/p)(pl)O(pg)O(pg)O(p4)>YO +{1e2+{1<3+{l<4}

At O(\?) we have

P1uP10P1,{O(P1)O(p2)O(p3)O(pa))FF+CB + 9(uwP1,)PT{O(P1)O(p2)O(p3)O(pa))FF+CB

+ €ab(uP1vP1a(Thp) (1) O(p2)O(p3)O(p4)) v,

+{1 2+ {1 & 3} + {1 < 4} = —12p1(uwp1({T,) (p1)O(p2)O(p3)O(p4))vi
+{l1e2}+{1<3}+{1+4}

(G.2)

At O(A\?) the equation takes the form

€ab(uP1vP1a(Top) (P1)O(P2)O(p3)O(pa))y; + {1 ¢+ 2} + {1 > 3} + {1 < 4} (G.3)
= —12p1(uP1(Typ) (P1)O(p2)O(p3)O(pa))y, + {1 = 2} + {1 = 3} + {1 = 4} (G4)

It is easy to see directly in momentum space that the 0(5\2) equation maps to the simple linear
combination of the lowest (6.2) and highest order equations (6.3), namely O(X?)4+O(X%).
To show that the O(\) equation maps to the combination O(A?)-O(A*) we move to spinor
helicity variables where it is easily verified. That is,

HSE at O(\) = FF HSE — CB HSE
HSE at O(\?) = FF HSE + CB HSE (G.5)

Thus. we map the entire HSE to the free and critical theory HSEs. Let us note that we
have taken (OOOO)rr = (OOOO)cp which can be checked explicitly [98].

G.2 (JJOO)qr

In 6.2 we found that the correlator (JJOO)qr is given by the expression in (6.26). Using
this expression and plugging it back into (6.15) we can show that the resulting HSE can be
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mapped to a combination of the free theory HSEs. As done in the main text, we expand
the HSE in (6.15) at each order in the coupling constant A. At O()) in (6.15) we have

P1(u{T1)a(P1)O(p2)O(p3)O(pa)) B + P1a(Tyw (p1)O(p2)O(p3)O(ps)) cB+
2<Eab(yp2ap2u)<Ja(pl)Jb(p2)O(p3)O(p4)>odd +{2e3+{2¢ 4})

— 16 [pw<JaJy)>FF<o<p1>0<p2>0<p3>0<p4>>w

+ P2 (1 (1) () Ol) Op))ye) + 12 3 3} + {2 4 4}

Now, if we plug the solutions that we got from the pole equation (6.23) into the O(\)
equation (G.6), we get

P1u(Tva(P1)O(P2)O(p3)O0(p4)) cB+ P10 (T (p1)O(p2)O(p3)O(pa))cB+ (243 3)+ (2 4)
= —2ipap2,u(Ja(p1)Ju(p2)O(p3)O(pa))cB —16i(Ja (p1)Ju (—p1)) FF(O(p1)O(p2) O(p3)O(ps))Fr
+(2¢3)+(2<4)
(G.7)

which is exactly the CB HSE. To get (G.7) from (G.6), we note that in the Lh.s. of (G.6), we
used various tensor identities involving €,,, which turns the (JJOO)qq term proportional
to (JJOO)pr — (JJOO)cp using (6.23). Also using (6.19) we observe that the free fermion
terms cancel with the corresponding FF terms of (JJOO) in the r.h.s. and we are left
with (G.7).

At the next order, that is at O(\?) we have

€aa(uP1)P1a{O(P1)O(p2)O(p3)O(p4))cB + P1(u{T)a(P1)O(p2) O(p3)O(pa))FF
+ P1a{Tw (p1)O(p2)O(p3)O(p4))Fr + Z(Gab(uPQapZ/)<Joz(pl)Jb(pQ)O(p3)O(p4)>Y2

+{2<—>3}+{2<—>4})

— 16 [ngua(plm (2)O(p3)O(p1))oaa + {2 > 3} + {2 > 4}

(G.8)

Now we plug in the solution of the pole equation (6.23)into the O(A?) equation which yields,

€(ulaaP1)P1{O(P1)O(p2)O(p3)O (P4))FF + P1(u{Tn)a (p1)O(p2)O(p3)O(p4)) FF
P1a{Tyw (p1)O(p2)O(p3) O (pa) ) FF + 2€(abP3P21) ((Ja (p1)I* (92)O(p3) O (pa))FF)
+(263)+2c4)=0 (G.9)

which is exactly the FF equation. Therefore, by using the solutions of the pole equations
we can map the O(\) and O(A?) and hence the entire HSE to the FF and CB HSEs. Thus,
this also proves to be a consistency check of the solution that we have for the correlator.

G.3 (TTTO)qr

In 6.3 we found that the correlator (JJTO)qr is given by the expression in (6.36). Using
this expression and plugging it back into (6.28) we can show that the resulting HSE can be
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mapped to a combination of free theory HSEs. As do~ne in the main text, we expand the
HSE in (6.~28) at each order in the coupling constant .
At O(N) in (6.28) we have

{p1a<J4uup/3( 1)T6(p2)O(p3)O(pa))odd +P11u(Javpas (1) Tro (p2) O(p3) O(P4) ) oda

—P1{Top(=P1) Tap (p1))(O(P1)T1o (p2) O(p3) O(pa)) pr

+€vaaP1aP18P1P1p(0(P1) Tho (p2)O(p3)O(p4)) cB

+1aP18P1{T0p(P1) Tyo (P2) O(3) O (P4)) odd +P1aP1,uP10 (T (P1) Ty (p2) O (p3) O (P4))odd

)Ty (p2)O(p3)O (D))o +{1 4 2, (o, B)  (,0)}]

+ [PBMP:SVPSp (Tap(P1)Tho (p2)O(P3)O(P4))odd — P3P3u{ Tes (P1) Tro (P2) Tup(P3)O(P4)) vo

+€nabP3aP3u (T (P1)Tye (P2) T (p3)O(pa))v1+{3 < 4}} (G.10)

+P1up1yp1p< ( Y41

At O(X\?) the HSE reads,

{pl/.bplz/plp(raﬁ(pl)T'ya(pQ)O(p3)O(p4)>FF+CB+p1pp1up1a<Tpﬁ(p1)T'ya(pZ)O(p )O(p4))Fr+CB

+01,01aP18{Typ (1) Tyo (p2)O(p3)O(P4)) FFr+CB+ P10 (Japwps (P1) Tye (p2)O(p3)O(p4)) Fr+CB
P10 (Javpas (1) Tyo (2)O(p3)O(P4)) FF+CB +€vaaP1aP1uP1pP18 (O (1) Tho (p2)O(p3)O(p4)) FF

+H{142,(0,8) < (1,0)}]

+ [p3up3vp3p<Taﬂ (P1)T56(p2)O(p3)O(p4))Fr+cB
+€uatPP3a{Tas (1) Ty (92) T (p3)O(pa)) e+ {3 4 4}

— [Psu(O(=ps)O(p3)) B (T (1) Ty (p2) T () Opa) o+ {3 4+ 4

+P1u(Top(—p1)Tap(p1)) cB(O(P1)Ty0 (p2)O(p3)O(pa)) cB +{(1 > 2), (o, B) < (v, 0>}} =0
(G.11)

which tells us that,
HSE at O(\?) = FF HSE — CB HSE

At O(X3) in (6.28) we have,

[p1a<=]4;u/pﬁ(p1) Ty6(p2)O(P3)O(P4))odd + P1u{Javpas(P1)Tyo (p2)O(p3)O(P4))odd

— P1u{Tp(=p1)Tap(p1))(O(p1) oo (p2) O(p3) O(pa) ) FF
+ €vaaP1aP15P1uP1p (O (P1) Tho (p2)O(p3)O(p4)) cB
+ p1aP18P1u{Typ(P1) Tyo (P2) O(P3) O(P4))odd + P1aP1uP1u(Tps(P1)Tye (P2)O(P3)O(P4))odd
)

(P2)O(p3)O(
+p1,u,pll/p1p< aﬁ(pl)T’yU(p2 O(p3)0(p4)>odd + {1 <~ 27 (0475) A (7? U)}}
+ [PsupsvP3p(Tap (1) Too (92)O(3)O(P1) )ota — P3P Tas (1) T (2) T (p5) O(pa)) v2

+ €uabP3aP30 (Lop(P1) Tho (P2)Top (p3)O(pa))vs + {3 < 4}] (G.12)
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Using our solution to the pole equations (6.34) we see that,
HSE at O()\) = HSE at O(\%)

Using spinor helicity variables we can show that,

HSE at O()) = e - (FF HSE — CB HSE)

and thus we are done. Yet again, we show that the solution that we obtained from the pole
equation is indeed consistent as plugging it back into the HSE reduces it at each order to
the FF, CB or a linear combination of the FF and CB HSEs.

G.4 (JJJJ)qF

In 6.4 we found that the correlator (JJJJ)qr is given by the expression in (6.48). Using
this expression and plugging it back into (6.37) we can show that the resulting HSE can
be mapped to a combination of free theory HSEs. As done in the main text, we expand
the HSE in (6.37) in the coupling constant A. Let us now consider the intermediate order

equations of the HSE in (6.37). At O(\) we have

{Eaa(ww)pﬂO(Pl)Jﬁ (P2)J~(p3)O(P4))odd +P1(u{Tvya (P1) 5 (P2) I+ (P3)O(Pa)) v

10T (1) T3 (92) 15 (p3)O(01))y, +(1 2,063 B)+(1 3,063 7)]

+2€ab(uP3P20) (o (p1) T3 (P2) 5 (p3)T° (Pa) ) v,

= — 161 [P1<M<Ja(p1>=fu> (=p1))rr(O(p1)J5(p2) Iy (P3)O(pa))pr+ (13 2,3 B)+ (13 3, > 7)}

+2ipa(upa(Ja(p1)Js(p2) I~ (p3)J0) (P4)) Yo
(G.13)

Using the solutions of the pole equation and the expression for Y7, we checked that the
O(X) equation (G.13) maps to the O(X) equation upon dotting with the null polarisation
tensors z1422523y22,22, and converting the expression to spinor helicity variables.

HSE at O(\) = CB HSE (G.14)
At O(N2) we get
|:€o¢a(,u,p11/)p1a<0(p1)<]ﬁ(pQ)J'y(pS)O(p4>>CB+2€aa(,up11/)p1a<0(p1)<]ﬁ(pZ)J'y<p3)O(p4)>FF
010 {T)a(P1) I8 (P2) I+ (P3)O(Pa)) vo vz P10 (T (1) 5 (p2) I+ (P3) O (P4)) vo+ v
+(12,a+ B)+(1+3,a+ 7)} +2€ab(uP2aP20) (o (P1) I3 (P2) I~ (P3) o (P4)) va

= =161 [p1(u{ o (P1) ) (=21} (O(01) s (p2) T () O (p)oaa + (165 2.0 ) +(1 8,0 7))

+2ipa(upalJa(p1)Js(p2) S (P3) ) (Pa)) vy
(G.15)

This maps to 20(;\0) in spinor helicity varibles. Thus we get,
HSE at O(\?) = 2 FF HSE (G.16)

49 —



Moving on, the O(A?) equation is
|2€0a(uP10)P1a{O(P1) T3 (12) T (93)O(Pa)) oaa + 291 (T (p1) T3 (P2) 1o (p3) O () vs
+2D10( T (1) T3(02) 15 (p3)O(pa) )y + (143 2,003 ) +(1 6 3,045 7))
+2€ap(uP2aP2v) (o (P1) I3 (P2) Iy (P3) Jo(P4)) v
= —16i [+p1(u<~]a(pl><]u)(_pl))even<O(p1)Jﬁ(p2)J7(p3)O(p4)>CB+FF+(1 <2)+ (1< 3)}

+2ip4(upalJa(p1)J5(p2) Iy (p3) 1) (P1))va (G.17)
Similar to the case of the O()\) equation, the O(A?) in (G.17) maps to 20(\%) equation in
spinor helicity variables. Hence,

HSE at O(\*) = 2 CB HSE (G.18)

Finally the O(\*) equation is

[Eaa(ul’lu)PﬁO(pl)JB (p2)Jy (p3)O(P4))FF + 2€0a(uP10)P1{O(P1)J5(p2) Iy (p3)O (1))

+ 21Ty (P1)J5(D2) Iy (P3)O(P4)) va + PralTuw (P1)Js(P2) I~ (P3)O(P4)) vy
+(1e2ae0)+(1e3ax ’7)} + 2€a(uP5P20) (Ja (P1) T (P2) I (p3) T (p4)) v, (G.19)
= —16i {pl(u<<]o¢(p1)=]u)(_p1)>FF<O(p1)‘],3(pZ)J'y(p3)O(p4)>odd + (1< 2,0+ p)

(13 a4 7)} + 2ipa(upalJa(p1)Js(p2) Iy (p3) Ju) (P4)) ve
The above equation maps to the O(S\O) equation in spinor-helicity variables. Thus we have

HSE at O(\*) = FF HSE (G.20)

Thus, we can map the entire QF HSE to the free and critical HSEs by using the obtained
solution. To summarize,

HSE at O(\) = CB HSE
HSE at O(\?) = 2 FF HSE
HSE at O(\3) = 2 CB HSE
HSE at O(\*) = FF HSE (G.21)
This acts as a consistency check as well. Note however, that for this example, we mapped
the HSE at each order to the FF and CB results only in spinor helicity variables. The
reason is that in momentum space we would have to perform a host of epsilon transforms

and that is quite complicated. However, in spinor helicity, as mentioned earlier, the epsilon
transform becomes trivial and we easily perform the mapping.

H Five-point functions

In this appendix, we discuss how our strategy can be used to constrain five point functions
in a slightly broken HS theory. The input for the bootstrapping, similar to the four point
case, is the five point scalar correlator. We choose the form of the five point scalar correlator
based on a naive bootstrap analysis, much like we did in appendix F.
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H.1 (TOOOO)qr

Let us begin with the example of (TOOOO)qr. For this, we act (.., on the scalar 5-point
correlator, (OOOOO)qgr. Using the higher spin algebra (B.6) and the non conservation
current equation, (B.16), we get the HSE to be

P1uP1P1,{00000) gF + 901 ,) P (O0000) GF
+ (eab(uplupla <Tp)bOOOO>QF+{1 A 27 31 4> 5}) (Hl)

=12Xp;(,p1(T,,) O000) gr+{1 4+ 2,3,4,5}
Now, we use the decomposition of the QF correlators,

(00000)qr = (14 X*)2((00000)kr + MO0000)cp) (H.2)
(TOO0O)qr = (1+ 3)((TOO0O)xr + MTOO00)eaa + AHTOO00) ) (H.3)
Now, plugging this into (H.1), we can use a similar algorithm as mentioned in the case of

the 3-point and 4-point functions to solve for the full correlator, (TOOOO)qF. Solving the
pole equation gives us

(T,y0000) 044 = Ewﬁfl““np()()()mm — (T;,,0000)¢B) (H.4)

Thus, the quasi fermionic correlator is given by

(T,,,0000)qr = (1+12) <<Typoooo>FF+X€”“;f la <Tb,,0000>FF_CB+X2<TVPOOOO>CB>
(H.5)

It is not very difficult to generalize this analysis to five point correlators with more spinning
operators as well as higher point correlation functions.

For more examples of constraining 5 point functions, please refer to appendix H. Let
us now solve for various spinning five-point correlators using the SBHS symmetry.

H2 (JJOOO)qr

Step 1: the charge operator and seed correlator that we choose are @3 and (JOOOO)
respectively.

Thus we have,

[Quu» (Ja(21)O(22) O(23) O (24)O(5))]

: :p / B0 T 1 T (1) O () O(3) O (24) O (5)) (H.6)

~ 51 —



Using (B.22), (B.23) and (B.15) and performing a Fourier transform to the above, the HSE
in momentum space reads,

€aavP1aP1{O(p1)O(p2)O(p3)O(pa) O(p5)) + P1a{Tw (p1)O(P2)O(p3)O(pa)O(ps))
+ P10 (Taw (p1)O(p2)O(p3)O(p1)O(p5)) + €vabP2aP2u{Ja(P1) Jp(P2)O(p3)O(p4)O(ps))
+2c3)+2«4)+(12+5)
= 2 P o)A OO0 OO
+ p2u(O(=p2)O(p2))(Ja(p1) Ju (p2)O(p3)O(pa)O(ps)) + (2 4> 3) + (2 > 4) + (2 5)}
(H.7)

/\/\

Step 2: the FF and CB HSEs are,

€acarP1aP1u(O(P1)O(p2)O(p3)O(p4)O(p5))FF + P1a{Tpw (p1)O(P2)O(p3)O(p4)O(ps))Fr
+ p1p au(Pl)O(pz)O(p3)0(p4)0(p5)>FF + €vavD2aP2u(Ja (1) Jp(p2) O (p3)O(p4) O (ps)) P
+243)+2+4)+(2+5)= (H.8)

and

P1a (T (p1)O(p2)O(p3)O(p4)O(ps)) B +P1u{Taw (p1)O(p2) O (p3)O(pa)O(ps)) cB
+(243)+(24)+(2+5)

= [P0 (P1) Ta(=p1)) #E (O(P1)O(p2) O(p3) O (p4) O (p5)) o
+p2up2(Ja(p1) 1y (p2)O(p3)O(pa)O(ps))cB+ (24 3)+ (2 4)+ (2 5)] (H.9)
Step 3: we have,
(00000) = N(1 + 32)*({00000)rk + A(00000)cs )
(TOOOO) = N(1+ \?) (<TOOOO>FF + MTOO000) 044 + 5\<T0000>CB) (H.10)
We make the following ansatz for the correlator of interest:

(JJOOO0) = N ((JJOOO)xq + MJJOOO)x1 + AT JOOO)xs + 33(JJOOO) x3)
(H.11)

Step 4: matching the lowest order of the HSE with the FF HSE and the highest order
with the CB HSE gives us,

(JJOOO)xo = (JJOOO)pp
(JJOOO)x3 = (JJOOO)cp (H.12)

Step 5: expanding the HSE about A = i we obtain the pole equation which tells us that,

(JJOOO)x, = (JJOOO) 5
(JJOOO) x5 = (JJOOO) g (H.13)

as expected for a correlator with an odd number of scalar operator insertions.
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Step 6: it is now easy to see directly in momentum space that the following relations hold:

HSE at O()\) = HSE at O(\%)
HSE at O(\?) = FF HSE + CB HSE (H.14)

To show that the O()\) equation maps to FF HSE — CB HSE we need to go to spinor
helicity variables.

Thus we have,

(JJOOO)

N(<JJ000>FF + AMJJOOO)cp + A2(JJOOO) p + 5\3<JJOOO)CB)
= N(1+ X)((JJOOO)wr + A(JJOOO)cp) (H.15)

H.3 (TTTOO)QF

Step 1: the charge operator and seed correlator that we choose are Q4 and (TTOOO)
respectively.

Thus we have,

[Quup7~<Taﬁ (xl)T'ya (1'2)0(1'3)0(1'4)0(1'5»]

= AS\Q /d3x<3UJZWp(x)Tag($1)Tw(xg)O(a:g)O(a:zl)O(xg))) (H.16)

Using (B.26), (B.24) and (B.16) and performing a Fourier transform, the HSE in momentum
space reads,

P1uP1P1p(Tap (01) Tye (p2)O(p3)O(pa)O(5)) QF + 1010010 (Tps (P1) Tye (P2) O (p3)O(pa) O(ps)) r

+P1uP1aP15{T0p(P1) Ty (p2)O(p3)O(pa) O(ps)) qF

1

+meuaaplapluplpplﬁ<O(p1)T'ya'(p2)0(p3)0(p4)0(p5)>QF

P10 (S avpap (P1) Ty (P2)O(p3)O(P4)O(Ds)) QF +P1alJauwps (P1) Tye (p2)O(p3)O(ps)O(ps))
Hie 28 < (.0)]

+[Paupsups, (Tas (91) T (92)O(p3) O(p1) O (p5) )

+evavP3pP3a{Tap(P1) Ty (P2) To (p3)O(p4)O(ps))qr
+{3o 4+ {30 5}}

_ A
C1HA2

+p1u<Typ(_p1)Taﬁ(pl)>QF<O(p1)T'y¢7(p?)o(p3)o(p4)0(p5)>QF+{1 « 25 (aaﬁ) A (’770’)}:|
(H.17)

{mu(O(—ps)O(pa)MF<Ta,8(p1)Tw(pz)Tup(ps)O(p4)0(p5)>QF+{3 ©4}+{3<5}
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Step 2: the FF and CB HSEs are,
[pmplyplp(Tag(p1)Tw(pz)O(ps)O(p4)O(p5)>Fp+p1uplyp1a<Tpﬁ(p1)Tw(pz)O(ps)O(m)O(ps))FF

+p1010P18 (T p(P1) Tyo (p2)O(p3)O(pa)O(ps)) Fr
+€vaaP1aP1.01pP18{0(P1) Ty (p2)O(p3)O(pa)O(ps)) Fr
+D1(J1pas(P1)Tyo (p2)O(p3)O(pa) O(p5)) ¥ +P1a{Japwps (1) Tyo (p2) O(p3)O(pa) O (ps5)) Fr

+H16:2,(0,8) & (1,0)}]

+ | P3uP3vP3p(Tap (P1) 1o (P2)O(p3)O(pa) O (ps)) rr

+evabpsuPsa(Tas(p1)Tyo (p2)Tpp(p3)O(pa)O(p5)) Fr

304+ 30 5}}

=0 (H.18)
and

[P1up1b1p (T (91) T (p2)O(03) O (1) O(p5) o+ Prab1P10 (T (1) T (02)O(93) O(p) O 5))

+p1,010218(T0p(P1) Tyo (p2)O(p3)O(p4)O(ps)) cB
P11 pap (P1) Ty (p2)O(P3)O(pa)O(p5)) B +P1a(Japwps (P1) Ty (p2) O(p3)O(pa) O(ps)) cB

+H162,(0,8) & (1,0)}]
+ {ps,bpgypsp@aﬁ (P1)Tyo (p2)O(p3)O(p4)O(ps))cB+{3 4} +{3 < 5}
- [p:m<0(—p3)0(p3)>013<Taﬂ(pl)Tw(pz)Tup(pa)O(P4)0(ps)>CB+{3 < 41+{3< 5}

erly<Typ(*p1)Ta5(p1)>CB(O(Pl)Tw(pz)O(p3)O(P4)O(P5)>CB+{1 < 2,(a, ) > (730)}}
(H.19)

Step 3: we have,
(J,TO00)qr = N(1+ X)((J;TO00)pr + MJTOO0O)cp)
(OTOO0O0)qr = N(1 + \?) ((OTOOOFF + Xe - (OTOOO)pp.cB + 5\2<OTOOO>CB)
(00)qr = N(1+ X*)(00)pp
(TT)qr = (TTFF+A17”MO (H.20)

We make the following ansatz for the correlator of interest:

(TTTOO) =

N - - - -
o ((TTTOO>YO—I—/\(TTTOO>y1~|—)\2<TTTOO>y2+)\3 (TTTOO)y3~I—>\4<TTTOO>y4)
(H.21)

Step 4: matching the lowest order of the HSE with the FF HSE and the highest order
with the CB HSE gives us,

(TTTOO)y = (TTTOO)pp
(TTTOO)y4 = (TTTOO)cg (H.22)
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Step 5: expanding the HSE about A = i we obtain the pole equation which give us
a solution,

(TTTOO)yq = (TTTOO)pr + (TTTOO)cB
(TTTOO)y1 = ¢ - ({TTTOO)rr — (TTTOO)cn) (H.23)
Step 6: substituting this solution back into the HSE would reduce it to a linear combination

of the FF and CB HSEs at each order.?3
Thus we have,

(TTTOO) = N ((TTTOO)rr + Ae - (TTTOO)pr.cn + N(TTTOO)cp) (H.24)

H.4 (TTTTO)qr

Step 1: the charge operator and seed correlator that we choose are Q4 and (T'TTOO)
respectively.
Thus we have,

[Quvps (Tap(71)Tyo (22) Tpy(23)O(24) O (5))]

= o [ @0 ) T (00T () T )00 Oan)) (H.25)

Using (B.26), (B.24) and (B.16) and performing a Fourier transform, the HSE in momentum
space reads,

pl;Lplup1p<To<B (pl)T’yU (P2)T¢w (p3)0(p4)0(p5)>QF

+P1P10P10 (T (P1) Tyo (P2) Ty (p3) O(pa) O(ps)) QF
+p1P1aP18 (L0 p(P1) Tro (P2) Ty (p3)O(pa) O(ps))

1
+ T CvaaP1aP1aPLoP1s (O(P1)Ty6 (p2) Ty (p3)O(pa)O(ps)) qF

+01u(Javpas (P1) Tryo (P2) Ty (03)O(04) O (p5)) QF +P1ra(Japves (P1) Tyo (P2) Ty (p3)O(p4) O(ps))

+H12,(a, ) < (v,0)} {13, (0, 5) < (¢, 9)}

+ [p4,up4up4p <Taﬁ (pl )T’ya (pQ)T¢¢' (p3)0(p4)0 (p5 )>QF
+evarPapPia{Tap(P1)Tyo (D2) Ty (P3)Ton(P4)O(Ps)) QF
INYPR 5}}

= 5 [P {OCPIOB) (T (91T (02) s (02T (p2)Op3)) i+ {155}

+p1(Tyo(—p1) Tap (p1)) QR (O(P1) Tyo (P2) Ty (p3)O(p4) O(ps)) qF

H1e2,(a,8) & (v,0)}+{1 < 3,(a,8) < (6,9)} (H.26)

Tup(=p1)Tap(P1))Fr{O(P1)Tys (p2)O(p3)O(pa)O(ps)) cB-FF + €vaaP1aP18P1uP1p{O(P1)Tyo (p2)O(p3)O(pa) O(ps))oad
is left over but we are sure that a careful analysis of the current algebra would render the mapping exact.

33<
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Step 2: the FF and CB HSEs are,
[pl,upluplp<TaB(pl)T'ya(p2)T¢¢(p3)O(p4)O(p5)>FF

+ P1uP1uP1a (T8 (P1) Tyo (p2) Ty (p3) O (1) O(ps) ) FF

+ P1uP16P18{Top(P1) Tro (P2) Ty (p3)O(pa) O(ps)) FF

+ €vaaP1aP1uP1,P15(0(01) Tyo (P2) Ty (p3) O(pa) O(p5) ) ¥R
+ p1u{Javpas(P1) )Ty (p3)O(pa)O(ps))

+ P1a{Japvps(p1) )T (p3)O(pa)O(ps))rr

+{1 02, (a,8) & (1,00} +{1 & 3,(@,8) & (6,0)}]

+ [Paupaupip (Tas (01) T (p2) T (p3)O(p1) O (b))

+ €vabPapPia(Tap(P1) Ty (P2) Ty (P3)Tpp(p4) O(ps))pr + {4 < 5}} =0 (H.27)
and

(1121210 (Tas (1) T (92) T () O(p1) O (5 o

+P1uP1vP1a <Tpﬁ (pl)Tw (P2)T¢z/) (p3)O(p1)O(ps))cB
+p1up1ap15 <Tup (pl )T’ya (pZ)T¢>1D <p3)0(p4)0(p5>>CB
F+P1u(J1vpas (P1)Tyo (P2) Ty (P3)O(pa) O(ps)) cB+P1a(Jauwes (P1) The (P2) Ty (p3)O(pa) O(ps)) e

{12, (@,8) & (1,0)}+{1 &3, (0, 8) & (6.}
+ [Paub1u 1y (T (1) T (p2) i (p2) O (p1) O p5) ) {4+ 53
- [p4u<0(*p4)O(P4)>CB (T (P1) Ty (P2) Ty (p3) 10 p(p2) O(p5)) cB+{4 <> 5}

01 {Top(=P1) Tap (91)) 0B (O (01) Tro (P2) Toy (P3) O (1) O(p5)) oB +{1 < 2, (0, ) < (7,0)}

Tfya (p2 FF
Tyo (P2

+H{163,(.8) < (6,9)}] =0 (H.28)
Step 3: we have,
(J,TTOO)qr = N ({JSTTOO)p + Ae - (J,TTOO)rr.cn + X(JTTOO)cp)
(OTTOO) = N(1 + 3) ((OTTOO)rr + MOTTOO) o)
(00)qr = N(1+ X*)(00)pp
(TT)qr = N<<TT>FF + 5\<TT>odd> (H.29)

We make the following ansatz for the correlator of interest:

(TTTTO) = TTTTO)yo+MTTTTO)y 1+ (TTTTO)y+

N
(1+X2)2 (<
+ X (TTTTO)y 3+ AN TTTTO)ys+ X (TTTTO)ys)  (H.30)

Step 4: matching the lowest order of the HSE with the FF HSE and the highest order
with the CB HSE gives us,

(TTTTO)yo = (TTTTO)pp
(TTTTO)ys = (TTTTO)cg (H.31)
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Step 5: expanding the HSE about X\ = i we obtain the pole equation which give us a
solution,

(TTTTO)y, = (TTTTO)cg

(TTTTO)ys = 2TTTTO)py

(TTTTO)ys = 2(TTTTO)cp

(TTTTO)y4 = (TTTTO)pp (H.32)

Step 6: substituting this solution back into the HSE would reduce it to a linear combination
of the FF and CB HSEs at each order. For instance, at O(\?) we get 2FF HSE-CB HSE
and at O(\*) what we get is FF HSE-2CB HSE

Thus we have,

(TTTTO) = N ((TTTTO)er + N(TTTTO)cp) (H.33)

H.5 (TTTTT)qr

Step 1: the charge operator and seed correlator that we choose are Q4 and (T'TTOO)
respectively.

Thus we have,

[Q,Wp,< Top(21) Ty (22) Ty (23) Tex (24) O(5))]

[ 00 T (@ T T (02) Lo 00) T (02)Ofas)) (.34

- 1+5\2

Using (B.26), (B.24) and (B.16) and performing a Fourier transform, the HSE in momentum
space reads,

P1uP1vP1p(Tap(P1) Tyo (P2) Ty (P3) Tex (p4)O(ps)) r

+P1uP1wP10 (T (P1)Tho (P2) Ty (P3) Tex (P4)O(P5)) QF

+P1uP10P18 (L0 (P1) Tro (P2) Ty (P3) Tex (P4)O(ps ) ) qr

s Cvanpiap 15 (O oo () T () T (p2) O(p)) e

+ P10 (Javpas (01) Ty (02) T (P3) Tex (P4) O(05)) QF + P10 Jauvps (P1) Tyo (p2) Ty (p3) Tex (p4) O(ps ) Y o
HIO2(08) 4 )} L 3,08 0 (6.0)]

[ Pupsu s (T (1) o (p2) T (08) Tex (1) O(p5) o

+evavPsuP5a(Tas(P1) Tyo (D2) Toyw (D3) Tex (P4) Tpb (P5)>QF]

= 2 [P (OCp9)0(05) e (T () T (52) it (55 Ter (01) Ty (03) o

+P1(Top(=P1)Tap (p1)) Qr (O (P1) Tyo (P2) Ty (P3) Tex (P4) O(P5) ) o
1 2,(a, B) < (7,0) }4+{1 4 3, (. B) > (§, )} +{1 > 4, (e, B) <> (&X)}} (H.35)
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Step 2: the FF and CB HSEs are,

plup1up1p<Ta/3(pl)Tw(pQ)TW(m)T&x(M) ( )>FF
+P1P10P10 (Lo (P1) Tyo (P2) Ty (P3) Tex (P4) O(ps5) ) Fr
+P1uP10P18(T0p(P1) Tyo (P2) Ty (P3) Tex (P2) O (ps)) pr
+€vaaP1aP1uP1pP18(0(P1) Tyo (P2) Ty (P3) Tex (P2)O(P5)) Fr
P10 (J1vpap (P1) Tyo (P2) Ty (P3) Tex (p4) O (p5)
+P10(Jappp(P1) Tyo (p2) T (3) Tex (P4) O(ps) ) r

H162,(,8) & (1,0)}+{163,(a,8)  (6,1)}]
+ [P5pp5up5p (Tap(p1)Tyo (P2) Loy (p3) Tex (pa)O(ps)) FF

+evabPsuPsa{Tap(P1)Tyo (D2) Toy (03) Tex (P4) Tpb (p5)>FF] =0 (H.36)

>FF

and

[plupluplp <Taﬁ (pl)TA/a (p2)T¢¢ (pS)T§X (p4)0(p5)>CB

+01u010P16 (T (P1) Tyo (P2) Ty (P3) Tey (P4)O(ps)) cB
+ 01010218 {Tp(01) Tyo (P2) Ty (p3) Tex (p4) O(p5)) cB
+ 01 (Javpas (P1) Tyo (P2) Ty (P3) Tex (P2) O(P5)) cB+P1a{Japwps (P1) Tyve (P2) Ty (P3)Tex (p4)O(p5)) cB

H{1e2,(a,8) < (v,0)}+{1 < 3,(a, ) < (4,9)}

+P5uP50P5p{Tap (P1)Tyo (P2) Ty (P3)Tex (P4)O(ps)) cB

- {p5u<0(—P5)O(P5)>CB (Tap(P1)Tyo (p2) Ty (P3)Tex (P4) Top(p5)) B
+01u(Top(—p1)Tap(p1)) cB(O(P1) Tyo (p2) Top (P3) Tex (P4)O(ps)) e +{1 > 2, (o, B) <> (7,0) }
+{163,(0,8) € (61116 4, (0, 8) & (E0}] =0 (H.37)

Step 3: we have,

(J,TTTO) = ( (OTTOO)pr + A OTTO())CB)
N

(OTTTO)qr = N((OTTTO)pp + Ae - (OTTTO)pp.cp + 5\2<OTTTO>CB)
(00)qr = N(1L+ X*)(00)py
(TT)qr = N<<TT>FF + 5\<TT>oold) (H.38)

We make the following ansatz for the correlator of interest:

N
(TTTTT) = EROE

((TTTTT)yo+ MTTTTT)ys + N (TTTTT)ys + ATTTTT)ys

+ AN TTTTT)yy + N(TTTTT)ys + 5\5<TTTTT>YG) (H.39)
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Step 4: matching the lowest order of the HSE with the FF HSE and the highest order
with the CB HSE gives us,

(TTTTT)yo = (TTTTT)py
(TTTTT)ys = (TTTTT)cn (H.40)

Step 5: expanding the HSE about X\ = i we obtain the pole equation which give us a

solution,

(TTTTT)y, = ¢ - (TTTTT)pp.cB

(TTTTT)ys = 2(TTTTT)pp + (I'TTTT)cB

(TTTTT)y3 = 2¢- (TTTTT)pr.cB

(TTTTT)ys = 2(TTTTT)gr + 2(TTTTT)cB

(TTTTT)ys = ¢ - (TTTTT)pp.cB (H.41)

Step 6: substituting this solution back into the HSE would reduce it to a linear combination
of the FF and CB HSEs at each order.?*
Thus we have,

(TTTTT) = MJLVXZ ((rTTTT)er + NTTTTT)pe.cn + N (TTTTT)cp) (H.42)

I The general form of n point functions

In section 3, we presented our results for general three and four point correlators in the
SBHS theory. Further, we have seen in appendix H that our methods can be extended
to the five point case. Based on these results, we make a conjecture about the form of a
general n point function in the SBHS theory. Let us first begin by discussing general five
point functions.

I.1 5-point functions

Based on our results in H, we propose the following forms in momentum space for general
five point correlators:

(00000)gr = N(1+412)? (<OOOOO>FF+X<OOOOO>CB)
(JL0000)qr = N(1+1?) ((JSOOOO>FF+5\<E- J50000>FF-CB+X2<J50000>CB)
(15,15, 000)qr = N(14X2) ((J4, J5,000) px + A (s, J5,000) 1)
(o1 T3 T5s00) e = N ((Joy oy o 00w+ Me- Ty, oy Joy O0) ww-cm+ X2 (Jo, oy T, 00)cn )

<J81 JSz J83 JS4O>QF = N(<J81 J82 J83 JS4O>FF+/N\<J81 J82 J83 JS4O>CB)

34 (Typ(—P1)Tap(P1))rr(OP1)Tyo (P2)Toyw (P3)Tex (Pa)O(P5))CB-FF + €vaaP1aP18P1uP1p (O P1)Tyo (p2)Tpy (P3)Tex (P2)O(P5))o0dd
is left over but we are sure that a careful analysis of the current algebra would render the mapping exact.
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N -
<J81J52J53J84J85>QF = (1+5\2) <<JS1J82J83JS4J85>FF+>‘<6'J51 JSQ J83J84J85>FF-CB

+ X2 (Joy Joa Tea Jo s cm) (L.1)

1.2 Conjecture for n-point function

In this subsection we make a conjecture for n-point functions. The conjecture, just like at
the five point level is based on assuming a form of the scalar n-point function.

(0102 Oi41)qr = N(14+X%)" ({0102 - O2i41)rr+ AM0103 -+ O2i11)cB)
(0102 O2i)qr = N(1+X%)""! (<O102 - O2i)FF+A* (0102 - "02i>CB)
<Ol o '02i+1‘]82¢+2 toe JSn)QF = N(1+5‘2)1(<01 o '02i+1']82i+2 T JSn>FF+5‘<Ol o ~021'-9-1‘]82i-¢-2 T JSn>CB)

(O1-+- 03Ty, y -+,

Sn

Jar = N(1+X) T (O Onidu s+ o, Jop+ MO1 - O2id sy -+ s, Joad
+5\2<01 ce O2iJSQ,‘,+1 e ']5">CB)

N
(1+X2)

(JS1J82 "'an>QF = <J31J52 "'an>FF+5‘<JS1J52 "'an>0dd+/~\2<J51J52 "'J5n>CB}

(1.2)
The odd pieces can be written in terms of the epsilon transform of the free theory as follows

(O1-- 02Ty, -

Jsp)odd = (O1 -+ O2iJsy,,, - €.J5, ) FF-CB
<J81 JSQ e,

c sn>odd = <€ : Jsl J82 c an>FF—CB
(1.3)

We see that for any n-point function we can determine the interacting theory results purely

in terms of the free theory expressions.?

J Slightly broken HS algebra interms of exactly conserved HS algebra

As is well understood and discussed in the previous section, a crucial difference between
the free and the interacting theories is that the higher spin symmetry in the latter is
weakly broken.

Let us now consider the three point function of spinning operators in the QF theory.
We have 5,

1

T (o Toaea)rm + Ae - (o TogJewwn + X2 Joy T Jem) - (3.1)

<J81 J82J53>QF =

As mentioned before, in spinor helicity variables, we can further break the correlator into

homogeneous and non homogeneous pieces (inside the triangle inequality where s; +s; > s,

35The CB theory correlators and FB theory correlators are related by a Legendre transformation at large
N and therefore, knowledge of one entails knowledge about the other.
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holds) as,

<J51<]82<]53>FF = <J51J82J83>nh - <J81J52J53>h
<J81J82J83>FB = <J$1JS2JS3>nh + <JS1J52J53>h (J'2)

such that,

<JS1 J82J83>FB—FF - 2<J81 JSQ J83>h
<J81 J52J53>FB+FF = 2<J51 J52 J53>nh (J?))

where the nh piece saturates the WT identity. For instance, in (T'T'T"), the nh piece comes
from the Einstein Hilbert term in AdSy (or dS;) and the h piece comes from the W3 term.
Then re-writing (J.2) in terms of the h and nh terms yields,

<JS1JS2J83>QF = <J51JS2J83>nh - eiﬂ)\f<J81JS2J83>h (J'4)

where 0 < Ay <1 is the coupling constant that appears in CS matter theories.

As we can see, if A y=0 we get the FF answer and for Ay = 1 we get the FB answer which
is exactly what we should get due to the duality. Thus, the SBHS theory answer interpolates
nicely between FF and FB theory answers. We can also see the explicit appearance of
an “anyonic phase” €™ which interpolates between the FF and FB correlators. In
equation (J.4)the correlator is given in terms of the free theory alone, say just the FF theory
since both h and nh parts can be identified from the FF theory.

This leads us to the motivation for this section where we investigate the possibility
that the algebra for the QF theory can be written in terms of the FF theory alone.

Thus we introduce a modification to the higher spin algebra of the interacting theory
which enables us to write the HSE in a manner that mimics the HSEs of the free theory.
Demanding such a modification of the algebra would conceivably give us a notion of an
effective current in the SBHS theories which we could then make use to compute correlators
using a generalized notion of Wick’s theorem in free theories.

J.1 Effective algebra

We begin our discussion with a general 3-point correlator with arbitrary spins s1, so and
s3 and modify the @4 higher spin algebra when the spins s; for ¢ = 1,2, 3 satisfy certain
conditions that arise after incorporating the current non conservation for Jy.

The Ward identity corresponding to the non conservation of Jy is given by

Quup(Js1 (1) 55 (22) J55 (23)) = /x (00 ip (@) s (1) J55 (22) S5 (23)) (J:5)

Using the fact that non-conservation of J4 only contains O and T' (B.16), at large N the
factorisation of the r.h.s. would yield a non zero contribution only when one of the insertions
in the correlator (Js, (z1)Js,(x2)Jss(x3)) corresponds to the stress tensor or a scalar. If
none of the operator insertions correspond to the scalar or the stress tensor then the current

non-conservation plays no role i.e

Quup(Js1 (21)Js; (22) J55 (23)) = 0. (J.6)
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This implies that the slightly broken HS algebra can effectively be given by the free theory
exactly conserved HS algebra. However, if we consider the case when one of the operator
insertions is a spin 2 operator, i.e. the stress tensor, then the r.h.s. is non zero and is
given by

Quvp(Ty5(P1) I3 (P2) I3 (P3)) = Pp(Lyuw (—P1) T (1)) (O(p1) Is, (p2) Js5 (p3))- (J.7)

Our aim is to redefine the @4 algebra in the lLh.s. in a way such that it cancels the
contribution due to non-conservation in r.h.s. Let us consider an example

(T'TT) in QF theory interms of effective algebra. We first consider the action of Q4
on (OTT) in the QF theory. The relevant algebra takes the form as in (B.24) and (B.26)
The WI corresponding to the non conservation of Jy is

(1Qup O Tup@2) o @))ar = | (Outfyuy@O@) Taslad) Lo wsr (19)

We use the fermionic current equation (B.14) and get the following HSE in momentum space

a1p11P15{O0(P1) T (P2) Tyo (P3)) QF + 029 P1,)PT (O (P1) Tap (2) Tyo (P3)) QF
tazeap(uP1P1a(Top) (P1)Tas(P2) Tho (P3))QF + (b1p2up2up2p<0(pl)Taﬂ (p2)Tyo(p3))QrF

+bapa(uP20P20 (O (P1) Ty (P2) Tyo (P3)) QF +03P2(1 (O (P1) T pyap (P2) Tyo (P3)) @ +1{2 ¢ 3})

= o3 [Pl OO Ty () T 02) o )

(P2u{T) (P1) T (=P1)) @i (O(P1) O 2) T (p3)) oo+ {2 4+ 3} )| (7.9)

The modification that we propose in the algebra is the following. The stress tensor in the
[Quvp, O] algebra is transformed via the following rule

5 €edv
Tup(pl) — Typ(pl) + A dpflchp(pl) (JlO)

A similar modification should also be done in the case of the scalar operator in [Q,.,, T
algebra. With the modification as given in (J.10) the QF algebra for [Q4, O] is modified in
momentum space as

o~ €cdpPd
[Q,ul/p? O] = alp“pl,ppO + (Igf,u,abpl/papr + a3>\€uabp1/pa < c; Tbc(p)) (J 11)

= alp,upuppo + a2€,uabpupapr + d35\pupTup (p)

In going from the first line to the second line of the r.h.s. we have used the transversality
and the tracelessness of the stress-tensor. We now re-write the HSE using®® (J.11). With
the modified algebra, the r.h.s. will become zero but we shall get some additional terms in
the Lh.s. and we would require a3 = ¢y to account for non conservation.

One can easily work out the four point function, say (T'OOO) using this modified
algebra and show that this reproduces the non-conservation HSE.

Therefore we see that with a redefinition of the higher spin algebra we can compare the
modified higher spin equation with one that corresponds to exact conservation of the current.

36The appropriate modification in the [Q,.,, T] algebra involves O — H%O.
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J.2 Higher spin equations in spinor helicity variables

In spinor helicity variables, the correlation functions take a very simple form as in (6.67).
The anyonic behaviour of the correlators also appears in spinor helicity variables (6.67). This
suggest that it would be illuminating to write down the HS algebra in spinor helcity variables.

In the previous sections we made use of the higher spin equations in momentum space
to solve for correlators in the interacting theory. The same exercise can be done in spinor
helicity variables where we start with the higher spin algebra and the current equation in
these variables. We begin by writing the FF' algebra in spinor helicity variables.

Free fermionic HSE in spinor helicity. Dotting the free fermion algebra (B.24) with
null polarization tensors we get>":38

pq)"gp . \Pg)\gp
ZquZq[Q,uupaO(p)]:< >8q<3 ) O—Hp< ;fl >qu
= \3 3 —~ — 5
v « bq)-\gp bq)\gp bq)\pq
Zgzngzng[QuumTaﬁ(p)]:< >8q<3 ) Tpp+< gé >Jqqpp+p<3>2<qg>0 (J.12)

where, z, is the null polarization tensor corresponding to momenta ¢ # p and Ty, = zq 2810,
14

Jagpp = z{;zq zgngu,,pg.

Quasi fermionic HSE in spinor helicity. Coming to the QF case, to write the charge
algebra in spinor helicity,once again we dot with the polarization tensors which gives us
the same algebra as in the FF case (J.12). Now, we focus on writing the non-conservation
r.h.s. of the HSE in spinor helicity.?? To do so we dot the following null polarization tensor
combination with the current equation (B.16) which gives us

A [{(pq)(gp)
AT 0) = T [ . O(p)qu(p)] (J.14)
37TFor example, for (I'TO), the r.h.s. becomes
w v _p_.a b _c _d o _ 5‘ 32 <ﬁ3q><qp3>
24 24 24 Zpy #py #py #p (O 1 p Tab TeaO) = 11 e (14 A7) 2 P3(Tp1p1 Tpops Taq)

+ <<L51q;;qp1><quTp1p1><OTp2pzo> +{1l & 2}):| :

381t is to be noted that the notation for the spinor brackets used here are slightly different from the one
in C. Here, (p;p;) is identical to (ij) in C.

390ne can redefine the HSE algebra again to account for non conservation. Now, to write the non-
conservation HSE in the form of an effective conservation HSE, we modify the charge algebra (J.12)
by redefining

— \3 3 _ ~
2 2 28 [Quuup, O(p)] = <pq>8q<§p> O+ip <pq;;qp> (Toq + iATyq)

W v a Pq) \gp Pa)\qp
2q %424 %p 25 [Quvp, Tap(p)] = < >8q<3 ) Tpp + (pa) (ap)

_ 5
Jaapp + P <p(§>2<§3q> 0O (J 13)

Following the same set of arguments as we used in section 5, which involves analysing the higher spin
equation at each order in the coupling constant and substituting the ansatz for the correlators, we can
similarly derive expressions for the odd part of interacting theory correlators in spinor helicity variables
which is fairly straightforward and gives us the same results.
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One can use (J.12) and (J.14) to write the slightly broken HSE in spinor helicity variables.
In spinor helicity variables the HSE takes a very simple form and can be solved easily and

can be shown to give exactly the same results as discussed in the main text.
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