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Abstract: We present some general results for the multi-critical multi-field models in d > 2 recently
obtained using conformal field theory (CFT) and Schwinger-Dyson methods at the perturbative level
without assuming any symmetry. Results in the leading non trivial order are derived consistently
for several conformal data in full agreement with functional perturbative renormalization group
(RG) methods. Mechanisms like emergent (possibly approximate) symmetries can be naturally
investigated in this framework.
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1. Introduction

Quantum and statistical field theories are important mathematical models which can be used
to describe physical systems and their universal behavior approaching criticality. The theoretical
paradigm was strongly developed in the last decades starting from modern renormalization group (RG)
concepts [1-3], under which a critical theory is seen as a scale invariant fixed point of the RG flow [4].
Another line of interesting developments followed the observation and (partial) understanding that
Poincaré and scale invariance for unitary theories can be lifted to the larger conformal symmetry. This
seems to work not only in four dimensions, since there is strong evidence for it to be true also in
three dimensions (where conformal bootstrap methods [5,6] give numerical predictions for the critical
exponents with unmatched precision). This enlargement of symmetry seems to be true, at least up
to the present investigations, also for non unitary theories and in other dimensionalities, including
fractional ones. Indeed the assumption of conformal symmetry leads to correct results at least within
the approximations adopted. Many investigations in a conformal field theory (CFT) framework have
been carried on with perturbative methods, e.g., in the e-expansion, originally developed in RG
analysis [7], taking advantage of the knowledge of the equation of motion at criticality [8-15], using the
Mellin space approach [16], large N [17] or large spin [18] expansions, conformal block expansion [19],
etc. Expecially RG methods have also revealed as a fertile source for applications to other quantitative
sciences. Moreover these methods are useful not only for investigating the effective behavior of
different physical systems at large distances, but are important in the quest of defining which quantum
theories can be considered consistent and fundamental, a question still open in particle physics.

In what follows, we shall illustrate how to conveniently use few basic properties of CFTsind > 2,
namely its constraints on the two and three point correlators, following [13,14,20]. Adopting a basis O,
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of normalized scalar primary operators! with scaling dimensions A,, the two-point correlators have
the form

51117

(Ou(x)0)) = [,

1)
and the three-point correlator for scalar primary operators is also strongly constrained by conformal

symmetry and reads

Cap
(Oa(x)O0p(y)Oc(2)) = X — Py — Z|AachrAcan |z — x[BetBa—dy’ 2

in which Cgp, are the structure constants of the CFT. The quantities {A,, C;.} are also known as
conformal data and the CFT is completely determined by their knowledge.

Given the set of fields (and eventually symmetries) characterizing the Quantum Field Theory QFT
(or the CFT), perturbation theory is a powerful tool to get an idea of the critical points in the theory
space. In particular the perturbative e-expansion analysis below the upper critical dimension, at which
the theory is trivial, is very effective. In this case another useful step, helping in simplifying the
extraction of the first non trivial corrections to conformal data, is the adoption of a Lagrangian
description (S = [d“xL) at criticality which allows to use the equation of motion through the
Schwinger-Dyson equations (SDE) for correlators. Since at separate points no contact terms are
present, one has

oS
(52@01)02(2) .. ) =0. G
¢
It is interesting to consider this CFT-SDE approach in the study of multi-critical theories of N
fields characterized by a critical generic potential

1

with (mt{j ~!) independent monomial interactions (and couplings). The critical dimension is
d. =2m/(m — 2), a fractional number for m = 5 or m > 6. For theories with the simple standard
kinetic term the critical action reads

5= /ddx (309 99:+V(9)], )

and then all the fields have the same canonical dimension é = d/2 —1 = 2/(m —2) — €/2 but may start
to differ in the anomalous dimension 7y, = A, — 6. Introducing n = m/2,onehas§ =1/(n —1) —€/2.

The other ingredient needed for the perturbative analysis is the knowledge of the free theory
correlators, which are defined at the upper critical dimension d. for € = 0. The two-point function is
simply given by

(¢i(x)9j(y)) = oy (6)
where 6. = 3d. — 1 =1/(n—1) is the dimension of the field ¢; in the free theory (¢ = 0) and

_ 1 T(%)
4 oo

@)

1 An operator is said primary when, taken in the origin, commutes with, or “is annihilated by”, the special conformal generator.
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The two-point function can be put in the canonical form with a normalized coefficient using the
rescaled field ¢; defined through ¢; = \/c¢;. Then the two-point function of the composite operators
can be computed, e.g.,

f[ﬁe il ik k' Ck

(" M) [0~ 0 V)) = 0G0y ?

in which on the r.h.s the j indices are symmetrized (including the inverse factor of k!). We shall also
need the expression for the generic three-point function

iy -~ i, 1 (x1) [ - -~ D1, ] (x2) [y - - - P, ] (x3))

free
fIEe 11"'1711/]]"']nz/kl'“kns (9)
|x1 —X |b'c(n1+n27n3) |XZ—X3 |5c(n2+n37n1) |X3 —x1 |5C(n3+n17n2) ’

where the coefficients on the r.h.s are nonvanishing only when the number of propagators

1 o
lij = E(”i +nj—ng), iFjEEk (10)
in each edge of the diagram in Figure 1 turns out to be nonnegative.

They are obtained from the condition n; = I;j + Ii; for i # j # k. In this case the coefficients are

free — (free (5,,
i1+ ing J17 ng 1 kg nynz,n3 \"i1j1

“ i iy Oy ik Ok Ok iy 1 Oy ) (1)
where the parenthesis enclosing the Kronecker deltas indicates that the is the js and the ks are
separately symmetrized (including an inverse factor of l15!/13!l>3!) and the first factor is just the
single-field counterpart

ny! no! ns! nytnptng
Cfree  — 72 s ¢, (12)

mM2,M3 nitno—nz \ [ natnz—ng \ [ natng—ny \
2 ' 2 ' 2 '

We shall show that the systematic use of all the relations recalled above can give access to a large
set of conformal data in the first non trivial order in the perturbative e-expansion [13,14,20]. The results
are the same as those obtained with perturbative RG methods, which if treated at functional level give
rise to a very compact and effective computational framework. Actually for certain models (unitary
multi-critical) one can easily reconstruct the functional perturbative RG (FPRG) equations [21-25]
starting from the obtained CFT relations.

ni

Figure 1. Wick contraction counting of a three point correlator. The vertices are labelled by i = 1,2,3,
the order of the i-th vertex is 1;, and there are [;; lines connecting two distinct vertices i and j.

Before discussing which relations are implied by assuming the CFTs and the lagrangian
description in the general multi-field case, let us illustrate how to deal with the simpler theories with a
single scalar field [13]. We shall restrict here to theories with standard kinetic term, but investigations
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have been carried out also for multi-critical higher derivative theories revealing an unexpected rich
structure [20].

2. Review of the Single Scalar Field Case

In this section the field anomalous is denoted by 7 (A = J + y) while for the composite operators

[gbi] the scaling dimension is denoted by A; = id + 7; (anomalous dimension v;). We consider
here the critical potential V = (g;‘)! $*" with n integer for a family of multi-critical unitary theories,

mostly following [13].
— Field anomalous dimension +: it can be obtained by applying to the field two-point function
(Pxpy) = ﬁ (¢ reduces to ¢ in the free theory) the SDE twice,

Dxmyﬁ — (V/(9:)V'(9)). (13)

This gives at leading order (LO) the value for +:

165:(6c +1)7 10 1 21 (2n)\2 (=12 500y ()2
-yt T @n = D -yt () == 8(2n)! ¢ vy s

— Anomalous dimension 7;: for n > 2 it can be derived applying twice the SDE to the
three-point correlator (¢x ¢y ¢2) (for n = 2 SDE are applied once). Starting from 0,0, (¢x ¢y ¢2) =

<V/(¢x)V'(<Py)<])§> one gets

(2n) 2 f
Cfree 8(” _ 2) (’)’2 - 2'7) 1 _ L:O (V* ) CZI;SELZn—l,Z (15)
2 (n—1)2 ¥ —ylH|x —z[Pely — 22 (2n — 1)1 x — y|4|x — z[Pe]y — 2|2

which defines 7.
— Anomalous dimension 7: for k > n it can be obtained applying once the SDE to the three-point
correlator (¢x ¢y ¢5+1). The relation Oy (px p ¢5™) = (V/(¢x) ¢F ™) gives at LO

2 f

2 Crikr1 LO v Conet k41
— (1 =nmn) % = - no1)! %, =+ (16)
" X —y[2ly — z|"=T 7%z — x| T =y Py — 2Tz — x|

which results in the recurrence relation (with boundary condition 7y, Lo 0)

o (2n) (2n)\ 2 C (n=1)c"t K (2n)
Yk+1 — Tk = Cn,kV* +0 {(V* ) ] = |7 = 12 (k*ﬂ)! Vi ’ (17)
where ¢, = m (k—:ﬂrl)! ¢"~1. One must note that for k = 21n—1 the SDE imply that Ay, 1 =2+ A,

ie, van—1 =7+ (n — 1)e and that even if V'(¢) is a descendant operator, at leading order three point
correlators including this one satisfy the same CFT constraints as for a primary operator.
— Structure constant Cy 5,2, 1: it can be obtained for unitary theories with even interactions

applying once the SDE to the three-point correlator (¢ ¢§p 5‘7‘1>. The relation Oy (¢ ¢§p §q‘1> =

(V'(¢x) (p;p ﬁ“) gives at LO, removing the space time dependence,

(2n) ~free (2n) 2 ~free
vie v (n—1)2C
2 LO "* 2n—-1,2p,2q—1 X 2n—1,2p,2q—1
C1,2p,2q—1(P—l])(P—q—H)(dc—Z) = 2n—1)! = C1,2p,2q_1 = 1p—)(p—giD)2n—1)1"

which is valid in therangeg+p >n,g—p>1—nandg—p #0, 1.
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Similar results for Cy2p,2; and Cy - 241 for non unitary odd models can be obtained following
the same procedure.

— Structure constant C; j o;: it can be obtained applying twice the SDE to the three-point correlator
(¢px ¢y p2*). The relation OO, (py Py o2y = (V! (¢y) V' (¢y) $2*) becomes, at LO, removing the space
time dependence,

n 2
16k(k—1)(k—n)(k—n-+1) o (V2 ))

- *7 free
(n—1)4 Crize = (2n—1)!2c

2n—1,.2n—1,2k 7

from which one can derive the expression for C; 1 5, valid for2 <k <2n—1landk #n —1,n.
— Criticality condition: It can be obtained in different equivalent ways. Let us derive it analyzing
the correlator (¢x ¢y ¢p2"2), for which the structure constant Cy,1 2,—> can be obtained from Cy 5,241
settingg=1landp=n—-1
n—1 CZn—l
Lo ( ) el

Ciaon—2 = a(n—2) (18)
Starting from the relation 0,0, (¢x ¢y ¢p2"2) = (V/(¢x) V' (¢y) $?"~2) one obtains
(V(ZH))Z free
8(n—2) (=1)e—7an_2) Ci10n—2 o \"* G 1201202 (19)
(n—1)2 M gy — 2Pl —a T @n = )R [ -y P2y — 2Pz —
which gives
2 2m) Lo (21 —2)1c" 1 1 (94)\2
T ((”*1)6*’721172)‘/*( RS (n'(n)l)'z (V*( n)) (20)
and substituting the LO expression for the anomalous dimension 7y,_»,
—1)(2n)! 2
0= (1-mev 4 =Dizn)! 4n)|§ Mt et (vi®)", (21)

which fixes the dependence in € of the critical coupling g, = V*(ZH).

2.1. Relation to the FPRG Approach

We consider here the unitary multi-critical single field scalar theories to LO with marginal
interaction ¢?". Results obtained in the CFT-SDE approach for the criticality condition and for the
anomalous dimensions of the composite operators, which can be written as monomial ¢* for k > n to
LO, can be conveniently combined together in a single functional relation which is the same obtained
in a perturbative RG approach raised at functional level, the FPRG flow equation. The construction

goes as follows. First of all it is convenient to redefine the quantities rescaling V — 4V / ((n — 1)c"~1).
(2n) (2n)

The criticality condition, after rescaling the coupling g. = V"’ = vy~ "/, reads
2 2n)! 1 on)\2
0= (1 — I’Z)E"US< n) + W <'US< n)> . (22)

Diving by (2n)! and multiplying by ¢?", where the rescaled field ¢ = p~°¢, one gets a more
suggestive form

( 2
Vs 1 [ v,
0= (1—7’1)6 " 4)271_‘_7 <n'§0n> ’ (23)
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_UiZn)

(2n)!

so that, on defining the critical multicritical potential as v.(¢) = ¢*", such that v.(¢) =

1=V, (4% @), one can write the criticality condition as

_ d r L my?
O—dv*+<21><pv*+n!<v* ) , (24)

since d = -2 — e. This is the LO fixed point equation obtained in a perturbative framework in the

MS schemg vxlzhere the coupling (critical potential) has been conveniently rescaled. Indeed the term
proportional to the anomalous dimension of the field ¢ ~ O(e?), which would be given by y ¢ v,
is negligible at this order, since 0@ O(e).

We can now move on and consider the additional information given by the anomalous
dimension of the composite operators [¢] obtained in Equation (17) to which we apply the rescaling
mentioned above, )

Yi = nz!z(i_l'n)!vizn) , i>mn (25)

Therefore the operator [¢] has a scaling dimension A; = (% - 1) i +v;. To parametrize
a deformation around the multi-critical theory along these directions one can introduce the
corresponding couplings g;, which have dimensions 6; = d — A;. This means that the linearized

flow around the fixed point induced by a scale change, must be

d d ,
M= —0igi = (—d+ <2 - 1) i+ 'Yi) Si- (26)
Introducing the quantity dv; = !¢ and substituting the value of the LO anomalous dimension

v; from Equation (25), one can write

d d 2 i! 2
V@é‘vi = —d&)i + (2 — 1) ¢5U: + mmvg n)évi (27)

and noting that the last term can be rewritten as

. (2n)
2 it w8 g 20 & i 2 ) L[, o )2 ()
=t T Ot T T (o8 +ou) = @l™2], @)

where i—n > 0, one can pack the information of the critical condition and of the flow for any power-like
deformation at LO in a single equation. Indeed defining the potential v = v, + }; 6v; and taking into
account Equation (24) one can write

d__ d_ ry 1 om)?
Fa® = dv+<2 1>gov + 5 (v ) . (29)

This is the so called functional perturbative RG flow equation for the potential [21,22], restricted at
LO so that it takes into account only the O(€) corrections. It is interesting to note that such parallelism
among CFT and perturbation theory is still valid at NLO where the field anomalous dimension start
to play an important role. In this case additional information is also given by some special structure
constants (OPE coefficients) derived at LO in the CFT+SDE framework which can be also obtained
analyzing the expansion of the beta functional for v in the second order in the deformations [22].
We also note that for non unitary theories, with standard kinetic terms but odd potential interactions
or higher derivative theories which can have also derivative interactions, results in the e-expansion
obtained assuming conformal symmetry have been found to be in full agreement with renormalization
group analysis [20,24].
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2.2. Example: The Universality Class of the Critical Ising Model in d < 4

Here we specialize some of the results of this section to a critical field theory with ¢* interaction
in d < 4 dimensions. Since the model is known to capture the physics of the universality class of the
lattice Ising model at criticality, we will make explicit connections with the language of statistical field
theory. We take the potential to be v = %4)4, therefore using d = 4 — € and n = 2 in (29), which means
that a rescaling v — v is understood, we find that the flow of the coupling A becomes the well-known
beta function

By = —€eA+3A%, (30)

Using (14) and (21) (or (14) with a rescaling v — %v together with (30)) we find the anomalous
dimension of the field y which is related to the critical exponent 1 = 2. Explicitly

=1z (31)

which is quadratic in € as expected, and therefore gives a subleading contribution to the problem.
The scaling exponent 7, which corrects the scaling dimension A, of the composite quadratic operator
[¢?] is obtained using (25) for i = 2. By definition 7, = A = €/3 is related to the critical exponent
0 =2— % governing the scaling of the correlation length v = 6, ! which can be determined using (26)
and some standard hyperscaling arguments. We find to the leading order

1 e
-4 5 2
V=St (32)
which completes the determination of the independent (infrared relevant) critical exponents governing
the critical point of the Ising universality class. All subsequent thermodynamical exponents can be

deduced using the hyperscaling hypothesis.

3. Multiple Scalar Field Case

The analysis for theories with multiple scalar fields goes along the lines of the one briefly recalled
in the previous Section, but with some important differences which requires some extesions [14].
One can summarize them

e  The scaling scalar fields arise from a mixing which is manifest in general in the splitting induced
by different anomalous dimensions 7;, eigenvalues of the anomalous dimension matrix.

e  There are many more composite operators (even without derivatives) at LO, defined in general
as a superposition of all monomials of the scaling fields Sy = S; ..;, ¢i, - - - ¢;, with scaling
dimension A,f =ko+ 'ylf. The analysis leads to recurrence relations which can be solved to
give secular equations for the LO anomalous dimensions 'yf (eigenvalues) and the tensors S;,...;,
(eigenvectors).

e  Structure constants (involving some composite operators Si) are obtained just as in the single
field case.

e  For unitary models with even interactions and models with cubic interactions? (d. = 6) one
can obtain as in the single field case the criticality conditions and see that the relation with the
FPRG approach.

In the following the main results are illustrated. We refer to [14] for the details of the derivations.

N

In the multi-field case critical models with cubic interactions can be either unitary or non unitary in perturbation theory.
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3.1. Field Anomalous Dimensions

For the primary fields ¢; the two-point function is constrained by CFT as

éb;j
(9:(x)9j(¥)) = - T (33)
s [x =y

where ¢ is a constant whose value in the free theory is c. Applying the SDE one finds that the anomalous
dimensions are given by the eigenvalues of the matrix

(n—1)°

Yab = W CZ(n_l)VﬂiliZ“'iznfl Vbiyig-ing 17 (34)

which is valid for both integer (unitary theories) and semi-odd (perturbatively unitary or non unitary
theories) values of n. The matrix depends on the particular solution for the critical theory in theory
space one considers. Depending on the level of symmetry of the critical theory (the critical potential)
anomalous dimensions can be all different or have various levels of degeneracy.

3.2. Anomalous Dimensions for Composite Operators

— Quadratic operators: they can be studied by exploiting the properties of the three-point
correlator.

(¢i(x)9;(y)[Spg¢pdql(z)). For n = 2 consistency by applying the SDE once gives the secular
equation

C
7 Sij = 1 Vijab Sab- (35)

In the other cases one has to apply the SDE twice and obtains

—1)202(n—1)
(n—1)=c v

P (n_l)ZCZ(nfl)
25 = gy 2)(@n—2)1 VP

‘/jin"'iZn—l SP‘? + 8(21’[)!

(‘/iil"'iZn—lvpil"'iZn—l Sp]’ +ie ]) .

Moreover of n = 3/2 there is a family of descendant scaling operator given by V;(¢) = d%iV with
anomalous dimension 'yé =75, +e€/2.

— Higher order operators: the LO anomalous dimensions for the scaling operators Sy with k > n
can be extracted from the study of the three-point correlators (¢;(x) Sx(y)Sk+1(z)) by applying once
the SDE and impose the consistency. The relation Oy (¢;(x) Sk (y)Sk11(2)) = (Vi(¢(x)) Sk(y)Sk11(2))

gives at LO

f f
(7l§+1_%§_71) 2Cy i1 Sy g Siy i LO S irsn Vi iy s Sjy-jshy -y Sty -y iy (36)
n-l [x—yPly—z[#0c2[z—x[2c42 T (2n-1)! [x—y[2|y—z[Koe2[z—x[2ct2 7
leading to the recurrrence relation
(Vi1 — Y% — ¥i)Sits i Siv i = Cpk Vi ooiviv i Siy o Sty lyig i 37
r)/k+] r)/k r)/l 25 R S S RN CVl,k y-=-1rj1-Js ]1“‘]511“'11 11"'lt11"'lr/ ( )

where ¢, ; has been defined in the previous section. To solve this recurrence relation one has to find
before 7 and then proceed by induction. In doing so some algebraic manipulations are necessary in
order to be able to single out, from the secular equation for 'yf and S;,...;,, a contraction with the tensor
Si,...i, itself, so that the equation becomes linear in the tensor S. Details can be found in [14]. Observing
that 77, for k < n are subleading (depend quadratically in the critical potential) one can find

'yﬁSil...in = cn,n,lwl.“injl.‘.jn S]'lu.]'n (38)
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and for the full infinite tower of this family of composite operators (I > 0)

(n—"1)c""1 (n+1)!

S 6. . = S
Vit Siginas = 2n!? I! fjniein S i ) (39)

where the round backets stand for the symmetrization of the enclosed indices. One can verify that
the LO recurrence relation is valid also for k = 2n — 2,2n — 1, cases for which in the three-point
correlator a descendant operator is present, fact which makes impossible to use the form of Equation (2).
This problem can be bypassed using again the SDE and this suggests also a way to find for the unitary
theories the criticality condition, which gives the solutions for critical potential (couplings) as functions
of €.

3.3. Structure Constants

The computation of structure constants for the multi-field case is a straightforward extension of
the single-field case described in Section 3.

- Structure constants C, SapSag 1’ for unitary theories with even interactions they can be obtained
applying once the SDE to the three-point correlator (¢;(x)S,(y)S2;—1(2)). Indeed the relation
O (1(x)S2p (1) S2g-1(2)) = (Vi((x))S2p () S29-1(2)) gives at LO

o = Ytk iyl Sty s (1=1* e
Pi52pS2-1 (2n—1)! 4(p—q)(p—q+1) A2l

(40)

which is valid in therange g +p >n,q—p >1—nandq—p # 0,1, with2n—1 = r+t,2p = r+s
and 2—1 = s+t. The S and § tensors are among the solutions of the secular equations of the
previous Section.

— Structure constants C, « « and C,. they can be obtained for theories with odd
(PtSZpSZq ¢182p

7152%1:
interactions in a similar way. Setting | =n —1/2:

c = Vi Spjieety Stk (2012 e
52 o). A@(p—qr -1

(41)

which is valid only in therange g +p > ¢and |g — p| < fand for2{ =r+t,2p =r+s,2g =s+t.

Making the shift p — p — % and g — g — % one finds also

Vity tgky-oky Srwjiby e ks (20=1 e
C¢l‘52p,15~2q,1 = (26)! 4(4(P _ q)z _ 1) C28,2p71,2q71' (42)

where now g, p fall in therange g+ p > ¢+ 1and |g — p| < ¢, and the integers 7, 5, t satisfy the relations
2W=r+t2p—1=r+s52q—1=s5+t

— Structure constants Cg, ¢ s, : they can be obtained applying twice the SDE to the three-point
correlator {¢;(x) ¢;(y) ¢2*).  Evaluating 0.0y (¢;(x) 9;(y) Su(2)) = (Vi(¢(x)) Vj(9(y)) S (2))

one obtains

(7’1 _ 1)4C2n+k71 (2k)!
C¢i¢j52k = 16k(k—1)(k—n)(k—n—+1)k22n —k —1)12 Viiy-ving 101y Viiy-ing_g_1b1---bSay-—-ag by---bys

validfor2 <k <2n—1landk #n—1,n.
— Structure constants Cy, ¢, ¢,: for theories with odd interactions, i.e., with m = 2n odd (we
define n = [4+1/2), they can be obtained applying three times the SDE to the three-point correlator
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(¢i(x) ¢j(y) px(2)). The relation 00,0 (¢; (x) ¢;(y) Px(2)) = (Vi(@(x)) Vj(¢(y)) Vi(¢(2))) becomes
atLO

285(5 -1 C‘Pi‘f’f¢k Lo Vi b1~~bevjbl“'be01“'6ka61'“€¢ a1---0y ~free

(20196 T — yP2lx — 202y —2[iF2 (20)Blx— gl —z2loly gl 222t

Noting that 206, = 6. + 2 one obtains

(20 —1)6c3¢
C¢i¢j¢k = 28((( — 1)6'3 ‘/i’ll"'“[bl"'bg‘/jbl"'bécl"'ﬂkaclmcf111"415‘ (43)

3.4. Criticality Conditions
—d. = 6 orn = 3/2: this case corresponds to theories with cubic interactions. The relation

020y 02 (i(x) ¢(y) i(2)) = (Vi(p(x)) Vi(¢(y)) Vk(9(2))) gives at LO

32(6_2(7i+7j+’)/k)) C L:O c? Viubvjbcvkcu (44)
=yl y—z[fr—zf* P =y iy — 2 — 2

where C¢i¢j¢k = _%Vijk can be obtained from Equation (42) for | = p = q = 1. Then one finds
the equation

8(2(7i + Vi + 'Yk) - €)Vijk =c Viabvjbcvkcu- (45)

This condition can be obtained from the Functional perturbative RG equation at LO for
the potential

d—2 2
Po = —dv+ —5—¢i0i + $iijvj = FViIVI; - (46)

adopting the diagonal basis where 7;; — 7;d;;.

—d. =4 or n = 2: this case corresponds to unitary theories with quartic interactions. The relation
can be found applying twice the SDE to the three point correlator {(¢;(x) ¢;(y) S2(z)) and making
use of the secular equation for the quadratic primary composite operators (at LO) 'yé; Sij = fIVijab Sabs
which can be obtained setting n = 2 and | = 0 in Equation (39). From the SDE equations one obtains

8c273 (e — 73)Sij = c* Vit Vi Sui (47)

and using twice the secular relation involving 5 this relation becomes

Cc
—€ Vi + (quikvlqu + Vgt Vijpg + Vijpg Vi ) =0, (48)

having factored out the dependence in the symmetric tensors, which span the whole space of symmetric
objects with two indices.

— Integer n: this case corresponds to unitary multi-critical theories with even interactions.
The criticality condition can be obtained applying twice the SDE to the three point correlator
(¢i(x) j(y) S2n—2(z)) and making use of the secular equation given in Equation (39). Evaluating

the relation 0,0y (¢;(x) ¢j(y) San—2(2)) = (Vi(¢(x)) Vj(¢(y)) San—2(2)) one finds

2 Lo (2n —2)lc" 1
S LC S .
n—1 ((nil)eifyanZ) Vl’]'ll‘“IZn—ZSll'“lZn—Z - 11!(1’1 _ 1)[2 ‘/111"'111—1]1"']11 V]]l"']nll"'ln—lSll‘“ln—lll“‘ln—l :
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Then one uses the eigenvalue equation in Equation (39) for | = n—2 and after few algebraic

manipulation where we also factorize the dependence in the symmetric tensor S;..; , one
finally obtains
(n—1)(2n)! 4
0= (1=n)eV.p, s NV etiyein Vi 1oz s (49)

Similarly to the single field case one can show that the criticality condition as well as the secular
equations for the composite operators given above can be obtained from the functional perturbative
RG equation at LO for the potential [25,26]

d—-2 1
By = —dv+ T(Pivi + Evji.,,jnv]-i...]-n . (50)

3.5. Example: The Universality Class of the Critical O(2) Heisenberg Model in d < 4

Here we briefly discuss a simple application of the results of this section to the critical O(2)
Heisenberg model. Like in the example of Section 2.2 we specialize to n = 2 and therefore to a quartic
interaction. We also choose a total of N = 2 fields ¢ = (¢4, ¢2). The maximal symmetry that the model
can have is O(2), which is the symmetry content of the Heisenberg model at criticality. The potential is
constrained to be of the invariant form v = % (9% + qo%)Z because it depends on the O(2) invariant
order parameter p = @7 + ¢3. Using (50) the beta function is

10 ,,

Br = —€eA+ S (51)

Using (34), where se should take into account the rescaling v — %v also used for (51), and

expressing the derivatives of the potential we can determine the anomalous dimension matrix 7,
which in general must be diagonalized. However in this case v, is a two-by-two diagonal matrix, so
we can evince the anomalous dimension # directly from #J,, = 2,;,. We find

N=— (52)

which is obviously shared by all fields. The spectrum of composite operators containing two copies of
the fields is more complicate since it contains operators that violate the model’s symmetry. One operator
ishowever invariant and, in fact, coincides with the order parameter. Using the same logic of Section 2.2
from the scaling of this operator we can determine the scaling exponent of the correlation length

1 €

v= 5 + 10 (53)

Interestingly our very general approach gives immediate access to all the deformations of the
model which are not O(2) invariant and which might, consequently, be forgotten in approaches that
make more use of symmetry constraints. As to prove this point we briefly mention that the above
analysis can be generalized to N > 2 arbitrary components, and that the corresponding field theory
can have both a Heisenberg-type critical point which is maximally O(N)-invariant and a “cubic”
anisotropic point which is not. In this case it is crucial to understand the role of the symmetry breaking
deformations of the potential, in order to answer the question on which of the two is the IR critical

point of the theory [27].

4. Discussion

As it has been recalled above, several universal data of the critical theories can be obtained
in a perturbative approach at the first non trivial order by assuming the theory to be conformal
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and making use of the SDE which follow from an available Lagrangian description at criticality
(as in the Landau-Ginzburg approach) and in particular this is true also for multi-field theories.
In almost all investigations present in the literature, either using CFT or RG methods, perturbative
or non perturbative, global symmetries in multi-field theories are assumed from the start, since this
greatly constrains the number of possible interactions and therefore of possible critical theories. Such
critical theories, not considering effects of symmetry breaking, always have a higher or at least equal
symmetry compared to the assumed one. For example, if one considers all possible scalar theories with
symmetries O(N) x O(M) a fixed point with symmetry O(N + M) exists. Similarly for theories with
scalar and fermions critical theories with an (enhanced) supersymmetric sector can appear [28,29]. For
unitary models of this kind critical theories with enhanced symmetry are typically infrared attractive,
meaning that these larger symmetries can be interpreted as an emergent phenomena at large distances.

In some past RG investigations of theories with quartic interactions the so called trace property
condition for the critical potential, which leads to full degeneracy of the field anomalous dimensions,
was assumed therefore reducing the possible number of critical theories [30-32]. A general study
without assumptions has yet to come. An attempt to systematize this search for all possible theories
with two fields has been done in [26]. Also studies of theories with cubic interactions can be interesting.
Multi field theories with N fields and O(N — 1) symmetry have been studied at large N in [33]
showing the appearance of a unitary critical theory at perturbative level. For N = 2 this is the case
also for the three-state Potts model. We have analyzed them up to N = 3 and found six non trivial
novel critical theories, with three real different field anomalous dimensions, or two degenerate or all
degenerate. In particular two critical theories, characterized by some specific symmetries, appear to
have all positive anomalous dimensions and therefore unitary at perturbative level. Similarly we have
analyzed theories with quintic interaction and N = 2. In our approach we can also show that there are
no other theories with quartic interactions besides the ones already known in the literature. All these
results will appear soon in a forthcoming work [34]. We find also non unitary critical theories with not
only complex couplings but complex anomalous dimensions. These are related to the idea of complex
conformal field theories and can be relevant to describe properties of RG flows [35,36].

Even if certainly a difficult task, it is important to start systematic analysis of theories with
several fields not assuming any symmetry and study the full spectrum of possible critical theories
characterizing the theory space. In particular we have shown that the knowledge of the scaling
dimension of composite operators can give access within a certain approximation, such as in
perturbation theory in e-expansion, to RG flows properties inside the theory space. We note that a
flow trajectory which for any reason pass close to some critical point in theory space, characterized
by a certain symmetry, is related to the fact that such a theory spends a large amount of RG-time
inside a quasi conformal windows and is characterized by the corresponding approximate global
symmetry. One can envisage some interesting cases, which could be of interest in the quest of
searching UV completion for the Standard Model (SM) of particle physics. Independently of the UV
completed model, which could be related also to an asymptotic safety scenario even not considering
gravity as recently suggested [37], having a QFT description at some high but under Planck scale in
some theory space, the RG flow could pass at some scale M much larger than the Electroweak one
(Mpw < M < Mpy) close to fixed points which could be characterized by certain level of SUSY or even
some GUT symmetry. From lower energy scales, having at our disposal experimental scattering data
with increasing energies, one could have the impression that the fundamental theory is characterized
by such symmetries, even if they were just approximate in a certain energy window. Moreover a
renormalizable scenario which fits the asymptotic safety paradigm is related to a fixed point with a
finite number of relevant operators (directions) in the theory space, so that it provides dynamically a
high degree of predictivity since most of the parameters (couplings) of the theory are not independent
along the flow. This shows the importance could have a systematic understanding of the theory space
of the SM QFT, which we believe to be just an effective theory, or of some of its extensions, in building
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a comprehensive picture. All possible tools to characterize all the non trivial critical theories in four
(and also other) dimensions would be welcome.
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