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Abstract: Maximally supersymmetric field theories in various dimensions are believed to possess
special properties due to extended supersymmetry. In four dimensions, they are free from UV
divergences but are IR divergent on shell; in higher dimensions, on the contrary, they are IR finite
but UV divergent. In what follows, we consider the four-point on-shell scattering amplitudes in
D = 6,8,10 supersymmetric Yang-Mills theory in the planar limit within the spinor-helicity and
on-shell supersymmetric formalism. We study the UV divergences and demonstrate how one can sum
them over all orders of PT. Analyzing the R-operation, we obtain the recursive relations and derive
differential equations that sum all leading, subleading, etc., divergences in all loops generalizing
the standard RG formalism for the case of nonrenormalizable interactions. We then perform the
renormalization procedure, which differs from the ordinary one in that the renormalization constant
becomes the operator depending on kinematics. Solving the obtained RG equations for particular sets
of diagrams analytically and for the general case numerically, we analyze their high energy behavior
and find that, while each term of PT increases as a power of energy, the total sum behaves differently:
in D = 6 two partial amplitudes decrease with energy and the third one increases exponentially,
while in D = 8 and 10 the amplitudes possess an infinite number of periodic poles at finite energy.

Keywords: amplitudes; maximal supersymmetry; UV divergences

1. Introduction

In the last decade, we witnessed serious progress in understanding the structure of the amplitudes
(the S-matrix) in gauge theories in various dimensions (for review see, for example, [1-7]). This progress
became possible due to the development of new techniques: the spinor helicity and momentum twistor
formalisms [1,2,8], different sets of recurrence relations for the tree level amplitudes, the unitarity based
methods for the loop amplitudes [1,2] and various realizations of the on-shell superspace formalism
for theories with supersymmetry [9-11].

The subject of investigation was mainly related to the so-called maximally supersymmetric
theories, which are believed to possess special properties due to higher symmetries. The number
of supersymmetries N that can be realized in D dimensions is limited if one restricts the maximal
spin of the states. For the gauge theories with maximal spin 1, one has the following maximally
supersymmetric theories: D =4 N =4,D=6 N =2D=8N=1,D = 10N =1.
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While the N' = 4 SYM theory is completely on-shell UV finite and possesses only the IR
divergences, in higher dimensions, the situation is the opposite: there are no IR divergences even on
shell but all theories are UV nonrenormalizable by power counting. Among D = 4 gauge theories,
N = 4 SYM [9-11] possesses some exceptional properties and is expected to be exactly solvable.
Thus, one could expect that N' = 4 higher dimensional counterparts will also be, in some sense,
exceptional theories.

Indeed, the integrands of the four-point amplitudes in SYM theory in any even dimension have
almost identical form (only the tree level amplitudes, which are the common factors, are different).
This is the consequence of the dual (super)conformal symmetry, which is present, in some form, in all
the above-mentioned SYM theories [8,12,13].

In the sequence of papers [14-17], we considered the leading and subleading UV divergences of
the on-shell four-point scattering amplitudes for all three cases of maximally supersymmetric SYM
theories, D = 6 (N = 2SUSY),D = 8 (N = 1SUSY)and D = 10 (N = 1SUSY). We obtained
the recursive relations that allow one to get leading and subleading divergences in all loops in a pure
algebraic way [16,17]. Then, we constructed the differential equations, which are the generalization
of the RG equations for non-renormalizable theories [16,17]. Similar to the renormalizable theories,
these equations lead to summation of the leading (and subleading) divergences in all loops. In [18],
we concentrated on solving these equations. For a particular set of diagrams, these equations allow for
an analytical solution while in the general case we applied numerical methods. Remarkably, numerical
solutions follow the general pattern of their analytical counterparts, which allows one to trace the
main properties of the solutions explicitly. In [18], we considered also the sub-subleading case and
focused on the scheme dependence of the counter terms. We studied the transition from the minimal
to non-minimal subtraction scheme and showed that it was equivalent to the redefinition of the
dimensionless couplings ¢?s? or ¢2t? similar to the renormalizable case. The difference from the latter
case manifests itself in the fact that the renormalization constant becomes the operator depending on
the kinematics. The peculiarities of the renormalization procedure for higher dimensional theories is
discussed in detail in [19].

In this paper, we summarize all our results in studying maximally supersymmetric gauge theories
in D = 6,8, 10 dimensions. For the sake of completeness, in Section 2, we remind the spinor helicity
and on-shell superspace formalism. In Section 3, we consider the diagrams for four-point color-ordered
planar scattering amplitudes that appear in this formalism and analyze their UV properties. We explain
how the R-operation works and derive the recursive relations that allow one to get the all-loop
expressions for the leading, subleading, etc., divergences. We then convert these relations into
differential equations, which are the generalization of the familiar RG equations for the case of
non-renormalizable interactions. In Section 4, we consider the properties of these equations and solve
them analytically for particular sets of diagrams and numerically in the general case. Section 5 is
dedicated to the renormalization procedure. We show that it reminds the usual one when the UV
divergences are removed by multiplication by the renormalization constants resulting in multiplicative
renormalization of the coupling, but in this case it is not a simple multiplication but rather the action of
the renormalization operator. Finally, in Section 6, we discuss the all-loop high energy asymptotics of
the four-point scattering amplitudes in D = 6, 8, 10 dimensions. The last section contains the summary
of our views and conclusions.

2. Spinor-Helicity Formalism in Various Dimensions and Amplitudes in D =6, 8, 10
SYM Theories

2.1. Spinor-Helicity Formalism

As mentioned in the Introduction, the spinor helicity and the on-shell momentum superspace
formalisms play a crucial role in the above mentioned achievements in understanding the structure of
the S-matrix of four-dimensional supersymmetric gauge field theories. In the following two sections,
we discuss essential details of both formalisms. Let us start with the generalization of the spinor
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helicity formalism to the case of even dimensions D = 6,8 and 10. In our discussion, we manly
follow [8]. The corresponding on-shell momentum superspace is discussed in the next section.
In even dimensions, one can always choose the chiral representation of the gamma matrices as I'*

(as usual {T'*, TV} = 2yH"):
0 (O.y)AB/
r ( (@)pa 0 > . W

Here, u is the SO(D — 1,1) Lorentz group in D dimensions vector representation index, A and
B’ = 1,..,2P/271 are the Spin(SO(D — 1,1)) indices. Here, we are interested in D = 4,6,8,10.
The explicit form of (¢#)48" and (¢#)p 4 can be found in [8]. Using this notation, one can decompose
the Dirac spinor  as a pair of Weyl chiral and anti-chiral spinors A4 and A 4.

One can construct the Lorentz invariant )] Cip, from two Dirac spinors 1, and ¢ using the charge

conjugation matrix C defined so that
crrct = —(rmT, )

The explicit form of C can be found in [8]. As for the Weyl spinors, there are two possible
decompositions of C depending on dimension:

QOpa 0
C - ( 0 QB’A’ > 7 (3)
and
od o
C= B , 4)
( 0 Of )
respectively, for D = 4,8 and D = 6,10. The () matrices obey the following relations:
QpaQA€ =55, Qp QY =58, ®)
for D = 4,8, and
/ ! A !
Q8 05 =65, 0504 =68 (6)

for D = 6,10.
One can use the matrices () to raise and lower the indices of the spinors

Ag = ABQps A = QFA R, )
for D = 4,8 and to relate the chiral and anti-chiral spinors
A= 04 A, A = 21408 (8)

for D = 6,10. Using these properties, one can also construct the Lorentz invariants for the pair of
spinors which are labeled by i and j in two ways:

APQpaAS = (if), Ap, 084 R0 = [if] O
and

A QA A = [ilj), ALOA Aw ;= (i) (10)

for D = 4,8 and D = 6,10, respectively. The matrices C can be always chosen in such a way that
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cT —Cfor D = 4,10,
cT = CforD=6,8. (11)

In some dimensions, it is also possible to construct additional Lorentz invariants. For example,
in D = 6, one has Spin(SO(5,1)) = SU(4)*, so one can use absolutely antisymmetric tensor e Apcr
assosiated with SU(4)* to contract spinorial indices of four spinors: €apcpAIAEASAY = (1234),
eABCPR 4 1Ap2Ac3Ap 4 = [1234]. These combinations are also Lorentz invariant.

It is always possible to relate light-like (massless) momentum p, with the pair of Weyl spinors
using the Dirac equations for the spinors A4 and A 4/:

(ppuo™)PAA 4 = 0 and (puo™)A% = 0. (12)

The solutions to these equations can be labeled by additional helicity indices a and 4’ that
transform under the little group of the Lorentz group, which is SO(D — 2) in our case. We want to
stress that in D > 4 dimensions, helicity of a massless particle is no longer conserved and transforms
according to the little group similarly to helicity of a massive particle in D = 4. From the Dirac
equations, one can see that

(P BN A gy = 0, (pu0™)AA =0, (13)
and for their conjugates
(puo)P4AG =0, (puo™)A7" =0, (14)

One can take the solutions to these equations A 4/, (p), A% (p) (and their conjugates) in such a
way that

Y ABI(p)AX (p) = pu(e™)B4, zlig/a«pw«p) = pu(0")pra. (15)

a

This gives us the desired representation of light-like momentum p, as a pair of Weyl spinors.
Using Weyl spinors, one can also construct a representation for the polarization vectors of gluons
in D dimensions, which is given up to normalization by

Aa(p) (@) A (q)
(pq)

A (p) (ca")A" (q)
(pq)

ey (P10) = 0 € (pla) = g (16)

Note that the polarization vectors contain the dependence on an additional parameter (vector) g.
This dependence parameterizes the gauge ambiguity and the dependence on g must cancel in gauge
invariant objects such as scattering amplitudes. The polarization vectors for massless fermions can be
chosen as Weyl spinors while the polarization vectors for scalars are trivial.

Using this representation of momenta and polarization vectors in terms of Weyl spinors, one can
always write down the scattering amplitude in the gauge theory in arbitrary even dimension, which is
the function of the Lorentz invariant products of momenta and polarization vectors in terms of the
spinor products corresponding to the momenta of external particles only.

2.2. On-Shell Momentum Superspace

In this section, we discuss the essential details regarding the on-shell momentum superspace
constructions in D = 6, 8,10 dimensions.

With the on-shell momentum superspace, one can obtain a compact representation for the amplitudes
(all amplitudes with different particles are combined in a single object) in supersymmetric gauge
theories, which is very convenient in the unitarity based computations [1,2].
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Let us start with the D = 6 N' = (1,1) on-shell momentum superspace formalism first [20].

The on-shell N = (1,1) superspace for D = 6 can be parameterized by the following set of coordinates:
N = (1,1) D=6 on-shell superspace = {AZ}, A%, 41, 7,.}, (17)

where 77} and ﬁg are the Grassmannian coordinates, and [ = 1,2 and I’ = 1/,2’ are the SU(2)g X
SU(2)g R-symmetry indices. Note that this superspace is not chiral. In this superspace, one has two
types of supercharges g/ and 7 4, with the commutation relations

(A, g%y = pABell,
{9ar dppt = pasery,
{5y = o (18)

Using this superspace, similar to the D = 4 SYM case [1,2], one can combine all creation/annihilation
operators of the on-shell states from the V' = (1, 1) supermultiplet into a single combination that is
invariant under on-shell SUSY transformations. The N’ = (1, 1) supermultiplet itself is given by the
following creation/annihilation operators

—TI'a /
{Aadr LIII T u/ (P% }/

which correspond to the physical polarizations of the gluon |Az), two fermions |‘Y‘}>,|?Ila> and
two complex scalars |4)f/> (antisymmetric with respect to I, I’). This multiplet is CPT self-conjugated.

However, to do this, one has to perform a truncation of the full N = (1,1) on-shell superspace [20].
This can be done consistently by using a special version of harmonic superspace [20]. The harmonic
variables u]” and 7+ in this setup must be chosen to parameterize the double coset space

X . (19)

Using these variables, we express the projected supercharges and the Grassmannian coordinates as

A Al =+ +1'=
gt = ufq, gy =T G,
I —+ +1'—
Ma = e Ty =0 Ay (20)

We can also re-express all creation /annihilation operators of the on-shell statesof D = 6 N = (1,1)
SYM using our new harmonic variables. The Bosonic states are

¢~ ¢t 9T, 9, AT, 1)
while the Fermionic states are S
yoa gta gl (22)

Then, we have to consider only the objects that depend on the set of variables that parameterize
the subspace (“analytic superspace”) of the full /' = (1,1) on-shell superspace

N = (1,1) D=6 on-shell harmonic superspace = {A2, A%, 7, ,77}. (23)

The projected supercharges and momentum generators acting on the analytic superspace for the
n-particle case can be explicitly written as:

n n

n
PP = LA (p)AG (pi), a4 = oA (e Th = AL (P (24)
1

i i
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Now one can finally combine all the on-shell state creation/annihilation operators (Equations (21)
and (22)) into one superstate |();) = );]0) (here, i labels the momenta carried by the state):

Q) = g T+ ¢ T )i+ T )i+ (T )T )i
)i (T )+ ()i (T )i )
+ (An~77)i0), (25)

where (XY); = Xf-’/ %Y, . /4. Hereafter, we will drop the =+ labels for simplicity. As in the D = 4 case,
we can formally write the color-ordered amplitude as

n
An({A2, A%, 10,7,}) = (O] TT :S0), (26)
i=1
where S is the S-matrix operator of the theory, and the average (0| ... |0) is understood with respect

to some (for example, component) formulation of the theory. The invariance with respect to
translations and supersymmetry transformations requires the amplitude to be annihilated by the
corresponding generators

Thus, the superamplitude should have the form
An({NE A a4 }) = 0°(p™0)08(0™)04 @0) Pu({AZ, A s T 1), (28)

where P, is a polynomial with respect to 77 and 7 of degree 21 — 8. Since helicity is no longer conserved
(it is not a conserved quantum number) in contrast to the D = 4 case, there are no closed subsectors of
MHYV, NMHY, etc. amplitudes.

The Grassmannian delta functions 6*(g4) and 6*(74) in the case under consideration are
defined as

Bah) = peancoda)Sa")8e)5P),
B0 = P88, 29)

The delta function §(X') here is the usual Grassmannian delta function defined as 6N (X!) =
H?Izl X!, where I is the R-symmetry index. In the harmonic formulation, we simply have §(X) = X.
Let us consider now the four-point amplitude. The degree of the Grassmannian polynomial Py is

2n — 8 = 0, s0 Py is a function of Bosonic variables {12}, A%} only, just as in the D = 4 case

As({AZ2, A 10,7, }) = 0°(p"P)0% (9)0* @) Pa({AZ, A% D). (30)

At the tree level P4 can be found explicitly from a comparison with the expression for the
four-gluon amplitude [20] obtained with the help of the six dimensional version of the BCFW
(0)

recurrence relation or direct Feynman diagram computation [12,13]. This gives us that in fact P,

has a very simple form: Pio) ~ 1/st. Here, s and t are the standard Mandelstam variables defined as
s = (p1+p2)?and t = (pa + p3)?. We also drop overall coupling constant dependence. Thus, one can
see that at the tree level the four-point superamplitude can be written as:

1

AL = ()5 ()04 4 5 b
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Here, pB and ¢4,7 , are given by Equation (24). Note that already at the tree level the five-point
amplitude is not so simple [12,13] compared to the four-point case. However, the iterated two
particle cuts, which utilize only the tree level four-point amplitude, are enough to reconstruct the loop
integrands up to three loops. The form of the integrand coincides with the D = 4 case up to the tree
level amplitude. One can argue [9-11] that this property will hold beyond the three-loop level.

To illustrate how the unitarity cuts work, we consider a simple one loop computation(see Figure 1).

2 3

1 4

Figure 1. Two particle s-channel cut for the one loop D = 6 SYM amplitude.

The integrand for the s-channel two particle cut of the one loop amplitude takes the form (here
we explicitly label the (super)momentum dependence of the amplitudes) [20]

meAl = [ dd, AL (12,0 1) x AL (<h, ~1,3,4) (32)

The integrals with respect to the Grassmannian variables d*17, d*7] can be evaluated, and after taking
into account momentum conservation conditions, one gets: (the common factor g},,N; is omitted)

[ty S (ag+afiy, )0t (a1 =411, )0* T r T a,1,1,)0* TaL—Tan1,)
Thi® ik 2N ELY (33)

L 241 i
= —54(0Iﬁ+’1f)54(‘1A,R+5IA,L)W_A4 2 G ETRE

IntAil)

The following formula for the Grassmannian integration is useful: ([ dziyl"] J dzﬁli’z = [d*n,)

/ Ay d L 8 (A oy + A Y0, + 1) AL gy + AL ey — 45)
><(54(7\{1mﬁa,,1 + 5\{2‘%,12 +7p)0* ()\zl T, + )‘lz a1, — )
= (21)*4(11, 1)?0* (g7 +43)6* (G0 + 15 )- (34)

Equation (33) is consistent with the following ansatz for part of the amplitude associated with the
s-channel cut

—AP S S B(s, 1), (35)

where B(s, t) is the D = 6 scalar box function. The t-channel cut gives the same result, thus we
conclude that the full one loop level amplitude has the form:

A = —A()g“; ¢ st B(s, t), (36)

where B(s, t) is a one loop box scalar integral (see Figure 2).
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Let us now consider the D = 8 case. It can be constructed along the same lines as the D = 6 one
but in a more straightforward manner. Here, we follow [8]. The A" = 1 D = 8 on-shell superspace can
be parameterized by the following set of coordinates:

N =1D =8 on-shell superspace = {A%, A4, 1,}, (37)

where 7 are the Grassmannian coordinates, A and A’ are the spin(SO(7,1)) indices and a is the little
group SO(6) index. The R-symmetry group here is U (1) and #” carries the +1 charge with respect to
U(1)g. This superspace is chiral.

The commutation relations for the supercharges in this case have the form

{74, %} = pAB (38)

The supercharges in the on-shell momentum superspace representation for the n-particle state are
given by
A B¢ - B¢
= Y A% (A (), 4% = YA e 7 Z Az (pi) (39)
i=1 =1 aT]u

The creation/annihilation operator for the A" = 1 D = 8 on-shell supermultiplet are
{A‘m/ 1Yﬂl/ War (P/ @}/

which corresponds to the physical polarizations of the gluon |A™), two fermions |¥“), |¥,) and
two scalars |¢), |¢). Using on-shell momentum superspace Grassmann coordinates, one can

straightforwardly combine the creation/annihilation operator into one “superstate” |();) similar
to the D = 4 case
a 1 aa 1 abcdg 1 ubcd
Q) = @i+ 1Y+ Spmamp AT+ Zyanonee™ Y g+ granipiienat 10)- (40)
Here, £"? is the absolutely antisymmetric tensor associated with the little group SO(6) = SU(4).

No additional complications are needed.
Using the arguments identical to the previous discussion, we conclude that the color ordered
superamplitude should have the form:

An({A% 38 10 }) = 08 (pA8) 0% () Pu ({4, A2 1a}), (41)

where Py, is a polynomial with respect to # and 77 of degree 2n — 8, and the Grassmannian delta
function 68(g4) is defined in this case as:

8

B(g?) = 8'€A1 11 (42)

Here, €4, 4, is the absolutely antisymmetric tensor associated with the spin(SO(7,1)).

For the four-point amplitude, the degree of the Grassmannian polynomial Py is again 2n — 8 = 0,
so as in the previous cases Py is a function of Bosonic variables and one can again write the four-point
amplitude in the form

A A2 ma}) = 88 (p*F) 64 (") Pa(fA2, A1), (43)

At the tree level P4 can be found from a comparison with the explicit result of Feynman diagram
computation or from the expression obtained as a field theory limit of the superstring scattering
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amplitude [8]. Similar to the previous discussion, one again has Pio) ~ 1/st, so that at the tree level
the four-point superamplitude can again be written as:
1

A = 58 (pAB) 8 (g4) =

= (44)

Using the iterated two particle cuts, this allows one to reconstruct the answer for the four-point
amplitude up to three loops. To perform this computation, the following formula for the Grassmannian
integration is useful:

/ dry, d* 08 (AL a1, + A0t + 010 (AL a1, + A0, — 03)
= (4)%4(L11)* (a7 + q3)). (45)

Again, the form of the integrand coincides with the D = 4 case (see Figure 2).

Let us now briefly discuss the situation in D = 10 dimensions. The D = 10 N' = 1 SYM
supermultiplet of the on-shell states consists of the physical polarizations of the gluon A4E" and
fermion Y fields. In this case, one encounters the following difficulty in the attempt to construct the
corresponding on-shell momentum superspace: there are too many # variables [12,13] to combine all
the on-shell states in a manifestly Lorentz invariant manner. We need 4 # variables to accommodate
all the on-shell 2* states in the theory, but the smallest representation of the little group SO(8) gives
8 #’s. This problem, most likely, can be solved by using a modification of the harmonic superspace
approach [21], although the resulting structure of the tree level amplitude looks complicated and no
unitarity based computations have been performed thus far in such a setup.

However, one can use the indirect symmetry arguments [12,13] to show that the ratio of A&L) / AEIO)
inD = 10 N/ = 1 SYM has the form identical to that in the D = 4,6,8 SYM theories (see also [22]).

3. The Structure of UV Divergences in the Leading, Subleading, etc. Orders of PT in
SYM Theories

To calculate the amplitude, it is convenient first to extract the color ordered partial amplitude by
executing the color decomposition [9-11]

Al amPRYS (o phy — Y. Tr[e(T™ ... T Au(c(p) ... ppn)) + O(1/N,). (46)
c€Sy/Zn

The color ordered amplitude A, is evaluated in the limit N, — oo, g%M — 0 and g%,MN,; is
fixed, which corresponds to the planar diagrams. In the case of the four-point amplitudes, the color
decomposition is performed as follows:

Ad-oaLphys- g o 34y — TV AR (1,2,3,4) + T241 (1,2,4,3) + T2 A (1,4,2,3) (47)
where T’ denote the trace combinations of SU(N,) generators in the fundamental representation

T = Tr(T" T2 T T™) + Tr(TM T T3 T%2),
T? = Tr(T" T2 T%T®) + Tr(T T T™T™%), (48)
T3 = Tr(T T T™T%) + Tr(TM TS T2 T™),

The four-point tree-level amplitude is always factorized which is obvious within the superspace
formalism. Hence, the color decomposed L-loop amplitude can be represented as

AM@,2,3,4) = 491,23, 49MP (1,2,3,4) = A0 (1,2,3,4) M (11 + 22, 2+ 32)
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or using the standard Mandelstam variables
AP ,2,3,4) = A0 (1,2,3,4) M (s, 1) (49)
The factorized amplitude MA(LL) (s, t) is the subject of calculation in this paper. Remarkably, it can
be expressed in terms of some combination (which is universal for D = 6, 8,10 dimensions) of the pure

scalar master integrals times some polynomial in the Mandelstam variables shown in Figure 2 [23,24].

A~ 14y MP(s,0) =

A L
= 1 —92 st
+g* s’ + st?
1
-g% st +2s%t + 2st? Pl st
¢
+

Figure 2. The universal expansion for the four-point scattering amplitude in SYM theories in terms of
master integrals. The connected strokes on the lines mean the square of the flowing momentum.

Dimensional regularization (dimensional reduction) is common for calculation of UV divergences
since the latter is manifested as pole terms with the numerators being the polynomials over the
kinematic variables. In D-dimensions, the first UV divergences start from L = 6/(D-4) loops; therefore,
in D =8 and D = 10 SYM theories, they start already at one loop. As one can see in Figure 2, all the
bubble subgraphs as well as triangles are entirely omitted in PT of any order, which is the result
of maximal supersymmetry, and appear only in less symmetric cases. In the D =4 and N = 4 case,
this means the abandonment of all the UV divergences since the boxes are finite whereas at higher
dimensions they are non-renormalizable by power counting.

(L)

In general, M, has the form

M[(LL) (s,t) = (—g*)* Y coef; x MasterIntegral;, (50)
i

2N . .
where ¢? = éfrl‘;ﬂ) 75, the coef; are some monomials of s and ¢, and the MasterIntegral; is one of the

master integrals in D-dimensional Minkowski space shown in Figure 2. The complete list of the master
integrals up to five loops is presented in [23,24]. These master integrals are universal for any dimension.
We use the following definition of the L-loop master integrals applied throughout the paper

Num;
D D i
)/dkldenl (51)

MasterIntegral, = ( 573

Since we are interested in the UV divergences only, there is no need to calculate the multi-loop
diagram itself. The task is reduced to the extraction of the pole terms that essentially simplifies the
calculation. To do this, we use the BPHZ R-operation [25-29].
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For any local quantum field theory, it is inherent that, after performing the incomplete R-operation,
e.g., R'-operation, the remaining UV divergences are always local. Due to this peculiarity, it is possible
to produce the so-called recurrence relations, which link the divergent contributions in all orders of
perturbation theory (PT) with the ones of the lower order. These relations are known as pole equations
(within dimensional regularization) in renormalizable theories [30] and can be expressed in the form
of the renormalization group. This holds true for any local theory, though can be trickier to execute
technically, as we showed in [16,17]. We recall the main steps of this procedure below.

The incomplete R-operation (R’-operation) subtracts only the subdivergences of a given graph
while the full R-operation is defined as

RG = (1- K)R'G, (52)

where K is an operator that extracts out the singular part of the graph and KR'G- is the counter term
corresponding to the graph G. Applying the R'-operation to a given graph G in the n-th order of PT,
one gets a series of terms presented below:

e A}(qn)(ﬂz)ng . A£@1<y2)(n71)e . Agn)(MZ)e
» o o e B
B(n)(yz)"e B ?1_)1(#2)(7171)5 B(”)(VZ)E
S B R e
(1) /. 2\ne (n) ¢ 2\(n—1)e (n) (. 2ve
G (p)me Gy (W) G (%)
+ : 6"_2 + en—2 +.t 1€n—2
+ lower pole terms, (53)

A(”)( 2)ke B(V’)(HZ)ke C(”><y2)ke L. X .
where terms such as ~-—5—— or ==, 35— originate from the k-loop graph which remains

after subtraction of the (n — k)-loop counterterm. The resulting expression has to be local and hence
does not contain terms such as logl %/ €k from any I and k. This requirement leads to a sequence of

relations for Al(n), B i(n) and C i(n), which can be solved in favor of the lowest order terms

(n)
A;”) —_ (_1)n+l"4;l ,
n 2 n _2 n
B = (1) <n8£)+”n B| )), (54)
" 3 2(n—23) (n—2)(n—23)
C;(qn) = (-1t <ncén)+ n Cén)+ - Cin) )

It is also useful to write down the local expression for the KR’ terms (counterterms) equal to

n A]((n) B]En) C}En) B Agln)/ Bgln)/ C}gn)/
ICR/G":k_Zl<€n +€n—1+€n72+”. = eh +€n—1+€n72+.”’ (55)

Then, one has, respectively,

Aﬁ")' _ 1)n+1A() ﬂ/
n
B — ( ) 4+ B( )> (56)

c = ( 3C(”)+ 2 3C§”)+3c§”)>.
n—l —1n n
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This means that, by performing the R’-operation of the higher order diagrams, it is possible to
deal only with the one-, two-, or three-loop subgraphs surviving after contraction of subdivergences
and get the desired leading pole terms via Equation (54) in the leading, subleading and sub-subleading
order, respectively. The latter can be evaluated in all loops algebraically.

The discussed procedure makes it possible not only to derive solutions for a fixed number of
loops but also to obtain the recurrence relations in any loop order. We demonstrate this derivation by
the example of the horizontal ladder-type diagrams in D = 8 [17] (see Figure 3).

We start with the leading order. First, one can simplify the notation Aﬁl”) =s""14, and Aﬁ,") ' =
s"~1 A/ since the horizontal ladder-type diagrams in the leading order depend only on s. By calculating
the one-loop diagrams shown in the first and third lines of Figure 3 and substituting them into
Equation (54), we receive the recurrence relation in the leading order.

D) -2
nAp = — 4An 1t ZAkAnlk/ n>2, (57)
where A; = 1/3!. Starting from one-loop term, the leading divergence in any loop order can be
calculated using this recurrence relation solely algebraically.

In the subleading order, one has already the t dependence but it is linear. To separate it, we use
the notation By(,n) = s""1B,s_1 + 5" 2tB, and B,(fl)/ = s”’lB;sfl + s”’ztB;n. To derive the recurrence
relation in the subleading case, one has to calculate the two-loop diagrams shown in the second
and last lines of Figure 3. We begin with the primed quantities since they actually enter into the
recurrence relations

2 , 10 2, 2

o
By, = —thn 2551 T 5 By 15/ (58)

2 2321 18 44
r ! d
B = ) | Msn P g
n— 938 n—3 1 n=3 442
— kZ: AIICA/”_Z_km 2 AkBsn 2-kgip - kZ: AQB;"—2—’<5'5W
~ 15! =1 =1 o
nekl<n—2 8 46 n—k+l<n—2 12
_ Y AAAL e Y. AVABL o ki
= n 515015 &= TSI
n—k+l<n—2 4 n—k+l<n—2 2
+ Z AkA Bm 2k 155 + Z BkA Asn 2-k-15151
k=1 ki=1

n 134| sn 14| Btn—la

246 122 21 )

+ ZAk n—1-— k5| 15+ZAkBsn 1- k5| ZA/Btn 1- k5|

where B, = B}, =0, B,, = —5/3!/4!/12, B, = —1/3!/4!/6.

Proceeding in a similar way one can get relations for the unprimed quantities. The recurrence
relations for the sub-subleading divergences are not presented here due to their length.

Solving the recurrence relations in Equations (57)—(59) is complicated. However, since we actually
need the sum of the series, we perform the summation multiplying both sides of Equation (57) by z"~!
and take the sum from 3 to infinity. After some algebraic manipulation and introducing the notation
Ya =Y 1 An(—2)", we finally transform the recurrence relation to the differential equation. In the
leading order, we get (here z = ¢%s2/¢)

d 1 2 2

I

— 2
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Similar differential equations can be constructed for X/, = Y 5° 2" B, and X}, = Y 5°z"Bj,,
A>T (2) _ 1dEig(z) | Zig(z) __ 1 61)
dz2 30 dz 720 4327
a2y’ (z axl . (z
T2 | o B8 p e - pie), )
dz dz
with
1 T4
fl(z) - _8 E/
1z, ¥R 1dE,
£ = 55710 600 T 15 dz ¢
2321 11, 49_, 442_ _, 25 5 1 _,
= B Ay it ) R I
f3(z) 51524 T 18008 51904 ~ Bi516A%tB T G750 =A T p00 =A% B
. 19dT, 14y 234dY%  1d(ZaXf) 3
36 dz 15 dz 225 dz 30 dz 32°
] 1 1 1
I I I [}
). ) | | | | - n
R’ D; - | q AT B
I [} [} [}
oo e e — — .} | P .
— ' — '
n n-1 n-1
r——=—=—— A r—-——=—7— A r——=—=—— A
| | I | | I
I I I I I I (n)
- - - B
| | I | | }
| . o | I . - | I -
— — ' — '
n-2 n-2 n-2
r—-——=—= A r———=—- !
n-2 I | I I
(n) n)
*Z | :O: | Ay 3(1
k=1 I I I I
I I I I
L - - - - . | I — .
— ' — g’
Kk n-1-k
r——=—=—- | r——=——= A r-——=—= A r——=-=-- |
n-3 | | I I n=-3 | | | I
. I I I I, I I I I )
D O 2 (=] :q B
Lo J — J Lo J — J
— e— —
k n-2-k k n-2-k
r—-—=—=—= ! r——=—=—- A
n-3 | | | |
ST @: | 8
k=1 ! ! ! !
| | | |
L e e - - = . | I |
e—— Ne—
k n-2-k
r—-——-—=—= ! r———=- A r—-—=—=-- |
ktl<p-21 [ | | | | (n)
- : O OO ! B,
=R N R [ N}
Lo - - = N S N
K | n-2-k-I

Figure 3. The R'-operation for the horizontal ladder in D = 8.
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One can perform the same procedure for a specific series of diagrams as well as for the entire
set by using some symmetry arguments. In [16], we constructed the full recurrence relations for the
leading divergences for SYM theories in D = 6 and D = 8, 10. This was performed by consistent
application of the R'-operation and integration over the remaining triangle and bubble diagrams with
the help of Feynman parameters. While executing this, we notice that the full set of UV divergent
diagrams (master integrals) consists of the s-channel and t-channel ones, and it is needed simply to
add the box to the corresponding channel in order to move from n — 1 to n loops. Denoting by Sy (s, t)
and Ty (s, t) the sum of all contributions in the nth order of PT in s and ¢ channels, respectively, so that

Yo -y e, )
A, lleading UV div.  n=0 €

we get the following recursive relations for the D = 6,8 and D = 10 cases, respectively:

1
nSy(s, t) = —25/0 dx /Ox dy (Sp_1(s, ')+ Ty_1(s,t')), n>4 (64)

wheret' = tx +uy,u = —t—s,and S3 = —s/3, T3 = —t/3.

1 x
nSu(s,t) = =252 [ dx [ dyy(1—x) (Sya(s:t) + Tt (5. oty
n722k72 1

1 dr
4 dx x*(1—x) _ Si(s, t') + Ti(s, t/
o J a1 = ZWZOP(HZ)' g (ks 1)+ Tids, £)

dp
X 5 (Sn-1-k(s, t') + Tyo1-k(s, )= —sx (tsx(1 = x))7, (65)

where S; = ﬁ, T = lz

Ju—y

1 "X
nSu(s,t) = =" [ dx [ dy (=202 (Sma(#) + T () limpes

5 1. 3 S = db /
s/odxx(l—x ;Z 13 dt,p(Sk(st)+Tk(s,t))><
dar
X dt—,p(sn,l,k(s, )+ Ty k(s,t) |p——_sx (tsx(1 —x))P, (66)

where S; = &, Ty = 4. The leading divergences in any order of PT can be designed in algebraic form
using these recurrence relations, starting from the known values of S; and Tj.

Similar to the ladder case, these recurrence relations include all the diagrams of a given
order of PT and allow summing all orders of PT. This can be done by multiplying both sides of
Equations (64)—(66) by (—z)"~!, where z = g?z and summing up from n = 2 to infinity. Denoting the
sum by X(s,t,z) = Y07 1 Su(s,t)(—z)", we finally obtain the following differential equations in the
D =6,8and D = 10 cases:

d 2 1 x
EZ(S, t,z) =s— EZ(S, t,z) +Zs/0 dx/o dy (2(s,t',2) + 2(t',5,2)) [y —xt-yu- (67)

d T R
EZ(S, t,z) = -5t 2s /0 dx/o dy y(1—x) (Z(s,t',2) + Z(',5,2)) [ =txtuy (68)
> 1 dr

1
A4 201 _ +)2 — 775
s /0 dx x°(1 — x) pZ::OP!(P"'Z)!(dt/p

(Z(s,1,2) + 2(F,5,2))[r=—2)? (tsx(1 = x))P.
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d S 1 x
TRz =g+ [Ldx [Ty 21— (205,002 + 28,2 it (69)
—s° /1dx (1 —x)? y #( ar (Z(s,t,2) + Z(t,5,2))|p——_sx)* (tsx(1 — x))P.

0 L pi(p oy arr 782 le=mss

The same equations with the replacement s <+ t are valid for X.(t,s,z) = Y571 Tu(s, t)(—2)".

4. Properties of the Solutions and Numerical Analysis

Since Equations (67)—(70) are integro-differential, their analytical solution is problematic.
Therefore, we use the ladder type diagrams, which are much simpler and allow for the explicit
solution, as an approximation to the solution of the exact equations. We show that the ladder type
diagrams are in good agreement with the total PT series and may serve as a model for the full answer.

4.1. The Ladder Case

411.D=6

The D=6 case is of particular interest since the boxes are finite. Therefore, the s-ladder type
diagram of interest contains one tennis-court subdiagram and the ladder added from the left or right
(see Figure 4, left).

Ladder Ladder 2

Figure 4. The ladder type diagrams in D = 6.

Using the recursive relations (see [16]), one can obtain the equation for the ladder diagrams;
however, it is also possible to derive it from Equation (67). These diagrams contain only s-dependence,
so it drops out from the integrals in the right-hand side of Equation (67) for the first term. The second
term corresponds to the t-ladder subdiagrams and does not give a contribution to the ladder
approximation. As a result, we have the ordinary differential equation

% (s, z)

ek %ZL(S,Z) +5X1(s,z) =0, Xp(s,0)=0. (70)

Here, L(s, z) is dimensionless and depends on a single dimensionless argument sz.
Solution to this equation is
s222

2
@(352—1—52—?). (71)

Yi(s,z) =

For the vertical ladder, we have the same solution with the replacement s < t.

Depending on the sign of s, the obtained solution tends either to infinity or to a constant when
z — oo (¢ — 0). We show further that the full solution has the same behavior and discuss its
consequences below.

One can derive a similar equation for the next sequence of ladder type diagrams, which starts
from four loops (Figure 4 right). The resulting expression also contains only s-dependence except
for one power of t. This leads to two coupled recursive relations and hence two coupled differential
equations. The solution of these equations has the form
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1 sz 18222 18323 t
Yio(s, tz) = 27(e/3 1 -2 222 222 (1 42-
stz = 5o |77 3729 627112
1 1
—(e%* —1—sz— 55222 - 65323) . (72)

Depending on the sign of s, this solution has the same behavior as the previous one, i.e., tends
either to infinity or to a constant. We show below that the sum of two ladders (Equations (71) and (72))
gives a better approximation to the solution of the full equation.

412.D=8

In this case, the ladder starts already from one loop. It also contains only s-dependence, so all the
integrals in Equation (68) are trivial for the first terms in the bracket while the second terms have no
contributions to the s-ladder like in the previous case. Then, Equation (68) reduces to the ordinary
nonlinear differential equation

dxp(s,z) 1 2

2
e T 2izL(s2) - azf(s,z) =0, X(s,0)=0. (73)

Here, ¥ (s, z) is also dimensionless and depends on the single dimensionless argument s%z.
This equation refers to Riccati type equations with constant coefficients. The solution has the form

4tan(zs?/(8v/15))
1 — tan(zs2/(8v/15))v/5/3

This function has an infinite number of periodical poles and there is no simple limit when

z — o0 (e — 0) regardless of kinematics. Further, we show that this property also characterizes the
full solution.

Zr(s,z) = —V5/3

(74)

413.D=10

This case looks similar to D = 8 but becomes more complicated due to the genuine box
diagram in D = 10. Contrary to D = 8, this diagram is not a constant but is proportional to (s + t).
Consequently, the s-ladder has dimension m? and consists of two parts, one proportional to s and the
other to t times dimensionless function of s>z

Y1(s,t,z) = sXs(s,z) + tL(s, z).

Equation (70) reduces to the ordinary nonlinear differential equation as in the D = 8 case; however,
we have two coupled equations for Xs(s,z) and X(s, z). To obtain these equations in a simple way,
one needs to use the recursive relations [16]

dx(s,z) 1 4 1 B
iz~ mtanen) - g E(s0) =0, 7
dXs(s,z) 1 2 12
iz~ 5 axes®E) - ghled)
3! 5
- 5 (Zg(s,z) —%s(s,2)X(s,2) + 182%(3,2)) , Xs(s,0) =0. (76)

Note that both functions are dimensionless and depend on the single dimensionless argument s°z.
The solution of the first equation is
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Xi(s,z) =3 (2 + V10 tan [_mZSB - 5§§i)oarctan[ v 2/5]] ) (77)

while the second one is expressed in the form
1
Ys(s,z) = EZt(s,z) + A(s, z) (78)

where the function A(s, z) is the solution to the nonlinear differential equation

dA(s,z) 1 2 6 .2 _ —
= s T g2 — 5A%(5,2) =0, A(5,0) =0, (79)

This is also a dimensionless function of the single dimensionless variable s°z. The solution of
Equation (79) is
As,z) = BT VTO) (1 &/3070)) (80)
' 2(19 4 21/70 — 9¢75°/ (36V70) )
The behavior of ¥; is similar to £} in the D = 8§, i.e,, it possesses an infinite number of periodical
poles. There is also a single pole in the function A for positive values of s.

4.2. The General Case

In this subsection, we analyze Equations (67), (68) and (70) that give us the sum of infinite series
of diagrams. Due to complexity of these equations, a numerical solution can be a suitable method,
although this approach also has its difficulties. We cannot use the standard recursive algorithm because
unknown functions are under the integral and depend on integration variables in a complex way.

We use an algorithm that is a combination of the standard numerical method and the
method of successive approximations. First, we select some initial value of the function
(s, t,z) = Xg(s, t,z) = const and then start with it. If we start with zy = 0, then a suitable choice
is const = 0. After that, we substitute it in the right-hand side and perform formal integration
(X1(s,t,2) —Xo(s, t,z))/ Az to get the following approximation for X:

Y1(s,t,z) = Xo(s, t,z) + Az x right — handside, (81)

which is now a polynomial over s and t. At this step, the right-hand side is calculated with (s, t/, z)
equal to a constant.

The next step is setting up of the polynomial in the right-hand side. Changing the arguments
t = tx +uy and t — —sx, we perform the integration. This generates the next approximation value
of X: X5(s,t,z). Continuing this procedure, we generate the highest degree polynomials s and t at
each step. However, starting with 3—4 iterations, the length of the polynomials becomes too time
consuming for further calculation. At this step, we estimate the value of £ with the fixed values of s
and t, for example, s = t = 1. The calculated value gives us a constant, which we identify with the value
of X at zg + Az. We use this value to run the same procedure again for the next iteration. This way,
we calculate the values of X at the points along the axis z = zg + Az x n.

Then, we interpolate all obtained points to a smooth function. We found that Az = 0.1 makes the
solutions stable. The numerical results demonstrate a reasonable approximation being applied to the
known functions, although this method is not justified.

Note that, after calculating the function X, we can replace its argument having in mind that it
depends on the dimensionless combinations zs, zs 2 and zs® (and the same for t) for D = 6, 8 and 10,
respectively, for dimensional reasons.

It should also be said that, in the D = 8 and 10 cases, the form of Equations (68) and (70) is
not suitable for numerical analysis since the second term contains an infinite sum with an infinite
number of derivatives. Cutting this sum makes the numerical solution unstable. To avoid this problem,
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we note that the construction resembles an ordinary shift operator with slightly modified coefficients.
This infinite sum can be removed by introducing two additional integrations, which do not cause
difficulties in numerical integration. One has:

0o | 2 b
py e (e ) = 5 [ [ e - (A + expliBOSA +exp(-iT)C).

We use this technique for numerical calculations in the case of D = 8 and D = 10. The results of
application of the described techniques for all three cases D = 6,8, 10 are presented below.

To test our numerical procedure, we compared the results of our calculation with the results
obtained using PT, the Pade approximation and the Ladder approximation. For comparison, we used
the first 15 terms of the PT series that are generated using our recurrence relations. This seemed to be
far enough since the successive PT coefficients are falling rapidly.

The next step is to use the Pade approximation. This is not always stable since Pade approximations
sometimes have fictitious poles. It is a well-known feature, and we tried to avoid it using mainly
diagonal approximations. With 15 terms of PT, the (6,6), (6,7) and (7,7) approximants are almost
identical and give a smooth function.

The third curve in the graphs corresponds to the ladder approximation. Analytical solutions
here are given by Equations (71), (74), (77) and (80) from the previous subsection. In the case of D = 6,
we also considered the second ladder, which is based on the tennis court diagram in the t-channel (see
Figure 4) and is given by Equation (72).

Finally, we built a numerical solution obtained by the iteration procedure described above. In the
case when the function has poles, we built a numerical solution separately for each finite interval.

The function X(s,t,z) is a function of three variables. However, as mentioned above,
for dimensional reasons, it has only two independent dimensionless arguments. In D = 6, 8 and 10,
they are zs, zt , zs2, zt 2 and zs®, zt 3, respectively. We constructed both two-dimensional graphs with
t = s and three-dimensional graphs in the s — t plane for better presentation.

421.D=6
In D=6, the PT series looks like

(s+1t)z (s> +st+12)z? n (55% + 252t + 2st? 4 5¢%)23

Ypr(s tz) = 3 18 540
25s% 4+ 853t — 25242 4 8st3 + 25¢4) 2%
(25s* + 8s s°t° + 8st° + )z . 82)
19440

where the dots stand for the higher order terms. We used 15 terms for numerical comparison with the
other approaches.

From Equation (82), we constructed the diagonal Pade approximant [7/7] as a function of a new
variable x = zs in the case when t = s. It has the form

0.67x + 0.067x2 4 0.0010x3 + 0.00014x* + 4.6 x 107°x°+
1—0.15x + 0.00013x2 + 0.0011x° —45 x 105x2 — 2.1 x 1060+
€7+&7x104x6+12x104x7
+1.7 x 10~ 7x6 — 2.1 x 1097

Ypade (x) =

(83)

The ladder approximation is given by Equation (71) and the second ladder by Equation (72) with
x = zs. The numerical solution starts from z = 0 and in this case has only one interval. To demonstrate
the behavior of the function X obtained by different approaches and compare them all together, we built
two types of graphs. The first one, shown in Figure 5, contains four different curves corresponding to
four different approaches.
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— PT[15] 5,
— Pade[7/7] 100
— Ladder 80 '
— Ladder+Ladder2 60 -

aof

20f
__-ro...._ISI...: 61'033

Figure 5. Comparison of various approaches to solve Equation (67): PT, Pade, Ladder and Numerics.
The PT and Pade curves coincide in a given interval.

The second graph is a three-dimensional plot shown in Figure 6. Here, we plot the PT approximation,
the ladder approximation and the second ladder approximation.

Ladder

Lad+Lad2

-

Figure 6. Comparison of PT, Ladder and Ladder2.

The first graph shows that all curves have almost the same behavior. Analytically, it is perfectly
described by a ladder approximation. This is also confirmed by the three-dimensional graph shown in
Figure 6. The inclusion of the second ladder does not change the solution qualitatively but provides a
better match with PT. The function X has no restrictions for x — oo (¢ — 0) for s > 0 and tends to a
fixed point when s < 0. This limit would correspond to the removal of the UV regularization. It can be
seen that the summation of the entire infinite series does not lead to a finite theory.

422.D=8

In the case of D = §, the PT series starts already from one loop and has the form

2, 2 4.3 2,2 3 4
z s +4t 15s* — s°t + s=t= — st° + 15¢
24 2+

Terlshz) = ot Tyt 38,880 (®4)
838550 — 268s°t + 206542 — 192533 + 206s%t* — 268st> + 83851 4y
391,910,400
For t = s, the [7/6] Pade approximant is
5 e (x) = 1 0.17x —0.017x% + 0.00040x> + 0.000014x* — 7.1 x 10~7x°+
Padel ™) = $21-0.19x + 0.014x2 — 0.00046x% + 6.9 x 10-6x% — 1.5 x 10~8x5—
+7.5 x107%x0 + 1.2 x 10’10x7, (85)

—5.5 x 10~ 10x6
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where now x = zs2.

The ladder approximation is given by Equation (74). The numerical solution starts with z = 0
and continues to the first pole z = z;. Then, we start it again for z > z; and reach the second pole
at z = zp and so on. The poles coincide with the poles in the ladder approximation (Equation (74)).
A comparison of various curves for ¢ = s is shown in Figure 7.

2.2

Numerical solution 0

Numerical solution 1

— The ladder sequence
PT series: 15 terms
Pade approximation [7,6] j

10 12

-2
Figure 7. Comparison of various approaches to solve Equation (68). The red and black lines are the
numerical solutions described in the previous section between the first pole and between the first and
the second ones. The green one is the PT. The blue one is the Pade approximation. The yellow one
represents the Ladder analytical solution.

It can be seen that in the first interval all curves almost coincide. The PT curve exists only in the
interval below the first pole. The Pade curve reproduces the first pole but does not fit to the others.
The numerical curve reproduces both poles and is close to the ladder approximation.

We present also the three-dimensional plot in the s — t plane for z = 1 in Figure 8.

Ladder Ladder

Figure 8. Comparison of PT (a) and the ladder approximation (b) in the region up to the first pole
and (c) the ladder approximation beyond the first pole. One can clearly see the pole structure of the
function X.

It can be seen that the ladder as in the case of D = 8 gives a very accurate approximation to PT
and allows you to go beyond the limits of the first pole. A comparison of the ladder approximation and
the numerical solution of the complete equation confirms our conclusion that the ladder approximation
gives the correct behavior of the function.

Again, we must admit that the limit z — oo (¢ — 0) does not exist. The function has an infinite
number of periodic poles for any choice of kinematics. Therefore, finiteness is not achieved when the
sum over the entire cycles is taken into account.
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423.D=10

This case is quite similar to the D = 8 one. The PT series is now

(s+1)z (45 + 3 + 13 + 414)22

X t,z) =
pr(s:t2) = 455 302,400 + (86)
N (209557 + 11550t + 335712 — 11s*t3 — 11534 + 335245 + 1155t + 2095¢7 )23 N
68, 584,320,000

while the [6/7] Pade approximation for { = s reads

1 0.017x 4+ 0.00025x% + 6.5 x 1077x3 — 5.7 x 10~ 10x4—

ZT110013x+94x10 622 —11x10 73 —72 x 10 11

. —2.1x10712x5 4+ 2.6 x 107 10x6 4 7.3 x 10~ 1917
+1.9x107183x5 — 6.4 x 107 17x6 + 4.6 x 10~21x7’

2 pade (x) =

(87)
where x = zs%.

The ladder approximation is given by Equations (77) and (80), and the numerical approximation
is constructed first for the interval from z = 0 to the first pole, then continues to the second, etc.
The comparison of all the curves is shown in Figure 9.

13

2 4 6 q 10 ( 12
— Numerical solution 0

— Numerical solution 1

-1 The ladder sequence
PT series: 15 terms

— Pade approximation [7,6]

2

Figure 9. Comparison of various approaches to solve Equation (70). The red and black lines are the
numerical solutions described in the previous section before the first pole and between the first and
the second ones. The green one is the PT. The blue one is the Pade approximation. The yellow one
represents the Ladder analytical solution.

The situation here is the same as in the case of D = 8. The ladder approximation works quite well,
and its analytical solution qualitatively describes all the features of the full equation. The function
X obeys an infinite number of periodic poles and one single pole is obtained from A (Equation (80)).
There is no limit when € — 0.

Since the removal of the regularization (¢ — 0) does not lead to finite amplitudes, it is necessary
to perform a kind of renormalization procedure. It has some peculiarities because these theories are
nonrenormalizable.

5. The Renormalization Procedure

All higher dimensional gauge theories are non-renormalizable. Of course, the scattering
amplitudes can be made finite by subtracting all UV divergences in some way. This is not a problem.
The problem is that the counter terms do not repeat the original Lagrangian and one gets new structures
with increasing power of momenta at each step of perturbation theory. This means that, subtracting
the UV divergence each time, one has to define the normalization of a new operator, thus having a
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new arbitrary constant. The number of these constants is infinite. However, as we demonstrate above,
all the higher order divergences are related via the generalized RG equations. Hence, changing the
subtraction condition at a given loop, one consistently changes the normalization condition of an
infinite set of operators. Hence, one may hope to relate them removing the arbitrariness.

5.1. The Scheme Dependence

All our considerations thus far are based on the minimal subtraction scheme. To trace what
happens when one changes the normalization condition, we consider now the non-minimal subtraction
scheme. As an example, we take the D = 8 case where divergences appear already in one loop.

Obviously, the leading divergences are scheme independent but the subleading ones depend on a
scheme. However, this dependence in all orders of PT is defined by a single arbitrary constant which
appears in subtraction of a single one-loop box-type diagram. The recurrence relations obtained above
are scheme independent. Indeed, if one chooses the one-loop counter term in the form

1

A+ Bl = &(1 + c1€) (88)
(c1 = 0 corresponds to the minimal subtraction scheme), then using the recurrence relations for the
subleading divergences, one gets the following additional term to the sum of the counter terms in all

orders of PT (remind the notation z = gzs2 /€)
AY! A (89)

=c1z—*=.
sB 1 dz
Thus, the arbitrariness in the counter terms with an infinite number of derivatives is reduced
in the leading order to the choice of the single parameter c;. It is equivalent to a finite change of the
renormalization constant Z,4

Zy =1+ gzszcl. (90)

This is exactly what happens to renormalizable interactions except that there we redefine a single
coupling ¢? and here it is an infinite series of couplings with increasing power of derivatives.

Consider now what happens in the sub-subleading order. In this case, the dependence on the
subtraction scheme is contained also in the two-loop box-type diagram. Following the subleading case,
we choose the counter term in the form

s 5
AL+ B, =" (1—- Ze+2cie + €% ), 91

210 = g \ T pef Tt a O
where ¢; comes from the one-loop counter term and c; is the new subtraction constant. Using the
recurrence relation for the sub-subleading divergences, one gets the following additional term

proportional to c; in all orders of PT:
/

s
ATl = czzzd—ZA. (92)

This corresponds to the finite renormalizations
Zy =1+ g2s2c1 + g4s4cz (93)

This simple pattern obviously has a one-loop origin since it comes from the leading divergences
and they are defined by the one-loop box diagram.

The situation with dependence on c; in the sub-subleading order is more complicated. There are
two contributions here: the linear and quadratic. The quadratic dependence obviously appears from
the substitution of Equation (90) into the minimal scheme counter term X/, (Equation (89)), which
gives the second derivative of ¥/,. However, the redefinition of the coupling contains an extra part
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compared to Equation (93), which is proportional to 7 that gives the first derivative of £/, . All together,
the full quadratic dependence has the form

r 2 Z dZ/A dZZIA
AZSC = *Cla <dz —12 dzz . (94)

Using the recurrence relations in the sub-subleading order, we have checked that this result is
valid in all orders of PT.

The situation with the linear term is not that straightforward. It is not given by the leading term
only but involves also the subleading one. Here, for the first time, we meet the situation where the
renormalization is not reduced to a simple multiplication. It happens because the subleading terms
depend on both s and ¢ and one cannot separate them anymore.

This is clearly seen in the third order of PT. Namely, if we consider the R’-operation of the
three-loop box diagram and calculate the arbitrariness AL, which is due to arbitrariness in the
two-loop counter-term (the last diagram in Figure 10).

..............................

_____

_______________

Figure 10. R'-operation for the three-loop box diagram.

The latter is independent of the f contribution. The reason is that, while the two loop box contains
the t contribution in the subleading order, the arbitrariness is contained only in the s term. At the
same time, when one evaluates the sub-subleading divergence in the three-loop box diagram using
the R/-operation, one has a nonzero contribution from both the s and f terms in the last diagram in
Figure 10. The two expressions are obviously unrelated

719¢;5%
AYL-(3— =
sc(3=109P) = = 7536800¢” )
whereas ¥/ in three loops has the following form:
71s*
YE(3—1 =——.

The discrepancy comes from this last term in Figure 10. To see this, we subtract the unmatched ¢
contribution from ¥ ; and compare it with AX. .. We call it Z;‘}g"”ﬁ

"trunc 7195
— [ . 7
Ee5 (3 = 1oop) = = 311040082 ©7)
Taking the derivative with respect to z, one reproduces the desired result
"trunc
AT~ (3 —loop) = c1z ;l; (3 — loop). (98)

The situation repeats itself in the fourth order of PT being even more tricky.

This consideration shows us what actually goes wrong in the renormalization procedure and
suggests the right way to formulate it. The key reason is that the divergent expressions and, hence,
the counter terms are not constants anymore but are polynomials of momenta. This means that
this momentum dependent counter terms have to enter inside the integrals when performing the
‘R-operation, i.e., this is not a simple multiplication procedure anymore.
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5.2. Kinematically Dependent Renormalization

Based on the performed analysis, below we describe how the renormalization procedure can be
reformulated in non-renormalizable theories and illustrate it by the example of two- and three-loop
divergences in D = 8 SYM theory. Formally, it looks precisely like a familiar renormalization procedure
in any renormalizable theory, but the renormalization constant Z becomes the function of kinematic
variables and acts on the amplitude not as a simple multiplication but as the operator in momentum
space. Namely, to remove all the UV divergences in the amplitudes and get a finite answer, one follows
the usual prescription multiplying the bare amplitude by the proper renormalization constant and
replacing the bare coupling with the renormalized one:

A4 _ bare| 7y (99)

giara = €Z4(g )g ’ (100)

where Ay is the ratio (A4 / .A ) Remember also that the renormalization constant Z4 can be calculated
diagrammatically with the help of the following standard operation [31]:

Z=1-) KR'G; (101)

The essential difference between the non-renormalizable and the renormalizable cases manifests
itself in momentum dependence of the renormalization constant Z. This actually means that it becomes
the operator acting on the amplitude according to the rules of the R-operation. To demonstrate
how this renormalization procedure works, we apply Equations (99) and (100) to the singular part of
the amplitude

2 2 2 2
A, = _gst_gst(s + ¢t +27/4s + 1/3st + 27 /4t >+ (102)

e? €
order by order in PT.
In the one-loop order, the coupling is not changed g7 . = ug? and the renormalization constant

2
is chosen in the form Zy; = 1 + % This leads to a finite answer. Notice that the renormalization
constant is not really a constant but depends on the kinematic factors s and ¢#!
In the two-loop order, the coupling is changed now according to Equation (100), namely,

§’st 2st
Share = 1871+ 5,0) (103)

and the renormalization constant is taken in the form

(104)

7 1 gst g4st Aps? + Bypst + Apt?  Aqs% + Byst + Aqt?
S TP TP 2 + € '

where the coefficients A; and B; have to be chosen in a way to cancel all divergences both local and
nonlocal ones.

Consider how it works in practice: When substituting Equations (103) and (104) into Equation (99),
one can notice that the replacement of g7 . by Equation (103) in the one loop term (~g?) and
multiplication of one loop contributions from the renormalization constant Z4 and from the amplitude
A4 have the effect of subtraction of subdivergences in the two loop graph. This is exactly what
guarantees the locality of the counter terms within the R-operation. However, contrary to the
renormalizable case, here the renormalization constant contains the kinematic factors, the powers of
momenta, which are external momenta for the subgraph but are internal ones for the whole diagram.
This means that, evaluating the counter term, they have to be inserted inside the remaining diagram
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and integrated out. To clarify this point, we consider the corresponding term which appears when
multiplying the one loop Z factor by the one loop amplitude. The s and ¢ factors from the Z factor have
to be inserted inside the box diagram, as shown in Figure 11.

2
gst =g2 5D+tv>

Figure 11. Action of the Z-operator at the two loop level.

This means that the usual multiplication procedure has to be modified: the Z factor becomes the
operator acting on the diagram which inserts the powers of momenta inside the diagram. This looks
a bit artificial but exactly reproduces the R-operation for the two loop diagram shown below in
Figure 12.

Figure 12. R’-operation for the two loop diagrams.

Thus, inserting Equations (104) and (103) into Equation (99) and having in mind that

. s 19 . t 19
sTriangle = _R(l + Ze), tTriangle = _E(l + Ze), (105)
one gets
A4 = Z4 (82 ) AZW’E’ ‘g%m,e»—)gzz
L st | gt gtu*st (241 N 27/4s +1/3st + 27 /412 (106)
B 3le 3le 314! €2 €
N 2@ S22 1+ ge) N g'st [ Aps® + Byst + Apt? N Aqs? + Byst + A #?
ale ' ale 67 3l e € '

One can see that the one-loop divergences (~g?) cancel and the cancellation of the two-loop
ones requires

1 2412 2412 Aps? + Bost + Apt?
=x 7532‘ st+253;zl st 228 +3|ZZ,+ 2 st=0,
logy s2 4 12 s+ 12
Pk —273!4! st+2 3l st =0,
1 st 27 1 27 st 19 st
o —ﬁ(zs2 +3st+ th) - 2w(52 - t2)Z + ﬁ(Als2 + Byst + At?) = 0.
One deduces that A, = —1,B, = 0,A; = 15—2, B = %, thus the renormalization constant Z4 takes

the form

2 4 2, 42 2 2
g°st  g*st (_s .y +5/125 +1/3st +5/12¢ >’ (107)

€2 €
which exactly corresponds to the one obtained using Equation (101). This expression now has to
be substituted into Equation (100) to obtain the renormalized coupling. Note that it also depends
on kinematics.

The same way, one can trace the action of the Z-operator in the three-loop diagram, as shown in
Figure 13. In this case, besides the three-loop box diagram, one also has the tennis-court one, and the
resulting counter terms correspond to both of them.
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gt s +1 +s + ¢ +5 |>< +1 ;

Figure 13. Action of the Z-operator at the three loop level. The first, second and the last two diagrams

in the right-hand side correspond to the three loop box counter terms and the third and fourth ones to
the tennis-court counter terms.

In the context of the present discussion, the transition to a non-minimal scheme is equivalent to
the multiplication of the amplitude by the finite renormalization constant

z =1+ g%stcy (108)

and the corresponding finite change of the coupling g. This looks similar to the renormalizable
case though the meaning is different. Again, not only the multiplication but also the action of the
operator is kinematically dependent. Therefore, it is not a simple change of a single coupling but of the
whole infinite series of higher derivative terms. Similarly, the subtraction arbitrariness of the double
box influences the sub-subleading divergences and results in higher order terms in Equation (108)
as in Equation (107), just as in renormalizable theories [18]. Therefore, the whole arbitrariness is
accumulated in one renormalization constant evaluated order by order in PT, which acts as an operator
and generates an infinite series of terms. In fact, this means that we build this way an induced higher
derivative theory where higher terms appear order by order of PT with fixed coefficients. For instance,
the one-loop term g%st /¢ generates the gauge invariant counter term

2
%DPDAPWDPDAFW,
that contains higher derivatives as well as new vertices with extra gauge fields, etc.

6. High Energy Behavior

Assuming that one accepts these arguments, there is still a problem that at each order of PT the
amplitude increases with energy, thus violating the unitarity. However, apparently, this problem has to
be addressed after summation of the whole PT series. While each term of PT behaves badly, the whole
sum might behave differently.

To analyze the high energy behavior of the full amplitude, one can use the solutions of the
generalized RG equations obtained above. Indeed, as in any renormalizable case, the high energy
behavior is associated with the UV divergences. Considering the case when s ~ t ~ u ~ E? and
expanding the amplitude over €, one finds the one-to-one correspondence between the coefficient of the
leading pole (§2E(P—4))1 /¢ and the leading asymptotic term (Q2E(D—4))n log" E2: ¢? /€ +» —g*log E?
Thus, g?/€ = z — —o0, as considered in Section 4, corresponds to the limit E — co.

Having this in mind, we can analyze the high energy asymptotics of the amplitudesin D = 6,8
and 10. The task becomes more complicated since we have the function of two variables and one
may have different limits in different directions. We looked for the case whens > O and t,u < 0
corresponding to the center of mass frame.

In the D = 6 case, in the leading order, the full amplitude behaves qualitatively similar to the
ladder. For the s — t partial amplitude, it contains the exponent exp[—(s + t)] log E, and, since s + t =
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—u > 0, one has a decreasing exponent and hence a smooth function of energy without violation of
unitarity. The same is true for the s — u partial amplitude. However, for the u — t amplitude, one has
u +t = —s < 0, which results in increasing exponent. This amplitude obviously violates unitarity and
spoils the picture. The subleading asymptotics does not improve the situation having the same type
of behavior.

In the D =8 and 10 cases, again, the ladder diagrams qualitatively correctly reproduce the behavior
of the full amplitude. Here, all partial amplitudes behave similarly. They have poles for finite values
of z and, hence, for finite values of E. This is similar to QED; however, in this case, the pole is much
closer due to the power law behavior of the function. There are multiple poles. Thus, again, one has
problems with unitarity at high energy.

It would be interesting to find an example of a theory where such kind of summation leads to a
smooth high energy limit such as in asymptotically free theory in the renormalizable case.

7. Discussion

Our main concern here was the understanding of the structure of UV divergences in supersymmetric
gauge theories with maximal supersymmetry.

We restricted ourselves to the on-shell scattering amplitudes, since after all it is the S-matrix,
which we want to make finite.

Our main results can be formulated as follows:

(1) The on-shell scattering amplitudes contain the UV divergences that start from one loop (three
loops) and do not cancel (except for the all-loop cancellation of the bubbles and triang]les).

(2) These divergences possess increasing powers of momenta (derivatives) with increasing order
of PT. For the four-point scattering amplitude, this manifests itself as increasing power of the
Mandelstam variables s or t. This means that the theory is not renormalizable by power counting.

(3) Nevertheless, all the higher loop divergences are related to the lower ones via explicit pole
equations which are the generalization of the RG equations to the case of non-renormalizable
theories. The leading divergences are governed by the one-loop counter term, the subleading
ones by the two-loop counter term, etc. This happens exactly as in the well known case of
renormalizable interactions.

(4) The summation of the leading and subleading divergences can be performed by solving the
generalized RG equations. The solution to these equations depends on dimension and has a
different form in different dimensions. For particular sets of diagrams, one can get an analytical
solution, while in the general case it is only numerical.

(5) In D =6, the solution is characterized by the exponential function that decreases for some partial
amplitudes and increases for the other as a function of z = ¢? /€. In D =8 and D = 10, the solutions
possess an infinite number of poles. This means that they do not have a finite limit when z — oo
(¢ — 0) which would correspond to the finite answer when removing the regularization.

(6) We reformulate the multiplicative renormalization procedure with replacement of the renormalization
constant by an operator that depends on kinematics. As a result, one can construct a higher
derivative theory that gives finite scattering amplitudes with a single arbitrary coupling g defined
in PT within a given renormalization scheme. Transition to another scheme is performed by the
action on the amplitude of the finite renormalization operator.

(7) The high energy behavior of the amplitudes is governed by the generalized RG equations just as
in renormalizable theories. In the three examples that we considered, this behavior is different but
in all cases the amplitudes either increase with energy or hit the pole at finite energy, as in QED.

(8) Thus, the maximal supersymmetric gauge theories at higher dimensions despite many attractive
features still happened to be inconsistent at high energies. We hope that the methods of analysis
developed here can be used in other non-renormalizable theories including gravity.
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