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ABSTRACT: We compute the expectation value of the 1/2 BPS circular Wilson loop
operator in ABJ(M) theory at two loops in perturbation theory. Our result turns out
to be in exact agreement with the weak coupling limit of the prediction coming from
localization, including finite N contributions associated to non—planar diagrams. It
also confirms the identification of the correct framing factor that connects framing-
zero and framing-one expressions, previously proposed. The evaluation of the 1/2
BPS operator is made technically difficult in comparison with other observables of
ABJ(M) theory by the appearance of integrals involving the coupling between fermions
and gauge fields, which are absent for instance in the 1/6 BPS case. We describe
in detail how to analytically solve these integrals in dimensional regularization with
dimensional reduction (DRED). By suitably performing the physical limit to three
dimensions we clarify the role played by short distance divergences on the final result
and the mechanism of their cancellation.
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1. Introduction

The study of Wilson loops is of central importance in gauge theories since they contain
relevant information, for instance about the potential between colored particles and
about the Schwinger pair production probability. For supersymmetric gauge theories
Wilson loop operators can be defined, which preserve a certain amount of supersym-
metry. These objects play a central role also in non—trivial tests of the AdS/CFT
correspondence.

Supersymmetric Wilson loops have been first formulated in A/ = 4 SYM theory
[1, 2], where adding a coupling to the scalars of the theory makes the Wilson loop
operator locally invariant under half of the supercharges of the theory. In the context
of the AdS/CFT correspondence, this 1/2 BPS object is the field theory dual of a
fundamental macroscopic string living in the AdSs x S° background. The expectation
value of a 1/2 BPS Wilson loops on a path I' can thus be computed at strong coupling
in terms of a minimal area surface in AdSs ending on a contour I' at its boundary and
at a fixed point on S°.

Whether or not supersymmetry is globally preserved depends on the shape of the
contour. For a straight line the normalized Wilson loops is invariant under eight su-
percharges and is protected in a way that its expectation value is exactly one. For a
circular contour the Wilson loop is still invariant under eight combinations of super-
conformal charges [3]. Despite being conformally equivalent to the Wilson loop on the
straight line, it receives quantum corrections [4, 5] due to the fact that the conformal
transformation is anomalous.

An exact result for the circular Wilson loop has been found in [6] by applying
localization techniques which allow to reduce its calculation to the evaluation of a
finite dimensional matrix model. In the planar limit and for large coupling constant the
matrix model result reproduces the string theory computation. Therefore, it provides
an example of function interpolating from weak to strong coupling, allowing for a very
non-trivial test of the AdS/CFT correspondence.

A large class of less supersymmetric Wilson loops has also been constructed. In
[7, 8] Wilson loops have been defined on a three sphere in space-time, which couple to
scalars through the invariant one—forms of S and preserve 1/16 of the supersymmetry.
When the Wilson loop contour is restricted to a maximal two sphere, supersymmetry



gets enhanced and gives rise to 1/8 BPS configurations. Wilson loop expectation values
can still be computed by a matrix model [9, 10]. Amazingly, their expectation values
depend only on the area enclosed by the contour on the two sphere and they turn out
to be related to Wilson loops in two dimensional Yang—Mills theory.

In three dimensional Chern—Simons theory Wilson loops and their correlation func-
tions are the basic observables to be computed and have been intensively studied in
the past in connection with knot theory [11].

Renewed interest in three dimensional Wilson loops has grown after the formulation
of the ABJM theory [12], a three dimensional N/ = 6 superconformal Chern—Simons—
matter model with gauge group U(N), x U(N)_g (or U(N), x U(M)_ in the ABJ
generalization [13]) and opposite Chern—Simons levels k£ and —k. This theory describes
the low energy dynamics of a stack on N M2 branes in M—-theory probing a C*/Z,
geometry. In the large N limit it has a 't Hooft parameter given by the ratio A = %
For k£ > N such a coupling is small and the theory allows for a perturbative description.
In the opposite regime the theory is strongly coupled and admits a dual description in
terms of M—theory in the near horizon geometry of the M2 branes, that is AdS,;x S7/Zy.
A supergravity approximation is valid when the radius of the M—theory circle is large,
namely whenever N > k°. In the intermediate region where k < N < k® the proper
dual description is in terms of type IIA string theory on AdS; x CP3.

The realization of a three dimensional version of the AdS/CFT correspondence
has stimulated the study of observables in ABJM theory. On the one hand scattering
amplitudes of N/ = 6 supersymmetric Chern—Simons-matter theories [14]-[25] have
been computed and they have been found to exhibit nice symmetry properties as in
four dimensional N' = 4 SYM. Their allegedly dual objects, namely light-like polygonal
Wilson loops have been also calculated [26]-[28], and the emergence of a duality with
amplitudes have been observed at four points.

On the other hand supersymmetric circular Wilson loop have been studied. In
particular, 1/6 BPS Wilson loops have been defined in [29, 30, 31], which are formally
similar to the 1/2 BPS Wilson loops of N = 4 SYM, in the sense that they only feature
a coupling with the scalar fields of the theory [32]. Their expectation values have been
computed in the planar limit, up to two loops.

As in N = 4 SYM, localization can be used to compute supersymmetric Wilson
loops in ABJM. The partition function of ABJM on a three-sphere has been shown to
localize to a non—-Gaussian matrix model [33, 34], and the expectation value of the 1/6
BPS Wilson loop has been computed by expanding the matrix model at weak coupling.
In the planar limit the result is in agreement with the direct computation of [29, 30, 31].

In parallel, a 1/2 BPS Wilson loop operator has been defined [35]. Enhancing
supersymmetry requires including a fermionic sector. As shown in [35], this is accom-



plished by extending the connection to a supermatrix of the U(N|M) supergroup. The
1/2 BPS Wilson loop has been proven to be cohomologically equivalent to a combi-
nation of 1/6 BPS Wilson loops. This has led to the possibility to use localization
techniques to make a prediction [35, 36] for its expectation value using the already
known results for 1/6 BPS objects.

Despite the result from localization, an explicit field theory perturbative computa-
tion of the two—loop contribution to the 1/2 BPS Wilson loop has been lacking until
very recently. In [37] we have tackled the problem of computing it in the planar limit,
and comparing it with the weak coupling limit of the prediction coming from localiza-
tion.

The reconstruction of the localization result within an ordinary field theory ap-
proach is strongly motivated by many reasons. In fact, not only it represents a non—
trivial check of the result, but it also allows for a deeper comprehension of the mecha-
nisms underlying the cancellation of short distance divergences and the appearance of a
finite result. Moreover, it addresses the question of understanding the relation between
different regularization schemes.

While in [37] we have simply reported the main result and briefly discussed its
relation with the localization result, in the present paper we give a detailed explanation
of the procedure we used and all technical aspects involved in the evaluation of contour
integrals and discuss the role played by regulated short distance divergences. Moreover,
we extend the previous result to the non—planar case, that is to finite N, M.

The computation is hampered by intricate diagrams emerging from the fermionic
sector. The integrals appearing in the calculation are generally divergent and re-
quire regularization. We apply dimensional regularization with dimensional reduction
(DRED). The regulated integrals are hard to solve analytically, nevertheless we manage
to perform them with the use of series expansions and Mellin-Barnes representation
and provide results at any order in the regularization parameter.

Within DRED scheme special care has to be taken in dealing with the ubiquitous
€wp tensors of the Chern—Simons theory. We show how a consistent way to deal with
them leads to the appearance of evanescent factors in front of divergent integrals. From
the product of the two pieces finite terms arise, which concur to determine the final
result.

The comparison between the localization and the perturbative results requires a
careful analysis of framing. In fact, while the perturbative calculation done using
dimensional regularization corresponds to choosing framing zero, the localization result
comes naturally in framing one. It is then necessary to identify the framing factor in
the localization result and remove it. A proposal for the correct framing phase was
made in [35]. We have found that removing the factor proposed there, the remaining



contribution perfectly matches the perturbative expression. Therefore, our perturbative
result not only is a non—trivial check of the localization result but proves the correctness
of the framing phase identified in [35].

The main result of this paper is eq. (9.1) for the two—loop expansion of the 1/2
BPS Wilson loop for any value of N, M. The result is finite and perfectly matches the
prediction from localization, color subleading terms included.

The paper is organized as follows. In Section 2 we give an upshot of the strategy
we follow for the computation. In particular, we present the regularization we employ
for taming divergent integrals, and outline the method for solving them. In Section 3
we compute the contributions to the Wilson loop expectation value at one loop and
show that they are subleading in dimensional regularization. In Section 4 we present
the diagrams contributing at two—loops. These come from the purely bosonic sector
and its mixing with fermions. In Section 5 we compute contributions from the former,
which allows us to give a complete expression for the 1/6 BPS Wilson loop including
subleading terms. In Section 6 we solve the diagram coming from a double fermion
exchange, while Section 7 is devoted to the study of the intricate diagram featuring
a mixed interaction vertex. Some of these results require analytic continuation to be
expanded in powers of the dimensional regularization parameter. This is accomplished
in Section 8. Finally, in Section 9 we sum all contributions, so obtaining the 1/2 BPS
Wilson loop expectation value at two loops and compare it to the prediction from local-
ization, finding perfect agreement. Several Appendices follow containing further details
of the computation such as the explanation of the method for solving contour integrals
and their explicit evaluation.

Note added: A similar investigation has been performed in another paper [38],
cuncurrently appeared in the ArXiv, where the result of [37] has been reproduced using
slightly different techniques for computing the integrals.

2. The general strategy

We are interested in the perturbative evaluation of Wilson loops (WL) in U(N); X
U(M)_r ABJ(M) theories [12, 13]. These models contain two Chern-Simons gauge
fields A, A plus propagating scalar matter fields (Cr,C1), I =1,...,4, and the corre-
sponding fermions (¢!, 1;), all in the (anti)bifundamental representation of the gauge
groups. The coupling to the gauge sector, as given by the action (A.12), insures N’ = 6
supersymmetry. We work in euclidean three-dimensional space. Conventions and def-
initions are collected in Appendix A.



WL preserving 1/6 of the supersymmetry have been constructed as [29, 30, 31]
1 L .
(WhyelI]) = N /D[A,A, C,C, ¢, 9] e Tr [Pexp (—z fr dTA(T))}

(Wy[L) = %/D[A,A, C, 0,4, 9] =S Tr [Pexp (—z’ I dTA(T))] (2.1)

where S is the euclidean action (A.12), I' is an infinite straight line or, equivalently, a

circle and the generalized connections are defined as
2T 21

A= Ayt = =M CCT A= Ayt = S MCIC (2.2)

in terms of two constant matrices M = M = diag(—1,-1,1,1).
A linear combination of these WL transforming oppositely under time-reversal is
the 1/6 BPS operators studied in Ref. [29], that is

W] = N W, 6[l] +MW1/6[F]
1/6 N+ M

As discussed in [30], a suitable extension of the previous holonomies allows for the

(2.3)

construction of a WL that preserves 1/2 of the supersymmetry. This can be expressed
in terms of a superconnection £ of the supergroup U(N|M). Precisely, the 1/2 BPS
WL is defined as

(Wio[l) =

VLN /D[A,A, C,C,,p e Tr [Pexp (—i I8 dTﬁ(T))] (2.4)

where £(7) is represented as the supermatrix

o - A —iy /2! .
wilp A

with A, A still given by (2.2), though with different matrices M, M (see (2.7) below)
and 7,7 are two commuting spinors controlling the couplings to the fermions in the
(anti)bifundamental representation of the gauge groups.

We choose the path I' to be the unit circle, parametrized as

a# = (0,cosT,sinT) , 7T €/0,27] (2.6)
In this case, preserving half of the supersymmetry requires [35]

M/ =M/ =6/ —26/6}, (2.7)
6—@'7’/2

« T —ZT — Z
i) =@ ey o= ()8 -



The perturbative evaluation of the expression (2.4) is performed by Taylor expand-
ing the exponential of the superconnection and taking the expectation value by Wick
contracting the fields. Since we are interested in the two—loop quantum corrections, it
suffices to expand it up to the fourth order. In this process we get purely bosonic con-
tributions from the diagonal part of the U(N|M) super-matrix (2.5), purely fermionic
contributions from the off-diagonal blocks and mixed contributions from the mixing of
the two. We will study the bosonic and fermionic contributions separately.

When computing loop integrals and performing integrations along the circle, po-
tential divergent contributions arise at short distances. In order to deal with them, we
use dimensional regularization with dimensional reduction scheme (DRED) [39], which
has been proven [41] to preserve gauge invariance and supersymmetry of Chern—Simons
theories up to two loops 1.

DRED requires to assign Feynman rules in three dimensions and perform all tensor
manipulations strictly in three dimensions before promoting loop integrals to D =
3—2e. A suitable prescription is then required for contracting three-dimensional objects
coming from Feynman rules with D—dimensional tensors arising from tensorial integrals.
DRED scheme assigns the following rules [40] for contracting three-dimensional metrics
n* and D-dimensional ones n*”

N = 3 A = 3 — 2¢ 7" e = 0, (2.8)

Particular care is required when contracting D—dimensional metric tensors with Levi—
Civita tensors €,,, that cannot be defined outside three dimensions. Usually, two
possible strategies for overcoming the problem can be used: Either tensor algebra is
performed until one reaches a situation where only scalar integrals survive [41], or one
applies algebraic identities in order to get rid of all € tensors. In the following, we
will adopt the latter strategy; in particular, products of € tensors will be traded with
products of three-dimensional metric tensors via the identity

Expv€por = nkp(n;wnw - 77;”771/0) Y (nupnwr - nurnup) + 77>\T(77up771/0 - nuanup) (2'9)

When parametrizing the WL circular contour by polar coordinates, the final inte-
grals take the form of multiple integrations over powers of trigonometric functions. In
particular, such powers depend on the regularization parameter € and therefore it is
necessary to carry out such integrals analytically for all values of €. This is a hard task
which we tackle as explained in detail in Appendix C. The central idea of our method
is the following. After rewriting trigonometric functions as complex exponentials, we

'Recently, this prescription has been also shown to fix the problem of uniform (maximal) transcen-
dentality of the two—loop result for the light-like tetragon WL in ABJM theory [28].



expand powers as geometric series. Working in save regions of the parameters where
we can exchange series with integrals we can then easily perform integrations term by
term, producing multiple series. Finally, we manage to sum such series in terms of
hypergeometric functions.

In general, once regularized, the integrals converge in the complex half-plane de-
fined by some critical value of the real part of the regularization parameter €. In the
region of parameters where these functions are well-defined we test the results numer-
ically.

In general, the half-plane where integrals and hypergeometric series converge does
not include the neighbourhood of € = 0, which is the physical limit we need eventually
take. Therefore, we analytically continue the hypergeometric functions close to the
e = 0 region and expand the results up to finite terms.

3. WL at one loop

At one loop, there are in principle three diagrams. Two of them come from the purely
bosonic sector and are also present in the computation of the 1/6 BPS WL. These are
a scalar tadpole arising from the first order expansion of the exponential and a single
gluon exchange, from expanding the WL operator to second order.

Since we work in dimensional regularization we consistently
discard the tadpole diagram. The gluon exchange vanishes be-
cause of the antisymmetry of the ¢ tensor carried by the prop-
agator (A.16), which is contracted with three vectors lying on
the plane of the circular contour.

We stress that this feature is special of performing the com-
putation without framing [11, 42]. The inclusion of framing,

Figure 1: One-loop

as reviewed in Section 9, consists in thickening the WL con- . exchange dia-

tour with an infinitesimally displaced framing path, which may gram.
wound around the original one. This provides a point—splitting
regularization of the WL. In such an approach the gluon exchange diagrams should
have been taken into account, since, for instance, the ¢ tensor could be contracted with
a vector slightly off the plane where the circle lies. This kind of simplification from
working without framing occurs also at two—loops.

The extra diagram comes from the fermionic sector and contributes to the 1/2 BPS
WL only. This is a single fermion exchange depicted in Fig. 1, from the second order
expansion of the WL operator. Contrary to the previous diagrams this does not vanish

by symmetry and is the only non—trivial contribution to the WL.



Inserting the explicit expression for the fermion propagator (A.19) and forgetting
about overall coefficients we obtain

<mmmm~/ﬁﬂwmmwmw%m¢m>

_ (71 — ‘T2)u
~ d7'1>2 17112 3 3.1
] s ) (3.1

where we used the notation [ driso = f027r dry []" drp. The integral is reduced to

2 1 1
(Wl/z[r]>(1) ~ T = /0 dT1/0 dTy W, (3.2)

as it can be easily verified by using identities (B.2, B.12).

The evaluation of integral (3.2) is discussed in greater detail in Appendix C; here
we simply give an upshot of the procedure.

After writing the trigonometric function in terms of exponentials, we expand powers
as geometric series and perform integrations term by term. Imposing the result to be
real for € real allows to express the integral as

23—26 T

om-__=- °
['(2 — 2¢)

sin(m(1 —€))S1[1 — €] (3.3)

where the series S)[a] is defined in (C.6). This series can be summed, see (C.8), yielding

B 23/21 (—% + 6)

)i
()

(3.4)
The integral turns out to be subleading in e. Therefore, removing the regularization

parameter we get
(Wil =0, (3.5)

in line with the prediction from localization, as we discuss in Section 9.

4. WL at two loops: The diagrams

At two loops, neglecting contributions which vanish identically because of the antisym-
metry of the ¢ tensor, we are left with the diagrams in Fig. 2. We note that, due
to the bifundamental nature of matter, non—planar diagrams cannot be constructed
from scalars and fermions. In the gauge sector, one potential non—planar contribution
would be a crossed ladder pure gauge graph, but it turns out to be identically zero like



the planar ladder. Therefore, subleading contributions come only from the pure gauge
graph 2(a).

The first three diagrams in Fig. 2 are purely bosonic diagrams coming from con-
tracting the diagonal terms in (2.5). Apart from the difference in the matrices M, M
these contributions are common to 1/2 BPS and 1/6 BPS WL. What distinguishes the
1/2 BPS WL is the appearance of three extra contributions with fermion propagators
corresponding to contractions which involve off-diagonal terms in the supermatrix L.

o

(a) (b) (c)
f)

(d) (e)

(f

Figure 2: Non-vanishing two—loop diagrams for BPS Wilson loops. Wavy lines represent
gauge propagators, solid lines represent scalars, and dashed lines are fermion propagators.
Bubbles represent one-loop corrections to the propagators.

In particular, diagram 2(d) comes from the fermionic part of the second order
expansion of the WL with a one-loop contraction between the two fermions. Using the
fermion propagator (A.20) we obtain

M~—N (MN\I?(5—¢ e
(&) =i N < ;2 ) 4;21—26 ) / dn>2 |—1a|:|2)22|]1—26 (nle) = ()] = 0
(4.1)
The last equality easily follows from the fact that (m172) = (17271), as is evident from
identity (B.7). Therefore, diagram 2(d) does not contribute.
We are then left with three bosonic contributions plus two non—vanishing fermionic
contributions corresponding to a double fermion—line diagram, Fig. 2(e), and a gauge—

— 10 —



fermion vertex diagram, Fig. 2(f). We are going to discuss them separately.

5. WL at two loops: The bosonic sector

The first three diagrams in Fig. 2 have been already evaluated in literature [29] for the
1/6 BPS case, in the planar limit. Here we briefly review the results, extending them
to the case of M, N finite.

Diagram 2(a) comes from the gauge part of the third order expansion of the WL
contracted with the gauge cubic vertex (A.21). Summing the contributions from the
two generalized connections A and A, we can write

M(M?2—1)+N(N2—1) 1 T332 —¢) o om oC Ern )
(a) = — ( .M)+ N( : k2 275%—36 /d7'1>2>3 &7 35 &5 £ e peuEnrvecnp I
(5.1)

where (¢ — 0"z — 22 (= )
P = d3_25 r — I T — I T — I3 59
/ x|x_$1|3—2E|x_x2|3—2e|$_x3|3—2e (5-2)

Integral (5.1) is well-known from pure Chern—Simons and, being finite, can be com-

puted at € = 0 (see for instance ref. [29], eq. (6.11)). Its value is $73, so we obtain

M? + N2 — MN —1 72
(2) = - - ~ (53)

Diagrams 2(b) and 2(c) arise from the bosonic part of the quadratic term in the
WL expansion where in one case the one-loop gauge propagator is inserted, whereas
in the second case contractions in the scalar sector are performed.

Using the 1-loop vector propagator (A.17), the first term gives

(b) =

NM?2 + N2M 1 T?(: —¢ i
— -— (2 ) /d’7'1>2 [( ! 2 (54)

M+ N k%2 gl-2 Ty — )12

whereas, using the scalar propagator (A.18) the second term gives

NM? + N2M 1 T*(5 —¢ i1 |4
= - (2 ) /d7'1>2 [(SL’ ‘$1||I2| e T’/‘(M1M2) (55)

(C> N M+ N k2 A4ml-2e 1 — 1’2)2]1

Summing the two contributions and using identity (B.11) we obtain

0+ @) = i) [ans, Sl

- 11 -



The integral is finite and can be computed exactly in three dimensions. For the unit
circle it gives 72 (see eq. (6.10) in [29]) and we obtain

() + () = 2 7 5.7

Summing diagrams 2(a), 2(b) and 2(c) from the bosonic sector and normalizing properly
gives rise to the expectation value of the 1/6 BPS WL combination at two loops

(a) + (b) + (c) = (Wf;e;)@) (5.8)
The result is
2
(W)@ =1+ # [—(M? 4+ N?) + TMN +1] (5.9)

We note that for M = N and in the planar limit the two-loop correction reduces
to 2mr (%)2, which is the result for the 1/6 BPS WL in ABJM [29].

6. WL at two loops: Double fermion—line diagram

We now move to the evaluation of new genuine contributions to the 1/2 BPS WL.

Diagram 2(e) corresponds to a double contraction of fermions in the fourth order
expansion of the WL. Using the tree—level fermionic propagator (A.19) and summing
over the two possible ways to make contractions, we obtain

1 2m\*T%(3 —¢) e e 11
(e) = "M+ N (?) ﬁ /d7'1>2>3>4|551||952||953||954|>< (6.1)

This expression can be easily elaborated by the help of identity (B.12) and we find

(21 — ) (w3 — 24)

[(z1 — 22)(23 — 74)?]

njw|

—€

{ [ MN? (") (37" 77a) + M N (i) (27" s) |

(21 — $4)u($2 — 73)

[(z1 — 24) (22 — 73)?]

+ [M2N (07" 70) (137" Ti2) + MN? (149731 (127" 75)]

njw|

- d + 6.2
(e) k,2 (471')1_26 / T1>2>3>4 { [Sil’l2 7172 sin2 %]1_6 [Sil’l2 7—174 sin2 %]1_6} ( )

where we have introduced the notation 7;; = 7; — 75.

- 12 —



Neglecting for a moment the overall coefficient in front, we concentrate on the
evaluation of the two integrals

21 1 T2 Ts

3
1 1
I(1)+I(2):/d7/d7/d7/d7' *
e e 1 2 ’ L [sin? 32 sin® 2] [sin? Zt sin® 21

0 0 0 0

(6.3)
The easiest way to carry out the calculation is to trade the sum of these two integrals
with a third one

2w 1 T )

1
3) —
Ie( ) = /dTI/dTQ/dT3/dT4[Sin2ﬁTgsin2 7—274]1—6 (64>

0 0 0 0

which would correspond to a crossed diagram. This is based on the observation that
the sum (Lgl) + 1@ 4 10(3)) is subleading in €, as shown at the end of Appendix C.
Therefore, up to O(e€) terms, we can write (Lgl) + 10(2)) =19,

The evaluation of I¥ turns out to be much simpler, being it finite for ¢ — 0.
We compute it by generalizing to the two—loop case the method outlined in Appendix
C. The main difference in this case is that we have to expand the product of two
trigonometric functions. As a result, performing the integrations term by term, we end
up with a linear combination of double series. Precisely, if we introduce the notation

oo

I'(n+ 2a)'(m + 2a)
S —
M2l Zo nlm!l(n 4+ a)M(m + a)*2(m + n + 2a)*

n,m=

(6.5)

and define (1 — ¢) = a for convenience, then imposing that the result of the integral be
real for « real as explained in Appendix C, we find

1) — Ff(;a) | = 27 sin(2ma) Sy1ala] + (1 = cos(2ma)) Saz0fal] (6.6)
- % | — 27 sin(27a) (Sz10l0] = Sa0alal) + (1 = cos(2ma)) Spaolal]

where in the second line a simple algebraic identity has been used.

Numerical evaluation over a large range of complex values of « shows that this
result is correct. In order to obtain an analytical result we have to evaluate the previous
series. Using known summation formulae we obtain

Sy 10la] = 274 cot(ra)T? (% _ a) I2(a)%(20)

m%(2a) 4 F3(a, o, 20, 20; 1, 0+ 1, a0+ 1; 1)
S — ) Y Y Y 7 Y 3 6.7
20100 a? sin(2ma) (6.7)

- 13 —



and
Sy 0[] = 7274 cot? ()2 (% - a) I'?(a)I?(20) (6.8)

Collecting all pieces and taking into account the overall coefficient in eq. (6.2) we finally
obtain

MN a2 (5 —€) 2-2¢,2—2¢,1—¢,1—¢
— _ e \2 "7 F ) 9 I 1
(€) = 7 { ST e 4f 1,2—¢,2—¢

+% (2m)%T%(1 — ) T? (% — e) I? (% + e) 0082(7?6)} (6.9)

This expression is well-defined in the complex half-plane f(e) > i. Therefore, an
analytical continuation of the result in a region close to € = 0 is required in order to
obtain a safe expansion in powers of €. We postpone the discussion of this point to
Section 8.

7. WL at two loops: Gauge—fermion vertex diagram

Diagram 2(f) arises from the six gauge—fermion mixed terms in the third order expan-
sion of the WL (recall that |#| = 1 on the unit circle)

? 2w - . ~ ~ I
TN (?) /dT1>2>3 TT{Thﬂ_]é] (A hibss) & + minsy (Abard) & (7.1)
+ 03177 (Vi1 Aoaby) &y + T (0 Aguisr) @4
+ iy (iasAsy) B+ inag (1rdy As,) 935}

contracted with one mixed vertex (A.22) coming from the action.
Computing for instance the first term we obtain

JrR—_ <M)2M

7 MEN\E ) i3

/dT1>2>3(772”Y§”Y“70773)¢'f e’ Toto (7.2)

where we have defined (see eq. (5.2))

vp — 3 v L v Qp d3x
F;U'P:(l_2€) ]HP :81 8283 1 (73)

(2 — 21)?(z — 22)2(x — 23)%]>"°

The integral ]f(2) for the second term in (7.1) can be easily obtained from If(l) by
exchanging M <> N, 2 <> 3 and multiplying by (—1). Analogously, the sum of the
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third and fourth terms and the sum of the fifth and the sixth terms can be easily
obtained from ]f(l) + ]f(z) by permuting the indices 1,2,3 (the second term picks up
a minus sign from the exchange of the two fermions). Therefore, it is sufficient to
concentrate on (7.2). The spinorial structure appearing there can be simplified by
using the identity in (A.3) for the product of three gamma matrices. As a consequence,
the contribution (7.2) takes the form

N (M\*T3(3—¢) ) as i
_Z(n2ﬁ3)xlll (Fuuu - F“,uu) - (7]2707_]3)8P0V ifr”#u} (74)

where in the third piece we have taken into account that for the planarity of the contour
non—vanishing contributions arise only when one of the indices in the ¢ tensor is zero.
Summing the If(z) piece amounts to adding a contribution —If(l) ‘ 263 MON” Exploiting
the symmetry properties of (7;)7(7;), n(7:)7°7(7;) under the exchange i > j, as follows
from identities (B.7, B.8) and observing that IV, (k,4,7) = I, (k,j,4), it can be

rewritten as ]f(2) = [f(l Therefore, combining the color factors, we finally obtain

|

M« N®
MN T3(3 —¢)

k?  16m3—3

1+ = /d71>2>3 X {(7727u773)5upa &y (FUW + FJW))

_1(772773)5”Ilj (Fuuu - Iw/u/) - (77270773)5;)01/ i;/l’I‘VMM} (75)

The same pairing occurs for If(3) + If(4) and If(5) + If(ﬁ), whose results can be easily
obtained from the previous one by permuting the indices 1,2,3 (with care to the signs,
as already mentioned).

The expression (7.5) is particularly complicated to compute. In order to simplify
the procedure it is convenient to separate it into the sum of two pieces, one propor-
tional to I'*” integrals (7.3) with indices contracted with external tensor structures
(uncontracted integrals, denoted Uy) and one proportional to I'**? integrals with a pair
of contracted indices (contracted integrals, denoted Ct). We then write

MN 33 —¢)
k% 16ma3e

QY [y LRy (S (O (O (vi+c)  (@6)
We devote the next two Sections to the hard task of evaluating Uy and Cy.

7.1 The uncontracted integrals Uy

We first concentrate on the evaluation of the part of diagram 2(f) corresponding to
['*P integrals with indices contracted with external tensor structures, namely the con-
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tributions denoted by U;. Precisely, summing over all contributions we need evaluate
(see (7.5)-(7.6))

Up = /d7'1>2>3 {(772%773)5upa ay (FJW + FUW) (7.7)

_(7737u77]1)€up0 l’g (FJPM + qup) + (anMﬁQ)gupa $§ (PUPM + FJMP) }

The procedure required is quite complicated and far from being straightforward. We
proceed step by step by collecting the most technical details in Appendices E and F,
in order not to compromise the comprehension.

As described in details in Appendix D (see (D.4)-(D.8)) each of these terms can be
manipulated as

(135 (D7 + 07 ) = —4(D = 2)sin 2 (sin? 2 +sin? B2} () (7.8)

where I(z) is the scalar triangle integral

. 47’(‘3/2_6 F(Q — 26) (a1a2a3)1/2_6
I(x) = F?’(%—e) /[da(

2 2 2 \2—2€ (7’9>
Q1 Qaiy + Qi3T5 + Q13TTs)

The overall factor (D —2) = (1 — 2¢) in (7.8) arises when contracting ¢ tensors in
DRED, as detailed in Appendix D. Its appearance is crucial in our computation. In
fact, since it contains an evanescent term, it gives rise to non—trivial finite contributions
when multiplied by divergent integrals.

Now, using the the Mellin-Barnes representation (D.10) for the I(x) integral, in-
troducing the convenient notation

s - o (B o () e ()]

and observing that on the ordered contour of integration all the sines are always positive,
we turn Ut to the following form

U — 24 15 7¢(1 — 2¢) / du dv

TG-9T(3+e ) Cmp

1 3
r (—fv+e—§) F(u+v—2e+2) <u+v—e+§) X

rm—uux—vﬂ*(—u+e—%) (7.11)

27 pT1 T2
/ // drsdrydr [S(u+1,v+3, “u—v—242€) + S(u+3,v+1, u—v—2+2¢)
0 Jo Jo

+ S(u+1,v, ~u—v—3+2¢) + S(u, v+1, “u—v—3+2¢)
+ S(u+3, v, —u—v—142¢) + S(u, v+1, “u—v—1+2¢)]
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Exploiting the possibility of performing change of variables in the Mellin-Barnes in-
tegrations, it is not difficult to conclude that the total integrand is symmetric under
exchanges of any couple of contour parameters 7;. For instance, the 7 <+ 7 exchange
accompanied by the shift v — —u — v + 2¢ — 2 maps the integral into itself, as well
as the exchange 7o <> 13 together with the shift v - —u —v+2¢—2 and 7 < 73
with the relabelling v <+ v. As a nice consequence, we can symmetrize the contour of
integration as usual by replacing

/dTl/dTg/‘dTg% 30 dTl/ dTg/ d7'3 (712)

and we are left with the following expression to be evaluated

= g U2 L g (e ) (<o)

3
I'(utv—2e4+2)T <u+v—e+§) [T (u+1, 041, -u—v—2+42¢)+

+ J(ut3,0+1, -u—v—2+2¢) + T (u+1,v, u—v—2+2¢)+
+ J(u,v+1, “u—v—3+2€) + T (u+3,v, u—v—142€)+
+ T (u,v+3, —-u—v—1+2¢)] (7.13)

where J is the symmetrized integral

ar Ta3 Br . 2 (T3 0%
a, B,7) /dTl/dTQ/dTg sin? )} [sm (2 )} [sm (2 )} (7.14)
The details of the calculation can be found in Appendix E. The final result for
J(a, B,7) reads

L3+l +8TG+ A +a+B+7)

. B,7) = 8n°/? 7.15
Il B,7) = 8x F'l+a+y)I(1+8+y)I(1+a+pB) (7.15)
Plugging this into (7.13) the uncontracted integrals can be written as
245+3 3—e¢ 1—2T l_'_2
p— 21200 (5 +2) G(1, 1) (7.16)

-9l (G+e)
where G(1, 2) is a Mellin-Barnes integral, which can be evaluated by expanding the
integrand in powers of €, so obtaining (see Appendix E for details)

73/2

1
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The % pole signals the presence of a short distance divergence at this intermediate stage.
As we are going to show, this divergence gets cancelled by an analogous contribution
coming from the contracted integrals C. However, it plays an important role in deter-
mining the final result since, being multiplied by the factor (1 — 2¢) arising from the
application of DRED rules, it contributes non—trivially with finite terms which survive
the physical limit € — 0.

The final result for the uncontracted part of diagram 2(f) expanded up to finite
terms is

1
Ur = 4r® (—E+6+7E—210g2+10g7r) + O(e) (7.18)

7.2 The contracted integrals C;

We now concentrate on the evaluation of Cf, coming from the sum of the last three
terms in (7.5) plus their permutations.

Tensor integrals I'*? in eq. (7.3) are immediately performed when a pair of indices
are contracted. In fact, in that case they are proportional to the operator 0*0, acting
on a scalar propagator in the integrand, so we can make use of the Green equation

1 4 3/2—¢
0 = )5(%) (7.19)

EARC O

For the three structures appearing in (7.5) we find

o 2m3/2 € o 1 1 1

pe _F (l — E) ! l—e 2 l—e B 2 l—e 2 l— B 2 \5—¢€ l—e

2 (712)2 “(13)2 (712)2 “(233)2 (713)2 “(w33)27° ]
o2 1 1 1

i _m 2 2 l—e 2 l—e a 2 l—e 2 l—e a 2 l—e 2 l—e

2 | (715)27(733)2 (713)2 “(233)2 (212)2 “(w13)27° ]
o2, 1 1 1

w _F (l — 6) 3 2 l—e 2 l—e B 2 l—s 2 l—e B 2 l—e 2 l—s

2 | (213)27(733)2 (219)2 " (213)2 (212)2  (733)27° |

(7.20)

Parametrizing the coordinates on the unit circle, exploiting the identities (B.7, B.8)
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and summing over all contributions, after a quite lengthy calculation we obtain

(1 —2¢)m 3—e
Cr = 21 46:[‘ 1 / dTl/ d7'2/ dr3 X (7.21)

_1 sin T13 + 4 sin (7'12) i 1 sin (7'23)
2 (sin (7g) sin (730))"° 2 (sin (73 sin (%))

B 251:(1(2) B 251n(2) B QSIH(HTZ)

() (30 Gn ()i (2)) G () m (3))"
N cos (22) " cos (%) cos (73*)

SlIl2 2¢ (7’;_2) Siﬂl 2¢ (%3) Sln1 2¢ (7’172) sin2 2¢ (7’173) sinl 2¢ (7';2) SlIl2 2e (%)
N cos (T2) N cos (T2) cos (%32)

Sln2—2e (%) sinl 2¢ (%3) si 1-2¢ (7';3) SIII2 2¢ (7'73) Sln2—2e (7';2) Sln1 2¢ (%)

These integrals can be computed by expanding the trigonometric functions in power
series and following the method described in Appendix C. It turns out that, once
expressed as series, six of these expressions reduce to the others, so that it is sufficient
to compute six independent integrals out of twelve. Nonetheless, the calculation is
quite involved; we detail it in Appendix F, while here we simply quote the final result

Co_ 212 ¢(1 — 2e)

rG-9
{87r2(e — De(2e = I (=142¢) 24727 (3 +2¢)
41 +e) €2I'(2¢)
7 sin(re)T(2 — €)['(2€) (=1 + 2¢) N 21+e 12 (sin®(2me) — 2 cos(2me))
I'3(1+e¢) € sin?(2me)
2 2
N 24i JF, |:2—2€,1’23—_2Z,2—€;1:| +4%3F2 |:2—2i?:36, —6;1
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8008(27‘(‘6)F (5 —2¢)

1+ 2¢) |:1—2€ 3 —2¢,—€,—¢ }
41’3 i1

I'(-

Ve (4e — 3) 1 1—€l—e
cos(2me)l" (5 — 2¢) (-1 + )F 1—26,5—26,1—6,1—6_1
T(E— € — 5 — €, 42— €

V(e —12de-3) 7 52—€2 |
a5 ﬁf‘(26)1 3[%—26,323 26,% ,; 6;1:|
(2¢ —1)°T (=5 +2¢) 315 "6y €
D2 3 -262—2¢3 —¢3 -
— 39 ﬁ(e)l 4F3{2 6; . Ea% €3 6;1]}
(2¢ — 3)2T (—3 + 2¢) 22 _¢2—¢

(7.22)

given in terms of generalized hypergeometric functions, ,F,. The defining series for
the 3F» and 4F3 functions appearing here converge for the half-plane $(¢) > 1/2 and
R(e) > 0 respectively. Consequently, expression (7.22) is not well-defined close to € = 0.
As anticipated, the general strategy for continuing it to that region and performing the
e—expansion will be given in the next Section.

8. Analytic continuations

We now address the problem of expanding the expressions (6.9, 7.22) in powers of €
around € = 0, which is the physical limit we are interested in. Looking at the structure
of the corresponding integrals it is easy to realize that many hypergeometric functions
appearing there are well-defined only in regions of the complex plane that do not
include the origin. In the spirit of dimensional regularization, we analytically continue
these functions to include at least a neighbourhood of € = 0, and then expand in powers
of e.

8.1 General procedure

To carry out such a project we first observe that our results involve two prototypes of
hypergeometric functions

a,b,d

c, d+1 (8.1)

Qy(€) = 3F, {

;1] and QQ(E):4F3|: a,b,d, d '1]

c,d+1, d+1’

where a, b, ¢ and d are linear functions of €. Both hypergeometric series converge in
the half-plane R(1 +c¢—a —b) > 0.

As already outlined, the particular values of a,b, ¢, d involved in the results (6.9,
7.22) imply convergence of the corresponding series away from e = 0. Therefore, taking
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the straight series definition of the hypergeometrics, and making the expansion for
small € is ill-defined and analytic continuation around € = 0 is then required.

By applying few algebraic transformations on the original hypergeometric functions
we manage to express them in terms of extended hypergeometric functions and their
derivatives. These generalized functions match the original ones in the domain of the
complex e—plane where they converge, but they are well-defined in a greater region,
including a neighbourhood of € = 0.

We begin by considering € (¢). Its series definition reads

I'(c) ~=T(a+n)Tb+n) 1
() = d i Z%(J}&iJ_Hd+m 8.2)

We can Schwinger—parametrize the rational piece inside the series

/ dt e=tn+d) (8.3)
0

to obtain .
—td a,b
Ql(E) = d/dte 2F1 |i ;€ :| (84)
c
0
We now use Euler fractional linear transformation of the Gaufl hypergeometric F;
function?
b —a, c—b
2F1 |ia’ ,Z:| = (1 — Z)c—a—b 2F1 |ic 4 7Z:| (85)
c c
to obtain
T(c—a+n)(c—b+n) r
0 =d dt n+d —t c—a—b.
1(e) F(c—aFc—bZ% n!I'(c+n) / ¢ —)
n= 0
(8.6)

Integrating in ¢ we have the new series definition for €2 (e)

I'l—a—-b+c)'(c) i Flc—a+n)(c=b+n)'(d+n)

() = :
e P I T(c+n)l(1—a—btectdtn) (87)
Similarly, for {2,(€) we write the defining series
r T r 1

n!'(c+n) (d+n)?

2See Abramowitz & Stegun, page 559.
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We can again Schwinger—parametrize the rational piece inside the series

1 o0
YEsD: ‘/ ¢ (8.9)
0
to obtain
Qo(e) = d? / dtte ", 1 [a’cb;e—t] (8.10)
0

Once again, Euler fractional linear transformation of the Gaufl hypergeometric oF}
function allows us to write

o
oo

Flec—a+n)l'(c—b+n
0 — d2 ditte —t(n—l—d —t\c—a—b
2(€) F(c—a Z% n!I'(c+n) / —<)
n= 0
(8.11)
Integrating in ¢ we have the new series definition for 25 (e)
'it—a->= r
Oy(e) = 2 L =@ = b+ L) (8.12)

I(c—a)l'(c—0)
I'(c—a+n)(c—b+n)(d+n)
Zn'F(c+n) I'l—a—b+c+d+n)

(O (1 —a—b+ctd+n) — 4O (d+n))

where 1 is the digamma function (see eq. (G.1)).

Studying the convergence of the new series (8.7, 8.12) shows that they are well-
defined for any value of a, b, ¢ and d; therefore they admit a Laurent expansion centered
in € = 0 which is what we intended to obtain.

When applying these techniques to our case, it turns out that although most of
the series needed to complete the computation can be found in literature, few of them
cannot and require a direct evaluation. We list them in Appendix G.

The technique just explained for analytic continuation can be applied to more
general hypergeometric functions 2, but this is beyond the scope of the present analysis.

8.2 Specific results for diagrams 2(e), 2(f)

Equipped with these tools, we now perform analytic continuation of the hypergeometric
functions appearing in the results (6.9, 7.22).

3See for instance Bailey, Generalized hypergeometric series, pag. 98.
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Diagram 2(e): Result (6.9). While the I" functions appearing in (6.9) can be easily
expanded in powers of €, the hypergeometric function has to be analytically continued
using the above procedure. We rewrite the first line in (6.9) as

(3 —¢
—8rite 2 8.13
where we have defined p; to be the hypergeometric series

_ I?(2-2¢)
pi(e) = (1—e? af3 [

2—2¢,2—2¢,1—¢,1—€ 1} _ i (F2(2 —2e+mn)

8.14
1,2—¢,2—¢ ’ n!)?(1 —e+n)? (8:.14)

n=0

The defining series of this function is convergent for the half-plane R(e) > 1/2. It
belongs to the class {2y defined in (8.1), hence we can apply formula (8.12) to perform
analytic continuation. We then write

[2(2—26)0(—2+4e€) o= ['(n—e+ I (n+2e—1) (v (n+3e—1) — @ (n—e+1))

M) = =i (n))2T(n+3e—1)

n=0

(8.15)

Expanding around € = 0 we need take special care of the first two terms of the series,
namely the ones corresponding to n = 0 and n = 1, which develop simple poles in
€. These singularities are however cancelled by e contributions from the overall factor
in front. Taking into account that the remaining series contributes only to O(e), we
obtain 1

pr(e) = —5 - (14 27)e+ O (%) (8.16)

and the contribution from diagram 2(e) finally reads

3 ,MN

() =35™ 72

+ O(e) (8.17)

Diagram 2(f): Result (7.22). There are six hypergeometric functions in the con-
tracted part of diagram 2(f), eq. (7.22), that require analytic continuation. The two
3F ones have defining series which converge for R(e) > 1/2 while the four 4F3 ones
converge for R(e) > 0. We analyze them separately, following the order in which they
appear in the result.

e First, we consider

472 2—2€,2—2¢,2—¢
9 _ ¢ 3F2 1.3—¢ 71 (818)

p2(€) =
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The series defining this hypergeometric function converges for R(e) > % Applying (8.7)

we obtain
47r2r —2+4e) =T (24+n—)I2(—1+n + 2¢)

—1+ 2e) (n!)2T'(n + 3¢)

n=0

pa(e) = (8.19)

Isolating the first two divergent terms in the sum as done in the previous case and
e—expanding the argument of the remaining series we can write

_ATT(2 — e)D(—2 + 4e) N 2m3 (=1 + 26)T(3 — €)T'(—1 + 4e)

pa(e) = T(3¢) (1 + 3¢)
. ez Ztll O(e2) (8.20)

Finally, summing the series, we obtain

2 4

p2(€) = 7% +27m% + (117?2 + 4%) e+ O(e?) (8.21)

e Next we analyze

4mr? 2—2¢,2—2¢, —€
= — 3F ’ ol 8.22
w0 =1 a2 (8:22)
Applying (8.7) yields
47r2r —244€) =T'(n — T2(=1 +n + 2¢)
= 8.23
ps(e) —1+ 2¢) nZ:: (n)?20 (=2 + n + 3¢) (8:23)
and its expansion reads
3 2 4 4
ps(e) = 2 4672 + (m2 + %) ¢+ O(e) (8.24)
€

We now turn to the four contributions proportional to the 4F3 hypergeometric
series, which have more complicated expansions.

After applying prescription (8.12), we need sum series whose generic term is a
function of e. Similarly to the previous situations, in general it occurs that the first
few terms of the series develop e—pole singularities, so we analyze them separately.
In the remaining series we expand the summand in powers of €. Given that some of
their overall coefficients have poles in €, we have to expand up to higher orders. This
converts the original series into the linear combination of a finite number of series that
contain higher polygamma functions ¢™ defined in (G.1). Closer we go to O(e°),
more complicated these series become. Therefore, while the evaluation of the first few
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ones is relatively easy and can be done by Mathematica, the rest has required explicit
evaluation. The results are listed in Appendix G.

e We consider the first term proportional to 4F3 appearing in (7.22)

cos(2me)l" (2 — 2¢) I'(—1 + 2¢) 1—2¢,3/2—2¢, —€, —¢
S 2 F. ’ S| 8.25
pale Vme?(4e — 3) s 1/2,1—¢,1—¢ '’ (8:25)

Its analytic continuation gives
731242 cse(2me) y
r(1 —26)T (=1 + 2¢)
f: F(n—e)l'(n+2e—1)I (n+2e—3) (WO (n+3e—1) — O (n—e))
n!T (n+3) D(n+3e—1)

pa(e) =

(8.26)

n=0

and its expansion around € = (0 reads

1 N 4log2 — 3 N —7?2 — 6+ 161log 2(log2 — 1)

pa(€) :e_3 €2 2¢

+ (7§(3) + % (=9 +4log®2(4log2 — 9) — 7*(3log2 — 1) — 24log 2)) (8.27)

e Then we consider the second term in (7.22) proportional to 4}

cos(2me)l (5 — 2¢) T'(—1 + 2¢) 1—2¢,3/2—2¢,1—€,1—¢
—_ F ! ’ ’ 1 2
ps(€) J7(e — 1)2(4e — 3) 44'3 1/2,2—¢,2—¢ , (8:28)

Its analytic continuation is

w2471 — 2€)€® ese(2re)

pal€) = (e - 1)2r(2 — 20T (—1+20)
> D(n+2e—1)T (n+2e—1) (O (n+3e—1) — @ (n—e))
Z ( 3)

8.29
= n!l (n+31) T(n+3e—1) (8.29)
and, consequently, its e-expansion reads
1 1 2 9 2 5

ps(€) = 52 T (1 — E) + (7((3) +2—8log“2 — 37 log 2) (8.30)

e The third term in (7.22) proportional to 4Fj is

V/7I'(2€) [3/2—26,2—26,1/2—6,1/2 —€ }

= —32 F. i1 8.31
pG(E) (26—1)2F(—%+2€) 443 3/2,3/2—6,3/2 . ) ( )
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Its analytical continuation reads

731242 csc(2me)

o) = T 2ar (<11 20) ¢

y i I'(n—e+3) T (n+2e—3) T(n+2e) (¢ (n+3e—1) =@ (n—e+3))
n!T (n+%) r (n+36—%)

(8.32)

allowing to obtain the expansion

1 N 2+ 72+ 8log2
2¢2 2¢

+ (2 —7¢(3) + 161og®2 + 8log 2 + ng(SlogQ - 2)) + O (¢) (8.33)

pe(€) =

e Finally, the last term in (7.22) is

V/7(2€) 3/2—2¢,2—2¢,3/2 —€,3/2 —¢
(2¢ —3)2T (=1 +2¢) 7 3/2,5/2 —€,5/2 —¢

pr(€) = —32 ;1} (8.34)

Using (8.12) its analytic continuation reads
75/292¢41 (1 — 2€)” cse(2me)T(—1 + 4e) y
(1= 29T(1 — o (2 — ) T2 (5 + 20
Z n—e+ )F(n+2e—%)F(n+26)
X
nl(n+2)T (n+3e—3)

/)7(6) = -

(@ (n+3e+1) =@ (n—e+32))
(8.35)

and for its e-expansion we obtain

1 1 2
pr(€) =— + — (—% +1 +410g2)

2¢2 €

+ <2 —7¢(3) +161og®2 + 8log 2 — %7?2(3 log2 — 1)) + O (e) (8.36)

We can now perform the sum of all these contributions as they appear in (7.22)
in order to obtain the result for Cy. Note that the individual pieces diverge with up
to €2 poles and contain transcendental constants like ¢(3) and higher powers of log 2.
Remarkably, all these terms cancel in the final result, and it simply reads

1
Cy = 4r’ (E —|—2—7E+21og2—10g7r> + O(e) (8.37)
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The result is still divergent, but when combined with the uncontracted part Uy in eq.
(7.18) the poles cancel and we obtain

Cp+Up =327 + O(e) (8.38)
Therefore, multiplying by the overall factor —ﬁ% in (7.6) we finally have
MN
(f) = —2n° ||+ O(e) (8.39)

9. Final result and comparison with results from localization

We can now add contributions (3.5), (5.9), (8.17) and (8.39) to obtain the expectation
value of the 1/2 BPS WL up to two loops and for any value of M and N

2
(Wip[l]),_ =1~ # (N?+ M? —4NM —1) (9.1)

Here, the subscript refers to the fact that, as we review below, the perturbative evalu-
ation in dimensional regularization corresponds to choosing framing zero.

The finiteness of the result is a consequence of the fact that the contributing di-
agrams are separately finite. In fact, short distance divergences arise only in diagram
2(f) and at an intermediate stage, while its total contribution is eventually finite.

It is interesting to compare the result we have obtained with the exact result for
the expectation value of 1/2 BPS WL derived using localization techniques. Let us
first review briefly the latter.

Localization allows to reduce the computation of the partition function of a super-
symmetric gauge theory on a sphere to the evaluation of a matrix model [6]. Similarly,
correlation functions and WL can be computed by matrix model methods, provided
the operators involved in the correlators are invariant under the same supercharge used
for localizing the functional integral. If the matrix model is simple enough, a closed
exact expression can be given for the expectation value of WL at all values of the cou-
pling constant. Otherwise, a perturbative expansion is possible in some regions of the
parameters, such as at small and large values of the coupling. This provides results
interpolating from weak to strong coupling, which can be used as tests of the AdS/CFT
correspondence for theories that allow for a dual gravity description.
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For supersymmetric CS theories and in particular ABJ(M) models on S® the par-
tition function was found to be equivalent to the non-Gaussian matrix model [33]

N M
Z = / [T dra ™ T dhy e ™% x (9.2)
a=1 b=1

[T, sinh?(r(A, — Ap)) [T22, sinh? Ew(ﬂa - )
Hivzl Hl])\il COSh2(7T()‘a )

Since Wy 6[I'] and Wi 5[] are invariant under the supercharge used to localize the

functional integral [33], their expectation values can be computed by matrix model
techniques. In particular, in [35] a relation was proven connecting the 1/6 BPS and the
1/2 BPS circular WL. Indeed, it was found that they belong to the same cohomology
class with respect to the supercharge @ used for localization. As a consequence, the
evaluations of the corresponding expectation values via localization turn out to be
equivalent.

For computing 1/6 BPS WL we need insert in (9.2) the factors

1 X LM
27 ~ 27
Wi = — g e™ and W6 = — E e e (9.3)
N a=1 a=1

which correspond to the U(N) and U(M) groups, respectively. Instead, for the 1/2
BPS WL we need insert

N M ~

1 27 25\ Nw1/6+Mw1/6
_ DT S 9.4
Wiz N+M<a:16 t2.c (N + M) (9-4)

a=1

In ordinary perturbation theory, the evaluation of WL can in principle be hampered
by singularities emerging from regions where two or more connections coincide on the
circular path I'. One possible regularization has been investigated in knot theory where
the problem of defining a topologically invariant regularization of a knot self-linking
number has been addressed. The regularization proposed in this scheme is known as
framing procedure [11, 42, 43]. It consists in deforming the original path I" into a nearby
contour I by the introduction of a normal vector field along the contour, so allowing
for a point splitting regularization of the correlation function. This procedure has
been shown to provide sensible results for the pure non—abelian Chern—Simons theory
[42, 43]. It turns out that WL expectation values do not depend on the particular
choice of the framing contour, but only on its topological properties with respect to the
original path. Wounding the framing contour on the original path f times corresponds
to framing f, and <W[F]> . indicates the corresponding expectation value. It was shown
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that in this pure Chern-Simons context, different choices of framing will affect the result
for <W[F ]> simply by an overall phase factor depending on f.

Field theory computations are usually performed using alternative regularization
schemes, so without framing (hereafter referred to as framing zero). This entails great
simplifications since many diagrams involve contractions of the e tensor with three
vectors on the WL contour. Since in this case the contour is a circle that lies in a
plane, such products vanish by antisymmetry, whereas if any of the vectors had been
displaced from the plane, such as in the framing procedure, these terms wouldn’t have
vanished any longer.

In order for the framing procedure to be compatible with localization, it has to
respect supersymmetry. This requires the original and the framing contours, I' and I",
to be two fibers in the Hopf fibration of the S3. Such great circles are linked once,
hence the WL expectation value computed by localization corresponds to framing one
[33]. Therefore, in order to make a comparison with field theoretical computations one
has to identify and remove the framing phase.

For the 1/6 BPS WL, the expectation values coming from localization expanded
at weak coupling up to second order read [33, 36]

) 2
(Wigell]),y =T {1 + o (-N? - 6MN + 1)]

. o 2
(W], = e #M {1 + o (<M + 6MN + 1)] (9.5)

Analogously, summing the contributions and normalizing as in (2.3) we obtain the
expectation value of WlJ;G in ABJ(M) at framing one

N(WaslT])em1 + M (W[
N+ M

(W= = (9.6)
The overall phases appearing in (9.5) are precisely those due to framing one. Consis-
tently, the expectation values at framing zero are obtained removing such phases. In
particular, if we remove these phases separately in the two terms appearing in (9.6)
and sum the two contributions at framing zero we find perfect agreement with the per-
turbative field theory computation (5.9). This includes the color subleading term also,
which had not been considered before. We note that at this order subleading terms are
framing independent, in the sense that they are not affected by a change of framing.
We now consider computing the 1/2 BPS operator in terms of the matrix model.
This amounts to plugging the operator (9.4) into the matrix model (9.2). Thanks to
the algebraic identity appearing on the right hand side of eq. (9.4), it is easy to realize
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that the expectation values, corresponding to framing one, are related by

_ N<W1/6[F]>f:1 + M<W1/6[F]>f:1

(Wil = NI (9.7)

Therefore, the 1/2 BPS WL expectation value can be easily inferred from the 1/6 BPS
WL results (9.5) and coincides with <W176 [I']) at framing one, eq. (9.6).
Plugging (9.5) into the previous equation, we obtain

<W1/2[F]>f=1 =1+ %(N - M)

2

- 6k2

In order to compare this expression with the field theory computation we have to
identify and remove the framing-one factor. While for (VV;;6 [I']) the correct prescription

is to remove the phase factors in the two terms of the linear combination (9.6) separately,
for the 1/2 BPS WL the framing factor has been identified in [36] as

(4N? 4+ 4M? —10NM — 1) + O(1/k?) (9.8)

<W1/2 [F]>f:1 = e ® (V) <W1/2 [C]>f:0
. 2
— FW-M) | % (N2 4+ M? —ANM — 1) + O(1/k) (9.9)
In particular, no remotion is required for M = N.

The most important observation is that the expression within square brackets per-
fectly agrees with our field theory result (9.1) for any value of M, N. The perfect
matching confirms that identification (9.9) of the framing factor in the localization re-
sult is indeed the correct one.

10. Conclusions

For U(N) x U(M) ABJ(M) models we have computed analytically the vacuum expec-
tation value of the 1/2 BPS circular Wilson loop in perturbation theory, up to two
loops and for any value of M, N. Three years later, our result fills the gap between
localization and perturbative calculations that had been left open since Drukker and
Trancanelli made their prediction in [35]. In fact, the perturbative two-loop result
coincides with the weak coupling limit of the localization result, not only in the planar
limit, but also when finite M, N contributions are taken into account.

In order to match the result from localization with the perturbative one, one needs
to identify the non—trivial framing factor appearing in the localization expression and
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remove it. We have verified that the perturbative result matches the prediction from
localization if we remove an overall phase as in eq. (9.9), in agreement with the proposal
of [35]. Therefore, our calculation is a non—trivial confirmation of that proposal.

The perturbative calculation involves a quite considerable number of integrals that
require the development of sophisticated techniques to be solved. This is the reason
why it has required few years for the problem to be tackled and solved.

We have developed non—trivial strategies to overcome difficulties related to the
appearance of divergent integrals, complicated parametric integrals and the necessity
of analytic continuations to the physical region of parameters.

We have handled short distance divergences by using dimensional regularization
with dimensional reduction. In three dimensions and for Chern—Simons theories this is
complicated by the appearance of the Levi-Civita tensor €, that does not allow for
any extension to dimensions different from three. We have circumvented this difficulty
by performing tensorial algebra strictly in three dimensions and with a careful use of
algebraic identities up to the point in which e-tensors were no more present in the loop
structures. Only at that stage we have extended divergent integrals to D = 3 — 2¢
dimensions. As a result of applying this procedure non—trivial evanescent factors arise,
which multiply divergent integrals. These evanescent terms are crucial in determining
the final result since they produce finite contributions when hit e—poles.

We have evaluated the integrals analytically in regions of the regularization pa-
rameter that make them well-defined. The main technical tools that we used are series
expansions and Mellin—Barnes representation. Most of the results turn out to be given
in terms of hypergeometric functions that converge for (complex) dimensions that do
not include the physical dimensions, D = 3. Therefore, before taking the ¢ — 0 limit
suitable analytic continuation to regions that include a neighborhood of the origin is
required. The non-trivial techniques to perform such a continuation have been detailed
in Section 8. After analytic continuation the hypergeometric series can be expanded in
powers of €. Divergent pole contributions that appear at an intermediate stage of the
expansion cancel out in the final result, which turns out to be finite, as expected.

The procedure introduced in this paper allows in general to compute integrals
appearing in circular Wilson loops at all orders in the regularization parameter. In
principle, it could be used to evaluate more general Wilson loop operators [44] and for
more general theories.
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A. Conventions and Feynman rules

We work in euclidean three-dimensional space with coordinates z* = (z°, z!, 2%). The
conventions are obtained by Wick rotating the ones in Minkowski [30].

Applying the prescription 7% = —i4° the euclidean gamma matrices satisfying
Clifford algebra {~*, 7"} = 26", are defined as

(1) = {~0% a", 0%} (A1)

with matrix product
(V") = (M) (1) (A.2)
Useful identities are
AP = W] — GehPAP
AP = SV AP GO SOl kP
VP AP — APl = 2 (S P 4 §PTERVT L §VIEPHT PO Y A (A 3)

Tr(yray) = 20m
Tr(yHy¥yP) = —2ighvP (A.4)

Spinorial indices are lowered and raised as (7#)% = £*(y") g5, where

coB _ (_01 (1)) s — <(1) _01) (A.5)

()% ={-0%, 0", =0} = (+")" (A.6)

It follows that

In addition,

(7")a

B {_017 _037 ZH} = (VM)BQ
(" = {

o', 0 il} = () (A7)
are symmetric matrices.
We conventionally choose the spinorial indices of chiral fermions to be always up,

while the ones of antichirals to be always down. Therefore, the spinorial product is
always meant to be

V199 = PP hae = —thpa b = —thaty (for anticommuting spinors)
Y = Y70 = o™ = M (for commuting spinors) (A.8)
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With this convention we write
MY = M a(7")%05 =15 (V) 5 0 = 127" (A.9)
Moreover, in the text we indicate

(mY*72) = M (A.10)

where a sum over the SU(4)g index is understood.
The N = 6 supersymmetric Chern—Simons-matter theory [12, 13] with gauge group
U(N) x U(M) is described by the euclidean action (I' = [ e™%)

S = Scs + Shatter + ng (A.ll)

k
_Z_
47

Ses = / d'w e | Tr (4,0,4, + 3id,A,A,) (A.12)

~1r (A,0,4,+ 24, 4,4,) ]
Smatter = /dgx Tr [DHCIDMC’I + ilEIfYMDlﬂbl} + Sint

k ) ]
Sup = 1= [ A0 Tr| 10,4 + 0,eD0 — L9, A") = 9,eD¢]

where (CI)]; ((C_’I)jj), I =1,---4, are four matter scalars in the bifundamental (an-

tibifundamental) representation of the gauge group, whereas (1;])]] ((¢1)j]) are the
corresponding fermions.
The covariant derivatives are defined as

~

D,C; = 8,C; +iA,C —iCi A,
D,C" = 9,C" —iCTA, +iA,CT
Dt = 00" +iA !t — il A,
Dby = 9uiby — i A, + iA 0y (A.13)

With these assignments the action is invariant under the following gauge transforma-
tions

A =UAU' —ivaut , A =UAU'—iUdU*
¢ = UgUT , ¢ =UgU' (A.14)

where Uand U are the transformation matrices for the groups U(N) and U(M) respec-

tively, and ¢ (¢) stands for any field in the (anti)bifundamental.
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The Wilson loop we are interested in is defined as

Wi o[l TrPexp (—i [ drL(T)) (A.15)

TN+ M

with £ given in eq. (2.5). We stress that the sign in front of the integral is unambigu-
ously fixed by gauge invariance under transformations (A.14).
From the action (A.12) we obtain the following Feynman rules:

The propagators

e Tree-level vector propagators in Landau gauge

Uﬁuwﬁwwmzaw(%g)ﬁf—fkwqéi;g;

3
T2TE —€

19 () AP (1) O — _gab 2mi\ T'(§ —¢) (x —y)*
A = -5 () e e )
e One-loop vector propagators (see for instance [45])
a () AP () (1) — gab 2 t PG —e O _ [(z —y)?°
(AL (2) A (y)) 0 ( k:) N A3 —2e {[(x_yy]l—ze auav4€(1 +2€)}
o it ® — 5o (27 3 EGmO G [y
(Au@) A )T =0 <k>ﬂ44ﬁ45[Kx—MﬂF% @@%dr+%J
(A.17)
e Scalar propagator
(CI@E (O —ofegl e )L (aag)

ax [y

Tree—level fermion propagator

(-9 0% ), (A.19)
2me=  [(z—y)?2~°

(W) () (DN = —iaals] -

e One-loop fermion propagator [45]
o . (27 i< ca (5 —¢) 1
(Y7 );’(x)(wé)é(y»(” =1 <?) 5}]5§5i 0 B (M —N) 16;3_25 [(z — y)?] 12
(A.20)
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The interaction vertices

e Gauge cubic vertex
k
—i—a‘“’p/dgx fabe A Ab A (A.21)

127 pevep

e Gauge—fermion cubic vertex
— / &z Tr [@EW”@DIAM — Q/_JI’)/“AM’QDI (A.22)

Finally, we recall our color conventions. We work with hermitian generators for
U(N) and U(M) gauge groups, satisfying

Tr(TeTY) =6,  Tr(T%T%) = 5% (A.23)
and
N2 M? R R
Z(Ta)ij(Ta)kl = 0udjk ) Z(Ta)ij(Ta)kl = 0l
a=1 a=1
fabc]cabc — 9N3 ’ fdl;éfdi)é — M3 (A24)

B. Useful identities on the unit circle

We parametrize a point on the unit circle I' as

—

# = (0,cosTy,sinT;) , it =(0,—sint,cosy) , |x)*=1 (B.1)

i =

T

Simple identities that turn out to be useful along the calculation are

T — 7']'

(LUZ' — .C(Ij)2 = 4SiIl2

xi'l’jziti'i‘j:COS(Ti—Tj)

(@ - @) (@5 - &) — (@7 - ) (&5 - 75) =1

(B.2)
(B.3)
x; - &; =sin (1; — 75) (B.4)
(B.5)
(@i — @) - (&3 + &5) = 2sin (7 — 75) (B.6)
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Using expression (2.7) for the n spinors and writing n; = n(7r;), M; = M(7;) a list
of useful identities follows

Ti —7']'

(mim;) = 2i cos 5 (B.7)
(niyom;) = 2sin L7 (B.8)
_ L T+
(miy17;) = —2isin 5 d (B.9)
(1:727) = 2i cos B3 (B.10)
Tr(M;M;) =4 (B.11)
_ .. T = Tj
(nivuiy) (x; — ;)" = 4i sin 5 J (B.12)
More generally, we can write
2 . o -
(i) =~ [93” +af et i %”'] (B.13)
il

C. Method for solving circle integrals

In this Appendix we spell out the method we employ to solve complicated trigonometric
multiple integrals as the ones arising from diagrams 2(e), 2(f).

Given a multiple integral of the product of sine and cosine functions to some power,
the starting point consists in replacing each trigonometric function by its complex
exponential form

sin~® f({r}) — (2)* (eif({f}) _ 6—if({f}))_o‘

cos™ f({r}) = 2% (¥ 4 e_if({T}))_a (C.1)
In the integrals we have to evaluate, f is a real linear function of the {7} parameters, and
a is a complex parameter typically linear in the dimensional regularization parameter

€.
Next we expand each factor, obtaining

sin™® (7)) = (20 s 30 o (e
os™ F((7) = 2 s S (AP HEEE o) o)

If we exchange the parametric integral with the series, the integrals can be easily
performed.
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Some comments on the mathematical consistency of these steps are in order. It
should be mentioned that since f({7}) is a real function, then the power expansions
(C.2) is made in terms of a unimodular variable. This means that the series converges
absolutely only for R(«) < 0. However, being « a function of €, we can perform the
calculation in regions of values for € where the series converges absolutely and then
analytically continue the result to all e.

We proceed with the evaluation of each single integral. This produces multiple
series, which we eventually sum in terms of hypergeometric functions. A posteriori, we
check the consistency of our procedure by performing an exhaustive numerical compar-
ison between the result obtained and the original integral for a sufficiently large range
of complex values of € where the integral converges.

As an example, we solve the following parametric integral

27 T1
I(l) = / d’Tl / d’TQ % (CB)
0 0 [Sln 7—;—2]

where « is a generic complex parameter. When o = (1 — €) this is the integral that
appears in the one-loop contribution to the 1/2 BPS WL (see Section 3).

We can use the parameter « as a regulator, in the spirit of dimensional regulariza-
tion: We compute the integral in the domain where it converges, which is for R(a) < %
and then analytically extend it for any value of a.

We rewrite the integral as

1V = (24)% /%dﬁ / 1@%; (C.4)

1 — e im2
0 0

Expanding the denominator and integrating term by term we have

27 1
M = (20) Z F(n:‘2a) /dTldeg (e_im)a% (C.5)
0 0

I'(2a)

n=0

The integrals can be easily solved. Introducing the shorthand notation

[e.e]

Silal =3 % (C.6)
we can write "
7 — F20) (—2ime™S1[a] + 2isin(ra) Sala]) (C.7)
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This is in general a complex function. We can further simplify its form by imposing it
to be real for a real. Since for a real the two series sum to real functions, selecting the
imaginary part of (C.7) and setting it to zero leads to a non—trivial relation between
the two series, Se[a] = mcot aSy[a. In this simple case, this identity can be directly
checked by comparing the two explicit summations

_ 272°T (2 — a) T'(a)T(20)

ﬁ
Ssla] = V27> cot(ma)l (3 — @) ()T (2a) (C.8)

Sl [Oz]

However, in more complicated cases where summing the series is not an easy task, the
trick of imposing the reality of the result for « real turns out to be very convenient for
deriving identities between series that might be difficult to prove otherwise.
Using the previous findings, we finally obtain
22+l o 273/2T (1 —a)

V= Ty Sl = T

(C.9)

As can be checked numerically, this is the correct result for any (even complex) value
of a.

We note that for the one-loop contribution to the WL, setting v = (1 — ¢€) we
indeed find a O(e) result.

As a second application, we prove that the sum of the three integrals in eqs. (6.3,
6.4) is subleading in €. In fact, summing the three contributions we are left with an
integrand which is totally symmetric under exchanges of the integration variables. This
allows to symmetrize the integration domain

3 2m 2T 1 2m 2m 1
[él) + [e(z) + Ie(?’) =70 dm / dr ﬁ/ drs / ATy ————= (C.10)
4t Jy 0 (sin® 72)" Jo 0 (sin® t)

leading to a factorized expression in terms of one—loop integrals of the type (C.3). Using
the general result (C.9) we then obtain

232 (—% + e)

I 4+ 1@ 4 B3 — C.11
e + e + e F2(€) ( )
This expression is subleading in ¢, as stated above.
D. Reduction to a scalar integral
In this Appendix we prove that the linear combination of vertex integrals
(7727u773> 5upcritl1j (ng'u + FUW)) (Dl)
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appearing in eq. (7.4) can be reduced to a scalar triangle integral.
Applying Feynman combining in D = 3—2¢ dimensions, every single vertex integral
can be written as ['"* = 9{'04 045G, where

1
G = Ay _
/ (7 — 21)2 (z — 22)2 (z — 25)2] /%
e [ o
T (I /[d I3 o (0.2

Here the measure is defined as [da]s = [[o_, dey 6(3°0_, a;—1) and
0 = a1a97s, + aoazTy; + aasTi, (D.3)

When applying the derivatives to G we are interested only in terms proportional to the
metric tensor, since terms proportional to the product of coordinate vectors would be
zero for the planarity of the contour. Therefore, we can write

o _)4W3/2_EF(2 — 2¢) /[da]g (alagagzlz/j_e
e )

i (oahy + agahy) + 77 (0naty + agay)] (D.4)

[ﬁw(alﬁs + aﬂgg)“‘

Introducing the notation

AT (2 - 2€) (ara0a3) /%7 4

i = d D.5
S L o

we rewrite the last expression as
e — g (Ll + Ioahy) + 0" (Iowhy + Izahy) + 07 (Lialy + I325,) (D.6)

and insert it in eq. (D.1).

We stress that the metric tensor appearing here is a D—dimensional metric, being
it produced from the evaluation of a D—-dimensional tensor integral. Caution is then
required when contracting it with €,,,. As discussed in the main text, a safe prescription
is to get rid of products of Levi—Civita tensors in favour of three-dimensional metric
tensors and then use identities (2.8).

To this end, we rewrite the spinorial structure (197,73) in eq. (D.1) with the help
of identity (B.13). It is easy to realize that the first two terms in this equation do not
contribute in (D.1) due to the planarity of the contour. From the third term, collecting
everything, we obtain
21 v

EpafB Evpo L1 L5 T3 X

(D.1) = —

(772773)
[770“(]155{)2 + I355§2 + [11'[1)3 + ]25553) + 207 (L, + 13$§1)] (D.7)
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It is now easy to use identity (2.9) to trade the product of the two e tensors with
products of three dimensional metric tensors. Applying the rules (2.8) and using the
explicit realization of 1 spinors and the parametrization of the curve, after some work,
we obtain

2i(D — 2)
(1273)

= —4(D — 2)sin 2 [sin® 22 4 sin® 72| I(x) (D.8)

(M27uM3) Evpot] (7P +THP) = (op Ty - d3 — T3, 1 - 2) (2 + 273) ()

where 7;; = 7, — 7; and we have defined I(x) = I; + I, + I3 with [; given in (D.5).
We stress that the appearance of an overall factor (D — 2) = (1 — 2¢) is the result of
applying the DRED prescription (2.8).

Thanks to the condition a;+as+a3=1 coming from the delta function inside the
measure, the explicit expression of the I(z) integral reads

B 4327 (2 — 2¢) (o argorg) /2
te) = S el

(D.9)

Performing a Mellin—Barnes transformation we obtain

5

_ (12 m2 du dv 1

1 3 (x%z)u(‘TgB)v
F(—v—§+e)r<§—e+u+v)F(2—2€+“+”>W

:2—2+46

srgrreg ) e eor (<o)
e

2 (D.10)

1 3
F(—v———i—e F(——e+u+v)F(2—2e+u+v)

2 2 (sin

E. Evaluation of uncontracted integrals

In this Appendix we give the details for the evaluation of the integral in eq. (7.13)
arising as part of diagram 2(f).

We first concentrate on the parametric J—integral defined in eq. (7.14). Performing
the shift of integration variables 73 — 73 + 7, 70 — 7o + 71 and exploiting the 27-
periodicity of the integrand as a function of (73, 73) it can be rewritten as

a, B,7) = 27r/ dTQ/ drs |sin® ]a [sin2 (%)]B [sin2 (%)]A{ (E.1)
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where the 27 factor comes from the trivial integration over 7. The remaining integra-
tions can be carried out by using the procedure described in Appendix C. Writing the
trigonometric functions in terms of exponentials, expanding them as series and inte-
grating term by term we end up with triple series. Imposing reality of the result for «,
[ and ~ real, we obtain

2= = <a+5+7>r(z 2a)T(m — 2B)'(n — 27)

8,7) —%EMZMZP OB (=2 = )T (m = T (n +1)
( os(m(ar — B — 7)) 3 cos(m(ar+ 8 — 7))
(—a+5+l— m)(=B—v+m+n) (—a—B+Il+m)(—8+7+m—n)
B cos(m(ar = f +7)) N cos(m(a = B+7))

(—a+pB+l-—m)(—a—v+1+n) (—a—y+1+n)(—B+v+m—n)
B cos(m(a+ B +7)) B cos(m(a+ B +7)) )

(—a=p+1l+m)(—a—y+1l+n) (—a—v+Il+n)(-B—v+m+n)

(E.2)

The six series can be evaluated and the result reads

J(a,B,y) =2r

(ff(cw) (v + 1) T(~a — ) cos(n(a + 8~ )(a+f+7+1)
sin(m(B—)T (3 = B8)T(a+~v+1)I(B+v+1)

VAL (a+ )T (B+3) T(=a =) cos(n(a = B+7))l(a+ B+ +1)
sin(m(8 — )T (5 — ) a4+ B+ DI(B+v+1)

VAT (B+ 4T (v + ) T(—a—7y)cos(r(a — B+7)T(a+B+7+1)

sin(m(a = B))T (53 —a)T(a+ B+ DT(B+v+1)
VAT (a4 5) D (1 +3) N(=B = y)cos(r(a = -yl (a+B+7+1)
sin(m(a — B))0 (1 = B) T(a+ B+ 1) (a+v+1)
T(a+g)T(B+3)T(—a—)I(=5~ V)COS(W(OA+B+7))F(OA+B+7+1)+

VL (3 =) T(a+ B +1)
_F(B—i— DT (v+ ) I(—a—B)(—a—7)cos(m(a+ B+)(a+B+v+1)
VNGRS ) L(B+y+1)
(E.3)
After non—trivial cancellations we obtain
j(a 5 7) _ 871'3/2 F(% + Oz)r(% + 5)1—‘(% + V)F(l +a+ 6 + 7) (E4)

FMl+a+y)IA+64+9T0+a+p)
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We note that in all the six J integrals appearing in the combination (7.13), the param-
eters satisfy a + g + v = —% + 2¢. This allows to express for instance v as a function
of a and S, leading to expressions which depend only on the choice of two parameters.
The six different contributions are then obtained by choosing « to be u, u + % or u—+1
and [ to be v, v+ % or v + 1 in different combinations. What is relevant to observe is
that in all the cases no ambiguous products of Gamma functions appear.

Plugging expressions (E.4) with these choices of the parameters into the contribu-
tion (7.13), the result can be expressed as

_245+27T3_6(1 —2¢)T (5 + 2¢)
313 (L —e)T (5 +¢)

U = [G(l, L+ 6 (E.5)

+ G(1,0) + G(0,1) + G(%,0) + G(0, 1)
in terms of the Mellin—Barnes integrals
G(i,j) = / % D(—u)l (o)l (-ute—3) T (—v+e—3) T(utv—2e+2)
D(utv—e+3)D(i+u+ DT (G+o+ ) T(—i—j—u—v+2e

. D(—i—u+2e+ DT (—j—v+2e+3)T(i+j+ut+v+1)

(E.6)

However, using the change of variables (v - —u —v +2e—2, v - v), (v > —u—v+
2¢ — 2, u — u) and u <> v, it is not difficult to show that the six G(a,b) functions are
indeed all equal. Therefore, we can write

213 37¢(1 — 2€)I (1 + 2)

Uy = — - - G(1,3 E.7
FE-9rGeg Y "
with
G(1,3) = / % D(—u) (o)l (-ute—3) T (—v+e—3) D(utv—2e+2)
y I(utv—e+3) D (u+2)T(w+ 1)L (—u—v+2e—2) (E8)

D(u+v+2)T (—u+2—3) (2 —v)

First we expand the integral in powers of € up to finite order, which gives a one—fold
and a two—fold Mellin—Barnes integrals. The former integral reads

g / 2‘% r <—u - %) I(—u)T(u + 1) <u + g) (ew“)) (—u - %) —epO(u+1)

—2ep) (u + ;) + vEe + 1)
(E.9)
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where ¢ is the digamma function defined in (G.1). It can be evaluated applying
Barnes first lemma and we obtain
73/2

1

The latter integral is

dudv T* (—u =) T (u+ ) T(u+2)L (—v—2) P+l (u—v+2)T(v—u)
| G Dlutd)
(E.11)
where, according to the notations of [46], asterisks denote how many of the first right
(left) poles of the Gamma functions have to be considered left (right).
With a change of variables and applying Barnes first lemma this can be reduced
to a one—fold integral

T [ du 3 1 3
— | —I"l-u—=|T({—-u—= )T — | I 2 E.12
2/2m' ( " 2) ( B 2) <u+2) (u+2) (E-12)
The remaining integral is evaluated by lemma (D.3) of [46] and gives
7% (—1 +log 2) (E.13)

Summing all the contributions we obtain

w2 (1
G(1,3) = N (— —4+37E+610g2) (E.14)
€
and, consequently
L1
Up =4r —E+6—|—7E—210g2+10g7r (E.15)

F. Evaluation of the contracted integrals

Here we solve the parametric integrals appearing in eq. (7.21) for the contracted
integrals C from diagram 2(f).

1) We start with the first integral

27
I(F.l):_246_3/d71/d7_2/d’7'3 Sln(7-13) _— (Fl)
0 sm 712 sm (T—))

2
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where the overall factor in front has been introduced for later convenience.
Applying the procedure of the previous Section, in particular already removing the
imaginary part, we turn it into a combination of series

[(F.l) =27 sin(27re) (5'17170[2 — €, 2 — 6] — 517170[—6, —6]) +
+2(1 — cos(2e)) (sm,o[z — 62— €| — Sya0—e, —E]) (F.2)

where we have defined

oo o0

Soofa ] = I'(u—2e+2)['(v—2e+2) 1
m,n,p[“Y - m n
e~ D(u+ 1E(v + 1I?(2 = 2¢) (u+a)™ (v +b)"(u+v+a+b)
(F.3)
Using
(@) (—1+2¢)
SMQM&L_F@+2€—UF@+2&—D
L(a)D ()% (=1 +2¢) (O (b +2¢ — 1) — (b))
= = F.A4
S120(,8] = S210lb, T(a+ 2 — DI(b+ 2 — 1) (F.4)
after some algebra we obtain
82 (e — 1)e(2e — 1) (=1 + 2
o = B~ D26~ D14 29 )

I['(1+e)

2) We then move to the second integral appearing in eq. (7.21)

2
I(F.6):246_3/d71/d7_2/d’7'3 Sln(Tl2) - (FG)
0 sm 713 sm (T—))

2

Turning it into series and discarding the imaginary part gives

I(F6) =27 sin(27re) (SI,O,I[_€7 2 — 6] — 5170,1[2 — €, —6])+

+—Us—coﬂ2ﬂd)<SLzop——e,—d——SQLOD——E,—4> (F.7)

Summing the S;; series we find

P(B)T(—1 + 26)T ~
Sto1 = Siofa b — — (L + 290 (a +b) [ bya+b,2 — 2

1| (F.
T(b+1)(a+b+2e—1)°"7 b+1,a+b+26—1’} (F-8)
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Therefore, the final result for this integral reads

272 2—262—-2¢2—¢
](F.6)=2_ 3ba 13— ¢ Pl +
272 2—2¢,2— 2, —¢ 4msin(me)'(2 — €)I'(2¢)I(—1 + 2¢)
— 3F i1 F.9
* 32{ 1,1—e ’]+ I3(1+e¢) (£.9)

It turns out that expanding the third integrand in eq. (7.21)

27
](F.G)b:246_3/ dTl/dT2/dT3 Sin(7s:) 55 (F.10)
0 sm m sm(”"))

and performing the integrations term by term we obtaln exactly the result (F.7). There-

fore, the third integral simply contributes in doubling the previous result.

3) Next we turn to the sum of the integrals

I(pary = —2%7" dTl/de/de (F.11)
)

1—2¢ +

((Sin (%) sin (%3)) (sin (%32) sin (%))

corresponding to the second line in eq. (7.21).

Although these integrals can be solved separately with the technique previously
described, it turns out to be more convenient to consider their sum, as it leads to a
considerable technical simplification.

First of all, given the particular domain of integration, the arguments 7;;/2 of the
trigonometric functions are always bounded between 0 and 7. This allows to trade any
expression sin ( ) for sin <| ;”) Now, the crucial observation is that, when rewritten
in this form, the sum in (F.11) turns out to be totally symmetric under any exchange
of the 7; parameters. Therefore, we can symmetrize the integration contours as

/ d’Tl/ dTg/ dTg—) 3' dTl/ dTg/ d’Tg (F12)

As a consequence, the three separate integrals in eq. (F.11) become the same integral.
Taking into account an overall factor 3, we can then write

or sin (' §3|>
[(F.ll) = —246_2/ d7’1/ d’TQ/ d’Tg 1—9¢ (F13)
0 sm ‘m‘) sin (M)>
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Performing the shift of integration variables 73 — 73+7 and 75 — T+ 7 and exploiting
the 2m-periodicity of the integrand as a function of 7, 73 we finally arrive to

sm(‘TgS‘)
[(Fll _—246 ! /dTg/ d7'3 1—9¢ (F14)
sm ‘Tz|) sin ('2‘))

The remaining integrals can be solved with the method of Appendix C and the result

is simply

7T3/2246+11_‘ (% 4 26)
€2I"(2¢)

Iipany = — (F.15)

4) Finally we consider the following combinations

I(F16) = /d7'1/d7'2/d7'3 (F.16)

( cos 723) N cos (%) B cos (l;)

sin?~% (72) sin!—%¢ (73)

and
2T T1 T2
](Fl'?) = 246_2 / dT1/dTQ dTg X (F 17)
0 0 0
CoS (%) CoS (%) CoS (%")
sin?—2¢ (7173) sin'—2¢ (123) + sin'—2¢ (l;) sin?—2¢ (%”) sin?—2¢ (72) sin'—2¢ (7273)

appearing in the third and fourth lines of eq. (7.21), respectively. Expanding the
integrands in power series, it is easy to realize that these integrals give pairwise the
same results. Therefore, it is sufficient to evaluate one of the two combinations.

In principle, each integral in (F.16) could be performed separately. However, once
again the sum turns out to be far simpler to compute than the individual pieces, this
time due to considerable cancellations which involve the most difficult parts of the
series.

After a quite cumbersome algebra and many intermediate cancellations, the final
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expression in terms of series reads
I(p1g) = 2 sin(2me) (5*1,1[1 — ;12 + Si1[—€,3 — 2]
8l —e3—2d - Sia-e1— 24)
+ (1 — cos(2me)) < — 28, 5[—€,1—2€e] =28, 5[1 —€,3 — 2¢]
—5’2,1[1 —€,3 — 2 — 5’2,1[—6, 1— 26])
+ (1 + cos(2me)) ( — 28151 — 12 — 28, 2—€,3 — 2]

48 [—€.3 = 2¢] + Spa[l —e,1— 26])
+ Sl + Sg + 53 + 54 (F18)

where we have defined

s, _ii 16 T(u — 26 + 1)T(v — 2¢ + 2)
T 2 T(u+ )00+ DI(1 = 26)0(2 — 2€) (20 — 20 — 1)(20 — 26 + 1)2
— 26,221 —¢1
16\/_1“(26)4F3{ G276z T 6T
202 %3¢

(26 — 1)2T (=3 + 2¢)
(F.19)

16T (u — 2¢ + 1)I'(v — 26 + 2)

; Flu+ DI (v+ DI(1 —26)1'(2 — 2€)(2u — 2v — 1)(2v — 2¢ + 3)?

N2
I
]2

Il
o

U

3262268 —¢3—
16\/_1“(26)4F3[ B 65 “27 ¢

5365 ¢

(26 = 3)°T (—3 + 2¢)

(F.20)

= — 4T (u—2e + 1)['(v — 2€ + 2) cos(27e)
ZZ D(u+ D0 (v+ DI'(1 —26)1(2 — 2¢)(u — €)?(2u + 2v — 4e + 3)

u=0 v=

1-— 26,%— 2e, —e, —¢€

deos(2re)l (3 - 2) T(—14+ 2045 ||~ 92 0
2 '

Ve (4e — 3)

i1

(F.21)
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g _ii 4T (u —2e + 1)I'(v — 2€ + 2) cos(27e)
T T(u+ D0+ D1 — 26)T(2 — 2€)(u — € + 1)2(2u + 2v — 4e + 3)

u=0 v=0
1—2¢,3—2¢,1—¢1—
4cos(2me)l (5 — 2¢) T'(—1 + 2€) 4 F3 6712 61— e; 1
_ bR 2 — €, 2—c¢
N V(e — 1)2(4e — 3)
(F.22)
and
= — 2Fu—26+1)F(v—26+2) 1
=22 (F.23)
== T(u+ (v + DE(1 = 26)T(2 = 2¢) (u + a)™ (20 + b)"

In particular, we need the following sums
. _20(a)T (52) T(26)T(—1 + 2¢)

Siala,b] = bl (a + 26)T (% + 2¢ — 1)
1,21% Y] — bF(a + 2€)F (g + 2¢ — 1)
Gl = ZLEILEL+ 20T@D () (900a +26) - ¥0(a)) (F.24)

from which we obtain

T =
Y f( 3>e2

-——2672_2671_671 €
Wvrl(2e)aFs |2 55 "5 % 5l
_ L 202 &3¢
(2¢ — 1)2T (_l + 26)
(3 _ 272 26__67§_6
164/7I'(2€) 4 F3 | 2 §§_€§ 62 !
L 222 72

(26 = 3)2T" (=1 + 2¢)
7216° csc?(2me) (sin®(27e) — 2 cos(2me))

€

(F.25)

Finally, combining the results of this Section we obtain expression (7.22) for the con-
tracted integrals. The hypergeometric functions do not have a well-defined expansion
around € = 0 and analytic continuation has to be performed prior expanding in powers
of e. We explained the proper analytical continuation in Section (8).
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. Useful series

In order to determine explicitly finite order terms in the e—expansions of extended

hypergeometric functions 4F3 appearing in Section 8 we need know the sum of several

series. Most of them can be found in the literature, but there are few that cannot. For

the last ones we have performed an explicit evaluation. The results are listed below.
We use the standard definition for the derivatives of the I' function

n—+1

M (z) = P log I'(2) (G.1)
The following results are useful
< (L
LA +1”) — 4r?log2 — 21((3) (G.2)
n=1 n(n o 5)
< (1
SR i) g 16l0g2 + A2(3 — 410g2) (G.3)
el n(n —+ 5)
M (—
SR a3) - 144 1610g2 (G.4)
n=2 n(n o 5)
—¢W(1+n) 2,
2 st D) =3 5¢(3) (G.5)
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