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1 Introduction

In perturbative QCD the knowledge of the infrared divergences of scattering amplitudes
are of utmost importance. In the recent past this issue has obtained significant attention
both from formal considerations and explicit calculations up to four-loop order.

We consider form factors of quarks of mass m at total energy squared ¢. The simplest
example is the correlator of the electromagnetic current with two massive quarks that is
parametrized by two form factors F; and F5 which enter the photon quark vertex as follows

7
T(q1,q2) = Qq | Fi(¢*)V" — %Fﬂqz)aw% . (1.1)

Fy is a building block for a variety of observables. Among them are the cross section of
hadron production in electron-positron annihilation and derived quantities like the forward-
backward asymmetry. The form factor F; is of particular interest in the limit ¢> = 0 where
it describes the quark magnetic anomalous moment. In the massless case only one form
factor proportional to v* is sufficient to parametrize the photon quark vertex. In the
remainder of the paper we call this form factor F to avoid confusion with the massive case.

Exchanges of soft particles between the massive quarks can lead to infrared divergences.
The latter are conveniently regulated by dimensional regularization, with d = 4 — 2¢, where
d is the space-time dimension. The divergences can be effectively described by cusped
Wilson lines and their associated cusp anomalous dimensions [1]. In the high-energy, or
massless limit, additional collinear divergences appear, that give rise to large logarithms
involving the mass and the momentum transfer. Alternatively, if m = 0 is chosen from the
start, the latter are replaced by higher poles in the dimensional regularization parameter
€. While at leading order in the coupling this correspondence between poles in ¢ and
logarithms of the mass is straightforward, making it quantitive at higher orders requires
the use of renormalization group equations, see refs. [2-4]. One obtains conversion factors



between infrared divergences regularized with a small quark mass and those regularized
using dimensional regularization. Due to the universal nature of infrared divergences, once
obtained from one quantity, the conversion factors can be used in other calculations as well.

Renormalization group equations allow the use of information from lower-loop cor-
rections in order to predict poles in € and logarithms in the mass at higher loop orders.
In this way, high-energy terms of massive form factors at three loops were predicted in
refs. [2, 4] based on two-loop computations. Similarly, the pole structure of three-loop
massless form factors in dimensional regularization is available in the literature (see, e.g.,
ref. [5]). We note that in conformal theories, the renormalization group equation can be
solved exactly [6, 7].

Recently, new perturbative results at higher loop orders have become available, such
as the planar massless four-loop form factors [8, 9], and the planar massive three-loop
form factors [10]. Motivated by this, we determine the solution of the aforementioned
renormalization group equations to higher orders of perturbation theory. We then use the
wealth of new information to determine the integration constants appearing in the latter
to higher orders. In this way, we are able to make new predictions about the high-energy
behavior of massive form factors at four loops, as well as about the infrared terms appearing
in five-loop massless form factors.

The paper is organized as follows. In section 2, we review renormalization group
equations satisfied by massive form factors, and their solution. In section 3, we perform the
analysis for the massless case. Then, in section 4, we use the new planar results to perform
a matching, and give the new predictions at higher loop orders. In section 5, we explicitly
compute the universal conversion factors between massive and massless regularizations.
We conclude in section 6.

2 Renormalization group equation: massive case

The form factors satisfy the KG integro-differential equation [2, 4, 11, 12] which is merely
a consequence of the factorization property and of gauge and renormalization group (RG)
invariances. It reads
d ~ 2,2 17- 2,2 ~ 2 2
- 721HF <dsv %a TnQae) =5 |:K <&Sa mTa M}227E> + G <&Sa QT’ ,ugae)] ’ (21)
dlnp e 2 KR M W M
where the quantity F is related to form factor' F through a matching coefficient C (see

also below) via the relation i
F =C(as (m2) ,€) et (2.2)

In eq. (2.1), we have Q? = —¢?> = —(p1 + p2)? where p; are the momenta of the external
massive partons satisfying p? = m? with m being the on-shell quark mass. The momentum
of the colorless particle, i.e. the virtual photon, is represented by ¢. The quantities

Qs

4m

and as = ds (2.3)

T 4r

as

'In this section we generically write F' which stands for the form factor Fy in eq. (1.1). Note that F5 is
suppressed by m2/q2 in the high-energy limit.



are the bare and renormalized strong coupling constants, respectively. To keep as dimen-
sionless in d = 4 — 2¢, the mass scale p is introduced. pg is the renormalization scale. In
eq. (2.1), all the m? dependence of the In F' is captured through the function K, whereas
G contains the Q? dependent part. The RG invariance of the form factor with respect to

pr implies
d ~ m2 /’LQ d - QQ //L2
li —a K AsaiviRv = - G A87777R7 =-A S 2 ) 2.4
me0 dln 2, (a AE 6) dln 22, (“ i 2 6) (as (ur)) . (24)

where A is the light-like cusp anomalous dimension. The renormalized and bare strong
coupling constants are related through

2\ —¢€

. p

asSe = as(4i) Za, (BF) ( 2> : (2.5)
HRr

with Se = exp[—(vg — In4n)e]. The renormalization constant Z,, (u%) [13] is given by
7 () =1 2y) 1 20 2y) Lo 1 3p,2v) _ Los 7
as (k) =1+ as(pp)q = —Bop +as(ur){ 380 — 5.8 p + as(iR) | — 560 + 5zP0b
1 oo f1 ., 23 ,  1(3., 5 1
- aly (2242 S 2.6
3652} + as(MR){ 64»30 12635051 + 3 851 + Gﬁoﬂz 4653 (2.6)

up to O(a?) with the first coefficient of QCD f function given by

11 2
— g 2.
Bo = 3 Cy 3nf ( 7)

Ca= N and Cp = (N? —1)/2N are the eigenvalues of the quadratic Casimir operators of
SU(N) group of the underlying gauge theory. ny is the number of active quark flavors. For
our calculation of the massive form factors up to four-loop order, we need Z,, to O(a3).
However, for the massless case at five loop, which is discussed in section 3, the term to
O(a?) is required if the bare coupling constant is replaced by the renormalized one. The 3
functions to three and four loops can be found in refs. [13] and [14, 15], respectively.

We solve the RG equation (2.4) and consequently (2.1) following the methodology used
for the massless case which has been discussed in [16, 17] (see also [18] for details). In these
references, in a first step the bare coupling is used as expansion parameter which has a
simple scale dependence. This enables us to perform the integrals and re-expand in the

renormalized coupling afterwards. The solutions of K and G are obtained as?

2
= (. m M%% 2 MROWR/2 2
R (o ) = 5 ). = [ S0 A o ).
= Q* ui 2 u%dﬂRIZ 2
Gan G ) =6 0 (). + [ Vo a(on ). 9
Q?

2In the following, we will tacitly assume that m? is small with respect to Q2.



where the functions K and G are determined at the boundaries ;ﬁ% = m? and /ﬁ% = Q2
respectively. Our initial goal is to solve for In F in eq. (2.1) in powers of the bare coupling
as. In order to achieve that we need to obtain the solutions of K and G in powers of as. We
begin by expanding the relevant quantities in powers of the renormalized strong coupling

constant as

(as (A?)) EZQI; ) B (2.9)
k=1

with B € {K,G, A} and the argument \ of as refers to the corresponding parameter, i.e.,
A€ {m,Q,pur}. The dependence of G and K on € is implicit in By. In order to obtain the
expansion of B in powers of a5, we require the 7, 1(A\?) which is obtained as

o0 o\ —ke
2 0% =143 aksh (2) 200 (2.10)
k=1 H
with
-1 _ g
as E )
- 1 1
-1,(2) — 2, -
as 62 50 + 26I81 ’
A 1
a517(3) = 350 3 25061 + 627
N 1
~1,(4) _ 4
20 = S g+ S8R+ ( B+ 6052) + 05 (2.11)
up to O(a?). Employing eq. (2.5) and ngl, we can express B in powers of d, as
00 —ke )
(as (V) =) akst ( > By, (2.12)
k=1
where
Bl = Bl ;

By =By + B Z, V)
By = Bs + 2B 7, 2V 4 B, 2, 42
By = By + 3832, V) + BQ{ (chsl’(l)>2 + 22;51’(2)} + B, Z;50),
Bs = Bs + 48,2, (V) 4 363{ (2@1’(1))2 + Z;j’(?)} + 282{ Dz hE) 2;17(3)}
+ B Z, MW (2.13)

With the help of eq. (2.12) we evaluate the integral appearing on the right hand side of
eq. (2.8) and we obtain

2

dug'? > 1
[ A G () = Y st

P Pt

Ay, (2.14)




Q?. At this point it is straightforward to solve for

where we either have A2 = m? or \? =
K and G using eqgs. (2.12) and (2.14) which consequently leads us to the solution for the

KG equation (2.1) in powers of as as

5 . Q2 m2 > [o¢] Ak k (Q2>—kE~Q <m2>—k26
InF|(as,—,—5,€) = ag S, - Lo(e)+ | — L , 2.15
(a5 > 2) Eo+ (%) B (2.15)
with
2@ 1 N 1 -
ﬁk(€)__2k€[ k‘i‘keAk} ,
2 = —— k- LA (2.16)
RS T T ope R T e '

Equivalently, we can express the solution of In F (ELS, %2, %, e) in powers of renormalized

coupling constant as(u%) using eq. (2.5) which leads to InF (as, u;’ 7: , > Without loss
R R

of generality, we present the results for ? h= m? and write

oo
InF = Zaf(mQ N
k=1

This is achieved with the help of the d-dimensional evolution of as(u3;) satisfying the RG

(2.17)

equation
d o
2\ _ k+2
5as (up) = —ea ( E (2.18)
dIn pf —

which is solved iteratively. The solution up to O(a}) reads
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with Lg = In(u%/m?). We have presented eq. (2.19) only up to the order in € relevant for
our calculation. The terms up to O(a?) can be found in [5, 19]. Upon employing eq. (2.19),
we get

o)) o) 5o )
O e

£a= 612{%)<G1+K1 —A1L>}— 1{1<G2+K2—A2L>}+§(G2—A;L)
o) f5(o )-8 4)
S 2) T ) of2e )

s 1 2 1) B Bo
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(2.20)

with L = log(Q?/m?). Up to three-loop order we find agreement with the results provided
in refs. [2, 4]. The four-loop expression £ is new.

Before proceeding further, let us make some remarks on the solution of KG integro-
differential equation. The solution provided in eq. (2.15) relies on the fact that we have a
through-going heavy quark line from the external quark to the photon-quark coupling and
then to the external anti-quark. In particular, we do not consider contributions originating
from closed heavy-quark loops or so-called singlet contributions where the photon does
not couple to the external quark line. Note that, these contributions also contain Sudakov
logarithms which obey an exponentiation similar to the case under consideration [2] (see
also related discussions in electro-weak theories in refs. [20, 21]). However, in the large-N
limit they are sub-leading.

To arrive at the solution of the KG equation, eq. (2.20), we have used the standard MS
coupling running with n; light flavours. On the other hand, the explicit fixed order results
of the form factors depend on ay with ny = n; + 1 active flavours. Hence, to compare
these two results (in particular, to perform the matching) it is necessary to use the d-
dimensional decoupling relation [22-25] (see also [26]) which establishes the connection
between «; in the full and effective theory. Note, however, that the decoupling relation
generates contributions which are sub-dominant in the large- N limit. Hence, in this article
we can ignore the difference between o defined with ny or n; active quark flavours.

Results for the form factor are obtained with the help of eq. (2.2) where the matching
coefficient C' is expanded in powers of as(m?) according to

C (as (m2) €) =1+ Zalg (m2) Ck (e) . (2.21)
k=1

The coefficients Cy, G and K} are obtained from comparing eq. (2.2) with explicit cal-
culations for F. We determine F up to the 1/e? pole at four loops which requires the
following input: G to O(€?), Ga to O(e), and G3 to O(e"). Furthermore we need K and
A to three-loop order and Cj to O(¢) and Co up to the constant term in e. The explicit
results for Gy, K, A and Cj to the relevant order in € are presented in the section 4.

It is interesting to note that in the conformal case, i.e. 8; = 0, the above considerations
simplify, and one obtains the following all-order solution

~ e B L AL
L = lE (—Ek)l 1ﬁ <Gk + 0o Ky, — l+1> (2.22)
=0

where ¢;; is the Kronecker delta function.



3 Renormalization group equation: massless case

The massless form factors also satisfy KG integro-differential equation [27-30], similar to
the massive one (see eq. (2.1)). It is also dictated by the factorization property and by
gauge and RG invariance

d — 2 1 [— 2
T 07 InF (dS,QQ,6> = - [K (ds 'uR > +G (A Q@ Mg,e)} , (3.1)
nQ % 2 T pg
with Q% = —¢? = —(p1 + p2)? and p; are the momenta of the external massless partons

satisfying p7 = 0. The quantities K and G play similar role to those of K and G in eq. (2.1).
Because of the dependence of the form factor on the quantities Q? and p? through the ratio
Q?/u?, the KG equation can equally be written as

4 T (0,2 L% (a. M2 Q* 1k
_dlnﬂ2lnF<as’/ﬂ7e>_2[K<a M2,6 +G as,u%,ﬁ,e . (3.2)

This equation is the analogue to eq. (2.1) with the difference that there is no mass depen-

dence. Hence, it can be solved in a similar way as discussed in the previous section for the
massive case. The general solution is obtained as

InF <&S, 2,6> i Sk <Q2> ik(e

k=1

~—

(3.3)

2Q el am
which corresponds to eq. (2.15) with £, = L and vanishing £, . This is consistent with
the existing solutions up to four loops [5, 16]. The solution at the five loop level reads

s 1 { - AW} L1 { L 294150°81 2A280° 504G1} Ll {  TA1BoBs

=

5T 6 50 & 600 25 10 300

€3

200 75

L 3A1B° 1ABBL 3A3B0” 260°Ga 2960°BiGh L] Aifs  Asf
400 150 25 ) 120

B - - B B 2] 50

C 343810 24480 3B0°Gs  11BuSiGa TBoBGr 3B17Gh L 4
100 25 ) 30 60 80

(3.4)

280Gy 301Gy B2Ga BsGi|  Gs
) 20 15 40 10€

The form factor can be obtained by exponentiating the In F:

F=F¢ —1+ZA'€S’“(52)_I€EF . (3.5)

Note that in the massless case the matching coefficient is identical to 1. In the next section
the results of the F(B) is presented in the planar limit including terms up to 1/€3, where we
restrict ourselves, as in the massive case, to the non-singlet contributions, since the singlet
terms only contribute to sub-leading colour structures.



In the conformal case, for which 5; = 0, the above considerations simplify, and one
obtains an all order result [7, 31]

= 1 1 1 1

4 Matching of perturbative results: four- and five-loop predictions

In this section, we use the results of the recent three-loop computation of the planar massive
form factors [10] in order to determine the undetermined coefficients in section 2, in the
planar limit. This will allow us to make concise four-loop predictions. For the massless
form factor the results from refs. [8, 9] are used to predict the leading five-loop terms.

A comment is due regarding the definition of the planar limit. The easiest way of
thinking about it is to consider SU(N) gauge group, and take the ‘t Hooft limit, N — oo,
keeping asN fixed. In the presence of light fermions, we also want to keep the planar
diagrams involving fermion loops, which means that® n; should count the same as N. This
can be reformulated in the simple rule that we keep all terms n;? N*2a? with a1 + a2 = a3.

The cusp anomalous dimension is known to three loops from [32-38], and all the n,
terms in the planar limit at four loop are known from [8, 39, 40]. The n; independent terms
at four loops recently became available [9]. In the planar limit we have

A, = 2N,

134 272 20
Ay = <7T>N29an,

44 24 26872 227t 2 1331 4072
A3:N3<C3+5— 087 +7T> N2nl<—3cs— 53 + 07T>—8an2,

3 3 27 45 3 54 27

8872¢3  10496(3 14675  4517* 2220872 42139
Ay = N4 —16¢2% — —176(5 — —
4 < G o a7 %~ 35 T 45 243 8l

+112¢5 —

27 9

8126(3  647%(3
N3 -
+ANT ( + 162 243 27 27

39883 667372 227t 640
+ il — il ) —I—N2n52< C3

2119 15272  16x* 32¢3 16
— NnS | 2222
T2 T 213 135 ) + A (

o 81) . (4.1)

The coefficients Cy, Gi and K}, are determined by comparing the general solutions obtained
from solving the KG equations with the results of the explicit computations. The coeffi-
cients C1 up to O(e?) and Cs to O(e) have been obtained in ref. [4], in agreement with
our findings. In this article we extend C; to O(e*) and Cs to O(€?), respectively, which
is needed for the conversion factors discussed in section 5. Moreover, using the results of
ref. [10] we obtain a new expression for C3 up to the constant term in e. For convenience

3In this paper we denote the number of massless quarks for the massless form factor by n; to be consistent
with the notation for the massive form factor.



we present explicit results in the planar limit. We have

w2 ™ (3 3 w2 ot w0 20
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Ci=N
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116055572  1337x* o[ 1072¢3 58883 14572 22174
- - : 4.2
69984 6480 > : ( 243 26244 ' 243 ' 2430 +0(e) (42)

The coefficients G to O(e?) and G to O(€®) are presented in ref. [2]. In this article, we
extend the results to higher orders in € and obtain the G5 for the first time from the recent
results of the massive form factors [10] in planar limit. It has been observed in ref. [2] that
the Gy, for the massive quark form factor coincide with those of the massless ones [5, 35].
This is also true for the newly computed coefficients. Note that within our method this fea-
ture is not surprising since the massless results are obtained from the massive one by putting
the mass-dependent part (ﬁk ) of the solution (2.15) to zero and by setting C' = 1. It is
interesting to note that the quantities K;, which capture the mass dependence of In F, only
enter into the pole terms of Ly in eq. (2.17). As a consequence, the constant and €* term
can be determined from the massless calculation and are thus universal. This could lead
to deeper understanding of the connection between the massive and massless form factors.

In order to predict the four loop massive form factors to 1/€2, we require G to O(€2),
G2 to O(e) and G3 to O(e%). Moreover, to obtain the predictions of the massless quark
form factors at five loop order up to 1/€3, we need G4 to O(e") and in addition G, G5 and

~10 -



G3 to O(%), O(e*) and O(€?), respectively. With the help of the results of the massless
quark form factors to three loops [37, 38, 41|, we calculate Gi(k = 1,2, 3) to the required
orders in €. (G4 is obtained from the recent results of four loop massless quark form factors
in the planar limit [8, 9]. These quantities to the relevant orders in € are given by

72 14(¢5 2 4774
=3N N|8— " 2N| - 16 — ~— N| —7¢ -
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The remaining quantities for the predictions of the massive form factors, K in the large-N
limit, are obtained as

Ki=-N,
K2=N2<18C3—?(2);—372r2> +Nm<257+7;2> ,
Ky = N3 (94;)(3 B 327;2g3 1796 — 923981263 B 1429227# N 111;54> N < - 11(2);%3

consistent with the existing results up to two loop from ref. [4]. The corresponding quan-
tities for the massless case, see K in eq. (3.1), can be expressed in terms of the cusp
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anomalous dimensions and S-function [16]. They do not appear in the final expressions of
the massless form factors (as can be seen in eq. (3.4)) since they get canceled against the
similar terms arising from G. Hence, we do not present the results for K.

Expanding the massive quark form factor, eq. (2.2), in powers of as as

[e.e]
F=1+) a;(m*)F® (4.5)
k=1

and using the results of the above quantities, we predict F' to four-loop order in the planar

limit. The result reads
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where L is defined after eq. (2.20). Similarly, we obtain predictions for the massless quark

form factor at five-loop order, F in eq. (3.5), in the planar limit including pole terms up
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to 1/€3. Tt is given by
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All results presented in this paper can be found as supplementary material.

3380652283) 2nﬁg< 1029499¢; 196143774 212511172 72339173)
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5 Regularization scheme independent ratio functions

We use the results derived in the previous sections and extend the conversion formula
which relates dimensionally regularized amplitudes to those where the infrared divergence
has been regularized with a small quark mass. In ref. [2] the following formula has been
derived which relates amplitudes computed in the two regularization schemes

1/2
m="T] (mloy (m* ! (0)
M Z[Z.] 5 MY (5.1)
, K
ic{all legs}

where for simplicity most of the arguments are suppressed. Note that the amplitudes M)
and M(® depend on all kinematical variables and the regularization scale y. The universal
factor Z[(i?llo), however, only depends on the ratio of the (small) mass m and u. Of course,
all three quantities in eq. (5.1) are expansions in a; and e. It is an important observation
of ref. [2] that the Z(™9 are process independent and can thus be computed with the help
of the simplest possible amplitudes, the form factors. In particular, for the photon quark
form factor we have

ml0) _ F(ﬁQz,mQ,,u?)

lq] F(Q2, 12)

Note that the two quantities on the right-hand side of this equation depend on @ which

(5.2)

has to cancel in the ratio. The cancellations of Q? is obvious from the general solutions
of the massive, eq. (2.15), and massless form factors, eq. (3.3), which show that the Q2

dependent parts of In F and In F are identical. Thus they drop out from In ZE(;'O) given by

Wz = C+mF—F. (5.3)

Note that C' is independent of Q2.

In refs. [2, 4] the quantity Z[((IT‘O) has been computed including O(¢) terms at two loops
and up to the pole part at order 3. We are in the position to add the constant term in
the large- N limit and furthermore extend the considerations to four loops up to order 1/¢2.

For convenience we present the results for © = m and write

TW°_1+§:% 2z

w, (5.4)
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The analytic expressions of these equations (both explicit and generic) can be found as

supplementary material to this paper.

10111 1757 223172 275065 5 572 2255
+N2nl2< C3+ T s >+an3<<3_|_7r_>}

6 Conclusions and outlook

It is among the primary goals of modern quantum field theory to investigate the structure of
perturbation theory. QCD corrections to the photon-quark form factors, both with massless
and massive quarks, constitute important quantities in this context. In this paper, we
discuss in detail the equations which govern the renormalization group dependence both of
the massless and massive form factors and present an elegant derivation of explicit analytic
solutions valid for a general gauge group SU(N). The key idea of the derivation is the
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use of the bare coupling for the solution of the integrals in eq. (2.8). The solutions are
expressed in terms of a function G governing the Q? dependence of the RG equation and
the cusp anomalous dimension A. Both of them are universal in the sense that they are
equal for the massive and massless form factors. The solution contains furthermore the
function K which is different for the massless and massive case. In the massive case one
has in addition a non-trivial matching condition, parametrized with the function C', which
is determined from the comparison with the explicit calculation.

The comparison of the generic formula with explicit calculation to three (massive) and
four (massless) loops, and the knowledge of the cusp anomalous dimension, enables us to
extend K, G and C to higher orders in o, and ¢, which in turn leads to new four and five
loop predictions for the massive and massless form factors, respectively. Since the highest
loop order of the form factors are only known for large N our predictions are restricted
to this limit. The new results for the form factors are used to extract new information
about the universal conversion factors between amplitudes where infrared singularities are
regularized dimensionally or with the help of a small quarks mass.
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