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1 Introduction

Parton shower algorithms with hadronization models provide a way of generating simu-
lated events according to approximations based on QCD. Since complete final states are
generated, one can generate completely exclusive cross sections in this way. By summing
over variables that one chooses not to examine, one can also make predictions for inclusive
observables. Of special interest are predictions that, in a perturbative expansion, involve
large logarithms of ratios of different momentum scales in the physical problem.

An important example is the distribution of the transverse momentum p | of Z-bosons
produced in hadron-hadron collisions at some fixed rapidity Y, do/(dp, dY)). When p? <
M %, the perturbative expansion of this cross section contains two powers of the large
logarithm log(p? /M%) per power of as. The large logarithms spoil the usefulness of fixed
order perturbation theory for this observable and for observables that contain similar large
logarithms. A parton shower algorithm sums contributions to the desired cross section that
contain arbitrarily high powers of ag; thus it sums the accompanying logarithms. For this
reason, one can hope that a parton shower calculation will do better than a fixed order
perturbative calculation in the region pi < M% and analogous regions for other processes.

Indeed, the basic approximation in a parton shower is that one parton splits into two
daughter partons with a probability that matches the singularities of the QCD matrix
element when the two daughter partons are collinear or one of them is soft. It is just these
soft/collinear configurations that give rise to the large logarithms. Thus one can hope that
the cross section generated by a parton shower will be a good approximation to the true
QCD result.

In many cases, including the Z-boson transverse momentum distribution, there are
predictions based on the full field theory. That is, we know that the cross section “ex-
ponentiates” in a sense that one can state precisely and we know some of the leading
coefficients that appear in the exponent of the formula that expresses the QCD result.



When, for a particular process, one knows the summation of large logarithms in full
QCD, then it is of significant interest to investigate whether a given shower algorithm
produces matching results. To do this, one needs to derive the corresponding summation
in the shower model, deriving the appropriate evolution equation for the observable in
question from the general evolution equation for the shower algorithm.

We have argued above that, because parton shower algorithms are generally based
on parton splitting probabilities that have the proper soft/collinear singularities, these
algorithms may provide good approximations to the full QCD result in particular cases
involving summing large logarithms. However, a parton shower algorithm contains several
ingredients beyond the parton splitting probabilities. Among theses are the momentum
mapping, the color and spin treatment, and the choice of evolution variable. Depending on
the choice of these ingredients, one may obtain agreement with full QCD for a particular
observable or one may fail to obtain agreement. Certainly, it is widely understood that
a virtuality ordered parton shower without a proper inclusion of the effects of quantum
interference can get results for some observables that do not match QCD. In contrast,
there is an extensive body of literature [1-11] that suggests that parton showers based
on ordering in parton emission angles does better for many observables. In this paper,
we will indeed see that, for the Z-boson transverse momentum distribution, the choice of
ingredients matters.

Because the choice of ingredients matters, we think it important to validate shower
evolution schemes against known results for summations of large logarithms. We believe
that such a validation program could be useful for understanding the range of validity
of current parton shower event generators and could provide important guidelines for the
current and future development of such programs.

In ref. [12], in response to ref. [13], we investigated the parton energy distribution in
electron-positron annihilation as predicted by the virtuality ordered, color-dipole based par-
ton shower algorithm of refs. [14-16] and by kr-ordered variants of this. We concluded that
the predictions of these parton shower algorithms are consistent with the field theory re-
sult represented by the well know DGLAP evolution equation [17-19]. This conclusion was
confirmed by ref. [20], which included numerical studies. The parton energy distribution is
an example of the general program of summing large logarithms, namely the logarithm of
the resolution scale for finding the partons (~ jets) divided by the electron-positron energy.
However, this is a rather simple example in that there is only one logarithm per power of
as. Observables for which there are two logarithms per power of ag present a much more
subtle problem.

In this paper we investigate the transverse momentum distribution of a Z-boson pro-
duced in hadron-hadron collisions, the Drell-Yan process. Here, there are two logarithms
per power of as. We use a slightly modified version! of the shower evolution of ref. [14].
This evolution equation describes the evolution of the partonic states in a fully exclusive
way. We manipulate the shower equation to produce an evolution equation for the trans-

!We change the momentum mapping for initial state radiation from that of ref. [14]. In addition, one of
the choices given in ref. [16] for a certain function A, that was left unspecified in ref. [14] gives a satisfactory
result, but another of the choices does not work.



verse momentum distribution of the Z-boson and we compare the result to the well known
field theory prediction that is given in ref. [21]. We find that the virtuality ordered shower
works well in reproducing the full QCD result.

The shower evolution equation of ref. [14] includes quantum interference among colors
and spins. We note that this shower evolution equation is not directly practical for gener-
ating events. A simple approximation to this evolution equation is to average over spins
and take the leading color approximation, which yields an evolution equation [15] that
can be written as a Markov process and is thus directly practical for generating events.
We treat the full evolution equation, but we will see that the same results with some
small adjustments hold for the Z-boson transverse momentum distribution produced by
the spin-averaged, leading-color shower evolution.

The investigation that we carry out in this paper, and that we believe would be useful
for other observables and other shower algorithms, is analytical. That is, we want to
test whether the transverse momentum distribution produced by the shower algorithm
has the proper exponential form and, if so, whether the coefficients in the exponent are
correct. A followup study, not addressed in this paper, would be numerical: how well
does an actual implementation of the parton shower algorithm produce results that match
numerical results given by the QCD formula. In this case, the summed QCD results,
including nonperturbative parameters that are fit to experiment, could be obtained from
the RESBOS code [22]. We believe that one should start with an analytical study rather
than a numerical study for the following reason. The parton shower, for the case of the
production a Z-boson with small p |, represents the physics on “hard” scales from My to
a few GeV. This is perturbative physics that is adjustable only to a limited extent. In
particular, one can modify the parton splitting probabilities in a fashion that does not
change them in the soft and collinear limits.? A full parton shower event generator also
contains elements, such as a hadronization model and a model for the underlying event,
that represent soft scale physics. One can adjust the models for the soft physics by tuning
various parameters. For very large M% /AéCD and M% /pi7 only the part of the shower
algorithm that cannot be tuned should matter. However, for realistic values of these
parameters, the tunable parts of the parton shower can make a numerical difference. One
would not want to tune the parameters in order to repair a numerical disagreement that
was actually caused by a mismatch between the parton shower and full QCD with respect
to the hard scale physics that is fixed. The way to check the match of hard scale physics
is to compare analytically. Once this is checked, the numerical comparison is appropriate
and needed.

We organize this paper as follows. In sections 2, 3, and 4, we review briefly the needed
features of the shower evolution of ref. [14] and set up the notation for our analysis. Then
in section 5 we outline the derivation to come and state the nature of the approximations
that we will need. The derivation is given in sections 6, 7, 8, 9, and 10. The solution of
the evolution equations is given in section 11 and the result is compared to the full QCD
result in section 12. We discuss what one would get with other sorts of shower evolution in

2The VINCIA parton shower algorithm [23] takes advantage of this flexibility.



section 13 and summarize the results in section 14. In appendix A, we summarize results
from refs. [14-16] that are used in this paper. In appendix B we prove a certain property
of integrals of the Jy Bessel function.

2 Shower states and shower evolution

We analyze the transverse momentum distribution of a Z-boson as generated by the parton
shower evolution equations of ref. [14]. The organizing principle of the shower is that one
starts at the hard interaction ¢ +§ — Z and moves to softer interactions, always factoring
the softer interaction from previous harder interactions.

In the notation of ref. [14], states in the sense of statistical mechanics are repre-
sented by ket vectors !p), while possible measurements are represented by bra vectors
(F ‘ Thus (F | p) is the cross section that one obtains a particular result F' from a mea-
surement on an ensemble of systems represented by ‘ p). We use basis states labelled by
lists {p, f,s',, s, c}m of parton quantum numbers for two initial state partons and m final
state partons. As the shower progresses, m increases. The momenta of the final state
partons are {p1,...,pm}. The first final state parton is the Z-boson, with momentum
p1 = pz. The momenta of the initial state partons are specified by giving their momentum
fractions, 1, and 7. Then their momenta are

Pa = TaPA ,
Pb = "THPB

(2.1)

where pa and pp are the momenta of the incoming hadrons, treated as massless. The
flavors g, u,,d,d, ... of the final state partons are {fi,..., f;n}, while the flavors of the
initial state partons are denoted by a and b. The spins are specified by

{8/7 S}m — {Sa, ShyS1y+++5Sm; sgu S{), 8/17 cee 7S;n} ) (22)

with two spin labels for each parton because we use the quantum density matrix in spin
space in order to represent possible interference among spin states. The colors are simi-
larly specified by {¢/, c},,. Quantum spin and color states are represented by bra and ket
vectors with angle brackets, as in the quantum spin inner product <{s’}m‘{s}m> The lists
{p, f,s',c, s, ¢}y include all of these parton quantum numbers. The unit operator in the
space of statistical states can be written as

1 = Z TI]:L! / [d{p? f? SI’ C/? S’ C}m] {{p? f? SI? Cl’ S? C}m) ({p? f? SI? Cl’ S? C}m‘ ) (2’3)

where [d{p, f.s,c ,s,c}m] indicates integrating and summing over all of the quantum
numbers. A much more detailed specification of our notation is provided in ref. [14]. In
ref. [14], the quarks can have non-zero masses, but in this paper we take all of the partons
except for the Z-boson to be massless.

Let |p(t)) = U(t, 0){;)(0)) be the statistical state at shower time ¢. Here ¢ = 0 at the
beginning of the shower, which starts with the hard process ¢ + ¢ — Z, and t = t; gives



the statistical state at the end of the shower, before hadronization. (We do not discuss
a hadronization model in this paper.) The total cross section for producing a Z-boson is
expressed using the vector (1{, which represents the totally inclusive measurement,

oz =) =%, /d{p,fs ¢, 8, Chm]
% (14D, £, 5.¢}m) ({9, .5, ¢, 5, bl p(2)
=30 0 55 h] (bl (5 (b )
(15 5 5.chmlol0)
Here we use the definition
(1. 7.5/ 5.6hn) = (Yol ) (0 P b @5)

The total Z-production cross section is independent of ¢: the shower evolution maintains
(1|u(t,0) = (1].
We are interested in the differential cross section do/(dp) dY') as obtained in the

(2.4)

shower at the shower final time tg,

do

Y p(t 2.6
dpL dv = (pL,Y|p(ts)) (2.6)

Here, the measurement function (p 1, Y‘ measures the cross section for the Z-boson to have
transverse momentum p, and rapidity Y.? The definition is

(Pi,Y‘p(t)) :Z ni! / [d{p, f.s',c, s, chm)
X (pl, Y‘{pa fa S/a C/’ S, C}m) ({pa fa S/a C/’ S, C}m|p)
=> ni! / [d{p, £,5'.¢ s, ] ({8 m|{s}m) ({Fm|{c}m) (2.7)
X 6(pz,1L —pL) 5(; log <pz-p3> - Y>

bz-pPA
x ({p, f, 5, s, chmlp(t)) -

The starting point of shower evolution is the Born cross section,

do
oy | = @ Y]p0). 23

which is proportional to §(p, ). (See eq. (4.17) in section 4.5 for details.)

The shower evolution is specified in ref. [14] in the form

@ 10(t) = () ~ V(O () (29)

3In general, we denote vectors in two transverse dimensions by boldface letters like p. The transverse
part of a four-vector p is p,. Then p2 = —p? < 0; however, to avoid confusion, we avoid writing p? .



Here Hi(t) is the splitting operator, which takes a basis state with m final state partons
and changes it to a state with m + 1 final state partons. Next, V(¢) is a “virtual splitting”
operator that leaves number of partons and their momenta, flavors, and spins unchanged.?
The operator V(t) is determined from H;(¢) in such a way that

(1|v(t) = (1|Ha(t) . (2.10)
With this condition,
d
1p(t)) =0 2.11
g (@) =0, (2.11)
so that the total cross section to produce a Z-boson remains the Born cross section, even
though the Z-boson momentum changes as a result of recoils against parton splittings in
the shower. In particular, the Z-boson transverse momentum distribution broadens as the

shower develops from ¢ = 0 to t = t;. We need to follow the shower evolution to find how
the transverse momentum distribution broadens.

3 Initial state splitting kinematics

We will first need some kinematics for the description of an initial state splitting. For
notational convenience, we suppose that it is parton “a” that splits.

The initial state parton with momentum p, splits, in backward evolution, to a new
initial state parton with momentum p, and a final state parton with momentum p,,+1, as
illustrated in figure 1. The other initial state parton has momentum py, before the splitting
and momentum Py, equal to py, after the splitting. In this paper,® we describe the splitting
using splitting variables (y, z, ¢) or, alternatively, (y, k), defined by

11—z Y
D = 1 k
Pm+1 - ( +y)Pa+Zl+be+ 1
R 1+
Pa = ypaa (3.1)
z
Pb = Db -

Here k| is the part of p,, 1 that is orthogonal to both p, and py,.
Virtuality. The variable y is
_ 2pm+1 ‘Pa
2 pa-po
We will use a shower time ¢ based on virtuality,’

t:10g< M ) (3.3)

2ﬁm+1 'ﬁa

(3.2)

4In general, the operator V(t) is a non-trivial operator on the partonic color space. In the leading color
approximation, valid for N; — oo, it is diagonal in the color space, as described in ref. [15]. The derivation
in this paper is given for the exact treatment of color, but works also in the leading color approximation.

°In ref. [14], the splitting operator is expressed in terms of momenta rather than splitting variables y, z, ¢
and we did not specify a choice of splitting variables. In ref. [15], we did make a choice, but that choice is
not the same as the choice used here.

For a final state splitting of parton [, the shower time is ¢t = log(M? /(2 pm+1-p1)).



Figure 1. Illustration of the kinematics for an initial state splitting.

where M is the Z-boson mass. We will typically use ¢ as our virtuality variable instead of

Y, so that y is
2
M —t

= e . 3.4
Y 2pa-pp ( )

(See also eq. (3.23) below.)

Momentum fraction. The fraction of the momentum p, in the direction of p, that is
carried away by the emitted final state parton m + 1 is

Pmt1Po 4 (3.5)

Pa-Pb
The variable z must be in the range 0 < z < 1. The momentum fraction 7, of parton “a”
has a new value after the splitting. From egs. (2.1) and (3.1), we have, using 2 p,-pp, = Nanp$

with s = 2pa -pB,

. 1+y 1 M?
Na = Na = Na + € )

z z NS (3.6)
b =1 -

These are the exact relations. In our applications, we will generally neglect M?e~* com-
pared to 7.mps. That is, we consider the virtuality M2e~" of a splitting to be small com-
pared to the momentum scale of the hard process, M?, which, in turn, is always smaller
than nanys.

Transverse momentum. The angle ¢ is the azimuthal angle of k. The magnitude of
k| is related to z and y:

0= ﬁ$n+1
= (1—2)y2pa-pr — k3 (3.7)
= (1 —2)M?et — k2 .

Thus
k2 = (1 —z)M?et. (3.8)



If we use z and ¢ (along with y or t) as our splitting variables, then ki is a derived
variable. Alternatively, we can use k; (and thus ki and ¢) as splitting variables. Then z
is a derived variable.

Lorentz transformation. If y # 0, momentum difference p, — py,+1 is not exactly equal
to p,. In order to maintain momentum conservation at each step in the shower, we must,
therefore, take some momentum from the partons in the final state at the time of the
splitting. Each parton, with momentum p;, j € {1,2,...,m}, then gets a new momentum
p; after the splitting. This includes the momentum pz = p; of the Z-boson. Following the
shower algorithm of ref. [14], the momenta p; are determined by a Lorentz transformation,
pj = Ap;j with the property

Pa+ Db = Pm+1 = A(pa + pp) - (3.9)
However, we use a different Lorentz transformation from that chosen in ref. [14].7 If
p=apa+fBpy+pL, (3.10)
then p = Ap is given by

p= (1 + y)apa

1 2p, -k k2
+ g TPLEL L Bl (3.11)
1+y 2 pa-po 2pa-py
+pL —aky .
An equivalent form that is useful if a # 0 is
p= (1 + y)apa
2 2
+ —ak
(1 + y)a 2papb
+pL—aky .

The momenta p, and py, are not the Lorentz transformed versions of p, and py. It is,
however, of interest to know what the Lorentz transformation does to p, and py,. We have

k2
Apa = (1+y)pa + Loy —ki,
1+y 2Papb (313)
1
Apy, = .
Pb 1+y Py

The important feature of this is that the emitted parton m + 1 has transverse momentum

k| and the momentum Ap, of parton “a” caries the recoil transverse momentum —k; .

"The choice of Lorentz transformation in ref. [14] does not distribute the recoil transverse momentum,
—k1, in the physically most sensible way. The transformation defined here allocates the recoil transverse
momentum to each final state particle proportionally to the share of the total momentum in the direction of
pa that is carried by that parton. One could use the momentum mapping from ref. [14], but the argument
of this paper would then need some additional steps.



We can understand what happens to this recoil transverse momentum by thinking of the
shower as proceeding forward in time (oppositely to the way it is generated). Initial state
parton “a” with momentum Ap, can emit more daughter partons. But a share of the
transverse momentum —k | is finally transmitted to the Z-boson.

Let us now look directly at the transformation of the momentum py of the Z-boson.

We start with

M? + p} 1 M? + p} 1
bz = \/ 7 eY Da + o eiy Pb +pZ,L (3 14)
S Ta S b :
= ZaPA + TbDPB + Pz, L,
with
\/M2 ' pZZ Ly
Ty = 5
§ (3.15)
\/M2 FPo Y
Ty, =
s
Then
Mgy, o1 e, oo
Dz = \/ e’ " pat e py+pzl - (3.16)
S Na S b
Here
R T
pva :pZ,L_ akl. (317)

Thus the Z-boson gets a share x,/n, of the recoil transverse momentum. The new rapid-
ity is

(3.18)

; 1 M? + p;
Y:Y—i—log(1+y)—2log< -

2
M?+py |
This transformation law is complicated. However it simplifies in the limit that we need

for this paper. Let us denote by P the Z-boson momentum without its transverse part,

P = x,pA + 2ppB - (3.19)

We are interested in the development of the Z-boson transverse momentum in the region
p227 | < M?. Therefore we take
P?=M?. (3.20)

Furthermore, the development of the Z-boson transverse momentum distribution is con-
trolled by splittings with y < 1. Therefore, we neglect pQZJ_/MQ, pAQZJ_/MQ, and y compared
to 1 in eq. (3.18), giving

Y=Y (3.21)

in each splitting. With these approximations, x, and x}, are fixed:

)

T, = e
32 (3.22)
M
Ty = \/ e Y.
S



With the approximations eq. (3.22), we have

Taly _¢
= e .

= 3.23
Y Nallb ( )

Although z, and zy, are fixed, the momentum fractions 7, and 7, can change if there is a
collinear splitting of an initial state parton.®

Although we neglect the transverse momentum of the Z-boson in computing its mass,
we track changes in the transverse momentum as the Z-boson recoils against emissions
from the initial state partons. For an emission from initial parton “a”, the new Z-boson

transverse momentum is

R T
Pz =pz1L— ki, (3.24)

a

as stated in eq. (3.17).

4 Analysis framework

The equations of ref. [14] specify quite precisely the evolution of a certain kind of parton
shower. In order to analyze what the parton shower thus defined produces for the transverse
momentum distribution of a Z-boson, we develop in this section some theoretical structures
beyond those presented in ref. [14].

4.1 Measurement operators Q

We are interested in the differential cross section as obtained in the shower at the shower
final time tg,

dp:lgdy = (pL,Y|p(ty)) - (4.1)

In this paper, we will find it useful to represent the desired measurement with the aid
of an operator Q on the space of statistical states,

(pL, Y1) = (1]QpL,Y)|p(t)) - (4.2)
Here Q(p,,Y) is defined by

Q(pJ_a Y)‘{pa fa 8,7 C,7 S, c}m)

1 PZ'pB> ) ;o
=0 - 0 1 -Y )92 96,9, Cim ) .
(pz1L—p1) <2 og (pz-pA Hp, f.s',c s, chm)

(4.3)

In the subsequent subsections, we will extend this notation in which an operator Q deter-
mines a measurement on the statistical state.

8We will see, however, that the real emissions that we need to analyze to follow the development of the
Z-boson transverse momentum distribution have (1 — z) < 1. For these emissions, the change in 1, and n,
is negligible.

,10,



4.2 Fourier transformation

As was noted by Parisi and Petronzio [24], it is useful to analyze the evolution of the
Fourier transform of the transverse momentum distribution. Thus we study

[ o P Y 10(0) = (1120 (4.4)
where?
Qb Y){p, f.5'.¢ s, chm)
— (27) 2e 0Pz 5(3 log <pZ'pB> - y) {p, £, ¢ 5, chm) -

Pz-paA

(4.5)

We will refer to (1/Q(b,Y)|p(t)) as the b-space hadronic cross section.

4.3 Tracking the momentum fractions and parton flavors

For our analysis, we will want to keep track of the parton momentum fractions, 7, and ny,
and the flavors, a and b, of the incoming partons. Thus we consider the function

(11Q(6,Y; 7,1, a,b) | (1))
where
Qb,Y 3 7la, b, @ b)[{p, f,', ¢, 5, )
= (27)"2 P21 5(2 log (pz'p3> — Y) (4.6)

bz:-pa
X 80,5 0,5 0 (M — 71a) 6(1m — 1) [{ps £, 8", ¢ 5,¢}m) -
4.4 Evolution of the perturbative statistical state
The statistical state vector |p(t)) according to our definition contains a factor

faya(na, M2e™") fi) 5 (my, M?e™")

4.7
4ne(a)ne(b) 2namn PA-PB (47)

This factor gives the parton-parton luminosity. Here fa/A(na,,uQ) and fb/B(nb,,uQ) are
parton distribution functions and n.(a) and n.(b) are the number of colors carried by
partons of flavors a and b, namely 3 for quarks and 8 for gluons. We define an alternative
state vector | ppert(t)) in which this non-perturbative factor is removed:

({p. £, ¢\ 5, chmlp())

Jaya(na, M?e™) f 5y, M?e™") (4.8)
- Ane(a)ne(b) 2nanupa -PB ({p, f, SI’ Cl’ 55 C}m‘ppert(t)) :

A convenient notation for this is

|p(t)) = F(1)| ppert (t)) (4.9)

9We use the same letter, Q, for three different operators, Q(p.,Y), Q(b,Y) defined here, and, in the
following subsection, Q(b,Y; Na, b, a, b). It should be clear from the context which operator is intended.

— 11 —



where F(t) multiplies by the parton distribution factor,

faya(na, M2e™") fi) 5 (my, M?e™")

t ) ) 8,7 cl? 87 c m -
. f bm) dnc(a)ne(b) 2namupa -pB

{p, f,8, 5, chm) - (4.10)

The evolution equation for ‘ ppert(t)) can be determined from the evolution equa-
tion (2.9) for |p(t)) We have

i 7 0] lows0) + 20) yoen(8) = (000 = VOF Ol . (@1

;‘ppert(t)) = f(t)_l[HI(t) - V(t)]]:(t){ppert(t))

. (4.12)
=07 | 50 o)
We can write this as
jt|/)pert(f)) = [HP™ () = VP ()] ppens (1)) - (4.13)
Here the revised real and virtual splitting operators are
HP™ () = F(OT 10 F (W)
VPert (1) = F (1) V() F(E) + F ()] [jt }'(t)} i)

=V(t)+ F(t) [jt }'(t)} :

In the last line here, we have noted that F(¢) commutes with V(¢) since V(t) does not
change momenta or flavors.

For the perturbative real splitting operator, we have

({p, f.,¢, 8, mua[Hi®){p, £, ¢, 5, ¢hm)
nc(a) () namp f&/A(Ua,Mze_t)fA/ (i, M2e7)
nc( n ()Uanb fa/A(nanM e” )f/ (my, M?et)
({p, .8 c}m+1‘Hpert |{p, f.8,d s, chm)

(4.15)

X

The factors in the second line appear in the definition of the matrix element of H; in

ref. [14]. Thus to obtain the corresponding matrix element of H>'(t), we simply omit

these factors. We will present detailed formulas for Hpert( t) and VPet(t) at the point that
we need them.

4.5 The function to study

The physics that we want to study is contained in the function defined in section 4.3, in
which b and Y are measured and, in addition, we measure 7,, 1m,, a and b. As noted in
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the previous subsection, this function contains a nonperturbative factor that specifies the
parton luminosity. We remove this factor and study

(1| Q(b’ Y; Mas b, A, b) ‘ppert(t)) .

We will refer to this function as the b-space partonic cross section. Once we have the b-space
partonic cross section, we can obtain the b-space hadronic cross section (1‘Q(b, Y)‘ p(t))
by convolving it with parton distribution functions according to

1 1 fara(Ma, M2e78) fo5(my, M2e™)
a/A Na, b/B b,
119(b,Y)|p(t)) = /dna/dn
(1]Q®,Y)|pt)) ;;; ; o P dng(a)ne(b) 2namepa-pB (4.16)
X (1‘Q(bay;na777b7a7 b){ppert(t)) N
This relation is obtained using egs. (2.3), (4.5), (4.6), and (4.8).

Our aim is to study how the b-space partonic cross section develops as the shower time
t increases. At shower time 0, it is determined from the Born cross section, as in eq. (2.8),

(1| Q(b,Y;0a,m, a,b) ‘ppert(o)) =12a Qup Ty 6(Na — xa) 5(77b - xb) ) (4-17)
with
M? M?
Ty = \/ eV, xp = \/ eV, (4.18)
s s
and

Q=0 a=gorb=g,

[1 — 4eq|sin?(Ow)]? + 1 (4.19)
I db+#g.
Qab = 0aj 16 sin?(Ow) cos?(Oy) afgandbe

Note that the partonic cross section at t = 0 vanishes unless a is a quark or antiquark flavor
and b is the corresponding antiflavor. There is no dependence on b because the correspond-
ing transverse momentum dependent cross section is proportional to a delta function of the
transverse momentum. As the shower evolves, we expect (1{ Q(b,Y;na,Mp, a,b) ‘ppert(t)) to
develop some dependence on b.

We begin the study of the evolution of this function in the next subsection by outlining
some key ideas that will go into the derivation.

5 Outline of the derivation
We are now in a position to outline the derivation that follows, leaving out most of the

details and certain subtle points. One of the subtle points is the running of «g. For the
purposes of this section, we consider ag to be constant.

,13,



5.1 Emission kinematics

We will find that the transverse momentum of the Z-boson is the primarily the result of
recoils against emission of soft gluons from an initial state quark or antiquark. As we
saw in section 3, an initial state splitting can be described by splitting variables {¢, z, ¢}.
The shower time t gives the virtuality of the splitting. The momentum fraction of the
emitted gluon is (1 — z), so that for soft gluon emission we have (1 — z) < 1. The
transverse momentum k| of the emitted gluon has azimuthal angle ¢ and magnitude given
by eq. (3.8), k% = (1 — z)M2e".

It is useful to represent splittings by points in the plane of ¢ and log(ki /M?), as in
figure 2. An allowed splitting has (1 — 2) < 1, so log(k? /M?) < —t. That is, allowed
splittings are represented by points below the line labelled “(1 — z) ~ 1”7 in figure 2. One
should view this line as having a thickness of order 1. As we will discuss in some detail,
for a given ¢, the splitting probability dP from ref. [14] has a term with

dz

l—z+et’ (5.1)

AP ~ 4Cp % dt
2

including a factor 2 due to having two incoming partons that can radiate. This means that
splittings are not simply concentrated along the line (1 — z) ~ 1, but are spread over the
region below this line. In fact, a splitting probability proportional to dtdz/(1 — z) would
give splittings uniformly distributed in log(k? /M?) and t. However, there is an effective
cutoff at the line (1 — z) ~ e~!. Thus the splitting probability is approximately constant
in the region e < (1 — z) < 1 indicated in figure 2.

We are interested in the partonic b-space cross section. For this quantity, a real emission
produces a factor exp(ik, -b), which simply comes from taking the Fourier transform to get
to b-space. For this reason, the line k% ~ 1/b? in figure 2 is significant. If we integrate the
real emission probability over an interval of k| in the region k2 >> 1/b%, the factor exp(ik, -
b) averages to zero. That is to say, maintaining a non-zero (1| Q(b,Y;na,mp, a, b)‘ppert(t))
requires not emitting gluons with k2 > 1/b%. In the region k% < 1/b%, gluons can be
freely emitted into the final state. We represent gluons that might be emitted in a typical
event contributing to (1{ Q(b,Y;na,mp, a, b)‘ppert(t)) by filled circles in figure 2.

Of course, if there is an approximately uniform probability of emitting gluons in any
differential unit of area dlog(k? /M?)dt, then the probability that no gluons are emitted
for ki > 1/b% is small when b? is large. It is approximately

e S~ exp<—4CF ;‘W A) , (5.2)

where A is the area of the triangle in figure 2. This Sudakov factor gives, approximately, the
b-dependence of the partonic b-space cross section that we seek. In the following sections,
we fill in the details of this argument and make it more precise. We will find that the more
precise analysis leads to a Sudakov factor similar to that in eq. (5.2), but with running
coupling effects included and an extra “subleading” term.
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log (k1 /M?)

k2 ~1/b° -
N,

Figure 2. Integration region for initial state gluon emissions. The horizontal axis is the shower
time; thus emissions are generated from left to right. The vertical axis is log(k? /M?). The leading

region for emissions lies between the lines labelled (1 — 2) ~ 1 and (1 — z) ~ e~%. The partonic

b-space cross section for emissions with k% > 1/b? approximately vanishes. Thus real gluon
emissions, indicated by small circles, occur near or below the horizontal line k:ﬁ_ ~ 1/b%

5.2 Strategy

We study the evolution of the b-space partonic cross section defined in section 4.5. Using
eq. (4.13), the b-space partonic cross section evolves according to

d

i (1 Q.Y 570,10, 0, 5) | ppert (1))

= (11Q(b, Y39, 1, @, B)[HE™ (£) — VP ()] ppert (1)) -

Our aim is to use suitable approximations to turn this equation into a differential equation

(5.3)

of the form

d
dt(1|Q(b7Y;77a,nb7a7 b)| ppert (1)) = =K (£,0)(1|Q(b,Y ;a1 @, b) | ppers (t)) . (5:4)
This differential equation has the solution

(1 ‘ Q(b’ Ya Tay T, @, b) ‘Ppert(t))

. (5.5)
~ exp <_/o dr K(r, b)> (11Q(b, Y5 1ay my, @, b) | ppert (0)) -

Here the initial b-space partonic cross section has the simple b-independent form given
in eq. (4.17). We will see that the evolution of (1{Q(b,Y){p(t)) stops for t > t. =
log (b2M 2 e2m /4), where g is the Euler . Here t. is approximately the shower time
at which the lines (1 — z) ~ 1 and k% ~ 1/b% in figure 2 meet; we will see later the reason
for the adjustment factor e?’® /4. Then

¢S — exp <— /Otcdf K(r, b)) (5.6)

is the Sudakov factor, for which eq. (5.2) is a simple approximation.
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5.3 Approximations

We will need certain approximations to turn eq. (5.3) into the differential equation (5.4).
We describe these approximations in general terms here.

First, we note that the behavior of the Z-boson p, distribution for pi < M? is
controlled by the b-space partonic cross section for large b%. Thus we are interested in the
b-space partonic cross section in the region 1/(b*M?) < 1. Therefore, we simply neglect
1/(b>M?) compared to 1 everywhere.

Second, we neglect e~! compared to 1. To justify this, imagine letting the system evolve
from time 0 to a time ¢; and then from ¢; to t.. Let ¢; be large enough so that e %t < 1, but
small enough that we can treat t; as not being a large logarithm. Then evolution from 0 to
t; is an approximate version of perturbation theory and gives order o corrections to the
Born cross section with no large logarithms. We ignore these corrections. For the evolution
from ¢ to t., the approximation e~! ~ 0 is justified. Furthermore, we can add back the
evolution from 0 to ¢; using the approximation e~! ~ 0, adding more order a” corrections
with no large logarithms. Then we have evolution from 0 to ¢. with the approximation
e~! ~ 0 at the cost of changing the result by o terms with no large logarithms.

For the same reason, we neglect y, eq. (3.4), compared to 1 and k:2L /M? compared to 1.

Finally, in section 9.2, we will analyze the structure of the splitting function near the
line k:2L = 1/b%. For this analysis, we will make what might be called a low density ap-
proximation. For initial state emissions, according to eq. (5.1), the density of emission
points per unit dt and dlog(k? /M?) is proportional to as. We treat as as small. Con-
sider, then, two emissions, one with parameters {tl,log(kil /M?)} and the other with
parameters {tg,log(kiz/MQ)}. Suppose that to > ¢; and that each of these emissions
is not far from the line kﬁ_ = 1/b%. Since the density of points is small, the distance in
the {t,log(k? /M?)} plane between any two points is typically large. This suggests that
we can neglect e~(t2=1) compared to 1. To see whether this is justified, suppose that we
modify the shower algorithm so that it is not allowed to have two splittings be close to the
line k:2L = 1/b% and close to each other. More precisely, choose a distance parameter dy
and require that no two splittings have |log(k? b*)| < dp and simultaneously t2 — t; < dp.
Choose dy such that e~ is small enough to be neglected but dy is not so large that it
constitutes a large logarithm. Then it is valid to replace e~ (2=%1) by zero for any splittings
that are not excluded.

The exclusion prescription can be constructed in a different way. Generate 1 — 2
splittings without restriction, but add a new splitting function that describes a 1 — 3
splitting: incoming parton “a” emits partons 1 and 2 in the region |log(k? b?)| < dy and
to —t1 < dp. The probability for this new splitting should be negative and just big enough
to cancel the probability for parton “a” to first emit parton 1 and then emit parton 2 in
this region. One then needs to add similar 1 — n + 1 splittings for n > 2 to cancel the
probabilities to have more than two splittings that are to close the line ki = 1/b% and
to one another, but we limit this discussion to the simple 1 — 3 case. The new 1 — 3
splitting probability is proportional to o and the excluded area, d%. With our choice of
dy, this area is not large.
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The new splitting function will modify the Sudakov exponent by adding a term pro-
portional to @ and to the length of the line kﬁ_ = 1/b? between the two limits in figure 2,
namely At = log(b>M?)/2.

We conclude that replacing iterated splittings by zero in the region in which the ap-
proximation e~ (2=%) ~ 0 is not good results in modifying the Sudakov exponent by terms
of order a?log(b®M?). What we actually do is to replace these splittings by what the
inaccurate approximation e~ (27%1) ~ 0 gives. As long as this approximation results in a
fractional change of order 1 in the iterated splitting probability, we also modify the Sudakov
exponent by terms of order a2 log(b?M?).

The true QCD Sudakov exponent as discussed in section 12, has an expansion in
powers of ags. In the coefficient of a2, the term with the most powers of log(bQMQ) is a
constant times a2 log®(b2M?). The next—to—leadlng term is a constant times a2 log?(b>M?).
Thus terms of order a2log(b?M?) are third-to-leading. The low density approximation
discussed here changes these terms in an uncontrolled way.

We have not analyzed here the effect of 1 — n+ 1 splittings for n > 2 that are induced
by this approximation. However, it should be clear that these induce a” log(b®M?) changes
in the Sudakov exponent.

6 Evolution of the partonic cross section

We can now begin to simplify eq. (5.3), which gives the evolution of the b-space partonic
cross section.

The operator VP (¢) acting on a partonic basis state Hp, 1,8, s, c}m) does not add
a new parton or change the parton momenta or flavors. For this reason, Q(b,Y; 0,4, np, a, b)
commutes with VP (¢). Thus eq. (5.3) becomes

d er
dt (”Q(b,Y;??a,nb,aa b){ppert(t)) = (”Q(bay;??a,ﬁb,a, b)H§ t(t)

— VP Q(B, Y 3 1as s @, ) | ppert () -

(6.1)

pert( )

The operator H does add a new parton and does change the parton momenta.

Thus it does not commute with Q. To analyze what happens, we break 'H{’ ert(t) into
three parts:

H{)ert( HFS / dZ/ ¢Z Hpert t: 2, ¢, f)

/

/dz/_ﬂ ‘bZHpm(, %0, f') .

/

(6.2)

Here Hps(t) is the part of Hpert( t) that generates the splittings of final state particles.
We have dropped the “pert” notation here because, in the definition of ref. [14], a final
state splitting does not involve a factor of ratios of parton distributions, so that the part
of HP''(t) that creates a final state splitting is the same as the part of Hj(¢) that creates
the same final state splitting. In the second term in eq. (6.2), we let HE™'(t) be the
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part of errt(t) that generates the splittings of the incoming parton from hadron A. We
have decomposed this operator further as an integral and sum of ngrt(t; z,¢, f), which
generates the splittings of the incoming parton from hadron A in which the momentum
fraction and azimuthal angle of the splitting are z and ¢, respectively and the flavor of the
emitted parton is f’. (For our analysis, f' = g is the most important choice.) Similarly,
HP (t; 2, ¢, f') generates the splittings of the incoming parton from hadron B. In a similar

way, we can divide the virtual splitting operator into three parts,

1 T d
V() = Ves()+ [ dz [ 003 v izor)

4 (6.3)

6.1 Final state splittings

Consider first the effect of a final state splitting. Using the definitions of ref. [14], we find
that a final state splitting replaces one final state parton by two daughter partons, but its
effect on the rapidity and transverse momentum of the Z-boson is negligible. When parton
[ with momentum p; splits to form daughter partons [ and m + 1 with momenta p; and
Pmt1, an amount of momentum Ap = p;+p,,11 —p; must be taken from the other final state
partons. The splitting can be characterized by the virtuality variable y = p;-pm1/p01- @,
where Q = p, + pp. With the splitting kinematics of ref. [14], the needed momentum is

Ap:—<1—A>pz+<1—A+y>pé2'§2 Q, (6.4)
where
_ 2 QQZN_<Q2_>
A \/(1+y) Yoo~ Y oY) T (6.5)

Note that 1 — A\ o< y for y < 1. The momentum Ap is supplied by applying a Lorentz
transformation to each final state parton i with ¢ ¢ {l,m+1}: pi = A% p?. In particular, the
momentum pyz of the Z-boson is transformed with p), = A% p%. The Lorentz transformation
A is defined in ref. [14]. It transforms p, + pp, — p; into pa + Py — Dy — Pm+1, leaving invariant
vectors that are orthogonal to these two vectors.

As discussed in section 5.3, it suffices to consider only splittings with y < 1. Fory < 1,
Ap is proportional to y and hence A% — 6% is also proportional to y. Thus the change in
the Z-boson momentum is small. In particular, the rapidity of the Z-boson changes very
little, by an amount proportional to y. We can neglect this small change.

Evidently, the change in the Z-boson transverse momentum must also be small, but
this statement is not helpful because we are trying to track small changes in the Z-boson
transverse momentum. To see what happens, we note that the needed transverse momen-
tum is

Apr=—-(1-XNpyL . (6.6)

A fraction of this transverse momentum will come from the Z-boson. Now, we are studying
the evolution of the probability that the Z-boson transverse momentum pz | is small and
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remains small. For this to happen, the transverse part of p; must be small, of order pz |
or smaller.!Y Thus, recalling that (1 — \) is of order y, we have

Pz —pz1~Cypz ., (6.7)

where C is of order 1 or smaller. That is, the fractional change in the Z-boson transverse
momentum due to a final state splitting is negligible.

This discussion can be summarized by saying that, to a sufficient approximation,
Q(b7 Y7 Nas oy A, b)HFS (t) ~ HFS(t) Q(b7 Y7 TNa, b, @, b) . (68)

This gives

d
dt (1| Q(b, Y;?]a, M, @, b) |ppert(t))
~ (1‘ [HFS(t) - VFS(t)] Q(b) Y’ TNas T, A, b)‘ppert (t))
1 T d
- /0 = /_ﬂ 23: > (1O, Y51 m, a, DYHE (£ 2,6, f)

= (6.9)
— Vgert(t, Z, ¢, f/)Q(b7 Y7 Mas b, @, b){ppert(t))
1 ™ d T /
+/0 dz/ ;Z (1[Q(6, Y5 1, 1y, @, YHY™ (5 2, 6, f)
—T7 f/
— VPt 2, ¢, f)Q(B, Y 3 1y 1 @, D) ppers (1)) -

This is useful because the definition of Vpg(t) is based on the requirement, designed to
insure that the shower conserves probabilities, that

(1|[Hrs(t) = Vrs(t)] = 0. (6.10)

Thus the first term in eq. (6.9) vanishes. We must analyze initial state splittings, but we
can ignore final state splittings entirely.

6.2 Initial state splittings

We now turn to initial state splittings. We relate Q applied after the splitting to Q applied
before the splitting. The relation is

O(b. ¥ i . DPHE (112,61 = HE™ (12,6 F ) exo (i 1 bk )

X ZQ(ba Y7 Zﬁaaﬂhd - f/7 b) .

To understand this, first look at the b dependence, using the definition (4.6) of Q. When
we apply the operator Q after the splitting, it produces a factor exp(—ib-py ) where

(6.11)

Pz, is the Z-boson transverse momentum after the splitting, which is related to the Z-
boson transverse momentum after the splitting, pz |, and the transverse momentum in
the splitting, k, by eq. (3.24),
. T
Pz =pz1—  ki. (6.12)
a

1OWe discuss this in section 9.1.
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Recall that k, is specified by z and ¢: it has azimuthal angle ¢ and square k2 = (1 —
z)M?e~t. Thus

exp(—ib-pz | ) = exp(—ib-pz ) exp <i za b-kl> . (6.13)

The factor exp(—ib-pz 1) is generated by the Q operator before the splitting but the
second factor in eq. (6.13) must be supplied. The dependence on the momentum fractions
is simple. According to eq. (3.6), the momentum fraction 7, is unchanged by the splitting,
while he momentum fraction 7, after the splitting is related to the momentum fraction 7,
before the splitting by n, ~ z7),. Thus the 7, argument of Q@ before the splitting is 27, and
there is a jacobian factor z because Q is defined with a delta function. Finally, the flavor
a after the splitting is related to the flavor a before the splitting by a = a — f’, where we
use the notation v — g =u, g — u = u, etc.

With these observations, our equation for the variation b-space partonic cross section
with shower time is

d

1 (1 Q.Y sk i, . D)  ppere (1)

1 T d¢ .
~ [ [ o 2 (L0550 ¥ .50

1 T d -
+/0 dZ/_7r Qf;(lVCb(t; 2,0, 30, Y ; Tla, i, @, 0) | ppert (1))

(6.14)

where IC, describes a splitting of an initial state parton “a” from hadron A and is given by
(LKa(t; 2,0, /3. Y3 Ty, @, B) | ppere (1))
= (126 en (i 22 b ) 200 Yisi - 118) (6.15)
— VUt 2,0, )b, Y3 7a b @, b)| ppert (1)) -

The operator Ky, for a splitting of the initial state parton from hadron B is the same with
the roles of “a” and “b” are interchanged.

7 The real splitting function

At this point, we need to know some details about the operation of HE™"(t;z, ¢) on a
general partonic state ‘{p, f.s,c ,s,c}m). Fortunately, we need only the inclusive split-
ting probability

(R (12,6, )] D, £.5',¢ 5, Chn) - (7.1)

Formulas from refs. [14-16] for this quantity are reviewed in appendix A. The most im-
portant case to consider is that of a ¢ — ¢ + g splitting or a § — ¢ + g splitting. However,
we include all flavor choices. We treat separately two kinematic regimes: (1 — z) < 1 and
(1 — 2z) ~ 1 since the results in these two regimes have rather different structures. Our
subsequent analysis of evolution will make use of the results in these two regions.
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The operator HE®" contains a factor og. In ref. [14], the argument of ag was denoted
by ,u%{ and left unspecified. In general, ,u%{ can be a function ,u%{(z,t) of the kinematic
variables that describe the splitting. Our default choice in this paper is

pi = Ar(l =z +y)M?e", (7.2)
where
CA[67 — 372 — 10m;
AR = — : 7.3
R e ( 3(33 — 2ny) (7:3)

Except when (1 — z) is very small, this is approximately the constant Ar times kﬁ_ =
(1 — 2)M?e~t. In section 12, we will see why choosing ,u%{ approximately proportional
to ki is useful and we will see why the choice given in eq. (7.3) for the proportionality
constant is also useful.

Leaving these points for later, we can immediately understand why a factor (1 —z+1y)
in eq. (7.2) is preferable to the simpler choice (1 — z). As we will see, having a running
scale i} as in eq. (7.2) with either a factor (1 — z +y) or a factor a factor (1 — z) affects
the Sudakov exponent that we obtain in section 12. When ag(u$) is expanded in powers
of ag(M?) one obtains terms proportional to logarithms of (1 — z 4+ %) or (1 — z) times
extra powers of ags. These terms improve the matching between the Sudakov exponent
obtained with the shower and the true QCD Sudakov exponent. We will find that, with
the accuracy of matching that we can obtain, logarithms of (1 — z + y) or of (1 — z) are
equivalent. However, we can still ask which is more desirable in general. The running
as(/ﬂR) incorporates some features of the singularity structure of higher order graphs into
the leading order splitting. We note that the leading order splitting kernel from ref. [14]
has a singularity 1/(1 — z 4+ y). This suggests that the higher order contributions might
naturally contain a logarithm of this same variable, (1 — z 4+ y). In contrast, the leading
order splitting kernel does not have a singularity when (1 — z) — 0 at fixed y, so it would
not be natural to introduce a logarithm of (1—z) into the expansion of as(p%). Indeed, soft
gluon emissions correspond to y — 0 and (1 — z) — 0 together, while (1 — z) — 0 at fixed
y corresponds to an anticollinear emission in which incoming parton “a” emits a gluon in
the direction of incoming parton “b”. There are such singularities, but they are associated
with emissions from incoming parton “b” rather than from incoming parton “a”. For this
reason, our default choice (7.2) for u3 has a factor (1 — z + y) rather than (1 — 2).

71 (1-2)<1

We use the splitting operator for an initial state splitting from ref. [14], using the splitting
variables t, z, ¢ defined in section 3 of this paper. When the emitted parton is a gluon, the
splitting probability has a “soft gluon emission” singularity that corresponds to a factor
1/(1 — z) when y < (1 — z) < 1. In this section, we extract the terms that have this soft
gluon factor; other terms will be included in the following subsection, where we study the
regime (1 — z) ~ 1. We note, in particular, that contributions in which the emitted parton
is not a gluon do not give a 1/(1 — z) contribution.
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To determine the inclusive splitting probability in the soft region (1 — z) < 1, we use
the results from ref. [14] in the limit (1 — z) < 1 and y < 1 but not assuming anything
about the relative sizes of (1 — z) and y. There are quite a number of steps involved, so we
outline the steps in appendix A.

The splitting operator depends on a function Aj,, the dipole partitioning function.
When a soft gluon with label m+1 is emitted, it can be emitted from any of the previously
existing partons. If we pick any two partons [ and &, then there is a contribution to the total
splitting function that corresponds to emission from [ or from £ in the quantum amplitude
and from [ or from k in the conjugate amplitude, including the [-k interference diagrams.
Thus we consider partons [ and k to be a dipole that can coherently emit a soft gluon. The
emission probability is proportional to the familiar eikonal factor p;-px/(Pm-+1-Di Pmt1-Dk)-
We partition this emission probability into two pieces using a dipole partitioning function
Aj.. With probability Aj, the emission is treated as an emission from parton I. Then the
momentum mapping for an emission from parton [ applies. With probability A}, = A}, —1
the emission is treated as an emission from parton k. Here Aj, should approach 1 when
Pm+1 becomes parallel to p; and Aj; should approach 1 when p,, 1 becomes parallel to py.
In this paper, we use the definition in eq. (7.12) of ref. [16],

A Pm+1-Dk D1+ (Pa + Pb)

= o R - R . 7.4
B Bt Pr Dr- (Pa + D) + D1 D1 Dr- (Pa + Do) (7.4)
The choice of A;k matters. We discuss other choices in section 13.2.
After some calculation, we find in appendix A that
(L[zHE" (2, 05 f) [{p, fr 8, ¢, 5, ¢hm)
~ 5f’7g Z <{5/}m‘{5}m>(_1)<{0/}m|Tk'Ta|{C}m>
k#a (75)
2
as (1) 2 _
2 1_Z+yf(z7y7¢,7"k)-

Here r}, is the rapidity of the helper parton k relative to the rest frame of p, + p, and ¢y,
is its azimuthal angle; then f is

-1

Flenain) = 1= VW ooy e | 2 (7.6)

z+y 1—z+4y

Because we are calculating an inclusive splitting probability, indicated by the measurement

function (1], there is a quantum inner product ({s'}m,|{s}n) between the spin states in
the amplitude and the conjugate amplitude.!! There is also a color inner product, which
is non-trivial because it contains a color matrix 7Y for emitting a gluon from line “a” and
a color matrix T} for emitting the gluon from line k, summed over the eight colors ¢ of
the emitted gluon. This same factor appears in the Catani-Seymour dipole subtraction

formalism for next-to-leading order perturbative calculations [25].

"1n a spin averaged shower, {s'}, = {s}m at every step and this factor is 1.
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This splitting function is complicated because of the function f. To understand f,
denote the rapidity of the emitted gluon relative to the rest frame of p, + py, by r. For a
soft gluon, (1 —2) < 1 and y < 1, we have

(1—2)~ey. (7.7)

For a given splitting time ¢, y is fixed and we integrate over z. There is a near singularity
in this integral for (1 — z) — 0, but this near singularity is cut off when (1 — z) becomes
comparable to y. That is, 7 > 1 is favored in the integration. Writing ¢*"y for (1 — 2) in

f(za Y, ¢7 Tk) giVGS

92 -1

. R
f(z7y7 ¢a V"k) € 1+ e—2r

2 cos(6— gu) + 2 (7.8

1+e

We see that when r ~ rg, all three terms in f(z,y, ¢; ) are comparable, so that we have
quite a complicated function. However,

f(zy,d3m) ~ 1 when r > 7y, . (7.9)

We thus see that when the rapidity of the emitted gluon is large compared to the
rapidities of previously emitted gluons, the splitting function simplifies to

(1‘zH§ert(t; 27 ¢7 f/)‘{p7 f7 3/7 cla 87 C}m)
os(pg) 2 (7.10)

~ 8y 3 (bl (s DU D T Talfel) 02
k#a

Now the only dependence on the helper parton index k is through the color factor. This
enables us to perform the color sum as described in ref. [14],

- ; { | T Tal{ctm) = ({}m| Ta- Tl {c}m) = Cal{}m|{c}m) , (7.11)

where

C
c, =16 aFe (7.12)
Cyrn a=g

Thus
(LM (t; 2, ¢ f){p, fo 8, s s, chm)

s (145 (7.13)
g (ol () VR ¢, 2

2 “1—z+y’

That is, using eq. (2.5),

(1‘2H§ert(t; 2, ¢7 fl)|{p7 f7 Sla 0/7 S, c}m)

o (12) o2 (7.14)

%(Sflvg ot a 1 _Z+y (1{{p,f,s’,c’,s,c}m) .
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72 (1-2)~1

Now consider the collinear limit (1 — z) ~ 1. We use the general result from ref. [14],
reviewed in appendix A. We neglect e~ compared to 1 as discussed in section 5.3. As
described in appendix A, the result is a simple color structure that multiplies the standard
(unregulated) DGLAP splitting kernels P, ,(z) and the ratio of the number of colors for
parton flavor @’ = a + f to the number of colors for parton flavor a,

(”Zngrt(t; 2, Qb, fl){{pa fa S/a C/, S, C}m)

. N au(u 7.15
~ CE”LC(_Z)f) gZ’R) iPanrf/ (1|{p7f s'ds c}m)' ( )

8 The virtual splitting function

We now look at the virtual splitting function. We need

(VR (s 2, 0, f){ps f8' ¢ 55 ) - (8.1)
Eq. (4.14) gives
(L{yrert () = (1] | V() + F(t) jt}"(t) . (8.2)

Following ref. [14], we define the virtual splitting operator V(t) from the requirement
(1|v(t) = (1|Hu(t) , (8.3)

which guarantees that shower evolution does not change the cross section when we integrate
over all final states that start from the hard scattering. We break H; into pieces as in
eq. (6.2),

Hi(t) = Hrs(t /dz/7r ¢Z t2¢f)+7'fb(t;z7¢7f')]- (8.4)

This differs from eq. (6.2) in only one respect: the parton distribution factors that were
omitted in the pieces of Hpert( t) are included in the pieces of Hi(t), as indicated in eq. (4.15);

“ 77

for a splitting of parton , using 7, & 1,/2z and @ = a + f’, the relation is

(1 Halt; 2,6, F)|{p, £5',¢ 15, ¢hm)

e a+f’! a/ % M2 (85)
= ni(iﬁ}_é)ff;in(né,MQ y ) (1|zHE" (t; 2,0, YA, [, ', ¢ s, chm)

We can similarly write V(¢) as a sum and integral in the form

V(t) = Vis(t / i [ ﬂ ¢Z Valtizo )+ Wtz )] . (86)
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With this notation, the definition in ref. [14] is
(1Valt; 2,0, ') = (1 Ha(t: 2,0, 1) - (8.7)

The needed matrix element involving the derivative of F(t) is

1 d gg fa/A(na’Mze_t) C(lit fb/B(na’Mze_t)
dt faja(na, M?e~t) fo/B(Nas M2e7t) | (8.8)

X (1‘{177 f7 3/7 cla S, C}m) .
The parton distribution functions obey the DGLAP equation!?

(WUF@ L FO . f.5.¢ 5, chn) = [

d 2 —t ! as(#%{) 1 0
dt fa/A(naaM e ) = — dZZ 9 Pa,a—l—f’(z) f(aJrf/)/A(na/Z,M e )
0 7 T z
- (8.9)
—Ofr g [1 _aZ - %] fa/A(naaMze_t)} +0(a?) .

Here P, ;(z) are the standard (unregularized) DGLAP kernels, C,, is either Cy or C4 as in

eq. (7.12), and
3
Cr a#g
Ya=192 . (8.10)
6 [11CA —2n¢] a=g
Following our default choice (7.2) for the argument of ag, we have used
O (M2R) = oy ()\R(l —z+ y)M2e*t)

in the evolution equation for the parton distribution functions. This is not the standard
choice, but it can be accommodated without changing the parton distribution functions
by modifying the evolution kernel at next-to-leading order and beyond. That is, the terms
indicated by O(a?) are modified from what they would have been had we used s (M ze_t).
These terms do not affect our analysis.

With these results, we can write the complete VP (¢) as a sum and integral in the
form used in eq. (6.3),

1 T d
VPert(t) = Vg (1) + /O dz / sz V2,0 /) R (G20 )] (3.11)
21 L

For VR (t; z, ¢, f'), we have
(1|V§ert(t;z,¢, f/)|{p, 7/, s’,c/,s,c}m)
_16(@) frarpry/a(ia/z, M?e™)
ne(a+ f') faya(na, M2e~t)

Coslmh) [y Teryaln/z 02T 120,
2 U 0T R P

X (1‘{177 f7 3/7 cla S, c}m) .

This simplifies in two limits, which we now discuss.

(1|ZH§ert(t; 2, ¢a f,)‘{pa fa 3,5 C,a S, C}m)
(8.12)

121f the parton distributions used in shower generation obey the second or higher order DGLAP equation,
then there are more terms with extra powers of as. We do not display possible higher order terms in order to
keep the notation from becoming complicated, but in the end we will find that their inclusion would change
the Z-boson transverse momentum distribution at a level that is beyond the accuracy that we aim for.
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8.1 (1-2) <1

Consider the limit (1—2) < 1. Then the leading terms in V5 *" contain a factor that equals
1/(1 — z) as long as 1 — z > y; contributions without this factor can be neglected. There
is no such factor unless f’ = g. Thus only f/ = g is important. In the factors with ratios
of parton distributions, a + f/ = a and 1, /2 & n,; thus these factors are well approximated
by 1. This gives

(1‘1}};61‘1:(15; 2, ¢7 fl)‘{p7 f7 SI7 cla S, C}m)

~ 5f/,g(1 Zngrt(t; Z, ¢a f,){{pa fa 5,5 C,, S, C}m) (813)
Qg (IUQ) 2C,
—Ofrg QWR {Pa,a(z) . —i—’ya}(l!{p, fo8'd s chm)

In the second line on the right hand side of this equation, P, ,(z) contains a term pro-
portional to 1/(1 — z). Other terms, which do not contain this factor, can be ignored.
Similarly, we can ignore the term —, since it has no 1/(1 —z). In fact, the term in P, ,(2)
proportional to 1/(1 —z) is 2C, /(1 — 2z), which cancels the term —2C, /(1 — z). This leaves
the very simple result,

(1|V§ert(t; 2, Qb, fl){{p’ fa 3/5 C/, S, C}m)
ert / /A (814)

~ O g (L 2HE™ (82,0, f) D, £, 5. ¢ 5, chm) -
82 (1—-2)~1

Now consider the collinear limit (1 — z) ~ 1. For the matrix element of H5*" in this limit,

we use eq. (7.15). This gives

(1{V§ert(t; 2,0, ) { {p, f,s',c s, c}m)

f(a-l-f’)/A(na/Za M 26%) Qs (N%{) ]
2 P, ' 1
Zfa/A(na,M2eit) or a,a+f (Z) ( ‘{p7 f73 , C 7870}771)

_as(pR) { Prv () St ralm/2 AT { 20, ]
2 ’ 2 faya(Na, M2e™?) S
X (1‘{1), f, s',c’,s,c}m) .
The two terms involving ratios of parton distributions cancel, leaving the very simple result,
(L[vRers(t; 2,0, f)|{p, £ 8, s s, hm)

as(pk) [ 2C,
2 1—2z

(8.16)

~ 5f/7g - 7a:| (1{{]97 f7 8,7 0,7 S, C}m) .

9 Evolution for t < t.

The lines k2b* ~ 1 and (1 — 2) ~ 1 in figure 2 cross at a shower evolution time given
approximately by ¢ = log(b?M?). At this time, the nature of the evolution of the b-space
partonic cross section changes. We define a critical shower evolution time t¢. by

1
t. = log (4 b*M*> e2VE> . (9.1)
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Here g is the Euler constant. We will see later the reason for the factor exp(2yg)/4. In
this section, we make use of the results from the previous section to analyze the evolution
before t., et > e~ e,

Recall from eq. (6.14) that that the evolution is specified by operators that we called
Ko and ICy,

1‘Q(bay;naanb7a7 b)‘ppert(t))
- /1dz/7r S (UKt 2,6, 136, Y 1000 0, B) e (0) (92)
0 . 27T al\ly, <, ¥, y Us y Hay » Wy pert

f/
+ (b splitting term) .

d
!

The operator IC, is defined in eq. (6.15). We will analyze IC,; the analysis of Iy, is the same.
In the end, K, is very simple. However, we will have to analyze it in stages, pruning
away complications at each stage.

9.1 Distribution of final state partons

We are concerned with the evolution of the b-space partonic cross section,

(1| Q(b7 Y7 77a7 77b7 a7 b)‘ppert(t)) .

This is an inclusive quantity, but we first note something about the structure of the partonic
final states that contribute to it. Recall from its definition (4.6) that Q contains a factor

Jj>1

where p; | is the transverse momentum of the jth final state parton (other than the Z-
boson). When we form the b-space partonic cross section, we integrate over all of these
transverse momenta. The integration region in which one or more partons have pi L >1/ b?
gives a negligible contribution because the exponential factor exp(ip; | - b) averages to
zero. It is as if Q contained a factor [, H(pi | < C/b%), where C is a constant that is
large compared to 1 but with log C' not large. That is, Q effectively projects onto partonic
final states in which no partons have been emitted in the region above the line ki ~ 1/b?
in figure 2.

One simple consequence of this concerns any real parton splitting that has the potential
to change the flavor a or momentum fraction 7, of parton “a”. Such a splitting must be
close to the line (1 — z) ~ 1 in figure 2. To see this, note first that in order to significantly
change 7, it is necessary that (1 —z) not be tiny compared to 1. Second, in order to change
the flavor a, the parton emitted into the final state must not be a gluon, but the splitting
functions for these splittings do not have (1—z) — 0 singularities and hence have negligible
probabilities of occurring with (1 — z) < 1.

We now note from egs. (3.8) and (9.1) that

1 —
k2 = 402 bzzetc*t . (9.4)
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Thus any emission with (1 —z) ~ 1 and e! > e’ has k? > 1/b?. We conclude that all
emissions that contribute to the b-space partonic cross section for ¢ < t. leave the flavor a
[P

of parton “a” unchanged and leave its momentum fraction n, approximately unchanged.
Thus the initial conditions

Ta = Ta , T = Tp (95)

remain (approximately) true and the flavors a and b of the incoming partons do not change.
With eq. (9.5), eq. (3.23) for the splitting variable y reads

Yy = eit . (96)

In the following section, we note another consequence of the fact that Q effectively

projects onto partonic final states in which no partons have been emitted with ki > 1/b%.

9.2 Angular ordering

In the range e ™! > e’ and k? ~ 1/b?, both real and virtual emissions contribute to the
evolution. For e™* > e~ and k% > 1/b% only virtual emissions contribute. In either
case, it appears that the analysis of the evolution will be very complicated. The virtual
emission operator V2 (t; z, ¢, g) is given in eq. (8.12) in terms of the real emission operator
HE" (t; 2, ¢, g). The real emission operator is given in eqs. (7.5), (7.14), and (7.15). Here
is where the complications are. There is a certain algebraic complexity and there is a
non-trivial color structure. Worse, there is a sum over helper partons with labels k, with a
different splitting function for each k. Thus, in order follow the evolution of the inclusive
quantity (b,Y| ppert(t)), it appears that we need to track the structure of the complete
partonic state.

Fortunately, there is a simplification available. We consider the real or virtual emission
of a gluon with k% > 1/b? at shower time ¢ with e~* > e ', The rapidity r in the Z-boson
rest frame of the gluon is approximately given by

1 (kL Ta
r—t+2log <M2> + log <z:ca> (9.7)
as long as e~! < 1. Using eq. (9.5), this becomes
1 k2 1
r—t+210g <M2>+log (z) . (9.8)

Curves of constant r are shown in figure 3.

The rapidity of a previously emitted gluon (that is, a real gluon in the final state) is

1 k3

3This would not be quite so bad in the leading color approximation generally used for parton showers.
Then, we would need only the momentum of the parton that is color connected to the incoming quark or
antiquark, which would generally be the gluon previously emitted from that incoming parton line.
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log (k1 /M?)

TN

Figure 3. Integration region for initial state gluon emissions, as in figure 2. The slightly curved
lines indicate lines of constant rapidity for the emitted gluon, with rapidity near 0 at the left and
large rapidity on the right.

Here we have omitted the log (1/z;) because any previously emitted gluon would have had
(1 —2z) < 1, so log (1/z) ~ 0. Since the gluon was previously emitted, we have ¢ < t.
Since it was a real emission, the transverse momentum satisfied k:2L » S 1/b%. On the other
hand, k% > 1/b?. Additionally, log(1/2) > 0. From these inequalities, we conclude that

re S (9.10)

If either ki > b? or kik < b?, we have
e > 2 (9.11)
In the event that k:2L and kik are both of order 1/b?, this strong inequality may not hold.
However, the emission probability per unit ¢ and per unit log(ki /M?) is small, of order

as. Thus we can apply the low density approximation developed in section 5.3 to conclude

that in this event we can approximate
et > et (9.12)

at the cost of affecting terms in the Sudakov exponent that we will obtain at the level of
third-to-leading terms and beyond. Eq. (9.12) then implies eq. (9.11).

For this reason, we can make the approximation eq. (9.11) in the expression (7.5) for
ngrt(t; z,¢,g). This gives the much simpler formula eq. (7.14), for which the details of
the state of the shower at time ¢ are not needed.

We are now prepared to write an evolution equation for (1| Q(b,Y;7a,Mp, a,b) ‘ppert(t))
for t < log(b*M?). We consider first z < 1, then z ~ 1. Then we combine these two cases.

9.3 Contribution from (1 —z2) <« 1

In this subsection, we consider C, in the region

11—z« 1, et el (9.13)
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That is, we consider splittings that are represented by points well below the line (1—2) ~ 1
in figure 2 and well to the left of ¢ = ¢. that passes through the lower right vertex of the
triangle. In this region, gluon emission from line “a” is important because the splitting
function has a term with a 1/(1— z) factor. However, splittings with f’ # g lack this factor

and may be omitted. With this approximation, eq. (6.15) becomes

(”’Ca(t;Z, gb, f/; b, Y; Ta, b, A, b) ‘ppert(t))
~ O g (1/HR (8 2, ¢, 8) exp <i :; b"ﬂ) 29(b,Y; 204, My, a, b) (9.14)
— VR (t; 2,6,8) Q(b, Y50, 1, @, ) | ppert (1)) -

Since 1 — z < 1, we can also replace z by 1 in the exponential factor and in the argument

of Q(b,Y; 2na,mp,a,b). We can also use eq. (9.5) to replace x,/n, in the exponent by 1.

Vpert

Finally, we use eq. (8.14) for V;"~ . With these changes, we have

(1 "Ca(tv z, ¢7 f/v b7 Y7 Nas T, A, b) ‘ppert (t))a,b;ég

(9.15)
~ 6f/,g (1 Z’ngrt(t; z, ¢, g)Q(b, Y 0a, b, a, b){ppert (t)) [exp(i b'kL) - 1] .

We can make one more simplification. The right hand side of eq. (9.15) vanishes when
ki < 1/b%. In the alternative case that ki > 1/b%, we can apply the lesson of section 9.2
so as to use the simple form of (1‘2H§ert given in eq. (7.14),

(1‘2H§ert(t; 2 ¢7 g) { {pa fa 8,7 0,7 S, c}m)

; 9.16)
Qg | 1 (
~ Sgﬂ-R) al—Z—{—e*t (1|{p’f’5/’c/’8ac}m) .

~

Here we have replaced y by e~! according to eq. (9.6). Thus

(”’Ca(t; Z, ¢, f,§ b, Y 14, b, a, b) ‘Ppert(t))
2
. 1
~0p g “ gZR) Cal_yo ot lexp(ib-ky) — 1] (9.17)
x (1|Q(b, Y ; 1a; M, a, ) | ppert (1)) -

Of course, the expression that we have used for (1‘27—[56rt is not accurate in the region
ki < 1/b%; nevertheless, both the exact form and the new form vanish in this region, so
this inaccuracy is not a problem. We can use eq. (9.17) for both k2 < 1/b and k2 > 1/b
solong as (1 —2) < 1and e ! > e le.

Notice the key feature of eq. (9.17) that the object for which we seek an evolution
equation,

(1| Q(b’ Y; Ta, b, A, b) ‘Ppert(t)) s

appears on the right hand side of this result.
We can make one more simplification in this. Recall that we need the average over the
emission angle ¢ of (1{/Ca‘ppert(t)). The only ¢ dependence is in the factor exp(ib-k).

,30,



When we take the average over ¢, we get a Bessel function:

d
/ 2¢ (1|,C t z ¢ f b Y777a777b7a b ‘ppert )

s (k) 1 (9.18)
NOopg o Cay o [o(ko]b]) = 1]

X (1 ‘ Q(b, Y as s @, b) {ppert(t)) .

We will want to integrate this over z. Consider the integral between limits z; and
29, with e™" < (1 — 21) < (1 — 22) < 1. The denominator (1 — z + e™%) can then be
approximated by simply (1 — z). Similarly, the argument of «y is, using eq. (9.6) and then
—t
et (1—-2),

pE = Ar(1 =z + e )M?e = Ag(1 — 2)M?e™t = Agk? . (9.19)

Using k? = (1 — z)M?e~!, we can change the integration variable to ki This gives
=T dg :
dZ 27T (1‘Ica(taz7¢7f ;b7Y;77a777b7a7 b)‘ppert(t))
zZ1 —Tr

Q% dk? oy ARk 9.20
~oraCa [ D otk -1y 020

(1‘ Q b,Y; Mas T, @, b ‘ppert(t)) .
Thus we encounter an integral of the form

@ dk>
FQRQ2) = / LR [o(Re|B) — 1] . (9.21)
Q3 k1

where the function f(k?) allows for the dependence of as on k2. As we have previously
argued, if Q7 and Q3 are both much smaller than 1/b?, then we can replace [Jo(|k||b]) —1]
by zero since Jo(|kL||b]) ~ 1 for |k.||b|] — 0. Similarly, we have argued that if Q? and
Q3 are both much larger than 1/b?, then we can replace [Jo(|kL||b]) — 1] by —1 because
Jo(JkL||b]) is a rapidly oscillating function in the integration range. But what happens if
Q? < 1/b? while Q3 > 1/b?? There is a simple approximation that is accurate provided
that f(k?%) is a slowly varying function. We can replace [Jo(|k||b]) — 1] by —6(|kL||b] >
2e7 7€), where g is the Euler constant. Thus the integral becomes

@3 k>

k). 9.22
e K2 (k1) (9.22)

F(Q%,Q%)approx = _/4
The integrals in eq. (9.21) and (9.22) differ by terms proportional to a power of 1/(Q3b?)
or a power of @2b? and by a term proportional to the second derivative of f(kﬁ_) with
respect to log(k?) in the region near k% ~ 1/b?. The exact statement can be found in
appendix B. Note that the second derivative of ay ()\Rk:i) with respect to log(k:i) is of

order ag ()\Rki)g, so that this is a good approximation for our purposes.
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With this approximation,

(1alt; 2,0, f'30,Y 50, Mo @, b) | ppert (t))

aS(MQR)C 1
2T “1—z2+e

X (1| Q(b’ Y; Ta, b, A, b)‘Ppert(t)) ,

~ — 5f’,g ¢ 6(kib2 > 46727}2) (923)

where the ~ in this case indicates that this approximation works inside the integration
over ¢ and z.

Specifically, the derivation so far covers a range of 2z between limits e ™! < (1 — z1) <
(1—29) < 1. We have in mind that (1 — z2) is chosen small enough that the approximation
(1—2) < 1 applies within the integration range. The region (1—z) ~ 1 is treated separately
in the following section.

Similarly, we choose (1 — z1) = Cie™ !, where C; > 1 but log C} is not large. Then the
integration range 0 < (1 — 2) < Cye~! needs a separate treatment, which we now provide.
For that range, the denominator 1 —z + e~ in eq. (9.18) provides a lower cutoff on (1 — 2)
at around (1 — z) ~ e~ !. Thus the integration range that needs a separate treatment is
really et < (1—2) < Cre~t. What happens here depends on the factor [Jo(]kL||b]) — 1] in
eq. (9.18). Since k? = (1 — z)M?2e~!, define the value (1 — z;) of (1 — 2) that corresponds
to |k|[b] =1 by

(1—z)M*Pet=1. (9.24)

If (1 —2,) < et then |k ||b| > 1 in the integration range ¢! < (1 — 2) < Cie™ ! and
we can approximate [Jo(|k_||b]) — 1] — —1. If (1 — 2,) > Cye?, then |k ||b] < 1 in the
integration range et < (1 — 2z) < Cre”! and we can approximate [Jo(|k_||b|) — 1] — 0.
Both cases are covered by the approximation

[Jo(|kL||b]) — 1] — 6(K2b? > 4e=277) | (9.25)

In the remaining case, et < (1 — 2) < Cre™!, we will use this same replacement. This
is not an accurate approximation. However, this inaccuracy occurs only near the point at
the intersection of the line (1 — z) = e~* and the line k2 = 1/b? in figure 2. Following
an argument like that in section 5.3, we recognize that this inaccuracy does not matter
because it does not lead to contributions with a large logarithm in the Sudakov exponent.
Thus eq. (9.23) is also a sufficient approximation when applied inside an integration over
z that includes (1 —z) — 0.

9.4 Contribution from (1 —z) ~ 1

The approximations in the previous section cover the integration region (1 — z) < 1 for
et > e, For the integration region (1 — z) ~ 1 with e~* > e~ only virtual split-
tings contribute:

(1|Kalts2, &, £':6,Y 0y Mo, 0, D) | pper (1))

9.26
~ — (1‘V§ert(t;2,¢, f,)Q(b7Y;77aanb7a7 b)‘ppert(t)) ) ( )
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For the matrix element of V2", we can use eq. (8.16). This gives

(1‘]Ca(t;2, QS’ f,’ ba Y7 Ma; b, @, b)|ppert(t))

2
Qs (M 2C,
8 ;TR) [1 . - 'Ya:| (1‘Q(b7 Y :ina, b, a, b)‘ppert(t)) .

(9.27)

As in the previous section, we notice that the object for which we seek an evolution equa-
tion, (1‘Q(b, Y., mp, a, b){ppert(t)), appears on the right hand side of this result.

9.5 Evolution for all z

Compare eq. (9.23), which applies for (1 — z) < 1, with eq. (9.27), which applies for
(1 —z) ~ 1. Notice that the theta function 6(k% b* > 4e=>) is always 1 when (1 —2) ~ 1
and et > et that (1 — 2z + e t) is the same as (1 — z) when (1 —2) ~1 and e™! < 1,
and that the term —v, with no 1/(1 — z) factor is negligible (compared to 1/(1 — z)) for
(1 — z) < 1. Thus these two forms match and we can combine them in the form

(1‘Ka(t; Z, gb, fl; b, Y; Ta, b, A, b)‘ppert(t))

as(ph) [ 2Ca
2 1—z+et

X (1‘Q(b7 Y7 T]a7 77b7 a7 b)‘/’pert(t)) .

~ = Opg — Yo | O(K2 b% > 4e727P) (9.28)

This gives the evolution equation, for e=* > e~' and assuming that parton “b” caries the
opposite flavor from parton “a”, b = a,

d
dt (1 ‘ Q(b, Ya TNa, b, @, b) {ppert(t))

toas(ug) 2C
N — ° 2 o 242 5 g2 (9.29)
/Odz N [1—Z+€_t Yo | O(K1 6" > 4de )

x (1/Q(b, Y s 0, 1, @, 0) | ppert (1)) -

There is a factor 2 here because emissions from both initial state lines contribute equally
when b = a.

This analysis could apply when a = b = g, which would be relevant for computing
the transverse momentum distribution in Higgs boson production. However, the case of
interest in this paper is that a is a quark flavor and b is the corresponding antiquark flavor,
or vice versa. In this case, C, = Cr and 7, = (3/2) Cr. Then

d
dt (1‘Q(bay;na777b7a7 b){ppert(t))a,b;ég
Vo (pg) 2 3 272 ~2y (9.30)
N—/Odz N ZCF[l_z+e_t—2]9(kJ_b > 4e”7F)
X (1|Q(bay;naanb7a7 b)‘ppert(t)) .
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10 Evolution for t > t.

After shower time t., the evolution changes character. To see what happens, it is simplest
to consider (1|Q(b,Y)|p(t)) instead of (1{Q(b,Y;na,nb,a, b)| ppert (t)). We have
d
4 (LR Y)[p(1) = (1[Q(b. Y)[Ha(t) = V(1)][ (1)
~ (1]1Q(b, Y)Hi(t) — V() Q(b,Y)|p(1)) -

Consider the relation of Q(b, Y)H1(t) with Hi(t)Q(b,Y"). As we have noted in our previous
analysis, each emission from an initial state line with transverse momentum k; produces

(10.1)

a phase factor exp(ib-k, ) in the result of applying Q(b,Y") after the splitting; this phase
factor is not present in the result of applying Q(b,Y) before the splitting. However, all
emissions for e7! < e~ have ki < 1/b%. Thus this phase factor is simply 1. Thus

Q(b, Y )Hi(t) ~ Hi(t)Q(b,Y) . (10.2)

This result gives

d
(1120 Y)p() = (1|[Ha(t) = V(1)]Q(b, Y)| (1)) (10.3)
~0.

Thus (1|Q(b,Y)|p(t)) stops evolving at ¢ = t.. The b-space partonic cross section,
(1‘Q(b, Y4y, a, b)|ppert (t)), does evolve for t > t. because initial state emissions can be
collinear and thus change the momentum fractions and flavors 7., n,, a,b. What happens

is that the partonic cross section evolves and the parton distribution functions evolve with
opposite evolution kernels, so that the net change of (1/Q(b,Y)|p(t)) with ¢ vanishes.

11 Solution at t = ¢,

We can solve eq. (9.30) for the b-space partonic cross section with initial condition (4.17),
evolving from shower time ¢t = 0 to shower time ¢ = t.. This gives

(1)1Q(b, Y50, 1, @, b) | ppext (te)) = 12 0 Qap Ta, 6(Na — Ta) Sy, — 1)

11.1
x exp(—So(M?,b?)) , (1L1)
where the Sudakov exponent Sy is
te L ag(p) 9 3
M2v?) = [ dt [ dz "R 2 — 102 > de7PE) L (112
sty = [Can [0 MW o |2 Sende s e,
It is useful to change variables from t to k2 = (1 — z)M?e™!, giving
M? 2 1 2
dk s (1) 2(1 —2) 3
SM2b2:/ L/d e Y I G B
0(M", %) de=27E /b2 ki 0 : 27 ¥ (1—2)2+ki/M2 2 ( )

We can now approximate So(M?,b?) in a fashion that makes it simpler. We are
interested in the behavior of So(M?,b?) for M?b? > 1. In particular, we are interested in
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terms with logarithms log(M/2b?). The region of the ki integration that dominates for large
b? is ki < M?. In contrast, the region ki ~ M? cannot contribute logarithms log(M?b?)
and is thus not of interest for us. For this reason, we can make the approximation kﬁ_ < M?
inside Sp(M?,b?). Additionally, it is useful to expand as(u%) in powers of as(k?). Then,
after performing the z-integral, we obtain contributions to the integrand of the ki integral
of the form
as (k)" [log(MQ/ki)]m .

The leading terms in this counting are those with m = n. We need to keep track of those,
along with the next-to-leading terms with m = n — 1. However, we will not be interested
in the coefficients of terms with m < n — 2. For this reason, we drop all such terms in the
approximations below.

To proceed with this program, we note that the renormalization scale in «g is, using
the definition (7.2) and then eq. (9.6),

k2
2 _ —t 2 —t __ 2 1
g = A\r(l—z+e " )Mze —)\Rkl{l—i—(l_z)QMQ}. (11.4)
Expanding as(p%) in powers of as(k?) and displaying only the order as and o terms,
we have
(i s (k2 as (k2 2
;MR) _ (k1) —2ﬁllog(AR)< ( L))
i 27 27
. N (11.5)
e
— 2B log( 1 L N 3).
ios(14 ) (") 0t
Here 33 _ 9
= . 11.
b 19 (11.6)
The z-integral that multiplies the order ag term is
! 2(1 - 2) 3 M? 3 k2
d - =1 — T tlog(1+ h ). 11.7
Lol v e ) =ros(he ) —5 +1os(1+ ) (1.

The most important term here is the logarithm log (M 2/ ki) The term —3/2 is next-to-
leading, so we keep it. The third term in eq. (11.7) contributes to the k% integral only for
k:2L ~ M? but is power suppressed in the dominant region ki < M?. Consequently, we
neglect this term. This same integral multiplies the order a2 term proportional to log(AR).
Here, we keep the large logarithm log (M 2/ ki) but neglect the term —3/2 in which the
extra power of ag is not multiplied by a large logarithm. For the remaining o2 term, we

need the integral

! 2(1 — 2) 3 k2 2 k2
d — | log( 1 N = of L. 11.8
T T L (T ) R S (O R
Here there is no logarithm, log (MQ/ki), multiplying the extra power of ag, so we neglect

this contribution entirely. An analogous analysis shows that we can neglect entirely the
order a2 and higher order terms in the expansion eq. (11.5).
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With these approximations, Sy ~ S where

S(M?,b%) = /M2 ki {as(ki) 20 [1og<f2> - 3]

46—27E/b2 ki 27T i 2

os(k2)\ M
— o 461(3’1: log()\R) 10g< ki ) .

(11.9)

12 Result

We have seen that the b-space hadronic cross section (1/Q(b,Y)|p(t)) evolves from ¢ = 0
tot = t. = log (b2M 2ehm /4) and then stops evolving. Therefore the Fourier trans-
form of the physical p,-space cross section is given by (1|Q(b,Y)‘ p(tc)). Furthermore,
(1‘Q(b, Y) ‘p(tc)) is given as a convolution of parton distributions and the b-space partonic
cross section (1|Q(b,Y;na,77b,a, b)‘ppert(tc)) by eq. (4.16),

B ! L faja(na, 4e7278 /62) fo 5 (1, 4e~27° /6%)
(11Q(b,Y)|p(te)) = %;/0 dna/o dn, 4ne(a@)ne(b) 20ampa i (12.1)

x (11Q(,Y 57, . a,0) | ppert (L)) -

We have found that the b-space partonic cross section at t = t. is given by

(1{ Q(ba Y51, M, @, b) ‘ppert (tc)) =12aQauw 6(1 - xa/na) 5(1 - xb/nb) (12 2)

x exp(—S(M?,b?)) , .
where the Sudakov exponent S given in eq. (11.9). This has been obtained with the
approximations discussed in section 5.3 and in section 11. In particular, terms in S of the
form o log"~!(M?b?) are affected by the approximations.

We can compare this to the result of ref. [21] for QCD. In ref. [21], there are two
arbitrary parameters, C7 and Cs, that do not affect the result summed to all orders of
perturbation theory, but do affect the perturbative expansion. Here, we take the simplest
choice, C1 = 2¢77® and Cy = 1. Additionally, the result is given for an arbitrary choice of
the scale u? = M?e~! that appears in the parton distribution functions. Here ¢ should be
close to t.. We choose t = t.. With these choices, the result of ref. [21] is that the hadronic
b-space cross section is given by eq. (12.1) with

(1{ Q(b, Y, Mas b, A, b) ‘p(tc))QCD

a Qe 2VE Qe 2E
w3 (2 () (2 ()
Y. a b U8 b (12.3)

X exp (— / M/b d,fgf [Ams(ki))log (?i ) +B<as<ki>>D .
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Here A, B, and C' have perturbative expansions in powers of ay of the indicated arguments.
The first terms in these expansions are [21, 26-29]

2
Alas) =2Cp §;+QCFK<QS) +

2w
s 197 34ng 2072 8mem? 8¢(3)] fas)\2
Bla) — — 4 _ _ ( )
(as) 2w+[ 3 T g T o3 o7 oy [ lan)

Ca/a(za as) = 5a’a5(1 - Z)
Qs 4 3 27 23
+2W[5a/a{3(1—z)—|—5(1—z)<—2—|— 5 6>}—|—5agz(1—z)}.

(12.4)
Here we follow the notation of [9] in defining
67 7'('2 5 ne
K=C — — . 12.5
A [18 6 ] 9 (125)

We begin the comparison of the shower result (12.2) with the QCD result (12.3) by
noting that they agree at the Born level, order al. This agreement was built in when we
chose the Born cross section as the starting point for shower evolution.

We next note that the QCD cross section exponentiates in b-space. This is a statement
about (1‘Q(b, Y 1ay b, @, b)|p(tc))QCD' We consider the logarithm!* of this function and
expand it in powers of ag(M?) and log(M?b?). To obtain this expansion, we need to
expand as(k?) in powers of ag(M?) and log(M?/k?%) using the evolution equation for
s, then perform the integration over k% in the Sudakov exponent S. Similarly, in the
coefficients C, we need to expand ag(4e 272 /b?) in powers of ag(M?) and log(M?/b?).
The general form of the perturbative expansion would be

log [(1]Q(b,Y 5 1a, 0, b)‘ﬂ(tc))QCD]

oo  2n 2 n (126)
as(M m
= -3 % DY) ( s )> <10g(M2b2)> .
27
n=1m=0
We know that the maximum power m of log(M?2b?) must be no larger than 2n because
each loop can give at most two logarithms, one from a collinear singularity and one from
a soft singularity. If we look at the perturbative expansion of the partonic b-space cross
section instead of its logarithm, then terms with m = 2n actually occur. By the statement

that the shower cross section exponentiates in b-space we mean that, for all n,
Dy, =0 form>n+1. (12.7)
This property of the QCD result (12.3) is shared by the shower result (12.2). For the

shower, it is a simple consequence of having a differential equation in which the derivative

141n taking the logarithm, we consider the functions C' to be operators on the space of parton distribution
functions. Thus the first term, J,/,0(1 — 2z), represents the unit operator. The coefficients Dypm (YY) in
eq. (12.6) are then, in general, operators on the space of parton distribution functions. One could diagonalize
these operators by taking moments, but there is little reason to do so.
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with respect to shower time of the partonic b-space cross section is a kernel times this same
partonic b-space cross section, where the kernel has one ay and one logarithm.

One sometimes finds discussions of summations of large perturbative logarithms ex-
pressed in terms of the directly observed cross section, which can be written as a convolution
of parton distribution functions and a partonic p | -space cross section defined analogously
to the partonic b-space cross section. Thus one may write

(1{ Q(pLa Y; Ta, b ,a, b) ‘ppert (tc))

B i i‘l Fun(Y) <QS(2]\:2)>H pli <10g(M2p2i))m71 ' e

One can then discuss the coefficients E,,,,,. However, this is not very useful. For instance,
no condition on the E,,, for m = 2n and m = 2n — 1 will imply eq. (12.7). It is for this
reason that we compare the shower result and the QCD result with respect to the logarithm
of the partonic b-space cross section.

Let us now compare the n = 1 terms in eq. (12.6) between the QCD result (12.3) and
the shower result (12.2). We first note that the terms Do do not match between the two
results: the order ag contribution to Cyrq(z, as) in the QCD result is lacking in the shower
result. These terms arise in part from the one loop virtual graphs, which are not included
in the shower splitting functions. For that reason, the shower does not get these terms
right. In our analysis we have have, accordingly, completely neglected contributions to the
evolution kernel that have a factor as with no logarithms log(M?2b?).

We now compare the o terms with one or two powers of log(M?b?). For the shower
result (12.2), we have

4

3 6 (12.9)
Dy = — 3 log2 —g] —4.

D1g =

This is the same as Do and Dqp in the QCD result. It is not surprising that the leading
coefficient, D1o, matches. The contribution D19 logz(Msz) is 4CF times the area of the
triangle in figure 2. The contribution Di; log(M?b?) is more subtle. This contribution is
associated with the edges of the triangle. The bottom edge of the triangle is associated
with the lower limit on the ki integral, which is 4e=27% /b? instead of simply 1/b%. In
the shower evolution, this value arises as a property in integrals involving Bessel functions
Jo(|kL||b]). In the analysis of the contribution to evolution associated with k? near this
limit, it was important that the rapidity of a potential gluon emission was large compared
to the rapidities of previous gluon emissions. In the analysis of the contribution associated
with the left hand edge of the triangle, it was important that the denominator of the

splitting function is 1 — z + e~* and not, say, 1 — z + 2¢~¢.

This denominator is related
to the treatment of the soft gluon interference diagrams. Finally, the right hand edge of
the triangle is associated with the term —3/2 in eq. (11.9) for the Sudakov exponent. This
term comes from the —v, in the virtual part of the DGLAP evolution equation for the

parton distribution functions, eq. (8.9).
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Let us now look beyond the order ag contribution to the Sudakov exponent.
We note that the QCD result and the shower result share the contribution inside the
k? integral,

as(kzi) M?
5 2Crlog k) (12.10)

In the shower result, this form reflects our choice to use pf defined in eq. (7.2) as the
argument of ag; this is a choice that is not required by the logic of the shower, in which
we factor softer interactions from harder interactions. With this choice, we match the
contribution in eq. (12.10) between the shower result and the QCD result. Expanding in
powers of a(M?), we see that

Dshower — pQED n>1, m=n+1. (12.11)

We note also that the QCD result and the shower result share the contribution inside

as(k1) o (_2) _ (12.12)

the k2 integral,

2

This term contributes to the coefficients D, for n = m. However, the QCD result has

2
as (k) M?
( N 20FK10g<ki> , (12.13)

a contribution

which is to be compared to

ac(k?2)) M2
— 4ﬁ10p log()\R) 10g< ) . (12.14)

21 ki

It is not a surprise that these do not match for A\g = 1, since we have used a leading order
shower and this is a second order contribution. However, this term in the Sudakov exponent
contributes to the coefficients D,,,,, for n = m and n > 2. If we would like to match these
terms, we can, by means of a trick introduced in ref. [9]. We choose Ag such that

- 4616’1: log()\R) = 2CFK . (1215)

This is what we have done in our default choice given in eq. (7.3). For ny = 5, this is
AR ~ 0.41. If we take this default choice, then

pshower — pQED > m=n. (12.16)

This scale choice applied to ¢ — g + g splittings produces the second order term in
A(ag) for Z-boson production. The same formalism applies to the transverse momenta
of Higgs bosons produced in hadron collisions. In that case, the incoming partons are
two gluons instead of a quark and an antiquark. The Sudakov exponent has the same
form, but with different functions A, B, and C. For A, the first two terms are now
204 (as/(2m)) +20 4 K (as/(27))?, but the ratio of the first and second coefficients in A(as)
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is unchanged [5]. Thus the same factor Ar applied to g — g + g splittings produces the
second order term in A(as) for the Higgs boson transverse momentum distribution. Of
course, this is a trick that applies for the particular purpose at hand. It is not equivalent
to using a second order splitting kernel.

For the Higgs boson p distribution, we also replace By = —2v, = —4 by B = —27,,
where 7, is given in eq. (8.10) [5].

13 Other choices

In this section, we briefly investigate the Z-boson transverse momentum distribution that
would result if we were to make other choices for the construction of the shower.

13.1 Spin-averaged, leading-color shower

We have organized this paper as an analysis of the shower evolution equation in ref. [14],
with some minor modifications. This evolution equation contains the effects of spin corre-
lations and applies to arbitrary color states. It contains the physics that we believe should
be approximately represented in a parton shower event generator. However, the nature of
the evolution is such that finding a way to represent the equations in a practical computer
program is challenging. To start with a base approximation, one can average over the spins
and take the standard leading color approximation. We analyzed this case in ref. [15]. With
a spin average and a leading color approximation for each splitting, the evolution equa-
tions have the right form to be implemented as a Markov process, as is commonly used
for parton showers.'®> We are thus led to ask whether the results of this paper still hold if
one averages over spins and takes the leading color approximation at each parton splitting
step. The answer to this question is that the results do still hold.

Spin does not matter because the observable of interest, the Z-boson transverse mo-
mentum, is independent of parton spins. The spin dependence is represented in the spin
factor in eq. (7.5), ({s'}m|{s}m): the parton spins {s},, in the quantum amplitude must
equal those in the quantum conjugate amplitude, {s'},,, but the splitting probability is
independent of what the spin values are. If we average over spins, this factor goes away.

Color is of some importance. However if we use the exact color dependence then
eq. (7.11) allowed us to reduce the color dependence to a simple factor of Cp or Cy. If
we use the leading color approximation, then each gluon is treated as carrying color 3 ® 3
instead of color 8. The allowed parton pairs forming a dipole are then the color connected
partners. Then eq. (7.11) still holds with Cp replaced by Ca/2. One can get back to
CFr by simply adjusting the quark-quark-gluon couplings in the splitting functions. With
this understanding, the results of the previous section calculated with full color remain
unchanged in the leading-color approximation.

13.2 Alternative choice of dipole partitioning function

Within the framework of a virtuality ordered shower as presented in ref. [14], there is a
choice to make. Consider the emission of a soft gluon from a color dipole composed of

15We are, in fact, currently engaged in writing computer code for this purpose.

,40,



the initial state parton “a” and one other parton, k. The total emission probability is

proportional to

Qg Da Pk

Hor({PYm+1) + Hya({P}ms1) = T Pmt1-Da Pmt1-Dk
m a rm

(13.1)

Here we use the eikonal approximation, which is valid for very small p,,+1. The shower
algorithm divides this into pieces, H,, and Hy,, defined by

. & . Pa Dk
Ho({PYmy1) = Ape{P}me1) . S .
Q0 Pm+1-Pa Pm+1-Pk (13.2)
H R Qs o ﬁa'ﬁk ’
m a m
Here A/, and Aj, are both positive and obey
A+ AL,=1. (13.3)

The contribution proportional to A/, is considered to be an emission from parton a and
is treated using the momentum mapping associated with emission from parton a. The
contribution proportional to A  is considered to be an emission from parton k and is
treated using the momentum mapping associated with emission from parton k.1 Thus
the function A/, tells how to partition the soft emission from a dipole into two parton
splitting contributions.

In this paper, we use the A/, defined in eq. (7.12) of ref. [16],

o DPrm+1-Dk Da(Pa + Db)

= PearPePariBaThP) 13.4
T Bt Pk Dar(Pa + Do) + D1 -Da Pr- (Pa + Pp) (134)

with A} given by the same expression with a <> k. In the p, + py, rest frame, this is

1 —cos Otk

. 13.5
1 —cosOpi1k) + (1 —cosbpmi1a) (18.5)

/

ak — (
We have seen that with this choice the shower will produce the proper structure for the
Drell-Yan transverse momentum distribution.

One can consider using instead the A, defined in eq. (7.13) of ref. [16],

/ Pm+1"Dk
Aak B ﬁerl']ak +ﬁm+1'ﬁa ' (13.6)
This is the form used by Catani and Seymour and by others for the purpose of partitioning
the dipole splitting probability in defining perturbative dipole subtractions. The most
important difference between the two choices is that A/, as given by eq. (13.4) is invariant
under the scaling pr, — Apr. Thus this A/, depends on the angle between the emitted
gluon and the momentum of parton k, but not on the energy of parton k.

Tn eq. (12.21) of ref. [14], the splitting probabilities are expressed in terms of functions A., and Aga,
which are related to AL, and A}, by eq. (7.2) of ref. [16].
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We have investigated the possibility of using A’ defined by eq. (13.6) to generate
the parton shower. We find that if we do so, the argument given in sections 7.1 and 9.2
fails. Now the probability of emitting a gluon m + 1 from the initial state parton “a” with
virtuality smaller than that of a previously emitted gluon k£ can depend on the momentum
pr. As a result, we no longer obtain a differential equation for the b-space partonic cross
section that has only a kernel times the b-space partonic cross section on the right hand
side. The Z-boson will get less transverse momentum recoil from emitted gluons, but we
cannot say how much less.

We can draw a lesson from this: a parton shower built on splitting functions that reflect
the collinear and soft singularities of QCD does not automatically sum large logarithms
that appear in a physical cross section of interest. Seemingly minor details like the choice
of A/, matter.

13.3 Catani-Seymour dipole shower

The shower discussed in this paper is the virtuality ordered shower of ref. [14] with an
improved momentum mapping for initial state radiation and with the renormalization
scale for as given in eq. (7.2). A close relative is the Catani-Seymour (CS) dipole shower,
proposed in ref. [30] and implemented in refs. [31, 32]. Here one takes the splitting functions
and momentum mappings of the Catani-Seymour algorithm [25] for defining subtractions
in NLO perturbative calculations and uses them instead to define a shower algorithm. We
examine this choice here, with the evolution variable taken to be

M2
t = 10g <k2 > s (13.7)
1

as in refs. [30-32].

The most important difference between the shower of this paper and the CS dipole
shower lies in its treatment of momentum conservation. Let us consider the (backward)
evolution of an initial state parton by emission of a gluon into the final state. The initial
state parton is on shell with zero transverse momentum. It is replaced by a prior on-
shell parton with zero transverse momentum and the final state gluon that has non-zero
transverse momentum. Thus there is a transverse momentum imbalance. In the shower
of this paper, the recoil from the final state gluon is taken by all of the other final state
partons collectively, by means of a Lorentz transformation k; = Ak;. With this choice, we
have seen that the recoil transverse momentum is predominately taken by the Z-boson.
In the CS shower, for each splitting there is a partner parton, the other parton in the CS
dipole. Let us suppose that we use the leading color approximation, which is commonly
applied in parton showers. Then the partner of a radiating initial state quark is the parton
that is color connected to the quark. For the first gluon emission, the partner of incoming
parton “a” is the other incoming parton “b”. In this case, the CS scheme assigns the
recoil transverse momentum to the Z-boson. However, once one gluon has been emitted,
the partner of “a” is the previously emitted gluon. Then the CS scheme assigns the recoil
transverse momentum to the partner parton. That is, the previously emitted gluon recoils
against the newly emitted gluon and the Z-boson does not take any recoil.
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This leads to a curious situation. With a transverse momentum ordered shower, the
shower first evolves by not emitting any gluons. The probability not to emit any gluons
up to a certain shower time ¢ is a Sudakov form factor. At some point, one real gluon is
emitted. Then evolution of the Z-boson transverse momentum distribution stops because
the recoil from further gluons emitted is taken by one of the gluons previously emitted.
This problem has been analyzed and addressed in ref. [33].

We can formulate the issue in the style of our analysis of the previous sections if we
supply one additional variable in the measurement operator Q, a variable recoil that takes
values T and F. Including this variable, our operator expressing possible measurements is
Q(b,Y;na,mp,a,b;recoil). If recoil = T, then when a gluon is emitted from either of
the initial state partons, the Z-boson will share in the recoil against the gluon transverse
momentum. If recoil = F, then, when a gluon is emitted from an initial state parton, the
Z-boson does not share in the recoil.

The evolution equation of the recoil = T cross section is

d
119(b,Y ;19a,mp, a,b; T)| ppert (t
dtl( |Q(B, Y 7y, @, b; T)| ppert (t1)) (138)

= = (”Vpert(t)g(b,yma,ﬁb,Cb, b; T){ppert(ti)) .

This does not involve the recoil = F cross section. Using the approximations developed
in the preceding sections, we can solve this equation. We find

(11Q(b,Y ;%a s, @, 0; T) | ppert (£1))
=12 Qup Tay, 0(Na — x4) (M — )

M? 5 2 i 112 M2
X exp —/ d/g as( RM)2C’p[log< 2)—3} .

2
iR

(13.9)

Note that for very large ¢, the recoil = T cross section tends to zero.
The evolution equation of the recoil = F cross section has only the recoil = T cross
section on the right-hand side:

d

dt, (1]Q(b, Y 51a, 11y, a, b F) | ppert (£1))

1 T d¢ ) 1
~ /0 dz /ﬂ o ZeXp<1 p b"”) (13.10)

f/
X (”Zngrt(t; Z, ¢, fl)Q(ba Y 200, b, a — f/a b; T)‘ppert(tL))
+ (b splitting term) .

The total partonic b-space cross section is
Q(ba Y; Mas b, @, b) = Q(b? Y’ Nas b, Q, b? T) + Q(b? Y; Nas b, Q, b? F) . (1311)

For very large t |, the recoil = T contribution vanishes and we are left with the recoil =
F contribution, which we can obtain by solving eq. (13.10) with the use of eq. (13.9). The
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result for large ¢ is

(1]Q(B, Y 14, 1, @, b; F) | ppert (00))

M? 71,2 1
dk k, ||b
z/ ;/ dzE J0<‘ J‘H ‘)
0 kJ_ 0 7 z

x 12« Qaff’,b Lol 5(277a - xa) 5(nb - .%'b)

M2 02 0 (e 12 2 (13.12)
o - i (1)1

2
1
ne(a) as(up) 11, 2:Crdprg | 22Cpipg

/ a_flva(z) - + —t
ne(a—f) 2 =z 1—2z l—z+e

+ (b splitting term) .

We see that the partonic cross section does not exponentiate in b-space. In fact, it is sim-
plest in p, -space instead: if we take a Fourier transform back to p , the factor Jyo(|k_||b|/2)
provides a delta function 2(27)%§(p? — k2 /z%). This leaves a relatively simple expression
consisting of a Sudakov factor and a splitting function for the single allowed splitting.

Again, we see that a parton shower built on splitting functions that reflect the collinear
and soft singularities of QCD does not automatically sum large logarithms that appear in
a physical cross section of interest. Seemingly minor details like the momentum map-
ping matter.

13.4 Transverse momentum ordered shower

The shower examined in this paper is based on virtuality ordering. What would happen
if we kept everything else the same but used transverse momentum ordering? That is,
what if we replace the evolution time ¢ of eq. (3.3) by t; defined in eq. (13.7)? We keep
the momentum mapping the same as in the virtuality ordered shower, so that the transfer
of recoil transverse momentum to the Z-boson is the same as in the main body of this
paper. Transverse momentum ordering is used in PYTHIA [34, 35], but the algorithm that
we consider in this section differs in some respects from that of PYTHIA.

With k| ordering, the first stage of shower evolution is simple. For ¢; < log(M?b?),
only virtual splittings contribute to the evolution of the b-space partonic cross section; the
rapidly oscillating Jo(|k_ ||b|) factor that multiplies 'errt eliminates the real emission con-
tribution.

The later stages of shower evolution are also simple. The argument of section 10 implies
that the rate of change of the b-space hadronic cross section vanishes for ¢; > log(M?b?).

We are left with the region ¢, ~ log(M?b?). This is the bottom of the triangle in
figure 2. With a virtuality ordered shower, this region is sampled from left to right, which
is in order of increasing rapidity of emitted gluons — that is, decreasing emission angles.
Then the splitting function in eq. (7.5) took the simple form in which the complicated
function f was replaced by 1 because the rapidity of the real or virtual gluon was much
larger than the rapidity of previously emitted gluons. With ¢, as the evolution variable,
there is no guarantee that a previously emitted gluon had smaller rapidity than a new
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real or virtual daughter gluon. Thus the form of the evolution equation changes and the
evolution of the partonic b-space cross section depends on the previous emission history.

Because the evolution is more complicated than we have dealt with, we do not know
what the result is. We do note that the difficulty arises only for a limited region, ¢; ~
log(M?b?).

13.5 Angle ordered shower

What would happen if we used angular ordering instead of virtuality ordering? That
is, what if we replace the evolution time ¢ of eq. (3.3) by t, = —log(tan(6/2)) where 6
is the splitting angle. Then ordering in t, is ordering in splitting angle, starting from
large angles and progressing to smaller angles as ¢, increases. We could continue to use
the dipole partitioning function Aj, specified in eq. (13.4). Alternatively, we could use a
revised version of the dipole partitioning function Aj, , as specified below. Angular ordering
together with the revised Ay, gives us two of the main features of HERWIG [36, 37], although
if we start with the shower described in this paper and change only these features, we
certainly do not have exactly HERWIG.

To be more precise, let P = z,p, + zp,pp, be the Z-boson momentum approximated as
having no transverse part but as obeying P? = M % Consider the splitting of a parton
with label [ and momentum p; and let n; be the lightlike vector

M
=p — P. 13.13
=Py, p ( )
Let the daughter partons have momenta p; and p,,+1. Then define
1 Pm+1-1y Ppy
t,= _log ( . . 13.14
2 Pm+1-p1 Py ( )

For an emission from initial state line “a”, ¢, is the rapidity of the splitting that we used
in section 9.2. From eq. (9.8) we have, for y < 1 and 1, =~ z,,

1 K 1
té—t+21og <M2>+log (z) . (13.15)

Curves of constant ¢, are shown in figure 3. Over most of the region of the figure, (1—2) < 1
so log(1/2z) ~ 0. This gives straight lines in the t-log(k? /M?) plane. As these lines
approach the line (1 — z) ~ 1 in the figure, the log(1/z) term becomes important and the
t, curves bend.

The curves of constant ¢, extend down to arbitrarily small virtuality, M?e~t. In
a virtuality ordered shower, one would simply stop the evolution when M?Ze~! reaches
some infrared cutoff at which application of a hadronization model is more appropriate
than continued use of perturbative showering. For the angle ordered shower, we should
impose this same cutoff as a upper limit on integrations over ¢ at fixed t,. Equivalently,
if we parameterize the curves of fixed ¢, using kﬁ_, then we impose a lower limit on the
integrations over kﬁ_
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One should do more than simply switching the evolution variable. One can also modify
the dipole partitioning function A/, as used in eq. (13.2). For an angle ordered shower, it
is standard [8] to begin with

Lo 1 {1 L €08 O 5 — cos emﬂ,k]

ak 9 1 —cosf,y (13.16)
407 _ 1 [1 _ cos Opm+1,a — COS 6m+1,k:| '

ka 2 1 —cosf,y

where the angles are defined, for instance, in the Z-boson rest frame. These functions
add to one, but are not everywhere positive. One can then replace the functions H, j and
Hj, , defined in eq. (13.2) by their averages over the azimuthal angles defined by rotating
Pm+1 about, respectively, the directions of p, and pg. As shown in ref. [8], this gives a
simple result,

1 1 —cosfyy

A Qs (0)/ /A
H = A

. Qg 1 H(Ga,m—kl < Ha,k)
T B2, 1—cosOmyi1a

)

« 1 1 —cosf (13.17)
H A _ A(O)l A~ - a.k
Qg 1 H(Gk,erl < 937]?)
— .
T B2, 1—cosOmyiip
. . . (0)/ (0)/
The procedure is equivalent to replacing A ;" and A; by
1—cosf k
A;k = 9(93,m+1 < ea,k) mtl,
1 —cosf,
’ (13.18)

1 —cosblpmii.a

AL, =0(0 0
ka Orm1 < Gae) 1 —cos b,

These functions are positive. They do not sum to 1, but, as just noted, one gets the right
result after suitable averaging over azimuthal angles.

It is now easy to see how the partonic b-space cross section Q(b,Y'; 7., np, a,b) evolves
as t, increases. At each step dt, there are contributions from all values of kﬁ_ down to the
infrared cutoff. We divide the integration over ki into three distinct regions: kﬁ_ > 1/b%,
k? ~1/b% and k3 < 1/b% In the region k% < 1/b?, the real emission term with a factor
Jo(|kL||b|) cancels the virtual emission term with a factor 1 because Jy(|ko||b]) — 1 ~
0, as in our other analyses. Thus this region does not contribute to the evolution of
Q(b,Y;May My a,b). In the region k2 > 1/b% only virtual emissions contribute to the
evolution of Q(b,Y;na,ny,a,b). The rapidly oscillating Jy(|k_||b]) factor that multiplies
HY®'P eliminates the real emission contribution. In the region k% ~ 1/b?, both real and
virtual emissions contribute.

We have by no means carried out a detailed investigation of this angle ordered scheme.
However, it appears to us that it will give equivalent results for the Z-boson transverse
momentum distribution as does the virtuality ordered shower.
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13.6 Dipole antenna shower

In this paper so far we have discussed dipole parton showers in which the creation of a
new gluon is attributed to the splitting of one of the previously existing partons. There is
an ambiguity because, for soft gluon emissions, interference diagrams are important: one
has to include emission from a parton [ squared, emission from a parton k squared, and
the [-k interference graphs. Using the eikonal approximation, the sum of these is simple,
as in eq. (13.1). We have partitioned the total emission probability into a fraction Aj,
associated with splitting of parton ! and a fraction Aj, = 1 — Aj, associated with the
splitting of parton k, as in eq. (13.2). In the nomenclature of section 16 of ref. [38], this
constitutes a partitioned dipole shower.'” There is a separate momentum mapping P; for
each parton [ that splits. Here P is an operator, defined in ref. [14], on the space of parton
states. It is not necessary that this momentum mapping depends on the choice of k, and
the momentum mapping used in this paper and ref. [14] does not depend on k. Thus,
in a highly compressed notation, we can write that the emission from the [-k dipole is
partitioned into two terms,

M) P Ay, DR par o PEPR (13.19)
Pm+1-Pl Pm+1"Pk Pm+1-Pl Pm+1"Pk

In section 13.2, we have seen that the summation of large logarithms can be sensitive
to the choice of the partitioning function Aj,; a choice based on the angles between parton
[ and k and the emitted soft gluon is preferred.

One might be tempted to get rid of this ambiguity, particularly in the leading color
approximation where one can use pairs of color connected partons as the dipoles. The idea
is to consider each [-k dipole as a unit that can emit a gluon. Thus the basic building
blocks are 2 — 3 parton splittings. A shower based on this approach may be called a dipole
antenna shower. The pioneering development along these lines is the final state shower of
ARIADNE [39]. More recent examples include those in ref. [23]. There is a corresponding
subtraction scheme for next-to-leading order calculations, antenna subtraction [40].

In a dipole antenna shower, there is no Aj,. There is a separate momentum mapping
Py for each dipole I-k. Thus eq. (13.19) is replaced by

HiR () o< Pus . PrPr

A . (13.20)
Pm+1-Pl Pm+1"Pk

The freedom to choose Aj, now resides in the freedom to choose Py,. It must be symmetric
under the interchange of partons [ and k. It is usually defined in such a way that momentum
is conserved locally in the 2 — 3 splitting, without taking momentum from any of the other
partons. For a final state dipole, this means

P+ Pk = D1+ Pk + D1 - (13.21)

Such a mapping is defined in ref. [41, 42]. We note that it is possible to have a shower that
is simultaneously a partitioned dipole shower and an antenna dipole shower. We get that

"Note that from the point of view adopted in section 13.5, an angle ordered shower also can be considered
as a partitioned dipole shower.
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case if we define
Pk = 0(01m+1 < Ok mr1) Pr+ 00k me1 < Vimy1) Pr s (13.22)

where the ¥;; is the angle between momenta ¢ and j and P; represents the momentum
mapping that is used in this paper. Then A}, = 0(9; 41 < Vg m1)-

As far as we can see, a dipole antenna shower can reproduce the proper summation of
large logarithms for the Z-boson transverse momentum distribution studied in this paper.
However, the momentum mapping for initial state splittings cannot be local in the sense
of eq. (13.21). For a dipole consisting of the two initial state partons, eq. (13.21) becomes

Pa + Db = ﬁa +ﬁb - ﬁerl . (1323)

We want p, | = P, 1 = 0 and also py, | = Py, | = 0. This leaves no place for the transverse
momentum of parton m+ 1 to go. One might hope to use a non-local momentum mapping
for this case, but use a local mapping in the case of a dipole consisting of one initial state
parton, say “a”, and a final state colored parton k. In this case, eq. (13.21) becomes

Pa — Pk = ﬁa - ﬁk - ﬁm+1 . (13.24)

However, that would mean that py | — pr. 1 = —Pm+1,1: the recoil transverse momentum
from the emission of parton m+1 is taken up by parton k instead of by the Z-boson. Thus a

non-local momentum mapping is needed for all dipoles that include an initial state parton.

14 Conclusions

In this paper, we have examined the differential cross section do/(dpdY’) for producing
a Z-boson in hadron-hadron collisions as a function of the transverse momentum p; and
rapidity Y of the Z-boson. For p? < M3, the perturbative expansion of do/(dp dY)
contains large logarithms, log(p? /M2%). There are known QCD results for the summation
of these logarithms, quoted in section 12. We have asked to what extent a virtuality ordered
parton shower algorithm of the sort defined in ref. [14] (with some small modifications as
discussed in this paper) correctly reproduces the known results.

The parton shower evolves in shower time ¢, defined to be minus the logarithm of the
virtuality of a parton splitting, so that hard splittings come first, soft splittings last. The
state of the shower at time ¢, in the sense of the distribution of parton configurations, is
represented by a vector |p(¢)). In this notation, do/(dp, dY’) as it has developed by shower
time t is denoted by (p 1, Y| p(t)). Then, at the end of the shower at time ¢¢, the predicted
cross section is

dpiady = (pL,Y|p(ts)) - (14.1)

We have examined whether the cross section obtained from the shower algorithm has the
structure of the QCD result by examining how (pL, Y‘p(t)) evolves with ¢.

To find d(pL, Y‘p(t))/dt, we used eq. (2.9), which expresses how the completely exclu-
sive partonic state evolves. This expresses d(p I Y| p(t)) /dt in terms of the complete state
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of all of the partons at time ¢. Fortunately, we found that, with appropriate approxima-
tions, d(p1,Y|p(t))/dt is expressed as a convolution of a certain kernel with (p, Y{p(t)).
That is, the detailed configuration of all of the partons does not matter, only the inclu-
sive distribution (p 1, Y| p(t)) matters. Thus we obtain a closed form differential-integral
equation for (pl, Y!p(t)).

The result can be simply stated in terms of the Fourier transform of transverse mo-
mentum distribution, defined in eq. (4.4),

dpL  _ip
(1|Q(b,Y)|p(t) = / (2 © oPL(p,,Y|p(t)) . (14.2)
We found that (1{Q(b,Y){p(t)) stops evolving at a certain evolution time ¢., with t, =
log (b2M? e*® /4). We found in eq. (12.1) that (1| (b, Y)|p(tc)) is a convolution of parton
distribution functions evaluated at the appropriate scale times a function that does not
involve parton distribution functions,

B ! Lo faya(a, 47278 /62) fiyp (n, de™ 278 [6?)
(1]Q(b,Y)|p(te)) = Zb: /0 dia /0 dn, dng(@)ne(b) 2nampa - 14.3)

X (”Q(ba Y’ Mas b, A, b)‘ppert(tC)) .

The important structure is thus expressed in the function (1‘Q(b, Y., mp, a, b)!ppert (tc)).

Consider the logarithm of (1‘Q(b,Y;na,77b,a, b)! ppert(tc)). On general grounds, one
would expect that this function has two powers of the large logarithm log(M?2b?) per power
of ag(M?):

log[(l ‘ Q(b, Y502, a,b) ‘ppert (tc))]

< 2n ag(M2)\" m (14.4)
_ _;W;Dnmm< (2]‘: )> (1os(ar8%))"

However, we found that the partonic cross section produced by the shower algorithm ex-
ponentiates in b-space in the sense that

Dy =0 form>n+1. (14.5)

This property is shared with the full QCD result.

This exponentiation is not guaranteed by simply having a parton splitting probability
that matches QCD in the soft and collinear limits, including the proper interference between
emissions of a soft gluon from different partons. We found that two other features of the
shower algorithm are important.

First, partons in a parton shower are treated as being on-shell, but it is not possible
for an on-shell parton to split into two on-shell partons and still conserve momentum.
There has to be a momentum mapping that takes a small amount of momentum from
somewhere and supplies it to the daughter partons. In the case of an initial state splitting,
the problem is more pronounced because the initial state partons are treated as having
zero transverse momentum. This means that when a soft gluon is emitted from an initial
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state parton, some transverse momentum has to come from somewhere. We found that the
momentum mapping has to be such that the Z-boson gets most of the recoil transverse
momentum. We noted that the momentum mapping used for perturbative subtractions in
the Catani-Seymour dipole subtraction scheme does not give the desired exponentiation
for (1]Q(b,Y)|p(tc)) in a dipole based shower.

Second, in a shower like that of ref. [14] that is based on color dipoles, there is a
function that we call Aj, that specifies how much of the radiation from dipole I-k is treated
as being emitted from parton [ and how much is treated as being emitted from parton k.
We found that, for initial state emissions, the choice of Aj, matters. A choice based on the
angles between the momenta of partons [ and k£ and an emitted soft gluon is satisfactory,
while the choice used in the Catani-Seymour dipole subtraction scheme fails to give the
proper exponentiation in a dipole based shower.

After having checked for the proper exponentiation of the large logarithms, the next
question was which non-zero coefficients D,,,, are correctly produced by the shower algo-
rithm.

We found that the leading coefficient, D15, is correctly reproduced. This result has a
simple physical interpretation in the parton shower picture. The quantity (1| Q(b,Y) | p(te))
is the cross section to produce the Z-boson with rapidity Y but not radiate initial state
gluons with transverse momentum bigger than approximately 1/b. The Sudakov exponent
S is the integral of the differential probability to radiate such a gluon, so exp(—S) is the
probability not to radiate any such gluons. The leading term in the Sudakov exponent is
Crag/m times twice the area of the triangle in figure 2. This area is total phase space for
gluon emission with kﬁ_ > 1/b? from one of the two initial state partons; doubling the area
gives the total phase space for emission from either line. Quantum coherence plays a role
here. The initial emission is from a color dipole consisting of the two incoming quarks.
Emissions with large positive rapidity count as emission from incoming quark “a” while
emissions with large negative rapidity count as emission from incoming quark “b”.

We found also that the next-to-leading log coefficient, Dyq, is correctly reproduced.
This coefficient corresponds to the behavior of the parton splitting near the three edges
of the triangle in figure 2. It thus represents physics that is more subtle than the physics
behind the leading coefficient, D1s.

We note that once the choices of momentum mapping and Aj, have been made, no
adjustment of parameters is needed to get D13 and Dy1 to match the QCD result.

One could argue that matching the leading order coefficients D15 and Dy is all that
one should expect from a leading order parton shower. Nevertheless, we found that it
is possible to do better (as in ref. [9]). With a suitable choice of the argument of g in
the splitting function, it is possible to match all of the coefficients D,,, with m =n + 1
and with m = n. With this level of matching, the Sudakov exponent .S produced by the
shower algorithm is a good approximation to the full QCD exponent Sqgcp in the limit
log(M?b%) — oo and ag(M?) — 0 with o (M?)log(M?b?) fixed.

We have investigated how well the virtuality ordered parton shower algorithm defined
in refs. [14-16] and this paper performs in summing large logarithms for the transverse
momentum of a vector boson produced in the Drell-Yan process in hadron-hadron colli-
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sions. The same analysis would apply to the transverse momentum distribution of Higgs
bosons produced in hadron-hadron collisions. There are other sorts of summations of large
logarithms that are of importance for understanding experiments. We believe that the in-
vestigation of other cases, perhaps using methods developed in this paper, is an important
goal, both for the virtuality ordered parton shower algorithm used in this paper and for
other parton shower algorithms.
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A Structure of inclusive splitting

In this appendix, we review formulas from refs. [14-16] for inclusive splitting, that is the
splitting operator Hi(¢) times the inclusive measurement function (1‘ We start with in
eq. (12.20) of ref. [14],

(U@ [{p, £.8".¢ 5, ¢tm) = 2 ({8 m[{s}hm) ({bm |h(t AP, [Ym) [{e}m) - (A1)
The inclusive splitting function is diagonal in spin, but it has a non-trivial color structure.
The structure of the splitting is contained in the operator h, which is given in eq. (12.21) of
ref. [14]. With a slightly modified notation and with one error corrected, this equation reads

<{c’}m|h tAp, fim) ‘{C}m> =
Z Z /de Cp € Ii({p}m., ¢r))

L ¢ee®i(f1)

X [0) Qg
5< lg<|<zol+< 1)atiing, )2 —mQ(fz)|>>
ne(a)ne(b) nany, Ja/a(a, F)fB/B(nb’M%)

ne(@)ne(b) Nty faya(as 5 foyB (s 1)
O(fim+1 # ) {Ym|{c}m)C (fi, fmr1) wn({f s DYmi1)

—0(fmi1 =2) > {}m|Th - To[{c}m)
k£l

x [wi({f}ms1) — 2Alk({ﬁ}m+1)wlk({f,ﬁ}mﬂ)]} :

Here possible quark masses are included. There is a sum over the index [ of the initial state

(A.2)

f_/H

or final state parton that splits. There is a sum over flavor choices (¢ for the splitting and an
integration over the momentum choices, [d(,. Once we choose splitting variables ¢, z and
¢, this becomes an integration over the splitting variables. There is a delta function that
expresses the definition of the shower time ¢. Next, there is a ratio of parton luminosities,
containing parton distribution functions, as in eq. (4.8). The main momentum and color
dependence is contained inside the braces that follow.
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The second term inside the braces applies when the newly emitted parton with label
m + 1 is a gluon. There is a sum over partons k, where k # [. Partons [ and k constitute
a color dipole that can emit the gluon. There are functions wy; and wy, that describe the
direct terms and the interference terms, respectively, for gluon emission. These functions
are defined in ref. [14]. Convenient expressions for wy and wy as rational functions of dot
products of the momenta involved are given in ref. [15].18 There is also a function Ay
that expresses how the interference term is partitioned between a part considered to be
a splitting of parton [ and a corresponding part considered to be a splitting of parton k.
There is a color operator T}, - T; that inserts a gluon color matrix 7' on line k£ and another
on line I and sums over the gluon color index a. This operator was denoted g, ({f }m+1)
in the original equation.

The first term inside the braces applies when the newly emitted parton with label
m + 1 is not gluon. Then there is no interference term. There is a color factor

o TR {flaferl} = {q’(j} or {Cja q}
Clfir fmr1) =4 Co - {fi, fnr} = {2 &} {g. @} {a. g} or {G.8} - (A.3)
CA {fla ferl} = {g, g}

The cases with fm+1 = g do not appear in eq. (A.2), but we will need these cases later.
In eq. (12.21) of ref. [14], we failed to note the possibility of an initial state splitting with
{fl, fm+1} ={g,q} or {g,q}, so we listed this factor simply as TR.

We now manipulate eq. (A.2) so as to obtain a more useful form. For the me =
g term, we divide the splitting function into two parts by adding and subtracting the
eikonal approximation to wy. (The eikonal approximation is the limiting form when the
gluon momentum tends to zero. The function wy is already constructed in the eikonal
approximation in ref. [14].) Thus we write

wy({f, 0 m+1) =24} mr1) wir({F, DYmt1)
= (wu({f,p}ms1) — W {f, plms1)) (A4)
+ (i { f, BYms1) — 24w {PYmr1) wi({F, Dms1)) -

The first term is important in only in the collinear limit. The momentum dependent
factor wy — w’flikonal is independent of k and multiplies <{c’ }m‘Tk Tl‘{c}m> When we sum
over k, we can use

> (T Til{ekm) = = ({}m| T Tl {chm)
kAl (A.5)
= — C{fi, fms1}) <{c/}MHC}m> .
For the second term, we take Ay, to be of the form specified in eq. (7.2) of ref. [16], in
which Ay, is expressed using another function Aj,. This gives the result of in eq. (7.10)
of ref. [16],

w5 1) =24 ({ mar) Wi ({F, Prmt1)
P2 (A.6)
= 47TO[S A, ﬁ m R R Alk‘ N s
lk({ } H) (Pm+1'1?l pm+1'pk)2

!8Tn ref. [15] and also in ref. [16], we use the notations Wy = wy and Wiy, = 2A5wiy.
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where
Py = Prms1-D1 Pr — Pmt1-Dk D1 - (A7)

This is for general masses. For the analysis of the Z-boson p; distribution, we want all of
the partons to be massless. Then

(wilen (L f, 5Yms1) —2Am (B ms1) Wi ({F DYmr1))
. 2p1 i (A.8)
=Arag A m ) e .
lk({p} H) Pm+1-Pl Pm+1-Pk

Our choice in this paper for the function Aj, is given in eq. (13.4).

With these rearrangements, we have

(1‘H1(t)|{p, f, s',c’,s,c}m)
~ @) XX [ d6 06 € i)

L Gedi(fr)

X O QO
5( lg<r<pl+< 1tiing, )2 —m2<fl>\>>
 ne(@)ne(b) nam, Ja/ali 1E) f (s 147

ne(@)ne(b) faiy Jaja(Ma> 1) fo/8 (M, 13) (A.9)
{ (Yl () O Fons)

< [wnl{F, Bhmtn) = 0 = &) Wi (. pmr)|

—0(fm11=2) Y { | T - Til{c}m)
k£l

x dmas Ay ({Pyme1) (Pm-+1-D1 ﬁlk+1'ﬁk)2} .
m m

We can now specialize to initial state splittings with massless partons. In the sum over
the label [ of the parton that splits, we take [ = a. The integration measure d(,, with the
choice of variables {t, z, ¢} used in this paper, is

_ . —2 ¢ Yy pm-i—l pa d(b A 10
dCp = 2pa - pp (2m) " 2dt dz or 4y = Sp2s dtdz o (A.10)

The integration over t is performed using the delta function that defines t. We have

defined the matrix element of HE™ (¢, 2,6, f') in egs. (4.15) and (6.2) to be the coeffi-
cient of dzd¢/(2m) in the integrand and sum over flavors, leaving out the ratio of parton
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luminosities. Cf. egs. (8.4) and (8.5). Thus
(1|zH§ert(t,z,¢ 19 |{p,f s c’,s,c}m)
= PP ()
{<{c bl (k) CFus Fusn)

< [waal{F Y1) = O = &) W ({F, phs)
-0 f/ =g) Z <{c/}M‘Tk : Ta‘{c}m>

k#a

(A.11)

N 2Pa- Pk

x dmog ALy ({PYms1) . e R .
APl 5B P B

We can use the results of ref. [15] to state the functions wa, in terms of the variables

y,2,¢ used in this paper. For {fa,me} = {q,g} or {q,g}, we find, using eq. (2.29)
of ref. [15],

Pmt1°D i as 1
m87T2 a [ o — :g(onal] — 2; . (1 _ Z)(l + y) . (A.12)
For {fa, me} = {g, g}, we find, using eq. (2.57) of ref. [15],
ﬁm—i—l'ﬁa |: _ eikonal} — as 2 11—z 1— — Z(l N z)y A13
Q2 Waa — Wyy oIt = |: P + Z( Z) (1 — Z) +y . ( ‘ )

For {fa, fm+1} ={q,q} or {q,q}, we find, using eq. (A.2) of ref. [15],

82 o 2 z ' '
For {fa, fmi1} = {2, q} or {g, ¢}, we find, using eq. (A.3) of ref. [15],
Pm+1Pa as 1+y
g2 Waa = oo [22+(1-2)% . (A.15)

The contribution to 1{2’7’(196]rt (t,z, ¢, f’)‘{p, f.8',c,s,c}m) from the term proportional
to A/, in the last line of eq. (A.11) vanishes if the emitted parton is not a gluon and if

ff=gitis
(1|2H56rt(t7 2, ¢7 g) | {p7 f7 8,7 cla S, C}m)eikonal

= (b)) 3 (Ul T Tal{h) 7 Aa(ihir)

lita Pm+1-DPk .

(A.16)

Let r; be the rapidity of parton k in the p, + py, rest frame and let ¢y its azimuthal angle,
while ¢ denotes the azimuthal angle of parton m + 1. Then, using the definition (13.4) of
A}, from eq. (7.12) of ref. [16], we find

(1{2H56rt(t,z,¢,g){{p, [ 3, C, § C}m)eikonal

= <{S’}m‘{3}m>(_1) Z <{C }m‘Tk T, |{C}m> o7 1 — z+y f(29:¢:m) (A.17)
k#a
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where

1 eer\/(l—z)y z

f(Z,y,¢,Tk): 1+y_ 1—Z+y 1+yCO&(¢—¢k)
SR (A.18)
—|—€2rk 2y Z :| ]
1-z+y) (1+y)°

In the limit that the emitted gluon is soft, we can neglect (1 — z) compared to 1 and
y compared to 1. We do not, however, neglect y compared to (1 — z). Then

_ -1
e L e U A RO N IR (e )

We use this result in section 7.1.

When the emitted gluon becomes collinear, y — 0 with fixed z, we get

f(z,0,¢,r)=1. (A.20)

Then we can use eq. (A.5), so that
(1{2H56rt(ta 2, ¢a g){{pa fa 3/5 C/, S, C}m)eikonal

e o 5 A.21
= (b ) (Y ) € Frnin) £ .

z21l—2z2+4+y

The behavior of the splitting probability in the collinear limit is obtained by combining
this result with the results in eqs. (A.12), (A.13), (A.14), and (A.15).

B An integral of Bessel functions

In this appendix, we prove a theorem about the .Jy Bessel function that is needed in
section 9.3. The theorem concerns an integral of the form

T2 dx
F(zo,21) = / . f(ogx) [Jo(z) — 1] . (B.1)
z1
where = here stands for |k [|b]. We imagine that 1 < 1 and zo > 1. We suppose
that the function f(logx) is slowly varying in the sense that its second derivative is small:
f"(logx) < f(logx). In our application, f is as(k?) = as(2?/b%). This is slowly varying
because its second derivative with respect to log(z) is proportional to o2. If the integration
extends down to small values of ki, then as(ki) is not slowly varying if we use the
perturbative evolution equation, so the theorem is useful only if we use an approximation
in which ag(k?%) stops varying for small values of k2.
The theorem concerns the approximation of F'(x2,x1) by

Fazo0)amos == [ flog2)0c > 20) (B2)

xr1

where
xg=2eE . (B.3)
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We thus analyze the difference,

AF(SC%xl) = F(Cﬂg,xl) - F(x%xl)approx s (B4)
which is given by
T2 dx
AF(x9,x1) = / . fllogx) [Jo(z) — 0(x < xg)] . (B.5)
)

We expect that AF'(x, x1) is small because for the integration range x > 1, Jy(z) oscillates,
so that its integral is small, while for the integration range = < 1, Jy(x) =~ 1, so that it
cancels the term 0(z < xg).

To prove that AF(z9,z1) is small, we define

I(z) = /O " o(@) ~ 00z < 20)] (B.6)

Now, I (z) vanishes as z — 0. The approach to the limit is given by

x

11(1') ~ — 8

,x—0. (B.7)

The integral converges for x — oo and, with our special choice of zg, its value is I; (c0) = 0.
The approach to the limit is given by

2 1 . /m
Il(x)w—\/ﬂ_ x3/281n<4—x> , T — 00 . (B.8)

We rewrite AF(x2, 1) using an integration by parts:

AF(xg,x1) = /m df f(logx)xdifl(x)
= [f(logx2) I1(x2) — f(log z1) I1(z1)] (B.9)

x2 d
_/x ;f’(log:c)fl(x).

1

Now define
Tdzx

n(@) = [ log(a/a) (@) = 00z < z0)] . (B.10)

Note that the derivative of Iy(x) with respect to logz is I;(z). Again, I3(0) = 0. The
approach to the limit is given by

L(z)~—, ,x—0. (B.11)
Again, the integral converges for z — oo and its value is, perhaps surprisingly, I3(oc0) = 0.

This can be proved using the generating function in eq. (4.12) of ref. [43]. The approach
to the limit is given by

2 1 0
I(z) ~ —\/7T 572 €08 (4 —x) , T — 00 . (B.12)
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We can write AF(x2, 1) using

AF(zg,21) = [f(logz2) [1(z2) — f(log x1) I1(21)]

T2 B.13
—/x d; f’(logx)mdilg(x). ( )

1

This gives

AF(zg,21) = [f(logze) [1(z2) — f(logx1) I1(21)]
— [f'(log x2) In(x2) — f'(log 1) Iz(21)] (B.14)

2
+ / W 110g ) Iy(a) |
z, X

Now we can see the conditions under which AF(zy,x1) is small. There are terms
proportional to f(logxzs) and f’(logxzs). Using the large x behavior of I1(z2) and Iz(x2),
we see that these contributions are power suppressed for large x5 as long as f(logxs) and
1'(log z5) do not grow for large xo. There are terms proportional to f(logz1) and f/(logx1).
Using the small = behavior of I1(x1) and Iy(z1), we see that these contributions are power
suppressed for small z; as long as f(logz1) and f’(log 1) do not grow for small 2. Finally,
there is an integral of f”(logx) I2(x). Since I(x) falls off for large x and for small z, it
is the behavior of f”(logx) around = 1 that is important in the integration (as long as
f"(log ) is bounded everywhere). If f”(logz) is small, AF(x5,x1) will be small.

Additionally, AF(x9,x1) is small when both z; and zy are large compared to 1. In
this case, all of the terms in eq. (B.14) are suppressed by powers of 1/z1 and 1/z5.
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