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We propose a method to examine how a parton shower sums large logarithms. In this method, one
works with an appropriate integral transform of the distribution for the observable of interest. Then,
one reformulates the parton shower so as to obtain the transformed distribution as an exponential
for which one can compute the terms in the perturbative expansion of the exponent.
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I. INTRODUCTION

Parton shower event generators provide a way to ap-
proximately sum large logarithms in QCD. Consider an
infrared safe observable labelled by J in hadron-hadron,
lepton-hadron, or lepton-lepton collisions at a large en-
ergy scale up. Suppose that one is interested in a cross
section &;(v) for the observable to take the value v.
The observable is characterized by a scale Q%(v), such
that the 6;(v) is not sensitive to parton splittings at a
scale smaller than Q%(v) For instance, one might be
interested in the k) distribution in the Drell-Yan pro-
cess in hadron-hadron collisions. Then v = ki and
Q%(v) ~ k2. If Q% (v) ~ p2, one can use straightforward
QCD perturbation theory to calculate 6 ;(v). However,
if Q%(v) < 2, the perturbative expansion for & (v) will
contain large logarithms, log(u2/Q%(v)).

Often, one can analyze these logarithms by taking an
appropriate integral transform of &;(v). Then one cal-
culates a cross section o;(r) depending on a variable or
variables r. The cross section o ;(r) contains logarithms
L(r) that are large when r approaches a limit. For in-
stance, one might take the Fourier transform, with trans-
verse position b, of the Drell-Yan k distribution. In this
example, r stands for b, the limit is b> — oo, and the
logarithm is L = log(b?u2). Typically the cross section
then has the form

oo 2n

s 1) _CO{HZZ ()

ol (W2) L (r >} 1)

n=1j=0
The logarithms L7(r) arise in QCD from the soft and
collinear singularities of the theory. These same soft and
collinear singularities are contained in the splitting func-
tions of a parton shower algorithm. Thus running a par-
ton shower event generator to calculate o ;(r) will pro-
duce an approximation to the series in Eq. (1). That
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is, the parton shower approximately sums the large log-
arithms. The object of this paper is to investigate the
form of the result of this summation.!

To exhibit the summation of logarithms, we rearrange
the parton shower algorithm so that it is specialized to
calculate just o;(r) and so that it expresses o;(r) di-
rectly in terms of an exponential

uﬁd2
Tep( [ Syl (2)
ug M

The integral of Sy (u?;7) in the exponent has an expan-
sion

Za (2) Z (n.§) Li(r) . (3)

The operator Sy (u?; ) is determined by the parton split-
ting operator S(u?) in the original shower. This gives one
direct access to the coefficients e(n, 7). With this repre-
sentation, one has the potential to prove that e(n,j) =0
for 5 > n+ 1. The terms with 7 = n + 1 are called
leading-log (LL) terms and the terms with j = n are
called next-to-leading-log (NLL) terms. One also has the
potential to prove that e(n, j) for j =n+1 and for j =n
are what is expected in full QCD if a full QCD result is
known.

Our plan in this paper is to develop the general theory
behind the representation (2) along the lines of Ref. [1].
In this exposition, we also present the main steps of the
construction of Ref. [1] in a form that, in our opinion,
makes these steps more transparent. In a companion pa-
per [2], we apply the representation (2) to an important
example, the thrust distribution in electron-positron an-
nihilation. We consider just the thrust distribution and

I The analysis applies not just when o;(r) represents an integral
transform of some other distribution, but also whenever the op-
erator O;(r) that we use to measure o ;(r) after the shower has
an inverse. That is, O (r) must have no eigenvalues equal to
zZero.
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not other distributions involving large logarithms. How-
ever, we look in some detail at how the exact form of the
shower algorithm affects the results.

II. PARTON SHOWER FROM PERTURBATION
THEORY

The starting point is the perturbative cross section for
an infrared safe observable in hadron-hadron collisions.
We describe this briefly here. A more detailed explana-
tion can be found in Ref. [1].

The parton shower is described using operators on
a vector space, the “statistical space,” that describes
the momenta, flavors, colors, and spins for all of the
partons created in a shower as the shower develops.
The colors and spins are quantum variables and are de-
scribed using a density matrix. We use this descrip-
tion in the parton shower event generator DEDUCTOR
[3-10]. The general theory includes parton spins, so we
include spins here even though DEDUCTOR simply av-
erages over spins. With m final state partons plus two
initial state partons with labels “a” and “b,” the partons
carry labels a, b, 1,2,...,m. The partons have momenta
{p}tm = {PasPbsD1;s .-, pm} and flavors {f},,. We take
the partons to be massless: p? = 0. For color, there are
ket color basis states |{c},,) and bra color basis states
({c’}m|. We use the trace basis, as described in Ref. [3].
For spin, there are ket basis states [{s},,) and bra basis
states ({s'}.m|. Then the m-parton basis states for the
statistical space are denoted by [{p, f,c,c/,s,8 }m). A
vector |p) in the statistical space is a linear combination
of the basis states.

A. Perturbative cross section

If the QCD matrix element is calculated up to a given
order, af, the cross section is

os(r)= (1}0J(T)-7‘—0’P(N§,))
+0(af ) + O(Agop/Q5(r)) -

Here the renormalized perturbative QCD density oper-
ator is represented by a vector in the statistical space
lp(12)). Tt is based on the exact matrix elements and
contains all the possible partonic final states at order K.
The density operator is already renormalized, typically
in the MS scheme, thus it is independent of the renor-
malization scale, 2, up to the desired order

(4)

d
#id—ﬂg‘l’(#i)) = O(QQKH) . (5)

The next factor in Eq. (4) is the operator of the bare
parton distribution functions (PDFs),

Fo = [Falun) o K(pz) © Zp(pn)] - (6)

Here the circles, a o b, represent convolutions in the mo-
mentum fraction variables. The renormalized PDF oper-
ator for the hadron-hadron initial state is Fy(u2). The
corresponding MS subtraction of initial state singulari-
ties is done by the Zr(u2) operator, which contains fac-
tors 1/e™ in dimensional regularization. As described in
Ref. [1], one should typically use something other than
the MS scheme to define the parton distribution functions
used internally in the shower. The factor K(u2) trans-
forms to the shower scheme for the parton distribution
functions Fy(p2). The bare PDF is scale independent,

d
uﬁ,m[ﬂ,(uﬁ) o K(ky) o Zr ()] = O(a*h) . (7)
This equation leads to the proper evolution equation of
the renormalized PDF's.

The next factor in Eq. (4) is the operator O (r) repre-
senting an infrared (IR) safe measurement, characterized
by a set of parameters 7.

After applying these operators, we have a sum and
integral over basis states |{p, f, ¢, ¢, s, },). Finally, we
multiply by the statistical bra vector (1| and obtain a
cross section after performing the integrations using

(1‘{]97 fv & C/v S, 8/}771) = <{c’}m‘{c}m><{s’}m‘ {S}m> (8)

(The spin states |{s}) are orthogonal and normalized,
but the color states |{c},) in the trace basis that we use
are not orthogonal and some of them are not normalized
exactly to 1 [3].)

If the calculation includes perturbative contributions
up to off | then there is an error term O(af 1) in Eq. (4).
The formula is based on standard QCD factorization for
infrared safe observables. This has power suppressed cor-
rections of order A3 cp/Q%(r) where Q%(r) is the lowest
scale that the measurement operator O (r) can resolve.
In the rest of this paper, we mostly omit explicit mention
of these error terms.

The expression in Eq. (4) simplifies substantially in
electron-positron annihilation. In this case, we can re-
place the operator Fy by 1.

We point out that Eq. (4) is valid only in d = 4 — 2e
dimensions. It is not directly useful for practical calcula-
tions.

B. IR singular operator

To define a good subtraction scheme for a fixed or-
der calculation one can use the IR singular operator
D(uZ, 42) [1]. This operator has a perturbative expan-
sion

D2 12) = 1 Z as(ﬂg) nD(n) 2 2
(:um:us) =1+ o2 (/Lm :us> . (9)
n>1

The operators D™ (u2, u2) are key to defining a par-
ton shower algorithm in a general framework. For a



first order shower, one uses only DM (u2, u2), but in
a general framework we consider D™ (u2, u2) for any
n. This operator describes the IR singularity struc-
ture of partonic states |p(u2)). When D) (u2, u2) acts
on a state ’{p, f.c, c’,s,s'}m) it produces new states
(b, f..¢, 5,8 }) with m < 1 < m + n such that the
IR singularities of

({p. f.6,¢, 8,8} | D (2, 1) |{p. f.e.c 5,8 m)

match the singularities of nth order QCD Feynman dia-
grams that connect these two states. Here the singular-
ities include the factors 1/e from virtual loop diagrams
and they include the singular behavior of the diagrams
when any two or more momenta p become collinear or
some of the p become soft.

The operator D™ (u2, u2) depends on two scales, the
standard renormalization scale p2 and the shower scale
p2. The shower scale acts as an ultraviolet (UV) cutoff
that separates the IR and UV regions. All IR singulari-
ties are included, but only regions near the singularities
with scales k? satisfying k? < p? are included. There is,
of course, some freedom in choosing how the division be-
tween IR and UV is defined. Different prescriptions lead
to differences in the shower ordering prescription in the
parton shower algorithm produced by D) (12, u2).

The singular operator is based on the MS renormalized
matrix elements and is independent of the renormaliza-
tion scale. Thus we have

0
ugml}(ug,ug) = O(afﬂ) . (10)
Hr

This allows us to choose the renormalization scale con-
veniently.

In order to avoid large logarithms of p2/u2, it is useful
to relate the renormalization scale to the shower scale.
We define

Hi = Krps - (11)

Then we can avoid large log(kg) factors by choosing kg
of order 1.

The singular operator is perturbative and we can al-
ways define its perturbative inverse operator,

D(pa, 1) D (pa, p3) =1, (12)

by working order by order in the perturbative expansion.

C. Fixed order cross section

We can make Eq. (4) more useful by inserting 1 in the
form DD L,
UJ(’I") = (1}(’1}(’]")]:0

x D(p2, 12) D™ (12, 12) | p(12)) 1)

3

We notice that the expression D=1 (u2, u2)|p(p2)) is well
defined in d = 4 dimensions since the inverse of the sin-
gular operator removes all the IR poles of |p(u2)). Ac-
cordingly, we define the subtracted hard matrix element
by

|pu(p, 1)) = tim D™ (g, )| p(rz)) - (14)
This gives us

os(r) = (1Os(r)FoD(pa, 13) |pu(pn 12)) - (15)

We will use Eq. (15) to explore parton showers. First,
however, suppose that we are interested only in the fixed
order cross section. Then we can choose the scale 2
small enough that the measurement operator O (r) does
not resolve parton momentum scales of order p2. Then
O, (r) commutes with FoD(u2, u2), giving us

oy(r) = (1| FoD(pa, 12) O (r)|pu(ps, pd)) . (16)

One can calculate (1|FyD(u2, 12) in d = 4 — 2¢ dimen-
sions. The operator D(u2, u2) creates singularities, but
the initial state singularities are removed by the opera-
tor Zp(pu2) in Fy and the final state singularities cancel
after we multiply by (1| and integrate over the parton
variables. Thus we obtain a finite result in the e — 0
limit.

D. Operators V and X

The operators D(u2, u2) and Fo are defined only in
d = 4 — 2¢ dimensions and are singular as ¢ — 0 and
as parton momenta become soft or collinear. However,
we have noted that (1|FoD(u2,pu2) is finite in d = 4
dimensions. It will prove useful to introduce an oper-
ator, V(u2,pu2), that is finite in four dimensions, does
not change the number of partons, leaves the parton mo-
menta and flavors {p, f},, unchanged, and satisfies

(L, p3) = lian (1| FoD (i, 1) F M () - (17)

The operator V(uZ, u2) leaves {p, f},» unchanged, but
it can act non-trivially on the color and spin space.
Eq. (17) does not fully define the color and spin con-
tent of V(uZ, ). We discuss the definition further in
Sec. IV, but for now, we need only Eq. (17).

Using V(u2,p2) we define a singular operator

XI(M?UNS) as
X1 (pp, 13) = FoD(pa, 12) Fo H(pa) V™ (g, 13) . (18)
so that
(1] (i, i) = (1] - (19)

The “1” subscript distinguishes the operator X} from the
operator X used in Ref. [1] and suggests the normaliza-
tion condition (19).



With V and X, the cross section in Eq. (15
written as

UJ( (”OJ Xl (Mmﬂs)
X Vi, p2)Fe(112)] pu (i, p12)) -

) can be

(20)

This form will be useful to help us define a parton shower.

Before we continue with the discussion of the parton
shower cross section we introduce a more compact nota-
tion for operators with renormalization scale dependence.
According to Eq. (11) the renormalization scale is always
related to the shower scale, thus we can define

D(u2) = D(HRU27,UJ2) ’
(/1’2) = X (K/RM27M2) )
(u ) V(knp?, i) 2y

= ’PH HRIL‘L27#2)) :

|pu(p

The PDF operator depends only on the renormalization
scale and in this case the convention is a little different,

]:(M2) = ]:R(FJRNQ) . (22)
The functions specified above then depend on kg, but we
do not display this dependence. With this more compact
notation, Eq. (20) is written as

a5(r) = (1O ()X (u*)V () F (1) (1)) - (23)

E. Operator U/ and parton shower

The formula for the cross section oy given in Eq. (23) is
of limited usefulness if the scale Q%(r), representing the
lowest scale that the measurement operator O;(r) can
resolve, is much smaller than the scale p2 of the hardest
momentum transfer in }pH (/ﬁ)). When that happens, o5
will contain logarithms log(u2/Q%(r)) that need to be
summed by looking for the most important terms at all
orders of perturbation theory. To that end, one can use
a parton shower algorithm.

To provide a parton shower, first set the scale u?
Eq. (23) to p2. Then define a scale u% that is certainly
smaller than Q%(r) Typically, one chooses u? on the
order of 1 GeV?. Finally, insert 1 = &; (u?)X, ') into
Eq. (23), giving

os(r) = (1|0 (r
X V(pg)F

)X ()X (uf) X () (24)
(i) | s (117)) -

Since p < Q%(r), the operator O (r) does not resolve

partons at the scale pZ. Thus Oy(r) commutes with
Xy (p?), giving us

0(r) = (1| X2 (1) O (r) X

X V() F

Y(ud) X (ph)

()| pucliy)) - (%)

With the use of Eq. (19), this is
os(r) = (1|05 (r) X7 (1f) X (1) (26)
x V(uﬂ (i) st -

The operator X, ' (u?)X;(u?) is of special importance.
We give it the name

Ut o) = lim X () X (1) - (27)

This is the shower operator. It generates a parton shower
starting at the scale 2 and ending at the scale u%. Be-
cause of Eq. (19), the shower operator is probability pre-
serving

(Lot (g, 13) = (1] - (28)
Using the notation U (u?, u2), the cross section is

oy (r) = (1|Os(r) Ui, pa)V (i) F (pe) | pu () - (29)

We have perturbatively calculated matrix elements with
their IR divergences subtracted in |py(u2)). Then the op-
erator F(u2) supplies parton distribution functions. The
factor V(u2) serves to sum threshold logarithms [1, 11].
An approximation to this factor is contained in DEDUC-
TOR although it is lacking in other current parton shower
event generators. Next, the operator U (u?, u?) generates
the parton shower and the operator O (r) measures the
desired observable in the multiparton state created by
the shower. Finally, we multiply by (1] and integrate to
get the desired cross section. We discuss U (u?, p2) and
V(1) in more detail in Secs. V and VL.

III. OBSERVABLE DEPENDENT SHOWER
EVOLUTION

The operator Oy(r) in Eq. (29) could represent any
infrared safe observable. In this paper, we have a partic-
ular sort of operator in mind. Consider, for example, the
transverse momentum distribution of a Z boson produced
in the Drell-Yan process. The operator that measures the
transverse momentum k| of the Z boson is defined as

@Z(kl_)‘{pa f7 ¢, cla S, S/}m)

= (27T)26(2) (kJ_ - kZ({p}m)) ’{pu f7 & C/u S, 8/}771) )
where kz({p}m) is the transverse momentum of the ob-
served Z boson. The standard method for summing log-
arithms of k% /M? is to start with the Fourier transform
of the k, distribution. To measure this with a parton

shower event generator, we can use the measurement op-
erator

(b)|{p7 fu & Clu S, Sl}m)
= /(d;cT;eib.kL (27)26) (ks — kz({p}m))

x {p, fre.d 5,8 )
_ eibvkz({lﬂ}vn)}{p7 f,c cl7s,sl}m) .

(30)

(31)



We let Oy (b) serve as an example of the observable O ;(7)
that we consider in this paper. There are many other
similar examples. We will need one property of the ob-
servable O;(r) beyond infrared safety: we assume that
the operator O;(r) has an inverse O (r).

To analyze the cross section o;(r), we start with the
representation (23) with p? = u2,

o(r) = (HOs(r) X (i) V(1) F () | o)) - (32)

Define an operator Y(u?;7) that is finite in d = 4 dimen-
sions, leaves the number of partons and their momenta
and flavors unchanged, and is related to X} by

X (o (). (33)

Then define a new version of X; that depends on the
measurement parameters r by

X% ) = 05 ()X ()07 (Y (i) . (34)

This gives us

(1) = (105 ()

(1] (2, r) = (1] (35)
and

Oy (m) X (1) = X (6, 7)Y (1 7) O (r) - (36)

Then our cross section is
os(r) = (1X(uff, )
X V(i 1) O ()Y (i) F (i) | pua(eih)) -

With the use of Eq. (35), and commuting O;(r) past
V(u2) and F(p2), which do not change the partonic state,
this becomes

(37)

a(r) = (Ui m)V D) F (i) O () |pu(pz)) - (38)
Here we measure O;(r) at the hard state |py(u2)), ob-
taining typically a very simple result. Then we measure
O, (r) inside the operator Y(u?;r). This operator has
the potential to sum large logarithms.

We can also relate Y(u?;7) to the shower operator
U(p3, 1n?) with a small final scale p?. From Eq. (33),
we have

(U204 () = (O, M) . (39)
Insert 1 = Xy (pd)X,
U, p?) from Eq. (27):

(1Y (270, (r)

H(pf) and use X7 (uf)Xa (4) =

= (1|0 (r) X2 (uf) U(ui, %) . (40)
Since p < Q%(r), the operator O (r) does not resolve
partons at the scale pZ. Thus O,(r) commutes with

X1 (p?), giving us

(Y2705 (r) = (1|X2(uF) O (7 U, p?) . (41)

Recall from Eq. (19) that (1|X; (12

(UY(2i7) Os(r) = (1O, M UGE D) . (42)

That is, we compare two calculations. In the first cal-
culation, we generate a parton shower down to a very
small scale starting with any statistical state at a scale
p?. Then we measure O;(r) inclusively using (1|0, (7).
In the second calculation, we first operate with O ;(r) on
the state at scale y? then measure Y (u?;7) inclusively
using (1|Y(u?;7). These two calculations give the same
result.

) = (1]. This gives us

IV. THE OPERATOR MAPPING P

In Sec. IID We deﬁned an operator V(u?) which is
to obey Eq. (17), (1|V(1?) = (1|FoD(p*)F~1(1?). In
Sec. III, we deﬁned an operator Y(p?;r) in the same
way. In each case, we start with a singular operator A
and we want to define a second, nonsingular, operator B
with the property

(11B=(1]A. (43)
When the operator B acts on an m-parton basis state
|{p, fycd s, s’}m), it is to leave the number of partons,
their momenta, and their flavors unchanged. It may,
however, act non-trivially on the colors and spins.

These requirements do not fully specify B. We can
be somewhat more definite by requiring that there be a
linear mapping A — B, which we write in the form

B=[A],. (44)
This mapping must satisfy
(1Al = (1]A (45)

and [A]p must leave m and {p, f},, unchanged,
[A]p‘{pﬂ f7 & Cl7 S, S/}m)
= > AW IWEEL )

{6,6/,8,8 }m

x [{p, f,2,¢,8,8}m) .

The requirement (43) is then a restriction on the spin
and color matrix A,

(1|A}{p, /e, c’,s,s’}m)

= Y {@mlEaa

{8}m)

47
{2,6',8,8'}m (47)
x Al{p, fym)ioS 2ot
{¢.¢,8,8'}
We can place another requirement on [---|p: if A has

the property that it leaves m and {p, f},, unchanged,
then

[A], = A. (48)



One consequence of this is that [A]p]p = [Alp.
These requirements do not fully specify the mapping
[ - ]p. For this paper we do not need to be more specific.
However in Ref. [2] we provide an example (without spin)
that is useful for the analysis of a first order shower.
We will find that the combination A — [A]p appears
frequently in formulas. It useful to define an operation

[. . ']171P’ by

(49)

V. GENERATOR OF SHOWER

We now turn to a more detailed study of the operator
U(u?, p2) that creates a parton shower between a hard
scale p2 and a small, cutoff scale y?. The generator of
this shower evolution is the operator

1 B
— S(u?) = | X7 (pa, 1)

0
M2 —gXl (:u12{7,u2) : (50)

8/14 uE=rpp?

Here, we differentiate with respect to the shower scale.
Because of Eq. (10) (with the use of Egs. (17) and (18)),
this is the same as

S0 = 4 ) g a0 . (5
Because of Eq. (35),
(1|8(*) =0. (52)

Eq. (51) gives us a differential equation for U

0
“za—;ﬁ U(pz, 1°) = Ups, 1*)S(1?) - (53)
We use the notation
2 2 & dN2 2
U(pz, py) = Texp FS(N ) (54)
%

2
2

to represent the solution of this equation. Here T indi-
cates the instruction to order the operators S(u?) with
the smallest 2 to the left.

VI. THE THRESHOLD FACTOR

In Sec. IID we have defined an operator V(u2, u?).
With our notation in Eq. (21) for the scale dependence
of V, the crucial property given in Eq. (17) can be written

(1[V(p) = (1| FoD(?)F () - (55)

In Eq. (29) or Eq. (38), the perturbative expansion of
V(u2) contains large logarithms [1, 11, 12]. These are
the much studied threshold logarithms [13]. We sum the

6

threshold logarithms by writing V(12) as an exponential.
Define

Uy (3, 1) = V7 (E3)V (ki) - (56)
Then V(u2) can be written as
V(i) = V(i) Uy (i, 1) - (57)
Define a generator operator Sy (u?) by
1 av(u?)

— Sy(p?) =V Hp? 58
= Sulut) = V) T (59)
Then Uy (u3, 1) is the solution of the differential equa-
tion

0
M28—u2 Uy (p3, 1?) = Uy (3, 1°) Sy(p?) . (59)

We write the solution of this equation as

Up (2, u2) =T SLL 60
% (:u’i s /LH) = lexp M2 \Z (:u ) . ( )
"

2
f

As long as we expand the running coupling oy in Eq. (60)
to some finite order in as(p?), the integral in Eq. (60) is
convergent in the limit xf — 0 [1]. Thus V(p?) at small
scales is almost the unit operator,

V() ~ 1. (61)
That is

V(pa) ~ Uy (iF, 117) - (62)

VII. PERTURBATIVE EXPANSIONS

The operator S(u?) can be expanded in powers of
as(py) = as(rrp?):

o [as(rep®)]"
2y — T\ ) (n) (2
sty = 32 | G s o)
In the general theory from Ref. [1], S(1?) is constructed
from the singular operator D(u2, u2). If we use only the
first order part DM (u2, u2) of D because that is all we
know, then all we get is S (12). However, in a practical
parton shower program (such as the A-ordered DEDUC-
TOR), one often takes a guess at approximate higher order
contributions S, The approximate form is obtained by
changing the argument of oy in the splitting functions to
krk? and, additionally, making a special choice for ry.
Expanding as(kpk?) in powers of ag (kg p?) then produces
contributions S (u?) for n > 1.

In DEDUCTOR, the first order contribution has three
parts [1, 11]:

3(1)(u2) _ 8(1,0)(M2) _ [8(1’0)(/‘2)}19 +i7TSi(7?’1)(M2) '
(64)



The operator S(1:0) (1?) describes parton splitting, chang-
ing an m parton state to an m + 1 parton state. The op-
erator [SU9) (42)]p leaves m and {p, f},, in an m parton
state unchanged, although it can modify the color state.?
In a leading color parton shower, the color is unchanged
and the eigenvalue of this operator then gives the or-
der as contribution to the integrand in the exponent of
the Sudakov factor that represents the probability not to
split between two scales. The final operator, S (©, D(u ),
leaves m and {p, f},, unchanged. It gives the i 1mag1nary
part of virtual graphs [1, 11] and obeys (15" (42) = 0.
The operator Sy (1?) has a perturbative expansion

sv(ﬁ)—Z[W] sSSP . (65)

n=1
The first order operator S\(,l)(/ﬂ) has the form [1, 11, 12]

SV (u?) = [T (1)), + Re Sy (1?)

— [F(u®) o POIF1(1?) .

Here [S™19) (42)]p is proportional to the integral of the
first order splitting function over the splitting variables
and appears also in Eq. (64). In the third term, [F(u?)o
PM] denotes the convolution of F(u?) with the first or-
der PDF evolution kernel PV, In the second term,

(66)

L con), 2 9 01
— S\ = | =D 67
,LLQ pert (/1’ ) 8,&2 (NR7M ) #§:KR#2 ( )

is the derivative with respect to the shower scale of the
singular operator for a one loop virtual graph. It is some-
times assumed that the effect of virtual graphs and PDF
evolution cancels the integral over the splitting variables
of parton splitting [14]. However, this cancellation is not

complete, so that the effect of S}(}l) (u?
12, 14].

) is quite important

VIII. GENERATOR OF Y

We now turn to a more detailed study of the operator
Y(p?; 7). This operator sums logarithms, so we want to
write it as an exponential. Define

1 d
FSy(/f;rFy (1% ") s V(). (68)
This gives us a differential equation for Y (u?;r)

d
MQd—Mg Y(ir) = Y(p?ir) Sy(p®;r) . (69)

2 (810 (42)]p was denoted by [F(u?) o S0 (u2
Ref. [1].

NF~H(p?) in

We solve this equation with a boundary condition at the
shower cutoff scale p?:

y(uz;r)=y(u?;r)+/2 dﬁ%y(u Sy (u;r) . (70)

Recall the defining condition Eq. (33) for Y(u?;7). At
p? = p? this condition is

(1Y(ui;r) )X (u) O (). (71)

The measurement operator O (r) is an infrared safe op-
erator that is not sensitive to parton scales below a scale
Q%(r). We suppose that puZ < Q%(r). Then O (r) com-
mutes with X (u?) and we can use Eq. (19), which gives
us (1|Y(u#;7) = (1|. Thus we can define

YiZir) = 1. (72)

This allows us to write the solution of Eq. (69) as

y(u2;7')—1—/u

We can also write Y(u2;r) as a hardness-ordered expo-
nential,

2 & dp? 2
V(pysr) = Texp /2 FSy(u ir) | - (74)
%3

To find the generator Sy (u?;r) we start with Eq. (42),
which we write as

= (10(r)

g duiym PSy(iir) . (73)

f

VUi, p?) 05 (r) . (75)

This applies for U (u?, u?) and Y(u?;r) evaluated at any
order K of perturbation theory, with corrections of or-
der offt1. We can also use Eq. (75) if U(p?, u?) is an
approximate shower evolution operator as defined in a
particular parton shower algorithm. In this case, the
shower splitting operator S(12) may be based on lowest
order perturbation theory. If U(u?, u?) is approximate,
then Eq. (75) defines the corresponding approximate op-
erator J(u?;7) and Eq. (68) defines the corresponding
approximate generator Sy (u?; 7).

We can differentiate Eq. (75) with respect to pu? and
use Eq. (69) for the derivative of Y and Eq. (53) for the
derivative of U(u?, u?),

(1 (*r) = (1]0u(r)

(1P (u?;7) Sy(u?;r)

(P Ui, 1) ()05 (r) .

We insert 1 = O (r)O,(r) to give

Sy(u*;r)
= (1o U(ui, p?) 05 () (77)
x 0;(r)S(u*)05 (r) .

(1|Y(p?r)



Using Eq. (75) then gives us
(LY (u?5r) Sy(p?;r)
= (1Y) 05 (#)S ()05 (r) .

The operators Y and Sy are nonsingular operators that
leave the number of partons and their momenta and fla-
vors unchanged. Thus we can use the mapping [---]p
defined in Sec. IV to write this as

Y(u?ir) Sy(u;r)
= [Y(u*:7) O5(r)S ()05 (r)] , -

The expansion of ) in powers of oy startsat Y =1+,
so a useful way to write this is

Sy(p?ir) = V(s 7) 0(r)S(p?)O05 (1)),
—{V(u?r) =1} Sy(u?;r) .

Now we can use Eqs. (80) and (73) recursively to gen-
erate Sy and Y in powers of ag. We write

Sy(p?;r) = ni; [M]n«?(”)(u r)

(78)

(79)

(80)

2m
oo o (81)
Yty = > [L(;;u )] Y (u?ir)
with
YO () = 1. (52)
For Sy, Eq. (80) gives

8§V (u?r)
= [0,(m)S8™ ()05 ()],

n—1

+ 3 YD () 05(1)SD ()07 (r)], (83)
j=1
n—1

=S YD () SP (i)

This gives us S;") if we know Sg) for j < n and Y for
k < n.

For ) we use Eq. (73), in which an integration over an
intermediate scale ji> appears. We can expand a (kg fi?)

in powers of as(krp?) in the form

452 - S 452 o

with coefficients v derived from the QCD S-function. Us-
ing this expansion in Eq. (73), we obtain

k—i—',n;’2 2
:07( Jym; i~/ ) (85)

-1
=

This gives us Y if we know Y*) for k < n and Sg) for
j < n.
These recursion relations successively generate S(l),

. The first order terms are
SP(?r) = [0,(mSD ()05 ()], (86)

and

w? di? _
YO = [ 10,05 )], - (87
w

-

IX. USING )Y

We now outline how the operator Y(u?;r) can be used.
This operator is the key to calculating an observable cross
section o(r) according to a parton shower algorithm.
The operator O;(r) that defines this cross section must
be infrared safe. That is, there is a scale Q%(r) such
that os(r) does not resolve parton splittings at scales
p? smaller than Q%(r). In order to define Y(u?;r), the
inverse operator O '(r) must exist. The anticipated
use case is that there is a distribution of direct inter-
est that involves large logarithms and the logarithms can
be summed analytically by taking an integral transform
of the distribution that depends on parameters . Then
o7 (r) represents the value of this integral transform. In a
companion paper [2], we examine an important example,
the thrust distribution in electron-positron annihilation.
Then one uses the Laplace transform of the thrust dis-
tribution and r is the Laplace parameter v.

In the applications that we have in mind, the pertur-
bative expansion of o ;(r) contains powers of a large log-
arithm L(7r) when the parameter or parameters r ap-
proach some limit. Typically, we have

oo 2n

_CO{HZZ (o))

()L (r )}- (88)
n=1 j=0
In favorable cases, there is an analytical formula that
sums these logarithms in the form

oo n+1
oy(r) —coexp<ZZdn]

"(u2)L (r )) . (39)
n=1 5=0
It is crucial here that the maximum power of L at or-
der af is j = n + 1, not 2n. We can say that a o;(7)
with this property exponentiates. One never knows all
of the coefficients d(n, j), but when the coefficients for
j =mn+1 are known, we can say that the formula sums
the logarithms at the leading-log (LL) level. When the
coefficients for j = n are also known, we can say that the
formula sums the logarithms at the next-to-leaadng-log
(NLL) level.
In some important cases, the color space for the par-
tons involved in the hard scattering process is trivial. For



instance, for shape observables in electron-positron anni-
hilation, there is only one color basis vector for the qq
state in ete™ — ¢g. Then the coefficients d(n,j) are
numbers. The initial partonic state in hadron-hadron
scattering has a nontrivial color structure. Then the co-
efficients d(n, j) may be integrals of matrices in the par-
ton color space, with some specification for the ordering
of noncommuting matrices in the exponent.

What does a parton shower algorithm say about
oy(r)? Different parton showers can give different an-
swers, so we should have a particular parton shower al-
gorithm in mind.

We have seen that there are two ways to express o ;(r)
as given by a parton shower. First, we can use Eq. (29),

oy (r) = (1|Os(r) UuE, )V () F (pe) | pu () - (90)

Typically the splitting operator S in U (u?, u2) is based
on lowest order perturbation theory, as discussed at the
beginning of Sec. VII. Additionally, V(u2) is present in
DEDUCTOR, but for many parton shower algorithms V =
1. Equation (90) says to run the parton shower to its
cutoff scale and then measure the observable by applying
(1|04 (7). The perturbative expansion of this result has
the form (88), but not directly the form (89). One can
run the corresponding parton shower event generator to
obtain a numerical result with statistical errors and other
numerical errors. Even with errors, it is possible [2, 15] to
use numerical results from Eq. (90) to check these results
against a known QCD analytic result.

The second way to express o;(7) as given by a parton
shower is contained in Eq. (38),

oy (r) = (1Y (s P)V (i) F () O (7) | pu(ir)) » - (91)

with Y(u2;r) given by Eq. (74) as an exponential of a
generator Sy

It
S
12

d 2

s sym%r)) L (92
2 M
The operator Sy is obtained from the shower generator
S using Eqs. (83) and (85). This second expression for
oj(r) gives exactly the same o ;(r) as given by Eq. (90).
However, now the logarithms L appear in the exponent
in Sy. Thus we have a representation that is very close
to the representation in Eq. (89).

The exponent in ) is?

I(r)= /#:3

f

d 2
u—*; Sy(uir). (93)

If we use the perturbative expansion of Sy, this is

zz; /”“d“ D sty o

3 This includes, possibly, ordering of operators or matrices in the
exponential. For simplicity, we ignore questions of ordering here.

we have

(n)
For Sy
8§ (u2ir) = [05(1)S™ (12)05 ()],

(95)
+ASY (1)

Here [0;(r)S™ (u?)O7 (r)], is the first term in
Eq. (83) and is the only term for n = 1. For n > 1,
ASg,n) (u?;7) is everything else in Eq. (83).

We can now expand Z(r) in powers of as(u2). The
perturbative coefficients will contain powers of the large
logarithm L(r). Let us divide Z(r) into two pieces

Z(r) = Zo(r) + AZ(r) , (96)
where
O R g2 (kg
To(r) = Zlfu ~ { et )}
x [05(m)S™ (1*)05 (r)], (97)
AT(r) = Z ‘:‘d% {as(gj{rﬂ )} AS&")(MQ,T)

If we use just Zp(7), we put just one shower splitting S
into the exponent. This is the candidate for the summa-
tion of logarithms L(r) as given by the shower. Its lowest
order contribution, proportional to as(p?2), will normally
contain two powers of L after integrating over 2. One
power comes from integrating over a momentum fraction
z inside S;l) (u?;7) and the second power comes from in-
tegrating over 1. Thus we have a LL contribution o} L?.
We also generate terms with higher powers of as(u2),
both from expanding the factor ag(kzu?) inside the inte-
gral and from using S (u?) for n > 1. With appropriate
choices for the algorithm that constitutes S(u?), one may
be able to generate a whole series of terms o (pu2)L" 1
and ol (p2)L"™ that match a known QCD result at the
LL and NLL levels.

Suppose that Zo(7) gives the expected QCD result for
the summation of logarithms at the NLL level. What,
then, does the complete shower algorithm give? For
this, we must examine AZ(r). We need to ask whether

AS&n) (p?; ) is sufficiently small that it does not ruin the
result from Zo(r). If AT ( ) contains no nonzero contribu-
tions proportional to oY (u2)L7(r) with j > N + 1, then
the logarithms L exponentlate If there are no nonzero
contributions with 7 > N 4 1, then the shower sums the
logarithms at the LL level. If there are no nonzero contri-
butions with 7 > N, then the shower sums the logarithms
at the NLL level.

Egs. (96) and (97) provide a way to check how accu-
rately the parton shower algorithm sums the large loga-
rithms L(r). Suppose that we wish to check whether the
shower sums the logarithms at NLL accuracy. The best
method is to prove analytically that AZ(r) meets the re-
quirement for log summation at NLL accuracy. A second
approach is to calculate the perturbative terms in AZ(r)



as numerical integrals and check how many powers of
L(r) they contain. Although one can never check every
term in AZ(r), this method has the advantage that if the
check for NLL summation fails for any one contribution,
then we know that NLL summation fails.

In Ref. [2], we present the analysis of Z(r) in a form
that is somewhat less general than the analysis of this pa-
per but is better adapted to practical applications. Then
we analyze Z(r) analytically and numerically for the trust
distribution in electron-positron annihilation.

X. CONCLUSIONS

It is, we think, of some importance to understand how
accurately a parton shower algorithm sums large loga-
rithms in an observable & ;(v).

In analytical approaches to summing such logarithms,
one typically defines an integral transform of the original
distribution so that one considers a cross section o ;(7)
that depends on parameters r. Then the perturbative
expansion of o7(r) contains large logarithms L(r).

Sometimes, one can compare the results of the shower
for o;(r) to the results in full QCD by writing the same
differential equations as for full QCD but applying the
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differential operators to the shower approximation rather
than full QCD [16, 17]. This method has he disadvantage
that one needs a separate and quite elaborate analysis for
each observable to be studied.

An alternative is to calculate the observable 6 ;(v) nu-
merically with the parton shower event generator of in-
terest and to compare the result with a known QCD re-
sult [2, 15]. This method can work, at least for electron
positron annihilation, but presents significant numerical
challenges.

We have presented a reformulation of the calculation
of o(r) according to a parton shower so that the large
logarithms appear directly as an exponential. The ex-
ponent can be expanded perturbatively. This gives us a
path to an analytical understanding the summation of
these logarithms in the parton shower. It also provides
a simple way to test this summation numerically. In a
companion paper, we find interesting results [2] for the
thrust distribution in electron-positron annihilation.
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