PHYSICAL REVIEW D 72, 114020 (2005)

Transverse momentum resummation in soft collinear effective theory
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We present a universal formalism for transverse momentum resummation in the view of soft-collinear
effective theory (SCET), and establish the relation between our SCET formula and the well known
Collins-Soper-Sterman’s pQCD formula at the next-to-leading logarithmic order (NLLO). We also briefly
discuss the reformulation of joint resummation in SCET.
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I. INTRODUCTION

Recently, the soft-collinear effective theory (SCET) has
made great simplifications on the proof of factorization in
B meson decays [1] and high energy hard scattering pro-
cesses [2,3], including resummation of large logarithms in
certain regions of phase space, for example, e* e~ annihi-
lation into two jets of thrust 7 — 1 [3], the deep inelastic
scattering (DIS) in the threshold region x — 1 [4] and
Drell-Yan (DY) process in the case of z — 1 [5]. The
reason for these facts is that SCET can be viewed as an
operator realization of the pQCD analysis when the modes
participating the interactions of interest are soft and col-
linear, just like chiral dynamics vs. QCD at low energy
region. This effective field theory (EFT) provides a simple
and systematic method for factorization of hard, collinear
and usoft or soft degrees of freedom at operator level,
especially usoft modes can be decoupled from collinear
modes in the Lagrangian at leading order by making a field
redefinition, and the large double logarithms such as
(a;log? %)”, where Q, A are two typical scales that char-
acterize a process, can be resummed naturally through the
running of renormalization group equation (RGE).

However, all the above works have not discussed the
transverse momentum (Qy7) distributions of high energy
hard scattering processes. In this paper, we will investigate
the resummed Q7 distributions [6], taking the Higgs-boson
production via gluon fusion in small Q7 region [7,8] as an
example, within the framework of SCET. It can be seen
that in SCET the Q7 resummation formula automatically
separates the process-dependent Wilson coefficient and
universal anomalous dimension of the effective operator
in a process, which once has been studied by the authors of
[9] within the Collins-Soper-Sterman (CSS) frame.

The paper is organized as follows. In Sec. II we start by
reviewing the basic steps for factorization and resumma-
tion in SCET. In Sec. Il we apply it to derive the Qr
distribution at small Q7 region directly, which confirms the
CSS formula. In Sec. IV, we also discuss a similar formula
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for joint resummation. Section V contains our concluding
remarks. The details of calculation are given in the
Appendix.

II. PRELIMINARIES

SCET is appropriate for the kinematic regions of col-
linear and usoft (soft) modes with momenta scaling: p, =
(ptp p)=-pi-pp)~0Q, 1A and p, ~
O(A%, A%, A%) or p, ~ Q(A, A, A), where A < 1 is the scal-
ing parameter, and the lightlike vectors n = (1,0,0, 1),
i =1(1,0,0, —1) satisfy n - 7 = 2, and the perpendicular
components of any four vector V are defined by V| =
Ve —(n-V)a* /2 — (- V)n*/2.

In constructing SCET, one should first identify the scal-
ing of all possible modes of initial and final states with soft
and collinear degrees of freedom, then integrate other
degrees of freedom, and the remaining modes must repro-
duce all the infrared physics of the full theory in the region
where SCET is valid, which is ensured by the method of
regions for Feynman integrals with massless quarks and
gluons' [10]. The EFT describing the usoft (soft) and col-
linear modes is known as SCETy), and to distinguish the
two theories, the scaling parameter corresponding to
SCETy; is denoted by n ~ A%, ie., p. ~ Q(n? 1, n) and
ps ~ Q(n, m, ).

The elements of SCET; consist of usoft sectors {q,,;, A}
and collinear sectors {£,, A,} moving in the n direction,
which are expanded as

$u) =S e, (0, p=pthk (D)
P

where k ~ QA? resides in the space-time dependence of
bup(x), e, 3, ,(x) ~ (QA%) ¢, ,(x), and p ~ Q(0, 1, A)
is called label momentum, and the label operators P, P |
are defined by picking out p~, p; momenta for collinear

fields ¢, (x),” respectively. The Wilson line for n-collinear
fields has the form of

'In the presence of masses, the regions analysis is very
complicated, and we only discuss the massless case.

*The convention ¢,(x) = ¢, »(x) for collinear fields will be
used for convenience.
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W, =| 3 exp( i a,0)]

perms

which is required to ensure collinear gauge invariance. The
Lagrangian of collinear sectors, which is invariant under
the usoft and collinear gauge transformation, at leading
order’ (LO) in A is [1],

L. =L, ,+L

cq’

1
Leg =52 TlID" + Al iD" + gAY

+2Tr{e,[iD,, [iD* + Af, ¢, 11}

2

+ iTr{[iwa AR,

-y . L

L., = gn[m D ,mkgn. 3)
Here the third line are the gauge fixing terms with parame-
ter a and ¢, denotes collinear ghost field, and

- nt nt
iDr = T7+ ’_Pli + (ln -0+ gn 'Au.Y)TJ

in-D=in-D,, +gn-A,  iD, —id+gA, @

in-D°=P+gn-A,  iD| =P, +gAt.
The Lagrangian of soft sectors in SCET is identical to that
of QCD.

As for SCETy;, it was emphasized that it can also be
viewed as the EFT of SCETj, and is the final theory [11].
This suggests a short path to go into SCETy; from SCETy, if
the following matching and running steps are taken [11]:

(1) Matching QCD onto SCET] at a scale u> ~ Q2 with

2 92)2.
pe~ Q745

(2) Decoupling the usoft-collinear interactions with the
field redefinitions, &, = Y,;f gﬁ{” and A, = Y,:r A;O) Y,.
Here Y,(x) = Pexp(ig [dsn - A,(ns + x)) is the
usoft Wilson line of usoft gluons in n direction
from s = 0 to s = oo for final state particles, and
P means path-ordered product, while for initial state
particles, Y, is from s = —oo0 to s =0 and the
daggers are reversed. This step leads to
L(& Ay nAy) = L€AY, 0);

(3) Matching SCET, onto SCET}; at a scale u> ~ Q?A?
with p2 ~ Q%>%?. Thus, the soft and collinear modes
are decoupled in the Lagrangian of SCETj;.

Next, we extend SCET to include the possibility of
collinear fields moving in different light-cone directions
ny, Ny, n3, . ... These directions defined by n; and n; satisfy
ng-n;> A% for i # j. For simplicity we will only con-
sider the case of head-on jets corresponding to collinear

*We will restrict our discussion only at this order through the
paper.
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particles moving in the n and 7 directions. Since the
effective theory only takes account the interactions of the
modes in the local way, the Lagrangian of the effective
theory contains no direct coupling of collinear particles
moving in the two separate directions, however the usoft
gluons can mediate between them in SCET;. Hence the
Lagrangian in this case can be written by

it = Lo+ Lg

and the soft parts are unchanged, so the decoupling trans-
formations are also valid here.

To illustrate the application of SCET and warm up, we
consider the Sudakov effect of quark electromagnetic form
factor in QCD [12], i.e., the double logarithmic asymptotic
of conservative current j* = yy* in the following kine-
matics:

(a) nearly on-shell case
Q> = =(p1 = P2’ » —pi = —p3 ~ Agep.
p1~ 0% 1,7,
1~ Agep/ Q.
(b) off-shell case

P~ 01, % ),

0* = —(p1 — p2)* > —pi = —p} ~ QAqep,
P11~ Q()lZJ 1’ )\), P2~ Q(lx AZ’ )\),

A~ Aqen/ 0.

Here p,, p, are the momenta of the initial and final quarks.
In the above two cases we have omitted quark mass effects.

Following the treatment of heavy-to-collinear current
discussed in [11,13] for case (a), we first match the full
current onto the corresponding operator in SCET;. At LO
in A, it gives [3]

j'u = [gﬁWﬁ]’yucq(?Tr j)’ /-'LZ)[W}:lrfn] (5)

By the requirement of collinear and usoft gauge invariance,
the LO effective operator is determined uniquely, and the
reparametrization invariance (RPI) [11] implies that the
Wilson coefficient satisfies Cq(’PT, P u?) = Cq(’PJr .
P, w?).

Obviously, the tree level matching condition for j* leads
to C,(Q% u?) =1+ O(a,). We certainly can determine
O(a) correction by adopting dimensional regularization*
(DR) to regulate UV and IR divergences to compute on-
shell matrix elements on both sides of Eq. (5), for which is
valid at the operator level and the matching calculation is
independent of regularization method. With this choice,
the fact IRgep = IRgegr provides us a direct matching
calculation to read off the Wilson coefficients and anoma-

“The MS scheme, ie., d =4 — 2€ and u? — ple¥: /4w is
used through this paper, where yj is Euler’s constant.
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lous dimensions of the operators in SCET. As all the on-
shell loop integrals in SCET are scaleless and vanish,
IRSCET = _UVSCET’ and then IRQCD = _UVSCET'
Furthermore, the self energy diagrams in full QCD with
massless quarks are also vanish, and all the wave function
renormalization constants and the residues of the related
propagators are equal to unity, and we also note that the
conserved current in full QCD needs not to be renormal-
ized. Thus, what we need to calculate is an one particle
irreducible diagram, Fig. 1, in the full theory, which is
given by

(p2lj*Ip1) = (palj*Ip ) + (pal j#|pyyenetoop
= u(p2)y*(1 + Vu(p,), (6)

NP
7)

y 2
62
3) ’“’“—

a=

= CF (MQe;EYFF((ll—_ 2Ee)<

aSCF 2
= 21
41 [ e < 08

w? ?
Here Cp = (N> —1)/2N, for SU(N,), and N, = 3 for
QCD. The e-poles in Eq. (7) are of IR character, whose
opposition are just the UV poles in SCET. Thus the match-
ing calculation at one-loop level gives

2
CF( 8 + 1), (8)

2 12y —
C,(0%07) =1+ G

4

z\w a,Crl2 1 w?
Z, = Vo 1+ 232 2 4 (2100 +3) | 9
v ge” 47 |:62 e< OgQ2 >:| ©)

Here Zy is defined as MS renormalization constant of the
effective operator, and u has been set to Q to minimize the
logarithms in the Wilson coefficient. It was pointed out [1]
that the anomalous dimension of the effective operator is
independent of its spin structure, for which can be factor-
ized out from loop integrals. This means the evolution
equation in SCET is universal, and only the Wilson coef-
ficient is process-dependent.
From Egq. (9), we obtain the RGE of C,(Q? u?),

d1ogC,(Q% u?) VA%
el At —g v 10
Tlog(n) Yi(u) = —¢ og (10
P2 LI
>WW +}>WW“ = e Cy(Q2, 1)
P n

FIG. 1.  Graphical representation for quark current matching.
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QZ
71(1“‘) = Aq(as) 10g_2 + Bq(as)

_ a; CF
dar

(4 loga + 6) (11)
Here As,l) = Crand Bf,l) = - %Cp. With Eq. (10), we can
resum the terms such as double logarithms from the scale
~Q? down to the scale ~Q?A2, we abbreviate this match-
ing step as a chain QCD| gy — SCET| 2.

Next, we decouple the usoft and collinear modes by the
field redefinitions, which results in

(DAEW Iy WL EIp) — (Pl EQ W Q)
X yH(QIT[Y,Y,]1Q)

XAQUWTEN P, (12)

where T means time ordering operator.
For the final step we integrate out all the off-shell modes

of order ,/QAqcp and go into SCET};. We can rename the

usoft fields as soft fields for the usoft degrees of freedom
scaling as soft ones, and then lower the the off-shellness of
the collinear fields that would be matched onto SCET};.
Since the leading collinear Lagrangians in SCET; and
SCETj; are the same and (u)soft and collinear fields are
decoupled at LO in (A)7, all possible time-ordered prod-
ucts involve collinear fields agree exactly and we can
simply replace QWO — ZIwll ang WOt
wilt &N where the superscript II denotes SCET}; will be
dropped from now on.

Because p;, p, of (a) are described by the collinear
modes in SCETy, the general matching structure of
SCETj; diagram is shown in Fig. 2(a). The Wilson coeffi-
cient at this step is unity and anomalous dimension is the
same as the first step, except that it runs from the scale
~Q?)? to the scale ~Q?n>. We abbreviate this step as
SCETj|p2)» = SCETy|p2,2. Collecting all the results
above, we obtain the known Sudakov form factor

SEI“)(AQCD, Q), leaving other coefficients omitted,

S(qa)(AQCD’ Q) = exp(— fQ

QCD

yi(w)d logﬂ>~ (13)

For case (b), it can be taken as a subdiagram of the on-
shell case, from kinematical considerations, of which the
external legs are amputated. Thus, step (1) is unchanged,
and in step (2), (O|T[Y;Y,]10) changes into

- ] " f " dsdtel S HQITY (0, i)Y (0, —no)]|Q),
o Jo

(14)
where 1/(QA?) is the effective contour length [12] and

>The notion A = ¥, (e, /7)"A"™, we adopt {A, B} to distin-
guish the well known coefficients {4, B} in pQCD.
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N

FIG. 2. Factorization of on-shell form factor (a) and off-shell
form factor (b) in SCET. In (b), the soft Wilson lines are
terminated and the external quarks are amputated, therefore,
(b) can be taken as a subdiagram of (a). Both diagrams are
depicted under the gauge 1A, = n-A; =0.

Y, (0, fis) EPexp(ig ﬁ) " dBi -A,”(ﬁ,B)) (15)

Y, (0, —ni) EPexp(—ig ﬁdﬁn -Am(—n,B)). (16)

Because of the jets J,, J, with fluctuations —p? = —p3 =
OAqcp > 0?7 in Fig. 2(b), they must be integrated out
in SCETy;, and only (14) is left over after step (3) associ-
ated with renaming the usoft modes in SCET]; as the soft
modes in SCETy;, of which the running behavior is the
same as Fir of [12]. Finally, the Sudakov factor in the off-
shell case is

sP(0m, Q) = exp(- jQQA yi(p)dlogu

oA
- f Yz(ﬂ)dlog,tt), (17)
on

_ G m 2
Ya(p) = ;CF IOgQQ—nQ + O(ay), (18)

where 7y,(w) is the anomalous dimension of (14). We
conclude this section with a chain for the off-shell case,
QCD| > — SCET)|y2)» — SCETy|p2,p. Now we are

ready to turn into the Q7 resummation in the following.

III. METHOD OF O RESUMMATION IN SCET

Since SCET is powerful to disentangle the soft and
collinear interaction, and IR power counting [14] tells
that the singular terms of Q7 distribution for DY-like
processes in the limit of Q7 — 0 originate from soft and
collinear modes, which are emitted by partons from had-
rons pi, p,, it is not unexpected that SCET can be applied
to treat them and to derive the resummed part of full
transverse momentum distribution for these semi-inclusive
processes, while the remaining regular terms Y [6—8] and

PHYSICAL REVIEW D 72, 114020 (2005)

the prescription of incorporating nonperturbative region
(Or ~ Aqcp) are neglected in this paper.

For the sake of simplicity, the process of Higgs-boson
production is taken as a demonstration, but the method we
used is not confined to this example. The dominant process
for Higgs-boson production at the large hadron collider
(LHC) in the standard model are gluon fusion through a
heavy quark loop, mainly the top quark, p,(P;)+
p2(Py) — gg — ¢(Q) + X with P, =(0,2p,0), P, =
(2p,0,0) and S = P; P5. It is convenient to start from
the effective Lagrangian for one Higgs-boson and gluons
coupling [15],

-E bgg = T(as)(ﬁGleLVGILEILV; (19)

where 7(a,) = [a,(Q)/127)(v2G )"/ + O(a}) and Q =
m,,. Therefore, the operator for Higgs-boson production is
H = G4,Gl”. Here the coupling a; suffers the QCD
correction, which is unlike the case of electro-charge cou-
pling. Furthermore, because the renormalization constant
of a,G%,G4" is unity up to O(a,), the renormalization
constant of H is just Zg_z, where Z, is the renormalization
constant of gauge coupling-g.

If we set A ~ Qr/Q with Q > Q7 > Agcpthe situ-
ation is much like that of quark form factor (a) discussed in
last section, and the matching and running procedure can
be followed. The operator J{ can match at LO in A onto

I = ABLC (P P B = 4B C0° 1)

nu a nu»

(20)
where

- v
Brﬁ: =n, n,u,’

1))
W= WILiDE + gAk, iDy + gALIW,,

and n < 7 for G£”.
The one-loop calculation, Fig. 3, is similar to quark
current, except for dividing the final result by Z;Q. Finally,

(811 H 1g2) = (11 H I g2y + (g 1| H |gy)ome 1P + c.1.
= <gl |j-[|g2>tree(1 + Vg)) (22)

FIG. 3.  Graphical representation for gluon current matching.
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_ag(pler\e Tl—¢) ¢ 2C, 20, qy
& 4a\ 0* ) T(1—2e €2
o 2C, 1 u?
= E|:_ ? - ;<2CA 10g@ + 2ﬂ0> CAIOg Q2
2 2
7 Cym
— 28, log@ + A+ A2 } (23)
=28 logg—z is obtained,® from which we read
Cy7?
C0%0Y) =1+2(Aan+=4T ) (4
(@0 =1+ (Al + Y (24)
(n)
Z_f;.[ = Z}[
n En
2CA 1 ILLZ
Here C4 = N,, By = %CA —3n,Tg, A =11+27,

Tr = % and ny = 5 is the number of active quark flavors.
Then the RGE of C,(Q?% u?) is

(1)
dlogC,(Q? u?) 0z
oeCC 1) =g 2L 09

dlog(n) = y1(p)

Q2
Y1 (lu') = Ag(as) logﬁ + Bg(as)

(eumton) e

with A = C, and B{’ = — 8. Thus the evolution from
the scale ~Q? to the scale ~Q?A? gives

* du?
€02 020 = (0% exp(~ [ T yi(w))
8)

As shown above, the extraction of A, B in SCET is
different from that of A, B in pQCD, i.e., there is no need
to calculate real correction which is more difficult to
handle. Using the virtual part of higher order calculation,
such as the two loop on-shell quark and gluon form factor
[16], we can find the O(a?) universal anomalous dimen-
sion. For example,

1 7 2 1
A£,2)=§CaK, 6 77) 0

K= CA(E_? _3TRnf’
(29)

where C, = Cp, Cy = Cy.
After performing field redefinitions, Eq. (26) can be
directly used to running H from the scale ~Q? to the
scale ~Q?n? without loss of degrees of freedom. So the

®Here we have absorbed the scale dependence of «, into Z,.
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relevant operator for Higgs-boson production at the scale

~Q? WZ(Q%) is
H = Cg(QZ, 02n?) Tr{T[Y, YﬁQB%‘Y’;r Y,B,,.0}
= Co(Q% @) TLV3" Vi By B, ]
= C,(0% *)H. 0

Here VY, is the adjoint soft Wilson line from —oo to 0 in
n(7) direction for incoming fields. Now, we have com-
pleted the procedures corresponding to step (1), (2) and (3).

To obtain the differential cross section, we relate it to the
composite operator J{ at the renormalization scale u? ~
0?%? in SCETy;, where the cross section can be written as

1 dgresum

B H¢ —S,(1,0) L0, ),
Ué(? szdde% g (Qe U'SCET(QT 0 M)

(1)
where Hg(Q) = |C,(Q% 0?)I? is a function of a,(Q), and
(0) s(Q)mH 2 2

= (V2G) =80 —mpy), (32)
> d
S (1, 0) = fQ dn [A (a, >logQ + B, } (33)
“

and

1 dGSCET(M)

oo (34)
o dQ?dydQ}

USCET(QT’ 0, M) =

represents the normalized differential cross section calcu-

lated in SCET); with the composite operator J{. The
general structure of relevant diagram is shown in Fig. 4,
where the soft and collinear modes are decoupled and the
spin and color are summed over in the matrix element of
hadron, from which the SCET cross section can be written
in the form of multiple convolution,

FIG. 4. General structure of SCET cross section for Higgs-
boson production under the gauge n-A; =7 - A, = 0.
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oscer(0r, O, 1) = fdszldszzdszS52(kT1 + kg

+ kpg — QT)JP,(Xp kri, p)
X Jp, (xg, kra, p)S(krs, p), (35)

Qe /NS, x, = Qe /+/S for Q2 < Q?, and
2 e
= dvT d2y e 1Py —kp L)

P (277)3f v

X(pI T B (y",0,51)B,a(0)]lp1), (36)

where x; =

Jpl(-xl:le) /"L) =

2 P
= | dvd?y, e inP Ty —kryy)
P (277)3[ v

X{p2| T B3 (0,5, 51) Baa(0)]lp2), (37)

I p, (o, ki, ) =

1 . _
S(krs, u) = 2ny ]dzyie’k”'yl<Q|T[ercy;eb]

X (0,0, 5 )TIY5  Vicl0)1€), (33)

with T denoting the antitime ordering operator. Obviously,
in Eq. (38) the matrix element has been factorized, and the
delta function is imposed by momentum conservation.
Next, to factorize the phase space, the trick of Fourier
transforming to impact parameter space is significant [6],

fdzéTeil;'QT 82(21277 - éT) = l_leil;'];ﬂ. (39)
Then, for each transverse momentum ET;', one obtains
| e pikr) = o) (40)
This produces the simple product
=T, (x1, b, w) T, (xa, b, 1) S(b, ).

(41)

Because of KLN theorem, the contributions from the
soft modes are free of IR divergences. So only the collinear
divergences are survived, therefore after matching the
SCET cross section onto a product of two parton distribu-
tion functions (PDFs) given by [2], which are equivalent to
the conventional PDFs f,/, (x;, 1) at LO in A, the remain-
ing IR divergences can be absorbed into these nonpertur-
bative inputs, of which the evolutions are controlled by the
DGLAP equations. This leads to [6]

jpi(xi’ b) M) = Z(fa/pi ® cga)(xp b! M)

-3 f Glantéme(Ebn) @)

7 scer(b, O, w)

If we define

PHYSICAL REVIEW D 72, 114020 (2005)

by -
C,.lz=2 ) =c,.(zb w[Sb w2
( b M) ¢z b, w)S(b, W] )

b() = 26775,

then
~ by
O-SCET(b’ Q: Iu‘) (fa/pl ® Cga)<xlr b ’ M)
by
X (fb/pg ® Cgb)<x2’ ?, /.L) (44)

Obviously, Cgﬂl)(z) = 8,,0(1 —
the Appendix that

z), and we have derived in

CW(z) = —2P%,(2) — %5(1 2, (45)

46

where u has been set to by/b to eliminate large constant
factors in C“)(z, w), and Pg,(z) represent the O(e) terms of
the DGLAP splitting kernels

Combining Eq. (31)—(44) and Fourier transforming back
to Q7 space, we obtain the resumed formula of transverse
momentum distribution for Higgs-boson production in
SCET,

1 da.resum ¢

-0 agtarags ~ Q) ] bIo(bQ7)

b
% Ze S, (bo/b, Q)(f Jp, @ Cga)(xl, bO)

b
X (fy/, ® Cgb)<x2, ;0). (46)

The similar reasoning leads to the general form for Qr
resummation,
1 da.resum

0-(0) szd sz - F(Q)[ —bJO(bQT)

b
>< Ze_sc(bo/b,Q>(4fa/])| ® CCG)(‘XIY f)
ab

b
X (foyp, ® €272 (47)
where F and c stand for the type of process and of parton
participating the elementary subprocess, for example, F =
DY and ¢ = g for Drell-Yan process. The formula (47) is a
little different from the known CSS formula [6],

1 da.l'CSle db
- [ < bIy(b0r)

o0 dQ*dyd Q3 0 2
b
X Ze S.(bo/b, Q)(f /p ® Cca)<XI, b0>
ab
b
X (fo/p, ® céb)<x2, f) (48)

Transforming Eq. (47) into the form as Eq. (48) by the
identity

114020-6
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H(Q) = exp[ j ¢ A gd“’gHF

}Hf (bo/b),
b2/ b* loga

(49)

with B(«a,) denoting the QCD B-function, one finds

db
- ﬁ 0 bIy(b0;)

] _ b
X Y e SbbO(f,, @ cm)<x1, f)
ab

1 da.resum

o0 dQ%dydQ?

~ b
X (fo/p, ® Cez;)(h: f) (50)

The corresponding coefficients {A, B, C} are related to
{A, B, C} through equation

dlogHf
dloga,’
C.(2)[HE (by/b)]'2, (51)

Alay) = Aley),  Ble,) = B(a,) — Blay)

Cab(z) =

Up to next-to-leading logarithmic order (NLLO),
{A®@ BW c} and {A®, BD, ¢V} is compatible with
each other, and further calculation and confirmation are
required at higher order.

It can be seen that SCET provides a natural framework
of Q7 resummation by conventional RGE in EFT. We have
noted that the matched effective operator is determined by
collinear and soft gauge invariance and is unique. In addi-
tion, the corresponding anomalous dimension is indepen-
dent of its spin structure and is universal, while the process-
dependent quantity resides in the Wilson coefficient. Even
more, the coefficients C,, defined in SCET are process-
independent too. So the matching and running procedure in
EFT naturally separated the process-dependent and univer-
sal contributions to a process, i.e., {A, B, C} are universal
and only HY is process-dependent. In pQCD, the formula
and relation like Egs. (47) and (51) have been proposed by
the authors of [9].

Compared with SCET, pQCD analysis invoke gauge
invariance and a new evolution equation [6] which comes
from differentiating the jet-function from the factorized
cross section with respect to the axial parameter in axial
gauge to separate soft and collinear contributions, which is
crucial to resum the double logarithms, since RGE in full
theory only resums single logarithms between two scales.

We conclude this section with a chain for the Q re-
summation in this section,

QCD |g> — SCETj|g2j2 = SCETyl g2,z «— DGLAP| 2,

where the last arrow indicates that the PDFs used at the
scale Q?n? can be obtained from those at some fixed scale
w3 by the evolutions of the DGLAP equations.

PHYSICAL REVIEW D 72, 114020 (2005)

IV. DISCUSSION

(D) Applying the formula (47) to the production of lepton
pair via virtual photon, one can find,

1 dO.I‘CSUm

— HDY(Q) f —bJo (b0;)

o0 dQ%dydQ}
X Ze S,0/b.Q) (£, @ an)(xl,l;°>
X (fo/3, ® €2 %) (52)
where

(0) _ e 47T agm

qq q 9SQ2 ’
HJY(Q) =1+ “5?(—8 + %7#),
S (&Q>=/QZ a [A (as)logQ——i-B (a )} (53)
\b v/ W

CP =6,,61-72),

Cl) = —2P5,(z) — C s 8(1 - 2)
qa ga'\% F6 qa ).

(IT) The reformulation of joint resummation can also be
made straightforwardly in SCET. In fact, threshold resum-
mation [5] under z = Q?/S — 1 for do™"™/dQ? is per-
formed in moment-N space, and the relevant
A2 =1/N~1—z with N =¢”N. The conclusion of
[5] can be represented by a chain,

QCD |Q2 i SCETlle/\z = SCETleznz — DGLAP',LS

We observe that the two chains for Q7 and threshold
resummation in SCET have identical structure. This sug-
gests that we can do threshold and Q7 resummation for
do™m/dQ*dQ% simultaneously. The relevant A% ~
1/x(N, b) with b = bQ/b, is an interpolation of A% ~

1/N and A% ~ 1/b, let us say [17]
o N 1
N, b b+ —m, =_, 54
X(N, b) = ¥ pb/N P=7 (54)

which approaches to N for b < N and to b for b > N,
respectively. The matching steps for joint resummation
then can be written as

QCD |g: — SCETy| 2/, = SCETy|g2,- — DGLAP] .,

which leads to similar result as Eq. (47) corresponding to
that of [17], and the Mellin transformed and jointly re-
summed cross section follows,
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1 do.resum(N) F(Q)f _bJO(bQT)

0.(0) Q2dQ2
X 3 S CNO(C,, (N (N, O/ )
ab
X (CE‘b(N)fb/pz(N’ Q/X))r (55)
where ¢(N) = [ dé&EN p(€) for any function ¢(€) with

0= ¢ =11isused.

V. CONCLUSION

We have presented the method of Q7 resummation in the
framework of SCET and given a simple correspondence
between {A, B, C} in SCET and the well known coeffi-
cients {A, B, C} in pQCD, with which the available infor-
mation is compatible. The equivalence of the two
framework can be confirmed by higher order computation.
We have also shown that the reformulation of joint resum-
mation can be performed in SCET directly. So any process,
which is confined to the soft and collinear regions by
dynamics or kinematics, can be treated in SCET following
the steps outlined above.
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Note added.—After an expanded version of our manu-
script was completed, a new paper [18] by A. Idilbi, X. D.
Ji, and F. Yuan appeared, in which they also discussed the
transverse momentum distribution in b space and derived a
similar result to ours.

APPENDIX

In this appendix, the details of the calculation to extract
C" in SCET are given explicitly.

Because C) is related to the emission of a soft or
collinear gluon, and the phase space is already factorized
in this case, we will exploit a special form at O(«;), for
which there is no need to cover the nonperturbative region

(Qr ~ AQCD)»

1 da.resum

o0 dQdydQ% F(Q)d

Q2
X [e S Gscpr(Qr, O, )] (Al

PHYSICAL REVIEW D 72, 114020 (2005)

1 dO’SCET(/,L)
(0) dQQdydq

= Jpl (x1, Q1. w)J p, (x2, O, w)S(Qr, ).
(A2)

&SCET(QT’ 0, ,U«) = d

The same reasoning as in Sec. III leads to
Iy, (x1, O, ), (x2, Or, )S(O7, )
= Zb(.fu/[ll ® C..)(x1, Or, w)(fuyp, ® Cap) 2, Or, ).
| (A3)

Then we get the differential form for Q7 resummation,

1 da.rcsum
- e S2ror®C,)
o0 dQ%dydQ} dQ3 Zb I

X (x1, Q1) (fo/p, ® Cap)(x2, Or). (Ad)

=HI(Q) -

Here u = Qr is set to minimize large factor in co. Taking
the Q% integral of Eq. (47) and (A4) from 0 to Q% and then
expanding them at O(«;), we find CV(z, %) = CY( 0y),
thus we will use Eq. (A2) and (A3) to calculate CV.
However, it should be emphasized that this formula is valid
only with {A®, BD, ¢}, and the two formulas must be
equal at this order, which suggests a way to adjust the
parameters in b* prescription [6]. Previously, the authors
(DDT) of [19] have derived a similar formula, which is
corresponding to our result at leading logarithmic order
(LLO). Later, the extended DDT formula in the CSS frame
with {A®, B@ c(} was suggested in [20], whose coeffi-
cients {4, B, C} at O(a,) are just our {AV, BU, CV}. The
real radiative contribution to the differential cross section
at the scale Q3 is

doy™w) 1 (Amye fdugl
dQ*dydg> F(1—6)<q%> /u < i
MO (b1, pay b y)I2
X — i
(1 ) | =,

(AS)

Here M;Ob)( D1, P2 k, y) denotes the corresponding matrix
element, and the usual invariants are defined as

r= (pl - k)z)
Q2

=,
N

s = (p1 + p2)%
u= (Pz - k)zy

and the two roots of the equation (p, + p, — ¢)*> = 0 are

_ o, — (1 = 2? — 4243/ 0°

Umin Q 2Z

,2— 1 +\/(1 —2)? — 4243/ 0*

umax Q 2Z
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S S — jEnp

2 p?
pra k b ; ,ul/éab 1
TEEE OO — —

19 2

. 7 Vide | Yid —_
= igT "y + 55 + 0 = )
y
-o*o-oz'm = —gT‘I%

FIG. 5. Feynman rules for n-direction collinear particles in Feynman gauge o = 1 [1]. Here the direction of gluon momentum in the
Wilson line is along the collinear particle. The rules for soft fields and collinear gluon are the same as that for QCD, and n < 7 for
ni-direction collinear particles.

The expression Ile b(pl, P2, k, y)|? in SCET can be written down by cut diagrams, and the Feynman rules we need are
shown in Fig. 5. For example, in Fig. 6, the real contribution of the collinear gluon in the n direction is

c1(0) _ #i-(p— k)ﬂ (Ifl_K)U/# fﬁﬁu_ B —B1h
1 Mia™ 1Pk I = —dma, i %CFH TH2 (o =07 2 <””+ Ak Ap ﬁ'<p1—k>ﬁ-p1””>

eré(n,ur?/'i(lﬁ_%)LJrﬁu?/l_ (£ =K1 ﬁ,,>ﬂfl (p1—k) q
22 i py—k ipy i(py—ki-p )2 (py—k)?

k
ot sy, S A AT 1)
k2 2" (p1—k)
o1 i (p1— k) P11 (py — k)1 PiL
=—4ra,uc —Tr| sy, -v*—- }ZC {( )|:2 — — - - }
we 36 [ 2 d a-(pr—ki-p; (@-(py—k)* (- py)?
><|:n'(P1_2)i| +2_”'(P1_ )2} (A6)
(p1 =) i-k(py — k)
[
If we drop the common factor p1 = (0,P,0), p, = (P*,0,0),
1 no i 2 (A8)
= 2¢ 2 i - q _
j\/l - 47TC¥S/.L 36Tr[Q 7,11. 2 ,y,u 2]! (A7) k= <ﬁ, (1 - Zl)P » _QT>,
1
and use the following parametrization for momenta
k _ -1
pl)pZ) > S=P+P N t= q%‘,
I=a (A9)
" u=—(1-—2z)s tu = sqx,

the above expression can be simplified to
. 2CH[(1 = e)(1 — z))? + 2z
(MO (py, o 32— 2L 2l

FIG. 6. Cut diagrams for the emission of gluon in SCET};, and ZqT
the mirror diagrams are not shown (A10)
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The contribution of 7 collinear gluon is given by n < 7 1+ 72
and z; < zp, qu(Z, E)ZCF|:1_Z _6(1_2)}
_ 2 4 o 1+ (1 - Z)2
MOy po ko = AN 2P 4 2] p = -]
g5 1 (A14)
(Al1) IggQ,e)==2CQ[ :
o 2a(] —
and the soft gluon contribution is Pz e) = T,{l 27 Z):|'
ac LT
| M5 (p1, pa kY — —rI. (A12)  These are the corresponding results of [8].

T Next we match the Qr integral Eq. (A2) onto PDFs after

o ) ) ) ) making Mellin transformation,
The condition that the emitted gluon is to be collinear is

(1 —z;))P~ > qporz; — zfori= 1,2, so only half of the S (n) = &2(1—)01) _ /1—(247/Q) d Z"L doSCET ()
phase space is covered, i.e., u = Uy, foru = —(1 — z,)s, 4 4 0 o dQ?dydqs’

under which we could safely make the substitution z; — z. 1 /uleveye
The soft gluon is guaranteed by (1 — z;)P~ ~ gy orz — 1. E(l)( ) = ( ) ( 5 ) I, (A15)
Note that | M<©)2 — | M5©|2 when z; — z — 1, which ) ar\ ar

results in’

1-(2¢7/0) 2(1 — z)P )
I = f L G LI N
MO 2 — | MG 2 0 1 —2)? — 4791
[ Myq' (p1, P2 kY17 = | (1, P2 K, y)ll—z,->>qr/P’ (1-2) 25
+ leZq (P1, P2k, }’)ﬁfzpqr/pf where the upper limit z =1 — 2¢;/Q is to make the
2C:[(1 — €)1 — 2)% + 2¢] integrand meaningful, and the integral (A16) can be eval-
3 uated easily if we retain only the singular terms as g — 0,
qr
_20 =Pz €) a1y = f 1=Car/) | 21~ DPy(z €)
5 2
247 ’ N e
- 1
similarly, + f dz(z" — 1)2P (2, €)
0
21— DPuyz, €) o
i - , € — = _ €
|M;(;(,))(Pl, P k)2 — 2z zab Z ’ 2Cp logq2 3Cp + 2y44(n) + 2ey5,(n), (A17)
q7 T
where y,,(n) and y§,(n) are the moment of regularized
where splitting function and of P§,(z). So

|

de YE\€ QZ €

qr
2Cp 1 N 2y,.(n w?
= —F + - <3CF + 2CF10gM—2> - Vg ) Y5q(n) — + Cplog + 3C,.-10g 5
e 0} 07 o7
( ) QZ 2
— 2,40 log — 2Crlog— log . (A18)
99 Q2 F QZ Q2
[
The virtual correction comes from the UV renormaliza-  which cancels the first two € poles. The remaining is
tion constant, cancelled by the renormalization of PDF, i.e.,
a, 12C 1 w? S
26Zy = 2| =L+ =(3Cr + 2Crlog—5 ) | —1+222 A19
v= 5o T+ (3 e ogty £u0 = F500 = 1+ 22y, (- - ) | (a19)
"We have divided soft contribution into two parts. where u = up is implied. Finally, we get
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[4]
(5]
(6]

CF7T2

6 ’

CY(n, 0r) = —2y5,(n) — (A20)

2
CF67T 51—z, (A21)

b
CE},}(z, ;°> = —2P¢,(2) —
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Similarly,

C

C,m*

b
W, 30)= —2P¢,(2) — 8,581 —2). (A22)
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