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I. INTRODUCTION

The study of low transverse momentum (pr) production of electroweak gauge and Higgs bosons plays an important
role in many studies within and beyond the Standard Model (SM). The measurement of the W-boson mass at hadron
colliders requires an understanding of W production at low pr [1]. The search for a Higgs boson decaying into two
W bosons requires a jet veto to remove the large ¢ background [2]. This cut effectively restricts the Higgs boson
to the low-pr region. In the kinematic limit of low transverse momentum, large logarithms of the form In(M/pr),
where M denotes the mass of v*, W, Z h, spoil the perturbative expansion based on the strong coupling constant
as. The logarithms must be resummed to all orders to obtain an accurate prediction. This resummation has been
extensively studied in the literature [3—-18]. The standard approach utilizes a Fourier transform from momentum space
to impact-parameter space to decouple emissions of multiple gluons while maintaining momentum conservation [4].
This introduces a Landau pole arising from evaluating the strong coupling a(1/b2) for large impact parameters,
b — oo. The Landau pole must be dealt with for any transverse momentum, even for pr > Agcp. The resummed

exponent in b -space also does not vanish when pr becomes large, which potentially introduces numerical instabilities



in the matching to fixed-order QCD at high transverse momenta. An alternative approach which addresses these
limitations is worth pursuing.

In a previous paper we performed an analysis of transverse-momentum resummation for the example of Higgs-
boson [19] production using the Soft-Collinear Effective Theory (SCET) [20-22]. We derived a factorization theorem
for the differential distributions of the Higgs boson. The resummation of large logarithms in this approach is performed
using renormalization-group (RG) evolution in the effective theory. We introduced several new functions which encode
the emission of soft and collinear gluons within the effective theory, which we labeled impact-parameter beam functions
(iBFs) and inverse soft functions (iSFs). Our SCET formulation has several advantages over the standard approach.
The matching from full QCD onto SCET,, at the hard scale M followed by running to lower scales is done in
momentum-space, not in impact-parameter space as in the standard method. This has the effect of stopping the RG
evolution at the scale j17 ~ pr, the natural scale of SCET),,, describing the dynamics of soft and collinear p; emissions.
The factorization theorem can be written entirely in momentum space which is equivalent to the statement that the
integral over b, can be performed analytically without running into the Landau pole. As a result, for perturbative
values of pr, the transverse momentum distribution is predicted entirely in terms of perturbative functions and the
standard initial-state PDFs. Only for non-perturbative values of pr, one obtains a new non-perturbative function in
SCET),,, which is field theoretically well defined and has a computable anomalous dimension. This is in contrast to
the standard approach where a prescription is introduced to avoid the Landau pole even for perturbative values of
pr. Since an analytic integration over impact parameters is possible, we avoid instabilities that occur in the standard
approach in the matching of the resummed exponent to the fixed order result needed in the region of high pr.

Our goal in this manuscript is to extend our previous work in several ways. We formulate the factorization theorem
for low pr production in SCET),,. to account for electroweak gauge boson production in addition to Higgs production.
We present one-loop expressions for all iBF's and iSFs needed to study resummation to the next-to-leading logarithmic
(NLL) order of accuracy. The two-loop results for the iBFs and the iSF are required for a complete resummation to
next-to-next-to-leading logarithmic (NNLL) accuracy. We compare the SCET formulation to the standard Collins-
Soper-Sterman (CSS) [7] approach to transverse-momentum resummation. We present numerical results for the
Higgs and Z-boson pr distributions at NLL. We compare the effective theory predictions for Z production with the
experimental measurements at the Tevatron [23, 24], and find very good agreement with the data. This demonstrates
that our SCET-based approach provides a promising alternate way of studying transverse momentum distributions at
hadron colliders. We outline future directions for the study of transverse momentum resummation within the effective
field theory framework.

Our paper is organized as follows. In Section II we pedagogically review the factorization theorem derived in our
previous work [19] and present its extension to electroweak gauge boson production. The details of this extension are
presented in appendix A. All analytic results for the matching coefficients, iBFs and iSF's required for phenomenology
to NLL and partial NNLL accuracy are presented in Section III. The structure of the RG running in the effective
theory, which resums large logarithms of the form In (M /pr), is discussed in Section IV. Simple analytic expressions
for the resummed cross sections valid through NLL are shown in Section V. We discuss the relationship between
the various quantities appearing in the SCET approach with those appearing in the CSS formulation in section VI,
and show the consistency of the methods through NLL. We discuss what further work must be done to establish

the relationship to higher orders. Numerical results for Higgs production and Z boson production are shown in



Section VII, and the agreement with the Tevatron data for Z production is demonstrated. Finally, we conclude in

Section VIII.

II. REVIEW OF THE FACTORIZATION THEOREM

We begin by summarizing the content and derivation of our previously-studied factorization theorem [19], and
present its extension to the case of electroweak gauge boson production. The details of this extension are presented
in appendix A. The derivation and result of our factorization analysis are shown schematically below:
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e In the first stage of the analysis, full QCD is matched onto an effective field theory which contains fields with

the following momentum scalings:

pr

P~ M@ Ln),  pa~M1,n%n),  ps~Mn.nn), n~ S

corresponding to the n-collinear, n-collinear, and soft modes respectively. M denotes the mass of either an
electroweak gauge boson or the Higgs. We consider only the leading operators in the n expansion, which encode
the most singular emissions coming from soft and collinear particles. The relevant operators for Higgs and

electroweak gauge boson production are respectively

Owr,wz) = guh T{Te[Su(9Bl. ) S} Sn(9B5 L) SE |,
Ofi(wr,ws) = (EW)nws TISHT I W €0 on (2)

where the Fff ¢ denotes the Dirac structure, the index K runs over the vector and axial-vector Dirac structures,
and the index ¢ runs over the quark flavors. The B! and BY, fields denote collinear-gluon field strengths
[25] dressed with collinear Wilson lines in the n and 7 directions respectively, &; denotes a collinear quark field
of flavor 4, and W denotes a collinear Wilson line. The w; 2 are label momenta that give the large light-cone

components of the collinear fields.

e Using the soft-collinear decoupling property of SCETpr, the matrix element in SCETpr is decoupled into the

n and 7 collinear iBFs, B,, and By respectively, and a soft function as seen in the fifth line of Eq. (1).



e The B, and Bj; iBFs are defined with a zero-bin subtraction [26]. Using the equivalence between zero-bin
and soft subtractions, explicitly shown at one-loop in our previous work [19] and studied elsewhere in the
literature [27-29], we can write B, Bz S — B, B S~! where the iBFs Bnﬁ are defined without the soft zero-bin
subtraction and S~! is the iSF.

e In the last step, for pr > Agcp, the iBFs are matched onto standard PDF's via the schematic matching equation
Bn,ﬁ = Zn,ﬁ b2 f (3)

The matching coefficients Z,, » are grouped together with the iSF to form a Transverse Momentum Function
(TMF) G as shown in the last line of Eq. (1). The TMF encodes the physics of the soft and collinear emissions
from initial-state partons in the effective theory. For pr ~ Agcp, the OPE in Agep/pr breaks down so that
the perturbative matching in Eq.(3) is no longer valid. However, in this case one can view Eq. (3) simply as
an equation that defines new non-perturbative functions Z, 5. Thus, for pr ~ Agep, G appears as a new
non-pertubative TMF with a well-defined field-theoretic definition and computable anomalous dimension and

can be modeled and extracted from data.

The above derivation relies on the cancellation of Glauber mode contributions, as in the standard approach [7], to
the final observable which measures the pr of the final-state color-neutral particle. An explicit demonstration of
this cancellation using an effective field theory language remains to be shown. For Higgs production, our previous
work [19] showed that the differential distribution in transverse momentum and rapidity of the Higgs is given by
d2oy,
dp% dY 4(N2 —1)2Q?
X Hh(%»xzaNQ;MT)gh (‘Tlvxl’x27x27pT»YaNT)fi/P(x/laNT)fj/P(xI%NT)v (4)

dxl dmg dxl de

where the we have introduced Q;Lj , theTMF for Higgs boson production, which is given by
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Detailed definitions of the various objects appearing in the above equation are given in sections IITC and III D. The
integrations over impact parameter b; can be explicitly performed to produce an expression written completely in
momentum space [19]. Similarly, the integrations over the residual light-cone momentum components ¢, > can be
performed. For clarity, the explicit expression that results after performing the indicated integrations is shown in
Section V.
In this paper, we also give a detailed derivation of electroweak gauge boson transverse momentum and rapidity
distributions in appendix A. The final result is given by
d?o B
dpz dY N N2 x}
X Hy (93193262 Q3 ) ng(xl?x%xlvx/pr;YyMT)fr(x/lvﬂT)fs(xl%NT)v

dxl da:1 dx2
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where the TMF function G947
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and detailed definitions of the various objects can be found in appendix A. One can straightforwardly generalize these
results to distributions that are differential in the final state leptons.

We briefly address the appropriate choices for the scales pg and pr that appear in these equations, as this issue
arises later when detailed numerical results are presented. These scales should be chosen to minimize logarithms that
appear in the expressions for the hard function H and the TMF. A detailed study of this issue was given in our
previous work [19]; we summarize the results of this analysis here. The scale ug which appears in the hard function
should be chosen as pug ~ x122Q ~ Mz. The scale ur appearing in the TMF should be chosen to be pr ~ pr.
We note that the TMF is independent of the quantities ¢, ¢7 and b, which are integrated over. The TMF is only
sensitive to the transverse momentum and rapidity constraint on the final state Higgs or electroweak gauge boson

making upr ~ pr the natural scale choice.

I1II. FIXED-ORDER RESULTS

In the following sections we derive fixed-order results for the various components of the factorization theorems in
Egs. (4) and (6). We provide mostly outlines of the necessary perturbative calculations, as details of the derivations

were already presented in our previous work [19] for the case of Higgs production.

A. Matching Coefficients

We begin with the matching coefficients that arise when matching the full QCD current onto operators in SCET),,..

The vector-boson current in full QCD is

Tz = Y (Jyh +T25), (8)

?

where J}/L and J ?Zu are vector and axial-vector currents for the i-th quark flavor
Jyi = Y@t J7 = 9aGiTu 5%, 9)

and g¢, and g% are the vector and axial vector couplings of the i-th quark to the vector boson being studied. We have
explicitly used the Z current in these equations, but the results hold identically for v* and W bosons as well. These

currents are matched onto effective operators in SCET),,,. as

J?L = /dw1/de OK;ji(CLH,WQ,H)Oﬁ(i(w1,WQ,‘U), (10)



where the index K takes on the values K = {V, A} and the indices i,j run over the quark flavors’. C¥i/¢ is the

Wilson coefficient of this matching. The effective operators Offi (w1, ws, 1) are given by

O;Ifz (wla w2, ,u) (Z‘) = (glw)’ﬁ,sz[S;FKlSn] (WTfi)n,wl ) (11)

n
with the Dirac structures Fff written as

L= gvv, Th'=gams: (12)
Sp,n denote soft Wilson lines:
0 0
Sp(x) = Pexp [zg/ n-As(z + sn)} , Sq(x) = Pexp [zg/ n-As(z+ sﬁ)} .

— 00 — 00

(13)

Note that in the Dirac structures F/Ifq in Eq.(12) only the perpendicular components of the index p contribute due
to the equations of motion of the collinear fields in SCET,,,.: #&, = 0,1&, = 0. At tree level, the Wilson coefficient

arising from matching the current onto the SCET,,, operator is just unity:
CVIO (1 wy, ) = CA9O) (wy wo, ) = b5 (14)
The result of the one-loop matching is given by
CYVI W (wy,w, ) = CH' (wy,ws, )

asCp
= Oy——

W (ui?) f?,ln(ﬂiz) g™
—WiWwo — 1€ —WiWwo — 1€ 6

(15)

The expression for this Wilson coefficient up to order a2 can be found in Refs. [31-33]. The hard Wilson coefficient
HY (w1, wa, po; pr) = HE(wiws, po; pr) that appears in the factorization theorem in Eq.(6) is given by Egs.(A20),
(A21), and (A27). We refer the reader to [19] for a similar analysis for the hard coefficient Hj,(z122Q?, pug; pr) that

appears in the factorization theorem of Eq.(4) for Higgs production.

B. Quark iBF

In this section we give the results for the one-loop calculations of the quark iBF's that appear in the factorization
theorem for electroweak gauge boson production. The special case of the quark iBFs with the transverse coordinate
by = 0 was computed at one loop in [34]. Our computation closely follows the techniques we established in our

previous work [19]. We compute the n-collinear and the 7i-collinear quark iBFs by inserting a complete set of states

1 There is also a pure gluon SCET),. operator that should appear on the RHS of Eq.(10). However, the contribution of this operator
vanishes [30] for Drell-Yan processes and has thus been left out.



b —_ —_ — -

FAYAYAYAYAYAYATYAY

FIG. 1: Example diagrams for the real emission of a single parton contributing to the next-to-leading order quark iBF. The
purple cross denotes the collinear Wilson lines associated with the y, field. We note that the momentum p; is incoming on
the left-hand side of the cut and outgoing on the right.

| X,,) and |X7) respectively as

~ 1 db™  _it ;- _ 7%

q — 7070 %% - Zd(n - — n - [)[/Jr
Bi(xz,t,b1, ) 2%n - p / i €@ XE (P11€ng Wi (b7, b.0) | X0n) (X 25(71 P —azn-p1)Wing(0)|p1),
Bt = g [ e Sl T | SO0V X)X (- = P) €W )a(0)] 2

alT, 1,01, 1 2w - po e Z 2| LTspin 9 q)n\Y n n ) Sq I 2/

(16)

and then computing the product of matrix elements. The tree level and and virtual corrections are obtained by a
perturbative calculation with the choice of the vaccum state | X,) = |0). The virtual corrections are all scaleless and
vanish in pure dimensional regularization. The real emission contributions correspond to choosing final states |X,,)
to contain one or more partons. Example diagrams for the real emission of a single parton are shown in Fig. 1. The

matching of the iBFs onto the PDF's is given by

= L dz T T
Bn(matvblhu') = ; {In;qq’(;atabLaﬂ) fq/(zaﬂ)+In;qg(;atvaaﬂ) fg(zvﬂ)} (17)

with an analogous equation for the n-collinear iBF. The PDFs are defined in the usual fashion as

e = 3 Y il 55G P2 a )W O,
initial pols.

foeon) = =SB ST (B0, 51)S(P — 1 p1) B, Lo (0)] ). (18)

initial pols.

In the rest of this section we give results for the n-collinear iBF. Analogous results hold for the fi-collinear iBF. At

tree level the n-collinear iBF is given by
BIO) (g t.by 1) = 6(1)6(1 — ). (19)
At the next order, the emission of a single parton into the final state from the iBF has two contributions:
B (x4 b, p) = BIED (¢ t,b,, 1) + BI9ED (2 t.b), 1), (20)

where BI*Y and BERW correspond to the first and second diagrams in Fig. 1 respectively. The contribution of a
single gluon emission by an initial state quark to the n-collinear quark iBF is given by the first diagram of Fig. 1. All

other diagrams do not contribute if a physical polarization sum is used for the final-state gluon. At the level of the



integrand, the result for this diagram is

gQCF ddk 1
22Q | (2m)d-1

) ) (k —p1)*
[ g B [y i) B~ ], (21)

Bt (b1, p) = O()O(R)O[QL — o) — k18— — ke

where Cr = 4/3 and we have introduced @ = 7 - p;. This can be computed in pure dimensional regularization to give

€ 2
BaaR(1) _ o aCp e g o)
Bn (x7t?bJ_7IU/) o F(1—6)0F1<1 € iz )
1 /’LQ Ie € 1—e 21‘1+€

We now expand this expression in € and use the matching condition of Eq. (17). In dimensional regularization, the
only contribution to the PDF is at leading-order, as higher-order corrections are scaleless. Since f(z) = §(1 — x), we

have

In;qq(xvtabJ_vu‘) = ng('ratvbl_au) (23)

finite part in dim. reg. '
We have also performed a calculation where collinear divergences are regulated by introducing an off-shellness for the

initial quark, and have obtained identical results for the matching coefficients. We find the following expression for

the matching coefficient:

n:qq

2 2
IO (26,1, ) = asCF{é(t)[zd(lx) 1;”” 1nx+(1x)]

2w -
+ 8 [%} L)+ % [WL&Q ~2)

2 1+J32

+ 5[4 Lu_moﬂ(l;‘bi?ﬁgf@)}

(24)
Another contribution to the quark iBF comes from setting the final state |X,,) to a single quark, as shown in the

rightmost diagram of Fig. 1. This contribution matches to the gluon PDF, and generates the qg — Vg partonic

channel that contributes to electroweak gauge boson production. The integrand level expression for this diagram is

given by
quR(l)(lL' t,b ,LL) — _i / ﬂ@(ko)(S(kQ)é[i _ k+]5[Q(l _ l’) _ kf]eil_c'-l_)l#
" B 2Qz | (2m)d-1 xQ (p1 — k)*
PLufty + prum . i v
x| = g PG T e h = R~ . (25)
In dimensional regularization this becomes
- VB b2 t(l — )
BED (gt by ) = 2t Pl T
W@ b ) = g gl mem T —)
1 N’2 Ite 2+€ —€ 1+e€ —€ € —€
X E{?} [Zz l-z) =2z 1—-2z)“+(1—-¢zf(1l—2x) ]

(26)
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FIG. 2: Example diagrams contributing to the next-to-leading order gluon iBF. The purple cross denotes the collinear Wilson
lines associated with the B, field. We note that the momentum p; is incoming on the left-hand side of the cut and outgoing
on the right.

Expanding this result in the limit that ¢ — 0 and keeping only the finite remainder, we derive the matching coefficient

Thiaal .01 10) = Z?{5<t>[{<1—x>2+x2}1n1—x+1]
" ;WL{“x>2+x2}oF1(1;l)it(ix_x))}~ 27)

C. Gluon iBF

We now consider the calculation of the gluon iBF. Although parts of this computation were already presented in
Ref. [19], we include them here for notational consistency and completeness. Note that in the following we use slightly
different definitions for the iBFs compared to that in [19]. The n-collinear gluon iBF is given by

db~ .
47

TS S Bl (b7 b0)|Xy)

initial pols. X,

X (Xnld(P = 217t p1)gBiy 14 (0)]p1),

s

BIP(a,t,b, 1) = — /

(28)

where on the right-hand side we use the Fourier transform conjugate variable ¢/(x@) compared to ¢/Q used in [19].
The contributing diagrams are shown in Fig. 2. In dimensional regularization and with a physical polarization sum
used for the gluons, these are the only contributions. The matching equation for the gluon iBF onto the PDFs is

given by
9 tde 99 (T 99 (T
Blaglwtibrm = | AT tbu ) fo(e) 4 Tlp( 101000 fo(2) (29)
The tree-level expression for the iBF is given by
B (1,01, 1) = g°9776(1)5(1 — ). (30)

The virtual corrections to the iBF are scaleless and vanish in pure dimensional regularization. At the next order

beyond tree-level, the real emission of a single parton from the iBF has two types of contributions:

S9R(1 599R(1 ~gqR(1
BIR (@, t,01, 1) = B (w,t,b1, ) + BIED (8,61, o), (31)

n;af3 n;af3
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where Bg‘f]fﬂ(l) and Bz?fél) correspond to the emission of a real gluon and a real quark in the final state respectively.
We begin by considering the contribution arising from single-gluon emission into the final state, which corresponds to
the leftmost diagram in Fig. 2. The result can be expanded in terms of two form factors,

b b’
ra-a7],
iR

BI% (.01, p) = F(w, t, by, pn)gt” + FS(w,t, b1, ) |g

where Fi o are given by

. Cu e= 1 [p2]'"e _ b2 t(1 - z)
o _ o L e (o )
1 g P F(]. — 6) /142 n T ( I) 041 € Az
x <1 + 1-« + S
* x2 11—z’
gge _ 20sCa TP w1 (-2 P (3 - :c)) 2
2 I i I'B—e¢) | ¢ 2 O © 4x ' (32)

The quantity F3 is finite, and we can immediately set € to zero. F; must be expanded in distributions. We do so and

drop the pole terms, as explained in the section on the quark iBF. For the gluon iBF we utilize the matching equation

Bgz;aﬁ (267 61, p / Iggz b, M)fz(z :u) (33)
which leads to the result
e 99 af 99 af gig[j
Ingg(matabJ_7N):f1 (z,t bJ—7/J')gL + F5 (2,01, 1) g7" +(d—2) bi ) (34)

with

2 2
99 _ 42 Qs ) T _ _ i H i
Fi? = g°Cax - { 125(75)5(1 x) 4+ 0(1 £E)M2 {tln( 2)]+

1 [p? 1—x 1 bii(l —x)
— |= 1-— Fi(1
o B e i G-
1—=x 1
— 1 1—
o(t) x nx{ T+ = +[1—x]+]}’
as (1 — )2 b2 t(l —x
F3e 2920,48?7( x2) b3 oFy <3;—L (496 )). (35)

There is another contribution to the gluon iBF coming from radiating a quark into the final state, which comes
from the rightmost diagram of Fig. 2. This matches onto the quark PDF, and generates the matching coeflicient

Tnigq- As with Bi?aW this can be expanded in two form factors, leading to the generic form

L
babs

Bzaﬂ( 7bl7.u’) = fiqq(xvtabLmu)gi_ﬁ+f§q(xat7bl7 )[ga5+(d 2) ] (36)

After performing the integrations and expanding in € as in the previous contributions, and utilizing the matching in

Eq. (33), we find the following expressions for the two form factors:

a,C 1 rp? 1—xz)2+1 B2t(l —=x
F = ZF{;R[ML( ) 0F1(1~—7l( ))

21 t k 4z
)2 _ _
3 5(t)[(1 T) +11n1 x_21 x}}7
X xr X
s 1 — x)2b2 v t(1 —
F§ (2, t,by,p) = gQQ‘CF( z) loF1(3;—M)- (37)

2 422 4
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D. Inverse Soft Functions

We now discuss the computation of the inverse soft functions that appear in the factorization theorem for both
Higgs and electroweak gauge boson production. They serve to remove an overcounting of soft emissions that occur
when the iBF's are inserted into the factorization theorem, and are needed to correctly match the fixed-order cross
section. The relevant iSF for gauge boson production is

dbtdb~
1672

8&1(@17@27bL7M) = / €%®1b+6%&)2b_sr;11(b+7biabl;,u’)v (38)

where Sgq(b, 1) is a vacuum matrix element of soft Wilson lines given by

Saa(bsp) = > Tr(O|T[S]Sa)(2)| X ) (X, T[SES0)(0)[0). (39)
X,

We have inserted a complete set of final states |X;). The relevant formulae for the iSF in Higgs production are

.G dbrdb™ vz, 2 iv- @2 g _
S£;gl(wlaw27blau) = /76 v 1/26b 2/2Sgg1(b+vb 7bL)7

1672
Sea(b,) = I (OIT [Tr (SaTP 58, TOSE) (0)] 1X)XIT [T (8,781 8,75 ) (0)] [0).
Xs
(40)
The tree level result for the quark iSF is given by
8_1(0)(tﬁmam —tn tmeT t:’; bi,u) = N.zi2s Q26(tf""“” — ) — t+)
qq $2Q 9 le ) 9 c n n n nl
(41)
where we have used the same arguments in the iSF that appear in the factorization theorem so that
tmaT = g 20Q* — o (M? — u), 1T = 1 20Q% — a1 (M? —t). (42)

u and t are the hadronic Mandelstam invariants that appear in the factorization theorem derived in appendix A. The

result for the gluon iSF at tree level can be obtained via a simple scaling of the quark result:

NZ -1
~1(0) _ V¢ ~1(0
S, = o SO (43)
As with the iBFs, the contributions from the higher-order virtual corrections with |X;) = |0) are scaleless, and

vanish in dimensional regularization. The only contributions come from real-emission diagrams. Examples are shown
in Fig. 3 for both vector boson and Higgs production. For gauge boson production, the contribution of real gluon
emission to the iSF takes the integrand level form

gmax _ 4— gmazx _ t+ ddk} ) ]{)2 0 k,O z’ELEL

& na & nabJ_a:u) = 492NCCF/ ( ) ( >e
20 71Q (2m)d-1 ktk—

tﬁmaw _ t% B ki}é[t;naw _ t;f
20 71Q

—1R(1
Sqq ()(

x 5[ — k. (44)
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FIG. 3: Example diagrams contributing to the next-to-leading order iSFs for both electroweak gauge boson production (left)
and Higgs production (right). The lines at each vertex schematically denote the soft Wilson lines associated appearing in the
definition of the iSFs.

Evaluating this in dimensional regularization and dropping the pole terms yields

_ asCF A 772 : — 1 ” — QQ
S T = —Ne— 2@ {—126@:2:” — )3T = ) + GO — )0 — ¢
. 1 )2 )? . 1 )? )2
vt iy | @ gy L@@
QZ t:lnaz — 1ty " QQ tﬁmaz _ t,,—L 1
+ +
1 32 tmaz _ t+ 1 32 tmaex _ 4=
+ 6(tﬁmaz _ t,—:) - Q +1n n _ n 4 5(75?(11 _ tv_‘z_) . Q 7111 n _ n
Q [t -t Q2 Q@ et @
+ +
1 32 32 b2 maz _ t+ tmax _ 4~
— Q T Q — OFl (1, J_( n TLA)( n Tl)) . (45)
Q4 t:{zam —t N t%naz _ tﬁ N 4Q2

We have used Q2 = 2122Q? to simplify the notation. The result for the iSF in Higgs production at this order can be
obtained via the scaling

—1R(1) __ (N% - 1)CA —1R(1

IV. RUNNING

In the section we briefly summarize the structure of the running of the various objects that appear in the factorization
theorems for the transverse momentum and rapidity distributions. For a more detailed discussion of the running
structure see Ref. [19] where the case of Higgs production was studied in great detail. The overall structure of
factorization is similar for both Drell-Yan and Higgs production and is schematically characterized by a hard function
H, a transverse momentum function (TMF) G, and the standard initial state PDFs. The TMF G is a convolution
over two iBFs and an iSF. It is only the specific forms of the hard and transverse momentum functions and the the
type of parton PDFs that dominate that differ in Drell-Yan and the Higgs production processes. In this section we
summarize the running structure for the case of the Z-boson distribution function.

The evolution equations for H%(Q?, 1) are diagonal in flavor (for a more detailed discussion see [30, 34, 35]), and

one can write

d
e G = iy 13, (47)
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where the anomalous dimension YH has the form

Qz
THE = F(}-[ [avs] In ﬁ + ’Yj'{[ [ovs]. (48)
The first term proportional to In %: is known as the cusp anomalous dimension and the second term is the non-cusp

piece. The quantities 'y [s] and yg[as] have perturbative expansions in ay of the form

o512 Qs o2
ST e = Pl [ (49)

qs H
Fq s = -Tr q |:
ml] ot 4 4 4

47
The matching from QCD onto SCET),,,. is the same as for the study of threshold resummation in SCET, and the results

for the anomalous dimensions can be obtained from previous studies [31, 36]. For resummation to NLL accuracy, the

following coefficients of the expansion are needed:

it = 8Cp, A= —120p,

67 w2 10
Hgq o _
Iri’* = 8Cp [(9 3 > Ca 9 NF} . (50)

The solution to the evolution of the hard function between the scales g ~ Q and ur ~ pr and takes the form
HL(Q nqinr) = Ups (Q% pg, ) HE(Q%, 1), (51)

where UH% (Q2, pq, pr) denotes the evolution factor and sums the logarithms of Q2 /p%.

The TMF function G9"° that appears in the factorization theorem as seen in Eq.(7) is evaluated at the scale pr ~ pr.
The PDFs are evolved via standard DGLAP equations up to the scale yup ~ pr, summing up the remaining logarithms
of Agep/pr. For the running between pg ~ Q ~ M and ur ~ pr, one can also consider running of the iBFs and the
iSF individually above the ur ~ pr scale. It was shown in [19] that the combined convolution running of the iBFs
and the iSF cancels the running of the hard function as required by the scale invariance of the cross-section. The

running of the iBF can be written as

d
ILL@Bq(SC,t,bL,/L) - /dt/’)/qB(t7t/a:U‘)Bq(x7tlvaap’)7 (52)

where at one loop, the anomalous dimension is given by

RO = |21

e [ S5, + e ], (53)

2

which is the same as what was found for the iBF with b, = 0 in [34]. The anomalous dimension of the iSF S ' is

determined by the equation

d tn t 1 tn tot t! tt
7871 ﬂvivb 9 = 7/dt;1/dt%, _1771_7”)7“_7”7 871 i,i,b ) ’
ud,u qq(Q 0 Ly ) Q2 ’YS‘”(Q 00 Q/l) qq(Q 0 1, 1)
(54)
and at one loop is given by
Wt tn o 20608 g 1 1@ 1@ N
(G = T @ |8t g ||, 8 g [ ]+ 8t m

(55)



15

V. ANALYTIC EXPRESSIONS FOR RESUMMED CROSS SECTIONS

Using the fixed-order expressions and renormalization-group evolution of the hard function derived in the previous
sections, we can derive the explicit expressions for the differential cross sections which resum large logarithms for low
transverse momenta. We begin by considering the case of Higgs boson production. The relevant factorization formula
is shown in Eq. (4). The running of the hard function Hj was described in Section IV. For the transverse momentum
function defined in Eq. (5), we must plug in the perturbative expansions for the relevant iBFs and iSF. These were
derived in Section III. We note that if tree-level expressions are used for both beam functions and the soft function,
then the phase-space constraints force pr = 0. Therefore, the NLO expressions for one of these functions must be
used.

We derive here the O(ay) expressions for the differential cross sections, which correspond to the leading—order result
for the pr spectrum. Upon plugging in the expressions for the iBFs and the iSF, the integrals over by, ., ¢, x1,

and x5 can be performed. The differential cross section can be written in the general form

dQO'h,Z 20-;L]Z
Ay = sz:/dxldm fi/P(xl)fj/P(xg)Q z (56)

du dt

where the subscripts h, Z refer to the Higgs and Z boson production respectively. We have introduced the usual
partonic Mandelstam invariants Q, t, and @. There are three relevant partonic channels that contribute to Higgs
production: gg — gh, qg — gh, and qG§ — gh. The partonic differential cross section for the gg initial state can be

written as follows:

Pop _ w oyt f Qo @, i P :
da;f T 1022 (*) {_t (Q’“Qv“T”m[l 02 Q4] Un(mj, — i, g, por)

0? [ } o 262 4 202 4 3ta + 6Q*m3
+ —t,puq, pr) + -
7 mp 1Qs W) 0
X (Q2+t+u— ). (57)

The four terms appearing in this result have a clear origin. The first term arises from S;.!, while the second and third

99
come from the NLO expressions for the iBFs. The last term results from matching the expressions to the fixed-order
QCD result. In the limit that the pr of the Higgs becomes large, and therefore that ur approaches pg, the evolution
factors Uy — 1, and the regular fixed-order QCD result is obtained. Of the remaining channels, the qg initial state
has only a contribution from the NLO iBF, while the ¢g has no contribution from soft or collinear emissions at this

order and comes entirely from matching to the fixed-order QCD result. The explicit expressions are

ot 7 agd 1 2 Y
= — =) Z 1 A 2 A S(O% 4 F 41 —m2
da di ]6402 (ﬂ.) ﬁ{ + Q4}Uh(mh U, @, pr)d(Q” +t 4+ 0 —mj,),
dQO'Zq 72 as\3 1 2 t2 ) )
~ = So1.o \ - = t —
dudi 32407 <7T> 0? {Q4 Q4} O(Q* + i@ —mj). (58)

For vector boson production, we for simplicity explicitly write the result only for on-shell Z-boson production
with the leptonic phase space integrated over. Results for W and v* production can be obtained through simple
modifications of this formula, as can the results when the leptons are treated differentially. In this case, two partonic

channels contribute, ¢g and gg. The result for the cross section can be written exactly as for the Higgs in Eq. (56).
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The partonic channels can be written as follows:

coff 2 [(9v)* + (94)’]

_ 2 A
Br(Z —1%17) {MUH%(QQMLQMUT)

du dt 9 4
1|t .Q Q4 1 Q? Q ,
+ ol lA—i-?a = Upa (M7 — i, g, ,uT)—i—Q +2t Ups (M7 —t, 1@, pir)
x 8(Q® + i 40— M3),
d*o¥ m  [(g9)* + (94)°] N i 2
dodi —EO&STBT(Z—)l l ){Q2ﬂ|: A Q4:| UHq( 7 — U, i@, HT)
L[ 2 V502 14— a2 59
+@ Q2+& Q7 +t+a—Mz), (59)

with the vector and axial couplings as defined in Eq. (9). The remaining partonic channel ¢! can be obtained from
0% by the interchange of the 4 and { variables. At the order to which we are working, the explicit form of the

evolution factor Ugs (€, g, pir) appearing in Eq. (59) is given by:

UH% (gqu’NT) = |exp {QS(N’QMHT) - aF(#QvHT)IH(*f/M?g) - a’y(MQa,ufT)} ‘Qa
C C
S(ug, ur) = _fé)ﬁi {(1—r+rln7“) +511n2r+<F1q 51) (l—r—i—lnr)}
0

ras(png) 200 4F0Cq Bo
Fg‘q ,yGC
ar(pQ, pr) = S0 Inr, ay(ug, pr) = %m r, (60)

where Fg‘{ =1 1/2,7, 1= 4H9/9 and r = ag (ur)/as(pg) and By are the coefficients of the QCD beta function in
the normalizatlon where By = (11 — 2Ng/3)/4. The expressions for Fglq and ’yé{q were given in Eq. (50). This form
of Uge can be obtained from the results in Ref. [31].

VI. COMPARISON WITH THE COLLINS-SOPER-STERMAN APPROACH

We now compare with the standard CSS approach to transverse momentum resummation, and demonstrate that the
logarithms resumed are equivalent through next-to-leading logarithmic accuracy (NLL), i.e., through next-to-leading
order in the resummed exponent. We outline what further calculations are needed to extend this result to higher
orders. Besides showing the agreement between the two approaches up to the currently studied order in SCET, we
highlight what future calculations are needed to further compare the two frameworks.

We begin by comparing the exponents that implement the resummation of large logarithms of the scales M and

pr. The CSS approach writes the transverse momentum distribution as

d?c d?by —iprby
ey~ Erp® " [0 fuyr] (wasbo/b.) [Co® fure] (o bofb)

Q? dNQ Q2
X exXp 72
b2 /b2 M

IHFA(%(M)) +B(Oés(u))] } (61)
where we have neglected the remainder term Y which also appears for the purpose of this discussion. The coefficients

A, B, and C, have perturbative expansions in the strong coupling constant:

A= Z (O‘S ) A™, B = Z (O‘S ) B™, ¢, =Y (O‘Sﬁ“)) o, (62)

n=0
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The results for these coefficients are well-known in the literature [7].

The exponentiation of low pr logarithms in our approach is accomplished via the RG evolution of the hard function
H from pg ~ M to pr ~ pr. As noted before in Section IIT A, the matching coefficient here is the same as that for
inclusive production of vector bosons or the Higgs. Therefore, we can take the solution for the hard-function evolution

from the literature [31]:

H(Q* ng,pr) = H(Q*, 1q)
o 7,2 42

x exp { / % [mf;rH(as(u» i [asw] } , (63)
where we have set Q2 = x125Q>. The expressions for the cusp anomalous dimension I'y and +" for the cases of
Higgs and electroweak gauge boson production are given in Refs. [31, 36]. They have perturbative expansions, as
do the A, B, and C, coefficients of the CSS approach. A detailed study of the anomalous dimensions in SCET
and in the standard QCD approach was previously studied in the context of threshold resummation [31]. The cusp
anomalous dimension is equivalent to the A factor appearing in the exponent to all orders in perturbation theory,
Tglas(n)] = A(as(p)). The leading terms in the anomalous dimensions that controls the single logarithm are the
same: vV = B(W At the two-loop level, this is no longer true; the effective theory organizes terms differently
than the standard approach, and contributions from the matching coefficients H(Qz,pQ) and G¥: 4V = B4
contributions from H (QQ, 1q), G¥. This has been observed in previous analyses comparing SCET evolution to the
QCD literature [18, 31]. A two-loop computation of G¥ is required to further check the relation between the CSS and
effective theory approaches; this calculation is an important goal for future work. By design, both approaches fully
reproduce the low-pr limit of fixed-order result upon expansion in ag. A check of the NLO pr spectrum would also
require a two-loop computation of G475,

However, note that in the SCET approach, the low scale endpoint of the RG evolution of the Sudakov factor is at
wr ~ pr. This differs from the standard approach where the corresponding endpoint is at p ~ 1/b, where b, is the
impact parameter that is integrated over from zero to infinity. The limit of b, — oo gives rise to a Landau pole that
must be dealt with by introducing an external prescription for any value of pr. The SCET approach avoids this issue
as the RG evolution is done entirely in momentum space.

A well-known aspect of the CSS approach is its treatment of the limit pr — 0, M — oo. It predicts that in this
limit do/dp% goes like a power [4] of Agcp/ @ and is thus sensitive to non-perturbative input. In the effective field
theory approach this corresponds to the region where the TMF is no longer perturbative. The leading 1/p% term
coming from perturbative soft and collinear gluons is strongly Sudakov-suppressed by the evolution due to the cusp
anomalous dimension in this limit. The remaining contribution then comes from the non-perturbative region in the

effective theory whose analysis remains to be done.

A. Expansion of resummed formula to higher order

To demonstrate explicitly that our formalism correctly obtains the large logarithms of the CSS approach at higher
orders, we expand the resummed Z-boson differential cross section of Eq. (59) to O(a?). Our derivation closely follows

the approach of Ref. [37]. We begin by inserting the partonic cross section of Eq. (59) into the hadronic convolution
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of Eq. (56). The resulting expression has the schematic form

dQUZ
dp2dy

dxidxs Fx1,22) 0 (1'1$28 + a1 (t — M%) + zo(u — m%) + M%) , (64)

where s, t, and u are the usual hadronic Mandelstam variables, defined for completeness in Appendix A. The function
F(z1,x2) denotes the contributions from the matrix elements and parton distribution functions. The delta function
comes from the partonic differential cross section, and allows one of the integrals over partonic momentum fractions
to be immediately performed. It is convenient to divide the integration in Eq. (64) into two regions: one where the
pseudorapidity of the parton recoiling against the Z to give it a transverse momentum is greater than the Z rapidity
Y, and one where it is less than Y. Doing so, and using the delta function to perform the x5 integration in the first
region and the x; integration in the second piece, leads to the expression

d? ! F(zy,x ! F(xt,x
0z _ A 2)2+/ dyF 2)2’
dp-dY JrreY T1s+u—M vy Tos+t— Mz

(65)

T+ e
where

ZEQ(M% —u) — M%

Tos+t—MzZ
x* _ .131(M2 ) M2
2 rs+u— Mz

= M\ frh (66)

To proceed, we now simplify the partonic cross section by expanding around the pr — 0 limit and keeping only the
1/ p2T terms. For simplicity we focus henceforth only on the ¢¢ partonic channel; the gg channel proceeds identically.

In the first region of the integration, the partonic Mandelstam variables simplify in the py — 0 limit as follows:

£—>M§(1—”“), i — 0, ngl, (67)
TA TA
where we have introduced the notation
M. M
ngzizeY7 xB:J -Y (68)

14 <Z‘f)j , (69)

where for simplicity of presentation we have suppressed the overall constants which appear. A similar simplification

. 1
Fyg(@1,23) — fq/p(21) fg/p(23) X ey
T

and structure are obtained in the other part of the integration.
We reduce this further by simplifying the remaining integrals over the x;, following the procedure outlined in
Ref. [37]. To facilitate comparison with results in the literature we introduce the standard notation for the convolution

of two functions,

(f®g)( / ddy (z)g(y)5(z — zy), (70)

and remind the reader of the leading-order DGLAP kernel

(71)

qu(x):cF[H””QL.

1—2x
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We also introduce the following combinations of coupling constants to match the notation in Ref. [38], with which we

eventually compare:
1
2 .2 2
97 = T6c0s20 [1 + (1 — 4|ey|sin“Ow ) ] . (72)

For simplicity we continue to focus on the ¢ partonic channel. After straightforward manipulations we arrive at our

€

result for the differential distribution:

d*0 7,44 42 a4 as(pr) 1 MZ
= — 5 2C In—*~
dp%dy 3 sin20W €qq o Sp% qu/P(an,UT)fq/P(x&MT) in

3Crfop(xa, pr) fap(B, pir) + fop(xa, pir) (Poq @ fa/p) (xB)

Cr ag
fayp(@n, pur) (Pyg @ fy/p) (xa }‘eXP{ 4F

+

—In 2“Q+31 n—g
1 M

I—I

i

We have explicitly denoted the scales which appear in the overall coupling constant and in the PDFs. We note that

(73)

the solution for the evolution factor Uya can be obtained from Ref. [31]; to the order in ag we are working, the
different momentum scales which appear in the evolution factors in the partonic cross section do not matter, and a
simple overall exponential factor is obtained in the differential cross section.

To compare the structure of logarithms with those obtained in the CSS approach, we first use renormalization-group
arguments to evolve all coupling constants which appear to an arbitrary renormalization scale pg, and similarly use
DGLAP to evolve all PDFs to the factorization scale pur. We organize our result following the notation of Ref. [38]
into a joint expansion in «y and ln(Myz/pr):

d2 _ 4 2 1 s " M2
0Z,4q _ liea—z (a (NR)> anlanZ~ (74)

dp%dY 3 sin%y 17 spi 27 2

We set g = Mz and pr = pr (we comment later on the choice of an imaginary matching scale ug, as suggested
recently [39]). Only terms through O(a?) are kept. We introduce the explicit forms for the first few coefficients appear-
ing in the CSS expansion of Eq. (62): A =2Cy, BY) = —3Cp. Introducing the nomenclature fap(xa, pr) = fa,

fa/ p(zB, ur) = fB, we find the following results for the first few coefficients:
1Dy = AW fafp,
1Dy = B<”fAfB+fB< 20 ® N+ Ia(Pg®[)p
Dy = — [40] fags,

2Dy = fA(l) (B (Pyq® f) s+ fa(Py® f)g] - [ZA(”B(”—BOA(U} fals,

D1 = (A g (P o ), w280y (P 1), - 5 [BY) 1k

Z
ﬁoA(l)f f ln 50

B(l)fAfB_( q®f) ( q®f)
_fB( qq® qq®f) "'ﬂofB( qq@f A}+ A‘_)B] (75)

The coefficients 1 D1, 1Dy, 2 D3, and 2Dy agree? with the analogous ,,C,, coefficients of Ref. [38] that appear in both

2 We disagree with the statement made in Ref. [40] that our formalism does not correctly resum logarithms at the next-to-leading-
logarithmic order; our explicit check makes it clear that this claim is incorrect.
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the fixed-order expansion and the CSS formalism. Differences occur in 5 D7; the oC; formalism of the usual approach
contains two additional terms depending on the quantities A® and C"). This is not surprising, as our result has
been computed only to next-to-leading logarithmic accuracy. These terms in the expansion are of next-to-next-to-
leading logarithmic order. Denoting L = In M%/p2%, we remind the reader that resummation to a given order gives

the following towers of logarithms [10]:

leading logarithmic : a”L?" 1,
next-to-leading logarithmic : L2,

next-to-next-to-leading logarithmic : a?L?"3, (76)

The full result at next-to-next-leading logarithmic accuracy along with the complete result for o Dy requires the next
higher order calculation of the TMF. However, some of the next-to-next-to-leading order logarithmic terms can be
already seen to appear in the partial result for D above. Since our factorization formula focuses on the partonic cross
section, we obtain two distinct large logarithms: explicit logarithms In ﬂé /13 coming from the resummed exponent,
and kinematic ones of the form In M2 /p2. coming from the hadronic convolution. This organization is different than
in the CSS approach, but all required terms are correctly obtained.

It was recently suggested in the literature to utilize an imaginary matching scale for ;1g, which has the effect of
resumming factors of 72 which arise from the time-like momentum transfer [36, 39]. This was shown to improve the
convergence of the perturbative expansion for inclusive Higgs production [36, 39], and has also been utilized in the

literature to study Drell-Yan [35]. Doing so here adds the following additional term at the single-logarithmic order:
9D1 — 2Dy + Crm® fafp. (77)

This factor is part of the contribution to the coefficient C*) in the CSS approach.

VII. NUMERICAL RESULTS

We present here numerical predictions utilizing the factorization and resummation formulae we have derived. We
show results for Higgs production at a 7 TeV LHC, and for Z production at the Tevatron. Our numerical results are
based on the resummed partonic cross sections presented in Eq. (59). For the Z we compare with the Run 1 data from
both CDF and DO to demonstrate the consistency of our calculation with experimental results. Our results are model
independent and free of Landau pole prescriptions required in the standard approach. For perturbative values of pr,
the transverse momentum distribution is given entirely in terms of field-theoretically derived perturbative functions
and the standard initial state PDFs. For non-perturbative values of pr, the TMF function G is non-perturbative, but
field-theoretically well-defined, and can be modeled and extracted from data. In this section, we restrict our results
only to perturbative values of pr leaving the non-perturbative region for future work.

Before describing the parameter values assumed in our study, we comment on the order of our resummation. The
hard matching coefficient H, the cusp and non-cusp anomalous dimensions I'y and g respectively, and the TMF G
all have perturbative expansions that must be calculated to sufficiently high order to achieve resummation of certain
classes of logarithms. We note that since generating a finite pp requires the emission of at least one parton, the

contribution of the TMF to the transverse momentum spectrum begins only at 1-loop. All quantities required to
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achieve next-to-leading logarithmic accuracy (NLL) are known, and have been detailed in previous sections of this

paper. To achieve NNLL precision, the 2-loop result for G is needed.
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FIG. 4: Numerical predictions for the transverse momentum spectrum for Higgs boson production at the LHC for central
rapidity. Shown are the fixed-order result and those obtained after implementing the resummation formula of Eq. (6) through
LL and NLL. The bands arise from the scale variation shown in the text.

We start by discussing some general features of our numerical results. We show fixed-order results at leading order
in perturbation theory, and results at both LL and NLL matched to the fixed-order results at O(as), as shown in
Section V. In the standard nomenclature these would be called LL+LO and NLL+LO. We use MSTW 2008 parton
distribution functions [41]. For LL and LO predictions we use leading order PDFs with 1-loop running of the strong
coupling constant, while for our NLL results we use NLO PDFs with 2-loop running for as. Our results depend
on the two matching scales ur and pg. The dependence of the cross section on these arbitrary scales occurs at
one order beyond the order in «a; to which we have calculated; it would vanish completely if we could compute the
cross section to all orders in perturbation theory. The variation of these scales therefore provides some indication of
missing higher-order effects, and is conventionally used as an estimate of the theoretical uncertainty. We must choose
both a central value for these scales and a range of variation to obtain an uncertainty estimate. As our central scale
choices we set % = p% and u2Q = —M?. These are chosen to minimize logarithms that appear in the perturbative

expansions of the hard function and the TMF, as discussed in Section II. We vary u2., uQQ independently around these
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FIG. 5: Numerical predictions for the transverse momentum spectrum for Z boson production at Tevatron Run 1, compared
with data form both CDF and D0. Shown is the resummation prediction of Eq. (5) at NLL. The bands arise from the scale
variation shown in the text, while the result for the central scale choice is shown by the solid line. The lower limit of the plot
is pr= 1.75 GeV.

choices by a factor of 2. Two unconventional aspects of these choices require comment. Following Ref. [39], we utilize
an imaginary matching scale for g, which has the effect of resumming factors of 72 which arise from the time-like
momentum transfer appearing in H. This was shown to improve the convergence of the perturbative expansion for
inclusive Higgs production [36, 39], and has also been utilized in the literature to study Drell-Yan [35]. We also find
better agreement with data (see Fig. 5) for an imaginary pug compared to a real pg which can be attributed to the
effect of resumming factors of 72 with the former choice. We also choose to vary our scales around a reduced range to
avoid evaluating a(ur) at a non-perturbative scale when the transverse momentum becomes small. An framework for
incorporating the non-perturbative region of transverse momentum into the SCET formalism was given in Ref. [42].
In this approach the scale p freezes at a value near Agcp as the pr approaches zero.

In Fig. 4 we show the predictions for the Higgs pr spectrum at the LHC, using both the fixed-order expression and
the resummed results at LL and NLL accuracies. The general features of this plot are clear: large logarithms of the
form In (m? /p%) spoil the fixed-order perturbative expansion at low pr. The Sudakov suppression coming from the

renormalization-group evolution of the hard function H tames this behavior. The central value of the prediction is
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absolutely stable upon proceeding from LL to NLL; only a reduction of the scale variation is observed. At intermediate
and high momenta, the matching onto the fixed-order expression is smooth. The sensitivity to scale choices that can
lead to negative results [15] in the standard approach, does not occur in this effective field theory approach. This
allows the matching scale ;1o to be varied throughout a range sufficient to use it as an estimator of the theoretical
uncertainty. An additional error also arises from imprecise knowledge of parton distribution functions. We postpone
a numerical analysis of this issue until a detailed study of boson pr distributions at both the Tevatron and LHC
incorporating the non-perturbative region is performed.

One aspect of transverse resummation in SCET that requires further study is the treatment of the non-perturbative
region pr ~ Agep. In our analysis, the transverse momentum function G becomes non-perturbative, and must be
modeled. The onset of this region can be seen in the plot by the large scale variation at low pr, which is caused
by evaluating as(pur) ~ as(Agep). Since this object has a non-pertubative definition in terms of operator matrix
elements and a well-defined running, it is reasonable to extract this function using available data. In our plot for the
Higgs pr distribution we simply stop our plot at a lower value of pr = 3 GeV. The study of the non-perturbative
region of pr was recently begun in Ref. [42].

In Fig. 5 we plot our prediction for the Z-boson pr distribution at the Tevatron Run 1, and compare to data from
CDF [24] and DO [23]. We study the spectrum down to pr = 1.75 GeV. The agreement with the data is excellent
over the entire range. The low pr version of this data can eventually be used to constrain the non-perturbative TMF

that appears in SCET, as is done in the CSS approach [43].

VIII. CONCLUSIONS

In this manuscript we have extended our analysis of transverse momentum distributions using the Soft-Collinear
Effective Theory(SCET) to account for both electroweak and Higgs boson production at low pr in hadronic collisions.
We have derived a factorization theorem for the transverse momentum distribution for the production of electroweak
gauge boson production, and have provided all necessary analytic expressions to perform resummation of low-pr
distributions for any color-neutral particles to next-to-leading-logarithmic accuracy. Our effective field theory approach
is free of the Landau pole that appears in the standard approach even for perturbative values of pp. We thus
have a numerically stable matching to the fixed-order QCD result, leading to a smooth transition from the low-
pr resummation region to the intermediate and high pr region without the need for a matching prescription. For
perturbative values of pr, our approach predicts the transverse momentum distribution entirely in terms of field-
theoretically derived perturbative functions and standard initial state PDFs. For non-perturbative values of pr, an
additional non-perturbative Transverse Momentum Function (TMF) appears with a rigorous field-theoretic definition
and computable anomalous dimension.

We have presented the first numerical predictions for pr spectra arising from SCET for Higgs and Z-boson produc-
tion, and for Z boson production have shown an initial numerical comparison with Tevatron data. The agreement
with data is excellent over the kinematic range currently covered by our factorization formula, indicating that SCET
will provide a useful framework for the analysis and interpretation of hadron collider distributions.

Our analysis reveals several directions for future work. Precision predictions at next-to-next-to-leading logarithmic
accuracy require two-loop computations of the iBFs and iSFs that appear in our factorization theorems. This com-

putation is within current technical capabilities. The region of non-perturbative pr requires further study through a
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modeling of the non-perturbative TMF followed by its extraction from data.

In summary, the SCET approach to transverse momentum resummation offers a compelling alternative to the usual
method. Several explicit checks have been performed: (1) a comparison with the leading fixed order cross-section, (2)
the cancellation of the scale dependence between the various components in the factorization theorem as determined
by their RG evolution structure, and (3) an explicit check of the logarithms at next-to-leading logarithmic order.

Furthermore, we find good agreement with data. We look forward to the further development of our results.
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Appendix A: Factorization of electroweak gauge boson differential distributions

In this appendix we describe the steps in the derivation of the factorization formula for the transverse momentum
and rapidity distributions for electroweak gauge boson production. These steps closely follow the derivation of the
analogous factorization formula for Higgs production derived in [19]. For simplicity in notation we focus here on the
case of single-boson production. With straightforward modifications, one can obtain analogous factorization formulae
for neutral-current v* 4+ Z production as well as the case where the final state leptonic decay products of the vector
boson are treated differentially. It is convenient to work with the hadronic Mandelstam variables u, t which are related

to pr and Y as

u=(p2—q)° =Mz — Q\/p3 + MZe",
_ 2 _-Y
t=(p1—q)® =Mz —Q\/ph+ Mze ",

where ¢ and M denote the vector-boson momentum and mass respectively and?
dudt = Q*dprdy. (A2)

After matching the vector-boson production current onto SCET,,,. current as explained in section III A, the differ-

ential cross-section in the hadronic Mandelstam variables takes the form

e = awlil | gt - o fan fan fas fas

X Z Z (2m)*6@W (py + py — ¢ — Px, — Px, — Px,)8[u— (p2 — q)*]8[t — (p1 — q)°]
qq"ijKL X, X7,Xs

% CK;iq(wl,wg)C*L;jq/ (wll’ w/2)<p1p2‘05q’]‘(w/1’ wé)(O)\Xm X, Xs>

X (X, X, Xs|OF 9 (wr,w2)(0)|p1pa),

(A3)

3 Note that Q = 72- p1 = n - p2 denotes the hadronic center of mass energy, and is not related to g# which is the vector-boson momentum
and satisfies ¢2 = M%
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where the indices run over
K,L = {‘/714}’ q7qlviaj:{uadasa"'}7 (A4)

where V and A label the vector and axial-vector Dirac structure. The indices ¢, q’,%,j run over the massless quarks
that appear in the initial protons. The contribution from a pure gluon SCET,,,. operator that would produce gg — V
with V' = ~*, Z W vanishes for Drell-Yan processes, so that the sum over ,j does not include the gluon. The
overall factor of % comes from averaging over the initial hadron spins, the final state |X) has been broken up into the

n-collinear, 7i-collinear, and soft states so that |X) = | X, X5 X,), and the SCET operators have the form

qu(wlaWZ) = (éqw)ﬁ,wz Sfizrqun(wtﬁq)n,wu qu’T(wi,wé) = (gq’ )n W) S;flrfq TS (Wtﬁq’)ﬁ,wé
(A5)

where the Dirac structures I‘ff 7 are given by
= gbme TRt =ghvs. (A6)

g{- and g% denote the vector and axial-vector couplings of the g-th quark to the vector boson respectively. The tensor
L* denotes the product of the leptonic currents arising from the vector-boson decay. For simplicity of notation, we
will present out formulae integrated over the leptonic phase space, so that we can use effective polarization vectors
and set

v

I
L"(q) = Y (g™ (q) = —g" + quz :
Z

(A7)

pols.
By the equations of motion for massless quarks, the contribution of the ¢*¢” term in the above polarization sum
vanishes when contracted with the quark bilinear currents. This allows us to effectively set L[’ (¢) — —g"” which is
used in the rest of this analysis. Next we use the soft-collinear decoupling [20, 21] property of the leading order SCET,,,.
Lagrangian to decouple the matrix elements into n-collinear, n-collinear, and soft objects so that the differential cross-

section becomes
d2(7 _guu d4q
s = | Gt 86~ M3 fu— 2~ 03[t — (o1 = ] [ don [ ] [t

<Y Y (@2m)*™(pr+p2—q— Px, — Px, — Px,)
99" KL Xn, X0, Xs

X CR w1, wp) I (0, ) (T ) (T T (1] (€ V)5 (0)|Xn) (p2l (W€ )R, (0)] Xr)
X (Xl (W75, (0)p1) (Xal (€)%, (0)|p2) (01(S))*(Sa) ™ | Xs) (X[ (1) (S,) 70

(A8)

We perform a series of steps that allow us perform the sum over the states X,,, X7, Xs while consistently maintaining

the final state restriction on the gauge-boson momentum. We begin by inserting the identity operator

- / d'pn / d'pn / 'py5™ (p — Py )0 (pr — P, )6 (ps — Px.), (A9)

and decompose the momenta into label and residual parts so that

Py =P; + Ky, Pi =Pf{ + K%, (A10)
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where P§7L7P;gﬁ ~ Mz and Ky , K}ﬁ < Mz. We write the remaining momentum components as

P;;L = K;(;l’ P);T;L = K;C—LL» Px. = Kx. (A11)
and similarly write
Pn =D, k. ph =0 kL
— L — L
e A ey P =KL, (A12)

where again p, pi ~ Mz and k;, , ki < Mz. The delta functions in Eq. (A9) can be broken up into Kronecker deltas

over label momenta and residual delta functions which we can write using the integral representation as

1= Y 6. B Ot Bt / A hend*knd ks 6@ (ky, — Kx, )0W (kn — Kx, )6 (ks — Kx.)

B P
d*z dy d*z . ) )
_ ; B 4y, g4y g4 i(kn—Kx,) o, i(ka—Kxg)y,i(ks—Kx,)z
= D s Gipt / d*knd*knd* ks / @) / @) / i e e :
B Py
(A13)
Similarly, the momentum of the vector boson can be divided into label and residual components so that
neg=n-g+n-k,  n-q=n-g+n-k  q=Fkiy
(A14)
where the n-q,n-q~ Mz and n-k,n -k, k; < Mz. The phase space integral over ¢g* can now we written as
dktdk~ -
/d4q 8- Mz) = > /d%L / — 0@ R R R TR - k2 — M32).
Gt
(A15)

The four-momentum conserving delta function appearing in the differential cross-section can be written as a product

of Kronecker delta functions over label momenta and delta functions over residual momenta as

M (p1+p2—q— Px, — Px, — Px,) = 64,400,402 (Kx. +Kx +Kx. +ki)

X

SKE +Kf +Ki +k)8(Ky, + Ky +Kx +k7)
= 5w1,¢§*5w2,q’+5(2)(k;_ + ki— + k%— + k1)

X BUST I KT RT3+ kg ),

(A16)

where we used the residual delta functions in the first line of Eq.(A13) to obtain the second equality above. Using
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Egs. (A13), (A15), and (A16) the cross-section can be brought into the form

d?o —7Tg“ 2 dk+ dk_ (i n n T 9
= ZZ/d / + Gk 4+ G kT kTR — M2)
du dt 4Q2N? @KL 53

i g d*x dy d*z
Kt *L; 4 4 4
/dwl/dwgC q(wl,wg)C 74 (wl,wg)/d knd kﬁd Ifs/ (271_)4 / (271_)4 / (27‘[‘)4

x e tethnyeihe sy o 8 at 0P (ki + ki + ki + k1)

x O(kf + ki +kF+ED)S(k, + ks +ky +k7)

x Slu—Mz+Qn-qld[t—Mz+Qn-q|

X Oaqr0qqr (T Do (TET ) ap (p1| (€ WS () (WE0)7%, (0)pr) (pal (W0 )2 (1) (€W)5", (0)|p2)

x T (0|T((S5)"(Sa)® ()] T((SH) I (50)][0), (A17)

X

where we have simplified the color structure using the identities

yada’ sad

(P11 (€ W)n ()| X ) (X | (WTE)7, (0)lp1) = N (1l (EW)nT (@) Xn ) (Xn (W)L, (0)|p1)

qq’ gbe
(2l 1€ 2(0) X} Xl €35, Olpa) = S (ol () () X (X (692, O

(A18)

Next we apply a spin Fierz identity which allows us to bring the cross-section into the form

d*o rFELa 2 dktdk™ 2
DI R T e R )
du dt oL 4Q2N? el

i d*z d* d*z

eiknweibnygikazs o5 0D (kE + k4 kE +kO)O(ES +kE kS ET)

w1,§~
x O(k, +ky +k; +k7)[u—MZz+Qn-qld[t—MZ+Qn-q|
X JHwr,z, pr) i (w2, ¥, pir) Seq(2, pir), (A19)

where we have defined the hard function
HgL;ijq(wl , W2, /J/) = CK;iq (wl , W2, M)C*L;jq (wl , W2, M)7 (AQO)

and HgL;ijq(wl, wa, p@g; pr) denotes the RG-evolved hard function from the scale pug ~ Mz to ur ~ pr. The quantity
FELi comes form the contraction of the leptonic tensor with the Dirac structure of the hadronic tensor, and is given
by

Tr [T 97T 1]

KLy _ _ pv
F g T (A21)
The jet and soft functions are given by
Twrnr) = Y ulEW)a) Sap, — i),
initial pols.
Tenynr) = Y ol T | V)03~ PEW)0)] 1)

initial pols.

Saa(z, ) = Tr(0|T[S}Sx)(2) T[S} S,.](0)]0). (A22)
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Next we perform the integrals over ™ and y~ components in Eq. (A19) by defining the Fourier transformed jet

functions as

d$+ %k;w+(]q 4 _ o Jq k_, _
A (& n(LUhx , L ,Z‘L,/I;) - n(wh nsL a'rlnu)v

dy™ gt - g
/‘76216”2} Jg(w27y+7y 7yJ_v/~L) Jrg,(w%y-i_ak;aylvﬂ)v

4
(A23)

combining the label and residual momenta as

/dwldk; — /dwl, /dedk;{ — /d(.()z,

and absorbing the residual momenta k;, , k2 into wy,ws respectively to get

d?o KL dgtdg™ _ - i
dudt > 102N? / 2 /dzlﬂ Satq — k3 *M%)/al“’l/dw2 Hy 599wy, wa, s pir)
qijKL ¢
o /dmdle / dy+d2yj_1-/dz+dzd2zj_ / dbtdb~ / d?b l/dk+d2k1‘
(2m)3 (2m)3 2 (2m)4 2(2m)? (2m)2 2 neon
x 1 / di; dki L / dk dky d?kkeFnt (FLmbL) gmifns (B —bu) g=iRor (FL=bu)
2 n n 2 S S S

(A24)

w eRkt(@T=bT) gk (vt —bh) d kT (2T —bT) Ak (2T —b7) g (w1 =g )BT g (wa—g )BT ez‘ELEL

X 6[“ - M% + Q qi](s[t - M% + Q q+} Jg(wla xiva_aﬂT)Jg(w%ydkayJ_a /U'T)Sqq(zmuT)'
(A25)

Performing the integrals over the momenta k', k-, k- . and k* and the z,y, z coordinates, we get

no'n,n

d*o s dgtdg~ ° _ o 5 9 _ 9
T %4@2]\&2/ 5 /d ki d(qtq —kJ_—MZ)é[u—MZ—l—Qq ]6[t—MZ+Qq+]

dbtdb= [ by ik e o
x /dw1/dw2 szq(wlawzyﬂQ;MT)/W/ﬁw(‘” 4T ea(wama )b gibi ks

X Jg(wla b_v bJ_7 MT)Jg(w27 b+7 bJ.? NT)Sqq(b+a b_v bJ_7 /J“T)v (A26)
where from brevity we have defined

H (w1, w2, pgi pr) = Z FKL;quL;ijq(whwzaMQ;/~LT)- (A27)
KLij

This expression can be brought into the form

2o T I 5 d?b, iDL R 5 _ ) N
o i ;4Q2N3/dq g [ Phy [ e R s M+ Qa5 - M3+ Q']

X

5(gTq™ — k% — M%)/dwl /dwz (dwiwa) HE (w1, wa, f1q; 1)

X

/dkzdk%B%(wla kr—y",_a bJ_7 ,U/T)Bg(w27 k%? bJ_a /J/T)Sqq(wl - q_ - k7’77w2 - q+ - k;i_; bJ.v MT))
(A28)
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where we have made use of the Fourier transformed functions defined as
1 db™ it
B (wy, kb = — [ —e2knb J9w,b7,b
n(wh n J_7M) 20.)1 Ar € Jn(wla 5 LaM)?
1 dbt .- =
240" (o, b+, by, o),

T 2wy ) 4w

Bg(w27k57bLau) - 2(4}2
(A29)

30T 38207 g (b b by ).

-~ db*db~
Sqq(wl7w27bl_7:u) = / 167T2 €
The be’% functions are referred to as the purely collinear impact-parameter Beam Functions (iBFs) and are defined
with a zero-bin subtraction to avoid double counting soft emissions already encoded in the soft function Syq. It was
shown in [19] that convolution over the purely collinear iBFs and the soft function can be written as
2o T 2b, 7z
= dgtdg~ [ d°k / bl — M “J6[t — M3 *

Y %:4Q2N3/ g*dg / L Gt [u— M7 +Qq]8[t — Mz +Qq"]

S(gtq™ — k2 — M%)/dm /dw2 (dwnwo)HE (w1, w2, 1o pir)

/dk;dkgég(wl, kb b)) B (wa, ki b1)Sg (w1 — @7 — kw2 — g — KT, b)),

X

(A30)

X

where 32’% are the ‘naive’ iBFs or simply the iBFs defined without a soft zero-bin subtraction, and S,;! is the inverse

Soft Function (iSF). Next we rewrite the cross section in terms the variables z1, 2z, ¢, ¢, defined as
w1 w2 _ _
T = 6, Tog = 6, t;t = :ZZ'le;f, tﬁ = SCQQkﬁ, (Agl)

to get
2 -
d“by eV R Slu—MZ+Qq 5[t — Mz +Qq"]

d’o T T 9
-z e [en [ o

dudi ~ N?
. 1 1
x 6(q+q_—ki—M§)/ d561/ dry Y HE(2122Q°, pig; i)
0 0
q
Spq (11Q —q~ — n 2@ — T b1)
1 q I2Q7 2 q I1Q7 L)
(A32)

q9q

X

/dtzdt,gég(wl,tz7bL)Bg(fE%t,—:,bL)

HY (wiwa, pug; pr). In the next step, the iBFs are matched onto

where we used the fact that HY(wi,ws, pq; pr)
(A33)

the PDFs as
1
~ dz T
Bz,n(%t,bbﬂ) = / 7In,ﬁ;qr(;7taﬂ) fT(Z,/.t),

so that the differential cross-section becomes
d20. 7T2 1 1 1 d.T/ 1 dx/
S Q/dml/dxg/—,l/ 2

Q Nc 0 0 x1 ‘Tl To x2

du dt
X Z H%(.’L’](EQQ2, /1') gq’r's(xl, x2, xll7 .’L'/27 u, tu IU'T)fT(:LJh IU’T)fS(x/27 MT)?
(A34)

q
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with a sum over repeated indices understood. The function G979 is given by

" \/(M%—zggM%—ﬂ Y

s d?b
gq”(xl,mg,xll,x/27u,t,uT) = /(2 ;_JO

X /dt+dt Inqr( 7 n)bJ_7/'I’T)I’FL;(78( 7 nabJ_uU/T)
Ty P
(M% —u) 5 M2 — tr
_ — — o h).
X S, (961@ 0 220’ , T20Q) 0 “nQ’ 1)
(A35)
Using Egs.(A1l) and (A2) we can obtain the differential cross-section in terms of the pr and Y variables
Yday [t dad
_ d d 1 2
dp% dY N2 R
X Z H% 1'1$2Q s Qs MT) gq S(xlv X2, 1,/1’ x/QapTv Y, MT)fT(xll, MT)fS(‘rév MT),
q
(A36)

where

2

d<b _ T _
gqrs(xlax%m/lax,%pTaK:uT) = / %']0 [blpT] /dt:dtﬁ In;q7'(7/17t7t7bLa,uT) Iﬁ;(js( 7 ,tn,bLMLT)
(2m) Ty Lo

t- t+
871 _ Y 2 2 _'n _ Y 2 2_Lb .
 (11Q — e \/p7 + M szJhQ e /Pt + M7 0’ Ly M)

(A37)
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