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1 Introduction

The production of photons, W’s, Z’s and Higgs bosons are important processes which
allow us to test the Standard Model and extract its fundamental parameters. With precise
calculations of the cross sections, they also give opportunities to search for physics beyond
the Standard Model through deviations from Standard Model predictions. At hadron
colliders, initial state radiation caused by the strong interaction contributes and necessarily
affects the boson distributions. Moreover, energetic jets can be produced in association with
the boson production. Therefore the understanding of the boson distribution is always
complicated by the presence of hadronic activities in the events, which are governed by
quantum chromodynamics (QCD). Using fixed-order calculations in perturbative QCD
one can systematically improve the description of hadronic radiation. However, in certain
regimes the fixed-order perturbative expansion diverges so that an all-order resummation
is necessary for the validity of theoretical predictions. This happens when characteristic
energy scales relevant in the process become hierarchical so that large logarithms of scale
ratios can spoil the validity of fixed-order calculations. The transverse momentum pr
distribution of the lepton pair in the Drell-Yan process is a classic example which requires
the resummation of log(My /pr) in the regime of pr < my, where My is the vector
boson mass. This can be achieved to all-orders using the standard formalism by Collins,
Soper and Sterman (CSS) [1]. Alternatively, the logarithms can also be resummed using
renormalization group (RG) techniques and soft-collinear effective theory (SCET) [2-5]
(see [6] for a review) as discussed in [7-15]. More recently, the resummation has been
performed at next-to-next-to-next-to-leading logarithmic accuracy [16-19].

In this paper, we study the situation in which the boson has significant transverse
momentum recoiling against hadronic activities consisting of jets in the final states. Specif-
ically, we consider the qr distribution of the boson and the leading jet system where gr
is the vector sum of the transverse momenta of the two objects and ¢r = |gr|, as illus-
trated in figure 1. In the 2 — 2 scattering, boson+jet back-to-back limit the value of ¢ is
zero, although the boson and the jet can have large transverse momenta. In the small gr
regime, the soft and collinear emissions induce large logarithms of log(Q/qr) which need
to be resummed, where () represents the hard scattering energy. The situation is similar in
di-jet production where ¢r is defined as the vector sum of the transverse momenta of the
two leading jets, and the resummation of log(Q/qr) at next-to-leading logarithmic (NLL)
accuracy without non-global logarithms (NGLs) [20, 21] was carried out using the CSS for-
malism in [22, 23]. Similarly, the log(Q/qr) resummation at NLL level was also performed
for photon(y)-+jet [24], Z+jet [25] and top quark+jet production [26-28]. More recently,
the NLL resummation in y+jet production was also carried out using SCET [29].

The purpose of this paper is to derive an all-order expression in SCET for the sys-
tematic resummation of log(®Q/qr) in boson-+jet production at small ¢p, including the
resummation of the associated jet radius logarithms log R as well as NGLs.! The precise
understanding of this observable in proton-proton collisions then forms the baseline of such
hard probes in nucleus-nucleus collisions where a hot and dense QCD medium called the

'Recently, much progress was made in the study of NGL resummation [30-45].
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Figure 1. Boson+jet production in hadron collisions. Here py and p; are the momenta of the
color singlet boson and the jet, and R is the jet radius. By definition gy = 13’7‘]« + ﬁ%/ . The modes
relevant for the observable g include the soft modes with momentum p,, and the collinear modes
along the two beam directions (n; and nsy) and the jet direction (ny). Small-angle soft modes are
taken as an independent degree of freedom from those emitting from the jet, and its momentum
is denoted as p;. The nq-collinear and ms-collinear modes and soft modes all have a transverse
momentum ~ gp, while the nj-collinear modes carry most of the jet momentum.

quark-gluon plasma (QGP) is produced. Through interactions with the medium, jets in the
event can be significantly modified while the color-singlet boson remains intact that can
serve as a robust reference of the hard scattering process. This makes boson+jet production
a useful channel for studying the properties of QGP though the relation between transverse
momentum broadening and energy loss of jets in high-energy nuclear collisions [46], which
requires a proper resummation of large logarithms [24, 47, 48]. The kinematic information
of the boson+jet system has been explored quite extensively [49-55]. For example, the gqr,
the boson-jet momentum imbalance X iy = p% / p¥, and the azimuthal angle decorrelation
|A¢sv|: the azimuthal angle between the jet and the boson as measured in the plane per-
pendicular to the beam direction, have been experimentally studied in Z+jet [56-60] and
~v+jet [61] events at the LHC.

The rest of the paper is organized as follows. In section 2, we analyze all the relevant
degrees of freedom which contribute to gr. We give a detailed derivation of our factorized
expression (2.28) using a two-step matching procedure in SCET. In section 3, we discuss the
renormalization of all the bare functions entering (2.28) and give an all-order resummation
formula in (3.13). We explain the relation between our resummation formula with those
in [24, 25, 29]. The anomalous dimensions relevant for the NLL resummation are also given
in this section. In section 4 we analyze the Sudakov double logarithms, while in section 5.2
we perform the resummation of log(Q/qr) at NLL accuracy for Z+jet production, including



log R and NGL resummation. In section 6 we summarize and discuss some intriguing issues
for future studies. In appendices A and B, we list the tree-level amplitudes of partonic
V+jet production and the anomalous dimensions used in this calculation. In appendix C
we give the LO singular terms for gr distribution.

2 Factorized expression for gr in boson+jet production

We derive a factorized expression of the differential cross section do/d%qr for the process
Ni(Py) + Nao(Py) — boson(py) + jet(py) + X, (2.1)

where X stands for all the produced particles in the event except for the boson and the
particles of the leading jet. As defined previously, the observable ¢r is the sum of the
transverse momenta of the boson and the leading jet. The boson can be either the W, Z,
v or the Higgs boson. We will first focus on the g7 region where Aqcp < ¢r < @ and
@ is a hard scattering energy scale depending on the leading-jet transverse momentum p:‘,L
(and, for a massive boson, the boson mass my ). We will discuss the factorization of the
cross section in SCET and resum large logarithms using RG techniques.

2.1 Degrees of freedom

For qr < @, the dominant contributions to gr come from soft particles in all out-of-jet
directions or collinear particles along the beam directions, with transverse momenta of the
order gr. As illustrated in figure 1, such radiation can be either soft with ps ~ ¢, or
collinear to the two beam directions n; and ng with p7' ~ g7 or py? ~ ¢r. In this paper all
the calculations are carried out in the small R limit. In this case, the small-angle soft mode
along the jet direction can be singled out as an independent degree of freedom [33, 35, 62,
63]. Such soft radiation is sensitive to the jet direction and the jet boundary and will be
referred to as the coft mode in the following discussions, cf. [33, 35]. While wide-angle, soft
radiation is only sensitive to the total color charge of the jet, the coft mode can resolve any
possible collinear constituents of the jet. If a coft radiation is emitted outside the jet it will
contribute to the observable gr. We need to consider the coft mode in order to account
for multiple out-of-jet radiation and resum the potentially large logarithms of log R.

The above kinematic analysis shows that the relevant SCET degrees of freedom for
the calculation of g7 in this process include the following modes as illustrated in figure 1,2

ni-collinear: p ~ Q (A%, 1, N,y
na-collinear: pt, ~ Q (A\*, 1, Nngns,.,
nj-collinear: pf;  ~ p;‘; (Rz’ L R)nny,
soft : p£ ~ Q (A, A\, N),
coft : pi' ~ QA (R?,1,R)y,n,, (22)

2We do not include the Glauber mode which is responsible for the breakdown of the transverse-
momentum factorization at higher orders as discussed in [64—67]. Interested readers are referred to [68]
for a systematic study of the Glauber mode in SCET.



where A = g7 /Q is the power counting parameter. The auxiliary light-like vectors n; satisfy
n;-n; = 2 for i = 1,2 and J and we choose n1 = ny and no = ni. As we shall discuss
in section 4, @ is the hard scattering scale in the process and it may be parametrically
different from p#: if the boson is massive. Here all the momenta p* = (n; - p, M = P, P, 1)
are expressed using light-cone coordinates with light-like vectors n; and 7n;, as denoted by
the subscripts n;n; in (2.2). We denote the transverse momenta perpendicular to the two
beam directions n; and no by the subscript 7, and the transverse momenta perpendicular
to ny by the subscript | .

2.2 Derivation of the factorized expression

We derive the factorized expression using SCET with all the degrees of freedom in (2.2).
The derivation is carried out in a two-step procedure similar to the one in [33, 35].

2.2.1 Matching of QCD onto an intermediate SCET

The intermediate SCET (more specifically, SCETyy [3]), includes ni-, ngo- and n j-collinear
fields and one soft gluon field. In this step, the hard mode is integrated out and encoded
in the Wilson coefficients C. The local collinear gauge invariance demands that collinear
fields along different directions do not directly interact with each other. That is, the hard
and collinear modes factorize.

Let us denote collectively the infrared (soft or collinear) particles by Xigr and write
the differential cross section for the process Ni(P;) + Na(P2) — boson(py) + Xir as

do 1 1

dXrdyy v} 252<2w>3/ dhwe™ v (PP (@) Xin) (Xin[ H(O)| PPy), (23)

where |Xr) is a product of n;-collinear states | X,,,) and soft state | Xs), dXir denotes the
measure for the n—body relativistically invariant phase space of Xig and yy is the boson
rapidity. Generically, the leading-order operators are built out of three collinear fields along
the three collinear directions of the beams and the jet, and the effective Hamiltonian H
takes the form

/{dt}CZiZi‘é’J L Q At [on 107 (@ + t1701) [0, |02 (2 + tamiz) [0], 107 (w + tymg), (24)

where {dt} = dt;dtadt; is the integration measure and C is the Wilson coefficient. Due to
the soft and collinear gauge invariance, the low-energy effective operator should have the

follwing form
(60, )6 [Dnalaz (0], 107 — [Sn]g) (S )alal[cbnz]”( a2 [, 102 (S, (2.5)

Here (S)y:" represents the soft Wilson line along n; direction and the field [én,]q? represents
an n;-collinear field carrying a color index a; and a Dirac or Lorentz index «;, and it can be
either a collinear quark field or a collinear gluon field, which are given, respectively, by [69]

ML

) = W@ @), AL = W@ [0 W] 20)



where the n;-collinear covariant derivative is defined as Dgi L= 8ﬁ + gAZi 1, and Wy, is
the n;-collinear Wilson line. The set of fields {xu,, an-AZi |} form the building blocks to
construct the effective operators.

Since the ni- and no-collinear modes are not directly measured and will go along the
beams, we need to sum over these collinear states. Using the fact that initial colliding
hadrons are color neutral and keeping only the leading contribution in 7; - P;, we have

SLAPIGHL (o + ) X0 (X (62 (i) )

X,

5(1/0/ 1 dél O/CM' Y NG T ’
I i ) &g Py —5—+t,—1;
=S | Bz eSO, (2)
where ¢ = (4 — d)/2 in dimensional regularization and i = 1,2 labeling the beam. The
factor d; is the dimension of the color representation of the field (b#;, and Pyi™ is the
projector defined as follows,?

ooy . _ .
oo % (%Z) rEng - B for quarks and antiquarks,
1 —
Pni B nainag-i-na;nai / Lo (28)
1t T TR o0y — hat?

— g% = —g;i for gluons.

The function By, is the beam function of the parton species f [71-73] in the z1 space,
which is the Fourier transform of the transverse-momentum dependent (TMD) parton
distribution functions (PDFs).

Next, we sum over the n j-collinear particles and perform multipole expansion so that
the n j-collinear fields only depend on ny - . Assuming m nj-collinear partons in the jet,
we have

m
p‘j = pr‘,l with p‘ji = p%i (coshny,,sin¢y,, cos ¢, sinhny,) (2.9)
i=1

where the four-momentum of the i-th collinear particle in the jet p’ji is expressed in terms

of the transverse momentum p:‘ﬁ, the azimuthal angle ¢, and the pseudo-rapidity 7, of the

particle. Also, the jet direction ny; = (1,sin¢;/ coshny,cos ¢/ coshny, tanhny) with ny

and ¢ respectively the rapidity and the azimuthal angle of the jet. For reasons that will be-

come clear later, we also assume that there are some n j-collinear particles radiated outside
out

the jet with a total momentum p?"*. Similar to the discussion of beam functions, a color-
neutral jet function J* with the virtuality p?, and the parton species k can be defined as

Saya, Puy ™ T* (07, @r, €) = (2m) ! (2.10)

< / dp? e3no T 5@ <pJ—Zin> (Olf6k, 157 (0) [ X, )X, li0KT 137 (0) [0),
i=1 ’

Xn

’ ’
oy oy ooy

3For gluon beam functions, another projector ~Z52— — QTQ needs to be included in the study of, e.g.,
x

T
the Higgs pr distribution in the gg — H° production channel [10, 70]. However, for the process studied
in this paper, one can show that the contribution from this projector vanishes at NLL level. Hence, it is
neglected here and in the following sections.



where we have neglected the dependence of the j/et function on ny - x and neg - x, which will
be justified in the next subsection. Likewise, Py F “/ is the projector defined as

/
o ay 1 (7/LJ)aJaJ ng-pJg for quarks and antiquarks,
PTL; - « gy _a (211)
nJ‘]n J+nJ‘]nJ‘] ooy — ojay
Ll — g% = —g for gluons.

After decoupling the soft fields from (2.4), we will have the product of three soft Wilson
lines. Summing over the states of soft gluons gives

SUI (7 ) = (0]T[(ST)i™ (@1)(ST)i™ (@r) (S)nr™ (¥r)]
T((S)% (0)(S)2272 (0)(S1)277 (0)]]0). (2.12)

ni
The color structure of the soft function is the same as the gauge transformation of the
amplitude squared for the process. From the gauge invariance, or equivalently, color con-
servation [74], one can show that the above matrix element is always proportional to the
unit color matrix for the processes studied in this paper. That is,

Syiaral (@r, ) = S(ir, €)0T1 1 5202 5587 (2.13)
Plugging (2.7), (2.10) and (2.12) into (2.3) (with Xig summed over as we have done), we
have
do Prr ooz -
PpldpYdndyy Zk:/ amzt . Sl OBy (G 21, Bjn, (82,07 €)
7
X Hij*ﬂ/k(‘%t: mVae)jk(p?thaﬁ)a (214)
where the sum runs over all parton species %, j, k = ¢, @, g. The hard function is identified as
1 11
Hi M (§&1P1,&P, — py, , 2.15
iVE = {693 606 |M (&P, &P — py pv)} (2.15)

with £; and £ completely determined by the conservation of the + and — components of
the partonic momenta in the basis vectors n; and n;.

2.2.2 Separating coft modes from nj-collinear modes

In this step, we match the purely collinear theory along the jet direction onto an effective
theory where the collinear field is split into two submodes as

Gy = b, + b1, (2.16)

and, accordingly,
| Xn,) = [ X, Xo). (2.17)

We distinguish genuine collinear momenta from the coft ones, and the corresponding mo-
mentum scalings are shown in (2.2). Here the coft field describes low energy radiation
which can resolve the substructure of the jet, and it is emitted from one of the collinear
partons in the jet at an angle 8 < R. In effective theory languague one can take such coft
radiation as being an independent mode [33, 35]. In this effective theory the soft sector is
a combination of soft radiation which can not resolve the detailed structure of the three
collinear sectors, as well as coft radiation sourced by the collinear constituents of the jet.*

“This can also be justified with color coherence [75].



In the limit ¢y < p%, the genuine n j-collinear particles are kinematically forbidden to be
radiated outside the jet while coft modes are allowed to be either inside or outside the jet.
Inside the jet, the contribution from the coft modes to the jet momentum can be neglected.
Hence, the m n j-collinear particles introduced in the previous subsection are genunine n ;-
collinear particles while those outside the jet are coft particles with a total momentum p"*t.

The separation of the coft modes from the n j-collinear modes modifies the jet func-
tion (2.10) by organizing the coft radiation into the coft Wilson lines [33]. In the following
discussion we use the notations adopted in [33, 35] and write the amplitude squared for
the n j-collinear particles as

M (psiApa})) (ML (psi ()] (2.18)

where the index m denotes the number of collinear partons in the jet and the compact
notation {p;} stands for the set of collinear parton momenta p;,. Then, the collinear
Wilson line W, in the definition of the n j-collinear field in (2.6) is replaced by

Wy, = Wn,Us 2.19
J J J

with the coft Wilson line Uy ; along the i ; direction which organizes coft radiation emitted
from the n1- and no-collinear directions in the small R limit. Again, for brevity the collinear
field ¢y, , dressed with coft radiation along the 7 j-direction due to the replacement in (2.19)
is written as ¢, — ¢y ,Un,. Also, each nj-collinear parton is dressed with a coft Wilson
line Uy, with ny, = (1,py,/|ps]). This means that separating out the coft modes is
equivalent to replacing | My, (ps; {ps})) in (2.18) with

m

(M (s {ps})) = Us, (0) [ Un,, (0) [Mum(psi {ps})) - (2.20)

=1

Since nj-py K nj-pyj, one has \/pg < nyj-py. Multipole expanding the integrand around
p% =0in (2.18) gives

/ dp} & (nJ pr— Y nJ -in> =7y pJ. (2.21)
0

i=1

From the above two equations, one finally has

TH05. %, ) = > (TE({ns}, Rpye) UL, ({ny}, REr,€)) (2.22)
m=1
where (---) = %Trﬂ -+ ] denotes the trace over all the color indices divided by the dimension

of the color representation of ¢F ,» and @ is a short-hand notation for [] f €y, /(47) with
/[:_

25, the solid angle of 7, in d-dimension. The jet function J ’,fn with m collinear particles



is defined as

dE;,ES°

P gk -1 _ _
7 Tm({ng}, Rpy,€) =20y - py(27) ZH/ )12 (n'pj—;n'pk>

spins 1=1

« g2 (f) ) Ounllpah) | M s (o)) (ME G (h)] . 229

i=1

and the coft function Y, takes the form

m({ns}, R¥r, ) = (2.24)
= Zﬁeé”m T I O[UL (0O, (0)--- UL, (0)[Xe)(XelUsy (0)Un,, (0) -+ Uy, (0)[0).
X

The set of nj-collinear particles is defined by the anti-k; algorithm [76] which is used in
jet reconstruction. The phase space constraint imposed by the sequential clustering can
be quite complicated. Alternatively, here we require the angle AR;; between each pair of
collinear particles be smaller than the jet radius R,

ARy = /(61— 62 + (i —m)* <R withi<j:1,2- m. (225

In the small R limit, the above requirement is equivalent to imposing the following step
functions,

2in *DJ;
Oin(pJ;,ps;) =0 <R2 - JJ]]) ’ (2.26)

which collectively is denoted by ©in({ps}). The jet algorithm constraint for a coft gluon
with momentum p; is then equivalent to a cone jet algorithm since collinear particles are
clustered and define the jet direction ny,

2
—1_ O | P R
Oout(pt) =1 — Oin(pt,ny) =0 [nJ - <2coshm> ] : (2.27)

By making the replacement in (2.22), (2.14) then gives the final factorized expression

do d 1‘T z Z
Pardprdnsdoy Z/ IS, vi(@r, €)Bin, (€1, 21, €) B, (G2, 7, €)
X Hijovi(8,tmy,e) Y (Th(ns} Rps,e) 9U,({ng}, Rir,€)).  (2.28)
m=1

3 Resummation of large logarithms

In this section, we discuss the renormalization of the bare functions in (2.28) and the
resummation of large logarithms by solving the corresponding RG equations. We also
calculate the anomalous dimensions relevant for the resummation at NLL level.



3.1 Renormalization and resummation

The cross section is finite in the limit € — 0 but all the bare functions in (2.28) are divergent.
In this paper, these functions are renormalized in the MS scheme. The divergent pieces
of the bare functions are removed by the renormalization constants, and the anomalous
dimensions can be calculated from them according to (B.2). Then the resummation of
large logarithms can be achieved by solving the RG equations.

3.1.1 Hard function

The Wilson coefficient C in (2.4) is determined order-by-order in perturbation theory by a
matching calculation in QCD and in SCET. In dimensional regularization, the ultraviolet
(UV) divergence in the Wilson coefficient is identical to the infrared (IR) divergence in
the corresponding on-shell amplitudes in perturbative QCD. Hence, the singularities in
the hard function can be subtracted by a multiplicative renormalization constant Zi}} Ve

From Zg _v one can calculate the anomalous dimensions of the hard functions and resum

large logarithms in up/p by solving the RG equation

d

m%ij%Vk(éﬂa vaH) = FHijavk(@f, mVaM)Hij—)Vk(§,£7 mv’,u,)’ (31)

with the initial condition ”Hij_Wk(é,f, my, pp) at the hard scale pj, ~ @ calculated in a
matching calculation.

3.1.2 Soft function, beam function and collinear anomaly

The calculation of soft and beam functions involves extra complication which is not seen
in the calculation of the hard function. Singularities unregularized by dimensional regular-
ization arise in the calculation of these functions. However, such divergences are artificial
because the product of the soft and beam functions is in fact finite, which is a result inde-
pendent of the regulator. In this paper, we regularize such divergences by modifying the

/ddk — /ddk (nl’/.k>a. (3.2)

Note that we have chosen the common factor of ny - k in the regulator. Moreover, the scale

phase-space integrals as [77]

separation in (2.2) is broken due to loop corrections, and the hard scale shows up in the
perturbative calculation of soft and beam functions. This is referred to as the collinear
anomaly by the authors of [9].> By refactorizing out the collinear anomaly, the product of
beam and soft function can be written as [80]

Bijny (&1s 27, 1) Bj vy (&5 275 1) Sijsvie(Tr, p) = (3.3)
:L‘%p§ —(Ci+Cj)F i (z7,1)
= <b§> B;/n, (&1, 27, 1) Bj /N, (25 27, 1) Sij v (T, 1),

® Alternatively, the collinear anomaly can be dealt with using the rapidity RG method [78, 79].

~10 -



where the hard scale dependence is factored out with the exponent F'| only depending on x7
and the scale u. Here by = 2e77% and C; is the Casimir operator of the color representation
of the parton i. The divergence in the product of the soft and beam functions on the l.h.s.
of (3.3) is to be removed by an overall multiplicative renormalization factor, denoted by

ZSBB(Zp, pu,€). In order to construct a universal definition of the beam function (at least

in the boson-+jet processes considered in this paper), we take ZS85

as a product of the
renormalization constants of the collinear anomaly ZC€4, the soft function Z°, and the

: B B
beam functions Z; Ny and Zj Ny

SBB CA S B B

vk = Zij o Zigove Zing 2N, (3.4)
From these renormalization constants one can calculate the corresponding anomalous di-
mensions. The collinear anomaly exponent function F'| (z7,u), beam and soft functions
By n and S;; vy satisty the following RG equations, respectively

d B
dlogyFL(xT’”) :'Yv:usp(as)a me/N(faxT,M) =T f(Oés)Bf/N(ﬁ,:cT,,u),
d ) . ]
@Sij—)Vk(xTv /'L) = [Pii—=Vk (as)SijaVk(iL'T, ,u) (35)

3.1.3 Jet function, coft function and non-global logarithms

The calculations of jet and coft functions contain NGLs because of the restricted phase
space due to jet definition. As discussed in [33, 35|, the RG running of the jet and coft
functions in the factorized expression (2.28) automatically resums both global and non-
global logarithms.

In the definition of the jet function in (2.23), the energy of the n j-collinear constituents
are integrated over, which results in additional singularities. However, such singularities
can be cancelled by the jet functions with lower parton multiplicity. Therefore, in general
the renormalization constant of jet functions is a matrix [35], which is defined as

TIm({n}, Rpy ) = > Ti{n}, Rps, 1) Zj, ({1}, 1, €). (3.6)
=1
Similarly, the renormalized coft function is written as
ul({ﬂ}v RzZr, M) - Z lein({ﬂ}7 Rzr, H, 6)®um({ﬂ}7 R, 6)7 (37)
m=l

where ® denotes the integration over the (m — [) additional directions. Note that ZJ is
defined in a reversed way as opposed to the other renormalization constants. By the RG
invariance of the physical cross section, the renormalization matrix of the coft function
satisfies

z) =z%7588 7] (3.8)

In [35, 36] one of the authors has explicitly verified that this matrix satisfies a renormal-
ization group equation at two-loop level for non-global jet observables in electron-positron
collisions.
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For the coft function we specifically extract the global renormalization constant ZY
which removes the divergence in the coft function U,

U ({n}, Rir, e) = U ({n}, RTr, ) 2" (3.9)
Accordingly, we define the non-global renormalization constant as
Ziy = 20,79 (3.10)

by separating out the global contribution. From (3.8), Z can hence be expressed as the
product of non-global and global renormalization constants

Z) = Zyy(ZzV 28 2588 = 7, 77 (3.11)

where we also introduce a global renormalization constant Z? for the jet function. The
evolution equations that resum both the global and non-global logarithms in the jet and
coft functions can be obtained from (3.6) and (3.7). Differentiating both sides of these
equations gives

m

T Tn{nh ) = =2 Titm) ) (D611 = P ({2}, 1)
TJ
g )0 = 32 [t + i) ] Stk (312

TU
where the diagonal entry represents the global anomalous dimensions I'’ and I'V, which
can be calculated from Z7 and ZV according to (B.2).
3.1.4 Resummed expression

Using the RG equations we can evolve each function from its characteristic scale where
there are no large logarithms, and we get the following resummed expression

d .’L'T ® dl‘l" 1]~>Vk( ) o
d2qu2pTdanyv Z/ ZQT ZTr th i 13 Hij—)Vk(S,t,mV,,th)

:L‘2 3 (CH‘C])FL( ) o dp Wi vk (g -
X (;) ey BT 2 (“)Sz’j—Wk:(JTT,Mb)Bz‘/Nl(flva’“b)Bj/N2(£2’xT’Mb)

I3 du U M du J
y ef,ut TUk () + [, T k(M)UNG(MtaUJ) (3.13)

where TWii»ve = I'Bi 4 T'Bj 4 T'Sij=ve. The function U{fIG includes NGL resummation,

which is defined as

Unc (e 1) = 3 (T8 Y R ) © 3 Ui () i) & Un( . R, o)) (314
=1

m>1

with U({n}, p, ;) = Pexp [flij dlog,uf‘({ﬂ},,u)], where P denotes the path ordering in
log pr. This evolution matrix generates additional collinear partons with m > [, therefore
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we define {n'} = {n1,...,n;} and {n} = {nq,...,ny,nyy1,...,nm} to distinguish these two
configurations. According to the momentum scalings in (2.2), one should choose the hard
scale pup, the soft and beam scale py, the jet scale p; and the coft scale y; with the following
typical values

ph ~ @, iy ~ bo/T, pj ~ R pr, pe ~ Rbo/xr, (3.15)

so that there are no residual large logarithms in the corresponding functions at these scales.%

3.2 Anomalous dimensions for NLL resummation

To perform NLL resummation, one needs to include tree-level hard, jet, beam, soft, and
coft functions, and evolves them using two-loop cusp anomolous dimension and one-loop
regular anomolous dimensions. In this section we will provide all the regular one-loop
anomalous dimensions relevant for the NLL resummation. In the calculation we neglect
the difference between pr and ps: (recall that pr = (p% — py. )/2).

3.2.1 Anomalous dimensions of hard, soft and beam functions

The one-loop hard anomalous dimension is given by [81]

) 72 P2
rHii-ve — Yeusp (s [C’i log (u > + Clog <) + Cy log <T>} +7H””V’“, 3.16
P( ) p%ug J p%ﬂg M2 ( )

with
Aot = 29(a0) + 297 (@) + 29¥(@) (3.17)
where 7yeusp is the cusp anomalous dimension, and 'yf is the anomalous dimension of the

parton species f (see appendix B). In dimensional regularization, at one-loop only real
emission diagrams contribute to the soft function. Using the covariant gauge one has

o e [ dk * o :
Sijvi(EL,€) = g2 i? / < z k;> 5t (k?)etkror {(CZ- +C - ) —2 2

2m)t \m - ni-kk-ng
ny-ny ng-ny

CitCL—C) —2 " (O — ) —2 (318

+( + k J)nl-kk~nj+< ]+ k >n2-kk'nJ ( )

with 67 (k?) = §(k?)0(k°) and 2 = “24%. The evaluation of the soft function boils down
to the calculation of the following master integrals,

d’k VY ; Ng - N
. 2~2€ +(1.2\ Jikp-x a b
= 2 T . 1
wab = 9sH /(27r)d (k:+) (2m)o (k")e Na - kk-np (3:.19)

With the regulator we use, wis involves a scaleless integral and hence vanishes. The
divergent parts of the other two integrals are given by

oy = 0% leta/DLs <V> {2 +2{m +log(~2i cos%)H :

47 I ae €
“r2 2 2
woy = Leleta/2Ly <V> [2 - == {m — log(—2i cos ¢1‘):|:| ) (3.20)
47 " € ae €

5As shown in section 4, the hard function can have additional logarithms because it depends on two
scales p1 and my .
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x%;ﬂ
b3
the above expressions we can identify the soft anomalous dimension.

where L | = log ( ) and ¢, represents the azimuthal angle between Fr and 7 ;7. From
For 1/xp ~ qr > Aqcp, one can calculate the beam functions from PDFs by an
operator-product expansion [1, 71, 72]

1
Bin(& ar, 1) = Z/é %L«—j(%xT,M)fj/N(ﬁ/%M)- (3.21)
J

If one chooses p = pp = f—;, the logarithms In(zpp) in Z vanish. Since we are only
resumming large logarithms of In(u/up) at NLL level in this paper, we will neglect the
non-logarithmic terms in Z at O(«s) in the following sections and only need the anomalous
dimensions of the beam functions.

Let us focus on the non-PDF anomalous dimensions. The divergent pieces of the bare
beam functions using the rapidity regulator in (3.2) take the form

o o v\ /& -P\Y /1 1 .
Bi/Nl(é-laxTae): E |:4C’Le( ta)ly <,LL> <£1/1,61> <> ’};0:| fl/N1(£17M)+a

4CjeELL <’/>a <52712P2> —041_%])] fj/N2(£2>M)+"" (3.22)

(0%
Bj/Nz(g%xTae):ﬁ 1 7 o €

From (3.18), (3.20) and (3.22) one can easily verify the cancellation of all the a-dependent
terms in the soft and beam functions.

Since the soft and beam functions have the same characteristic momentum scale ~
1/xp, one can evolve the product of these functions from p, ~ 1/xp to u instead of
running each one of them individually. We write

Bi/n, (&1, 27, 1) Bj/n, (§2, o1, ) Sijsvi (T, 1)

2.5 —(Ci+Cj)F i (z 1 ,1)
:( T ) Wijovn(@r ), (3.23)

where the function W;;_,v}, satisfies the following evolution equations,

d v’ '
mW@'j—ﬂ/k = (CZ + Cj + Ck) ’ycusp(as) lOg < zg > + ,-)/WUHVIC (as):| Wij—>Vk (324)
FW;\/k
with the anomalous dimension at one-loop level
W, ) . ,&2 tAQ
Y 777 =8 Cylog(—2icos ¢z)=27—-2% Yo {Ci log <2) +Cjlog <2>] . (3.25)
SPr SPpr

3.2.2 Anomalous dimensions of jet and coft functions

The global coft anomalous dimension I'V can be derived from the one-loop calculation of the
coft function U;. Explicitly, U, contains two Wilson lines, one along the n; direction and
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the other one along the n; direction. After expanding Wilson lines in (2.24), at one-loop
we have

d%p i 2

k(= 2 ~2 t +(2\ o5 (gpe)n 2T

=2 27)0 u . 2
Ui (Zr,e) Crgs / (27r)d< m)d" (pi)e 2 TR ﬁJGO t(pr).  (3.26)

We only need the divergent terms in order to obtain the anomalous dimension, and we find

« 2 1 —2tcos ¢
ZV=1+ 23 - S0 — =20, |L +2log | ———= 2
+47r{ GZCk . Ck|: 1+ og< R >:| }, (3.27)
which gives,
U RQ{% U : U )
[ = Cryeusplog | —— | +7 %, with qp* = —8C) log(—2i cos ¢). (3.28)
pueTp

From the definition (3.11), the global jet renormalization constant at one-loop is written as

' as [ 2 1 ©? L

and the anomalous dimension Fi has the form

prR® J
T7% = —Cryeusp 10g < 22 > + A, with y* = —2+F. (3.30)

At one-loop level, it is the same as the one for the unmeasured jet function defined in [82].
In our framework, Z7 is given by (Z{,&1) at this order, where Z7, removes the divergence
in the jet function Jo. However, beyond one-loop level a simple correspondence between
77 and the renormalization constants of the unmeasured jet function does not exist [35].
Finally, we will discuss the NGL resummation. At the NLL level, the non-global
evolution matrix from the coft scale to the jet scale reduces to
o0

Una (s 117) X255 ST (Un({n}, s 1) & 1) (3.31)

m>1

where we truncate the first sum in (3.14) at the tree-level jet function J; =
4762 (77, 1)1, and we only include the tree-level coft function U, = 1. The non-global
anomalous dimension defined in (3.12) has the following form [35]

ViR, 0 0
0 VoRy, O
Qs

Cin({n}) =21 0 0 Vi Rs ... | +0(?) (3.32)
00 0 Vy...
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where we only need the one-loop results for the NLL resummation. The matrix elements
are given by

_ dS) (ny
Vm:2Z(E,L'1},L+E,R'1},R)/ 4(7r )Wzlj
,J
dQ) (n
-2 (TO,L . TLL + TO,R . TI»R) / 4(71_ k) W(ﬁ@out(nk), (333)
m = —4 Z T%,L : E,RWi?+1@in (nm—l-l) ) (3'34)

where T; ;, are the color generators acting on the i-th particle in the amplitude and T; r are
the ones acting on the conjugate amplitude. The angular dipole factor WZ; is defined as

ni-nj

k _
Wk = (3.35)

g - NEng - Ny .
The second line in (3.33) corresponds to the global anomalous dimension subtracted out
from V,,, where we define ng = n;. By expanding U{\?G (fet, p15) as a series of

N
tz/ s s () (3.36)
pe M dm

we have the evolution factor Ung(u, 1) = tugl) + tQU?) + .-+ with one- and two-loop
coefficients as

u' = o, (3.37)

dQ2(neo) dQ(n
u;” = —16C,C4 / 4(7r2) 4(7T3)@in(n2)60ut(n3) (W (W + W) — W W] -

From this, one can show that the coefficient of the leading NGL at two loops is
—4C,Cam?/3, which is the same as the results in [20]. As shown in [35, 83], the coft
function maps onto the hemisphere soft function under a Lorentz boost along the jet axis.
Therefore, the evolution of the function Ung should be the same as Dasgupta and Salam’s
parametrization in [20]. Explicitly, in our numerical calculations we have
2 2
Uk (e, 1) = exp <—CACk7;u2m> . (3.38)

Here u = 2t = % log g:gﬁ;%, and the constants are given as a = 0.85C'4, b = 0.86C4 and

c=1.33.

3.3 NLL resummed expression

After plugging in with the above expressions, the all-order resummed expression (3.13)
could be reduced to

dogNLL / deT o <$2 §> —(Ci+C;)F 1 (1)
= SZQT'xTBi » LT, B; y LT, L
d2QTd2pTd77deV ; (27T)2 /N1 (gl T /«L) j/Na (52 T N) b%
X exp /l" d_FHZJ%Vk )+/ d'uI‘WZJ%Vk / j Jk /# @FUk (ﬂ)
s wy H 1 pe H
x Hij—ﬂ/k(&tvthu)UNG(:utyMj)' (339)
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Let us compare our NLL resummed expression with those in [24, 25, 29]. The large loga-
rithms log(Q/qr) were resummed in y+jet [24] and Z+jet [25] events at NLL level using
the CSS formalism [1]. In these references, the calculations were carried out in the small
R limit, but the terms with log R in the coefficients are not completely resummed. NGLs
were also neglected. In the effective field theory language, this simply means that one does
not distinguish the n j-collinear mode from the hard mode, and also not distinguishing the
coft mode from the soft mode. By taking p; = pp, e = pp and switching off the NGL
resummation, our resummed expression reduces to those used in [24, 25]. This can be
shown more explicitly if one takes u = up and

Bi/n, (§1, 21, ) Bj/n, (25 215 11v) = fiyng (61, 1) £ /80 (§2, 1) (3.40)

On the other hand, in [29] the authors performed a resummation of log R and log(Q/qr)
without resumming non-global logarithms. If we take UffIG = 1, our resummed expression
formally reduces to their results.

4 Analysis of leading logarithms

In this section we analyze the LL resummation. We shall study two cases of pr 2 my
and pr < my, respectively. The first case is relevant in the studies of vy+jet production
since photon is massless, or massive boson +jet production at high pp, while the second
case is relevant in massive boson+jet production at low pr. Since leading logarithms are
insensitive to scale choice, we choose p, = bo/xp, . = Rbo/xr and p; = Rpr in the

following discussions.

4.1 Leading logarithms for pr = my

In this case all the collinear particles typically carry an energy of order pp. Therefore one
can simply make the following replacement

M%L%ple“v §_>p%a _ﬁ%p%ﬁ —tA—>p%«. (41)

Then at LL level, (3.13) reduces to the following form

2 as - =
e € T C T o RS
= frZT [(cz- +C;)log (Z) +Cylog (;)} o~ [(Corepon (35 ) +Onton (5 ) 1os (2)].

where dn(qr)/dqr is the differential probability of the boson+jet transverse momentum
gr.- We have only kept the LL terms in performing the Fourier transformation by using
the relation

1
Fourier transform of log" Ty ———nlog" ' (pr/ar). (4.3)
b() 27 qr

We find that the resummation formula used in [24, 25] give the same result at LL level.
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Figure 2. The double logarithmic phase-space for soft radiation along the two beam directions (a)
and the jet direction (b).

The double logarithms in (4.2) arise from soft radiation along the three collinear di-
rections. Using a physical gauge, such as the light-cone gauge, the soft gluon spectrum is
given by

dl 2 1 1
o (4.4)
dw dk,,, | T wkn, 1

Let us first calculate the beam contributions to the integral distribution n(gr). The phase
space constraint for the soft gluon is as follows,

kr < qr, kr Sw < pr  for real emissions, (45)
kr Sw S pr for virtual contributions. '

The real and virtual cancellation yields the phase space shown as the shaded region in
figure 2 (a) with @ = pr, and this gives

pT pT
Ia, = _2a8 Ca/ dkT/ dfw = —%Ca, 10g2 (pT) for a = 172 (46)
q k g

™ T kT o W qr

On the other hand, soft radiation along the jet direction results in the log R-dependent
terms. For simplicity, we assume that the jet is central. If a gluon is emitted inside the
jet, there is no additional constraint on its phase space since it does not change the value
of gp. If the gluon is emitted outside the jet, its energy has to satisfy w < gr. Combined
with the virtual contribution, one can see that the phase space of the gluon is given by
figure 2 (b), which gives

20, PT dw ¥ dkr P 1 pT
o C’“/qT w /wR ek °g<R2) °g<qT) o

By including uncorrelated multiple soft gluon radiation, one obtains the Sudakov factor of

the form
) — o 2 e () suton() n ()] s
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Figure 3. Illustration of the log R dependence in dn(qr)/dgr for the qg channel at LL. Here we
take as(gr) &~ 0.18 with g7 &~ 10 GeV around the peak region.

It is easy to see that differentiating n(gr) with respect to g7 gives (4.2), which brings down
from the exponent a factor given by single-gluon emission along the three collinear direc-
tions. Note that n(gr = pr) = 1 which recovers the whole probability. Also, dn(qr)/dgr

peaks at
Ck

R Gt (4.9)

qr
pr
with & = 4(C; + C;)2=. The peak location moves to a larger value of gp for smaller R

s
because the probability becomes larger for a gluon to be emitted outside the jet. Also, the

height of the peak

_1+V/IF2a
= e a

2(1+ %5 0y log R%)2 —a+v2ati-1

1

S (VI T41)e 7 (4.10)
becomes lower. All the above-mentioned features are illustrated in the left plot of figure 3,
which shows dn(qr)/dqr with R = 0.4 and 0.8, and we set a5 = 0.18.7

4.2 Leading logarithms for pr < my

In this case the collinear radiation along the two beam directions typically has an energy
~ my, while the energy of the collinear particles inside the jet is of order ~ pr. As a
result, the phase space for soft radiation collinear to the jet direction is unmodified as in
the previous case in figure 2 (b). On the other hand, my, instead of pr, sets the phase
space of soft radiation along the two beam directions, which is given by figure 2 (a) with
@ = my. Based on this physical argument, one expects the following logarithms to show

up in the calculation: —2(C; + C}) log?(my /qr) and 2? Cylog(pr/qr)log R.
At LL accuracy, using (3.13) one can simply set
u% —>m%/, §—>m%/, — U — prmy, —t = prmy. (4.11)

”As we will show in the next section, the peak of the differential g7 distribution locates at g7 ~ 10 GeV,
and as(10 GeV) ~ 0.18.
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Plugging them into (3.13), we get

) _ 2 (25) - (3 ) o 52
dqr (2m)?
_ 72_;;;6?016 log? % [(Cz + Cj) log <TZ;/> + Cy log <;>]
o o 5 (O 1087 (751 ) +Crlog (7 ) los (B2 | (4.12)

Note the additional, gr-independent logarithms 10g2(mv /pr) appearing in the resummed
result, which gives an overall normalization constant. In contrast, the LL result in [25]
is given by (4.2) with pr replaced by my, which is different from our result (4.12). Such
differences can be seen in the right plot of figure 3, where we use the legend of “partial
log R” to distinguish these two cases. Note that in the pp < my limit, the large logarithms
of log(my /pr) need to be properly resummed which requires a factorization of the hard
sector at the two scales my and pp. We leave the study of constructing such an effective
theory for future work.

5 NLL resummation and phenomenology

In this section, we study the Z-+jet production in proton-proton collisions at /s = 13 TeV
in the high pf case (p7. > 200 GeV) and the low p7 case (pf > 30 GeV). We impose
the constraint |n;| < 2.4 on the jet pseudo-rapidity and allow all values of boson rapidity.
We then compare our theoretical predictions at NLL accuracy with PYTHIA simulations
(version 8.2) [84] and the CMS data [57, 60].

5.1 Characteristic scales and numerical evaluations

We choose the following characteristic scales,

= Q=+ my, w=Rpr = = R (5.1)
Note that both up and p; depend on xp, and one needs to include nonperturbative con-
tributions when these scales approach Aqcp. We focus on the effects of resummation in
perturbative QCD, and we simply impose an upper limit of z7 < 27** = 1.5 GeV—!
in the zp-integral [11]. On the other hand, in the large ¢r 2 pr region where iy > p;
and gy, > min(up, pr), the effective theory is no longer valid and we set py = p; and
py = min(up, pr). In this region we need to switch off resummation and match the re-
summed results with the fixed-order predictions. However, different matching schemes will
introduce additional source of uncertainties. We focus on estimating the theoretical un-
certainty from scale variation since it is the dominant uncertainty at NLL accuracy. We
leave the detailed studies of fixed-order matching and next-to-next-to-leading logarithmic
(NNLL) resummation for future work.
The differential ¢ distribution do/dqr is calculated by numerically integrating over
all the variables in (3.13). For the NLL resummation, we need all the one-loop anomalous
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Figure 4. Effects of log R resummation illustrated in the high p7 (left plot) and low p7 (right
plot) cases. Here, NLL, stands for the NLL resummed results excluding NGLs. The label “partial
log R” corresponds to the results from setting p; = py, and p; = .

dimensions in section 3.2 and the two-loop cusp anomalous dimension in appendix B. The
exponential factors in (3.13) are evaluated analytically according to (B.10) and (B.11).
We take the beam functions to be equal to the CT14 NLO PDF set [85] at the scale py
according to (3.40). There is a constraint coming from requiring the ¢,-integral to be
convergent. Recall that both the soft and coft anomalous dimensions depend on cos ¢;.
The ¢,-dependent terms can be combined and factored out as,

4Ck Qg (l"b)

’ COSs (bx‘ﬁ log as(pt) . (52)
The ¢y -integral is convergent only if
40}, as(ﬂb) 2045(/%) 1
-1< , = lo ~— log —. 5.3
plpap, ) = = = log o) — log (5:3)

One encounters such a divergence when the coft scale approaches to the non-perturbative
region. It would be intriguing to see how one can introduce nonperturbative functions to
tame such a divergence. We instead only integrate xp over the region given by (5.3). In fig-
ure 5 we show the relation between xr and p(up, pt) with gy = bo/x7, e = Rbo/xr and R =
0.4. The constrain of p(us, ptt) > —1 corresponds to 27 < 1.5GeV ™! and zp < 0.7GeV ™!
for the qg and gq channel, respectively. That is, this constrain effectively gives a smaller
cutoff in x7 than 2% = 1.5GeV~!. By varying the low limit of p(up, i) from —1.0 to
—0.5, we find our result only varies in the fourth significant digit for 5 GeV < gr < 20 GeV.

5.2 Effects of log R and non-global logarithm resummation

We study the effects of log R and NGL resummation at NLL accuracy.
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Figure 5. The relation between xzp and p(us, 1e) where we choose p, = bo/xr, e = Rbo/xr and
R =0.4.

5.2.1 log R resummation

Here we switch off the contribution from NGLs by setting Uky = 1 in (3.13). We define
the resummation accuracy without NGLs as NLL,, where the subscript , means partial.
Furthermore, we compare the NLLj, result with the one by setting p; = pp, e = pp which
is denoted by “partial log R” resummation since part of the log R dependence is eliminated
in the scale ratios. Note that, in the high pr case p1; = pup ~ pr while in the low pr case
pj = pn, ~ myz, and that the characteristic scale p1; = prR. Therefore in the low pr case
the “partial log R” results differ from the NLL,, result by the missing contributions of the
form log(myz/(prR)) as discussed in section 4.2.

Figure 4 shows the effect of log R resummation in the high py (left plot) and low pp
(right plot) cases. The NLL, cross section is always larger than that with partial log R
resummation. Note the significant effect on the overall cross section especially in the low
pr case. As discussed in section 4, one can see that the overall factor

e%ck 10g%(log 7;—?+210g %) (5'4)

accounts for the cross section difference, which clearly comes from the running of the jet
function between myz and prR.

5.2.2 NGL resummation
As discussed in section 3, NGLs arise from one coft gluon radiated outside the jet. The

contribution at O(a?) takes the form

T
QT’

a? I a?
s 1 217 s 1 2 )
L 0aCilog? 1 =~ Cplog (5.5)

Mt

and the contribution increases as the ratio pr/qr increases. Therefore NGLs are expected
to play a more important role at high pr. Figure 6 shows the cross sections calculated
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Figure 6. The effect of NGL resummation illustrated in the high p7. (left plot) and low p7. (right
plot) cases. Here, NLL stands for the full results calculated from (3.13), and NLL, corresponds to
the results without NGL resummation.

from (3.13) with (denoted by NLL) or without (denoted by NLL,) the NGL resummation.
One can see that the NGL resummation lowers the peak of the cross section and pushes it
to a larger value of ¢r.

5.3 Theoretical predictions and uncertainties

We compare our theoretical predictions with PYTHIA simulations and experimental data
at the LHC. We estimate the theoretical uncertainties by varying each characteristic scale
in (5.1) by a factor two and taking the envelope of all the results from scale variations.

For both the pr > 30GeV and pr > 200GeV cases, we calculate do(qr)/dgr with
R =0.4,0.6 and 0.8. As shown in figure 7, our theoretical predictions agree reasonably well
with the PYTHIA partonic results within the uncertainty band.® However, some discrepancy
in the overall cross section exists, especially for R = 0.4 with a smaller jet radius.

We then compare our theoretical calculation with experimental data. In order to
impose the same cuts on kinematic variables as the experiments, we use the LO hard
function including the leptonic decay of Z/v*. We first compare with the data at /s =
13 TeV in [60]. We impose the same kinematic cuts as

pF > 30 GeV, Ins| < 2.4, R =04,
P > 20 GeV, Im| < 2.4, 71 GeV < my < 111 GeV. (5.6)

The left plot of figure 8 shows the comparison between our prediction for do(qr)/dgr with
the data.” Our result is consistent with the experimental data in the small g7 region.

8We checked that the major difference between the partonic and hadronic results comes from multi-
parton interaction contributions.
9Note that in experiment gr is defined as the sum of the transverse momenta of the Z boson and all
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Figure 7. Comparison between the NLL cross section calculations with PYTHIA simulations, in
the high pf case (top row) and the low p#. case (bottom row). In all the plots, the red curves
are the theoretical predictions with the scale choice in (5.1), and the error bands are shown as the
shaded regions. The histograms are the PYTHIA results at parton (dashed lines) and hadron (solid

lines) levels.

We also show the result of the full LO distribution (black curve) calculated by MCFM
program [86, 87], and the one including only the logarithmic terms at LO (orange curve)
predicted using SCET. In appendix C we give the expressions of LO singular terms. In the
small g7 region fixed-order expansion breaks down because of large logarithms of log(Q/qr),
and SCET can reproduce this singular behavior.

For the large gr region, we need to include power corrections from fixed-order calcula-
tions. However, near g ~ 30 GeV where the p% > p?in = 30 GeV selection is imposed, the
LO result has an artificial kink structure. The kink structure comes from neglecting two jet
events with p% < 30 GeV due to such a kinematic cut. Explicitly, at LO pr and ¢ are the
transverse momenta of leading and subleading jets, respectively. When qr > 30 GeV, the
lower limit of the pr integral is ¢r. On the other hand, for gr < 30 GeV the lower limit is
frozen at 30 GeV. Hence, we observe such kink structure near gy ~ 30 GeV. The investiga-
tion of the kink and its treatment is beyond the scope of this paper and left for future work.

the jets with py > 30 GeV and |ns| < 2.4 in the event [60], while in our calculation we only include the
leading jet in defining the gr. From PYTHIA simulations, we find that using the leading jet to define qr
brings down the first three bins of do/dgr (left plot of figure 8) by 6.2%, 8.9% and 5.7%, respectively.
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We also compare our theoretical calculation of the azimuthal angle decorrelation Ag
between the boson and the leading jet with the experimental result at /s = 7 TeV in [57].
In the numerical integration, we boost the tree-level partonic event such that the boson
and the leading jet have total transverse momentum ¢r as

gr = qr(sin ¢q, cos ¢q). (5.7)

After performing this transformation, the Z boson and the leading jet are not back to back
in the transverse plane. Hence, we obtain the distribution of the azimuthal angle A¢(Z, j1)
between them. The comparison between NLL results and data is shown in the right plot
of figure 8. The same kinematic cuts as in the experiment are imposed:

pr > 50 GeV,  |ns| < 2.5, R=0.5,
P >20 GeV,  |m| <24, 71GeV<my <111 GeV, pZ>150 GeV.  (5.8)

In principle, one needs to perform a matching between the resummed result and the fixed-
order calculation to calculate the azimuthal angle decorrelation (see, e.g., [22, 24]). How-
ever, as we show in figure 7, at high pr our resummed result gives a good description even up
to g7 ~ pr. We then use it to calculate the normalized distribution do/dA¢ by integrating
out gr from 0 to 150 GeV. We find reasonable agreement with the experimental result.

6 Summary and perspective

In this paper, we construct an all-order formalism in SCET for the systematic resummation
of large logarithms of the form log(Q/qr) when gr < @ in boson+jet production in the
small R limit. More precisely, the expression (3.13) resums the logarithms of log(Q/qr),
log R and non-global logarithms, at NLL accuracy. We first carried out an analysis of
the leading logarithms. We find that in the case of pr < my, the resummation of the
logarithms log?(my /pr) is missing in the literature. In the case of pr > my the effect of
log R resummation only comes in at NLL accuracy. At the end, we compare our theoretical
predictions with PYTHIA simulations and available experimental data [57, 60]. Within
theoretical uncertainties, our results are consistent with the simulations and the data.

In the present work we obtained the resummed cross section at NLL accuracy. There
are several issues that we leave for future studies. First, as shown in the plots at NLL
accuracy, there are relatively large uncertainties both at small-gr and large-qr ~ pr. The
small-g7 region shows the sensitivity to non-perturbative physics. In this case one needs to
introduce non-perturbative functions to extend the xp-integral into the non-perturbative
regime, and to regularize the singularity in the integration over ¢,. To circumvent the

singularity in ¢, cf. (5.2), one may choose a different coft scale u; of the form!®
bo
=R—. 6.1
a x| cos ¢y (6.1)

00ne is allowed to do this because ju¢, like other scales, is not precisely given in EFT. The difference
from different choices of u: is only of higher orders.
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Figure 8. Comparison between theoretical calculations with experimental data for the processes:
pp — Z°/y* — ete” and ptp~. The left plot shows the comparison between our NLL result of
do /dgr with the measurement in [60], where the solid red curve is the result with the scale choice
in (5.1) and the shaded region indicates the error band from scale variation. The solid black and
orange curves are respectively the LO result and the LO result including only logarithmic terms
(LO singular). The right plot shows the comparison between our prediction of azimuthal angle
decorrelation with the measurement in [57], where A¢(Z,j1) is defined as the azimuthal angle
between the Z boson and the leading jet. The scale uncertainty for the red band is obtained within
the prescription that varying the scale in the denominator and numerator simultaneously, which is
named as “correlated scale choice”. While the yellow band is given from the “uncorrelated scale
choice”, where the scale variations in the denominator and nominator are independent.

In this case, the constraint p; < up imposes a stronger condition than (5.3) and, hence,
makes the ¢,-integral finite. At NLL, we find no significant differences by choosing u
according to (6.1). It is intriguing to see which choice of y; is favoured at NNLL. On the
other hand, the large uncertainties at large-qr is a signature of the breaking-down of the
scale separation in (2.2). The improvement in this region is usually obtained only after
matching the resummed result with a fixed-order calculation at higher-order in ;. In de-
tailed phenomenological studies, one needs to include all these improvements and possibly
perform the resummation at NNLL accuracy in order to reduce the overall theoretical un-
certainties. Second, the possible breaking of the transverse momentum factorization in the
processes studied in this paper is another intriguing issue. On the other hand, in PYTHIA
simulations we see only small non-perturbative corrections. This suggests that the gp dis-
tribution in boson+jet production can be a clean and useful probe of factorization violation
and Glauber contributions. Third, for a comprehensive comparison with experiments for
the isolated-photon-jet correlation, one needs also to include the fragmentation and con-
sider the additional constraint on the phase space corresponding to the photon isolation
procedure in experiments [61]. It would be intriguing to extend this formalism to include
all such complications. Last, but not least, the observables studied in this paper can be
used to measure the jet-quenching parameters in high-energy nuclear collisions [24, 47, 48].
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The formalism presented in this paper can be used as a unified formalism to study boson-jet
correlation in both proton-proton and high-energy nuclear collisions.
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A The hard function at LO

In this appendix, we document the amplitudes and the electroweak parameters that enter
the hard function in (2.15) at LO. At this order, the partonic processes for a vector bonson
produced associated with a jet include the following channels

q(p1) +a(p2) = Vipv) + 9(s);  a(p1) +9(p2) = Vipv) +a(p.), (A1)

where p; = & P; with P; the proton momenta and &; the longitudinal momentum fractions.
In these processes the partonic Mandelstam variables are defined as

§=(pm+p) t=@—pv)’, a=(p—pv) (A.2)
From the conservation of the + and — components of the momenta in the n; and n; basis,
one has
2
pr PT o _ . my
§1=""F%2(" +e"Py), S=-F%("+epy) with By =4/1+—5-. (A3)
va b &= ) %

The amplitudes squared, averaged and summed over the color and spin indices in initial
and final states are given by

_ o 167%asaemer(NZ — 1) 12 4+ 42 + 25 m?,

|M(qq — Vg)| E = ,
C
_ 16m2as0teme? §2 + £2 + 20m?
[M(gg = Vo) = —————* 7 v (A.4)
C

where e, is the electric charge of the quarks in the case of photon production. For Z
production we need to replace e, by

(1 —2]eq|sin? 9W)2 + 462 sin Oy

A5
8 sin? Oy cos? Oy (A.5)

2
eq—>

with Oy the weak mixing angle. In our numerical calculation the electroweak parameters
we adopted are

Cem = 1/132.34,  cos Oy = 0.88168, my = 91.1876 GeV (A.6)
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B Anomalous dimensions

In dimensional regularization with d = 4 —2¢, the bare strong coupling constant is replaced
by the renormalized coupling constant via the relation

2

95,0 prere\©
a? = 487r :Zaas(u)< yp ) . (B.1)

An anomalous dimension is calculated from the corresponding renormalization constant
Z(u, €) according to

I'=—1limZ '(u,e)

Z(p,€). B.2
lim dlog i (1, €) (B.2)

We collect all the relevant anomalous dimensions for the NLL resummation. The running
coupling constant in the MS scheme is given by the solution of

das(ﬂ) N _ ° g\l
dlog,u = —2ea, + /B(O‘s(ﬂ))7 ,8(045) = —2a; nzz;)ﬂn (E) (B?’)
with 11 2 34 10
ﬁOEECA—gnf, b1 = ?C%_ECAnf_2Can. (B.4)

The anomalous dimensions are expanded as a series of a,/(47). The cusp anomalous
dimension is

o g\ 2
Yeusp = o0+ (E) NP+ 0(a3) (B.5)
268 4 40
,YSusp — 4, 7iuSP _ <9 _ g) Cy— ECan’ (B.6)

and the one-loop non-cusp anomalous dimensions of jet and beam functions are

"yg = —SCF, ")/g = —5[). (B.7)

All the anomalous dimensions except I used in (3.13) consist of a cusp part, which
gives the leading logarithms, and a non-cusp part, which only contributes to sub-leading
logarithms. That is, these anomalous dimensions take the form

2
I'(as) = Crycusp(as) In ng + v(as). (B.8)

The corresponding RG running boils down to the evaluation of the following two functions:
Fdp, v _ Hdp _
S(V, ,U) = / —In i’)/cusp(as(,ul))v AW(Va M) = _/ f’Y(Oﬂs(M))- (BQ)
v M H v M
In terms of these two functions, the exponential functions in (3.13) are given by

. 2\ ~OrAveusp ()
oI ET () (CV)QF> o e20r St =Ay (), (B.10)
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For NLL resummation, the function S (v, ) and A, (v, ) are given explicitly as follows,

cusp 4 1 cusp
S(Z/,,u)—w0 { 7r <1—T—lnr>+<7£usp—61>(1—r+lnr)+ﬁln r}

450 Qs (V ) Yo Bo 2039
cusp
A'Ycusp (V7 II"L) - 72060 ln " (Bll)

with r = as(u)/as (v).

C LO singular terms

In this appendix we give the analytical expressions of the LO singular terms. After expand-
ing the resummed result (3.39) order by order in «s and performing the Fourier transform,
we can obtain the singular terms of the gr distribution. The LO results are given by

do
= C.1
T dqrdyydn,dpr (G-1)
dz & dzo &2 s (1
Z HU_Wk/ 7fa/N1 (ZlapT)/é 7fb/N2 <Z27PT) [%ZEJ.()_ab(zbzg,QT) )
2

ijk,ab

(1)

where the one-loop kernel ¥ ieab has the following form

()

ij<—ab

1 1
= Aijdiadpd(1=21)8(1—22) + 301 —21)8i Py (22) + 56(1= 22)03 P, (21) (C.2)

with the coefficients

~

Agg = Cp <4 log — — 6) —4C4 log R,
ar

t
—4log R — 3) +2C4log —— — Bo. (C.3)
t qru

~
A~

Ay =CF 210g
qT

The one-loop Alatrelli-Parisi splitting functions are given as follows,

Piy(2) = 4CF [(11_+Z) 2’5(1 - z)] ,
P, (2) = 8Ca { Aot el z>] +2600(1 - 2),

1+ (1—2)?

P (2) =4Tp [2+ (1 —2)%], P (2) =4CF (C.4)
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