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We consider the factorized groomed jet mass distribution in inclusive jet processes by using a
modified mass drop tagger (mMDT), corresponding to a soft drop with angular exponent § = 0. A
grooming procedure is implemented rather than tagging in the sense that grooming always returns
a groomed jet, while tagging dose not return a jet when a single particle remains after tagging.
We find that the grooming procedure makes the jet mass distribution infrared safe and that only
ultraviolet divergences appear in each factorized part. The groomed jet mass distributions are
investigated over a wide range of the jet mass considering various limits on the jet mass variable
p = M?/(pR)? and the grooming cut y.. Appropriate effective theories in different kinematic
regions are employed to resum large logarithms, in which the analysis in the region p ~ y. < 1
is included due to the different type of factorization. The analytic computation of the factorized
groomed jet mass distribution is presented by resumming the large logarithms in the jet mass, and
Y. Numerically, the effect of the resummation is notably enhanced, compared with the calculation

at next-to-leading order, and nonglobal logarithms are estimated to be small.
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I. INTRODUCTION

Study of jet substructures has become more important
in the era of LHC. At high energy, heavy particles such
as the W, Z, Higgs bosons or the top quark are boosted,
and the decay products become energetic and collinear,
producing jets. The signal jets from heavy particles will
have different jet substructures compared to jets pro-
duced by quantum chromodynamics (QCD). In order to
obtain clearer information on the signal jets, we must
filter out the background. The background consists of
multiple parton scattering, pileup, etc., called underly-
ing events, which will affect the invariant jet mass signif-
icantly. Once we understand how the background can be
controlled, we can give a more precise description of the
signal jet. On the other hand, also of importance is how
the background can be reduced in the jets produced by
QCD, which also become the background for the signal
jets. Here, we consider how to tame the background and
probe the substructure of the QCD jets, which will be
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the starting point for studying the substructure of the
signal jets.

For the analysis of jet substructure, many methods
that remove wide-angle soft radiation have been pro-
posed. For example, the mass drop tagger (MDT) [1]
and its modified version (mMDT) [2] were developed,
and recently a soft drop [3] has been suggested, which
includes the mMDT as a special case with angular expo-
nent S = 0. The main goal is to take away soft particles,
which are likely to come from background, and to obtain
information on the hard jets, which can be related to the
partons participating in the hard scattering.

One of the most important observables in jet substruc-
ture is the jet mass distribution [4-11], and the plain jet
mass distribution with small jet radius using the soft-
collinear effective theory (SCET) [12-15] was considered
in Refs. 16-20. Studies of the groomed jet mass distribu-
tion have been rapidly increasing with recent experimen-
tal analyses (See, for example, Ref. 21). In Refs. 2,3,22,
the analytical calculation for the jet mass distributions
with grooming was extensively investigated in QCD. Re-
cently, the groomed jet mass distribution was studied
through the resummation of large logarithms [23-27].
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The analyses were performed to next-to-leading logarith-
mic (NLL) accuracy, except for Ref. 23,24, in which the
groomed jet mass distribution was obtained to next-to-
next-to-leading logarithmic (NNLL) accuracy by using a
soft drop (mMDT as a special case) in SCET.

We consider the groomed jet mass distribution in in-
clusive jet cross sections, in which an energetic parton
can be fragmented to the observed jet. The jet radius R
is assumed to be small, and the jet is described basically
by collinear interactions.! In this process, we investigate
the groomed jet mass distribution from the fragmenting
jet functions (FJFs) [29-31]. Here, the FJFs can pro-
vide detailed information on the jet substructures. The
advantage of considering the groomed jet mass distribu-
tion in the FJFs is that the dependences on the jet mass
and the grooming parameter reside only in this part in
the scattering cross section. Because the FJFs describe
the properties of the final-state particles, they can be
studied independent of the scattering processes. That is,
we can probe the jet mass distribution in hadron-hadron
scattering, as well as in eTe™ annihilation, with a slight
modification of the kinematic variables.

In the construction of the jet mass distribution, one
encounters the issue of “grooming” versus “tagging”.
Though no general agreement on the exact definition on
grooming and tagging exists, grooming implies that it
always returns an output jet, while that is not the case
with tagging [2]. Theoretically, this also becomes an is-
sue even at lowest order in which a jet consists of two
partons. In tagging, if the energy-cut criterion is satis-
fied, the jet is tagged with the original jet mass as the
tagged mass. Otherwise, no jet contributes to the tagged
jet mass distribution. The removal of the jet when the
tagging criterion is not satisfied renders the jet mass dis-
tribution infrared (IR) sensitive as the jet mass M ap-
proaches zero. In grooming, when the grooming crite-
rion is not satisfied, the final jet consisting of a single
energetic parton is included in the jet mass distribution.
This contribution is concentrated where the jet mass M ;
is zero. Therefore, adopting grooming means that we
add the contribution of the §(M?) part to the groomed
jet mass distribution when the grooming criterion is not
satisfied.

In our paper, we choose the groomer in computing
the jet mass distributions. In fact, we show that the
groomer is theoretically better because, after factoriza-
tion, each factorized part of the groomed jet mass distri-
bution turns out to be IR safe. This IR safety enables us
to resum large logarithms via the renormalization group
(RG) equation. We emphasize that the RG equation is
meaningful only when IR safety exists, or at least, IR

1 Strictly speaking, our theoretical approach in this paper holds
only for R < 1, and the legitimate choice of R for a phenomeno-
logical study would be R = 0.1 — 0.4. However, the small R ap-
proximation is known to work well even in the case with R 2 0.6
[8,28], so our analysis here can, in practice, be applied to the jet
with a sizable value of R.

and ultraviolet (UV) divergences are separated so that
nonperturbative IR dynamics does not mix with UV be-
havior, as in the case of the parton distribution functions.
Moreover, the normalization of the groomed jet mass dis-
tributions can be smoothly connected to the plain jet
mass distribution without grooming. Furthermore, af-
ter the normalization, the groomed jet mass distribution
becomes independent of the renormalization scale.

Introducing the dimensionless variable p =
M?/(p#R)?, we probe the groomed jet mass dis-
tribution over a wide range of p compared to the
grooming parameter y. in the mMDT. Here, ps is the
jet transverse momentum (before grooming) relative
to the beam axis. Over the entire range of the jet
masses, distinct kinematic regions that have their own
characteristics exist: (i) p ~ y. ~ O(1). If we take the
limit y. — 0, the region corresponds to y. < p ~ O(1),
which is called the tail region. (ii) p < y. ~ O(1). (iii)
p ~ Y. < 1, which we call the midrange region. Finally
(iv) p € y. < 1, which we call the peak region. Note
that y. will be fixed at 0.1 in the numerical analysis,
but it can be regarded as small or on the of order 1
compared to the value of p.

The tail region corresponds to the ungroomed case,
and the resummation of large logarithms of p and
Ye (2cut) near the peak region has been considered in
Refs. 23,24,27. Here, we newly include the resumma-
tion in the midrange region with p ~ y. < 1, in which
a different factorization structure is obtained for the re-
summation of Inp and Iny.. In all these regions, vari-
ous collinear modes with different scaling behavior exist,
resulting in different types of factorization. We employ
appropriate effective theories to compute the factorized
parts and resum the large logarithms of Inp or Iny..
Also, we confirm that all the factorized functions are IR
safe and contain only an UV divergence when the groom-
ing procedure is applied. Based on the results, we are
able to describe the behavior of the groomed jet mass
distribution over a wide range of p, say, from O(107%) to
O(1), with different forms of factorization.

The organization of the paper is as follows: In Sec. II,
the plain jet mass distribution from the FJFs before
grooming is briefly described, and the basis for defining
the groomed jet mass distribution is given. In Sec. III,
we explain how the grooming procedure is applied to
the FJFs and define the groomed jet mass distribution.
The theoretical implementation of grooming is described
in detail, especially how to obtain IR safe results. In
Sec. IV, we identify important modes in different regions,
employ the relevant effective theories, and compute the
factorized parts of the groomed jet mass distribution to
next-to-leading order (NLO) in a. In Sec. V, we resum
the large logarithms that appear in the midrange and
the peak regions to NLL accuracy. In Sec. VI, a nu-
merical analysis is performed for the groomed jet mass
distributions over the entire range of the jet mass by in-
terpolating the resummed results in various regions. The
effect of the nonglobal logarithms is also estimated. In
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Sec. VII, we present conclusions.

In Appendix A, we list all the functions appearing in
the text. In Appendix B, the relation between the A-
distribution and the standard plus distribution functions
is given. In Appendix C, details in obtaining Cy, (y., Q2, i)
in case (i) and S (y2Q? u) in case (iv) are presented
with the structure of the phase spaces. In Appendix D,
we show the results in the midrange and the peak regions,
employing a soft drop with g > 0.

II. JET MASS DISTRIBUTION FROM THE
JET FRAGMENTATION FUNCTION

We consider the inclusive jet cross section in Ny Ny —
JX, where N; and Ny are incoming hadrons, J is a jet
with a small radius R, and X denotes all the remaining
particles. The scattering cross section can be written as
32]

do /1 dz doj(2y /2, 1)
dydeJ“ — Ja =pl/Qr T dydp%

2

(1)

where o; is the partonic cross section in which the final-
state jet is produced by parton ¢ with the maximum
transverse momentum )7 with respect to the beam di-
rection for a given rapidity y. The function D;/;, which
we call the fragmentation function to a jet (FFJ), de-
scribes the probability of producing the outgoing jet J
from the mother parton ¢ with the momentum fraction x.
The jet cross section in Eq. (1) necessarily involves large
logarithms of small R, which can be resummed through
the DGLAP evolutions of the FFJs [32-36].

Throughout this paper, we use kp-type algorithms in
defining the jet, which include the kr [37,38], the anti-kr
[39], and the Cambridge/Aachen (C/A) algorithms [40].
Up to NLO in «y (two particles in a jet at most), these
three algorithms have the same constraint for merging
into a jet with small R:

0<R { R' = R for eTe™ annihilation, @)
R’ = R/ coshy for hadron collision.

Then, the typical jet scale E; R’ can be written as p; R
for hadron-hadron collisions and E ;R for eTe™ annihi-
lation.

We go further to consider the fragmentation inside the
jet [34,36,41,42]. To NLO in ay, the factorized cross
section reads [36]

Z/ dz do; xJ/x )
dydedz dydpl.
XDJk/i(x5pTR’M)DZ/JR(Z;p%R)' (3)

Here, [ is the hadron or the subjet inside the jet Jj initi-
ated by the parton k, and z = plT/p% is the momentum

fraction of [ with respect to J. We call Dy, ;, (2) the jet
fragmentation function (JFF) for I, which is the prob-
ability for the fragmentation process k — [ inside the
jet Jr. When we consider the jet substructure, focusing
on the JFF has an advantage because it is process and
renormalization scale independent. The remaining prod-
uct of the partonic cross section with the FFJ in Eq. (3)
is scale invariant as well [36].

The FFJ and the JFF are the probabilities satisfying
the momentum sum rules

1
Z/ dzx Dy, ji(x;prR, p) = 1,
—Jo
1
Z/ dzzDy) g, (2P R) = 1.
7~ Jo

The fragmenting processes from the quark and the gluon
jets in SCET can be described by

Dz/JZM ZQNZ/DQ

XeJ
< (0o (2 P )6 PP ) Do p ) X)
X <Z(p+7pJ_)X|Xn|0>7

1 —2
Z + )(Ng—l)/dD PL

Ky s (D =2
x Tr<0|6(p—+ P )P AP LB I(py, 1) X)
< (I(p4, pL)X|B,20),

Dl/Jg(Za:u) -

(5)

where the spacetime dimension is D = 4 — 2¢, and
Xn = W&, is the collinear quark field in the n-lightcone
direction, with the collinear Wilson line W,,. Also,
Bye = infgh"Gh  Whe = infg"WiteGY L is the
collinear gluon field strength tensor Where Wn is the
Wilson line in the adjoint representation. In our conven-
tion, py =n-p=po+n,;-pandp_ =n-p=py—n;-p,
where n? =72 =0, n-7 = 2, and fy is the unit vector
along the jet direction.

Note that D;,;, and the integrated jet function Jj
within the jet are related by

1
Z/ dzzDyy g, (207 R, 1) = Ti(pr Ry ). (6)
0

To one loop, the integrated jet functions with the k-
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type algorithms are given as [41,43-45]

J _ aSCF 3 ,U/2 1 2 /,1/2
JalprBop) =14 == g ops T 10 o
L1 s
2 4 ’
(7)
j(JR ):1+asCA 60 In IU/Q 1.2 MQ
g\PT % 1 2r (204 pPPR? 2 P2 R?

where fy = 11N, /3—2ns/3, C4 = N. = 3, and ny is the
number of quark flavors. The JFF Dh /J, is normalized

using Dh/Jk divided by J, and is given by

Dh/Jk (2 pi]“Ra 1)
T (p7 R, 1)

Because J}, is included in the FFJs, D, /;(z) in Eq. (3)
[36], no double counting of 7}, takes place.

In order to consider the jet mass distribution for the
inclusive jet production, we focus on the jet mass dis-
tribution of the JFF, i.e., the fragmenting jet function
(FJF) [29-31]. The normalized FJF within the jet, G, s, ,
is defined as

Dy, (2 p7R) = (9)

Dyyy,(2) = / M2 Gy, (2, M3). (10)

When the momentum sum rule is applied, the plain jet
mass distribution is given by [19]

Y (MF;prR) = Y / dzz Giyg, (2, M3). (1)

l=q,q,9

The plain jet mass distribution is scale invariant and
normalized to one because it satisfies

Z /dZZDl/Jk )—1

l=q,q,9

/dMJ q)pl(MJv prR) =

(12)

Applying the momentum sum rule for z = plT / p:,‘]« in
Eq. (3), the factorization theorem for the cross section
with the jet mass M ; and the transverse jet momentum
p4 can be written as

Z/ dxdol (xg/z, @)
dydp%dM 2 dydp?

x Dy, i(z; pr R, 1)@ (M3 pfR).  (13)

Equation (13) is our starting point for studying the
groomed jet mass distribution for the inclusive jet pro-
cess. From Eq. (11), the grooming condition in the
mMDT can be accomplished by restricting the range
of z to y./(1 +ye) < z < 1/(1 + y.). In Eq. (13), if
x is not too close to one and M; ~ pTR the FFJs,
Dy, /i, and the jet mass distributions, <I> , can be de-
scribed solely in terms of the collinear modes scaling as
(p+,p—pL) ~ p}(1,R% R).

If the observables are sensitive to collinear-soft (csoft)
radiation [16,46-48], @gl and Dy, ;; can be refactorized
by including the csoft interactions [19,27,49,50]. For
example, when M; < p7.R, @Zl(Mg) can be refactorized
as [19]

PN (M? < p2R* p1R) = Cr(pF?R?, 1)

M3
< [ MR S M3 - MR ),
0
(14)

where the collinear functions Cj, are given by the inverse
of the integrated jet functions Jk_l for k = ¢, g and enter
as the normalization. Ji(M?) are the “standard jet func-
tions” introduced in Refs. 14,51-53, where J, is defined
as

4
SO (X0 = [ 5o BP0,

X,
(15)

and J, is similarly defined in terms of Bi#a  The
functions J; are governed by the “ultracollinear”
modes, which scale as Puc (p::capljm pd_c) -
p%(l, M;/p%zv MJ/pi]“)'

Finally, the csoft functions Sj describe the interaction
of the csoft modes, which scale as

(1 R*,R) = pp7(1, R*, R).

- 1
Pl = (P& Pess Pas) ™~

JR2
(16)
The quark csoft function S, is defined as
Sy(M? =pht_ p) = !
q - pJ JrN
XTr (0[Y] ;0 o0 (0 +O(R—0)i0_)Y,] . Yz o[0),
(17)

where Y, (7).cs are the csoft Wilson lines, in which the
soft gauge field in the soft Wilson lines [14] is replaced
by the csoft gauge field. The gluon csoft function S,
is expressed in terms of the csoft Wilson lines in the
adjoint representation. Note that the collinear and the
csoft modes are sensitive to the jet boundary character-
ized by the jet radius R while the ultracollinear modes
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are too narrow to recognize it. The large hierarchy in
energy between the collinear and csoft modes may give
rise to large nonglobal logarithms (NGLs) [54,55], which
cause sizable uncertainty when estimating the small jet
mass distributions.

III. JET GROOMING AND THE GROOMED
JET MASS DISTRIBUTION

We employ the mMDT [2] for grooming, which in-
volves two parameters y. and p. It is prescribed as fol-
lows: For an initial jet j,

1. Decluster the jet j into two subjets j; and jo with
mj, > mj, by undoing the last clustering process.

2. If a significant mass drop occurs, m;, < pm;, and
the splitting satisfies the criterion

2

J1J2
> Ye, 18

min(p7;, , prj,)

then take j to be the tagged jet.

3. Otherwise, redefine j to be that of j; and j, with
the larger transverse mass m? + p2. and go back
to step 1 (unless j consists of a single particle, in
which case the original jet is deemed untagged).

At leading order in which the jet consists of two par-
tons, when the jet is declustered, each jet is massless,
the mass drop condition is automatically satisfied, and
the parameter p is irrelevant. Then, if the criterion in
Eq. (18) is satisfied, the jet is tagged. Otherwise, the jet
does not contribute to the tagged jet mass distribution.
On the other hand, a soft drop has a more generalized
criterion. Compared to the mMDT condition in Eq. (18),
it is given as

min 012\ P
(ptlath) >Zcm( 12) ’

—_— 19
Di1 + Pr2 R (19)

where zq,t has the same role as y. in mMDT and f is the
angular exponent to control the dependence of the angle
between the two partons, 612 = /Ayi, + Agi,. The
limit 8 — 0 corresponds to the mMDT. We will also use
the soft drop in the midrange and the peak regions.
This is an original prescription, but we further im-
plement the idea of “grooming”, which always returns
a groomed jet. This means that, when a single particle
remains in the jet after grooming, we include the con-
tribution of the single particle in the groomed jet mass
distribution. That is, we include the contribution of the
jet mass with M; = 0. Even though the criterion for
the mMDT or the soft drop is not satisfied, the remain-
ing particles contribute to the jet mass. This also holds
when only a single particle remains in the jet. Therefore,
the “groomed jet mass distribution” starts from §(M?%)

at order a?. Also, at NLO, we include the virtual cor-

rections to the jet mass distribution, which cancel the IR
divergence in the real emissions. This makes the resul-
tant groomed jet mass distribution IR safe even in the
limit M; — 0. Because we do not drop any event as in
the plain jet mass, the normalization is the same as in
the plain jet mass distribution, i.e.,

[ a3 sy ves2ah) = [ ars3 o) =1, 20)

where @y (y., M?) is the groomed jet mass distribution.
Despite the same normalization, the dependence of the
groomed jet mass distribution on M is different from
that of the plain jet mass distribution because the jet
mass is different in the regions where the criterion for
the mMDT in Eq. (18) or for the soft drop in Eq. (19)
is not satisfied.

By applying grooming with mMDT to Eq. (11), as
prescribed above, we can express the groomed jet mass
distribution at NLO in «y as

ch(ycaMg) = Z [/ dZZgl/Jk(Z,Mg)

l=q,q,g L” #min

Zmin 1 M2,
+o(m3) / dzt / az) / AM22Gy) 5, (2, M)

max
)

(21)

where zmin = yc/(l + Ye), Zmax = 1/(1 + yc)7 and
M2, = z(1 — 2)pf2R%. At NLO, if the criterion in
Eq. (18) is not satisfied, only a single energetic particle
is included. It is given by the second term in Eq. (21),
which is proportional to §(M?), and the virtual correc-
tions are included.

If the second term is discarded in Eq. (21), that corre-
sponds to jet tagging, in which no single energetic par-
ton is included in the final jet. We can show from ex-
plicit calculations at NLO, that the jet mass distribu-
tion in this case becomes IR sensitive as M; goes to
zero. Let us consider the region p ~ y. ~ O(1) as an
example. In this region, only the collinear modes with
(pt,p-,pE) ~ pf(1,R* R) contribute to the jet mass
distribution. We obtain the “tagged jet mass distribu-
tion” as

2

a asCy 1 W
O}, (e MF) = 25 {—6<M§)(m+lnM§+hk<yc>)

DM — Me) +gx(ye) {G(M% M‘%)]MZ}

where Cy, = Cp,Cx for k = q,9, M? = pf2R%y./(1 +
Ye)? and w = \/1 — 4M?/(pf.R)?. The functions fi(y),
gr(w), and hy(y) are given in Eq. (A3), Eq. (A4), and
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ultracollinear \

(b) ye < 1

ultracollinear

i’\\

Zmin Zmax z

Zmin ucsoft Zmax R

Fig. 1. (Color online) Subsets of the collinear modes are shown in z-M? space for (a) y. ~ O(1) and (b) y. < 1. Here, z
is the energy fraction of a parton, and M? is the invariant mass squared. The parabola is the jet boundary dictated by the
kr-type algorithm. The region between zmax and zmin under the parabola is the region satisfying the mMDT criterion, Eq. (18).

Eq. (A6), respectively. In extracting the IR divergence as
va goes to zero, we employ the “A-distribution”, which
is defined as

M? M?
/O dMQ[G(MQ)]AzF(MQ):/O dM?G(M?)F(M?)

A2
- dAM*G(M?*)F(0), (23)
0
for any smooth function F(M?) near M? = 0. In
Eq. (22), A? has been set to M?2.

Due to the IR divergence being proportional to (M%)
in Eq. (22), the distribution cannot be normalized unless
we impose a small nonzero jet mass cut, Mjc,. Then
the normalization of the tagged jet mass distribution de-
pends on the mass cut, which results in an unwanted
uncertainty. For example, if M. < pj‘]«R, the nor-
malization involves a large logarithm involving the mass
cut.

On the other hand, the groomed jet mass distribution
is IR safe because the second term in Eq. (21) cancels
the IR divergence in the tagged distribution. The NLO
result reads

Qg Ok
2w

OéSCk Q(Mg —MCQ)
o {fk(w) M;

@y MF) = 6(013) (1= 5 1))
O(M2 — M)
]Mg ’

+ Y

9k (ye) [

(24)

where the functions I;(y) are given in Eq. (Al). Note
that the groomed jet mass distribution in Eq. (24) is the
same as that in the tagged case in Eq. (22) except for the
terms proportional to § (M;) Therefore, for the jet mass
distribution, the distinction between “jet grooming” and
“jet tagging” is related to the issue of how to treat the
jet with M; =0, e.g., with a single parton in the jet.
Taking grooming over tagging has a theoretical ad-
vantage. First, we can properly normalize the jet mass

distribution in Eq. (20) without imposing the mass cut.
Second, because we keep the leading-order (LO) result,
the nonzero M; part appears at NLO in the grooming
procedure.? This makes factorizing the jet mass distribu-
tion convenient when we consider various small limits of
p and y.. Through the NLO calculations in various lim-
its, we can understand the factorization structure and
its consistency transparently. Moreover, the resumma-
tion of the large logarithms arising from small p and y,
can be systematically performed mainly from the NLO
results for each factorized part, as we will show later.
In the next section, we investigate the groomed jet mass
distributions in various limits of p and y.. We employ
appropriate effective theories for different modes in each
region to establish the factorization.

IV. GROOMED JET MASS DISTRIBUTION
IN VARIOUS REGIONS

In Eq. (24), we have considered the groomed jet mass
distribution in the tail region p ~ y. ~ O(1) without
taking specific limits on p = M?/(p$R)? and y.. In
this case, we can describe the distribution only with the
collinear modes scaling as (p},p.,pL) ~ ph(1, R% R).
In this section, we consider the cases with small jet mass
for different hierarchies of p and y.. They are given as

(a) p < ye ~O(1),

(b) ye < 1 {p ~ye: the midrange region, (25)

p < yo: the peak region.

2 In tagging, because the second term in Eq. (21) is removed,
the LO result appears at order ag; hence, the NLO result is
counted as O(a2). Therefore, two-loop calculations for the jet
mass are needed in order to resum the large logarithms via the
RG equations in the tagging procedure.
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Because the jet mass is small, characteristic scales
smaller than the collinear scale p. ~ p%R exist. In fact,
various subsets of the collinear modes are required to
describe the dynamics at scales lower than the collinear
scale.

In case (a) with p < y. ~ O(1), the collinear mode
cannot contribute to the small jet mass because p? >>
M?. Tnstead the ultracollinear modes contribute to the
jet mass, with the scaling

M3 M,
pﬁc NP%(LpT;»F) :p%(lva27\/ﬁR)a (26)
T T

where p2, ~ M2 = p(p$R)?, which is suppressed by p
compared to p?. The ultracollinear mode is insensitive
to the jet boundary. Figure 1(a) shows the ultracollinear
mode for case (a) in Eq. (25), responsible for narrow
energetic radiations inside the jet. Because zmax (Zmin)
is of O(1), csoft and soft radiations do not contribute.

In case (b) with y. < 1 in Eq. (25), in addition
to the ultracollinear mode, other modes exist due to
the smallness of y.. In the midrange region where
p~Ye (M% ~ M? ~ y.(p}R)?), the csoft mode, in ad-
dition to the ultracollinear mode, can contribute to the
nonzero groomed jet mass, as illustrated in Fig. 1(b).
Here, the csoft momentum scales as

Pl ~ yep(1, R, R) with pZ ~ (yepR)?.  (27)

Hence, the csoft contribution to the jet mass M2 = p¥p,
is power counted as y.(p7.R)? and is comparable to the
jet mass squared in this region. The csoft mode is the
scaled-down version of the collinear mode; hence, it is
sensitive to the jet boundary, as shown in Fig. 1(b).

In the peak region with p < y. < 1, we need a
much narrower version of the csoft mode to produce a
much smaller nonzero jet mass. We call this mode the
ultracollinear-soft (ucsoft) mode, which scales as

M2 M

J J J

Plog ~ Yep (177)

e I w2 Sy (28)

~ et (LR R [ 2,
Ye Ye

with p2 . ~ y.M32. Therefore the ucsoft mode is much
narrower than the csoft mode although the largest mo-
mentum component is of the same magnitude y.p7.. The
ucsoft mode cannot recognize the jet boundary, as can
be seen in Fig. 1(b).

1. P KL Ye v O(l)

In this case, the ultracollinear mode entirely describes
the groomed nonzero jet mass, but this mode is insensi-
tive to the jet boundary. In Fig. 2(a), the phase space
for the ultracollinear mode is shown. The shaded region

satisfies the mMDT criterion in Eq. (18) and contributes
to the nonzero groomed mass. Because the invariant
mass squared for the ultracollinear mode is small, the
upper bound for M? extends to infinity. Outside the
shaded region, §(M?%) is returned because the remain-
ing single energetic parton is included in the “grooming”
procedure. As a result, at NLO in «g, the groomed jet
functions from the ultracollinear mode are expressed as

(k=4q,9)

(MG, p) = > l/ T dee Giyk(z, M3)

I=q,q,g L” #min
Zmin 1 e} N
+5(M2) (/0 dz +/ dz) 0 AM22 Gy iz, MQ)]
2 s C 2 N2
=0(M7) + {—5(MJ) |:gk(yc> Ins + hk(yc)}
1
+ 9k (ye) [m} A2 }
(29)

Here, Ql/k.(z,M2) are the generic FJFs introduced in
Refs. 29,30. Unlike the G/ that was introduced in

Eq. (10), Ql/k is not divided by Ji. The functions g
and hy in Eq. (29) are given in Egs. (A4) and (A6), re-
spectively.

Even though the collinear mode does not contribute
to the groomed nonzero jet mass, it can radiate in the
regions [0, Zmin) and (Zmax, 1] inside a jet. When the zero-
bin subtraction [56] is employed to avoid double counting
on the phase space overlapped with the ultracollinear
mode, the one-loop result for the collinear mode is IR
finite, and the divergence is of an UV origin. The renor-
malized collinear contribution to NLO in «y is given by

(@) = 1+ 25k o )]
@) = 1 S5 [y L )~ )
(30)

where we use @ = plR for simplicity, and M2 =

Q%*y./(1 + y.)?. In Appendix C, we show the details
of the calculation.

As a result, the groomed jet mass distribution func-
tions @, (k = ¢, g) in the limit p < y. ~ O(1) can be

factorized as
Dp(ye ~ O(1), M7 < Q) = Ci(Q%, 1) Ju (M3, ). (31)

Combining Egs. (29) and (30), one can verify that the
NLO result in Eq. (31) reproduces the full result in
Eq. (24) in the limit M? < Q* Note that each fac-
torized function in Eq. (31) contains a single logarithm
at one loop. This implies that the dominant logarith-
mic corrections appear as ) c¢p(asL)” in the limit
p < ye ~ O(1), which is a typical feature of the mMDT

[2].
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e ultracollinear : p < y. ~ O(1) M2 = itk
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Fig. 2. Phase spaces (shaded regions) for the submodes satisfying the mMDT criterion in Eq.(18) at one loop. Diagrams (b)
and (c) denote the phase spaces for the csoft and the ucsoft modes with momentum k. The nonzero groomed mass comes from
the shaded regions, and §(M?3) comes from the remaining regions according to grooming.

2. The midrange region: p~y. K1

In this region, collinear modes cannot be emitted in-
side the jet because the jet mass is too small, and
they cannot satisfy the mMDT criterion. Therefore,
the collinear contribution genuinely becomes the normal-
ization factor C) = Jk_l like the contribution to the
plain jet mass distribution in the limit p < 1, as shown
in Eq. (14). The NLO results for J;(Q?) are given in
Egs. (7) and (8).

Then, as explained previously, the nonzero groomed
jet mass can be described by using the ultracollinear
mode and the csoft mode. Because the ultracollinear
mode cannot recognize the (ungroomed) jet boundary
and the mMDT criterion, the contribution yields the
standard jet functions, which are given to NLO as

Jg(M?, ) = 6(M?)
2
+w{(‘5(M2)[3ln—+ln2 e +;— z ]

o A2 A2 2
et + ) aml W)
Jg(M?, i) = 6(M?)
+o{sorfea(n’z + 5 - F)
~ s+ ]
(% ocam ) 1m] )
(32)

The decoupled csoft gluons from the collinear fields
form the csoft Wilson lines Y}, ) cs. Similar to Eq. (17),
the contribution to the groomed jet mass (with an ener-

getic quark) can be expressed as

1
Sk q( E_,,U) +N

X TI‘ <O|Yn CSY" Cs5(£ + @Csla ) n,Ccs TL7CS|0>7
(33)

and SgI is expressed in terms of the Wilson lines in the
adjoint representation. Here O represents the mMDT
criterion in Eq. (18), which the csoft mode should pass.
The phase space for the csoft mode to pass the criterion
is illustrated as a shaded region in Fig. 2(b). In the
shaded region, the csoft function S,ﬁ contributes to the
nonzero groomed jet mass, while the contributions from
the remaining region and the virtual correction yield the
part proportional to §(M?).

The contribution from the shaded region in Fig. 2(b)
involves the IR divergence as M goes to zero. This IR
divergence is proportional to §(M?) in the A-distribution
defined in Eq. (23). Then, the IR divergence in the real
emission, appearing in the part with §(M?), is cancelled
by the virtual contribution. As a result, only the UV
divergence remains, and we find that the renormalized
csoft functions to NLO are given as

sC 2 2
SH2. ) = 600+ 2528 (o) (5 1n L - )
2 9 MQQQ
+W@(M — M?)In O7)?
2 1%
+ [220M M) —ycMz}Mg},
(34)

where M2 = y.Q?, and we set the upper bound to A? =
M?2 in the A-distribution. The results with the mMDT,
along with those with soft drop in Appendix D.1, are
new.

Finally the groomed jet mass distribution functions ®
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in the limit p ~ y, < 1 can be factorized as

Py (ye < 1, M7 ~ y.Q%) = Cr(Q*, 1)

M3
< [ PO WSO8 - M2 ). (39
0

The factorization structure is the same as the factorized
expression for the plain jet mass in the limit p < 1. [See
Eq. (14).] What is different from the plain jet mass distri-
bution is that the csoft function Sf in Eq. (35) is affected
by the mMDT criterion. Note that both the groomed and
the ungroomed jet mass distributions are scale invariant.
Therefore, the renormalization behavior of S is the same
in both cases. This will be explained in detail in Sec. V.

Expanding all the terms to NLO in the factor-
ized parts, the groomed jet mass distribution functions

@;1)(%, M?) at fixed order in ay are given as

2

@:Cr {5(M§)(—ln2 Ye —%hlyc -3 +%)

O (g, M2) =

1 Q> 3 )
+M2(21nM2—§)e(MJ M2)

3)[w}w},

—(2Iny, + =
(ny+2 M2

c

(36)

B0y, M) = 22 {503 [Ca (< 2y - 8+ )

18
13
f@IHyCJrTRan}
2C4 . p?Q? 2 2
—=1In M5 — M
+M2 (M§)2@( 7 )

(ﬂo +20, lny) {]\%}Mge(Mf - M})}.

(37)

These are consistent with the results in Eq. (24) in the
limit y. < O(1).

3. The peak region: p KL y. K1

In the peak region, distinct contributions from the
collinear modes with p? ~ (p£R)?, the csoft modes with
p% ~ y2(pR)?, the ultracollinear modes with p2, ~ M3
and finally the ucsoft modes with p2., ~ y.M3 par-
ticipate in the groomed jet mass distribution ®;. The
collinear mode cannot radiate inside a jet because p < 1,
and the csoft mode cannot satisfy p < y.. Therefore,
none of these modes contributes to nonzero jet mass;
hence, these modes contribute only to the normaliza-
tion. On the other hand, the ultracollinear and the uc-
soft modes can contribute to the nonzero groomed jet
mass.

The factorized groomed jet mass distribution functions
can be written as (k = ¢, g)

(y2Q%, 1)

w3
< [ RO WU 0L - M ). 39
0

Dy < 1, M? < y.Q%) = Cr(Q%, w)SH

The collinear functions Cj are the inverses of the inte-
grated jet functions 7, ' (Q?, 1) as in Eqs. (14) and (35).
However, S,gl are the csoft contributions in this region,
different from S} in Eq. (35). Jj are the standard jet
functions for the ultracollinear mode, that also appear
in Egs. (14) and (35). Finally Uy are the ucsoft contri-
butions to the jet mass distributions.

The detailed calculation of S}! is shown in Ap-
pendix C. After the zero-bin subtraction, the NLO re-
sults are free of the IR divergence, and the renormalized
results are given as

2 2

asCr 1. 5 1 T
—1 (71 ——). 39
w=t+= =gl y2Q? 12 (39)

The ucsoft functions Uy in Eq. (38) can be defined in
a similar way to S{ in Eq. (33), except that the Wilson
lines are replaced by those with the ucsoft gauge fields
and the conditional function O is replaced by O s due
to the different scaling of the ucsoft mode. As a result,
the quark ucsoft function is defined as

S (y2Q?,

1
U,(M2 =pto_ p) = ——
q( by M) +N
XTI" <0| T,ucs TLUCS(S(K +@ucsla ) nuchﬂ UCS‘O>

(40)

Here, Oy = O(—i04 — ycp'}); hence, the ucsoft con-
tribution to the nonzero mass comes from the shaded
region in Fig. 2(c). The ucsoft mode scales as Eq. (28)
and cannot recognize the jet boundary. The gluon uc-
soft function U, can be similarly defined in terms of the
Wilson lines in the adjoint representation.

Similar to computing Sf, we can calculate the NLO
contributions to U by employing the A-distribution.
Then the IR divergences are cancelled by the virtual
contributions, and the renormalized results to NLO are
given as

1 2Ok (L W _ﬁ)}
27 Yy A2 12
HQ

+a50k[ 1

U (M2, 1) = 5(M?) [

M? yCMQ}

™

(41)

By expanding the factorized functions in Eq. (38) to or-
der «ay, we verify that the NLO results are consistent
with the results in Eq. (24) [or Egs. (36) and (37)] af-
ter taking the limit p < y. < 1. The ucsoft function
is also computed using a soft drop, and it is given in
Appendix D.2.
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V. RESUMMED GROOMED JET MASS
DISTRIBUTIONS

We perform the resummation of the large logarithms
arising from small y. and p in the groomed jet mass dis-
tributions. Though we will fix y. = 0.1 in the numerical
analysis, here, we regard y. as a very small number in
order to investigate the resummed effects of the large
logarithms in y.. We have two distinctive small jet-mass
regions: the midrange region (p ~ y. < 1) and the peak
region (p < y. < 1). These two regions have differ-
ent factorized structures, hence different resummation
effects.

The resummation of large logarithms can be achieved
by solving the RG equation of the factorized parts. We
first factorize the groomed jet mass distributions and find
the appropriate scales at which the logarithms of the fac-
torized functions are minimized. Then, each factorized
function is evolved by using the RG equation to a com-
mon factorization scale y1y. Combining all the RG evolu-
tions of each factorized function yields the resummation
of the large logarithms.

The groomed jet mass distribution functions in the
midrange and the peak regions involve double logarithms
at NLO, so the resummed result to leading logarithmic
(LL) accuracy, >, _q ax(asL?)™ ~ exp(Lfo(asL)), is es-
timated to be larger than the O(1) contributions. Here,
L represents the large logarithms in small p or y.. Hence,
in order to include O(1) contributions, we resum the
large logarithms up to NLL accuracy, which is schemat-
ically given as > brp(asL)™ ~ exp(fi(asL)) ~ O(1).

From now on, we use the dimensionless jet mass vari-
able p = M(ZJ) /Q? to consider the dimensionless func-
tions for the jet mass distribution and its factorized func-
tions.?> The relation between the dimensionless func-
tions f(p) and the dimensionful functions f(M?) is given
by f(p) = Q°f(M?), where f = {®,Jx, Jx,SE, Ur}-
With the dimensionless functions, we can express the A-
distributions in the dimensional functions in terms of the
standard plus distributions and §(p). The standard plus
distribution is defined as

/ dpg(p

/O ) dplg(p)]+ / dpg(p

where h(p) is an arbitrary function that is smooth at
p = 0. The details of the conversion are shown in Ap-
pendix B.

3 Throughout this paper, the dimensionless jet mass variable p in-
dicates M;/ Q? in most cases. However, it is sometimes used for
expressing a partial jet mass squared over Q2 (i.e., M?/Q?)
when we consider dimensionless factorized functlons such as

Jii(p) and Up(p).

1. Midrange region: p~y. <K 1

The factorization theorem in the midrange region is
given in Eq. (35), and the factorized functions satisfy
the following RG equations:

d

Cr :’Y(l:C Cr, m

o= [ " Ao () (01,
(43)

dlnp

where k = ¢, g and f, = Ji, Si. The anomalous dimen-
sions in general can be expressed as

Ve = ATE ln@ + Ak (44)
1
(o) = 60%) (ATE In 55 +7J> A TS5
(45)
: 1
Y (p) = d(p )(A rfl n@ +751) - HSASF’g[;L ,
(46)

where T'%, = Y _ Tk(ay/4m)"*! are the cusp anoma-
lous dimensions [57,58], and the first two coefficients are
given by

-2y tn] o

with Cy = Cf and Cy = C4. From the NLO results in
Egs. (7), (8), (32), and (34), we extract the set of coef-
ficients {A¢, A;, As, kj, ks} = {—1,2,—1,1,2}. Further-
more, the noncusp anomalous dimensions to NLL accu-
racy are given by 3¢ = —3,Cp/(27), A% = —afo/(27),
3= —4F, and 34 = 0.

We find that the factorization structure for the
groomed jet mass distribution is the same as that for
the plain jet mass distribution in the limit p < 1 (See
Ref. 19). In this limit, the grooming effects (represented
by y.) appear only in the csoft function. However, the
RG behavior for the csoft function should be the same
as that for the plain jet mass because both jet mass dis-
tributions are scale invariant and the collinear function
Ci and the jet function J; are the same in both cases.

The RG equations can be solved by following the con-
ventional methods using the Laplace transform [59,60],
and the resummed result at NLL accuracy can be written
as

Iy =40y, Th =4y

p(p ~ ye) = ®p(M3) - Q*
= exp[M (e, fhucs tes)] Cr(Q; pre)
2 —YEM
7 Mye _ oI :ucs _ € —14m
x J [ln 02 8771}5,C [ln 02 20y, ey p ,

(48)

where ®(p) is the dimensionless jet mass distribution
with p = M?%/Q?* and Q = pJ R. Moreover, J; and Sy in
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Eq. (48) are the Laplace transforms of the dimensionless
functions Ji(p) and Sf(p), which are given to NLO as

2 o CYSCF o 3 2
=1+ 2 (5 ! i SL+1?), (49)
_ 14 @Ca(67 5ny 7w o 2
Joll] =1 21 (18 9C 4 +20AL+L)’
(50)
SITTT asCp 1 2_7ﬁ
SHL) =1+ % ( 5L 4). (51)

In Eq. (48), m = 2a[l'%](ptue, ptes) and is positive for
Hue > fes- Because @y is scale invariant, the factoriza-
tion scale p1y does not appear in Eq. (48).

The exponent Mi to NLL accuracy can be written as

Mé(umﬂum Hcs) = _ZSIIE(Mucvﬂ'C) - 2S§(Mucaﬂcs)

2
+1n Zguz (alPE](1es e + alTE] s, pne))
+ a[’?jk](/’ccauuc)' (52)

Here SE and a[f] are defined as

SF(MI?/'IQ) :/ b(as)rké(as)/as b?j})7
alf) (s, 12) = / s e

2

where a2 = as(p1.2) and b(as) = das/d1n p is the QCD
beta function.

2. Peak region: p <K y. <K 1

The groomed jet mass distribution can be factorized
in terms of the collinear (Cy), the csoft (S{7), the ultra-
collinear (Jx), and the ucsoft (Uy) functions, as shown
in Eq. (38). Here, the collinear functions Cy and the jet
functions Jy for the ultracollinear modes are the same as
those in the midrange region. The RG equations for i/
and the dimensionless function U}, are given by

d
dln

dlnuUk / dp

Moreover, the anomalous dimensions can be written as

[ = sl
(54)

pUx(p = p').

’)/Zén = ASQFIE‘ In + :7527 (55)

12
2Q2
Y5(p) = 6(p) (ATl In

+48) — w5 5]
(56)

CQ2

The coefficients {Ag2, Ay, ku} = {1,—2,1} are obtained
from the NLO results in Egs. (39) and (41), and the
noncusp anomalous dimensions to NLL accuracy are
4k, = 4% = 0. The scale invariance of ®;(p < vy.) is
guaranteed by the following relations:

ActAp+Aj+ Ay =0, KjAj+R A =0, A2+ =0.

(57)
By evolving the factorized functions from their own

scales to the factorization scale py from Eq. (54), we can
write the resummed results as

‘i)k(,D < yc) - exp[M]IcI(Nca Hcsy Huc, ,Ufucs”

2
X Cu(Q, 1e)SH (5@, res) i [ 1n ’é?u; =
e_'YE'U2 ity
2. (58
) (58)

x U [ “QHZ ~ O]

where 7y = 2a[F’é](ﬂuc,pUCS). Also, Uy are the Laplace

transforms of the dimensionless ucsoft functions Uy (p),
which are given to NLO as

Op[L] =1 %2 (59)
2

The exponent Mﬁl can be written as

Mil(,um Hcss Hucs //"ucs) = 25]12 (MC? Mcs) - 45]12 (Num ,chs)

2
+ ln Q2 all ](/’Lca fes) — 21n Q2 a[Flé](,uuc, Fhues)

+ 2InyealTE) (fes, tues) + alF¥] (be, fiue)-
(60)

3. Nonglobal logarithms

NGLs [54,55] arise when gluons are radiated across the
jet boundary and contribute to a jet observable with the
phase space constrained by the boundary. Although the
leading NGLs begin to appear at two loop, the perturba-
tive series is schematically given as > 5 b (asLnar)”
and hence, contributes to NLL accuracy. Especially
when a large energy difference exists between the gluons
across the boundary, large NGLs appear. In the effec-
tive theory approach, when multiple modes are involved
to resolve the jet boundary and a large energy hierarchy
exists among them, large NGLs appear.

The groomed jet mass in the midrange region (p ~
Yo < 1) is a NGL observable because the collinear and
the csoft modes can resolve the jet boundary, and the
csoft mode can contribute to the groomed jet mass. In
the peak region (p < y. < 1), although the NGLs can
be generated by the collinear and the csoft modes, they
do not affect the jet mass directly because the collinear
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Fig. 3. (Color online) Groomed jet mass distributions multiplied by p for (a, c) a quark-initiated jet and (b, d) a gluon-initiated
jet with (p£, R) = (1 TeV,0.4) and (pf, R) = (0.5 TeV,0.4) in the midrange region (p ~ y. < 1). Here, p = M?7/(pFR)>.
The black thick lines denote the NLL resummed results with the fixed NLO corrections (NLLg + NLO). The blue dashed
lines denote the resummed results including the NGLs (NLLg4+ng + NLO). The red dot-dashed lines are the results at NLO
without resummation. Gray bands at NLLg + NLO show the uncertainties under the scale variations from fic uc,cs = 2,ug’uc}cs

to ,U/g,uc,cs/Q‘

and the csoft modes contribute only to the normalization
of the jet mass distribution.

For the plain jet mass distributions, the contribution
of the NGLs is sizable around the peak region, but de-
creases rapidly away from the peak. However, we expect
the groomed jet mass not to be affected substantially by
the NGLs. The groomed jet mass in the peak region is
not a NGL observable at all, and the NGL contribution
in the midrange region is quite suppressed because that
region is far away from the peak.

Remarkably the resummed result of the leading NGLs
for a narrow isolated jet will take the same form as that
for a hemisphere jet mass because the generating mecha-
nisms of the NGLs are similar [5,8]. Therefore, in order to
estimate the NGL contribution to the groomed jet mass,
we might be able to use the resummed formula of the
leading NGLs in the large N, limit for the hemisphere
jet mass [54], which can be written as

2 2
k=q,g _ _ 714 (at)™y
ARZI (1 1) exp< CaCi % (1+(bt>c>t , (61)
where
1 ag(pe) 1 Bo It
t=—1In ~——1In{l——ay In— ). (62
Bo  as(pr) Bo ( 4m (1) Mg) (62)

Here, the fit parameters from the Monte Carlo simula-
tion are given by a = 0.85C'4, b = 0.86C4, and ¢ = 1.33
[54]. In our analysis, we set (u1, jt2) = (pte, pl;) for the
midrange region and (uy,pe) = (pte, pll) for the peak
region. For the NLL-resummed results (with the fixed
NLO), the contributions of the NGLs in Eq. (61) is mul-
tiplicative in Eq. (48) or Eq. (58).

VI. NUMERICAL RESULTS

We present the numerical analysis of the groomed jet
mass distributions ®4(p). In fact, they are not physi-
cal observables, and for phenomenology, the ratio of the
scattering cross sections in Egs. (3) and (1) with respect
to the jet mass should be considered by summing over all
the contributions combined with the parton distribution
functions. For example, a phenomenological analysis in
the peak region is reported in Ref. 27. However, our main
focus is the theoretical issue on how to implement the
grooming method to the jet mass distribution and how
the resummation on p and y,. affects the jet mass distri-
bution over a wide range of p. Therefore, the purpose
of the numerical analysis is to offer a theoretical under-
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Fig. 4. (Color online) Groomed jet mass distributions multiplied by p in the peak region (p < y.): (a, ¢) are for the
quark-initiated jet and (b, d) for the gluon-initiated jet. The black thick lines denote the NLL resummed results with the fixed
NLO corrections (NLLg + NLO), and the blue dashed lines denote the resummed results including NGLs (NLLgync + NLO).
The red dot-dashed lines are the results resumming In p to LL accuracy. Gray bands for the results at NLLg 4+ NLO are the
uncertainties under the scale variations from fic,cs,uc,ucs = 2,u27057uc’ucs to MS,CS,HC,MS/z.

standing of how the groomed jet mass distributions for
the quark- and gluon-initiated jets behave with grooming
and how the results in different regions are affected by
the resummation. A complete phenomenological analysis
is beyond the scope of this paper and will be performed
in future work.

For numerical analysis, we set y. = 0.1. First of all,
let us consider the behavior of the groomed jet mass dis-
tribution in the new region, which we call the midrange
region (p ~ y. < 1) in Fig. 3. Here, black thick lines
show the results of resumming large logarithms of small
p and y. to NLL accuracy with the fixed NLO corrections
(NLLg + NLO), where NLLg means the resummation
without NGLs. These results can be directly obtained
from Eq. (48). We set the default collinear, ultracollinear,
and csoft scales as (u, e, pi”) = (Q, VPR, \/PYeQ)-
Though the resummed result is independent of y, arbi-
trariness exists in setting the default scale for each factor-
ized function. The uncertainties when each scale varies
from 249 to /2 separately are shown as gray bands in
Fig. 3.

Compared to the fixed NLO results without resumma-
tion (red dot-dashed lines in Fig. 3), the resummed re-
sults are significantly enhanced by 50—80%. Because the
jet mass distribution for a gluon-initiated jet is broad and
decreases slowly away from the peak, the distribution

for the gluon-initiated jet is dominant over the quark-
initiated jet in this region. Note that the contributions
of the NGLs (blue dashed lines in Fig. 3) are small even
though the jet mass in this region is a nonglobal variable.

In Fig. 4, we show the groomed jet mass distributions
(multiplied by p) in the peak region (p < y. < 1). Here,
thick black lines are our default results to the accuracy
of NLLg + NLO, which were obtained by using Eq. (58).
The default scales for the factorized functions are chosen
as (1, 1l e ties) = (@, 9eQ, /PQ. \/pYeQ). We es-
timate the uncertainties by varying the scales from 2u?
to uY/2 separately, and they are shown as gray bands
in Fig. 4. To avoid the Landau pole as p goes to zero,
we introduce a small, fixed point, pg. Then, in the re-
gion p < po, we freeze the ucsoft scale at a value slightly
above the Landau pole. This is implemented by using
the scale profile as

. { QVYer if p= po. (63)
nes fimin + aQ/yep?® if p < po,

where we set pmin = 0.5 GeV. Also, py and a are de-
termined for ;Pf. to be smooth and continuous at po.

Accordingly, the ultracollinear scale profile is given as
Eg = :uggs/\/y»c
The NGL contributions to the resummed results (blue
dashed lines in Fig. 4) come from the scale deviation
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Fig. 5. (Color online) Groomed jet mass distributions multiplied by p in the full range of p for a quark-initiated jet [Fig. 5(a)]
and a gluon-initiated jet [Fig. 5(b)] with p7 = 1 TeV and R = 0.4. Here black solid (dashed) lines are the groomed jet mass
distributions at the accuracy of NLLg + NLO (NLLg4ne + NLO). Red solid (dashed) lines are the plain jet mass distributions
at the accuracy of NLLg + NLO (NLLg4nG + NLO). Blue dot-dashed lines denote the groomed jet mass distributions with

resummation of only In p at LL accuracy.

between g and pll; hence, the NGLs in the peak region
take the form of Iny. and affect the normalization of
the distributions. As in the case of the midrange region,
the effects are tiny and especially negligible for a quark-
initiated jet.

The red dot-dashed lines in Fig. 4 are the results of
resumming In p only to an accuracy of LL+NLO,* which
are based on the factorized results in Eq. (31) reflecting
the limit p < y. ~ O(1). Comparing them to the default
results (thick black lines in Fig. 4), we see large devia-
tions, which indicate that the resummation of Iny,. gives
rise to a significant enhancement in the peak region. The
enhancement from resumming on Iny, is persistent from
the midrange region to the peak region.

In Fig. 5, we finally show the groomed jet mass distri-
butions (multiplied by p) over the full range of p. Here,
black solid (dashed) lines are the fully resummed re-
sults for small p and y. to NLL accuracy without (with)
NGL effects, and they are illustrated by combining the
tail (p > y.), the midrange (p ~ y.) and the peak re-
gions (p < y.). Here, the distributions for the tail region
are the same as the plain jet mass distributions without
resummation.

In combining the groomed jet mass distributions in
three different regions, we interpolate around p ~ 0.08
(p ~ 0.12) for a smooth connection between the distri-
butions in the midrange and the peak (tail) regions.®
Compared with the groomed distributions with only the

4 Because the results at NLO in Eq. (31) involve only single loga-
rithms, the resummed results at LL accuracy can be estimated as
O(1) and are comparable to the results at NLL accuracy shown
in Egs. (48) and (58).

The interpolation points are somewhat arbitrary. For example,
if we try interpolation around p ~ 0.06 instead of p ~ 0.08, the
shapes of the combined distributions vary slightly, giving some
uncertainties which need to be fixed by experimental measure-
ments.

ot

resummation on In p (blue dot-dashed lines in Fig. 5), we
observe that the resummation of the large logarithm In y,.
yields a significant enhancement through all the regions.

The red solid (dashed) lines in Fig. 5 are the plain jet
mass distributions to an accuracy of NLL+NLO with-
out (with) the NGL effects. Compared with the fully
resummed groomed distributions, we see that the NGL
effects are quite suppressed by the grooming process.
Also, especially for the quark-initiated jet, we see that
the jet mass distribution for p ~ [1073,0.1] is affected by
the grooming. However, for the gluon-initiated jet, the
grooming is not so effective. The gluon jet distributions
are usually broad and have a relatively thick tail region.
Hence, the grooming parameter y. = 0.1 might not be
large enough to suppress multiple soft or collinear-soft
gluon emissions.

VII. CONCLUSION

We have investigated the factorization of the groomed
jet mass distribution over a wide range of the jet mass
in the effective-theory approach. Distinct modes exist in
the tail, midrange, and peak regions contributing to each
factorized part. In the tail region, the collinear modes are
enough to describe the groomed jet function, which coin-
cides with the ungroomed jet function. In the midrange
region with small jet mass, we also need the ultracollinear
and csoft modes. In the peak region with very small jet
mass, the ucsoft modes are also required. We apply the
effective theories appropriate in these regions to obtain
the factorized groomed jet mass distributions and resum
the large logarithms on p and/or y.. By combining all
the results, we are able to have a bird’s-eye view of the
groomed jet mass distribution over the whole range of
the jet mass.
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The main issue is to implement the grooming proce-
dure in theoretical calculations systematically. We have
focused on how to treat the remaining particles, espe-
cially a single particle in a jet, when those particles which
fail the grooming criterion are removed from the jet.
The grooming, rather than the tagging, is chosen such
that the remaining particles contribute to the groomed
jet mass even when the grooming criterion is not sat-
isfied. This prescribes the theoretical computation at
NLO. When the criterion fails, the remaining single par-
ticle contributes to the §(M3%) part, which includes the
IR divergence in real emissions. However, it is cancelled
by the virtual corrections, which also contribute to the
§(M3) part. Therefore, the groomed jet mass distribu-
tion is IR safe and starts from a. We focus on the the-
oretical issues here, and we will consider a detailed phe-
nomenological analysis following the experimental setup
closely, along with the inclusion of the nonperturbative
effects, in a future work.

In Ref. 24, the factorization for groomed jet substruc-
ture was considered at NNLL accuracy. The focus was
on the factorization of the hemisphere jet mass distribu-
tions, in which the detailed ingredients of the factoriza-
tions are different. However, the line of reasoning leading
to the factorization was similar to the factorization in the
peak region in our paper. In Refs. 25,26, a phenomeno-
logical analysis was performed on the groomed jet mass
distributions in mMDT and soft drop in QCD with an
estimate of the nonperturbative effects. The approach
of Ref. 27 is closely related to our analysis of the peak
region.

The important features of our paper compared to pre-
vious papers are the following: First, we elaborate on
how to implement grooming theoretically in the effective-
theory approach. Different modes are identified with
different momentum scaling, and the overlap regions be-
tween different modes are disentangled using the zero-bin
subtraction. The UV and the IR divergences are care-
fully treated to see if they are separated. After a nontriv-
ial computation and a consistency check, we find that the
grooming procedure yields IR-safe factorized parts while
the tagging procedure does not at NLO. Using groom-
ing, all the factorized parts are IR finite, and the RG
equations can be applied to each of them to resum large
logarithms. We here emphasize again that the IR safety
or at least no mixture of IR and UV divergences (as in the
case of the parton distribution functions) is the essential
requirement to construct and solve the RG equations.

Second, in order to scan the entire possible range of
the jet mass, we include the midrange region with p ~
Yo < 1. Tt is located between the peak and the tail
regions. In this region, the ultracollinear, the csoft and
the collinear modes give factorized contributions, which
are different from those in the other regions. The new
results for the factorized groomed jet mass distribution,
which were obtained using the mMDT and the soft drop,
are presented, and the resummation on Iny,., as well as
In p, turns out to be the appreciable enhancements that

persists in the peak region. In the numerical analysis, the
effect of the resummation on In p and In y,. is appreciable
though we put y. = 0.1. This enhances the groomed
jet mass distribution by about 50-80% compared to the
result without resummation on In y.. Also, the nonglobal
logarithms are negligible, which is the characteristic of
the mMDT and the soft drop.

The study of the jet substructure has become a mature
subject along with the concurrent experimental analy-
sis. The jet substructure can be investigated in various
observables other than the jet mass distribution. These
observables can be probed by using higher-order con-
tributions, which include nonglobal and clustering loga-
rithms, or by considering the behavior of the signal jets.
The analytical comparison of the jet structure between
the QCD jets and the signal jets will be a cornerstone
to discover new physics through the study of jets. These
features will be explored in a future work based on the
approaches presented in this paper.

APPENDIX A: LIST OF ALL THE
FUNCTIONS IN THE GROOMED MASS
DISTRIBUTION FUNCTIONS

Here, we list all the functions that appear in the text.
Throughout this section, y denotes the grooming param-
eter y.. Also all the results in this section can be applied
to the case of the soft drop with 5 = 0 when y, is re-
placed with zeut /(1 — Zeut)-

The functions I,(y) and I,(y) in Eq. (24) are given by

I(y) =y + glny+ 3(11;5) —2InyIn(l +y)
1
+2Li?(1iy> _2L12(1—|—y>’
Iy(y) =’y + %lner B(%ﬁ“’w(MJr 130y + 67y%)
—2lny1n(1+y)+2Li2(1j_y) —2L12(1Jlry)
+ ngf [—% Iny — ﬁ(m + 22y +13y%)] .
(A1)
In the limit of small y, they become
Iq(y)—>1n2y+glny+3—%2,
Iyw) iy 4 My 5T (42)
e (g i)
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Fig. 6. Phase spaces for the collinear contribution in the region p < y. ~ O(1) with the zero-bin subtraction. The resultant
phase space is shown in the second row and it is decomposed into two parts. The first one yields the integrated jet function
because it is the sum of the real contribution under the parabola with the virtual corrections. It is cancelled by performing the
normalization, and the remaining second one yields the collinear function.

The functions f,(w) and f,(w) are given as

3 1+w
fo(w) = —pw 22—,

1+w Tgrny w

fow) = — (21 + w?) + 2In

12 1—w Cy 12

(A3)

The functions g4(y) and g,(y) are given as

3 3
-2 _ 2 9]
94(y) 5 11y ny,
- 1—y 2
920) = ~ gy (11 200+ 115°) 2Iny) (A4)
Trng 1—1y?
Ca 3(1+y)3'

In the limit y — 0, they approach

11 1Tgny

3
9a(y) = —2lny—5, goy) = —2Iny——+2 oL

(A5)

—(3+w?).

The functions h,(y) and hy(y) shown in Egs. (22) and
(30) are given as

71—y Y
3(1—y) 1 (Y
Al D Y o, )—2L ( )
Tty n(l+y)+ 12(1+y 12 T+y

1—y 2 2
h =———2 _(67+30 67 1
_anyln(1+y)_?)(lyw(l2+2ly+11y2>lny
1—y 2
— ——(11 4+ 20y + 11 In(1 +
3(Hy)g( y +11y7) In(1 +y)
1 Y
2L'( )—QL'( )
+ 1+y 12 1+y
Trny Y 2
+ [73+3 +2y2)1
Ch 3(1+y)3( y+2y7)Iny
+£(5+61n(1+ ))]
9(1 +y)3 ik
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Fig. 7. Phase spaces for the csoft contributions with the zero-bin subtraction. The virtual contributions cancel because they
are equal in the csoft and its zero-bin contributions. The csoft function can be obtained by integrating over the shaded region

of the phase space.

and their limiting forms for small y are given as

7 2
ha(y) = =5 + 5 + 1%y,
9 (A7)
h()%—g+£+ln2 4 21y
9\ 18 " 3 Y97 C,

APPENDIX B: CONVERSION OF THE
A-DISTRIBUTION TO THE STANDARD
PLUS DISTRIBUTION

The jet mass distributions and their factorized func-
tions, such as the standard jet function and the csoft and
the ucsoft functions with the A-distribution, can be ex-
pressed in terms of the standard plus functions. Let us
define the dimensionless jet mass variable p = M?%/Q?,
where Q = p.R. Then, the following A-distribution with
a given function g(M3) can be written as

[9(a13)]

Azgw@>mw@ﬂﬂﬁdwﬂaM%]

. 5 A%/Q? (B1)
_ i) _ ) [ /0 dp’g(p’)]

Therefore, if we define the dimensionless function §(p) =
Q%g(M?), the distribution reads

Q*[9(03)] , = a(p)—=o(p)]

For example, the following A-distributions can be rewrit-
ten as

o L] Lo A2
&Claple = —dom g
o[ L r) L e (lp
@ [M?lnMg]Az’m NG ( » )+
2 2 1 A2
(B3)

APPENDIX C: NLO CALCULATIONS OF Cx
AND SE WITH ZERO-BIN SUBTRACTION

The collinear contribution Cx(Q?, 1) in the limit p <
Yo ~ O(1) can be computed by considering the phase
spaces, as shown in Fig. 6. The collinear emission can-
not satisfy the mMDT criterion; otherwise, p becomes
O(1). Therefore, it cannot contribute to the nonzero
jet mass directly. In the first row in Fig. 6, the figure
on the left-hand side shows the possible phase space for
collinear emission along with virtual corrections. The
figure on the right-hand side is the zero-bin subtraction,
in which the ultracollinear modes contribute. Because
the ultracollinear modes do not recognize the boundary
of the ungroomed jet (the parabola), the phase space
extends to infinity for M?2. Because the virtual correc-
tions in the collinear and the zero-bin contributions are
the same, they cancel through the subtraction and the
available phase space is presented in the second row in
Fig. 6.

The second figure in the second row yields the inte-
grated jet function because it corresponds to the real
emission under the parabola with the virtual correc-
tion. Finally, with the normalization dividing by J,
the collinear contribution with the zero-bin subtraction
to NLO is given by

1
Tk

aka
2

(jk + aSijk) =1+

] 1
o Jk> (C )
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Fig. 8. Structures of the phase spaces: (a) Si(M?) for the midrange region and (b) S{’ and (c) Uy (M?) for the peak region.
Here z. = Zews. In (a) and (c), the phase spaces in the unshaded regions yield results proportional to §(M?) while only the

shaded region in (b) contributes.

where ji is given by

2

e M2) = (5401 ) gu ) ) ~ ). (€2)

and the g, hy and I are listed in Appendix A. From the
structure of the phase space for ji in Fig. 6, the pole in
Eq. (C2) is obviously an UV divergence. Therefore, the
collinear contribution C(y., @2, 1) is given by Eq. (30)
after removing the UV divergence in Eq. (C2).

The csoft function Sf(y2Q? 1) in the peak region
(p < y. < 1) can be computed by considering the phase
spaces shown in Fig. 7. The first figure corresponds to
the available phase space for the csoft gluon emission.
Because the csoft radiation in this region cannot yield
a nonzero groomed jet mass, it only contributes to the
normalization of the jet mass distribution like Cr. The
second figure represents the phase space for the zero-bin
subtraction. The virtual corrections in these two modes
should be added, but they are the same. Therefore the
virtual contributions cancel after the zero-bin subtrac-
tion. From the resultant phase space in Fig. 7, we easily
see that no IR divergence and only the UV divergence
exist.

The one loop result for the csoft contribution is ob-
tained by integrating over the shaded region in the third
figure in Fig. 7. The NLO results are given as

asCh ( 1

Sl (WeQ% m) =1+ =~

After renormalization, we obtain the csoft function
SH (y2Q?, ) in Eq. (39).

APPENDIX D: NLO RESULTS FOR THE
FACTORIZED FUNCTIONS FOR SOFT
DROP WITH 3 > 0

We present the NLO results of the factorized functions
for the groomed jet mass distributions using a soft drop
with 6 > 0in the limit z., < 1. The soft drop condition
is shown in Eq. (19). Because the same factorization
formulae as in mMDT can be applied to a soft drop,
Eq. (35) is the factorization theorem for the midrange
region p ~ zeyy < 1 and Eq. (38) is that for the peak
region p < zeyt < 1. Because the functions Cp and Jg
are not affected by the angular exponent 3, we present
S in the midrange region and S}’ and Uy in the peak
region. The result in the midrange region is new, and
the results for the peak region have also been computed
in Ref. 27, but we could not compare the results directly
since the exact definition of the plus distribution function
employed in Ref. 27 was not mentioned.

1. Midrange region: p~ 2z, <K< 1

The csoft function S} in the midrange region can be
computed from the phase space illustrated in Fig. 8(a).
For actual computation, we will consider the dimen-
sionless csoft function S%(p), where p = M?/Q? and
Q = plR = p}'R’/2. The part with §(p) comes from
the virtual contribution, and the real contribution comes
from the unshaded phase space in Fig. 8(a).

Also, the part with p # 0 can be obtained by inte-
grating k4 over the shaded region in Fig. 8(a). When
p > Zeut, the contribution is given as

aSCk 1

Mcs(p > Zcut) = T p

(% +In pé‘;z), (D1)
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and when p < zut, it is written as

2

/‘L €
@) Zeut P

+28

a,Cr evEe 1
Mcs(p S Zcut) = k ) (

T T(l-ee
(D2)

Here, the poles in Egs. (D1) and (D2) are the UV diver-
gences. In Eq. (D2), an IR divergence occurs as p — 0,
which is associated with the part with 6(p) after employ-
ing the standard plus distribution.

Combining the results in Eqs. (D1) and (D2) with the
parts proportional to §(p) (i.e., the virtual contribution
and the real contribution from the unshaded region in
Fig. 8(a)), we obtain the (bare) NLO result for Si(p) as

q a,C 1 1 2 1

St(p.) = 6(p) + 5 {3(p) (- — < %wl 252
2
+ +Bln Z“JFE)

2/1 ,u,2 2 p

- In 71 L
+{p( " p*Q? N + 5 >}+

2 2 p

5 e O )
(D3)

Here, the IR divergence as p — 0 in Eq. (D2) is cancelled
from the virtual correction, and all the remaining poles
are UV divergences.

2. Peak region: p <K z. < 1

The csoft contribution in the peak region can be ob-
tained from the phase space, as shown in Fig. 8(b). The
phase space after the zero-bin subtraction is similar to
the mMDT case (or the soft drop with § = 0), but the
vertical line (k4 = y.p7) in Fig. 7 is replaced by a curve
with 8 > 0. From the phase space, the divergence obvi-
ously has an UV origin. Finally, the bare csoft function
5,51 is given to NLO as

aka 111 P
cut
1 w2 2
~ In? - —). D4
g ) Y

For the ucsoft function, the phase space is shown in
Fig. 8(c), in which the part with p # 0 comes from the
shaded region while the rest of the phase space ylelds the
5(p) part. Following the method in computing S, the
dimensionless ucsoft functions Uy (p) (= QUi (M?)) are

2+5 —1—e€ 2+/3

given to NLO as

_ a;Cr( 2+ 1 1 w2
= Y"1 5 -+ -1
Us(ps ) = 0(p) + 2m { 1+ ﬁé(p) (62 + e szﬁ
cut
42 I _ 77:)

Q%ﬁ 12

cut
2/1 2 2+28
+[2(c+1 = mp)| }.
€ " QZﬁ 2+8 ne +

cut

(D5)

Here, all the poles are UV divergences. From Egs. (D3)
(D4) and (D5), we easily check that the relation S}
S’,ﬁIUk holds to NLO in a. Therefore, the results in the
midrange and the peak regions are consistent.

ACKNOWLEDGMENTS

J. Chay is supported by the Basic Science Research
Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Educa-
tion (Grant No. NRF-2016R1D1A1B03935799). C. Kim
is supported by the Basic Science Research Program
through the NRF funded by the Ministry of Science and
ICT (Grant No. NRF-2017R1A2B4010511).

REFERENCES

[1] J. M. Butterworth, A. R. Davison, M. Rubin and
G. P. Salam, Phys. Rev. Lett. 100, 242001 (2008),
arXiv:0802.2470 [hep-ph].

[2] M. Dasgupta, A. Fregoso, S. Marzani and G. P. Salam,
JHEP 09, 029 (2013), arXiv:1307.0007 [hep-ph].

[3] A.J.Larkoski, S. Marzani, G. Soyez and J. Thaler, JHEP
05, 146 (2014), arXiv:1402.2657 [hep-ph].

[4] L. G. Almeida, S. J. Lee, G. Perez, 1. Sung and J. Virzi,
Phys. Rev. D 79, 074012 (2009), arXiv:0810.0934 [hep-
ph].

[5] A.Banfi, M. Dasgupta, K. Khelifa-Kerfa and S. Marzani,
JHEP 08, 064 (2010), arXiv:1004.3483 [hep-ph].

[6] H-n. Li, Z. Li and C. P. Yuan, Phys. Rev. Lett. 107,
152001 (2011), arXiv:1107.4535 [hep-ph].

[7] H-n. Li, Z. Li and C. P. Yuan, Phys. Rev. D 87, 074025
(2013), arXiv:1206.1344 [hep-ph].

[8] M. Dasgupta, K. Khelifa-Kerfa, S. Marzani and M. Span-
nowsky, JHEP 10, 126 (2012), arXiv:1207.1640 [hep-ph].

[9] Y-T. Chien, R. Kelley, M. D. Schwartz and H. X. Zhu,
Phys. Rev. D 87, 014010 (2013), arXiv:1208.0010 [hep-
ph].

[10] T. T. Jouttenus, I. W. Stewart, F. J. Tackmann and
W. J. Waalewijn, Phys. Rev. D 88, 054031 (2013),
arXiv:1302.0846 [hep-ph].

[11] Z. L. Liu, C. S. Li, J. Wang and Y. Wang, JHEP 04, 005
(2015), arXiv:1412.1337 [hep-ph].

[12] C. W. Bauer, S. Fleming and M. E. Luke, Phys. Rev. D
63, 014006 (2000), arXiv:hep-ph/0005275 [hep-ph].



-458- Journal of the Korean Physical Society, Vol. 74, No. 5, March 2019

[13] C. W. Bauer, S. Fleming, D. Pirjol and I. W. Stewart,
Phys. Rev. D63, 114020 (2001), arXiv:hep-ph/0011336
[hep-ph].

[14] C. W. Bauer, D. Pirjol and I. W. Stewart, Phys. Rev. D
65, 054022 (2002), arXiv:hep-ph/0109045 [hep-ph].

[15] C. W. Bauer, S. Fleming, D. Pirjol, I. Z. Rothstein
and I. W. Stewart, Phys. Rev. D66, 014017 (2002),
arXiv:hep-ph/0202088 [hep-ph].

[16] Y-T. Chien, A. Hornig and C. Lee, Phys. Rev. D 93,
014033 (2016), arXiv:1509.04287 [hep-ph].

[17] A. Hornig, Y. Makris and T. Mehen, JHEP 04, 097
(2016), arXiv:1601.01319 [hep-ph).

[18] D. W. Kolodrubetz, P. Pietrulewicz, I. W. Stewart, F. J.
Tackmann and W. J. Waalewijn, JHEP 12, 054 (2016),
arXiv:1605.08038 [hep-ph].

[19] A. Idilbi and C. Kim, J. Korean Phys. Soc. 73, 1230
(2018), arXiv:1606.05429 [hep-ph].

[20] Z-B. Kang, K. Lee and F. Ringer, JHEP 04, 110 (2018),
arXiv:1801.00790 [hep-ph].

[21] M. Aaboud et al. (ATLAS), Phys. Rev. Lett. 121, 092001
(2018), arXiv:1711.08341 [hep-ex].

[22] M. Dasgupta, A. Fregoso, S. Marzani and A. Powling,
Eur. Phys. J. C73, 2623 (2013), arXiv:1307.0013 [hep-
ph].

[23] C. Frye, A. J. Larkoski, M. D. Schwartz and K. Yan,
(2016), arXiv:1603.06375 [hep-ph].

[24] C. Frye, A. J. Larkoski, M. D. Schwartz and K. Yan,
JHEP 07, 064 (2016), arXiv:1603.09338 [hep-ph].

[25] S. Marzani, L. Schunk and G. Soyez, JHEP 07, 132
(2017), arXiv:1704.02210 [hep-ph].

[26] S. Marzani, L. Schunk and G. Soyez, Eur. Phys. J. C78,
96 (2018), arXiv:1712.05105 [hep-ph].

[27] Z-B. Kang, K. Lee, X. Liu and F. Ringer, JHEP 10, 137
(2018), arXiv:1803.03645 [hep-ph].

[28] B. Jager, M. Stratmann and W. Vogelsang, Phys. Rev.
D 70, 034010 (2004), arXiv:hep-ph/0404057 [hep-ph].

[29] M. Procura and I. W. Stewart, Phys. Rev. D81,
074009 (2010), [Erratum: Phys. Rev.D83,039902(2011)],
arXiv:0911.4980 [hep-ph].

[30] A. Jain, M. Procura and W. J. Waalewijn, JHEP 05,
035 (2011), arXiv:1101.4953 [hep-ph].

[31] M. Ritzmann and W. J. Waalewijn, Phys. Rev. D 90,
054029 (2014), arXiv:1407.3272 [hep-ph].

[32] M. Dasgupta, F. Dreyer, G. P. Salam and G. Soyez,
JHEP 04, 039 (2015), arXiv:1411.5182 [hep-ph].

[33] M. Dasgupta, F. A. Dreyer, G. P. Salam and G. Soyez,
JHEP 06, 057 (2016), arXiv:1602.01110 [hep-ph].

[34] T. Kaufmann, A. Mukherjee and W. Vogelsang, Phys.
Rev. D 92, 054015 (2015), arXiv:1506.01415 [hep-ph].

[35] Z-B. Kang, F. Ringer and I. Vitev, JHEP 10, 125 (2016),
arXiv:1606.06732 [hep-ph.

[36] L. Dai, C. Kim and A. K. Leibovich, Phys. Rev. D 94,
114023 (2016), arXiv:1606.07411 [hep-ph).

[37] S. Catani, Y. L. Dokshitzer, M. H. Seymour and B. R.
Webber, Nucl. Phys. B406, 187 (1993).

[38] S.D. Ellis and D. E. Soper, Phys. Rev. D 48, 3160 (1993),
arXiv:hep-ph/9305266 [hep-ph].

[39] M. Cacciari, G. P. Salam and G. Soyez, JHEP 04, 063
(2008), arXiv:0802.1189 [hep-ph].

[40] Y. L. Dokshitzer, G. D. Leder, S. Moretti and B. R.
Webber, JHEP 08, 001 (1997), arXiv:hep-ph/9707323
[hep-ph].

[41] M. Procura and W. J. Waalewijn, Phys. Rev. D 85,
114041 (2012), arXiv:1111.6605 [hep-ph].

[42] Z-B. Kang, F. Ringer and I. Vitev, JHEP 11, 155 (2016),
arXiv:1606.07063 [hep-ph].

[43] W. M-Y. Cheung, M. Luke and S. Zuberi, Phys. Rev. D
80, 114021 (2009), arXiv:0910.2479 [hep-ph].

[44] S. D. Ellis, C. K. Vermilion, J. R. Walsh, A. Hornig and
C. Lee, JHEP 11, 101 (2010), arXiv:1001.0014 [hep-ph].

[45] J. Chay, C. Kim and I. Kim, Phys. Rev. D92, 034012
(2015), arXiv:1505.00121 [hep-ph.

[46] C. W. Bauer, F. J. Tackmann, J. R. Walsh and S. Zuberi,
Phys. Rev. D 85, 074006 (2012), arXiv:1106.6047 [hep-
ph].

[47] M. Procura, W. J. Waalewijn and L. Zeune, JHEP 02,
117 (2015), arXiv:1410.6483 [hep-ph].

[48] T. Becher, M. Neubert, L. Rothen and D. Y. Shao, Phys.
Rev. Lett. 116, 192001 (2016), arXiv:1508.06645 [hep-
ph].

[49] L. Dai, C. Kim and A. K. Leibovich, Phys. Rev. D 95,
074003 (2017), arXiv:1701.05660 [hep-ph].

[50] X. Liu, S-O. Moch and F. Ringer, Phys. Rev. Lett. 119,
212001 (2017), arXiv:1708.04641 [hep-ph].

[61] G.P. Korchemsky and G. F. Sterman, Phys. Lett. B340,
96 (1994), arXiv:hep-ph/9407344 [hep-ph].

[52] R. Akhoury and I. Z. Rothstein, Phys. Rev. D 54, 2349
(1996), arXiv:hep-ph/9512303 [hep-ph].

[53] S. W. Bosch, B. O. Lange, M. Neubert and G. Paz, Nucl.
Phys. B699, 335 (2004), arXiv:hep-ph/0402094 [hep-ph].

[54] M. Dasgupta and G. P. Salam, Phys. Lett. B512, 323
(2001), arXiv:hep-ph/0104277 [hep-ph].

[55] A. Banfi, G. Marchesini and G. Smye, JHEP 08, 006
(2002), arXiv:hep-ph/0206076 [hep-ph].

[56] A. V. Manohar and I. W. Stewart, Phys. Rev. D 76,
074002 (2007), arXiv:hep-ph/0605001 [hep-ph].

[57] G. P. Korchemsky and A. V. Radyushkin, Nucl. Phys.
B283, 342 (1987).

[58] I. A. Korchemskaya and G. P. Korchemsky, Phys. Lett.
B287, 169 (1992).

[59] M. Neubert, Phys. Rev. D 72, 074025 (2005), arXiv:hep-
ph/0506245 [hep-ph].

[60] T. Becher and M. Neubert, Phys. Rev. Lett. 97, 082001
(2006), arXiv:hep-ph/0605050 [hep-ph].



