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ABSTRACT: In this paper, we study the fragmentation of a heavy quark into a jet near
threshold, meaning that final state jet carries most of the energy of the fragmenting heavy
quark. Using the heavy quark fragmentation function, we simultaneously resum large
logarithms of the jet radius R and 1 — z, where z is the ratio of the jet energy to the
initiating heavy quark energy. There are numerically significant corrections to the leading
order rate due to this resummation. We also investigate the heavy quark fragmentation to
a groomed jet, using the soft drop grooming algorithm as an example. In order to do so,
we introduce a collinear-ultrasoft mode sensitive to the grooming region determined by the
algorithm’s z.y parameter. This allows us to resum large logarithms of zcu /(1 — 2), again
leading to large numerical corrections near the endpoint. A nice feature of the analysis
of the heavy quark fragmenting to a groomed jet is the heavy quark mass m renders
the algorithm infrared finite, allowing a perturbative calculation. We analyze this for
E;R ~m and EjR > m, where E is the jet energy. To do the latter case, we introduce
an ultracollinear-soft mode, allowing us to resum large logarithms of F;R/m. Finally, as
an application we calculate the rate for eTe™ collisions to produce a heavy quark jet in the
endpoint region, where we show that grooming effects have a sizable contribution near the
endpoint.
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1 Introduction

Jets containing a heavy quark are an important experimental tool for probing many inter-
esting areas of particle physics, including Higgs physics [1], top physics [2—4], and many
proposed beyond the Standard Model scenarios. As such, it is important to have a good
theoretical understanding of the production and properties of heavy quark jets, which have
been lately actively studied in various high energy processes [5-14].

Jets are formed by initially producing a very energetic parton, which radiates many
collinear and soft particles into a highly collimated beam. By using the concept of a frag-
mentation function, we can accurately describe the jet formation process [15-19], including



jets that contain a heavy quark [6]. Of particular importance both theoretically and exper-
imentally are energetic jets with the heavy quark highly boosted, meaning that the heavy
quark carries a large fraction of the total jet energy. In this region of phase space, the
amount of radiated energy is restricted, which can lead to large numerical corrections to
the calculated rate.

A jet is defined using a specific jet algorithm in order to define how particles are sorted
to be within or outside of the jet. Most jet algorithms use a parameter to differentiate the
two sets of particles, usually denoted as the jet radius R. We can also define the fraction
of the jet energy that is initiated by the heavy quark, z = E;/Eg. Focusing now on the
radius, when R is small, terms including In R appear in the production rate calculation
that can spoil the QCD perturbative expansion. In order to obtain reliable theoretical
predictions, these logarithms must be summed. As shown in refs. [15-19], these logarithms
can be resummed by running the scale down to u ~ QR using the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution equations, where @ is the hard scale of order
of the jet energy E;. In ref. [18] we studied the fragmentation of light partons to a jet with
a small radius, resumming the large logarithms of R, while in ref. [6], we investigated the
fragmentation of a jet containing a heavy quark, again resumming these large logarithms.

We also have the possible situation where the jet carries a large fraction of the energy
that was carried by the initiating parton, i.e., z ~ 1. In this region of phase space, we have
large logarithms of In(1 — z), again potentially spoiling the perturbative expansion. There-
fore, again for a proper description we need to systematically resum the large logarithms
of 1 — z [20-25]. Since jets are made up of collinear particles, and in the large z limit only
soft particles can be emitted out of the jet, soft-collinear effective theory (SCET) [26-29]
is a natural tool to use to facilitate the resummation of these logarithms.

In order to resum the logarithms of 1 — 2z, we need to look at the dynamics in the
endpoint region. Doing so, we can see that there are a number of distinct, well-separated
energy scales. Since the observed jet carries most of the energy of the initiating parton, all
radiation that falls outside of the jet must be soft, ~ E;(1 — z). However, the standard
modes in SCET are not adequate for separating the radiation inside and outside of the jet,
since they are not sensitive to the jet boundary characterized by the small radius R. We
thus must introduce a new soft mode, called the collinear-soft mode [30, 31], which has the
ability to resolve the jet boundary and can consistently discriminate between soft radiation
that falls inside versus outside of the jet. Using this extra mode, we were able to resum
both the large logarithms of R and 1 — z for a massless parton initiated jet [20]. One of
the goals of this paper is to extend this calculation to jets initiated by heavy quarks, which
can potentially give large numerical corrections.

The study of jet substructure has developed rapidly in recent years (see ref. [32] for
a recent review), due to advancement in jet grooming algorithms [1, 33-36]. These jet
grooming algorithms remove soft radiation contamination in the jet by first “declustering”
a jet and then removing soft radiation to form the new groomed jet, following a precise
recipe that depends on some input constants. For instance, the soft drop algorithm [36]
depends on two variables, z.,t and 3, which determine if two subjets are to be treated as
distinct or one combined jet. Since these jet grooming algorithms are used to probe the



substructure of jets, it is important to understand the soft gluon radiations that may or
may not fall within the jet. Therefore, we apply our above analysis for when we have a
heavy quark fragmenting to groomed jet. Compared with similar analyses of jet grooming
with a light quark [36-39], the heavy quark fragmentation is perfectly free from infrared
(IR) divergence due to the nonzero quark mass, but the factorization and its calculation
becomes more intricate and interesting. However, as it does for the light quark jet, the
grooming can cause large numerical corrections in the endpoint region.

The organization of this paper is as follows. In section 2 we investigate the factorization
of the heavy quark fragmentation function to a jet (FFJ) in the large z limit. To do so,
we will be using an inclusive kp-type jet algorithm [40-43]. We need to introduce the
collinear-soft mode, as described above, and we implement boosted heavy quark effective
theory to describe the interactions of the heavy quark with these collinear-soft interactions.
(Details about the construction of boosted heavy quark effective theory can be found in
appendix A.) In section 3 we calculate the next-to-leading order heavy quark FFJ in the
large z limit, resumming the large logarithms of R and 1—z. In section 4 we investigate the
fragmentation of a heavy quark fragmenting to a groomed jet. This allows us, in section 5,
to combine our results above to calculate the heavy quark fragmentation function to a
groomed jet, again resumming the large logarithms involved. As an example, we calculate
the eTe™ cross section to a heavy quark jet near threshold, comparing the groomed and
ungroomed results. Finally, we conclude in section 6. There is also a brief discussion of
profile functions in appendix B.

2 Factorization of the heavy quark FFJ in the large z limit

If we consider a jet with a small radius (R), the relevant dynamics are in general described
by collinear interactions. Thus, the fragmenting process to a jet from a heavy quark can
be properly studied using the framework of SCET, more specifically SCET); [44-46]. For
this paper, we will consider the case E; > m, but for now to be as generic as possible we
will not set a hierarchy between R and m/FE;, where m is the heavy quark mass. Using
SCET, we can express the fragmentation function to a jet (FFJ) initiated by a heavy quark
in D (=4 — 2¢) dimension as [6]

1 - Py _
Dyjq(z ByRm,p) = 3 on /dD 2p 5 Tr(0]6 (; - 73+> 5@ 2>(1>L)qu/g
X C
< | T (0}, p7) X)) (J(pF, P7) X s | E0), (2.1)

where N, is the number of colors and () denotes the heavy quark. X ; are the final states
that are not contained within the observed jet J. p; is the momentum of the jet J, which
can be depicted as an n-collinear object. This means the jet momentum can be decomposed
and power-counted as

pl} = (ﬁ‘pthJJ_an p) = (p}_7p;J]_7p;) ~ EJ(17R7 Rz)) (22)



where n and 7 are the lightcone vectors normalized to n -7 = 2, and p'} is approximately
pt ~ 2E;. UY = WY is the gauge invariant massive collinear field, where W,, is the
collinear Wilson line.

When we calculate the heavy quark FFJ at one loop, we will employ an inclusive
kp-type jet algorithm, which at this order covers kr [40, 41], C/A [42], and anti-kt [43]
algorithms. Under the algorithm, when two particles are merged into a jet at one loop,
their opening angle 6 should satisfy

0<R. (2.3)

Here R’ = R for eTe™ annihilation, and R’ = R/ coshy for hadron collision, where y is
the rapidity of the jet relative to the hadron beam direction. For a parton splitting with
momenta g — p + k, the phase space constraint from eq. (2.3) is

R q2 k2
tan® — > & (qL =0), (2.4
27 R )
) B K
tan ? > ]{:727 (pJ_ = 0), (25)
+

depending on which frame we choose. These constraints apply not only to massless partons,
but also to massive partons as long as the parton masses are much smaller than their
energies.

The splitting and fragmenting processes in eq. (2.1), have been studied in ref. [6] for
the full range of z. At one loop the splitting of a heavy quark to a jet is divided into two
processes, @) — Jg + g and Q — J, + Q, where J; denotes the jet containing the parton i.
The renormalization behavior for each process satisfies the well known DGLAP evolution.

If we focus on the region where z is close to 1, the process ) — J; + Q is suppressed
by 1 — z. Therefore the fragmenting function can be described by the dominant process
Q — Jg+g. In this case the jet Jg takes most of the energy of the mother parton @), while
radiation out of the jet will be carried by gluons with energy ~ E;(1 — z). Furthermore,
these gluons need to be sensitive to the jet boundary restricted by small jet radius R. Thus
in SCET these gluons can be considered to be quanta of a collinear-soft (csoft) field [30, 31],
with momenta schematically given by

Des = (p(—:t‘.?chsvpc_s) ~ (1 - Z)EJ(lvRv R2) (26)

Therefore, in order to properly describe the heavy quark FFJ in the large z limit, we
need to separate csoft interactions from collinear interactions. Note that collinear parton
radiations are still allowed inside the jet, but radiations outside the jet are carried out
solely by csoft gluons. As a result, similar to with the massless parton case [20], the heavy
quark FFJ can be factorized into the collinear and the csoft parts as z goes to 1.

2.1 Integrated heavy quark jet function

Since the collinear radiations reside only inside the jet, their contribution to the heavy quark
FFJ can be obtained from integrating the collinear interactions out to the jet boundary in



the phase space. We will call it the integrated heavy quark jet function (iIHQJF), for which
the detailed one-loop calculation can be found in ref. [6]. The bare one-loop result is

aCr [1 1 w2 3+0b 1 p
R B e Sl s
JQ(E R, m, 1) T o Lg * (nE?,R’2+m2+2(1+b)> 3 mE?,R’Q—i—m2

1 I L. o I L. o
1 e PR R P T
+1+b<nE3R/2+2>+2n BRe e 2 Y
71'2
4 £(b) + g(b) — Lia(~b) +2 12] (2.7

Here the 1/e poles are all ultraviolet (UV) divergences, b = m?/(E%R'?), and the functions
f(b) and g(b) are defined by the following integrals:

1422 2240
/dzl—z 140’ (28)

1 22
/dz <1+b z2+b>' (29)

If we take the limit m — 0, eq. (2.7) reduces to the result for a massless quark [47-50]

1 2 3 3 u?
€2+ (l EQR/2+ >+ lnEQR/2

a,Cr

/ —
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1 2 13 3rn2
+om? A - ”] . (2.10)
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Comparing Jg with the massless case J;, one may wonder how the UV poles of
Jo in eq. (2.7) could depend on the heavy quark mass. Usually a finite quark mass in
the amplitude would be irrelevant as the energy or momentum transfer becomes infinite.
In order to understand this, we need to keep in mind that the integrated jet functions
can only be properly obtained after the zero-bin subtraction [51]. In the naive collinear
calculation for Jg, the poles that depend on the heavy quark mass are present as infrared
(IR) divergences. However, when contributions from the zero-bin mode are subtracted to
avoid double counting, these IR poles are cancelled and are all converted to UV poles due
to the so-called pull-up mechanism. See ref. [51] for complete details.

In figure 1(a), we show an example Feynman diagram that contributes to the real
radiation in calculating iHQJF. The gluon coming from the heavy quark radiates inside
the jet and has collinear scaling: k* ~ Q(1,\,\?), where Q ~ E; and A ~ R ~ m/Q.
We see that iHQJF is obtained from integrating out the collinear radiation and it can be
regarded as a Wilson coefficient when matched onto the lower energy effective theory with
csoft interactions. Therefore, in order to obtain the correct contribution to iHQJF from
figure 1(a), we need to subtract the zero-bin contribution of figure 1(b), where the gluon
carries a csoft momentum scaling k* ~ @Qn(1,\,A\2). Here 1 is a new small parameter
comparable to 1 — z when we investigate the threshold region in the large z limit.



(b)

Figure 1. (a) One sample Feynman diagram for real gluon radiation contributing to the integrated
heavy quark jet function. Diagram (b) corresponds to the zero-bin contribution to the diagram (a).
Dotted lines indicate unitary cuts where particles are on-shell.

To see the divergence structure of figure 1(a), we compute

L dx dPk x p+k)+ 2py
5 —k 5(k?
/0 1—:6/an (2m)P (1—3;pJr +> (p+k)2—m? ki (k%)
_ asCr (4% /1 el /w2<1w>2E3R’2 k2 (k2 )
2r T(1—¢€) Jo x 0 kﬁ_ + 22m?’

Ma = 27Tgs

(2.11)

where 4%;@?\475 = 1?e’®, and p and k are on-shell momenta of the heavy quark and the
gluon, respectively. x is the large momentum fraction of the gluon over the jet momentum,
x=ky/(p+k)yr =ki/(2Ey). In the first equality of eq. (2.11), Qy, represents the phase
space inside a jet. We have chosen the frame py; = p; + k; = 0, so we employed the
phase space constraint shown in eq. (2.4). As can be seen from the second equality of
eq. (2.11), the collinear IR divergence from kf_ — 0 does not appear due to the presence
of the heavy quark mass. However, the soft IR divergence that happens as x — 0 is still
presents and is regularized in dimensional regularization as a pole in ¢,

asCr 1. 146/ 1 ,u2
Y= el — 2 )
M o [ 2 % (aR "Frgz |t

, (2.12)

where we suppressed other finite terms. It makes sense that the pole is IR since the energy
of the collinear gluon is limited by the jet energy and cannot grow infinitely large.

When considering the zero-bin contribution, notice that the radiated csoft gluon does
not depend on the jet energy. Hence, within the zero-bin, its energy is unlimited and can
freely grow to infinity, although it can be regarded to be much smaller than the heavy
quark energy. Taking these into account, we compute the diagram of figure 1(b),

P+ 2P+ 12
= 2
M, 7rgSCF,u / dac/Q d(xps — k+)< A -, d(k?)

_ osCp (pPer?)° / dx/ QEQR'Q dk? (k3 )~

2.1
2r (1 —e) k2—|—xm2 (2.13)



Here the denominator of the heavy quark propagator with off-shell momentum p + k has
been approximated as'

(p+k)?—m? =k +2p - kx~2p-k, (2.14)

since k2 ~ Q%*n?\? is power-suppressed by 1 when compared with 2p - k. For the real
radiation shown in figure 1(b), eq. (2.14) is expressed as

w-kxpik_ +p_ky = — (k2 +22m?), (2.15)

1
x
where we have used p; = 0 due to pyj; =0=p, + k| ~ p, in our chosen frame. Then
we use the on-shell conditions: p_ = m?/p; and k_ = k2 /k;. In the power counting of
eq. (2.15), k3 and z?m? are the same order, O(n?)\?).

Finally, eq. (2.13) has the result

C 1+b/ 1 1
My = 2CF 1 2T ( - ) (2.16)
4 b €UV €IR
In obtaining eq. (2.16), we separated UV and IR poles in the integration of = as
o0 1 1
/ de o 1= — - —. (2.17)
0 €uv €IR

Therefore, while the real contribution of figure 1 was originally IR-divergent, the pole can
be converted to be UV after the zero-bin subtraction:

asCrp | 1, 14+0b( 1 u?
o — = ——In——(— -In—— | +---|. 2.1
Ma =M= [ 2" b (eUV nE}R/?)+ ] (2.18)

Similar conversions by the zero-bin subtraction works for the other real radiation as well
as the virtual contributions. As a result we obtain eq. (2.7), which only has genuinely UV
divergences.

2.2 Description of the heavy quark csoft interactions using boosted heavy
quark effective theory

In section 2.1 we saw that the iHQJF is the result of integrating out collinear interactions
of the heavy quark and the matching coefficient onto the lower energy theory with csoft
interactions. The zero-bin contribution to iHQJF that needs to be subtracted can be
interpreted as a contribution contained in the lower energy effective theory. As seen from
eq. (2.14), when the (boosted) heavy quark interacts with a csoft gluon, the denominator
of the heavy quark propagator can be approximated as 2p - k. In this case the on-shell
heavy quark momentum p can be written as mv since the heavy quark velocity v does not
change under the csoft interaction. Therefore, the denominator is proportional to v -k, and

!For real gluon radiation, the relation, (p+ k)? —m? = 2p - k, is satisfied even if k is collinear. However,
for the virtual radiation, the relation (approximately) holds only when k is a csoft momentum. So, as long
as k is csoft, this relation always holds, whether & is on-shell or not.



it indicates that the lower energy effective theory for the boosted heavy quark with csoft
interactions should be the boosted heavy quark effective theory (bHQET).

Since we describe the boosted heavy quark as an n-collinear particle, the velocity v is
also n-collinear. In general, whether the heavy quark is on-shell or not, the momentum
under csoft interactions can be written as

pH = mot + kF, (2.19)

where k* is a residual csoft momentum. The velocity v has scaling v* = (vy, v ,v_) ~
(1/X,1,X), where A ~ m/py. If we choose the frame with v, = 0, the velocity v can be
simply written as

n# nH n* 1 n#

PR USNUS CANNNE USRS S 2.20
VTt Ty Ty T (2:20)

In the second equality, v_ has been rewritten as 1/v, using v? = v v_ = 1.

To describe collinear interactions of the heavy quark, we already employed the effective
theory SCETy;. We thus want to directly match SCET); onto bHEQT, integrating out
collinear interactions. For this, we match the collinear quark field in SCETy; onto the

bHQET field,
En(z) = ﬁeimv-xhn(@. (2.21)

Note that the bHQET field h,, shares the same spinor property as &,, satisfying

nhy, =0, 7711,1 = hy. (2.22)
This has the advantage that the power counting on the large energy in SCET); remains
true at the lower scale.
In SCET)y, if we separate csoft interactions from collinear interactions, the covariant
derivative needs to be written as

iD* = iD¥ 4 iD" (2.23)

Ccs?

where the csoft derivative ¢D¥, is suppressed by 7, and thus does not give a leading con-
tribution in SCET);. At an energy scale lower than a typical scale for SCET})y, collinear
gluons are not present, and iD¥ in eq. (2.23) becomes the derivative operator P# that picks
up the frozen collinear heavy quark momentum,

iDH — PH 4 iDL (2.24)

In constructing bHQET from the SCET); Lagrangian using eq. (2.21), P* returns muv*,
and hence iD* in eq. (2.23) can be expressed as mv# +iDF. The details of constructing the
bHQET Lagrangian is shown in appendix A. The leading bHQET Lagrangian employing
h,, is

Lqpr = hnv - iDzhn, (2.25)

where we denoted the csoft derivative as iD*, dropping the subscript for simplicity.



Since the standard HQET Lagrangian,
Lier = hov - iDhy, (2.26)

has a boost invariance, it can be successfully applied to describe csoft interactions of the
boosted heavy quark [2, 52]. Actually we find that leading results using bHQET are the
standard results of HQET. For example, the field strength renormalization and the residue
for h,, at one loop are the same ones for h,,

Cr 1 Cp 1
Zy=1+22F 2 po=1- 2 (2.27)
21 eyv 2T €R

So we might interpret bHQET as describing the boosted heavy quark interactions using
the dominant portion (hy) of the full spinor (h,). The relation between h, and h, has
been concretely considered in appendix A.

Employing bHQET introduced in eq. (2.25), we can describe the heavy quark FFJ
in the large z limit. For this, we first integrate out collinear interactions and obtain the
iHQJF, whose one-loop result was shown in eq. (2.7). Then the heavy quark FFJ in eq. (2.1)
is matched onto the following csoft function:

1 v . cs cs
Sy EjR',m,p) = Z WTT7+<O| 0 ((1 - z)p} - 28+> Yo Thn \J(pj,lﬁ =0) ng)
XCS ¢

cs | 1 Csﬁ
x(J(py, Py = 0)XS| hn Y 5 0), (2.28)

where 0, in the argument of delta function returns the csoft momentum of the parton that
is not involved in the jet J. In matching from eq. (2.1), eq. (2.21) has been applied, and W,,
has been replaced with Y=*. The dominant velocity component vy can be approximated
as py/m.
Finally, for the heavy quark FFJ in the large z region, we have the following factor-
ization:
Djg(z — L,E;R ,m, ) = jQ(EJR’,m,,u)SJ/Q(z; E;R' ,m,p). (2.29)

As we will see from the next-to-leading order (NLO) result of S;/g in the next section,
the typical csoft scale needed to minimize logarithms in S/ is given by pes ~ (1 —
2)\V/(E;R')2 +m2. So, through renormalization group (RG) evolution of the csoft function
from the csoft scale to the collinear scale u, ~ /(EjR')? + m?, we will be able to resum
large logarithms of 1 — z near threshold.

If we consider the next-to-next-to-leading order in ag, we may have effects from the
csoft gluons that are decoupled from the collinear gluons that form the heavy quark jet.
Since the collinear gluon radiates in the limited phase space constrained by the jet bound-
ary, the decoupled csoft gluons would give additional contributions to the csoft function
in eq. (2.28) and generate large nonglobal logarithms [53, 54]. Resumming the nonglobal
logarithms related to the heavy quark jet is beyond the scope of this paper,? and here
we will focus on the resummation of the ‘global’ large logarithms of 1 — 2z using the csoft
function defined in eq. (2.28).

2For a recent study of the nonglobal logarithms on the heavy quark, we refer to ref. [55].
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Figure 2. Feynman diagrams for the one-loop calculation of the csoft function S;,q. Double lines
denote the bHQET field h,,, and k is a csoft momentum. Virtual diagram (a) and real radiation
diagram (b) have hermitian conjugate mirror diagrams.

3 NLO results of the heavy quark FFJ in the large z limit and the
resummation of large logarithms

3.1 NLO calculation for the csoft function Sj/q

We first show that the tree level result of the csoft function, SFI /)Q7 has been normalized to
0(1 — z). At tree level, eq. (2.28) becomes

i
CEUZCRY

SO (2) = 2zlv ST (0] 8 (1= 2)p) b QoD@ B

where v, = p}r /m and Qs denotes the heavy quark with spin s. Since the spin sum for the
collinear (heavy) quark in SCET); is given by

3 €alQup ) (Qulp )l = pi (3.2
using eq. (2.21), we obtain the result for the heavy quark in bHQET
S Q) @up) o = 2mh = mii (33
Inserting eq. (3.3) into eq. (3.1), we obtain LO result,
SO (2) = % 2*‘5(1 2 1y ﬂ 51— 2). (3.4)

PJ

We show the Feynman diagrams needed for the one-loop calculation of the csoft func-
tion Sj/q in figure 2. The virtual contribution shown in figure 2(a) is

dPk v 5(1— 2)
/(27F)D (k2+i€)(—1—)|—-k—|—ig>k+ ot (3.5)

My, = Mg -6(1 —2) =ig?

Since we are working in a frame where pf =0, we have v, =0, and v - k is given by

1 k 1 (p?t
vk == <v+k_++> = (ka_JrTCerJr). (3.6)
P

~10 -



After integrating over k_ in eq. (3.5), we obtain

ozSCF (u2ere)e / dk+/ (k2 1)
Ma -
2r T(1—e) ki—i—ka /p}?
asCr ., 1 /Oo —1-2
= B e [ E ¢ .
5 € (€) <m2 ; dxx , (3.7)

where z = ky/p}, and the T'(e) regularizes the UV divergence. The IR pole for z = 0
present in the remaining x integral is problematic, since it cannot be regularized as 1/eg
because it overlaps with the UV divergence. However, it will cancel when combined with
the real radiation contribution, as we will see.

Diagrams (b) and (c) in figure 2 are contributions from real radiations, each of which
can be separated into ‘in-jet’ and ‘out-jet’ contributions. For the in-jet contribution, the
csoft gluon satisfies the jet criterion, § < R', from eq. (2.3). On the other hand, the
radiation from the out-jet does not satisfy this constraint. The phase space constraints for
the jet criterion were introduced in eqs. (2.4) and (2.5), depending on our choice of frame.
When a csoft gluon radiates, both can be simplified to

) R/ R12

ki < kit ~ k2 — T (3.8)
The contribution from diagram (b) is
asCr ( ,u 2evm)e / pJ , dk? (k%)~
My = dk (5 (1-— CICES
T or T(1—e) Tky 2 Rk ki+m2k /p+2’

(3.9)
where O is the step function that returns 1 for the out-jet contribution. The in-jet contri-
bution is proportional to (1 — z). We can thus separate the contributions from M} into

My(z) = MIP - 5(1 — 2) + MP"(2). (3.10)

Here M} is

. C vE) d z?E2R? de k2
Mir = O‘S F (e / x/ g (k) (3.11)

1 —€) ki + 22m?
where z = ky/ p}' and 2EjR' = kyR'/2. The out-jet contribution M can be extracted
from eq. (3.9),

M (2) = (3.12)

asCp (p2em)e 1 /°° dk? (k)¢
2r T(1—€) 1 -2z Ja-s2m2re kI + (1 - 2)2m?’

where the large component of the csoft momentum, k4, is given by (1 — 2)p}. eq. (3.12)
has an IR divergence as z goes to 1. In order to isolate the pole, we can employ the plus
distribution

MM (2 { / ds ME™( }5(1—2)—1—{M,§’“t(z)}+. (3.13)
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The term with an integral can be written as

Cr(u 67E Ldx dk2 k2 )
out — dz M. out _ Qs / / 3.14
My / ® (2) 27 F 1—¢) w2E2R/2k k2 + 22m?2’ ( )

where we have replaced 1 — z with z. eq. (3.14) can be combined with eq. (3.11), since
both are multiplied by the §(1 — z), and can be reorganized to be

M Ao — asCp (p7e’®)* Zevm)e /1 dr [ dk? (k%)~ / da:/ PEIR? (K2 (k2 )¢
’ b7 Tor T(1—e) o 12 +2m? +x2m2 k2+x2m2

= M+ ME, (3.15)

where M;! (MP) corresponds to the first (second) term on the right-hand side of the first
equality.

Note that ./\/l;)4 has the same problematic pole (for z = 0) that couples to the UV
divergence that was in eq. (3.7). It cancels in the sum M, + M7, resulting in

Ma+Ml?: M’YEF <m2>/ dxx~172%€

27
ozSC'F 1 p?oo1 ,u 2

- I 3.16
o 262+26nm2+4n +24 (3.16)

Here the 1/e poles are all UV divergences. The calculation of remaining parts of M, is
straightforward, and they only have UV divergences. We obtain ./\/lB in eq. (3.15),

p_ aCp |1l 14D p? 2
= -1 In — 71 L 1
M, - lQ n— ; —|— e +Z 15 + b+ —Lisy(=b)|, (3.17)
where b = m?/(E;R')%. Finally, [M?"(2)]+ in eq. (3.13) is
$Cr| 1 (1 s
Mout — @ — 1 . 1
{ (2 )Lr 27 [1—2 <e + n(E?]R’Q—i—mQ)(l—z)2 N (3.18)

Moving on to the contribution of the diagram (c) in figure 2, which is

_osCp (pPer® ky /
M, = —== Fl—e/ ks 5 ((1=2)p) -0 - Rk

dk? (k)¢

X m / (3.19)
(k% +m2k2 /ph?)2

Again, M. can be divided into in-jet and out-jet contributions,

Me(2) = M- 5(1 = 2) + M" () = [ M+ M| 51— 2) + [Mgut(z)L . (3.20)

where MO = fol dzMP"(z). After a brief computation we can again reorganize M +
MO oiving

Min +Mout o aSCF e'YE |:/ /OO de k2

v 1—6 k2+avme)2

22 B2 R 2 1.9
+/ da:z/ dlel (k)™ ] (3.21)

(K2 + 22m?2)?
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where the first term in the square brackets has an IR divergence as © — 0 and the second
has a UV divergence as © — oo. The IR divergence is removed by cancelling against
the residue for the external heavy quark field. Including the one-loop results of the field
strength renormalization and the residue for h,, in eq. (3.21), we obtain an IR finite result,

- Cr b 1 MQ 1 1+0
in out (1) (1 _ s — 2 — 1 .22
MEFMI 2,74y = —— | €+nE3R/2 prell Bl wrrd s , (3.22)

where the renormalization Zj, and the residue Ry, are given in eq. (2.27). [M"'(2)], in
eq. (3.20) is straightforwardly calculated to be
Cr 2b 1
Me(z)] = - . 3.23
v (Z)L o 1+b(l—2)s (3:23)

We have now computed all the ingredients for one-loop calculation of the csoft function
S7/qg- The bare one-loop result is

S(2) = 2(M, + My) + M, + (2 + R{)3(1 - 2)
= [2(Ma+ M+ M) + ME + M+ 2+ RV 61 - 2)

2 (M=) + (M)

_ sl {5(1 ~ )

L 5 [ s
L S
€ € E(R?+m? 1+b\¢ E%2R? +m?

2
1 ,u2 1 1 2 .
——1n? — In(1+b) + = In?(1 +b) + — + Lis(—b
R e A R TR )]
2 (1 u? b
| - 3.24
[l—z (e i (E2R"? +m?)(1 — 2)? 1+b> +}’ (3:24)

where the 1/e poles are all UV divergences. When we take the massless limit, m —
0 (equivalent to b — 0), we find eq. (3.24) is finite and recovers the result of the csoft
function for the jet with a light quark calculated in ref. [20]. So, just like Jg in eq. (2.7),
we can interpret S ;¢ in eq. (3.24) as the resummed result containing all of the O(m/E;R')
contributions when we consider the limit E;R’ > m.

3.2 RG evolution of the heavy quark FFJ for resummation of large logarithms

In section 2 we discussed the factorization of the heavy quark FFJ in the large z limit. As
shown in eq. (2.29), the FFJ can be factorized into the iHQJF Jg and the csoft function
Sj/q- Their NLO renormalized results are respectively

sCr| 3+0b proo1 u? 1
E R —142 In= +-In> + —— (2+In(1
Jo(EsR ,m, ) + 5T D) 0o+ g B2+1+b( +1In(1+ b))
1., . m°
— 5 In*(L+0) + £(b) + g(b) — Liz(~b) + 2~ 5|, (3.25)
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sCr b p? 1 u? ol
.ER' 51—+ 2 1—2) | —mb o2 T
Spo(z; EyR ,m,p) = 6(1 — 2) + 5 {(5( z) T E g Bz+12
1 2 .
- 1+bln(1+b)+§ln (1+b)+L12(—b)]
2 2 b
NN -

where B? = EZR"? +m?, and f(b) and g(b) are defined in eqgs. (2.8) and (2.9) respectively.
In the limit z — 1, it is useful to take the Mellin transform of S;/q and express the
result in the large N limit. The result is

N—oo

o 1
S(N;E R, m, ) :/ dZZ?l+NSJ/Q(Z§EJR/am7/J)’
0

B asCr b p?N? 1., u’?N? g2
=l T e Y e T
1
- In(1 +b) + = In%(1 + b) + Lis(—b 2
1+bn(+)+2n(+)+ ia )], (3.27)

where N = NeVZ, and the scaling of large N is comparable with 1/(1 — z). So we easily
see that the typical csoft scale needed to minimize large logarithms in S;/q is given by
fes ~ B(1 — 2). i

The function Jg and S/ satisfies the following RG equations

d -

= . = S 3.28

dlnuf Vf f7 f an J/Q> ( )

where, to next-to-leading logarithmic (NLL) accuracy, the anomalous dimensions are
given by

12
17 =Tcln g3 +47, (3.29)
2 N2
PN
¥s = —T'cln 5z TS (3.30)

with T'c being the cusp anomalous dimension [56, 57], which can be expanded as I'c =
ko Ir(as/4m)EFL. To NLL accuracy, we use its first two coefficients, given by

2
To=4Cp, T, =4Ck Km - ”) Cu— mnf] . (3.31)

47,5 in egs. (3.29) and (3.30) are the non-cusp parts of the anomalous dimensions. For
NLL accuracy, we use the leading (one-loop) results,

0 _ asCp3+b - o) _asCr 2b
7T o 130 S T Tax 140

(3.32)
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Note that the heavy quark FFJ, Dy/g(z = 1,u) = Jo(1)Ss/0(2, 1), is scale-dependent
and follows DGLAP evolution. This can be seen by combining the leading results of vz
and 7g (at one loop), which has the result

A 4o = 25 (3 am)), (3.33)

which is the moment of the anomalous dimension for DGLAP evolution in the large N
limit.

Solving the RG equations in eq. (3.28), we can relate the factorized functions at the
factorization scale piy to the functions at their natural scales, u. and pcs, which minimize
the logarithmic terms in Jg and S, respectively. Here the typical collinear scale for Jg
is given by pe ~ B and the csoft scale for S;/g is pies ~ B(1 — z). Finally, after taking
the inverse Mellin transform on Sj/q, we obtain the following RG evolution result of the
heavy quark FFJ:

Dyo(z = L EsR ,m, uy) = Jo(EsR',m, ug)Syo(z; EsR ,m, pif)
= exp[M(pug, pre, pies)| TQ(Eg R ym, pie) (1 — 2) 7

Q ,ugs e el
%Sy | gy 20, T (3.34)
This result automatically resums large logarithms of 1 — z, and resums large logarithms of
small R if the factorization scale is given by py ~ E;.
In eq. (3.34) the argument L of gJ/Q[L] represents the logarithmic term in eq. (3.27).
In performing the inverse Mellin transform, the In N in eq. (3.27) can be converted to
—0y [58, 59]. We then used the relation

R :U*gs —14n e e —14+n g :u(2:s e e

SJ/Q 111?—287) (].—Z) 71“(77) == (1—2) SJ/Q 1H7B2(1_Z)2 —2677 F(T]) .
(3.35)

The NLL exponentiation factor M in eq. (3.34) is
2
M(,U'f, He, ,UJCS) = _231"(,“0, ,UJCS) —In FZGF(MCa Hcs)
Crp[3+b, as(uy) = 20 as(py) ]

—— In + In , 3.36
/80 1 + b O‘s(,u'c) 1 + b as(ﬂcs) ( )

where Sr and ar are

ag Qs / ai
Selnoe) = [ g Tolos) [7 s arGum) = [ o). (37
Here a2 = as(p1,2), and b(a) = dag/dInp = =205 Y 1 Br(as/4m)k1 is the QCD beta
function with 5y in eq. (3.36) the leading coefficient. Finally the evolution parameter 7 in
eq. (3.34) is 1 = 2ar(uy, pies), which is positive for py > pcs.

In figure 3(a), we show the resummed results of the b quark FFJs near threshold for
ete™ annihilation at Z pole for various choices of the jet radius R (solid lines). The results

~15 —



Dyy(2) Dy,(2)

(b)

Figure 3. The b quark FFJs near threshold for eTe™ annihilation at Z pole. The maximal energy
for the heavy quark jet and the factorization scale for the FFJs are respectively ET** = myz/2
and gy = mgz. In (a), the b quark FFJs with R = {0.1,0.2,0.4} are illustrated (solid lines) and
compared with the results in the massless limit (dashed lines), while (b) shows the variance of the
FFJs (with R = 0.4) for different choices of the factorization scale.

have the accuracy of NLL/, i.e., NLL in resummation plus NLO in the fixed order results.
As R increases, the FFJ becomes sharper and the distribution is populated in the region of
larger z. We also show these results in the massless limit (dashed lines). The inclusion of
the nonzero heavy quark mass significantly enhances the results compared to the massless
limit. In figure 3(b), we show the factorization scale (;r) dependence of the FFJ, which
can cancel if we combine the FFJ with other factorized functions such as a hard function
and possibly jet functions in other directions.

Unless we employ the factorization into the collinear and csoft parts shown in eq. (2.29),
we cannot properly resum the large logarithms of 1 —z. In this case, we may identify p. and
lies as a jet scale uy, and consider the following evolution from the jet scale to factorization
scale,

Doz = L, EsR ,ym, puy) = eXp[M(Mf,/JJ)]DJ/Q<Z — 1, EjR ,m,uy). (3.38)

Here the exponentiation factor M is given by eq. (3.36) with pe=pes=puJ, i.€., M(,U«fv )=
Mg, gy, peg). The heavy quark FFJ follows the naive DGLAP evolution with the anoma-
lous dimension shown in eq. (3.33). We may select the jet scale uy for the FFJ to be some
point between B and B(1 — z). (However, any single choice of p; cannot minimize all the
large logarithms in D/ of eq. (3.38).) In figure 4, we illustrate the large uncertainties in
such cases, where the upper (lower) bounds of the gray bands denote the FFJ choosing the
jet scale as B (B(1 — z)). Note that the scale choice of p; = B makes the FFJ blow up as
z goes to one in both figure 4(a) and 4(b).

In figure 5, we have estimated errors due to variations of u. and pcs in the resummed
results, eq. (3.34). In obtaining the error bands in figure 5, we varied p. and pes from
u?(:qcs)/ 2 to 2uY respectively, where ) are the default scales given by ul = B and pd, =
B(1 — z). As shown in figure 5(b), the errors for the top FFJ with py = 2 TeV and
E7#% =1 TeV are remarkably small, which may be due to the smallness of o, at this very
high energy scale.
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Dyy(2) 7 Dy (@) 20

© = my, BT =myl2 pp=2TeV, EP™ =1 TeV

0.80 0.85 0.90 0.95 1.00 0.80 0.85 0.90 0.95 1.00

(@) (b)

Figure 4. Uncertainties (gray bands) arising from choosing the jet scales between B (the upper
bound) and B(1 — z) (the lower bound) in (a) the b quark FFJ and (b) the top quark FFJ when we
employ the naive DGLAP evolution in eq. (3.38). The solid lines denote the properly resummed
results following eq. (3.34) based on the factorization shown in eq. (2.29).

Dyy(2) . Dy (2)
W =mg, E™ =my/2

. pp=2TeV, EP™ = 1 TeV

(@) (b)

Figure 5. The collinear and the csoft scale variations of the resummed results for (a) the b quark
and (b) the top FFJs as described in the paper. The solid lines in denote the results with the
default scales given by u. = B and pes = B(1 — 2).

3.3 Heavy quark jet production near threshold from ete™ annihilation

When investigating heavy quark jets with small R from eTe™ annihilation, the inclusive
jet cross section can be written using the following factorization theorem:

do Ldz x x
i Uo/ —~ {HQ(ZE Q* 1) Dy (ZQEJR,W%M) +Hy(%Q% 1Dy 0 (Z;EJR,WMH
Ldz 9 x
— 200 [ THo( QR mDyq (L EsRam.p). (3.39)

where o is the Born-level scattering cross section and @Q? is the center of mass energy
squared of the electron and the positron. In obtaining the second equality we ignored any
charge asymmetry. x is the heavy quark jet energy fraction,

2p;-q 2E; pJ
v _ ~ P 3.40
q? Q Q (3.40)
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where ¢? = Q?, with ¢ being the momentum carried by the photon or Z boson. The hard
scattering contribution, Hg(%), is normalized to 6(1 —z) at tree level, where z is the energy
fraction of the heavy quark. Since we will consider the () > m limit, we can suppress the
heavy quark mass dependence in Hg(z).

Near threshold where z is close to 1, the heavy quark FFJ can be factorized into Jg
and S/ as shown in eq. (2.29). Additionally, Hg(z) can also be factorized as [52, 60]

Ho(z Q% p) = H(Q, 1) Ju(z:Q, ). (3.41)

Here, the hard function H(Q) includes virtual hard interactions with fluctuations of Q2.
The inclusive jet function Jz(z) describes (hard-)collinear interaction in the opposite di-
rection of the heavy quark jet. The offshellness in J(z) is given by p3 ~ Q%*(1 — 2). To
NLO in a4, H(Q) and Jz(z) are

7

S O e Y P i
HQ,p) =1+ 5 <3111Q2 In o2 8+ ik (3.42)

0 = (1 — )4 O L5 B 2 T
Tz Qo) = 61— 2) + %5 {5(1 2) [21nQ2+1n 35

1 2 3
_ llz (21nQZ('lle)+2> +}. (3.43)

Finally, inserting eqs. (2.29) and (3.41) into eq. (3.39), we obtain the factorization

theorem for the inclusive jet cross section near threshold

1 do
— 2 _op E,;R /
P (Q, 1) IQ(E R ,m, ) i

Ldz
;Jﬁ('z;Qmu)SJ/Q(Z;EJR,amMU)' (344)

Based on this factorization, large logarithms of R and 1—xz can be simultaneously resummed
through RG evolutions of the factorized functions. The resummed result is

1 do -
oodr 2 exp[M(pn, fihes fies tes) | H (Q, pin) TQ(Es R ym, pe) (1 — ) =7
: Hie 5 Hes c
el e R R s e ] IS v R )

where p5, ~ @Q and ppe. ~ Q(1—x)'/? are the scales that minimize the large logarithms in H
and Jg, respectively. Note that the py-dependence shown in eq. (3.44) is exactly cancelled
in this resummed result. The evolution parameter 7 is given by n = 2ar(tne, fes), Which
is a positive quantity. J is the Mellin transform of J, with the NLO result

7w

3
L4+ LA+ - —— ). A4
(2 + L7+ 3 3> (3.46)

~ asCr
=Ll =1
J[] + 2

Finally, the exponentiation factor M in eq. (3.45) to NLL accuracy is

2 2
M(Nha Hhes He, /Lcs) = 4SF(;Uh> ,uhc) - 2SF(,Uca ,ch) + 2aF(Nha ﬂhc) In % - aF(,Uca Ncs) In %

Cr ( as(pn) | 3+b. as(un) | 20 og(pn) >
——(31In + In + In . 3.47
BO Qg (th) 1+0 Qs (Mc) 1+0 Qs (:UCS) ( )
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4 Heavy quark fragmentation to a groomed jet

As we have seen, the dominant contribution to the heavy quark FFJ comes from large
z region, and the (global) large logarithms of 1 — z in this region can be successfully
resummed through the factorization of the collinear and csoft contributions. But, if we
use a grooming procedure on the heavy quark jet in order to investigate its substructure,
the theoretical calculation of heavy quark fragmenting process can be severely modified
because some csoft gluon radiations inside the jet are removed in the grooming process. In
this and the following section, we consider a heavy quark fragmentation to a groomed jet
focusing on large z region. It will be interesting to see how much the grooming changes
the heavy quark FFJ in the large z region.

To be specific about the grooming procedure, we will consider soft drop [36]. For eTe™
annihilation it can be implemented as follows:

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

2. If the subjets satisfy the soft drop condition,

l’IliIl(Ejl R EjQ) (912)6
S ) , 4.1
Ej1 + Ejz et ( )

then take j to be the final soft-drop jet.

3. Otherwise redefine j to be the subjet with the larger energy and go back to step 1.

4. If j is a single particle or cannot be declustered further, we can either remove j
from the procedure (“the tagging mode”) or regard j as the final soft-drop jet (“the
grooming mode”).

Here we start with the ungroomed jet J with radius R defined by one of the kp-type
algorithms, and recluster the jet constituents into the subjets using the C/A algorithm.
012 is the angle between the two subjets. In hadron collision,® we use p‘; instead of Ej,
and 615 is replaced with AR = /Ay? + A¢?. If we choose the limit where the angular
exponent [ vanishes, the procedure becomes equivalent to the mMDT procedure [1]. So
the soft drop can be considered as a generalized mMDT procedure.

In eq. (4.1) the energy cut zcyg is usually set to be zeyy = 0.1, hence we will consider
the limit z.y < 1. As we apply soft drop to jets with small R, the parton or subjet that
fails to satisfy the soft drop criterion in eq. (4.1) can be regarded as csoft mode(s) in SCET.
If we have a single parton after declustering, we will keep it as a final groomed jet, i.e., we
adopt “the grooming mode”. Doing so we do not exclude any event, and it is adequate for
considering the fragmenting process to the jet.

3Since we apply the soft drop to a jet with small R, the groomed results do not modify hard interactions,
only the fragmenting processes. So our results on the heavy quark fragmenting processes in sections 4 and 5
can be immediately applied to hadron collisions with replacement E;R — pJR.
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4.1 Heavy quark jet fragmentation function to a groomed jet

To begin, let us consider the probability for a groomed jet to take energy fraction zg
compared to the ungroomed jet energy F;. We will call this probability function the “jet
fragmentation function (JFF) to a groomed jet”, which also provides useful information
on the energy loss when we groom a jet. The groomed jet energy differs from Ej only
when a radiated gluon inside the ungroomed jet has energy less than z.FE ;. Hence the
groomed jet energy fraction zg scales as ~ 1 — 2.y, and thus is close to 1. Therefore the
fragmenting process to the groomed jet from the ungroomed jet is dominantly described
by csoft interactions.

In refs. [6, 18], we formulated the differential cross section using the JFF for a given
jet energy or pr. Applying this formalism to the groomed jet from a heavy flavored jet,
we describe the differential scattering cross section over zg and Ej through the following
factorization theorem:

1 :

dECLll(CTZZG N /:UQEJ/Q CZZWD"Q“(Z; Bk, m)%c(zc), (4.2)
where @ is the center of mass energy of the electron and positron for eTe™ annihilation.
D, i is the fragmentation function to the heavy flavored jet [6], and ®¢ is the heavy
quark JFF to the groomed jet, which is determined by the csoft interactions. Note that
®; is a scale invariant quantity since the convolution of do/dE; and D Jo/i 1s already scale
invariant. If F; is not too close to @/2, the jet energy fraction over the parton covers the
full range of z, and D Joyi can be described by purely collinear interactions, while again
@ described by csoft interactions. Hence the factorization in eq. (4.2) basically holds to
all orders in ag.

Since the groomed jet involves an energetic heavy quark and the fragmenting process
can be described entirely through csoft gluon radiations, we can apply bHQET to ®.
Similar to eq. (2.28), ®¢ is defined as

1 v . cs cs
(263 zours By Rym) = Y oo Te=2(0] 6 (1= 26)p) — O - i, ) Vi Tha [ J6Xgy,)
XCS ¢
cs 7 CSTWf
<(Ja(P)y Pig = XG5l aYi 5 [0), (4.3)

where zg = p}rG / pj and Jg is the groomed jet. Oy, is the step function that equals one for
gluon radiations to the in-jet region of Jg and zero otherwise. Hence ©j, - 104 returns the
csoft momentum of the groomed gluon, i.e., the gluon to be dropped through grooming
process. Eq. (4.3) is normalized to §(1 — zg) at LO in .

In figure 6(a), we illustrate the phase space for the radiated csoft gluon in the one-loop
calculation of @ applying the soft drop with the angular parameter 8 > 0. The shaded
region denotes the groomed region, where zg can take values other than zg = 1. In other
regions, the contributions are proportional to §(1 — zg). Using the plus distribution on
the real emission contribution to the groomed region, regularizing the IR divergence as zg
goes to 1, the contribution can be written as

M (z¢) = 0(1 — z¢) ( da dkiMR(x,ki)> + { dk? Mgr(1 — 26,K3)| ,  (4.4)

gr gr +
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K2 4 ki
Out-jet In-jet
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Zcut
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Figure 6. Diagram (a) is the phase space of the csoft gluon in the one-loop calculation of ®¢ for
E;R 2 m. Diagram (b) denotes the phase space for the ultra-collinear soft (ucsoft) gluon radiation
when we consider the limit F;R > m for &g applying the soft drop with § = 0. Both the shaded
regions denote the groomed region, where the radiated gluon is dropped by the soft drop procedure.

where Mg (z,k?%) is the overall real emission distribution with z = k4 /p} and k%, with
k being the momentum of the radiated csoft gluon. In eq. (4.4), the subscript ‘gr’ in the
integrals represents the phase space for the groomed region, given by 0 < x < zqyt and
J:QE?]RQ(z/zcut)Q/ﬁ < k? < 2?2E%R?. In the groomed region x can be also given by 1 — zg.

If we combine the term proportional to 6(1 — zg) in eq. (4.4) with the other real
emission contributions outside of the groomed region, the integral of M R(:c,ki) over T
and ki covers the full phase space shown in figure 6(a). Hence the net contribution
proportional to §(1 — zg) from the real emission must cancel the virtual contribution to
®¢ due to unitarity. Therefore the remaining nonvanishing contribution to ®¢ at one loop
is given by the second term in eq. (4.4), which is

q)(cl)(zc) = [ dk? Mg(1 -z, k1)
gr

_l’_

_ aCF | O(zg + zeut — 1) I 1+ N b b
= — 2 - 2 )
s 1—z¢ (1—2c) /ﬁ—i—b 1+0b (1—Zc) /ﬁ—i—b
Zcut Zcut

(4.5)

where b = m?/(E%R?). This gives a nonzero value only when 2g > 1 — 2cut. As expected,
the result has no scale dependence (except in ;). Note that ®g has no large logarithm
since 1 — zg ~ zeut. Also note that even if we consider the limit 1 — zg < zeut, the growth
in ®¢ is reasonable due to the presence of b.

From eq. (4.5) we can also investigate the massless limit (b = 0), where the result reads

asCF g @(ZG + Zeut — 1) In Zcut ' (46)

Wi — ) —
g (zGim =0) = T B 1—z2¢ 1—z2¢]4
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Note that this result only holds for 5 > 0. If § = 0, eq. (4.6) has an IR divergence, more
specifically a collinear divergence, and hence a nonperturbative analysis is indispensable [39,
61]. However, in the massive case, eq. (4.5), is IR safe for § = 0, with the result

asCr [O(zg + zeut — 1) <ln 1+ 1 )

oW (s 5 —0) — _
o (763 =0) = — 1-2¢ b 1+b

(4.7)

Jr
If we consider the small b limit (E;R > m), large logarithm appears in eq. (4.7).
In order to resum the large logarithms through an additional factorization, we need to

introduce a submode of the csoft mode. We will call this mode the “ultra-collinear soft
(ucsoft) mode”, with the scaling behavior

2 2

_ m m m m
Pucs = (pjcwpd_csvpucs) ~ EJ(l - ZG) <17 FJ’ E%) ~ Ejzeut (17 EiJj E?]) . (48)

Here the largest momentum component, p{, is comparable with the csoft mode, i.e, pf, ~
pd. But the offshellness, p2 ~ (1 — zg)?m? ~ 22,,m?, is much smaller than the csoft
modes’ offshellness in this limit.

Using this to separate the csoft and the ucsoft modes in the limit E;R > m, we
factorize &g with 5 =0 as

Ldz & o [2G

Sa(2¢;6=0,E;R > m) = /zc — 8¢ (25 zeut, By R, 1) Ug . (Z; zcut,m,,u> , (4.9)
where Sg and Ug are the csoft and ucsoft contributions respectively. As shown in fig-
ure 6(b), the ucsoft mode scaling, eq. (4.8), does not recognize the jet boundary, since R is
much larger than m/E;. Therefore, in calculating Ug the upper limit of ki can be taken
to be infinity, resulting in an UV divergence. Since Sg is the matching coefficient between
® and Ug”c, and P is finite, Sg must have the same UV divergence as Ug, but with a
relative minus sign. To NLO in ay, the renormalized S and Ug} . are

In —5— 2
1—2 B3R (1—2)7 |,

O(z+ zeut — 1 2
( o )<1nm2(1“2)2_1>k. (4.11)

Combining the one-loop results in egs. (4.10) and (4.11), we recover eq. (4.7) in the limit
EjR > m.

Sg(z; Zcut EJRa M) = 6(1 - Z) -

_ 2
a,Cp [@(z—i—zcut 1) I 1 7 (4.10)

a,Cr

Ug,c(z§ Zeut, M, M) = (5(1 — Z) +

5 Heavy quark fragmentation function to a groomed jet in the large =z
limit

We now consider a heavy quark fragmenting to a groomed jet, which can be described
by what we will call the heavy quark fragmentation function to a groomed jet (FFGJ),
D, /q(2). Since zeyt in the grooming procedure is given to be small, the effect of grooming
can safely be ignored unless the energy fraction of the groomed jet over the heavy quark,
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Figure 7. (a): phase space for a radiated gluon in S;,/o. Here the shaded region is the inner
space of the groomed jet and the contribution is proportional to (1 — z). The contributions with
z # 1 comes from the outside of the shaded region. (b): the phase space for the ucsoft gluon scaling

as Pucs ~ Zeut By (1,m/E;, (m/Ej)?), which is decoupled from the csoft mode when we consider the
limit E;R > m.

z, is large. Therefore, in this section, we focus on the large z behavior of the heavy
quark FFGJ.

As we see in eq. (2.29), when we consider the heavy quark fragmenting to a jet in the
large z limit, the heavy quark FFJ can be factorized into iHQJF and S;/q. Instead of an
ungroomed jet, if we consider a groomed jet, the grooming effects will modify the csoft
function Sj/q. So, introducing a new csoft function including grooming, we formulate the
heavy quark FFGJ in the large z region as

Dj.q(z EjR,m, p) = Jo(E R, m, ,u)SJG/Q (25 zeut, EJR,m, 10). (5.1)

Since the ungroomed csoft function, Sj/g, describes the out-jet radiations, its one-
loop contribution does not feel the effects of grooming. Therefore, to NLO in «g, the csoft
function for the groomed jet can simply be given by

S10/Q 2 Zents By Rym, ) = 6(1 — 2) + 857 (2) + 01 (2), (5.2)

where the one-loop contributions, SS /)Q and <I>(G), have been obtained in egs. (3.26) and (4.5),
(1)

respectively. Since ®’ returns a nonzero value only in the region z > 1 — z¢y, S Jo/Q is
equal to SS /)Q in the region z < 1 — z¢y. Thus the grooming effects modify the original
heavy quark FFJ only in the region z > 1 — z¢y4.

For simplicity, we consider the grooming effects using the soft drop with g = 0. In
this case the fragmenting process in the massless limit becomes IR (collinear) divergent.
However, in the fragmenting process for a heavy-flavored jet, the heavy quark mass prevents
the divergence. In figure 7(a), the phase space for a radiated gluon in the function Sy, /g
is illustrated. Here the space inside of the groomed jet is denoted as the shaded region,

in which the contribution is proportional to §(1 — z) at NLO in «as. In the outer region
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the gluon splits away. In the massless case, we have a collinear divergence from the region
z € [0, zeut) at |k | = 0, which is regularized in the massive case by the heavy quark mass.

5.1 Factorization of the heavy quark FFGJ in the limit 1 — z < zcut

Since the grooming affects the region of z above 1 — z.y, we need to investigate this
region more closely. The dependence of z.y; in this region gives rise to an additional large
logarithm near the end point, i.e., In[zeut/(1 — 2)]. In order to handle the large logarithm,
we need to refactorize S;, /g in the region. Since 1 — z is much smaller than zc,t near
the end point, a new softer mode can be decoupled from the csoft mode. We call it the
“collinear-ultrasoft (cusoft)” mode, and it scales as peus ~ (1 — 2)E;(1, R, R?), while the
csoft mode in this region scales as pes ~ zeut E(1, R, R?).

The csoft mode near the end point cannot radiate out of the groomed jet; the available
phase space for the radiation is given by the shaded region in figure 7(a). The one-loop
contribution of the csoft mode is obtained by integrating over the shaded region,

00 xQEgRQ
S = / dx / dk? Mp(z, k%), (5.3)
0

Zcut

where Mpg(z,k?) is the real emission distribution in the csoft limit as described below
eq. (4.4). For the complete one-loop result, we need to include the virtual contribution.
But, when we factorize S, /o decoupling the cusoft mode from the csoft mode, we need
to subtract the cusoft contributions in the calculation of the csoft part. This is the con-
ventional matching procedure, i.e, the zero-bin subtraction. In this subtraction, the vir-
tual contribution cancels since the virtual contributions for both the modes are the same.
Therefore the one-loop result entirely comes from the integration of eq. (5.3), and the
renormalized NLO result for the csoft function Sg is

oxCr [( 140 1 oo
S - ’E R7 , =1 1 — _
¢ (zeut, Eg R, m, 1) o [(n b 1—|—b> nzgutE?]R2 ! 6
1 1
+§1n2b+L12(—b)—1n Jbrb (5.4)

When we consider the cusoft contribution in the factorization, we focus on the region
near z = 0 in figure 7(a), where x is equivalent to 1 — z. In this region, the split gluon
from the jet can radiate either inside or outside the jet. Furthermore, the gluon cannot
recognize zqyt since the cusoft mode is much softer than the csoft mode. Note that the cusoft
mode describes the same situation as the case of the (partonic) heavy quark fragmentation
function (HQFF). In the large z region, the HQFF can be additionally factorized into the
virtual heavy quark function and the shape function [52, 60]. The cusoft gluon here can
radiate into the full phase space like the soft gluon does in the HQFF. Therefore, the cusoft
contribution to one loop should be the same as the shape function for the HQFF and the
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Figure 8. FFJ and FFGJ for (a) bottom and (b) top quark jets near threshold, with no separation
between jet scale and heavy quark mass, i.e., EjR ~ myy). The black curves are FFJs and the
blue curves are FFGJs, with z.,, = 0.1, R = 0.4, and gy, = 0.5 GeV for the both solid black and
solid blue curves (ref. appendix B for the definition gy, in profile functions). In panel (a), the
dashed curve corresponds to pimin = 0.4 GeV in the profile function for the ultrasoft scale p,s, and
the dotted curve corresponds to pimin = 0.3 GeV. Note that for the top quark jet, the groomed FFJ
is insensitive to the exact value of piyin.

NLO result is thus

m2 12

1iz<lnm21—z )] } (5:5)

Here the large logarithms are minimized when p ~ m(1 — z).

) = 61— )+ 20 [sq oy L
Uens(z;m, ) = 6(1 —2) + - {(5(1 z) [lan 2ln ]

+

Since the cusoft function in eq. (5.5) can be given independent of knowledge of the
jet boundary (i.e., no R dependence), we can express the scaling of the cusoft mode more

m m?2
e~ (1= 2By (1,22 ) 5.6
D ( ) J< o E?] (5.6)

precisely as

This will be important if we consider the limit £ ;R > m. Finally, the factorization formula
for S;, /@ near the end point is

SJG/Q<Z — 15 zeut, Es R, m, 1) = S (2eut, By R, b, 1) Ucus (25 m, 1) (5.7)

Here the cusoft function is free of nonglobal logarithms. The dependence on the logarithms
resides only in Sg. Since the contribution to Sg comes from the region of z below 1 — zcyt,
the nonglobal logarithm effects from the grooming is limited [36, 62].

In figure 8, with accuracy NLL/, we show the comparison between FFJ and FFGJ for
bottom and top quark jets, in the limit 1 — 2z < 2y and with no separation of scale between
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E ;R and heavy quark mass m, where z.yt = 0.1. The factorization scale of both the FFJ
and FFGJ are set to be piy = E;. For the bottom quark jet, figure 8(a), the grooming effect
is large. However, the collinear-ultrasoft scale picys = mp(1l — 2) < 0.48 GeV (= mypzeyt) in
the limit 1 — z < z¢yt, S0 non-perturbative effects are significant. We have chosen different
profile functions to test this (for a detailed description of profile functions used in this
paper, please refer to appendix B; the purpose of the profile functions is to freeze the z-
dependent scale to a minimum value i, as z — 1). In figure 8(a), the solid, dashed, and
dotted blue curves corresponds to pmin = 0.5, 0.4, and 0.3 GeV, which shows the sensitivity
to non-perturbative effects.

In figure 8(a), we have interpolate the FFGJs with the FFJ in a tiny region (zcut —
0.05, zeut + 0.05), so that the FFGJs smoothly transform to the FFJ in the region z < zcyt.
This is fine since the factorization eq. (5.7) used here applies only to the limit 1 — 2z < zeyt.
For the top quark jet, figure 8(b), the cusoft scale m;(1 — 2) is still perturbative in the
limit 1 — 2z < zcut, as long as z is not too close to 1. Note that in panel (b) of figure 8,
EjR ~ 2my, so EjR can still be reasonably treated as the same scale of my, which justifies
the use of eq. (5.7). The more interesting case is when we impose the scale hierarchy
Ej;R > m, as discussed in the next section.

5.2 Refactorization of the csoft function S¢ when EjR > m

In eq. (4.9), when considering the limit E;R > m, we factorized the JFF to a groomed
jet, ®¢ into the csoft and ucsoft parts. Similarly for S in eq. (5.7), we can decouple the
ucsoft mode from the csoft mode, which scales as

2
m m
Pucs ~ ZeutFy (17 EiJj E%) . (5-8)
Since we are considering the limit 1 — z < zcyt, the ucsoft mode here does not contribute
to the actual distribution of z. Instead Sg in eq. (5.7) can be refactorized into the csoft
and the ucsoft parts

SG(Zcuta E;R > m, ,u) = SG,O<zcuta EjR, N)UG,ucs(Zcutv m, M)- (5-9)

Here S¢ o is the csoft function with the mode pes ~ zeut By (1, R, R?), and Ug yes is a newly
introduced ucsoft function.

Since the ucsoft gluon radiates over too narrow an angle to distinguish the jet boundary,
the upper limit of the transverse momentum to the heavy quark, |k, |, can be taken to be
infinity. The available phase space of the ucsoft gluon at one loop is shown by the shaded
region in figure 7(b). When we compute the ucsoft function to one loop, the virtual
contribution vanishes. Since the cusoft mode (pZ,, ~ (1 — z)?m?), which scales as eq. (5.6),
can be regarded as a submode of the ucsoft mode (p2, ~ 22,m?), the same virtual
contribution from the cusoft mode needs to be subtracted. Hence the complete one-loop
result can be obtained from integration of the shaded region in figure 7(b), and the NLO

result is

a,C TS TR .
U, =1+ —1-1 -1 . 5.10
Gues (Zeut, 1, 1) o ( " 22 m? Tam ER 1 (5-10)
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The csoft function Sg o in eq. (5.9) is the matching coefficient between Ug . and Sg in
the limit E;R > m. Hence, subtracting the one-loop result in eq. (5.10) from the result of
S in eq. (5.4) and taking the limit as m — 0, we can obtain the one-loop result of S¢ o,*

aCp [ 1, 5 p? 2
S EjR =1 ——In*" —5—=+—. 5.11
G,O(Zcuta JR, 1) + o ( 2 n 22 E?,RQ + 12 ( )

cut
The cusoft function, Ug s, is unchanged in the limit E;R > m. Therefore S;, /g in this

limit is given by

SJ(;/Q(Z — 15 zeut, By R > m, M) = SG,O(Zcuta EjR, H)UG,ucs(Zcut7 m, H)Ucus(z; m, M)'
(5.12)

5.3 Resummed results of the heavy quark FFGJ

We now turn to the resummed result of the heavy quark FFGJ, beginning with the as-
sumption EyR 2 m. As shown in eq. (5.1), the grooming modifies the soft function by the
addition of a new csoft function in the factorized form. We can write

D0z = LE;R,m, pu) = Jo(E R, m, 11)S;,0(z — 15 EjR,m, uy) (5.13)
= jQ(EJRamaH)SG(ZcutyEJR7 b, 1) Ucus(z — 1;m, p).

The resummation of the iHQJF, Jg, was discussed previously. We have

Jq(py) = exp[Me(pg, pe)| T (pe), (5.14)
where )
Me(pyps pe) = 28r(pg, pe) + ar(pg, pe) In % + a5, (pys pe), (5.15)
with

as Je) = ———1n — 5.16
'Yc(:u’f H ) 50 as(/«‘c) 1 —I—b ( )
Turning to the resummation of the soft pieces, from eq. (5.4), we obtain
SG(,Uf) = eXp[Mcs(ﬂfa MCS)]SG(MCS)7 (5.17)
where
2Cr . as(uy) { 1+b 1 ]
cs y Hes) = Q4 s Mes) = — 1 — . 5.18
Mes(pg; pres) = e (s pes) T Pl L e s (5.18)

Since we are interested in the z — 1 limit, we take the Mellin transform of Ug s, in the
large N limit, obtaining

Ucus(N; EgR,m, 1) = 1 + (5.19)

m?2 2 m2 12"

asCr lm PN 1GNP h 2]
21 ’

4The result can also be obtained from the integration of the shaded region after subtracting the region
shown in figure 7(b) from the one shown in figure 7(a).
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This is resummed by

Ucus(NV; Nf) = eXp[MCHS(Mfa NcuS)]N_nU UcuS(Na feus), (5.20)
where
12
Mcus(,ufa Heus) = _QSF(va feus) — In mij;al“(ﬂfa feus) + AFeus (Nfa Heus)s (5.21)
with o0 (p)
F Qs (U f
as,. (ff, = — In , 5.22
Ycus (/'Lf /*LCUS> 50 as(,ufcus) ( )
and
nu = 2ar (K, feus)- (5.23)
Combining everything, we obtain
D,z = L ERm up) = Jo(EsR,m, pug)S . 0(2z; EyR,m, puy) (5.24)
= eXp[M(:ufa ey Hes ,ucus)]jQ(EJR, m, ,LLC)(l — Z)_H_77
% S (e By R iee) T |10 e gy | €
z n— ——— — _—
G\Rcut, L2 11, 0, Hes )Ucus m2(1 — 2)2 n F(ﬂ) ;
where
m? m?
M(Nfaﬂcaﬂcsy,ucus) = 728F(MC?MCUS)+IH ?aF(,ucy,ucus)“i’ln ?af(ﬂfaﬂc) (525)
Cr [34+0b, as(uy) ( 1+b 1 ) as(py) as(py) ]
—— | —1 2(1 — 1 2ln ——~
Bo |10 "ot T\ T T4 M) alaens) |
and n = ny.

We now turn to the region where E;R > m, in which case we can further factorize Sg,
as shown in eq. (5.9), with the addition of the new ucsoft function Ug yes. This modifies
the above to be®

Djsi0(z = LER,m, up) = Jo(E R, m, pug)Sss 02 EsR,m, puy) (5.26)
= exp[./\/l (,L}va Hey Hess Hucs ,Ucus)]jQ(EJRa m, ,U’C)SG,O(ZCH\H LR, ,u’CS)
2 —YEN
—1 7 Heus €
X(liz) Jr77(]@_]ucs(Zcutale.uucs)U'cus lnm 72877 Wa
where
12
M(Nfa Hey Hesy Hucs Ucus) = _2SF(N07 Ncs) - 2SF(IU’UCS7 ,Ucus) —In ETCRG’F(/’LC7 Ncs)
J
1 Hucs 1 2
—1n m2 aI‘(,chs; Mcus) — N 2.t aF(MCSa Ucus)
C
i (3 n Qo) 20‘5(“‘“)) . (5.27)
50 Qg (,U’C) Qg (chs)

SHere the heavy quark mass dependence in iHQJF Jq can be safely ignored.
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Figure 9. FFJ and FFGJ for top quark jets near threshold, with a hierarchy between jet scale
(size) and heavy quark mass, i.e., E;jR > my. In this figure, E; = 2TeV and 2., = 0.1. Panels
(a), (b), and (c) show different choices of the jet radius R = 0.2, 0.4, and 0.6, respectively.

In figure 9, we show the comparison between FFJ and FFGJ for top quark jets when
there is a large difference between E;R and heavy quark mass m;. Here the FFJs and
the FFGJs at NLL' are plotted with different jet radii; R = 0.2, 0.4, and 0.6, respectively.
The error bands are obtained by varying the natural scale u; of each factorized function in
eq. (5.26) between p;/2 and 2u; and summing the errors in quadrature. Since E; = 2TeV,
the jet scales EyR = 0.4, 0.8, 1.2 TeV are well above the top quark mass. As both the FFJ
and the FFGJ depend on the factorization scale, we again set it as j1y = E;. In comparison
to figure 8(b), due to the large difference between E;R and my, grooming effects become
more significant. Moreover, for a fixed jet energy, the larger the jet radius is, the greater
effect the jet grooming has. The reason is that a larger jet radius means more soft gluons
will be enclosed in the jet and consequently more gluons are available for grooming.

5.4 Cross sections for groomed jets near threshold

Similar to eq. (3.39) for ungroomed jet cross sections in e*e™ collisions, the factorized form
of the groomed jet cross section for eTe™ collisions can be expressed as

Ldz 9 T
=200 [ THo (5% n) Duyq (L BsRom.zeusn) (5.28)

with the FFJ replaced by the groomed FFJ. In the following, we numerically study the
groomed jet cross sections in the limit (1 — 2) < 2. and m < EjR, where eq. (3.34) for
the groomed FFJ is used in eq. (5.28) for the groomed jet cross section. The final form of
the factorized groomed cross section in the limit (1 — z) < 2. and m < E R is

—— =2 eXp[M (,Lbh, Hhes Bey Hesy Hucs Ncus)]

X H(Q7 Nh)jQ (EJR7 m, /’LC)SG,O (ZcutEJR7 ,ch) UG,ucs (Zcutm7 Nucs)
e—EN

Ty 629

—14+n § M%L F T
X (1 — I) nJﬁ lln Wix) — 877‘| Ucus |}1’l m — 2877
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Figure 10. Comparison between ungroomed and groomed jet cross sections of top quark jets in
electron-positron collisions. The black (blue) bands are groomed (ungroomed) jets with resumma-
tion with NLL/ accuracy, and the black (blue) dotted curves are groomed (ungroomed) jets with
the fixed order NLO calculation. (a), (b), and (c) correspond to different jet radii, R = 0.2,0.4, and
0.6, respectively. The center of mass energy is Q = 4 TeV and the jet energy is E; = /2 = 2TeV.

where 7 = 2ar (lne, fieus) and the RG evolution factor M is

M(Mha Hhes Hey Besy Hucs Ncus)
2

= 4SF (Nha th) - QSI‘ (Mc; Ncs) - QSF (Mucs; Mcus) +21In %GF (/'Lha /'Lhc)

2 2
—In EéLE%Q ar (Mw Mcs) —In l:::;s ar (Muc& Mcus) —In ZgutaF (Mc& Mucs)
J
_Cr <3 I 20) gy ) oy O‘(“““)> . (5.30)
/80 o (th) «@ (,Ufc) « (,U/cus)

In figure 10, we show the comparison between ungroomed and groomed jet cross sec-
tions for top jet production in electron-positron collisions. The center of mass energy is
@ = 4TeV, so the top quark jet energy is 2 TeV, which is the same jet energy that was used
of figure 9. With this choice, the scale separation E;R > m; is manifest and the factorized
formula eq. (5.29) is applicable. The error bands are obtained by varying the natural scale
p; of each factorized function in eq. (5.29) between p;/2 and 2p; and summing the errors in
quadrature. The groomed jet cross sections share the same features as that of the FFGJs
shown in figure 9, i.e., the grooming effects are significant near threshold, and the larger
the jet radius, the greater effect of the jet grooming. As we consider jet cross sections for
the case EjR ~ my, the grooming effects are rather small, similar to figure 8(b). Also the
error bands of the ungroomed and the groomed jet cross sections almost overlap in this
case since the errors at the cross section level (i.e., the combination of the errors for many
factorized functions) are large.

The dotted curves in figure 10 are the fixed order NLO results. Since the cross section
is renormalization scale independent, the dependence on p for the fixed order results is
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only present in ag(u), where we have chosen p to be the hard scale @. In contrast to
resummed results (black and blue bands), the fixed order cross sections become divergent
as x approaches 1, and near the endpoint they are approximated as

oo \dz gy = w 1f:an2(17x) T lfxn(EJR)Q(lfx)’ ‘

1 /dog asCp 1 Q?
— [ == R~ | 5.32
00<dx)ﬁx T 1—;1:nm2(1—:v)’ (5:32)

where ¢ and og are the ungroomed and groomed cross section respectively. Figure 10
also shows that the fixed order results of the groomed cross sections are larger than the
ungroomed ones unrealistically, which can be confirmed from egs. (5.31) and (5.32) as well.
This also shows that resummation is essential to the formulation of the groomed jet cross
section given in this work.

6 Conclusion

In this paper, we studied the process of a heavy quark fragmenting into a jet in the endpoint
region where the jet carries almost all of the energy of the initiating heavy quark, i.e., z ~ 1
where z is the jet energy fraction of the fragmenting parton. This analysis employs the
heavy quark FFJ, initially introduced in ref. [6]. (The FFJ was originally introduced for
the massless case in ref. [18] and then studied in the endpoint in ref. [20].) We are able
to simultaneously resum logarithms of the jet radius R and 1 — z using Soft Collinear
Effective Theory, or more accurately SCET);. In the endpoint region, to describe the csoft
interactions of the heavy quark, it is useful to match this effective theory onto boosted
heavy quark effective theory, which we do in detail. From the resummed result, we show
that there are numerically significant corrections to the lowest order result.

One of the advantages of this analysis is that we can use the formalism to investigate
heavy quark jet substructure, which we do by calculating the heavy quark fragmentation
to a groomed jet, using the soft drop [36] grooming algorithm as an example. In order to
account for the grooming procedure fully, we must introduce a collinear-ultrsoft (cusoft)
mode, which is sensitive to the region with z > 1 — 2, in the grooming algorithm. Then,
by considering the heavy quark fragmentation function to a groomed jet in the large z limit,
we are able to additionally resum large logarithms of z¢yut/(1 — z). We show that there are
again large numerical corrections in the endpoint from this procedure when compared with
the analysis on the ungroomed jet.

A nice feature of this analysis using grooming is the heavy quark mass makes the
soft drop algorithm IR finite. This allows us to perturbatively calculate the corrections
and resum the logarithms from grooming except for the extremely close to the endpoint,
1 -z < Aqep/m. Comparing the sizes of E;R' and m, we investigate both the grooming
analyses for EjR' ~ m and for E;R' > m. For the E;R' > m kinematics, we refactorize
the (original) csoft function introducing the ultracollinear-soft (ucsoft) mode. With this
refactorization we can additionally resum the large logarithms of E;R'/m.
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Finally, as an application, we calculate the rate for eTe™ collisions to produce a heavy
quark jet in the endpoint region, comparing the groomed and the ungroomed results. For
specificity, we looked at a hypothetical 4 TeV machine producing top quark jets. We find
that the grooming procedure has a sizable effect close to the endpoint. It would certainly
be exciting to be able to test this out at a future collider.
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A Construction of bHQET

In this appendix we consider a direct construction of the bHQET Lagrangian from SCETy;.
The SCET) Lagrangian is [44]

Escrty = & [n D PP Zté” —m .17;1)?5”
ST 1%
+m€n l@L; 7. ZD:| §§n (Al)

We first separate csoft interactions from collinear interactions by writting the covariant
derivative as D* = D# + D*, where D* is the csoft covariant derivative. We then integrate
out the collinear modes (gluons). Finally, the SCET massive quark field is matched onto
the bHQET field as shown in eq. (2.21).

The resulting bHQET Lagrangian is

V. - m . .
EbHQET = T {hn (U +iD_ + ZZDJ_
+

- i) S (A.2)

2
ﬁh}
277/ I

where Dy =n-D and D_ =n-D. vy =0 -v ~ 2E/m is power-counted as O(1/\), and

mug + 1D
2

—hp——————=hp+h

"muvy +iDy 2 n tlin

m

iﬁJ.?

muy + 1Dy

the velocity v has been expressed as (vint +7n*/vy)/2 with v set to zero. The scaling
of the csoft derivative D* is (Dy, D1, D_) ~ 2En(1, A, \2).
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Expanding the propagator,

L _ ! ll G (iD+>2 +(’)(n3)1 , (A.3)
N

mvy +iDy  mu mug muy

we rewrite eq. (A.2) to O(n) as

Uy - . 1D
LyHQET = ?Jrhn (ZD_ + T;
+

7
) ~hn (A.4)

Lo .. (iDL)*> [ iDL\ 7%
—|—2mhn (’Llpj_zwj_ - U_Q,'_ - |:'LZDJ_, v th.

The term in the first line is the leading Lagrangian, which can be re-expressed as

L opT = hnv - iD%hn. (A.5)

Using leading equation of motion from (A.5), we have the relations

- 5 i
DiTp — yip Pp B I TG (A.6)
’U+ 2 2 2 ’U+ 2

%
where z'g“ = —1 0" + gAF. Applying eq. (A.6), we can further simplify the subleading
terms in eq. (A.4),
2

iDL\ 7
Zh,
):

Z@J_a v
_ 124 ey 4
Fn [(z’D)2 +g (Ui + 2 w) GM”] Zh, (A7)

(iD4)?
2

1Dy
Ut

R, (uplum - - [UDJ_,

R, (iD+iD_ + i ilp) —

2 (0N 2

where o/ = i[y//,4]/2, and we used the relation [iD#,iD"] = igGH”.
Finally, the bHQET Lagrangian to O(n) is given by

24 AV

Lonqur = Fnv - z‘Dzhn +oin [(iD)Q +g ("; T m@}) GW] Z[hn. (A8)
The subleading kinematic term (iD)? is connected to the leading Lagrangian by reparam-
eterization invariance, since v* — v* + iD*/m [63]. So this term has no higher order
corrections in «g nor any nontrivial renormalization. On the other hand, we expect that
the chromomagnetic term with G, to have higher order corrections and will need renor-

malization similarly to standard HQET.
Since the bHQET field h,, has a different spin property from the standard HQET field
hy, the relation between the two fields needs to be investigated. In order to do so, we first
consider the reparameterization invariant (RPI) combination for both fields. Note that
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in order for the combination to fully preserve the reparameterization symmetries, it must
reproduce the form of the full theory quark field (with a large phase removed). Therefore
the combinations for both fields should be equal to each other.

Since h, has been matched from &, in SCET);, we can find the form in bHQET from
SCET). In SCET)y; the RPI form is given by [46, 64, 65]

7

b+~ (iP+m) Do (4.9)
To this, if we apply the matching relation, eq. (2.21), the RPI combination of the bHQET
field is 7
Uy .
— |h _ =hn| . A.10
V2 |t ey wip, P ) S (4.10)

This combination should be equal to the standard HQET combination, given by

1;¢hv—l— 1;¢Hv, (A.11)

where H, satisfies ¥ H, = —H,, and is power-suppressed by 1/m when compared with h,.
Therefore, applying the projection (14¢)/2 to eq. (A.10), we have the following relation

149 Juy

h B —
Y 2 2 ( muy +iDy

(D, + m)z) I, (A.12)

where v has been given in eq. (2.20). Expanding to O(n?), we obtain

hy = 2 (1 + 17{) [hn L (upl + im) hn] : (A.13)

2 vy 2 2m vy

where the second term in the square bracket is suppressed by 7. Hence, to leading order

= ( _W)hv. (A.14)

vy vy 2

n, hy is given by

Substituting eq. (A.14) into eq. (A.5), we reproduce the leading HQET Lagrangian as

2 _ -
hnv - iDz[hn = —hy- iD%hU = hyv - iDh,,. (A.15)
2 V4 2
where the second equality is obtained from the relation

92 - _ 2 -
Sy z‘D@hv = 2hyv - iDhy — —hyv - iDLh, (A.16)
V4 2 V4 2

The subleading Lagrangian at LO in «y for the standard HQET is given by [66]
1 1 - 1 7 . g7 v
Lider = ~ 5P hy = 5 Ro(iD) ho + Sho™ Gt (A.17)

where the chromomagnetic operator containing G, has nonzero corrections at higher order
in ;. From eq. (A.17), it is straightforward to obtain eq. (A.8) using the leading relation
in eq. (A.13).
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Hes(2) (GeV)

Figure 11. The profile function for the z-dependent csoft scale as appears in eq. (3.45) where
E2R? + m? with E; = 50GeV, m = 4.8GeV, and R = 0.4. Here fuyin is set to be 0.5 GeV.
The solid, dashed, and dotted curves correspond to ug = B, 2B, and B/2, respectively.

B Profile functions

For a z-dependent scale like the csoft scale ucs = B(1 — z) that appears in eq. (3.45), the
scale becomes non-perturbative as z approaches 1. To enable numerical evaluations, we
freeze such z-dependent scales to a certain value pmin using the following equation,

wo(l — z), for z < x;

B.1
pmin + apo(1 — 2)2, for z > . (B.1)

Nproﬁle(z) = {

where pg is po = B = \/E3R? + m? for the csoft scale, or yy = m for the usoft scale, and
x and a are fixed by requiring piprofile(2) to be continuous and smooth (differentiable) at x.
When the scale variation for a relevant function is evaluated, ug varies between p/2 and
2u0. As an example, the profile functions for the csoft scale is shown in figure 11.
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