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We study the soft gluon radiation effects for the s-channel single top quark production at the LHC. By
applying the transverse momentum dependent factorization formalism, the large logarithms about the small
total transverse momentum (g ) of the single-top plus one-jet final state system are resummed to all orders
in the expansion of the strong interaction coupling at the accuracy of next-to-leading Logarithm (NLL).
We compare our numerical results with PYTHIA and find that both the ¢, and ¢* observables from PYTHIA
are consistent with our prediction. Furthermore, we point out that the soft gluon radiation effects from the
final state become significant in this process, especially for the boosted kinematical region.
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I. INTRODUCTION

Single top quark production is an important source of top
quarks at the Large Hadron Collider (LHC). There are three
production modes, s-channel, z-channel and tW associated
production. In addition to measuring the V,, Cabibbo-
Kobayashi-Maskawa (CKM) matrix element [1,2], they
are also sensitive to different kinds of new physics (NP)
models beyond the standard model (SM) [1-35], such as
new heavy gauge boson W' [16-18], fermions [21-23],
scalars [19,20], and Wtb anomalous couplings [1,24-38].
Compared with the f-channel and W associated produc-
tion, the s-channel single top quark event is more sensitive
to NP effects induced by heavy resonance states. Therefore,
precisely study the single top quark production processes
at the LHC become a vital task to test the SM and to search
for new heavy particles. Recently, both the ATLAS and
CMS Collaborations have conducted search for new
particles through s-channel single top quark event at the
13 TeV LHC, and concluded that their masses should be
larger than about TeV scale [39,40].

To further test the SM and search for NP through the
single top quark processes, we should improve the accuracy
of the theoretical prediction on its cross section and
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kinematical distributions. The next-to-leading-order (NLO)
QCD correction to the single top quark production has been
widely discussed in the literatures [41-56]. The dominant
part of the next-to-next-to-leading-order (NNLO) QCD
corrections to predicting the detailed kinematical distribu-
tions, including proper spin correction, in s-channel and
t-channel single top events, have also been discussed in
Refs. [57-60]. To go beyond the fixed-order calculations,
the threshold resummation technique is also widely dis-
cussed to improve the prediction on the single-top inclusive
production rate [61-67]. The accuracy has reached to
the next-to-leading-logarithm (NLL) and next-to-next-
to-leading-logarithm (NNLL). Recently, the transverse
momentum resummation formalism was proposed in
Ref. [68] to improve the kinematical distributions of
t-channel single top events. It shows that the sub-leading
logarithms from the color correlation between the initial
and final states play an important role when the final state
jet is required to be in the forward region, where the
resummation prediction is noticeably different from the
PYTHIA parton shower results. Motivated by this, it is
important to check on the kinematical distributions of
s-channel single top quark events predicted by PYTHIA.
In this work, we apply the transverse momentum depen-
dent (TMD) resummation technique to study the kinematical
distribution of s-channel single top quark events,

p—|—p—>Wi*—>t(f)+jet+X. (l)
The large logarithms In(Q?/4¢?% ), with Q > ¢, have been
resummed to NLL accuracy, where Q and ¢, are the

invariant mass and the total transverse momentum of
the top quark and jet system, respectively. The TMD
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resummation framework has been widely discussed in the
color singlet processes [69—71]. For the processes with more
complex color structures, like the heavy colored particle
production was discussed in Refs. [72-74]. Recently, the
TMD resummation formalism has been extended to discuss
processes involving multijets in the final state; e.g., dijet
production [75,76], Higgs plus one and two jets production
[77-80], Z boson and jet associated production [81] and
t-channel single top quark production [68]. The soft gluon
radiation from the final state will generate additional large
logarithm In(Q?/¢3 ) when gluons are radiated outside the
observed jet cone. Such logarithms can be resummed under
the modified TMD resummation formalism. As to be shown
below, the location and height of the Sudakov peak, in the g |
distribution of s-channel single top quark events, strongly
depends on the final state soft gluon radiation. Its effects
could be enhanced largely when we focus on the boosted
kinematical region of the final state. In contrast to the
findings in the 7-channel single-top production process, we
find that the resummation calculation in the s-channel single-
top process agrees well with PYTHIA prediction.

II. TMD FACTORIZATION

The differential cross section for pp — W** — #(7) +
jet+ X can be written as

d*c
d)’zddePﬂdQQL

>

—ig b
5€ 1 Wab—>t](xl » X2, b) + Yab—»tJ ’

(2)

where y, and y,; denote rapidity for the top quark and the
jet, respectively; P;, and g, are the transverse momenta
of the jet and total transverse momentum of the top quark
and the jet system, i.e., g, = I3t 1+ P 71, respectively. The
W by term contains all order resummation and Y,;,_,,;
term accounts for the difference between the expansion of
resummation part and the fixed-order corrections, and xy,
X, are momentum fractions of the incoming hadrons carried
by the partons,
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where 1 = §/(8 — m?), R denotes the jet cone size of the
final state jet. Both the loop correction and jet function have
been included in the above hard factor. For the jet function
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where m, and S are the top quark mass and the squared
collider energy, respectively.

The all order resummation result for W-piece can be
written as

Wapors (X1, 22, b) = x1 f o (x1, up = bo/b..)

X X[, (X2, p = bo/b,)

X = S5ua(Q res:b.) =F np(Q7.D)

X Hab—»t] (ﬂResv ﬂch)Sab—nj(bO/b*)’

(4)

where Q% = § = x,x,S, by = 2¢77E, with yp being the
Euler constant, f,,(x, ux) are parton distribution functions
(PDFs) for the incoming partons a and b, and pge, and pge,
represent the resummation and renormalization scales

respectively in this process. Here, b, =b/\/1+b?/bZ.,
with b, = 1.5 GeV~!, which is introduced to factor out

the nonperturbative contribution e~7(@"%) arising from
the large b region (with b > b,) [82-85],

b
Frp(Q%b) = gib* + ¢, lngln—,
QO b*

(5)
where g; =0.21, g, =0.84 and Q3 =2.4 GeV? [85].
H,_, and S, _,; are the hard and soft factors for this
process. Similar to the #-channel single-top production
process, there are two orthogonal color configurations in
the s-channel single-top production process and the resum-
mation calculation should be carried out in the color space
with matrix form [66,68]. However, since the color-octet
component in this process is much smaller than the color
singlet component, we shall only include the color singlet
component in our calculation as to be shown below. By
applying the Catani-De Florian-Grazzini (CFG) scheme
[86] and the TMD factorization in the Collins 2011 scheme
[87], we obtain the hard factor H,;,_,,;, at the NLO level,

sn
m? 2

] +6HW, (6)

mt

3tk , 4215

I
calculation, the dimensional regularization and anti-k; jet
algorithm are adopted in our calculation [76,88], and an
off-shell mass is assigned to the light jet to regulate the light

034008-2



TRANSVERSE MOMENTUM RESUMMATION FOR ...

PHYS. REV. D 99, 034008 (2019)

cone singularity in the soft factor calculation. The different
treatment of the jet part in the jet function and the soft factor
leads to a finite contribution in the hard factor, which does
not depending on the ]et size. Numerically, it is found to be
approximately 5+ C F”6 for quark jet [78]. This additional
factor has been considered as part of H'!). The leading
order hard matrix element is,

g'1(i —m?)

MWUﬁ%)4C epe
S —

|V11| |th

()

where g is SU(2), gauge coupling. The CKM matrix
element V;; needs to change for the corresponding incom-
ing partons and my, is W-boson mass. The H'!) term is
not proportional to the leading order matrix element,

1 g*Cpm? i m?
sH =% L R | — Vil [V, (8
27r4(s— %V)zﬁn§—mz2| wdl* Vo (8)
where = (p, — p;)? and &t = (p; — pj)*

The Sudakov form factor Sg,4 resums the leading double
logarithm and the sub-leading logarithms,
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where the parameters A, By, B,, D; and D, can be
expanded perturbatively in a;. At one-loop order,

3
A:CF%, :_CF %
7 2z’
o a
B, =-Cr=2, D, =D, =Cr=—, 10
2 an_ 1 2 F277; ( )

with Cr =4/3 in QCD interaction. In our numerical
calculation, we will also include the A contribution since
it is associated with the incoming parton distributions and
universal for all processes [86]. The coefficients A and B,

|

(a) — (b) —

jet

FIG. 1.
the NLO.

Feynman diagrams contributing to the soft functions at

come from the energy evolution effect in the TMD PDFs
[89], so that they only depend on the flavor of the incoming
partons of the leading order scattering processes. The
coefficient B, describes the soft gluon emission from the
final state top quark. The factor D; and D, quantifies
the effect of soft gluon radiation between the top quark and
jet in the final state.

The soft function S,,_,;(x) at the scale u can be
calculated based on the method in Ref. [76]. At one loop
order, it is

1
Sizb)—m/ (M)

a; Q*—m; Q*-mi| (bl
=——Cp|-1+1 1 In
a, m?
e 1

Hence, Sélb)_w(bo/b*) in Eq. (4), evaluated at y = b/ b,, is

(11)

2

(1) _ % ny
Sapis(bo/by) = _ECF [Inm‘f'lm}’ (12)

where the first term originates from the contribution of the
final state top quark line, as shown in Fig. 1(a), and 734
represents the contribution of soft gluon radiation between
the final state jet and top quark lines as shown in Fig. 1(b).
In the narrow jet approximation; i.e., P; | R — 0, I34 can be
written as
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2 2 p2 2 24 2 _ 4 2 2 2
S—m P; R m m;s 2m; — 3§ m m 7
+2In Lin—— +1 L In=L -2 In— 2Li L 4+0(-), (13
2m? —§  §—m? 2m? —§ m?>—5§ 2m?—3§ 2§—m,2 3 () (13)
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where the (- - -) term contains contributions proportional to
P; R, and will be included in the following numerical
calculation.

We should note that the nonglobal logarithms (NGLs)
could also contribute to this process. The NGLs arise from
some special kinematics of two soft gluon radiations, in
which the first one is radiated outside of the jet which
subsequently radiates a second gluon into the jet [90-93].
Numerically, the NGLs are negligible in this process since
it starts at O(a?) [94]. Therefore we will ignore their
contributions in the following phenomenology discussion.

III. PHENOMENOLOGY OF SINGLE TOP
QUARK PRODUCTION

Before presenting the result of resummation effects on
the kinematical distributions of the s-channel single top
quark events, it is important to cross-check the total cross
section with the fixed-order calculation. In the resummation
framework, the NLO total cross section can be divided into
two parts, the small g region, which can be obtained by
integrating the distribution of the asymptotic part and
virtual diagram contribution, and the large ¢, part, which
is infrared safe and can be numerically calculated directly
[95]. Thus, the NLO total cross section is given by

2 virtual+real real
— [T 402 do\io © da doNio
ONLO = A + A2
0 q1 ) q1

(14)
where g, o = 1 GeV labels the cutoff of g, . In the above
equation, the integrand of the first term was obtained by
expanding the contribution from the W-term, cf. Eq. (4), up
to order ay, but without including the Y-term contribution
which is small for ¢, < 1 GeV. The numerical result of
Eq. (14) is found to be slightly different from the prediction
of MCFM with uge, = up = m, [96], ranging from 1.8%
for R = 0.4 to 0.3% for R = 0.2. Clearly, this discrepancy
arises from the narrow jet approximation we made in
our calculation. Following the procedure of Ref. [78],
we parameterize this difference as function of R:
H© % (~1.3R + 12.0R?) for the range of 0.2 < R < 0.6,

which has been included in H").
Figure 2 shows various differential cross sections of the
s-channel single top quark (a) and anti-top quark (b)

production at the VS =13 TeV LHC with CT14NNLO
PDFs [97], which were determined in the variable flavor
general mass scheme (VFGM) up to five flavors. Here, we
have included the contribution in which bottom quark is
one of the incoming partons and taken to be massless in the
constituent cross section calculations. The blue dashed line
for asymptotic piece, red dotted line for NLO calculation,
black solid line for our resummation prediction, and orange
dot-dashed line for the Y-term. The asymptotic piece is the
fixed-order expansion of Eq. (2) up to the a; order. In our
resummation calculation, the resummation scale (ug.) and

300
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FIG. 2. The g, distribution from the asymptotic result (blue
dashed line), NLO calculation (red dotted line), resummation
prediction (black solid line), parton shower Monte Carlo pre-
diction by PYTHIA8 (green solid line), and Y-term (orange dot-
dashed line) for the s-channel single top quark (a) and anti-top
quark (b) production at the v/S = 13 TeV LHC with |y,| < 3,
ly,] <3 and P;; > 30 GeV. The resummation and renormaliza-
tion scales are choose as y = figes = firen = My = (py + py)*.

renormalization (u,.,) scales are taken to be the invariant
mass of top quark and jet (m,; = (p, + p;)?). Similarly, the
renormalization and factorization scales are also fixed to
m,; in the fixed-order calculation. The cone size R = 0.4
and anti-k; jet algorithm are used to define the observed jet.
The following kinematic cuts are also required in our
numerical calculation, |y,;| <3, |y;| <3 and P, >30GeV.
In the same figure, we also compared to the prediction from
the parton shower event generator PYTHIAS [98] (green
solid line), which was calculated at the leading order,
with CT14LO PDF. The uncertainties of the resummation
predictions are estimated by varying the scale pres = fen
by a factor of two around the central value m,;, which is
shown in Fig. 3. Note that the uncertainty bands could
be slight different if we vary the resummation and renorm-
alization scales independently in the calculation. In Fig. 4,
we compare the prediction from our resummation calcu-
lation to PYTHIA by taking the ratio of their ¢, differential
distributions in Fig. 2. As shown, its ratio is not sensitive to
q , for either single top (a) or anti-top quark (b) production
when ¢, > 10 GeV, but not for the small ¢, region.

T T
100 (a) 100 (b)
> 80 E % 80F NEISER SO
(3 _
<) Q pp oW ST+jet
§ 60F 5 =13 Tev E é 60 F p=my, Pr.>30 GeV 3
o R 4 bl<3, Iyl<3
S 40 ' i1 S 40
5 =g, Py.>30 GeV _g
20 <3, Iyd<3 20
O Il Il Il Il Il Il Il Il Il Il
0 10 20 30 40 50 60 0 10 20 30 40 50 60
q.[GeV] q.[GeV]
FIG. 3. The scale uncertainties for the s-channel single top

quark (a) and anti-top quark (b) production at the v/S = 13 TeV
LHC with |y;| < 3, |y;| <3 and P;; > 30 GeV. The resumma-
tion and renormalization scales are varied from m,;/2 to 2m,;.
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FIG. 4. The ratio of the resummation and PYTHIAS prediction
for the s-channel single top quark (a) and anti-top quark (b)
production at the v/S = 13 TeV LHC with |y,| < 3, |y,| < 3 and
P;; > 30 GeV. The resummation and renormalization scales are
choose as 4 = Upes = flren = Myy-

Hence, they predict almost the same shape in g distribu-
tion, while they predict different fiducial total cross section
because PYTHIA prediction includes only leading order
matrix element and is calculated with CT14LO PDF. It
would also be interesting to compare our resummation
prediction with that from a parton shower Monte Carlo
event generator with NLO matrix element which is how-
ever beyond the scope of this work.

In order to estimate the soft gluon radiation effects
from the final state, we show various normalized W-pieces
predictions in Fig. 5. The red dashed line denotes the
W-piece prediction when we only keep the Drell-Yan-like
Sudakov factor; i.e., the parameters in Eq. (10) are changed
as D; =D, =0 and By = —3Cr% (labeled as “W-term
DY” in Fig. 5). The dotted black (labeled as “W-term cut”)
and solid blue lines label the results from the W-piece
including all the Sudakov factor with and without m,; >
1 TeV cut, respectively. It shows that the soft gluon
radiation effects from final state are significant in this

0.05 T T ul 0.05 T T T
F@) ] (b)
—_ [ —W-term 1 —_ —W=-term
T 004p —W-tempy ] T 0.041 ~-W—termDY ]
> [+ weeee W—term cut 1 > weeee W—term cut
Q b (5]
O 0.03 I 1 O 003K b
S [ S =13 TeV ] S S =13 TeV
= 0.02 [ *otjet 1 3 0.02 F “oi4jet ]
= 1 =57
k3 f = e
S i T, S i s 4
< 001 [F pmmg, PL>30 GV 1 ° 0.01 - pmmy, Pr>30 GeV
0.00 ‘\y’j|<3.‘ I,"v‘<3‘ ) ) ] 0.00 ‘\}'/\<3~‘ \y,|<3‘ ) )
70 10 20 30 40 50 60 70 10 20 30 40 50 60
q.[GeV] q.[GeV]
FIG. 5. The normalized W-piece prediction for the s-channel

single top quark (a) and anti-top quark (b) production at the v/S =
13 TeV LHC with |y,| <3, |y;] <3 and P;; > 30 GeV. The
red-dashed line denotes the W-piece prediction with only Drell-
Yan-like Sudakov factor, while the dotted black and solid
blue lines label the results from the W-piece with and without
m,; > 1 TeV cut. The resummation and renormalization scales
are choose as p§ = pires = Heen = M-

case, especially when we focus on the boosted kinematical

. 02—m? 0r—m?\ .
phase space region where the term (ln iz 7 +1n " ’) in
the Sudakov factor becomes large. Consequently, the ¢
distribution peaks at a larger value.

Similar to the #-channel single top quark production,
we can define the ¢* observable to study the soft gluon
radiation effects [68,99]. Since the ¢* only depends on the
moving directions (not energies) of the final state jet and
top quark, it might reduce the experimental uncertainties
and provide a better measurement for probing the soft
gluon radiation effects. The definition is,

¢* = tan (” _2A¢) sin 0y, (15)

where A¢ is the azimuthal angle separation in radians
between the jet and top quark. The angle 8 is defined as

cos 6 = tanh {771 ; m] , (16)

where 77; and #, are the pseudorapidities of the jet and top
quark, respectively. As show in Fig. 6, the prediction of
PYTHIA (black dotted line) and our resummation calculation
(blue solid line; labeled as “Res”) are consistent with
each other. However, if we only keep the Drell-Yan-like
Sudakov factor in the W-term, the ¢* tends to a smaller
value (red dashed line; labeled as “Res-DY” in Fig. 6). It
could be understood from the W-piece prediction in Fig. 5,
where the Sudakov factor from the final state soft gluon
radiation would push the g distribution to peak at a larger
q, value. Because large ¢, value corresponds to the large
¢* value, the final state soft gluon radiation would push
the average ¢* value to a larger value as compared to the
Drell-Yan-like Sudakov factor case.

06 FG ™I 06 T
— -Res—DY — E_.. Res—DY
8 e Pythia 8 Eol e Pythia
=) i =) [ ]
E 0.4 = Ys=i3 ey 4 E 04 Vs =13 Tev ]
=, pp =W Stjet =, r pp =W ot +jet
s p=myy N r p=my 1
% 02 b e Pr>30 GeV, Iy yl<3 ] E 02 k ....... P30 GeV, Iy, /<3 ]
= = s
S T LS T e

0.0 b TR 0.0 bt TR

0.0 01 02 03 04 00 01 02 03 0.4

FIG. 6. The normalized distribution of ¢* for top quark (a) and
anti-top quark (b) production at the 13 TeV LHC with |y, ;| < 3
and P;; >30GeV. The resummation and renormalization scales
are choose as y = pres = fren = M,y The blue solid and red
dashed line represent the resummation prediction with full
Sudakov factor and only Drell-Yan-like Sudakov factor, respec-
tively. The black dotted line labels the prediction from PYTHIAS.
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4r ; ;
[ —W-term
sl ---W-term DY
> 3r ]
S Vs =13 Tev
S | pp oW St+jet
2 oF | T p=my, Pr>30 GeVo o
o | R T T
'8 1”‘ My =2.5 TeV, Tyy:=0.03 my ™ wone, - .
0 10 20 30 40 50 60
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FIG. 7. The prediction for pp — W't — ¢+ jet at the /S =
13 TeV LHC with |y,| <3, |y,| <3 and P;; > 30 GeV. The
red-dashed line denotes the W-piece prediction with only Drell-
Yan-like Sudakov factor, while the solid blue line labels the result
from the W-piece with full Sudakov factor. The resummation and
renormalization scales are choose as y = pres = Hren = My -

IV. PHENOMENOLOGY OF TOP-FLAVOR
W' PRODUCTION

In many new physics models, extra heavy particles
would favor decay into top quark and jet, e.g., the W’ in
top-flavor models [16-18,100,101] or a charged Higgs H*
in the general two Higgs doublet models [14]. When
My g+ > m,, the decayed top quark and jet are highly
boosted. As we discussed in the last section, the Sudakov
enhancement from the final state soft gluon radiation would
become more important when top quark and jet are highly
boosted. In this section, we use the sequential standard
model (SSM) W’ as an example to discuss the final state
soft gluon radiation effects on the kinematical distribution
of the W’. Our results can easily be extended to the general
W’ new physics models. The effective Lagrangian related to
our study is

g . . l-y
L=-"=Vigiry——s—q;W". (17)

NG 2

The null result in the search of W’ via the single top
quark channel at the 13 TeV LHC by ATLAS and CMS
Collaborations impose a strong bound on my», which
should be larger than 2-3 TeV [39,40]. In this work, we

assume myy = 2.5 TeV and 'y = 0.03my, =75 GeV as
our benchmark point to study the soft gluon radiation
effects on the transverse momentum distribution of W’.

The W-term predictions with full Sudakov factor (blue
solid line) and Drell-Yan-like Sudakov factor (red-dashed
line) at the 13 TeV LHC are shown in Fig. 7. Clearly, the
soft gluon radiation effects from the final state jet and top
quark are important for the search of heavy resonance states
in s-channel single-top processes.

V. CONCLUSION

In this work, we studied the ¢ resummation effects for
the s-channel single top quark production at the LHC based
on the TMD factorization theorem. The large logarithm
In(Q?/¢%) was resummed by renormalization group evo-
lution at NLL accuracy. We also calculated the NLO total
cross section derived from the resummation framework,
while yields a slightly different result from the MCFM
prediction due to the usage of narrow jet approximation in
our resummation calculation. To ensure the correct NLO
total cross section, we have added an additional term
proportional to H® to account for the above difference
in our resummation calculation. A detailed comparison
between our theory calculation and PYTHIAS prediction was
also discussed. We find that both the total transverse
momentum (g ;) and ¢* distributions predicted by our
theory calculation agree well with the PYTHIAS prediction.
Furthermore, the soft gluon radiation effects from the
final state would change the shape of ¢ or ¢* distribution
significantly, especially when the top quark and jet are
highly boosted. Finally, we discussed the soft gluon
radiation effects for the production of W or H" boson
which subsequently decays into a pair of top quark and jet.
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