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Abstract: The precision study of W~-W*H production with subsequent W* — [*v; and H — bb decays at the Large
Hadron Collider (LHC) aids in the investigation of Higgs gauge couplings and the search for new physics beyond the
standard model. In this study, we calculate the shower-matched next-to-leading order QCD and electroweak (EW)
corrections from the ¢g annihilation and photon-induced channels to the W~ W* H production at the 14 TeV LHC. We
deal with the subsequent decays of Higgs and W* bosons by adopting the MADSPIN method. Both the integrated
cross section and some kinematic distributions of W=, H, and their decay products are provided. We find that the
QCD correction significantly enhances the leading-order differential cross section, while the EW correction from the
qqg annihilation channel obviously suppresses it, especially in the high energy phase-space region, due to the Sudakov
effect. The gy- and yy-induced relative corrections are positive and insensitive to the transverse momenta of W*, H,
and their decay products. These photon-induced corrections compensate the negative gg-initiated EW correction, and
become the dominant EW contribution as the increment of the pp colliding energy. The parton shower (PS) effects
on kinematic distributions are not negligible. The relative PS correction to the b-jet transverse momentum distribu-
tion can exceed 100% in the high pr, region. Moreover, we investigate the scale and PDF uncertainties, and find that
the theoretical error of the QCD + EW + gy + yy-corrected integrated cross section mainly originates from the renor-

malization scale dependence of the QCD correction.
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1 Introduction

The Higgs mechanism is responsible for the elec-
troweak (EW) symmetry breaking and the origin of
masses of elementary particles [1-5]. Thus, it plays an
important role in the standard model (SM). The Higgs bo-
son was discovered in 2012 at the CERN Large Hadron
Collider (LHC) [6, 7]. One of the main tasks presently at
the LHC is to study the spin and CP properties of the
Higgs boson, and the Higgs gauge and Yukawa interac-
tions in detail. To understand the Higgs boson in the most
accurate way, not only the main Higgs production chan-
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nels, but also rare processes that can be sensitive to new
physics, should be studied [8].

The precise phenomenological study of VV'H
(V, V=W or Z) productions is helpful for the study of
Higgs gauge couplings, since it can be used to determine
the ratio of WWH coupling to ZZH coupling [9] and
study Higgs anomalous gauge couplings [8]. The EW
corrections to the VV’H production at the LHC are dir-
ectly related to the triple and quartic gauge couplings,
such as WwWz, WWy, WWZZ, WWZy, WWyy, and
WWWW couplings. pp — VV'H + X processes also con-
tain HHVV’ couplings. Since there are no constraints on
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these Higgs quartic gauge couplings so far, detecting the
Higgs production in association with two gauge bosons at
the LHC and future high-energy hadron colliders (FCC-
hh and SPPC) may help us constrain the bounds on the
Higgs quartic gauge couplings (even though the back-
grounds of these processes could be very large) [10].

Strictly speaking, the EW symmetry breaking is de-
termined by the shape of the Higgs potential. However,
Higgs triple gauge couplings are also related to the EW
symmetry breaking: The gauge invariance of the Higgs
kinetic term implies the existence of Higgs quartic gauge
interactions. These Higgs quartic gauge interactions
would induce Higgs triple gauge interactions as well as
the masses of weak gauge bosons, once the EW sym-
metry is spontaneously broken. Since the VV'H produc-
tions at the LHC are directly related to the Higgs triple
gauge couplings, the precision study of pp - VV'H+X
can help understand the EW symmetry breaking and
search for new physics beyond the SM.

The close examination of Higgs properties requires
accurate theoretical predictions and precise experimental
measurements on both signals and backgrounds. At the
LHC, the W-W™bb is an important final state. Many SM
and BSM processes are measured in this final state, such
as top pair production, Higgs pair production [11, 12] and
vector-like quark pair production [13]. The production
channel pp - W-W*H — W-W*bb could likewise serve
as an irreducible background to these processes. The top
pair production with subsequent decay r— Wb at the
LHC has been widely investigated over the past twenty
years, and the Higgs pair production and decays into
W-W*bb, yybb, and 7-t*bb final states have been stud-
ied at the high-luminosity LHC [11]. The W-W*H pro-
duction at the QCD next-to-leading order (NLO) includ-
ing parton shower (PS) matching has been investigated in
Refs. [14-16]. A further precision study of W-W*H pro-
duction should involve the shower-matched NLO QCD
(QCD+PS) correction, the ¢g-, gy- and yy-initiated EW
corrections, and subsequent decays of W* and Higgs bo-
sons.

In this work, we study in detail the W-W*H produc-
tion with subsequent W* — [*v; and H — bb decays at the
LHC, i.e., pp—» W WTH — [*["v;ibb+X (I = e or ), in-
cluding the QCD+PS correction and the EW corrections
from the ¢g annihilation and photon-induced channels.
The rest of this paper is organized as follows. In Sec. 2
we describe the analytical calculation strategy in detail. In
Sec. 3 we present the numerical results of the integrated

cross section and some kinematic distributions. We also
discuss theoretical uncertainties from the factorization
and renormalization scales and parton distribution func-
tions (PDFs). Finally, a short summary is provided in
Sec. 4.

2 Calculation strategy

In this study, the precision calculation for the pp —
W-W*H+X process involves the following partonic
channels: (1) quark-antiquark annihilation gg - W-W*H+
(g/y), (2) real light-quark emission gg/y - W-W*H +gq,
(3) gluon-gluon fusion gg - W-W*H, and (4) photon-
photon fusion yy —» W-W*H, where ¢ spans across all
five light flavors of quarks. The ¢g annihilation subpro-
cesses are calculated up to the QCD+EW NLO,

__ 10 QCD EW
T =0gg +Aa'qq +A0'qq , (1)

where o-f;(g), Ao-(%c D and Aa-ggv are the O(a?), O(c’a;), and
O(a*) contributions from the ¢g annihilation subpro-
cesses, respectively. The subprocesses with gg and gy ini-
tial states are calculated only at the LO, and the corres-
ponding cross sections are denoted as o, and o,. The
PDF counterterm corrections from the ¢—g+g,
qg—oq+y, g—>q+g, and y—qg+g parton splittings
should be included in Ao >, AcEY, oy, and oy, Te-
spectively, for IR safetyl). Because of the large gluon
density in the proton at high-energy hadron colliders, the
loop-induced channel gg — W-W*H istaken into ac-
count in our precision QCD calculation, although the LO
contribution of the gg fusion channel is one order of a;
higher than the NLO QCD correction from the ¢g annihil-
ation channel. For the yy fusion channel, the NLO EW
correction is negligible, and we consider only its LO con-
tribution to the pp - W-W*H +X process, because the
density of photon in the proton is much lower than that of
colored partons (i.e., gluon and light quarks). We gener-
ate all Feynman diagrams and amplitudes for these par-
tonic channels by adopting the FEYNARTS package
[17], and present some representative Feynman diagrams
in Fig. 1. Then, the corrected cross section for the
pp — W-W*H + X process without matching to the par-
ton shower, calculated in this study, is given by

gQED+EW+gy+yy — L0 | AGQCD | AGEW | Tgy+ 0y, (2)

where the LO cross segtion, QCD correction, and EW
correction are defined as”

1) There are two types of PDF counterterm corrections from the ¢ — g+ splitting, which correspond to the Py, and P, splitting functions, respectively. The EW
PDF counterterm correction induced by the splitting function Py is absorbed into AO’E;V, while the correction induced by the splitting function Py, as well as the PDF

counterterm correction from the y — g + g splitting is absorbed into oyy.

2) In this paper, we define AcEW as the EW correction from the ¢ annihilation channel in order to show the photon-induced contributions (0¢y and 0yy) more

clearly.
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A3)
and o4 ~ O(a’a?) and o, ~ O(?) are the lowest order
contributions of gg and yy fusion channels, respectively.
Since the calculation of the NLO QCD correction was
presented in Refs. [14—16], we describe only the calcula-
tion of the EW correction in this section.

In the calculation of o0, Ac®P, AcEW and oy, we
adopt the G, scheme [18-20] (i.e., @ = ag,) for all the EW
couplings. This fine structure constant scheme is suitable
for the EW correction due to the large EW Sudakov log-
arithms caused by the soft or collinear weak gauge-boson
exchange at high energies [21, 22]. However, in the eval-
uation of the yy fusion channel, we adopt the mixed
scheme [23], where the fine structure constant is as-
sumed as @ =a(0) and @ = ag, for electromagnetic and
weak couplings, respectively. In the mixed scheme, the
mass-singular terms ln(m%//ﬁ) (f = e,y 7,u,d, c,s,b) from
the vacuum polarization at EW NLO can be either can-
celed between the external photons and the correspond-
ing electromagnetic couplings, or be absorbed into ag, in
genuine weak couplings. Thus, the mixed scheme is more
suitable for performing a high-order perturbative calcula-
tion for the processes with external photon legsl).

The ultraviolet (UV) and infrared (IR) divergences
appeared in the NLO EW calculation are regularized in
the dimensional regularization scheme. The complicated
five-point loop integrals encountered in the virtual correc-
tion can be decomposed into four-point loop integrals by
employing the Passarino-Veltman algorithm [24]. For
four-point loop integrals, the numerical instability in-
duced by small Gram determinant at some phase-space
region can be solved by adopting the quadruple precision
arithmetic, as in Refs. [20, 25]. The electric charge is
renormalized in the G, scheme, and the relevant fields
and masses are renormalized in the on-mass-shell renor-

AN I w-
- _H H
ANANANN T w*

w=
’ %
W+

(6)

Representative Feynman diagrams for partonic processes contributing to pp — W~ W*H + X process.

malization scheme [26]. The real emission (i.e., the real
photon emission and real light-quark emission) correc-
tions are handled by adopting the two cutoff phase space
slicing (TCPSS) method [27]. In the TCPSS method, two
independent cutoff parameters, §; and §., are introduced
to decompose the final-state phase space into soft, hard-
collinear, and hard-noncollinear regions, which are
shown schematically in Fig. 7 of Ref. [27]. In this figure,
the two triangles marked "m" should be included in the
hard-collinear region. However, these two triangle re-
gions are excluded, since a fixed upper limit of 1 -4, is
used to calculate the hard-collinear contribution (cf.
Eq.(2.35) of Ref. [27]). The two triangles marked "m"
provide a vanishing contribution for 6. < §;. In this work,
we set §. = §,/50 according to the suggestion of Ref. [27].
We present the cutoff dependence of the NLO EW cor-
rections to the W-W*H production from uz annihilation
and u(it)y scattering at the LHC in Fig. 2 and Fig.3, re-

0. 002 fr T T T

5
B 0-000 - b
<
-0.002 Y ! ! !
10° 107 10" 107
5, = 500,
Fig. 2. (color online) ¢, dependence of NLO EW correc-

tions to W-W*H production from uiz annihilation at LHC.
Aoy and Ao represent the hard non-collinear correction and
soft+collinear+virtual ~ correction,  respectively, and

Aoy = Aoy + Aoy,

1) Although the yy fusion channel is calculated only at the LO because the NLO correction is negligible, we still suggest adopting the mixed scheme for this chan-

nel.
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Fig. 3. (color online) . dependence of NLO EW correc-
tions to W-W*H production from u(ii)y scattering at the
LHC. Aoy and Ao, represent the non-collinear correction
and collinear correction, respectively, and Ao = Aoy + Aos.

spectively. From the two figures, we may draw the con-
clusion that the total NLO EW corrections to the W-W*H
production from different channels are all independent of
the cutoff parameters within the calculation errors. As ex-
pected, the EW correction from the ¢g annihilation chan-
nel (i.e., the sum of the virtual correction and the real
photon emission correction) and the gy-induced correc-
tion (i.e., the real light-quark emission EW correction) are
both UV and IR finite after absorbing the corresponding
PDF counterterms.

Scalar and tensor integrals are calculated using our
developed LOOPTOOLS package [28]. The PDFs are ex-
tracted by LHAPDF6 [29], and the phase-space integra-
tion is performed by employing the FORMCALC pack-
age [30]. The subsequent decays of W* and H are handled
using the MADSPIN method [31]. The matching to the
parton shower is implemented in the framework of MAD-
GRAPHS5+PYTHIA8+MADANALYSIS5+FASTJET
[32—-35]. To verify the correctness of our calculation, we
recalculate the NLO QCD correction to W~-W*H produc-
tion with the same input parameters as in Refs. [14, 15],
and find that our numerical results are in good agreement
with the corresponding values in Refs. [14, 15] within
calculation errors. Moreover, we calculate the NLO EW
correction to ZZH production using our program and ob-
tain Sgw =~ 9%, which is consistent with that obtained us-
ing the newly developed MADGRAPH package [36].

A great number of W-W*H events originate from the
W~tH and W*7H associated productions with subsequent
top-quarkdecayt — Wh,i.e.,pp — bg/y > W tH - W~ W+
Hb+X, and pp — bg/y —» W*iH - W-W*Hb+X (Fig.
1(5)). These events should be treated as the single top
production, and thus should be subtracted carefully from
our calculation to avoid double counting and to maintain

1) We assume Br(t — Wb) = 100% for simplicity.

the convergence of the perturbative description of the
W~W*H production. In this study, we introduce four
schemes to subtract the on-shell W—rH and W*7H events
when handling the bg/y- and bg/y-induced subprocesses.
In scheme I, we assume that the event with a final b-jet
can be rejected with 100% efficiency, such that the pp —
bg/y —» W WrHb+X and pp—bg/y—>W W'Hb+X
event samples can be easily excluded [15]. In scheme II,
we adopt the diagram subtraction (DS) method [37, 38] to
subtract the top-resonance effect. This subtraction scheme
is defined as a replacement of the Breit-Wigner propagat-
or

IMP(p)  IMPm))
2 2
(p7 —mp)"+T7m;  (p7—mi)" +T7m?

@(W_Mw_mt_MH)’

IMP(p?)

2
(p7 —mi)” +T7m;

“4)
where p? is the squared momentum flowing through the
intermediate top-quark propagator, and V3 represents the
parton-level colliding energy. In this scheme, the contri-
butions from squared amplitudes with on-shell top quark
are removed point by point over the entire phase space,
and the gauge invariance is guaranteed in the limit I', — 0.
In scheme I1I, we adopt the diagram removal (DR) meth-
od [39,40],1.e., we remove all the top-resonance dia-
grams at the amplitude level to subtract the top-reson-
ance effect. This DR method violates gauge invariance.
However, the authors of Refs. [39, 40] investigated the
gauge dependence for the Wt and squark-pair produc-
tions in detail and found that the influence of gauge de-
pendence in the DR scheme can be safely neglected in
numerical studies. In scheme IV, we introduce the fol-
lowing subtraction term to remove the contributions from
W~tH and W*fH productions with the subsequent top-
quark decay at the cross-section level [41],

osub == [0 (pp — bg/y = W tH + X)

+0O(pp — bg/y —» WTH + X)]
X Br(t — Wb). (5)

This scheme can maintain gauge invariance, since there is
no diagram removal at the amplitude level. In Refs. [39,
42] the authors suggest imposing an invariant mass cut on
W*b and W~b systems, which can be written in the form

|Myyp —my| > &I, (6)

to exclude the W™rH and W*7fH events, respectively.
However, we do not adopt this scheme in our calculation,
because the pp — bg/y - W W*Hb+X and pp — bg/y
— W™W*Hb + X subprocesses cannot be properly handled
using the TCPSS method after applying the invariant
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mass cut in Eq. (6).

3 Numerical results
3.1 Input parameters

The Fermi constant and mass parameters are taken
from the recent CERN yellow report "Handbook of LHC
Higgs cross-sections: 4. Deciphering the nature of the
Higgs sector" [43]:

My =80.385 GeV, Mz =91.1876 GeV, m; = 172.5 GeV,

My =125 GeV, G, = 1.1663787x 107> GeV 2.

(7

The top-quark decay width I, =1.41 GeV and the fine

structure constant in the «@(0) scheme «(0)=

1/137.035999139 are taken from Ref. [44]. In the G,
scheme, we obtain

V2 "
a=ag, = TGHM%V(I _Vg) (8)

The strong coupling constant «; is taken from the PDFs.
The factorization and renormalization scales are set to be
equal, i.e., 4y =y, = u, and the central scale is chosen as
o = Mr/2 unless stated otherwise, where My is the sum
of the transverse masses of final particles. We adopt the
LUXqged plus PDFALHC15 nnlo 100 PDFs [45] thro-
ughout the LO and NLO calculations, as in Refs. [46, 47].
All Ieptons and quarks except the top quark are treated as
massless partlcles and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix is set to 13x3. The W-boson decay branch-
ing ratio Br(W* — [*v)) = 22.2% is obtained using the
MADSPIN program, and the Higgs-boson decay branch-
ing ratio Br(H — bb) = 57.5% is taken from Ref. [48].

3.2 Integrated cross sections

In Table 1, we present the LO and QCD+EW+
qy +7yy corrected integrated cross sections and the QCD,
EW, gy-induced, and yy-induced corrections (Ao QCP,
AcEV, o,y and o,) for the W"W*H production at the
14 TeV LHC by employing the four different subtraction
schemes mentioned above. The corresponding relative
corrections are defined as

Ao-QCD

AcEV o o
dqQep = 0 s, = )

EW=—"T5" %oy = "o
oo %= 1o O T 1o

As expected, o°, AcEV, and o, are independent of the
subtraction scheme, because the subtraction of the W™ tH
and W*fH events reduces only the contributions of the
bg/y and bg/y scattering channels, respectively. The gy-
induced correction, which is insensitive to the subtrac-

Table . LO and QCD +EW + gy +yy corrected integrated cross sec-
tions (in fb) for W~ W*H production at the 14 TeV LHC for sub-
traction scheme I, II, III, and I'V.

subtraction
oLO AGEW 0Oyy Ogy AgQCD  ;QCD+EW-+gy+yy

scheme
1 0.56 2.99 12.90
11 059 294 12.88
9.65 —0.58 0.28
111 0.59 295 12.89
v 0.59 3.83 13.77

tion scheme, is significant (Ao, = 0.59 fb, d,, =~ 6.1%),
and compensates the negative EW correction from the ¢g
annihilation channel (AcEY =-0.58 fb, ogw = —6.0%).
The contribution from the yy fusion channel is sizable
(0, =0.28 fb, 6,, = 2.9%), and thus should be taken into
account in the precision EW calculation, especially when
Orw + 04y ~ 0. Subsequently, the full EW relative correc-
tion, defined as 6%{,'3,1) = 0gw + 4y + 0y, is obtained as 6%{',\1,1)
= 2.7% by adopting scheme 1. The QCD corrections in
scheme I, II, and III are almost the same (6qcp = 30% ~
31%), while the QCD correction in scheme IV is obvi-
ously overestimated, as we adopt the narrow-width ap-
proximation to subtract W™tH and W*fH events in
scheme IV (see Eq.(5)). Since the difference between
scheme I, 11, and III are miniscule, and the b-jet veto can
be easily implemented, we adopt only scheme I to deal
with the pp — bg/y - W W*Hb+X and pp — bg/y —
W~W*Hb + X subprocesses in the following discussion.

The factorization/renormalization scale dependence
of the LO and QCD +EW +¢gy +7yy corrected integrated
cross sections and the corresponding QCD, EW, gy-in-
duced and yy-induced corrections for the W-W*H pro-
duction at the 14 TeV LHC are shown in Table 2. To es-
timate the theoretical error from the factorization/renor-
malization scale, we define the scale uncertainty at a giv-
en scale ug as ?

Brane(t0) = —— max {o) = o) | 1 € [00/2, 2401

(10)
We adopt two typical central scales for comparison: (1)
1 = M7 /2 and (2) 4 = Mp/2 (Mp = 2My + My), which
are dependent and independent of the final-state phase
space, respectively. The scale uncertainties at these two
scales are denoted as ‘Sggle and egzile. From Table 2, we
can see that whatever the applied central scale, the scale
uncertainties of o9, ActV, o, and o, are only about
0.4% ~ 0.6%, while the scale uncertainties of Ac 2P and
o QED+EW+9Y+7Y are much more significant and exceed 4%.

(,u)

1) In this paper, the bottom-quark mass is set to zero in the calculation of the pp — W~ W* H + X production process, but is kept to be nonzero when considering its

subsequent Higgs-boson decay H — bb.
2) The scale uncertainties of Ao QD AEW

the correction components of the corrected cross section - QCPTEW+ay+yy

, 0g4y and a'%llsted in Table 2 are normalized by o QED+EW+qy+yY gince AcQCP) AGEW, 04y and 0, are regarded as

123103-5



Chinese Physics C Vol. 43, No. 12 (2019) 123103

Table 2. Scale dependence of LO and QCD + EW + gy + yy corrected integrated cross sections for W~ W™ H production at 14 TeV LHC.
cross section /fb cross section /fb
/'4)1) 2 ﬂf) ) 2”?)1) silzﬂe (%) #f)z) 2 “5)2) 2ﬂ§)z) 5.(“?;3\15 (%)
oo 9.61 9.65 9.63 0.41 9.65 9.71 9.71 0.62
Ao Q€D 3.36 2.99 2.75 473 3.39 3.04 2.74 5.00
AcEV -0.60 -0.58 -0.55 0.39 -0.63 -0.60 -0.58 0.38
Tqy 0.59 0.56 0.53 0.47 0.61 0.58 0.55 0.46
Tyy 0.25 0.28 0.31 0.47 0.23 0.26 0.29 0.46
g QED+EW+qy+yy 13.21 12.90 12.67 4.19 13.25 12.99 12.71 4.16

This implies that the theoretical error induced by the
renormalization scale is roughly one order of magnitude
larger than that induced by the factorization scale. We
may conclude that the scale uncertainty of the QCD + EW+
qy +yy corrected cross section mainly originates from the
renormalization scale dependence of the QCD correction,
and the scale uncertainty of the LO cross section is under-
estimated, since the LO cross section does not depend on
the strong coupling. The table also shows that the differ-
ence between the corrected cross sections at the dynamic-
al scale u(l) and the fixed scale u(()z) is very small (~0.7%).

0
The EW correction from the ¢g annihilation channel is al-

most compensated by the gy-induced correction, and thus
ST ~ 6, at the 14 TeV LHC.

The QCD+EW +qy+vyy corrected integrated cross
section for pp - W-W*H+X at the 14 TeV LHC as a
function of u, and us, where u, and uy are two independ-
ent variables varying in the range of y,, us € [;48)/ 2, 2/.1(()])],
is depicted in Fig. 4. From this contour plot, we can draw
the following conclusions: (1) The QCD+EW + gy +vyy
corrected integrated cross section increases with the in-
crement of uy, while it decreases with the increment of
ur. (2) The u, dependence is much larger than the u; de-
pendence. For example,

o UED+EWqy+yy (x, =1, xr= 2) — g QED+EW=gy+yy (xr =1, xr= 0.5) =0.07 fb,

o QCD+EW+qy+yy (xr =2, xp= 1) _ - QCD+EW-+gy+yy (xr =05, xf= 1) =-0.61 b,

where x, = ,u,/,uél) and x Eyf/,ug]). These two conclu-
sions are coincident with those obtained from Table 2.

As the factorization scale increases from Mr/4 to
4Mry, the LO cross section of the uiz channel increases

O_QCD+EW+qy+yy
13.30

13.20

113.10

113.00

ﬂf/ﬂgl)

112.90

112.80

I12.70
! 12.60
0.5 1 2

w1y
Fig. 4.  (color online) QCD+EW + gy +yy-corrected integ-
rated cross section for pp —» W-W*H + X at the 14 Tev LHC
as a function of y, and uy.

(11)

gently at first and then decreases, the LO cross section of
dd channel decreases, while the LO cross sections of ¢z,
s5, and bb channels increase. Hence, the impact of the
factorization scale on the total cross section is suppressed
since all channels are summed. However, there is no can-
celation between these channels when considering the
renormalization scale dependence. Moreover, the renor-
malization scale uncertainty is underestimated at the LO,
because the W-W*H production at the LO is a pure EW
process. The renormalization scale uncertainty at the
NLO is much larger than that at the LO. In conclusion,
we may expect that the factorization scale dependence is
weak compared to the renormalization scale dependence.
The LO, QCD+EW+g¢gy+vyy corrected integrated
cross sections and the corresponding QCD, EW, gy-in-
duced, and yy-induced (relative) corrections for the
W~W*H production at the 13, 14 TeV LHC and a 33 TeV
proton-proton collider are provided in Table 3. The QCD
and photon-induced corrections (i.e., Ac?P, o, and
o,y) are positive and increase as the increment of the pp
colliding energy, while the EW correction from the ¢g an-
nihilation channel is negative and decreases as the incre-
ment of the colliding energy. The QCD correction is sig-
nificant, and the relative correction can reach about 37%
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Table 3. LO, QCD+EW + gy +7yy corrected integrated cross sections, and corresponding (relative) corrections for W~W*H production at 13TeV,

14 TeV LHC and a 33 TeV pp collider.

cross section /fb

VS /Tev oLO Ao-QCD AcEW Oyy Tyy - QUD+EW+gy+yy
13 8.56 2.60 —-0.51 0.47 0.23 11.35
14 9.65 2.99 —-0.58 0.56 0.28 12.90
33 33.87 12.66 -2.27 3.93 1.56 49.75
relative correction (%)
VS Tev dqcp OEw Sqy Syy
13 304 -6.0 5.5 2.7
14 31.0 —-6.0 5.8 2.9
33 374 -6.7 11.6 4.6

at a 33 TeV proton-proton collider. For the EW correc-
tion, the gy-induced and yy-induced relative corrections
increase quickly from 5.5% to 11.6% and from 2.7% to
4.6%, respectively, while the EW relative correction from
the gg annihilation channel holds steady at —6% ~ —7%,
as the pp colliding energy increases from 13TeV to
33 TeV. The ratio of the full EW correction to the QCD
correction, 6%{1,51) /6qcp, is about 9% at the 14 TeV LHC
and can exceed 25% at a 33 TeV proton-proton collider.
Hence, the photon-induced correction would be the dom-
inant EW contribution, and the full EW correction be-
comes increasingly important with the increment of the
pp colliding energy.

PDF is another source of theoretical error for the scat-
tering processes at hadron colliders. In this study, we ad-
opt the LUXqed plus PDF4LHCI15 nnlo 100 PDFs,
which contains N = 108 PDF sets. The PDF uncertainties
of the LO and QCD +EW +¢gy +7yy corrected integrated
cross sections are given by [20,49]

N-1 172
Z(of—(rff)z] : (12)
i=1

where X €{LO, QCD+EW +gy+yy}, and o (i=0,-,
N —1) are the corresponding cross sections calculated us-
ing the i-th LUXgqed plus PDF4LHC15 nnlo 100 PDF
set. Thus, we obtain

b0 = 1.9%, ep PV Z 179, (13)

This clearly shows that the PDF uncertainty of the
QCD +EW + gy +vyy corrected cross section is almost the
same as the PDF uncertainty of the LO cross section, and
thus the PDF uncertainties from the QCD, EW, gy-in-
duced, and yy-induced corrections are negligible. We
also employ the NNPDF23 nlo_as 0119 ged PDFs in the
initial-state parton convolution for comparison and find
that the PDF uncertainties obtained using the LUXqed

X oo
PDF = X

1) The PS relative correction is given by 6ps = 6Qcp+Ps — 0QCD-

PDFs are much lower than the ones corresponding to the
NNPDF23 PDFs. The small photon PDF uncertainty of
the LUXqged PDFs was also discussed in Refs. [45, 47].
Compared to the scale uncertainty, the PDF uncertainty
of the integrated cross section is much smaller, espe-
cially at the QCD+EW NLO. Thus, we do not consider
the PDF uncertainty in estimating the theoretical error for
the W-W*H production at the LHC.

3.3 Kinematic distributions

In this subsection, we present the LO and QCD + PS+
EW + gy +yy-corrected kinematic distributions of final
W* and Higgs bosons and their decay products for the
W~W*H production at the 14 TeV LHC.

3.3.1 Distributions for pp - W-W*H + X

The LO and QCD+PS+EW +qy+7yy corrected in-
variant mass distributions of the W-boson pair are plotted
in the left panel of Fig. 5. The corresponding relative cor-
rections induced by the electroweak and strong interac-
tions (6ew, 04y, 0y, and dqcp, 6qep+ps, Ops) are provided
in the top-right and bottom-right panels, respectivelyl).
Both the LO and QCD +PS+EW +qy +vyy corrected in-
variant mass distributions of the W-boson pair reach their
maxima in the vicinity of My-y- ~200 GeV and sub-
sequently decrease approximately logarithmically with
the increment of My-y-. The QCD+PS correction signi-
ficantly enhances the LO W-boson pair invariant mass
distribution in the entire plotted My-yw- region. The cor-
responding QCD relative correction gradually increases
from 30% to approximately 40% as the increment of
My-w-, while the QCD+PS relative correction holds
steady at about 30%. For the EW correction, the contribu-
tion from the ¢gg annihilation channel suppresses the LO
W-boson pair invariant mass distribution, and the relative
correction dgw decreases from 0% to —20%, while the gy-
induced and yy-induced contributions enhance the LO -
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Fig. 5. (color online) W-boson pair invariant mass distributions and corresponding relative corrections for pp » W-W*H + X at the 14
TeV LHC.

boson pair invariant mass distribution, and the corres-
ponding relative corrections d,, and d,, increase rapidly
from 3% to approximately 35% and from 0% to about
50%, respectively, as My-w- increases from 2My to
1.1 TeV. This clearly shows that the full photon-induced
correction, given by O y_induced = Oy + 0y, 18 larger than
the QCD+PS correction in the high My-y- region. Thus,
the LO W-boson pair invariant mass distribution is
mainly enhanced by the QCD+PS correction in the low
My-w- region, while it is mainly enhanced by photon-in-
duced corrections in the high My-y. region. The ex-
tremely large yy-induced correction at high invariant
mass can also been seen in the invariant mass distribu-
tion of the W-W*Z system for pp » W-W*Z+X at the
LHC [18]1). The considerable negative EW correction
from the gg annihilation channel in the high My-y. re-
gion is due to the well-known Sudakov double logar-
ithms arising from the exchange of a virtual massive
gauge boson in the loops [18, 20]. This large Sudakov
virtual correction is obviously compensated by the posit-
ive photon-induced corrections (o, and o), and the full
EW correction enhances the LO W-boson pair invariant
mass distribution. Therefore, the photon-induced chan-
nels should be considered for precision predictions at
high energy colliders, especially in the high energy
phase-space region.

The LO and QCD +PS + EW + gy +yy corrected trans-
verse momentum distributions of the W~-boson and the
corresponding relative corrections are presented in Fig. 6.

Both the LO and QCD +PS + EW + ¢y +yy corrected dis-
tributions reach their peaks at prw- ~45GeV and then
decrease consistently as the increment of pry-. The QCD
and QCD+PS relative corrections range from 30% to
40% and from 25% to 45%, respectively, as prwy- €
[0,400] GeV. As prw- increases from 0 GeV to 400 GeV,
the EW relative correction from the ¢g annihilation chan-
nel decreases from about —3% to —20%, while the relat-
ive corrections from the gy and yy scattering channels are
steady at about 5% and 1~4%, respectively. The total pro-
duction cross section is dominated by the contribution
from the low prwy- region. In the vicinity of
pr.w- ~ 150 GeV, the EW correction from the ¢g annihila-
tion channel is almost compensated by the photon-in-
duced corrections.

The LO and QCD +PS + EW + gy +yy corrected rapid-
ity distributions of W~ and W™* are depicted in the left
panels of Figs. 7(a) and 7(b), respectively. The corres-
ponding relative corrections are shown in the right panels.
Both the LO and QCD+PS+EW+gqy+yy corrected
rapidity distributions of W~ are slightly larger than the
ones corresponding to W* in the central rapidity region,
however a little less than those of W* in the forward-
backward rapidity region. The QCD correction signific-
antly enhances the LO W-boson rapidity distributions,
and the QCD+PS relative correction decreases from ap-
proximately 35% to 25% for both W~ and W* rapidity
distributions as |yy| increases from 0 to 3. The EW relat-
ive correction from the ¢g annihilation channel is negat-

1) We calculate the cross sections for the yy — W~ W* H and uit — W~ W™ H channels, separately. The partonic cross section for the yy fusion channel increases,
while the cross section for the uii annihilation channel decreases, as the increment of the partonic colliding energy. We also investigate the photon and u-quark PDFs.
We find that both PDFs decrease with the increment of Bjorken x, and the photon PDF decreases even faster than u-quark PDF. Thus, the enhancement of the effects of
the photon-induced contributions in the high invariant mass region mainly due to the behaviour of partonic cross section. As for other kinematic distributions such as pr
distributions, since pr is different from invariant mass and it is not directly related to the partonic colliding energy, the enhancement in the high p7 region is not obvi-

ous.
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ive, and insensitive to the rapidities of W~ and W*. It
holds steady at about —5% in the entire plotted yy region.
The gy-induced relative correction increases from about
5% to 13% and 8% for the rapidity distributions of W~
and W*, respectively, with the increment of [yy| from 0 to
3. Compared to the gy-induced relative correction, the
vy-induced relative correction is relatively small. It is less
than 10%, and increases slowly as the increment of [yy|
for both W~ and W™ rapidity distributions in the region of
[ywl <3. The full photon-induced relative correction is
sizeable, especially in the forward-backward rapidity re-
gion. We note the importance of the gy and yy scattering
channels and the cancelation between the photon-in-
duced and gg-initiated EW corrections in the W~ and W+
rapidity distributions.

The Higgs-boson transverse momentum distributions
and the corresponding strong and electroweak relative
corrections are displayed in the left and right panels of
Fig. 8, respectively. Both the LO and QCD + PS + EW + gy+
vy corrected Higgs transverse momentum distributions

increase sharply in the low pr g region (pru <50 GeV),
reach their maxima at pry ~ 65 GeV, and decrease ap-
proximately logarithmically when pr g >80GeV as the
increment of pry. The QCD+PS relative correction is
positive, and increases from about 20% to 50% as pruy
increases from 0 GeV to 400 GeV. The gy-induced relat-
ive correction is steady at about 3% in the low pry re-
gion and 10% in the region of pr gy > 250 GeV, respect-
ively, and increases smoothly in the intermediate pr y re-
gion (pru €[50,250] GeV), while the yy-induced relat-
ive correction is 2% ~ 3% in the entire plotted prp re-
gion. The EW correction from the ¢g annihilation chan-
nel consistently suppresses the LO distribution, and the
corresponding relative EW correction decreases from
—2% to —18% as pry varies from 0 GeV to 400 GeV. In
the high prp region, the gg-initiated EW correction is
sizable, and its absolute value is comparable to the QCD
correction due to EW Sudakov logarithms.

The LO and QCD+PS+EW+gqy+vyy corrected
Higgs-boson rapidity distributions and the corresponding

107 T T T T T T
— QCD+PS+EW+qy+yy —
- 40 o\c
— Bgw By By by
% : 1-10
Q
é 10—2 1 1 1 _20
& , , , 60
Sy
3 L 145
=
E 130 ¢
L Bqcp Bocpips Sps 15 by
:—_'_./_,_.__-—-——-——-—-——'—_ 0
1 1 1 " " " -15
0 100 200 300 400 0 100 200 300 400
Pry[GeV] Pri[GeV]
Fig. 8. (color online) As in Fig. 5, but for Higgs transverse momentum distribution.
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Fig. 9. (color online) As in Fig. 5, but for Higgs rapidity distribution.
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relative corrections are shown in Fig. 9. Analogous to the
W~ and W* rapidity distributions, the QCD+PS relative
correction to the Higgs rapidity distribution decreases
from 35% to about 25% as |yy| increases from 0 to 3, and
the EW relative correction from the ¢g annihilation chan-
nel is insensitive to the Higgs rapidity and varies in the
vicinity of —5% when yy € [-3, 3]. Both gy- and yy-in-
duced relative corrections are less than 10% in the region
of |yy| < 3. However, it should be noted that the photon-
induced relative corrections to the Higgs rapidity distribu-
tion behave quite differently from those to the W* rapid-
ity distributions. They decrease slowly with the incre-
ment of |yy| in the plotted yy range.

3.3.2 Distributions for pp—>W-W*H+X—I"I"v;7,bb+X

We turn to the W-W*H production with subsequent
W* — I*v; and H — bb decays at the 14 TeV LHC. The
spin correlation and finite-width effects of the intermedi-
ate Higgs and W* bosons are taken into account by adopt-
ing the MADSPIN method.

In the left panel of Fig. 10, we present the LO and
QCD +PS+EW + gy +vyy corrected invariant mass distri-
butions of the final charged lepton pair for
pp—> W WYH+X — I*I"viybb+X. The corresponding
strong and electroweak relative corrections are plotted in
the bottom-right and top-right panels, respectively. Since
the charged leptons are the decay products of W* bosons,
the charged lepton-pair invariant mass distribution inher-
its the feature of the W-boson pair invariant mass distri-
bution. Both the LO and QCD +PS + EW + gy +yy correc-
ted charged lepton-pair invariant mass distributions peak
at My ~75GeV, and decease approximately logarith-
mically as the increment of M, in the range of
M >90GeV. In the low M, region, the QCD +PS+
EW + gy +yy correction is dominated by the QCD contri-

lepton-pair invariant mass distribution is mainly en-
hanced by the photon-induced corrections. The relative
corrections from the gy and yy scattering channels, for
example, can reach about 55% and 85%, respectively, at
M- =900 GeV, while the QCD+PS relative correction is
about 30% in the entire plotted M, region. Thus, the
photon-induced channels are not negligible for the preci-
sion measurement of pp - W W*H+X — 'l v;7bb+ X
at the 14 TeV LHC and future high-energy hadron col-
liders, especially for large M;-j.

Since the transverse momentum distribution of [* is
similar to that of /-, we only depict the transverse mo-
mentum distributions of /= and the corresponding relative
corrections in Fig. 11. Both the LO and QCD +PS+
EW + gy +yy corrected pr - distributions reach their max-
ima at pr; ~35GeV and then drop down as the incre-
ment of pr;-. The QCD relative correction holds steady at
about 30% in the low pr, region (pr; <50GeV) and
subsequently increases to about 50% as pr,- increases to
400 GeV. Because of the negative PS correction in the vi-
cinity of pr; ~ 35 GeV, the QCD+PS relative correction
decreases first, reaches its minimum at pr; ~ 35 GeV,
and then gradually increases to about 60% as pr, in-
creases to 400 GeV. The EW relative correction from the
qq annihilation channel decreases consistently as the in-
crement of pr, in the region of pr; >50GeV and
reaches about —25% at pr; =400 GeV due to the large
EW Sudakov effect. The photon-induced relative correc-
tions are insensitive to the transverse momentum of [~
the gy-initiated relative correction holds steady at about
6%, and the yy-initiated relative correction is about 2% ~
4% in the entire plotted pr ;- region.

The LO, QCD+PS+EW +¢gy+7yy corrected missing
transverse momentum distributions and the correspond-

bution, while in the high M, region, the LO charged ing relative corrections for pp-o>W WrH+X -
T T T T T T T T 100
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Fig. 10.
pp — W W*H — [*I"v;v;bb + X at the 14 TeV LHC.

(color online) Invariant mass distributions of charged lepton pair and corresponding relative corrections for
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Fig. 11. (color online) As in Fig. 10, but for transverse momentum distribution of /-.
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Fig. 12.  (color online) The same as Fig.10, but for missing transverse momentum distribution.

I*I"viybb+ X at the 14 TeV LHC are shown in Fig. 12.
The corrections do not distort the line shape of the LO
Pr.miss distribution, and both the LO and QCD +PS + EW+
qy +7yy corrected prmiss distributions reach their maxima
at prmiss ~ 45 GeV. As the increment of pr s from 0
GeV to 400 GeV, the QCD and QCD+PS relative correc-
tions increase from 25% to 55% and from 20% to 70%,
respectively, while the EW relative correction from the ¢g
annihilation channel decreases from —3% to —25%. The
relative corrections from the gy and yy scattering chan-
nels are significant, but much less than the QCD+PS rel-
ative correction. They are almost independent of the
missing transverse momentum, especially in the high
Pr.miss region: the gy-induced relative correction is about
7% and the yy-induced relative correction is 2% ~ 3%,
respectively, as prmiss € [100, 400] GeV.

The transverse momentum distribution of the final

anti-bottom jet should be the same as that of the bottom
jet due to the CP conservation in the H — bb decay, such
that we only study the b-jet transverse momentum distri-
bution and discuss the influences of the QCD, PS, EW,
qy-induced, and yy-induced corrections on the pr, distri-
bution in the following. From Fig. 13, we see that both
the LO and QCD+EW +gqy+vyy corrected b-jet trans-
verse momentum distributions peak at prj, ~45GeV,
while the QCD +PS + EW + gy +yy corrected b-jet trans-
verse momentum distribution reaches its maximumat pr, ~
65 GeV. Analogous to the prw-, pr.u, pr.i-> and pr.miss dis-
tributions, the b-jet transverse momentum distribution in-
creases sharply in the low pr, region and decreases ap-
proximately logarithmically after reaching its maximum
as the increment of pr,. The QCD relative correction var-
ies in the range of 30% ~ 45%, while the QCD+PS relat-
ive correction increases from approximately —90% to the

123103-12



Chinese Physics C Vol. 43, No. 12 (2019) 123103

T T T T T T 15
—LO 5
—— QCD+EW+qy+yy =
10° F —— QCD+PS+EW+qy+yy | F Sy - 8,4-5 =
; “Q
5 - 4-15
£ 1 L L -25
3 . . . 190
)
hS
B 10%F
N i / 80—
. =,
“Q
- 1-30
jjjpa_‘ - SQCD 6QCD+PS Bps
1 1 1 1 1 1 -140
0 100 200 300 400 0 100 200 300 400
Pry [GeV] D1y [GeV]
Fig. 13.  (color online) As in Fig. 10, but for b-jet transverse momentum distribution.

order of 165%, as pr, increases from 0 GeV to 400 GeV.
This clearly shows that the PS correction to the b-jet
transverse momentum distribution is more significant
compared to the PS corrections to the kinematic distribu-
tions of colorless particles discussed above. Generally,
the distributions of colored particles are more sensitive to
PS effects than those of colorless particles, since the soft
gluon can radiate from not only the initial-state partons,
but also the final-state colored particles. Thus, the jet dis-
tribution is very sensitive to PS effects. The EW relative
correction from the ¢g annihilation channel varies in the
vicinity of —5% in the low pr, region and then gradually
decreases to approximately —20% as pr;, increases to
400 GeV. The gy-induced relative correction ranges from
about 5% to 10% for pr, <200 GeV and holds steady at
about 10% when pr;, >200 GeV. The yy-induced relat-
ive correction is insensitive to the b-jet transverse mo-
mentum. It is less than 3% and decreases very slowly as
the increment of pr, in the plotted pr, region.

4 Summary

The production of W-W*H at the LHC can help to
understand the EW symmetry breaking and search for
new physics beyond the SM. In this study, we calculate
the shower-matched NLO QCD correction and the gg-,
qv-, and yy-initiated EW corrections to the W-W*H + X
production at the 14 TeV LHC. We employ four different
subtraction schemes to subtract the top-resonance effect
for comparison, and we adopt the MADSPIN method to
deal with the subsequent W* — [*v, and H — bb decays to

preserve the spin correlation and finite-width effects as
far as possible. The integrated cross section and some
kinematic distributions of W* and H and their decay
products are provided. The scale and PDF uncertainties of
the integrated cross section are also given to estimate the
theoretical error. Our numerical results show that the the-
oretical error of the QCD +EW + gy +yy corrected integ-
rated cross section mainly originates from the renormaliz-
ation scale dependence of the QCD correction. The QCD
correction significantly enhances the LO differential
cross section, especially in the central rapidity and high-
energy regions, while the EW correction from the ¢g an-
nihilation channel obviously suppresses the LO differen-
tial cross section. The QCD and gg-initiated EW relative
corrections to the integrated cross section are about 31%
and —6%, respectively. The relative corrections from the
photon-induced channels, gy - W W*Hg, and yy—
W-W*H are insensitive to the transverse momenta of fi-
nal products. The gy- and yy-induced relative correc-
tions to the integrated cross section are about 6% and 3%,
respectively, and they can compensate the negative EW
relative correction from the gg annihilation channel. The
PS relative corrections to the kinematic distributions of
colorless particles are O(10%) in the bulk of the phase
space, while the PS relative correction to the b-jet trans-
verse momentum distribution can exceed 100% in the
high pr, region. Thus, we should take into account the
shower-matched NLO QCD correction and EW correc-
tions from the ¢g annihilation and photon-induced chan-
nels in precision study of the W-W*H production at the
LHC and future hadron colliders.
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