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We consider the HZ associated production at the 14 TeV LHC in the littlest Higgs model (LHM) and
study the corrections of the transverse momentum resummation and threshold resummation at the next-to-
leading logarithmic (NLL) accuracy and the fixed-order prediction at the QCD next-to-leading order (NLO)
including the contribution from the one-loop-induced gg-fusion channel. The QCD NLO + NLL effects on
the integrated cross section and the distributions of transverse momentum and invariant mass of the HZ
system for the HZ production in the LHM are discussed. The distributions of transverse momentum and
invariant mass of the HZ system are evaluated by means of the transverse momentum resummation and
threshold resummation, respectively. We estimate their scale uncertainties and find that the predictions
obtained at the QCD NLO + NLL accuracy are much more reliable than those using the pure NLO
approach. We see also that the relative deviation between the results in the LHM and the standard model is
considerably reduced by the resummation effects, but still observable.
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I. INTRODUCTION

Since the Higgs boson discovery at the CERN Large
Hadron Collider (LHC) in 2012[1,2], establishing the
properties of the Higgs boson, especially its couplings to
the standard model (SM) particles, has been one of the
primary missions of the current LHC run. Furthermore, the
so-called naturalness problem is still a haunting nightmare
and is the driving force for new physics beyond the SM.

The littlest Higgs model (LHM) is a prominent realiza-
tion of the little Higgs mechanism, which is proposed to
ameliorate the fine-tuning problem [3-5]. In the LHM, a
global SU(5) symmetry and a locally gauged subgroup
G ®G,=[SU(2), ® U(1),] ® [SU(2), ® U(1),] are
introduced. The global symmetry SU(5) is broken into
its subgroup SO(5) at the scale f. In the meantime, the
local gauge symmetry [SU(2) ® U(1)]? is broken into its
diagonal subgroup SU(2), ® U(1), spontaneously, which
is identified as the SM electroweak gauge group. It is well
known that the SM gauge bosons and the top quark
contribute quadratic divergent terms to the Higgs boson
mass. In the LHM, several heavy gauge bosons (W3, Zy,
and Ay) and one heavy vectorlike quark (7') are introduced
to cancel these quadratic divergences at the one-loop level.
These additional heavy particles might exhibit signatures at
the LHC.

The associated HZ production is one of the most important
Higgs production channels at hadron colliders, and it is a
direct process to investigate the HZZ coupling. There have
already been thorough efforts for precise predictions of
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the pp - HZ + X process. The next-to-leading-order
(NLO) QCD and electroweak (EW) corrections have been
calculated in Refs. [6-8]. The next-to-next-to-leading order
(NNLO) QCD corrections also have been performed in
Refs. [9,10].

However, the fixed-order calculation is reliable only
when all the scales are of the same order of magnitude. At
the phase space boundaries, for example, when the HZ
system is produced with small pr 5 or with invariant mass
approaching the partonic center-of-mass energy, i.e.,
7= M?%,/3 ~ 1, the coefficients of the perturbative expan-
sion in a, are enhanced by powers of large logarithms
In"(M%,,/ Py pz) or In™(1 —z)/(1 —z), which spoil the
convergence of the fixed-order predictions. In order to
obtain reliable results at the boundaries of the phase space,
these large logarithms need to be resummed. The transverse
momentum resummation technique [11-13] is proposed
for the summation of the large logarithms of the type
In"(M3%,,/ p% y7), and the threshold resummation tech-
nique [14-16] for the summation of the large logarithms
of the type In"(1 —z)/(1 - z).

The transverse momentum resummation and the thresh-
old resummation effects for HZ production at the LHC in
the SM were presented in Refs. [17,18]. The calculation for
the NNLO QCD corrections to the SM Higgs boson
production in association with a Z-boson at hadron
colliders has been implemented by O. Brein et al. [9].
They find that the contribution from the lowest order gg-
fusion channel at the LHC is more important than the other
QCD NNLO corrections to HZ production. The QCD NLO
calculation of the HZ production at the LHC within the
framework of the LHM was provided in our previous work
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[19], where the effects of the LHM up to the QCD NLO
from the ¢q annihilation channel were investigated, but the
contribution from the gg-fusion channel was absent.

In this work, we study the effects of the littlest Higgs
model on the HZ production at the QCD NLO and the next-
to-leading-logarithmic (NLL) level including the lowest
contribution from the gg-fusion channel. We organize the
paper as follows. In Sec. II, we give a glance at the LHM
theory. In Sec. III, we briefly describe the leading order
(LO) and the QCD NLO calculation strategy, and reca-
pitulate the well-known formalism of the transverse
momentum resummation and the threshold resummation.
The numerical analyses and discussions are presented in
Sec. IV, where some numerical results of the integrated
cross section and differential cross section by adopting the
transverse momentum resummation and the threshold
resummation are provided. Finally, a short summary is
given. The related Feynman rules for the coupling vertices
in the LHM are collected in the appendix.

II. BRIEF REVIEW OF THE LHM

The LHM is based on an SU(5)/SO(5) nonlinear sigma
model. The vacuum expectation value (VEV) breaks the
global SU(5) symmetry into its subgroup SO(5) and at the
same time breaks the local gauge symmetry [SU(2), ®
U(1),] ® [SU(2), ® U(1),] into its diagonal subgroup
SU(2); ® U(1)y, which is identified as the electroweak
gauge group in the SM. The gauge fields W# and B
associated with the broken local gauge symmetries and the
SM gauge fields can be expressed as follows:

WH = sWi + cW5, W = —cWi 4+ sW5,  (2.1)

B* = s'B\ + ¢'BY, B" = —c'B\ +s'B;, (2.2)

where s = V1 —c2, s’ = V1 — ¢, and c, ¢’ are given by

/

SR S
VI t+ 9 g+ 9

At the scale f, the SM gauge bosons remain massless,
while the heavy gauge bosons acquire masses of order f.
The W and B are identified as the SM gauge bosons, with
couplings of g=g;s =gyc and ¢ = ¢g|s' = ghc’. The
electroweak symmetry breaking gives the masses for the
SM gauge bosons and induces further mixing between
the light and heavy gauge bosons. We denote the light
gauge boson mass eigenstates as W7, Z;, and A, (i.e., W+,
Z, and y) and the new heavy gauge boson mass eigenstates
as W,i{, Zy, and Ay. The masses of these gauge bosons to
the order of v%/f? are given by [20]
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where my = gv/(2Cy), Cy = cos@y ==, Oy is the
Weinberg angle, and +' and v are the VEVs of the scalar
SU(2), triplet and doublet, respectively.

III. CALCULATION SETUP

In this section, we present the configuration of the
calculation. First, we give a quick overlook of the LO
and the NLO calculations, then recapitulate formulism
about the transverse momentum resummation and the
threshold resummation at the NLL accuracy, for which
we refer to Refs. [21,22]. We denote the inclusive hard-
scattering HZ production process in hadronic collisions as

A(Py) + B(Pg) = H(ps) + Z(ps) + X, (3.1)
where H and Z with four-momenta p5 and p, are produced
by a collision of the two protons A and B with four-
momenta P, and Pp separately. X denotes the hadronic
remnant of the collision.

A. LO and NLO calculations
At the Born level, the HZ system is produced through

q(p1) +4(p2) = H(ps) + Z(ps). (g = u.d. c.s,b),
(3.2)

where p; and p, denote the four-momenta of incoming
partons. Our calculation shows that the relative difference
between the integrated cross sections obtained by adopting
my = 4.25 GeV and m;, = 0 GeV is less than 0.01% for
HZ production at the 14 TeV LHC. That is because of the
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FIG. 1. The LO Feynman diagram for the partonic process
qq — HZ in the LHM, where V=Z,Z, Ay, and g=u, d, c, s, b.

smallness of the bottom-quark density in the proton
compared with other light quarks. Thus we ignore all
the quark masses of the u, d, ¢, s, and b quark in our
calculations. It can be estimated that the LO cross section
of the subprocess (3.2) is of order a2, From the
Feynman diagram of the LO subprocesses in Fig. 1,
we can see that the cross section for gg — HZ in the
LHM contains potential resonant contributions due to the
diagrams with exchange of heavy gauge bosons, Zy or
Apg. To dispose of the singularities due to these reso-
nances, the decay widths of Zy and Ay are introduced.
We adopt the unitary gauge, and the other calculation
details can be found in Ref. [19].

Our total NLO QCD correction includes the pure NLO
QCD correction and the additional contribution from the
one-loop-induced gg-fusion channel, where the pure NLO
QCD correction to the pp — qq - HZ + X process
consists of the following contributions: the virtual cor-
rections and the corresponding renormalization counter-
terms, the real gluon and real light-quark emission
corrections, and the contributions of parton distribution
function (PDF) counterterms that absorb part of the
collinear singularities of the real gluon and real quark
contributions. We use the dimensional regularization
method to regularize both the ultraviolet (UV) and the
infrared (IR) singularities and adopt the modified min-
imal substraction (MS) renormalization scheme. To sub-
tract the IR singularities arising from the real gluon
emission contributions, we adopt the two cutoff phase
space slicing method [23]. The four-momentum of the
emitted gluon is denoted as ps. An arbitrary soft cutoff §;
is introduced to split the phase space of the
real gluon emission subprocess into two parts, the soft
gluon region (E5 < 5s\/§/2) and the hard gluon region
(Es > 8,0/3/2). In addition, another cutoff &, is intro-
duced to separate the hard gluon region into a hard
collinear (HC) region (§;5 or $,5 <6.5) and a hard
noncollinear (HC) region (3,5 and §,5s > 5.5) where
S;;=(pi+p j)z_ The real light-quark emission subpro-
cesses are treated similarly.

We also adopt the dipole subtraction [24] methods to
deal with the IR singularities, and find perfect agreement
between the two results. We also checked the NLO QCD
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corrected total cross section for the HZ production in the
SM by comparing the results obtained using our programs
and MadGraph package [25] separately, and the two
calculations agree with each other very well.

Although the cross section at the lowest order for the
loop-induced gluon-gluon fusion subprocess gg — HZ is
of a2,,a2 order, of which a; is an order higher than the QCD
NLO contribution from the gg — HZ subprocess, the
former contribution is non-negligible due to the high
luminosity of the gluon at the LHC. From Ref. [9] we
know also that with My = 125 GeV, the NNLO QCD
correction to the Drell-Yan channel gg — HZ at the 14 TeV
LHC increases the K factor by a mere 1%, while the K-
factor enhancement from the gg — HZ channel is about
10%. Consequently, we include the lowest contribution
from the gg — HZ subprocess within the SM and the LHM
in the QCD corrected total cross sections and kinematic
distributions for the pp — HZ + X process, but ignore the
other QCD NNLO corrections. The additional Feynman
diagrams in the LHM are plotted in Fig. 2 except for the
analogical diagrams in the SM. In the additional one-loop
diagrams in the framework of the LHM there is included
the internal heavy gauge boson (Ay, Zy) and the top quark

partner 7. The total one-loop amplitude M, is IR and
UV finite. The detailed calculation of the gluon-gluon-
induced contribution is similar to the analogical evaluation
in Ref. [26]. We checked the total cross section for the
pp — 99 — HZ + X process in the SM at the 14 TeV LHC
by using our programs and MadGraph separately, and find
the results agree with each other.

B. Resummation formalisms

We denote M and p; as the invariant mass and transverse
momentum of the HZ system, respectively. By means of
the QCD factorization theorem, the inclusive double-
differential cross section for the pp — HZ + X process
can be written as [21]

> dZO'AB
dM?*dp?

1
= Z/o o, dxpdzf o a (Xao 13) f 178 (Xpo 17 )6
ab

(%)

x <Z— £ )[Zdéah(Z’Mz’p%’M%‘)]» (3.3)

XaXp

where p,, = X, ,Paps fa/p(X.4%) (@ = u,d, c, s, b)is the
PDF of proton, which describes the probability to find a
parton a with momentum fraction x, in proton P at the
factorization scale . 6, is the partonic cross section. 7 =
M?/S (S is the hadronic center-of-mass energy squared)
and z = M?/§ (3 is the partonic center-of-mass energy
squared). We define the Mellin moments of the quantities
F = 04p, 641> fa/a and f,p through the Mellin transform
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FIG. 2. The additional Feynman diagrams in the LHM of the gluon-gluon fusion gg — HZ subprocess, where Vy = Zy, Ay,
V=2272y4,Ay,q=u,d,c,s,t b,and T represents the extra top quark partner introduced in the LHM. The SM-like Feynman diagrams
for the gg — HZ subprocess and the diagrams with exchanging of the external gluons are not shown.

F(N) = /) 1 yNIF(y)dy, (3.4)

with y = 7, z, x,,, and x,,, respectively. We can rewrite the
differential cross section Eq. (3.3) in Mellin N space as

5 dZO'AB
dM?*dp?

= FasaWN i) foy5(N. 1360 (N. M2, 3 i3, %),
ab

(N-1)

(3.5)

Under the form of Eq. (3.5), we can carry out the
resummations of the large logarithmic terms arising in
the small transverse momentum and/or the production
threshold regions up to all orders in «, effectively.

1. NLL transverse momentum resummation

In order to take resummation for the large logarithmic
contributions arising at small p; region, while not violating
the transverse momentum conservation, the transverse
momentum resummation procedure has to be achieved
in the impact-parameter space [12]. Therefore, a Bessel
transform should be applied. The partonic cross section at

NLL accuracy in Eq. (3.5) can then be expressed by
performing the inverse Bessel transform with respect to
the impact-parameter b as

R © b
GIZ#(N’MZ,IJ%,#%,#%)—A db=Jo(bpr)
x NN, M2, b, % i),
(3.6)

where J|, is the zeroth-order Bessel function. The impact-
parameter b and pr are conjugated variables. Up to the
NLL, the resummed partonic cross section in the (N, b)
space can be expressed as [21]

&3 (N M>. 0%, ., )
1 - 1
Ul (N, 1782, 12Ul
a’.a”,b’,b”
X (N* l/zz’ﬂ%‘)ca”a’ (N’ 1/52)
X Cy (N, 1/B) Mg (M. 1)
x exp[Gay (b2, M2, %)), (3.7)
where U 23 are evolution operator matrices that evolve the
PDFs from the scale uy to the scale 1/b with b = be’z /2
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(yg is the Euler number)." The hard function M., (M2, u3)
is independent of the impact parameter and can be
expanded in powers of a;. There are freedoms to separate
different contributions into various H,,, G,,, and C,,
functions, which reflects the choice of the resummation
scheme [11]. As recommended by Ref. [21], we choose the
“physical” resummation scheme where the function H,, is
free from any logarithmic terms and G, and C,, are free
from any hard contributions, which means they are both
universal functions. At the NLL accuracy, the hard function
is expressed as

HaPs3) =85 0P) |14 2240 3

where &((3)) is the Born cross section and Ay is the IR-finite

part of the renormalized virtual contribution. The expres-
sion of A, can be read out from

2 2
. o (u drup\€ T'(1 —€) 0
UXb(MZ»//’zze) _ ( R) < R) ( ) ( )(Mz)

2z \ M2 ) T(1—2¢) e
x {%+%+AO} (3.9)

At the NLL accuracy, the universal functions C,;, appearing
in Eq. (3.7) are expressed as

as(/’l%?) |:ﬂ2 (1),e

Cop(N4i3) = 6, L b
av (N, uz) bt o b~ Vap

4 )|

(3.10)

where the QCD color factors are C, = Cp and C; = Cy,

and ygllj'e (N) represent the O(ay, €) parts of the Altarelli-
Parisi splitting kernels in Mellin space. As mentioned
above, the Sudakov form factor G, in Eq. (3.7) is chosen
to be free from any hard contribution. At the NLL accuracy,
it can be expanded as [27,28]

Gus (B M2, 13) = gl3)(2) In (M?B?) + ¢} (ﬂ, ,7>,
R

(3.11)

where A = fyIn (M?b*)a,/(2x). The explicit expressions
for G,, can be found in Ref. [21]. The first term in this
expansion collects the leading logarithmic contributions,

g\ (1) AP +AMA+m(1-2)].  (3.12)

~ 2p,

and the second term 1is the next-to-leading pieces
written as

'"The introduction of e7£/2 is to simplify the algebraic
expression of G and the choice is purely conventional [11].
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2
95 (A, M2 /i)

- 2%0 B + B In(1 - 2)
2%0 A0 + Al éjt In(1 —ﬂ)] lnf—g
e R ()
_ziﬂ%[ @ 4 ](72)] [ﬁ+1n(1_,1)], (3.13)

where the relevant coefficients of the resummation func-
tions A, and B, have been expressed as

18 6 9
B{) = -3c;, B =-25,.

67 5
A =2, AP =20, [( ﬂ—) Ca - _Nf} :
(3.14)

Here and in further expressions the associated one-loop
coefficient S, and the two-loop coefficient 3, are defined by

11 2
Po = ZCA - ngTR,
1

where N f active quark flavors C4, =3, Cr =4/3, and
T = 1/2.

In the interest of obtaining the resummed result in the
physical pr space, we adopt the minimal prescription of
Ref. [29] for the inverse Mellin transform and the pre-
scription presented in Ref. [30] for the inverse Bessel
transform.

In order to avoid double counting of the logarithmic
terms in QCD NLO and QCD NLL calculation and to
obtain faithful results in all kinematical regions, the
summation of the QCD NLO corrected distribution,
doEO/dpr, and QCD NLL resummed distribution,

doE-/dpr, have to be consistently subtracted by the

overlap part doS5"*/dpr, ie.,

NLO+NLL NLO NLL overlap
do,g :dGAB dosg-  doyp

dpr dpr dpr dpr

. (3.16)

which we call the QCD NLO + NLL corrected distribution.
In the above equation, the NLL resummed contribution
doE-/dpr is obtained after inserting Eq. (3.6) into

Eq. (3.5) and performing relevant integration and trans-

forms. The doSs™ /dpy is obtained by expanding the
NLL resummed contribution to fixed order of a;.
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2. NLL threshold resummation

In the threshold region, the partonic cross section in
Eq. (3.5) can be refactorized into an exponential form at
NLL accuracy as

Gap (N M, .. i)

= STUDNN. MNP 42 U (N M /NP i)
a.b

x Hyy (M?, ) explGuy (N*. M, i) . (3.17)
where the transverse momentum has been integrated over

and N = Ne’t. The one loop approximation of the QCD
evolution operator U ) drives the behavior of the parton-
into-parton density functlons with the energy and encom-
passes collinear radiation [31]. The hard function 7:[ab and
the Sudakov form factor Qab can be computed perturba-
tively. Recently we learned that Eq. (3.17) at the NLL
accuracy can be improved by applying the collinear
improvement procedure [22], which includes and resums
the subleading terms coming from the universal collinear
radiation of the initial state partons at the NLL [32-35].
In Eq. (3.17) we have already applied the collinear
improvement procedure [22]. The hard function ﬂab and
the Sudakov form factor Qah at the NLL accuracy are
expressed as

Fa (M2 ) = i) (M) + 5 = oy (M. 43),
- . — M?
Gup(N. M2 1i2) = 5 () In N + 3 (,1, 72) (3.18)
R

where A = 3y In Na,/(27z). The LO and NLO parts of the
‘H,;, function read

77:2
7 ab +A§}>)]. (3.19)

The arguments of the leading and next-to-leading loga-

rithmic contributions to the Sudakov form factor @ab
depend, in addition to the reduced Mellin variable, on
the one-loop coefficient of the QCD beta function 5, which
is given as in Eq. (3.15).

The coefficients g(b) and g<h) of the function gab in
Eq. (3.18) include the resummations of the leading and
next-to-leading logarithmic contributions from soft and
collinear radiations. In the MS renormalization scheme,
they are explicitly given by [22]

1
=AY + A24 + In(1 = 22)].

~(1)
9ap (A) = 57 5 (3.20)
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2
()< M> I o 0
(05 ) = == AP + AP [24 + In(1 - 22
!
B + BV} In(1 - 22)
ﬁo
1 M?
+—[AY + AV 22 + In(1 = 22)] In
20 /“‘R
P (1)
+ 2L 1Al + A
iGN

1
22+ 1In(1 = 22) +§1n2(1 —22)].

(3.21)

There the relevant coefficients of the resummation func-
tions A, and B, are already expressed in Eq. (3.14).

To obtain results in the invariant mass space, the inverse
Mellin transform needs to be applied to Eq. (3.16). We still
choose the minimal prescription in Ref. [29] for the inverse
Mellin transform. In analogy to the QCD NLO + NLL
corrected transverse momentum distribution, the QCD
NLO + NLL corrected invariant mass distribution is
obtained as

AR O dode
dm am dm dm '

In the above equation, the NLL resummed contribution
doEL /dM is obtained by performing the integration over
pr for Eq. (3.5), inserting Eq. (3.17) into Eq. (3.9),
and performing inverse Mellin transform. dos"/dM is
obtained by expanding the NLL resummed contrlbutlon to
the order of a,. From Eq. (3.22) we can also obtain the
QCD NLO + NLL corrected total cross section after
performing the integration over M.

IV. NUMERICAL ANALYSIS

A. Input parameters

The input parameters in the numerical calculations are as
follows. The ¢ quarks (¢ = u, d, c, s, b) are taken as
massless. We used the G, scheme for the fine-structure
constant, i.e., the electromagnetic coupling constant « is
derived from the Fermi coupling constant ag, = \/EGFM 2

(1= M3,/M2%)/x. The SM parameters are taken as [36]
My = 80385 GeV, M, = 91.1876 GeV,

= 173.21 GeV, G, = 1.1663787 x 1075 GeV~2.
(4.1)
The light neutral Higgs mass is taken as

My = 125 GeV, and the Weinberg mixing angle in the
SM is obtained from S3, = 1— M3,/M%. The vacuum
expectation value of the Higgs doublet is chosen as
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v =246 GeV. The CT10 and CT10nlo PDFs are adopted
in the LO and NLO/NLO + NLL calculations, respec-
tively. The strong coupling constant a, provided by the
CT10 PDFs [37] is used in the calculation. To make
theoretical predictions for integrated cross sections, we
take three distinct value sets for the LHM parameters
considering the constraints of the electroweak precision
data on LHM parameters [38,39]. We fix y = 0.5, R =1,
and the other input LHM parameters are chosen repre-
sentatively in three parameter cases, in order to show the
effects of these parameters. Namely, (1) case A, ¢ = 0.5,
¢’ =022, and f =4 TeV; (2) case B, c = 0.3, ¢/ = 0.3,
and f=4.5TeV; (3) case C, ¢ =0.8, ¢/ =04, and
f =5 TeV. This analysis provides us crucial information
to test the experimental possibility for the HZ production
process in the LHM context. The corresponding heavy
gauge bosons and the T-even partner of the top quark have
masses M, = 3024.1 GeV, M,, = 1462.5 GeV, and
My = 5632.8 GeV for case A; My, =5147.5 GeV,
My, = 1232.7 GeV, and M; = 6337.0 GeV for case B;
and Mz, = 3406.1 GeV, M,, = 1068.5 GeV, and My =
7041.1 GeV for case C.

B. Total cross section

We include the one-loop-induced gg-fusion channel
contribution in the QCD corrected integrated cross sections
in both the SM and LHM. The QCD NLO + NLL
corrected total cross section is obtained by performing
the integration for Eq. (3.22) over HZ invariant mass M,
and combining with the one-loop-induced gg-fusion chan-
nel contribution. For simplicity we set the factorization and
renormalization scales being equal (up = pr = p) and in
the total cross section calculation we fix the scale y as the
central value of uy = M, + My if there is no other state-
ment. We list the LO, QCD NLO, NLO + NLL corrected
total cross sections, and the contributions from the gg-
fusion partonic process for the HZ production with the
three LHM parameter cases at the 14 TeV LHC in Table L.
We can see from the table that the gg-fusion contribution is
numerically relevant in the predicted cross section, even
more important than the NLL resummation effect in the
QCD NLO + NLL calculation. In further calculations and
analyses we fix case A values for ¢, ¢/, and f parameters.

TABLE I. The LO, QCD NLO, and NLO + NLL corrected
total cross sections predicted in the LHM for the HZ production
at the v/S = 14 TeV LHC. The contribution from the gg-fusion
subprocess is also listed independently. Case A, case B, and case
C represent different LHM parameter sets.

Cross section (pb) 010 ONLO ONLO+NLL Ogyqg

Case A 0.807(1) 1.007(1) 1.001(1) 0.072(1)
Case B 0.808(1) 1.010(1) 1.004(1) 0.072(1)
Case C 0.787(1) 0.989(1) 0.984(1) 0.072(1)
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FIG. 3. The factorization/renormalization scale dependence of

the total cross sections of the HZ production in the LHM at the
14 TeV LHC. The dotted, dashed, and solid curves are for the LO,
NLO, and NLO + NLL, respectively.

The LO, QCD NLO, and NLO + NLL corrected inte-
grated cross sections for the HZ production in the LHM at
the 14 TeV LHC as the functions of the factorization/
renormalization scale are depicted in Fig. 3, where the scale
u varies from 0.2 to 5uy. The dotted curve is for the LO
cross section, the dashed curve is for the NLO QCD
corrected cross section, and the solid curve is for the
QCD NLO + NLL corrected cross section. Normally for a
process involving pure electroweak interaction subpro-
cesses at the LO, one does not expect a significant scale
uncertainty improvement at the QCD NLO. But Fig. 3
shows clearly that the NLO QCD correction reduces
obviously the scale dependence of the total cross section,
and the QCD NLO + NLL correction improves the scale
uncertainty even better than the pure QCD NLO correction.

Except for the theoretical scale uncertainty, there is
another uncertainty of the PDF, which is associated with
the experimental data adopted to build the PDF fits. The
PDF uncertainty is normally not improved by high-order
evaluation procedure. The CT10 collaboration uses the
Hessian method to estimate the PDF experimental uncer-
tainty by propagating the experimental uncertainties on the
fitted data and leads to the production of orthogonal
eigenvector PDF sets corresponding to a 90% confidence
level [40]. The PDF errors on the cross section are then
obtained by the following formulas,

Aoppr = \/Z[max (64— 00,0_; —00,0)]>,  (4.2)
i=1

Aoppp- = \/Z[max (60— 0400 =0, 0)]7,  (4.3)
i=1
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TABLE II. The LO, QCD NLO, and NLO + NLL corrected total cross sections and the relative deviations of the

cross sections predicted in the LHM from that in the SM for the HZ production at the v/S = 14 TeV LHC. The
contribution from the gg-fusion subprocess is also listed independently. For each result, the central values represent
the total cross section obtained by taking u = yg; the first error is due to scale uncertainty in the scale range of
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0.5p9 < p < 24y, and the second error is due to the PDF uncertainty.

Cross section LO NLO NLO + NLL gg fusion
osm (pb) 0.7312505-0.0% 0.92720 01 0056 0.92475516-0.0%6 0.07327012-0.003
o 10.4% 8.6% 8.3% —-1.5%

where the number of eigenvector directions in the CT10 fit
is n = 26, and o is the cross section calculated with the
best fit PDF set. In our calculations of the PDF uncertainty,
we use CT10 PDF sets to figure out the PDF uncertainty as
the deviation range of the total cross section.

We list in Table II the integrated total cross sections and
the corresponding errors in the LHM and the SM at the
14 TeV LHC. There we list also the cross sections
contributed by the one-loop-induced gg-fusion partonic
process, o1y and oia,. In the table, the upper and lower
errors mean the upper and lower limitations from the scale
error and the PDF error, respectively. The scale error
limitations are defined by varying g from 0.5 to 2u,.
The central values represent the total cross section with
1 = po. From the data for both the LHM and SM in the
table we can see again that the NLO QCD correction
reduces the total theoretical error of the total cross section,
and the total error is further reduced by including both the
QCD NLO and NLL corrections. These numerical results
demonstrate that the scale uncertainty of the QCD NLO
corrected total cross section is less than the LO one, while
the QCD NLO + NLL correction reduces more signifi-
cantly the scale uncertainty than the QCD NLO correction.
Furthermore, we find that the scale uncertainty including
the QCD NLO correction is mainly contributed by the
lowest order gg-fusion subprocess. If discarding the gg-
fusion correction, the QCD NLO and NLO + NLL scale
uncertainties would be decreased further. In this table the
LO, QCD NLO, and NLO + NLL relative deviations ()
of the LHM predicted total cross sections from the
corresponding ones in the SM are defined as

LHM SM

50— Lo ~ %10
LO — SM B
0L0
LHM SM
5 _ ONLO ~ ONLO
NLO = — smM >
ONLO

HLHM _ oM
NLO+NLL NLO+NLL

5NLO+NLL = (44)

O_SM
NLO-+NLL

The relative deviations listed in the table show that the
QCD NLO correction reduces 6y obviously, while the
QCD NLO + NLL correction decreases the NLO relative

deviation slightly. We conclude that (1) the theoretical
scale + PDF uncertainty of the total cross section can be
improved by including both the QCD NLO correction and
the NLL threshold resummation; (2) the QCD NLO + NLL
correction decreases the relative deviation from the SM
total cross sections obviously, but the LHM effect in the HZ
production process is still observable after taking the QCD
NLO + NLL effects into account in precision study.

In Table IIT we list the total cross sections in the LHM
and the corresponding relative deviations after applying a
lower cut on HZ invariant mass (M%) to demonstrate the
way to promote the possibility for finding LHM evidence.
The table shows that in the range of 250 GeV < M <
400 GeV the QCD NLO corrections to the LO cross
sections are always positive and the NLO 4 NLL correc-
tions reduce slightly the corresponding NLO corrected
ones. The results of § in Table III show that the LO, NLO,
and NLO + NLL relative deviations [defined in Eq. (4.4)]
increase rapidly as the low cut M goes up. For example,
we can read out that the relative deviation Onpoynip 1S
about 12.4% for Mt = 250 GeV and increases to 71.2%
for M = 400 GeV. That means the new physics sign of
the LHM becomes more obvious if we take a large enough
lower cut on the HZ invariant mass.

TABLE III. The LO, QCD NLO, and NLO + NLL corrected
total cross sections and the corresponding relative deviations for
the pp - HZ + X process at the 14 TeV LHC with different
values of the lower cut (M) on the invariant mass.

M (GeV)

Cross section 250 300 350 400
akgM (fb) 587.66(5) 354.13(1) 241.68(1) 184.49(2)
6%‘ (fb) 506.96(3) 266.65(1) 150.56(1)  91.06(1)
Lo 15.9% 32.8% 60.5% 102.6%
aﬁ%’l (fb) 752.8(8)  4749(4) 328.3(3) 238.6(4)
GIS\II\IiIO (fb) 666.5(7)  380.9(1) 229.8(1) 137.3(2)
ONLO 12.9% 24.7% 42.9% 73.8%
O-INII:H(\)/I+NLL (fb) 746.6(8) 469.8(4) 323.6(3) 234.0(4)
”1S\II\L4O+NLL (ftb) 664.3(7)  379.8(1)  229.0(1) 136.7(2)
ONLO4NLL 12.4% 23.7% 41.3% 71.2%

074020-8



HZ ASSOCIATED PRODUCTION AT THE LHC WITHIN ...

C. Transverse momentum distribution

Now we turn to the transverse momentum distribution
of the HZ production within the LHM in the NLO + NLL
QCD. Here we denote the transverse momentum of the
HZ system simply as py. As we know, the ratio of
644/0NL0 1s only about 7% as shown in Table I, and the
one-loop-induced gg-fusion channel does not provide
contribution to the py distribution due to the conservation
of the transverse momentum of the final HZ system.
Therefore, it is justified to consider only the contribution
from the dominant ¢g annihilation channel with the
NLO + NLL QCD accuracy in the following discussion
of pr distribution. The NLO + NLL QCD corrected pr
distribution is obtained by using Eq. (3.16). In calculating
the pr distributions of the HZ system, we identify the
unphysical scale y = pup = pg with yy = M, + My unless
there is another statement. In Fig. 4 we show the QCD
NLO corrected, the NLL resummed, the overlapped part,
and the QCD NLO + NLL corrected HZ transverse
momentum distributions in the LHM at the 14 TeV
LHC. We can see that the overlapped p; distribution
and the QCD NLO corrected distributions are in good
agreement particularly in the low p; region, but as pr
becomes larger, the discrepancy between the two results
becomes more obvious; for example, at p;y = 100 GeV
the discrepancy reaches 16%. We see also that the QCD
NLO corrected distribution shows divergence tendency at
the low pr region, while the QCD NLO + NLL corrected
distribution exhibits a finite and physical behavior having
apeak around 5 GeV in low pr area. From this respect, we
can conclude that after taking account of the resummation
effects the p; distribution will be more reliable.

) M ) v ) v )
b\ | — - LHMNLO ]
----- LHM OVERLAP

— — LHM RESUMMED
\ ~——— LHM NLO+NLL

20

do/dp, (fo/GeV)

10 |

FIG. 4. The transverse momentum distributions of the HZ
production within the LHM at the 14 TeV LHC. The QCD NLO
corrected distribution is drawn with a blue dashed curve, the
overlapped distribution with a red dotted curve, the QCD NLL
resummed distribution with a red dashed curve, and the QCD
NLO + NLL corrected distribution with a black full curve.
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To estimate the scale uncertainty of differential cross
sections, we define the scale uncertainty in a usual way
from the variation of the factorization/renormalization
scale, where the scale varies around the central value uy =
Mz + My from % to 2uy. In Fig. 5 we plot the transverse
momentum distributions of the HZ production with the
corresponding scale uncertainties within the LHM at the
14 TeV LHC. It shows that the QCD NLO corrected
distribution exhibits a much wider band than the QCD
NLO + NLL corrected distribution, which means that the
QCD NLO + NLL corrected distribution owns a better
theoretical scale uncertainty. In Table IV, we list the results
for the relative scale uncertainty for some typical p; with
its definition as

 max [{2 (4)] — min [£2 (u)]

n(pr) =
ﬁ (o)
b

1
— Uy, 2, .
2#0 Ho})

From the table, we can read out n(p; = 15 GeV) = 18%
and 3% and n(pr =50 GeV) =21% and 8% for the
QCD NLO and NLO + NLL corrected distributions,
respectively. The relative scale uncertainty for the QCD
NLO corrected p; distribution is always larger than the
QCD NLO + NLL corrected py distributions in the listed
range. We conclude that the differential cross section of pr
obtained at the QCD NLO + NLL accuracy is much more
reliable than those at QCD NLO.

To describe the relative deviation of the p distributions
in the LHM from the corresponding SM predictions, we
define

’

(4.5)

40 F T T T T =
L o [ LHM NLO !
I~\ LHM NLO+NLL -
S
) |
O 25 u
8 \
- 20 -
o
©
S 15fF -
10| -
5 E
[ A 1 A 1 A —
20 40 60 80 100
P, (GeV)
FIG. 5. The HZ transverse momentum distributions and the

related scale uncertainty of the HZ production in the LHM at the
14 TeV LHC. The QCD NLO corrected py distribution range is
shown as the gray band and the QCD NLO + NLL corrected
distribution range as the red band with the scale varying in the

range of [§ug, 2]
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TABLE IV. The relative scale uncertainties of the p; distribu-
tion of the pp — HZ + X process in the LHM at the 14 TeV
LHC for some typical values of py. The relative scale uncertainty
is defined in Eq. (4.5).

pr(GeV) Lo (%) nLo+nLL (%)
5 17 8
10 17 6
15 18 3
20 18 3
50 21 8
100 21 19
do do
3(pr) — Beuamy ~ Ulow, (4.6)
(E)SM

In Fig. 6, the upper panel provides the HZ transverse
momentum distributions for the HZ production at the
14 TeV LHC in the LHM and the SM, and the lower
panel shows the corresponding relative deviations &(py).
We see from the figure that the QCD NLO corrected pr
distribution in the LHM is larger than that in the SM and
both curves share a similar shape. From the upper panel of
Fig. 6, we find that after resummation procedure, the
NLO + NLL corrected py distributions in both the LHM
and the SM are convergent in the low p; range as expected.
We can see clearly from the lower panel of Fig. 6 that the
resummation correction exerts an obvious effect on the
HZ transverse momentum distribution. We can read out
from the figure that the relative deviation of the QCD
NLO corrected distribution varies from 12% to 32% with
the increment of p; in the plotted range, while after
resummation §(py) is evidently reduced to the range of

\‘ T L} T )
30 A\ M — — SMNLO -
“\ —— SMNLO+NLL
_ ! — — LHMNLO
3 —— LHM NLO+NLL
O 20
€
d
o
°
3
10k
: : ——F
0.4 .- - — NLO -
w gpp T NONL - ;:—;—/-
00 1 1 1 1 .
20 40 60 80 100

P, (GeV)

FIG. 6. The HZ transverse momentum distributions for the
pp — HZ + X process in the SM and the LHM (in the upper
panel) and the corresponding relative deviations (in the lower
panel) at the 14 TeV LHC.
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5% ~ 20%. That implies that the LHM effect on the HZ
transverse momentum distribution could be even harder
to measure, but still observable if taking into account
the QCD NLO + NLL correction in precision search for
the LHM.

D. Invariant mass distribution

In this subsection we discuss the threshold resummation
effect on the invariant mass distribution. For the spectra in
the invariant mass M, we fix the scale to be the invariant
mass of the HZ system (4 = up = ugr = M y), and denote
the HZ-system invariant mass as M for simplicity in the
following invariant mass distribution analysis. The QCD
NLO + NLL corrected invariant mass distribution is
obtained via Eq. (3.22) and added together with the
contribution from the one-loop-induced gg-fusion channel.
We plot the LO and NLO + NLL corrected HZ invariant
mass distributions for the HZ invariant mass in the LHM
and SM at the 14 TeV LHC in Fig. 7, and the corresponding
contributions from the one-loop-induced gg-fusion sub-
process are also plotted independently. We can see that the
contributions from the gg-fusion channel are much smaller
than the corresponding differential cross sections, and their
contributing proportions are less than 10% in the plotted
range. The figure shows that with the increment of M, the
LO and NLO + NLL corrected differential cross sections in
both the LHM and the SM decrease significantly except in
the vicinities of the two resonances for the LHM distribu-
tions, i.e., at M ~ 1500 GeV and M ~ 3000 GeV, respec-
tively. Furthermore, the difference between the invariant
mass distributions in the LHM and the SM becomes
considerably larger, particularly in the two resonant
regions, as the invariant mass M grows up.

) ) ) ) )
----- SM LO
10" —— SM NLO+NLL
----- LHM LO
s | T — LHM NLO+NLL
g 102k — — SMgg
3 I\
e \
= \
S 10°}
©
© Se
10* |
10° | S '
2 1 " 1 h [ " 1 i 1
1.0 15 2.0 25 3.0
M (TeV)

FIG. 7. The LO and NLO + NLL corrected HZ invariant
mass distributions for the HZ production in the SM and the
LHM at the 14 TeV LHC. The contribution parts from the gg-
fusion subprocess among the NLO + NLL corrected distributions
are shown independently.
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100 _' ] M ) v ) M ) M I_
F | HMLO ]
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>
()
|_
8 10
=
ke
I
=
p=
10?
1 2 1 i 1 2 1 A L
1.0 15 2.0 25 3.0
M (TeV)
FIG. 8. The LO, QCD NLO, and NLO + NLL corrected HZ

invariant mass distributions with the scale varying in the range of
[} M, 2M] for the HZ production in the LHM at the 14 TeV LHC.
The LO invariant mass distribution range is shown as the gray
band, the QCD NLO corrected invariant mass distribution range
is shown as the red band, and the QCD NLO + NLL corrected
invariant mass distribution range is shown as the blue band.

In Fig. 8 we depict the HZ invariant mass distributions
with the scale uncertainty ranges for the HZ production in
the LHM at the 14 TeV LHC, where we define the scale
uncertainty range of the differential cross section of HZ
invariant mass by u varying in the range of y € [} M, 2M].
In the figure the LO distribution is drawn as the gray band,
the NLO distribution as the red band, and the NLO + NLL
corrected distribution as the blue band. Each of the HZ
invariant mass distribution bands exhibits two peaks at
the positions around M ~ 1500 GeV and M ~ 3000 GeV,
respectively. Those peaks come from the diagrams for the
pp — HZ + X process in the LHM that involve exchange
of the Ay and Zy boson, separately. The uncertainty of the
LO distribution is evidently the largest as expected, and the
uncertainty of the NLO + NLL corrected results is reduced
visibly compared with the NLO distribution, especially in
the large HZ invariant mass region. From this respect, we
can conclude that in studying the HZ invariant mass
distribution for the pp — HZ + X process, the NLO +
NLL corrected prediction is more reliable than both the
LO and the NLO corrected ones.

V. SUMMARY

In this paper, we calculate the QCD NLO + NLL effects
on the HZ production in the LHM at the 14 TeV LHC
including the contribution from the one-loop-induced gg-
fusion channel. We provide the total cross sections, the
transverse momentum, and invariant mass distributions for
HZ associated production by combining the QCD NLO
corrections obtained by means of perturbative QCD with
the resummation of the large logarithmic contributions

PHYSICAL REVIEW D 94, 074020 (2016)

arising in the small p; area and the region close to the
production threshold. We estimate the theoretical errors for
the predictions of the total cross section and kinematic
distributions, and find that the QCD NLO + NLL correc-
tion improves the scale uncertainties of the LO and pure
QCD NLO corrected results. Therefore, we believe that the
QCD NLO + NLL corrected predictions are more reliable
than the LO and NLO ones. We also show the deviations
between the LHM and the SM predictions by providing the
transverse momentum and invariant mass distributions in
both models up to the QCD NLO + NLL precision. We see
from the distributions that the QCD NLO + NLL correc-
tion obviously suppresses the relative deviation between
the LHM and the SM predictions in the HZ production
process, but the LHM signature at the QCD NLO + NLL
accuracy would be still observable in precision searches.
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APPENDIX RELATED LHM COUPLINGS

The Feynman rules for the coupling vertices in unitary
gauge within the LHM related to our work are presented in
this appendix. The couplings of the neutral gauge bosons to
quarks are expressed in the form as iy,(g. P + grPr)
where Py g =1 (1 F ys). The explicit expressions for g,
and gy are given below.

— e 4 v? 2
Q%UU=—2SWCW{1—gs%v‘F]Tz{?(cz—sz)
_é 2 _ 2 E_l 2
S (=53¢ ’ (A1)
gzﬁU_ ¢ _f 2
R 2SyCyw | 377
2[5 2 2
_f2 |:§( /Z_S,2)<B+§C/2>:|}’ (A2)
212
zbp _ _ ¢ 1 2 V5 2
gL ZSWCW{ +3SW f2 |:2 (C s )
5 2 2 2 1 2
+2( ) 5t3¢ , (A3)
2
DD ¢ 20 VIS L p
S s _
i 2chw{3 G {2( ")
4 2
(55-5)]} (a4)
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The couplings between the Higgs boson and quarks are
expressed as

- 2 ws 2?2
[ et N I 0
g = { 2 fva 3

vr  R?
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(A15)
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= M, v R?
Tr 77 1 o
g vf( +1+R2

. M, v R? M

HIT — _ 12 (14— P, — (LR |Pr.  (Al7

! vf< +1+R2)L <v >R AT
HTT _ YV

M R(1-+ R
g _lvf 1+R)’

where sy = %=%y, R is input parameters introduced in the
LHM, and the mass of the extra top quark partner is
expressed as My =2 f ”R . U and D represent the up-type
(U=u, c, 1) and down -type (D =4d, s, b) quarks,
respectively. The couplings between neutral gauge boson
and Higgs boson are expressed as

)PR + (%R)PL, (A16)

(A18)

21;

ie’vg,, v’ [1 3 1
HZZ _ u { [—)(z—l-( 2 _ 22

YW 2l R R
+3(c? - sfz)z} } (A19)
wza, ieZUglw C/2 _ s/2
g T T8, a2l
: 2
770 — ie QUg,,,, cr—s? (A20)
28w Cw  2sc

The partial decay widths for V,; — ff and V, — ZH
(Vy(Vy = Zy,Ap)) can be expressed as [41]

F(Vy = fF) = e [(gXHff )2(1+2r))

+ (gVHff 1 —4rp)]\/T=4r My,
(A21)
(9"")°

F(VH - ZH) = 1050 \/Z[(l +r,— VH)Z + SrZ]MV,.,»
(A22)

where N.=3 is the color factor, g, f—

(@7 + g2, T — (g = T, g

d(c?=57)/(2cs"), g*" =g(c* —s*)/(2cs), A=1+

r% + r%, —2ry, —2ry —2ryry, and r; = XIZ/M%/H (Xi _

mg, Mz, My). Since in our investigated parameter space
the Vy — TT and Vi — Tt(T7) decays are kinematically
forbidden, we assume that the total decay width I'y, (V; =
Zy,Ay) is the sum of I'(Vy — ff) and T'(Vy — ZH),
where f =u,d,c,s,b,t, e, u, 1, Ve, Uy Vs
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