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We present first results on the resummation of next-to-soft virtual (NSV) logarithms for the threshold
production of pseudoscalar Higgs boson through gluon fusion at the LHC. These results are presented after
resumming the NSV logarithms of the kind log(1 —z) to NNLL accuracy and matching them
systematically to the fixed order NNLO cross sections. These results are obtained using collinear
factorization, renormalization group invariance and recent developments in the NSV resummation
techniques. The phenomenological implications of these NSV resummed results for 13 TeV LHC are
studied and it is observed that these NSV logarithms are quite large. We also evaluate theory uncertainties
and find that the renormalization scale uncertainties get reduced further with the inclusion of NSV
corrections at various orders in QCD. We further study the impact of QCD corrections on mixed scalar-
pseudoscalar states for different values of the mixing angle a.
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I. INTRODUCTION

The ATLAS [1] and CMS [2] collaborations of the Large
Hadron Collider (LHC) have been successful in discover-
ing the Higgs boson of the standard model (SM) and this
has put the SM on a very strong footing. As a result, a lot of
work has been going on to investigate the properties and
interactions of this discovered Higgs boson with the other
SM particles [3—11]. Despite this phenomenal success, it is
widely known that the SM fails to explain certain natural
phenomena such as the baryon asymmetry in the universe,
existence of dark matter, tiny nonzero mass of neutrinos,
etc. In order to explain these phenomena, one has to go
beyond the realm of the SM. Supersymmetric theories
provide one such solution to the above mentioned prob-
lems. The minimal supersymmetric extension of the SM
(MSSM) is one of the simplest forms of the supersym-
metric theories. It has five Higgs bosons, out of which two
are neutral scalars (h,H), one is a pseudoscalar (A), and the
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remaining two are charged scalars (H*). The pseudoscalar
Higgs boson which is CP odd could be as light as the
discovered Higgs boson. Hence, a dedicated effort has been
going on to determine the CP property of the discovered
Higgs boson, and to identify it with that of the SM,
although there are already indications that it is a scalar
with even parity [10-16].

Dedicated experimental searches for the pseudoscalar
Higgs boson by both, the CMS and ATLAS collaborations,
have been carried out from the LHC data for 8 TeV as well
as 13 TeV proton-proton collisions [17-26]. The searches
for heavy scalar resonances decaying into a pair of 7 leptons
from the LHC 8 TeV data by CMS [17] and ATLAS [18]
have excluded the values of tan 8 higher than 6.3(57.6) for
my = 100(1000) GeV at 95% confidence level. The exper-
imental searches in the decay channel A — 7z [22] have
kept more stringent limits on the pseudoscalar parameter
space than those obtained from the A — bb channel [23].
The searches for pseudoscalar resonances in the top pair
production by the ATLAS collaboration using data from the
8 TeV LHC have put upper limits on tan  of the order of
unity for my > 500 GeV [24]. Similar experimental
searches by the CMS collaboration using data from
13 TeV LHC have probed the pseudoscalar masses from
400 GeV to 750 GeV resulting in the exclusion of tan j
values below 1.0 to 1.5 depending on the value of m, at
95% confidence level [25]. The recent experimental
searches for heavy resonances in the ditau channel from
the 13 TeV LHC data by the ATLAS collaboration have

Published by the American Physical Society


https://orcid.org/0000-0003-4409-0901
https://orcid.org/0000-0002-5425-735X
https://orcid.org/0000-0001-7322-9031
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.116015&domain=pdf&date_stamp=2022-06-21
https://doi.org/10.1103/PhysRevD.105.116015
https://doi.org/10.1103/PhysRevD.105.116015
https://doi.org/10.1103/PhysRevD.105.116015
https://doi.org/10.1103/PhysRevD.105.116015
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

BHATTACHARYA, KUMAR, MATHEWS, and RAVINDRAN

PHYS. REV. D 105, 116015 (2022)

excluded tan # > 1.0(48) for my = 250 GeV (1.5 TeV) at
95% confidence level [26]. In all these analyses, the higher-
order corrections through the NNLO K-factor of about 2.0
have been used. The large size of these corrections suggests
that higher-order precision calculations through resumma-
tion can be useful in the experimental search for heavy
scalar resonances. These studies, which have seen excesses
over the background expectation in the Run 2 data of the
LHC, indicate that extensive attempts are going on for
discovering the BSM Higgs bosons with masses higher
than the discovered Higgs boson mass of 125 GeV. With
such intense experimental works under process, developing
the corresponding theoretical background has become
necessary, and motivated us for this work.

There is also a possibility that the observed Higgs boson
of 125 GeV mass is an admixture of scalar and pseudo-
scalar states. If this is true, then such a mixed scalar can be
produced in hadron collisions, through gluon fusion. Such
a possibility has already been explored in [27-29]. The
identification of such a mixed scalar-pseudoscalar state is
possible by studying various kinematic distributions of the
particles that this mixed state decays into [27]. This
requires the availability of fully differential distributions
and such a study has been taken up at the NNLO level in
[30]. The existence of such a mixed state indicates possible
new physics and hence, the CP violation in the Higgs
sector. Moreover, it can also explain the origin of the CP
violation in the SM and can address the problem of
baryogenesis. All these imply the requirement of a detailed
study for establishing the spin-parity properties of the
discovered scalar boson of 125 GeV mass. From the theory
side, this necessitates precision studies for the relevant
observable corresponding to both scalar and pseudoscalar
production processes to the same order of precision.

Higher order corrections in perturbative QCD (pQCD)
provide a way to achieve the required precision. The
pseudoscalar production cross sections are available to
NNLO accuracy in QCD [31-33]. The corrections are
large and are of the order of 67% at NLO and get increased
by an additional 15% at the NNLO level for the renorm-
alization and factorization scales set to up = pup = my /2
for the pseudoscalar mass my = 200 GeV. The large size
of these corrections imply that in order to achieve precise
theoretical results, corrections of even higher orders are
necessary.

The pseudoscalar Higgs production through gluon
fusion channel via quark loop and the LO results for
finite quark mass (exact) dependence are already avail-
able [34-37]. The calculation becomes simpler in the
infinite quark mass limit (effective field theory) and this
makes it easy to compute cross sections at higher orders in
perturbation theory. This effective field theory (EFT)
approach in the case of scalar Higgs boson production
[33,38,39] became extremely successful as the difference
between the exact and EFT results at NNLO level were

found to be within 1% [40—43]. For pseudoscalar pro-
duction at the hadron colliders, NNLO predictions in the
EFT approach are also available [31-33].

In [44,45] the computation of complete N3LO predic-
tions for the scalar Higgs boson production through gluon
fusion at the hadron colliders in the effective theory has
been accomplished. These third order corrections increase
the cross section by about 3.1% for the central scale choice
of my/2 while the corresponding scale uncertainty has
reduced to as small as below 2%. In a recent study for
neutral current Drell-Yan process, the complete N3LO
results have been calculated for the first time [46]. The
corresponding cross section is found to be about 0.992
times that of the NNLO cross section for the invariant mass
region Q = 300 GeV indicating a small negative correction
from the third order in this kinematic region. Although the
scale uncertainty at N3LO level is found to be very mild, it
has been observed that the scale uncertainty bands for
N3LO and NNLO level cross sections do not overlap with
each other. The next step in the process is the computation
of N®LO cross sections for the pseudoscalar production
through gluon fusion. The first task in this direction is to
obtain the threshold enhanced cross section at N°LO level
and the same has already been computed in [47]. Further,
the approximate full N3LO, results are also available for
the pseudoscalar Higgs boson case [48].

However, these fixed order (FO) QCD predictions have
limited applicability because of the presence of large
logarithmic contributions that arise in the threshold region
of pseudoscalar production. At the threshold, the emission
of soft gluons gives large logarithmic contributions to the
cross section when the partonic center of mass energy
approaches the pseudoscalar mass m,. If these large
logarithms arising from the soft gluons can be resummed
to all orders in perturbation theory, then the problem of
spoiling the reliability of FO perturbative predictions can be
solved. We denote the soft-plus-virtual (SV) resummed
results by LL, NLL, etc. The next-to-next-to-leading
logarithmic (NNLL) resummed results [49-57] give a
sizable contribution and reduce scale uncertainties. These
logarithms in the parton level cross section dé computed to
order a will appear as

Ini(1 —
ak [u} . where i < 2k — 1. (1)
-z |,

Here, the subscript + denotes the plus function and
z=m3/s with z — 1 limit represents the partonic thresh-
old region. The precise contribution of these parton level
logarithms to the hadron level cross section depends on the
corresponding parton fluxes in that region. For the case of
the discovered Higgs mass region (125 GeV), the asso-
ciated gluon flux is large and hence, these threshold
logarithms due to the soft and collinear gluons are also
found to be significant. This way of resumming a set of
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large logarithms and then matching them to the FO results
can give robust theoretical predictions.

For the scalar Higgs boson production, the FO results are
available at N3LO level [45,58] and the corresponding
threshold resummed results have been computed to N'LL
accuracy [59,60]. The computation of the three-loop thresh-
old corrections for pseudoscalar Higgs boson production in
the threshold limit has been done in [61]. A knowledge of
the form factors up to three-loop level is needed to calculate
the threshold corrections to pseudoscalar production at
N3LO level.

Further, the ultraviolet (UV) and infrared (IR) divergen-
ces give rise to most of the logarithms at higher orders in
the intermediate stages of the computations. These loga-
rithms depend on the renormalization and factorization
scales and are present in the perturbative expansions. Such
logarithms help to estimate the error in theory predictions
resulting from the truncation of the perturbation theory to a
finite order.

There are various studies on the computation of SV
results in QCD corresponding to a number of observables
produced in hadron collisions. For SV results up to third
order, see [52,53,62—-68]. A series of works in this direction
have been carried out for the resummation of the threshold
logarithms following the path breaking works by Sterman
et al. [69] and Catani et al. [70]. See [59,60,71-74] for
Higgs production in gluon fusion, [75,76] for bottom quark
annihilation and for Drell-Yan (DY) [65,72,77-79]. In z-
space, one has to deal with convolutions of these distri-
butions and so, one moves to the Mellin space approach
which uses the conjugate variable N for resummation. The
distributions D;(z) become functions of log'*!(N) where
we suppress terms of O(1/N) in the threshold limit
of N - .

However, it has also been observed that at higher orders
in QCD, threshold corrections alone cannot replace the
full FO results and in fact, it is found that the role of the
next-to soft-plus-virtual (NSV) terms, namely log'(1 — z),
i=0,1,..., are also important. These NSV contributions
can, in principle, originate from parton channels other
than the one that corresponds to the Born contribution. It is
also important to see whether these NSV terms can be
resummed systematically to all orders exactly like the
leading SV terms. Several advancements in this direction
have been made [80-90]. In [91,92], the theories of mass
factorization, renormalization group invariance and
Sudakov K-plus-G equation have been exploited to provide
aresult in z- and N-space to predict the NSV terms for DY
and Higgs boson production to all orders in perturbation
theory. In [93], the NSV resummation has been achieved to
leading logarithmic (LL) accuracy for color singlet pro-
duction processes in hadron collisions. It has been observed
that the resummation of NSV logarithms in the diagonal
channel gives large contributions to the cross sections,
while those from the gg channel are found to give negative

contributions of about 3% in the high mass region. It has
also been noticed that the inclusion of NSV resummed
results increases scale uncertainties obtained from the SV
resummation.

In this article, we compute the NSV corrections for the
pseudoscalar Higgs boson production process at N3LO
level based on the formalism developed in [52,53,91,92]
and the recent results at this order for scalar production
[45]. We further study the phenomenological impact of
resumming these NSV logarithms to NNLL accuracy after
they are systematically matched to the FO NNLO ones. We
represent the resummed results for the production of
pseudoscalar Higgs boson at leading logarithmic, next-to
leading logarithmic and next-to-next-to leading logarithmic
accuracy by LL, NLL and NNLL when we take into
account both SV and NSV threshold logarithms together.
Section II is devoted to developing the theoretical basis for
this work. Section III deals with the threshold corrections to
the cross section—the several ingredients required and
subsequently, a detailed explanation of these elements. In
Sec. IV, we present the analytical results for resumming the
NSV logarithms to N*LL accuracy. In Sec. V we recollect
the NSV resummation formalism developed recently in
[91,92] and in Sec. VI we present the numerical results for
the production of pseudoscalar Higgs boson for 13 TeV
LHC. Then we conclude this article.

II. THEORETICAL FRAMEWORK

Coupling of a pseudoscalar Higgs boson to gluons
happens through a virtual heavy top quark loop indirectly
which can be integrated out in the infinite top quark mass
limit. The effective Lagrangian [94] that is used to describe
the interaction of the pseudoscalar fields, ®*(x), with
gauge fields via the pseudoscalar gluonic operator,
O¢(x), and with light quark fields via the pseudoscalar
fermionic operator, O,(x), are given by

Ly = 0 (0) |~ Co06(x) =5 C,0,(0)|. (2)

The pseudoscalar gluonic and fermionic operators are
defined as

06(x) = GGy = €4y, GG,
G = *G™ — F G + gf e GLGY, (3)
OJ(X) - aﬂ(ll_/yﬂ}’sl//)7 (4)

where Gy, is the gluonic field strength tensor and ¢, ,,, is the
Levi-Civita tensor. The pseudoscalar fermionic operator
O, (x) is the derivative of the singlet axial vector current. The
light quark field and its conjugate are represented by y and
respectively. As we integrate out the heavy top quark degrees

of freedom, the Wilson coefficients, C; and C;, show a
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dependence on the mass of the top quark m,. As a result of
the Adler-Bardeen theorem [95], there is no QCD correc-
tions to C; beyond one-loop. On the other hand, C; begins
only at second-order in the strong coupling constant. These
coefficients are expanded in powers of the renormalized
strong coupling constant as a series of a, = ¢>/167°
a,/4r. The Wilson coefficients are given by

Cola,) = —a,2iGy cot . (5)

C,(ay) = [a Cr (2—3ln

> +a2c? + ] Co.  (6)
mt
where G is the Fermi constant, cot f§ is the ratio of the two
Higgs doublets’ vacuum expectation values in a generic two-
Higgs doublet model, Cf is the quadratic Casimir in the
fundamental representation of QCD and uy, is the renorm-
alization scale at which a, is renormalized.

The unrenormalized strong coupling constant a, is
related to the renormalized one a, by

'u2 e/2
&sss = Q?) Zasasv (7)
R

In4r)e/2),

with
Ss = eXp[(YE -

where the renormalization constant, Z, , up to O(a?) is
given by [53,61,96]

2 4 1
Z,, =1+a [—ﬁo} + a3 |:_2ﬁ% + —ﬂl]
‘ € € €

8 14 2
+ a3 |:€_3ﬁ(3) + @ﬁoﬁl + @/32] . (8)

Here p is the scale introduced to keep the strong coupling
constant dimensionless in d =4 + & space-time dimen-
sions. The QCD g functions (f;) have the standard
definitions [96].

III. THRESHOLD CORRECTIONS

The inclusive cross section for a pseudoscalar Higgs
boson production at the hadron colliders can be computed
using [47]

ot (z,m}) = (%) Z

a.b=q.q4.9

T
x 4, (;,mi,ua,u%), )

/ dy @y, (v, 13)

where 6*(*) (%) is the born cross section at the parton level
with finite top mass dependence and is given by

ﬂ'\/.Fz

MO (3) = 2colleaf (el (10)

In the above equation, 74, = 4m?/m% and the function
f(z4) is given by

\/_

-1 (1n1‘;v¢11%+ i)’ o<l

TAZI

(11)

The parton flux is given by

%mwa;[inuwm<u0,um

where f, and f, are the parton distribution functions
(PDFs) of the initial state partons a and b, renormalized at
the factorization scale up. Here, A%, (z/y, m3, u%, %)
represents the parton level cross section for the subprocess
initiated by a and b partons. This is the final result obtained
after performing the UV renormalization at scale uz and the
mass factorization at scale pp.

The chief aim of this article is to study how the
contribution from soft gluons affects the cross section
for pseudoscalar production at hadron colliders. We get
the final result that is IR safe by adding the soft part of the
cross section to the UV renormalized virtual part. However,
even this is not enough as mass factorization is needed to be
done using appropriate counter terms. This combination is
what is known as the SV cross section and the remaining
part is known as the hard part. While the resummed results
provide reliable predictions that can be compared against
the experimental data, it is important to find out the role of
subleading terms, namely log’ (1 — z),i =0, 1, .... We call
them NSV contributions. Thus, we write the partonic cross
section as

AV (z, ¢% i %)

+ NG (2, 2 g ), (13)

AA (Z fI MR’/“’F)

with z=¢%/§ =1/(x1x,). Here, ALNY(z,q% ub.u%)

includes the threshold SV and NSV contributions, such
that A%V (z,q% u%.u}) contains distributions of type
8(1 — z) and D; where the latter is defined as

D, = {M]+ (14)

On the contrary, the hard part of the cross section,
Agg’hard(z, q*, u%, u%), contains all regular terms in z.
The NSV cross section in z-space is computed in

d = 4 + € dimensions using [91]
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ANSV
Ayg (

2, @ i Hy) = Cexp{¥y (2. ¢, Hs 1 €) Moo

(15)

where W9 (z, ¢°, u. u3- €) is a finite distribution and C is
the convolution defined as

Ce/ ) =6(1-2) +; f( )+%f(z)®f(Z)+

(16)
Here ® represents convolution and f(z) is a distribution of
the kind (1 — z) and D;. The subscript g signifies the gluon
initiated production of the pseudoscalar Higgs boson. An
equivalent formalism can be done in the Mellin (N-moment)
space, which replaces the distributions in z by continuous
functions of the variable N. In this space, the threshold
limit of z — 1 changes to N — oo. The finite distribution
W4 depends on the form factors F4(a,, 0, pu? €) with
Q? = —¢°, the overall operator UV renormalization con-
stant  Z2(dy, p%.pu*,€), the soft collinear distribution
®,(a,,q* p*.z,¢) and the mass factorization kernels
Uyo(ag. uf. pu*. 2. €). The Wi (z, ¢*, pg. pf, €) can be written
in terms of these quantities in the following form [47]:

(ln [Z?(d\s’ ﬂ%? /’tzv 8)]2

+In|Fj(a,, 0% 1%, €)])5(1 = 2)
+ 207 (a,, ¢*. p*. 2. €)

VA (2, g% pgo 1y €) =

In the next few sections, we will elaborate on how to get
these ingredients to compute the NSV cross section for
pseudoscalar production at N3LO in gluon fusion.

A. Operator renormalization constant

After the strong coupling constant renormalization
through Z, , the form factor F4(a,, Q% u?, €) still does
not become completely UV finite. The additional renorm-
alization required to remove the residual UV divergences is
called the overall operator renormalization and is done
using the constant Z?. This is determined by solving the
underlying RG equation [47]:

(18)

d .
?ed In Zj (dy, pg. 1*s €)

Z%w

where the UV anomalous dimensions (y;“,-) up to three-loop
(i = 3) are as follows:

72,1 = ﬂl? (19)
ygA,Z = ﬂZ’ (20)
Vos =P (21)

Using the above renormalization group (RG) equation and
the solutions of y; ;’s, we obtain the overall renormalization

_ A2 02
2CInLyy(ay. pp-p°. 2. €)- (17) constant up to three-loop level:
|
A 14 22 4
= a _— -——
g |36 €A T3
484 176 16 1 (34 10
+ a? {—Z{TCZ 5 ——Cynp+— 5 2}+2{?CE‘_?CAnf_2CanH
10648 1936 352 64
{ { 9 Cﬁnfﬁ—?CAn? 27n}}
1 5236 2492 308 280 56
+€_2{ CAl’lf TCACan+7CAn%+ECFn2f}
1 857 1415 205 2 79 22
As can be seen, Z) = Zg where Z is the renormaliza- [, (O, aan)
tion constant for O operators which have been discussed 7 9 = Z [as (llz> SeFg ] : (23)
n=0

in detail in [61,97].

B. The form factor

The unrenormalized form factor, F 2’(")
in terms of a, as below:

, can be expanded

The unrenormalized results for the scale choice of u% =
u% = g* are given up to two-loop in [98] and up to three-
loop in [47]. These are required in the context of computing
NSV cross section as discussed below. The fact that QCD

116015-5



BHATTACHARYA, KUMAR, MATHEWS, and RAVINDRAN

PHYS. REV. D 105, 116015 (2022)

amplitudes obey factorization property, gauge and RG
invariances lead to the consequence that the form factor
Fi(as, Q% u?, €) satisfies the following K + G type differ-
ential equation [47,99—-103]:

d

Q* d—Qzlan( NOENTaN)

1 2 2 2
-3 {K/; <a”—§g> +Gh <aQ—2”—§e>] (24)
H Hr H

All the poles in & are contained in the Q” independent
function K;‘ and those which are finite as € — 0 are
contained in G4. The solution of the above K 4 G equation
is given in a desirable form as below [52]:

= QA\E
n FA(a,, Q2 e) = 3 (f—) S, (25)

i—1
with

Lyi(e) = 2{ =247} + {G ()} (26)

X 1 1 1
Zhale) = 2 ) + 2 { -5k - G, (o)}

X 1 8
Eiste) = { -5l |
1 (2 8
+£—3{§ﬁ1A, 9ﬂoA + ﬂo ()}
2 1
{ §A33 3 G ( ) ﬁO 92( )}
1(1
+2 {gGﬁa (5)}7 (28)

where A‘; ;’s are the cusp anomalous dimensions and Gg‘ i(€)

o, =

+

are the resummation functions. The resummation functions,
G4,(e), further decompose into g/\’s, and collinear (B),
soft (f4) and UV (y) anomalous dimensions [47,53,104].
Here, the soft anomalous dimensions, fg"s, were introduced
for the first time in [98]. The article [98] has shown that f’;’s
fulfill the maximally non-Abelian property up to two-loop
level whose validity is reconfirmed in [104] at the three-loop
level. All these f, can be found in [98,104], A, ; in [104-108]
and B; in [104,106,107] up to three-loop level.

For computing the NSV cross section, we need the g’;‘ ]’
appearing in the GQ ;(¢) resummation functions. For N*LO
calculations, 93.3’1 is needed in addition to the quantities
arising from the one- and two- loops. The form factors for
pseudoscalar production can be found in [98] up to two-loop
and is calculated by some of us in the article [61] up to three-
loop. However, in this computation of the SV + NSV cross
section at N3LO, the form factor is needed in a definite form
which is slightly different from the one presented in this
recent article [61]. With a little bit of effort, the required form

+ 1 {l G/32 () } , (27) can be extracted from the above mentioned recent work. The
el2 ” | g‘g lk ’s up to three-loop level are given below [47]:
2 7 3 1
Gi =Cald+ 0} gl =Ca{=6-30G . g =CaqT-50+ (:2
11882 67 44 2534 10 40
(12 Ci{T+?§2——€3}+CAnf{—T 3 }+Cpnf{——+121 <mt) +16C3}
2827 u 128 1839 17 766
A2 R
g :Cn{——181 (—)——C ——C — } Cn{ -— C +—C}
9.2 AT m? 2 2 AR 2 3
223861 80 671 2111
+C§{_TS6+E§ 12052 —C3+ CzC3 3955}
Al @) ,[12395 136 368 , 1520 o [457
g5 =nC; ' {—6} + Crn {——— ——(———C(3—24In + Cpngs —— + 312{5 — 480¢
93 = I PV 217 9 %2 45 ’ m? F\ 72 3 >
L] 12480497 2075, 128 , 12992C C ¢ +&§ 62867783 . 146677
A 4374 24377 4577 8l 2= s) G\ g7as 486 °?
5744 , 12352 ., 67766 1496 104 2, 3080 514997 8 232 7640
— — — — E—— C - bl ST
45 92735 2Ty BT g @by aT 45}+ All f{ 2187 272 T as 2t g €3}
1004195 1031 1568 25784 608 U
+CACan{— o + 18 2+ 15 g+ {3+ 408,85 +—CS+1321 (m?)} (29)
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C. Mass factorization kernel

The partonic cross section A" (z, ¢, iy, u%) is UV
finite after performing the coupling constant and overall
operator renormalization using Z, and Z;. But it still
exhibits collinear divergences and thus, requires mass
factorization to remove them. In this section, the issue
of collinear divergences is dealt with and we describe
a prescription to remove them. The collinear singularities
that arise in the massless limit of partons are removed in
the MS scheme using the mass factorization kernel
['(a, %, p%, z,€). The kernel satisfies the following RG
equation [47,52]:

d

1
M%d—zr(z HEs€) = 5Pz, #i) ® Tz pie), - (30)
HF

where P(z,u%) are the Altarelli-Parisi (AP) splitting
functions (matrix valued). We can expand P(z,u%) and
['(z, %, €) in powers of the strong coupling constant a, as
follows:

Peid) = Y aWRPIE). (1)

i=1

and

% 2
M) =o -2+ a4 )siroee. (2

i=1

We can solve the RGE for these mass factorization kernels.
The solutions in the MS scheme contains only the poles in &
and are given in [52]. The relevant values of the observables
that are required for this computation are available in the
articles [105—107]. Only the diagonal AP kernels contribute
to our analysis. So, we expand the corresponding AP
splitting functions around z = 1 and all those terms that do
not contribute to NSV are dropped.

The AP splitting functions near z =1 for the gluon
fusion subprocess take the following form [91]:

Py, i(z.as(uf)) = 2[By(ay(uF))6(1 —z) + A, ;Do (z)

+ Cg,i(as (ﬂ%‘)) 10g (1 - Z) + Dg,i(as (/’l%))]
+0(1-72), (33)

where C; and D, ; are constants that can be obtained from
the splitting functions P, ;. Just as the cusp and the
collinear anomalous dimensions were expanded in powers
of a,(u%), the constants C,, and D,, can also be expanded
similarly as below:

Cfai)) = 3 alli)C,.
Dy(a,(2) =3 al (), (34)

i=1

where C,; and D ; to third order are available in [105-107].

D. Soft collinear distribution

The resulting expression obtained after using the oper-
ator renormalization constant and the mass factorization
kernel is still not completely finite. It contains some
residual divergences which get cancelled against the con-
tribution arising from soft gluon emissions. This is why
the finiteness of A%;°" (z, ¢ k. u%) in the limit &€ = 0
requires the soft-collinear distribution ®@,(a,, ¢*, u*. z, €)
which has a pole structure in ¢ similar to that of the residual
divergences. The distribution ®,(a;, g pu?, z,€) satisfies
the K + G type differential equation [91]:

d L[ (. Wi 9 Ui
2—® ==K A’_R’ 5 G Av 5 R9
qdng 2{g<asﬂzez+gasﬂ2 ﬂzez

(35)

where fg contains all the divergent terms and G_g contains
all the finite functions of (z, ¢). A detailed study has been
given in [91].

We can rewrite ®,(a;, ¢*, 4, z, €) in a convenient form
which separates the SV terms from the NSV ones. Hence,
we decompose it as

D, = DSV + ONSY, (36)

such that dJEV contains only the SV terms and the
remaining @)V contains the NSV terms in the limit
z — 1. The form of @3V is given by

. = l—z
DNV (ay. ¢yt ze) = Yl ( >

i=1

< lfz) B0@.

where the expressions for Q;EV’(’) (e)’s are explicitly given in
Appendix B.

As verified by some of us (upto N3LO) in [47], due
to the universality of the soft gluon contribution,
<I>§V(&S,q2, u?,z,€) must be the same as that of the

Higgs boson production in gluon fusion:
q)ﬁ = (I)f = ®,,
<L PAk _ BHE _ 7
1.e. gg,l. = gg’l. = g;[. (38)
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Here, @/ and Q? l’-k can be used for any gluon fusion process
as these are independent of the operator insertion. The
constants, G- 0. 1 , G2 o Gl )5 » Were determined from the result
of the explicit computations of soft gluon emissions to the
Higgs boson production in [37] and later, these corrections
were further extended to all orders in the dimensional

regularization parameter € in [63], using which g 1‘ and
ZH .2
9.2
constants, the QH 5 or the Q/;.’ik’s, that are used in the
evaluation of <I>§V( a, q*, 42, 7, €), are already given in [47].
Hence, we do not repeat them here but give the final results

for g?bgv @

are extracted in [47]. A detailed description of these

"(¢) in Appendix B after applying the available
relevant expressions. The third order constant Qg'; is
computed from the result of SV cross section for the
production of the Higgs boson at N°LO [44] which was
presented in the article [64].

Having discussed about the computation of the SV
part of the cross section, we now move on to calculate
the corresponding NSV part. The form of ®}°V is given
by [91],

DYV (ay, ¢* 1, 2, €)
[ 1_ g
=>4 (P ) s o9

The (pg‘SV A )(z, ¢) coefficients can be expressed as a sum of

singular and finite part in & given by,

A0 = 500 + SO ), ()

where explicit expressions for the singular coefficients
qols\lg’v'(l)(z ¢) are given in Appendix C.

The coefficients goNSV Y(z,€) are finite as ¢ - 0 and
can be written in terms of the finite coefficients Gf ;(z, ¢)

as [91],

1
oV (ze) =~ G (ze), (41)
NSV,(2) 1 g L
Prg ( v“f) = 2 {_ﬁogL,l (z, 5>} + ZgL,z(Zv E)v (42)

NSV,(3
oy Y (z.e)

1 (4
- Lfimaco)
1 1 4
+ pl {— gﬂlg{,l (z,€) — gﬂog*z’z(z, e)}
1
+§g%_3(z,8), (43)

where

gL 1\Zs 5 Z €]g , (44)
G 5(z.6) = =28,G5 (2) + D eiGiY (2), (45)
Jj=1
G (ze) = 25167 (2) = 260(G7 (2) + 280677 (2))
+ i ejgiéﬂ (2). (46)
j=1

The coefficients QZ(,’ )(z) given in the above equations are

parametrized in terms of log" (1 —z),k = 0, 1, ... while all
other terms that vanish as z — 1 are dropped
' I
G => G @)leg (1-2).  (47)
k=0

The highest power of the log(1 — z) terms at every order
depends on the order of the perturbation, i.e., the power of
a, and also the power of ¢ at each order in a.

The expansion coefficients ¢, ; “) are related to Qg Uk) ag

below [91]:

o =G k=0 (48)

‘r”gfz) = % Dy gttt k=012 (49)

o = 3G 2B 4 2t + g,
k=0, 1,2,3. (50)

IV. NEXT TO SV RESULTS

Using all the above available ingredients, we can calculate
the NSV coefficient functions for the pseudoscalar Higgs
boson production from gluon fusion in terms of the expan-
sion coefficients, ¢, K> s, defined in Sec. IIID. The SV
corrections to the productlon of pseudoscalar Higgs boson
are available up to order a while the corresponding NSV
corrections are available up to order a2. On the contrary, the
NSV corrections to the production of scalar Higgs boson are
available up to order al. As given in [48], the similarity
between pseudoscalar Higgs boson production and scalar
Higgs boson production is exploited which leads to the
conclusion that the pseudoscalar result can be approximated
from the available scalar Higgs boson result using

N

AD (2. g% pho ) = 563(( )[AH(Zq MR HE)

+ 8A% (2, 4%, . u3)].- (51)
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Equation (51) effectively defines 6A%,(z, g%, uf. u7) as the
correction to the scalar Higgs coefficient functions such that
the rescaling go(a,)/ g (a,) converts them to the pseudo-
scalar coefficients. Here, A% (z, g%, uk. u3) represents the
coefficient function for pseudoscalar Higgs boson and
AH o(2, q*, u%, u%) represents the same for scalar Higgs
boson Moreover, gy(ay) is the constant function of resum-
mation for pseudoscalar Higgs, and g/ (a;) is the analogous
function for scalar Higgs.

All the above ingredients are known up to NNLO which
has led to the successful computation of 5Aqq(z G fro 4%)
up to two 1oop level. It has been shown in [48] that the
5AA (2 q*, u%, %) corrections vanish at the one-loop level,
and at the two-loop level, these SA), (z, ¢°, pk. u) correc-
tions contain only the next-to-next-to-soft terms. It is
conjectured in [48] that this can be true to all higher
orders. If that is so, then these A (z, ¢*, uf, u3.) correc-
tions do not contain any NSV terms at O(a?). Moreover, in
[48] the authors suggest that to define an approximate
|

A2 (z.¢* p%. pF) at N°LO, the unknown O(a3) contribu-
tions to 5A%,(z, ¢* u%. u%) in Eq. (51) can be set to zero
with a sufflclently good approximation. By setting
SA%,(z.q%, uk. u3) to zero this way in Eq. (51), one can
obtain the approximate N3LO cross sections denoted by
N3LO, [48,59,60,74,109—114]. Hence, in our analysis we
simply rescale the Higgs SV + NSV coefficient functions
to obtain the corresponding ones of the pseudoscalar as

golay)
A;\g,NSV ( o) | Aglg,NSV (

2 2 2
2,47 UR fE) =
RPED " gl (ay)

7, @ fn, y%)).

(52)

The rescaling components, go(a,) and gf (a;), are known
from resummation [44,59,70,80] while the scalar Higgs
coefficient function, AZNV(z, ¢, %, u%), are obtained
from [45,115]. The rescaling ratio gy(a,)/gf (a,) up to
a’ order is given below:

go(as) 1 [ " { <m?> H
=14 a,(8C,) —=a?|-215C% 4+ 2Cyn; + 3Cpn;q 31 — 12log [ —
#i(a) €0 =3 Aty +3Crny i
+opd [c3( 118808, — 56163 + 68309) + C2n (—216¢, — 12965 + 1973)
2
+ cAanf{7776 log< ) 71288, + 604885 — 67094} + (4328, - 631)
ﬂR '
+9Ckn (965 + 763) + 8Crn3(162L, + 565) — 324032)} . (53)

It has been shown that the (p( ) given in Egs. (48)—(50)
for the scalar and the pseudoscalar Higgs boson produc-
tions in gluon fusion are identical to each other at two-loop
level. The same is also noticed in the case of DY process
and scalar Higgs production via bottom quark annihilation
up to two-loop level. However, for the quark annihilation
process it is found that such universality breaks down at
third order for k = 0, 1. This was checked in [91] using the
state-of-art results from [58,116—118]. In our present work,

when we explicitly compute (pg and (pélg) from Eq. (52), we

notice that they are same for both scalar and pseudoscalar

Higgs boson productions via gluon fusion. Hence, the
o
when the explicit N’LO results are available for the
pseudoscalar Higgs boson production in gluon fusion.

As depicted in Sec. IV of [91], once we have the ga( l>
values up to a certain order, we can predict the coefficlents
of the highest logarithms in the coefficient functions to a
few consecutive higher orders of A% (z. g% u%. u%)
computed using the formalism developed in [52,53,91].

universality of the ¢, ;’s at third order can be checked only

|
(k)
gl
highest logarithms of ALY (z, g2, u%. u%), up to O(al)

from O(a?}). Even when we use the available gogfi)’s for

k =0, 1, we could predict these highest logarithmic terms

because they are independent of (pgg and 4)213) The

Using the evaluated ¢, ; values, we could predict the three

ingredients needed to exactly match the other higher order
results of the pseudoscalar Higgs boson are still not
available. So, we compute the highest logarithms up to
O(al) from O(a?) of the ALY (2, g2, 3. 42 result.

The explicit results of the SV + NSV cross section up to
N3LO are given in the Appendix A where it can be seen that
the general form of the output is depicted as:

i

s(1-2)[-1+ Y Dajpl-]

J=1/2.1,-

AA NSV(Z, q2) _

g.i

i

+ Z log(2’ D1 =2)[]. (54)

j=1/2.1,-
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where i =1, 2, 3, and [ -] represent coefficients of the
corresponding distribution, logarithmic term or delta func-
tion. The constant terms in the above result actually
correspond to the log?(1 — z) coefficients.

V. RESUMMATION OF THE NSV RESULTS
IN MELLIN SPACE

In order to study the all order behavior of the coefficient
function, A/, in the N-moment space, it is convenient
to use the following form of the partonic coefficient
function [91]:

Ayo(q g 17 2) = CY(q% i w7 )C exp(2¥5 (42, uF. 2)).

(55)
where
1 [d*(1-2)? dp?
Y5(q% uE. 2) = 5/2 ﬂ—ngg(as(lz)&)
3
+ Q(a,(¢*(1 = 2)?), 2), (56)

with

Qa1 =2).3) = (T O (al1=27))
+orgas(@(1-2)%),2). (57)

The coefficient Cj is z independent and is expanded in
powers of a,(u%) as

Za

where the coefficients Cgi are calculated in [61] for pseu-
doscalar. Equation (55) gives the z-space resummed result.

Now it is easy to compute the Mellin moment of A,
The limit z — 1 translates to N — oo in the N-moment
space and to include NSV terms, we need to keep O(1/N)
corrections in the large N limit. The Mellin moment of A
is given by [91]

Ci(q* up uy) = #)Coi(a* uzuy).  (58)

“uz), (59)

The Mellin moment of the exponent acquires the following
form:

Ao n (@ piopid) = Colq* .3 ) exp (P (g

ngv - ‘ng,N + TﬁSV,N’ (60)

where we can split ¥4, in such a way that all those terms
that are functions of log/(N), j = 0.1, ... are kept in Wg
and the remaining terms that are proportional to
(1/N)log/(N),j=0,1,... are contained in lPi(iISV,N' Hence,

Wiv.y = log(gg(as(uz))) + gi(w) log(N)

* i a5 (1) g2 (). (61)

i=0

where the ¢’(w)’s, identical to those in [70,72,76], are

obtained from the resummed formula for SV terms and
gi(ay) is expanded in powers of a, as (see [72])

0

= ai( (62)

i=1

log (gg ﬂR)

The ¢!(a,(u%))’s are also provided in the ancillary files
of [91].
The function Wy v is given by

g IR _
LPKISV,N = Nz as</,1123)(g?+1<a)) + hi(w,N)),  (63)
i=0

with

M. N)= 3 K@) logh(V). (64

where the resummation constants, g’ () and hY(w, N), are
given in [91].

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, we will present our numerical results of
the NSV corrections at N3LO level in QCD for the
production of a pseudoscalar Higgs boson at the LHC.
Our predictions are based on EFT where the top quarks are
integrated out at higher orders. However, we retain the top
quark mass dependence at LO. The term ng) in the Wilson
coefficient C;(a,) is taken to be zero in our analysis
because it is not available in the literature yet. For
simplicity, we have set cot # = 1 in our numerical analysis.
Results for other values of cot f# can be easily obtained by
rescaling the cross sections with cot? 8. At LO, we have
retained the full top quark mass dependence while EFT
approach has been used for higher order corrections. We
use MMHT 2014 PDFs throughout where the LO, NLO
and NNLO parton level cross sections are convoluted with
the corresponding order by order central PDF sets, but for
N3LO cross sections we simply use MMHT2014nnlo68cl
PDFs. The strong coupling constant is provided by the
respective PDFs from LHAPDF.

To estimate the impact of QCD corrections, we define
the K-factors as

KX — 5§Lo KX _6§NL0 (65)
(ny — oo (2) = 50
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where X is either SV or SV 4+ NSV or Full which includes
all possible subprocesses or full (gg) which includes only
the gluon-gluon (gg) subprocess. When the full (gg) case is
computed, only the gg subprocess is considered at the nth
order while at the lower orders (k < n), all possible
subprocesses are taken together.

In Fig. 1, we plot the pseudoscalar production cross
section as a function of its mass my at NLO (left panel) and
NNLO (right panel), by varying m, from 300 GeV to
2400 GeV. Here the “SV” results contain the SV threshold
logarithms and &(1 — z) contributions, while the “NSV”
corrections include the NSV logarithms in the gluon fusion
channel only. We note that the NSV corrections at higher
orders also arise from other partonic channels, a detailed
study of which is beyond the scope of the present work and
will be presented elsewhere. As can be seen from Fig. 1, the
SV results give sizable contribution to the fixed order
results however they underestimate the latter. The inclusion

of NSV corrections increases the cross section substantially
but they overestimate the FO results for the mass range of
m, we have considered.

To study the impact of these corrections better at SV and
beyond, we depict in Fig. 2 the corresponding K-factors
defined in Eq. (65). Since our NSV corrections include only
the gluon fusion channel, it is worthwhile to have com-
parison with the complete result of the gluon fusion channel
including the pure regular contributions. From these
K-factors, we notice that the SV corrections converge to
the FO result (denoted by K"} in the high mass region and
differ significantly in the small mass region. However, the
FO result here also does contain contributions from other
parton channels, and the difference noticed between the full

FO result and the pure gluon channel (denoted by Kfun(gg))

contribution can be understood from the presence of these
other channels. We also notice that the SV + NSV correc-
tions have a similar behavior to that of the complete gluon

— NLOsy
~— NLOsy.nsv

— NLOguy

— NNLOgy

~—— NNLOsy.nsv

— NNLOg,

-4.0)

0 -4.3] o =41
= -4 = -2
) s 3 s
b -2 i 5 2 s
o o
o -a7, o a5,
- -
-48 -4 -4.6)
_4 .9/ 1400 1420 1440 1460 1480 1500
oo am v w10
-6
-6 LHC 13 TeV LHC 13 TeV
MMHT 2014 MMHT 2014
gl |Hr=tE=ma -8 |MR=HF=my
500 1000 1500 2000 500 1000 1500 2000
Mass (GeV) Mass (GeV)
FIG. 1. Pseudoscalar production cross section at NLO level (left panel) and NNLO level (right panel) with a comparison between fixed

order SV, SV + NSV and full results for 13 TeV LHC.
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FIG. 2. K-Factor for pseudoscalar production cross section at NLO level (left panel) and NNLO level (right panel) with a comparison
between fixed order SV, SV + NSV, full (all subprocesses included) and full (only gg subprocess included at nth order) results for

13 TeV LHC.
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fusion channel contribution, with the former being a little
bit higher than the latter. This also indicates that the regular
or beyond NSV corrections have a negative impact but are
smaller in magnitude compared to the NSV corrections at
higher orders.

Next, we study the impact of resummation of these NSV
logarithms on the pseudoscalar production cross section at
NLL and NNLL accuracy. For the resummed cross section,
we do the matching as below:

matched) SV4+NSV _ O.SV+NSV|(FO) + G(FO). (66)

o' = Oresum

In Fig. 3, we depict the resummed K-factors at NLO and
NNLO orders, and contrast them against the corresponding
ones due to the SV resummation for a wide range of
pseudoscalar mass, i.e., 300 < my < 2400 GeV. We
define these K-factors as

Kresum ONLO-+NLL Kresum _ ONNLO+NNLL
(1) o ? (2) LO ’
LO o
Frresum _ ONLO+NLL Rrresum _ ONNLO+NNLL (67)
n - ’ 2 - LO ’
o010 (o2

The resummed NLO SV K-factor (KEelS)“m) varies from 2.2
(at my = 300 GeV) to about 2.5 (at my = 2400 GeV).
However, the inclusion of NSV logarithms at NLL accu-
racy increase these results by about 30% in the low mass
region, and by about 40% of LO in the high mass region,

ie., (I_(Eels)“m) varies from 2.5 to about 2.9. The resummation

of NSV logarithms to NNLL accuracy has a similar
behavior and enhance the SV resummed results by about
10% (30%) in the low (high) mass region.

We will next study the theoretical uncertainties due to the
unphysical scales, pup and up, in our predictions. We will
present the conventional 7-point scale uncertainties and
make the following scale choices (ug/my,pup/my):

,,,,,
320"

g e e e

.........

28

K-Factor

26

____

24

LHC 13 TeV
MMHT2014
2.2 Hp=HF=My

500 1000 1500 2000
Mass (GeV)

FIG. 3. Resummed K-factor plots for 13 TeV LHC taking
MMHT 2014 as the reference PDF and choosing the central scale

HR = HF = My.

(0.5,0.5),(0.5,1),(1.0,0.5),(1.0,1.0), (1.0,2.0),(2.0,1.0) and
(2.0,2.0) for a given value of m4. All these uncertainties are
presented to NNLO + NNLL and NNLO + NNLL accu-
racy. In all the uncertainty plots, the first three results
correspond to FO results, the next three correspond to SV
resummation and the last three represent the NSV
resummed ones. We first plot the 7-point scale uncertainty
involved for the total pseudoscalar production cross section
at each order for my = 125 GeV (top) and m, = 700 GeV
(bottom) in Fig. 4. We observe in Fig. 4 that the 7-point
scale uncertainties get reduced on going from NLO to
NNLO, NLO + NLL to NNLO + NNLL and NNLO +
NNLL for both m, = 125 and 700 GeV. However, this 7-
point scale uncertainties are found to increase while going
from the SV to NSV resummation. To better understand
this aspect, we study the scale variations due to pg and up
separately by varying one of them between [m,/2,2m,]
and keeping the other fixed at m,, for both low and
high mass regions. In Fig. 5, we present the up scale

my =125 GeV
7-point scale variation
140"

=
e
S)
s T
B0 -~ - mo ool
[ } ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, LHC 13 TeV__
40 MMHT2014
2 9 8 o e B ] |j -
=2 o + = N + = o
= o % < o % I=
| (o) + - o +
4 O 4 O
z g z J
< =
1.8 my =700 GeV
7-point scale variation
1.6p - { 7777777777777777777777
14} mmemmneneee % —————————————————————————————————————————
o ] e e R LR TR IERPE SRR
e
R S B SRR EIE
e
0'6"””””’"””"””"”""”"”’"””””’”[H’C’ﬂi?é\?"
MMHT2014
0.4
2 g2 9 o e B ] |:' -
=2 o + = 3 + = o
< o % =< o % [=
4 o & 4 O *
4 O 4 O
A z 4
2 >

FIG. 4. Uncertainty plot with 7-point scale uncertainty for
my = 125 GeV (top figure) and m, = 700 GeV (bottom figure)
for 13 TeV LHC with MMHT 2014 PDF.
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FIG.5. Uncertainty plot with up scale fixed for my, = 125 GeV

(top figure) and m, = 700 GeV (bottom figure) for 13 TeV LHC
with MMHT 2014 PDF.

uncertainties by keeping pur fixed at my. Here we notice
that at second order, the NSV resummed results have
smaller scale uncertainties compared to the SV resummed
ones which in turn are smaller than the FO scale uncer-
tainties for both m, = 125 and 700 GeV. In Fig. 6, we
study the pr scale uncertainties by keeping yp fixed at my.
Here we notice that, contrary to the case of up scale
uncertainties, the NSV resummed results have larger scale
uncertainties compared to the SV resummed ones which are
in turn larger than the corresponding FO ones for both
my = 125 and 700 GeV. This can be attributed to the
missing contributions from other partonic channels while
estimating the uy scale uncertainties in our SV and NSV
resummed predictions.

In Table I, we tabulate the percentage errors due to the
7-point scale uncertainty, y scale uncertainty and up scale
uncertainty cases for the pseudoscalar mass of 700 GeV. To
study the effect of parton fluxes on the scale uncertainties in
different kinematic regions, we present in Table II the
7-point scale uncertainties for different m, values. Here we

Mg =My =125 GeV
L AR
s Dt } ——————————————————————
8 100f-----------m-o- R Rt Rl SRR LR EEEEEEE CEEDEl o
b
T SCETEEREERE I
]
BOf -~~~
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40 MMHT2014
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zZ 2 o ¥ < o % I=
- (@] + - (@] +
| (o] | o
F. z 4
2 =2
1.8 Hg = my =700 GeV
1.6 - { 77777777777777777777 J
L R ECrs EEEEE SRR EEEEREEE SR -
é
B 12
=
b

L e LAE T3 eV
MMHT2014

0.4 O O o aJ 4 4 T T R
[ 4 o

z % o % < o % |I=

| () + | (] +

4 O 4 O

e z 4

< <

FIG. 6. Uncertainty plot with up scale fixed for my = 125 GeV
(top figure) and m, = 700 GeV (bottom figure) for 13 TeV LHC
with MMHT 2014 PDF.

TABLE I. Percentage of uncertainty in the pseudoscalar pro-
duction cross sections due to scale variations, for the pseudoscalar
mass my = 700 GeV at 13 TeV LHC, using MMHT 2014 PDF.
The second column corresponds to 7-point scale variations, the
third column represents the uncertainty due to the up scale
variations while keeping u fixed and the last column represents
the uncertainty due to the yy scale variations while keeping up
fixed.

Percentage Percentage Percentage

uncertainty uncertainty uncertainty
Order (7-point variation) (up fixed) (up fixed)
LO 54.92 34.70 19.54
NLO 34.61 25.81 8.91
NNLO 18.18 14.96 3.48
LO+LL 61.84 43.35 17.72
NLO + NLL 28.45 18.80 28.45
NNLO + NNLL 13.89 6.42 13.89
LO +LL 64.40 45.83 17.71
NLO + NLL 38.52 18.13 38.52
NNLO + NNLL 26.09 1.82 23.13

116015-13



BHATTACHARYA, KUMAR, MATHEWS, and RAVINDRAN

PHYS. REV. D 105, 116015 (2022)

TABLE II.
of pseudoscalar mass at 13 TeV LHC.

Percentage of uncertainty in the pseudoscalar production cross sections due to 7-point scale variations for different values

7-point scale uncertainty

Order my=125GeV m,=700GeV m,=1000GeV m,=1500GeV m,=2000GeV m,=2500GeV m,=3500GeV
LO 44.46 54.92 57.91 61.67 64.84 67.75 72.98
NLO 36.02 34.61 27.59 28.70 29.80 30.98 33.62
NNLO 21.33 18.18 16.53 16.23 16.24 16.41 16.96
LO +LL 54.49 61.84 65.13 69.45 73.29 76.94 84.43
NLO + NLL 45.39 28.45 32.22 31.15 30.97 31.23 32.37
NNLO + NNLL ~ 22.94 13.89 20.75 21.09 21.82 22.67 24.30
LO +LL 59.38 64.40 67.35 71.37 75.04 78.60 85.72
NLO + NLL 62.71 38.52 40.42 38.08 36.92 36.27 35.67
NNLO + NNLL ~ 42.11 26.09 29.31 28.78 28.94 29.32 30.02

observe that at the NLO and NNLO levels, the 7-point
scale uncertainties decrease as we go from 125 GeV to
about 1000 GeV and then, they slowly increase with
further increase in the m, values. We notice a similar
behavior for NLO + NLL, NNLO + NNLL, NLO + NLL,
and NNLO + NNLL.

For completeness, we also estimate the uncertainty due
to the choice of parton densities in our calculation. Figure 7
depicts the PDF uncertainties involved in the calculations
due to the choice of different PDF sets. For this analysis, we
choose NNPDF30, PDF4LHC15, HERAPDF20, CT14,
and ABMP16 as the reference PDF’s, and present the
results for the production cross section at NNLO + NNLL,
normalized with the corresponding results obtained from
our default choice of MMHT2014 PDF set.

The requirement of these high-precision computations is
not only significant in the discovery of the pseudoscalar
Higgs but also crucial in establishing the CP properties
of the discovered Higgs boson. As mentioned in Sec. I,
the observed Higgs boson at the LHC can be an admixture
of scalar-pseudoscalar states and this mixing can be
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FIG. 7. Pseudoscalar production cross sections at NNLO +
NNLL for different choices of PDF’s, normalized with respect to
those obtained from MMHT2014 PDF’s.

parametrized by a single mixing angle a. In terms of this
mixing angle, a pure scalar state can be represented by
a=0 and a pure pseudoscalar state by a = z/2. The
production of a mixed scalar-pseudoscalar Higgs boson
from gluon fusion at the LHC has been studied in [30]
through NNLO. In Table III, we give the production cross
sections at the LHC for different values of this mixing angle
a in the 125 GeV mass range. Here, we observe that the
inclusion of the SV resummed results increase the NLO
(NNLO) cross sections by about 30%(12%) of the LO ones
while a further addition of the NSV resummed results,
increase the NLO + NLL (NNLO + NNLL) cross sections
by about 33%(20%) of LO ones for the pure scalar state.
However for the pure pseudoscalar state, we observe that
the inclusion of the SV resummed results increase the NLO
(NNLO) cross sections by about 37%(26%) of the LO ones
while a further addition of the NSV resummed results,
increase the NLO + NLL (NNLO + NNLL) cross section
by approximately 35%(16%) of the LO ones. For the
mixed cases considered, the inclusion of the SV resummed
results increase the NLO (NNLO) cross sections by about
35%(22%) of the LO ones for « = z/4 and by approx-
imately 33%(18%) of the LO ones for a = /6. Similarly,

TABLE III. K-factors for the production cross sections of a
mixed state of scalar and pseudoscalar Higgs bosons. The
production cross sections are computed for m, = 125 GeV at
13 TeV LHC using MMHT2014 PDFs for the central scale choice
of up = pr = my. Each column represents different values of the
mixing angle a.

K-factor a=0 a=1 a=rn/4 a=r/6
K 1.6990 1.7124 1.7083 1.7048
Ko 2.1571 2.1814 2.1741 2.1677
K 2.0033 2.0803 2.0570 2.0368
K™ 2.2785 2.4392 2.3907 2.3485
K™ 2.3425 2.4284 2.4025 2.3799
Kresum 2.4737 2.5966 2.5595 2.5272

&
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corresponding resummed results to N’LL accuracy are also given after matching them to the approximate full N°LO, results.

the addition of the NSV resummed results increase the
NLO + NLL (NNLO + NNLL) cross sections by approx-
imately 35%(17%) of the LO ones for @ = /4 and by
about 34%(18%) of the LO ones for @ = z/6. Overall, we
observe that as we change the mixing angle, the corre-
sponding QCD corrections change only by a few percent.

In [30], the authors also conclude that if a Higgs boson
production is considered for any arbitrary value of the
mixing angle while neglecting its decay, then the results up
to NNLO may be obtained by a simple rescaling of the
scalar and pseudoscalar cross sections as below:

? (68)

6 =cos’a oy +sin*a- oy
where o is the superposed cross section, oy is the pure
Higgs cross section and o, is the pure pseudoscalar Higgs
cross section. In such a scenario, if the pseudoscalar Higgs
boson production cross section is made available to a
precision comparable to that of the scalar Higgs boson, then
it can prove helpful in extracting the mixing angle to a
better accuracy.

It is necessary to clarify here that a number of angular
observables corresponding to the decay products of the
Higgs boson must be studied for establishing its properties.
When such a Higgs decay is considered, the simple
reweighting formula in Eq. (68) fails, and consequently,
the corresponding K-factors similar to those given in
Table III get modified slightly. However, such a detailed
analysis (including the angular distributions of the decay
products) is beyond the scope of this article.

Finally, we attempt to give predictions for the pseudo-
scalar production cross section after including the
resummed results to N3LL accuracy and then matching
them to the FO N3’LO, results. Here, N°LO, results
represent the approximate full FO results at third order
in QCD which we have taken from the public code
[60,109,111-113]. In the left panel of Fig. 8, we plot

the pseudoscalar production cross section as a function of
its mass m, at third order and present the results upto

N3LO, + N3LL. In the right panel, we give the corre-
sponding K-factors obtained by normalizing with the LO
cross sections. We also give K-factors for the FO case by
keeping only the third order SV and SV + NSV results, and
compare with those of the N°LO,. The N3*LOgy results are
closer to the N>°LO, ones in the high mass region, while
N3LOgy . sy results get a bit closer to the N3LO, ones in
the low mass region. We observe that the inclusion of NSV
corrections either at the FO level or their resummation
through NSV substantially increase the cross sections.

However, a detailed phenomenological study at N°LL
level accuracy, including the estimation of theoretical
uncertainties, require additional terms such as the resum-
mation constant /45;(w) that are yet to be determined. In
each of the above cases, the N3LO level PDF’s are also not
available yet. However, it can be anticipated that the
uncertainty will get further reduced if the full N3LO results
with the corresponding PDF’s are made available.

VII. SUMMARY

In this work, we have performed the NSV resummation
for the pseudoscalar production process to NNLL accuracy
in QCD at the LHC. We further make a detailed phenom-
enology of the same and present our results for 13 TeV
LHC. We have computed the NSV corrections at both first
and second orders in QCD and compared them with the full
NLO and NNLO corrections for gluon fusion subprocess.
We find that these NSV corrections are potentially large
and enhance the pseudoscalar production cross sections
much more than the conventional SV or threshold loga-
rithms. We also give numerical results for the NSV
resummed results to NNLL accuracy by systematically
matching to the FO NNLO cross sections. We find that
these NSV resummed predictions give large contributions
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to the cross sections than what the SV resummation results
do. We estimate the size of these corrections in terms of the
resummed K-factors defined with respect to the LO and
find them to be as large as 3 at NNLO + NNLL accuracy in
the high mass region. We also estimate in our predictions
the uncertainties due to the choice of various parton
densities and those due to the unknown renormalization
and factorization scales. We find that the conventional
7-point scale uncertainties do not get improvement after
performing the NSV resummation, suggesting the require-
ment of including NSV contributions from other parton
channels as well as beyond NSV contributions in the gluon
fusion channel. Specifically, we notice that the uy scale
variations while keeping py fixed, lead to large uncertain-
ties in the pseudoscalar production cross sections in the
high mass region. However, for the pure up variation,
keeping ur fixed, we find that the scale uncertainties get

anticipate that these precision results are useful in future
analyses aiming to study the CP-properties of the discov-
ered Higgs boson.

ACKNOWLEDGMENTS

We would like to thank Surabhi Tiwari for fruitful
discussions and her extensive support in providing various
other relevant data for comparison. We would also like to
thank Aparna Sankar for highlighting significant points and
relevant discussions. A.B. would like to thank Pooja
Mukherjee for useful discussions. A.B. is funded by the
Department of Atomic Energy (DAE), India.

APPENDIX A: NSV COEFFICIENT FUNCTIONS

In this section, we present our analytical results of the
SV + NSV coefficient functions up to N’LO order.

reduced significantly to about 1.8% for m, =700 GeV ~ Expanding the SV +NSV  coefficient function in
and are much smaller than those of the SV resummed  Eq. (13), in powers of a,, we obtain
results (~6.4%). We also present the production cross -
sections for mixed scalar-pseudoscalar state and study the AA,Nsv( z qz) _ Z a AA,NSV(Z qz) (A1)
impact of QCD corrections on them for different values of g a e R
the mixing angle . We find that these QCD corrections
change with the mixing angle by a few percent. We where
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APPENDIX B: SV COEFFICIENTS IN SOFT COLLINEAR DISTRIBUTION

In this section, we present the explicit expressions for $2V’(i)(8) appearing in Eq. (37):
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APPENDIX C: SINGULAR NSV COEFFICIENTS IN SOFT COLLINEAR DISTRIBUTION
In this section, we present the explicit expressions for the singular coefficients ¢§SV‘([) (z,€) appearing

in Eq. (40):
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