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Dedicated studies of high energy physics by both experiatistd and theorists have lead to
a better understanding of physics at high scales. The Sthidadel (SM) of particle physics,
based on the gauge symmefly (3)c x J(2). x U(1)y, has been enormously successful in ex-
plaining decades of data from various high energy expetisnand other sources. The stringent
tests of the SM have been going on for a long time in varioul bkigergy facilities and they will
continue at the Large Hadron Collider (LHC) at CERN, Gendveecise predictions of most of
the important observables that can test the SM are now blaithue to significant advances in
theoretical high energy physics. Of course the SM is not ebgoketo explain all of high energy
physics and it is known that it has shortcomings. For exanthke observed neutrino mass, the
dark matter content and the baryon number asymmetry of duense are a few of the well known
examples of observables that the SM has no explanation.sbHase issues have been addressed
for quite sometime which lead to various extensions of therBdstly based on enlarged symme-
try groups and/or space time dimensions. Like the SM, thewmsions have to pass similar tests
to establish their relevance to high energy physics. In teetweak sector of the SM and also
in the beyond the SM (BSM) obtaining non-zero masses for kbetreweak gauge bosons and
the fermionic particles is a hard task because the gauge symiinat governs the interaction of
gauge particles and fermions puts severe restrictionseth#ir allowed mass terms. The symme-
try breaking mechanism plays an important role to achieigettisk. In the SM, the weak gauge
bosonswW=,Z and fermions obtain non-zero masses through the intramtucti a complex scalar
U (2), doublet, called the Higgs field which acquires a non-zeraiwet expectation value. In
other words, spontaneous breaking of #52), x U(1)y symmetry toJ (1)en generates masses
for weak bosons and fermions. In some of the extensions ofsBMlar mechanisms require more
than one complex scalar doublet to get the right mass spec{fhis mechanism, often called the
Higgs mechanism, is not the only way to achieve this task la@cktexist several other mechanisms
to obtain the required mass spectrum without introducingplex scalar fields. Needless to say all
of them have many other predictions which serve as testéiéocarrectness of these mechanisms.

In the SM the spontaneous symmetry breaking mechanismghraicomplex scalar doublet
not only generates non-zero masses for weak bosons andfermit also introduces a massive
scalar particle, namely the Higgs boson. The Higgs bosordéfisite couplings to weak bosons
and fermions as well as with themselves. The vacuum exj@ttzdlue of the Higgs field and the
mass of the Higgs boson completely determine the scalawrseicthe SM. The value of the vac-
uum expectation value has been known from the observatiareak bosons and their electroweak
properties. The only unknown parameter to date is the mas$edfliggs boson, which also deter-
mines its coupling to weak bosons and fermions that get thass through the Higgs mechanism.
Direct searches and precision studies of various SM pasmat the LEP and the Tevatron have
already provided a wealth of information on where to find thggd boson at the LHC. One of
the prime goals of the LHC is to look for the the Higgs bosontsd the mechanism responsible
for the generation of masses for the weak bosons and fermmamsbe tested. The earlier bounds
on the mass reveal that the Higgs boson is not too heavy aad iiecay to various SM patrticles.
These decay modes can be used to search for the Higgs bosafsartktermine its couplings to
SM particles. Such an effort has already gone into varioudies in earlier experiments and it is
underway at the LHC.

Searches for the Higgs boson in collider experiments haea kery successful due to dedi-
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cated efforts in searching for observables resulting framious production and decay modes and
precise predictions from the theory for these observal#lethe LHC Higgs bosons are produced
dominantly through gluon-gluon fusion via a top quark lodpeading order in perturbation the-
ory. Due to the non-zero Yukawa coupling for the Higgs bosotop quarks and large gluon flux
at the LHC, this dominant production mode can be used in tHeeatages of searches for the
Higgs boson. When the energy of the LHC is increased to itgyded value and runs with large
luminosity over several years then the other subdominasdymtion modes such as vector boson
fusion and the associated production of Higgs boson withkweator bosons and top quarks will
be important. In this note, we restrict ourselves to the damii production mode and the related
theoretical developments which lead to a precise predidtothe Higgs production cross section
beyond leading order in perturbation theory. This means ttieatheory of strong interactions,
namely Quantum Chromodynamics (QCD) plays an importaetiropredictions. The Higgs pro-
duction cross section at the LHC can be computed in QCD ubiagarton distribution functions
fa(w, u2) of partons in the incoming protons and the parton level edagj cross sectionali to
produce the Higgs boson:

o (Smh) = o

L X
-,b:q',q',g

a

wherex = m?, /S, N = 3 and the factoGg can be found in [1]. The flusa(y, u2) is given by

1Tdw y
® 2:/—fw2f(—2>. 2
ab (Y, HE) , W a(W, f) fo WaIJF (2)
The factorisation and renormalisation scales are givepfwand Lr respectively. The partonic
cross sectiol\} contains both soft-plus-virtuab() as well as hard contributions:

Agb(za m}2-i ) IJFZa, I_lé) = AS,IS(Za m}2-i ) IJFZa, I_lé) + A;;hard (27 mﬁ ) “I%a I.,lé) : (3)

The soft-plus-virtual contributions, as the name suggestsie from all the subprocesses where
real gluons in the final states as well as virtual gluons inldo@s become soft. The hard part of
the partonic cross section is the remaining contributiomfthese subprocesses.

In perturbative QCD (pQCD), the partonic cross section fiygd boson production resulting
from the dominant production mechanism, namely gluon{gliwsion, is known up to next-to-next
to leading order (NNLO) level in QCD [2, 3, 4,5, 6, 7, 8, 9]. Beyl NLO, the Higgs production
cross sections are known only in the large top quark masstimithe corrections due to finite top
guark mass are now available in [10]. Two loop electroweakentions at leading order ia are
available, see [11]. One loop corrections to the real ramtigirocesseqq — gh andqg — gh are
known, see [12] and for mixed QCD and electroweak contrilmgtiwith a light quark, see [13]. It
is well known that the NLO cross section computed with finije &and bottom quark masses agrees
to within rescaled by the LO order cross section computel fiiite top and bottom quark masses
even at high Higgs masses. Inclusion of the exact bottormkdoap and its interference with the
top quark loop up to NLO level and to resummation upto NLL lesan reduce the cross section
by about 15% for low Higgs mass. Two loop electroweak corrections carncluded either by
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multiplying the full NNLO corrected cross section or by nipllging only LO cross section. In
the former case there is an increase in cross section by 5% thei later gives the variations of
the cross section from-3% to +2% for Higgs mass ranging from 115 to 800 GeV. Sub leading
terms in the largen limit give 1% correction to the NNLO corrected cross sectimmputed in
them — oo limit for the Higgs massimy < 300GeV.

Due to several important results at three loop level thadeadable [14, 15, 16, 17, 18, 19], the
resummation up to RLL has also become a reality, for resummation exponents26s@{, 22, 23].

In [20, 23], the dominant soft gluon contributions t8LMD contributions have been computed for
the Higgs production cross sections using the form factodssplitting functions that are known
up to N®LO. In [23], this approach has been extended fa.® to get most of the dominant terms
that result from soft gluons. In this article, we discuss itih@act of these contributions, i.e.,
soft-plus-virtual contributions atH{LO level on the Higgs production cross sections. We will also
study the uncertainties resulting from various choicesasfqn distributions. We do not include
electroweak and mixed QCD-electroweak effects in thisystoekcause they do not significantly
affect the estimates of the error resulting from QCD pedtivie results and parton distribution
functions. Such effects are well documented in [24, 25] Whiscusses an update on Higgs cross
sections at 8 TeV.

Before we present our numerical results, we give a briefwager of how the soft-plus-virtual
part of the Higgs cross section is obtained. Thanks to apffisettion of ultraviolet, soft and
collinear contributions in the QCD amplitudes and in thetqratevel cross sections and b) renor-
malisation group invariance, we can systematically exptae the resulting finite contributions
coming from soft gluons present in real and virtual subpsses after taking into account UV
renormalisation and mass factorisation. Note that varld\Wsand infrared singularities cancel
among themselves leaving the exponent finite order-byrdrdperturbation theory. Hence, the
soft-plus-virtual part of the cross sectiofs(z o7, 4z, ¢ )) can be written as

; (4)

NYs(2,0P, 13, UE) = Cexp (‘P%(z, o, P, L, £)>
=0

whereWd(z,¢?, u3, u, €) is a finite distribution. Heréb3(z,o?, u3, 2, €) is computed in 4- ¢
dimensions via

2 -~ ~
WYz o, R, e ) = (In (298 2. 12 2)) +|n\F9(as,Q2,u2,8)|2> 5(1-2)

+2 q)Ss](é&qZ’uZ?Z?g)_ngln rgg(és#ﬂ’lllaz’g)- (5)

The symbol %" means convolution. For exampl, acting on an exponential of a function
f(z) has the following expansion:

zef (@ :5(1—z)+%f(z)+%f(z)® f(z)+%f(z)® H2@ @)+ 6)
In our casef(2) is a distribution such a8(1— z) and %, where
|In'1-2) o
@"[T—z) L —01.-. ™
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and the symbobk is nothing but the Mellin convolution. Here, we drop all tregular functions
after all the convolutions are done as we are only interdatttk soft-plus-virtual parts of the cross
sections.

In the following we explain the various terms that appeardn.€). Since we work in the
large top quark mass limit, the top quark degrees of freedambe safely integrated out. This
gives us an effective theory where the Higgs boson can direcuple to the massless gauge
bosons, namely the gluons. Because of this an additionatmetisation constar#9(as, u3, U2, €)
is required to remove the UV divergences. In8 scheme, this contains only polessinwe have
expanded this renormalisation constant in terms of thenammealised strong coupling constant
8s = §G2/(161) and the scal@:? appears in order to keep the coupling constardirhensionless
in n dimensions. R is the UV renormalisation scale at which the parameters atdsfiof QCD
are renormalisedjfg(és, Q?,u?) is the form factor that describes the Higgs-gluon-gluorteser
expanded in terms af;” The scale is given b@? = —g? = —m4, with my the mass of the Higgs
boson. The scaling variableis the ratio ofm? /$, wheres’is the center-of-mass of the partonic
system. This functionbg (&, g2, u?,2) is called the soft distribution function. The distribution
d)sg(és, o, 4%,z €) contains all the soft gluon contributions resulting fronrtpa subprocesses
where at least one of the outgoing partons becomes soft. diteiliutions can come from tree
level partonic subprocesses as well as from the virtualgeses with at least one or more soft
partons in the final state. These can be evaluated againturipation theory in terms "

Both real emission and virtual subprocesses are senditigellinear partons which give sin-
gular contributions when they are massless. The final stdlieear singularities cancel among
themselves when they are summed in an infrared safe way. ©aotller hand, the initial state
collinear singularities do not cancel and are removed bysrfegorisation. The universal kernel
[ ag(8s, 12, 42,2, €) does this task: it removes the initial state collinear siagties from the par-
tonic subprocesses and renormalises the bare partorodtiiri functions at the factorisation scale
HF.

The fact thatAngS is finite in the limite — O implies that the singular terms in one of the four
functions 29, F9, ®¢ and gy can be obtained if the rest are known to sufficiently high mrde
€. While this sounds very simple, in practice one is guideddueve this by various principles
like renormalisation group invariance and factorisatiooperties of various terms in perturbation
theory. BothCDg andl g are dependent on the varialland hence it is not very straightforward to
reconstruct the dependence of one from the others. Note that the pQCD rasults three loop
level are known foz9,F9 andr 4 but only two loop results are known fd from the fixed order
computations. Here we extract the three loop QCD contdbutiith the correciz dependence
from Z9,F9 andr gq by observing tha®? satisfies the following Sudakov type differential equation
similar to those for the form factois?:

d ~ 11 ~ 2 o ~ 2 2
qzd—qijsg(a&qzauzazae) = E [KSg (a&%azas> +GI-§|J <a37%3%7278>] ) (8)
R

where the constani§,] contain all the singular terms and tﬁ@g terms are finite functions of.
We can solve the above equation in poweraoéride. The particular solution that has the right
singular structure and correztlependence is found to be
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© /201 A2\15 /o o
=;é‘s(7q ) d(15) @ e, ©)
where
@ = [K ) +ép"<”<e>] . (10)

Note thatll—'% or equivalentIyASfS is finite ase — 0 (see eqgn.(5)). The constaﬂng’(i)(s) are
determined by expanding th&; in powers of the bare coupling constagtas

kY <as, ZR zs) —5(1-2) ZI <“F§> EsigKg’(”(e). (11)

The constantésg’(i)(s) are related to the finite functioBe(as(?), 1,z €) through the distri-
butionsd(1—2z) and%;. 55?’(') (¢) can be expressed in terms of the renormalised couplingaanst
as with the argument?(1—z)? as

iiéis (W)i%iég(i) Zias )%) T (€) (12)

The constantKg’(i>( £) and?g (€) can be obtained by demanding the finitenesaf. For exam-

ple, thee dependent terms Ws,( ) are determined from the fixed order @g) computations of
cross sections and the finite parts of the form fact@’r@1 ) is known to all orders irg, 4 S52( ) to
ordere and%sg( ) to ordere®. The lowest order terrWSl( ) is known to all orders irg because

it is often straightforward to compute the fixed order softtcibution at lowest order. On the other
hand, it is technically hard to determisalependent parts of soft cross sections beyond the lowest
orderas. The available constanE"(i)(s) and?g(e) can be found in [26]. Using all this informa-
tion, the fixed order RLO soft-plus-virtual contribution to Higgs production che obtained up to
terms proportional t&(1— z). In other words, we can determine the contributions comioghf

the distributions2' at order NLO.

In the following, we will present our numerical results foigigs production at NNLO as well
as soft-plus-virtual contributions at?’NO in perturbative QCD. We will examine the factorisation
and the renormalisation scale dependence of the crossrseetnd the dependence coming from
the choice of parton density sets. We choose the centerms&ranergy to be/S= 8 TeV for
the LHC. The standard model parameters that enter our catiqgruiare the Fermi consta@®: =
454168 pb= 1.16637x 10 °GeV 2 and the top quark mass = 1725 GeV. We use LHAPDF to
obtain various parton distribution sets and the corresipgnstrong coupling constants.

In table.1 we present NNLO and®NOg, corrected Higgs production cross sectionsJ@= 8
TeV using MSTW parton distribution functions [27] and tharespondingas. We present the
percentage variation when factorisation and renormaisaicales are independently as well as
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| my [NNLO| pr | prs | #r | ¢ | NNLOg | PDF | N3LOg | pR |
120 [ 19.98 | 1w | IEET| 00| 9T 2207 | 23| 2083 | 02

—2.46
+1087 | +16.77 | —0.48 | +10.46 +2.49 +0.11
121 19.64 —1045 | -1610 | 4057 | —9.93 2169 —3.12 20.47 —241

1084 | +16.73 | —0.46 | +1045 2.50 0.10
122 19.31 | ‘1543 J—r16.07 +0.55 593 2133 | 20.13 | ©

1082 | +16.70 | —043 | 11044 +2.50 +0.10
123 | 18.99 | 1041 | 1604 | 053 | ~903 | 2097 | 575 | 19.79 | "5

10.80 1666 | —0.41 1043 251 0.09
124 18.68 t10.39 i_lG.Ol +0.51 i_9494 20.62 t3.12 19.46 | *

1077 | 11663 | —0.39 | 11043 251 0.08
125| 1837 | "1037 | "1590 | 050 | ‘oga | 2028 | "53| 19.13 | T55,
127| 17.78 | "1033 | “1853 | voas | ‘905 | 1963 | '3 1851 | 5

1071 | 11652 | —033 | 11041 253 0.05
1281 1749 | sas| gsolsosz | sse | 1931 | g 1821 | oy
129 ] 17.21 | T1050 | “y5es | w034 | 1001 | 1900 | T573| 17.91 | 55

Table 1: NNLO and N’LOg, corrected Higgs production cross sections @ = 8 TeV as a function of
Higgs masany using MSTW parton distribution functions. The percentaggations when factorisation
and renormalisation scales which are independently asasedimultaneously varied betweemg /2 and
2my andmy /3 and 3ny (denoted byr 3) are presented. Those due to the choice of the parton distib
functions within MSTW are also given.

| my [NNLO| pr | prs | e | # [ NNLOg | PDF | N°LOg | pgr |
120| 1851 | *o%1° | 71287 | 1057 | ‘383 | 20.35 | +£4.27 | 21.04 | 1993
121 18.18 | 73023 | 11258 | [0a0 | T30 | 20.00 | +4.25| 20.62 | 1931
122 ] 17.89 | *9%° | T1255 | (050 | ‘385 | 19.66 | £435| 20.32 | 1992
123 ] 17.58 | “9%° | T1232 | [03a | 'oes | 19.33 | +£4.40| 19.97 | 1570
124 17.29 | *9%t | T1230 | 1933 | '38e | 19.00 | +4.43| 19.63 | 1992
125| 16.99 | T30%8 | 11252 | 072 | ‘e | 18.67 | £4.75| 19.28 | 1912
126 | 16.71 | “392° [ T2 | 028 | ‘986 | 18.36 | +454| 18.96 | 1913
127 ] 16.43 | %9 | 11270 | (8% | '38s | 18.07 | +4.26| 18.64 | 942
128 16.16 | g0 | 11213 | 0% | ‘ees | 17.77 | +469| 18.32 | 1977
129 | 15.91 | 73992 [ F12%0 | 308 | *3% | 17.48 | +462| 18.04 | 2

Table 2: Same as table.1 but with ABM parton distribution functions

simultaneously varied between, /2 and 2ny (hamed byug, Ur, U respectively). The column
denoted byur 3 is obtained by varying the renormalisation scale in the eang/3 < g < 3my.

In the column denoted by NNLQ the cross sections are obtained for a fixed spale i =my /2
which is supposed to mimic the NNLL threshold resummed tesllso we have presented the
percentage variation of the cross sections due to the clobitee parton distribution functions
within MSTW (denoted by PDF). In the last column, we haveelisthe percentage variation of
the cross section when the renormalisation scale is in thgema /2 < pr < 2my. For NSLOg,,
we have used NNLO PDFs but four loop correctecbecause RLOg, PDFs are not yet available.
This approximation is still okay because only mjlg dependence is seen at NNLO level. In
table.2 we present similar results using ABM11 parton itistion functions [28]. We find that
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my NNLO N3LOg,

MSTW | ABM | CT | NNPDF| MSTW | ABM | CT | NNPDF
120 | 19.98 | 18.51| 19.86| 21.00 | 20.83 | 21.04| 20.26| 20.91
121 | 19.64 | 18.18| 19.52| 20.65 | 20.47 | 20.62| 19.91| 20.56
122 | 19.31 | 17.89| 19.20| 20.30 | 20.13 | 20.32| 19.57| 20.21
123 | 18.99 | 17.58| 18.88| 19.96 | 19.79 | 19.97 | 19.24| 19.87
124 | 18.68 | 17.29| 18.57| 19.63 | 19.46 | 19.63| 18.92| 19.54
125| 18.37 | 16.99| 18.27| 19.31 | 19.13 | 19.28| 18.61| 19.21
126 | 18.07 | 16.71| 17.97| 18.99 | 18.82 | 18.96| 18.31| 18.89
127 | 17.78 | 16.43| 17.68| 18.66 | 18.51 | 18.64| 18.01| 18.53
128 | 17.49 | 16.16| 17.39| 18.52 | 18.21 | 18.32| 17.72| 18.61
129 | 17.21 | 1591 17.12| 18.09 | 17.91 | 18.04| 17.43| 17.99

Table 3: Higgs production cross section as a functiomgf using MSTW,ABM, CT and NNPDF parton
distribution functions (in particular their central pdfs)

the renormalisation scale gives 10% variatiopfis varied in the rangeny /2 < pr < 2my and
increases to 16% in the ranggy /3 < ur < 3my indicating that the NNLO corrected cross section
does not sufficiently stabilise the cross section warrgraifull N3LO corrected results. As is clear
from the last column, the NLOg, corrected results show significant reductionuipdependence. In
table.3 we present NNLO and®NOg, corrected Higgs production cross sections using CT10 [29]
and NNPDF [30] along with results obtained with MSTW and ABRF to compare the results
from various PDF groups. We have chogen= ur = my. With respect to the MSTW predictions,
ABM gives 7.5% smaller cross sections, CT gives®% smaller cross sections and NNPDF gives
5% larger cross sections. ABNO, level, we find that ABM give B% larger cross sections while
CT gives 27% smaller cross sections and NNPDF givekl@o larger cross sections. Surprisingly
they are all very close to each other over the entire mas&remgsidered here.

In this article, we have updated the Higgs production crestians at NNLO level computed
in the large top mass limit using recent parton density s&t& have also studied the role of
N3LO soft-plus-virtual effects to reduce the renormalisatgcale uncertainty. We find that the
renormalisation scale dependence is much larger than ¢teriation scale dependence at NNLO
level and the RLO (soft-plus-virtual) corrections reduce the renornstlisn scale dependence
considerably. We also find that the PDF uncertainty is sicguifi not only within a given PDF set,
but also among various sets.

Acknowledgement: We thank S. Alekhin and J. Blumlein foiirthelp on ABM PDF sets.
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