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ABSTRACT

We present threshold enhanced QCD corrections to the baeft@mk energy distribution in Higgs
boson decay and to hadroproductior i~ annihilation beyond leading order in the strong cou-
pling constant. This is achieved using the resummed decdgdition obtained using renormal-
isation group invariance and the mass factorisation timedhat they satisfy and Sudakov resum-
mation of soft gluons.
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The Higgs boson (H) which emerges in the electroweak synynbettaking mechanism [1] is
the only particle that is yet to be discovered in the Standidodel(SM). Searches at LEP exper-
iments [2] indicate that the lower bound on its mass is aralii2 GeV and the upper bound
around 260GeV at 95% confidence level. The hadronic machine Tevatron amiHab currently
running with increased energy and the upcoming Large Ha@uilider (LHC) at CERN have the
physics goal of discovering the Higgs boson. At hadronitidels, among the potential channels
through which the Higgs boson can be produced, the vectarbfusion process is one of the
promising ones [3]. Here the Higgs boson is produced in atimaf; + P, — V +H, wherePR,
are the incoming hadrony, is the vector bosokiv* /Z, followed by the dominant decay mode
H — b+ b. For the heavy Higgs boson searches, the decay to bottorksycan be accessible in
the Two-Higgs Doublet models due to enhanced couplings [4].

A similar process in nature is inclusive hadroproduction i~ annihilation [5]. Here the
incoming leptons annihilate into vector boson sucty@Z which then fragments into hadrons,
i.e., Tl — y* Z — P+ X, whereP is any hadron an¥ is the remaining final state. The double
differential cross section for producing a hadron with ggdractionx of the parton produced in
the annihilation is given by

d?g” 3 3 dof
Ixdeod 8(1+c0§6) ™ (x q )+ 3o —(x q )+ cosh - —Axq?), (1)
where8 is the center of mass angle of the final state hadron. The eriexgtion is given by
X = 2p-q/q?, wherep andq are the momenta of the final state hadron and the intermediater
boson respectively. THg hadron production ih*1~ channel is an important process to determine
the non-perturbative quark fragmentation functions [6]. Precise knowledge efthwill reduce

theory uncertainties in Higgs decays to bottom quarks aswlialthe top quark mass reconstruc-
tions in the top quark decays at Tevatron and LHC.

In the case of the decay procdds— b-+b, we study the energy distribution of one of the
bottom quarks. We use the perturbative fragmentation agbr{¥] which is valid whem, < my
to factorise the decay distribution into a part which comahe Higgs boson decay to massless
partons and a part containing perturbative fragmentatimetfons denoted bi])|b that describe
the fragmentation of massless partons into massive botimarks. In this approach, the large
logarithms Io@mﬁ/mg), wheremy is the Higgs boson mass amg, bottom quark mass, can be
resummed using perturbative fragmentation functions. Adrenalised decay distribution is given

by
d
Fiodixs(xb’ Z/ —Cl (2.9, W&, WE )Db< mgUF) I=byg, (2

wherel g is the Born decay distributiomy, = 2p, - q/g° with pp, g the momenta o quark and the
Higgs boson, with masses, andmy respectively. Heref? = mﬁ The renormalisation scaj& is
due to ultraviolet renormalisation and the factorisatiocalsyr is due to mass factorisation of the
collinear singularities. The fixed order result tq? for | = b up to next to leading order (NLO)
in strong coupling constants is available in the literature [8]. The soft gluons that tefom
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the outgoing partons lead to large logarithms that can hewesed systematically. The impact of
such effects up to the next to leading logarithmic (NLL) lelvas been studied along with fixed
order NLO QCD corrections in [6, 8].

The inclusive hadroproduction Il ~ annihilation process factorises as

1 xq ldz oP (X 2 o
O_( _Z/ _Cl Zq p'Rv“'F) (Ev“‘F I_qqug (3)

wherez = 2p, - g/¢? is the partonic energy fraction. Hen, is the momentum of the parton that
fragments into the final state hadron with momenturithe non-perturbative functiddf (x/z, )

is the fragmentation function that describes the fragntemtaf the parton of typé into hadron
of type P. The perturbatively calculable coefficient functi@nis known up to NNLO in QCD
for | =q,0,9, [9-12]. The NNLL soft gluon resummation to this processlg&nown in the
literature [13-17].

Even though perturbative Quantum Chromodynamics (pQCBYiges a framework to suc-
cessfully compute various observables involving hadrdnsigh energies with less theoretical
uncertainty for the physics studies, the fixed order QCD iptiEhs often have limitations in ap-
plicability due to the presence of various logarithms trestdime large in some kinematic regions
which otherwise can be probed by the experiments. The stdgg@roach to probe these regions
is to resum the class of such large logarithms supplementidfixed order results. This can
almost cover the dominant kinematic region of the phaseespac

In this paper, we follow the method that we used in Refs. [2Btd study the soft gluon effects.
This generalises our earlier approach to include any ieéraafe decay distribution in perturbative
QCD. We systematically formulate a framework to resum thenidant soft gluon contributions
in z space to the decay distributions, wherie the appropriate scaling variable that enters in the
process. We have followed a similar approach describedifiH] that uses renormalisation group
(RG) invariance, mass factorisation and Sudakov resuromafisoft gluons as the guiding princi-
ples. Using the resummed resultzigpace, we compute the soft plus virtual part of the dominant
partonic decay distributions beyoLO. In Ref. [18] we determined the threshold exponeEDits
andB; pis up to the three loop level for Drell-Yan process, Higgs bopooductions and deeply
inelastic scattering (DIS) cross sections using our resadsoft as well as soft plus jet distribu-
tion functions. Here we extend the similar all order proofisthestablishes the relation between
soft plus jet distribution functions and the threshold resation exponents and demonstrate the
usefulness of this approach to derive higher order threlstiahanced corrections for any infrared
safe decay distributions.

We find that the soft plus jet distribution relevant for ouegent study can be gotten entirely
from that of DIS due to the crossing symmetry between themZ20 In fact, we find that they are
identical. In addition, the Altarelli-Parisi(AP) splittyy functions that determine the scale evolution
of the fragmentation functions coincide with the AP sptittifunctions of parton distribution func-
tions in the threshold region. Extensive discussions ontthpic can be found in [25-30]. With
these two essential ingredients and using the method Bescin [18, 19] we could successfully
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reproduce the fixed order NLO soft plus virtual part as weth&sNLL resummation exponents [8]
for the bottom quark production in Higgs decay and also thedfiarder NNLO soft plus virtual
part [9-12] and the NNLL resummation exponents [13—17]ierhadron production ih"l ~ an-
nihilation. In addition, we can compute the fixed order NNL@ plus virtual part of thd quark
energy distribution in the Higgs boson decay and also périadominantN'LO results fori = 3, 4.
With the same level of accuracy, we can obtiihO with i = 3,4 soft plus virtual contributions
to hadroproduction i1~ annihilation.

In this article, we will mainly concentrate on dominant admitions coming from the thresh-
old effects. This contribution to the energy distributidrilee bottom quark in Higgs boson decay
and to the hadroproduction in thel~ annihilation process can be obtained by adding the soft
part of the decay distributions with the renormalised \dttorrections and performing mass fac-
torisation using appropriate mass factorisation coumtens. \We call this infra-red safe combina-
tion a "soft plus virtual"¢§v) part of the decay distribution. The soft plus virtual paghdted by
ASY(z, 6%, 1&, LU ) of the perturbative decay distributioBs after mass factorisation is found to be

(4)

B ii8) = coxp( W 2P 1A .9))
£=0

whereW' (z,¢2, &, 12, €) is a finite distribution. For a Higgs boson decaying to botipuarks,

we putl =b agd for that decaying to gluoh,= g. For the hadroproduction i1~ annihilation,

| =q,0. HereW' (z,¢%, 13, 1, €) is computed in 4- € dimensions, whera denotes the number of

space—time dimensions.
~ 2 R
V@it = (In(2@1120) @ iE o Jo1-2

+2 a) ! (é& q27“~2727 8) —C InF” (é‘S7 p'27 p.|2:,Z, 8)7 | = b7g7q7q (5)

The symbol " means convolution. For example,acting on an exponential of a functidiiz)
has the following expansion:

ce!@ =5(1-2+ L 1@+ 5 1@ @)+ 3D @@ f(@) 4 (6)
The functionf (z) is a distribution of the kind(1 — z) andD;,
i — [In(lzl(-]__—zf)]Jr i=0,1,-- )

and the symbok denotes the Mellin convolution. We drop all the regular fimts that result
from various convolutionsF' (4, Q% 12,€) are the form factors that enter these processes. For
the Higgs boson decay to bottom quarks, it is related to tHewa type of interaction and to the
gluons, itis related to Higgs boson field coupled to the katerm of the gauge fields. For thel ~
annihilation, the form factor arises from the vector cutrémthe form factorsQ? = —g? = —mj,

for the Higgs boson decay af@f = —g? = —q\zﬁ/z. The functionsd ' (&, 02, |2,z €) are called
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the soft plus jet distribution functions. The unrenormedigbare) strong coupling constasmf ~
is defined asas'= §3/(161°) whereg; is the strong coupling constant which is dimensionless
in n=4+¢. The scalgi comes from the dimensional regularisation in order to maleehiare
coupling constangs"dimensionless im dimensions. The bare coupling constagis related to
the renormalised one by the following relation:

2\ 2
Seas = Z(1R)as(1R) (“—2) (8)
MR
The scalepr is the renormalisation scale at which the renormalisedngtrmoupling constant
as(12) is defined. The factorisation scgle is due to mass factorisation and the cons&nt
exp{(ye —In4m)e/2} is the spherical factor characteristic mdimensional regularisation. The
renormalisation constant up to three loop is given by

2 3
208) = 1+ a0 20+ a2l (04 22) sy (0 TP, B2

€ 3e2 3e ©
The renormalisation constaft3) relates the bare coupling constagtid the renormalised one
as(qu) through Eq.[(B). The coefficienf,31 and; are the coefficients that appear in RG equa-
tion for the strong coupling constant up to three loop le@él B2]

The factorsZ' (&, uZR, u2,€) are the overall operator renormalisation constants whactorr
malise the bare form factoi' (&, Q?, 12, €). For the vector currerfd(as, 13, 12, €) = 1, but for
the bottom quarks and gluons coupled to the Higgs boson, dhresponding form factors get
overall renormalisations [31, 33, 34]. The bare form fa&t%'r(és, Q?,12,£) corresponding to the
unrenormalised operators satisfy the Sudakov differeatjgation [35—-38]. In dimensional reg-
ularisation, the formal solution to the differential eqoatup to four loop level can be found
in [18,39] in terms ofA!, the standard cusp anomalous dimensions, and the con&a(es for
bothl = g,b and| = g [40] to the required accuracy in The single poles of the form factors
contain the combination [18,19, 39, 41]

2<Bi' — 8 giBi1— 6|7byib1) + ;!

at orderal, The terms proportiona-2(3y g i Bi—1+ & py? ;) come from the large momentum
region of the loop integrals that are giving ultraviolet@ligences. The poles containing them
will go away when the form factors undergo overall operatd ténormalisation through the
renormalisation constangs' which satisfy the RG equations

> d A2 200 wadn2 (in

URW%mZg(asa Ur M5, €) = i;as(HR) (' Bl—l)

2 4 ha 2 2 e a2

Mgz 12 (8s, M3, H2.8) = i;as(uR> Y (10)

wheree — 0 is set. The constant{};_1 andy}{l are anomalous dimensions of the renormalised
form factorsF9 andFP respectively. After the overall operator renormalisatibroughZ ' and
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coupling constant renormalisation throughthe remaining poles will be proportional Bp' and
f.! in addition to the standard cusp anomalous dimenstdndhe constantB! and f! are known
up to ordera [40-43].

The collinear singularities resulting from massless patare removed iMSscheme using the
mass factorisation kern€l(z 12, €). The kernel (z 12, €) satisfies the following renormalisation
group equation:

d ~ 1~ -
HE@F(Z,HE,S)ZEP(Z,LJ.'Z:)(@r(Z,p.'z:,S) : (11)

The functionﬁ(z, u%) are the well known (matrix-valued) Altarelli-Parisi spiitg functions
P(z 1E) = _zla‘s(u%ﬁ“—”(z) (12)
1=
The diagonal terms of the splitting functioﬁg)(z) have the following structure
A1) ()~ 2|Bl.13(1-2)+ Ao + Rl 2). (13

Whereﬁ% , are regular whea — 1. In the case of the soft plus virtual part of the decay distri
tions, only the diagonal parts of the kernels contributeh#MS scheme, the kernel contains only

poles ine. The kernel can be expanded in powers of bare cougliras ~

€
o s S (B =)
F(z12.6) = B(1 z>+i;as(u2) &0 (ze) . (14)

The constants (‘)(z, €) are expanded in negative powerssafp to the four loop level can be read
from Ref. [18] where similar RG equations were solved.

It is natural to expect that the soft plus jet distributiomdtions have a pole structure &n
similar to that ofF' andl; so that the decay distributioﬁ‘éﬁ" are finite in the limite — 0. This
implies that they satisfy a Sudakov type differential etprathat the form factors' do. Solving
the Sudakov differential equation far' (&s, o2, |2,z €), we get

(&, % 12 28) = D'(&,03(1-2),12€)

whereg'-()(g) coincide with thepe}” (¢) that appear in the deep-inelastic scattering cross section
[19]. This is the result of exact crossing symmetry betwéemptrocesses under study and the DIS
process in the threshold region. The consté@g@)(s) for | = g corresponding to DIS are given

in [18,19]. Since thé quark is treated massless, we use the same constants forgilpe bbson
decay also.

N



The threshold corrections that dominate when the partaratirgy variablez approaches its
kinematic limit, which is 1, through the distributio®1 — z) and »; can easily be resummed
in Mellin N because the decay distributions appear as convolutionradrpa distributions and
fragmentation functions. This has been a successful apiprdae to several important works
(see [13—-17]). The higher order threshold exponents camunedfin [18, 44—46]. We find that
the soft plus jet distribution functiod' (8,07, 12, 2,€) captures all the features of tié space
resummation approach by expressing (15) as

~ q°(1-2) dp2
OB ine = (2(171—2){/% T @09) B (ex (P12 2).0) |

.
® N
-2 Ta(L) sie
1 o U'ZR i% . i
(am), 22() s a9
where
o o201 N8 1
Cha(fi-2).9 - Sa(H2) deqe. an

Here, the constan@slj(')(s),K "(')(s) and fpslj(i)(s) can be found in [18, 19]. The second line of
the equation[{16) contains the right polegito cancel those coming from the form factor as well
as from the mass factorlsatlon kernel. It also containseimg that are finite asbecomes zero
through the constantﬁJS,( ) that appear ||GSJ( (€) (see [19]). Since they are multiplied Byl —

z), the fixed order soft plus virtual part of the decay distribng gets contributions from them at
higher orders. The third line in the edn.J16) contains omlep ine and they all cancel against
parts of the mass factorisation kernel. Hence, adding the{E#) with the renormalised form factor
and the mass factorisation kernel and performing the cogmonstant renormalisation and then
finally taking Mellin moment, we reproduce the exponentseisummation formula(see [13-17])
(after settinge — 0). We find that the functioES',J(as (4*(1—2)) ,&) appearing in the first line of
egn.[I6) coincide with the expon@'&ecay(as (9*(1—2))) appearing in the resummation formula

Bldecay<as<q2(1_z))) = Zias 1 Z Bdecayl

= Ggy(as(cP(1-2).8)| . (18)
€=0

In addition, we get a new exponent that comes from the Mellimant ofd(1 — z) part and hence
N independent. The Mellin space resummation exponentsiodh&cusp anomalous dimensions
A' and the constant§decayi which we find are identical to those of DIS. These constam@t&aown
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up to three loop level whose numerical impacts on the phiysizservables will be important in
order to reduce theoretical uncertainties coming from meradisation and factorisation scales.

Using thez space resummed expression given in EQ. (4) and the knowmenrjps) we present
here the results fob™" for the bottom quark energy distribution in Higgs boson gelsayond
leading order in QCD. We present the complete soft plus airtentribution to ordeN'LO for
i = 1,2 and a partiaN3LO result, i.e., withoub(1 — z) part. In addition, we extend this approach
to N*LO order where we can obtain tipartial soft plus virtual contribution coming from ath j
exceptj = 0,1 for theN*LO coeﬁicientﬁz\‘(“). Here also we cannot determine &d — z) part.
We repeat this for the hadroproductionlinl — annihilation up toN*LO order. These fixed order
results are expected to reduce the renormalisation anorisation scale uncertainties. Expanding
AN(z, 02, &, U2 ) in powers ofas(1ig) as

BY(z, 7, Va1 Z)as b3 B (2,02, 1R 1B) (19)
and choosingiz = 12 = g2 for simplicity, we find
2O = (12 (20)
A — 512 [CF <3+8Z2>] + Do [CF (—3)} o, [C,: (4)} (21)

AP 5(1-2) [nf Cr (— 91/12—14/3%,+4/3 13) +Ck Ca (1691/24+ 95/32,
_49/572 1 32/3 zg) +C2 (109/8+ 312, + 302378 Zg)}
g {nf Cr (247/27— 8/3 12) +Ck Ca (— 3155/54-+44/3 o + 40 zg)
42 ( —21/2-8 13)} o, [nf Cr ( . 58/9) +Cr Ca (367/9 _8 zz)
+C? (21+16 Zz)] + Dy [nf Cr (4/3) +Cr Ca (—22/3) +CZ (- 18)}
g [CE <8)} (22)
YO = pyg [nf Cr Ca (160906/729— 9920/81, +208/1522 — 776/9 13)

+ng C2 (16423/108— 722/27, — 1623 — 60 z3) +n? Ce ( - 8714/729
1232/270,— 32/27 13> +CeC2 ( 599375729 176/3, {3+ 32126/81 %,
—652/1573 4210322705 — 2321;,) +C2Ca ( 3115172+ 802> (s
13365/27,+ 3922+ 1988/9 {5 — 1zoz5> +C8 ( _479/8— 640,05

—45(,+6 Z% +178(3+ 432&5)} +Dq {nf Ce Ca ( —15062/81+512/9 >
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+16 13) +ng C2 ( —1343/9+64/30,+112/3 13) +n?Ce <940/81— 32/9 zz)
+Cr C2 (50689/81— 680/3 (o +176/5 2 — 26413) +C2Cp (13783/18

352/3% — 196/5 2 —592/3 z3) +C3 (181/2+ 45— 104/583 - 360&3)}
o, [nf Cr Ca (155&27— 16/3 zz) +ng C2 <827/9 —64/3 12)
2 C ( ~116 ) 2(_ 2¢a (-

2 Cr /27) +Cr C2 ( —4649/27+88/3%,) +C2 Ca ( — 1000918
+460/3 05+ 24023) +C8 ( —153/2+722,+16 13>]
+D3 lnf Cr Ca (— 176/27) +nt C2 ( . 280/9) 2 Ce (16/27)
+Cr C2 (484/27) +C2Ca (173z9— 32 zz) +C3 <60)} o4 [nf c2 (40/9)
+C2 Ca ((—220/9) +C (- 30)] +Dg [CE’ (8)] (23)

EEV(‘U = Do {nf Cr CE <17189/9 — 5096/9 (o + 176/5 Z% — 35223)

in; C2Ca (964334/243— 57524270 + 2332/1572 — 11032/9 zg)
+n¢ C3 (12299/9 2336/30,— 728/503— 936Z3) +n2Ce Ca ( —7403/27
1688/9,+ 16 13) 22 ( _ 71776/243+ 4088/27 {5 + 304/9 z3)
3 Ce (940/81— 32/9 zz> +Ce C3 ( 649589162+ 4012/3 {5 — 968/5 {2
+145223) +c2c2 ( — 6034493486 83202 {3+ 637649 L, — 2450/3 {3

+25336/3 3~ 139205 +Cf Ca ( —12529/3— 7680, {3+ 137183,
+1094/5 73+ 133003 85 — 7202 +Cf ( — 4204482, L

+1982; + 32473 + 15843+ 412825)]
+D3 {nf Cr C2 ( 9502/27+352/9 z2> +nf C2Ca ( 358142243

111984/2725 + 1216/9 13> 4t C2 ( —5660/9-+2608/9 {»+ 1888/9 zg)
+n2 Cg Ca (1540/27— 32/9 zz) +n2C2 (25966/243— 736/27 zz)

3 Ce (— 232/81) +ce 3 (55627/81— 968/9 zz) +C2C2 (2259107486
47104275 + 864/5 22 — 13024/9 z3) +CE Ca (26720/9 ~16192/92,



1248/5 72— 11392/9 13) +Ch (533/2 376, 1488/5%3 - 107223)}

I {nf Cr C2 (242/9) +nfC2Ca <8120/27— 80/3 zz) +ng C2 (6070/27

~560/9 zz) 12 Cr Ca ( - 44/9) +n2C2 ( - 640/27) mdce (8/27)
4G C3 ( - 133]/27) +c2c2 ( — 24040/27+ 440/3 12) +C2 Ca ( 3575527

+4160/9 {» +40023) +C¢ ( — 150+ 2405 +400/3 3
F

4D [nf C? Ca (—704/27) +ny ¥ ( ~164/3) +n? C? (64/27)

+C2 C} (1936/27) +C2 Ca (998/3-4822) +Cf (7832 Zz)}

1 Dg [nf C? (56/9) +CE Ca (—308/9) +CE (—28)} + 0y {cé (16/3)] (24)

Similarly for hadroproduction ih*1~ annihilation, we find

~sv(0)  wsv(0
AEV()_AEV()

~sv(1l)  wsv(l
AEV()_AEV()

~su(2)  wsu(2
AEV,()_AZV()

~sv(3)  wsu(3
AEV,()_AZV()

~su(4)  xsv(4
AEv,()_ 3\4()

0 (25)
5(1—2) [C,: (12)} (26)
5(1—2) {nfcp ( —365/18+ 8 zz) +CeCa (5269/36— 402, — 36 zg>

+C2 (— 111/4+ 70 Zz)] +Dg [Cé (— 36)] + [CE (48)] 27)
Do [nfcé (307]/18— 56 zz) +CECA( — 41047/36+ 2967, + 588z3)
+C3 (261/4-1— 782, — 96 zg)] + D4 {nfcé ( —1426/9+ 32 zz)
+CECA(9673/9 2567, 14413) +C3 ( ~ 3488 Zz)}

+Dy [nfcé (16) +CECA< - 88) +C3 ( - 216)] + g {cé (96)] (28)
D, {nfcécA(zmoe/z?— 176, — 48 z3) +neCE (4143/3 —1304/3 zz)
+n7CE ( —2122/27+32/31z) + CEC( — 16953554+ 1936/3 L,
+26403) +CECA( — 265193+ 8252/3 {7 + 352813 ) +CE (459/2
413322, + 19213)] + D3 [nfcécA( —704/9) +nCE (- 4820/9
+642;) +CE (64/9) +C2CE(193§/9) +C2Ca (3132279

9



704, — 28813) +ch (210— 208(2)] D4 [nfcé (160/3)
+CECA( - 880/3) +Ch ( - 360)] +Ds {cé (96) } (29)

where the colour factors for tr8U(N) gauge group ar€x = N,Cr = (N2 —1)/(2N) andny is
the number of active flavours. The above expressions arly ¢@sisformed to Mellin space. The
functionsDy are represented by polynomials of single harmonic sums ohlj47]. The soft re-
summation terms supplement the corresponding repregergdbr the 2—loop Wilson coefficients
of the production cross sections in Mellin space derived8j.|

To summarise, we have systematically studied the soft phiisal contributions to the bot-
tom quark energy distribution in Higgs boson decay and tldedpaoductions in*1— annihilation
processes using the formalism of threshold resummationftared safe decay distributions. This
was achieved using renormalisation group invariance addi&y resummation of soft gluons and
the factorisation property of these decay distributiong. have also shown how these resummed
distributions are related to resummation exponents thpeapin Mellin space. Using this ap-
proach we have computed the soft plus virtual decay digtaba atNNLO and partial results at
N3LO andNLO in perturbative QCD for the bottom quark energy distribatio Higgs decay and
hadroproductions ifi"| — annihilation.
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