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PREFACE

This working group has investigated Higgs boson searches at the Tevatron and the LHC. Once Higgs
bosons are found their properties have to be determined. The prospects of Higgs coupling measurements
at the LHC and a high-energy linear e* e~ collider are discussed in detail within the Standard Model and
its minimal supersymmetric extension (MSSM). Recent improvements in the theoretical knowledge of
the signal and background processes are presented and taken into account. The residual uncertainties are
analyzed in detail.

Theoretical progress is discussed in particular for the gluon-fusion processes gg — H(+7), Higgs-
bremsstrahlung off bottom quarks and the weak vector-boson-fusion (VBF) processes. Following the list
of open questions of the last Les Houches workshop in 2001 several background processes have been

- caleulated at next-to-leading order, resulting in a significant reduction of the theoretical uncertainties.
Further improvements have been achieved for the Higgs sectors of the MSSM and NMSSM.

This report summarizes our work performed before and after the workshop in Les Houches. Part
A describes the theoretical developments for signal and background processes. Part B presents recent
progress in Higgs boson searches at the Tevatron collider. Part C addresses the determination of Higgs
boson couplings, part D the measurement of tan 3 and part E Higgs boson searches in the VBF processes
at the LHC. Part F summarizes Higgs searches in supersymmetric Higgs decays, part G photonic Higgs
decays in Higgs-strahlung processes at the LHC, while part H concentrates on MSSM Higgs bosons in
the intense-coupling regime at the LHC. Part I presents progress in charged Higgs studies and part J the
Higgs discovery potential in the NMSSM at the LHC. The last part K describes Higgs coupling measure-
ments at a 1 TeV linear ete™ collider.

Acknowledgements. :
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ing. We also thank our colleagues of the QCD/SM and SUSY working group for the very constructive
interactions we had. We are grateful to the “personnel” of the Les Houches school for enabling us to
work on physics during day and night and their warm hospitality during our stay.



A. Theoretical Developments

C. Baldzs, U. Baur, G. Bozzi, O. Brein, J. Campbell, S. Catani, M. Ciccolini, A. Dahlhoff, S. Dawsaon,

D. de Florian, A. De Roeck, V. Del Duca, S. Dittmaier, A. Djouadi, V. Drollinger, M. Escalier, S. Ferrag,
J.R. Forshaw, M. Grazzini, T. Hahn, R. Harlander, H.-J. He, S. Heinemeyey, W. Hollik, C. Jackson,

N. Kauer, V. Khoze, N.Kidonakis, M. Krimer, Y.-P. Kuang, B.Laforge, F. Maltoni, R. Mazini, Z. Nagy,
P. Nason, C. Oleari, T. Plehn, D. Rainwater, L. Reina, A. Sabio Vera, M. Spira, Z. T¥écsanyi, D. Wackeroth,
G. Weiglein, S. Willenbrock, C.-P. Yuan, D. Zeppenfeld and B. Zhang

Abstract .

Theoretical progress in Higgs boson production and background processes is
discussed with particular emphasis on QCD cortrections at and beyond next-
to-leading order as well as next-to-leading order clectroweak corrections. The
residual theoretical uncertainties of the investigated processes are estimated in
detail. Moreover, recent investigations of the MSSM Higgs sector and other
extensions of the SM Higgs sector are presented. The potential of the LHC and
a high-energy linear e™ e~ collider for the measurement of Higgs couplings is
analyzed.

1. Higgs Boson Production in Association with Bottom Quarks!
1.1 Introduction

In the Standard Model, the production of a Higgs boson in association with b quarks is suppressed by
the small size of the Yukawa coupling, g, = mp/v ~ 0.02. However, in a supersymmetric theory with
a large value of tan g, the b-quark Yukawa coupling can be strongly enhanced, and Higgs production in
association with b quarks becomes the dominant production mechanism.

In a four-flavor-number scheme with no b quarks in the initial state, the lowest order processes are
the tree level contributions gg — bbh and g — bbh, illustrated in Fig. 1. The inclusive cross section for
gg — bbh develops potentially large logarithms proportional to Ly = log(Q?/m?) which arise from the
splitting of gluons into bb pairs.® Since ) 3> my, the splitting is intrinsically of O(a, L), and because
the logarithm is potentially large, the convergence of the perturbative expansion may be poor. The
convergence can be improved by summing the collinear logarithms to all orders in perturbation theory
through the use of b quark parton distributions (the five-flavor-number scheme) [4] at the factorization
scale up = Q. This approach is based on the approximation that the outgoing b quarks are at small
transverse momentum. Thus the incoming b partons are given zero transverse momentum at leading
order, and acquire transverse momentum at higher order. In the five-flavor-number scheme, the counting
of perturbation theory involves both ¢; and 1/L;. In this scheme, the lowest order inclusive process is
bb — h, see Fig. 2. The first order corrections contain the O(ay) corrections to bb — h and the tree
level process gb — bh, see Fig. 3, which is suppressed by ©(1/Ly) relative to bb — h [5]. It is the
latter process which imparts transverse momentum to the b quarks. The relevant production mechanism
depends on the final state being observed. For inclusive Higgs production it is b — h, while if one
demands that at least one b quark be observed at high-py, the leading partonic process is gb — bh.
Finally, if two high-pr b quarks are required, the leading subprocess is gg — bbh.

The leading order (LO) predictions for these processes have large uncertainties due to the strong
dependence on the renormalization/factorization scales and also due to the scheme dependence of the -

'J. Campbell, S. Dawson, S. Dittmaier, C. Jackson, M. Krimer, F. Maltoni, L. Reina, M. Spira, D. Wackeroth and S.
Willenbrock ' _

21t should be noted that the b mass in the argument of the logarithm arises from collinear bb configurations, while the large
scale @ stems from b transverse momenta of this order, up to which factorization is valid. The scale @ is the end of the collinear
region, which is expected to be of the order of M}, /4 [1-3].



quark mass in the Higgs b-quark Yukawa coupling. The scale and scheme dependences are significantly
reduced when higher-order QCD corrections are included.

Section 2 describes the setup for our analysis, and in Section 3 we compare the LO and NLO QCD
results for the production of a Higgs boson with two high-pr b jets. Section 4 contains a discussion of the
production of a Higgs boson plus one high-pr b jet at NLO, including a comparison of results within the
four-flavor-number and the five-flavor-number schemes. We consider the corresponding inclusive Higgs
cross sections in Section 5. Although motivated by the MSSM and the possibility for enhanced b quark
Higgs boson couplings, all results presented here are for the Standard Model. To a very good approxima-
tion the correspondihg MSSM results can be obtained by rescaling the bottom Yukawa coupling [6, 7].

g ooTOT——1 q b
------ h >mm~<h
g TouT——} q b

b———r---n- h b}Ll\/h
g TOOG—>— b g b

Fig. 3: Feynman diagrams for gb — bh production.

1.2 Setup

All results are obtained using the CTEQ6L1 parton distribution functions (PDFs) [8] for lowest order
cross sections and CTEQ6M PDFs for NLO results. The top quark is decoupled from the running of
my(u) and as(u) and the NLO (LO) cross sections are evaluated using the 2 (1)-loop evolution of cts{)
with alPO(Mz) = 0.118. We use the MS running b quark mass, my(y), evaluated at 2 (1)-loop
for oo (010), With the b pole mass taken as m;, = 4.62 GeV. The dependence of the rates on the
renormalization (1) and factorization (up) scales is investigated [5-7,9, 10] in order to estimate the
uncertainty of the predictions for the inclusive Higgs production channel and for the Higgs plus 1 b-jet
channel. The dependence of the Higgs plus 2 b- jet rates on the renormalization (1) and factorization
(1r) scales has been investigated elsewhere [6,7] and here we fix u = pg = up = (2my + My)/4,
motivated by the studies in Refs. [1-3,5-7,9, 10].

In order to reproduce the experimental cuts as closely as possible for the case of Higgs plus 1 or 2
high-pr b quarks, we require the final state b and b to have a pseudorapidity | 7 |< 2 for the Tevatron and
| 7 [< 2.5 for the LHC. To better simulate the detector response, the gluon and the b/b quarks are treated
as distinct particles only if the separation in'the azimuthal angle-pseudorapidity plane is AR > 0.4. For
smaller values of AR, the four-momentum vectors of the two particles are combined into an effective b/b
quark momentum four-vector. All results presented in the four-flavor-number scheme have been obtained
independently by two groups with good agreement [6,7,11, 12].



1.3 Higgs + 2 b Jet Production

Requiring two high-py bottom quarks in the final state reduces the signal cross section with respect to
that of the zero and one b-tag cases, but it also greatly reduces the background. It also ensures that
the detected Higgs boson has been radiated off a b or b quark and the corresponding cross section is
therefore unambiguously proportional to the square of the b-quark Yukawa coupling at leading order,
while at next-to-leading order this property is mildly violated by closed top-quark loops [6,7]. The
parton level processes relevant at lowest order are gg — bbh and qG — bbh, as illustrated in Fig. 1.
Searches for the neutral MSSM Higgs bosons h, H, A produced in association with b quarks have been
performed at the Tevatron [13].

The rate for Higgs plus 2 high-pr b jets has been computed at NLO QCD in Refs. [6,7] and is
shown in Fig. 4 for both the Tevatron and the LHC. The NLO QCD corrections modify the LO predictions
by <30% atthe Tevatron and < 50% at the LHC. The total cross section plots include a cut on pgq/b > 20
GeV, which has a significant effect on the cross sections. We show the dependence of the cross section
on this cut in Fig. 5. The NLO corrections are negative at large values of the cut on pl}/b and tend to be

positive at small values of pg{ b

o(pp—» bbh + X) [fb] o(pp — bbh + X) [fb]
Y5 = 1.96 TeV . Vs=14TeV
p=Q2m, + M4 N p=(2m, + M, )4

P> 20 GeV
Mgl <2
--- 10
-~—— NLO

#2>20 GeV
Myzl<2.5

--- L0
—— NLO

0 F

10'2 S| 1 I 1 L ] ! I} 10" L L 1 L 1 1 It
110 120 130 140 150 160 170 180 190 200 100 150 200 250 300 350 400 450 500

M, [GeV] M, [GeV}

Fig. 4: Total cross sections for pp(pp) — bbh + X at the Tevatron and the LHC as a function of the Higgs mass M, with two
high-pr b jets identified in the final state. The b/b quarks are required to satisfy p;./b >20GeV. Wefix p = pr = pr =

(2mp + Mr)/4.

] T — 1 ]OO A A - T T
o(pp— bbh + X) {fb] (pp ~» bbh + X) [fb]
V5 =1.96 TeV N Vs =14 TeV
05 f p = {2m, +M,)/4 ) = 2m, + M, )4
Myl <2 50 Myl < 2.5
oo LO N --w LO

—— NLO

—— NLO

0.1 |-

0.05 L 1 10 1 L
10 15 20 25 10 15 20 25

Prey [GeV) Preu [GV]
Fig. 5: Total cross sections for pp(pp) — bbh + X at the Tevatron and the LHC as a function of the cut preys in p.'}/ fora
Higgs mass My = 120 GeV with two high-pr b jéts identified in the final state. We fix u = pr = pur = (2ms + Mp)/4.



1.4 Higgs + 1 b Jet Production

The associated production of a Higgs boson plus a single b quark (or b quark) is a promising channel for
Higgs production in models with enhanced bbh couplings. The cross section is an order of magnitude
larger than that for Higgs plus 2 high-pr b jet production for the cuts imposed in our analysis.

In the four-flavor-number scheme, this process has been computed to NLO, with the momentum
of one of the b quarks integrated over [6, 11, 12]. This integration yields a potentially large factor Ly.

Both the total cross sections and the dependence on the pf_’,:b cut at the Tevatron and the LHC are shown in
Figs. 6 and 7. The NLO corrections increase the cross section by < 50% at the Tevatron and < 80% at
the LHC. The renormalization/factorization scales are varied around the central value y = ug = pr =
(2my + My,)/4. At the Tevatron, the upper bands of the curves for the four-flavor-number scheme in
Figs. 6 and 7 correspond to ur = pr = 24, while the lower bands correspond to pr = pr = /2. The
scale dependence is more interesting at the LHC, where the upper bands are obtained with g = /2
and pp = 2u, while the lower bands correspond to ur = 2u and pp = p/2. At both the Tevatron and
the LHC, the width of the error band below the central value (1 = pg = pr) is larger than above.

In the five-flavor-number scheme, the NLO result consists of the lowest order process, bg — bh,
along with the O(a;) and O(1/Ly) corrections, which are of moderate size for our scale choices [9].
The potentially large logarithms L, arising in the four-flavor-number scheme have been summed to all
orders in perturbation theory by the use of b quark PDFs. In the five-flavor-number scheme, the upper
bands of the curves for the Tevatron in Figs. 6 and 7 correspond to ug = pand pur = 2p, while the lower
bands correspond to pr = /2 and pp = p. At the LHC, the upper bands are obtained with pg =
and pr = 2y, while the lower bands correspond to pup = 2 and pp = /2. The two approaches agree
within their scale uncertainties, but the five-flavor-number scheme tends to yield larger cross sections as
can be inferred from Figs. 6 and 7. '

Contributions involving closed top-quark loops have not been included in the five-flavor-number
scheme calculation of Ref. [9]. This contribution is negligible in the MSSM for large tan 5. In the
four-flavor scheme, the closed top-quark loops have been included and in the Standard Model reduce the
total cross section for the production of a Higgs boson plus a single b jet by ~ —7% at the Tevatron and
~ —13 % at the LHC for M}, = 120 GeV [11,12].

T T T T T T T ¥ T T T T T T T
o(pp—> b/b+h + X) [fb] S(pp — b/b+h + X) [fb]
Js=1.96 TeV Js=14TeV
n= (2m, + M, V4 102k n= (2m, + M4
PF>20 GeV Be>20 GeV
1L gl <2 | Mol <25
[ . gb/b — bfb+h =7 - gbfb — bfoth
. gg - bbth o gg— bbth
10
-1
I ] 1 1 1 2l 1 1 [ l as 2.l 1a 1 1 H " 1 1
110 120 130 140 150 160 170 180 190 200 100 150 200 250 300 350 400 450 500
M, [GeV] M, [GeV]

Fig. 6: Total cross sections for pp(pp) — bbh + X at the Tevatron and the LHC as a function of the Higgs mass My,

with one high-pr b jet identified in the final state. The b(b) quark is required to satisfy pgf > 20 GeV. We vary the

renormalization/factorization scales around the central value 1 = ug = up = (2ms + My )/4 as described in the text.



5 v T T 700 T T

a{pp— bb+h + X) [fb) 600 o(pp — b/b+h + X) [fb}
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sl <2 .
gb/b — b/b+h X
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Fig. 7: Total cross sections for pp(pp) — bbh + X at the Tevatron and the LHC as a function of the cut PTeus in pr/ % for
a Higgs mass M = 120 GeV with one high-pr b jet identified in the final state. We vary the renormalization/factorization
scales around the central value o = pp = pr = (2my + My)/4 as described in the text,

1.5 Inclusive Higgs Boson Production

If the outgoing b quarks are not observed, then the dominant process for Higgs production in the five-
flavor-number scheme at large values of tan 3 is bb — h. This final state contains two spectator b quarks
(from the gluon splittings) which tend to be at low transverse momentum. At the LHC this state can
be identified through the decays into p* ™ and 77~ for the heavy Higgs bosons H, A at large values
of tan 3 in the MSSM [14]. The bb — h process has been computed to NLO [5] and NNLO [10] in
perturbative QCD. The rate depends on the choice of renormalization/factorization scale up /. and at
NLO a significant scale dependence remains. The scale dependence becomes insignificant at NNLO. It
has been argued that the appropriate factorization scale choice is pup = (M, + 2my)/4 [2,3] and it is
interesting to note that at this scale, the NLO and NNLO results nearly coincide [10].

An alternative calculation is based on the processes gg — bbh and ¢ — bbh (four-flavor-number
scheme), which has been calculated at NLO [6, 11, 12]. Despite the presence of the logarithms L
in the calculation based on gg — bbh, which are not resummed, it yields a reliable inclusive cross
section, as evidenced by Fig. 8. A sizeable uncertainty due to the renormalization and factorization scale
dependence remains which might reflect that the logarithms Lj are not resummed in this approach, so
that the perturbative convergence is worse than in the corresponding case of ¢£h production [15]. In the
Standard Model, the closed top-quark loops have been included in the four-flavor-number calculation and
reduce the inclusive NLO total cross section for pp(pp) — bbh by ~ —4% at the Tevatron and ~ —9%
at the LHC for M;, = 120 GeV [11,12]. In the MSSM, the closed top quark loops are negligible for
large tan 8 [6,7]. -

The NLO four-flavor-number scheme calculation is compared with the NNLO calculation of
bb — h (five-flavor-number scheme) in Fig. 8. The two calculations agree within their respective scale
uncertainties for small Higgs masses, while for large Higgs masses the five-flavor-number scheme tends
to yield larger cross sections. Note that closed top-quark loops have not been included in the NNLO
calculation of bb — A [10].

To all orders in perturbation theory the four- and five-flavor number schemes are identical, but
the ' way of ordering the perturbative expansion is different and the results do not match exactly at finite
order. The quality of the approximations in the two calculational schemes is difficult to quantify, and
the residual uncertainty of the predictions may not be fully reflected by the scale variation displayed in
Fig. 8. ‘
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Fig. 8: Total cross sections for pp(pp) — bbh + X at the Tevatron and the LHC as a function of the Higgs mass My, with
no b jet identified in the final state. The error bands correspond to varying the scale from pr = pr = (2mp + My)/8to .
pr = ptr = (2mp + My)/2. The NNLO curves are from Ref. [10].

1.6 Conclusions

We investigated bbh production at the Tevatron and the LHC, which is an important discovery channel
for Higgs bosons at large values of tan 3 in the MSSM, where the bottom Yukawa coupling is strongly
enhanced [13, 14]. Results for the cross sections with two tagged b jets have been presented at NLO
including transverse-momentum and pseudorapidity cuts on the b jets which are close to the experimen-
tal requirements. The NLO corrections modify the predictions by up to 50% and reduce the theoretical
uncertainties significantly. For the cases of one and no tagged b jet in the final state we compared the
results in the four- and five-flavor-number schemes. Due to the smallness of the b quark mass, large
logarithms L; might arise from phase space integration in the four-flavor-number scheme, which are
resummed in the five-flavor-number scheme by the introduction of evolved b parton densities. The five-
flavor-number scheme is based on the approximation that the outgoing b quarks are at small transverse
momentum. Thus the incoming b partons are given zero transverse momentum at leading order, and
acquire transverse momentum at higher order. The two calculational schemes represent different pertur-
bative expansions of the same physical process, and therefore should agree at sufficiently high order. It
is satisfying that the NLO (and NNLO) calculations presented here agree within their uncertainties. This
is a major advance over several years ago, when comparisons of bb — h at NLO and gg — bbh at LO
were hardly encouraging [1, 16].

2. The total Cross Section gg — H at Hadron Colliders?

The most important mechanism for Standard Model (SM) Higgs boson production at hadron colliders is
gluon—gluon fusion through a heavy (top) quark loop [17]. Next-to-leading order (NLO) QCD correc-
tions to this process were found to be large [18-20]: their effect increases the leading order (LO) cross
section by about 80-100%, thus leading to very uncertain predictions and, possibly, casting doubts on
the reliability of the perturbative QCD expansion. '

Recent years have witnessed a substantial improvement of this situation. The NLO corrections are
well approximated [21] by the large-M; (M; being the mass of the top quark) limit. Using this approx-
imation considerably simplifies the evaluation of higher-order terms, and the calculation of the next-to-
next-to-leading order (NNLO) corrections has been completed [22-27]. Moreover, the logarithmically-
enhanced contributions from multiple soft-gluon emission have been consistently included, up to next-
to-next-to-leading logarithmic (NNLL) accuracy, in the calculation [28]. An important point is that the '

3S. Catani, D. de Florian, M. Grazzini and P. Nason
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origin of the dominant perturbative contributions has been identified and understood: the bulk of the
radiative corrections is due to virtual and soft-gluon terms. Having those terms under control allows to
reliably predict the value of the cross section and, more importantly, to reduce the associated perturbative
(i.e. excluding the uncertainty form parton densities) uncertainty below about +10% [28], as discussed
below.

In this contribution we present QCD predictions for the total cross section, including soft-gluon
resummation, and we discuss the present theoretical uncertainties. Denoting the Higgs boson mass by
Mg and the collider centre-of-mass energy by +/s, the resummed cross section can be written as [28]

a.(res) (Sa A/IIQ{) = G(SV) (37 ]VII%I) + a(match.) (S, MI2'J) ’ (1)

where 0(8V) contains the virtual and soft-gluon terms, and o(™2th-) includes the remaing hard-radiation
terms. o®Y), which gives the bulk of the QCD radiative corrections at the Tevatron and the LHC, is
obtained through the resummation of the large logarithmic soft-gluon contributions. g(match.) js oiven
by the fixed-order cross section minus the corresponding fixed-order truncation of (V). The order of
magnitude of the relative contribution from o{™ah) is of ©@(10%) and of O(1%) at NLO and NNLO,
respectively. Therefore, o(mateh:) quantitatively behaves as naively expected from a power series expan-
sion whose expansion parameter is ag ~ 0.1. We expect that the presently unknown (beyond NNLO)
corrections to o(™M2th) have no practical quantitative impact on the QCD predictions for Higgs boson
production at the Tevatron and the LHC.

The NNLO and NNLL cross sections at the LHC (Tevatron) are plotted in Fig. 9 (Fig. 10) in the
mass range My = 100-300 GeV (My = 100-200 GeV). The central curves are obtained by fixing the
factorization (i) and renormalization (ug) scales at the default value pr = pp = Mpg. The bands
are obtained by varying pr and p g simultaneously and independently in the range 0.5My < pp, up <
2Mjy with the constraint 0.5 < pp/pr < 2. The results in Figs. 9 and 10 are obtained by using the
NNLO densities of the MRST2002 [29] set of parton distributions. Another NNLO set (set A02 from
here on) of parton densities has been released in Ref. [30]. Tables with detailed numerical values of
Higgs boson cross sections (using both MRST2002 and A02 parton densities) can be found in Ref. [28].
The NNLL cros sections are larger than the NNLO ones; the increase is of about 6% at the LHC and
varies from about 12% (when My = 100 GeV) to about 15% (when My = 200 GeV) at the Tevatron.

60

LHC MRST2002 |

O 1 L ] 1 3. 1 1 2 1 ) I 1 L 1 1 I
100 150 200 250 300

Fig. 9: NNLL and NNLO cross sections at the LHC, using MRST2002 parton densities.
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Fig. 10: NNLL and NNLO cross sections at the Tevatron (/s = 1.96 TeV), using MRST2002 parton densities.

We now would like to summarize the various sources of uncertainty that still affect the theoretical
prediction of the Higgs production cross section, focusing on the low-Mpy region (Mg < 200 GeV). The
uncertainty has basically two origins: the one originating from still uncalculated (perturbative) radiative
corrections, and the one due to our limited knowledge of the parton distributions.

Uncalculated higher-order QCD contributions are the most important source of uncertainty on the
radiative corrections. A method, which is customarily used in perturbative QCD calculations, to estimate
their size is to vary the renormalization and factorization scales around the hard scale M. In general,
this procedure can only give a lower limit on the ‘true’ uncertainty. In fact, the LO and NLO bands do
not overlap [23,28]. However, the NLO and NNLO bands and, also, the NNLO and NNLL bands do
overlap. Furthermore, the central value of the NNLL bands lies inside the corresponding NNLO bands
(see Figs. 9 and 10). This gives us confidence in using scale variations to estimate the uncertainty at
NNLO and at NNLL order.

Performing scale variations we find the following results. At the LHC, the NNLO scale depen-
dence ranges from about £10% when My = 120 GeV, to about +9% when My = 200 GeV. AtNNLL
order, it is about 8% when Mz <200 GeV. At the Tevatron, when My < 200 GeV, the NNLO scale
dependence is about +13%, whereas the NNLL scale dependence is about +8%.

Another method to estimate the size of higher-order corrections is to compare the results at the
highest order that is available with those at the previous order. Considering the differences between the
NNLO and NNLL cross sections, we obtain results that are consistent with the uncertainty estimated
from scale variations.

To estimate higher-order contributions, we also investigated the impact of collinear terms, which
are subdominant with respect to the soft-gluon contributions. Performing the resummation of the leading
collinear terms, we found negligible numerical effects [28]. The uncertainty coming from these terms
can thus be safely neglected.

A different and relevant source of perturbative QCD uncertainty comes from the use of the large-
M; approximation. The comparison [21] between the exact NLO cross section with the one obtained
in the large-M; approximation (but rescaled with the full Born result, including its exact dependence on
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the masses of the top and bottom quarks) shows that the approximation works well also for My 2 M;.
This is not accidental. In fact, the higher-order contributions to the cross section are dominated by the
radiation of soft partons, which is weakly sensitive to mass of the heavy quark in the loop at the Born
level. The dominance of soft-gluon effects persists at NNI.O [23] and it is thus natural to assume that,
having normalized our cross sections with the exact Born result, the uncertainty ensuing from the large-
M; approximation should be of order of few per cent for My < 200 GeV, as it is at NLO.

Besides QCD radiative corrections, electroweak corrections have also to be considered. The
O(GrM?) dominant corrections in the large-M; limit have been computed and found to give a very-
small effect {31].

The other independent and relevant source of theoretical uncertainty in the cross section is the one
coming from parton distributions.

The most updated sets of parton distributions are MRST2002 [29], A02 [30] and CTEQ®6 [32].
However, the CTEQ collaboration does not provide a NNLO set, so that a consistent comparison with
MRST2002 and A02 can be performed only at NLO. At the LHC, we find that the CTEQ6M results are
slightly larger than the MRST2002 ones, the differences decreasing from about 2% at My = 100 GeV
to below 1% at My = 200 GeV. The A02 results are instead slightly smaller than the MSRT2002 ones,
the difference being below 3% for My <200 GeV. At the Tevatron, CTEQ6 (A02) cross sections are
smaller than the MRST2002 ones, the differences increasing from 6% (7%) to 10% (9%) when My in-
creases from 100 GeV to 200 GeV. These discrepancies arise because the gluon density (in particular, its
behaviour as a function of the momentum fraction z) is different in the three sets of parton distributions.
The larger discrepancies at the Tevatron are not unexpected, since here the gluon distribution is probed
at larger values of z, where differences between the three sets are maximal.

All three NLO sets include a study of the effect of the experimental uncertainties in the extraction
of the parton densities from fits of hard-scattering data. The ensuing uncertainty on the Higgs cross
section at NLO is studied in Ref. [33] (note that Ref. [33] uses the MRST2001 set [34], while we use the
MRST2002 set). The cross section differences that we find at NLO are compatible with this experimental
uncertainty, which is about +3-5% (depending on the set) at the LHC and about +5-15% (in the range
My = 100-200 GeV) at the Tevatron.

In summary, the NLO Higgs boson cross section has an uncertainty from parton densities that is
smaller than the perturbative uncertainty, which (though difficult to quantify with precision) is of the
order of many tens of per cent.

We now consider the NNLL (and NNLO) cross sections. The available NNLO parton densities
are from the MRST2002 and A02 sets, but only the A02 set includes an estimate of the corresponding
experimental errors. Computing the effect of these errors on the cross section, we find [28] that the A02
results have an uncertainty of about £1.5% at the LHC and from about £-3% to about £7% (varying
My from 100 to 200 GeV) at the Tevatron.

Comparing the cross sections obtained by using the A02 and MSRT2002 sets, we find relatively
large differences [28] that cannot be accounted for by the errors provided in the A02 set. At the LHC, the
AO02 results are larger than the MRST2002 results, and the differences go from about 8% at low masses
to about 2% at My = 200 GeV. At the Tevatron, the A02 resulis are smaller than the MRST2002 results,
with a difference going from about 7% at low My to about 14% at My = 200 GeV.

The differences in the cross sections are basically due to differences in the gluon—gluon luminosity,
which are typically larger than the estimated uncertainty of experimental origin. In particular, the differ-
ences between the g¢ luminosities appear to increase with the perturbative order, i.e. going from LO to
NLO and to NNLO (see also Figs. 13 and 14 in Ref. [28]). We are not able to trace the origin of these
differences. References [30] and [29] use the same (though approximated) NNLO evolution kemels, but
the A02 set is obtained through a fit to deep-inelastic scattering (DIS) data only, whereas the MRST2002
set is based on a fit of DIS, Drell-Yan and Tevatron jet data (note that not all these observables are known
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to NNLO accuracy).

The extraction of the parton distributions is also affected by uncertainties of theoretical origin,
besides those of experimental origin. These ‘theoretical’ errors are more difficult to quantify. Some
sources of theoretical errors have recently been investigated by the MRST collaboration [35], showing
that they can have non neglible effects on the parton densities and, correspondingly, on the Higgs cross
section. At the Tevatron these effect can be as large as 5%, but they are only about 2% at the LHC.

As mentioned above, the MRST2002 and A02 sets use approximated NNLO evolution kernels
[36]. which should be sufficiently accurate. This can be checked as soon the exact NNLO kernels are
available [37].

We conclude that the theoretical uncertainties of perturbative origin in the calculation of the Higgs
production cross section, after inclusion of both NNLO corrections and soft-gluon resummation at the
NNLL level, are below 10% in the low-mass range (Mg < 200 GeV). This amounts to an improvement
in the accuracy of almost one order of magnitude with respect to the predictions that were available just
few years ago. Nonetheless, there are uncertainties in the (available) parton densities alone that can reach
values larger than 10%, and that are not fully understood at present.

3. The gr Spectrum of the Higgs Boson at the LHC*

An accurate theoretical prediction of the transverse-momentum (gr) distribution of the Higgs boson
at the LHC can be important to enhance the statistical significance of the signal over the background.
In fact, a comparison of signal and backround g1 spectra may suggest cuts to improve background
rejection [59, 60]. In what follows we focus on the most relevant production mechanism: the gluon—
gluon fusion process via a top-quark loop.

It is convenient to treat separately the large-gr and small-gr regions of the spectrum. Roughly
speaking, the large-gr region is identified by the condition g7 = My. In this region, the perturbative
series is controlled by a small expansion parameter, ag(M% ), and a calculation based on the truncation
of the series at a fixed-order in ag is theoretically justified. The LO calculation O(ad) was reported in
Ref. [38]; it shows that the large-M; approximation (M; being the mass of the top quark) works well as’
long as both My and gr are smaller than Ad;. In the framework of this approximation, the NLO QCD
corrections were computed first numerically [39] and later analytically [40], [41].

The small-g7 region (g7 < Mpg) is the most important, because it is here that the bulk of events is
expected. In this region the convergence of the fixed-order expansion is spoiled, since the coefficients of
the perturbative series in ag(M¥%) are enhanced by powers of large logarithmic terms, In™(M%/q%). To
obtain reliable perturbative predictions, these terms have to be systematically resummed to all orders in
aeg [42], (see also the list of references in Sect. 5 of Ref. [43]). To correctly enforce transverse-momentum
conservation, the resummation has to be carried out in b space, where the impact parameter b is the vari-
able conjugate to gr through a Fourier transformation. In the case of the Higgs boson, the resummation
has been explicitly worked out at leading logarithmic (LL), next-to-leading logarithmic (NLL) [44], [45]
and next-to-next-to-leading logarithmic (NNLL) [46] level. The fixed-order and resummed approaches
have then to be consistently matched at intermediate values of g7, to obtain a prediction which is every-
where as good as the fixed order result, but much better in the small-g7 region.

In the following we compute the Higgs boson ¢r distribution at the LHC with the formalism
described in Ref. [47]. In particular, we include the most advanced perturbative information that is
available at present: NNLL resummation at small g7 and NLO calculation at large g7. An important
- feature of our formalism is that a unitarity constraint on the total cross section is automatically enforced,
such that the integral of the spectrum reproduces the known results at NLO [1 8—20] and NNLO [48].
More details can be found in Ref. [49].

4G. Bozzi, S. Catani, D. de Florian, M. Grazzini
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Other recent phenomenological predictions can be found in [50].

We are going to present quantitative results at NLL+LO and NNLL+NLO accuracy. At NLL+LO
(NNLL+NLO) accuracy the NLL (NNLL) resummed result is matched to the LO (NLO) perturbative
calculation valid at large g7. As for the evaluation of the fixed order results, the Monte Carlo program of
Ref. [39] has been used. The numerical results are obtained by choosing My = 125 GeV and using the
MRST2002 set of parton distributions [52]. They slightly differ from those presented in [49], where we
used the MRST2001 set [S1]. At NLL+LO, LO parton densities and 1-loop ag have been used, whereas
at NNLL+NLO we use NLO parton densities and 2-loop asg.
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Fig. 11: LHC results at NLL+LO accuracy.

The NLL+LO results at the LHC are shown in Fig. 11. In the left panel, the full NLL+LO result
(solid line) is co