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Abstract

The search for Higgs bosons in both the standard model arekighsions
is well under way at the Tevatron. As the integrated lumityosollected in-
creases into the multiple inverse femptobarn range, tresmelses are becom-
ing very interesting indeed. Meanwhile, the constructibthe Large Hadron
Collider (LHC) and its associated experiments at CERN aeging comple-
tion. In this TeV4LHC workshop, it was realized that any exgece at the
Tevatron with respect to backgrounds, experimental teglas and theoreti-
cal calculations that can be verified at the Tevatron whicle hralevance for
future measurements at the LHC were important. Studies anttilsutions
to these efforts were made in three broad categories: thesirealculations
of Higgs production and decay mechanisms; theoreticaltaions and dis-
cussions pertaining to non-standard model Higgs bosort;eaperimental
reviews, analyses and developments at both the Tevatrothandpcoming
LHC experiments. All of these contributions represent mrabress towards
the elucidation of the mechanism of electroweak symmetegking.
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1 Introduction

Contributed by: S. Willenbrock, A. Dominguez, I. lashvilli

The Fermilab Tevatron, which has been colliding protons amitprotons for over twenty years,
was not designed to search for the Higgs boson. However, dhen& of high-efficiencyb tagging,
developed in the context of the search for the top quark, nitguEssible to consider searching for the
Higgs boson, produced in association with a weak boson,héadecayr — bb [1]. It was realized
that this would require very high luminosity, and that otd&covery modes, such as— W+ W~ —

(T ¢~ vz, might also become viable with sufficient integrated lunsito[2]. The strategy for the Standard
Model Higgs search was developed in the TeV2000 workshapafd] was further refined, along with
the case of the supersymmetric Higgs, in the SUSY/Higgs siwk [4].

The search for a Higgs boson, both standard and supersymoniein full swing at the Tevatron,
and is becoming increasingly interesting as the integratadnosity mounts. Meanwhile, the con-
struction of the CERN Large Hadron Collider (LHC) is nearowmpletion. At this workshop, dubbed
TeV4LHC, the Higgs working group used the first meeting toidieavhat “TeV4LHC” means in the
context of the Higgs boson. We decided that anything hawndptwith the Higgs at the Tevatron was
relevant to the workshop, since this experience will subelyaluable at the LHC. Any experience at the
Tevatron with backgrounds to Higgs searches is also rel¢éwdhe workshop. Finally, any experimental
techniques being developed for the Higgs search at therbevat the LHC should also be included in
the workshop.

The proceedings of the Higgs working group comprises a langeber of contributions on a wide
variety of topics. Roughly speaking, the contributions ifstb one of three categories.

The first category is theoretical calculations of Higgs picitbn and decay processes, including
higher-order corrections and resummation to all orderserdlis an overview of Higgs total cross sec-
tions, both in the Standard Model and with supersymmetnerdlis a review of calculations of Higgs
production in association with heavy quarks, either bottamntop. In the case of Higgs production in
association with bottom quarks, there is a discussion oHiggs transverse momentum distribution,
including the resummation of soft gluons, for both inclesiiggs production as well as production in
association with a higl#?r b jet. These calculations make use of thdistribution function in the proton,
and there is a contribution regarding sets of parton diginb functions with no heavy quarks, with only
¢ quarks, or with both: andb quarks, at next-to-next-to-leading order in QCD. Findlhere is a calcu-
lation of the electroweak corrections to Higgs productiangy — h, which is the dominant production
mechanism.

The second category is non-standard Higgs bosons, eitlieionivithout supersymmetry. There
is a discussion of the impact of radiative corrections orstach for supersymmetric Higgs bosons at the
Tevatron and the LHC. There is an analysis of the search fdggs-tiecaying vis&h — aa — bbr 7~
at the Tevatron, whereis also a Higgs scalar (or pseudoscalar). There is a disgussi how to use the
processesb — h, h — 77—, andh — ~v to disentangle the nature of electroweak symmetry breaking
Methods to search for a Higgs boson that decays invisiblyperposed. Finally, there is a discussion of
the search for charged Higgs bosons at hadron colliders.

The third category is experimental reviews, analyses, avdldpments. There are reviews from



both CDF and DO on the status and prospects for Higgs seaathtbe Tevatron. There are studies
onb jets, one onZ — bb and the other on improving thiejet resolution. There are studies dn—
WHW~ — ¢(*¢~viv andh — 777~ at the LHC. There is a discussion of the diphoton background a
the Tevatron, which is relevant to the search for the Higgswvi~ ~~ at the LHC.

All of these contributions represent real progress towtre&lucidation of the mechanism of elec-
troweak symmetry breaking. It will require the best effartaus all to extract the maximal information
from the data coming from the Tevatron and the LHC.
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2 SM and MSSM Higgs Boson Production Cross Sections
Contributed by: T. Hahn, S. Heinemeyer, F. Maltoni, S. Willenbrock

We present the SM and MSSM Higgs-boson production crossosscat the Tevatron and the
LHC. The SM cross sections are a compilation of state-ofattiéheoretical predictions. The MSSM
cross sections are obtained from the SM ones by means of ectiedf coupling approximation, as
implemented in FeynHiggs. Numerical results have beenrmdadan four benchmark scenarios for two
values oftan (3, tan 6 = 5, 40.

2.1 Introduction

Deciphering the mechanism of electroweak symmetry brgaliySB) is one of the main quests of
the high energy physics community. Electroweak precisiata dn combination with the direct top-
guark mass measurement at the Tevatron have strongly amestrthe range of possible scenarios and
hinted to the existence of a light scalar particle [5]. Batlihe standard model (SM) and in its minimal
supersymmetric extensions (MSSM), théand Z bosons and fermions acquire masses by coupling to
the vacuum expectation value(s) of scalar SU(2) doubletfa)the so-called Higgs mechanism. The
common prediction of such models is the existence of at [m@stscalar state, the Higgs boson. Within
the SM, LEP has put a lower bound on the Higgs mass,> 114 GeV [6], and has contributed to the
indirect evidence that the Higgs boson should be relatilight with a 95% probability for its mass to
be below 186 GeV [5]. In the MSSM the experimental lower botordhe mass of the lightest state is
somewhat weaker, and internal consistency of the theodigisean upper bound of 135 GeV [7, 8, 9].

If the Higgs sector is realized as implemented in the SM orMI&SM, at least one Higgs bo-
son should be discovered at the Tevatron and/or at the LH@eilméng on the mass, there are various
channels available where Higgs searches can be perfornmieel pdwer of each signature depends on
the production cross section, and the Higgs branching ratio into final state particleghsas lep-
tons orb-jets, the total yield of events being proportionalstoBR. In some golden channels, such as
g9 — h — Z®Z — 4y, a discovery will be straightfoward and mostly independenn our ability
to predict signal and/or backgrounds. On the other hand;dapling measurements or for searches in
more difficult channels, such ash — ttbb associated production, precise predictions for both signa
and backgrounds are mandatory. Within the MSSM such precestictions for signal and backgrounds
are necessary in order to relate the experimental resultetonderlying SUSY parameters.

The aim of this note is to collect up-to-date predictionstf@ most relevant signal cross sections,
for both the SM and the MSSM. In Section 2.2 we collect the ltesaf state-of-the-art calculations for
the SM cross sections as a function of the Higgs mass. Ind®e28 we present the MSSM cross sections
for the neutral Higgs-bosons in four benchmark scenaridsesé& results are obtained by rescaling the
SM cross sections presented in the previous sections, asieffective coupling approximation.

2.2 SM Higgs production cross sections

In this section we collect the predictions for the most imt@or SM Higgs production processes at the
Tevatron and at the LHC. The relevant cross sections aremextin Figs. 2.2.1 and 2.2.2 as function of
the Higgs mass. The results refer to fully inclusive crossises. No acceptance cuts or branching ratios
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Fig. 2.2.1: Higgs-boson production cross sections (fbhatTevatron {/s = 1.96 TeV) for the most relevant production
mechanims as a function of the Higgs-boson mass. Resuliggfors h, ¢q¢ — Vh, bb — h are at NNLO in the QCD

expansion. Weak boson fusiop(— gqh) andtt associated production are at NLO accuracy.

are applied. We do not consider here diffractive Higgs productipp,— p® H ®p[10, 11, 12, 13, 14].
For the discussion of this channel in the MSSM we refer to Ré&i].

We do not aim here at a detailed discussion of the importaheacah signature at the Tevatron or
the LHC, but only at providing the most accurate and up-te-dleoretical predictions. To gauge the
progress made in the last years, it is interesting to comiter@ccuracy of the results available in the
year 2000, at the time of the Tevatron Higgs Working Group, \th those shown here. All relevant
cross sections are now known at least one order better intrivegscoupling expansion, and in some
cases also electroweak corrections are available.

e gg — h -+ X: gluon fusion

This process is known at NNLO in QCD [16, 17, 18] (in the largp-tnass limit) and at NLO
in QCD for a quark of an arbitrary mass circulating in the Idap, 20]. Some NLO results
have recently been obtained in Refs. [21, 22]. The NNLO tesqlbtted here are from Ref. [23]
and include soft-gluon resummation effects at NNLL. MRSO2@&t NNLO has been used [24],

IMore details and data files can be found at maltoni.web.cetmaltoni/TeVALHC .
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Fig. 2.2.2: Higgs-boson production cross sections (fo@ttHC (/s = 14 TeV) for the most relevant production mechanims
as a function of the Higgs-boson mass. Resultgjfpr— h, g§ — V'h, bb — h are at NNLO in the QCD expansion. Weak
boson fusiondq — qqh) andtt associated production are at NLO accuracy. Single-topcisa productiongb — qth) is at
LO.

with the renormalization and factorization scales set tjuthe Higgs-boson mass. The overall
residual theoretical uncertainty is estimated to be ardi@®¥. The uncertainties due to the large
top mass limit approximation (beyond Higgs massexaf;) are difficult to estimate but expected
to be relatively small. Differential results at NNLO areakvailable [25]. NLO (two-loop) EW
corrections are known for Higgs masses befbwyy, [26, 27], and range between 5% and 8% of
the lowest order term. These EW corrections, however, arenoluded in Figs. 2.2.1, 2.2.2, and
they are also omitted in the MSSM evaluations below. The damigs for the recent corrections
obtained in Refs. [21, 22].

e qq — qqh + X: vector boson fusion

This process is known at NLO in QCD [28, 29, 30]. Results pkbthere have been obtained
with MCFM[31]. Leading EW corrections are taken into accolw usinga(M ) as the (square

of the) electromagnetic coupling. The PDF used is CTEQ6M 82l the renormalization and
factorization scales are set equal to the Higgs-boson nmEss.theoretical uncertainty is rather
small, less than 10%.



e q¢ — Vh+ X: W, Z associated production

These processes are known at NNLO in the QCD expansion [3B&BNLO in the electroweak
expansion [34]. The results plotted here have been obtdipdide LH2003 Higgs working group
by combining NNLO QCD and NLO EW corrections [35]. The PDFdiseMRST2001 and the
renormalization and factorization scales are set equdiedHiggs-vector-boson invariant mass.
The residual theoretical uncertainty is rather small, teag 5%.

e bb — h + X: bottom fusion

This process is known at NNLO in QCD in the five-flavor schentd.[3he cross section in the

four-flavor scheme is known at NLO [37, 38]. Results obtaiirethe two schemes have been
shown to be consistent [35, 39, 40]. The results plotted bezdrom Ref. [36]. MRST2002 at

NNLO has been used, with the renormalization scale set équal, and the factorization scale
set equal tan, /4. For results with one final-statequark at highpy we refer to Ref. [41, 39]. For

results with two final-staté-quarks at highp we refer to Ref. [37, 38].

e (G, g9 — tth + X: tt associated production

This process is known at NLO in QCD [42, 43, 44]. The resultétpt here are from Ref. [44]. The
PDF used is CTEQ6M and the renormalization and factorinagt@les are set equalitg +my, /2.

e gb — qgth : single-top associated production

This process is known at LO in QCD [45]. The results plottetehg-channel production, LHC
only) are from Ref. [46]. The PDF used is CTEQ5L and the remdimation and factorization
scales are set equal to the Higgs-boson mass.

2.3 MSSM Higgs production cross sections

The MSSM requires two Higgs doublets, resulting in five pbgsHiggs boson degrees of freedom.
These are the light and head@P-even Higgs bosong; and H, the C P-odd Higgs bosonA, and the
charged Higgs bosord/*. The Higgs sector of the MSSM can be specified at lowest ordtrins of
Mz, My, andtan 8 = vy /v, the ratio of the two Higgs vacuum expectation values. Theses.of the
C P-even neutral Higgs bosons and the charged Higgs boson cealddated, including higher-order
corrections, in terms of the other MSSM parameters.

After the termination of LEP in the year 2000 (the final LEPutesscan be found in Refs. [6, 47]),
the Higgs boson search has shifted to the Tevatron and vl e continued at the LHC. For these anal-
yses and investigations a precise prediction of the Higgsmonasses, branching ratios and production
cross sections in the various channels is necessary.

Due to the large number of free parameters, a complete sdhe MSSM parameter space is too
involved. Therefore the search results at LEP [47] and thatfen [48, 49, 50], as well as studies for
the LHC [51] have been performed in several benchmark simeni2, 53, 54].

The code FeynHiggs [55, 7, 8] provides a precise calculaifadhe Higgs boson mass spectrum,

10



couplings and the decay widths This has now been supplemented by the evaluation of alaete
neutral Higgs boson production cross sections at the Tavaind the LHC (and the corresponding three
SM cross sections for both colliders WiM,S{M = myp, mmg,ma). They are calculated by using the
effective coupling approach, rescaling the SM result

In this section we will briefly describe the benchmark scersawith their respective features. The
effective coupling approach, used to obtain the produatioss sections within FeynHiggs, is discussed.
Results for the neutral Higgs production cross sectionsealévatron and the LHC are presented within
the benchmark scenarios for two valuegai 5, tan 8 = 5, 40.

2.4 The benchmark scenarios

We start by recalling the four benchmark scenarios [53slét for the MSSM Higgs boson search at
hadron collider$. In these scenarios the values of the parameters of #melb sector as well as the
gaugino masses are fixed, whilen 5 and M 4 are the parameters that are varied. Here wedfix3 to a
low and a high valuetan 8 = 5, 40, but varyM 4. This also yields a variation aff,, andm ;.

In order to fix our notations, we list the conventions for thputs from the scalar top and scalar
bottom sector of the MSSM: the mass matrices in the basiseo€tinrent eigenstatés,, iz andby, by

are given by
M Mt?L +m? + cos 23(5 — %ng)M% thXt . (2.49)
; ms X MfR +mi + % cos 202, M3
M Mg +mj + cos 26(=3 + g5w) Mz mp X (2.4.2)
2 X, M2 4+ mf — Lcos2fsi M3 )
R
where
my Xy = my(Ay — peot 3),  my Xp = my (Ay — prtan B). (243)

Here A; denotes the trilinear Higgs—stop coupling, denotes the Higgs—sbottom coupling, ang the
higgsino mass parameter. SU(2) gauge invariance leads telgtion

M;L = MBL- (2.4.4)
For the numerical evaluation, a convenient choice is

M;, = My = M;, =M,

L br

=: MSUSY- (245)

The parameters in th@/?) sector are defined here as on-shell parameters, see RefofF6Hiscussion

exp

and a translation tBR parameters. The top-quark mass is taken towpe= m;*” = 172.7 GeV [57].

e Them}'®* scenario:
This scenario had been designed to obtain conservaiivgl exclusion bounds [58]. The pa-
rameters are chosen such that the maximum possible Higgsibmass as a function ofn g

2The code can be obtained from www.feynhiggs.de .

3The inclusion of the charged Higgs production cross sestisplanned for the near future.

“In the course of this workshop they have been refined to coidamparts of the MSSM parameter space relevant especially
for heavy MSSM Higgs boson production [54].
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is obtained (for fixedMgysy andmy, and M4 set to its maximal value)/, = 1 TeV). The
parameters afe

MSUSY =1 TeV, n = 200 GeV, M2 = 200 GeV,
Xt = 2MSUSY Ab = At,mg =0.8 MSUSY . (246)

e The no-mixing scenario:
This benchmark scenario is associated with vanishing mikinthe ¢ sector and with a higher
SUSY mass scale as compared to #hg** scenario to increase the parameter space that avoids
the LEP Higgs bounds:

MSUSY =2 TeV, n = 200 GeV, M2 = 200 GGV,
Xy = 2MSUSY Ab = At,mg =0.8 MSUSY . (2.4.7)

e The gluophobic Higgs scenario:
In this scenario the main production cross section for tiietIHiggs boson at the LHGg — h,
can strongly suppressed for a wide range of ilig — tan G-plane. This happens due to a can-
cellation between the top quark and the stop quark loopsemptbduction vertex (see Ref. [59]).
This cancellation is more effective for smalhasses and for relatively large values of tmeixing
parameterX;. The partial width of the most relevant decay mobg; — ~v), is affected much
less, since it is dominated by th& boson loop. The parameters are:

Msgusy = 350 GeV, pu = 300 GeV, My = 300 GeV,
Xy = =750 GeV Ay = Ay, mz = 500 GeV . (2.4.8)

e The smallag scenario:
Besides the channgly — h — ~~ at the LHC, the other channels for light Higgs searches at
the Tevatron and at the LHC mostly rely on the decays- bb andh — 777~. Including
Higgs-propagator corrections the couplings of the lighitiggs boson to down-type fermions-s
sin aefr, Whereae is the loop corrected mixing angle in the neudt-even Higgs sector. Thus,
if aeg is small, the two main decay channels can be heavily supgmtésgshe MSSM compared to
the SM case. Such a suppression occurs for lafged and not too largel/ 4. The parameters of
this scenario are:

Msysy = 800 GeV, p = 2.5 Mgysy, Ms = 500 GeV,
X; = —1100 GeV, Ay = Ay, mgz = 500 GeV . (2.4.9)

As mentioned above, no external constraints are taken aumuat. In the minimal flavor violation scenario, betteresgr
ment withBR(b — s7) constraints would be obtained for the other sigiXof(called the “constraineth;**” scenario [53]).

12



2.5 The effective coupling approximation

We consider the following neutral Higgs production crosstisas at the Tevatron and the LH®@ (
denotes all neutral MSSM Higgs bosods= h, H, A):

99 — o+ X, (2.5.10)
9q — qqo+ X, (2.5.11)
@@ — W/Z¢+X, (2.5.12)
b — o+ X, (2.5.13)
99,99 — tto. (2.5.14)

The MSSM cross sections have been obtained by rescalingotinesponding SM cross sections of
Section 2.2 either with ratio of the corresponding MSSM gewéh (of the inverse process) over the
SM decay width, or with the square of the ratio of the corresiiay couplings. More precisely, we apply
the following factors:
® g9 — ¢+ X:
['(¢ — gg)mssm
I'(¢ — gg)sm
We include the full one-loop result with SM QCD correctioMdSSM two-loop corrections [60]
have been neglected.

® qq — qq¢ + X

(2.5.15)

|9¢VV,MSSM |2
|9¢VV,SM|2 7
We include the full set of Higgs propagator corrections i éfffective couplings.
e qq—W/Zp+ X:

V=W2Z2. (2.5.16)

2
govvassul” vy, 7 (2.5.17)
|96vv.sm|

We include the full set of Higgs propagator corrections i éfffective couplings.
o bb— ¢+ X:

I'(¢ — bb)mssm
(¢ — bb)sm
We include here one-loop SM QCD and SUSY QCD corrections, elsas the resummation of
all terms ofO((as tan 5)™).

* g9,qq — tto:

(2.5.18)

|9¢t£,MSSM|2
fgm‘,SM\z
whereg g vissv and gy sv are composed of a left- and a right-handed part. We inclueléuth
set of Higgs propagator corrections in the effective cowgdi
In the effective couplings introduced in egs. (2.5.15)5() we have used the proper normaliza-
tion of the external (on-shell) Higgs bosons as discussé&kein[61].

(2.5.19)

It should be noted that the effective coupling approxinrag described above does not take into
account the MSSM-specific dynamics of the production preegs The theoretical uncertainty in the
predictions for the cross sections will therefore in gehleeassomewhat larger than for the decay widths.
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2.6 Results

Results for the neutral Higgs production cross sectionsealévatron and the LHC are presented within
the four benchmark scenarios for two valueszof 3, tan 3 = 5, 40, giving a total of eight plots for each
collider.

Figs. 2.6.3 and 2.6.4 show the results for the Tevatron,enfigs. 2.6.5 and 2.6.6 show the LHC
results. In Fig. 2.6.3 (2.6.5) the Higgs production crosgises for the neutral MSSM Higgs bosons at
the Tevatron (LHC) in then;'** scenario (upper row) and the no-mixing scenario (lower roar) be
found. Fig. 2.6.4 (2.6.6) depicts the same for the gluophéhiggs scenario (upper row) and the small
o Scenario (lower row).

For low M 4 values the production cross section of thand theA are similar, while for large\/ 4
the cross sections df and A are very close. This effect is even more pronounced for leiges.

The results presented in this paper have been obtainedsfdd #8M with real parameters, i.e. the
C P-conserving case. They can can easily be extended via thetiedf coupling approximation to the
case of non-vanishing complex phases (as implemented imHiggs).
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Fig. 2.6.3: Neutral Higgses production cross sectionsdflihe Tevatron,/s = 1.96 TeV for the most relevant production
mechanims as a function of the Higgs-boson mass. Resultsamexl on the SM cross sections and evaluated through an
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Fig. 2.6.5: Neutral Higgses production cross sectionsdfithe LHC,,/s = 14 TeV, for the most relevant production mechan-
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3 Towards understanding the nature of Electroweak SymmetryBreaking at the Tevatron and
LHC

Contributed by: A. Belyaev, A. Blum, S. Chivukula, E. H. Simmons
PACS 14.80.Cp,11.30.Pb,11.15.Ex

In this study we discuss how to extract information aboutsits/ beyond the Standard Model
(SM) from searches for a light SM Higgs at Tevatron Run Il arieRBI LHC. We demonstrate that
new (pseudo)scalar states predicted in both supersynmaetd dynamical models can have enhanced
visibility in standard Higgs search channels, making thertemptially discoverable at Tevatron Run Il
and CERN LHC. We discuss the likely sizes of the enhancenietitg various search channels for each
model and identify the model features having the largestiénite on the degree of enhancement. We
compare the key signals for the non-standard scalars aoadsls and also with expectations in the SM,
to show how one could start to identify which state has alytumen found. In particular, we suggest
the likely mass reach of the Higgs searchpjiifpp — H — 777~ for each kind of non-standard scalar
state and we demonstrate thal/pp — H — ~+ may cleanly distinguish the scalars of supersymmetric
models from those of dynamical models and shed the light erp#itern of Electroweak Symmetry
Breaking.

3.1 Introduction

The origin of electroweak symmetry breaking remains unkmoWhile the Standard Model (SM) of
particle physics is consistent with existing data, thécaétonsiderations suggest that this theory is only
a low-energy effective theory and must be supplanted by @& mamplete description of the underlying
physics at energies above those reached so far by experiment

If the Tevatron or LHC do find evidence for a new scalar stdtendy not necessarily be the
Standard Higgs. Many alternative models of electroweakrsgtry breaking have spectra that include
new scalar or pseudoscalar states whose masses couldliedsilhe range to which Run Il is sensitive.
The new scalars tend to have cross-sections and branclogpfrs that differ from those of the SM
Higgs. The potential exists for one of these scalars to beemigible in a standard search than the SM
Higgs would be.

Here we discuss how to extract information about non-Stahiieeories of electroweak symmetry
breaking from searches for a light SM Higgs at Tevatron Ruantd CERN LHC. Ref. [62] studied the
potential of Tevatron Run Il to augment its search for the Siggd boson by considering the process
g9 — hsyr — 7T77. Authors determined what additional enhancement of sgaleduction and
branching rate, such as might be provided in a non-standadkehiike the MSSM, would enable a
scalar to become visible in the" 7~ channel alone at Tevatron Run II. Similar work has been done f
99 — hyssy — 777~ atthe LHC [63] and foyg — hgns — ~yy at the Tevatron [64] and LHC [65].

Our work builds on these results, considering an additipnadluction mechanism (b-quark anni-
hilation), more decay channelsh( W+W~, ZZ, and~~), and a wider range of non-standard physics
(supersymmetry and dynamical electroweak symmetry bngakiom which rate enhancement may de-
rive. We discuss the possible sizes of the enhancementg watious search channels for each model
and pinpoint the model features having the largest influemcthe degree of enhancement. We suggest
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the mass reach of the standard Higgs searches for each kimmheftandard scalar state. We also com-
pare the key signals for the non-standard scalars acrosslsnadd also with expectations in the SM,
to show how one could identify which state has actually beemd. Analytic formulas for the decay
widths of the SM Higgs boson are taken from [66], [67] and nuoa values are calculated using the
HDECAY program [68].

3.2 Models of Electroweak Symmetry Breaking
Supersymmetry

One interesting possibility for addressing the hierarahng wiviality problems of the Standard Model is
to introduce supersymmetry.

In order to provide masses to both up-type and down-typekguand to ensure anomaly can-
cellation, the minimal supersymmetric Standard Model (Mi$8ontains two Higgs complex-doublet
superfields®, = (@Y, ) and®, = (P, @Y%) which aquire two vacuum expectation valugsanduvy
respectively. Out of the original 8 degrees of freedom, 8esas Goldstone bosons, absorbed into longi-
tudinal components of the’+ andZ, making them massive. The other 5 degrees of freedom remain i
the spectrum as distinct scalar states, namely two neura@ven states( H), one neutral, CP-odd state
(A) and a charged paif{™). It is conventional to choosen 3 = v1 /vy and M, = ,/Mfii — M&V
to define the SUSY Higgs sector. There are foloowing relatioatween Higgs masses which will be
useful for determining when Higgs boson interactions wétmfions are enhanced:

MG (M7 — M)
ME(ME — M)’

(3.2.20)
whereq is the mixing angle of CP-even Higgs bosons. The Yukawaatens of the Higgs fields with
the quarks and leptons can be written&s:

1
M;%H =3 [(Mf; + M%) F \/(Mi + M2)2 — 4AM3M?2 cos? 23| ;cos* (B — a) =

Y5t/ YhsttM = cosa/sin (3 Y/ Yhii—w =sina/sin 3 Yoaiz/ YhsttM =cot 3
thg/Yth{—)w = —sina/cos 3 YHbg/Yhi{—)V[ = cosa/cos 3 YAbI;/Yth{—)VI = tan (B.2.21)

relative to the Yukawa couplings of the Standard Modgfffggf = my¢/v). Once again, the same pattern
holds for the tau lepton’s Yukawa couplings as for those ebthuark. There are several circumstances
under which various Yukawa couplings are enhanced relati®&andard Model values. For highn 3
(smallcos 3), egns. (3.2.21) show that the interactions of all neutrigigsl bosons with the down-type
fermions are enhanced by a factorigfcos 3. In the decoupling limit, wherd/, — oo, applying eq.
(3.2.20) to egns. (3.2.21) shows that #iieand A Yukawa couplings to down-type fermions are enhanced
by a factor of~ tan 3. Conversely, for lown 4 ~ my,, one can check théfhbl—,/Yth% = YhT;/Yhif‘f ~

tan 3 thath and A Yukawas are enhanced instead.

Technicolor

Another intriguing class of theories, dynamical electraltvsymmetry breaking (DEWSB), supposes
that the scalar states involved in electroweak symmetrgking could be manifestly composite at scales

®Note that the interactions of thé are pseudoscalaieg. it couples toys).
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not much above the electroweak scale: 250 GeV. In these theories, a new asymptotically free strong
gauge interaction (technicolor [69, 70, 71]) breaks theattdymmetries of massless fermiofisat a
scaleA ~ 1 TeV. If the fermions carry appropriate electroweak quantwmmbers (e.g. left-hand (LH)
weak doublets and right-hand (RH) weak singlets), the tiegsutondensatéf, fr) # 0 breaks the
electroweak symmetry as desired. Three of the Nambu-GuwidsBosons (technipions) of the chiral
symmetry breaking become the longitudinal modes oflhend Z. The logarithmic running of the
strong gauge coupling renders the low value of the electa&seale natural. The absence of fundamental
scalars obviates concerns about triviality.

Many models of DEWSB have additional light neutral pseudonNa-Goldstone bosons which
could potentially be accessible to a standard Higgs se#tiekg are called “technipions” in technicolor
models. Our analysis will assume, for simplicity, that tiglilest PNGB state is significantly lighter than
other neutral (pseudo) scalar technipions, so as to heightecomparison to the SM Higgs boson.

The specific models we examine are: 1) the traditional onelyamodel [72] with a full fam-
ily of techniquarks and technileptons, 2) a variant on the-family model [73] in which the lightest
technipion contains only down-type technifermions andiggificantly lighter than the other pseudo
Nambu-Goldstone bosons, 3) a multiscale walking techarcolodel [74] designed to reduce flavor-
changing neutral currents, and 4) a low-scale technciotmteh(the Technicolor Straw Man model) [75]
with many weak doublets of technifermions, in which the sektightest technipior”’ is the state rele-
vant for our study (the lightest, being composed of teclptiles, lacks the anomalous coupling to gluons
required forgg — P production). For simplicity the lightest relevant neutiethnipion of each model
will be generically denoted; where a specific model is meant, a superscript will be used.

One of the key differences among these models is the valueedethnipion decay constafp,
which is related to the numbeY of weak doublets of technifermions that contribute to emgeak
symmetry breaking. We refer reader to [76] for detalils.

3.3 Results For Each Model
Supersymmetry
Let us consider how the signal of a light Higgs boson could lenged in the MSSM, compared to

expectations in the SM. There are several important sowfcalterations in the predicted signal, some
of which are interconnected.

First, the MSSM includes three neutral Higgs bosbhs- (h, H, A) states. The apparent signal
of a single light Higgs could be enhanced if two or three rauttiggs species are nearly degenerate,
and we take advantage of this near-degeneracy by combinengignals of the different neutral Higgs
bosons when their masses are closer than the experimeswaitren.

Second, the alterations of the couplings between Higgstsomad ordinary fermions in the MSSM
can change the Higgs decay widths and branching ratiosveetatthose in the SM. Radiative effects on
the masses and couplings can substantially alter decaghirgnfractions in a non-universal way. For
instance,B(h — 7 + 77 ) could be enhanced by up to an order of magnitude due to theesgipn
of B(h — bb) in certain regions of parameter space [77, 78]. Howeves,ghin in branching fraction
would be offset to some degree by a reduction in Higgs praeciuthrough channels involving, ,; [62].

Third, a large value ofan 5 enhances the bottom-Higgs coupling (egns. (3.2.21) ), mgaddiuon
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(@) Tevatron, Vs = 1.96 TeV, SM (b) Tevatron, Vs = 1.96 TeV, MSSM, tanp=30
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Fig. 3.3.7: NLO cross sections for Higgs production via the— H andgg — H processes (as well as their sum) at the
Tevatron for the SM Higgs (a) the Supersymmetric axial Higason withtan 8 = 30 (b).

fusion through @-quark loop significant, and possibly even dominant ovetdpequark loop contribu-
tion.

Fourth, the presence of superpartners in the MSSM givesaisew squark-loop contributions to
Higgs boson production through gluon fusion. Light squawih masses of order 100 GeV have been
argued to lead to a considerable universal enhancementu@s as a factor of five) [79, 80, 81, 82] for
MSSM Higgs production compared to the SM.

Finally, enhancement of thg,,; coupling at moderate to largen 3 makeshb — ‘H a significant
means of Higgs production in the MSSM — in contrast to the SMmfit is negligible. To include both
production channels when looking for a Higgs decaying{as: xx, we define a combined enhancement
factor

o(9g9 - H — xzx)+o(bb— H — zx
K/Z_ottal/:p:p = U(QQ(Qi honr — :m; T ngb S — :)m) = [,{Z]/m + ﬁZ}‘,/mRbb:gg]/[l + Rbb:gg].
(3.3.22)
Here Ry, 4 is the ratio ofbb andgyg initiated Higgs boson production in the Standard Model,alfdgan
be calculated using HDECAY.

Figure 3.3.7 presents NLO cross sections at the Tevatron.biFes H we are using the code
of Ref. [83], 7 while for gg — H we use HIGLU [84] and HDECAY [68]%. One can see that in the
MSSM the contribution fronbb — H becomes important even for moderate valuesaaf3 ~ 10. For
My, < 110 — 115 GeV the contribution fronyg — H process is a bit bigger than that frdi — 7,

"Note thathb — H has been recently calculated at NNLO in [36].

83Specifically, we use the HIGLU package to calculateghe— h.,, cross section. We then use the ratio of the Higgs decay
widths from HDECAY (which includes a more complete set of tom@p MSSM corrections than HIGLU) to get the MSSM
gg — H cross sectionsM55M = ¢5M « T(H — gg)/T(hsy — 99).
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(@ gg+bb-A+H+h, tanB=30, Tevatron/LHC (b) gg+bb —A+H+h, tanp=50, Tevatron/LHC
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Fig. 3.3.8: Enhancement fact@ff,t/m for final statescz = bb, 77—, WW, ZZ, v~y when bothgg — H andbb — H are
included and the signals of all three MSSM Higgs states ambared. Frames (a) and (b) correspondzo 5 = 30 and 50,
respectively, at the Tevatron (solid lines) and at the LH&s{abd lines).

while for My, > 115 GeV b-quark-initiated production begins to outweigh gluortiated production.
Results for LHC are qualitatively similar, except the ratbjch is about two orders of magnitude higher
compared to that at the Tevatron.

Using the Higgs branching fractions with these NLO crossises for g9 — H andbb — H
allows us to deriveszgml/m, as presented in Fig. 3.3.8 for the Tevatron and LHC. Thegesaveral
“physical” kinks and peaks in the enhancement factor forovsr Higgs boson final states related to
WW, ZZ and top-quark thresholds which can be seen for the respediiues ofM 4. At very large
values oftan (3 the top-quark threshold effect for thes enhancement factor is almost gone because the
b-quark contribution dominates in the loop. One can see fa@m3.3.8 that the enhancement factors at
the Tevatron and LHC are very similar. On the other hand, #iees of the total rates at the LHC are
about two orders of magnitude higher than the correspondites at the Tevatron. In contrast to strongly
enhancedb andr7 signatures, they signature is always strongly suppressed! This particelaiuie of
SUSY models, as we will see below, may be important for digtishing supersymmetric models from

models with dynamical symmetry breaking.

It is important to note that combining the signal from the tn@luHiggs bosong:, A, H in the
MSSM turns out to make our results more broadly applicablesscSUSY parameter space. Combining
the signals fromA, h, H has the virtue of making the enhancement factor indeperaféht degree of
top squark mixing (for fixed/ 4, 1 and Mg and medium to high values éfn 3), which greatly reduces
the parameter-dependence of our results.
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Table 3.3.1: Calculated enhancement factors for produetithe Tevatron and LHC of a 130 GeV technipion gigealone, via
bb alone, and combined. Note that the small enhancement ibbtheocess slightly reduces the total enhancement relative to
that of gg alone. In all casesyr¢c = 4.

1) one family || 2) variant one-family|| 3) multiscale|| 4) low scale
P
Kyq prod 48 6 1200 120
KLy rod 4 0.67 16 10
P
KD oa | 47 | 5.9 | 1100 | 120
Technicolor

Single production of a technipion can occur through thelasdator anomaly which couples the techni-
pion to pairs of gauge bosons. For && ( Ny ) technicolor group with technipion decay constéiat,
the anomalous coupling between the technipion and a paiawde bosons is given, in direct analogy
with the coupling of a QCD pion to photons, by [85, 86, 87]. Guaming a PNGB to a SM Higgs boson
of the same mass, we find the enhancement in the gluon fustalugtion is

D(P—gg) 9o 4o v

= NTC'AggF_}QD

Rgg prod = m = Z (3323)

The main factors influencing,, ,..q for a fixed value ofNrc are the anomalous coupling to
gluons and the technipion decay constant. The value,pf,.q for each model (takingVy¢c = 4) is
given in Table 3.3.

The value ofky, proq (Shown in Table 3.3) is controlled by the size of the teclonpilecay con-
stant.

We see from Table 3.3 that,, ,,.q iS at least one order of magnitude smaller thgn,,,..q in each
model. From thes,g prod/ Kb prod atio which reads as

3—s
Kggprod _ 9 0 o\ 2 ( 4mb> ’
—=—— = —N7,A> A - — ) (3.3.24)

Kbb prod 4 TC 997 2
we see that the larger size ©f; ,-oq is due to the factor a2, coming from the fact that gluons couple
to a technipion via a techniquark loop. The extended techmidETC) interactions coupling-quarks
to a technipion have no such enhancement. With a smaller 88%-aection and a smaller enhancement
factor, it is clear that technipion production via annihilation is essentially negligible at these hadron
colliders.

We now calculate the technipion branching ratios from thavabinformation, takingV;¢ = 4.

The values are essentially independent of the siz&/efwithin the range 120 GeV - 160 GeV, the
branching fractions folM p = 130 GeV are shown in Table 3.3.2. The branching ratios for the S¢¢$1

at NLO are given for comparison; they were calculated usiBgEBAY [68]. Comparing the technicolor
and SM branching ratios in Table 3.3.2, we see immediately di decay enhancements. Model 2 is
an exception; its unusual Yukawa couplings yield a decayecément in the 7~ channel of order
the technipion’s (low) production enhancement. In thechannel, the decay enhancement strongly
depends on the group-theoretical structure of the modeugh the anomaly factor. Our results for
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Table 3.3.2: Branching ratios of Technipions/Higgs of mk&3 GeV

Decay || 1) one family|| 2)variant || 3) multiscale|| 4) low scale||| SM Higgs
Channel one family
bb 0.60 0.53 0.23 0.60 0.53
Trr~ 0.03 0.25 0.01 0.03 0.05
vy 2.7x107* [129x1072 || 6.1x107* || 6.4x 1073 || 2.2 x 1073

Table 3.3.3: Enhancement Factors for 130 GeV technipioodyzed at the Tevatron and LHC, compared to production and
decay of a SM Higgs Boson of the same mass. The slight su;ixpmesbmfmd due to the b-quark annihilation channel has
been included. The rightmost column shows the cross-seio) forpp/pp — P — xx at Tevatron Run II/LHC.

Model Decay mode || w4 || #lhoe || Floyjwe || o(PD) Tevatron/LHC
bb 47 1.1 52 14 /890
1) one family THr— 47 0.6 28 0.77 148
vy 47 0.12 5.6 6.4x1073/0.4
bb 5.9 1 5.9 1.8/100
2) variant THr— 5.9 5 30 0.84 /52
one family vy 5.9 1.3 7.7 8.7 x1073/0.55
bb 1100 || 0.43 470 130/ 8000
3) multiscale T 1100 || 0.2 220 6.1/380
vy 1100 || 0.27 300 0.34/22

the Tevatron Run Il and LHC production enhancements (ineutoth gg fusion andbb annihilation),
decay enhancements, and overall enhancements of eacictdohmodel relative to the SM are shown
in Table 3.3.3 for a technipion or Higgs mass of 130 GeV. Nblythg f@it/m by the cross-section for
SM Higgs production via gluon fusion [84] yields an approabe technipion production cross-section,
as shown in the right-most column of Table 3.3.3.

In each technicolor model, the main enhancement of the ledsichnipion signal relative to that
of an SM Higgs arises at production, making the size of thiartiggion decay constant the most critical
factor in determining the degree of enhancement for fiXed:.

3.4

We are ready to put our results in context. The large QCD lrackgl forqg states of any flavor makes
the tau-lepton-pair and di-photon final states the most @iagfor exclusion or discovery of the Higgs-
like states of the MSSM or technicolor. We now illustrate hibv size of the enhancement factors for
these two final states vary over the parameter spaces ofitiemges at the Tevatron and LHC. We use
this information to display the likely reach of each expeithin each of these standard Higgs search
channels. Then, we compare the signatures of the MSSM Higgsnis and the various technipions to
see how one might tell these states apart from one another.

Interpretation

In of Figure 3.4.9 we summarize the ability of Tevatron {lefbd LHC (right) to explore the
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Fig. 3.4.9: Results fogg + bb — h+ H + A — 777~ at LHC. Left frame: Selected contours of given enhancemasiof
valuesdfmt/” in the MSSM. Right frame: Predicted LHC reach, based orbthe — 77~ studies of [63], in the MSSM

parameter space.

MSSM parameter space (in terms of botl2a exclusion curve and & discovery curve) using the
processyg +bb — h+ A+ H — t+7~. Translating the enhancement factors into this reach péts!

on the results of [62]. As thé/, mass increases up to about 140 GeV, the opening ofitHéV —
decay channel drives the" 7~ branching fraction down, and increases the 3 value required to make
Higgses visible in thet7~ channel. At still largerM 4, a very steep drop in the gluon luminosity
(and the related-quark luminosity) at large: reduces the phase space f@rproduction. Therefore
for M4 >170 GeV, Higgs bosons would only be visible at very high valoktan 5. The pictures for
tevaron and LHC are qualitatively similar, the main difietes compared to the Tevatron are that the
required value ofan 3 at the LHC is lower for a giverd/ 4 and it does not climb steeply fa/4 >170
GeV because there is much less phase space suppression.

It is important to notice that both, Tevatron and LHC, couderve MSSM Higgs bosons in the
77~ channel even for moderate valuesaf 3 for M4 < 200 GeV, because of significant enhancement
of this channel. However they channel is so suppressed that even the LHC will not be ablbderee
it in any point of theM/ 4 < 200 GeV parameter space studied in this pager!

The Figure 3.4.10 presents the Tevatron and LHC potentaibgderve technipions. For the Teva-
tron, the observability is presented in terms of enhancemaetor, while for the LHC we present signal
rate in term ofoc x Br(P — 77/~7). At the Tevatron, the available enhancement is well abovet igh
required to render th& of any of these models visible in the" 7~ channel. Likewise, the right frame
of that figure shows that in they channel at the Tevatron the technipions of models 3 and 4bwill
observable at thgo level while model 2 is subject to exclusion at thelevel. The situation at the LHC

°In the decoupling limit with large values df/4 and low values ofan 3, the lightest MSSM Higgs could be dicovered in
the~~ mode just like the SM model Higgs boson
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is even more promising: all four models could be observattieesso level in both ther ™7~ (left frame)
and~~ (right frame) channels.

Once a supposed light “Higgs boson” is observed in a colisteeriment, an immediate important
task will be to identify the new state more precisely, i.e.discern “the meaning of Higgs” in this
context. Comparison of the enhancement factors for difterkannels will aid in this task. Our study has
shown that comparison of the" 7~ and~~ channels can be particularly informative in distinguighin
supersymmetric from dynamical models. In the case of sypergetry, when ther™ 7~ channel is
enhanced, the~ channel is suppressed, and this suppression is strong letiwatgeven the LHC would
not observe the~ signature. In contrast, for the dynamical symmetry bregkiodels studied we expect
simultaneous enhancement of both the"~— and~~ channels. The enhancement of the channel is
so significant, that even at the Tevatron we may observe ii@ohis via this signature at ther level
for Models 3 and 4, while Model 2 could be excluded at 95% ClhatTevatron. The LHC collider,
which will have better sensitivity to the signatures undedy, will be able to observe all four models
of dynamical symmetry breaking studied here in thechannel, and can therefore distinguish more
conclusively between the supersymmetric and dynamicalketsod

3.5 Conclusions

In this paper we have shown that searches for a light Staridacd#®l Higgs boson at Tevatron Run |l
and CERN LHC have the power to provide significant infornratédoout important classes of physics
beyond the Standard Model. We demonstrated that the nearsaadl pseudo-scalar states predicted
in both supersymmetric and dynamical models can have erbarisibility in standard-+7— and~~
search channels, making them potentially discoverabletatthe Tevatron Run Il and the CERN LHC.
In comparing the key signals for the non-standard scalamsagnodels we investigated the likely mass
reach of the Higgs search ji/pp — H — 7+7~ for each kind of non-standard scalar state, and we
demonstrated thatp pp — H — ~+ may cleanly distinguish the scalars of supersymmetric risode
from those of dynamical models.
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4 MSSM Higgs Boson Searches at the Tevatron and the LHC: Impaaof Different Benchmark
Scenarios

Contributed by: M. Carena, S. Heinemeyer, C.E.M. Wagner, G Weiglein

The MSSM requires two Higgs doublets, resulting in five pbgtsHiggs boson degrees of free-
dom. These are the light and hea¥¥-even Higgs bosong, and H, theC P-odd Higgs boson4, and
the charged Higgs bosoi/*. The Higgs sector of the MSSM can be specified at lowest orderims
of My, M4, andtan 3 = v9/v1, the ratio of the two Higgs vacuum expectation values. Theses of
theC P-even neutral Higgs bosons and the charged Higgs boson @aidogated, including higher-order
corrections, in terms of the other MSSM parameters.

After the termination of LEP in the year 2000 (the close-t@fiLEP results can be found in
Refs. [6, 47]), the Higgs boson search has shifted to theti@vand will later be continued at the
LHC. Due to the large number of free parameters, a complete gcthe MSSM parameter space is too
involved. Therefore the search results at LEP have beerpieted [47] in several benchmark scenar-
ios [52, 53]. Current analyses at the Tevatron and investigs of the LHC [51] potential also have
been performed in the scenarios proposed in Refs. [52, 58»7** scenario has been used to obtain
conservative bounds aan g for fixed values of the top-quark mass and the scale of thersypenetric
particles [58]. These scenarios are conceived to studycpkat cases of challenging and interesting
phenomenology in the searches for the SM-like Higgs boseniriostly the ligh P-even Higgs boson.

The current searches at the Tevatron are not yet sensit&eStd-like Higgs in the mass region
allowed by the LEP exclusion bounds [6, 47]. On the other haoenarios with enhanced Higgs boson
production cross sections can be probed already with themtly accumulated luminosity. Enhanced
production cross sections can occur in particular for afy in combination with largean 5 due to
the enhanced couplings of the Higgs bosons to down-typeidesn The corresponding limits on the
Higgs production cross section times branching ratio ofHiggs decay into down-type fermions can
be interpreted in MSSM benchmark scenarios. Limits from Ruwf the Tevatron have recently been
published for the following channels [88, 89, 50] (here amdhie following¢ denotes all three neutral
MSSM Higgs bosonspy = h, H, A):

bbo, ¢ — bb (with one additional taggetijet), (4.0.25)
pp — ¢ — 77 (inclusive), (4.0.26)
pp — tt — HXWTbb, HY — 71, . (4.0.27)

The obtained cross section limits have been interpretetiam:f** and the no-mixing scenario with
a value for the higgsino mass parameterof= —200 GeV [88] and . = +200 GeV [89]. In these
scenarios fo\/ 4 ~ 100 GeV the limits ontan § aretan 5 < 50.

Here we investigate the dependence of the CDF and DO exolbsionds in thél/ 4,—~tan 3 plane
on the parameters entering through the most relevant suparstric radiative corrections in the theoret-
ical predictions for Higgs boson production and decay pses. We will show that the bounds obtained
from thebbep, ¢ — bb channel depend very sensitively on the radiative correstaffecting the relation
between the bottom quark mass and the bottom Yukawa couptirtge channels with* 7~ final states,
on the other hand, compensations between large corredtidims Higgs production and the Higgs decay
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occur. In this context we investigate the impact of a largkative correction in thegg — ¢ production
process that had previously been omitted.

In order to reflect the impact of the corrections to the botdarkawa coupling on the exclusion
bounds we suggest to supplement the existifjtf* and no-mixing scenarios, mostly designed to search
for the lightC P-even MSSM Higgs bosorh, with additional values for the higgsino mass paramgter
In fact, varying the value and sign pf while keeping fixed the values of the gluino mass and the comm
third generation squark mass paramétéiysy, demonstrates the effect of the radiative corrections on
the production and decay processes. The scenarios diddusseare designed specifically to study the
MSSM Higgs sector without assuming any particular soft ssygemetry-breaking scenario and taking
into account constraints only from the Higgs boson secseitfit In particular, constraints from requiring
the correct cold dark matter densiiyR (b — sv) or (g — 2),,, which depend on other parameters of the
theory, are not crucial in defining the Higgs boson sectat,rany be avoided.

We also study the non-standard MSSM Higgs boson searchtisgnsat the LHC, focusing on
the processepp — H/A + X, H/A — 77~ andpp — tH* + X, H* — 7v,, and stress the
relevance of the proper inclusion of supersymmetric ragiatorrections to the production cross sections
and decay widths. We show the impact of these correctionsnmstigating the variation of the Higgs
boson discovery reach in the benchmark scenarios for difteralues of:. In particular, we discuss the
resulting modification of the parameter region in which athig lightC P-even MSSM Higgs boson can
be detected at the LHC.

4.1 Predictions for Higgs boson production and decay procsss
Notation and renormalization

The tree-level values for ti&P-even Higgs bosons of the MSSy, andm g, are determined bsan 3,
the C P-odd Higgs-boson mas¥ 4, and theZ boson mas3/,. The mass of the charged Higgs boson,
mpg=, IS given in terms of\/ 4 and thell” boson mass)/y,. Beyond the tree-level, the main correction
to the Higgs boson masses stems from#thesector, and for large values efn 3 also from theb/B
sector.

In order to fix our notations, we list the conventions for thputs from the scalar top and scalar
bottom sector of the MSSM: the mass matrices in the basiseoftirent eigenstates, tr andby, br
are given by (modulo numerically smdll-term contributions)

2 2 2 2

2 MEL + mj my Xy M2 MBL +mj mpXp (4.1.28)

t 2 2 ? b 2 2 ’ e
me Xy MER + mj mpXp MBR +mj

where
my Xy = my(Ay — peot 3),  my Xy = my (Ap — ptan 3). (4.1.29)

Here A; denotes the trilinear Higgs—stop couplingy, denotes the Higgs—sbottom coupling, anis the
higgsino mass parameter. SU(2) gauge invariance leadse tefdtion);, = M, . For the numerical
evaluation, a convenient choice is

M; =M

by —

M; = M; =: Msysy. (4.1.30)

R "Tbr

30



The Higgs sector observables furthermore depend on the) §d(@ino mass parametét],. The other
gaugino mass parameteéi, is usually fixed via the GUT relatiof/; = %Z—QWMQ. At the two-loop level
also the gluino massy;, enters the predictions for the Higgs-boson masses.

Corrections to the MSSM Higgs boson sector have been eealuatseveral approaches. The
status of the available corrections to the masses and madigdes in the MSSM Higgs sector (with
real parameters) can be summarized as follows. For theammegart, the complete result within the
MSSM is known [90, 91]. The by far dominant one-loop conttid is theO(«;) term due to top and
stop loops ¢; = h?/(4r), h; being the top-quark Yukawa coupling). Concerning the taapl effects,
their computation is quite advanced and has now reachedy@ stech that all the presumably dominant
contributions are known [92, 93, 94, 95, 96, 7, 97, 98, 99, 1@, 102, 103, 104, 105, 106, 107,
108, 109, 110]. The remaining theoretical uncertainty @nlight C P-even Higgs boson mass has been
estimated to be below 3 GeV [8, 111]. The above calculations have been implementedpnbdic
codes. The program FeynHiggs [55, 112] is based on the sestidained in the Feynman-diagrammatic
(FD) approach [7, 8, 110]. Itincludes all the above cormwi The code CPsuperH [113]is based on the
renormalization group (RG) improved effective potentigpeoach [93, 94, 95, 96, 114]. For the MSSM
with real parameters the two codes can differ by up tdé GeV for the lightC P-even Higgs boson mass,
mostly due to formally subleading two-loop correctionst lu@ included only in FeynHiggs.

It should be noted in this context that the FD result has bdtaireed in the on-shell (OS) renor-
malization scheme, whereas the RG result has been caltuisiteg theé\IS scheme; see Refs. [114, 115]
for a detailed comparison. Owing to the different schemesl iis the FD and the RG approach for the
renormalization in the scalar top sector, the parametesnd Mgygy are also scheme-dependent in the
two approaches.

Leading effects from the bottonvsbottom sector
The relation between the bottom-quark mass and the Yukawgliog /;, which controls also the inter-
action between the Higgs fields and the sbottom quarks, ésteffl at one-loop order by large radiative
corrections [105, 106, 107, 108, 109]. The leading effesracluded in the effective Lagrangian for-
malism developed in Ref. [108]. Numerically this is by fae tthominant part of the contributions from
the sbottom sector (see also Refs. [103, 110, 104]). Thet®ielagrangian is given by

}

B GMWoO-i-'L

tan 8 Aibysb + V2 Vi tan 8 H trbr (4.1.31)

S1n &« COS v - COS v S1n & =

(@ - Abm) hbrbr — (COSﬂ + AbSinﬂ) Hbrbgr
Here m;, denotes the running bottom quark mass including SM QCD ctores. In the numerical
evaluations obtained with FeynHiggs below we chobse = m,(m) ~ 2.97 GeV. The prefactor
1/(1 4 Ay) in Equation 4.1.32 arises from the resummation of the lgadorrections to all orders. The
additional termsv A, in the hbb and Hbb couplings arise from the mixing and coupling of the “other”
Higgs bosonH andh, respectively, to thé quarks.

+h.c..

As explained above, the functiak, consists of two main contributions, &« ) correction from
a sbottom—gluino loop and afi(«;) correction from a stop—higgsino loop. The explicit form4of in
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the limit of Mg > m; andtan ¢ > 1 reads [105, 106, 107]

2004 «
Ay = 5, MaH tan 8 x I(mgl,mBQ,mg) + ﬁAtﬂ tan 3 x I(mg,,mg,, j1) - (4.1.32)
The functionl is given by
I(a,bc) = ! a?b? 1o o +b*c?lo s +ca’lo < (4.1.33)
T (a2 = b2) (b2 — c?)(a? — ?) &2 & &z

1
max(a?,b?,c?)

The largeb — § loops are resummed to all orders (@i tan 5)" via the inclusion ofA; [105, 106,
107, 108, 109]. The leading electroweak contributions aker into account via the second term in
Equation 4.1.32.

For large values ofan 3 and the ratios ofimg/MZ 4y anduA, /M2« the A, correction can
become very important. Considering positve valuesipandmg, the sign of theA, term is governed
by the sign ofu. Cancellations can occur #l; andm; have opposite signs. Fer,mg, A; > 0 the
Ay correction is positive, leading to a suppression of thedmottukawa coupling. On the other hand,
for negative values of\;, the bottom Yukawa coupling may be strongly enhanced anewam acquire
non-perturbative values whek, — —1.

Impact on Higgs production and decay at large tan 3

Higgs-boson production and decay processes at the Tewvatibthe LHC can be affected by different
kinds of large radiative corrections. For largen 5 the supersymmetric radiative corrections to the
bottom Yukawa coupling described above become partiguiamportant [78, 77]. Their main effect on
the Higgs-boson production and decay processes can bestoatkfrom the way the leading contribution
A, enters. In the following we present simple analytic appr@ation formulae for the most relevant
Higgs-boson production and decay processes. They are rzgahtistration only so that the impact
of the A, corrections can easily be traced. In our numerical anabyeiow, we use the full result from
FeynHiggs rather than the simple formulae presented ins#gion. No relevant modification to these
results would be obtained using CPsuperH.

We begin with a simple approximate formula that represertstive MSSM parametric variation
of the decay rate of thé P-odd Higgs boson in the largexn 5 regime. One should recall, for that
purpose, that in this regime tlig?-odd Higgs boson decays mainly inteleptons and bottom-quarks,
and that the partial decay widths are proportional to theusgjof the Yukawa couplings evaluated at an
energy scale of about the Higgs boson mass. Moreover, faggdbgson masses of the order of 100 GeV,
the approximate relations, (M4)? ~ 9 GeV?, andm.(M4)? ~ 3 GeV? hold. Hence, since the number
of colors isN. = 3, for heavy supersymmetric particles, with masses far alfowddiggs boson mass
scale, one has

9
(1422 +9°

(14 Ap)°

BR(A — 7177 ~ (4.1.34)

On the other hand, the production cross section toPaodd Higgs boson produced in association
with a pair of bottom quarks is proportional to the squareheftbottom Yukawa coupling and therefore
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is proportional tatan? 3/(1 + A)2. Also in the gluon fusion channel, the dominant contribitiio the
largetan [ regime is governed by the bottom quark loops, and theresaksd proportional to the square
of the bottom Yukawa coupling. Hence, the total productiate iof bottom quarks andpairs mediated
by the production of & P-odd Higgs boson in the largen (5 regime is approximately given by

(bbA) x BR(A — bb) (DA 0 ) (4.1.35)
o — ~ , A
M AT A (A 19
_ - tan? 3
o(gg,bb — A) x BR(A — 7777) =~ o(gg,bb — A)sm (4.1.36)

1+A)* 497

whereas (bbA)sy ando(gg, bb — A)sy denote the values of the corresponding SM Higgs boson pro-
duction cross sections for a Higgs boson mass equéid to

As a consequence, thé production rate depends sensitively Ap because of the factdr/(1 +
Ay)?, while this leading dependence dx), cancels out in thet7~ production rate. There is still a
subdominant parametric dependence inithe ~ production rate o\, that may lead to variations of a
few tens of percent of the-pair production rate (compared to variations of the ratepyo factors of a
few in the case of bottom-quark pair production).

The formulae above apply, within a good approximation, &lsithe non-standar@ P-even Higgs
boson in the largéan G regime. Depending of/ 4 this can be either the (for M4 < 120 GeV) or the
H (for M4 > 120 GeV). This non-standard Higgs boson becomes degenerate inwitagte C P-odd
Higgs scalar. Therefore, the production and decay ratd$ (i) are governed by similar formulae as
the ones presented above, leading to an approximate emhantef a factor 2 of the production rates
with respect to the ones that would be obtained in the cadeecfingle production of thé P-odd Higgs
boson as given in Equations 4.1.35, (4.1.36).

We now turn to the production and decay processes of the ethadgggs boson. In the MSSM,
the masses and couplings of the charged Higgs boson in thetlat G regime are closely related to
the ones of the P-odd Higgs boson. The tree-level relati@na%,i = M3 + MVZV receives sizable
corrections for large values ofn 3, i, A, and 4,. These corrections depend on the rafi8gM3; oy,

(12 — ApAr)? /Mépsys (A + Ap)?/M3yqy [93, 94, 95, 96]. The coupling of the charged Higgs boson
to a top and a bottom quark at large valuesaof 5 is governed by the bottom Yukawa coupling and is
therefore affected by the sam, corrections that appear in the couplings of the non-stahdautral
MSSM Higgs bosons [108].

The relevant channels for charged Higgs boson searchesdlepeits mass. For values of
mg+ Smaller than the top-quark mass, searches at hadron csliid@centrate on the possible emis-
sion of the charged Higgs boson from top-quark decays. kdhse, for large values ofn 3, the
charged Higgs decays predominantly inte l@pton and a neutrino, i.e. one has to a good approximation
BR(H* — tv;) ~ 1. The partial decay width of the top quark into a charged Hamyg$ a bottom quark
is proportional to the square of the bottom Yukawa coupling therefore scales wittan? 3/(1+ Ay)?,
see e.g. Ref. [108].

For values of the charged Higgs mass larger thayinstead, the most efficient production channel
is the one of a charged Higgs associated with a top quark &testifor instance, by gluon-bottom
fusion) [116]. In this case, the production cross sectigir@portional to the square of the bottom-quark
Yukawa coupling. The branching ratio of the charged Higgsagianto ar lepton and a neutrino is,

33



apart from threshold corrections, governed by a similamfda as the branching ratio of the decay of
theC P-odd Higgs boson inta-pairs, namely
(1+Ap)?

BR(H* — 1v,) ~ AT A 0 —r)’ (4.1.37)

where the factof1 — r;)? is associated with threshold corrections, ane= m? /m?, . .

As mentioned above, our numerical analysis will be basedhercomplete expressions for the
Higgs couplings rather than on the simple approximatiomfdae given in this section.

4.2 Interpretation of cross section limits in MSSM
scenarios

Limits at the Tevatron

The DO and CDF Collaborations have recently published cseston limits from the Higgs search at
the Tevatron in the channel where at least three bottom guaekidentified in the final statébp, ¢ —

bb) [88] and in the inclusive channel witht 7~ final states§p — ¢ — 7777) [89]. The CDF Col-
laboration has also done analyses searching for a chargggs Hoson in top-quark decays [50]. While
the cross section for a SM Higgs boson is significantly bellogvabove limits, a large enhancement of
these cross sections is possible in the MSSM. It is therefbireterest to interpret the cross section lim-
its within the MSSM parameter space. One usually displagdithits in the M 4—tan 3 plane. As the
whole structure of the MSSM enters via radiative corredjdhe limits in theM 4—tan 3 plane depend
on the other parameters of the model. One usually choostsrcbenchmark scenarios to fix the other
MSSM parameters [52, 53]. In order to understand the phlysieaning of the exclusion bounds in the
M a—tan 3 plane it is important to investigate how sensitively thepaled on the values of the other
MSSM parameters, i.e. on the choice of the benchmark scmnari

Limits from the process bbg, ¢ — bb

The DO Collaboration has presented the limits in dg—tan 3 plane obtained from th&bg, ¢ — bb
channel for then;'** and no-mixing scenarios as defined in Ref. [52]. Tlg** scenario according to
the definition of Ref. [52] reads

my = 174.3 GeV, Mgsusy = 1000 GeV, u = —200 GeV, My = 200 GeV,
X085 = 2 Mgysy (FD calculation) XMS = v/6 Msysy (RG calculation)
Ab = At, mg = 0.8 MSUSY . (4238)

The no-mixing scenario defined in Ref. [52] differs from thé'** scenario only in
X; = 0 (FD/RG calculation) (4.2.39)

The conditionA4;, = A, implies that the different mixing in the stop sector giveserto a difference
between the two scenarios also in the sbottom sector. Thataefiof therm;'** and no-mixing scenarios
given in Ref. [52] was later updated in Ref. [53], see theulison below.
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For their analysis, the DO Collaboration has used the faligvapproximate formula [88],

tan? 3 " 9
(14+A)% 1+A)%+9

a(bbg) x BR(¢ — bb) = 2 o(bbp)smt (4.2.40)
which follows from Equation 4.1.35 and the discussion int®ec4.1. The cross sectian(bbg)sy has
been evaluated with the code of Ref. [41], whilg has been calculated using CPsuperH [113]. From the
discussion in Section 4.1 it follows that the choice of negatalues of. leads to an enhancement of the
bottom Yukawa coupling and therefore to an enhancemeneditinal cross section in Equation 4.2.40.
Fortan 8 = 50 the quantityAA, takes on the following values in the;'** and no-mixing scenarios as
defined in Equations 4.2.38, (4.2.39),

my'* scenarioy = —200 GeV, tan 8 =50 : A, = —0.21,(4.2.41)
no-mixing scen.p = —200 GeV, Mgusy = 1000 GeV, tan 3 =50 : A, = —0.10.(4.2.42)

While the O(a,) contribution toA,, see Equation 4.1.32, is practically the same in the twoastes)
the O(«y) contribution toA, in the m}'** scenario differs significantly from the one in the no-mixing
scenario. In then; ** scenario th& (o) contribution toA, is about as large as the(«,) contribution.

In the no-mixing scenario, on the other hand, ¢hey;) contribution toA, is very small, becausd; is
close to zero in this case. Reversing the sigp of Equations 4.2.41, (4.2.42) reverses the sigi\pf
leading therefore to a significant suppression of the sigreas section in Equation 4.2.40 for the same
values of the other MSSM parameters.

The predictions fobbg, ¢ — bb evaluated with FeynHiggs have been compared with the erdus
bound foro x BR as given in Ref. [88]. As mentioned above, in our analysis sethe full Higgs cou-
plings obtained with FeynHiggs rather than the approxiniateula given in Equation 4.2.40. Similar
results would be obtained with CPsuperH.

The impact on the limits in thé/ 4—tan 3 plane from varying: while keeping all other parameters
fixed can easily be read off from Equation 4.2.40. For a giv@oe of theC P-odd mass andan /3, the
bound ono (bbg) x BR(¢ — bb) provides an upper bound on the bottom-quark Yukawa coupliing
main effect therefore is that asvaries, the bound otan 3 also changes in such a way that the value of
the bottom Yukawa coupling at the boundary line in fig—tan § plane remains the same.

The dependence of the limits in thié,—tan 3 plane obtained from the processp, ¢ — bb on
the parametey. is shown in Figure 4.2.11. The limits for = —200 GeV in the m}*** and no-mixing
scenarios, corresponding to the limits presented by the @@lration in Ref. [88], are compared with
the limits arising for differenf, values,;. = +200, £500, £1000 GeV. Figure 4.2.11 illustrates that the
effect of changing the sign ¢f on the limits in theM 4—tan 3 plane obtained from the proceis), ¢ —
bb is quite dramatic. In then}"* scenario the exclusion bound degrades from abeut? = 50 for
My = 90 GeV in the case ofx = —200 GeV to abouttan 5 = 90 for M4 = 90 GeV in the case of
u = +200 GeV. We extend our plots to values ein 6 much larger than 50 mainly for illustration
purposes; the regioten 8 > 50 in the MSSM is theoretically disfavoured, if one demandg tha
values of the bottom and Yukawa couplings remain in the perturbative regime up tagas of the
order of the unification scale. The situation for the bottgnkawa coupling can be ameliorated for large
positive values of: due to theA, corrections. The curves for = +500,+1000 GeV do not appear
in the plot for them'** scenario, since for thege values there is noan 3 exclusion belowtan 8 =
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Fig. 4.2.11: Change in the limits obtained from &, ¢» — bb channel in then*** (left) and no-mixing (right) benchmark
scenarios for different values of The valuey, = —200 GeV was chosen by the DO Collaboration in Ref. [88]. The other
curves indicate the corresponding limits for= 4200, £500, 1000 GeV. The curves fop, = 4500, +1000 GeV (u =
41000 GeV) do not appear in the left (right) plot for the}** (no-mixing) scenario, since for thegevalues there is néan g
exclusion belowsan 5 = 130 for any value ofM 4.

130 for any value ofM 4. On the other hand, the large negative valueg shown in Figure 4.2.11,
un = —500,—1000 GeV, lead to an even stronger enhancement of the signal crotisrsécan for
u = —200 GeV and, accordingly, to an improved reachtim 5. It should be noted that forn =
—500, —1000 GeV the bottom Yukawa coupling becomes so largetfar 3 > 50 that a perturbative
treatment would no longer be reliable in this region.

In Ref. [53] the definition of then;'** and no-mixing scenarios given in Ref. [52] has been up-
dated. The sign of: in the m;"** and no-mixing scenarios has been reverseg te +200 GeV in
Ref. [53]. This leads typically to a better agreement with tonstraints fronig — 2),,. Furthermore,
the value ofMgysy in the no-mixing scenario was increased fra6)0 GeV [52] to 2000 GeV in or-
der to ensure that most of the parameter space of this soasan accordance with the LEP exclusion
bounds [6, 47].

Another scenario defined in Ref. [53] is the “constraimefl2*” scenario.
m;'** scenario as specified in Ref. [53] by the reversed sighof

It differs from the

XS = —2 Mgysy (FD cale.) XMS = —v/6 Msusy (RG calc.) p = +200 GV . (4.2.43)

For small M4 and minimal flavor violation this results in better agreetneith the constraints from
BR(b — sv). For largetan 3 one has4; ~ X;, thus A, andm; have opposite signs. This can lead
to cancellations in the two contributions entering, see Equation 4.1.32. In contrast to thg'**
scenario, where the two contributions enteridg add up, see Equation 4.2.41, the constraingt=
scenario typically yields relatively small values&f and therefore a correspondingly smaller effect on
the relation between the bottom-quark mass and the bottdawa coupling, e.g.

constrainedn;'** scenarioy = +200 GeV, tan 3 = 50 Ay =—0.001 . (4.2.44)

For large values dfu| the compensations between the two terms entetipgre less efficient, since the
function I in the second term of Equation 4.2.41 scales likg? for large||.
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The impact of the benchmark definitions of Ref. [53] on thdtknn the M 4—tan 3 plane arising
from the bbgp, ¢ — bb channel has been analyzed in Ref. [54]. The effect of changiliysy =
1000 GeV to Mgysy = 2000 GeV in the no-mixing scenario far = £200 GeV results in substantially
weaker (stronger) limits for = 4-(—)200 GeV Also the constraineds;'** scenario has been analyzed
in Ref. [54]. As expected the variation of the exclusion basiwith a variation of: is much weaker than
in the other scenarios.

Limits from the process pp — ¢ — 77~

The limits obtained from thpp — ¢ — 717~ channel by the CDF Collaboration were presented in the
M s—tan (3 plane for then;'** and no-mixing scenarios as defined in Ref. [53] and emplatyimgvalues

of the x parametery = +£200 GeV. According to the discussion in Section 4.1, the limits oled from
thepp — ¢ — 777~ channel are expected to show a weaker dependence on thensigibsolute
value of . than the limits arising from théb¢, » — bb channel. On the other hand, for large values of
tan 8 and negative values g@f, the large corrections to the bottom Yukawa coupling disedsabove can
invalidate a perturbative treatment for this channel.

The MSSM prediction for(pp — ¢) x BR(¢ — 7777) as a function ofan 3 has been eval-
uated by the CDF collaboration using the HIGLU program [&%]the gluon fusion channel. The pre-
diction for thebb — ¢ + X channel was obtained from the NNLO result in the SM from Ra6][and
[0 x BR]yigsm / [0 X BRg, Was calculated with the FeynHiggs program [55, 112]. Whikefull A,
correction to the bottom Yukawa correction was taken intmaat in thebb — ¢ + X production chan-
nel and thep — 777~ branching ratios, the public version of the HIGLU program][8oes not include
the A, correction for the bottom Yukawa coupling entering the dmmttioop contribution to thgg — ¢
production process. In order to treat the two contributingdpction processes in a uniform way, the
correction should be included (taking into account@evs) and theO(«a,) parts, see Equation 4.1.32)
in the gg — ¢ production process calculation. For the large valud®f;sy chosen in then;'** and
no-mixing benchmark scenarios other higher-order camiohs involving sbottoms and stops can be
neglected (these effects are small providég;sy = 500 GeV).

In Ref. [54] a comparison of the “partidl,” and the “full A,” results has been performed. It was
shown that the inclusion of thA, corrections everywhere can lead to a variatiom\afan 3 ~ 10 in
themj'** scenario, but has a much smaller effect in the no-mixingawenFollowing our analysis, the
CDF Collaboration has adopted the prescription outlineml/alfor incorporating thé\, correction into
thegg — ¢ production process. The limits given in Ref. [89] are basedhe MSSM prediction where
the A, correction is included everywhere in the production andaglgarocesses (see e.g. Ref. [117] for
a previous analysis).

We next turn to the discussion of the sensitivity of the lswibtained from thep — ¢ — 77~
channel (including the\, correction in all production and decay processes) on the &gl absolute
value ofy. As discussed above, similar variations in the exclusimitd will occur if the absolute values
of u, mgz, Ay and Mgysy are varied, while keeping the ratios appearingNp constant. The results
are given in Figure 4.2.12 for the;'** scenario (left) and the no-mixing scenario (right). In thg**
scenario we find a sizable dependence oftthes bounds on the sign and absolute valug.df The

OFor n = —300 GeV the curve stops at aroundn 3 = 75 because the bottom Yukawa coupling becomes very large,
leading to instabilities in the calculation of the Higgs jpecties. For the same reason, even more negative valyearaf not
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effect grows withA/4 and, for the range of parameters explored in Figure 4.2eB2{d to a variation of
the tan 4 bound larger thai\ tan 5 ~ 30. In the no-mixing scenario the effect is again smaller, but i
can still lead to a variation of thexn 5 bounds by as much as tan 5 ~ 10.
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Fig. 4.2.12: Variation of the limits obtained from thg — ¢ — 777~ channel at the Tevatron in the*** (left) and
no-mixing (right) benchmark scenarios for different valwé ...

The results obtained in the constraineg*** scenario are again very robust with respect to varying
u. All values of i result practically in the samen § exclusion bounds [54].

Prospects for Higgs sensitivities at the LHC

The most sensitive channels for detecting heavy MSSM Higgsiiis at the LHC are the chanpel —
H/A+ X, H/A — 777~ (making use of different decay modes of the twkeptons) and the channel
tH* H* — tv, (for my= > my) [118, 119]. We consider here the parameter regidén > My,

for which the heavy stateH, A are widely separated in mass from the light-even Higgs bosomh.
Here and in the following we do not discuss search channetsewtne heavy Higgs bosons decay into
supersymmetric particles, which depend very sensitivelyhe model parameters [120, 121, 119], but
we will comment below on how these decays can affect the Beanwith bottom-quarks andleptons

in the final state.

Discovery region for the process pp — H/A + X, H/A — 777~

To be specific, we concentrate in this section on the anatgsiged out by the CMS Collaboration [122,
119]. Similar results for this channel have also been obthiny the ATLAS Collaboration [118, 123,
124]. In order to rescale the SM cross sections and branchiiws, the CMS Collaboration has used
for the branching ratios the HDECAY program [68] and for tlieduction cross sections the HIGLU
program [84] g — H/A) and the HQQ program [125}§ — bbH). In the HDECAY program the\,
corrections are partially included for the decays of thetratiiggs bosons (only thé () contribution

to Ay is included, see Equation 4.1.32). The HIGLU program (sge e discussion in Section 4.2) and

considered here.
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HQQ, on the other hand, do not take into account the correstio the bottom Yukawa coupling.The
prospectivebo discovery contours for CMS (corresponding to the upper Hoointhe LHC “wedge”
region, where only the light P-even Higgs boson may be observed at the LHC) have been prdsen
in Refs. [122, 119] in thél/4—tan 3 plane, for an integrated luminosity of 30fhand 60 fo!. The
results were presented in the)'** scenario and for different values, = —200, 4300, +500 GeV.

It should be noted that decays of heavy Higgs bosons int@uies and neutralinos open up for small
enough values of the soft supersymmetry-breaking parasmefgandyu. Indeed, the results presented in
Refs. [122, 119] show a degradation of the discovery reathdi/—tan G plane for smaller absolute
values ofy, which is due to an enhanced branching ratiaHof A into supersymmetric particles, and
accordingly a reduced branching ratio intgairs.

We shall now study the impact of including thg, corrections into the production cross sections
and branching ratios for different values;af The inclusion of the\, corrections leads to a modification
of the dependence of the production cross sectiomonf, as well as of the branching ratios of the Higgs
boson decays inte™ 7. For a fixed value of\/4, the results obtained by the CMS Collaboration for
the discovery region inan 3 can be interpreted in terms of a cross section limit usin@gproximation
of rescaling the SM rate for thep — H + X, H — 77~ process by the factor

BR(H—>T + T_)CMS + BR(A—>T + T_)CMS

4.2.45
BR(H—7+ 77 )sm ( )

tan® Boms X

In the abovetan Bcnig refers to the value ofan 6 on the discovery contour (for a given value faf4)
that was obtained in the analysis of the CMS Collaboratioth 8D fo~! [119]. Thesetan 3 values

as a function ofM 4 correspond to the edge of the area in ftWg—tan 3 plane in which the signal
pp — H/A+ X, H/A — 777 is visible (i.e. the upper bound of the LHC wedge region). The
branching ratio8BR(H — 7 + 77 )cms andBR(A — 7 + 77 )cus in the CMS analysis have been
evaluated with HDECAY, incorporating therefore only thaigb-sbottom contribution td\;.

After including all A, corrections, we evaluate the — H/A + X, H/A — 777~ process by
rescaling the SM rate with the new factor,

tan? 3 BR(H—7+77)+BR(A—=7+717)

4.2.46
FEVNER BR(H —7 + 7 )su ) ( )

where A, depends onan 5. The quantities have been evaluted with FeynHiggs, allgvaiso decays
into supersymmetric particles. The resulting shift in tisedvery reach forthep — H/A+X, H/A —
77~ channel can be obtained by demanding that Equation 4.2@Eqnation 4.2.46 should give the
same numerical result for a given valueldf;.

This procedure has been carried out in two benchmark sosntor various values of.. The
results are shown in Figure 4.2.13 for thg'** scenario (left) and for the no-mixing scenario (right).
The comparison of these results with the ones obtained bZM8 Collaboration [122, 119] shows
that for positive values ofi the inclusion of the supersymmetric radiative correctitaals to a slight
shift of the discovery region towards higher valuesai 5, i.e. to a small increase of the LHC wedge
region. Foru = —200 GeV the result remains approximately the same as the one obithinthe CMS

Hsince HQQ is a leading-order program, non-negligible ckargan also be expected from SM-QCD type higher-order
corrections.
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Collaboration. Due to the smaller considered (5 values compared to the analysis of the Tevatron
limits in Section 4.2, the corrections to the bottom Yukawaping from A, are smaller, leading to a
better perturbative behavior. As a consequence, also thestory = —500, —1000 GeV are shown in
Figure 4.2.13.
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Fig. 4.2.13: Variation of théc discovery potential for thep — H/A + X, H/A — 711~ process at the LHC in thex)"**
(left) and no-mixing (right) benchmark scenarios for diéfiet values ofx.

The change in the upper limit of the LHC wedge region due tovdr@tion of . does not exceed
Atan 3 ~ 8. As explained above, this is a consequence of cancellatbtise leadingA,; effects in
the Higgs production and the Higgs decay. Besides the ralsisiucorrections, a further variation of the
bounds is caused by the decays of the heavy Higgs bosonslipgosymmetric particles. For a given
value of i, the rates of these decay modes are strongly dependent partieilar values of the weak
gaugino mass parametek$, and M;. In our analysis, we have takel, = 200 GeV, as established
by the benchmark scenarios defined in Ref. [53], wiiile ~ 100 GeV. In general, the effects of the
decaysH /A — 5(?;29, x,f;zf only play a role forM 4 2, || + M. Outside this range the cancellations
of the A, effects result in a very weak dependence of the rateg.ohe combination of the effects
from supersymmetric radiative corrections and decay modessupersymmetric particles gives rise to

a rather complicated dependence of the discovery contopr see Ref. [54] for more details.

Discovery region for the processtH*, H* — Tuv;

For this process we also refer to the analysis carried ouhéyCtMS Collaboration [119, 126]. The
corresponding analyses of the ATLAS Collaboration can ladioin Refs. [118, 127, 128]. The results
of the CMS Collaboration were given for an integrated lursihoof 30 fo~! in the M 4—tan 3 plane
using them;'®* scenario withy = —200 GeV. No A, corrections were included in thg — tH*
production process [129] and t#&* — v, decay [68].

In Figure 4.2.14 we investigate the impact of including thg corrections into the production
and decay processes and of varyjmg In order to rescale the original result for the discovergcte
in tan 5 we have first evaluated then 5 dependence of the production and decay processes. If no
supersymmetric radiative corrections are included, foredfi\/ 4 value, the discovery potential can be
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Fig. 4.2.14: Variation of théso discovery contours obtained from thé&*, H* — 7, channel in then®* (left) and
no-mixing (right) benchmark scenarios for different valwé ...

inferred by using a rate approximately proportional to

tan” Boms x BR(H® — 7v7)cus - (4.2.47)

Heretan Scws is given by the edge of the area in thé,—tan 3 plane in which the signail * — 7v, is
visible, as obtained in the CMS analysis. TBR(H* — 7v,)cus has been evaluated with HDECAY.

The rescaled result for the discovery contour, includingedévantA, corrections, is obtained by
demanding that the contribution

tan? 3

(1 + Ab)Q

where A, depends ortan 3, is numerically equal to the one of Equation 4.2.47. The tties in
Equation 4.2.48 have been evaluated with FeynHiggs.

x BR(H* — 7v;), (4.2.48)

This procedure has been carried out in two benchmark sosngor various values ofi. The
results are shown in Figure 4.2.14 for thg** scenario (left) and for the no-mixing scenario (right).
As a consequence of the cancellations of the leadipgffects in the Higgs production and the Higgs
decay the change in the discovery contour due to the vamiatig. does not exceedh tan 3 ~ 10(6)
in them;'** (no-mixing) scenario. Also in this case there is a variatbthe contour caused by decays
into supersymmetric particles that, as in the neutral Higggon case, are only relevant for small values
of | .

4.3 Benchmark Scenarios

The benchmark scenarios defined in Ref. [53], which were inaiesigned for the search for the light
C P-even Higgs bosomn in the C P-conserving case, are also useful in the search for the Hd8&M
Higgs bosons, A and H*. In order to take into account the dependenceupwhich as explained
above is particularly pronounced for this, » — bb channel, we suggest to extend the definition of the
my'** and no-mixing scenarios given in Ref. [53] by several digcklues of:. The scenarios defined
in Ref. [53] read
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max .

my = 174.3 GeV, Msysy = 1000 GeV, p = 200 GeV, My = 200 GeV,
X0 = 2 Msusy (FD calculation) XMS = /6 Mgusy (RG calculation)
Ab = At, mg = 0.8 Msusy - (4.3.49)
no-mixing:
[o-mixng: my = 174.3 GeV, Msusy = 2000 GeV, p = 200 GeV, My = 200 GeV,
X; = 0 (FD/RG calculation)4, = A;, mg = 0.8 Msysy - (4.3.50)

constrainedn;'*:
my = 174.3 GeV, Msusy = 1000 GeV, u = 200 GeV, My = 200 GeV,
X8 = —2 Mgysy (FD calculation) XM = —/6 Msysy (RG calculation)
Ay = Ay, mg = 0.8 Mgysy - (4.3.51)

The constrainedr'** scenario differs from Equation 4.3.49 only by the reversgd ef X;. While the
positive sign of the produdi: M) results in general in better agreement with the- 2),, experimental
results, the negative sign of the produgtA4;) yields in general (assuming minimal flavor violation)
better agreement with tHéR (b — sy) measurements.

Motivated by the analysis in Section 4.2 we suggest to iiyats the following values gf
w = £200, £500, £1000 GeV , (4.3.52)

allowing both an enhancement and a suppression of the boiftdawa coupling and taking into ac-
count the limits from direct searches for charginos at LE¥O[1 As discussed above, the results in the
constrainedn;'** scenario are expected to yield more robust bounds agamstatiation ofy. than in
the other scenarios. It should be noted that the values —500, —1000 GeV can lead to such a large
enhancement of the bottom Yukawa coupling that a pertwdateatment is no longer possible in the
region of very large values afin 5. Some care is therefore necessary to assess up to whicls vdlue
reliable results can be obtained, see e.g. the discussiBigarfe 4.2.12.

The value of the top-quark mass in Ref. [53] was chosen aouptd the experimental central
value at that time. We propose to substitute this value withrhost up-to-date experimental central
value formg.

4.4 Conclusions

In this paper we have analyzed the impact of supersymmaitliative corrections on the current MSSM
Higgs boson exclusion limits at the Tevatron and the praspgediscovery reach at the LHC. In partic-
ular, we have studied the variation of the exclusion andadisigy contours obtained in different MSSM
benchmark scenarios under changes of the higgsino masagiara and the supersymmetry breaking
parameters associated with the third generation squaHeselparameters determine the most important
supersymmetric radiative corrections in the latrge & region that are associated with a change of the ef-
fective Yukawa couplings of the bottom quarks to the Higgsl§ié€since the squarks are relatively heavy
in the considered benchmark scenarios, other squark-iffegt®are sub-dominant). These corrections
had been ignored or only partially considered in some of tlewipus analyses of Higgs searches at
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hadron colliders. We have shown that their inclusion leads gignificant modification of the discovery
and exclusion regions.

We have investigated the exclusion bounds obtained fronTekiatron searches for non SM-like
Higgs bosons in different channels. For tite, ¢ — bb channel § = h, H, A) we find that the effects
of the supersymmetric radiative corrections on the exctusiounds in thé\/ 4,—tan § plane are quite
dramatic. While in then}*** scenario the current data allow to rule out valuesaof 3 > 50 (35) for
M4 =~ 100 GeV if the higgsino mass parameter is chosemas —200 GeV (—1000 GeV), hardly any
bound ontan 3 can be set if positive values pfare chosen. The shifts are smaller, but still important,
for the no-mixing benchmark scenario. We have shown thatdhstraineds;'** scenario yields results
that are much more stable against variationg tian the other benchmark scenarios.

For the inclusive channel with™ 7~ final statespp — ¢ — 777, compensations occur between
large corrections to Higgs production and decay, so thditttits in the M s—tan § plane obtained from
this channel turn out to be less affected by varyingpan the ones from the associated production with
bottom quarks. Nevertheless we have found that the exdusiot is shifted by up toA tan 5 = 30
as a consequence of choosing different input valueg folle have investigated the impact of including
the dominant supersymmetric radiative corrections to thergfusion production process, which had
previously been omitted. The inclusion of these correstieads to a shift of up ta tan 8 = 10 in the
exclusion limit. Following our analysis, the CDF Collabtioa has adopted the prescription outlined in
this paper for incorporating the correction into fhe— ¢ production process. The Tevatron experiments
are expected to collect further data at higher luminositigsto 4-8 fbr!, in the next few years. This
will extend the Tevatron MSSM Higgs boson discovery and sioh reach in thé/ 4—tan 3 plane to
lower values oftan (3, decreasing the sensitivity of the obtained bounds to tranis of the low energy
supersymmetry mass parameters.

For the LHC we have analyzed the channgls— H/A + X, H/A — 777~ andtH* H* —
Tv,, Which yield the best sensitivities in the search for heavy3W Higgs bosons. Accordingly, the
discovery contours for these channels in #ig—tan 3 plane determine the boundary of the region where
only the (SM-like) lightC P-even Higgs boson can be detected at the LHC. Since the @igcountours
for the LHC are at smaller values ©fn 5 compared to those accessible via the current exclusiondsoun
at the Tevatron, the impact of then S-enhanced supersymmetric corrections is less pronoumncdsi
case. We have studied the effect of including the domingmersymmetric corrections, which had been
omitted in the analyses of the production processes at thg, ladd their variation with the relevant
parameters. Possible decays of the heavy MSSM Higgs bastunsharginos and neutralinos have been
taken into account. We have found that the prospective desgaontours at the LHC are shifted by up
to Atan 5 < 10.

Based on our analysis of the sensitivities of the searchegl&5M Higgs bosons at the Tevatron
and the LHC we have defined benchmark scenarios for the analys1SSM Higgs-boson searches at
hadron colliders. They are based on a generalization ofainénchmark scenarios proposed for the
searches for SM-like MSSM Higgs bosons at the Tevatron aad HC.
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5 Sensitivity of CDF’s Higgs Boson Searches
Contributed by: T. Junk for the CDF Higgs Group

The search for the Standard Model (SM) Higgs boson is oneectémtral pieces of the current
High Energy Physics program. THg/(2) x U(1) gauge model of electroweak interactions makes a
number of predictions which have been experimentally \&tifo high precision, but its validity depends
on the breaking of this symmetry to thié(1)gy Symmetry group at low energies. Many differing
proposals of the details of this symmetry breaking have laelanced, most of which predict one or
more observable scalar bosons. If the minimal SM Higgs m@shadescribes nature, then precision
electroweak data [5] provide evidence that the scalar Higg®n should be lighter than about 200 GeV,
with a preferred value at around 115 GeV. Direct searchesEft have excluded [131] a SM Higgs
boson with a mass below 114.4 GeV. If there is a SM Higgs bostmawnass betweer 115 GeV and
~ 200 GeV itis produced impp collisions at the Tevatron, and, with enough data, it shaalghossible
to exclude or discover such a particle.

Data are being accumulated by the Tevatron experiments @DP&, whose runs are expected
extend until 2009. Currently, more than 1-fhof data have been recorded by each experiment, al-
though the Higgs boson searches reported here are basegromiamately 300 pb' of data. The exact
luminosities used in the channels is listed in Table 5.0.4.

With 300 pb! of data and the expected signal-to-background ratios intihanels, the SM Higgs
boson hypothesis cannot be tested for any value gf Nonetheless, with additional data, and improve-
ments to the analyses, sensitivity at the 95% CL level maybbaimed form gy up to 180 GeV, assuming
the design integrated luminosity of 8his collected with good quality by both detectors, accordimg
a 1999 study [4]. An updated study [132] was conducted in 206heck the earlier projections with
more realistic simulations and preliminary data sampleghvbould be used to calibrate some back-
grounds. The later study did not consider searches for Higgens withm greater than 130 GeV,
and also did not include the effects of systematic uncerésiron the amount of luminosity required to
test for Higgs bosons. Each report includes calculatioribeéstimated amounts of luminosity required
for a combination of all of CDF’s channels and D@’s channelstclude at the 95% CL, assuming a
Higgs boson is not present, as well as the luminosity remergs for a combineds evidence ando
discovery. The luminosity thresholds are shown in Figufelk for the 1999 study and in Figure 5.0.16
for the 2003 study.

The CDF channels as they stand as of the Summer 2005 cordsrare not as powerful as those
assumed in the two sensitivity studies. The following sewdiprovide a snapshot of the sensitivity of
the CDF channels separately and combined, as of the Octob&reV4LHC workshop, with plans for
improvement.

5.1 Sensitivity by Channel

The expected signal and background rates and shape distndwere collected from each of the chan-
nel analysis teams and combined using the @chnique [137, 138] to find the expected limits on the
cross-section multiplied by the branching fractions. Gaate information was not included in the com-
bination, so the observed limit of the combination is not pated. All of the observed limits in the
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Fig. 5.0.15: SUSY/Higgs Working Group estimations of theinosity required for 95% exclusior3o evidence, ando
discovery for the combined CDF+D@ search channels. (2000).

Fig. 5.0.16: Higgs Sensitivity Working Group estimatiorighee luminosity required for 95% exclusioBg evidence, ando
discovery for the combined CDF+D@ search channels, cord@against the earlier SUSY/Higgs Working Group’s calcolati
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Table 5.1.5: Relative systematic uncertainties by chanmators from the same source are considered correlatedssacr
channels, and between signal and background. The “unatecdlerrors are uncorrelated across channels and betigret s

and background.

Table 5.0.4: Integrated luminosities by channel.

Channel [ Ldt (pb~!) | Reference
WEH — (F0bb 319 [133]
ZH — virbh 289 [134]
gg — H — W+W— 360 [135]
WEH — WEW+W- 194 [136]

Channel

WEH - ¢Fvbb | ZH —vibb | ZH - €740 | g9— H—WTW~ | WEH - WEWTWw—
Source b[%] s[%] b[%w] | s[%] b[%] | s[%] b[%] s[%] b[%]
lumi 6 6 6 6 6 6 6 6 6
b-tag s.f. 6.4 1.9 15 15 0.37
lepton ID 7 7
lepton trig . 1 1 2.4
PDF 1 1.5
ISR 3 3.0
FSR 7 7 3.2
JES 3 7.8 35
Jet model 1.4
vubb trig 3 1.5
vubb veto 2 2
uncorrelated 15 2 22.1 9 6 7 3.7 66

channels are close to expectations, the observed limiteo€dimbination is expected to be close to the
expected combined limit.

The WEH — ¢*ubb Channel

The results of théV*H — ¢*vbb search are described in [133]. The reconstructed masgdisin

in the single-tagged analysis is used in computing the dgdelamits, with each bin counted as an
independent counting experiment. Systematic errors &emtan the background and signal rates, but
the shapes are not varied. Each bin is assumed to have futlai®d systematic uncertainties with all
other bins of the mass distribution. The systematic unceita are detailed in Table 5.1.5. Acceptances
and signal distributions are linearly interpolated [138{vieen the supplied test points at which Monte
Carlo samples are available. The observed and expectestsgoson times branching ratio limits are
shown at the 95% CL in Figure 5.1.17 as a functiomqf.

The ZH — vizbb Channel

The results of theZ H — vbb search are described in [134]. The reconstructed masghdigin was
not provided for combination, but the numbers of events lier éxpected signal and background after

46



Fig. 5.1.17: The observed and expected 95% CL limits on thdymtion cross-section times the Higgs decay branchirig rat
as a function ofny for theW* H — ¢*vbb channel. The limits are compared with the SM prediction.
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Fig. 5.1.18: The observed and expected 95% CL limits on thdumtion cross-section times the Higgs decay branching rat
as a function ofny for the ZH — vibb channel. The liimts are compared with the SM prediction.

a mass window cut which moves with the Higgs boson mass uedérate used. They are linearly
interpolated between the model points listed in [134]. Tystesnatic uncertainties on the signal and
background are detailed in Table 5.1.5. The observed anectegh cross-section times branching ratio
limit is shown at the 95% CL in Figure 5.1.18 as a functiomgf, and compared to the SM expectation.

The ZH — ¢1t¢—bb Channd

The ZH — ¢+¢~bb channel is still in development and the analysis is stilltén*blind” stage. Hence,
data candidate information is not yet available. The curstamtus is described in [140]. The selection
starts with a very clean sample 4f — ¢*¢~ decays, identifying isolated leptons with,, close to
my, and two or three jets, at least one of which must be b-taggld.systematic uncertainties on the
signal and background are detailed in Table 5.1.5. The heat&as seventeen input variables described
in [140]. The most powerful ones are the invariant mass ofwleleading jets taken together, the event
Hr (which is the scalar sum of all théy’s of the observed particles), and theg of the leading jet. The
median expected limit on the cross-section times the bragaiatio for this process is approximately
2.2 pb for 300 pb! of data. This expected limit is lower than that for other afela mainly due to the
very small background prediction. It must be compared, Weweagainst a much smaller SM signal
expectation.
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Fig. 5.1.19: The distribution of the neural net discriminmction for theZ H — ¢ ¢~ bb channel, shown separately for the
signal and for the major background&hb andZ + 2 partons. The data in this channel are still blind.

Thegg — H — WTW— Channel

The results of thggg — H — W W~ search are described in [135]. The histogram&of, are used

as the discriminant variable input to the limit calculatiereach bin is a separate counting experiment.
The shapes are interpolated [139] betweep points, as are the signal rates and background rates.
The analysis uses: ;;-dependent cuts, and so the background rates depend amnithender test. The
systematic uncertainties on the signal and backgroundedadetl in Table 5.1.5.

The median expected 95% CL cross-section times branchimmlirait is shown in Figure 5.1.20
as a function ofny compared to the SM expectation and to the computation of][135

The WEH — WEW+W— Channd

The results of théV*H — W*W+W~ search are described in [136]. It is a single counting
experiment — there are no discriminant variables whosednams have different/b ratios to use. The
acceptance is interpolated between thg points listed in [136]. The systematic uncertainties on the
signal and background are detailed in Table 5.1.5. For thisutation, the data statistical uncertainty
on the residual conversion background is treated as indeperof the other errors on the background
and the errors add in quadrature instead of linearly as they @.36]. Furthermore, the FSR systematic
uncertainty is almost certainly truly uncorrelated withet channels’ FSR uncertainty, but it has been
treated as correlated. As is seen below, the entire systearadr treatment in this channel matters little
to the sensitivity.

The observed cross-section times branching ratio limidsa at the 95% CL in Figure 5.1.21 as
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Fig. 5.1.20: The observed and expected 95% CL limits on thdumtion cross-section times the Higgs decay branching rat
as a function ofn g for thegg — H — WTW ™ channel. The limits are compared with the SM prediction, aiso the
prediction of a model with a heavy fourth generation of Skilfermions.

a function ofmy compared to the SM expectation and to the computation of|[136
5.2 Sensitivity of the SM Channels when Combined

The observed 95% CL limits in all of CDF’'s SM Higgs channels ahown, compared with SM pre-
dictions, and also compared with observed limits from D@iarmels, in Figure 5.2.22. The different
searches search for different processes which have diffeates, and thus contribute differently to the
combined sensitivity. It is somewhat easier to compare Hamgels’ sensitivity to a SM Higgs when
the ratio of the limit in each channel to the SM predictiondanfied. This ratio is shown for the same
collection of CDF and D@ channels in Figure 5.2.23.

The CL; method is used on the collection of CDF’s five SM Higgs boscercde channels to
compute the multiplicative scale factegs; on the total signal which can just barely be expected to be
excluded in a median experimental outcome. This procedwgsrdt make much physical sense for scale
factors exceeding unity, as there isn't a well-motivateggital model which scales all of the production
mechanisms for SM Higgs bosons in the same way, but it prevadechnical benchmark of how far we
are from the SM in our sensitivity. The results of this conaltion are shown in Figure 5.2.24. It must
be shown as a multiplicative factor of the SM prediction heseaof the different SM predictions used for
each search channel.

5.3 Necessary SM Channel Improvements

The current channels as we have them are insufficient todestd presence or absence of the Standard
Model Higgs boson, even if the projected 8 thof data are collected. Improvements must be made to
increase the acceptance, reduce the background, and tatsethee selected events into disjoint subsets
with differents /b ratios, and to combine them together. Furthermore, thdtseswist be combined with
D@.
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Fig. 5.1.21: The observed 95% CL limit on the production sfsection times the Higgs decay branching ratio as a fumctio
of my fortheW*H — W*W W~ channel. The limits are compared with the SM prediction, alsd the prediction of a
“bosophilic” (also known as “fermiophobic”) model.
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Fig. 5.2.22: The observed 95% CL limits on the productiorssreection times the Higgs decay branching ratio for eadheof t
five search channels, compared with D@’s limits, and alsopaoed with SM expectations.
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Fig. 5.2.23: CDF and D@'’s observed 95% CL limits on the proidnccross section times the Higgs decay branching ratio,
divided by the corresponding SM predictions, for each offivesearch channels.
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Fig. 5.2.24: The expected 95% CL limit on the multiplicata@ale factor of SM Higgs boson production for CDF'’s five SM
Higgs boson search channels combined, as a functien®f assuming the absence of a Higgs boson. The yellow and green
bands show the-10 and+20 expectations, which fluctuate depending on the possibkewlich may be observed.
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Table 5.3.6: Luminosity factors expected from analysisriompments, separated by channel.

Improvement W*H — ¢*vbb | ZH — vibb | ZH — (10~ bb
my Resolution 1.7 1.7 1.7
Continuous b-tags 15 1.5 1.5
Forward B-tags 1.1 1.1 1.1
Forward Leptons 1.3 1.0 1.6
Neural Nets 1.75 1.75 1.0
Track-Only Leptons 1.4 1.0 1.6
WH signal in ZH 1.0 2.7 1.0
Product of above 8.9 13.3 7.2
CDF+D@ Combination 2.0 2.0 2.0
All Combined 17.8 26.6 14.4

The Higgs Sensitivity Working Group report [132] lists clgas which can be made to the analyses
which can get us to the desired level of sensitivity. Muchhid tvork has already been done to improve
our resolutions, to increase our lepton acceptance to tiveafd region, and to develop neural nets.
But the work has been done by a variety of different peopleasdged in space, time, and institution.
The work of many groups must be collected together in theyaisathannels in order to achieve the
sensitivity reported in [4, 132].

The factors on the expected amount of luminosity needed t@xggusion at the 95% CL3o
evidence ando discovery can be computed for most of the improvements rathsly. For acceptance
increases, the background ought to increase as the sigrggdtaace increases. In fact, it should increase
faster, because as we expand our acceptance to forwarasegfithe detector or to include leptons of
lower quality, a larger fraction of background is expectedreep in. For this estimation, the estimations
are taken from the HSWG report’s Sections 2.3 and 4.2 (foN#ngral Net factor). A listing of improve-
ments and their factors in luminosity is given in Table 5.3t6s assumed in the luminosity projections
that the systematic uncertainties will scale inverselyhwiite square root of the integrate luminosity.
Furthermore, accounting of the shape uncertainties ma riieksystematic errors larger.

The neural net factor of 1.75 is not uniformly applicable bochannels, as the& H — ¢+¢~bb
channel estimations already take advantage of a neural'hetforward lepton acceptance improvement
cannot strictly be multiplied by the track-only lepton faicsince the forward tracking is not sufficient.
Nonetheless, a naive product of the factors from the armalggprovements is approximatley 20. The
analysis improvements will not be made all at once — work goamy to develop and characterize the
techniques.

5.4 SM Sensitivity Projections

Assuming that the acceptances of the channels are incrandetkural nets or other advanced techniques
are used to reduce the backgrounds, the projected reachtw dkvatron SM Higgs search program is
estimated. It is assumed that the systematic uncertaistiate inversely with the square root of the
integrated luminosity, and that D@ contributes channeth thie same sensitivity as CDF’s and that they
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Fig. 5.4.25: The evolution of the expected significance afxress in the data if a Standard Model Higgs boson is pregént w
a mass of 115 GeV. The yellow (light) interior band shows thier distribution of the expected significance, and the green
(darker) exterior band shows the20 range around the expectation. CDF and D@ are combined, arfdrbseen sensitivity
improvements have been assumed. The integrated luminsggr experiment.

are combined together. Figure 5.4.25 shows how the signdecaf an excess of events is expected to
develop, as a function of the integrated luminosity colldgber experiment, assuming a SM Higgs boson
is present with a mass;y; = 115 GeV. The actual evolution of such an excess, if a signal isadigt
present, will be more of a random walk as data are collectedhes figure also includes the width of
the expected distribution. Figure 5.4.26 shows the evatudf the probability of seeing 2v, a3c, or a

50 excess in the combined data when searching for a SM Higgswfsoassny = 115 GeV, if it is
truly present, as a function of the luminosity collected bgteexperiment. After collecting 8 f3 per
experiment, it is 10% likely that 8o excess will be observedif; is truly 115 GeV.

55 The MSSMH/h/A — 7t 7~ Sensitivity

CDF has published its search f&i/h/A — 7+ 7~ search, using 310 pB of Run 2 collision data [89].
Tau pairs are selected in which one tau decays leptonieaitythe other decays semi-hadronically. Kine-
matic selection requirements were designed to separatgaiesifromV +jets and QCD backgrounds,
in which jets are misidentified as taus. The dominant remgibiackground isZ — 77~ production.

In order to separat& /h/A — 7+~ from this and other backgrounds, the invariant mass of tsielei
tau decay products is formed, shown in Figure 5.5.27. Thenstoucted invariant mass of Higgs boson
signal events peaks near the signal mass, with a width whimhiggrapidly with increasing Higgs boson
signal mass. This is offset by the fact that the backgrouneiig small for large reconstructed masses.
The observed and expected limits on the production cros®adimes the decay branching ratio to tau
pairs is shown in Figure 5.5.28.

This cross-section limit can be interpreted in the MSSM; hvease to represent it as an exclusion
in the (m 4, tan 3) plane in themh — maxz andno — mixing MSSM benchmark scenarios [141]. This
interpretation benefits from the fact that for lattex 3, two Higgs bosons (eithérand A, or H and A),

56



Fig. 5.4.26: The fraction of experiments expected to makelmervation of a 115 GeV SM Higgs boson if it is truly there,
as a function of the integrated luminosity. CDF and D@ arelwoed, and the foreseen sensitivity improvements have been
assumed. Separate curves are shown for the fraction ofimes observing & 20 excess in the data,’a 3o excess, or a

> 5o excess.

Fig. 5.5.27: The invariant mass of the reconstructed tamypmoducts in the MSSMI — 777~ search. The data (points) are
compared to a sum of background predictions. A Higgs bosgmasiof massn 4 = 140 GeV, with a production cross section

just at the exclusion threshold, is shown.
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Fig. 5.5.28: The 95% CL limit on the production cross sectiares the decay branching ratio for Higgs bosons decaying to

tau pairs, using 310 pt of CDF data, as a function of the Higgs boson mass.

are nearly degenerate in mass and contribute rougly equelhe expected signal. CDF'’s observed 95%
CL limits are shown in Figure 5.5.29, along with projected’fD@ combined sensitivity contours for 2,
4, and 8 fly'! of data collected by both CDF and D@. The large improvemesgisitivity at larger Higgs
boson masses comes from the fact that the background raggeyifow for large invariant-mass tau pairs.
For a search with a large background rate, the expectedl siignitais roughly inversely proportional to
the square root of the integrated luminosity, while for skas with very small backgrounds, the expected
limit is roughly inversely proportional to the integratadrinosity.
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Fig. 5.5.29: The observed 95% CL limits in the tau channeh&(in 4, tan 3) plane, for them z-max MSSM benchmark
scenerio and also the no-mixing benchmark scenario, usifgp® ' of CDF data. Projections are shown for the expected
combined CDF+D@ exclusion reach for 2, 4, and 8'flper experiment.
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6 Two-Loop EW Corrections to Higgs Production
Contributed by: U. Aglietti, R. Bonciani, G. Degrassi, A. Vicini

We study the impact of the two-loop electroweak correctiomshe production of a Higgs boson
via gluon-fusion in proton-proton collisions at LHC enesgji We discuss the prescritpion to include
the corrections to the hard scattering matrix element inctideulation of the hadronic cross-section
o(p+p— H+ X). Under the hypothesis of factorization of the electroweatkextions with respect to
the dominant soft and collinear QCD radiation, we observimarease of the total cross-section from 4
to 8%, form,; < 160 GeV. This increase is comparable with the present QCD uncégainriginating
from hard scattering matrix elements.

6.1 Introduction

We study the impact of the two-loop electroweak correctionghe production of a Higgs boson via
gluon-fusion in proton-proton collisions at LHC energiéale discuss the prescritpion to include the
corrections to the hard scattering matrix element in theutation of the hadronic cross-sectioetip +

p — H + X). Under the hypothesis of factorization of the electroweadtections with respect to the
dominant soft and collinear QCD radiation, we observe areese of the total cross-section from 4 to
8%, form; < 160 GeV. This increase is comparable with the present QCD uncégaioriginating
from hard scattering matrix elements.

The Higgs boson is one of the missing ingredients of the Stahodel and its discovery rep-
resents one of the most important physics goals of the LHG gdal will be achieved only if we can
predict with high accuracy all the production cross sediofthis particle and if we understand in detall
the different decay channels and the relative backgrounds.

At the LHC, the gluon-fusion is the dominant production mader the entire range of interest-
ing values of the mass of the Higgs particld{ GeV < my < 1TeV). In particular, in the range
100 GeV < mp < 2my this production mode is larger by almost one order of magdeitwith respect to
the next important mechanism, the vector boson fusion, thesefore, very important to have a precise
prediction of its cross section and a reliable estimate eméimaining theoretical accuracy.

The total cross section for the Higgs boson production bymliwsion in the LO approximation
was calculated in the late seventies [142]. It is@Mm? «) calculation, since the Higgs couples to
the gluons only via an heavy-quark loop (the most importamitribution is the one due to the loop
of top). For what concerns the higher orders, the calcuiatiothe NLO QCD corrections have been
done in the infinitem; (mass of the top) limit in [143], and, with the full quark ma$spendence, in
[20]. Besides of the fact that the infinite; approximation should be valid in the Higgs mass range
mpg < 300 GeV, it has been noticed [144] that this approximation walks for values ofn beyond
the top threshold, and up to massesfl TeV). The total effect of the NLO QCD corrections is the
increase of the LO cross section by a factor 1.5-1.7, givireg@ual renormalization/factorization scale
dependence of about 30%. The unexpected size of the NLO QdiBXixee corrections made in such a
way that the electroweak corrections, evaluated in theiiafin,; limit in [145, 146] and turning out to
amount of less that 1%, were totally neglected. The attentias driven by the evaluation of the NNLO
QCD corrections, carried out in the infinite; limit by several groups [147, 148, 149, 150, 151, 152].
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Fig. 6.2.30: Lowest order (a) and generic NLO-EW (b), (c),kdynman diagrams. The solid lines are fermions. The wavy

lines are gauge bosoif$” = W, 7).

The calculation shows a good convergence of the pertugbatvies: while the NNLO corrections are
sizable, they are, nevertheless, smaller that the NLO olteseover, the NNLO corrections improve
the stability agaist renormalization/factorization scedriations. The effect due to the resummation of
soft-gluon radiation has been included in [153], and theaiaing theoretical uncertainty, due to higher-
order QCD corrections, has been estimated to be smallerltd®n Finally, several efforts were also
devoted to the calculation of QCD radiative correctionsesslinclusive quantities, such as the rapidity
distribution, recently evaluated at the NNLO [154, 155]te transverse momentung;{) distribution
[156, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166, 163, 169, 170, 171, 172, 173, 174, 175,
176, 177, 178], which, in [179, 180], is evaluated using thedtorder perturbative results up to NLO in
QCD and the resummation up to the NNLL.

Motivated by this accurate scenario, the NLO electroweakections to the gluon fusion were
again taken into account recently. In [181, 182] the coatiim to the partonic cross section due to the
light fermions were calculated. It turned out that they areable. In particular, in the intermediate
Higgs mass range, from 114 GeV up the #hey threshold, these corrections increase the LO partonic
cross section by an amount of 4-9%. For larger values of tresrofthe Higgsmy > 2myy, they
change sign and reduce the LO cross section; however, imggisn the light-fermion corrections are
quite small, reaching at most a -2%. In [183], also the reingirlectroweak corrections due to the top
quark were calculated as a Taylor expansiomify/(4m?%,). They are valid forng < 2myw, range in
which they have opposite sign with respect to the light-femcorrections. However, the corrections
due to the top quark are smaller in size, reaching at most adf3be light-quark ones.

The impact of the NLO electroweak corrections on the hadronoss section has not been dis-
cussed yet. We present here the effect of their inclusiohércalculation at the hadronic level.

6.2 Inclusion of the Two-Loop Electroweak Corrections

The partonic gluon fusion process occurs, in lowest ordarpme-loop diagrams, as the one depicted
in Fig. 6.2.30 (a); in the loop run only the top and the bottamarys, because of the Yukawa suppres-
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sion of the lighter quarks. The NLO-EW corrections are schtirally represented by the diagrams in
Figs. 6.2.30 (b), (c) and (d). In particular, in Figs. 6.2(B) and (c) the WWH/ZZH couplings avoid
the Yukawa suppression, and, therefore, in these diagraenf@tmionic line represents all the possible
flavours: light flavours, evaluated in [181, 182], and topriguavaluated in [183]. In Fig. 6.2.30 (d),
instead, the fermionic line can represent only the top q{E8R].

At the hadronic level, we consider the Higgs boson produadiche LHC, and therefore in proton-
proton collisions. The hadronic cross section can be warits

1
a(p—i—p — H —I-X) = Z/ dridxs fa7p(w1,M2) fb’p(xg,Mz) X
a,b 0

X /01 dz 6 (z — T—H> (1 + 5Ew(mh))5’ab(z)

T1T2
Gan(2) = 30 (1+ KGTP "V (ag(12), 12, M?)) (6.2.53)

where the partonic processes initiated by parten$) are convoluted with the corresponding parton
densitiesf; ,(z, M?), (i = a,b), evaluated at a scale/. The effect of the higher order QCD and EW
corrections is described by the two functioR$?“P—°"Y and §y, obtained by factoring the lowest

order cross sectiofi.

In the partonic cross section, QCD and EW corrections hage ectorized. This ansatz is valid
up to subleading higher order corrections which start a8tleop level (i.e.O(a«;) with respect to the
lowest order). The factorization of the QCD initial statdlioear divergences holds for the hard process
described by the electroweak NLO corrections, followingnirgeneral arguments of the factorization
theorems and from the universal nature of the initial staiénear radiation. In fact, the whole set
of EW corrections is characterized by a scalgMmuch harder than the one typical of the leading
collinear emission. In addition, in the limit of light Higgthe EW corrections can be expanded as a
Taylor series in powers ofi;, /My, and the EW corrections vertex becomes effectively poietlik this
regime the factorization of the QCD collinear divergencesdmes rigorous. For heavier Higgs masses,
the factorization should still be valid only in leading orddue to the modifications induced by the EW
form factor.

6.3 Numerical Results

The hadronic proton-proton cross section has been catcli&tLHC energy, in NNLO-QCD accuracy,
i.e. settingdgyw = 0, using the MRST2002 NNLO parton distribution functions418The theoretical
uncertainty due to the choice of the renormalization sgadad of the factorization scali/ has been
canonically estimated by settidd = 1 equal tomy, /2, my,, 2m, respectively. The predictions, shown in
Fig. 6.3.31 (dotted lines), vary by approximatet% with respect to the central value. This uncertainty
is further reduced when including the effect of the resunmonatf all the initial state soft gluon radiation
[153].

The two-loop electroweak corrections have been added diogpto Eq. (6.2.53) and setting
M = = my. The light fermion corrections can be evaluated for any a@haif m;,, whereas the
top quark contribution has been computed by means of a Tayjmnsion and is limited to the region
my, < 160GeV. The hadronic cross section increases from 4 to 8%yifipr< 160 GeV. As we can
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Fig. 6.3.31: The cross sectian,+,—m+x, in pb, is plotted as a function of the mass of the Higgs bosetween 114
GeV and 300 GeV. The dotted lines describe the band of NNL@Q@@&certainty, for three values of the QCD factoriza-
tion/renormalization scaleg = my /2, mu,2my. The solid line is the NNLO-QCOu = my) with the two-loop EW
corrections, according to Eg. (6.2.53). The two-loop EWections include also the top-quark effect, fay, < 155GeV, but
only the light quarks contribution for larger valuesrof, .
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my, (GeV) | opw || mp (GeV) | dpw || my (GeV) | dgw || my (GeV) | dpw
114 1.048 136 1.062 158 1.077 180 1.020
116 1.049 138 1.063 160 1.069 182 1.010
118 1.050 140 1.065 162 1.063 184 1.010
120 1.051 142 1.066 164 1.049 186 1.002
122 1.053 144 1.068 166 1.041 188 0.997
124 1.054 146 1.069 168 1.035 190 0.994
126 1.055 148 1.071 170 1.031 192 0.991
128 1.056 150 1.073 172 1.028 194 0.989
130 1.058 152 1.074 174 1.026 196 0.987
132 1.059 154 1.076 176 1.024 198 0.986
134 1.060 156 1.077 178 1.022 200 0.985

Table 6.3.7: Rescaling factér;w as a function of the Higgs boson mass.

observe in Fig. 6.3.31, the effect of the electroweak ctioes is an increase of the cross section by an
amount which is of the same order of magnitude of the NNLO-QIi@oretical uncertainty, and possibly
larger than the uncertainty estimated after the resummaticoft gluon radiation. The main source of
uncertainty on the hadronic cross section remains in theratzdetermination of the parton distribution
functions of the proton.

The effect of the NLO-EW corrections is of great interestéhese it enhances the most important
Higgs production mechanism and, in turn, affects the absalumber of events of all the Higgs decay
modes.

Following Eq. (6.2.53), the NLO-EW corrections can be innpémted as a simple rescaling of the
QCD hadronic cross section. This multiplicative factorregented in Table 6.3 as a functionmf, and
can be fitted, in the rangel4 GeV < mpy < 155 GeV, by the following simple formula:

Spw (mzr) = 1.00961 4 6.9904 - 1075 my, + 2.31508 - 1076 m3 . (6.3.54)

The computation of the NLO-EW corrections to the gluon fagioocess has been described in detail in
[181, 182, 183]. The analytical expression of the probgbdimplitude has been expressed in terms of
Generalized Harmonic PolyLogarithms (GHPL) [185] and hasrbimplemented in a FORTRAN rou-
tine'?. The GHPL can be evaluated numerically in several diffenenyts: by direct numerical integration
of the basic functions, by power expansions or by solvingagsociated differential equations. We have
checked that these fully independent approaches agree.

6.4 Conclusions

In conclusion, the calculation of the QCD corrections toghmduction of a Higgs boson via gluon-fusion
has reached a very high level of accuracy; it is now manddt@ynclusion of the two-loop electroweak
corrections, whose typical size far, < 160 GeV is larger than 5%, comparable or larger than the

2available upon request from the authors
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QCD uncertainty. The main source of uncertainty on the h@droross section remains in the accurate
determination of the parton distribution functions of tlietpn.
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7 Higgs Resummation
Contributed by: B.J. Field

Resummation when combined with fixed-order calculatior$dythe most accurate theoretical
definition for differential cross-sections for use by th@esxmental community to correctly determine
and unambiguously reconstruct the mass of any Higgs bosahsray exist in nature. There has been
excellent progress in recent years at obtaining higheerdiiged-order results for all the relevant Higgs
production processes. It is therefore necessary to foll@sd calculations with resummed calculations
to complete our theoretical understanding ahead of futolteler data.

Resummation of processes involving both scalar and pseal#wsHiggs bosons have been studied
extensively[186, 187, 188, 189, 190, 144,191, 192, 193,194, 196, 197, 23, 198, 199, 200, 201, 202].
In order to understand the smal- behavior of a differential cross-section, we need to emjplhey
resummation formalism[203, 204, 205]. Resummation wilbsth out any numeric instabilities and
divergencies that occur in fixed order calculations.

There are several ways to approach resummation of bothctaisg-sections and differential quan-
tities. Here we will discuss only the differential quarggias they are more relevant for experimental
concerns. The formalism of resummation is different dependn what kind of observable one is inter-
ested in studying. Although much of the work of resummatias focused on inclusive production, it is
possible to study exclusive processes[206].

For inclusive processes where typically only one partislproduced at lowest order, the standard

formalism allows a resummed differential cross-sectiobgaovritten as an inverse Bessel transformation
in terms of an expansion img of both universal and process-dependent terms. For irstanc

d resum
d d db - J b
dpt dyd(b /xl min o /2 min (BQ/ 0( pt)

Xfa/hl(xlv bO/b) fb/hg(x% bO/b) @Wab(xll?s; Qv b> gb)v

where we define,

1 1
Was(5:Q.b,8) = 3 /0 a2 /0 025 Con(as(bo/b) 21)

x Oy (s (bo /1), 22) 6(Q% — 21228) S.(Q,0),

and the Higgs mass &2 = Q?, d¢ is any unintegrated phase space of the system under ccatsider
anda A(L ) is the lowest order cross-section with:ainitial state which is therefore defined at= 0.
Smce thls is an inclusive process, the transverse momeamainapidity in the differential cross-section
(pt, y) are that of the Higgs boson produced. The integration vierfals the impact parametes, is the
center-of-momentum energy of the hadronic system, and'theare the parton distribution functions
for a parton: in hadronA. The constanb is written in terms of the Euler-Mascheroni constaat =
0.57721... asby = 2e¢~7E to simplify the coming coefficient expressions. The coedfits C,;, are
process dependent and can be written as power series to drébddsbelow. Jy(bp;) is the first order
Bessel function. The Sudakov form factSg, which makes the integration over the Bessel function
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convergent, can be written as,

Q2 dq2 Q2
si@v —ew{- [ D lafaom L + Bl | (7.055)
vg/v2 d q
The coefficient functions!., B., andC,, can be written as power seriesdn as
() 4 N2\ g
Aclo) ;(ﬂ) A Bi(ay) ;(ﬂ) B, (7.0.56)
. _ (s A
Cop(ag,2) = 6ap0(1 — 2) + Z( - > C,p (2). (7.0.57)

n=1
The Agl), Af), andBﬁl) coefficients have been shown to be universal.

Although this particular method of handling resummed défeial cross-sections is useful, it ig-
nores several of the more interesting channels where a Higgesn would be produced in association
with another particle, and therefore has nothing to say ttbeuther particles in the process. There has
been interest in a Higgs bosons produced in associationweittk vector bosons, light and heavy quarks,
and combinations of these particles as can easily be seée trdss-sections that have been compiled
for this workshop. In particular, there is continuing thetaral[41, 207, 38, 37, 208, 39, 209, 40] and
experimental[88] interest in a Higgs produced in assamiatvith bottom quarks, particularly in super-
symmetric models where bottom quarks can play a role equat reater than top quarks in Higgs
processes.

To understand resummed processes for a more general @amicfiguration can be calculated
with a different mechanism[206] which can be used for ingkisexclusive, and the resummation of
pair-invariant-mass quantities. This formalism is setsganified approach that allows one to perform
the resummation based on the color flow of the chosen prosesglhas several previously calculated
guantities.

If we define a generic plus-distribution related object inrg of the variable that becomes soft
(s4) or zero(1 — z) on threshold as

In'(s4/M?)
S4

In‘(1—
Di(s4) = [ ] . or, Dz = [M} , (7.0.58)
+ 1=z |,
then at next-to-leading-log (NLL) accuracy we can definetal tor differential cross-section, where we
generically call the threshold variablg,, as

N Qs
do = do’B?{Cg)Dl (.Z'th) —+ 02D0(Z’th) + clé(acth)}, (7059)

wheredé can be either a total or differential quantity of interestiala® is the total or differential
Born cross-section. There exists a similar equation of tN&INcorrections that will not be reproduced
here but can be found in the literature[206]. The coeffigeptan be calculated in terms of the color
Casimir invariants of the partons involved in the process,goft anomalous dimension matrix, and the
kinematic invariants of the process. At higher orders, tkgressions become more complicated, but
straightforward to calculate in a unified manner for sevdifférent processes.
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The results of the Higgs calculations in the literaturestelé several qualitative facts about re-
summed Higgs processes. First, the resummed quantitidsiieeat smallp; and removed the fixed-
order divergencies. We also find smaller scale uncertaimtidigher-orders as expected.

The two primary inclusive Higgs processes that have beelestareyg — ® andbb — ®, where
® is generically any Higgs boson of interest. Some samplemasation calculation for inclusive Higgs
from Refs [199, 200] are shown in Figure 7.0.32.

Aside from the usual observations for these differentiaksrsections, we can see that the total
uncertainty in the magnitude of the cross-section at thé,gfeam parton distribution functions and a
scale variation by a factor of two, is approximat8l§. This level of theoretical uncertainty is on par
with similar fixed order calculations.

3
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Fig. 7.0.32: Figure 7.0.32a shows the transverse momenpectrsim for a scalar Higgs boson produced via gluon-fuston a
the LHC for |y| < 2.5. The resummed curve is the NLL resummation, and the petiuebeurve is the NLO fixed order
calculation. The NLO fixed order calculation diverges in tiegative direction at smajl;. This piece of the differential
cross-section is not shown for clarity. These two curvesea approximately, = 100 GeV/c and stay very close thereafter.
Figure 7.0.32b shows the errors associated with the CTEMBIDF set for the inclusive resummatioh — H. The variation

is approximatel\8 — 12%.

Beyond the inclusive processes, there has been an exallggrimental use of tagged bottom jets
to constrain thé M 4, tan 3) plane in supersymmetric models[88], whéig, is the pseudoscalar mass
andtan (3 is the ratio of the vacuum expectation values of the up- amehelguark sectors. However, the
fixed-order results for the Higgs plus bottom quark procéssvsa numeric instability in the region of
the cut on the bottom quark[40] when calculated in the fiveoflamumber scheme (5FNS).

Using the unified approach for the resummation of exclusivengjties, the instabilities that oc-
curred in the fixed-order calculation can be smoothed ouhénrégion around the cut in the bottom
quark transverse momentum in a fixed-order calculationinecwell behaved. However, it is important
to understand that the exclusive resummation formalisnuiis bn 2 — 2 kinematics and there is no
way to add a cut in the transverse momentum of one of the oggmarticles without setting the differ-
ential cross-section below that point to zero. However, amédd use the smooth resummed calculation
to further constrain théM/ 4, tan 3) limits as the transverse momentum cut on the bottom jet thduar
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pushed down into the region where the fixed order calculatiecomes increasingly unreliable. This
investigation is currently underway.

69



8 Hadronic Higgs Production with Heavy Quarks at the Tevatran and the LHC
Contributed by: S. Dawson, C.B. Jackson, L. Reina, D. Wackeaath

A light Higgs boson is preferred by precision fits of the SemddModel (SM) and also theoret-
ically required by the Minimal Supersymmetric extensiontlid Standard Model (MSSM). The pro-
duction of a Higgs boson in association with a heavy quarkamtajuark pair, bothtz andbb, at the
Tevatron and the Large Hadron Collider (LHC) will be sensitio the Higgs-fermion couplings and can
help discriminate between models.

The associated production of a Higgs boson with a pait gfiarks has a distinctive signature and
can give a direct measurement of the top quark Yukawa cagiplihis process is probably not observable
at the Tevatron, but will be a discovery channel at the LHG\gr < 130 GeV. The associated production
of a Higgs boson with a pair dib quarks has a small cross section in the Standard Model, anbeca
used to test the hypothesis of enhanced bottom quark Yukawgings in the MSSM with large values
of tan 3. Both the Tevatron and the LHC will be able to search for enkdibh production, looking
for a final state containing no bottom quarks (inclusive piain), one bottom quark (semi-inclusive
production) or two bottom quarks (exclusive production).

The rates fortth production at the Tevatron and the LHC have been calculatédl® QCD
several years ago[43, 42, 210, 211, 44, 212]. The theoretiedictions forbbh production at hadron
colliders involve several subtle issues, and depend onuhbar of bottom quarks identified in the final
state. In the case of no or only one tagged bottom quark thetgva approaches available for calculating
the cross sections fdibh production, called the four flavor number schemes (4FNS)E3T and five
flavor number scheme (5FNS)[207]. The main difference betwkese two approaches is that the 4FNS
is a fixed-order calculation of QCD corrections to figandgg-inducedbbh production processes, while
in the 5FNS the leading processes arise ftgntbg) andbb initial states and large collinear logarithms
are resummed using a pertubatively defined bottom quarkiPBistribution Function (PDF). Very good
agreement is found for the NLO QCD corrected cross sectionsfHiggs associated production when
the two schemes are compared[40, 208].

In the following sections, we present numerical resultslaDNQCD for tZh andbbh production at
the Tevatron and the LHC. If not stated otherwise, numeresilts have been obtained in the 4FNS. We
emphasize theoretical uncertainties from scale and PDeértamcties and also present differential cross
sections at NLO fobbh production in the case when tvbaquarks are tagged.

8.1 Results fortth Production

The observation of ath final state will allow for the measurement of tig Yukawa coupling. If
My, <130 GeV,pp — tth is an important discovery channel for a SM-like Higgs bosth@LHC (/s =

14 TeV) [213, 214]. Given the statistics expected at the LpyC— tth, with h — bb, 77—, W W =, vy
will be instrumental for the determination of the couplirafshe Higgs boson. Precisions of the order
of 10-15% on the measurement of the top quark Yukawa couphimgoe obtained with integrated lumi-
nosities of 100 fo! per detector[215, 216, 217, 218].

The impact of NLO QCD corrections on the total cross sectwnf, pp — tth production in the
Standard Model is illustrated in Fig. 8.1.33[212, 44, 43)]2dnd Fig. 8.1.34[212, 210]. The dependence
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Fig. 8.1.33: Total LO and NLO cross sections fgr, pp — tth as functions of\/;,, at\/s =1.96 TeV and,/s = 14 TeV, for
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Fig. 8.1.34: Dependence of.o ~nro(pp, pp — tth) on the renormalization/factorization scaleat /s =2 TeV (l.h.s.)and
Vs=14TeV (r.h.s.), forM;, =120 GeV.

of the total cross sections on the renormalization and ffeetiion scales is strongly reduced at NLO as
shown in Fig. 8.1.34. The numerical results at NLO are okthinsing CTEQ4M (Fig. 8.1.34 (l.h.s.)),
CTEQ5M (Fig. 8.1.34 (r.h.s.)), and CTEQ6M (Fig. 8.1.33)tpardistribution functions. The NLO
cross section is evaluated using the 2-loop evolution gf:) with oV2© (M) = 0.116 (Fig. 8.1.34
(Lh.s.)) andaM9(My) = 0.118 (Fig. 8.1.34 (r.h.s.)) and Fig. 8.1.33), and = 174 GeV. The
renormalization/factorization scale dependence, uaicgyton the PDFs, and the error on the top quark
pole massin,, are estimated to give a 15-Z0uncertainty.

8.2 Results forbbh Production

The bbh production processes are only relevant discovery modelseiliSSM with largetan 3. To
a good approximation, the predictions for the MSSM rates easily be derived from the Standard
Model results by rescaling the Yukawa couplings[40]. Theatant MSSM radiative correction fdh
production can be taken into account by including the MSSkiemtions to thebbh vertex only, i.e.
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by replacing the tree level Yukawa couplings by the radeatierrected ones. We follow the treatment
of the program EYNHIGGS [219, 112] and take into account the leadingn 5 enhanced, radiative
corrections that are generated by gluino-sbottom and si@siop loops. For largean 3, the bottom
quark Yukawa coupling is enhanced and the top quark Yukawpglitey coupling is strongly suppressed,
resulting in a MSSMbbh cross section that is about three orders of magnitude ldngerthe Standard
Model cross section. For the Tevatron, we calculate theymtizh rates for the lightest MSSM Higgs
boson,h?, while for the LHC we consider the rate for the heavier néutiggs boson,H0.13

In the numerical evaluation of cross sections for the esxetuand semi-inclusive channelsbf
andbh 4+ bh production), it is required that the final state bottom gedr&vepr > 20 GeV and pseudora-
pidity | |< 2.0 for the Tevatron anéh |< 2.5 for the LHC. In the NLO real gluon emission contributions,
the final state gluon and bottom quarks are considered asasearticles only if their separation in the
pseudorapidity-azimuthal angle planeR = \/(An)? + (A¢)?, is larger thar).4. For smaller values of
AR, the four momentum vectors of the two particles are combintdan effective bottom/anti-bottom
guark momentum four-vector.

If not stated otherwise, the numerical results at NLO araiokt using CTEQ6M PDFs, the 2-
loop evolution ofa () with o9 (M) = 0.118, and theM S renormalization scheme for the bottom
quark mass and Yukawa coupling with 2-loop renormalizatjooup improved\/ S masses. The bottom
guark pole mass is chosen tohg = 4.62 GeV.

8.3 Total Cross Sections fobbh Production

We present total cross section results at NLO in the 4FNSgng-8.35 for associatds Higgs produc-
tion in the MSSM withtan 5 = 40. The bands represent the theoretical uncertainty due teetidual
scale dependence. They have been obtained by varying tbewalization f:,.) and factorization 4 y)

scales independently from, /4 to uo, wherepg=my + My /2.

If the outgoing bottom quarks cannot be observed then therdgmhMSSM Higgs production
process at largean 3 is gg — (bb)h (the curve labelled "0 b’). The inclusive cross section ipami
mentally relevant only if the Higgs boson can be detected@lite background without tagging bottom
quarks. At the LHC, this process can be identified at large3 by the decays ta* .~ andr+7~ for
the heavy Higgs boson&[® and A°, of the MSSM. At the Tevatron this process, with— 77—, has
been used to search for the neutral MSSM Higgs boson. If desbagtom quark is tagged then the final
state isbh or bh (the curve labelled '1 b’). Although requiringtaquark in the final state significantly
reduces the rate, it also reduces the background. A receatrda study [88] used the search for neutral
MSSM Higgs bosons in events with three bottom quarks in thal tate h° + bh° production with
h® — bb) to impose limits on thean 5 and M 40 parameter space.

Finally, we show the fully exclusive cross sections §bk production, where both the outgoing
b andb quarks are identified (the curve labelled '2 b’). The exslasheasurement corresponds to the
smallest cross section, but it also has a significantly redi@ckground. Moreover, both the exclusive
and semi-inclusivébh production modes are the only ones that can unambiguousigume the bottom

BWe assumé/sysy = 1 TeV, M; = 1 TeV, A, = A, = 2TeV (Y), A, = A, = 25 GeV (H°), u = M> = 200 GeV
(h°), andp = Mo = 1 TeV (H). For Mo = 120 GeV, thebbh® coupling is enhanced by a factor 88 relative to the
SM coupling, while forM o betweer200 and800 GeV, thebbH® coupling is enhanced by a factor 7 relative to the SM
coupling.
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Fig. 8.3.35: Total cross sections fpp, pp — bbh in the MSSM in the 4FNS at NLO for the Tevatron and the LHC in the
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Fig. 8.4.36: The relative correctiods x .o /do o —1 for thepr distribution of the bottom or anti-bottom quark with thedast

pr (pr.maz) (I€ft) and of the SM Higgs bosom¥) (right) to bbh production in the SM at the Tevatron (witfs =2 TeV and
w=2pu0) and the LHC (with,/s =14 TeV andu =4p0).

quark Yukawa coupling.

8.4 Differential Cross Sections forbbh Production

In assessing the impact of the NLO corrections it is paridulinteresting to study the kinematic distri-
butions. In Figs. 8.4.36 and 8.4.37 we illustrate the impddiLO QCD corrections on the transverse
momentum and pseudorapidity distribution of the SM Higgsdmoand the bottom quark by showing the
relative correctiondonro/doro — 1 (in percent) for the exclusive caskbf where bothh quarks are
observed). For the renormalization/factorization scadecthvoosg: = 2y at the Tevatron ang = 4

at the LHC, withug = my, + M}y /2, and use the CTEQS set of PDFs. As can be seen, the NLO QCD
corrections can considerably affect the shape of kinentigitibutions, and their effect cannot be ob-
tained from simply rescaling the LO distributions with a &&for ofo .o /0.0 =1.38 £ 0.02 (Tevatron,
p=2u0) andoy, o /0o =1.1140.03 (LHC, pn=4u0).14

¥The kinematic distributions have been calculated withn3tandard Model and using the on-shell scheme for the definit
of theb quark mass, but we see a similar behavior when usingfi$ebottom quark Yukawa coupling.
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8.5 PDF and Renormalization/Factorization Scale Uncertaities

A major source of theoretical uncertainty for cross sectimetictions comes from the PDFs. We study
the uncertainties of semi-inclusivg: production rates from the uncertainties in the PDFs usireg th
CTEQ PDF sets[32]. First, the central value cross sectiprs calculated using the global minimum
PDF (i.e. CTEQ6M). The calculation of the cross section éntperformed with the additional 40 sets
of PDFs to produce 40 different predictions, For each of these, the deviation from the central value
is calculated to beﬁaii = |o; — 09| wheno;Zoy. Finally, to obtain the uncertainties due to the PDFs

the deviations are summed quadratically/ss® = VDo Aaiiz and the cross section including the

theoretical uncertainties arising from the PDFs is quoﬁadoafﬁgf.

In Fig. 8.5.38, we plot the normalized total SM NLO cross &e for semi-inclusivéh produc-
tion, calculated in the 5SFN$¢ — bh) as implemented in MCFM [220] and in the 4FNgj(— b(b)h),
and compare their respective uncertainties due to the PIDiessee that, at both the Tevatron and the

LHC, the PDF uncertainties are almost identical for bothgh@ndbg initial states.

In Figs. 8.5.39 and 8.5.40 we compare the uncertainties femidual scale dependence and the
PDFs on the example &fy — bh (5FNS) at the Tevatron and LHC respectively[40]. Here, wdqum
the comparison for both the total cross section (left) aeddital cross section normalized to the central
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Fig. 8.5.39: Comparison between theoretical uncertaiee to scale dependence and uncertainties arising froP0ORs at
the Tevatron for semi-inclusivigh production in the Standard Model. In the right-hand plothtuncertainty bands have been
normalized to the central value of the total cross sectign

value calculated with CTEQG6M (right). Similar results al#aned in the 4FNS.

From Fig. 8.5.40 one can see that, at the LHC, the theoratizag¢rtainty is dominated by the
residual scale dependence. Due to the large center of mass(c energy of the LHC, the gluons
and bottom quarks in the initial state have small momentwttifon () values and, hence, small PDF
uncertainties typically in the 5-10% range.

In contrast, due to the smaller c.0.m. energy, the PDF usmioéids at the Tevatron (Fig. 8.5.39) are
comparable and even larger than the uncertainties dueithua¢scale dependence over the full Higgs
mass range. The smaller c.0.m. energy results in higlgterons and bottom quarks in the initial state
which corresponds to large PDF uncertainties in the 10-34ge.

8.6 Conclusion

The NLO cross sections foth andbbh have been presented for the Tevatron and the LHC with engphasi
on the renormalization/factorization scale and PDF depeces.
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9 Heavy-flavor effects in supersymmetric Higgs boson produimon at hadron colliders
Contributed by: A. Belyaev, S. Berge, P.M. Nadolsky, F.I. Otess, C.P. Yuan

The Higgs sector may be represented by one complex scalbtedoas it is economically realized
in the Standard Model (SM), or by two or more doublets, akiésglace in the Minimal Supersymmetric
Standard Model (MSSM) and its extensions. An importantuieabf MSSM is that, for large values of
tan 3, the Yukawa couplings of the-quarks to the neutral Higgs bosons; (wheremyg = h, H, or
A) are strongly enhanced compared to the ¥ s,; Yukawa coupling. Consequently, production of
supersymmetric Higgs bosonsin fusion can have a large cross section in supersymmetrinsiies
of the Standard Model [221, 222, 35, 223, 224].

The partonic processes contributing to the inclusive Higggon production with enhancébimn 5
coupling are represented by (&) — mzy; (b) gb — mpb; and (c)gg — bbmy scattering. The three
processes (a,b,c) all give rise to the same hadronic firtekstaith twoB-mesons appearing in different,
but overlapping, regions of phase space. The distinctitwd®n the three processes depends very much
on the factorization scheme adopted for the QCD calculaistas been recently reviewed in Ref. [225].

As shown in Refs. [62, 76], the correct model for the transsenomentum distribution of the
Higgs boson is crucial for unambiguous reconstruction efiiggs boson mass in they — 77 decay
channel. It is also important for discriminating the sigeaénts from the backgrounds by examining the
qr distribution of the Higgs boson im.;;bb associated production, followed byy; — bb decay [4]. The
transverse momentum) distributions of Higgs bosons may be sensitive to the magsef the bottom
quark whenyr is comparable ton,. In Refs. [226, 201], we study the effect of the initial-statultiple
parton radiation and heavy-quark masses on the transvesseentum distribution in théb — my
process. Here we summarize the results of those two papers.

9.1 Transverse Momentum Resummation for Massive Quarks

The resummed differential cross section for inclusive prtidn of Higgs bosons in scattering of initial-
state hadrong! and B takes the form [205]

do bdb
= b) W(b Y 9.1.60
dQZdydq% /0 27‘(‘ J (QT ) ( 7Q7-TA,I'B,mb) + (QT,Q,y,mb), ( )

wherey is the rapidity of the Higgs boson,s 5 = Qe*V//S are the Born-level partonic momentum
fractions,S is the square of the center-of-mass energy of the colliget,/a(qrb) is the Bessel function.
The resummed form factd# is given in impact parameteb) space and factorizes as

W(b,Q,xa,x5,mp) = 5 Za]k e~ Sb:Qm) Pj/A(wA,b,mb) fk/B(xB,b,mb), (9.1.61)

where the summation is performed over the relevant partearfia andk. Here, 0—(0)

Born-level prefactorse—S(>:@Q:m) js an exponential of the Sudakov integral

is a product of the

S(b.Q.my) = /Q2 B [Au@mn () + Bt m)|. 0.0.62)

bZ/b2 H
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Bottom quark PDF: Effect of the bottom quark mass
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Fig. 9.1.41: The bottom-quark distributiof%,,,,(z, b, m,) in the proton vs. the impact parameter The solid and dashed
curves correspond to the S-ACOT and massless (“ZM-VFN"{didzation schemes, respectively.

with by = 2e™7F ~ 1.123, andfj/A(x, b, m;) are theb-dependent parton distributions for finding a par-
ton of typej in the hadronA. In the perturbative regiorbf < AE)%’D)’ the distributionSJ_?j/A(m, b, my)
factorize as

— Ld
,Pj/A(va7mb)‘b2<<Aé2CD = Z / gcj/a(x/g,b,mb,,ll}?) fa/A(gnuF) (9163)

a=g,u,d,...

into a convolutions of the Wilson coefficient functio@is,(z, b, my, ur) andkr-integrated parton dis-
tributions f, /4 (¢, ur). The Sudakov exponential ahgdependent parton densities resum contributions
from soft and collinear multi-parton radiation, respeelyv Y = PERT— ASY is the difference between
the finite-order cross section (PERT) and its asymptoti@egn in the smalf limit (ASY).

The Higgs cross sections depend on the magssf the bottom quark. The distributioﬂ@jm(m, b, my)
for the heavy quarksj(= ¢, b) cannot be reliably evaluated at all impact parameters draventional
factorization scheme, such as the zero-mass variablerflauober (ZM-VFN, or massless) scheme, is
used. The reason is thai, acts as an additional large momentum scale, which, depgodithe value of
b, introduces large logarithmsa” (m;b) or non-negligible termsc (mpb)™. The situation encountered
here is reminiscent of the heavy-quark contributions tadHe structure functions’;(x, @?), which are
not adequately described by the conventional factorinagchemes at either small or large momentum
transfersQ? (see, for instance, [227]). To work around this complicatiRef. [228] proposed to for-
mulate the CSS formalism in a general-mass variable flavorben (GM-VFN) scheme [229], which
correctly evaluates the heavy-quark mass effects at allentum scales. Among all GM-VFN factor-
ization schemes, the S-ACOT scheme [229, 230] was found weeliesuited for the efficient calculation
of the CSS resummed cross sections. In particular, in tlagyhquark CSS (CSS-HQ) formalism [228]
the dependence an,, is dropped in allD(«;) terms in Eg. (9.1.60) except fd_?b/A(x, b, myp).

The dependence of the bottom-quark parton der‘i_gip,g(x,b,mb) on the impact parameter is
shown in Fig. 9.1.41. The ZM-VFN parton densi8},,(z,b,m;) is not properly defined below the
thresholdur = my (or aboveb = by/my). It was continued to large in the previous calculations
using an effective “ZM-VFN”" approximation described in R§26]. The S-ACOT parton density
fb/p(x,b,mb) is well-defined at alb. It reduces to the ZM-VFN result &t < by /m; and is strongly
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Fig. 9.1.42: Transverse momentum distribution of on-shiédjgs bosons in théb — mgy channel at (a) the Tevatron and
(b) LHC. The solid (red) lines show thg- distribution in the massive (S-ACOT) scheme. The dashextkdllines show the
distribution in the massless (“ZM-VFN”") scheme. The nuroakicalculation was performed using the programs Legacy and
ResBos [231, 232] with the CTEQ5HQ1 parton distributionclions [233]. The bottom quark mass is taken torbg =

4.5 GeVW.

suppressed at > by/my. The suppression is caused by the decoupling of the heauksjuathe
parton densities gt much smaller thamy;, (b much larger thar,/m;). Consequently the impact of
the non-perturbative contributions framn> 1 GeV~! is reduced in the heavy-quark channels compared
to the light-quark channels.

The massless (“ZM-VFN”) calculation therefore underesties the true behaviorlat> 0.1 GeV~!
and smallyr. This effect can be seen in Fig. 9.1.42, which displéygdqr for bb — m boson produc-
tion at (a) the Tevatron and (b) LHE At the Tevatron, the; maximum shifts in the “ZM-VFN” approx-
imation to largergr by about2 GeV out of11.7 GeV (aboutl 7 %). For a Higgs mass/y = 200 GeV,
the maximum oflo /dgr shifts by about 1.9 GeV out df2.7 GeV. At the LHC, the difference between
the “ZM-VFN” and S-ACOT calculations is smaller comparedhe Tevatron, because the influence of
theb > 0.1GeV~! region is reduced at smaller momentum fractiengrobed at the LHC [234]. The
maximum of thegp distribution shifts in the “ZM-VFN" approximation by about3 GeV (9% out of
14.1 GeV) to largergr. The results for other Higgs masses can be found in Ref. [226]

9.2 Numerical Comparison with PYTHIA

The full g7 dependence of thi — my process is affected by constraints on phase space avaitable
QCD radiation (less relevant at smaft). We illustrate the interplay of various effects by compgri
the CSS-HQ resummation to the PYTHIA Monte Carlo progranb[23Ve focus on production of the
CP-odd Higgs particled for tan 3 = 50 (predictions for the other Higgs bosons can be obtained by
rescaling théb A coupling).

As compared to the CSS-HQ formalism, the PYTHIA calculatim@s not include contributions

15Fig. 9.1.42 does not specify the overall normalizationypfdistributions. It is valid for both Standard Model and super
symmetric Higgs bosons, since at leading order the supengjrit result can be obtained by rescaling the Standard Mode
bbHsr coupling: g7 57 4 = {—sina, cosa, sin 75} giyir /cos 8. The net effect ofn, on gr distributions will be the
same for the SM and MSSM Higgs bosons, up to an overall nozatéin constant.
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Fig. 9.2.43:¢r distributions for production of 100 GeV CP-odd Higgs bosdnsia bb fusion in the Tevatron Run-2. The solid
and dashed curves correspond to the lowest-diidelerm W (1, 1, 0) (with functions A(as(@)) and B(as(f)) evaluated at
O(as)) and PYTHIA.

generated from th€-functions andY-term, and it evaluates the soft parton contributiongaty;).
Therefore, we start by comparing the PYTHé#A distribution to the resummeld/-term W (1, 1,0) in
Eq. (9.1.60), with the functiongl, B, andC in Egs. (9.1.62), (9.1.63) being evaluated at ordessa;,
anda?, respectively. The orders of, in A, B, andC are shown as the argumentsidf(1, 1,0).

It is evident from Fig. 9.2.43 that the shapesi®{1, 1,0) and PYTHIA ¢y distribution are very
different, though the integrated ratese( the areas under the two curves) are about the sameghe
distribution from PYTHIA is narrower and peaks at lowgr thanW (1,1,0). The large discrepancy
between the two curves is in contrast to the caséloind Z production via light-quark scattering,
where the above two calculations predict similar, thoughigentical, g7 distributions [231].

A closer examination reveals that additional features rhesmplemented in the resummed cross
section in order to reliably describe the distributions of Higgs bosons produced Wtafusion.

e The kinematical effects account for a large part of the digphetweeni¥/ (1, 1,0) and PYTHIA.
The bottom-quark PDF is a rapidly decreasing functioncaf the probed range aof. Conse-
quently, approximations for the true partonic kinematespgcially those made for the light-cone
momentum fractions) may have a strong impact on the rateéhbbcattering. This feature should
be contrasted to the behavior of the light-quark PDF'$linand Z production, which include a
substantial valence component and vary slower withAs a result, the kinematical approxima-
tions are less consequential in théandZ case.

When PYTHIA generates QCD radiation, the kinematical tistions of the final-state parti-
cles, including the quarks and gluons from the QCD showerdng modified to satisfy energy-
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Fig. 9.2.44: Comparison afr distributions predicted by TOT(1), PERT(1) and PYTHIA, #diggs boson produced visb
fusion at (a) the Tevatron Run-2 and (b) LHC, faf4 =100 and 300 GeV respectively.

momentum conservation at each stage of the showering. hesloenmation calculation, informa-
tion about the exact parton kinematics is included in theédfiorder term (PERT). The resummed
cross section is therefore expected to be closer to PYTHRe ¢theO(«;) finite term, PERT(1)-
ASY(1), isincluded. Inthé&V (1,1, 0) calculation, the emitted gluons are assumed not to carry any
momentum at all in the soft limit. To compensate for smalt, fmmnzero energy of the soft gluon
emissions, we introduce a “kinematical correction” (KCjtie W and ASY terms. This correction
modifies the minimal values of partonic momentum fractiensandx g in order to account for
reduction of phase space available for collinear QCD raatiat largegy.

e The lowest-order cross sectidi’(1,1,0) does not evaluate effects of the bottom-quark mass,
which is first included in th€-function of order;. Also, additional, though not complet@{a?)
contributions arise in the Sudakov form factors inside PYAMhen the next-to-leading order
PDF's are used. To account for both features, we evaluatétlerm at one higher order (2,2,1)
and include then;, dependence using the CSS-HQ scheme.

Thus, our full prediction TOT(1) is obtained by addind@"42,2,1) (evaluated in the CSS-HQ
formalism with the kinematical correction) and PERT(1)d aubtracting AS¥c(1). It is shown for
M4 = 100 GeV at the Tevatron in Fig. 9.2.44(a) andy = 300 GeV at the LHC in Fig. 9.2.44(b).
TOT(1) (solid line) is compared to the fixed-order predictiBERT(1) (dashed) and the PYTHIA pre-
diction (dot-dashed). As one can see, the results for Tavaind LHC are qualitatively similar. TOT(1)
is closer to the PYTHIA prediction thai/ (1, 1, 0), though the two distributions are not identical. The
PYTHIA ¢r distribution peaks at loweyr than TOT(1). In the larger region, the TOT(1) rate is larger
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than the PYTHIA rate.

Finally, Fig. 9.2.45 shows the integrated cross section ametion of the minimalgy in the
calculation for the Tevatron (left) and LHC (right). Thisaeother way to illustrate the differences in the
shapes ofr distributions obtained in the resummation, fixed-orded BN THIA calculations.

9.3 Conclusion

Multiple parton radiation ih-quark scattering is conspicuously sensitive to effectargle bottom-quark
massm,;, and phase-space constraints on collinear emissions. Bgtlependence and phase-space
dependence tangibly modify the shape of Higgsdistributions in thebb — my processes. The two
types of effects were consistently implemented within tiSCesummation formalism for heavy-quark
scattering [228, 226, 201], realized in a massive (GM-VFatYdrization scheme. These corrections act
on differentgy regions. When the dependencerapis taken into account, the position of the peak in the
do /dqr distribution shifts to a lowegr value, leaving the rate at large- essentially unchanged. The
kinematical correction is effective in the high-region, where it largely reduces the Higgs production

rate. As a result, we obtain an improved prediction for thiegia spectrum of Higgs bosons, an important
piece of information needed for the future Higgs searches.
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10 Higgs Signal forh — aa at the Tevatron
Contributed by: M. Carena, T. Han, G.-Y. Huang, C.E.M Wagner

The elucidation of the mechanism leading to the origin ofsrdsll observed elementary particles
is one of the main goals in high energy physics. The simpladétal Model (SM) picture, based on the
spontaneous breakdown of the electroweak symmetry by theisaexpectation value of an elementary
Higgs field, seems to lead to a picture that is consistent alitexperimental observables, provided the
Higss boson mass is smaller than about 25%. Moreover, the best fit to the precision electroweak
observables measured at the LEP, SLC and Tevatron expésitean to values of the Higgs mass of the
order of or smaller than the present bound coming from dseatches at LER; 5, 2 114 GeV.

In spite of the extraordinary good agreement of the experiaie@bservations with the standard
model predictions, there are many theoretical motivatiorgo beyond the Standard Model description.
Several extensions of the Standard Model exist in the titeea and in most of them the Higgs sector
is extended to a more complicated structure, often inclydinleast two Higgs doublets. The require-
ment of preserving the good agreement with experimental cit be easily fulfilled in extensions, like
supersymmetry, in which the effect of the additional péemn the precision electroweak observables
rapidly vanish with increasing values of the new particlesses. Independently of the particular exten-
sion, the direct and indirect limits on the Higgs mass musebesed. In particular, the direct search for
Higgs bosons may be affected by additional decay modes tdteyond the ones analysed by the LEP
collaborations.

As an example, let us consider the minimal supersymmetiiension of the Standard Model
(MSSM). In the MSSM, there is an additional Higgs doublegdiag, in the absence of CP-violation
in the Higgs sector, to two CP-even and one CP-odd Higgs bsistes. At large values ofin 3, the
ratio of the v.e.v. of the two Higgs doublets, one of the CBreMiggs bosons acquires Standard Model
properties, while the second Higgs boson may only be pratiucassociation with the CP-odd Higgs
boson state. In addition, the masses of the non-standarev@PHiggs and the CP-odd Higgs are close
to each other. Under these conditions, the mass bound onMH&& CP-even Higgs is similar to the
SM one, while the CP-odd and the second CP-even Higgs bosssilmand reads:;, > 90 GeV [236].

In this note, we will depart from these simple assumptiogdyreaking the mass relations that ap-
pear in the simplest supersymmetric models, and studymgdhsequences of such modifications of the
parameters of the theory. Indeed, while it has been a comrlaef that the Higgs boson will be eventu-
ally discovered at the upcoming LHC experiments, one walkltb fully utilize the potential to search
for the Higgs bosons at the Tevatron in these non-conveadtgsenarios as well. Non-standard mass re-
lations are already present in extensions of the MSSM imotpen additional singlet (NMSSM) [237],
or when explicit CP-violations exist in the Higgs sector§23In these cases, the SM-like Higgs) (
may dominantly decay into a pair of lighter Higgs) ( often the CP odd state. Therefore it is possible
that the Higgs escaped detection at the LEP experiments digiag the usual decay modes such as
h — 2b, 2r, WW* and ZZ*, and the lower limit on Higgs mass should be re-evaluate®][28Ve
are interested in analysing the sensitivity of the Tevagxperiments in the search for a light, SM-like
Higgs boson with such an exotic decay mode. In particularywlleconsider the case when the Higgs
boson decays into a pair of scalérs— aa, which in turn cascade into a heavy fermion pair bb and
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a — 7T, respectively.

The dominant production of the Higgs boson at hadron collid®mes from the gluon fusion,
but the above channel would encounter huge SM backgroundsh#&vefore consider the Higgs signal
produced in association with1& or Z boson, in the hope that the leptonic decays of the weak bosons
will provide a clean trigger, and will significantly reduceet background as well. The events being
searched are

Wh—  lyaa — 4 000 (10.0.64)
lv;, bb, TT
Zh s 1.aa > LLbb0b (10.0.65)
: I+1-,bb, 77, e

with [ = e, u.

10.1 Parameter Choices

We would like to perform a relatively model-independentrskdor the typical signal. The direct search
for a Higgs boson with SM-like couplings to the gauge bosona,model and decay mode-independent
way, leads to a lower bound on;, of about 82GeV [240]. Moreover, the proposed search is expected
to become inefficient forn;, > 130 GeV, since the standard decays into th&V* and ZZ* channels
are still expected to be dominant. Therefore, the optimiihgeto detect the Higgs decaying into am
pair is to have the mass;, within the range 000 — 130 GeV. The choice forn, can be more flexible.
As long asm,, > 2m, to kinematically allow the decay — bb, our analyses are rather insensitive to the
mass choices (see below for a more detailed analysis of tieistign).

In a generic model, th&/h/Zh production rate differs from that in the SM. The change can be
characterized by a prefact@jlfLWW (K%ZZ), whereky, v is the coupling strength of Higgs to vector
bosonV relative to that in the SM. The production cross section bais be written in terms of the SM
result with an overall factor to account for the modificatairihe coupling

o(Vh) = k30 (V). (10.1.66)

We are interested in the rangerof- 0.5—1.0, so that this Higgs contributes to the electroweak symmetry
breaking and consequently the associated productiongilasezeable.

In order for theh — aa decay to be dominant and thus escape the LEP baBdtls — aa) is
required to be close to unity. For instance, in the NMS3MR(h — aa) > 0.9 turns out to be very
general in terms of the naturalnesscoh the trilinear coupling ternicv/2)haa [241]. Moreover, if the
down quark and lepton coupling to the Higgs is proportiomatheir masses, theBR(a — bb) and
BR(a — 77) are set to be 0.92 and 0.08, respectively. In general, hawénerelations between the
coupling and the masses may be modified by radiative coorestiwhich can lead to a large increase of
the BR(h — 77) [77]. The representative values and the ranges of the péessrere summarized in
Table 10.1.8.

Including the decay branching fractions, for instancedfor— bb, a; — 77, we obtain the cross
section as

o(aa) = K3y o°M(Vh) BR(V) 2BR(h — aa)BR(a — bb)BR(a — 77). (10.1.67)
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representative considered
parameters value range
masses mp 120 90-130
Mg 30 20-40
coupling || kpyv 0.7 0.5-1.0
branching BR(h — afL) 0.85 0.8-1.0
. BR(a — bb) 0.92 0.95-0.70
fractions 7
BR(a — 77) 0.08 0.05-0.30
2b2r || C? | o0.061 0.019-0.42

Table 10.1.8: Parameter choices for~ aa decays.

whereBR(V') = 0.213 (0.067) is the leptonic branching ratio of the decaylof(Z). intol = e, 4.
The overall factor modifying the SM result in Eq. (10.1.678,

C? = 2k} BR(h — aa)BR(a — bb)BR(a — 77), (10.1.68)

corresponds to the process-depend@htfactor defined in the DELPHI search [239]. Our parameter
choice (range) is equivalent to@,, of 0.061 (0.019-0.42), consistent with the bounds for a large
range of ourmy,, m, choices set forth in Ref. [239F. A value of 0.061 forC? is assumed for all
numerics from here on, unless explicitly noted otherwise.

10.2 Signal Event Rate

The associated production pf — W h usually features a larger cross section than thdt/gfand the
leptonic branching fraction dfl” is about 3 times larger thati’s. For illustration purposes, we choose
to concentrate on thB’h channel henceforth.

The Standard Model rate of a Higgs produced in associatitmavieptonically decayin@l is
oM (Wh) BR(W — 1) ~ 85 (24) fb (10.2.69)

aty/s = 1.96 TeV for my, = 90 (130) GeV.
Including the branching fractions and couplings, the ceesgion of the signal in Eq. (10.1.67) is

o(aa) ~53(1.5)fb  for C*=0.061 (10.2.70)

as illustrated in Fig. 10.2.46. The solid curve on top repnésthe total cross section @ production,
with V' decaying leptonically, but without any cuts. The dashedeuepresents the cross section after
adjusting for the couplings and branching fractions, asqn(f0.1.67). Cross sections faih are also
plotted for completeness.

The events have yet to pass the acceptance cuts, or to hateuthand’s tagged. Both bring
significant reductions to the event rate. Our challengedaaretain as many events as possible, and to
control the backgrounds from various sources.

Conversion betwee@'?,,, andC?, involves a factolBR(a — bb)/2BR(a — 7).
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Fig. 10.2.46: Cross sections of Higgs signal at the Tevatrtine2b27 channel produced by Higgs-strahlung with a leptonically
decayingW (left) or Z (right). m, = 30 GeV is assumed except for the two curves wherg = (m;, — 10 GeV)/2.
C? = 0.061 is understood.

10.3 Background and Acceptance Cuts

We look for events with 5 particles plus missing energy infihal states:bbr7lv;. We wish to trigger
the events by the isolated leptgrtag theb’s andr’s, and demand significant missing transverse energy
(E7) in the events. With neutrinos in the decay products, tau emdancannot be fully reconstructed.
Therefore we cannot reconstruct the invariant massgsor m;, ~ my,.-. Instead, the signal should
appear as a peak in they, plot, around the value of,.

Acceptance Cuts
The following cuts are employed to mimic the detector aceq:

pr > 10 GeV for b, I+
Yr > 10 GeV for Wh only
In| < 3.0 for b, I+ (10.3.71)
AR > 04 for bb, bl*
Miny > 20 GeV for bb,
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and

pr > 10,8,5 GeV for 73, Te, T
| < 15 for 7 (10.3.72)
AR > 04 for 77, 7b, TI*
Mipy > 10 GeV for 77,

wherer,,7,, and;, stand for the decays of — ev.v;, 7 — pv,v,, andr — hadrons+v;, respectively.
Lower cuts ombb and 7 invariant masses are to eliminate the large number of baokgr events from
soft photons and gluons.

The momentum of the tau-lepton cannot be fully reconstrusiece all tau decays involve at least
one neutrino, therefore the cuts on tau are applied to theleidecay products, and are decay-mode
dependent. After these acceptance cifis;- 25% of the signal events survive, and the cross section
becomed).6 (0.4) fb for m; = 90 (130) GeV with the given set of input parameters, ©f ~ 0.06.

The cross sections passing acceptance are plotted in Ey460versus the Higgs mass, represented
by the circled curve. There would be a few events to sevensl ¢ events with a few fb' integrated
luminosity, forC? ~ 0.019 — 0.42.

Irreducible Background

The dominant source of the irreducible backgroundstheair from a virtual gluon splitting, the7 pair
from an intermediateZ* /v* and the charged lepton plus missing energy frol @oson. Our Monte
Carlo simulations with MadEvent [242] show that thé& is almost on-shell. It can be readily removed
with a cut onr 7 invariant mass. However as we shall see below, due to the simabf the background,
we can afford not to do so. A7 pair from a virtual photon can be more easily confused withdignal,
but such a background is further suppressed by the elearoetia couplings.

After applying the acceptance cuts, the irreducible bamkgd is estimated to be around 0.01 fb,
which is very small compared to the signal size. Itis entieddsent given the luminosity at the Tevatron.

Reducible Background and Tagging

Taus and’s need to be identified. During the identification (taggingignal events are lost due to the
tagging efficiency and to additional cuts. For example, theiency of tagging a single bottom is around
50% in the regiorpr > 15 GeV, and falls off rapidly as we approach lower. Tagging (hadronic) taus
faces the same problem. Therefore tightening the kinealatids onb’s and taus are necessary to assure
favorable tagging efficiencies. We decide to tag baed one tau.

Theb- and hadronic-tagging efficiencies are taken to be [243, 244]

b —tagging : 50% for Egpet > 15 GeV and [nje| < 1.0,
T —tagging : 40% for Eus > 20 GeV and |n| < 1.5. (10.3.73)

Outside these kinematical regions, the tagging efficiendiep sharply [243, 244].

Reducible background arise from jets mis-identifiecdb’as or hadronically decaying taus. The
mistag rate per jet is taken to be aroumd — 1.0% (0.5%) for tau §) [243, 244]. In addition, the
experiments cannot distinguish directly produced elest{onuons) from leptonically decaying taus.
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e The background due to misidentified bottom comes from thegws272;! + K, which has a
cross section of 5 fb. Considering the mistag rate and thiiawlal cuts, it contributes 0.01 fb to
the background events.

e The background due to misidentifieddiffers from the decay modes ofs:
— For 7y1,2bl o (212bT Er), it comes from272b5 with  from the leptonic decays of both

taus. The contribution is estimated at 0.003 fb.

— For 7, 7,2bl K, the background comes fro2y2blF/r estimated ab0 fb after events of the
bb and j;j resonances around the mass are rejected. It's further reduced by a factor of
0.01 — 0.02 from the tau-mistag rate, and a factor of 0.8 due to b-tagging
This results in a background rate @fl — 0.8 fb. In a continuum distribution ofi, it is at
or below the level of the signal. We notice that thets are harder in this background than in
the signal (see Fig. 10.3.47). Imposing a uppercut of 50 GeV will reduce the background

by a factor of about 4, while the signal is minimally affected
e The backgrounds from both a mistagged tau and a mistaggedstly come from theljlfZr

events, which has a cross section of about 16 pb. After treeand folding in the mistag rates,
this contributed).3 — 0.6 fb of background events. It can be further reduced by imgpsjpper
pr cuts, similarly to the2;j2bl - background.

Signal R Distribution Background P Distribution
0% T ‘ = 10° b
g ~borb g ~borb
A —TorT . — fakedt’s|

do/dP; (pb/5GeV)
=
I(J'|
|

do/dP; (pb/5GeV)
=
T

10—6 I | I | I | I 1 10—6 I | I | I | I I
0 20 40 60 80 100 0 20 40 60 80 100
P; (GeV) P; (GeV)

Fig. 10.3.47: Transverse momenta distribution oftthe or jets in thel¥ i signal (left) and background (right) events.

After carefully tightening the cuts, the reducible backgrd can be a factor of a few to ten smaller
than the signal, but unfortunately, the cuts and the tageffigiencies together reduce the signal greatly
to about 0.08 fb fodV’h and0.03 — 0.05 fb for Zh, with C? ~ 0.06. With an optimisticC? ~ 0.42,
the cross section is 0.55 fb, we would expect to see about glead signal events with an integrated
luminosity of a few fo!.

To illustrate a most optimistic situation, we explore thesmeelations ofn, andm,,. The signal
loss is mainly due to the softness of thandr’s, therefore most events are rejected from the lower
threshold. Increasing, would stretch the distributions to the highes; end. To achieve this without
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significantly affecting the decay phase spaceéofie set
me = (my, — 10 GeV)/2, (10.3.74)

which resulted in almost doubling the signal rate, as sean the curve with triangles in Fig. 10.2.46.
The cross section~ 0.2 fb for C? = 0.06, and~ 1.4 fb for C?> = 0.42) is still challenging for
observation with the Tevatron’s projected luminosity.

10.4 Summary

The search for a Higgs boson with couplings to the gauge tsoebithe order of the SM-one, and
decaying into two lighter CP-odd Higgs bosons states mayeb®mned at the Tevatron collider in the
Wh — lvaa(2b27) channel. Fon0 < m; < 130 GeV, we found a sizable number of events, with
negligible irreducible background. However, further catgl taggingb and =, necessary to remove
the much larger reducible background worsen the signalteata to the order 0.1 fb for a value of
C? ~ 0.06, a factor determined by the product of the relevant bramghatios times the ratio of the
Higgs production cross section to the SM-one. Therefore sthnal observation becomes statistically
limited. For an optimal choice of the value of the CP-odd Higgassn,, the signal rate may be twice
as large. With favorable couplings and branching fractitmsC? factor can be as large as 0.42, which
would enhance the signal rate by a factor of 7 to around 1.4tftan be further improved by another
40 —60% by combiningZ h events with thé? h events, leading to a possible observation of a few events
for a Tevatron luminosity of the order of a fewh.
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11 TheZ — bb decay as a b-jet energy calibration tool

Contributed by: T. Dorigo, J. Donini

We use a sample &f — bb decays free collected by the CDF experiment to assist indptiecise
measurement of the energy scaléajuark jets and a determination of thget energy resolution. The
more precise determination bfiet energy scale helps all precision measurements of pfhquark mass
and a determination of thejet energy resolution is important for the search of a loassHiggs boson.
This technique could also prove useful at the LHC.

11.1 Introduction

Since their discovery in 1983[245, 246, 247, 24B], and Z bosons have been studied at hadronic
colliders only using their leptonic decays. As a matter of tae hadronic decays of these particles are
generally so difficult to separate from the huge QCD backgudhat, after the extraction of a nice mass
bump in the dijet mass distribution by the UA2 collaboratinid987[249, 250], little more has emerged.

In fact, at the Tevatron things are more complicated for trectiobservation of hadronic decays of
vector bosons. With respect to thepS, the Tevatron’s higher center-of-mass energy is a disddgan
for once, because in the face of a four-fold increase in sigrss section, the irreducible background
from QCD processes yielding jet pairs increases by over@deraf magnitude, due to the steeply falling
gluon PDFy(z).

Using Run | data, hadronid” decays were successfully used by the CDF and DO experiments i
the discovery and measurement of the top quark both in tiggesiepton and fully hadronic final state;
theW — ¢q decay was used both in the event selection and as a constreinematical fits to extract
the top quark mass. A handful of dijet masses peaking at 80v&¥ also directly observed in a subset
of high-purity ¢t events[251]. In Run II, with increased sample sizes, it le®e possible to exploit
the hadronic decay df bosons in top events even more, by using them for a diredireitbon of the
energy measurement of light-quark jets in the reconstinatif thett decay[252]. That technique has
allowed a significant reduction of the systematic uncetyaanising from the knowledge of the jet energy
scale, which is by now the largest contribution to the topsmasasurement error.

For the Z boson, which is not produced in top decays and whose ingusioss section ipp
collisions is three times smaller than that of tHé the extraction of hadronic decays is even more
complicated; only the decay tequark pairs reaches the level of observability, thankfi¢osignificant
reduction of QCD processes provided by the distinct sigeabfib-quark jets. Indeed, a small signal of
Z — bb decays was extracted by CDF in Run | data exploiting the sgnaihic decay of quarks with an
inclusive muon trigger of lowPr[253]. The signal was too small to allow any studybgkt energy and
resolution, but its demonstrated observability in the T@raenvironment gave hope to the searches for
the analogous signature of a low-mass Higgs boson decaypmced the development of a dedicated
trigger for Run Il, capable of collecting a larde signal without the need to rely on the semileptonic
decay ofb quarks.

A large-sized signal o — bb decays free from selection biases allows both a preciseureas
ment of the energy scale dfquark jets and a determination of thget energy resolution. The reduction
of the uncertainty in thé-jet energy scale helps all precision measurements of fhguark mass, while
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a determination of thé-jet energy resolution is important for the search of a loassHiggs boson. The
signal, most notably, opens the doors to a direct test ofidigos that attempt to increase the resolution
of the b-jet energy measurement. These algorithms are a critiga¢dient for the observability of the
Higgs boson at the Tevatroniff; < 135 GeV.

11.2 Triggering on Z — bb decays

In Run Il CDF benefits from a hardware tracker using silicoteder hits at the second trigger level, the
Silicon Vertex Tracker (SVT)[254].

The SVT works by comparing the pattern of hits in the five layefr silicon sensors of the Sil-
icon Vertex Detector (SVX)[255] to those expected by chdrgyacks of given transverse momentum,
azimuth, and impact parameter, which are stored in 256 edés@cmemory chips. Use of the 12-fold
azimuthal symmetry of the SVX reduces the number of need#@drpa and allows a parallelization of
the task of finding track candidates and performing lineatiits. On average as little as 15 are
needed to process an event and determine the impact parashétecks with a resolution of 3nm.
The efficiency to reconstruct fiducial tracks with > 2 GeV is close t®0%.

Using SVT information as well as calorimetric input, the— bb trigger selects events containing
two back-to-backkr > 10 GeV jets and twaPr > 2 GeV tracks whose impact parameter with respect
to the beam line is larger than 160n; a veto on forward jets witlr > 3 GeV is also applied to
reduce QCD backgrounds. These requirements have an effiadmboutd% on Z — bb decays, and
they result in an effective cross section lower than 100 rfickvcorresponds to a manageable rate for
machine luminosity up td = 1032cm =251

As the luminosity grows, so does the average number of nheliigeractions occurring in the
same bunch crossing. Since thesignal can only be isolated in clean events with two backeok jets
and little extra jet activity, it is reasonable to foreseeyaainic prescaling of the trigger, which should
anyway allow the collection of at least 27fh of data with the base data collection plan of Tevatron’s
Run II.A sample of 80,000 signal events is thus achievable.

11.3 Preliminary Run Il results

A signal of Z decays td-quark pairs has been observed in 333 pbf CDF data collected by the trigger
described above. After a reconstruction of jets with & 0.7 cone algorithm[256], events were selected
by requiring two jets of raw transverse energy exceeding €U & the rapidity intervaln| < 1.5, both

of them containing a secondary vertéxtég) reconstructed by the SecVtX algorithm[257].

After those requirements the signal is still buried in a very large background consisfingdom-
inantly of QCD directhb production, which needs to be reduced further.

Most directbb pairs are produced at the Tevatron by gluon fusion, whode ¢uépr charge in the
initial state and color flow topology are distinctive chaedistics. To exploit the smaller probability of
QCD radiation from the initial state quarks ifiboson production, the two leading jets are required to
be back-to-back in azimuth within®;; > 3, and events containing a third jet with rai. > 10 GeV
are discarded.

The resulting sample of 86,000 events contains roughly 34B0son decays. Their reconstructed
dijet invariant mass can be fit using as a background temfiateass distribution of dijet events which
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Fig. 11.3.48: TheZ — bb signal extracted by CDF with 333 pb of Run Il data. Left: the dijet mass of events with tbibags
is fit as the sum of a background template (in grey) and a stgnaplate (in green). Top right: fit> as a function of thé-JES.
Bottom right: number of signal events from the fit as a funté thes-JES.

do not contain secondary vertices, by accounting for the ¢hige to the non-flai-tag probability versus
dijet mass using a correction function; the latter is oladifrom events failing the kinematical require-
ments. For the& signal, 40 Monte Carlo-derived templates with a varyirgt energy scale factor (JES)
from 0.8 to 1.2 in steps of 0.01 are used in turn. One thus ebthie dependence of i on theb-JES,
from which a measurement of the latter can be extracted.1#i@.48 shows the results for the best fit,
which corresponds to@JES of unity, with a statistical uncertainty smaller ti2ah.

11.4 Prospects for the B-jet energy scale extraction

The largest contribution to the total uncertainty in the tpark mass determination at the Tevatron
originates from the knowledge of the jet energy scale, afaghich measures the discrepancy between
the effect of detector response and energy correctionsahared simulated hadronic jets. The JES
can be determined from studies of photon-jet balancing[25& modeling and selection biases limit
the accuracy of the method; a determination which is mos#gissics-limited comes instead from the
measurement df — ¢q’ decays in top events. With these methods, the Tevatroniexgets can reach
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a precision close ta% on the top quark mass in Run Il by reducing the JES uncertainty similar
level.

When dealing witlb-jets, however, one has to cope with several peculiarifiisair fragmentation
and decay properties, and with the different color connactif b-jets and light quark jets in top quark
decay. All these effects have to be accurately modeled ifotteuse a generic JES factor extracted from
jets not containing heavy flavors to the tiets always present in# decay. A recent study predicts
that the uncertainties in the modeling of fragmentatiortagiecharacteristics and color flow may affect
the knowledge of thé-JES by as little a8.6%[259], but a direct determination of that quantity is of
course preferable.

Due to the small cross section of production processesigglevents with a high-energy pho-
ton recoiling against &-quark jet, a measurement of thelES with balancing techniques is difficult,
although both DO and CDF have recently started exploringdpgon.

The preliminaryZ — bb signal extracted by CDF appears to demonstrate that thehdata a
sufficient statistical power to allow the determination giraciseb-JES factor: one expects that 2fb
of data will reduce the statistical uncertainty of templitewell below1%. However, systematics are
a concern: given the smallness of the signal to noise ratibeo§elected sample, a meaningful determi-
nation of theb-JES from bump fitting requires that the background shape detad with the utmost
accuracy, especially if its most probable value occursectoghat of theZ signal, as in Fig. 11.3.48.

Reducing the 20 GeV threshold on raw transverse energy gethewhich directly affects the
peak position of the background distribution, is howevarbfgmatic, since lows jets suffer from
subtle trigger effects which are hard to model correctlyrenwer, at very lowEr it has been shown
thatcé production is a sizable contribution to the SVT-triggeratbdet, and its presence complicates the
understanding of the-tagging bias in the data.

Recent studies have shown that using large Monte Carlo ssroptlirectb production processes
and careful parametrizations of trigger biases it is pdssdcheck the background shape extracted from
the data as described above, and reduce the associatetiaystencertainty in the determination of the
b-JES. CDF plans to use that additional information to finatthieve a significant measurement of the
b-jet energy scale witl — bb decays, thus justifying several years of investigatiorheféxtraction of
a well-known signal.

11.5 B-jet energy resolution studies

The mass resolution of pairs bfets has been duly stressed as one of the critical factareisearch for

a light Higgs boson decay at the Tevatron. While the 1999ystfithe Tevatron Higgs Working Group[4]
could only make the educated guess that,g/M;, ~ 10% relative mass resolution was attainable with
a dedicated effort, the Higgs Sensitivity Working Groud18vent as far as producing some evidence
that such precision was indeed reachable, by a careful usevefal corrections in series, followed by
the exploitation of the correlations between kinematidaldes measured i H — [vbb events and
the induced biases in the dijet mass measurement (see g4\l

Indeed, when compared to any selection applied on the daterease the signal to noise ratio, an
algorithm that reduces the width of a resonance sitting profa large background has the obvious ad-
vantage of keeping intact the size of the signal. If signghisicance is on the yardstick,2a% decrease
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Fig. 11.5.49: Dijet mass distribution for pairsiefets after different levels of jet energy corrections: jatenergies (top left),
energies corrected with the H1 algorithm (top right), théerathe subsequent application ®&pecific corrections (bottom
left), and finally after the use of the hyperball algorithnmathod that corrects the dijet mass accounting for the letioa
with event observables. The red points describe the behaeiié’ H — [vbb events; the stacked histograms are Monte Carlo
simulations ofi¥ + jets (purple) ¢ production (cyan), single top production (green and ye)lj@amdWW Z production (blue).

of oy /My, can be shown to have the same effect 86% increase in collected luminosity[132].

The resolution in the transverse energy of generic jets eambasured withy — jet events.
Those events have in fact constituted the basis of CDF &udfiean algorithm exploting both the
tracker, the shower max detector, and the calorimeter tee&se the precision of the transverse en-
ergy measurement[260]. As Fig. 11.5.50 show’)% improvement in the resolution of generic jets can
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Fig. 11.5.50: Jet energy resolution measured in photowtgjiet as a function of photafr. The blue points show the resolution
of the standard jet energy corrections, the red points shewesults of a dedicated algorithm exploiting informafiam many
subdetectors.

be achieved by a combined use of the information from diffesetbdetectors. Unfortunately, the lack of
sizable samples of data containing-quark recoiling against an energetic photon preventsadiaien
study of theb-jet energy resolution, and a check of the effect of genaicections applied té-jets.

The development of &specific algorithm, aimed at increasing the resolution on jets contain-
ing b-tags, highly profits from the availability of a statistilyasignificant sample o — bb decays: one
can then both check the effectiveness of any recipe and meetigiresulting mass resolution.

As was noted abové;jets are different from generic jets originated from ligjuarks or gluons
in several aspects23% of b-quarks decay semileptonically, and more soft leptons alelgd by the
following charm quark decay; the large mass of thguark produces tracks with significant transverse
momentum with respect to the jet axis; and finabhguarks have a hard fragmentation function, which
may translate in an average detector response differemt finat of generic jets. The total effect of
these peculiarities is a worder resolution forb-jets and a significant negative bias, mainly due to the
neutrinos from semileptonic decay.

B-jets which are tagged by a vertex-finding algorithm are aifierent from an experimental
point of view, since the detection of a displaced vertexvedldhe measurement of several ancillary
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characteristics: the distance between primary and secpnéaex, the total charge of tracks forming
the secondary vertex, the total transverse momentum anbinethmass of the charged decay tracks.

All these observable quantities can be exploited by algrit detecting the correlation between
their values and the average bias on thefjgtmeasurement. For instance, the presence of a muon in a
jetis strongly correlated with the resulting calorimetsponse, such that the muBp can be used with
success to increase tl&- resolution. The best results are obtained when all coroelatare exploited
together, by finding the most probable bias in fig measurement as a function of the value of all

observed jet variables.

2-component fit to double tagged ZBB data
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Fig. 11.5.51: Relativéer resolution orb-tagged jets from a QCBb Monte Carlo simulation, after generic jet corrections (top

left, red points) and aftdr-specific jet corrections using all jet observables (botteff) blue points). Right: a comparison of

the Er resolution obtained with the two corrections.

Preliminary results by the CDF collaboration have deteedithat thefo; resolution forb-jets can
be improved by as much 88% from the baseline resolution yielded by the applicationtahdard, non-
b-specific energy corrections (see Fig. 11.5.51). Two algars are being developed for that purpose,
and the study on th& — bb signal will prove their effectiveness in the near future.
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12 Selected Topics in Standard Model Higgs searches usifg — WTW~ and H — 717~
Decays at the LHC

Contributed by: B. Mellado, W. Quayle, S. L. Wu

We study control samples for an in-situ determination oftiagor backgrounds t&f — W+W - —
IT1~vv, where a full jet veto is applied. We find that the theoretizatertainty on the extrapolation of
the QCDW W ~ background from the control sample to the signal-like radsb % and that the im-
pact of the singly-resonant top background on the extréipalérom a b-tagged control sample is about
10%. We therefore conclude that it is possible to perform ta-daven estimate of the background
in the signal-like region with sufficient accuracy to acld@exvs o discovery of al60 GeV Higgs with
less than 2 fb! of integrated luminosity. We evaluated the Next-to-LegdDrder corrections to Higgs
production in the analysi&/ — 777~ in association with one Higl#r jet. The ratio of NLO to LO
cross-sections after the application of analysis cuts thénrangel.5 + 1.6 for Higgs production via
gluon-gluon fusion.

12.1 Introduction

We study control samples for an in-situ determination ofrtragor backgrounds tél — W+TW~ —
IT1~vv, where a full jet veto is applied. We find that the theoretigatertainty on the extrapolation
of the QCDW W ~ background from the control sample to the signal-like reg®5 % and that the
impact of the singly-resonant top background on the extatiom from a b-tagged control sample is
about 10 %. We therefore conclude that it is possible to perébdata-driven estimate of the background
in the signal-like region with sufficient accuracy to acld@exs o discovery of al60 GeV Higgs with
less than 2 fb! of integrated luminosity. We evaluated the Next-to-LegdDrder corrections to Higgs
production in the analysi&l — 777~ in association with one Higl#; jet. The ratio of NLO to LO
cross-sections after the application of analysis cuts ihénrangel.5 + 1.6 for Higgs production via
gluon-gluon fusion.

The search for the Higgs boson called for by the Standard Mederguably one of the most
important topics in high-energy particle physics todayr #h@ early observation of a Higgs boson of
massll5 < My < 135 GeV the most relevant final states involié — vy and H — 77~ [261].

For the range of massé85 < My < 190 GeV the most promising decay mode of the Standard Model
Higgs boson idd — WTW~ [262].

In this work, we discuss selected topics related to the bdfardhe Standard Model Higgs boson
at LHC usingH — WTW~— andH — 777~. In Section 12.2 we describe our Monte Carlo samples,
event selection, methods for in-situ background deterticindor the channeld — W W~ — [t~ vy
with a full jet veto. Section 12.7 reports on studies of QCDBheir order corrections to Higgs signal
production in the analysis df — 77~ in association with one higFr jet [263].

12.2 Selected Topics i — W+TW — — [Tl vv Analysis

This Section is subdivided into four sub-sections. Sulliized?2.3 describes the Monte Carlo samples
and the analysis method used in the analysis for the seartte ¢figgs boson witdd — W+TW— —
[T~ vv when applying a veto on events with hidby jets. We also discuss data-driven methods for
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Cut 99— H VBF| tf EWWW gg—WW qq—WW Z/7"

TriggerandZ rej. | 185  25.1] 7586  11.4 48.5 792 151
Hard JetVeto | 90.0 148 51.6  0.16 21.2 451 31.4
B Veto 89.6  1.46| 376  0.16 21.1 449 30.8
pltioss 53.2  1.23/ 330  0.09 13.1 177 23.6
My, 429  1.10| 7.85  0.02 6.31 65.2 22.0
Aduy 331 093|523  0.02 5.14 42.8 0.07

Table 12.3.9: Cut flows (in fb) foM x = 160 GeV in theep channel.

Sample | gg—~ H VBF | &t EWWW gg—WW q—WW Z—r7r

Primary 1.86 0.03| 334 0.08 6.19 121.0 7.96
b-tagged| 0.18 0.007| 17.02  0.0001 0.08 151 1.29

Table 12.3.10: Cross-sections (in fb) in the two control gles discussed in Section 12.3 fbfy = 160 GeV, summed over

lepton flavor.

the extraction of the backgrounds. In sub-sections 12.412rlwe discuss the theoretical uncertainties
in the background extraction procedures. In sub-sectiof, 12e perform a brief comparison of three
generators for th&/ *17~ background for validation purposes.

12.3 Monte Carlo and Analysis Method
We consider the following signal and background processes:

e Higgs production. We model the gluon-initiated proceséwie generator provided in MC@NLO
and normalize the cross-section for the signal to the valbégined used HIGLU [84]. The small
contribution from Weak Boson Fusion (VBF) is modelled wityttita [264, 265].

e QCDW W~ production is modelled with the generator provided in MC @Ntersion 3.1 [266,
267]. A non-negligible number df *WW~ events come frongg — W~ diagrams that are
not included in MC@NLO; we model this contribution using tenerator documented in [268].

e tf production. The (dominant) doubly-resonant contribuimmodelled with MC@NLO. To es-
timate the impact of the singly-resonant and non-resobiant?’ —bb contributions to the back-
ground, we perform a comparison between leading-ordeuleions ofpp — W W ~bb and
pp — tt — WTIW ~bb using MadEvent [269, 270].

e QCD Z/~ production, withZ — ee/uu/77. We model this background with MC@NLO.

Although we do not expect detector effects to be importattti;icalculation, it is convenient to simulate
a detector using the last fortran-based release of ATLFAST,we apply the jet energy corrections in
ATLFAST-B [271].}7

Our event selection consists of the following cuts:

\We also apply a small correction to the energy of jets for WHERWIG was used for the parton showering and hadroniza-
tion; the correction is given bl — 5 x 10~° P2* + 0.042) where the jetPr is measured in GeV.
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Fig. 12.3.52: The distribution of the azimuthal angle (ia transverse plane) between the leptons after cuts.

e Trigger and Topology cuts. We require that the event hastilyxtwo leptons with transverse
momentum greater than 15 GeV in the region With< 2.5, and we apply a lepton identification
efficiency of 90% for each lepton. The dilepton invariant miagequired to be less than 300 GeV.

e 7 rejection. The event is rejected if the leptons have an iamdimass between 82 and 98 GeV.
We require a large missing transverse momenfgnt> 30GeV, which is raised to 40 GeV if the
two leptons have the same flavor. To reduce the nontrividtdracind from the decay — v —

Il + Pr, we calculate, using the collinear approximatien,andz?2, the energy fractions carried
by the visible decay products of theleptons, andV/, the invariant mass of the twoleptons.
We reject the event if! > 0, 22 > 0, and|M,., — M| < 25GeV.

e Jet Veto. We reject the event if there are any jets with> 30GeV anywhere in the detector, or if
it contains any b-tagged jets withr > 20GeV and|n| < 2.5. We assume a b-tagging efficiency
of 60% with rejections of 10 and 100 against jets fronuarks and light jets, respectively.

e Transverse momentum of the Higgs candidate. We requirafgﬁé"tgs > 11.1 GeV.

In the signal-like region, we apply three more cuts: we regjthat the dilepton mass haée8 < M), <

64.1 GeV, that the azimuthal opening angle between the leptaisysa\¢;; < 1.5 radians, and that
the transverse mass ob&y < Mr < My + 10 GeV. The cross-sections after successive cuts for a
representative Higgs mass of 160 GeV in thechannel are shown in Table 12.3.9. We also consider
two control samples:

e The primary control sample is defined the same way as theldigaaegion, but with different
cuts on the dilepton opening angle in the transverse pladetandilepton invariant mass. We
requireA¢y; > 1.5 radians and0 < M;; < 300 GeV; we remove the cut on the transverse mass.

e The b-tagged control sample cuts are the same as in the praoatrol sample, except that instead
of applying a b-jet veto, we require that there be a b-taggedvjth Pr between 20 GeV and
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30 GeV; we also remove the lower bound on the dilepton innarizass.

Table 12.3.10 shows the cross-sections in these two cadmples. In order to make meaningful esti-
mates of systematic errors, it is helpful to define the folfaypthree quantities:

e ayw: The ratio of the QCDW T~ cross-section in the signal-like region over the QCD
W W™ cross-section in the primary control sample.

e oy The ratio of thett cross-section in the signal-like region over thiecross-section in the b-
tagged control sample.

e o}/ The ratio of thelf cross-section in the primary control sample overtheross-section in
the b-tagged control sample.

With these ratios taken from Monte Carlo, we estimate thebmrmoftt events in the signal-like region
asNtStZg”al_“ke = ayNp—taggea @nd the number of W~ background events in the signal-like region
as

N&%}al_”ke = aWWNﬁf%m"y = aWW(NfOZZ?Wy — ozftVWNb_mgged — small backgrounds)
whereN/; 99 js the number of events in the b-tagged control sampJ&:"" is the total number of
events in the primary control sample, and theiull backgrounds” consist mostly of Drell-Yan events.

12.4 Theoretical Uncertainties in thel’ W~ Background

We begin with the theoretical uncertainties in the extrapoh coefficientayy 1. Here, the theoretical
error is dominated by the uncertainty in the normalizatiérthe gg — W™~ contribution; recent
studies have shown that this contribution can be in exce38%ffor the cuts used in those studies [268,
272].

We compute the the theoretical error as the sum in quadratubhe uncertainty due to the fit error
in the parton density function parameterization and theettamty due to the choice @)? scale. To
estimate the parton density function (PDF) uncertaintyhaee used the CTEQ6 PDF set and its error
sets; using equation (3) in [273], we find that the uncenaimivyy - is 2.8%. To assess the uncertainty
due to the choice of)? scale, we have varied the renormalization and factoriaagizales by factors of
8.18 We examine four choices of scale variations: Scale 1pas — 8Qen, Qfac — Qfac/8; Scale
2 hasQren — Qren/8, Qfac — 8Q tac; Scale 3 hag),cn, — 8Qren, Qfac — 8Q fac; and Scale 4 has
Qren = Qren/8, Qfac — Qrac/8. Table 12.4.11 shows the cross-sections before and afteircthe
signal-like region and primary control sample for the — W W~ andgq — W W ™ contributions,
with the central-valug)? scales and the four modified scale choices. The largesttioaria oy v we
observe is 4.1%, and we take this to be the theoretical etrertal the choice of)? scale. The total
theoretical uncertainty we calculate on the prediction@fy is therefore 5%.

12.5 Theoretical Uncertainties in the Top Background

We now turn our attention to the uncertainties\ip anda;} V. Here, the most important question to ask
is how to handle single top production. A procedure for gatieg bothpp — tt andpp — Wt without

8This is an unusually large scale variation to choose; tylyica scale uncertainty will be quoted based on a scale tiania
of 2 or at most 4. Our motivation for this choice is the fact tiva expect the K-factor fagg — W+ W ™ to be large, since the
K-factor for gg — ~~ has been calculated and it is slightly less than 2 [274].
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No cuts Sig. Reg. Cont. Samp.

Scale Choice gg = WW qq — WW gg qq gg qq aww
Central 487.77 11302.44 6.45 63.20 6.38 130.10| 0.5103
scalel 239.93 12862.82 2.92 69.25 3.33 143.83| 0.4904
scale2 1058.97 9076.86 14.5 49.03 13.46 107.44] 0.5255
scale3 278.17 11189.52 3.81 65.02 3.54 131.92| 0.5081
scaled 913.38 11702.80 11.1 61.81 12.66 133.51] 0.4988

Table 12.4.11: Cross-sections before and after cuts fositireal-like region and the Primary control sample, with tbere-

sponding extrapolation coefficients, using the nominaliaggions and the 4 altered scale choices.

Process Signal-like Cont. Samp. b-tagged oy aff WV
WTW—bb 13.34 109.41 47.13| 0.2829 2.3211
tt — WTW ~bb 9.80 80.77 37.72 | 0.2599 2.1413

Table 12.5.12: Cross-sections (in fb) and extrapolaticeffiments for thetz background for various masses, using MadGraph
to model thel¥ ™ W ~bb background.

double-counting at leading order was presented in [27%] aazalculation including off-shell effects and
spin correlations in th&/ ~1W ~bb system at tree level was presented in [276]. Unfortunatedyknow
of no event generator available at the time of this writingahihalso takes into account the one-loop
radiative corrections t&/ W ~bb production, so we will perform our uncertainty estimateraétlevel.

In addition to thett Monte Carlo sample (from MC@NLO) that we have used in theratbetions
of this note, we have generated two sepai#teé 1V —bb Monte Carlo samples using MadGraph. One
includes only doubly-resonant top quark pair productiow the other includes the full’ + 1 ~bb final
state. For this generation, we have allowed the b-quarketgemerated withPr as low as 1 GeV,
and with pseudorapidity as high as 100. One would expectprapsrtionately large contribution from
the region where one b-quark is soft or forward, and we tloeeefeel it is likely that the single-top
contribution is overestimated in our nonresondfit W ~bb Monte Carlo. This is exactly what we want
if we are to prove that our analysis is robust. We have apptiecuts for the signal-like region and both
of the control regions to these two Monte Carlo samples tesasthe importance of single-top production
in this analysis.

Table 12.5.12 shows thé 1/ ~bb background cross-sections in the signal-like region, tie p
mary control sample, and the b-tagged control sample dadadaivith the leading-order doubly-resonant
tt and inclusiveW "W~ bb samples. We note that although the difference in the aleschaiss-section
given by the two samples is approximately 30%, the corredipgndifferences in the predictions of;
anda};"" are only about 9%. It is worth noting that this figure is onlyemgral guideline, since the exact
values ofay; ando)f"V are strongly dependent on the particulars of the b-tagdggyithm used. Our
intent in this section is only to give a rough idea of what thedretical uncertainty on the extrapolation
from a b-tagged sample to a b-vetoed sample should be. Itiggrathis uncertainty should be addressed
in detail using full detector simulation by any experimenterforming alf — W+ W ~ search like the
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one outlined here.

12.6 Comparison of MC@NLO, Alpgen, and Sherpa

In this subsection, we check the agreement among the pgaediaf the QCDV T/~ background given
by MC@NLO and by tree-level jet-parton matching algorithike the ones in Sherpa and Alpgen. We
begin with a few general comments about the generators @haldy. In this sub-section we ignore the
processyg — WHTW—.
e All three generators ignore the contribution from gluoitiitted diagrams that contain a quark
box. This contribution is not negligible; in practice, wedt the gluon-initiated contribution as a
separate process modelled with a separate generator.

e The matrix element calculations in MC@NLO and Alpgen weregpammed by hand by their
respective authors, while Sherpa uses an automated mémeet generator to write code to
compute the (tree-level) matrix elements relevant to dqaatr process. There are therefore some
differences regarding which Feynman diagrams are incliiéide two calculations. In the case
of this analysis, where we are concerned with the produdtfait pairs which decay leptonically,
Sherpa includes the contribution from diagrams where #mMoosons are produced, with ote
decaying to leptons and the other to neutrinos. This leads gpike in the dilepton invariant
mass distribution in events with same-flavor leptons; th&ltre does not appear to be present in
MC@NLO and Alpgen. For this reason, we will consider onlyrdgewith one electron and one
muon in this section.

e MC@NLO includes the contribution from loop diagrams in itdaulation; Sherpa and Alpgen
rely instead on jet-parton matching schemes like the ormugéed in [277].

It is worthwhile to point out that although the treatment it $iadronic physics in Alpgen, Sherpa,
and MC@NLO are all quite different, the result is nevertbslgimilar for the three generators. Fig-
ure 12.6.53 shows the distribution of the transverse moumerdf the Higgs candidate (in the— p
channel) given by Alpgen, Sherpa, and MC@NLO for the Q@D W~ background. Although a
detailed study of the errors on these distributions is bdytbe scope of this work, we feel that the sim-
ilarity among all three generators is encouraging. We rfude the Alpgen and Sherpa samples predict
a slightly lower cross-section for events with Higgs caatikd”, between roughly 10 and 25 GeV. This
is no doubt an artifact of the jet-parton matching method, \&a expect that the behavior of this region
could be tuned by tuning the matching parameters in the cigpayenerators (although such a tuning is
not necessary for our analysis).

It is also worthwhile to compare the predictions of varigbielated to spin correlations in the
WTW = system, as these correlations are crucially importantHeranalysis. Figure 12.6.54 shows
the distribution of the azimuthal angle between the leptomthe e — 11 channel) before the cuts in the
next section; there is a slight difference in the shape afahmeclusive distributions. The discrepancy is
not serious at all; we believe it is a kinematic effect caulsgdhe depletion in events with Higgsr
between 10 and 25 GeV mentioned in the previous paragraghrd-12.6.55 shows the distribution of
the dilepton opening angle in the transverse plane aftdsudlthe last three cuts of Section 12.3 have
been applied; there is good agreement for this distribudimong the various generators. Figure 12.6.56
shows the dilepton invariant mass for events with one aelacand one muon (before the cuts of the
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Fig. 12.6.53: The transverse momentum of the Higgs caralida@CD W pair production as given by Alpgen, Sherpa, and
MC@NLO. There is a small shift in the location of the peak, thet difference is not dramatic at all.
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given by Alpgen, Sherpa and MC@NLO.
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Fig. 12.6.56: The distribution of the dilepton invariantsagin thee — 1 channel) in QCDW pair production as given by
Alpgen, Sherpa and MC@NLO.
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analysis are applied); it is clear from the figure that thérithistion of this variable is also very similar in
all three generators.

12.7 QCD NLO Corrections for Higgs Production in H — 717~ in Association with One High
Pr Jet

In a recent publication it was demonstrated that the seancthé Higgs boson using thd — 777~
decay in association with one high- jet is a promising discovery channel at the LHC [263]. Net-t
Leading order corrections (NLO) were not evaluated for thalfstate considered in [263].

There are two main requirements in the analysis, which as&umental in achieving a good
signal-to-background ratio: the application of a large @utthe Pr of the Higgs candidateHry >
100 GeV) and the requirement that the invariant mass of the Higgdidate and the leading jet in the
event be very largeM/; > 700 GeV). In addition to the two cuts just mentioned it was necessary
require that there be no additional hard jets (hadron |&el> 20 GeV) in the central region of the
detector | < 2). The latter is introduced to suppress théackground.

It is meaningful to evaluate QCD higher order correctionthéosignal process after the application
of the cuts mentioned above. Apart from a chance in the dveoamalization, the impact of extra jets
in the final state on the analysis is not expected to be trivial

In order to evaluate QCD Next-to-Leading corrections, we e MCFM program [278]. This
package enables the user to apply cuts at the parton levedt-tddeeading Order matrix elements to
Higgs production in association with one jet are availaltethis calculation the infinite top mass ap-
proximation is used. In addition, NLO matrix elements foggs production via weak boson fusion are
also available within MCFM.

Figure 12.7.57 shows the Higd3r (plots on the left) and the invariant mass of the Higgs and
the leading jet (plots on the right) for Higgs produced viaagi-gluon fusion. The upper plots in Fig-
ure 12.7.57 show the distributions to Leading Order (LOidslihes) and to NLO (dashed lines). The
lower plots in Figure 12.7.57 show the ratio of the NLO to th@ ¢ross-sections.

Figure 12.7.57 illustrates that the QCD NLO correctionsh signal produced via gluon-gluon
fusion in the region of the phase space where the Higgs bodlbmevsearched for are large. The
size of the NLO correction is larger than the correction befihe application of cuts on the Higdy
and My ;. The perturbative analysis shows that the NLO correctiamwgrwith My ;. This can be
understood qualitatively: for large values bf;; ; a large Pr extra parton is likely to be present in the
final state, providing extra transverse momentum to theesyshade by the Higgs and the leading jet
and indirectly enhancing its invariant mass.

As pointed out above in this Section, the application of @ et extra hadronic activity is impor-
tant for the suppression of théproduction. It is necessary to evaluate the QCD NLO comestiafter
the addition of this jet veto. Plots in Figure 12.7.58 show& slame distributions as in Figure 12.7.57
after the application of a veto on events with an extra pavidh Pr > 30 GeV and|n| < 2. The
plots on the left illustrate that after the application ofeiosron extra highPr partons changes size of the
NLO corrections takes place. The ratio of NLO to LO crosdisas decreases with the Higdy- for
Pr > 50 GeV. After the application of the veto the ratio of the NLO to L»ss-sections becomes flat
as a function of\/y ; instead of increasing, as illustrated in Figure 12.7.57.
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After the application of the cuts described above in thigisedhe ratio of the NLO to the LO
cross-sections remains large, in the rahge= 1.6.

A similar analysis was performed with the Higgs productida weak boson fusion. Before the
application of a jet veto the impact of QCD NLO correctionstib@ HiggsPr and Mg ; distributions is
mild and have little impact on the sensitivity of the channel

12.8 Summary

We have proposed a method to estimate the normalizationeofldéiminant backgrounds in thié —
W+W~= — ITl~vv channel using two control samples in the data, one b-tagaed,the other b-
vetoed; in our approach, the systematic errors must be giMenms of the ratiosuyyy, oy, andajy V.
We have computed the theoretical uncertaintyagiyy; the result is 5%. We have shown that, for a
b-tagging algorithm operating only on jets with > 20 GeV and|n| < 2.5, such that, = 60% and the
rejections against light quarks and c-quarks are 100 andslictively, the effect of singly-resonant and
non-resonantV + 17 ~bb diagrams is less than 10% o anda,} "', A study using these uncertainties
and this background extraction technique is in progressptieliminary result is that a Higgs discovery
at My = 160 GeV would require less than 2 b of integrated luminosity [279]. However, final
calculations of the uncertainties on these last two extadion coefficients, as well as final results on
the overall sensitivity of the search we have presented haust be computed within the context of the
LHC experiments.

We have evaluated the QCD NLO corrections for signal in thggslisearch withd — 717~
in association with one higl’r jet. The ratio of the NLO to LO cross-sections for Higgs prctihn
via gluon-gluon fusion is well above for Higgs Pr > 50 GeV and increases witi/;;;. The ratio
drops substantially with the application of a veto on evevite an extra parton wittPy > 30 GeV and
In| < 2. After the application of analysis cuts the ratio of the NIldQ.O cross-sections for Higgs signal
produced via gluon-gluon fusion is in the rangé + 1.6.
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13 Aninvisibly decaying Higgs at Tevatron and LHC
Contributed by: H. Davoudiasl, T. Han, H.E. Logan

The Higgs particle is the only missing part of the highly ssxful Standard Model (SM) of
particle physics. The current experimental data from tdisearches [131] and electroweak precision
measurements [280, 281, 282] point to a Higgs mass in theerainigGeV < my, < 250 GeV. Thus, if
the Higgs exists the Tevatron might detect it in the nextisyears and the LHC is expected to discover
it.

Most analyses assume that the Higgs will predominantly yleda detectable SM fields. How-
ever, this may not be a good assumption if there are new wealdyacting particles with mass less
than half the Higgs mass that couple to the Higgs witti) strength. In this case, if;, < 160 GeV
~ 2myy SO that the Higgs partial width into SM particles is very simiale Higgs will decay predomi-
nantly into the new weakly interacting particles. In parla, if these new weakly interacting particles
are neutral and stable, the Higgs will dedayisibly. There are many models in which this situation is
realized, such as the Minimal Supersymmetric Standard M@d8SM, with Higgs decays to lightest
neutralinos), models with extra dimensions (with Higgsayecto Kaluza-Klein neutrinos [283]), and
Majoron models [284, 285]. An invisible Higgs is also quitengric in minimal models of dark matter
containing a stable singlet scalar [286, 287, 288]. The d¢nethLEP experimental bound on the mass
of an invisibly-decaying Higgs boson is 1144V at 95% confidence level [289].

In this work, we study the discovery potential for the inblsi Higgsh,,, at the LHC and the
Tevatron in the channel® + h;,, andhy,, + jj in Weak Boson Fusion (WBF). There have been a
number of similar studies in the past [290, 291, 292, 293, 298, 296, 297, 298]. We also examine the
prospects for determining the mass of the invisible Higgasifproduction cross sections at the LHC. We
show that theZ + h;,, channel gives a surprisingly good handle on the Higgs maendioo fo ! of
integrated luminosity. We also show how thet h;,, and WBF channels can be combined at the LHC
to remove model assumptions from the Higgs mass extrachionore detailed account of this study can
be found in Ref. [299].

13.1 Production ofh;y,, Via WBF at the Tevatron

WBF production of the invisible Higgs was studied for the Lih@Ref. [295], which showed that WBF
can provide significant signals for invisible Higgs discgyesven at low luminosity. Here, we will use
their approach to show that WBF contributes significanthth® observation oh;,, at the Tevatron.
Even though a @ observation of a 12G:eV hy,, in any single channel at the Tevatron is not possible
with less than 12 fb' per detector, one can enhance the significance of the signebrhbining data
from various channels. At the Tevatron, an important prtidaanode isZ + hiyy [294] and yields a
somewhat larger significance than the WBF channel that way.stombining these two channels and
data from two Tevatron detectors, we show thataoBservation ofh;,, with m;, = 120 GeV can be
obtained with 7 flo! of integrated luminosity per detector.

At the LHC, the kinematic requirements for suppressing #ekgrounds rely on the large energy
and rapidity of the forward tagging jets characteristic dMat the LHC, together with the large rapidity
coverage of the LHC detectors. Despite the more limitedrkiigc range and rapidity coverage at the
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Tevatron, we show that the WBF production mode will indeeeetasignificant impact on the prospects
for the observation ok;,, at the Tevatron, before data from the LHC becomes available.

The signal here i>r + 2j. A large background comes froli(— vv) + 2j with the jets pro-
duced via QCD. A smaller, but less reducible, backgroundesfromZ (— vv) 4 25 in which theZ is
produced by WBF and the jets have kinematics similar to thetesignal. In addition, there are back-
grounds fromiW (— ¢v) + 23, in which the lepton from thé&/ decay is missed, and QCD backgrounds
with fake Pr from missed jets in multi-jet events and jet energy mismesaments in di-jet events.

We generate the signal;,, + 27, the QCD and electroweak backgrounds with— vi) + 27,

and the QCD background with’(— ¢v) + 2j for the Tevatron using Madgraph [269, 242]. We start
with the following “minimal cuts”

pr(j) > 10 GeV, In(7)| < 3.0, AR(j7) > 0.4, Pr > 90 GeV.
(13.1.75)
The Pr > 90 GeV requirement provides a trigger. We take the calorimeteugseapidity coverage
from, e.g., Ref. [300].

We impose “WBF cuts”: we require that the two jets reconstta@ large invariant mass,
m;; > 320, 340, 360, 400 GeV, (13.1.76)
and are separated by a large rapidity gap,
Anj; > 2.8. (13.1.77)

These two cuts eliminate most of the QCD+ 25 andW + 25 backgrounds, in which the jets tend to
be softer and have a smaller rapidity gap, while preservisigrificant fraction of the WBF signal.

To reduce théV + 25 background further, we apply a lepton veto. We veto everiisdbntain an
isolated electron with [301]

pr(0) > 8 GeV, In(0)| < 3.0. (13.1.78)

For simplicity, we apply the same veto W decays to muons or taus. Loosening the veto requirements
to pr(¢) > 10 GeV, |n(f)| < 2.0 increases th&/ + 25 background by about a factor of two.

Background can also come from QCD multi-jet events with f&ltedue to mismeasurement of
jets and jet activity escaping down the beampipe. We follogvtechniques of a CDF study &% + 27
[302] to deal with this background. Please see Ref.[299rfore details.

In Table 13.1.13 we show results for signal and backgroundscsections for the;; cuts given
in Eq. (13.1.76). In Table 13.1.14 we show the resulting aigo-background ratio and significance for
10 fb~L.

We find a signal significance of about &.@ith 10 fo~! of luminosity at one Tevatron detector.
This significance is not much less than that found in Ref. [28d 7 + hy,, at the Tevatron, namely
1.90 with 10 fb~! for m;, = 120 GeV. Combining data from both Tevatron detector$gaobservation
would require at least 12 fi in the Z + hi,, channel, or 18 fo! in the WBF channel. However,
by combining these two channels, we find thateadbservation ofhi,, is possible with 7 fb' per
detector, if the background can be determined to better 1086, Thus, WBF provides an important
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mj;cut  SQine +2j) B(Z +2j,QCD) B(Z +2j,EW) B(W + 25,QCD)

320GeV 4.1fb 55 fb 1.7fb 7fb
340GeV 3.6fb 43 fb 16fb 5fb
360GeV 3.2fb 34 fb 14fb 5fb
400GeV 2.41fb 211b 1.2fb 2fb

Table 13.1.13: Signal and background cross section&ifer+ 25 at Tevatron Run 2, forn, = 120 GeV. The statistical
uncertainty on Bf + 25,QCD) after cuts is roughly 10% due to our limited Monte Castomple. There is an additional
background from QCD with fak&r which is taken from Ref. [302] to be 5 fb; this represents aseovative overestimate of
the fakePr background.

mycut  S(10fol) S/B SA/B (10 b))

320GeV 41 evts 0.060 1.6
340GeV 36 evts 0.066 15
360GeV 32 evts 0.070 15
400 GeV 24 evts 0.082 1.4

Table 13.1.14: Number of signal events, signal-to-baakgdoratio, and significance fdr;,, + 2j at Tevatron Run 2, for
my, = 120 GeV. We include the background from QCD with fak& of 5 fb [302] in S/B and SV/B.

second channel that brings an observatioh;gf into the realm of possibility at the Tevatron before the
results of the LHC become available. Here, we note that therg be other production channels, such
asgg — hinwjj, that could contribute to the signal, even after the WBF wg$have outlined. However,
this could only enhance;,,,, production, making our results for the WBF channel a lowamubon the
number of signal events.

In Refs. [295, 303], it is claimed that vetoing additionaftgets in the central region improves
the signal-to-background ratio by a factor of three at theCLH a similar background reduction could
be achieved at the Tevatron, the prospectsifgqy observation in the WBF channel would improve
considerably: 80 observation in the WBF channel alone would then be possilite vib—! per de-
tector, with a signal-to-background ratio close to 1/5. ther discussion of background reduction is
presented in Ref. [299]. We emphasize that we mtepplied a central jet veto to obtain the results in
Tables 13.1.13 and 13.1.14.

13.2 AssociatedZ + h;,, Production at the LHC

Discovery of the Higgs in th& + hy,, channel was studied for the LHC in Refs. [293, 296]. This ciehn
was also analyzed for the Tevatron in Ref. [294]. In Ref. [28% Z+jet background at the LHC was
found to diminish the significance of the signal considerabhd the electroweak backgrounds coming
from WIW and ZW final states were ignored. We update and refine the analy8lefof293] by taking
into account sources of background not included in thatystundl considering a wider acceptance range
for the leptons. We show that, with the kinematic acceptamekthe cuts we adopt, the prospects for the
discovery of the invisible Higgs i + hi,, at the LHC are brighter than presented in Ref. [293], even
with the WW and ZW backgrounds included. Our results are consistent withetiob&ef. [296].
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We consider the production process
pp — Z(— £T07) + hiny ; {=e,pu, (13.2.79)

at the LHC. We assume that the Higgs decays 100% of the timevisible final states, and that the
production cross section is the same as in the SM. Our resattde easily scaled for other invisible
branching fractions or non-SM production cross sectionise Jignal rate is simply scaled by the pro-
duction rate and invisible branching fraction:

o BRiw
osm 1

S =25 ) (13.2.80)
where S is the signal rate from our studies/o g, is the ratio of the nonstandard production cross
section to that of the SM Higgs, and BR is the invisible branching fraction. Assuming that the SM is
the only source of background, the luminosity required fgiven signal significance then scales like

B inuv -2
o BR } , (13.2.81)

L=2Ly {—
ospy 1

whereL is the luminosity required for a given significance found ur studies.

Sgnal for hiny
As the signal i¥" ¢~ Pr, the most significant sources of background are

Z(— M) Z(—>vp),  WHo )W (= D),  Z(— )W (= tv), (13.2.82)

(with the lepton from thél” decay iInZW missed) and’ + jets final states with fake’r [293, 294]. We
simulate the signal and the first three backgrounds for th€ Lking Madgraph [269, 242].

We start with the following “minimal cuts”:
pr(f) > 10 GeV, In(4*)] < 2.5, AR((T07) > 0.4, (13.2.83)

wheren denotes pseudo-rapidity anflR is the separation between the two particles in the detector,
AR = /(An)? + (A¢)?; ¢ is the azimuthal angle. The electromagnetic calorimetdoodiy AT-
LAS [304] and CMS [305] covers the rangg < 3; however, the electron trigger covers ofly < 2.5
(2.6) at ATLAS (CMS). The pseudo-rapidity acceptance falalitrons could be expanded by requir-
ing only one electron withiny| < 2.5 and the other withirjn| < 3. Meanwhile, the muon trigger
covers|n| < 2.2 (2.1) at ATLAS (CMS), with muon identification and momentuneasurement out to
In| < 2.4. We requireln(¢*)| < 2.5 for both leptons, so that the larger acceptance for diglaatwents
compensates the smaller acceptance for dimuon events.

Because we will cut on the invariant mass of the dilepton fmakeep only events in which the

dileptons reconstruct to the mass, we imitate the effects of LHC detector resolution bgarng the
electron momenta according to

AE/E=—1 5059, (13.2.84)
E(GeV)
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Fig. 13.2.59: Missingr distribution for Z(— e*e™) + hiny signal (solid lines, withn;, = 120, 140 and 16@eV top to
bottom) and backgrounds frol W andZ Z (dotted lines) at the LHC, after applying the cuts in Eqs.Z183), (13.2.85) and
(13.2.86).

with the two contributions added in quadrature. This snmgglnias a negligible effect on our results. We
have thus applied the same smearing to the final state witmsauo

The W W background can be largely eliminated by requiring that/thé&" invariant massn,+ ;-
is close tom z:
|mp+p— —mz| < 10 GeV. (13.2.85)

Also, the/™ and/~ from two different parent’ bosons tend to be more back-to-back than the leptons
in the signal. We therefore impose an azimuthal angle cuberepton pair,

Apprp- < 2.5 or 143°. (13.2.86)

This cut also eliminates Drell-Yan backgrounds with fdke caused by mismeasurement of the lepton
energies.

Our third cut is onPr. The number of *¢~ Pr signal events typically falls more slowly with,
than those of the Z or WV backgrounds, as shown in Fig. 13.2.59.
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The final stateZ(— ("¢~ )W (— (v), where the lepton from th& decay is missed, can be a
potential background. However, the probability of missing lepton from thd? decay is small given
the kinematic coverage at the LHC. To reduce this backgrowmveto events with a third isolated
electron with

pr > 10 GeV, In| < 3.0. (13.2.87)

For simplicity, we apply the same veto W decays to muons or taus. This veto reducesAhe W
background to the level of 5-10 fb, so that it has little dfi@t the significance of the signal.

We also include the background frofh+ jets with fake Pr. As shown in Ref. [293], events of
the typeZ+jets can constitute a significant background due to jet gnmigmeasurements resulting in
fake Pr, or when one or more jets are emitted outside the fiduciabregi the detector and are therefore
missed. The majority of those events can be eliminated biyimgpa jet veto, but those in which the
jet(s) are soft and/or escape down the beampipe canAakePr events. A simulation of the latter
requires simulating the detector effects, which is beydwdstope of our analysis. Instead, as explained
in Ref. [299], we adopt the results for this background froed. R293].

At this point, we note that there are other potentially lasgerces of background that need to
be addressed [294]. The background events f@m— 777~ — ¢/~ Pr are efficiently suppressed
by our Z-mass cut onn,+,-, the Pr cut, and the cut ol\¢,+,- that requires that the leptons are not
back-to-back. This can be seen from Table 2 in Ref. [296],ra/liteis shown that, after cuts similar
to those we use, the resulting background from a siifjis basically absent for th& H production
channel. The same conlcusion is reached forlthe- jet background in theZ H channel, in Table 2
of Ref. [296]. Hence, fake events froli (— (v)+jet, where the jet is misidentified as a lepton of the
appropriate charge and flavor, are also ignored in our aisalys

Our results for the background and signal cross sectionsaardated in Table 13.2.15. The
corresponding signal to background rat#,3, and significanceS/+/B, are tabulated in Table 13.2.16.
We see from Table 13.2.16 thata5o discovery can be obtained fag;, = 120 GeV with 10 fb~! of
integrated luminosity, even with our conservative esteiat the”Z+jets background foPr > 75 GeV.
With 30 fo~!, discovery can be pushed outrig, = 160 GeV.

S(Z + hinv)
Prcut | B(ZZ) BWW) B(ZW) B(Z+j)* | m,=120 140  160GeV
65GeV | 48.0fbh 10.6fb 10.2fb 22 b 14.8 fb 10.8fb 7.9fb

75GeV | 385fb  4.3fb 7.41b 91b 12.81fb 9.41b 7.0fb
85GeV | 309fb 1.8fb 551b 11.11fb 8.3fb 6.3 b
100GeV | 22.1fb 0.6fb 3.6fb 8.7fb 6.8 fb 5.3fb

Table 13.2.15: Background and signal cross sections focagedZ (— £7¢~) + hiny production at the LHC, combining the
ee andpupu channels’ Estimated from Ref. [293] (see text for details).

The Z + hiyy channel can thus be used at the LHC fay, < 160 GeV to supplement the
WBF channel [295], which has higher significance. WBF praiducof h;,, at the LHC was studied
in Ref. [295], which concluded that with only 10fb of integrated luminosityhi,, can be detected
at the> 50 level up tom; ~ 480 GeV. They also showed that the invisible branching fraction of
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my, = 120 GeV my, = 140 GeV | my, = 160 GeV
Pr cut S/B SKM/B(10fb!) SA/B(B0fb!) | SWB(B0fb 1) | SWB (30fb 1)
65GeV | 0.22(0.16) 5.6 (4.9) 9.8 (8.5) 7.1(6.2) 5.2 (4.5)
75GeV | 0.25(0.22) 5.7 (5.3) 9.9 (9.1) 7.3(6.7) 5.4 (5.0)
85 GeV 0.29 5.7 9.8 7.4 5.6
100GeV 0.33 5.4 9.3 7.3 5.7

Table 13.2.16: Signal significance for associatde- £ £~ )+ hiny production at the LHC, combining the andgu. channels.
The numbers in the parentheses include the estintatgets background discussed in the text.

a 120GeV Higgs can be constrained at the 95% confidence level to beHassl3% if no signal is
seen in the WBF- hi,, channel, again with 10 fio'. However, we would like to emphasize that the
Pr measurements in the proce&s/~ Pr that we studied here are largely determinedpby/¢), and
the distribution will suffer much less from systematic unamties compared to the WBF whefy- is
determined mainly from the forward jets.

Higgs boson mass

The Z + hiny channel may also provide an interesting handle on the Higgerbmass, as follows. The
mass of an invisibly-decaying Higgs boson obviously cars®teconstructed from the Higgs decay
products. Unless the Higgs is also observed in a visible rélammur only chance of determining the
Higgs mass comes from the; dependence of the production process. Extractingfrom the pro-
duction cross section requires the assumption that theuptioth couplings are the same as in the SM.
(Non-observation of the Higgs in any visible final state ireplthat the invisible branching fraction is
close to 100%.)

The Higgs mass extraction from measurements of the pramuctioss sections i@ + h;y,, and
WBF are shown in Tables 13.2.17 and 13.2.18, respectiveherd are two sources of uncertainty in
the signal: statistical and from background normalizatidrhe statistical uncertainty i&og/og =
vS+ B/S. We estimate the total background normalization uncesteior Z + h;,, to be the same
size as that of the dominant process involvitig— vv: AB/B = AB(ZZ)/B(ZZ). We assume that
this background can be measured via the corresponding elsaimwhichZ — ¢/~ and take the
uncertainty to be the statistical uncertainty on the~ (¢~ rate: AB(ZZ2)/B(ZZ) ~ 7.1% (2.2%),
for an integrated luminosity of 10 (100) fh. In Tables 13.2.17 and 13.2.18 we quote the resulting
uncertainty on the signal cross section, givenXys/os = (B/S) x AB/B. The total uncertainty
[Aos/osliot, presented in Tables 13.2.17 and 13.2.18, is then the suquaidrature, of the statistical
and background uncertainties, as well as the other unogesigiven in the table captions. We then have
Amy, = (1/p)[Acs/os]iot-

The cross section fat + h;y,, production falls quickly with increasing:;, due to thes-channel
propagator suppression. This is in contrast to the WBF oy, which provides a- 50 signal up to
my, ~ 480 GeV with 10 fb~! if the Higgs decays completely invisibly [295]. Thus, while statistics
are much better for the WBF measurement than4of h;,,, the systematic uncertainties hurt WBF
more becausé&iog/dmy,)/os is much smaller for WBF than fa¥ + hi,,. The Z + hiy,, Cross section
is therefore more sensitive to the Higgs mass than the WB$s@ection.
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mn (GeV) 120 140 160

p = (dog/dmp)/os (1 GeV) —0.013 —0.015 —0.017
Statistical uncert. 21% (6.6%) 28% (8.8%) 37% (12%)
Background normalization uncert.  33% (10%) 45% (14%) 60964
Total uncert. 40% (16%) 53% (19%) 71% (24%)
Amy, (GeV) 30 (12) 35 (12) 41 (14)

Table 13.2.17: Higgs mass determination frém hiy,, with 10 (100) fo !, assuming Standard Model production cross section
and 100% invisible decays. The signal and background cesg®oas were taken from Table 13.2.15 8r > 75 GeV. The
total uncertainty includes a theoretical uncertainty amghgnal cross section from QCD and PDF uncertainties of 736][3
and an estimated lepton reconstruction efficiency unceytaif 4% (2% per lepton) and luminosity normalization unagty

of 5% [307].

mp, (GeV) 120 130 150 200

p = (dog/dmp)/os (1 GeV) —0.0026 —0.0026 —0.0028 —0.0029
Statistical uncert. 5.3% (1.7%) 5.4% (1.7%) 5.7% (1.8%) %6(2.0%)
Background norm. uncert. 5.2% (2.1%) 5.3% (2.1%) 5.6% (2.2%.5% (2.6%)
Total uncert. 11% (8.6%) 11% (8.6%) 11% (8.6%) 12% (8.8%)
Amy, ( GeV) 42 (32) 42 (33) 41 (31) 42 (30)

Table 13.2.18: Higgs mass determination fréiBF — h;,, With 10 (100) fb~!, assuming Standard Model production cross
section and 100% invisible decays. The background andIsigoss sections were taken from Tables Il and 1lI, respebtiv

of Ref. [295], and include a central jet veto. The total uteiety includes a theoretical uncertainty from QCD and PDF
uncertainties of 4% [30, 29], and an estimated uncertaintthe efficiency of the WBF jet tag and central jet veto of 5% and
luminosity normalization uncertainty of 5% [307].
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ma (GeV) 120 140 160

r = 0s(Zh)/os(WBF)  0.132 0.102 0.0807
(dr/dmy)/r (1] GeV) —0.011 —0.013 —0.013
Total uncert. Ar/r 41% (16%) 54% (20%) 72% (25%)
Amy, (GeV) 36 (14) 43 (16) 53 (18)

Table 13.2.19: Higgs mass determination from the ratio oetliscussed in the text, with 10 (100)fh The event rates for
WBF were interpolated linearly for Higgs masses of 140 ar@@6éV, which were not given explicitly in Ref. [295]. Statistical
uncertainties were obtained assuming SM signal rates. athkuncertainty includes theoretical uncertainties filQ@D and
PDF uncertainties of 7% for + hin [306] and 4% for WBF [30, 29], and estimated uncertaintietherlepton reconstruction
efficiency inZ + hiny Of 4% (2% per lepton) and on the efficiency of the WBF jet tag eswlral jet veto of 5% [307]. The
luminosity normalization uncertainty cancels out in thigoraf cross sections and is therefore not included.

More importantly, however, taking the ratio of tte+ hy,, and WBF cross sections allows for
a more model-independent determination of the Higgs masis. i3 due to the fact that the production
couplings inZ + hi,, (hZ Z) and in WBF (contributions fromWW andhZ %) are related by custodial
SU(2) symmetry in any model containing only Higgs doubleid/ar singlets. The production couplings
thus drop out of the ratio of rates in this wide class of mo@elsich includes the MSSM, multi-Higgs-
doublet models, and models of singlet scalar dark matiayjimg dependence only on the Higgs mass.
The resulting Higgs mass extraction is illustrated in Tak8e2.19. Assuming SM event rates for the
statistical uncertainties, we find that the Higgs mass caexbacted with an uncertainty of 35-8&V
(15-20GeV) with 10 (100) fb! of integrated luminosity. The ratio method also allows & ¢éshe SM
cross section assumption by checking the consistency ohithdeterminations from th& + h;,, and
WBF cross sections alone with they, value extracted from the ratio method. Furthermore, olasieny
of the invisibly-decaying Higgs in WBF but not iti + Ay, allows one to set a lower limit om, in this
class of models.

We note that thePr distribution is also sensitive toy,: largermy, results in a larger average
Prin Z + hy,y events. At the LHC, the production cross section @&hiddistribution may be the only
experimental handles on the mass of a Higgs boson with noleidecays.
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14 Energy scale for b jets in D@
Contributed by: J. Cammin

This section describes the determination of the energyoresspof b jets in the D@ calorimeter.
Since this measurement is work in progress, and no finalteeatg available yet, we discuss only the
concept of the measurement.

14.1 Introduction

In DO, jet energies measured in the calorimeter [308], areected for offset, response, and shower-
ing [309]. The response is the largest single correctiotofaand is measured from the energy balance in
~v+jets events using the “Missing Projection Fraction Method” (MPF) [309]. The response isame
sured in bins of an energy estimatdr, = E7. cosh(nj;), which later is mapped to the raw measured
jet energy,Eie™ in order to get an energy-dependent measurement of thesjgmse.

The above mentioned corrections are derived for light jetisdn not take into account peculiarities
of heavy flavor jets, such as different fragmentation anddrddation and the presence of semileptonic
decays. The latter leads to an energy response considesrablier than that of light jets because of the
neutrino involved in the decay. It is therefore crucial toigke special energy corrections for b jets, so
that particle masses measured in decays containing b qeadtsas — bb, t — bW, orH — bb, are

reconstructed at the correct energy scale.

In D@ special b jet corrections exist only for semi-muonicales, which are applied if the jet
contains a “soft” muon. The following section describes ithgponse measurement to compensate for
the remaining effects (mainly due to semi-electronic dec&y which no dedicated corrections exist).

14.2 The concept of the measurement

The response for b jets that dot have a soft muon tag is measured in b-taggegets events using the
same method (MPF) as for the light jet response describedabtowever, b-tagged jets are a mixture of
true b and c jets and mistagged light jets which have diffezarrgy responses. The situation is sketched
in Figure 14.2.60, where the measured mean value of themsspbstribution in a particular energy bin
is the weighted sum of the mean values of response distitmifior light, b, and c jets. The response
of b jets thus needs to be disentangled from the responseursdaisl a tagged+jets sample. Since
there are three unknows, the mean valBgsR;,, andR.. of the responses, this can be accomplished by
algebraically solving a system of three equations, wheth eguation corresponds to a measurement of
the response in a sample with different flavor compositiothefjets. In D@, the first measurement is
performed on an untagged sample. With good approximati@nmeasured response is that of light jets,
R;, Equation (14.2.88). The second measurement is obtaineu drb-tagged,+jets sample using the
“counting signed impact parameter” $@) algorithmt® [310], Equation (14.2.89). The third equation is
taken from a sample with a tighter b-tagging criterion: Téis must be tagged with thes@® algorithm

and have a “track massh, above 1.93 GeV, Equation (14.2.90)u, is the invariant mass of the
tracks that tag the jet,e., tracks with impact parameter significance greater than two

¥with this algorithm a jet qualifies as a b jet if it has at leas tracks with impact parameter significancebove three,
or at least three tracks with above two.
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Fig. 14.2.60: Sketch of response distribution in a parécul Fig. 14.2.61: “Invariant track mass” minus an offset of
energy bin. Mr + MmK.
untagged : R,y =~ R (14.2.88)
tagged : Ry = fiR;+ fiRy + feRe (14.2.89)
tagged : Ryt = fIRi+ fiRy + f.R. (14.2.90)

The distribution of the invariant mass;, is depicted in Figure 14.2.61 for light, b, and c jets.
The energy response of b jets is then obtained by solvingytters of Equations (14.2.88)— (14.2.90)
and measurindg?,;, R;, andR,,,; in various energy bins:

1 fe Je
Ry = 7]% - }I—Zfé |:Rt — Ryt (fl — f_éfl> - Rmtf_é] . (14.2.91)

The flavor fractionsfl(/), flf/), fc(/) can be obtained from fits of the mass templates to the data
distribution as shown in Figure 14.2.61, or from a similatdbution that discriminates between the jet
flavors. The flavor composition is also a function of the epengd must be measured separately in each
energy bin.

The advantage of this method is that the energy responsea@is lisj measured directly in data
and relies only very little on Monte Carlo simulations (tdatp distributions for the fit to the flavor
fractions). However, an inclusive+jets sample contains only a few percentyefb events, hence a
large data sample is needed in order to keep the statisticaktainties at a reasonable level.

Since jets in D@ are already corrected for the light jet epemgle, the resulting b response will be
provided as a residual scale faciy/Ry,. This scale factor derived from tagged-jets data can also be
compared to Monte Carlo simulationsof-jets andy-+b events, a preliminary result of which is shown
in Figure 14.2.62. The study suggests that b jets need additenergy corrections of as much as 10%
at energies around 20 GeV and about 5% at energies of 150 GeV.
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Fig. 14.2.62: Response of b jets relative to the light jepoese as a function of the raw jet energy.

119



15 Insights into H — ~~ from CDF Searches
Contributed by: S.-W. Lee

We describe how all of the diphoton measurements at CDF geowvinportant insights into the
Higgs search at the LHG{ — ~~. A brief review of diphoton physics at CDF is also given here.

15.1 Introduction

The study of photon production at a hadron collider is imgirtfor many reasons. As the photon
energy is well-measured, compared to jets, it can be a gabdatfurther our understanding of Quantum
Chromodynamics (QCD). One of the important reason to stimbgns at a hadron collider, as well as
all QCD measurements, is that they are the backgrounds tghgsics. The most famous of these is
the Higgs search at the LHC, where diphoton backgroundsharebst serious experimental difficulty.
In the next section we will illustrate how all of the diphotameasurements at CDF provide important
insights into backgrounds for new physics, specificallydhmhoton backgrounds to the Higgs search at
the LHC,H — ~~.

In addition, there are a large number of important and weltivated theoretical models which
make a strong case for looking for new physics in events with photons in the final state. These
theories include Supersymmetry (SUSY), Extra Dimensi@i3)( Grand Unified Theories, Composite
models of quarks and leptons, and Technicolor models. Tdreré is important to understand diphoton
production at Tevatron experiments in order to reliablyrcledor the Standard Model Higgs and new
physics at LHC.

The aim of this talk is to present the recent measurement mfodbn production at Tevatron
experiment, CDF, to lead us to a deeper understanding of hgaigqs signatures at LHC experiments.

15.2 Diphoton physics at CDF

A brief review of physics with diphoton final states using @BF detector at the Tevatron is given
here. These include searches for supersymmetry, extrandiores and bosophilic Higgs, as well as
QCD diphoton cross section measurement. Recent resutts @OF Run Il experiment are presented,
but some result from Run | is also reviewed.

Diphoton final states are a signature of many interestinggases. For example, at the LHC,
one of the main discovery channels for the Higgs boson seaaritte v final state. An excess ofy
production at high invariant mass could be a signature gela&xtra dimensions, and in many theories
involved physics beyond the standard model, cascade detdgmavy new particles generateya sig-
nature in the final state. However, the QCD production rakerge compared to most new physics, so an
understanding of the QCD production mechanism is a presggqud searching reliably for new physics
in this channel.

CDF has good analysis tool to identify the photon signal ftbenmixture of photons and a neutral
meson background. For the CDF measurement the fraction atbpttandidate events that have an
observed conversion in the materials just in front of the@wadeter is used, along with the transverse
shower shape measured in a proportional chamber at showemaora in the calorimeter itself. In
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the end one of the two methods is used to evaluate point-mt-fiee fraction of photons in the data
sample. [311].

Diphoton Cross Section

Recently CDF has performed pure QCD test with prompt diph®tgsing a data sample of 2p% ! in
Run 11 [312]. The analysis required two photon candidates Wiy > 14 GeV (13 GeV) for the leading
(softer) photon candidate in the event. The background flomprompt photon sources is determined
using a statistical method based on differences in therelaetgnetic showers.
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Fig. 15.2.63: Theyy gr distribution, along with predictions from DIPHOX (solidRESBOS (dashed), and PYTHIA (dotted).
The PYTHIA predictions have been scaled by a factor of 2. Alsown, at largegr, are the DIPHOX prediction (dot-dashed)
and the CDF data (open squares) for the configuration wherewi photons are required to hade < /2.

CDF has measured the cross section for prompt diphoton ptioduas a function of three kine-
matic variables - diphoton mass, the transverse momentutheofliphoton systemg{), and the az-
imuthal angle between the two photon&gp. Comparisons have been made with predictions from
DIPHOX, RESBOS and PYTHIA. The data are in good agreemerit thie predictions for the mass
distribution. At low to moderatg; and A¢ greater tharr /2, where the effect of soft gluon emissions
are important, the data agree better with RESBOS than DIPHEY>Contrast, in the regions where the
2—3 fragmentation contribution becomes important, largeA¢ less thanr /2 and low diphoton mass,
the data agree better with DIPHOX. The distribution is shown in Fig. 1.

This result would appear to indicate a need to have a fullréteal calculation of diphoton pro-
duction; a resummed full NLO calculation will be necessafgain, an understanding of the QCD
diphoton production mechanism is a prerequisite to seagataliably for new physics in this channel.

Search for Supersymmetry

Among various SUSY models, two SUSY breaking mechanismraeedsting, which predict photons in
the final states. Supergravity models can produce eventhvagcay down to the second lightest neu-
tralino via a loop into the lightest neutraling) and a photon, wherg{ is the lightest supersymmetric
particle (LSP). Gauge-Mediated SUSY breaking models (GM8Eh the x| decaying into a photon
and gravitino can produce a final state of two photons anct larigsing transverse energhi()/ Fr
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Fig. 15.2.64: The NLO cross section and combined experiahéntits as a function of chargino and neutralino mass in ®MS
model.

is often used as a pointer to possible SUSY signals becaus#igates the escape of a non-interacting
SUSY particle from the detector. The LSP signals are of palgr interest as they provide a natural
explanation for the dark matter.

CDF has searches 292! of inclusive diphoton events of Run Il data for anomalousipiation
of K as evidence of new physics. Events are selected as havinghwton candidates with'; > 13
GeV in the central. CDF observe no candidate events, withkpaated standard model background of
0.27+ 0.07 (stat)}+- 0.10 (syst) events. Using these results, CDF has set limih@tightest chargino
Mﬁg > 167 GeV/c?, and the lightest neutralino %1) > 93 GeV/c? at 95% C.L. in a GMSB scenario
with a light gravitino [313].

Fig. 2 shows the combined CDF and DO result for the observeskaection as a function Q’ﬁt
andx along with the theoretical LO and NLO production cross s&ti The final mass limit for the
lightest chargino is 209 Ge\? which translates to a mass limit of 114 G&¥ on the lightest neutralino
and a limit of 84.6 TeV om\. This result significantly extends the individual expenita limits [314].

Search for Extra Dimensions

Recent theories postulate the existence of new space-timendions. Such extra dimensions might
be found by looking for graviton exchange processes in tpaalon final state. For example in the

Randall-Sandrum model with a warped extra dimension, dg@hoesonances can be produced via the
graviton.

CDF has searches for diphoton mass resonance with a datdesafr§#5pb—!. Two isolated
photons , each wittEr > 25 GeV, are required in the analysis. The main backgroundesadinom
standard model diphoton production which accounts for 30%® events, and from jets which fake
photons. No deviation from standard model expectationdbseived, and set upper limit on the cross
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section times branching ratio of the Randall-Sandrum gpavproduction and decay to diphotons. The
lower mass bounds obtained for the first excited states oR#medall-Sandrum graviton are 690 and
220 GeV/¢? for coupling, k/M,; = 0.1 and 0.01, respectively. [315]

RS Graviton Searches, 95% C.L. Exclusion Regions
0.1

Decay mode
[ dimuon (200 pb™)
B dielectron (200 pb™y

" diphoton (345 pb™)
| Con |
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Fig. 15.2.65: Combined 95% C.L. RS gaviton mass limit of thehdton and dilepton searches

Fig. 3 shows the combined 95% C.L. RS graviton mass limit efdiphoton and dilepton searches
in the graviton mass versus k/Mplane.

Search for Bosophilic Higgs

The signature of high mass photon pairs is attractive forcbes for new physics as the photon is the
lightest gauge boson, and hence might be more easily prddacgecays of new physics. There are
models in which a Higgs boson could decay into two photonf wibranching ratio much larger than
predicted in the standard model; bosophilic Higgs boson.

In Run | CDF has searched for departures from standard magekctations for inclusive high
mass diphoton production in association with a W or Z bosdi6].3 This analysis is complimentary
to the diphoton cross section analysis, in which very splotton selection requirements are used to
reduce the large jet fake backgrounds maximizing signalifsignce, but which become progressively
less efficient withE for high energy photons. Itis also complimentary to the neciphoton+X search
analysis which was focused on non-resonant diphoton sigggsuch as GMSB SUSY.

CDF found no evidence for a resonant structure and set arr lippeon the cross section times
branching ratio fopp — H — ~v between 60 and 200 Ge¥/ (see Fig. 4). A 95% C.L. lower limit
on the mass of a bosophilic Higgs boson (one which coupleston}, W and Z with standard model
couplings) is set at 82 GeVic

15.3 Conclusion

In this article we summarize the current CDF experimentsililte of diphoton physics, test of standard
model and searches for new physics in final states contagmeggetic photons, at Tevatron. we also
describe how all of the diphoton measurements at CDF pramigertant insights into backgrounds for
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Fig. 15.2.66: Upper limit at 95% C.L. on they + W/Z cross section as a function ofy mass. The dashed curve shows the
prediction for cross section times branching fraction fwoaophilicH — ~~ with branching fraction from reference [1] and

the cross section for associa ted Higgs production is a atdrmdodel NLO calculation from reference [317].

new physics, specifically the diphoton backgrounds to thggslisearch at the LHC. As we learned it
is important to understand diphoton production in ordert@mbly search for the standard model Higgs
and new physics. There may be an interesting connectionegleetWwevatron and LHC.
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