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1. Introduction

The search for the Higgs boson[1] is one of the major goals for LHChasdbeen an important
driver in the designs of the experiments there. The global status is rel/iesve, at the brink of
LHC start-up. Within a few years we should have major new developments iknowledge of
the the Higgs model, but will the searches return sufficient detail to knostivein the Higgs boson
has indeed been found?

The current knowledge from data at LEP and the TeVatron are summhamisection 2, the
ongoing TeVatron searches are in 3 and the LHC is discussed in sectibmedL.HC discussion
uses the ATLAS experiment to illustrate the discussion; similar expectationsdrdMS.

2. Current knowledge

The current data relevant to the Higgs boson search comes both froecirehd direct stud-
ies. These are discussed in the following sub-sections.

2.1 Indirect evidence

The Higgs boson in the Standard Model is the missing piece in two overlappsayjgy The
first are massless electroweak vector bosons A, B andW, where the neutral A and B mix to
produce thezand Z. The second is the scalar components of the family ofW Z and H bosons.

As is well known the W W~ and Z become massive vector bosons while the photon remains a
massless vector and the Higgs a massive scalar.

It is therefore not surprising that detailed studies of those bosons allme sonstraints upon
the properties of the Higgs. Indeed these studies are always referascelectroweak fits. These
fits use a large amount of data from ALEPH, CDF, DO, DELPHI, OPAL,dn@ SLD[2]. They
produce firstly the highly non-trivial result that the W boson mass carrédiqgied to within one
per mille through consistency of the Z properties, especially the asymmetriek ate directly
linked to it. This result has tightly constrained alternative theories of massra@mn such as
technicolour which need special treatment to produce this result.

The current status of the electroweak fits, see Fig. 1, is a reasogabite the Standard
Model with my = 8732 GeV. This can also be described as an upper limit on the Higgs mass of
157 GeV. Itis important to keep in mind that this fit assumes there is nothing\deiie Standard
Model (which is manifestly untrue in the presence of dark matter and ewsitygrand that the
bound moves rapidly depending upon how the fit is done. For example, imgpa$ower limit of
114.4 GeV, as comes from the LEP searches described next, movep#rdioit upwards by 29
GeV.

2.2 LEP Searches

Prior to the 21st Century, by far the most useful Higgs limits came from thed'&P collider.
These stemmed largely from associated Higgs production, in the pmtess- Z(*'H. A second
process, vector boson fusion, was included in the production expexdtabat tended to have a
rather minor role in the overall results.
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Figure 1. The x2 from the combined electroweak fits.

The decay of the Higgs boson depends upon its mass and in the LEPesehaste covered
stable througlyy, ee, u*u—, 1~ andbb for the Standard Model Higgs, with searches also
in WTW~, generic quarks and invisible channels. These have been taken withhtheo#d decays
toee, utu~, T 1 vV, andgg. Some combinations were too rare or had too much background
to be considered. The clean predictable environment oéttee collision allowed for low and
calculable backgrounds, and the search was mostly conducted by daeatparing observations
with predictions from simulation. The

The first phase of operation of LEP was at the mass oZthend the large resonant produc-
tion would have allowed subsequent decay to an on-shell Higgs bosbaffashell Z with a rate
decreasing as the Higgs boson mass rises. The searches were dagtiigptonic (including neu-
trino) decays of the Zwhich had a cleaner signature as there is of course no mass constriimt wh
can be applied to reject background and improve mass resolution. Nésgugmumbers of Higgs
candidates were observed, and an exclusion was set which covstartkard model Higgs boson
from 65GeV for all lower masses, right the way to zero.

In the second phase, LEP II, the centre of mass energy was raisedes 86208 GeV, and the
most important possibility was production of both Z and Higgs on mass-sheil.alléheZ decay
modes listed above were employed. The standard model search predsroedl excess, consistent
with a Higgs boson of around 115GeV but not inconsistent with backgt@xpectations. The
lower limit on the Higgs mass was then set at 114.4GeV.

3. TeVatron

The TeVatron has been running since 1987 at around 1 TeV per bedtaa produced an
integrated luminosity which has passed 7%¥bThe DO and CDF experiments have broadly com-
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parable sensitivity to a Standard Model Higgs coming from that data. Thtisety is low - no
single channel in one experiment has any hope of making a convincingvdisg but the combi-
nation of many channels and both experiments is beginning to have an impact[3]

The TeVatron searches can be divided into low mass channels, wheidedhg tobb is the
most sensitive, and high mass ones where/\hvé decay dominates the search potential. This is
illustrated by Fig. 5, which shows the Higgs branching ratios as a functidts afass. There is
already sensitivity to a Higgs in the mass range around 165 GeV coming feofartie branching
ratio to W boson pairs.

The productions mechanisms relevant for the LHC and TeVatron arensindwg 5.

Figure 2: The main Higgs production process at a proton collider. Fiefirto right: gluon fusion, vector
boson fusion, vector boson associated and top associated

The backgrounds at a proton collider are complex - essentially anythiegiitically possible
must be considered. There will be production of systems which areticibld background’; they
produce an identical set of particles to the signal being considerede aekgrounds may still in
fact be controlled by kinematic selections.

There is also a much larger rate of ‘QCD events’; interactions mediated lopgwhich
produce quark or gluon jets in the detector. These fake the signatutemrfsty which will normally
contain leptons, rather rarely - but there is an enormous productionThéze are therefore two
challenges: to reduce the jet misidentification rate, and to know precisetjavishof background
it creates.

3.1 Low mass Higgs

The low mass search relies mainly only tie— bb mode, augmented by rarer channels. The
QCD production ofbb pairs is so large that it is not effective to use this channel in an inclusive
manner, but an associated production mechanism must be requirediatissowith a leptonically-
decaying W or Z boson gives an acceptable signal rate with much imprayeal o background
and a clean lepton trigger except or— vVv.

The signal to background is about 1:20; this difficult situation is made wardbe accuracy
of the prediction for vector boson plus b quarks which is around 30%.€ekktraction of the back-
ground rates from control samples is essential in this channel, as in adl $kasches. Typically
the shapes of the distributions are taken from simulation and the rates ftam da

The status at time of writing is that from about 5 foof data analysed thsensitivity for a
95% upper limit on the signal rate is at 1.8 times the rate expected from the stdviddel, while
the limit actually set is at 2.7 times the rate expected, owing to a small excess it dat@xpected
factor of two in data will need to be accompanied by a similar factor from aisalygprovements
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and additional channels in order to have a reasonable chance of idpree evidence if there is a
Standard Model Higgs at this mass.

3.2 High massHiggs

At the TeVatron, a high-mass Higgs means around 160 GeV in mass. Fromasssupwards
the decay to W bosons gives two on-shell products, giving the explosiecay rate seen in Fig 5.
The ZZ decay does not have a similar increase until just over 180 GeV and ¥éwhbranching
ratio dominates between these masses.

The search channel which is most useful at these masses is the Higgs toNMiWed by
electron or muon decays of both W bosons. The is has a branching r@a@éwfand so the product
rate is around 5%. In contrast only 6% of Z bosons decay to electron an,rand so the ‘Golden’
mode of H to ZZ td "1~ 1|~ is suppressed by a product branching ratio of 4 per mille, as well as
being less common to start with, and is thus simply too rare to be important at therdreVa

Because it is doubly leptonic, this WW decay mode has no need of furthaneement to
suppress the QCD background, and the gluon fusion process, therempstnt production one,
can be used. The largest background is Yé&¥ production, and this is suppressed by using the
spin of the Higgs boson. As this particle is spinless the spins of the W’'s musifmssite, but so
too are their particle/antiparticle natures. Thus when they decay the diemens produced tend
to head in roughly the same direction, and this is used to suppress and entb@sW\WV rate.

Tevatron Run Il Prehmmary L=2.0-5.4 fb™

95% CL Limit/SM

Nov?mber 6, ?009

100 110 120”130”140 150 160 170 180 190 2oo
m,,(GeV/c )

Figure 3: The Higgs combination produced by the TeVatron, as of Nowsr2b09.

The individual experiments are now very close to sensitivity at 165 Gel/flae combination
has excluded a small mass region of Higgs boson masses since 2008y 8edkis is currently
163 to 166 GeV, but we should expect significant increases fairly.soon
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Finally, all three analyses (electroweak fit, LEP and TeVatron segrghegide likelihood-
ratio outputs. We can sum these and invert to find the probability densityimpigitly assumes
making a Bayesian flat prior in mass. This is done here and the result isish&ig. 4.
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Figure 4: The combination of all data on Higgs mass. This assumeshbatandard Model is correct and
merely asks what mass the Higgs boson has.

4. TheLHC

The LHC collider at CERN has started taking data at the end of 2009, withra@mamis-
sioning run largely at injection energy. In 2010 is is expected to prodiioeder 0.2 to 0.5fb~1
at beam energies of 3.5 to 5 TeV. This will probably be followed by a sigmifishutdown before
data measured ifib~! is recorded at 7 TeV per beam. The 2010 LHC experimental expectations
are in gross terms similar to the TeVatron, with a greater sensitivity to a Higgs ehaseund
160 GeV and a lesser one to a Higgs boson close to the lower mass limit. Notestban, lae seen
in figure 4, this means that a Standard Model Higgs is unlikely to be disabi@rsome time.

It must be emphasised that the detectors will need to do detailed studies oknamy pro-
cesses in order to understand the events they are recording, and & gdlhie time before confident
statements about the presence or absence of new physics should bedbelie

4.1 Production

The production process are as shown in Fig. 2, with rates as shown iB6.Figpr example,
the 40 pb cross-section of a Higgs of 115 GeV means that at design lumindgi6f*cm 2s1
some 3 million would be produced per year. The problems come from the enstoackground
cross-sections. The minimum bias rate is som¥ ldrger than the Higgs signatures of interest,
and even top production is one or two orders of magnitude more common.tfgtieeme of the
search is finding ways of distinguishing the signal from the backgrounds

The discussion here uses examples from ATLAS[4].
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Figure 5. The Higgs production cross-sections at 14TeV (left) andrnching ratios into final states
important for hadron collider searches (right).

4.2 Low Mass

The low mass Higgs should be very copiously produced at LHC. Sodrgtyuin fact that
the rare decay modéy — yy becomes accessible. This mode can be accessed experimentally
through the very good momentum resolution available in photon calorimetry, ddnisbined with
a natural width measured in MeV, gives rise to a very narrow experimpegdd, and the ability to
find a small signal in a large background, see Fig‘'6 (left). This mass distsibis augmented by
fits using the numbers of jets, photon quality, and candidatemhich significantly enhance the
sensitivity.
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Figure 6;: Mass plots illustrating the low mass Higgs searches in ATLIASt is the Higgs toyyand right
the Higgs torr.

The Higgs tor* 1~ decay mode is the second largest branching ratio at the lowest masses and
when at least on of thes decays leptonically it provides a strong QCD suppression and cleaattrigg
object. However, the presence of neutrinos complicates the mass meastii@mdean additional
background suppression is required to make this a discovery chanhd.isTprovided by the
use of the VBF production mode. The tag jets coming from the quarks which drtfittevector
bosons give a large component of this background suppressiowfaerdthis is complemented by
requiring an absence of hadronic activity between the two tag jets, reflebtrfact that the vector
bosons are colour neutral, a very good signal to background apiuelae achievable.
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There are residual uncertainties about the efficiency with which a jetcgtdbe applied,
especially in the presence of background, and suitable control samifileseed to be found to
measure this.

The ttH channels was once thought to be a leading candidate for a low magssdisgovery.
However, increasing accuracy in the calculation and modelling has strssdifficulties associ-
ated with large numbers of jets from gluon radiation and precise jet measutreand it currently
seems challenging.

Conversely, the WH and ZH channels, where the Higgs boson decayguark pairs, which
were at one time believed to be swamped in background at LHC now seemieasairable[5], and
should contribute comparably to the first two channels mentioned here. Téxsaient news, as
it means the the Higgs tab coupling, which gives the leading decay mode, should be measurable.

4.3 Intermediate M ass

This mass region, as at the TeVatron, is the region where the Higgs to Waly deminates
the search results. ATLAS characterises this search by the number ségtsvith the WW pair.
The gluon fusion process produces few jets, while vector boson fasietwo ‘tag’ jets associated
with the recoiling quarks. The expected distributions can be seen in figure 7
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Figure 7: The Higgs transverse mass distributions expected in thgHgWW channel. On the left is the
search requiring 0 jets, while on the right two jets are regljiselecting the vector boson fusion process.

The region of Higgs mass around 165GeV is the easiest to access aHdt#the expected
data sets for 2010 should produce sensitivity to the Standard Model Haggsb Note that the
kinematics of Higgs to WW decay does not lend itself to a precise mass measiiréms will
probably come largely from the ZZ channel, which is also measurable in the a@a.

4.4 High Mass

This refers to a Higgs boson above around 200GeV. From this poinetteydo two on-shell
Z bosons offers such a good suppression of the backgroundZéeackground through the good
mass resolution producing a narrow signal peak, that this channel destha analyses.

However, as the mass rises to several hundred GeV then the naturaingidiases; see fig-
ure 8. Eventually this removes the advantage of making a precise mass emasyrand the WW
channel becomes useful again. In this case the vector-boson fusggtsection is approaching
the gluon-fusion one, and it again makes sense to tag the forward jetgcpobih this mechanism
to enhance the signal to background.
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Figure 8: The mass distributions expected in the ZZ channel for a Higg®n mass of 180GeV (left) and
600GeV (right).

4.5 Combined search sensitivity expectations
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Figure 9: The combined sensitivity of the ATLAS experiment. Left stsothie expected significance as a
function of mass from 10 fb! while right is the confidence level to which a Higgs can be eset as a
function of the luminosity recorded. Note that these resudt not include the W/Z+H channel, an important
addition at low mass.

The Fig 9 shows the ATLAS sensitivity to a Higgs boson as a function of its .ntiappears
that 2 fb-! of data at design energy should be sufficient to excluded the standatel Himygs.
However, rather more is required for a convincing discovery at thedbmasses.

4.6 Higgs properties

While it would appear that the searches designed to find a Standard Mg are able to
determine whether something falling into their selections exists, that is quitestiffieom actually
establishing its properties. We would like to establish the mass, spin and patty gdrticles, and
its couplings to as many different other particles as possible. Finally, the@gbling is what
drives the Higgs potential negative and gives spontaneous symme#ilifigeso a measurement
of that would be highly desirable.
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The mass should be well measured at LHC. The low mass Higgs hgy theray mode to a
narrow resonance, see fig. 6 (left) and the high mass Higgs can benexasidZ decay, see Fig 8.
In each case the precision should be at least 0.5%, depending upatatbksément of the energy
scales. This is somewhat easier for the ZZ decay, which can be caliloratbd known Z mass.

The width is not likely to be directly measurable at LHC. For masses belowd¥ @@ width
is below 10MeV, which is far less than the experimental resolution of 1Geviare. However,
once the Higgs mass is greater than the WW and ZZ thresholds it broaddrmitaaGeV, and the
measurement may become possible.

Much more promising is the extraction of the couplings. As has been seenisherange
of possible Higgs boson production mechanism and decay modes, dndieax another piece of
information. The couplings cannot be extracted without making some sadsoimption, as the
total width is not available, but within certain assumptions measurements ofupénmpto W, Zt
and top should all be extractable with errors of order 40% by two expetiméth 30 fo ! if the
b coupling can be measured somehow[6].

The spin is known not to be one if thgzdecay is observed, and the use of the Z mass or WW
di-lepton mass, can also provide information. The tag jets from the VBF gsazan be used to
check the parity, and so there should both be determinable with enough data.

The self-coupling does appear to be very difficult. One study[7] sd@eene sensitivity with
SLHC luminosities if the mass was around 165GeV, but that region is nowdedIuThis is still
being investigated.

5. Summary and conclusion

The Standard Model Higgs will be discovered at LHC if it exists. Some ofripgrties will
be determined, such as the couplings with errors in the tens of perceet rd the mass to much
better than a percent. The subject is a very large one intensively stvdiethe last few decades.
It will be a great relief to settle the discussion, one way or the other.

It is of course impossible to prove a theory true, it can only be demonstitsaédt has not
been found to be false. If a particle passing these tests is discoverethétemill persuade the
current author that it is a Higgs boson.

However, both the accelerator and the experiments are new and a pheameount of
painstaking work is still required in order to make this happen.
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