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We discuss the tests of the fundamental properties of the Stadard
Model Higgs boson that can performed in the next round of expements.
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1. Introduction

The search for Higgs bosons is the primary mission of presewind fu-
ture high-energy colliders. Detailed theoretical and expemental studies
performed in the last few years, have shown that the single n#ral Higgs
boson that is predicted in the Standard Model (SM) [1] could k& discovered
at the upgraded Tevatron, if it is relatively light and if enough integrated
luminosity is collected [2,3]. It can also be detected at thd.HC [3, 4] over
its entire mass range 115Ge\V. My . 1TeV in many redundant channels.

Should we then declare that we have done our homework and wagiteace-
fully for the LHC to start operation? Well, discovering the Higgs boson is
not the entire story, and another goal, just as important, wauld be to probe
the electroweak symmetry breaking mechanism in all its fads. Once the
Higgs boson is found, the next step would, therefore, be to prm very high
precision measurements to explore all its fundamental progrties. To achieve
this goal in great detail, one needs to measure all possibleass sections and
decay branching ratios of the Higgs bosons to derive their nsses, their total
decay widths, their couplings to the other particles and thér self-couplings,
their spin-parity quantum numbers, etc. This needs very precise theoreti-
cal predictions and more involved theoretical and experimetal studies. In
particular, all possible production and decay channels oftte Higgs particles,
not only the dominant and widely studied ones allowing for ckar discovery,
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should be investigated. This also requires complementaryedailed studies at
future e* e linear colliders, where the clean environment and the expéed
high luminosity allow for very high precision measurementg5, 6].

In this talk, | summarize the studies of the Higgs pro le that can be
performed at the LHC and ILC. Most of the material presented kere relies
on the detailed discussion given in Refs. [1] to which we refdor details.

2. Higgs production and tests at the LHC

The production mechanisms for the SM Higgs boson at hadron dal-
ers are:

(@ gluon gluon fusion gg ! H;
(b)  association with W=Z qq ! V + H;
(c) WW=2ZZ fusion VV I H;

(d) association with QQ gg; ! QQ+ H;

The cross sections are shown in Fig. 1 for the LHC wittP s =14 TeV.
Let us brie y discuss the main features of each channel at thé&.HC [for the
various Higgs decay modes; see Ref. [7] for details]:

(a) The dominant process, up to massedly . 700GeV, is by far the
gg fusion mechanism. The most promising signals arél ! (WW ) in
the mass range below 130 GeV (around 160 GeV); for larger mass it is
H! zzO 1 4 | with ° = e; , which from My & 500GeV can be
complemented byH ! ZZ ! T andH! WW ! jj . The higher
order QCD corrections should be taken into account since thelead to an
increase of the cross sections by a factor of 2; see Ref. [1] for a review.

Fig.1. The Higgs boson production cross sections at the LHCni the dominant
mechanisms as functions oMy ; from Ref. [1].
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(b) The WW=ZZ fusion mechanism has the second largest cross section
(a few pico-barns forMy . 250GeV) and rather small backgrounds (com-
parable to the signal) allowing precision measurements, sihat one can use
forward-jet tagging, mini-jet veto for low luminosity, and one can trigger on
the central Higgs decay products [8]. It has been shown thattdeast the
decayH! * aswellasH! ;WW can be detected and could allow
for Higgs coupling measurements [3, 8].

(c) The associated production with gauge bosons, wittH ! bb, is the
most relevant mechanism at the Tevatron [2] but at the LHC, this process
(also with the decaysH ! ) is challenging and needs a large luminosity.

(d) Finally, Higgs boson production in association with top quarks, with
H! or bb, could be observed at the LHC with su cient luminosity and
would allow the measurement of the important top Yukawa couping.

Let us now turn to the measurements that can be performed at tke LHC.
We will mostly rely on the summaries given in Refs. [1,3,8,9]In most cases,
a large, 0(200) fb 1, integrated luminosity is assumed.

The Higgs boson mass can be measured with a very good accura&gr
My . 400GeV, where y is not too large, a precision of My=My  0:1%
can be achieved inH | ZzZ() 1 4 . Inthe low-mass range, a slight
improvement can be obtained by consideringH ! . For My & 400GeV,
the precision starts to deteriorate because of the smallerates. However,
a precision of the order of 1% can still be obtained up tiMy  800GeV if
theoretical errors, such as width e ects, are not taken intoaccount.

Using the same processH ! zzZ() | 4 | the total Higgs width
can be measured for masses aboy & 200GeV, when it is large enough.
While the precision is very poor near this mass value (a factof (2), it
improves to reach the level of 5% aroundMy  400GeV. Here again, the
theoretical errors are not taken into account.

The Higgs boson spin can be measured by looking at angular ceta-
tions between the fermions in the nal states inH ! VV I 4f. However
the cross sections are rather small and the environment tooidult. Only
the measurement of the decay planes of the twd bosons decaying into four
leptons seems promising. The Higgs CP properties and the stcture of the
HV V coupling can be also determined in the fusion procesgg! qgH, by
looking at the azimuthal dependence of the two outgoing forard tagging
jets. The analysis is independent of the Higgs mass and decagyodes but
might be di cult because of background problems.

The direct measurement of the Higgs couplings to gauge bossrand
fermions is possible, but with rather poor accuracy. This islue to the limited
statistics, the large backgrounds, and the theoretical unertainties from the
parton densities and the higher-order radiative correctios. To reduce some
uncertainties, it is more interesting to measure ratios of mss sections where
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the normalization cancels out. The cross sections times brehing ratios
which can be measured in various channels at the LHC are showin the
left-hand side of Fig. 2 for Higgs masses below 200 GeV [8]. Aafistical
precision of the order of 10 to 20% can be achieved in some chmats, while
the vector boson fusion processpp! Hqq! WWqg leads to accuracies
of the order of a few percent. Under some assumptions, these BR
can be translated into Higgs partial widths in the various decay channels

X (H! XX [8], which are proportional to the square of the Higgs
couplings, gﬁxx . The expected accuracies, at the level of 10 to 30%, are
shown in the right-hand side of Fig. 2. One can indirectly meaure the total
Higgs width , and thus derive the absolute values of the partial widths x,
by making additional assumptions, besidegyww =g4zz universality

width ratios (partial) widths
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Fig.2. Relative accuracy expected at the LHC with a luminosty of 200fb * for
various ratios of Higgs partial widths (left) and indirect d etermination of partial
and total widths 5 and  (right); from Ref. [8].

The trilinear Higgs boson self-coupling pyy is too dicult to be
measured at the LHC because of the smallness of ttgg! HH (and a for-
tiori the VV ! HH and qq! HHV ) cross sections and the very large
backgrounds; see Refs. [1,9] for a recent work and referesce

Note that some of the measurements discussed previously wdwgreatly
bene t from an increase of the LHC luminosity (SLHC) or from an increase
of the energy (VLHC); see Ref. [10] for details.
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3. Higgs production and tests at the ILC

At €" e linear colliders operating in the 300 1000 GeV energy rangethe
main production mechanisms for SM-like Higgs particles are

(@) Higgs strahlung process e'e ! (Z)! Z+ H;

(b) WW fusion process ege | (WW) ! + H;
(c) ZZ fusion process e'e | e'e (ZZ)! e'e + H;
(d) radiation o tops egte I (;Z)! tt+ H;

(e) double Higgs strahlung egte | (Z)! Z+ HH:

The Higgs-strahlung cross section scales dss and, therefore, dominates
at low energies, while theWW fusion mechanism has a c6oss section that
rises like log(s=M3) and dominates at high energies. At' s  500GeV,
the two processes have approximately the same cross sects@ (100 fb) for
the interesting range 100GeV. My . 200GeV, as shown in Fig. 3. With
L 500fb !, asitwas expectece.g.in the TESLA design [6], approximately
25.000 events per year can be collected in each channel foMgy;  150GeV.
This sample is more than su cient to discover the Higgs bosonand to study
its properties in detail. Higgs masses of the order of 80% ohé c.m. energy
can be probed, which means that a 800 GeV collider can covermbst the
entire mass range in the SM,My . 650GeV. The subleading processes
(c) (e) have orders of magnitude smaller rates but they are ery important
for precision tests of the Higgs properties as discussed bal.
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Fig. 3. Production cross sections of the SM Higgs boson ie* e collisions in the
main and subdominant processes aP s =500 GeV (left) and 1 TeV (right) [1].
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The determination of the Higgs properties can be done in grealetail in
the clean environment of the ILC [5,6]. In the following, reling on analyses
done for TESLA [6] (where the references for the original stdies can be
found), we summarize the measurements in the case of the SM djs.

The measurement of the recoilf f mass in the strahlung prﬁ)cess,
e'e ! ZH ! Hff allows a very good determination ofMy: at = s =
350GeV with L =500fb 1, a precision of My 50 MeV can be reached
for My 120GeV. Accuracies My 80 MeV can also be reached for
My =150 and 180 GeV when the Higgs decays mostly into gauge bosons.

The angular distribution of the Z=H in the strahlung process,/ sin?
at high energy, characterizes the production of aJ® = 0* particle. The
Higgs spin-parity quantum numbers can also be checked by l&ng at cor-
relations in the production e"e ! HZ ! 4f or decayH ! WW ! 4f
processes, as well as in the channél ! * for My . 140GeV. An
unambiguous test of the Higgs CP nature can be made by analyzg the
spin-correlation inH ! *  and possibly in the procese"e ! ttH (or
at laser photon colliders in the loop-induced process ! H).

The Higgs couplings toZZ=WW bosons (which are predicted to be
proportional to the masses) can be directly determined by masuring the
production cross sectionﬁ inthee"e ! H*" andH processes. A pre-
cision less than 3% at’ s 500GeV with L =500 fb * can be achieved.
This leads to an accuracy of. 1:5% on the HV V couplings.

The measurement of the Higgs branching ratios (BRS) is of utmst
importance. For My . 130GeV a large variety of ratios can be measured:
the bb;ac and * BRs allow us to derive the relative Higgs-fermion cou-
plings and to check the prediction that they are proportiond to the masses.
BR(gg) is sensitive to thettH coupling and to new strongly interacting par-
ticles. BR(WW) allows an indirect measurement of theHWW coupling,
while BR( ) is also important since it is sensitive to new particles. Me-
surements at the level of a few percent for most of the BRs a1y,  130GeV
can be made (except for and ZZ where the errors are 0fO(20%)).

The Higgs coupling to top quarks, which is the largest couphg in the
SM, is directly accessible inthee" e ! ttH process, although the rates are
low (see Fig. 3). FBFMH . 130GeV, gyt can be measured with a precision
of less than 5% at s 800GeV with L 1 ab 1.

The total width of the Higgs boson, for masses less than 200GeV, is
so small that it cannot be resolved experimentally. Howeverthe measure-
ment of BR(H ! WW) allows an indirect determination of p, since the
HWW coupling can be determined from the measurement of the Higggoss
section in the WW fusion process. (it can also be derived by measuring
the I H cross section at a collider or BR(H ! yinee )
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Finally, the measurement of the trilinear Higgs self-coughg, which is
the rst non-trivial test of the Higgs potential, is accessible in the double
Higgs production processee*e ! ZHH (and in the e'e ! HH
process at high energies). Despite its smallness [see Fig,. tBe cross section
can be determined with an accuracy of the order of 20% at a 500&¥ collider
if a high luminosity, L 1 ab !, is available.

An illustration of the experimental accuracies that can be &hieved in
the determination of the mass, CP nature, total decay width and the various
couBIings of the Higgs boson foMy = 120 and 140 GeV is shown in Table |
for © s = 350 GeV (for My and the @P nature) and 500GeV (for i and
6” couplings excgpt forgyy ) and for L =500 fb ! (except for g4y where

s=1TeVand L =1 ab ! are assumed).

TABLE |

Relative accuracies (in %) on the Higgs boson mass, its CP minﬁ'e and total width
(top)rand on its couplings (bottom) obtained at TESLA with ™ s = 350;500GeV
and L =500fb ! (except for top); Ref. [6].

My [GeV] My CcpP tot
120 0:033 38 6:1
140 0:05 4:5

Mu [GeV] | Ghww  Onzz OHtt OHbb  OHee  OH OHHH
120 1.2 1:2 3.0 2:2 3.7 33 17
140 2:0 1:3 6:1 2:2 10 4:8 23

4. Conclusions

The detection of a Higgs particle is possible at the upgradedevatron
for My . 130GeV and is not a problem at the LHC where even much
heavier Higgs bosons can be probed. Relatively Iightﬂ)-ﬁggsdsons can also
be found at future e"e colliders with c.m.energies’ s & 350GeV; the
signals are very clear, and the expected high luminosity adws a thorough
investigation of their fundamental properties. Some of thg discussion can
of course be extended to the lightest Higgs particle of the mimal SUSY
extension of the SM (MSSM), which is expected to have a mass stter than
140 GeV; see Ref. [11]. Infact, a very important issue once gljs particles are
found, will be to probe in all its facets the electroweak symratry breaking
mechanism. In many aspects, the searches and tests at futueg e colliders
are complementary to those that will be performed at the LHC.An example
can be given in the context of the MSSM.



1374 A. Djouadi

Iw/Iw(SM)

| m,, =120 GeV

LC 95% CL |
LC1s

MSSM prediction:

300 GeV L m, L 1000 GeV

200 GeV L m, L 300 GeV

100 GeV L m, L 200 GeV'

o8 v 1A
08 0.85 0.9 0.95 1 1.05 11 115 12

Giop/rop (SM)

Fig.4. Higgs boson coupling determinations at TESLA forMy = 120 GeV with
500 fb ! of data, the 1 LHC constraint and the expected deviations in the MSSM
for various M 5o ranges are also shown; from Ref. [6].

In constrained scenarios, such as the minimal supergravitynodel, the
heavier H;A and H bosons tend to have masses of the order of several
hundred GeV and, therefore, will escape detection at both te LHC and
linear collider. In this parameter range, theh boson couplings to fermions
and gauge bosons will be almost SM-like and, because of thdagvely poor
accuracy of the measurements at the LHC, it would be di cult t o resolve
between the SM and MSSM (or extended) scenarios. At the ILC,he Higgs
couplings can be measured with a great accuracy, allowing aigdinction
between the SM and the MSSM Higgs boson to be made close to theabu-
pling limit, i.e. for pseudoscalar boson masses, which are not accessible at
the LHC. This is exempli ed in Fig. 4, where the accuracy in the determina-
tion of the Higgs couplings tott and WW states are displayed at LHC and
ILC, together with the predicted values in the MSSM for di er ent values of
Ma. At the ILC, the two scenarios can be distinguished for pseudscalar
Higgs masses up to 1 TeV and, thus, beyond the LHC reach.

| thank the organizers of the conference, in particular Mara Krawczyk,
for the invitation and for the nice atmosphere.
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