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Higgs boson production cross section as a precision observable?
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We investigate what can be learned at a linear collider about the sector of electroweak symmetry breaking
from a precise measurement of the Higgs boson production cross section through the @receshZ . We
focus on deviations from the standard model arising in its minimal supersymmetric extension. The analysis is
performed within two realistic future scenarios, taking into account all prospective experimental errors on
supersymmetric particle masses as well as uncertainties from unknown higher order corrections. We find that
information on tarB and M, could be obtained from a cross section measurement with a precision of 0.5
—1 %. Alternatively, information could be obtained on the gaugino mass paraméteesd w if they are
relatively small,M,,u~200 GeV.
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I. INTRODUCTION LHC can measure some, but not all, Higgs branching ratios,
with a precision which is typically less than that obtainable
One of the fundamental problems facing particle physicsat a LC[13].
is understanding the nature of electroweak symmetry break- Supersymmetri¢SUSY) theories[14] are widely consid-
ing. If this symmetry breaking is due to a light Higgs boson,ered as the theoretically most appealing extension of the SM.
then the Higgs boson will certainly be discovered at the FerThey are consistent with the approximate unification of the
milab Tevatron[1] or the CERN Large Hadron Collider three gauge coupling constants at the grand unified theory
(LHC) [2—4]. The remaining challenge will then be to un- (GUT) scale and provide a way to cancel the quadratic di-

derstand whether this new object is the Higgs boson of th¥ergences in the Higgs sector, hence stabilizing the huge
standard mode(SM) or some more exotic particle. In the hierarchy between the GUT and the Fermi scales. Further-

SM, the couplings of the Higgs boson to all particles areMOre; in SUSY theories the breaking of the electroweak

completely fixed once the mass is known and so the validitpYMMetry is naturally induced at the Fermi scale, and the
of the SM can be confirmed by measuring Higgs boson pro_lghtest supersymmetric particle can be neutral, weakly inter-
cting and absolutely stable, providing a natural solution for

duction and decay rates and eventually the Higgs potentia% e dark matter problem. Therefore the implications of the

itself [5]. In alternative models, the Higgs couplings can bemeasurements of Higgs boson branching ratios have been

quite dlffe_re_nt fr(_)m the SM values and so can potentially beextensively studied within the context of the minimal super-
used to distinguish between models.

symmetric mode([MSSM) [15,16. This model is extremel
A linear collider (LC) with an energy in the range's y [ ) [ @ y

o , > . predictive and so is useful for comparing the experimental
~350-500 GeV has the capability of performing precision o,:n achievable in various channels.

measurements of both Higgs boson production and decay |, his paper we address the question of whether the total
rates[6—8|, provided that the Higgs boson mab, , liesin  g+o- 17 cross sectiong, ,, can be used as a precision
the range predicted by electroweak precision observablegysernaple to help determine the structure of the electroweak
M,=200 GeV[9,10]. The dominant production mechanism ¢o tor of the MSSM. The measurement of #ige —hZ
for such a light Higgs boson is"e”—hZ [11], with the  jigqsstrahlung production cross section is expected to
largest decay channel beitg—bb or h—WW*. The mea- gchieve a 23 % accuracy at/s=350 GeV[6]. This as-
surements must be interpreted in terms of SM expectationgymesz =500 fb* and the analysis of thB—1¥1~ events
or some model of physics beyond the SM. The goal is then tenly. From this measurement, some restrictions can be in-
use the experimental data to disentangle the underlyingerred about the parameters of the MSSM, which we inves-
structure of the model. An Important question IS thus thQ|gate here. For the Higgsstrah|ung process, the Comp|ete
required experimental precision for production rates anthext-to-leading order correctior@mvolving SM and SUSY
branching ratios in order to distinguish it from the SM and particles, including all vertex and box corrections have been
perhaps to measure the parameters of the new theory.  calculated17]. More recently also the leading two-loop cor-
An integrated luminosity of £~500 fo-* and \s  rections have been includédi8]. Since these corrections are
=350 GeV is expected to produce measurements of the varsignificant, their inclusion is crucial for drawing conclusions
ous Higgs branching ratios with precisions in the 20%  about the underlying model.
range at are" e collider [6—8]. The precision will be lessat ~ Our study differs considerably from previous studies of
Js=500 GeV, primarily due to the reduced r4612]. The  the Higgs branching ratios in that we investigate plausible
future scenarios and estimate uncertainties from all relevant
sources. We assume that some MSSM particle masses and
*Email address: dawson@bnl.gov mixing angles have been determined at the LHC and/or the
"Email address: Sven.Heinemeyer@physik.uni-muenchen.de  LC, and varyall inputs accordingly within realistic errors,
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instead of fixing all parameters and then varying just one or e~ A
two. Furthermore, the anticipated theory errors from un-

known higher order corrections in the MSSM Higgs sector

are taken into account in a consistent manner. We then ask

what can be learned about the remaining unknown param-

eters of the model. These assumptions try to reprgsest

sible future scenarios and thus give an idea of what might be "
inferred from a preciser,; measurement. €
WeTrr(lf/i:/vSttk? ; :]h;epsasr;er; Ihs/lé)ggﬁr}lnzsti Zsar?r!%\{[vesr.slgn?jeg(i!tur F_IG. 1. Feynman diagram for the lowest order contribution to
. . . . h e'e"—hz.

ing higher order corrections in the Higgs sector. Our ap-
proach to the investigation, with emphasis on the attempt to

look into rea_listic future §cenarios, is gxplained in detail in tan 2a=tan 28
Sec. lll. Section IV contains our analysis and the correspond-

ing results, while conclusions can be found in Sec. V.

M2+M3

M2—M3

. 2

At tree level, the mass of the lightest Higgs boson is com-
pletely fixed in terms oM;, M, and targ.
Il. THE MSSM: BASICS The procese™e” —hZ proceeds(at the tree-levelvia
The Higgs sector of the MSSM consists of two Higgsthe Feynman diagram shown in Fig. 1 and is hence sensitive
doub|ets’Hl and HZ [_‘]_9] After electroweak Symmetry to theZZh COUp”ng. At the tree |eve|, thEZh Coupling in
breaking, there remain 5 physical Higgs bosonsH, A,  the MSSM is altered from the SM value:
andH™*. In this paper, we will be concerned only with the SUSY_ _SM -
production of the lightest Higgs bosdm, The Higgs sector is 9zzn = 9zznSINB~a). (3)
described at tree level by two additional parametbesides For M ,>M,, sin(3—a)—1 and the coupling of the lightest

the SM parameteyswhich are usually chosen to be #n  \155M Higgs boson to th& boson approaches that of the
the ratio of the Higgs vacuum expectation va®&Vs), gy “\we therefore expect that>ySY will be sensitive to
and M,, the mass of the pseudoscalar Higgs boson. Th mall M hz

A-

mass eigenstates of the neutral scalar Higgs bosons are o “There are two important effects which arise when going

tained from the interaction eigenstatég and ¢, by the beyond the tree level. The first is that the Higgs boson mass

rotation prediction is significantly increased by radiative corrections,
. leading to an upper bound at the two-loop lej20—-22 of
H) [ cose sina|/l¢; @ M,=<135 GeV [21]. The most important corrections are
h) \—sina cosa/\ ¢,/ those in thet/t sector[23] and for large taB also those in
the b/b sector. The mass matrices in the basis of the current
where at tree level eigenstates, ,tg andb, ,bg are given by
|
1 2
2
2 M: + m?+ cos 28(5— §S\Z,V)M§ meX
Mi= , @
meX M2 4+ i 2M2
At i, M+ 3C0S BsyMz
2 2 1 1,002
2 Mg, +mg+cos 28| — 5+ 35| M7 My Xy,
M= : )
X 2 2 1 2 2
my Xy, MBR+ mg— §cos 2BsyMz
|
wheresi,=1-c%,=1—M3/M2 and Here A, denotes the trilinear Higgs-boson—top-squark cou-
pling, A, is the Higgs-boson—sbottom coupling, gads the
X, = my(A— ucot B), Higgs mixing parameter. S@) gauge invariance leads to the
relation
My X =My(Ap— tan). (6) Mz, =Mp,. @)
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The two mass matriced),(5) are diagonalized by the angles the LC[6—8].! To study the dependence of the cross section

6; and 65, respectively. The physical squark masseswre  On the parameters, we vasll parameters within their ex-

m;_, mp, andmg,_. Specifyingmy_, n;_, and 6;, along with ~ Pected precisions and include effects of SUSY particles be-
2 1 2 1 2 . . . . .

w and tanB therefore implicitly fixes the tri-linear mixing yorgg )tr\]/?/ leading ord(fertas dtﬁscnbt(_ed :n the [:t)rg\/tlogst.:,]ect|on.

parameterA;, and similarly in theb-squark sector. The ra- ) We-assume a future theoretical uncertainty in th€ pre-

diatively corrected value for the lightest MSSM Higgs bosond'CtIon of My, from the other SUSY input parameters of

mass,M,,, depends sensitively on the parameters of the to 5t (S;S\S/\({Whmh afftectstmalnhr/] the ;rgnrtf Ct{?‘n of :_heldlffer—
squark mass matrid). en parameters to each othétor the theoretical pre-

diction of o,z an uncertainty of 1% is assumed from un-

The second important effect of going beyond the treek high d ’ H the Hi b
level is that the SUSY patrticles enter into loop corrections. nown higher order corrections. Fowever, the Higgs boson

The complete set of one-loop corrections to the procesgnass value that will be used in the future will be determined
e"e”—hZ has been computed in R¢fL7]. In addition, the t0 =0.05 Ge\_/(see below and _thus wil have a n_egligible
leading two loop corrections have been includég]. The error. [Numerically the uncertainty o, is taken into ac-

effects of including these corrections have been discussed l(hount by allowmg a \;arlatlon Olf th? nggi goss%n \rr/1a§rs;].as an
detail in Ref.[18] and are seen to be large. This applies in"g)put paramelter n t.derhz ceva ugnon {]_ d © d hls
particular for the two-loop corrections. Our analysis includes( y numerical coincidendereproduces the “desired” theo-

therefore all one-loop SM and SUSY corrections, along Withre’“(_:"jll unczrtamty_ '”lfhé ngl%'] hi b hi
the leading two-loop corrections. From the analysis in Ref. (iv) We do not include beamstrahlung, bremsstrahlung, or

[18] one can infer a theoretical uncertainty due to unknowr{€t€ctor effects, which are beyond the scope of this paper.
higher order corrections for the prediction @f , of ~5% While the latter can only be realized in a full simulation, the
‘ ' former mostly induce a shift in the numerical results, but

have a much smaller effect on the errors.
(v) We neglect luminosity errors. Concerning these, it
might be helpful not to investigatey,» directly, but to con-
Ysider e.g.onz/ozz, since in this ratio many uncertainties

The foc_us here_ Is to determln_e in the context_ O.f SUS cancel out. However, the idea of this analysis is to show the
what new information can be obtained from a precision mea-

surement of bevond the direct measurement of the possible potential of a precise cross section measurement,
. O10hz, DY . which can already be obtained from an analysis-@f alone.
lightest Higgs boson mass. At the time ofrg; measurement

o . 8 Taking into account the relevant uncertainties in the above
at the LC, SUSY(if it exists at a low mass scalavill have g

been discovered at the LHC and possibly confirmed by themanner necessarily weakens the potential of a praejge

. .. measurement, see Sec. IV. This approach is contrary to ex-
L.C' Thergfgre some SUSY parameters wil b(_a known W'thisting analyseg16]. In these previous analyses, all param-
high precision from the LC measurements, while otHerg.

. ) eters, except for the one under investigation, are fixed. Fur-
masses beyond the kinematic reach of the Wl be known  harmore, all theoretical uncertainties for the evaluation of

with lesser precision from the LHC data. In the Higgs sectorpe Higgs sector observables are neglected. The potentially
it is possible that only the lightest MSSM Higgs boson will easured effect is then attributed solely to the one parameter
have been measuredd.g. forM,=300 and moderate tg  under investigation, whereas part of the effect could be due
values, tanB~ 10) [2,3,6. Only for relatively small masses, to other sources, such as variations in one of the parameters
My, Ma=<\/s/2, will the heavy Higgs bosons be visible at held fixed(within the corresponding experimental erjocs
the LC. due to the theoretical uncertainties. In this way the sensitivity
In a realistic analysis at the time of the LC the following to the investigated parameters is incorrectly enhanced. Our
has to be taken into accour(i) uncertainties of the mea- approach, on the other hand, results in a smaller sensitivity,
sured SM parametergji) uncertainties of the measured but constitutes a more realistic scenario for the investigation
MSSM parametersjii ) intrinsic uncertainties on the theoret- of LC analyses.
ical prediction of the MSSM Higgs sector parameters For this analysis we assume thay, is measured at/s
(Mh yOhZy - v - ) from unknown h|gher order correctiony) =350 GeV with£=500 fb_l.z In all the investigated sce-
bremsstrahlung(v) beamstrahlung, ani) other machine narios, we assume tha_t the Higgs boson mass will have been
related uncertainties, e.g. due to the luminosity measuremerff)éasured to an experimental accuracy@#8]
detector smearing etc.
A full simulation clearly goes beyond the scope of this o _ )
exploratory analysis. However, we try to give a realistic im- The errors are similar to those used in R&4], where besides

pression about the information which can be obtained from zShe pure exper_lmental resolut_lon also the anticipated theoretical un-
. . - certainty entering the extraction of the parameters has been taken
o,z measurement. To this end we include the following.

' include th | e ising f into account.
(i) We include the relevant SM uncertainties arising from 2possible LC run scenarios have been investigated in [RF.

the m; measurement. o They usually assume first some high-energy run and afterwards
(i) We take into accoundll uncertainties on the MSSM  several shorter runs at lower energies, which we summarize here as
parameters from their measurement at the L] and/or  one run at/s=350 GeV with£=500 fly 2.

Ill. CONCEPT OF THE ANALYSIS
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M&P=115+0.05 GeV. (8)  achieved at the LHE2]. In the analysis we will first inves-
tigate the implications of a LC precision, but comment also
However, as mentioned above, within the MSSM this experi-on the LHC precision results as well.
mental error will always be dominated by the theoretical un- With the above measurement, is given implicitly in
certainty on the prediction oM, due to unknown higher terms ofrrrl, N, sing;, u and tanB. We furthermore fix
order corrections. While the current uncertainty in g
prediction is estimated to be 3 GeV [26], we assume for u=200*+1 GeV. (12

the future uncertainty
We assume approximate unification of the trilinear Higgs-

SMI®° (future)=+0.5 GeV. (99  sfermion couplings and take
Also the dependence d¥l,, on the top quark mass is very Ap=A;=10% (13
strong,om,/ M~ 1. Howeverm, will be determined to an
accuracy better than 130 MeV at a LC[6,27], so that the A=Ax1%. (14
parametric uncertainty is smaller than the theoretical uncer- N ) . )
tainty. It is, however, taken into account. In addition, we assume the relationship between gaugino

Since the value oM}, in the MSSM is not a free param- Masses predicted in many unified models. The specific val-
eter, but depends on the other SUSY parameters, they have ¥§S We take are
be chosen such that the value ®f,=115+0.5 GeV
emerges. The numerical evaluation of the MSSM Higgs
sector (including M,, and o7) is based on the code 5 2

W

FeynHiggsX928,18. M,= 3 C—zMztl GeV
w

M,=400£2 GeV

IV. ANALYSIS AND RESULTS
mg=M3=500+10 GeV. (15

In order to make progress in understanding the sensitivity_. v, for th - formi ; h
of the total cross section to the input parameters, the apy'fIna y, for the rémaining stermion sector we choose
proach explained above has been applied to pessible

) ; . Mg =M7 +10% 16
future scenarios. In both scenarios we make assumptions PR 'R ° (16
about what parameters will be measured and what param-
eters are left free. This choice, since it involves the unknown ”rel’”rezZZOOi 2 GeV, (17)

MSSM parameters and their detectability, is of course sub-

ject to personal opinions. However, the scenarios certainlj/here the selectron masses enter in the vertex and box cor-
reflect the possible strength of tleg,, measurement as ex- rections. The uncertainties chosen above are consistent with

plained in the previous section. those given in Refd.2,3,6], see Sec. Ill. Equationd.3) and
(16) reflect the assumed future measurement of the scalar
A. The Higgs sector scenario bottom sector. However, the/b sector plays only a minor

role here, sincdas will be shown beloyveither u or tang

In the first scenario we assume that the gaugino an or both do not reach large values. This, however, is neces-
squark masses and mixing angles have been measured at the

LHC [2,3] and/or the LC[6—8]. For our analysis, the most S&fy o have large corrections frob loops to the MSSM
important input parameter is the top quark mass and its ad1199S sector. With the above choices, the only remaining

sociated error. Here we assume free parameters arMA gnd tar)B,_ which we assume to b_e
only poorly known in this scenario. Our procedure is to pick
mPP=175+0.1 GeV, (10) a value forM 4 and tar@ and check that the chosen param-

eters generathl,,= 115+ 0.5 GeV, which cuts out a slice of
which is the anticipated precision from a high energy linearthe M ,—tang-plane. For the above set of parameters, we
collider [27]. then calculater,, and compare with the value obtained for
In the't sector, we chose the SM, oy=0.1530 pb. The resulting variations of the
cross section from the SM value are shown in Fig. 2. Since
the measurement afy,, is a missing mass experiment, our
results are independent of the Higgs boson decay channel.

m;, =500=2 GeV

mi,=700+10 GeV The different panels of Fig. 2 show the regions where the
_ rate differs from the SM prediction by a specified amount.
singy=—.69-0.014. (1) This includes a theoretical uncertainty in the SM rate which

. - . we approximate by varying!,, within the rangeM,=115
This precision fom;, and sing; could most probably onlybe -, 5"Gev (as described in Sec. JIl The cross section is

realized with an LC measurement at an energy \&  quite sensitive to tag. A measurement which differs from
=1 TeV. A more conservative choice would béw,  the SM prediction by 1.4% or less will restrict tgr< 10.
=10 GeV and an error on sify of up to 10%, which can be Concerning the indired¥ 5 determination, a 1.4% measure-
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FIG. 2. The deviation ofry5>" from opy=0.1530 pb is shown in th#! ,—tang-plane forM,=115+0.5 GeV at\/s=350 GeV with
£=500 fb1. For thet sector we have assumed the LC errors in @d).

ment would only be sensitive tdl ,<200 GeV. However, a affected in a two-fold way. The loweM , bound is hardly
measurement at the 0.5% level, finding a deviation largepffected at all. The uppeM, bound is weakened by
than 0.8%, can be realized only favi,<300 GeV. A ~50 GeV in the relevanM, region, M,~300 GeV, but
smaller deviation from the SM value can be realized for allwithout spoiling the possible determination of an upper
M, values withM ,=300 GeV. Thus a weak upper bound bound as explained in the previous section.

might be established; in case of a direct observatighich

will be possible for such smaM , values, the cross section B. The gaugino scenario

measurement can confirm the diré¢j, measurement. Inter- To demonstrate the possible amount of information that
estingly, this could also happen for values where the LHC

can see only the lightest MSSM Higgs bos6in the so- onz Might deliver onu and M, in this scenario we make
- . : the assumption tha#l , and tand will have been measured,
called “LHC wedge region]j. The currently envisaged accu-

racy onopz of 2—3 % is unfortunately not sufficient far,; M,=250=10 GeV
to be used as a such precision determination.
In this scenario it is important to keep the uncertainties of tang=4+0.5, (18)

the't sector in mind, which up to now we have assumed to

come partially from the LC and partially from the LHC, see but we leave the gaugino mass paramekéssand u as free

Eq. (11). If the more conservative assumption of LHC errorsparametersthe scan stops at an upper bound of 1 TeV).

is made, the cut-out region in ti,—tanB-plane is visibly ~ The other MSSM parameters are assumed to have the same
enlarged. In particular the band is widened to larger@an values as in Sec. IV A, together with their corresponding
values by about 2, depending somewhatMpR. The ob- uncertainties. As in the previous section, all experimental
tained results from the cross section measuremerilfpare  and theoretical errors are fully taken into account.
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FIG. 3. The deviation ob55°" from ¢75'=0.1530 pb is shown in th#,— u-plane forM,=115+0.5 GeV at\/s=350 GeV with £
=500 fo L.

Figure 3 shows the dependenceogh > on x andM,. It account realistic assumptions on the theoretical uncertainties
is obvious that a reasonable sensitivity only appeardvfer ~ for the predictions in the MSSM Higgs sector.
~200 GeV oru~200 GeV, wheres;5>Y has a minimum. We find that the total rate needs to be measured to a 0.5
It is very unlikely that these two parameters, if they possess-1 % accuracy in order to be useful as a precision observ-
such a low value, will not have been measured directly, seable. Then additional information on t@nor M, (if it is not
e.g.[6] and references therein. Thus, in this scenagjpcan  too high, M,=500 GeV) may be obtainable. The depen-
only offer complementary information which can verify the dence ofa},; on the gaugino parametersandM, shows a
internal consistency of the MSSKsee Ref[24] for a de-  strong enough dependence to be useful only for very low

tailed discussion on this subject values,u,M,~200 GeV. Hence, in this caseg,, could only
test the internal consistency of the MSSM.
V. CONCLUSIONS AND OUTLOOK The required precision fos,, at the 1% level, as com-

) _ ) pared to the envisaged-23 %, could possibly achieved by
We have investigated whether a precise measurement @fiher accumulating a higher integrated luminogiyso at

the Higgs boson production cross sectiorie”e” —hZ),  gifferent center of mass energjiemd/or by taking other than
offers additional information to pin down the unknown pa- the |eptonicZ decay modes into account.

rameters of the MSSM. We have chosen two possible future
scenarios. We have explained in detail what uncertainties
will be present at the time of @, measurement and how we
take them into account. This includes realistic assumptions
for all mass parameters together with the expected uncertain- This work was supported by the Department of Energy
ties obtainable at the LHC and/or LC. We also took intounder contract DE-AC02-98CH10886.
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