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The ratio of neutral Higgs field vacuum expectation valuesBtais one of the most important parameters
to determine in type-Il two Higgs doublet models, specifically the minimal supersymmetric standard model.
Assuming the energies and integrated luminosity of a future high emérgy linear collider of\'s=500, 800,
1000, and 1500 GeV and=1 ab ! we show that associate#i “ production inyy collisions can be used to
make an accurate determination of farfor low and high tarB by precision measurements of they
—H*t+ X cross section.
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[. INTRODUCTION off of highly energetic electron beams, has been advocated as
a valuable part of the linear collider program which could
A fundamental open question of the standard m¢8&l)  make crucial measurements of the Higgs sed®]. If
is the origin of electroweak symmetry breakif§WSB)  charged Higgs bosons were observed, cross section measure-
[1,2]. The simplest description of EWSB results in one neu-ments could potentially give information about the underly-
tral scalar particle which, however, has well known problemsng theory. Analysis of the process e” —H"H ™ indicates
associated with itA priori, a more complicated Higgs sector that the absolute event rate and ratios of branching ratios in
is phenomenologically just as viabl8]. The next simplest variousH H™ final state channels will allow a relatively
case is the general two Higgs doublet mod@HDM). A accurate determination of t#h at low tang [13]. The
constrained version of the 2HDM is a part of the minimal branching ratios foH, A, and H* are sensitive to tag
supersymmetric extension of the SIMSSM) [4,5] where  when tan3 is less than roughly 20 so that a precise measure-
spontaneous symmetry breaking is induced by two complexnent of branching ratios can give a good determination of
Higgs doublets and leads to five physical scalars: the neutréhnf.
CP-evenh® and H® bosons, the neutralP-odd A° boson, Another possibility for measuring tahis associatedH =
and the chargedH™ bosons. At the tree level the MSSM production inyy collisions[23]. The subprocessy—H ™t
Higgs sector has two free parameters which are usually takgproceeds vieby fusion and utilizes thé-quark content of
to be the ratio of the vacuum expectation values of the twdhe photon. Despite the fact that there is good agreement on
Higgs doublets, tag=v,/v,, wherev, couples to the up- the b-quark content of the photon between the existing sets
type quarks and, to the down-type quarks, and the mass ofof photon parton distribution functions, at this time there are
the A° boson,m, . The elucidation of EWSB is the primary no experimental data to back up the theoretical calculations.
goal of the Large Hadron Collidgt.HC) at CERN and the This is not an insurmountable problem. A direct measure-
proposed high energg™e™ Linear Collider(LC) [6—13. ment of theb-quark content of the photon is possible in a
The ratio of neutral Higgs field vacuum expectation val-lineare*e™ or ey collider (see for example Ref24]) and
ues, targ, is a key parameter needed to be determined irsuch a measurement will need to be made before, and inde-
type-ll two Higgs doublet models and the MSSM. In addi- pendently of, the process discussed in this paper. In this pa-
tion to providing information about the structure of the non-per we study how well the subprocesg—H "t can be used
minimal Higgs sector, the measurement of this parameteto measure tag. We find that it can be used to make a good
also provides an important check of supersymmetry structurdetermination of tag for most of the parameter space with
as this parameter also enters the chargino, neutralino, arttle exception of the region around {8/ 7. As such, itis a
third generation squark matrices and couplih4]. Never-  useful complement to other measurements for studyingtan
theless, the Yukawa couplings of Higgs bosons are the mo$1.8].
direct way to probe the structure of the vacuum state of these
theories. To address this issue a number of recent studies
have examined how one could measure gaat the LHC
[15] and future high energg’e™ colliders[16—21]. A yvy The processyy—tH*+ X makes use of thebH™ inter-
“Compton collider” option, from backscattered laser light action to measure tg8. The interaction is given bf25,26|

Il. CALCULATIONS AND RESULTS
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V
i—[mptanB(1+ ys) + mcot B(1— ys)]. 0
19

To calculate the procegsy— H™t+ X we calculate the subprocegb— H ™t and convolute it with thé distribution in the
photon. This is illustrated in Fig. 1. It has been shown that this is a reasonable approximation for the energies and kinematic
regions we are considering in this pap2d]. The amplitude squared for the subprockss—tH™ is given by

. Q} Q7
> IM(by—>tH)|2=8ﬁGFwa(m§tar?B+m?/tar?ﬁ)[?ZM-pypb-py— T2 mE(Po =P D) =Py PPy P, ]
t
2 - Py(M2—2py- Py —2 QuQ [2(p¢- Po+ Pr- P-) (Pt~ Po— Po- Po) — M2Pp- Po ]
mpt Pp(mg Pb- Pt m Pt PpT Pt Py) (Pt Pp—Pp- Py tPp- Py
Qo Q:

[ . . . — 2 . s —
ZS(U—Mﬁ)[Zpt Po(Pp- P+ Pt Py) —MEPy p7]+(t—mf)(u—Mﬁ)

X[ 2P Po( Pt Po— Pb* P5) +ME(Py- Py—2P;- Pp)] | - (2)

In our numerical results we include an additional factor of 2Gluck-Reya-Vogt(GRV) distributions[30]. Other distribu-
from producing either atd™ or H™ and a factor of 2 be- tions are availabl¢31,32] and with recent LEP and HERA
cause theb-quark can come from either initial photon. We data, updates are forthcomiri®3]. The cross section is
note that we are ignoring, compared ton, andM,; every-  shown in Fig. 2 as a function d¥l,, for \s=500 GeV for
where except in the coupling factor whemgtang can be tang=1.5, 3, 7, 30, and 40.
comparable tan,/tanB. To obtain the subprocess cross sec- The process we are studying has two initial state photons.
tion we integrate the matrix element using Monte Carlo in-In addition to the backscattered laser photons the initial state
tegration[26] and convolute the subprocess with tihguark  photons can also be Weizdar-Williams photons brem-
distribution in the photon and the photon spectrum, either thatrahlung from the initial electron beams so that in addition
energy distribution obtained from backscattering a laser fronmo yy collisions we also considezy ande®e™ collisions.
an electron bearf27] or the Weizseker-Williams distribu-  We show the cross sections for the, ey ande”e™ modes
tion [28]. The cross sections are found by evaluating thein Fig. 3 for tan3=3 and 40. One sees that the cross sec-
following expression: tions decrease by about an order of magnitude for each re-
placement of backscattered laser photons with Wekesa

A Williams photons although the cross sections for
o= | dxgdxdXsf/e(X1) T e(X2) fry(Xz)a(s)  (3)

101 E T T T T T T T T T T T T T T
wherea(s) is the subprocess cross section for center of mass 10 g o(yy— H"+X)
energy\/g. We have only included tree-level contributions :
and are aware that higher order corrections are likely to be 10t [
non-negligible. Nevertheless, we feel that our approach is i N _
satisfactory for a preliminary study to gauge the potential of @ 107 AN tarp=40

\/See=500 GeV

this process for measuring t@n Our calculations have ex- :’ 100k _
plicit dependence on thie andt-quark masses. We take,
=4.4 GeV,m=175 GeV, and/;,~1. In addition, we used 104 L ]
My=80.41 GeV, Gr=1.166x10"°GeV 2, and «a : E
=1.0/128.0[29]. To obtain numerical results we used the 105 E E
F v E
10—6 [ L s s s | s s s s 1 s s .\:’ L
SN, 100 150 200 250
LA
- M, (GeV)
ba

7/\/\/\.<X FIG. 2. o(yy—tH™ +X) for the yy backscattered laser case
With v/See=500 GeV and tai= 1.5 (short-dashed line 3 (dotted
FIG. 1. Feynman diagrams for the procegsg—tH™ + X pro- line), 7 (solid ling), 30 (dot-dot-dashed line and 40(long-dashed
ceeding via théb-quark content of the photon. line).

053001-2



MEASUREMENT OF TANS IN ASSOCIATED tH* PRODUCTICN . . . PHYSICAL REVIEW D 68, 053001 (2003

L o L e e e M the nonb-tagged jets and theis reconstructed through a

Vsge=500 GeV ] constrained fit to th&V and theb-jet that gives the best fit to

10 E thet-quark mass. For leptony decay the longitudinal com-

tan3=40

101 F====—__ ] ponent of the neutrino momentum can be fixed using\the
\\\\\\\\\\\ E mass constraint with the missing transverse momentum. The
§ 107 ol&y- A ) —— 3 remainingb-jet is paired with the reconstructed top to recon-
‘b’ T ] struct theH ™. As it is not possible to know which of the two
FOES Y T E top quarks originates from the Higgs decay there is a large
100 T 4 combinatorial background from signal events and the associ-

ated difficulty in assigning nob-jets to the correct top clus-

~—
-

105 | -

] A ter. However, the constrained kinematic fits can be used to
el distinguish between the signal and background. After impos-
100 150 200 250 ing selection criteria signal events can be selected with some
efficiency but with some fraction of the events misidentified
M, (GeV) background.

For the caseM=<m; the final state will consist of a
chargedr-lepton, ar-neutrino and d-quark, which will lead
to 0, 1 or 2 charged leptons, missiEg and at least one jet.

lines). For each set the largest cross section is forjilyecase, the
middle cross section for they case and the smallest cross sectionAS @b0Ve, the-quark can be reconstructed from théagged
for theete™ case. jet and hadronic or leptonigV decay products, with some

efficiency and some probability of misidentification. Given

backscattered laser photons give lower kinematic limits dudhe success of the LEP Collaborations in measurimgop-

to the cutoff in their energy spectrum. Because good statiserties, for example the lifetime [36] and polarizatio 37—
tiCS are Central to extracting precision measurements cﬁtan 40],'T'Iept0ns can be reconstructed Successfully N a C0”|der
we find that the error increases substantially for éheand ~ €nvironment. Ther-lepton can be reconstructed from low
e"e” cases compared to they case. multiplicity, collimated (one-prong hadronic decays, with

This is a pre”minary analysis; as such we do not expnc_the 7 mass constraint determining the transverse momentum
itly consider detector efficiencies nor include backgrounds©f the v produced in ther decay. Such single prong decays
They are taken into account by assuming different values fopccount for approximately 46% of al decays[Br(r
the overall detection efficiency which we discuss below. Ad-— 7v) ~12%, Br(7—pv)~26% andBr(r—a,»)~8%].
ditionally, we do not include decay branching ratios. TheAs noted above, LEP Collaborations have been successful in
branching ratios are well knowi84,35, and dominated by reconstructingr events; for example, ALEPHS37] report
tb or v, depending on thél* mass and tag. 60—80 % efficiency in reconstructing single pronglecays,

A precise measurement of tﬂndepends on a precise with misidentification generally between 4-20%. ALEPH
measurement of thed production cross section. Thus, the report on twor identification techniques, one with higher
issue of extracting the event signal from backgrounds and thefficiency but higher misidentification probability than the
efficiency with which this can be accomplished becomes thé@ther. This is a generic property ofreconstruction. Other
determining factor in the ta8 measurement. The most sig- LEP Collaborations report similar efficiencies and sample
nificant backgrounds which need to be separated out arurities[38—40. Leptonicr decays, on the other hand, have
yy—tt andyy—tbtb (where one of thé's is lost down WO Neutrinos, each carrying transverse momentum, making

- . the full reconstruction of the problematic. Furthermore, the
the beam and yy—th+W" (where theb is lost down the 0. q\rement considered here is going to be made after the

beam and th&V decays tor+v,). The final state, and thus discovery and measurement of the charged Higgs boson, so
the most significant background, depends on the mdgs, the Higgs boson mass can be used to constrain the transverse
If Mpy=>m;, H™ —tb will be the dominant decay mode and momentum of thev. produced in the charged Higgs boson
if My=<m;, H*— 7v will be the dominant decay mode. In decay. We expect, then, that using only single prong, had-
either case, these baCkgroundS can be diStinguiShed from tlﬂ@rnc T decay modes;-_'eptons will be reconstructed with
signal by reconstructing the final states. approximately 30% efficiency. However, to be conservative,
For the case thatl,=>m; there will be twot-quarks in e assume similar reconstruction efficiencies forttaad r,
the final state. Each of thtequarks will decay thWwiththe  and give sensitivity curves for a common set of assumed
W’s subsequently decaying to eithegg (jj) or €v final  reconstruction efficiencies. A more complete analysis must
states. The hadroni¢/ decays lead to three jets in the final include detector efficiency, backgrounds and branching ra-
state while the leptonitV decay leads to one jet, an isolated tios.
lepton and missing energy. To reconstruct the event one How well the signal can be separated from the back-
needs to associate the final state jets, leptons, and missimgound depends critically on thetagging efficiency which
energy with the originating partorb-tagging is crucial to in turn depends on details of the detector. Studies using de-
reconstructing the event and there is a tradeoff of efficiencyector simulations have been performed on related processes.
versus mistagging aor udsjet. TheW s reconstructed from They have found that the efficiency is inversely related to the

FIG. 3. o(yy—tH™ +X) for the yy, ey ande*e™ cases with
\/5682500 GeV and for taB=3 (dashed lines and 40 (solid
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FIG. 4. o(yy—tH™ +X) vs tang for the backscattered laser
case and the sensitivities to tBnbased only on statistical errors
(solid liney for \/see=1 TeV andM, =200 GeV. For the cross
sections, the solid line represents the expected cross section at the
nominal value of ta8, while the dasheddotted line represents
the expected cross section at f&n A tanB(tan8+ A tanp).
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purity of thet-quark sample, i.e., the higher the purity the
smaller the efficiency. In practice one wants to find the point
on this efficiency-purity curve that maximizes the signal to
background ratio. Detailed studies on processes similar to theZ
one we are studying udetagging efficiencye=10% for a

high purity (=90% purity), yet statistically significant
sample. Given that it is impossible to know the exact value
to use for this important parameter without a real detector
with measured properties we give results for different values
of the event reconstruction efficiency. With this approach,
experimentalists can decide which value most closely corre-
sponds to their detector.

Another consideration is the variation &R(H*—tb)
with tang andM =, especially for small valued taghwhere
thetb mode competes with they mode. As noted above, we
assume similar reconstruction efficiencies for these tw
modes and assume that experiments can measure this process
through both charged Higgs boson decay modes.

10—

o
3]

o
o

-05

0.5

1.0
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(a) Vsee=500 GeV
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20
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FIG. 6. Sensitivity to taB for (a) a \/Eee= 500 GeVyy collider
with M ;=100 GeV (solid line), 150 GeV(dashed ling and 200
GeV (dotted ling. (b) A \/§ee=1 TeV yy collider with M
=100 GeV/(solid ling), 200 GeV(dashed lingand 400 GeMdot-

d line.

To obtain our results we assume 1 akor the integrated

AtarB/tarfd

10—

o
o

o
o1

1.0

0.5}

VSee=1000 GeV

.....................

30 40

tar

FIG. 5. AtanB/tanB vs tang for the yy (solid liney, ey
(dashed linesand ete™ (dotted line$ collider modes forﬁee
=1 TeV andM =200 GeV.

luminosities, the standard used in many LC studies, to esti-
mate event rates and hence statistical errors. We consider 4
center of mass energies appropriate to the various linear col-
lider energies proposed’s=500, 800, 1000, and 1500 GeV.
The upper and lower limits on tgh are obtained as the
values of tamB=A tangB for which the cross sections are
statistically consistent with the cross sections obtained using
the central value of ta@ given on the x-axis. In Fig. 4 we
show the cross section versus faalong with the 1e errors
on tanB presented as the ratid tanB/tanB. Over most of
the tanB range there is a strong dependence of the cross
section on taiB so that a precise cross section measurement
will result in a good determination of tgh However, at
tanB=6—7 the cross section is at a minimum so that
Ao/A tanB~0 resulting in very little sensitivity to taf in
this region. The minimum of cross section can be seen both
numerically and analytically. The matrix element squared,
given in Eq. (2), is proportional tomitarf8+mé/tarf3;
minimizing this with respect to tad, we find tan8n,i,

053001-4
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- I.'»
e e
8 8
~ ~
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tar tan
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FIG. 7. Sensitivity to tagg assuming different reconstruction efficiencies for theH* final state.e=100% (solid line), 75% (dashed
line), 50% (dotted ling, 25% (dot-dashed ling 10% (dot-dot-dashed line 5% (short-dashed line (a) is for \@ee=500 GeV, My
=150 GeV; (b) is for \s,e=800 GeV, M,=200 GeV; (c) is for ySee=1000 GeV, M, =250 GeV; and(d) is for ys,e=1500 GeV,
My =500 GeV.

— Jm,/m,~ 6.3 for the values of the top and bottom massed (M +m;)~0.8x \/s¢¢] as does the sensitivity to the value
used. The actual minimum of sensitivity to tawill depend  of tanp.
on the detailed behavior of the cross section, but it is no The central issue in making a precision measurement of
surprise that this process is insensitive to the value offtan tang is the reconstruction efficiency of the signal. Given that
~6—7. The asymmetry in the sensitivity curves, which isthis depends on the details of the detector and can only be
more apparent in subsequent figures, is the simple cons@ccurately estimated by performing a detailed detector
guence that when tgB<6, as tang is increased the cross Monte Carlo simulation in Fig. 7 we show a series of results
section enters the region least sensitive togamhile for ~ for reconstruction efficiencies of 100%, 75%, 50%, 25%,
tanB=6, when tarB is decreased the cross section entersl0%, and 5% for/s..=500 GeV[Fig. 7(a)], 800 GeV[Fig.
this region. 7(b)], 1000 GeVMFig. 7(c)] and 1500 Ge\[Fig. 7(d)]. In this

We have previously pointed out that the measurement otvay, when the details of the detector are better known along
tanB is much weaker in they ande*e™ modes of a future Wwith a good estimate of the reconstruction efficiency, one can
linear collider. In Fig. 5 we show tang/tang for the yvy, use these figures to estimate the expected measurement error
ey ande*e™ modes forys,e=1 TeV andM, =200 Gev. Of tang and compare the estimate from associatedd ™
We will henceforth only show results for they case. production to other processes considered in the literature.

As the charged Higgs boson has not yet been observed, its
mass is _not determmeq. We expect t_hat the chargeq Higgs Il CONCLUSIONS
boson will have been discovered and its mass determined by
the time this analysis is performed by experimentalists, but In this paper we studied the potential for measuring the
for now we allowMy to vary. In Fig. 6, we present results parameter tag arising in type Il Higgs doublet models such
on the variation of Atang/tang with My for s, as MSSM using associatédjuark charged Higgs boson pro-
=500 GeV and 1 TeV linear colliders operatingjry mode.  duction inyy collision; o(yy—tH* + X). We find that sen-
The cross section decreases as we near the kinematic linsttivity to the value of taB can be as small as several per-
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cent or as larg€(100%), depending on the value of tdn  tanB:10<tanB<30. The analysis considered here provides
For this process, the region of t8a=7 is particularly insen-  sensitivity to very low tagg=<3 and for intermediate to large
sitive to the value of ta. Overall, this process is competi- values of tarB=10. Thus, it should be considered an addi-
tive with those considered by Feng and Mof2l], Barger tional tool in disentangling the Higgs sector of the elec-
et al.[20], and Gunioret al.[18]. Feng and Moroi consider troweak theory and complements other processes previously
the production of two Higgs bosond A andH*H ™, aswell  considered.

as associateti "tb and find good sensitivity at low tgh.
Bargeret al. consider associated production of heavy neutral
Higgs and heavy quark pairslbb, Htt, Abb andAtt, and
also find good sensitivity at low tgg. Gunion et al. also S.G. thanks Chris Hearty and Peter Zerwas for useful dis-
consider Higgs boson associated production with heavyussions. M.A.D. thanks Zack Sullivan for useful discus-
quark pairs, as well as the production of two Higgs bosonssions. This research was supported in part by the Natural
HA andH"H™, with four heavy quarks in the final state. Sciences and Engineering Research Council of Canada. The
Their combined analysis indicates thatang/tang~ afew  work of M.A.D. was supported, in part, by the Common-
to ten percent is possible for t@»>30 and tarB<10, but  wealth College of The Pennsylvania State University under a
there remains a potential hole for intermediate values oResearch Development GraiiRDG).
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