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Neutral Higgs pair production at the CERN LHC is studied in the MSSM, the large extra dimensional
(ADD) model and the Randall-Sundru(®S model, where the total cross section can be significantly en-
hanced compared to that in the SM. T, invariant mass and rapidity distributions of each model have been
shown to be distinctive: The ADD model raises fiyeand invariant mass distributions at high scalep-pénd
invariant mass; in the RS model, resonant peaks appear after the SM contribution dies away; the SM and the
MSSM distributions drop rapidly at those high scales; in the ADD and the RS models, the rapidity distributions
concentrate more around the center. We conclude that various distributions of Higgs pair production at the
LHC with restrictive kinematic cuts would provide one of the most robust signals for the extra dimensional
effects.
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I. INTRODUCTION [6]. For pair production of Higgs particles, the fobrjets in
The standard modelSM) has been very successful in the final states are energetic, reducing the main background

explaining experimental signals, including recent resultd!PP with soft b jets [7]. Third, this is a rare process in the
from the CERNe* e~ collider LEP-II collider[1]. Neverthe-  S€nse that the effects of physics beyond the SM can remark-

less, one of the most important ingredients of the SM, thébly enhance the cross section with respect to that in the SM;

Higgs mechanism, has not been experimentally probed yet; fi¢ minimal supersymmetric standard modsSSM) [8]
is responsible for spontaneous electroweak symmetry brealfovides some parameter space for the large enhancement of
ing, which leads to the mass generation of Weé and Z° the total cross _sectlon, which should accommodate the large
gauge bosons and of the SM fermions. Recently, the ALEPH Ukawa coupling ofb quarks, the resonant decay &f
group of the LEP-II has reported the observation of an excess’ "M and/or the dominantly large contribution of the squark
of events by & in the search for the SM Higgs boson, which loops[7]; extra dimensional models prowde_ tree Ieve_l dia-
corresponds to a Higgs boson mass of about 114 @y 9rams mediated by the K_aluza-KIeGKK) gravitons, Ieadlng_
Since the operation of the LEP-II has been terminated, th& large total cross sections. In fact, these new theoretical
decision on whether the observations are only the results GiPProaches have drawn extensive attention as candidates for
statistical fluctuations or the first signal of Higgs boson pro-the solution of the gauge hierarchy problem, the existence
duction remains suspended until the start of the Fermiland stability of the enormous hierarchy between the elec-
Tevatron Il and/or the CERN LHC experimeni]. Thus it  troweak and Planck scales. Therefore, it is worth studying
is naturally anticipated that the primary efforts of future col-the production of a neutral Higgs pair with the effects of the
lider experiments are to be directed toward the search for th®¥ISSM and the extra dimensional models, and finding the
Higgs bosor{4]. characteristic distribution of each model. We shall restrict
In particular at hadron colliders, pair production of Higgs ourselves to the procedure at the LHC, which is scheduled to
bosons plays an important role in the efforts toward understart operating in 2005. In spite of the assurance for the de-
standing the Higgs mechanisiB]. First, it may make pos- tectibility of the lightestC P-even MSSM Higgs boson with
sible an experimental reconstruction of the Higgs potentialy/s=250 GeV andf £dt=10 fb~* [9], the LHC has a prac-
as the triple self-coupling of Higgs particles is involved. Thetical advantage over future! e~ linear colliders, since there
establishment of the Higgs boson role in electroweak symare no specific plans yet for construction of the latter.
metry breaking is crucially dependent on this measurement. The remainder of the paper is organized as follows. The
Second, the signal-to-background ratio is significantly im-next section details neutral Higgs pair production at the LHC
proved compared to that of single Higgs boson productionin the SM, the MSSM, the large extra dimensiopaikani-
The invariant mass scale singleHiggs boson production is Hamed-Dimopoulos—Dval(ADD)] model [10], and the
fixed by the Higgs boson mass, of orderl00 GeV. Thus Randall-Sundrum(RS) model[11]. In Sec. Ill, we discuss
their detection, through heavy quark decay modes, suffergarious distributions useful to discriminate effects of each
from large QCD backgrounds. In addition, one viable decaymodel from the others. The last section represents a brief
modeh— yy has a very small branching ratio of order £0  summary and conclusions.
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FIG. 1. The Feynman diagrams of tigg—hh process in the
SM (MSSM).

Il. THEORETICAL DISCUSSION AND FORMULAS

pp — hh)

The production of a Higgs boson pair at a hadron collider= 1o |
proceeds through several mod&8'W fusion, bremsstrah- C
lung of Higgs bosons off heavy quarks, and gluon-gluon fu- i
sion. At the LHC,gg fusion is expected to play an important L )
role, since the gluon luminosity increases with beam energy. L Seup = (0.9 My)
In this paper, we focus on the procegg— hh, whereh is
the lightest Higgs boson in each theory.

The invariant amplitude squared is generally written as, in
terms of the helicity amplitude\, ,, for the initial gluon % 100

200 300

helicities\ 1 () [7]: M, (GeV)
11 1 FIG. 2. The total cross section of Higgs pair production as a
|M(|?=2. 164 §[|M++|2+ M, _|P+|M_,|? function of the Higgs boson mass at the LHC with=14TeV in
the SM, the ADD and the RS cases. The string scales are set to
+|M__|2] (1) Mgs=2.5 TeV andA =3 TeV for the ADD and the RS cases,

respectively. The upper bounds,,<0.9M (A ) are employed.

where the factor of 2 refers to the color facfdm(T2T?)]? B. In the MSSM
=2, the factor of 1/4 to the initial gluon helicity average, the

, The existence of a fundamental scalar particle in the SM
factor of 1/64 to the gluon color average, and the final factorCauses the well-known aude hierarchy oroblem. Traditional
of 1/2 to the symmetry factor for the two identically pro- gaug y P '

duced Higgs bosons. For the processes \@iff conserva- approaches to the problem are to introduce new symmetries,

. ey ; - motivated by the chiral symmetry for light fermion masses
t/l\?ln’ th_e/\tllellcny amplitudes are related &, . =M. _ and and the gauge symmetries for gauge boson masses. Super-
+=T IVt

For the numerical analysis, we use the leading Ordefc,ymmetry is one of the most popular candidates for this new

Martin-Roberts-Stirling-ThorndMRST) parton distribution symmetry.

. ! . MSSM Higgs pair production includes distinct contribu-
Ig:}ggﬁgf‘(zg dﬂ%;g;ﬂ%g?;ggﬁ ggfg{;ﬂszi %(;Pt;a;e tions coming from the new Higgs and squark sectors, which
q provide possibilities to greatly enhance the total cross section

hh invariant mass, i.e.y/'s. The Q* dependence is expected of the process. First, two doublets and thus two different
to be weak in the distribution shapes, which are the maiacuum expectation values of the Higgs fields allow the
subject of our interest. The center-of-moment(omm) en-  yykawa coupling of theb quark to be compatible with that
ergy atpp collisions isy's= 14 TeV. And we have employed of the top quark, which corresponds to the largegarase.
the kinematic cutp=25GeV and 5|<2.5 throughout the  The much smaller mass of thequark may make its loop
paper. contribution even larger than the top quark contributibh
Second, two Higgs doublets imply the presence of a heavy
A. In the SM CP-even neutral Higgs bosad, which can decay into two
light Higgs bosons if kinematically allowed. This resonant
: P . . ; : %ontributionggHHHhh is shown to enhance the total cross
depicted in Fig. 1. One is the triangle diagram where a Vir-<action with respect to the SM case by about an order of
tal Higgs boson, produced fromg fusion through heavy magnitude. Third, the MSSM permits a parameter space

uark triangles, decays into a pair of Higgs bosons. The ~ o~ .
d g y b - here theb or t loop contributions can exceed the SM quark

other is the box diagram where the Higgs pair is produce bt b h d ¢ .
through heavy quark boxes. It is to be noted that the triangl pop contributions by more than two orders of ma_gmt[x?i]e_
For the maximization of squark loop contributions which

diagram incorporates the triple self-coupling of Higgs -
bosons. For analytic expressions of all the one-loop helicit@ccurs through thé loops, this parameter space should al-
amplitudes of the processg—hh, we refer the reader to low a large value of tap, a considerably lighb; mass, and
Refs.[7,5]. Figure 2 shows the total cross section of the SMa large mass oA and/or|u|. Since the third enhancement
Higgs pair production at the LHC, as a function of the Higgspossibility has rather restricted parameter spéoe ex-
boson massn,. At m,=100 GeV, oy is of order 60 fo and ample, the squark loop contributions are practically negli-
decreases rapidly with increasing, . gible unlessmgls 120 GeV), we consider only the quark
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g h which are to be added to those in the SM. The interference
KK /,/' effects between the ADD and the SM are proportional to
: 1/M%, which are, at the energy scale beldis, dominant
N over the pure ADD effects.
g l\z\ There might be a concern about our ignorance of the par-

) . ton modeqaehh mediated by KK gravitons. The concern
FIG. 3. The Feynman diagrams of tgg—hh in the ADD and  gppears reasonable: The characteristic parton energy scale

the RS models. \/g of the process in extra dimensional models is of the order

loop contributions, as in Ref5]. The corresponding Feyn- Ms~TeV, unlike a few hundred GeV scale in the SM and

man diagrams are the same as in the SM case, except for thee MSSM; the dominant momentum fractimmmay not be

different coupling strengths and the presence of the neutrglo small as in the SM and the MSSM cases, and the magni-

heavy Higgs bosoi (see Fig. 1 tude of the parton distribution functions of, in particular, the
The MSSM total cross section as a function of the Higgsvalence quarks becomes substantial._ln the following, we

boson mass shows a behavior similar to that of the SMhave taken into account the parton mape—hh, which has

except for the overall enhancement, as shown in FgfAs  the square of the scattering amplitude:

anticipated, the total cross sections in the large and small

tanB cases are much increased compared to the SM case. In

: . —_— 1 . ..
particular, the large ta@ value withm,=100 GeV leads to |IM|?(qg—hh)= —(t— u)2(tu—mp). 3)
an order of magnitude enhancement of the cross section. IMsg
C. In the ADD model According to our numerical analysis, the contribution of the

mq—>hh mode turns out to be at most a few percent of the
out resort to any new symmetry by Arkani-Hamed, Di- total cross sections, because the squared amplitude itself is
mopoulos, and Dvali10]. One prerequisite of the hierarchy smaller than that of tt)ggahh mode by a factor of about
problem itself is removed: The Planck mass is not fundamenl/36) while, at TeV Vs, the PDF of a valence quark and a
tal; nature allows only one fundamental mass sdsle sea quark is of the same order of magnitude as that of two
which is at the electroweak scale. By introducing e 2 gluons.

extra dimensional compact space, the observed huge Planck Note that in the parton c.m. frame, the nonzero helicity
mass is attributed to the large volume of the extra spacédmplitude can be written as

since M3=MY§"?RN where theR is the size of the extra

The gauge hierarchy problem has been approached wit

dimension. The SM particles cannot escape into the extra 16N .
space because the matter fields in the model are open strings M+f|gg-c.m.: - Wstv (4)
s

whose end points are fixed to our four-dimensional world.

Of great interest and significance is that this idea is test- ) ) )
able at colliders. The KK reduction from the whole4l) ~ Wherepr is the transverse momentum of an outgoing Higgs

dimensions to our four-dimensional world yields towers ofParticle. Unitarity is apparently violated at high energies,
massive KK states in the four-dimensional effective theory Which is expected from the use of an effective Lagrangian. It
Even though the coupling of a KK graviton to ordinary mat- 1S réasonable that we only consider the region where our
ter fields is extremely suppressed by the Planck scale, a ting/erturbatn_/e calculat|(_)ns are rel!able_, Wh_lch can be achieved
mass splittingA my« ~ 1/R (which is about 103 eV for the y excludmg'the region Wl.th high invariant mass. In Ref.
N=2 case induces a summation over all KK states, which [18], the partial wave amplitudes of the elastic procgss
compensates for the Planck scale suppression. In addition to’ Y7 In the ADD model have been examined, yielding a
the single graviton emission processes as missing enerdyound on the ratidv S/\/;, and a valid region is conserva-
eventd 13], the indirect effects of massive graviton exchangetively found to be@s 0.9Ms. In the following analyses, we

on various collider experimen{d4] have been extensively impose an additional kinematic bound such as

studied, as well as possible Lorentz a@dP T invariance

violations through the change of the metric on the bifré. M <0.9 Mg.

For Higgs pair production through gluon-gluon fusion,
there exists a tree level Feynman diagram mediated by spin-2
KK gravitons (see Fig. 3 Based on the effective four-
dimensional Lagrangiafil6,17], the helicity amplitudes are
obtained as

In Fig. 2, we present the total cross section as a function

of m,, with Mg=2.5TeV. As expected from the presence of

a tree level diagram in the ADD model, the total cross sec-

tion is substantially increased with respect to the SM case.

M., =M__=0, For pair production of Higgs bosons with mass 115 GeV, we
have obtained

_16:\ 4Gt 2 Tsmiaop(My=115 GeV, Mg=2.5 TeV)
MS O'SM(mh=115 GE\))

~1.72. (5
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We note that ADD effects lead to a gentle drop-off of thg (fb)
with respect to the Higgs boson mass, contrary to the rapid
decrease in the SM. Thus, if the Higgs boson mass is large,

the ADD model could still produce a substantially large
number of Higgs pairs at the LHC unlike in the SM case.

103
D. In the RS model F

More recently, Randall and Sundrum have proposed an-
other extra dimensional scenario where, without ke
volume of the extra dimensions, the hierarchy problem is
solved by a geometrical exponential factor, called a warp
factor [11]. The spacetime in this model has a sing§l¢z,
orbifold extra dimension with metric

102

o(pp — hh)

k/Mp =0.3

ds?=e 2Keldly  dxtdx’+r2d¢?, (6) 10

where ¢ is confined to 8<|¢|<. Ther, is the compacti-
fication radius which is to be stabilized by an appropriate
mechanism[19]. Two orbifold fixed points accommodate N I I S I BN I T
two three-branes, the hidden brane¢at 0 and our visible
brane af¢|= = or vice versa. The allocation of our brane at -
| | = 7 renders a fundamental scaig to appear as the four-
dimensional physical mags=e “"<"m,, which solves the
hierarchy problem. And the effective Planck mass is

T T

o
N
N
o
«
o
(4
~
IS
w
wn

(TeV)

FIG. 4. The total cross sections only with the RS effects as
functions of A, considering three values of the ratlkdMp,
=0.01, 0.1 and 0.3.

MZi=(M3/k)(1—e 2fem), o _
The observables based on the four-dimensional effective
where theM is the five-dimensional Planck scale. Note thattheory are determined by two parametefs,(k/Mp)). The
all Mp,, k, andM are of the order of magnitude of the Planck value of k/Mp may be theoretically constrained to be less
scale. than about 0.122]: The magnitude of the five-dimensional

The compactification of the fifth dimension leads to thecurvature Rs=—20k?, is required to be smaller thaki?
following interaction Lagrangian in the four-dimensional ef- (=M3), so that the classical RS solution derived from the
fective theory[20]: leading order term in the curvature remains reliable. Rhe
is expected to be below 10 TeV in order to explain the hier-
archy problem. UnlikeMg in the ADD case,A , does not
play the role of a cutoff, relieving the concern about the
unitarity violation. According to phenomenological studies
whereA _=e K<"Mp,. In contrast to the almost continuous of the cross section & e~ — x " x~ in the RS model, only
KK-graviton spectrum in the ADD model, we have one zerothe case with a large value &Mp, hints at the unitarity
mode of KK gravitons with the coupling suppressed by theviolation; even fork/Mp~1, the unitarity violation can oc-
Planck scale and the massive KK graviton modes with theur at a c.m. energy of several T€\20]; current LEP-II
electroweak scale coupling... The masses of the KK- experiments and the Tevatron run-I have provided a lower
gravitons are also at the electroweak scale, giveh2iy bound onA . of about 1.5 TeV in the case &Mp=0.1.

In Fig. 2, we plot the total cross sections with respect to
the Higgs boson mass within the RS model. We Aet
=3 TeV andk/Mp=0.1. For equity of comparison with the
ADD case, we have employed the upper boukt,
where thex,’s are thenth roots of the Bessel function of <0.9A .. Though smaller than in the ADD case, the total
order 1. cross section in the RS case is larger than that in the SM:

The scattering amplitudes of the KK-mediated diagrams
in the narrow width approximation can be derived from the osm+rslMy=115 GeV, Mg=3 TeV)

ADD ones with the following replacement in E€®) [20]: roy(M =115 GeV ~1.51. (10

1 1 =
L= = =T 0RR00 = =T 2 i, ()

k
My=kxye Xc7= MPIA Xn» (8)

S E 1 (9) The rate of the drop-off ofr,,; againstm,, is similar to the
2 :

m +im,I', SM case.

In order to demonstrate the dependenck/d 5 andA .,
where the total decay width of theth KK graviton isT',, Fig. 4 shows the total cross section within the RS model as a
=pmnxﬁ(k/MP,)2, andp, fixed to be 1, is a model-dependent function of A ., considering three values of the rakéMp,
parametef 20]. =0.01, 0.1 and 0.3. The Higgs boson mass is set to 100 GeV
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FIG. 6. Thep distributions of Higgs pair production in the SM

FIG. 5. Thep+ distributions of Higgs pair production in the SM and the RS cases.

and the ADD cases.

and the upper bound i, is not applied. As\ . increases substantially enhanced. In Fig. 7, we demonstrate the MSSM

1o drops rapidly. And it can be seen that a smaller value of’T distribution for the large tafs case. It drops rapidly with
the ratiok/M p, produces a larger cross section. This is due tdhcreasingr, asin the SM case, while it peaks ataround 2.5
the fact that the amplitude squared in the narrow width ap-Gev’ .Iower than n thg SM case. The magnitude of the_ dif-
proximation is inversely proportional tok{Mp)* at each ferential cross section is about 20 times larger than that in the
resonance, which yields a dominant contribution. SM case. . . e
Figure 8 illustrates the invariant mass distributions of the

Higgs pair in the SM and the ADD cases. The SM case,
where the top quark loop contributions are dominant, peaks

In the previous section, we have shown the possibilities o&t around the threshold/gzzmt, The ADD effects gently
Higgs pair production being greatly enhanced at the LHC. In
such circumstances, it is worthwhile to search for appropriate  o.01
distributions which would enable us to distinguish the con- :
tributions of one model from the others. In a numerical 9009

IIl. NUMERICAL DISCUSSION AND DISTRIBUTIONS

analysis of the distributions, we have employed the follow- - SM
ing parameters: The Higgs boson mass is set equal to 105 *%® £ — MSSM
GeV; in the MSSM, ta8=30, u= —6_40 GeV, M7=Mg L ooor E (tanf=30)
=1000 GeV, andA;=A,= —410 GeV; in the ADD model, £ C
Mgs=2.5TeV; in the RS modelA ,=3 TeV and k/Mp, 0" o008 L
=0.1. < :
In Fig. 5, we present the distributions in the SM and < o.005 |
the ADD cases. While the SMt distribution peaks at 0 .
around 150 GeV and drops rapidly with increaspyg ADD Il
effects slowly increase the distribution with increasmgin \% 00035 E

the highpt region. Note that the absence of a differential ©
cross section apr=1TeV is due the employment of the
upper bound o,,;,. Figure 6 shows the; distributions in 5
the SM and the RS cases. The presence of Kaluza-Kleir o001 £
gravitons in the RS model leads to a clear shape of the resc C
nance. We caution the reader that fheaxis is plotted on a 0
logarithmic scale: Even itfloSM* RS dp; at pr>300 GeV

(which practically vanishes in the SNk smaller than that at

pr<<300 GeV by an order of magnitude, the extensive con- FIG. 7. Thep; distributions of Higgs pair production in the SM
tribution in the highpt region renders the total cross section and the MSSM.

0.002

P; (GeV)
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100 1000 2500 o . . Lo
M (GeV) FIG. 10. TheM,,, distributions of Higgs pair production in the

SM and the MSSM.
FIG. 8. TheMy,, distributions of Higgs pair production in the

SM and the ADD cases. larly spaced peaki®0], the hadronic convolution of the par-

ton level processes obscures successive and separated peaks

increase theM,,, distribution in the highM,,, region. It is ; : ) :
expected that the blind application of the effective Lagrang-SuCh as the classical KK signature. Figure 10 displays the

AN : : M, distribution of the MSSM case with large t@n which
ian in Eq.(4) without any upper bound okl , would yield hh . SO
a continual increase in thel,,, distributions, which would possesses the dominant contributions friomuarks. Thus a

lead to an apparent violation of unitarity. We display theP€ak appears just above the kinematic thresholth

M, distribution of the RS case in Fig. 9. The high resonance™=2Mh- i L o
peak in addition to the SM distribution implies the first Kk Finally, we illustrate the rapidity distributions in Fig. 11.
state of gravitons withm;~750 GeV. While in thee*e~ It can be seen that the extra dimensional models produce a

—u'tu process the KK gravitons appear as almost regutii9gs pair somewhat more centrally in the rapidity than the
SM and the MSSM do. A more restrictive cut en such as

X 10-3
0.03
0.3 g 014 |
L F SM E RS
= 0.025 o0.12 |
Foo e SM 0.02 0.1 F
o 025 E
> L E 0.08 [
© 0.015 | F
O F — SM+RS - E 008 E
> r o oo | “F
= 02 -_ ~ = 0.04 |-
. i 5 0005 F 002 |
g i ~ P T /A P P I U o Bt .
~ L < -4 -2 0 2 4 -4
< o015
O 0
0 - o 92 0.05
a [ 2 0.18 E— MSSM 0.045 £ — SM+ADD
3 01 b 0.18 E 0.04 E - SM
5 H © oa4 F 0.035 F
r 0.12 £ 0.03 F
L 0.1 0.025 £
0.05 - 0.08 £ 0.02 F
r 0.06 F 0.015 £
L 0.04 E 0.01 E
- 0.02 F 0.005 F
0 5 /,—,——,—,—,,|4 P T Y A I A I VI P T Y SN I
10 10 -4 -2 0 2 4 -4 -2 0 2 4
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FIG. 9. TheM,,, distributions of Higgs pair production in the FIG. 11. They distributions in the SM, the MSSM, the RS and
SM and the RS cases. the ADD cases.
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7=<1.0, would eliminate a substantial portion of the SM andof each case. The distribution shapes are shown to be differ-
the MSSM contributions. ent for each model, providing valuable criteria to distinguish
one model from the others. The distribution in the SM
peaks and drops rapidly; in the MSSM, and in the large8tan
IV. CONCLUSIONS case, it peaks just above the thresholdogfand also drops
rapidly; the ADD effects induce a slow increase after the SM
The pair production of neutral Higgs bosons from gluon-Peak; the RS effects can be discovered by the presence of a
gluon fusion at the LHC has been studied in the SM, the€sonance peak. The invariant mass distributions are similar
MSSM, the |arge extra dimensional model and the Randa”IO thepT distributions: The SM and the MSSM distributions
Sundrum model. We have shown that both the supersymmefiave peaks at around a few hundred GeV; the ADD effects
ric and extra-dimensional models can substantially enhancgently increase thi,, distribution at high energies; the RS
the total cross section of Higgs pair production. In thecontribution yields a series of resonant peaks. Therefore, re-
MSSM case, the large tahvalue makes it possible that the strictive cuts orpr andMpp, would eliminate the main con-
b-quark contribution dominates over the top quark contribu-ributions of the SM and the MSSM cases, which provides
tion and over the resonant decay of a heavy H|ggs partid@ne of the most Straightforward methods to detect the exis-
into two light Higgs particles. The extra dimensional modelstence of low scale quantum gravity effects. Finally, the ra-
allow contributions from tree level Feynman diagrams mediidity distributions in the ADD and the RS models show
ated by Kaluza-Klein gravitons, which significantly increasesignificantly narrow peaks aroung=0, which implies large
the total cross section. Since the ADD model has been showgpntributions in the higtp region.
to violate partial wave unitarity at high energies, we have
employed an upper bound on the invariant mass of two
Higgs bosons, which is obtained from an analysis of 3he ACKNOWLEDGMENTS
partial wave amplitudes of the elastic procesg— yvy. In
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