arXiv:hep-ph/0508021 v1 1 Aug 2005

DESY 05-150

DESY 05-150

Determining the Stau Trilinear Coupling A -
in Supersymmetric Higgs Decays

S.Y. Chot, H.—U. Martyrt and P.M. Zerwa’s

Y Department of Physics, Chonbuk National University, Chonju, Korea
2 I Physikalisches Institut, RWTH Aachen, Germany
3 Deutsches Elektronensynchrotron DESY, Hamburg, Germany

The measurement of the trilinear couplingsn the part of the Lagrangian which breaks
supersymmetry softly will be a difficult experimental tasi.this report the heavy Higgs
decaysH, A — 77, to stau pairs are investigated for measuring the stauegticoupling
A-. Based on detailed simulations of signal and backgrournds $pecific reference point
in future high luminositye™ e~ linear collider experiments, it is concluded that the param
eter A, can be determined with a precision at the 10% level in theoregf moderate to
largetan 3.

1 Introduction

The couplings between fermionic matter fields and Higgs dieliffer from those of the scalar
matter fields once supersymmetry is broken, sgeRef.[1]. In theories based on soft super-
symmetry breaking the scalar-Higgs Yukawa couplings ardifieal multiplicatively by theA
parameters which, in parallel to the fermion-Higgs Yukawapdings, are inter-generational
matrices. In accordance with bounds on flavor-changinglowggpthe A parameters are gener-
ally assumed to be diagonal and three parametersd, and A, are introduced for the third
generation.

By definition, theA parameters come with the Yukawa couplings which are of the ai
the fermion masses. Therefore they cannot be measured eénajelirectly except for the third
generation. Since they couple Higgs fields with scaldields andk-fields, they become effec-
tive in two ways: (i) They contribute to the off-diagonal mlents in the scalar mass matrices,
and to the mixing of_.- and R-states; and (ii) They give rise to mixed scalaand i decay
final states of the heavy scalar and pseudoscalar Higgs oson



In the scalar stop sector the off-diagonal mass matrix ehémeiven bym,(A; — u cot 3).
For moderate to largean 5 the second term is suppressed atidcan be determined quite
accurately by measuring the mixing effects in the stop masstsum and the stop mixing angle
in ete™ annihilation to stop pairs [2]. In heavy Higgs decays, ondtieer hand 4, is shielded
by the potentially much larger termatan 5 and Higgs decays to stop pairs, if kinematically
allowed at all, are less suited for measuring the stop &dirparameter.

The situation is reversed in the down sectar, for staus. While in the stau syster
is shielded by the term tan 8 in the mass matrix [3], thel, parameter is enhanced by the
coefficienttan /3 in the couplings of the heavy scalar and pseudoscalar Higgsns to mixed
pairs of7;, and7y fields. Heavy Higgs decays are therefore promising charioelmeasuring
the stau trilinear parametet .

The expressions for the partial decay widths become edjyetiansparent in the limit
where (i) the heavy Higgs boson masses are large [decoulptwtd, (i) tan 5 is large, and
(iif) the L R mixing is small. In this limit the decay widths of the scaladgpseudoscalar Higgs
bosons to mixed pairg 7, = 7;'7, + 7, 7, are given by
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where) accounts for the pase space suppression in the usual forercoliplings of the scalar
Higgs boson to diagonal pairs of - and k-fields are suppressed by coefficients/ A, and
mz/( A, tan 3) which both are small in the limit we are considering. The dimgpof the
pseudoscalar Higgs bosoehto diagonal pairs vanishes in CP-invariant theories.

Using the partial widths for Higgs decays to tau pairs,

Grm?
42

the decay widths to stau pairs may be normalized by the deoadgs pairs:

I'(H,A—7171) =~ mpy A tan® 3 (2)
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If the normalization is chosen alternatively by the domimgbb final states, the ratio of the
widths is reduced by a coefficient? /3m;:

I'(H, A — 717y) o~ /2 m2 (A, + p cot 8)?
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In any case, for moderate to larger 5 and A, of the same order as the size of the branching
ratio of the heavy Higgs bosons to mixéd? stau pairs is essentially set by?. Thus, for
sufficiently largeA, the measurement of these branching ratios provides a Valirarument
for measuringA..



2 Properties of the Higgs system

The qualitative arguments presented above appear straogeno perform a quantitative anal-
ysis in order to prove this method to be useful for measuringn practice. For this purpose
we adopt the mSUGRA reference point SPSd&fined for theSPA Project [4]. It is closely
related to the standard reference point SPS1a, yet withdedeok matter density in accordance
with the WMAP measurement.

The mSUGRA parameters are definedMs = 70 GeV, M;;,; = 250 GeV, Ay =
—300 GeV, tan 8 = 10 and signy = +. Extrapolation to the electroweak scale generates
the Lagrangian parameters = —445 GeV andp = 403 GeV, thus|A,| > pucot 3 holds
indeed. The masses and branching ratios of the supersyropaitticles relevant to the present
analysis are summarized in table 1.

Particle| Mass|GeV] Decay B Decay B
H° 431.1 Tt 0.075 NS 0.011
bb 0.683 WYY 0.040
it 0.053 NS 0.023
oAt 0.014 | XXy 0.056
FFFE 0.031
7oA 0.003
A° 431.0 Tt 0.055 N0 0.011
bb 0.505 VNS 0.055
it 0.103 NS 0.063
FFrE 0.035 INT 0.170
30 97.8
9 184.4 FETT 0.564 Uy 0.155
efet 0.024 Vv, 0.115
fEuT 0.026 Duv, 0.115
X7 184.2 o, 0.519 Tt 0.189
veet 0.138
Dt 0.138
1 107.4 N 1.000
Fy 195.3 N 0.869 i vs 0.086
97 0.046
7, 170.7 N 1.000

Table 1: Masses and branching ratios of heavy Higgs bosigd,dauginos and third gener-
ation sleptons in the SPSiscenario [4]. The Higgs decays are calculated with the arogr
FEYNHIGGS 2.2.10 [5]

At a linear collider with an energy/s of about 1 TeV heavy Higgs boson production
ete™ — HA, see [6], will clearly be kinematically accessible for theference point [7].
The measurement of their decay modes, however, will coh&everal problems:

— Due to their mass degeneracy the decayR @nd A cannot be resolved experimentally.
Thus one can only determine the branching ratios for the dulsoth Higgs bosons.
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— The energy spectra of the finaldecay products reflect only weakly the energy of the
primary particles, which is gradually softened during eacdecays involving massive
invisible particles like neutralinos or sneutrinos. Ithetefore extremely difficult to dis-
criminater; from 7, decays. Instead, only the sum of glt; decay modes will be deter-
mined.

— As a consequence of the (moderately) large vatuie? = 10 the neutralinoy§ and
charginoy® decays lead preferentially to final states involvirigptons. Abundant multi-
tau signatures constitute a severe background to all clkimwelving SUSY particles,
in particular to the decays of intereSt A — 7,7;.

The strategy to determine thié, A decay modes and branching ratios is the tagging of one
Higgs particle by its decay into a pair &f jets and the analysis of the recoiling system:

etem™ — HA — bbX. (5)

The decay modes and event topologies under investigaten ar
Xz, = AR+ AR+ RH - TR, (6)
Nz = XiXe + 00Ny = 7777 1, (7)
Nepem = XiX7 = 777 B, (8)

and the reference decay modes are

X, = v, (9)
Xy = bb— jetjet. (10)

The particle content of the three supersymmetric final stéé¢ — (8) is identical. In order
to distinguish these channels it will be assumed that thesesasf the primary and of all the
secondary SUSY patrticles are known well enough so that thdtheg decay topologies and
r* spectra can be reliably modeled and simulated. This knayelésl important in order to
determine the branching ratios of the various decay modaes their relative contributions to
the ‘observable’ data distributions. This assumption isequatural as the measurement of the
A parameters is certainly a second-generation task. Defdhe event generation are presented
in the appendix A.

The cross sections fdif A pair production [6] assuming common scalar and pseudascala
Higgs masses are shown in figure 1 for the three center of memgies\/s = 0.8 TeV,
1.0 TeV and1.2TeV. The remaining parameters are taken from the reference §&81a
for illustration. The present study is representative aased on 10,000/ A events which,
for scenario SPSlamay be accumulated with a cross section &ffb at1 TeV or 3.9 fb at
1.2 TeV, respectively. The results may be easily scaled to lowéssts event samples without
losing their significance.

3 Experimental analysis

In this section the analyses of reaction (5) with the Higgsagtemodes (6) - (10) will be de-
scribed in detail. As mentioned above the channels invglginpersymmetric particles;: - ,
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Figure 1: Cross section far e~ — H A production as a function of the commaéh A mass
aty/s = 0.8 TeV,1.0 TeV and1.2 TeV. The curves include* beam polarizations oP.- =
+0.9 andP.+ = F0.6, as well as QED radiation and beamstrahlung effects

Xgoge and X, 3o lead to the same final state and the topologies do not allew separa-
tlon on an event by-event basis. Rather a statistical aisalyill be applied to determine their
branching fractions. The decays into Standard Model pgestid’, . and X,;, can be efficiently
isolated and will be used for normalization. The resultd i given in terms of combined
branching ratios, defined &&; y = B(H — bb) B(A — X) + B(A — bb) B(H — X).

It should be noted that the results for the background Higgss to charginos and neutrali-
nos can probably be predicted at the time of the stau analybey depend only on parameters
which can be measured in the chargino/neutralino sectelf & earlier times. This way the
experimental results of the Higgs decays to charginos anttalmos can be compared with
theoretical predictions.

3.1 Signal channelete™ — HA — bb 777~ F

The topology is characteristic for all Higgs decays intoessgmmetric particles. The criteria
listed in table 2 are chosen in order to optimize the acceptéor HA — bb 7,7; — bb 77~ I
decays.

The criteria (1) — (3) provide a very efficient selectionfbfi — 66X events by tagging one
Higgs patrticle via its resonant decay into a paibafuark jets [see discussion in appendix A
and figure 6]. The good energy resolution allows the relitdalesformation into the rest frame
of the recoil systenX which is identified as the second Higgs patrticle.

The criteria (4) — (6) select SUSY decays into secondasyplus large missing energy.
The last cut (7) removes direct decays intopairs, which are back-to-back in the Higgs rest
frame. The properties of the various decay modes are displaythe left panels of figure 2,
where normalized distributions of the visible tau energyg adirtau mass are shown. Itis a
common feature of both spectra that the dominant contohstcome frony; v; peaks at low
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| Selection criteria

| Constraint |

1 two identifiedb jets
2 bjetenergy 100 GeV < E, < 400 GeV
3 bbinvariant mass mp,.a — 30 GeV < my, < mpy 4+ 30 GeV
recoil mass against mum,a — 30 GeV < myecon < mp s+ 90 GeV
4 two oppositely charged candidates
5 visibler energy 2.5 GeV < E; <200 GeV
visible 77 energy E.. <250 GeV
6 missing energy 250 GeV < B < 550 GeV
7 acollinearity angle in Higgs rest frame*_ > 10°
Table 2: Event selection criteria for the signal reactibd — bb 7;7; — bb 7777 [
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Figure 2: Spectra from*te~ — HA — bb 7+7~ [ decays of a) visible tau energy: in the
H, A rest frame; b) di-tau mass.... Left: normalized distributions; right: fitted contribatis
of individual channels;7;, Y/x9 andx; y; to the observable signal. mMSUGRA scenario SPS1a

aty/s =1 TeV



values, while the spectra from7; and \?\9 extend towards higher values. The separation
between the decay modes improves when correlations betvalparticles are exploitee.g.
the invariant mass:,,. Also notice that the shapes of the distributions frofd and Y9x5
are barely distinguishable, thus only the sum of all neitoatiecays, labeled?x$, will be

investigated.

The overallH, A — 7,7; efficiency is~ 43%. However, there are still large contributions
from Higgs decays into charginos (37%) and neutralinos<{ 23%), both of which have higher
combined branching ratios, see table 1.

The distributions from the complete simulation of the Misib energy in the Higgs rest
frame £* and the di-tau mass... are shown in the right panels of figure 2. The contributions
from the individual decay modesis,z,, X;ox0 andX>~<1+>~<1_ of egs. (6) - (8), are summed up and
fitted to reproduce the data of figure 2. The analyses of thereablest* andm.., emphasize
different characteristics but lead to consistent results.all fits (including observables not
shown) the chargino contribution can be determined in destaanner whereas the stau and
neutralino parts are strongly correlated.

The fit results are displayed in the spectra of figure 2. Thatiuel rates, acceptances and
the extracted combined branching rati®sy, are summarized in table 3.

‘ etem — HA — bbX ‘ gfith €ppx ‘ B x ‘
HA — bb7i7; 0.186 £ 0.041 0.428 | 0.049 £ 0.011
bb 7938 0.292 + 0.052  0.228 | 0.135 = 0.024
bbXTNT 0.516 £ 0.036 0.372 | 0.146 £ 0.010
HA —bbrT 0.515 | 0.075 £+ 0.004
HA — bbbb 0.630 | 0.345 £+ 0.007

Table 3: Expected accuracies on the determination of Higgaybs// A — bb.X . Listed are the
analyzed event samples, the fitted contributions of decajesiifl’, , the detection efficiencies
ey, and the combined branching ratiBg ;. The results are based on 10,080t decays in
the SPS lascenario

3.2 Reference channels ete™ — HA — bb 77 and HA — bb bb

ete” — HA — bb 71— The selection off A — bb 7+7~ decays is complementary
to the analysis of the previous SUSY decays. The basic iexité) — (4) of table 2 forbb
and 77 identification are applied. However, theenergy spectra are harder and bethare
emitted back-to-back in the Higgs rest frame, leading tdalewing cuts: (5) visibler energy

5 < E, < 400 GeV, 77 energyF,, < 500 GeV; (6) no missing energy requirement; (7)
acollinearity angle in the Higgs rest frareie < 10°.

The reconstructed spectrum of the visiblenergy£™ in the Higgs rest frame, shown in fig-
ure 3, is fairly flat and extends up to the energy of the primamngecayed lepton. The overall
detection efficiency is high, see table 3. A combined bramghatio of 5,; .. = 0.075 4 0.004
can be obtained, where only statistical uncertainties areng The analysis may be further
improved by an overconstrained kinematical fit. Exploitemgergy-momentum conservation
and approximating the directions by the directions of the decay products anditrgahe r
energies as free parameters, allows one to construct 2raoist(2-C fit), see [8].
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Figure 3: Spectrum of the visible energy£” in the H, A rest frame fromete™ — HA —
bb Tt7~ decays. mMSUGRA scenario SPSag/s = 1 TeV

ete” — HA — bb bb The selection off A — bbbb events is straightforward by applying
the same criteria (1) — (3) of table 2 to another paiblofets. The four jets are then combined
such as to construct twié systems with invariant masses closest to each oﬂag}, ~ m{(j)
Again, the selection efficiency is high. The energy distiitou of theb jets in the Higgs rest
frame, displayed in figure 4, exhibits a clear signal of amampeak at half the Higgs mass. The
combined branching ratio for the decay mo%g can be determined with a statistical accuracy

of By;,; = 0.345 4+ 0.007, for details see table 3.
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Figure 4: Spectrum of-jet energyE; in the H, A rest frame fromete™ — HA — bb bb
decays. mSUGRA scenario SPSag,/s = 1 TeV

The measurement only provides information on the productasfs section times branching
ratio. In order to extract the decay rates #hel production cross section has to be calculated
accurately, which in turn requires a precise knowledge efHiggs masses. Thejet energy
distribution of figure 4 (or equivalently thé mass spectrum similar to figure 6a) can be used
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to determine thel/, A masses with an accuracy 6fiy 4 ~ 0.15 GeV. This error can be
reduced further by applying kinematic fitting techniquep [ fact such a procedure allows
the selection of a very cleal A event sample with low background, so that relaxing ofithe
quark identification criteria may be envisaged.

4 Interpretation and conclusions

The expected results for the combined branching ratios ggsidecay modes (6) — (10) are
summarized in table 3. The double ratios are experimenttgrmined as,;: ; /By, =
0.142 £ 0.032 and By; .7,/ By .. = 0.653 & 0.147. Their relations to the partial decay widths
can be written ds

B 7., B(H — bb) B(A — 7172) + B(A — bb) B(H — #:7;)

T T(AS) T(H W) (1)

By sz, B(H — bb) B(A — #173) + B(A — bb) B(H — #:7)
By rr B(H — bb) B(A — 77) + B(A — bb) B(H — 1)
['(A — 7172) I'(H — 7,7;)
I'A—=7r)(14r) TI'(H—=77)(14+1/r)
1 [D(A—=#%)  T(H—=77))

-9 ['(A—77) + I'(H —77) | (12)

In the second double ratio the two terms in the denominates baen identified,e.

['(A— blg) I'(H — 77) B
U(H = bb) (A —77)

which is expected to hold with high accuracy.

(13)

These double ratios are proportional(th, + 1 cot 3)* ~ A2 in the decoupling limit for
large A, and largetan 8 when L R decays dominate over the diagordl and R R decays and
mixing can be neglected. For the parameters chosen in tidy,dhowever, we must include
corrections from/, R mixing of the particles and the diagonal. and R R decays.

The pseudoscalar Higgs bosdrcouples to off-diagonat 7, pairs with the same amplitude
as to7, 7r pairs so that no mixing corrections need be applied. In estitthe coupling of the
scalar Higgs bosoii/ to off-diagonal stau pairs is modified by the mixing paramete 26-
and, moreoverf{ decays include also contributions from the genuine dialgomaplings7;,7;,
and7r7r of the ordernn, /A, andmy/( A, tan 3) with respect to the leading off-diagonal am-
plitudes. Since the mixing parameter

sin20; = —5——— (A, — p tan 3) (14)

1As mentioned earlier, the pseudoscalar Higgs bosalecays only to off-diagonal 7 pairs in CP-invariant
theories while the scalar Higgs bosfincan decay to all combinations of stau pairs
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Figure 5: Double ratios of the combined branching raijg,_.,; -z, normalized toB 455
(left) and B 4,4 .- (right) as a function ofd,. The lower curves show the contributions from
diagonal pairs, 7, (blue) andr 71 (magenta). The horizontal (green) lines indicate the ebguec
experimental accuracy based on 10,@0@ decays in scenario SPS1a

involves A, itself, the dependence of the decay amplitudesions modified and not linear
anymore. As a result, the binomial character of the parialagt widths inA, is changed
asymmetrically.

The dependence of the double ratios of the decay widftexs. (11), (12) and (3), oA,
including the subleading £ mixing effects are calculated usinge¥NHIGGS [5] and are dis-
played in figure 5 together with the expected experimentali@cies. There are two possible
solutions forA, at —450 GeV and+350 GeV, which, however, can be distinguished experi-
mentally because they correspond to differemixing configurations. The mixing parameter
sin 20; differs by~ 20 % for the two solutions. Since the mixing can be obtained witlaecu-
racy of a few percent from measurements of thenass and the&; 7; production cross section
atete™ colliders (see [9, 3] for scenarios with similar paramétetss additional information
is sufficient to single out the negative solution.

From the simulation of heavy Higgs decays into supersymmatrd SM particles one ob-
tains for the trilinear coupling

A, = —450 £ 50 GeV

as anab-initio determination of this soft SUSY breaking parameter for aenewsample of
10,000H A Higgs pairs.

Uncertainties in the theoretical predictions and pararseggls (3) — (4) and their analogues
for diagonal decays, are expected to be negligible at thed lEvachievable experimental ac-
curacies. Theoretical calculations are under controla@ptr-cent level when all the one-loop
corrections in ther /7 and Higgs sectors are included [10]. It is interesting tcertbiat the
parametertan 3 can be controlled internally within the same analysistbfi — bbbb de-
cays. Thetan 8 dependence of the combined branching ratios can be exdrasé®;,; =
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L/[(1 4 ca/tan* B)(1 + ¢/ tan? 3)] with coefficientsc4, ~ 100 andcy ~ 50 for A and H
decays, respectively, in the reference point consideredmRhe measurement quoted in ta-
ble 3 one expects a precision®fan 5 ~ 0.15. The parameter can be measured in chargino
production within a few per-cent. Both uncertainties regula shift of the trilinear coupling
of at mosté A, < 1GeV, far below the anticipated experimental error. These edémare
confirmed by a combined analysis of SUSY parameters basecgasurements of many SUSY
production processes at the ILC and LHC [11].

The direct determination of the trilinear coupling analyaethe present report may be com-
pared with other methods which make use of higher order cbores affected by the parameter
A,. A global analysis by means of Fittino [11] provides a conaltion of X, = A, —utan 8 =
—4450 £ 30 GeV, together withtan 8 = 10.0 & 0.1 andg = 400.4 + 1.3 GeV. However, ap-
plication of this indirect method is possibdepriori only in scenarios in which the degrees of
freedom are specified toro when the virtual loop corrections are included and if albttegical
uncertainties are under proper control. In contrast, tlpgsal described in the present paper
is a robust leading order analysis.

5 Summary

While the trilinear stop-Higgs couplind; can be measured fairly easily by evaluating the stop
masses and the mixing angle, this task is much more demarafinige trilinear couplingA.

in the stau sector since these couplings come with the ma$sles quarks and leptons. Nev-
ertheless, we have demonstrated in this report that theurexaent ofA ., is possible in scalar
and pseudoscalar Higgs boséh A decays. Large luminosities at thé e~ linear collider
ILC would be required, however, to achieve an accuracy otiath6%. Though the measure-
ment is difficult, this direct determination based on treeel processes is necessary before the
determination through indirect effects based on quantumections can be trusted with high
confidence.

After the stop trilinear coupling!; will be determined, the measurement of at least one
additional trilinear parameter is required to investigatesersality properties of these parame-
ters, for instance, as implemented in minimal supergravVitye A, measurements are therefore
important ingredients for reconstructing the underlyihggics scenario [12].
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FeynHiggs program. The work of SYC was supported in part leykbrea Research Foun-
dation Grant (KRF-2002—-041—-C00081) and in part by KOSE®&uiihn CHEP at Kyungpook
National University. PMZ thanks the German Science FouadddFG and Stanford Univer-
sity for partial financial support during an extended visiSe AC where part of this work was
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A Event generation

Events are generated with the progranTRIA 6.3 [13] which includes initial and final state
QED radiation as well as beamstrahlung a la€k [14]. The decays of leptons are treated by
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TAUOLA [15]. The detector simulation is based on the detector pega the ESLA TDR [7]
and implemented in the Monte Carlo programvSET 4.02 [16]. The main detector features
are excellent particle identification and measurement afgdd and neutral particles for a polar
angle acceptandg(m — ) > 125 mrad.

In the analysis the reconstructegkets andr candidates are required to be within the accep-
tance of| cos 9| < 0.95, while Higgs boson are produced centralfysin? . The identification
of HA — bb X events is provided by the good jet energy flow measuremehtaviesolution
of o/E = 0.3//E(GeV). This is illustrated in figure 6, where the di-jet mass andrtfzss
recoiling against théb system are shown. Both distributions are fairly narrow aeakpat the
Higgs masses. The recoil mass spectrum is slightly wideeatehds towards large values due
to radiative effects.

For the identification and reconstructionottandidates, a narrow jet with invariant mass
m, < 2.5 GeV is required which contains one charged particle plus pbsaduditional photons
or three charged particles. In general the leptonic 3-babagsr — cv. v, (17.8%),7 —
pr,v- (17.4%) are less sensitive to the primargnergy than the hadronic decays— wv;
(11.1%),7 — %1%, (25.4%) andr — 7*at7r v, + 75 7%7%, (19.4%). All decay modes
are used in the analysis, exceptefand.u pairs.

800 U 400
[ F X-peak sigma © L X-peak sigma
&) 429.1 7.1 & b) 434.3 13.8
0 e H,A -> bb 0 | ® HA->bb |
S 600F 4 > 300F .
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gy Mma a4 ] 7-4 ! p——— \"‘ 00,0,
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Higgs m,, [GeV] bb recoil m,...; [GeV]

Figure 6: Spectra fromte™ — HA — bb X decays of apb di-jet massn,,; b) recoil mass
M,econ @gainstb system. mMSUGRA scenario SPSan,/s = 1 TeV

Since the decay rates of interest are of the order of a feweperto be further degraded
by efficiency losses, the case study is based on a high Etsstmple assuming a production
rate of Nys = oga - £ = 10,000 events. The total cross section &fA production amounts
toogs = 1.8 fb aty/s = 1 TeV, includinge* beam polarization, QED radiation and beam-
strahlung, see figure 1. The results of the present study maasily transferred to any other
energy or reference point once the parameters are specified.

The characteristic event signatutést — bb 77 [, i.e. two energetid jets forming a high
mass resonant state plus tweeptons plus (possibly large) missing energy, are veryrclday
background from QCD processeg g), WW or Z Z production is estimated to be small and is
therefore neglected.
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