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Abstract. A search has been performed for weakly inter- 
acting neutral light scalar and pseudoscalar particles in 
a proton beam dump experiment. No positive signal is 
observed. Limits on the mass and life-time of these par- 
ticles are set in the frame of the Standard Model and its 
minimal supersymmetric extension. The Higgs particle of 
the SU2L • U1 Standard Theory is excluded for masses in 
the range 1 MeV < m~r < 80 MeV at 95% CL. Limits on 
the Peccei-Quinn like axions are derived. 

1 Introduction 

In gauge theories with spontaneously broken symmetries 
weakly interacting neutral spin 0 bosons play a funda- 
mental role. A scalar particle appears as a consequence 
of the Higgs mechanism [1] which is responsible for the 
masses of quarks, leptons and gauge bosons in the Stan- 
dard Model (SM). In the minimal supersymmetric exten- 
sion of the Standard Model (MSSM), two Higgs doublets 
exist which produce three neutral (pseudo)scalar parti- 
cles. Two of them (one scalar H and one pseudoscalar 
A) may be light [2]. In a similar way the axion was in- 
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troduced by Peccei and Quinn [3] to solve the strong CP 
problem [4]. 

The direct finding of these particles would be very 
important for a proof of these mechanisms. From theory 
still only weak constraints for the mass of the Higgs boson 
exist. Assuming the absence of a strongly interacting 
Higgs sector, an upper mass limit of M~/< 1 TeV is in- 
troduced [5], but there are no simple restrictions for lower 
masses. For masses far below the electro-weak scale var- 
ious searches have been performed [6-9] but so far no 
positive evidence has been found. 

The interaction of these particles with fermions f can 
be described by the following Lagrangians where the 
Higgs particle of the SM appears as a special case of the 
scalar H and the axion as a special case of the pseudos- 
calar A 

~ff= ~, gi~f f fH ,  (1.1) 
f 

2Aff= ~, gAff  Y5 f A, (1.2) 
f 

with the couplings 

gH: = i(]/2 GF)llZmusf, 

gAS = i (1~ GF)UZmfpf. 
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Here, G r denotes the Fermi constant, m s the mass of the 
fermions, and SF, PS are model dependent coupling con- 
stants. 

In the case of  the SM one has s /=  1 and & =  O. In the 
minimal supersymmetric extension of  the SM the param- 
eters s F and PF may be expressed by two angles with 
sF=cos~/s in f l ,  p f = c o t f l = l / x  for f = u , c , t  and 
ss= - sin e / cos  #, pF = tan g = x for f = d, s, b, e, l~, r 
[2]. The parameter x defines the ratio of the vacuum 
expectation values of  the two Higgs doublets x = 02/02. 
Restricting on Higgs masses far below the W-boson mass, 
c~ becomes equal to - # and ss=ps. Further, in the case 
of  the Peccei-Quinn type axions pf is the same as in the 
MSSM. 

In the present paper the production and decay of light 
scalar and pseudoscalar particles will be investigated in 
a proton-iron beam dump experiment at the 70 GeV Ser- 
pukhov accelerator. Three processes are studied yielding 
production cross sections which allow a dedicated search 
for decay products of these particles: 

(i) Coherent proton-nucleus scattering 
(ii) Parton-parton interactions 
(iii) Inital state soft bremsstrahlung 

The corresponding Feynman graphs are given in 
Figs. 1 a-c. 
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o) Coherent proton-nucleus interaction 

b) par ton-  patton interaction 
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/ / 

N z 

c] Initial state bremsstrahtung 

Fig. la -c .  Lowest order Feynman diagrams including 
(pseudo)scalars; a coherent proton-nucleus scattering, h parton- 
parton interaction, c initial state soft bremsstrahlung 

For  the detection of possible pseudosclar or scalar 
particles the IHEP-JINR neutrino detector [10] is used. 
An iron shielding of 54 m length between the beam dump 
target and the detector prevents the penetration of all 
particles except neutrinos and weakly interacting neutral 
particles. A search is performed for electromagnetic de- 
cays into 7 7- and e + e--pairs .  Scalar and pseudoscalar 
particles with MA, ~/> 2rnu are too short-lived at our en- 
ergy region and decay already before they can reach the 
detector. The e § e - -  and ?y-decays have a very clean 
signature of an isolated electromagnetic shower in beam 
direction in the fiducial volume of  the detector. The dif- 
ferent decay widths for the pseudoscalar and scalar par- 
ticles are given in the Appendix A. 

The paper is organized as follows. In Sect. 2 the ex- 
perimental set up is described. In Sect. 3 data taking and 
the data analysis are summarized. Limits on masses and 
lifetimes for these particles are derived in Sect. 4 and are 
compared with results of  other experiments. Section 5 
contains the discussion. The production cross sections 
and the decay widths of scalar and pseudoscalar particles 
are given in the Appendix. 

2 Experimental set up 

A schematic view of the beam dump experiment is given 
in Fig. 2. The fast-ejected 70 GeV proton beam is guided 
to the beam dump target with help of the standard system 
for the wide band neutrino beam. The intensity of the 
proton beam is measured by two monitor counters in- 
stalled in the proton beam line. To minimize the distance 
between target and detector, the iron beam dump is lo- 
cated directly in front of the muon shield. As shown in 
Fig. 2, two targets are used*. The density p = 1 target 
consists of an 140 cm iron block. In the p = 1/2 config- 
uration 50 iron sheets of 1 cm thickness are arranged with 
an 1 cm air interspace betwen them and followed by a 
90 cm iron block. 

The iron muon shield has a length of  54 m. The total 
/t -+-flux is measured in a region of 0.7 m radius around 
the beam axis in ten gaps located in the first 20 m of the 
shield. These data are taken for each proton pulse and 
allow an adjustment of the Monte Carlo simulation of 
the conventional muon neutrino fluxes. 

The neutrino detector is located at a distance of 64 m 
down-stream of  the beam dump. The target part of  the 
detector consists of 36 modules with the following struc- 
ture per module**: 

- a magnetized iron frame for the muon momentum 
measurement 
- an aluminium plate (5 cm) as neutrino target and 
shower absorber which fills the inner free space of 3 • 3 m 2 
of the frame 
- x - y  drift chamber planes of 4.5 • 4.5 m 2 for the track 
measurements in the target part and in the iron frame 

* This configuration was applied for a search for prompt neutrinos 
from charm decays performed in the same exposure 
** A detailed description of the detector is given in [10] 
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Fig. 2. Schematic view of the experimental ar- 
rangement 

- a CH2-1iquid scintillator target calorimeter of 10 coun- 
ters, each with the transversal dimension of 5 • 0.3 m 2 
and a thickness of  0.20 m, giving a sensitive plane of 
5 •  2. 

For  the beam dump experiment a fiducial volume of 30 
detector modules is chosen, starting with the fourth mod- 
ule. The first three modules are used as veto counters for 
incoming charged particles. The fiducial plane has an 
extension of 2.6 • 2.6 m 2. A plastic scintillator-lead sand- 
wich detector of a depth of  10 radiation lengths measures 
electromagnetic shower leakage at the end of  the target 
calorimeter. The last part of  the neutrino detector consists 
of a muon spectrometer of  magnetized iron toroids and 
x - y  drift chamber planes. 

3 Data taking and analysis 

In the total exposure the number of  protons on target 
amounted to 1.71 • 1018, with about 60% interactions in 
the p = 1 target. The average proton intensity per accel- 
erator pulse was 1.21 • 1013. The different types of dump 
targets do not influence the production spectra of the 
light scalar and pseudoscalar particles studied in the pres- 
ent investigation, because only direct production was 
considered. However, since two times more of the pro- 
duced lr- and K-mesons can decay at the p = 1/2 density, 
also the background of  events in the detector induced by 
these conventional neutrinos is a factor of  two higher 
than for the p = 1 exposure. 

The signature of event candidates for weakly inter- 
acting neutral scalar or pseudoscalar particles which de- 
cay into e + e - -  or y y-pairs consists of  a single electro- 
magnetic shower in the fiducial volume of the detector. 
The experimental arrangement does not allow to distin- 
guish between the two decay channels since almost all of  
the gammas are produced overlapping in the forward 
direction. 

The background comes from neutrino events with an 
electromagnetic shower but no visible muon track and 
rudimentary hadron shower activity. For  the investiga- 
tion of these background events detailed Monte Carlo 
studies were performed and compared with real events 

coming from charged and neutral current interactions of 
conventional neutrinos [11]. It is shown that the exper- 
imental data are very well described by the Monte Carlo 
program [12] using the beam dump neutrino spectra [13]. 
The event generator takes into account quasielastic [14], 
resonant [15] and deep inelastic reactions. The structure 
functions of  the deep inelastic scattering cross section are 
described by the parton distributions [161 which are ap- 
propriate for the kinematical range E v < 30 GeV. Fur- 
thermore, events due to coherent rc~ [17] and 
( - )  
v e-scattering were included. 

The geometrical and kinematical data analysis was 
performed using the program G R A N D  [18] which allows 
the reconstruction of the vertex, the electromagnetic and 
hadronic showers and the muon track of events. G R A N D  
is also used to calculate the reconstruction efficiencies for 
the signal and background processes, passing Monte 
Carlo events through the program. 

The reconstruction of  event candidates from the total 
exposure yields 3880 events with the vertex in the fiducial 
volume and with visible energy in the scintillator mod- 
ules. To select candidates for weakly interacting neutral 
particles decaying into e + e - -  or 7 y-pairs, we search for 
events with an electromagnetic shower and without a 
muon track or a hadronic shower. 

The calibration of  scintillation counters with electrons 
and hadrons at fixed beam energies as well as correspond- 
ing Monte Carlo studies have shown, that electromag- 
netic showers are characterized by high energy deposit in 
a narrow tube in the direction of the shower particle. For  
instance 5 GeV electrons produce electromagnetic show- 
ers with a mean half width of 34 4- 4 cm and an average 
range of 10 radiation lengths. If  the energy exceeds 3 GeV, 
the reconstruction program can well distinguish electro- 
magnetic from hadronic showers even if there is an over- 
lap between both. 

Requiring events with an electromagnetic shower of 
Eel m > 3 GeV, 106 events remain. A large fraction of them 
has an energetic hadron shower. This part can be removed 
by excluding all events with hadron energies above 
1.5 GeV. For  the remaining 21 events the electromagnetic 
shower energy is shown in Fig. 3a. The dotted curve 
represents the Monte Carlo background contribution ob- 
tained using the same cuts. The efficiency to reconstruct 



344 

i 

12 (3) 

10 

8 
m 

> 
6 

E 

2 

i i t i , i 

[ ]  21 events 

[ ]  8eLm < 0.05 tad 

- - -  Monte Carlo 

/ 
/ I 

N --f2 
4 6 8 10 

EeL m ( G e V  ) 

u~ 

z 

6 b) 

5 

I 

0 

/, 

.0 .2 

Oe[ m (rod} 

Fig. 3. Electromagnetic energy distribution of beam dump events 
without muon, with electromagnetic shower and a hadronic energy 
E < 1.5 GeV (full line: real data, dashed curve: Monte Carlo cal- 

culation of the background); the hatched histogram: real data with 
additional cut for production angle of electromagnetic shower 
O < 0.05 rad 

events with an electromagnetic shower amounts to 70 %. 
( - )  

About 2/3 of the background comes from yeN-events 
( - )  

with an e - ( e + ) ,  the rest from v u N-events with arc ~ in 
the final state. Within the errors, the background ex- 
pected from neutrino interactions is in good agreement 
with the experimental sample. 

Particles produced in the beam dump cover a pro- 
duction angle of  O < 0.02 rad at the detector position. In 
systematical Monte Carlo studies the reconstruction ac- 
curacy for the production angle of  single electromagnetic 
showers was found to be o - (O)=0 .01  tad. Figure 3b 
shows the production angle Oel m of the 21 events. Since 
the electromagnetic showers of the e + e -  and 7 7 decays 
of  the light (pseudo) scalar particles are dominantly lo- 
cated in a forward angle Oelm < 0.05 rad taking into ac- 
count both the maximum shower angle and the recon- 
struction accuracy this cut was used to further reduce the 
background. There remain 5 events with a signature of  
an isolated electromagnetic shower. These events are 
shown in the hatched histograms of Fig. 3. The corre- 
sponding Monte Carlo background amounts to 3.5 neu- 
trino events from the following sources: 3.0 charged cur- 
rent Ve-interactions, 0.3 events from deep inelastic and 
resonant ~ ~ 0.1 coherent rc 0 events and 0.1 
events from v e elastic scattering. No excess over back- 
ground was found. 

4 Mass and lifetime limits 

Different reactions may be considered as sources for long 
lived light scalars and pseudoscalars in the present ex- 
periment: 

a) coherent pA-scattering producing these particles via 
y y-fusion; 
b) parton-parton scattering and 

c) initial state proton bremsstrahlung, where these par- 
ticles are emitted collinearly of the proton hitting the 
dump target. 

Using the relations summarized in Appendices B-D the 
light particle fluxes expected at the position of the detec- 
tor were calculated as a function of the particle energy 
in the laboratory frame using x = 1 to determine the cou- 
pling strength. These fluxes are shown in Figs. 4a-c  for 
the different reactions. For  coherent pA-scattering and 

�9 initial state proton bremsstrahlung the particle spectra 
are dominated by the low energy range. Contrary to this, 
parton-parton scattering at p, > 0.5 GeV leads to a high 
energetic spectrum since only the forwardly produced 
particles can be detected. 

The total number of  possible decays of  particles with 
the energy E and mass m is obtained by the following 
relation 

dN(E, m) 
dE - q~ (E, m) .Np. W(E, m). e (E), (4.1) 

where q~ denotes the flux of the (pseudo)scalar particles 
per proton. Np is the total number of protons on target, 
W(E, m) is the decay probability of the particles in the 
fiducial volume of the detector. Since the distance be- 
tween target and detector is relatively small, the decay 
probability reaches values up to about 10%. e (E) is the 
reconstruction efficiency for an isolated electromagnetic 
shower of energy E and amounts to about 70 % inde- 
pendent of  the energy. 

For  the derivation of the exclusion limits the Z 2- 
method was used comparing the expected event numbers 
(4.1) with the difference of  the measured spectra and the 
neutrino induced background. The analysis was per- 
formed for each of the above production processes sep- 
arately. 
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Table 1 gives the 95 % CL excluded mass ranges of 
the one parameter space (mL,) for the Higgs of the Stan- 
dard Model. 

Table 1. Exclus ion  o f  S t anda rd  Model  Higgs  

Process Excluded mas s  range  

Coheren t  p ro ton-nuc leus  interact ions  1 < m,~ < 30 MeV 
Pa r ton -pa r ton  interact ion 5 < r n .  < 80 M e V  
Bremss t r ah lung  1 < rn~ < 70 M e V  

The 95 % CL exclusion curves of the two parameter 
space (mH. A, x) are shown in Fig. 5a for scalar and in 
Fig. 5b for pseudoscalar Higgs particles of the MSSM in 
dependence on the parameters x versus mass. They are 
compared with the published result of an electron beam 
dump experiment [ 19]. 

Using the relations on the decay length it is straight- 
forward to translate these curves into the mass-lifetime 
plots. The shape of the exclusion area is mainly deter- 
mined by the decay probability. The upper end of the 
mass scale comes from the decreasing fluxes at higher 
energies and higher masses. 

We also consider Peccei Quinn type axions which be- 
have similar as a special case of the light pseudoscalar 
particle of the MSSM because m A and x are related by 

m A = 52 keV-N/(x  + 1/x)  ~ z / ( 1  + z ) ,  (4.2) 

with N /=  3 the number of  fermion families and z = 0.56 
[20] the ratio of the masses of u- and d-quark. Figure 6 
shows the exclusion area of an light pseudoscalar particle 
in the x -  rn A plane where (4.2) was used to calculate the 
curve for the standard axion. Since this experiment is not 
sensitive to very light and longlived particles which escape 
detection before decaying, we can only exclude two sep- 
arate regions for the standard axion above and below 
x ~ 1 which are given in Table 2. 

5 Discussion 

In a search for neutral weak interacting scalar and pseu- 
doscalar particles produced in a proton-iron beam dump 
and decaying into 7 7- and e § e--pairs,  no signal over a 
background of neutrino events was observed. Limits were 
derived on the mass and lifetime of these particles in the 
frame of the Standard Theory, its supersymmetric exten- 
sion and for Peccei-Quinn type axions. 

For  the Higgs particle of the Standard Model mass 
regions 

1 < m~/< 30 MeV (coherent proton-nucleus 
interactions) 

Fig. 4a -e .  F lux  per p ro ton  o f  (pseudo)sca la r  particles o f  the  M S S M  
with x = 1 in fo rward  direction;  a coherent  p ro ton-nuc leus  inter- 
action, b pa r t on -pa r ton  interact ion,  e initial s tate soft  b remss t rah -  
lung  
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Table 2. Exclusion of Peccei-Quinn like 
axions 

Process x > 1 x < 1 

Coherent pr0ton-nucleus 0.6 MeV < m < 2.0 MeV 
interactions 8.2 < x < 26 

Parton-parton 0.7 MeV < m < 3.2 MeV 
interactions 9.0 < x < 40 

Bremsstrahlung 0.2 MeV < m < 2.5 MeV 
1.3 < x  < 3 2  

0 . 6 M e V < m <  8.0MeV 
0.01 < x  < 0.12 

1.3 MeV < m < 11.0 MeV 
0.007 < x < 0.075 

0.2 MeV < rn < 9.2 MeV 
0.008 < x  < 0.7 

e x c l u s i o n  a r e a  in the  m o s s  - x p lane  
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Fig. 5a, b. a Exluded area for the light scalar of the MSSM. b Ex- 
cluded area for the light pseudoscalar of the MSSM 
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Fig. 6. Excluded area for Peccei Quinn Axion in the x-mass plane 

5 < m n < 80 MeV (parton-parton interactions) 

1 < m H < 70 MeV (bremsstrahlung) 

are excluded at 95 % CL. 
Similar results were obtained in an electron beam dump 

experiment [19] and by the SINDRUM experiment [21], 
which excluded the mass region 1.2-52 MeV and 10- 
100 MeV respectively. Recently the Crystal Ball Collab- 
oration [22] ruled out masses below 86 MeV. 

For the two light members of the Higgs family of the 
supersymmetric extension of the Standard Model the 
range in the r n -  x-plane which was excluded in the e-  
beam dump experiment [19] is extended by our meas- 
urement towards higher masses both for scalar and pseu- 
doscalar particles. These values correspond to exclusions 
of the mass ranges 

rnso<120MeV at 95 % C L  forzsc= 10-1~ 

m p s <  80MeV a t 9 5 % C L  fo r rps - -4x l0 -11s .  

For Peccei-Quinn axions the limits are summarized in 
Table 2 depending on the production process. They con- 
firm the results obtained by earlier experiments. 
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In the present experiment mainly the coupling of light 
scalars and pseudoscalars to the light fermions e, u, d, s 
was probed. Complementary to this, searches for these 
particles at LEP are mainly sensitive to the ZZH-cou-  
piing. Very recently different experimens have excluded 
the mass range MH < 41 GeV [23]. 

comes large, if x differs remarkably from 1 or if the e + e -  
decay channel becomes important. We checked that the 
influence of  the H + loop on our results is negligibly small 
even if one assumes mH_ + = m w yielding the maximal con- 
tribution. 

Appendix A 

Decay length o f  a (pseudo)scalar particle due 
to the decay channels H ( A ) ~ e + e -  and H ( A ) -* )p y 

The decay lengths of a scalar and pseudoscalar particle 
in the two relevant channels are given by [8, 24]* 

~. ( H - * y y )  
64~ 3 

• 2 2 2 Q}CFI~r (ml /m. )s i -5  swI , 
f 

64x 3 

(A.1) 

(mj/mA)Pf[ , 
f 

(A.2) 

87s 

2 ( H ~ e +  e ) ]/~GFm~m2eS2 

2 2 -3/2 • [ 1 -- 4m e/m~] , 

8re 
2 (A-*e  + e - )  = ~ G F m A r n 2 p  ~ 

- -4me/m~]  , • [1 2 2 - - t /2  

(A.3) 

(A.4) 

where Qf denotes the fermion charge, C I is the corre- 
sponding color factor and I (z )  describes a complex func- 
tion defined by 

1 ~-x 1 - 4 x y .  
I/_/(z)=3 j" dx j" dy 1 -xy /~ '  (A.5) 

o o 

1 1--x 1 

I A (z) =2 f dx ~ dy 1 - x y / ~ ;  (A.6) 
o o 

with In, A ( z ) ~ l  for z-*oo, s / a n d  PF were introduced 
above in connection with (1.1, 2). 

From [2] one obtains sw= 2x/(1 + x )  2 for the W-bo- 
son loop in the MSSM. Covering all characteristics of 
the Higgs sector of the MSSM one has also to take into 
account loops from charged Higgs bosons, calculating 
(A. 1). Because m~v_+ > m w (cf. [2]) the effect due to these 
loops leads to a replacement of 7/2 by ( 7 / 2 -  

2 2 mw/6mM• ) in (A.1). The term is supressed if mF/+ be- 

* We have not considered QCD-corrections calculating the y y- 
decay width. These contributions are not yet evaluated for the range 
of small Higgs masses, but could be important as argued in a recent 
pertubative calculation [25] for higher Higgs masses 

Appendix B 

Production of  scalar and pseudoscalar particles 
in coherent proton-nucleus interaction 

In the two-photon production of scalar and pseudoscalar 
particles via coherent proton-nucleus interactions as 
shown in Fig. 1 a the scattering partners react elastically. 
The advantage of this process is the absence of ambi- 
guities due to hadronic effects because the reaction can 
be described in the Weizs/icker-Williams approximation 
(WWA) [26]. The WWA is valid in the range - q 2 ~  W 2 
which means that the virtual photon mass has to be 
small compared with the mass of the y y-system. Since 
our investigation covers the range W2=MZ, A 
=< (100 MeV) 2, the nuclei can be taken as pointlike charges 
because the virtual photon mass does not exceed the in- 
verse nuclear radius 

q2 < Ri-2, 

with (B.1) 

Ri=RoA1/3;  R0= 1.2-1.4 fro. 

Using the formalism of the WWA the cross section fac- 
torizes as [27] 

do- -* X dL~y 
d w z ( P N z  p N  z ) = ~ 6 ( ? y - * X ) .  (B.2) 

Lyy is the two-photon luminosity, Wthe  mass of system 
X and d the real two-photon production cross section of 
system X. Neglecting the virtual photon mass and any 
transverse momentum one obtains 

W2=4~1~o2,  (B.3) 

and 

(B.4) 

with o) i the c.m.s, energy of  the photon i, )]i=Ecm/mi 
and Z the charge of the nucleus. The integrals are bounded 
by the conditions (B.5) resulting from (B.1) and (B.3) 

O ) -  ~ O ) 1  ~ O 3  + ,  

with 

co + = Yl /R1,  (B.5) 

o) - = R 2 W2/(4).'2) . 
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For c% the upper and lower limits o) +, co - are obtained 
by exchanging the indices 1 and 2. 

The real two-photon production cross section of a 
scalar or pseudoscalar particle of mass MH, A is then 

8 ( y y + H , A )  

8 z c 2 F ( H , A ~ Y Y )  ~( ~ 2 = W --Mh, A). (B.6) 
M/c, a 

The decay widths of a scalar and pseudoscalar particle 
into two ? are given in (A. 1, 2). Using (B.4) and (B.6) to 
calculate (B.2) and integrating both 6-functions one gets 

a ( p N ~ p N ~ H ,  A) 

= 32 (ZoQ 2 F(H,A--*yy)  

[H d a ~  In In (B.7) 

To obtain the differential cross section with respect to 
E H  lab ,A we have to transform e)~. 

E c m  = U,A CO, +C'02=C01+ M2, AI(4(-O0, (B.8) 

which gives 

(,0 = 1 cm cm 1,2 2(EC , +PH, A), (B.9) 

where the plus sign refers to the photon coming from the 
beam which we will define to have the energy co ~ and the 
minus sign refers to the photon coming from the target 
with energy o92. Transformed into the laboratory system 
we get 

__ l ( F ,  lab ~ lab x 
(-01, 2 - -  2 \ ~ H , A  ~ P H ,  A) 

• (El( + M j - p l  - -  

with 

1 
(B.10) 

M 1 ~ mp 

M2 = 56 mp (Fe target), 

which for p l a b  >~ MH., A and lab E 1 >> M 1 simplifies to ~ H ,  A 

= E lab X M 2 / ] ~ s ,  o,)i H,A (B.11) 
2 

_ M;I,  x lM . 
60 2 4 E l a b  

H,A 

Using (B. 11) one obtains from (B.7) the differential cross 
section 

da _32 (Za )2F(H,A- -*yy )  1 
, M 3 E ~  a dEw A H,a , 

(B.12) 

This leads to an upper bound for En, A: 

E~, A< M2 - M ~ M 2 R  ~ 1 2 G e V .  (B.13) 

The fluxes calculated from (B.12) for several values of 
MH, A are shown in Fig. 4a. 

Appendix C 

Calculation of  the cross section o f  scalar 
and pseudoscalar particles in parton-parton interaction 

The production of light (pseudo)scalar particles in hard 
proton-nucleon collisions can be described by the quark- 
antiquark annihilation process and by quark-gluon 
compton scattering shown in the diagrams of Fig. lb 
using the parton model. The cross section for partons of 
fractional momenta x 1 and x 2 of the nucleon 1 and 2 is 
given by 

d a  _ 1~_ ~, [[ f~lf~2+f~2f.~] 
dxldx2dE ~ AE~r i 

;max daAi(g ' f )  d[ 
x j" d/" 

t'min 

+ [G1 ( f2  +f~2) + G2 (f~, + f-,)] 
; .... daci (S ' t )  1 

• df di) .  (C.1) 
fmi~ 

(-) (-)  
f u  = f i(xj ,Q 2) are the quark and antiquark distribu- 

tions in a proton and Gj(_xj, Q2) denotes the gluon dis- 
tribution function with Q2= g, g and/"  are Mandelstam 
variables of the parton subsystem, tmin  a n d  fmax are func- 
tions of Oma x and E H. Oma x = 1, 2 ~ is the maximum polar 
angle in the laboratory frame defined by the geometrical 
acceptance of our detector. EH is the energy of the 
(pseudo)scalar particle in the laboratory frame, g is re- 
lated to the center of mass energy of the nucleon system 
by 

g = XlX 2 (S - -  2M~v) + m~ + m 2 , (C.2) 

where M N denotes the nucleon mass and m~, m 2 are the 
masses of the two initial partons. 

The differential cross section d a / d f w e r e  calculated 
using REDUCE [28]. 

daci(g, f)  as 
d[  - ~  4 g~2- ' (g 'm2'O) 

c , -m? g - m ?  
x g - m ?  a - m ?  2 

? 
- a  (~ - rn?) (~ -m?)  

- m  2 [ 1 1 
( g _ r n 2 ) + (  --m2 ) ]211  , (C.3) 



da Ai(~,t') 40~s 
d[" - - 9  4 g22-l(g 'ma'm2) 

l ~t_m2i i--rn2i 
• [--m~ ~--m~ 2 

--a ( 2 _ m 2 i ~ _ m 2 i )  

where m i denotes the quark mass, ~ = 2m 2 + m 2 -  ~ -  [ 
and the triangle function is given by 2 (a, b, c ) = a 2 +  b 2 
+ c 2 -  2ab - 2 a c -  2bc. gz4 denotes the coupling of the 
(pseudo)scalar to the quark as defined at (1.1,2). The 
parameter a is a function of  the quark mass mi and the 
mass of  the (pseudo)scalar mu and differs for scalar and 
pseudoscalar particles. 

a= 2m2 ( 1 - 4 m 2 / m  2) scalar, 
(c.5) 

a = 2m 2 pseudoscalar. 

daAJdt*is obtained from dac i /d{by  crossing symmetry 

g ~ / ' f o r  the matrix element up to different color factors. 
In the massless case mi--+O, daA. c /d[  become identical 
for the production of scalars and pseudoscalars. The in- 
tegration over t can be carried out analytically because 
we have chosen Q2= ~ as the scale of the parton distri- 
butions. 

To cut out the soft region where higher order QCD 
contributions become sizeable, a transverse momentum 
cut of  p, > 0.5 GeV was applied. Because of  large con- 
tributions to the cross sections from the low g range, c% 

2 is defined for Q2 < Qo2=4 GeV 2 by ,(Q0) to avoid un- 
natural high contributions in a range where higher order 
QCD-contributions are getting large. We also do not 
account for a contribution due to the Bjorken-Weisberg 
[29] enhancement to give conservative bounds for the 
masses and lifetimes. 

For  the calculation of  the production cross section we 
use the parametrization of the parton distributions by 
Duke and Owens [30] for A = 200 MeV, Nf= 4 and the 
quark masses [20] mu=4.2MeV,  ma=7 .5MeV,  
m, = 150 MeV, m c = 1200 MeV. To study the influence of 
the structure function on the flux the calculation is also 
done with a structure function set given in [31]. The 
agreement between the resulting fluxes is within 20%. 
Finally the flux is shown in Fig. 4b in dependence on the 
energy of the (pseudo)scalar particle. Differences between 
scalar and pseudoscalar particles turn out to be very small 
(cf. Fig. 4b). 

Appendix D 

Production of  scalar and pseudoscalar particles 
due to initial state soft bremsstrahlung 

If  the mass of  the scalar or pseudoscalar particle fulfills 
the condition 
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MH,~ < 1/R,  (D.1) 

it can couple coherently to a nucleus of radius R. For  the 
proton (D.1) restricts the mass of the scalar or pseudos- 
calar particle to values smaller than 150 MeV which agrees 
with the search limit given by the experimental arrange- 
ment and the decay length. 

In the soft limit, i.e. EH. A ~Ep  = 70 GeV, the brems- 
strahlung cross section for the Higgs from the Standard 
Model is given by [32] 

H __ 2 2 (p, k) - 4gitM~, 

d3~ 
•  ( 2 1 z ) 3 2 k o [ M 2 - 2 ( p k ) ]  2 

• ato t (p Fe),  (D.2) 

with gLr the Higgs-proton coupling, Mp the mass, p the 
four momentum of the proton, M/_/, k the mass, four 
momentum of the Higgs and ato t (p Fe) = 1120 mbarn. 

The definition of g,/ includes some theoretical ambi- 
guity because the proton cannot be treated as a funda- 
mental fermion in the Standard Model a priori, gH has 
to be calculated from the coupling to the constituents of  
the proton. These aspects are discussed in [33] in detail. 
The error in the calculation of g/~ is estimated to be one 
order of magnitude. Taking into account this error, the 
upper bound of the mass of the Higgs from Standard 
Model has an uncertainty in the range of only 5 MeV 
because this bound is mainly influenced by the decay 
length. We follow this calculation and obtain 

g / / =  ~7 rlH(I/2GF)I/2Mp,  (D.3) 

where G e denotes the Fermi constant and nit the number 
of  heavy quarks because the main contribution to g/:r 
comes from gluon-gluon fusion via a heavy quark loop 
with n~ = 3. 

From (1.1), (1.2) and the formulae of the y?-decay 
length (A.1), (A.2) it is easy to extend the validity of 
(D.3) on scalar particles of the MSSM [2]. One has to 
replace 

nz~--* x + 2Ix ,  (D.4) 

where x counts for the b-quark and 1Ix for c and t. 
Comparing the formulae for the y y-decay length of scalar 
and pseudoscalar particles and taking into account the 
gluon-photon analogy we can extend the validity of  (D.3) 
to pseudoscalar particles of the MSSM by an additional 
factor 3/2 in the limit MH~ This is obviously ful- 
filled in our case for q = c, b, t. 

To obtain the energy dependend flux of the scalar and 
pseudoscalar particles we have to integrate over the two 
angles taking into account the geometrical acceptance of  
the detector (O . . . .  = 1.2~ 
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d a  n 1 
_ _  2 2 

d E .  2ze 2 g"Mpat~ 

1 

a 

d (cos 0)  

[M 2 -  2EnEp + 2kp cos 0 ]2, 

I = � 8 8 1 8 8  M4 + M~EZ--p2M~a 

with 

(D.5)  

- (1 + (�89 M k- F pF .k 

a = c o s  ( O m a x )  . 

Because o f  the Loren tz  boos t  the angu la r  cut  d iminishes  
a by  less than  a fac tor  two. The  flux per  p r o t o n  ca lcu la ted  
f rom (D.5)  for  a scalar  par t ic le  wi th  x = 1 (Higgs  o f  the 
S t a n d a r d  M o d e l )  is shown on Fig.  4c. The  energy range 
is l imited by  the va l id i ty  cond i t ion  o f  the soft b remss t rah-  
lung a p p r o x i m a t i o n  

E, /<  y/R  = E /(MpR,) 12 GeV. (D.6)  
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