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As discussed in earlier lectures, the observables appearing in the SM Lagrangian (couplings, 
masses, etc) are renormalized. The actual parameters appearing in the Lagrangian (the bare 

parameters) are receiving corrections from higher-order loop diagrams.

In these loops, the fermions and and bosons of the SM appear, and in this way, the radiative 
corrections introduced dependencies between the electroweak observables 

and Standard Model Parameters
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In general, the dependence of the the corrections on the Higgs boson mass 
is logarithmic at the one loop level (Veltman’s screening theorem).

The corrections proportional to mH2 appear only at two loop thus “screened” 
or “dumped” by another power of the weak coupling constant squared.
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1.2.2 The electroweak radiative corrections

The electroweak radiative corrections can be cast into three main categories; Fig. 1.4:

a) The fermionic corrections to the gauge boson self–energies. They can be divided them-

selves into the light fermion f != t contributions and the contribution of the heavy

top quark f = t. For the contributions of quarks, one has to include the important

corrections stemming from strong interactions.

b) The contributions of the Higgs particle to the W and Z boson self–energies both at

the one–loop level and at the two–level when e.g. the heavy top quark is involved.

c) Vertex corrections to the Z decays into fermions, in particular into bb̄ pairs, and vertex

plus box contributions to muon decay [in which the bosonic contribution is not gauge

invariant by itself and should be combined with the self–energy corrections]. There are

also direct box corrections, but their contribution at the Z–peak is negligible.
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Figure 1.4: Generic Feynman diagrams for the main electroweak radiative corrections: a)

fermionic contributions to the two–point functions of the V = W/Z bosons, b) Higgs boson

contributions to the two–point functions and c) vertex and box corrections.

The contribution of the light fermions to the vector boson self–energies can be essentially

mapped into the running of the QED coupling constant which, as discussed in the previous

section, is defined as the difference between the vacuum polarization function of the photon

evaluated at low energies and at the scale MZ , ∆α(M2
Z) = Πγγ(0) − Πγγ(M2

Z) = 0.0590 ±
0.00036. Therefore, the only remaining fermionic contribution to the two–point functions is

the one due to the top quark on which, besides the effects of the Higgs boson, we will mainly

concentrate by studying three important quantities, ∆ρ, ∆r and the Zbb̄ vertex.
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The following classes of observables are used in the fit.
Z resonance parameters: 
Z mass and width, and total e+e− → Z → hadron production cross section (i.e., cor- 
rected for photon exchange contributions).

Partial Z cross sections: 
Ratios of leptonic to hadronic, and heavy-flavour hadronic to total hadronic cross 
sections.

Neutral current couplings: 
Effective weak mixing angle, and left-right and forward-backward asymmetries for 
universal leptons and heavy quarks.

W boson parameters: 
W mass and width.

Higgs boson parameters: 
Higgs mass. 

Additional input parameters: 
Heavy-flavour (c,b,t) quark masses (masses of lighter quarks and leptons are fixed to 
their world averages), QED and QCD coupling strengths at the Z-mass scale.
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Input values and fit results for 
parameters of the global 
electroweak fit. 
Columns 1&2: list respectively 
the observables/parameters 
used in the fit, and their 
experimental values or 
theoretical estimates. 
The subscript ``theo'' labels 
theoretical error ranges. 
Column 3: indicates whether a 
parameter is floating in the fit. 
Columns 4 and 5: quote the 
results of the standard 
(complete) fit not including 
(including) the constraints from 
the direct Higgs searches at 
LEP and Tevatron in the fit. 
Column 6: gives the fit results 
for each parameter without 
using the corresponding 
experimental constraint in the fit 
(indirect determination).
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Comparing fit results with direct measurements: pull values for the complete fit
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Determination of MH excluding all the sensitive 
observables from the standard fit, except for the 

one given.

Results for MH from the standard fit 
excluding the respective measurements
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Contours of 68%, 95% and 99% CL obtained from scans of fits with fixed variable pairs mt vs. MH . The 
largest/blue (narrower/purple) allowed regions are the results of the standard fit excluding (including) the 
measurements of mt. The horizontal bands indicate the 1σ regions of the current world average of mt 
measurements.
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Contours of 68%, 95% and 99% CL obtained from scans of fits with fixed variable pairs MW vs. mt. The 
largest/blue (narrower/yellow) allowed regions are the results of the standard fit for free floating Higgs 
mass (Higgs mass constrained to 117.5-127.5 GeV). The grey shaded array shows the prediction of the 
masses as a function of the Higgs mass. The horizontal bands indicate the 1σ regions of measurements 
(world averages).
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Result of the MC toy analysis of the SM fit. Shown are the χ2min distribution of a toy MC simulation (open 
histogram), the corresponding distribution for a fit ignoring theoretical errors (shaded/green histogram), 
an ideal χ2 distribution assuming a Gaussian case with ndof=14 (black line) and the p-value as a function 
of the χ2min of the global fit.
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SLAC Summer Institute
August 13-24, 2001 Probes of Electroweak Symmetry Breaking at LEP and SLC 4

“Theory”:“Theory”: SM Higgs Boson DecaysSM Higgs Boson Decays

!! mmHH << 2m2mee:  :  H H →→ γγγγ + large lifetime+ large lifetime;;

!! mmHH << 2m2mµµ:  :  H H →→ ee++ee-- dominates;dominates;

!! mmHH << 2m2mππ:  :  H H →→ µµ++µµ-- dominates;dominates;

!! mmHH << 3 3 -- 4 GeV4 GeV:  :  H H →→ gggg dominates;dominates;

!! mmHH << 2m2mbb:  :  H H →→ ττ++ττ-- and and cccc dominate;dominate;--

!! mmHH >> 2m2mb b up to 1000 GeV/cup to 1000 GeV/c22::

The decay branching ratios depend only on mThe decay branching ratios depend only on mHH::

ππ00ππ00, π, π++ππ−−, ΚΚ,, ΚΚ,
ηηηη, , …… etcetc

10 Oct 2002 10:47 AR AR172-NS52-03.tex AR172-NS52-03.sgm LaTeX2e(2002/01/18) P1: IBD

SEARCHES FOR HIGGS BOSONS AT LEP 73

Figure 4 Higgs boson production in Z de-
cays at LEP1: the Bjorken (a) and Wilczek (b)
process.

masses below 2mµ, the Higgs boson essentially decays to a pair of electrons, and
below 2m⇡ and above 2mµ it predominantly decays to a pair of muons. Above the
2m⇡ threshold, the situation becomes slightly more intricate. For masses below
2–3GeV/c2, theHiggs boson decays to a pair of hadrons via its interactionwith two
gluons through a top-quark loop or its interaction with quarks. The hadronization
of these gluons becomes increasingly complex at higher Higgs boson masses.
Figure 5a depicts the branching ratios of the Higgs boson in this “nonperturbative
QCD” mass range (21).

2.3. The Perturbative QCD Domain (2 < mH up to ⇠20 GeV/c 2)

The transition to perturbative QCD is suggested by the smooth variation of the
branching ratios above⇠2GeV/c2 (21, 22).Within the “perturbativeQCD”domain

Figure 5 Higgs boson branching fractions (a) in the “nonperturbative QCD” low-mass
range and (b) for heavier mass hypotheses.
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Now, we’ll discuss the early direct experimental/phenomenological 
searches for the Standard Model Higgs boson, where early refers to the period before LEP. 

In general, in this period the searches were constrained in the “very low” mH region, i.e. ≲ 5-10 GeV
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912 Letters to the Editor 

Prog. Theor. Phys. Vol. 54 (1975), Sept. 

Primordial Higgs Mesons and Cosmic 
Background Radiations 

Katsuhiko SATO and Humitaka SATO 
Research Institute for Fundamental Physics 

Kyoto University, Kyoto 

May 12, 1975 

The unified theory of weak and electro-
magnetic interactions, proposed by W ein-
berg and Salam, has become a reliable one 
by the discovery of neutral currents in 

:CERN and NAL. On the other hand, in 
this theory, the. presence of neutral scalar 
meson, "Higgs meson", is also inevitable 
but its mass m¢, is arbitrary in this theory. 

Recently Kohler et al. 1> showed that 
Higgs meson cannot have a mass in the 
range 1.030MeV<m¢<18.2MeV by the 
exP.eriment of o• to o• transition of 4He. 
However the present day experiments, ex-
·cept for the above one, cannot rule out any 
range of mass, even a very small mass like 
1 ke V as discussed by J acki w and W ein-
berg2> and Resnick et al. 8> 

Here, we will discuss a role of Higgs 
meson in the big-bang universe without 
such a speculative hypothesis and will 
give a constraint on its mass range derived 
from the observed cosmic background radi-
ation. 

In the early stage of the bigcbang uni-
verse, "black-body" Higgs mesons should 
be created abundantly the same as black 
body photons and neutrinos. Unlike photon 
and neutrino, Higgs meson is an unstable 

and decays into two photons, whose 
decay life -r is given as -r =6.6 X 1016m¢ - 8 

sec,8> m¢ being in eV. If m¢>2 
X (electron mass), it also decay into 
a pair of electrons. In Fig. 1, m¢ versus 
-r relation is shown and, for comparison, 
cosmic temperature T versus cosmic time 
t relation is also shown. The decayed 
photons from the primordial Higgs mesons 

Fig. 1. Higgs meson mass (m0) versus decay 
life (r) relation in a solid line and cosmic 
temperature (T) versus cosmic time (t) 
relation in a dot'dashed line, shows 
the erid times of ".free-free and Compton 
stage" where the spectrum always relaxes 
into the Planck one. 

will work only as a. heating source of 
matt'er if they decay in early stages where 
the. matter density is so high that the 
energy exchange between radiation and 
matter is still efficient. But if they decay 
in later stages where. the photons are al-
ready from interaction, they will be 
observed directly as cosmic background 
radiation, suffering red shift due to cosmic 
expansion. 

In the following, we will see how the 
fate of the decayed photons varies with 
mass value m¢: (1) m¢>230. ke V. The 
primordial Higgs meson will disappear 
as soon as they decouple from matter 
at t'"'-'10°· 74 sec, before which the inter-
action time of the processes 
is shorter than the cosmic expansion time. 
(2) 230>ke V m¢>400 e V. They decay as 
relativistic particles for m¢>46 ke V and 
do as non-relativistic for m¢<46 keV. 
In the ·latter case, the original black body 
radiation is heated but, in both the cases, 
the spectrum remains to be the Planck 
spectrum by the coupled mechanism of free-
free and Compton interactions. 4> (3) 400 e V 
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-  Effect on Cosmic Microwave background 0.1 eV < mH < 100 eV
(Sato and Sato, 1975)
-  Emission from stars: mH > 0.7 me 
(Sato and Sato, 1975)
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In the first paper, the effect of the φ→γγ decays from the primordial Higgs bosons on the cosmic 
microwave background spectrum are estimated, and conclusions on the excluded Higgs  boson 

masses are drawn based on the limits on the fluxes in the CMB spectrum

1564 Leiters to the Editor 

Prog. Theor. Phys. Vol. 54 (1975), Nov. 

Higgs Meson Emission from a Star 
and a Constraint on Its Mass 

Katsuhiko SATO and Humitaka SATO 

Research Institute for Fundamental Physics 
Kyoto University, Kyoto 

July 3, 1975 

In the unified theory of weak and elec-
tromagnetic interaction,t> a presence of 
Higgs meson is inevitable but its mass, 
is arbitrary. In our previous paper/> we 
discussed the effect of the primordial Higgs 
mesons to the cosmic background radiation 
and obtained the constraint that the mass 
cannot be in the range 0.1 e V e V. 
Here we discuss the Higgs meson emission 
from stars and it is argued that such a low 
mass range as (electron mass) 
should be ruled out, otherwise this emis-
sion process would affect the evolution of 
stars drastically. 

The most effective emission process from 
the stellar core is The cross 
section of this process is given as8> 

(4-b2)r;}, 
where and a0= (rc/2) 

em, a, me and Ae being fine 
structure const'ant, the electron mass and 
its Compton wave length, respectively. 
and r; are the functions of the incident 
photon energy and (see Ref. 3)) . The 

coupling constant 
Fermi coupling 
= v2GFme2c/li8• 

is related to the 
constant GF as 

Now, the Higgs meson emission rate from 
the thermal radiation is given as 

1 1 (J 'BJoo EB Q=--- -) acdE P.eH TC 2 eli m0c•exp(EjkT) -1 

7.36X1016 {b4/ (1+b/2)} T 7 2 

X exp{ -593b/T7}/ /I.e erg/g·sec 
·for 

3.45 X 1 01PT 7 4/ /I.e erg/ g ·sec 
for 

where /I.e is the mean molecular weight of 
electrons, H the hydrogen mass and T 7 

=T/107K. The emission rate for the case 
is more complicated because the 

Higgs mesons decay into two photons be-
fore they escape from the star; the mean 
flight length of the Higgs mesons l is 
given as4> 

l::::: 1.4X 1010 

X .,f (1 +kT -1 em. 

First we discuss the cooling of a main 
sequence star by this process. If the Higgs 
meson emission rate is greater than t4e 
nuclear energy generation rate, the lifetime 
becomes very short in conflict with the 
observation. In Fig. 1, Higgs meson emis-
sion rates for main sequence stars are shown 
as a function of From this figure, 
we can conclude the should be much 
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In the second paper, the process γ+e→φ+e is considered and the effect to the star lifetime due to the 
energy loss are estimated (plus the non-observation of a γ-line from Higgs decays)

Letters to the Editor 913 

V. They are through 
Compton interaction and the spectrum is 
modified to the Bose-Einstein spectrum 
with non-zero chemical potential. (4) 77 
e They are now free from any 
interactions,- except suffering red shift. 
Taking the Einstein-de ''Sitter model, their 
energy spectrum at present can be calcu-
lated as 

for , 
where the body photon number density 
is n0r=400/cm3 correspon-ding to T 0 =2.7'K, 
the original frequency of the decayed 
photon the 
present cosmic time to=1017 • 5 sec and tcomp 
is the time before which Compton interac-
tion is efficient._4l This estimated flux is 

N 
I 
" 1ii 
u 
QJ 
Ill 

l 
e' 

1011 1012 1013 1014 10" 
v (HZl 

Fig. 2. Energy spectrum of the background 
radiation_ created , by Higgs meson decay. 
The dashed curve represents the 2.7'K black 
body radiation. The observational upper 
limits of the flux are, sh'own by the arrows 
and the theoretical estimations by Longair 
and Sunyaev'> is shown- by dot-dashed line. 

shown in Fig. 2. The peak frequency 
shifts to optical side with decrease of 
in e V but it goes back to microwave 
side with further decrease of in e V. 

In Fig. 2, we have shown also the 
observed 2.7'K black body radiation, some 
observational upper limits in infrared re-
gion5> and a theoretical estimation calcu-
lated by summing up the contributions 

-·from galaxies and quasars.6> Now let us 
give the constraint on the mass range, 
comparing the data of cosmic background 
radiation. The ranges (1) and (2) in the 
above .cannot be ruled out, because the 
decayed photons had been completely mixed 
into the black body radiation. To rule 
out the range (3), we need more detailed 
analysis of the spectrum. In the region 
( 4), the range 50 e e V seems 
to be ruled out if we take the observational 
limit as real one, and the range 100 e V 

e V is ruled out if we assume 
the above theoretical estimate to be real. 

One of the ·authors (K.S.) wishes to 
thank Professor C. Hayashi .for continuous 
encouragements. He also thanks to the 
Soryushi Shogakkai for financial support. 
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The beginning of the 1970s started of with great excitement! 
Two groups observed deviations in the X-ray spectrum of muonic atoms wrt QED expectations.
Dixit et al., Experimental test of the theory of muonic atoms, Phys.Rev.Lett. 27 (1971) 878-881 
Walter et al., Test of quantum-electrodynamical corrections in muonic atoms, Phys.Lett. B40 (1972) 197-199 

VOLUME 27, NUMBER 13 PHYSICAL RKVIKW LKYTKRS

Experimental Test of the Theory of Muonic Atoms*f

27 SEPTEMBER I97I

M. S. Dixit and H. L. Anderson
enrico fermi Institate, 7he University of Chicago, Chicago, Illinois GMA'

and

C. K. Hargrove and R. J. McKee
~ationa/ Research Cogncil of Canada, Ottawa, Canada

and

D. Kessler, H. Mes, and A. C, Thompson
Department of physics, Carteton University, Ottawa, Canada

(Received 28 June 1971)

We have measured muonic x rays in the energy region 150 to 440 keV in nine elements
with an absolute precision of 15 to 21 eV for transitions with small nuclear effects. Cal-
culated transition energies were found to be consistently larger than those measured by
an amount that varied from 15+16 eV at 157 keV to 187+22 eV at 438 keV. For these
transitions, the principal correction to the Dirac energy is the vacuum polarization.
The discrepancy, however, lies outside the expected validity of quantum-electrodynamic
calculations and we are unable, at present, to offer an explanation for this effect.

In the past, muonic x rays have been used
principally in the study of the electromagnetic
structure of nuclei. Measurements have been
made primarily on the 2p -1s and other low-lying
transitions because these are most sensitive to
nuclear effects. On the other hand, the higher
transitions which are little affected by the nu-
cleus have not been studied as extensively so
far. In our recent work at the Chicago cyclotron
a special effort was made to measure such tran-
sitions with high accuracy and to test the extent
to which such measurements could be accounted
for by the existing theory of such hydrogen-like
atoms, namely, the Dirac equation together with
the applicable atomic, vacuum-polarization,
and sel.f-energy corrections. '
In this energy range the principal correction

to the Dirac energy is the e'-e vacuum polari-
zation because this effect extends over a distance
of the order of the electron Compton wavelength,
and many muonic orbits lie well within this re-
gion. Self-energy corrections are small due to
the large mass of the muon. The early precise
measurements of the 3d-2p transition energy
in muonic phosphorus" were interpreted4 to
show that the vacuum polarization effect in mu-
onic phosphorus was given correctly by the theo-
ry to within 4%. Recent measurements' in mu-
onic Pb verified the theory to a similar accuracy.
Still more recently, Backenstoss et al. ' claim
to have verified the vacuum polarization effect in
muonic Pb and Bi to within 1%%uo.

The following muonic transitions in the energy

region between 150 and 440 keV were measured:
Ca, Ti, and Fe (the 3 to 2 transitions); Sr, Ag,
Cd, Sn, and Ba (the 4 to 3 transitions); and Ba
and Pb (the 5 to 4 transitions). We used a 2-cm'
planar Ge(Li) detector with a full width at half-
maximum resolution of 600 eV at 136 keV and
1000 eV at 468 keV. The following y-ray sources
were used as standards'. Co" (136.471+0.010),
Ce"s (165.853 a0.007), Thsns (238.623 +0.007),
Ir's2 (295.949+0.007, 308.445+0.007, 316.497
+0.007), Au' ' (411.794+0.008), and Ir"s (468.056
+0.013), all energies given in keV. We mea-
sured x rays from two targets simultaneously.
The experiment utilized a PDP-9 computer on
line. Prompt x rays, delayed y rays, calibration
sources, and the linearity spectrum from a slid-
ing pulser using a digital-to-analog converter
(DAC) were measured concurrently and stored
separately. The spectrometer was digitally gain
and zero stabilized on source peaks outside the
range of the DAC. Peaks were fitted and linearity
corrections made as described in McKee et al. '
%ith these corrections and a correction for an
angular effect discussed below we obtained a
straight-line fit to the eight calibration lines
with an rms deviation of 4 eV.
Considerable care was taken to avoid rate ef-

fects. To simulate the time structure of the mu-
onic x rays we accepted only those source events
which occurred within a wide time gate in acci-
dental coincidence with the muon telescope. A
rate inspector was used to insure that data was
accepted only when the beam had more than a
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As expected a number of theory papers followed discussing potential sources of this effect, 
one being the production of a low mass Higgs boson, mH~20 MeV 
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TABLE I. Comparison between the theoretical and experimental energies (keV) for the muonic x rays. Impor-
tant corrections to the point-nucleus Dirac energies are also shown.

Z Element Transition Finite Size
Effect

Vocuum Polarization
of Higher

Order a Order (a', (Za)')
tota I (theor y) experiment theory-exp. (ev}

(discrepancy pprn)

20 Co

22

26 Fe

38 Sr

47 Ag

48 Cd

50 Sn

56 Ba

3ds/2 2p l/2
3ds/2 2p ~

4fS/2
4f 7/2 3ds/2

-.078
—.028
—.154
—.058
—.439
—.163
—.004
—.002
—~ 029
—.0 I I

—.036
—.OI4
—.050
—.OI9
—.140
—.053

0.734
0.7)6
0.947
0.920
I.473
1.41 9

0.852
0.833
I.519
I.470
I.608
I.555
I. 795
I. 731

2.435
2.328

.006.006

.009.009

.016.016

.008.OQ8

.017.017
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.019
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.033.033

158. I 81+,oos 158.173+.o l8 8+ l 8 (5)+ ll4)
156.845+.oo2 156.830+.ole ) 5+ &e (96+l02)

191.921+.ooe 191.921+.Ole Q+ lg ( p+ 99)
)89.977+.oo4 189.967+.ol7 10 + l8 (53+ 95)

269.462+.o lo 269.427+.QI7 35+ 2o(13Q+ 74)
265.727+ -ooe 265.705+.ole 22+ l7 ( 83+ 64)

200.275+.oo3 200.254+.o2o 21 + 20(IQ5+ Ioo)
198.712+ 003 198,708+ ~ ole 4 + le ( 20+ 9 l )

308.472+.«5 308.428+.olg 44+2o(143+ 65)
94-'-oo 304.759+.ol7 35+ le (I I g+ 5g)

322.0)2+.oos 321.g73+,OI8 39+ lg (121+ 59)
3I8.006+.oos 317.g77+.ol7 29+ le( gl+ 57)

350.000+.ooe 349.g 53+.o2o 47+ 2l(134+ eo)
345.276+.005 345.226+.ole 5Q+ l9 (145+55)

441.398+.oo7 44).299+.o2l 99+ 22(224+5o)
433,943+.007 433.829+.ol9 ) )4+ 2P (23+46)

g 7/2 5/2
g 9/2 7/2

.000 0.762

. 000 0.748
.009.009 201.291+-oo4 201.26Q-+.ole 31'- l7 (154'-84)

199.924+.oo4 199.902+.ol5 22 le(1 Ip eo)

82 Pb —.0)0
—.004

2.190
2.)06
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43).407+.oo9 43), 285+,ol7 )22+ l9(283+44)
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FIG. 1. The discrepancy ~th ~, (eV) plotted
against the theoretical transition energies for 20 mu-
onic x-ray transitions.

400

might suspect a shift due to a resonance with a
nuclear level. However, all our measurements
show this trend, as is evident from Fig. 1.
Such a discrepancy contradicts the work of

Backenstoss et al. ' Indeed, our measurement

of the 5g-4f transitions in Pb show that they
lie lower by 120 ev (2.8 times the combined
standard deviation). We have no ready explana-
tion for this discrepancy. However, we had bet-
ter resolution, higher precision, and a larger
measurement set. On the other hand, if our re-
sults are accepted at face value it is no simple
task to resolve the discrepancy between theory
and experiment.
If we suppose that the discrepancy is due to

an overestimate of the vacuum polarization cor-
rection we have to believe that this can be as
large as (3.4+0.4)%. The validity of quantum-
electrodynamic calculations in general has been
shown to be much better than this. " We cannot
claim that the present evidence is convincing
as Iong as other ways to explain the discrepancy
might exist. Among other possibilities, it may
be that the finite size effect has not been taken
properly into account. Nothing guarantees that
the Fermi distribution gives an adequate descrip-
tion of the nuclear charge distribution to the ac-
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bilities, however, might enable the lower mass
limit to be pushed past the 22-MeV figure. There
is a probable (0', 7'=0) structure" at approxi-
mately 24.0 MeV in 'Be which could be reached,
e.g. , by 'Li+d, Q =22.28 MeV." Whether or not
the resonance parameters are such as to permit
a feasible scalar-particle search is not clear.
There may well be suitable 0' structures in the
energy-level scheme of "C though the relevant
information is not yet available. For instance
structures" at 26.9 MeV and 28.46 MeV in the
"C nucleus are suggestive of 0' though certain-
ly not established. Use of the reaction Be+'He,
@=26.28 MeV, "would seem to provide a reason-
able approach provided a suitable state in "C can
be found. (It should be noted that any 8" to J'
transition might be a suitable candidate since
particle decay widths will dominate for the decay
of such high-lying states anyway. ) Finally it
should be noted that "0might have suitable high-
lying 0' states which could be reached, for in-
stance, with the "C+'He reaction, /=22. 79
MeV, "though the first two possibilities men-
tioned above would seem more likely to be use-
ful.
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Observation of Charge-Independence-violating Effects in pd Annihilations at Rest*
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Department of Physics, Syracuse University, Syracuse, Ne'er York 13210, and Nuclear Research

Center Demokritos, Aghia Paraskevi, Attikis, Athens, Greece

and

T. A. Fillipas, G. Grammatikakis, Th. Papadopoulou, E. Simopoulou, and A. Vayaki
Nuclear Research Center Demokritos, Aghia Ebnzskevi, Attikis, Athens, Greece
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(Received 26 September 1974)

For Pd annihilations at rest, charge independence and energy conservation imply that
the average energy going to charged pions is (P~) =1241+2 MeV per annihilation. Exper-
imentally this number is found to be 1169+10MeV after corrections for events with in-
visible IC If . This discrepancy of 72 + 10 Mev cannot be accounted for by the known q and
~ production which is estimated to contribute 14+3 MeV.

Studies of antiproton annihilations in hydrogen
and deuterium at rest and low energies have re-
vealed many unusual phenomena suggestive of
narrow NN bound and resonant states. ' If such
states do exist electromagnetic effects might be

unusually large, leading to a measurable viola-
tion of charge independence in these reactions.
A test of charge independence in NN reactions,
apart from testing the general principle, would
also throw some light on the nature of these nar-
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The reason for the smallness of the self-energy is the high mass of the muon [2]. 
As the vacuum polarization potential has a range of about X, m 386 fm the 
muonic atom experiments test with high precision not only its mere presence but 
also the structure of the potential. 

Before comparing theory and experiment, one has further to consider a number 
of smaller effects like self-energy, electron screening, recoil, finite size, and polar- 
ization of the nucleus; furthermore, higher-order vacuum polarization. We shall 
discuss all these effects in the subsequent sections. The “raison d’Ctre” of the great 
recent interest in the muonic atoms experiments is the fact that systematic 
differences between the present theory and experiment have been observed. 
Dixit et al. [3] and Walter et al. [4] have measured energies of the 5g,,,-4f,,, and 
5g7,2-4f6,2 transitions in Pb, Hg, Tl, Ba, and other transitions in lighter elements 
which are almost unaffected by the finite size of the nucleus. Dixit’s comparison 
of theory and experiment showed very severe discrepancies between theoretical 
and expetimental values. He used some previously published results [5] for higher 
order vacuum polarization corrections which were later recalculated by Sundaresan 
and Watson [6], Blomquist [7], and Bell [8]. The discrepancy has been reduced 
considerably in the new calculations. However, a difference of about 2 standard 
deviations between theory and experiment of Dixit et al. [3] in Pb and Ba and of 
Walter et al. [4] in Hg, Tl remains. 

As these experiments have been performed by different groups with different 
energy calibration methods in different elements, we consider the chance for a 
systematic experimental error to be smaller than mere statistical evidence. Earlier 
experiments by Backenstoss et al. [9] which have been recently reevaluated with 
the new values for the vacuum polarization corrections [lo] show a similar discre- 
pancy but different in sign. The precision of these experiments is less than in those 
mentioned before and they have been used as preparation for very precise 
measurements of the pionic atoms [ll]. We consider these experiments as less 
conclusive. Thus the basic assumption of the present works is that the discrepancy 
observed by Dixit et al. [3] and Walter et al. [4] is not due to experimental difficulties 
and needs theoretical explanation. 

In the following section we will review qualitatively the known effects which add 
to the solutions of the Dirac equation with a given electrostatic potential. 

In Section 3 we shall then discuss the theoretical formulation of quantum 
electrodynamics including two different fermions, i.e., electrons and muons. In 
Section 4 we derive a set of self-consistent equations for the classical amplitude 
wave functions and discuss its implications on the theory of muonic atoms. In 
Section 5 we survey the different speculations that have been proposed in order to 
account for the discrepancies left by the standard theory, e.g., hypothetical 
particles interacting with muons and nonlinearities in the electromagnetic or the 
muon field. In the last section we summarize our results and draw the conclusions. 

Rafelski, Muller, Soff and Greiner, 
Critical Discussion of the Vacuum Polarization Measurements with Muonic Atoms, 
Annals Phys.88(1974) 419
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Flurry of experimental work on the topic:
-  Neutron-electron/Deuteron-electron scattering: mH > 0.6 MeV
Adler, Dashen and Treiman, Comments on Proposed Explanations for the mu - Mesic Atom X-Ray Discrepancy Phys.Rev. D10 (1974) 3728 
-  Neutron-nucleus scattering: mH > 13 MeV 
Barbieri and Ericson, Evidence Against the Existence of a Low Mass Scalar Boson from Neutron-Nucleus Scattering, Phys.Lett. B57 (1975) 270
-  Nuclear 16O(6.05 MeV) and 4He(20.2 MeV) to ground state (0+→0+) transitions (can occur through Higgs 
emission): mH > 18 MeV
Kohler, Watson and Becker, Experimental Search for a Low-Mass Scalar Boson, Phys.Rev.Lett. 33 (1974) 1628-1631
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ing towards the beam. Therefore, the angular distri-
bution of the spectator proton becomes slightly forward
peaked. A more detailed discussion is given in Ref. 2.
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Experimental Search for a Low-Mass Scalar Boson*

D. Kohler, B.A. Watson, and J. A. Becker
Lockheed Palo Alto Research Labo~atoxy, Palo Alto, California 94304

(Received 15 October 1974)

Two experiments are reported in which a search was made for the scalar boson pre-
dicted to be produced in the '60(6.05 MeV) to ground state and 4He(20. 2 MeV) to ground
state 0+ to 0+ transitions with subsequent in-Qight decay into electron-positron pairs.
Taken together, our results show that the light scalar boson proposed by Sundaresan and
Watson to account for certain muonic x-ray energy discrepancies cannot have a mass in
the range 1.030- ng - 18.2 MeV.

One of the characteristic features of the cur-
rently developing unified gauge theories of elec-
tromagnetic and weak interactions is the predic-
tion of the existence of, as yet, undiscovered
particles. The new particles predicted by these
gauge theories are typically very massive (many
GeV/c') and, hence, are expected to be very dif-
ficult to observe. Almost all of these theories,
in particular the prototype Weinberg-Salam the-
ory, ' require the existence of a scalar particle,
y (the Higgs scalar), with well-defined coupling
constants for the lepton-scalar interaction but
unfortunately with a completely unspecified mass.
For the y, however, it has been pointed out' 4

that even a very low mass cannot be excluded by
observations to date. In fact, experimental evi-
dence suggestive of a low-mass scalar particle
has been accumulated in muonic x-ray studies.
Dixit et al.,' and also Walter et al. ,' have found
certain discrepancies between measured and the-
oretically calculated muonic x-ray energies in
several transitions among high-Z elements. Sun-
daresan and Watson4 and Resnick, Sundaresan,
and Watson' have shown that these discrepancies
can be removed by assuming the y particle with
coupling constants consistent with the Weinberg-
Salam theory and with m~(22 MeV. Resnick,
Sundaresan, and Watson' suggest several experi-
mental possibilities for production and study of
these hypothetical particles. Among these, one
promising approach follows from the relatively
large branching ratios expected for the produc-
tion of the scalar particle in 0+ to 0' nuclear de-

cays; for example the decay of the "O(6.05 MeV)
0+ excited state would have a y branching ratio
up to a few percent if rn was not too close to the
6.05-MeV production threshold.
Based on these considerations a search for the

y branching mode in the decay of the "06.05-
MeV level was carried out with negative results.
Since the upper bound for m was limited by
E,("0), the investigation was extended to a
search for y production in the decay of the 'He
20.2-MeV level, again with negative results.
Thus, almost the entire mass region for m sug-
gested from the muonic x-ray anomalies" is
now excluded. Details of the experiment are giv-
en below.
The experiment on the "O(6.05 MeV) state will

be described first. The y should, according to
the Weinberg theory, decay via the weak inter-
action into an electron-positron pair provided
that m ) 1.022 MeV. The lifetime' for the decay
ranges from approximately O.V nsec near m
= 6.05 MeV to many microseconds near m =1.022
MeV (below 1.022 MeV only the two-photon decay
mode is available with a lifetime expected' to be
z 10 4 sec). Since the particle possesses only
the weak interactions, it would readily penetrate'
matter much as does the neutrino. A heavily
shielded scintillation detector placed near a tar-
get in which the "O(6.05 MeV) state is produced
should suffice to detect y's which decayed within
the volume of the detector; the signal from such
a decay would approximate that of a 6.05-MeV
y ray.
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The "06.05-MeV state was produced in the
reaction "F(P,o.)"O(6.05 MeV) at E~=1.90 MeV,
thus taking advantage of a resonance in the pro-
duction cross section7 for the 6.05-MeV state.
The target was a layer of CaF, 0.45 mg/cm'
thick evaporated onto a thick Ta backing. The de-
tector, an 8.3-cm-diam by 21.0-cm-long cylin-
der of NE 102, was placed at 90' to the proton
beam direction with its front face located 28.3 cm
from the reaction site. An absorber composed of
20.3 cm of lead and 5.1 cm of Mallory metal was
interposed between target and detector to remove
y rays produced in other xeactions, particularly
the decay of the "06.13-MeV level. Long runs
with a proton beam current of typically 0.5 p, A
were taken to accumulate spectra from both the
CaF, target and the reverse side of the target.
The principal signal in either case was due to
cosmic-ray muons. Spectra corresponding to a
total charge of 4.17x10~ p,C on the CaF2 target
were collected with a total running time of 19 h;
the background spectrum was accumulated over
10 h. The background spectrum was subtracted
from the '9F+p spectrum after normalization at
the broad high-energy muon peak (E-15 MeV).
Integrated over the region of the spectrum cover-
ing the expected peak due to a scalar particle the
resulting difference was -61+ 130 counts (statis-
tical error only). The response function was as-
sumed to be approximately that observed for 6-
MeV y rays, which approximation should be quite
adequate for the purpose of the present effort.
An upper limit (1o) of 3.1 &&10 ' count/p. C was
obtained within a window covering the peak of the
response function which included an estimated
40% of the total response-function area. A nom-
inal correction of 1X10 ' count/pC due to resid-
ual y-ray leakage, estimated from the runs at
reduced absorber thickness and assuming the
measured attenuation coefficient of the absorber,
was not applied to the above yield since the nom-
inal difference is already a negative quantity and
must be bounded below by zero. The final result
for the total cp yield, corrected for the peak-to-
total ratio, is a la upper limit of 7.8x10 ' count/
JLt,C.
This last result is compared in Fig. 1 with the

theoretical estimate of the yield as a function ofI normalized to the present experimental con-
ditions, i.e., the curve represents the total num-
ber of q decays within the detector volume pex
microcoulomb of protons. The mass dependence
of the decay rate and the time dilation of the de-
cay constant were both taken into account. Fox
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the calculation it was assumed that the 6.05-
MeV state is produced with an average 30-mb
cross section' throughout a 50-keV-thick target
centered on the peak of a resonance at 1.88 MeV.
The p-production branching ratio and the parti-
cle lifetime were taken from Resnick, Sundare-
san, and Watson. ' The observed upper limit of
7.8 X10 ' count/pC (lo) is displayed as a hori-
zontal line with hatching. The intersection of the
upper-limit line and the theoretical yield curve
establishes that the proposed particle cannot
have a mass within the range 1.030 ~m & 5.84
MeV.
A second experiment of the same nature was

performed making use of the 'H+P reaction at
the E~ = 515-keV resonance to populate the first
0' excited state at 20.2 MeV in the 'He nucleus. '
For increased detector efficiency and to absorb
the full range of decay electrons, a 12.7-cm
x15.2-cm Nai(TI) scintillation detector was used
rather than the NE 102 scintillator described
above. The detector was placed at 0 with re-
spect to the proton beam so as to minimize the
flux of y rays from the reaction 'H(P, y} (these

FIG. 1. Theoretical yield ( oonut /sp Cof proton beam)
of detected q 's from the reaction ' F(p, o.) '60(6.05 MeV)' O(g.s.) + q versus assumed Iz. (Note the separate
parts of the yield curve and corresponding scales. ) Al-
so shown is the measured upper limit to the yield of de-
tected p's as a horizontal line with hatching crossing
the lower wings of the yield curve (right-hand scale on-
ly) .
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y rays have a nearly pure sin'6 angular distri-
bution at low proton energiess). The y-ray ab-
sorber thickness used for the final data runs was
5.08 cm of Mallory metal plus 5.08 cm of lead
which allowed a target-to-detector front-face
separation of 11.4 cm. A proton beam energy of
600 keV was used together with a tritiated titani-
um target with a tritium thickness of 0.031'0 py5

mg/cm'. A target wobbler was employed to per-
mit beam currents up to - 6-7 p, A without signif-
icant target degradation. After several hours
running time a total beam charge of 0.287 C was
accumulated. A comparable run to accmulate a
cosmic-ray background spectrum (the only appar-
ent contribution to the spectrum in the 20-MeV
range) was carried out. The resultant spectrum
was subtracted from that of the scalar-particle
run after normalization of the two spectra at the
cosmic-ray muon peak. The difference in the
two spectra was -0 with a standard deviation of
about 122 counts over 75 channels covering the
peak of the expected response function which,
for these purposes, is assumed to be the same
as that observed for a 20-MeV y ray. The 75
channels represent about 29% of the total re-
sponse-function area so that the standard devia-
tion over the full response function is 421 counts.
This result then corresponds to a 10 upper limit
of 1.5x10 ' count/pC.
The theoretical yield function with which this

result should be compared is shown in Fig. 2.
The function was constructed by using the decay
width I' and coupling constants given by Resnick,
Sundaresan, and Watson. ' A total width j.~ of
0.340 MeV' at resonance was assumed for the
20.2-MeV state in 'He. The reaction kinematics
was approximated by that appropriate to the re-
action at resonance only for computing the veloc-
ity of the y and the resultant decay length. The
yield was calculated by assuming the nominal
target thickness given previously and a Lorentz-
ian resonance shape. Effects of the finite res-
onance width on the kinematics of the cp produc-
tion, significant only near the upper mass limit
of our experiment, were not taken into account
but are of such a nature that the theoretical curve
is underestimated so that upper limits on m are
simply more conservative than they would other-
wise be. Full integration of the cp decay prob-
ability over the detector volume was carried out
as before. The experimental upper limit pre-
viously presented, but raised by a factor of 2 to
account for the target-thickness uncertainty, is
shown by the hatched horizontal line in Fig. 2.
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FIG. 2. Theoretical yield (counts/p, C of proton beam)
of detected y's from the reaction H(p) 4He(20.2 MeV)
He(g. s.) + qr versus assumed ~&. (Note the separate

parts of the yield curve and corresponding scales. ) Al-
so shown is the measured upper limit to the yield of de-
tected p's as a horizontal line with hatching crossing
the central portion of the yield curve (right-hand scale
only) .

The result is that m within the range 3.10 (m„
(18.2 MeV can be excluded.
These two experiments taken together then

show that the scalar particle of Sundaresan and
Watson, ' if it exists at all, cannot have a mass
in the range 1.030 MeV (m„(18.2 MeV. The to-
tal range of masses judged acceptable by Resnick,
Sundaresan, and Watson' was 0&m (22 MeV
(masses (10 ' eV could already be excluded by
an argument' relating to measurements of the
gravitional constant, G). Thus the major portion
of the total proposed mass range can now be ex-
cluded, suggesting a relatively low probability
for the correctness of the Sundaresan and Watson
proposal. This observation should perhaps be
tempered by the realization that there are -10
orders of magnitude between the 1-MeV upper
limit from this work and the 10 -eV limit from
the gravitational-constant measurements.
The experiments here could be improved in

several respects. However, the mass limits that
might be achieved would at best be only = 1.022
MeV and = 19.5-19.75 MeV, i.e., little better
than those already found. Other reaction possi-
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y rays have a nearly pure sin'6 angular distri-
bution at low proton energiess). The y-ray ab-
sorber thickness used for the final data runs was
5.08 cm of Mallory metal plus 5.08 cm of lead
which allowed a target-to-detector front-face
separation of 11.4 cm. A proton beam energy of
600 keV was used together with a tritiated titani-
um target with a tritium thickness of 0.031'0 py5

mg/cm'. A target wobbler was employed to per-
mit beam currents up to - 6-7 p, A without signif-
icant target degradation. After several hours
running time a total beam charge of 0.287 C was
accumulated. A comparable run to accmulate a
cosmic-ray background spectrum (the only appar-
ent contribution to the spectrum in the 20-MeV
range) was carried out. The resultant spectrum
was subtracted from that of the scalar-particle
run after normalization of the two spectra at the
cosmic-ray muon peak. The difference in the
two spectra was -0 with a standard deviation of
about 122 counts over 75 channels covering the
peak of the expected response function which,
for these purposes, is assumed to be the same
as that observed for a 20-MeV y ray. The 75
channels represent about 29% of the total re-
sponse-function area so that the standard devia-
tion over the full response function is 421 counts.
This result then corresponds to a 10 upper limit
of 1.5x10 ' count/pC.
The theoretical yield function with which this

result should be compared is shown in Fig. 2.
The function was constructed by using the decay
width I' and coupling constants given by Resnick,
Sundaresan, and Watson. ' A total width j.~ of
0.340 MeV' at resonance was assumed for the
20.2-MeV state in 'He. The reaction kinematics
was approximated by that appropriate to the re-
action at resonance only for computing the veloc-
ity of the y and the resultant decay length. The
yield was calculated by assuming the nominal
target thickness given previously and a Lorentz-
ian resonance shape. Effects of the finite res-
onance width on the kinematics of the cp produc-
tion, significant only near the upper mass limit
of our experiment, were not taken into account
but are of such a nature that the theoretical curve
is underestimated so that upper limits on m are
simply more conservative than they would other-
wise be. Full integration of the cp decay prob-
ability over the detector volume was carried out
as before. The experimental upper limit pre-
viously presented, but raised by a factor of 2 to
account for the target-thickness uncertainty, is
shown by the hatched horizontal line in Fig. 2.
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FIG. 2. Theoretical yield (counts/p, C of proton beam)
of detected y's from the reaction H(p) 4He(20.2 MeV)
He(g. s.) + qr versus assumed ~&. (Note the separate

parts of the yield curve and corresponding scales. ) Al-
so shown is the measured upper limit to the yield of de-
tected p's as a horizontal line with hatching crossing
the central portion of the yield curve (right-hand scale
only) .

The result is that m within the range 3.10 (m„
(18.2 MeV can be excluded.
These two experiments taken together then

show that the scalar particle of Sundaresan and
Watson, ' if it exists at all, cannot have a mass
in the range 1.030 MeV (m„(18.2 MeV. The to-
tal range of masses judged acceptable by Resnick,
Sundaresan, and Watson' was 0&m (22 MeV
(masses (10 ' eV could already be excluded by
an argument' relating to measurements of the
gravitional constant, G). Thus the major portion
of the total proposed mass range can now be ex-
cluded, suggesting a relatively low probability
for the correctness of the Sundaresan and Watson
proposal. This observation should perhaps be
tempered by the realization that there are -10
orders of magnitude between the 1-MeV upper
limit from this work and the 10 -eV limit from
the gravitational-constant measurements.
The experiments here could be improved in

several respects. However, the mass limits that
might be achieved would at best be only = 1.022
MeV and = 19.5-19.75 MeV, i.e., little better
than those already found. Other reaction possi-
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-  SINDRUM Collaboration measured π+→e+ve+e- and searched for H→e+e-

[ excluded  10 MeV < MH < 110 MeV ]
SINDRUM spectrometer experiment at the Paul Scherrer Institute (PSI) 590 MeV proton cyclotron.
Measurement of the Decay π+→e+ve+e- and Search for a Light Higgs Boson 
SINDRUM Collaboration (S. Egli (Zurich U.) et al.), Phys.Lett. B222 (1989) 533 

-  CUSB Collaboration Υ→Hγ
[ excluded 2mµ <MH < 5-6 GeV ]
Investigated the radiative decay dependent on high order corrections of various states of the Υ into a Higgs boson.
The search for a monochromatic photon sample from the decay Υ→γ+X.
It turned out that first order QCD corrections reduce the lowest order calculation by about 50%, and the effects of higher order corrections or 
relativistic corrections were not known. 
CUSB also searched for Υ decays to a photon plus a massless, invisible scalar. 

- Crystal Ball collaboration looked for J/ψ →γ+ massless scalar 
The data were collected with the Crystal Ball Detector at the Stanford Linear Accelerator Center e'e storage ring facility SPEAR at the peak of 
the J/ψ resonance

[Edwards et al, Upper Limit for J/ψ → γ+Axion, Phys.Rev.Lett. 48 (1982) 903]
These two results CUSB and Crystal Ball together excluded a massless and very light Higgs, which is also subject to radiative correction 
uncertainties

-  CERN-Edinburgh-Orsay-Mainz-Pisa-Siegen (NA31) K0L→π0H(→ee)
[ excluded MH < 50 MeV]
The NA31 experiment at the CERN Super Proton Synchrotron (SPS) searched for Higgs boson decays in e+e- in the decay K0L→π0H. 
These searches severely constrain the Higgs boson mass in the domain below 50 MeV by conferring an upper limit on the product of the 
branching ratios Br(K0L →π0H)×Br(H →e+e−) of approximately 2×10-8

Search for a Neutral Higgs Particle in the Decay Sequence K0L →π0H and H→e+e 
NA31 Collaboration (G.D. Barr (CERN) et al.), Phys.Lett. B235 (1990) 356 
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Searches were performed also at PETRA (or the Positron-Electron Tandem Ring Accelerator) at DESY which 
operated between 1978 and 1986.
MARK-J Collaboration ( Adeva et al.) Search for Top Quark and a Test of Models Without Top Quark at the Highest PETRA 
Energies,Phys.Rev.Lett. 50 (1983) 799 
JADE Collaboration (W. Bartel et al.), A Search for Flavor Changing Neutral Currents in b Decay at PETRA  Phys.Lett. B132 (1983) 241 
TASSO Collaboration (Althoff et al.), Production and Muonic Decay of Heavy Quarks in e+ e- Annihilation at 34.5-GeV,Z.Phys. C22 (1984) 219
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ratio and if the model assumptions used in obtaining the
limits in Fig. 14 do not overestimate our experimental
sensitivity to Higgs-boson decays, then a minimal neutral
Higgs boson of mass between 0.2 and 3.6 GeV is exclud-
ed, provided that the top-quark mass is at least 30 GeV.
For Higgs-boson masses near the III mass (3.1+0.1 GeV)
the minimum top-quark mass required to exclude the
Higgs boson increases to 36 GeV. In light of the experi-
mental lower limit of 28 GeV on the top-quark mass
and the various pieces of evidence that the top-quark
mass is greater than 44 GeV, we can, therefore, exclude
the neutral-Higgs-boson mass from the 0.2-to-3.6-GeV
range with considerable margin for error in the theoret-
ical models used to interpret the data.
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VI. CONCLUSION

Our conclusion is that if the Willey and Yu formula
does not overestimate the B-to-Higgs-boson branching

FIG. 15. Maximum value {90/o confidence level) allowed by
this experiment for m, as a function of the assumed value of
M&, as implied by the Willey and Yu prediction {Ref. 7) for
B(B—+H X).
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ratio and if the model assumptions used in obtaining the
limits in Fig. 14 do not overestimate our experimental
sensitivity to Higgs-boson decays, then a minimal neutral
Higgs boson of mass between 0.2 and 3.6 GeV is exclud-
ed, provided that the top-quark mass is at least 30 GeV.
For Higgs-boson masses near the III mass (3.1+0.1 GeV)
the minimum top-quark mass required to exclude the
Higgs boson increases to 36 GeV. In light of the experi-
mental lower limit of 28 GeV on the top-quark mass
and the various pieces of evidence that the top-quark
mass is greater than 44 GeV, we can, therefore, exclude
the neutral-Higgs-boson mass from the 0.2-to-3.6-GeV
range with considerable margin for error in the theoret-
ical models used to interpret the data.
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curacy of 6.5%. The track coordinates along the beam
axis are measured using the angled layers for stereo and
using cathode strips in the middle and main drift
chambers. The rms momentum resolution achieved by
this system is

(5p/p) =(0.007) +(0.0023p) (p in GeV/c),
as determined by Bhabha scattering and muon pair
events, and by the mass resolution for reconstructed par-
ticle decays, such as K,~n m, A.~p~, /~K+K
D ~K m+, V~p, p, , and B ~D m (Refs. 19 and
21).
Muons are identified by an array of crossed planes of

drift chambers behind 1.0—1.5 m of steel surrounding the
CLEO detector. An additional layer of drift chambers
is located at an intermediate depth in the steel. The solid
angle subtended by the muon detector is 78% of the total
4m steradians. The total thickness of steel varies from 4
to 10 hadron interaction lengths depending on the region
and angle of incidence. The minimum momentum of
muon that can penetrate the absorber varies from 1
GeV/c for normal incidence on the magnet ends to about
2 GeV/c for the thickest part.
Our strategy is to search for the decay of B mesons

into H +~, where ~ is a strange meson [K or K*(890),
charged or neutral] and the H decays into a pair of
muons, pions, or strange mesons. Table I summarizes the
modes and Higgs-boson mass ranges for which these
searches are sensitive. In the case of H ~p+p we also
search for the inclusive B~H +X decay, where X can
be any particle or combination of particles. The upper
limit on the Higgs-boson mass for which this experiment
is sensitive is Ma=2m =3.6 GeV; because of the un-
detectable neutrino in ~ decay, we have no clear experi-
mental signature for H —+~+~
The analysis procedure for the exclusive modes is simi-

lar to that used in our reconstruction of exclusive B to
charm decays. ' In events which have passed our stan-
dard hadronic event-selection criteria we form track
combinations corresponding to the products of the par-
ticular decay chain being searched. We require that had-
rons have consistent dE/dx within three standard devia-
tions, in order to reduce the number of spurious track
combinations. For the exclusive p+p modes we only
require that one of the two muons be identified by a hit in
the muon detector, since typically only one muon will
have a momentum high enough for efficient detection.
We require that the K* and K* masses be in the ranges
892+80 and 899+80 MeV, respectively, with an

efficiency of 85%. We require that the total energy of the
products of a candidate-8 decay be within 70 MeV (2—3
standard deviations) of the beam energy. Monte Carlo
simulation indicates that (95+4)% of B decays into the
modes we have examined meet this requirement. Since
e e —&BB at the Y(4S) resonance, we calculate the
candidate-B mass from the single-beam energy and the
measured momenta of the decay products using the rela-
tion m~ =E„„—(gp, ») . The combined effect of the
CESR rms beam energy spread of 3.2 MeV and the
CLEO track-momentum resolution is an rms spread of
2.7 MeV in the reconstructed mass' of B mesons pro-
duced in Y(4S) decay. The B-candidate mass is required
to be within 7 MeV of the known B-meson mass.
Since most B decays do not produce high-momentum

particles, and the particles in 8~H K final states have
nearly the maximum allowed momentum, the back-
ground comes mainly from continuum events that have a
two-jet structure with the H candidate tracks in one jet
and the kaon in the other. To reduce this background we
calculate the sphericity axis of the event using the
charged tracks other than those of the B-decay candidate.
We then find the cosine of the angle 0 between the H
candidate and the sphericity axis. The continuum back-
ground peaks sharply at cosO=+1, while for real B de-
cays the cose distribution should be isotropic. Therefore,
to reduce continuum background we require that
~cosO~ (0.8 for all the final states except the dimuons, for
which the background reduction is not needed.
The inclusive dimuon search, B~H X with

H ~p+p, offers the potential of a higher rate as well
as a result that is independent of models of how often the
b~H s process of Fig. 1 yields a particular two-body
final state. Because of the loss of the B-mass constraint,
however, single muons from misidentification of pions
and kaons and from semileptonic decays of B, D, K, or m

contribute a significant background if we require only one
of the two muon candidates to be identified. In the in-
clusive search we, therefore, require that both muons be
identified. For muons with sufticient momentum to
penetrate the iron absorber (typically 1 m thick) to the
outer layer of chambers, identification means detection in
both orthogonal projections of the outer chambers, or
detection in one outer projection and in both projections
of an inner layer of drift chambers located after 30 cm of
iron. For muons with momentum too low to reach the
outer layer, identification means detection in both projec-
tions of the inner layer. Figure 5 shows the dimuon
detection efficiency as a function of dimuon mass.

TABLE I. The range of sensitivity in H mass and the detection efficiency e for exclusive two-body
decays B~H ~ with various H decay modes and strange mesons sc. The detection efficiencies are
averaged over the H mass range and include the K —+m.+~ and K*~Km—branching fractions.

H decay

MH (CseV)
e(H K—)
E(H K )
e(H K*—)
~(H'K*')

0.2-3.6
0.21
0.063
0.025
0.10

0.3-3.6
0.33
0.071
0.041
0.14

1.0—3.6
0.35
0.08
0.03
0.18

1.4—3.6
0.032

0.015

KDK *'
1.4-3.6
0.035

0.017

1.8-3.6
0.04

0.02
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ratio and if the model assumptions used in obtaining the
limits in Fig. 14 do not overestimate our experimental
sensitivity to Higgs-boson decays, then a minimal neutral
Higgs boson of mass between 0.2 and 3.6 GeV is exclud-
ed, provided that the top-quark mass is at least 30 GeV.
For Higgs-boson masses near the III mass (3.1+0.1 GeV)
the minimum top-quark mass required to exclude the
Higgs boson increases to 36 GeV. In light of the experi-
mental lower limit of 28 GeV on the top-quark mass
and the various pieces of evidence that the top-quark
mass is greater than 44 GeV, we can, therefore, exclude
the neutral-Higgs-boson mass from the 0.2-to-3.6-GeV
range with considerable margin for error in the theoret-
ical models used to interpret the data.
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Our conclusion is that if the Willey and Yu formula
does not overestimate the B-to-Higgs-boson branching
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this experiment for m, as a function of the assumed value of
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V. RESULTS

Figures 6—12 show the observed numbers of candidates
for each searched mode as a function of the Higgs-boson
mass. A Higgs boson would appear as a clustering of
events within a mass range given by our experimental
resolution, which varies with mass and decay mode and is
typically 15-30 MeV rms. Such a clustering is seen for
the dimuon modes at M+=3.1 GeV, corresponding to
the well-known decays 8~%'X, +E, etc. with
+~p p . In some dipion and dikaon modes there is
also a clustering near 1.9 GeV, consistent with
D ~m. +m or E+E, and D—+K m+ with a
misidentified pion or kaon. There is no discernible signal

FIG. 7. Top: observed number of candidates for B~H K,
H ~p+p as a function of M&, with K=K,K, K *,and
charge conjugates. Bottom: corresponding upper limits (90%
confidence level) for B(B~H K)B(H ~p+p ).
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Also the CLEO experiment at the Cornell Electron Positron Storage Ring (CESR) searched for decays of the Higgs boson into a 
pair of muons, pions, and kaons produced through the FCNC decay B→HK0(*), with H(→ µµ,ππ,KK)  and through the inclusive 
decay B → H X using the H → µµ decay. A limit, excluding the mass range 0.2-3.6 GeV [2mπ, 2mτ] was set. This exclusion 
relies on the estimate for B→H decay, which is subject to large theoretical uncertainties. The data sample consisted of about 
487000 B-meson decays, from an integrated luminosity of 212 pb-1 at the Y(4S) resosance.

[ CLEO Collaboration (M.S. Alam  et al.).Search for a Neutral Higgs Boson in B-Meson Decay Phys.Rev. D40 (1989) 712-720, 
Erratum-ibid. D40 (1989) 3790 ]
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Figure 3 Light Higgs boson production via W bo-
son or flavor-changing neutral currents.

in the domain below 50 MeV/c2 by conferring an upper limit on the product of the
branching ratiosBr(Ko

L ! ⇡oH )⇥Br(H ! e+e�) of approximately 2⇥ 10�8 (6).
Before 1989, the CLEO experiment investigated decays of the Higgs boson into
a pair of muons, pions, and kaons produced through the flavor-changing neutral-
current decay B! KoH (Figure 3c). CLEO found no evidence for a Higgs boson
and succeeded in excluding the mass range 0.2–3.6 GeV/c2 (8). This exclusion
relied on the evaluation of the B-to-Higgs-boson decay, which is subject to a large
theoretical uncertainty. Finally, the CUSB collaboration investigated the radiative
decay of various states of the7 (7) into a Higgs boson (Figure 3d). The search for
a monochromatic photon sample from the decay 7 ! � +X led to the exclusion
of the range from 2mµ up to 5 GeV/c2 (9). All these searches were sensitive to
potentially large QCD corrections, thus justifying the importance of unambiguous
searches in the low-mass region.

1.3. Collider Nominal Capabilities and Detector Suitability

1.3.1. THE LEP MACHINE The LEP collider was housed in a 26.7 km tunnel with
eight 2.9-km-long arcs and eight 420-m-long straight sections. The centers of the
straight sections are potential collision points. Four of them hosted LEP experi-
ments: ALEPH, DELPHI, L3 and OPAL. Over 5000 magnets (3400 dipoles, 800
quadrupoles, 500 sextupoles, and over 600 beam orbit correctors) were installed.
The effective bending radius was ⇠3 km, although the geometric radius was about
4240 m. The first phase of operation (LEP1) extended from the summer of 1989
until 1995, when LEP operated at energies close to the Z resonance. The second
phase (LEP2) started in 1995 and ended in 2000. During this time, the room-
temperature (Cu) radiofrequency (RF) accelerating cavities were progressively re-
placed by superconducting (Nb/Cu) RF cavities able to deliver a nominal gradient
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The issue with these searches was that the estimates on the SM Higgs boson production 
cross sections are potentially sensitive to large QCD corrections. 

As a result, it is difficult to draw unambiguous conclusions.
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A search for light Higgs bosons has been performed in an electron beam-dump experiment. No positive signal is observed which 
allows us to reject at 90% CL the existence of  a standard Higgs in the range from 1.2 to 52 MeV. Non-standard Higgs bosons are 
also excluded in a large range of  couplings. This search relies on the well controlled and calculable process ofbremsstrahlung from 
electrons in the Coulomb field of large Z nuclei. Both production and decay are governed by the single coupling constant of Higgs 
to electrons. 

1. Introduction 

Among all the untested features of the electroweak 
standard model, it is annoying that the Higgs mech- 
anism for the generation of mass is still not directly 
confirmed. Although indirect evidence for the exis- 
tence of weak-isospin doublets of scalar fields has been 
obtained through the measurements of  W and Z 
masses [ 1 ], the direct finding of the corresponding 
spin-0 particles would be the most welcome and de- 
finitive proof of  this important phenomenon. On 
theoretical grounds the mass of the Higgs boson is lit- 
tle constrained. The only fact that it cannot be very 
heavy - less than a few TeV [ 2 ] - leaves open a wide 
field of  experimental investigation which, but for a 
very small part, has not yet been attacked for lack of 
suitable processes. This state of affairs is expected to 
change shortly with the exploitation of LEP and SLC 
machines [ 3 ]. 

For light masses well below the electroweak energy 
scale, many experiments have been carried out and 
analysed. No evidence has been found and different 
mass ranges claimed to be excluded. On one hand, 
nuclear physics experiments eliminate very light 
Higgs bosons, with masses mH below typically 10 
MeV, in particular from neutron-nucleus scattering 
data [4 ], the measurements of X-ray transitions in 
muonic atoms [ 5] and 0+-0 + transitions in 4He [ 6 ]. 
On the other hand, particle decays have been thor- 
oughly explored for Higgs signals. After a long his- 

tory of re-evaluations of the theoretical predictions, 
improved data on "F [ 7 ] and B [ 8 ] decays now seem 
to rule out the presence of standard Higgs bosons in 
the range between 200 MeV and 5 GeV. Kaon decays 
can also be used to search in the lower mass region 
and recent null results have been obtained [ 9 ] in this 
way. Although these claims are probably correct, they 
are not completely safe if  one takes into account the 
uncertainties in the theoretical predictions, essen- 
tially at the level ofhadronic matrix elements. A pos- 
sible exception was noted in considering the decay 
n ÷ ~ e + e - e ÷ v ¢  [10] and in fact recent results have 
been published rejecting the existence of Higgs bo- 
sons between 10 and 110 MeV in this process [ 11 ]. 
However, even in this simpler case ofa  semi-leptonic 
decay, the tree level calculation has to be corrected 
for the gluonic content of the pion coupled to the 
Higgs via heavy quark loops, as calculated in chiral 
perturbation theory [ 12 ]. The result is to decrease 
the theoretical estimate by a factor of 2, still above 
the experimental limit: but this raises the question of 
the reliability of  such large corrections in hadron 
decays. 

In this letter, a new method to search for light Higgs 
boson is introduced. It relies on only one assump- 
tion, i.e. the existence of the He~ coupling which is a 
necessary feature of any reasonable model with sca- 
lar fields. The process involved - electron brems- 
strahlung of Higgs bosons - is completely and safely 
calculable, given a value for the Higgs mass. The data 
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from a modest experiment are then used to perform 
an unambiguous search for a Higgs boson in the mass 
range from 1 to 50 MeV. In this domain, the H-,TT 
decay branching fraction can be estimated to be at 
most 2% [ 13 ] and therefore only the H ~ e + e  - chan- 
nel has been considered. Both production and decay 
are then controlled by a unique coupling constant, to- 
tally specified in the minimal standard model and its 
simple extensions. 

2. Electron bremsstrahlung of Higgs bosons 

The process considered here is shown in fig. 1 and 
can be reliably calculated for any spin-parity of the 
radiated particle. For large masses, i.e. for rnH >> 2m, 
where m is the electron mass, the cross sections for 
0 ÷ and 0 -  states become identical. They only differ 
slightly for masses mH in the few MeV range. Conse- 
quently, expressions derived for axion bremsstrah- 
lung are totally relevant to our purpose. 

The Higgs angular distribution is peaked at very 
small angles to the incident electron direction, with a 
long tail at larger values. In our range of interest the 
median of the angular distribution is approximately 
given by ~ ¼mH/Eo, where Eo is the electron beam 
energy, i.e. a few milliradians in our experimental 
conditions. 

When considering a large mass range, it is impor- 

~ i e .- H 

Higgs Bremsstrahlung 

e o 

e ÷ 
Higgs decay 

Fig. 1. The Feynman diagrams for the production of Higgs bo- 
sons by bremsstrahlung of  electrons in the Coulomb field of  a 
large Z nucleus. The Higgs boson decays into an e+e - pair. Both 
processes are controlled by the same He~ coupling constant. 

rant to treat the atomic screening problem consis- 
tently. For small masses, atomic screening is com- 
plete since the typical momentum transfers are of  the 
order of the inverse of the atomic radius. However, 
at larger masses, screening becomes unimportant. 
After integration over the scattered electron and Higgs 
directions, the cross section is expressed as a function 
of the normalised Higgs energy, Z=EH/Eo. For ori- 
entation, we give below the two limiting cases for a 
large Z target: 

da  2a2aH Z2 z( 1 + ~f) F 
dz m 2 ( 1 +j)2 

with 

m 2 ( 1 - z )  
f m  m 2 2 2  , o/H _ - -  

F=In(184Z -1/3) 

= l n 2 E o ( l - z )  l 
mzl4Wf - :  

g~ee rn 2GF x//~ 
4x 4n 

complete screening [ 14 ], 

no screening [ 15 ]. 

The fact that da/dz peaks at z =  1, contrary to ordi- 
nary (massless) photon bremsstrahlung, is a distinc- 
tive feature of the process which will be important in 
the experimental search. 

The resulting cross section falls off slightly faster 
than mff 2 and rate will eventually limit the search. 
However, another limitation will be imposed by the 
Higgs lifetime which also decreases as m ~ 1, 

4 m 2 ~ 3 / 2  
z~ l=~aHm. 1 -  ~ /  . 

For Eo= 1.6 GeV, a 5 MeV Higgs will travel ~ 80 m 
on average before decaying, this value being only ~ 
75 cm for a 50 MeV boson. Any experimental set-up 
detecting possible decays in a given fiducial volume 
will therefore be sensitive for a certain mass range 
limited at low mass by the small decay rate despite 
the large cross section and a large mass by both the 
fast decay rate and the small production yield. 

3. Description of experiment 

The experiment used a beam-dump as shown in fig. 
2. Incident electrons with an energy of 1.6 GeV were 
produced by the Orsay linac with 1.5 ~s long pulses 
at 50 Hz. The intensity of the incident beam was 
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dσ/dz peaks at z~1 (in contrast to photon-bremsstrahlung) 
distinct experimental signature
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lung are totally relevant to our purpose. 

The Higgs angular distribution is peaked at very 
small angles to the incident electron direction, with a 
long tail at larger values. In our range of interest the 
median of the angular distribution is approximately 
given by ~ ¼mH/Eo, where Eo is the electron beam 
energy, i.e. a few milliradians in our experimental 
conditions. 

When considering a large mass range, it is impor- 
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Fig. 1. The Feynman diagrams for the production of Higgs bo- 
sons by bremsstrahlung of  electrons in the Coulomb field of  a 
large Z nucleus. The Higgs boson decays into an e+e - pair. Both 
processes are controlled by the same He~ coupling constant. 

rant to treat the atomic screening problem consis- 
tently. For small masses, atomic screening is com- 
plete since the typical momentum transfers are of  the 
order of the inverse of the atomic radius. However, 
at larger masses, screening becomes unimportant. 
After integration over the scattered electron and Higgs 
directions, the cross section is expressed as a function 
of the normalised Higgs energy, Z=EH/Eo. For ori- 
entation, we give below the two limiting cases for a 
large Z target: 

da  2a2aH Z2 z( 1 + ~f) F 
dz m 2 ( 1 +j)2 

with 

m 2 ( 1 - z )  
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complete screening [ 14 ], 

no screening [ 15 ]. 

The fact that da/dz peaks at z =  1, contrary to ordi- 
nary (massless) photon bremsstrahlung, is a distinc- 
tive feature of the process which will be important in 
the experimental search. 

The resulting cross section falls off slightly faster 
than mff 2 and rate will eventually limit the search. 
However, another limitation will be imposed by the 
Higgs lifetime which also decreases as m ~ 1, 

4 m 2 ~ 3 / 2  
z~ l=~aHm. 1 -  ~ /  . 

For Eo= 1.6 GeV, a 5 MeV Higgs will travel ~ 80 m 
on average before decaying, this value being only ~ 
75 cm for a 50 MeV boson. Any experimental set-up 
detecting possible decays in a given fiducial volume 
will therefore be sensitive for a certain mass range 
limited at low mass by the small decay rate despite 
the large cross section and a large mass by both the 
fast decay rate and the small production yield. 

3. Description of experiment 

The experiment used a beam-dump as shown in fig. 
2. Incident electrons with an energy of 1.6 GeV were 
produced by the Orsay linac with 1.5 ~s long pulses 
at 50 Hz. The intensity of the incident beam was 
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tive feature of the process which will be important in 
the experimental search. 

The resulting cross section falls off slightly faster 
than mff 2 and rate will eventually limit the search. 
However, another limitation will be imposed by the 
Higgs lifetime which also decreases as m ~ 1, 
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For Eo= 1.6 GeV, a 5 MeV Higgs will travel ~ 80 m 
on average before decaying, this value being only ~ 
75 cm for a 50 MeV boson. Any experimental set-up 
detecting possible decays in a given fiducial volume 
will therefore be sensitive for a certain mass range 
limited at low mass by the small decay rate despite 
the large cross section and a large mass by both the 
fast decay rate and the small production yield. 

3. Description of experiment 

The experiment used a beam-dump as shown in fig. 
2. Incident electrons with an energy of 1.6 GeV were 
produced by the Orsay linac with 1.5 ~s long pulses 
at 50 Hz. The intensity of the incident beam was 
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are controlled by a unique coupling constant, totally 

specified by the SM and its simple extensions. 
Also no hadronic matrix elements in theory calculations.

For mH>>2me the cross-section is independent whether H 
is 0+ or 0- [use formulae from Axion bremsstrahlung]. 

Higgs boson angular distirbution peaks at small angles 
with respect to the incident electron (~mH/E0/4)
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Fig. 2. The experimental lay-out with the beam-dump, the decay 
channel and the detection system comprising two scintillation 
counters (Sb $2 ) and a lead-glass (~erenkov calorimeter (C). 

monitored with a toroidal pick-up transformer and 
the beam spot position was continuously checked. The 
average intensity was limited to 2)< 1012 electrons/s 
to avoid pile-up in the detectors. The beam dump was 
made of lead with a large 65 cm long core of tungsten 
in order to limit the penetration of electromagnetic 
showers and to range out any charged particles pro- 
duced. The decay of penetrating particles, such as 
Higgs bosons, produced early in the dump (typically 
in the first radiation length) could be observed 
downstream in a 2 m long channel inside a thick heavy 
concrete wall which separated the beam switchyard 
from the experimental hall. 

Detection of the decay products was accomplished 
by a coincidence between two scintillators S~ and $2, 
and a 14Xo lead-glass ~erenkov counter C placed be- 
hind to record the total electromagnetic energy. In 
order to reduce the neutron-induced background, a 
15 cm thick paraffin shield was put upstream of the 
detectors, followed by 1.2Xo of lead mostly between 
S~ and $2. During the data-taking, most activity in 
the counters was generated by neutrons and soft elec- 
tromagnetic products causing pile-up in the ~eren- 
kov counter. With a trigger threshold of 250 MeV in 
the deposited energy, the typical counting rate was 
about one per minute for the coincidence. 

A 1.2 GeV electron beam steered through the de- 
tection apparatus (with the dump removed) was used 

to calibrate the energy scale and measure the calo- 
rimeter response function. Although not a critical is- 
sue for this experiment, the energy resolution was 
measured to be (rE= 10.7% x/~, where E is the de- 
tected energy in GeV. 

Most of the data were taken with a 1 m long dump, 
while some of the earlier running was done with a 
longer dump ( 1.2 m).  However, in this latter run the 
electronics was less protected against pile-up and we 
had to set higher thresholds to eliminate back- 
grounds. A total of  2)< 1016 electrons was dumped 
during the data-taking part of  the experiment which 
lasted only a few hours. 

4. Results 

Since they are expected to be produced near z =  1 
in electron bremsstrahlung, the signal for a Higgs bo- 
son in our experiment is a large amount of  electro- 
magnetic energy in the lead-glass calorimeter. The 
spectra taken in the two beam-dump configurations 
have been examined to this end: no count is observed 
above 0.75 GeV for data taken with the 1 m dump 
(see fig. 3) and above I.I GeV for the 1.2 m dump 
data set which is less sensitive anyway for larger mass 
Higgs with their correspondingly smaller lifetimes. We 
therefore see no signal and it only remains for us to 
establish the sensitivity of  the experiment before we 
can quote any mass limits. 

The cross section for Higgs bremsstrahlung has been 
folded with the electron shower distribution in the 
dump and the efficiency for detecting a Higgs boson 
of a given mass was determined in our set-up. The 
trigger requirements could be satisfied by one or both 
of the decay particles (e + e -  ). For masses considered 
in this experiment, the geometrical acceptance for the 
decay products was always very close to one; how- 
ever, a large reduction occurred for small and large 
lifetime values due to the finite lengths of the dump 
and of the decay region. Together with the energy cut 
defined above in order to remove the background, the 
overall efficiency to detect a Higgs boson produced 
in our dump had a maximum value of 37% for a mass 
near 30 MeV and decreased on either side because of  
decays. At low mass, the limitation arises from the 
fixed length of the decay region and at high mass, most 
produced Higgs would decay in the dump and escape 
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monitored with a toroidal pick-up transformer and 
the beam spot position was continuously checked. The 
average intensity was limited to 2)< 1012 electrons/s 
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in order to limit the penetration of electromagnetic 
showers and to range out any charged particles pro- 
duced. The decay of penetrating particles, such as 
Higgs bosons, produced early in the dump (typically 
in the first radiation length) could be observed 
downstream in a 2 m long channel inside a thick heavy 
concrete wall which separated the beam switchyard 
from the experimental hall. 

Detection of the decay products was accomplished 
by a coincidence between two scintillators S~ and $2, 
and a 14Xo lead-glass ~erenkov counter C placed be- 
hind to record the total electromagnetic energy. In 
order to reduce the neutron-induced background, a 
15 cm thick paraffin shield was put upstream of the 
detectors, followed by 1.2Xo of lead mostly between 
S~ and $2. During the data-taking, most activity in 
the counters was generated by neutrons and soft elec- 
tromagnetic products causing pile-up in the ~eren- 
kov counter. With a trigger threshold of 250 MeV in 
the deposited energy, the typical counting rate was 
about one per minute for the coincidence. 

A 1.2 GeV electron beam steered through the de- 
tection apparatus (with the dump removed) was used 

to calibrate the energy scale and measure the calo- 
rimeter response function. Although not a critical is- 
sue for this experiment, the energy resolution was 
measured to be (rE= 10.7% x/~, where E is the de- 
tected energy in GeV. 

Most of the data were taken with a 1 m long dump, 
while some of the earlier running was done with a 
longer dump ( 1.2 m).  However, in this latter run the 
electronics was less protected against pile-up and we 
had to set higher thresholds to eliminate back- 
grounds. A total of  2)< 1016 electrons was dumped 
during the data-taking part of  the experiment which 
lasted only a few hours. 

4. Results 

Since they are expected to be produced near z =  1 
in electron bremsstrahlung, the signal for a Higgs bo- 
son in our experiment is a large amount of  electro- 
magnetic energy in the lead-glass calorimeter. The 
spectra taken in the two beam-dump configurations 
have been examined to this end: no count is observed 
above 0.75 GeV for data taken with the 1 m dump 
(see fig. 3) and above I.I GeV for the 1.2 m dump 
data set which is less sensitive anyway for larger mass 
Higgs with their correspondingly smaller lifetimes. We 
therefore see no signal and it only remains for us to 
establish the sensitivity of  the experiment before we 
can quote any mass limits. 

The cross section for Higgs bremsstrahlung has been 
folded with the electron shower distribution in the 
dump and the efficiency for detecting a Higgs boson 
of a given mass was determined in our set-up. The 
trigger requirements could be satisfied by one or both 
of the decay particles (e + e -  ). For masses considered 
in this experiment, the geometrical acceptance for the 
decay products was always very close to one; how- 
ever, a large reduction occurred for small and large 
lifetime values due to the finite lengths of the dump 
and of the decay region. Together with the energy cut 
defined above in order to remove the background, the 
overall efficiency to detect a Higgs boson produced 
in our dump had a maximum value of 37% for a mass 
near 30 MeV and decreased on either side because of  
decays. At low mass, the limitation arises from the 
fixed length of the decay region and at high mass, most 
produced Higgs would decay in the dump and escape 
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Fig. 3. The experimental energy spectrum in the lead-glass calo- 
rimeter obtained in the data-taking with the 1 m long dump con- 
figuration above a threshold of  250 MeV. The observed back- 
ground rate falls off and no event is observed above 750 MeV. 
The dashed line indicates the expected yield from a 20 MeV Higgs 
boson in the same experimental conditions. 

detection. As an example, at 50 MeV, the overall ef- 
ficiency has fallen to 11%. At any rate, the efficiency 
remains rather high and it is well understood by a few 
simple geometrical factors. As an illustration of the 
expected signal, we show in fig. 3 the energy spec- 
trum which would be associated with the production 
of a 20 MeV Higgs boson: if that were the case, about 
80 events would have been observed in this experi- 
ment above our energy cuts where we in fact observe 
none. 

The null signal from our search can be translated 
into an excluded mass region: a standard Higgs bo- 
son is ruled out by our experiment from 1.2 MeV to 
52 MeV at 90% confidence level. More generally any 
scalar panicles coupled to the electron can be ex- 
cluded in a domain of their mass-lifetime space. The 
result is shown in fig. 4, demonstrating that the ex- 
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Fig. 4. The 90% CL excluded domain for the production of  scalar 
(or pseudoscalar) particles of  mass rnH and lifetime rH. Also 
shown with a dashed boundary is the region excluded by our pre- 
vious experiment [ 15 ] with a short beam-dump.  The expected 
lifetime for a standard Higgs boson of  mass mH is given (SM). 

periment was maximally efficient for detecting the 
standard Higgs boson. The same limits apply to pseu- 
doscalar panicles. Fig. 4 also recalls our earlier re- 
suits from an experiment [ 16 ] designed to look for 
axions and using a short beam-dump with electrons. 
Although this latter experiment had a much smaller 
acceptance its sensitivity to smaller lifetimes permit 
us to extend the excluded region. 

The minimal supersymmetric extension of the 
standard model [ 17 ] requires two doublets of Higgs 
fields with vacuum expectation values vt and v2. After 
electroweak symmetry breaking, there remains two 
charged scalars H-+, two neutral scalars H ° and H2 °, 
and one neutral pseudoscalar h °. Two parameters are 
needed to describe this system; or, a mixing angle from 
the diagonalisation of the H°.2 mass matrix and 

tan r =  /32 
/2 t 
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independent ly  of each other as expected. In this model, the H ± and H ° bosons are heavier than 
the W, Z bosons and H ° and h ° can be light. In the 
case where they are very light, one has a ~ - f l  and 
H2 ° behaves as a standard Higgs with a coupling to 
electrons modified as 

gH2Oee = x m ~ .  
The same coupling in fact describes the hee interac- 
tion (times a 75 matr ix) .  

We have analysed our results in this scenario. For 
x <  1, Higgs bosons would be less produced but  de- 
tected more efficiently as they would decay slowly. 
For larger x values which are generally by the seem- 
ingly large mass of the top quark, they are copiously 
produced but they tend to decay too fast. The exper- 
iment  finally excludes a domain  of masses for x val- 
ues between 0.4 and 100 (fig. 5) with max imum sen- 
sitivity near x =  1 as pointed out before. Again this 
diagram applies to both H ° and h ° when produced 

5. Conclusions 

10 3 

A very simple beam-dump experiment was de- 
signed to look for light Higgs bosons. The sensitivity 
of the method together with the fact that bremsstrah- 
lung from electrons is a well controlled and calculable 
process only dependent  on the existence of the cou- 
pling of Higgs to electrons, enabled us to exclude in a 
definitive way the mass range from 1.2 to 52 MeV for 
a standard Higgs. 

We have also considered the supersymmetry-in- 
spired min imal  extension of the standard model and 
we have excluded a significant domain  of masses and 
couplings for light scalar and pseudoscalar Higgs bo- 
sons. To our knowledge, these are the first results to 
constrain such models, for admittedly low, yet possi- 
ble masses. 
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Fig. 5. The 90% CL excluded mass domain for scalar and pseu- 
doscalar Higgs bosons in the supersymmetric minimal extension 
of the standard model. In this case, x is equal to the ratio of the 
vacuum expectation values of the two Higgs fields. 
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80 events would have been observed in this experi- 
ment above our energy cuts where we in fact observe 
none. 
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periment was maximally efficient for detecting the 
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Although this latter experiment had a much smaller 
acceptance its sensitivity to smaller lifetimes permit 
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average intensity was limited to 2)< 1012 electrons/s 
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made of lead with a large 65 cm long core of tungsten 
in order to limit the penetration of electromagnetic 
showers and to range out any charged particles pro- 
duced. The decay of penetrating particles, such as 
Higgs bosons, produced early in the dump (typically 
in the first radiation length) could be observed 
downstream in a 2 m long channel inside a thick heavy 
concrete wall which separated the beam switchyard 
from the experimental hall. 

Detection of the decay products was accomplished 
by a coincidence between two scintillators S~ and $2, 
and a 14Xo lead-glass ~erenkov counter C placed be- 
hind to record the total electromagnetic energy. In 
order to reduce the neutron-induced background, a 
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detectors, followed by 1.2Xo of lead mostly between 
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the counters was generated by neutrons and soft elec- 
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tection apparatus (with the dump removed) was used 
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longer dump ( 1.2 m).  However, in this latter run the 
electronics was less protected against pile-up and we 
had to set higher thresholds to eliminate back- 
grounds. A total of  2)< 1016 electrons was dumped 
during the data-taking part of  the experiment which 
lasted only a few hours. 

4. Results 

Since they are expected to be produced near z =  1 
in electron bremsstrahlung, the signal for a Higgs bo- 
son in our experiment is a large amount of  electro- 
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spectra taken in the two beam-dump configurations 
have been examined to this end: no count is observed 
above 0.75 GeV for data taken with the 1 m dump 
(see fig. 3) and above I.I GeV for the 1.2 m dump 
data set which is less sensitive anyway for larger mass 
Higgs with their correspondingly smaller lifetimes. We 
therefore see no signal and it only remains for us to 
establish the sensitivity of  the experiment before we 
can quote any mass limits. 

The cross section for Higgs bremsstrahlung has been 
folded with the electron shower distribution in the 
dump and the efficiency for detecting a Higgs boson 
of a given mass was determined in our set-up. The 
trigger requirements could be satisfied by one or both 
of the decay particles (e + e -  ). For masses considered 
in this experiment, the geometrical acceptance for the 
decay products was always very close to one; how- 
ever, a large reduction occurred for small and large 
lifetime values due to the finite lengths of the dump 
and of the decay region. Together with the energy cut 
defined above in order to remove the background, the 
overall efficiency to detect a Higgs boson produced 
in our dump had a maximum value of 37% for a mass 
near 30 MeV and decreased on either side because of  
decays. At low mass, the limitation arises from the 
fixed length of the decay region and at high mass, most 
produced Higgs would decay in the dump and escape 
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Fig. 3. The experimental energy spectrum in the lead-glass calo- 
rimeter obtained in the data-taking with the 1 m long dump con- 
figuration above a threshold of  250 MeV. The observed back- 
ground rate falls off and no event is observed above 750 MeV. 
The dashed line indicates the expected yield from a 20 MeV Higgs 
boson in the same experimental conditions. 

detection. As an example, at 50 MeV, the overall ef- 
ficiency has fallen to 11%. At any rate, the efficiency 
remains rather high and it is well understood by a few 
simple geometrical factors. As an illustration of the 
expected signal, we show in fig. 3 the energy spec- 
trum which would be associated with the production 
of a 20 MeV Higgs boson: if that were the case, about 
80 events would have been observed in this experi- 
ment above our energy cuts where we in fact observe 
none. 

The null signal from our search can be translated 
into an excluded mass region: a standard Higgs bo- 
son is ruled out by our experiment from 1.2 MeV to 
52 MeV at 90% confidence level. More generally any 
scalar panicles coupled to the electron can be ex- 
cluded in a domain of their mass-lifetime space. The 
result is shown in fig. 4, demonstrating that the ex- 
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Fig. 4. The 90% CL excluded domain for the production of  scalar 
(or pseudoscalar) particles of  mass rnH and lifetime rH. Also 
shown with a dashed boundary is the region excluded by our pre- 
vious experiment [ 15 ] with a short beam-dump.  The expected 
lifetime for a standard Higgs boson of  mass mH is given (SM). 

periment was maximally efficient for detecting the 
standard Higgs boson. The same limits apply to pseu- 
doscalar panicles. Fig. 4 also recalls our earlier re- 
suits from an experiment [ 16 ] designed to look for 
axions and using a short beam-dump with electrons. 
Although this latter experiment had a much smaller 
acceptance its sensitivity to smaller lifetimes permit 
us to extend the excluded region. 

The minimal supersymmetric extension of the 
standard model [ 17 ] requires two doublets of Higgs 
fields with vacuum expectation values vt and v2. After 
electroweak symmetry breaking, there remains two 
charged scalars H-+, two neutral scalars H ° and H2 °, 
and one neutral pseudoscalar h °. Two parameters are 
needed to describe this system; or, a mixing angle from 
the diagonalisation of the H°.2 mass matrix and 

tan r =  /32 
/2 t 
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Summarizing the situation at the dawn of LEP: 
A Higgs boson lighter than 5-6 GeV is considered to be very unlikely,

 subject mostly to theoretical uncertainties. 
A massless Higgs boson or with mass between 1.2–100 MeV Higgs had been probably excluded. 

Therefore, a final, unambiguous, answer on light Higgs bosons 
was an important mission of the LEP experiments. 

This is especially true if we consider some extension of the Standard Model. 
For heavier Higgs bosons, LEP was unrivaled by any other experiment.

But there are important things to be kept in mind:
1) Higgs boson searches were already a hot topic in the 1970s and 1980s

[i.e. already after the discovery of the neutral currents]
2) Exclusion of hypotheses have a lot to do with the signal 

[discoveries have to do mostly with the background]
3) Ingenuity


