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Abstract

A search for the single production of doubly-charged HiggsdnsH =+ in ep collisions
is presented. The signal is searched for via the Higgs ddoaysa high mass pair of
same charge leptons, one of them being an electron. Thesimalses up ta18 pb~! of
ep data collected by the H1 experiment at HERA. No evidence éubdly-charged Higgs
production is observed and mass dependent upper limitsesineed on the Yukawa cou-
plingsh.; of the Higgs boson to an electron-lepton pair. Assumingtteatdoubly-charged
Higgs only decays into an electron and a muon via a couplirejemitromagnetic strength
he, = /AT ae, = 0.3, a lower limit of 141 GeV on thel/ ¥+ mass is obtained at ti96%
confidence level. For a doubly-charged Higgs decaying anityan electron and a tau and
a couplingh., = 0.3, masses below12 GeV are ruled out.
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1 Introduction

Doubly-charged Higgs bosong/{t*) appear when the Higgs sector of the Standard Model
(SM) is extended by one or more triplet(s) with non-zero lgharge [1-3]. Examples are pro-
vided by some Left-Right Symmetric models [4], or their sigyenmetric extensions, which
are of particular interest since they provide a mechanisgeterate small non-zero neutrino
masses. Such models can lead to a doubly-charged Higgs bgkbenough [5] to be pro-
duced at the existing colliders. The Higgs triplet(s) magbepled to matter fields via Yukawa
couplings which are generally not related to the fermionseas A non-vanishing coupling
of a doubly-charged Higgs to an electron would allow its Erroduction inep collisions at
HERA. This possibility is investigated in this paper with @asch for doubly-charged Higgs
bosons decaying into a high mass pair of same charge lemina®f them being an electron.

An analysis of multi-electron events was already presehiethe H1 collaboration [6]. Six
events were observed with a di-electron mass ab6veseV, a domain in which the Standard
Model prediction is low. In the present paper the compatibdf these events with the hy-
pothesis of a doubly-charged Higgs coupling:tds addressed and a further search faf &
boson coupling tei: ander is performed. The analysis is based«prdata collected by the H1
experiment betweetP94 and2000, which amount to a luminosity of up to 8 pb™.

2 Phenomenology

At tree level, doubly-charged Higgs bosons couple only @rgéd leptons and to other Higgs
and gauge bosons. Couplings to quark pairs are forbiddemémge conservation. The cou-
plings of a doubly-charged Higgs to charged leptons can bergmlly described by the La-
grangian:
L= hlHIRL PLrl;  + he., (1)
J

wherel are the charged lepton fields,denote the charge conjugate fields; are generation
indices, and’, r = (1 T 75)/2. The Higgs fieldd7; }; coupling to left-handed or right-handed
leptons correspond to different particles and not all megdeddict their simultaneous existence.
The Yukawa couplings;’;" = i\ are free parameters of the model.

The phenomenology of doubly-charged Higgs production aRBAEvas first discussed in [7].
For a non-vanishing coupling’;” the single production of a doubly-charged Higgs boson is
possible at HERA ine~* interactions via the diagrams shown in Fig. 1, where a phaton
radiated off the proton or one of its constituent quarks. preon may remain intact or be
broken during this interaction, leading to an elastic olasgc reaction, respectively. With
longitudinally unpolarised lepton beams, as were deladrg HERA until 2000, the H**
production cross section does not depend on whether thesldmgples to left-handed or right-
handed leptons. Hence a generic case is considered hereofbdyetharged Higgs boson
which couples to either left-handed or right-handed leptmd thel., R indices are dropped in
the following.
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Figure 1: Diagrams for the single production of a doublyrgled Higgs boson ia*p collisions
at HERA via theh,.; coupling. The hadronic final state is denotedbyX) in the elastic
(inelastic) case, where the initial proton remains intaé$gociates). The contribution ¢f

exchange can be safely neglected.

Within the mass range considered in this analysis, it israssuthat decays of th&** into
gauge bosons and other Higgs particles are not allowed latieatly such that the doubly-
charged Higgs only decays via its Yukawa couplings into &olepair.

Indirect upper bounds on the Yukawa couplings of a doublrgbd Higgs to leptons are
reviewed in [8]. The couplingi.. of a doubly-charged Higgs to an electron pair is con-
strained by the contribution of virtudl ¥+ exchange to Bhabha scatteringeite~ collisions.

A recent OPAL analysis [9] sets the constraint < 0.14 for a doubly-charged Higgs mass
My = 100 GeV. From low energy*e~ data, coupling values aP(0.1) are allowed for..,,
and .. for a Higgs mass ot00 GeV [10]. Taking these indirect constraints into account,
the production of a doubly-charged Higgs mediated:hy 4., or k., might be observable at
HERA. The Higgs signal would manifest itself as a peak in thafiant mass distribution of
same chargee, ¢ or er leptons, respectively. For the range of masses and cosptiraped

in this analysis, the Higgs decay length is vanishingly $ioad its width remains negligible
compared to the experimental resolution on the mass of giterigair.

3 Simulation of the Signal and Standard Model Backgrounds

The calculation of the cross section for doubly-chargedysigroduction, as well as the simula-
tion of signal events, relies on a dedicated Monte Carloaogleveloped for this analysis. The
differential cross sections are integrated using the VE@A&age [11]. Different approaches
are followed depending on the photon virtualily and on the masB’ of the hadronic final
State:

e in the inelastic regionW§{ > m, + m,, with the proton mass., and the pion mass
m,) and when the photon virtuality is larg&t > 4 GeV?), the interaction involves
a quark inside the proton. The squared amplitude of the peace; — eTH**q is
evaluated using the CompHEP package [12, 13]. The partositéEnin the proton are
taken from the CTEQAL [14] parameterisation and are evatlat the scalg/Q?. The
parton shower approach [15] based on the DGLAP [16] evatugguations is applied to
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simulate QCD corrections in the initial and final states, tagchadronisation is performed
using PYTHIA 6.1 [15].

o for the elastic regionl{ = m,) and the inelastic region at lo@* (W > m, + m,,
Q? < 4 GeV’), the squared amplitude is calculated using the FORM progid]. The
hadronic tensor is parameterised in terms of the usualrefeegnetic structure functions
I (z, Q%) and Fy(x, Q%) of the proton, where = Q?/(W? 4+ Q* — m?). For the elastic
process these structure functions are expressed in tertins efectric and magnetic form
factors of the proton. For the lo#? inelastic region they are taken from analytical
parameterisations [18]. The simulation of the hadronicl fatate for low(? inelastic
events is performed via an interface to the SOPHIA progradh [1

For a Yukawa coupling.. or k., of electromagnetic strength (= \/4m ., = 0.3) the total
cross section amounts 6039 pb (0.04 pb) for a Higgs mass aof00 GeV (150 GeV). The low
Q* (high Q?) inelastic contribution is found to be 30% (~ 20%) of the total cross section in
the mass rangg0 — 150 GeV. The cross section for producing a doubly-charged Higgs
coupling’.. is lower by aboutl0% due to the non-negligible mass of théepton produced in
association with the Higgs.

The theoretical uncertainty on the cross sections obtag&aken to bel% in the mass range
considered. This is derived from an assessed uncertainty @ the proton form factors [20]
and from the uncertainty on the scale at which the partonitienifor the inelastic contribution
are evaluated. The latter uncertainty is estimated fromvéreation of the computed cross
section as this scale is changed frfi§)2/2 to 2,/Q?.

Separate signal event samples corresponding to the produetd decay of a doubly-charged
Higgs via a coupling:.., k., andh., have been produced for Higgs masses ranging between
80 and150 GeV, in steps oi 0 GeV.

Di-electron production, which proceeds mainly via two-fminteractions, constitutes an ir-
reducible background fofe final states. The production of muon or tau pairs constitates
background for the: ander analyses when the scattered electron is detected. The ligabib
Parisi procesge — ~,7 — (I, in which the incoming electron interacts with an electron
emitted from a photon radiated from the proton, contribatdggh transverse momentum only.
The Drell-Yan process was calculated in [21] and found to égligible. All these processes
are simulated using the GRAPE Monte Carlo generator [22]chvhlso takes into account
contributions from Bremsstrahlung with subsequent phatmmversion into a lepton pair and
electroweak contributions.

Experimental backgrounds come dominantly from Neutralré€nirDeep Inelastic Scattering
(NC DIS) where a jet is misidentified as an electron, a muon t@ua Compton scattering is
also a source of background fer final states when the photon is misidentified as an electron.
These processes are simulated with the DJANGO [23] and WAB(ZE] generators.

All generated events are passed through the full simulatiadghe H1 apparatus and are recon-
structed using the same program chain as for the data.



4 The H1 Detector

A detailed description of the H1 experiment can be found iB].[20nly the H1 detector
components relevant to the present analysis are brieflyrideschere. Jets and electrons
are measured with the Liquid Argon (LAr) calorimeter [26]hieh covers the polar andle
range4® < 6 < 154°. Electromagnetic shower energies are measured with aspyeadf
o(E)/E =12%/+/F/GeVa1% and hadronic energies with £) / E = 50%/+/ E | GeV&:2%,

as determined in test beams [27]. In the backward regiondideitillating-fioré (SpacCal)
calorimeter [28] covers the rangé5° < 6 < 178°. The central {0° < ¢ < 160°) and for-
ward (7° < 0 < 25°) tracking detectors are used to measure charged part@gétories, to
reconstruct the interaction vertex and to supplement th@sorement of the hadronic energy.
The LAr and inner tracking detectors are enclosed in a sopeducting magnetic coil with
a strength ofl.15 T. The return yoke of the coil is the outermost part of the ceteand is
equipped with streamer tubes forming the central muon t@tét® < 6 < 171°). In the for-
ward region of the detectoB{ < ¢ < 17°) a set of drift chamber layers (the forward muon
system) detects muons and, together with an iron toroidgneta allows a momentum mea-
surement. The luminosity measurement is based on the B&gliker processp — epy, where
the photon is detected in a calorimeter located downstrddheanteraction point.

5 Data Analysis

The analyses ofe andeyu final states use the full*p data set recorded in the peria@94-
2000, which corresponds to an integrated luminosity of pb™'. The analysis ofr final states
makes use of thetp data collected in the yeat996-1997 and1999-2000, which amount to
a luminosity of$8 pb~'. The HERA collider was operated at a centre-of-mass engfgpf
300 GeV in1994-1997 and of318 GeV in1998-2000.

Events are first selected by requiring that the longituddaaition of the vertex be withig cm
around the nominal interaction point. In addition topotagifilters and timing vetoes are ap-
plied to remove background events induced by cosmic shoavet®ther norp sources. The
main triggers for the events are provided by the LAr calotenand the muon system.

5.1 Lepton Identification

An electrorf candidate is identified by the presence of a compact andésbédectromagnetic
energy deposit above GeV in the LAr or SpaCal calorimeter. The energy of the etactr
candidate is measured from the calorimetric informatiorthe angular rang20°® < 6 < 150°

the electron identification is complemented by trackingditions, in which case the direction

The origin of the H1 coordinate system is the nominainteraction point, with the direction of the proton
beam defining the positive-axis (forward region). The transverse momenta are measnrthezy plane. The
pseudorapidity) is related to the polar angleby » = — In tan(6/2).

2Before1995 a lead-scintillator calorimeter was used.

3Unless otherwise stated, the term “electron” is used inghfser to generically describe electrons or positrons.



of the electron candidate is given by that of the associatezkt Electron candidates in the
forward region° < 6 < 20°, are required to have an energy aboveGeV.

A muon candidate is identified by associating an isolatecktra the forward muon system
or in the inner tracking system with a track segment or anggnéeposit in the instrumented
iron. The muon momentum is measured from the track curvatuitee toroidal or solenoidal
magnetic field, respectively.

Tau leptons are preselected as described in [29] by reguartrack with transverse momentum
above5 GeV measured in the inner tracking detector. The leptonicdecaysr — cvv and

T — uvv are reconstructed by matching the selected track to anifidehélectron or muon.
Tracks that are not identified as electrons or muons ardatitd to hadronic tau decays if at
least40% of the track momentum is reconstructed in the LAr calorimatematched clustered
energy. In that case it is moreover required that the tradtnigeto a narrow jet: no other
track should be reconstructed withinl5 < R < 1.5 around the track direction, where =
A2 + Ap? with An and Ay being the distances in pseudorapidity and azimuthal angle,
respectively. The transverse momentum and the directidheaf candidate are approximated
by those of the associated track.

5.2 Analysis oftheH — ee Decay

This analysis is based on the published H1 measurement dfebettron production [6]. The
event selection requires at least two centeéf (< §° < 150°) electron candidates, one of them
with a transverse momentuRf' > 10 GeV (ensuring a trigger efficiency close 0% [30])
and the other one witlrs* > 5 GeV. After this preselection,25 events are observed, in good
agreement with the SM expectationi@ff.44+10.7. In each event, the two higheBt electrons,
one of those being possibly outside the central region, ssigaed to the Higgs candidate. The
distribution of their invariant masal.. is shown in Fig. 2a. At low mass a good agreement is
observed between data and the SM expectation which is Jedgehinated byy~ contributions.
Six events are observed &f.. > 100 GeV, compared to the SM expectation0o$3 + 0.08.

Further selection criteria are then applied, which aregiesi to maximise the sensitivity of
the analysis to a possiblé** signal. The charge measurement of the two leptons assigned
to the Higgs candidate is exploited. dfip (e~ p) collisions, wheref/*+ (H~~) bosons could
be produced, events in which one of the two leptons is reliabsigned a negative (positive)
charge are rejected. The charge assignment requires éhetitbature: of the track associated
with the lepton be measured with an eréersatisfying| «/dx | > 2. The precise calorimetric
measurement of the electron transverse momenta is fustpieed by applying an additional
M.. dependent cut on the sum of the transverse momenta of theléwivans assigned to the
Higgs candidate. The lower bound is optimised to k& of the signal and varies between
45 GeV and120 GeV. This cut suppresses events coming frenprocesses. The efficiency for
selecting signal events varies fraio’ for a H** mass of80 GeV t035% for a H** mass of
150 GeV. In this mass range the resolution @h. varies between.5 GeV and GeV.

After these requirements,events are observed af.. > 65 GeV, in agreement with the SM
expectation 0f.4540.11 events. Amongst the six evefitt M.. > 100 GeV, only one satisfies
the final selection criteria.

40ut of these, three do not fullfill th&/.. dependenfs cut, and two do not satisfy the charge requirement.

8



(@)

® Hl data
f T [ 1 SM background

IIIII|T| T IIIIIII| T

10
EIIIIIIIIIIIIIIIIIIIIIIII

0 20 40 60 80 100 120 140 160 180

M. (GeV)
a2 F b
i C
= (b) (©)
0 0F
1F
10"
:TIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0O 20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
" (GeV) M. ; (GeV)

Figure 2: Distribution of (a) the invariant mags.. of the two highesi”; electrons for multi-
electron events, (b) the electron-muon invariant méss, and (c) the electron-tau candidate
invariant mass¥/.,. The data (symbols) are compared with the Standard Modedotagon
(histogram). The distributions are shown at the preseladével (see text).

5.3 Analysis oftheH — eu Decay

Events having one electron and one muon with minimal trassevenomenta of’; > 10 GeV
andP} > 5 GeV are selected. The polar angle of electron candidatestisated t@20° < §¢ <

140° to reduce the large background arising from NC DIS event® dTtange for muon can-
didates extends towards low anglé8; < 6* < 140°, which increases the efficiency for high
H** masses. The minimum transverse momentum required foratecandidates ensures a
trigger efficiency close ta00% for these events. After this preselectid¥, data events are
observed compared to a SM expectatiod®t + 3.4. The distribution of the invariant mass of
the electron and the mua¥i,, is shown in Fig. 2b. A good agreement is observed between the
data and the SM expectation, which is dominatedpyontributions.

For the final selection off — eu candidates the charge of theand is exploited using the
same criteria as used in section 5.2. The efficiency for 8atgsignal events varies froiis %

9



to 40% for a H** mass betweer) GeV andl150 GeV. The resolution o/, varies between
3 GeV and8 GeV. Fori,, > 65 GeV one event is observed whilel7 + 0.44 events are
expected from the SM.

5.4 Analysis oftheH — et Decay

The search for & ** boson decaying inter is performed in three final states, depending on
whether ther decays into an electron, a muon or hadronically Details of this analysis can
be found in [29]. Events are selected which contain either éectrons {¢), or an electron
and a muondy), or an electron and a hadroniccandidate %) as defined in section 5.1. The
two leptons, or the electron and the hadronicandidate, should have a transverse momentum
above5 GeV, be in the angular rang®°® < § < 140°, and be separated from each other by
R > 2.5 in pseudorapidity-azimuth. One of them must have a trassveromentum above
10 GeV, which ensures a trigger efficiency ab®# in all three classes. For events in the
class the polar angle of the electron candidate is requiree belowl 20°.

A significant amount of missing transverse and longitudmamentum is expected due to the
neutrinos produced in thedecays. Events in the: class are required to have a missing trans-
verse momentun®yss > 8 GeV. For thech class, which suffers from a large NC DIS back-
ground, it is required tha®y** > 11 GeV, that the energy deposited in the SpaCal calorimeter
be belows GeV, and that the variablg, £ — P!, where the sum runs over all visible particles,
be smaller than9 GeV. For fully contained evenfs,. £* — P! is expected to peak at twice the
lepton beam energk, = 27.5 GeV, i.e.55 GeV, while signal events are concentrated at lower
values due to the non observed neutrinos. In tot@Vents are preselected, in agreement with
the SM prediction of’.8 4 1.5.

In each class, ther invariant massV/., is reconstructed by imposing longitudinal momentum
and energy conservation, and by minimising the total moomaninbalance in the transverse
plane. Tau leptons are assumed to decay with a vanishingrgpangle. This method yields a
resolution of about GeV on the mas3s/... Figure 2c shows ther invariant mass distribution
of the selected events together with the SM expectation.

For the final selection, events are rejected if the track@atad with one of the Higgs decay
product candidates is reliably assigned a negative chappasite to that of the incoming lepton
beam. The signal efficiencies depend only weakhién. The fractions of simulatedd — er
events which are reconstructed in the various classes &g gi table 1, for an example mass
of My = 100 GeV. The total efficiency on the signal amounts to al¥(it.

The final event yields are also shown in table 1. Only one efiarithe ¢/ class) satisfies the
final criteria, while2.1 &+ 0.5 events are expected.

5.5 Systematic Uncertainties

The systematic uncertainties attributed to the Monte Caréalictions for theze analysis are
detailed in [6]. The dominant systematic uncertainty is tluéhe electron-track association
efficiency, which i990% on average with an uncertainty increasing with decreasitar @ngle
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Event H*t — etr* final selection
class | Nos | Ny | Signal fraction
e | O | 0.27+0.02 6 %
eh 1 |1.66+0.48 12 %
ee 0 0.14+ 0.04 7%
| total | 1 | 2.07£ 0.54 | 25% |

Table 1: Number of observedV(;;) and expected/\;.;,) events in each event class which
satisfy all criteria to select/** — e*r* candidates with a mas¥., > 65 GeV. The last
column shows the fractions of thé — ¢7 Monte Carlo events which are reconstructed in the
various classes, for a massiof) GeV.

from 3% to 15%. Systematic errors due to the uncertainty on the electroetagenergy scale
(known at the0.7% to 3% level in the central and forward regions of the LAr calorieret
respectively) and on the trigger efficien®f4) are also taken into account.

For theeu analysis, the dominant additional systematic uncertastiue to the muon identi-
fication efficiency known withir6% [31]. The uncertainty due to the reconstruction efficiency
of the central tracking detector for central muons contebuwan additionat%. The muon mo-
mentum scale is known withis’o, and the trigger efficiency foru final states is known within
3%.

The same systematic uncertainties affect the SM expentaiiothece ande: classes of ther
analysis. The uncertainty of the hadronic energy scaledrLthr calorimeter {%) constitutes
another source of uncertainty due to the cuts applied o’fh& and>". £ — P, variables. For
theeh event class the dominant uncertainties on the SM expentat@mning mainly from NC
DIS processes, are due to the uncertaint§%fof the track efficiency, to that of the hadronic
energy scale, and to that of the hadronisation model.

The luminosity measurement leads to a normalisation uaiceytof 1.5%.

For both the expected signal and the predicted backgrobadyistematic uncertainties result-
ing from the sources listed above are added in quadrature.

6 Interpretation

With the final Higgs selection no significant excess over tilee8pectation is observed. Upper
limits on the H** production cross section times the branching ratio forfiie to decay into
one of the analysed final states are derived as a functioneaflth* mass and are shown in
Fig. 3a. The limits are presented at ¥i&% confidence level and are obtained using a modi-
fied frequentist approach [32]. Statistical uncertaintesswell as the influence of the various
systematic uncertainties on both the shape and the noatiatisof the mass distributions for
signal and background events, are taken into account. Ttesémsitivity is obtained for A**
produced and decaying via,,, with upper limits around.05 pb.

11



I I I I 1 B I I
'8_ [ (a) Hl n_:[ $ [ (b) f Excluded by Hl
= I 8] cor hi
% i L EchI_uEdPed by %
> - 3 1
° | ' 3
' Bnabha Scattering ]
HﬂH eiTi P A
-1 10 | 7
10 ] [ BR(H™ - e*e)=100%
I H*™ . e'e’ | [
80 100 120 140 80 100 120 140 160
M, (GeV) M, (GeV)
1 | I I I I 1 | I I
%z [(C) < [(d)
o 7 . — i
Excluded by  Excluded Excluded by
[ LEP i LEP
-1 BR(H™ - e"u*)=100% -1 BR(H™ - e*1%)=100%
10 i 10 | i
i H1; [ H1;
80 100 120 140 80 100 120 140
M, (GeV) M, (GeV)

Figure 3: (a) Upper limits at th25% confidence level on thé/** production cross section
times the branching ratio for thB** to decay intoee, ey or er, as a function of the Higgs
mass. (b)-(d) Upper limits on the couplihg, assuming that thé/** couples only (b) tae,
(c) toep or (d) toer. Regions above the curves are excluded. The constrairagedtfrom
pair production at LEP and at CDF and from single productic@RAL are also shown.

Assuming that only one Yukawa couplirtg; is non-vanishingly small, these constraints are
translated into mass dependent upper limits on the couplings shown in Fig. 3b-d.

If the doubly-charged Higgs boson couples only to an elecpair (Fig. 3b) thece analysis
rules outH/** masses below3s GeV for a coupling:.. of the electromagnetic strength,. =
0.3. The result is compared to the bounds obtained from seafohés™* pair production at
LEP [33] and by the CDF experiment [34], and to both the inctiesd direct limits obtained by
the OPAL experiment [9], the latter being the most string&hte OPAL experiment has also set
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similar stringent constraints dn. independently of the Higgs decay mode. These constraints
also exclude a sizeablé** production at HERA via:.. followed by theH/** decay viah,,,,

or h.,, which is consistent with the non-observation of a resoeaignal in the«u [31] and

77 [29] final states in the present H1 data.

Assuming that the doubly-charged Higgs boson couples anntelectron-muon (electron-
tau) pair, theey (er) analysis allows masses belawl GeV (112 GeV) to be ruled out for
hey = 0.3 (he = 0.3), as shown in Fig. 3c (Fig. 3d). The H1 limits extend the esell
region in the electron-muon and electron-tau channels ssasthat are beyond those reached
in previous searches for pair production at LEP [33] and &airon [34].

7 Conclusion

A search for the single production of doubly-charged Higgsdms coupling tae, ex or er

is presented. In a previous model independent multi-elaanalysis, H1 observed six events
with a di-electron mass abov@0 GeV, a region where the Standard Model expectation is
small. Out of the six events, only one is compatible with tlggature of a doubly-charged
Higgs boson. No electron-muon or electron-tau event isdaarthis mass domain.

This analysis places new limits on th&** mass and its Yukawa couplings, to an electron-
lepton pair. Assuming that the doubly-charged Higgs bosug oouples to electron-muon
(electron-tau) pairs, a limitdf41 GeV (112 GeV) is obtained on the Higgs mass, for a coupling
hey = 0.3 (he. = 0.3) corresponding to an interaction of electromagnetic sfifen
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