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Extending sensitivity for low-mass neutral heavy lepton searches
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We point out the importance of two-body final states of weak isosinglet neutral heavy leptons predicted in
several models of new physics beyond the standard model. We concentrate on muon-type neutral heavy leptons
L2 with a massM <2 GeV that can be searched for with increased sensitivity at a new round of neutrino
experiments at CERN and Fermilab. Providing explicit decay rate formulas foed¢heeuv, puv, Tu,
pup, andaju final states, we use general scaling features to estimate the sensitimbsm‘arches in current
and future experiments, emphasizing the importance ofrthedecay mode[S0556-282(97)05717-9

PACS numbd(s): 13.35.Hb, 14.60.St

I. INTRODUCTION LY. If the neutrinosy; are massive, the mixing can be illus-
trated by a “seesawlike” mass matrj¥],
The N, = 3 bound at the CERM:*e™ collider LEP on
the number of light, sequential-family neutrinidg tends to 0 \
obscure the fact that relatively low-mass neutral leptbhs M=( )
weakly mixed with one or more &, w, or 7 neutrinos, are MM
still allowed. Grand unified theory models provide motiva-
tion, since some models may contain rather light neutral lepwhere M has eigenvalues
tons [2]. Here we are specifically interested irf with a
massM of order 1 GeV, and we assume for simplicity that a DN
given massive neutrino mixes with only one light neutrino m+=§< 1x4/1+ ™MZ
flavor. Experimental bounds exig3], but it is timely to re-
visit them in light of the high intensity neutrino experiments
coming on line or under development and construction.
We especially emphasize the role of thd— 7*/*
(/" =e",u™) decay mode in greatly increasing the sensi- A m.
tivity of searches fot.° with M<1 GeV, where phase space Ue™ JMZ A2 JmE 2
strongly favors this two-body mode. FdM>1 GeV, the * -

purely leptonic modes come into their own to provide clean 0 i o ]
signals forL? decays. When A/M<1, L Ev+~()\/M,1—2)\ /2l2vl ) is associated
with m,~M, while v=v_~(1—\“/2M*,—\/M) belongs
to m,=|m_|~\?/M. If, as in some specific models, were
Il. HEAVY NEUTRAL LEPTON AND DECAYS related to charged lepton or quark masses, the mixing param-
A. Mixing eterU=\/M could be determined by the heavy neutral lep-
: . ton mass alone.

In this study we are concerned with the search for heavy In the work we present herd) and M are treated as
neutral leptons which _are_prlmarll_y |sosmgl_ets undc_ar Wealﬁndependent parameters. Since our treatment is perturbative,
SU2), . These can mix with the light neutrinos, which are o ixing indicated in Fig. 1 can be characterized by a
doublet members under $2), . Whether the neutrinos are mixing mass parametev, while theL® and» lines represent

pf)ropagators or a propagator and an external wave function.
YFor example, treating® decay, one has factors

@

: ()

and corresponding eigenvectors

: 4

resented to a good approximation by replacin
Vi i=e,u,, by

2a|2/{ia|2 |b+m

v A
(M)L:(Vi)L(l—T +§ U (L) . ) Amum(pF M_mVULo(p):MULo(p), )
Here, (), and (Lg)L are the left-handed components of the A
neutrinos and heavy neutral leptons, whil&;), are the
combinations that appear in the charged and neutral weak Lo N = vz-(1+0]?4—22)
currents(the weak interaction “eigenfields’ For simplicity,
we consider the case where eaghmixes with only one FIG. 1. L° mixing.
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FIG. 2. L° charged current decay. FIG. 3. L? neutral current decay.

whereU o(p) is theL® momentum space wave function and jong asL%'s are light enough to be treated to the accuracy of

m,/M<1. The parameters andM are to be determined, or present measurements as massless particles in the final state.
bounded, by experiment.

Figures 2 and 3 show the Feynman diagrams for the
charged and neutral current contributions to Ieptdrﬂaje- . ) . .
cay in lowest order ifU;,’s and weak couplingbFor a final !N this subsection, we present the partial decay widths of
state where’;# /| and both leptons are observaahich is L" to ch_annels of rel_evance for our stlgdy. For_defmlteness
required in the analysis presented herenly the charged W restrict our attention to a/i-type” L, that mixes only
current processes, Fig. 2, contribute. Assuming the charge¥ith the weak muon neutrino with mixing strength denoted
of the final leptons are determined, sa&y and /", then by U
there is a single diagram with factbk;, . If the flavors, but
not the charges, of the leptons are determined, one has a
second mode and another diagram Wi’tjﬁ at the upper ver- Referring to Fig. 2, we see that the relevant decays are
tex and/;" at the lower one. The decay involves two terms,

B. Decays

1. Leptonic decays

0 — ot
one with a factorjU;,|? and one with|U;,|%. For theeu Lu—metve ©®)
casel® # =T* ¢ soT®=(|Ug2+|U, )T+ ¢ and

In the case that’;=/;, the neutral current diagrams are
involved, and eachy; can contribute for a fixed and fixed LfL—w*,u*v#. !

a. There is onlyone charged current contribution, propor-

tional to Uy, in this instance. The diagram wheire:j in ~ For convenience, we divide out a common factor
Fig. 3, also proportional tdJ,;, interferes with that of Fig. )

2, while the other two terms with+j contribute incoher- _ GgM®
ently to the partial rate fot3—/;/;+ missing neutrinos. 19273
We give the expressions for the muon-tylp®in Appendix

A. The numerical results and parameter bounds that wahich happens to be equal to the all-neutrino decay rate
present will be for the situation where only muon neutrinossummed over flavor,

mix with a given heavy neutral lepton. The results can be

generalized straightforwardly to the mixed cases. K= 2 F(Lga ViV, 9)

u?, ®

While on the topic of mixing, it is worth offering the i=ep,r

reminder that heavy neutral leptons with masses below 2

GeV will live long enough5] to escape the LEP and SLAC Where thez® coupling factors and the identical particle ef-

Linear Collider (SLC) detectors before decaying and thus fects fori=u yield K/2, K/4, andK/4, for u,e, 7, respec-

they are disguised within thdl, =3 light-neutrino number tively. K is also equal to the usual-decay width formula

measurement§l]. The right-handed components bf do ~ When the electron mass is neglected, up to the faotr

not couple toz°, while the left-handed components couple Differential and integrated partial width formulas are sum-

through the mixing displayed in E¢l) and in Fig. 1, which ~marized in Appendix A. Integrated partial widths,

ensures that the “missing” decay partial width, which is F(Lz—w*e’ve)/K anOdF(L2—>,u*,zva)/K are shown as

proportional to= 3, |(NV) (M) |?, gives the usual result as @ function ofM, thel , mass, in Fig. 4. Clearly the three-
body leptonic modes come into their own abdwe=1 GeV,
but the hadronic modes summarized next also play a major

IFor definiteness we diagram the decay as if the source beam wef@l€ in detection 01—2 decay.
Dirac neutral heavy lepton@\HL's). If the beam is sign selected
(such as that of the NuTeV experimgii, for examplg, then this 2. Exclusive hadronic decays
case applies directly. If the neutral lepton source is from a beam The exclusive decays
dump(as in the DONUT experiment, for example¢hen there is a
democratic mixture of neutrino and antineutrino; and the conjugate L2—>,uf HY, (10
L%s and consequent conjugate lepton final states are all present. For
Majorana-type NHL, each charge state can occur in any decay revhereH=m, p, or a,, are large modes that can be reliably
gardless of the nature of the beam preparation, and the diagram wigtalculated within our framework. As we will explain in Sec.
the lepton switched in Fig. 1 also occurs. I B, only partial widths are needed for experimental
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to GZM3fZ, wheref,=f_ in the pion case, for example.
The peak in the curves for the™, p*, anda; final state
partial rates is then an artifact of thé 2 from our normal-
ization multiplied by the rapidly rising two-body phase
space.

As an aside, we note that two-body decays allow the po-
tential discrimination between electron-type and muon-type

0.3 NHL through the observation of LS—u H* s
L2-e H".

0.2 Next, we turn to a consideration of the issue of sensitivity

o1 to L% detection in experimental searches, focusing on those

0

aspects that follow from basic scaling considerations and are
independent of details of specific experiments, which must

FIG. 4. The important leptonic and hadronic decay Wldthsbe handled by thorough Monte Carlo analysis.

I'/K as a function oM in GeV. The solid curve is thexv mode,
dotted isuuv, dashed igru, dot dashed ipu, and dot-dot dashed
is a; ;. Note that theru peak is more than seven times higher than IIll. ESTIMATES OF SENSITIVITY

the epv peak. A. Production of L}; from meson decay

searches sinc® is already constrained to be small. The Light neutral heavy leptons CO}’Id be produced in weak

signatures are clean, and the detection sensitivity in- decays of charged mesons;”, D=, and Dg provide the

creases dramatically when these search modes are includdBOSt experimental sensitivity because they can be produced

as we discuss in the following section. The isospin-related’ @n enormous quantity in theN collisions that generate
neutral mode12—> V#HO are not as useful experimentally, neutrino beams and because Cabibbo-Kobayashi-Maskawa

and are not explicitly included in the discussion. suppression of the two-body decay is modest (D) or
The L0—>,u m* partial width is fixed by —u*, absent Dg). The two-body decay ratg5] can be related

while r(LOHM p*) and I(L)—p"aj) are fixed py directly to theuy decay rate
+

m—ptv., and r—alw decay. The ratios F(H—>,uL )=U2T'(H— )

F(LO*),LL H*)/K are shown |n Fig. 4 as a function M.

The speC|aI prominence of the)—u~ 7" mode for low X(MIM )% 7p(M/My M, IM),
masstL is evident. Regarding the interpretation of the fig- (11)
ure, note that two-body decagppearto rise, peak, and fall

as a function oM because of our normalization to the three-whereH=(K*,D*,Dg), U? is the mixing factorM,, is the

neutrino decay widthK. Two-body decays are proportional meson massM is the Lg mass,M , is the muon mass, and

C[(A+Y?) = x3(1-y)? IV XP(1-y)?][1-X3(1+Y)?]
7p(X,Y) = oy (12)

is a kinematic factor. Note that forM%/M? »>1,  detector is optimal, it is not necessary, provided the density
Y 27p(M/IMy M, /M) —(M/M ) 1= (M/My)?]?, ‘dem-  of material in front of the neutrino defector is not too high.

onstrating that two-body decays td, can be considerably ~If a decay space is constructed to have a lenytalong
enhanced by the ||ft|ng of he|icity Suppression. the direction of the beam and a width much wider than the
beam, the probability of 112 being observed in the detector
B. Experimental detection ofL ) can be expressed as
The simplest scheme for a detector is a low-mass decay rdgt
space immediately in front of a neutrino detecf6r7], in- PLS‘(M U2)= IZM/Z dz e ZvBen o~ u L
strumented with tracking chambers to permit reconstruction ’ z-a12 yBCTL0 FLo ep"s
ofa possibld_g decay vertex. By removing as much mass as " “ (13)
possible, for example, through the use of helium-filled bags,
backgrounds from conventionat, N interactions can be Whererdet FtLog are the detected and total decay widthis

minimized. The neutrino detector downstream of the low- L,
mass region can be used to identify muons, pions, and elethe distance of the decay position from th% production
trons and measure their energies, thus providing sensitivitpoint, Z is the distance from the production point to the
to the largest decay modes dI with M<2 GeV, center of the decay channg,is theL.® speed in units with
Loee,u, pup,mw. While a dedlcated instrumented low-massc=1, y=1/\/1— 82, y,BCTLo is the Ldumean decay length,
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o . .
and e+ is the averagel.? detection efficiency. Mixing far from the productlon_target, _an(_j DONUS], a high en-

b . Ny ergy beam dump experiment with its detector 35 m from the
angles of interest are sufficiently small and detectors are con-

figured such tha<Z< yBcr,o. In this case, Eq(L3) sim- neutrino producuon.target. We also comment on prospects in
" lower energy experiments. A more detailed prescription for

plifies to our estimates is given in Appendix B.
1-,det
L0 ) Lz L0 1. The NuTeV experiment
PDM(M ,U ): W‘SDM (14)

NuTeV has installed an instrumented decay channel to
search for neutral heavy leptofi$HL’s) [6] and is currently
et taking data. The 40 m long NHL decay channel is located

0 approximately 1200 m from the decay position for charmed
- B hc ep"- (15 mesons and 900—1200 m for charged kaons. NuTeV may
receive an integrated intensity of up to<@0' protons on
SinceTLOFtL%:ﬁ, the observation probability calculation re- target. Neutrino interactions occur at a rate of approximately

. Kon . : 20/10° POT. The ratio of kaons to pions in the NuTeV beam
quires only !(nowledge of th%etpamal decay W'_dthS_Of theis about 0.4 resulting inve/v, interaction ratio of about
channels being searched fd?Li' As these partial widths 5 304, i the detector. Contributions from charmed meson
can be reliably calculated, there should be little theoreticatlecay increase the, rate by approximately 1% of itself.

yBcro FLO
H ®

uncertainty in estimates of search sensitivity. The Lab E neutrino detector used by NuTeV has a fiducial
length of approximately 15 m and a mean density of 4.2
C. Sensitivity in (U%,M) plane glem®,

The n 0. . Figure 5 shows the estimate of sensitivity as a function of
umber of produced,, will be proportional to the 550 (in GeV) to NHL's produced from kaon decay in
to';al znumber of protons on targeleor, and a factor  NyTev, as determined from E@B11) below. The vertical
U“M* from Eq. (11), assumingM, <M“<Mj;. Using the  ayis represents the minimum mixing parametaf? the ex-
simpleeu decay mode as an example, the detected partigheriment would be sensitive to from kaon decays alone as-
width will be proportional toU?M?®. The number of decays suming no candidate events were observaadd no back-
in the decay region is proportional to this partial width, to theground events were expeclem an exposure to B 1018
length of the decay spack, and to an extra factor d1/E  protons on target. The dashed, solid, and dot-dashed curves
from time dilation, withE the LY, energy. Combining all are for kaon energies of 100, 150, and 200 GeV, respec-
effects together, the number of obsenle@ has the depen- tively, and assume the search is performed only using the

dence as in EqB9) below: L2—>e,u decay mode. The dotted curve illustrates the sensi-
tivity that could be gained for 150 GeV kaon energy if the
N‘Egsoc NporA U*Me. (16) Ty P, andal,q modes were_ad_ded to tiege mode in the
w E search. The main model sensitivity comes from the assump-

tion for the mearK™ energy, which enters both in the life-

If an experiment performs a search and observes a statistiz, o caiculation of the.® and the interaction probability for

cally significantL,, signal, then the experiment can deter- o heutrinos used in the normalization sample.

mizne bothM, from the two-body semihadronic decays, and  Figyre 6 shows a plot similar to that in Fig. 5 for NHL's
U* from a more detailed development of H36) (see Ap- aproduced fromDs decay[Eq. (B23) below]. The vertical
pendix B. On the other hand, if no candidates are observed, ;. represents the minimum mixing paramétaf? the ex-
then the experiment can exclude a region in thi?,M) periment would be sensitive to froBg decays alone assum-
plane tEat4fr°m Eq(16) will be bounded by a curve of the ing no candidate events were obseryadd no background
form U"M"= const, or more spe(_:l_flc_:ally, Equll) b_elow. events were expectpéh an exposure to 8 10'8 protons on
The minimum mixing factor sensitivity for fixeM will be o 00t The dashed, solid, and dot-dashed curves are for
proportional toVE/(NporA) for an experiment that suffers  charmed hadron energies of 50, 100, and 200 GeV, respec-
no background. Greatt_'-zr sensitivity fo_llo'ws from increasingyjyely, and assume the search is performed only using the
'\APOT andA or d(-?creasmgf_, but the gain is slow because of L% —eu decay mode. The dotted curve illustrates the sensi-
the square-root factor. . _tivity that could be gained for 100 GeM s energy if theru,

Adding the hadronic decay channels presented here is an-ﬂ and a;u modes were added to thew mode in the
other way to Improve . sgarch limits. For these twa-bod search. The main model sensitivity in this result comes from
modes, the region an experiment can explore is bounded bytﬁe assumption for the medd energy

S .

203 -
curve of the formU*M==const, as can be seen by compar Figure 7 shows the estimated sensitivity for all modes

Ing Eqs.(A16) and(A17) below. combined using either thew decay channel by itself or the

ew, T, pp, andau channels combined. The vertical axis

represents the minimum mixing parametel? the experi-

ment would be sensitive to from all meson decays combined
This subsection summarizes predictions for two rathemassuming no candidate events were obsefeed no back-

different experiments: NuTe{8], a high energy deep inelas- ground events were expecjedhe curves assume>610'®

tic scattering experiment with its neutrino detector locatedPOT, a mean kaon energy of 150 GeV, and a mean charmed

D. Estimates of sensitivity for current
and future neutrino experiments
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The dependence of the result on statistics, assuming no bacand NOMAD[12], a low-mass high-resolution spectrometer,

ground, is similarly proportional to INpoT- are running in a low energy horn beam at CERN to search
for v, produced fromy,— v, oscillations. Two additional
2. The DONUT experiment v,—v, oscillation experiments, COSMOS13] and

DONUT is a hybrid emulsion spectrometer dptector_site (;’(\)If SAn[l(ff] tﬁte Sieggiz}nﬂtsbffﬁnsg'é}? fglra tNaH?_r,(S)ugrcé_
approximately 35 m from a _beam—dump t_arget N F_ermllqb Sduced from(primarily) kaon decay because of their lower
800 GeV proton beam. Active and passive shielding eI|m|—energy beams. We note that searches in this mass regime
nate essentially all neutrinos produced by pion and kaon deﬁeneﬁt appreci.ably from an ability to detect thgs decay
cay, leaving a mixed beam @, v, , andv, from charmed ode
hadron decay. The experiment's primary goal is to detect%¢
charged current interactions of with nucleons in the emul-
sion target. DONUT may receive an exposure of up to IV. SUMMARY
2% 10" protons on target.

DONUT’s proximity to the production target greatly en-
hances the flux of neutrinos, and possible NHL's, produce
from D= andDg decay. Only a few thousand charged cur-
rent interactions in the emulsion detector are expected, b
these will essentially all originate from charm decay. Figure
8 shows an estimate to sensitivi§0] for NHL's in DO- that all experiments satisfy the criterion thai<z

NUT, assuming the experiment could instrurnarb m de- ~ __ . N )
cay space in front of their emulsion target, and that the ex-< yBerL0 whereA is the fiducial lengthz is the source-to

periment receives an exposure of 20 POT. The estimate detec_tor dlstqncg, anggcr IS the decay Ienth. Therefore,
. . . the simple criterion(14) applies. Only theoretical values of
is comparable to that for NuTeV, and possibly better at h|gh[ ) . .
LO he partial widths into search modes are relevant, and these
p Mass. can be reliably calculated in terms of the mass and mixing
parameters.
In addition to common features that lend themselves to a
We have used the NuTeV and DONUT experiments aslean analysis, we have shown how important the two-body
specific examples in calculating sensitivity to NHL’s; how- decay modes are, especially the. mode, in achieving im-
ever, our formulas can easily be applied in other caseprovements in sensitivity. We found significant gains over
CHORUS [11], also a hybrid emulsion spectrometer, most of the mass randd <2 GeV, which means discovery

As just discussed, a number of Fermilab and CERN neu-
érino oscillation experiments are currently running or will
soon come on line, and we have shown that a simple and

irect method to expand the search for ligi <2 GeV)
HL's is suitable for all of these experiments. The present
lower limits on lifetimes for NHL's in this mass range means

3. Other experiments
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reach extends to smaller mixing values than those currently d2rw e GZmS
reported in the literature. ddx. 1673

Individual experiments will use sophisticated Monte e i
Carlo simulations to properly account for details such as efy hareM is theL®
ficiencies and fluxes; but the simple and general formalis
we have presented applies to all experiments. We believe o
results provide a broad, useful framework for expandin
searches for neutral heavy leptons.

U Txe(1=xe=x)], (A1)

mass,M , is the muon mass, arig, and

are the positron and muon energies. We have neglected
l’fﬁe electron mass in writing E¢A1). Saving thex, integra-
%ion until last, and settingn,=0 in the phase- space treat-
ment, the single differential decay form is given by the ex-

pression
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APPENDIX A: EXPLICIT DECAY RATE FORMULAS I 1927 3 Ul (1= By B =X — 12Xy
In this appendix we collect formulas for partial decay (A3)

widths to which we refer in the text. For completeness we
also include the differential forms before the final integra-
tions, including effects ot.° polarization in theeu decay
channel. All formulas refer to the® rest frame.

For completeness we include the corresponding expres-
sions for theLd—e ™~ u* v, final state:

-+
d’re ) GgM®
1. Leptonic rates dxedx, 1673

[Uel2xu(1=x,+x0)],  (A4)

Referring to Fig. 2 and identifying. ™ =/ ande*—/_/J, where again the electron mass is neglected. Integrating over
with x,=2E /M, X,=2E./M, andx,=M ,/M, we have the electron energy first, we obtain
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dre ) GEm® d*reeh  GEm®
— 2 _ + 2 2_ 2_ = F
dx, 1673 |Uel X (1=, ) X ™ AXm dx,dx.dcosd, 3273

|U,u|2Xe(1_Xﬁ1_Xe)

(A5) —~

] _ _ X (1+cosf.cod,), (A7)
Comparing Eqs(A2) and (A4), we see the interesting fea-
ture that, in principle, the difference in the two distributions where
could distinguish%— x~e* ve from L3—e™ u* v, even if
the charge states were not determined directly. This is true _ (Z_Xﬂ_xe)z_xi—xé+4xr2n
even ifx,,< <1, though distinguishing between distributions COSle= P — AL (A8)
F(“fe+)~xi—§xz and F(97“+)~xi—xi may be difficult. e¥Tu 0
Integrating over the muon energy, one finds E&g). and ¢, is the angle between the final™ direction and the

0. o > I S :
be highly polarized. Correlations between the polarization Tyrning to the case where there are two muons in the final
vector and thee and . momentum vectors could produce state and the charged and neutral current contributions inter-

substantial effects in detection efficiency for the fere, we write the double differential decay formula as
Lﬁﬂ u~ e’ v, final state. To permit study of these effects,

we give the following triply differential decay formulas: d2re «" GZM°S

= U, %[x; (1—x,)(a+b)?
d31—*(M7e+) GIZ:MS , dX+dX_ 64/7T3 | ,ul [ +( +)( )
|U/L|2Xe(1_xm_xe)(1+00§e),

(AB)

dx,dx.dcode 3270 +x_(1-x_)(a—b)?

+2x2(2—x_—x,)(a?=b?],  (A9)
where d, is the angle between the final direction and the

polarization direction of the decaying®, and m, is ne-  where X+ =2E,=IM, a=(3/2—2sirt4,), b=1/2, and
glected as before; or, alternatively, sirf4,=0.224. Integrating ovex, , one obtains

dre s GZm®
dx- 164
+3[(a+b)?=2xq(a®—=b*)J[(x*)? = (x)*] = 3(a+b)°[(x1)*= (x)°]}. (A10)

U, [A[x_(1-x_)(a—b)?+2x3(2—x_)(a?—b?)](x". —x))

The expressions fax" and x_ in Eq. (A10) read

X_ 1
7—1)(1—x+2xﬁ1)i§\/xz—4xmz(l—x)

N ) . (A11)

One obtains the corresponding expressiond‘ﬁff“Vﬁ)/dx+ by the replacement_—x_ . Integrating the expressiam10)
overx_, one obtains the partial width formula fb.lﬁ—>,uf,u+vﬂi namely,

~ GZ 5
I s)= 19;73|UM|2{C1[(1—14xr2n—2xﬁ1— 12x8) V1 —4x2 + 12¢4 (x4 — 1)L ]+ 4C,[ X3, (2+ 10x2,— 12x4) 1 - 4x2,
+6xH(1—2x3+2xH)LT}, (A12)
[
where C,=3sirf [ 1+2sirfby]. (A15)
3 1—-3x3—(1—x5)V1—-4x3, For completeness we give the corresponding
L=In X2(1+\1—4x2) ' (A13) L2He+e‘ v, partial width
m m
The coefficientsC; andC, in Eq. (A12) are - GiM®
' 2 Eq.(A12) (e7eD= 1;2 51U |23 [1— 4sirf Oy + 8sirf 0y ].
ar

C,=i[1+4sirf6,y+ 8sirf Oy ], (A14) (A16)
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APPENDIX B: DETAILED ESTIMATES OF SENSITIVITY

The three decay modes of interest in this work are A useful way to estimate sensitivity to NHL couplings is

LO—m*u™, p*u”, anda; u~, which involve the decay
constants -, g,, andga We determlncgp andg, from the
partial widths forr— pv,. and r—a, v, using the lowest or-
der diagrams. As justification, we note that the> wv_ par-
tial width calculated using the measured valuef pfagrees

with the experiment to within a few percent. The decay for-

mulas in the rest frame af° read, in the narrow,a; width
approximation,

dree cosé,

— 2 [
dQ 7T 7T F|U | M S(M M’JT’M

M2\ 2 2 2
M ™ M
W we) Tl e ] (A1)
arer)_ 8, oSt Z|U,IPM3S(M,M .M
2 Gr 5JS(M,M,.M,,)
dQ M2 327
2 2 4 2\ 2
NI PRA LN
MZ/ M2 M 2] ]
(A18)
where
MH M,u 2 MH MM 2
s = 1| = -
(A19)

and dI"®1)/d() is obtained from Eq(A18) with the re-
placementsg,—g, and M,—M,. The integrated partial
widths are obviously obtained by multiplying Eq417) and
(A18) by 4.

The parameterg, andg, are determined from the par-
tial widths[15] to be

I'(r—pv,
9= 3( P 2) —=(0.102 GeV)?,
G2 M3 M2 2M2
gco&?c Sl 1= —2 ]| 1+ v
’ (A20)
and similarly
92=(0.128 GeV})2. (A21)

The branching fraction forr-—#~#"7~+=0 neutrals
+ v, was used for the, fraction. A recent chiral dynamics
analysis of mesongl6] yields
g,=0.104 GeV (A22)
and
g,=0.136 GeV, (A23)

in reasonable agreement with the values in E§20) and
(A21).

to normalize to neutrino interactions in the detector produced
by the same parent meson as that which produces the NHL's.
This technique relies less on absolute calculations from a
beam Monte Carlo simulation and allows one to identify
important model dependencies.

This appendix will develop estimates of sensitivity to
NHL’s produced fromK*, D=, andDg two-body meson
decays.

1. p-type NHL'’s from kaons
We define the observable

Detected_z in channel fromK* decays
Detectedv,,

=Rp(M,U?)Rg(M,U2)Rp(M,U?),

Rc(M,U?)=

in detector fromK* decays

(B1)

with Rp(M,U?), Rg(M,U?), andRp(M,U?) defined as the

L0 production ratio, beam transport ratio, and detection ratio,
respectlvely The number of detecte(i will be a strong
function ofLﬁ massM and mixing factotU?. The number of
ordinary v,, detected fromK™ decays can be inferred from
the energy spectrum of neutrino interactions in the neutrino
detector. By formulating the search as a measurement of the
ratio Rg(M,U?), one lessens sensitivity to absolute normal-
ization of the neutrino beam and detector acceptance. To
establish the limits of experimental sensitivity, we will con-
sider the null case, where candidates are observed for

a given exposure in a neutrino beam. In this case, the upper
90% confidence level limit sensitivity foRc(M,U?) fol-
lows, assuming no observed events and no background, from
Poisson statistics,

2.3

Rc(M,U3)s —————,
K ernvﬂNPOT

(B2)

with ry . the fraction ofv,, events from kaons;,,ﬂ the num-

ber of v, interactions in the detector per incident proton, and
Nporthe total number of protons on the production target.
This section will derive the functional dependence of
Rx(M,U?) on M andU? that will allow limits to be placed
on the (M,U?) plane from a null result search.

a. Production factor R(M,U?)
Rp(M,U?) is the ratio of produced NHL'’s to produae,

from kaons[5]:
uamz (M M,
vz TPl ™)

where, as beforel) is the vﬂ-Lg mixing strength,zp is
defined in Eq.(12), and M, M,, and M are the NHL,
muon, and charged kaon masses, respectively.

Rp(M,U?)= (B3)



b. Beam factor R(M,U?)

Rg(M,U?) is the relative acceptance for NHL's vs neu-
trinos due to the beamline. An experiment will generally run
a detailed Monte Carlo simulation to obtain this factor, but at
high energiesg, 0>M, one would expect only modest ac-

- H - . .
ceptance differences. Accordingly, we assume for estimatio

purposes that

o]
n

€g
Rs(M,U%)=—=~1.0.
sBK

L
(B4)

c. Detection factor R(M,U?)

Rp(M,U?) is the relative detection probability for NHL'’s
VS vy
abilities,

PLU(M, U2
_ D( L )

VK
PD

Rp(M,U?) (B5)

For a long NHL lifetime, the NHL detection probability
0
P;ﬂ(M,UZ) can be written as in Eq. 14:

LO
Py(M,U%)=

(B6)

— Len
. FtotSD ,
leCTLM Lo

I

wherel' 5, are the detected and total decay widthsis

® ®
the length of the decay channelBcr o is the Lg decay
0 M
length, anobgﬂ is the mearLz detection efficiency, assumed
to be 1.0. Choosing to observe only tag mode for sim-
0
plicity, PE#(M ,U?) can be reexpressed as

u2mea

LO

= L No(MLIM), (BT

(ELo)MEcr, D 7o(M, /M), (B7)
"

LO 2
PoH(M,U?) =

with 7p(M /M) a threshold factor in the‘; decay that can
be read from Eq(A3) for the ex decay.
The neutrino interaction probability is simply

Pp{(M,U?) =Na(pt)o(E,)e, (B8)

where o/(E,)=0.68<10 3%E,) cm? is the neutrino-
nucleon cross sectioM{pt) is the target thickness in units
of nucleons/cm, anak;K is the target detection efficiency,
which is usually close to 1.0.

d. Sensitivity formula

The final prediction foRc(M,U?) is of the form
Rx(M,U%)=CU*M8, (B9)

with C containing all experiment-specific information,
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M M M 0
) m)| L
ﬂp(m,v) 77D<V) oA

(ELoN(Eer(pt)

I:%mda a constant,

a=[M/c7,Nao,] 1=2.7x10" cm 3g™* GeV‘f. )
B10

For fixed M, it follows from combining Eq.(B9) with Eq.

(B2) that
1 2.3
2 M 4L T2
Uik=M CernVMNPOT'

This formula demonstrates the qualitative feature of any
NHL’s limit based on a search for decay vertices of NHL
produced from meson decay. Sensitivity to the mifog is
proportional toM ~4 up to masses near the kinematic limit.
The M ~* behavior originates from the*M® dependence of
Rk(M,U?), with U?M? arising from NHL production,
U2M® from NHL decay, and an extra factor bf from time
dilation. Because of the* dependence d®y(M,U?), limits
onU? only improve as the square root of the total integrated
protons on target. The square root also ensures that other
experimental effects, which enter as ratioinonly weakly
affect the sensitivity estimate.

Note that a formula similar to EqB11) follows from
analysis of thew final state, for example, but witmM ~3
appearing on the right-hand side and & expression that
can be read off from EqAL7).

(B11)

. This can be expressed as a ratio of detection prob-

2. u-type NHL’s from D* mesons

The calculation proceeds in a manner similar to the kaon
case, except this time a more convenient normalization is
relative to electron neutrinos from charmed mesons:

Detected_g in channel fromD™ decays
Rc(M,U?)=

Detectedv, in detector fromD* decays
=Rp(M,U*)Ry(M,U*Rp(M,U?).  (B12

This choice is motivated by the fact that charm decays pro-
duce a negligible fraction of the total,, but on the order of
1% of thew, in a high energy beam. The 90% C.L. Poisson
sensitivity toRc(M,U?) can be written as

2.3

ReM,U)<s ————,
fVeDfVenVHNPOT

(B13)
Wherere is the fraction of neutrino events which arg and
f, o is the fraction of interacting electron neutrinos from
D" decay. Note that,,eDﬂl in an ideal beam-dump experi-

ment, Whereasﬁ,,eDzO.Ol in a conventional high energy ex-

periment.

For the production rate, one can assume that all conven-
tional v, are produced from three-body semileptonic decays
whereas the NHL production is dominantly two body,



2980 LORETTA M. JOHNSON, DOUGLAS W. McKAY, AND TIM BOLTON 56

U2m?2
RAH(M,U?)=

( M MM)B(D+—>M+VM) For fixedM, it follows that
7p MD,M B(D+—>/-l/+x) 1 >3

(B14) UM%/ —— 2 B20
b Cc’ fVeDfVenVMNPOT ( )

2
"

In this formula the muon mass can be neglected compared to
+ : + +

the D™ mass Mp, and the ratio B(D"—u v,)/ Sensitivity extends to a much lower mixing angle than

B(D™—u"X) corrects for the use of three-body decays Ofihqt in the kaon case, essentially becauseMfebehavior of

+ . i .
theD™ as the dominant source @f. TheD™ muonic rate 4 decay rate overwhelms the {M2/M2)2 phase-space
can be calculated assumingta meson decay constafih, 510y in Eq.(B14), which has been incorporated withp .

i + + — —4 2
[17] r\]"a B(.D s Vﬂ)_(3;r2x 1% )(f,D/ZOO MeVY,  charmed particles are also typically produced with lower
and+t € s+em|£nuon|c rat8(D” —u " X) is measured as energy in a hadron collision than that of kaons. This implies
B(D"—u"X)=0.172. atL}, from charmed hadron decays will have smaller time

For the beam transport factor, we assume again a value of, . ) . .
P g ilation factorsE, o/M, and so the probability that dnﬁ will
“

Ra(M,U?)=1.0. (B15) decay in front of the detector is larger if tmﬁ originates
from aD™ decay than it is fon_‘; from K™ decay.

Ot

This number may be less than 1.0 owing to the higher
given to theLz relative to the three-body decay neutrino.

: ; o 3. p-type NHL's from D& mesons
The detection factor is modified by the softef" spec- Hp s

trum, relative to kaons, and the somewhat high%renergy The limit onU? from this source follows direCtIy from the
expected relative to th@e from three_body decay_ Again' result forD+ mesons Since one can |mmed|ate|y I’e|a'[e the
take number of NHL's frong decay to the number fror®*
decay via
L0 2
Py #(M,U?) 2
RH(M,U?) = ————, (B16) ) M2 \?
PIIDVED N 0 VesM Dg 1- NTE fDS
B(DE—wn"LY Mb,
- = B21)
with + £ 0 2\ 2 o
BD"—u'L)) M2\,
VeaMp| 1-— | fp
M
L0 ) UMeA o (M, D
PD #(M,U ):#SD’LUD V (517) _ _
(EL?)M,LCTM and the ratio of produceds mesons tacd mesong18],
—+=rDSD20.5. (822)
Pp/*°(M,U?)=(pt)o (E, p)Naz°.  (B1§) N(D™)
The final expression foRc(M,U?) is It follows that a limit on NHL'’s produced frond¢ is directly
related to that fronD* by
Rc(M,U%)=C'U*M8, (B19)
M2\ ?
with Mal 1— —
. v, P\T M2 21
UD :UD I I
MM (M) e : Vi, M7 15, Tow
77P MD’ M 77D M SD MDS - _2
r—af - - ” , MDS
<EL2><EVGD>SD‘*D<pt> (B23)
and D¢ contribute more sensitivity to the rate thBrif do owing
do the Cabibbo-favored annihilation diagram in the former’'s
B(D*— u*X) -1 decay. This estimate’'s main uncertainties are the ratio of
a'=(M/cr,Nyo, ———— D¢ toD* productionrp 5, which is taken to be 1/2, and the
B(D+—>,u,+vﬂ)

ratio of pseudoscalar decay constaﬁgﬁ’st, taken to be
=4.6x10" cm 3g 1GeVv b, 1.0.
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