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We study the neutrinofluxesproducedby the decayof low momentumtransfercharmedand
beautifulparticles in beam—beamandfixed-targetcollisionsatLHC andSSCenergies.To study
the total productioncrosssectionsand longitudinalmomentumdistributionof thoseparticles,
we use a non-perturbativeQCD approach, the Quark Gluon String Model. The transverse
momentum distributions are computedby extrapolation of existing data with an empirical
formula basedon Hagedorn’sthermodynamicalmodel.We discussvariousset-upsto detectand
exploit these neutrinosat the LHC. We find that in a relatively small target located directly
downstreamof the interactionpoint, at about 100 metresdistance,a few thousandr’~interac-
tionsper year,at thecurrentdesignluminosity of the LHC, could beobserved.The numberof
u~and v~interactionswill be a factor of 10 higher.This demonstratesthe possibility of a high
energyneutrinophysicsprogramat theLHC (andpossiblyalsoat the SSC)that would includea
direct observationof the asyet unseentau neutrino.

1. Introduction

Elementaryscalarsand the top quark are customarilymentionedas the two
building blocksof the StandardModel to be searchedfor at the LHC andthe SSC.
Remarkably,the samecolliders could also makepossiblea rich neutrino physics
programincluding the direct observationof the tau neutrino,presumablyfor the
first time.

Unlike ~e and neutrino beams,which come from the decaysof particles
copiouslyproducedat presentfacilities, intense v,. beamsare more difficult to
generate.Presentexperimentstrying to observetau neutrinos[1—31haveto rely,
alas,on the possibility of v~—v~oscillations.But, aspointedout in ref. [4], intense,
collimatedbeamsof fast-decayingcharmedandbeautifulparticlesare a free bonus
of future hadroncolliders.Theseparticles,particularly D~mesons,will be a source
of tau neutrinos.To estimatehow intenseand collimated the resulting ~ beams
are,it is necessaryto havea model that describeslow transversemomentum(p ~)
charmandbeautyproductionat veryhigh energies.

0550-3213/93/$06.00© 1993 — Elsevier SciencePublishersB.V. All rights reserved



A. DeRájula et al. / Futurehadron colliders 81

The beam—beaminteractionsat future hadroncolliders unavoidably generate
intenseand naturally collimated neutrino and antineutrinobeamsof the various
flavours. Prompt-decaybeamsof comparablepropertiescan also be producedin
fixed-targetcollisions at thesefacilities, for instance in beam scrapersor in a
dedicatedbeam dump. Thus, we shall compute ~e’ ~ and ~ fluxes at four
center-of-massenergies,namely~ = 123.2GeV (LHC, 8 TeV protonson a fixed
target),%I~= 197.7 GeV (SSC, 20 TeV protons on a fixed target), ~ = 16.0 TeV
(LHC beam—beam,8 x 8 TeV protons),and ~ = 40.0 TeV (SSC beam—beam,
20 x 20 TeV protons).We shall neglectthroughoutthe relativelysmall [4] contri-
bution to neutrino fluxes from the decaysof pions, kaonsandhyperons.Most of
theseparticleshit onecollider componentor anotherwell beforetheir characteris-
tic decaytime.

PerturbativeQCD providesa fairly good descriptionof the experimentaldata
(see the reviews in ref. [5]) on the photoproductionand electroproductionof
charmedparticles.Understandably,the use of analogousperturbativemethodsto
calculatein detail the productionof charmedparticlesin hadron—hadroncollisions
fails to describethe data, althoughcalculationsto increasingordersin a~appear
to improve the situation[6]. The perturbativelycalculatedlongitudinal-momentum
distributionsof charmedparticlesdiffer significantly from thoseobtainedexperi-
mentally,as theyshould:charmedparticlesaswell as lighter hadronsareproduced
mainly at small transversemomentum(p 1 GeV), a regionwherein perturba-
tive QCD is expectedto fail. (Even at moderateenergies,the first O(ct~)correc-
tions to charmproductionare comparableto the leadingresultsand significantly
changethe shapeof rapidity distributions. For our purposesthe problem is more
acute since the effective perturbationparameterin the calculationof charm-pro-
duction total cross sectionsor near-forwarddistributions is a~log(s/4m~).At
LHC or SSC energiesthis parameteris considerablybigger than unity and the
problem of summingthe correspondingexploding series is far from being solved
[10]. In extrapolatingcharmresultsto high energyit is thereforeadvisableto usea
model that hassuccessfullydealtwith similar non-perturbativeissuesfor charmed
andlighter quarksat the exploredenergies.)

In this paper we calculate the production cross-sectionsfor charmed and
beautiful particlesusing a non-perturbativeQCD approachto the descriptionof
hadron processes,the Quark Gluon String Model, QGSM (see ref. [11] and
referencestherein).This approachhas beenapplied with amazingsuccessto the
productionof hadronscontaining light u, d ands quarks,andit hasbeenshownto
describeadequatelythe productionof charmedmesonsat the explored low and

moderateenergies.
The QGSM, whichwe briefly review for the sakeof self-containmentin sect. 2,

is not a “theory” swiftly following from first principles.Rather,it is a pot-pourri of
quark—partonmodel ideas, QCD string dynamics and reggeoncalculus. Its re-
deemingvalue,as that of any otherrecipe,is to bejudgedfrom its practicalsuccess
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and the good taste and simplicity of its input ingredients.Also in sect. 2,
cross-sectionsand longitudinal momentumdistributions for charmedmesonpro-
duction are computed,comparedwith existing dataand extrapolatedto the high
energiesthat arerelevanthere.We also calculatethe QGSMcross-sectionsfor the
productionof beautifulmesons.The uncertaintyof themodel predictionsis more
serious in this case,but the contribution of beautyproduction to the neutrino
interactionratesof interestto us is only at the level of 5 to 15%.

To compute neutrino fluxes at unexplored energies, a prediction for the

evolutionwith energyof the p ~ distributionsof charmedandbeautifulparticlesis
needed.The QGSMhasnot yet beenextendedto a descriptionof p1 distributions,
and we rely on an empirical parametrizationof ours, based on Hagedorn’s
thermodynamicalmodel [7] andmeantto pessimizethe expectationsfor neutrino
counting rates. The parametersare obtained by fitting the available data on
averagep .L distributionsfor the productionof hadronsof different masses,in the
mannerwe discussin sect. 3. The expectedneutrinofluxes at the LHC and SSC,
both in fixed-targetandbeam—beamcollisions,arecomputedin sect.4. In orderto
give a flavour for the feasibility of such an experiment,we briefly discussin sect.5
the issue of u~detectionand computethe expectednumberof neutrino interac-
tions in a rather small detectordesignedto fit in the long straight sectionof the
LHC, a mere 100 m from the interactionpoint. We presentour conclusionsin
sect. 6.

2. The quarkgluonstring model

The QGSMis a non-perturbativeparton-modelapproachto the descriptionof

hadron processes.It is basedon the topological 1/N~
2expansion(with Nf the

numberof quarkflavours)of quantumchromodynamics[8,9] andthe string model
of hadronicreactions.In the QGSM, the graphsof the 1/Nv expansioncorre-
spondto a definite space-timepictureof quarkinteractionsandof the production
and fate of quark—gluon strings. Among other important applications[11], the
model canbe usedto describein greatdetail andin termsof very few parameters
the multiple productionof hadronsin hadron—hadronand hadron—nucleuscolli-
sions, including particle multiplicity and multiplicity distributions for different
flavours, longitudinal momentumdistributions, the KNO scaling and deviations
thereof,the t dependenceof elasticcross-sectionsandthe ratio of thecorrespond-
ing realandimaginaryamplitudesin the forward direction.

The basicpictureof the QGSMis that the bulk of the productionof hadronsat

moderate and high energies is described by “cutting” the forward scattering
diagramsof the “cylindrical” type shown in fig. la. Eachcylinder correspondsto
theexchangeof a singlepomeron.This pictureis a modification of the planarcase
of fig. ib, involving the annihilationof someof the valencequarksof the colliding
hadronsandcorrespondingto subdominantReggetrajectories.In the planarcase
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Fig. 1. (a) Diagramsof cylindrical type. (b) Diagramsof planartype.(c) Cutting of planardiagrams.(d)
Cuttingof cylindrical diagrams.(e)Multi-pomeronprocesses.

a single configurationof the colour-stringtype appearsin the final stateof the
inelasticscatteringamplitude,as illustrated in fig. ic. In the cylindrical case,one
or various gluonsare exchanged,as opposedto a valencequark, leadingto the
formationof two stringsas in fig. id, which illustratesthe two cuts requiredto slice
vertically the cylindrical diagramof fig. la. Eachof the two chainsof hadronsin
the final stateshouldbe similar to the single chain of the planarcasein fig. lb.
The QGSM also dealswith the exchangeof severalpomeronsin the t channel,a
processwhose relevance increaseswith energy. Multi-pomeron diagramscorre-
spondto the successivetermsof the 1/N~2expansion.Fig. le succinctlyillustrates
how multipomeron or multichain processesresult from the non-valencecon-
stituencyof the colliding hadrons.

To calculatethe cross-sectionsfor the productionof secondaryparticles, it is
necessaryto know the distribution functionsof the “dressed”quarks(the endsof
the strings) in the colliding hadrons,aswell asthe fragmentationfunctionsof these
quarks into secondaryhadrons. In dealing, as we shall, with pp collisions, the
diquarkstructureandfragmentationfunctionsarealso needed.In the QGSM,it is
assumedthat all thesefunctions aredeterminedin the (Feynmanvariable) x —‘ 0
and x —s 1 limits [12] by the correspondingReggeasymptoticbehaviour,and at
intermediatex by the simplest interpolation: the productof the two asymptotic
behaviours.In contradistinctionto other“particle generators”the model satisfies
all the relevantconservationlaws. Forexample,the sumof the momentaof all the
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constituentsof a hadronis equalto the momentumof the hadron.The momentum
is also conservedin processesof fragmentation of quarks and diquarks into
secondaryhadrons.In addition, in the caseof fragmentationof quark—diquarkand
quark—antiquarkstrings, the electric and baryoncharges,as well as strangeness
andthe other flavour quantumnumbers,areconserved.

In the QGSMthe inclusive cross-sectionfor the productionof a hadronh (see
ref. [13] andreferencestherein) is:

doh dcr~’
f= —=~e-——

dy dx

d3~.
= fE~~~_d2p1=~cr~(s)~(s, y), (1)

with the conventionaldefinitions

1 (E+p1()
y —ln

2 (E—p!I)

x~~,

2E

(2)

and with o-~(s)the cross-sectionfor producingthe 2n chains appearingin the
cutting of n-cylinder diagrams.The expressionsfor un(s) havebeenobtainedin
refs. [12,11].In fig. 2 we show the dependenceof the total pp crosssectionwith
energy.Differential cross-sectionsinvolve the functions 4~(s,y), the distributions
over rapidity y of the hadronh in the 2 n-chainprocess.Thesefunctions canbe
written as a convolution of the quark and diquark distribution functions in the

colliding hadrons,fq~),with the fragmentationdistributionsD~qq)(X/Xl) of the
quarksanddiquarksinto thehadronh. In thecaseof interestto us (pp interaction
to producecharmedhadrons),we can write

q~(s,x) =a~(Fq(x±)Fqq(x)+Fq(X_)Fqq(X±)

+2(n — 1)Fq,~(x+)Fq,~~(x..))~ (3)

where

x±~~ +x
2 ±x,

xI~2mh/v~. (4)
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Fig. 2. Variation of thetotal pp cross-sectionwith energyin the QGSM.

The functions F(x÷)are then

= dx
1f’(x~,n)D~(x~/x1), (5)

wheref’(x1, n) is the structurefunction of quark i, having a fraction of the energy
x1 of the interactinghadron,and D(z) is the fragmentationfunctionof the quark
chaininto a hadronof fractionalenergyz. The structurefunctionsf

t would (from
the point of view of their deep-inelastic-scatteringcounterparts)correspondto the
“naïve” parton—modelscaleof momentumtransfersof the order of an inverse
hadronicradius.The distribution functions f’(x

1) of the quarks(diquarks)canbe
written in termsof the interceptsaR‘~ 0.5, aN —0.5,of known Reggepoles.For
example,

f~’(x1, n) =C~(n)x~R(l _X1)aR

2~Nn. (6)
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A completelist of the functions f’(x1) andthe valuesof their various parameters
aregiven in ref. [13].

The QGSM fragmentationfunction into charmed mesonsis determined as
z—s 1 by a~— the interceptof the cë Reggetrajectory— on whichwe haveno direct
empirical information. If one assumesthat, as in the caseof light quarks, the cë
trajectoriesare linear and exchange-degenerate,then, from the massesof the21x(3555)and ltft(3100) states,the slopeof the ~‘ trajectoryis a~

1, 0.33 GeV
2

and its intercept aq, ‘~ — 2.2. On the other hand, it may be supposedthat the
parametersof the i/i trajectoryaredictatedby perturbationtheoryon QCD. In this
casea~‘~ 0 andthe trajectoryshouldbe stronglynon-linear[14]. Weshall consider
the linear and perturbativevalues as defining the extremesof our spectrumof
possibilities.

Considerthe fragmentationof various quark (diquark) chains into D-mesons,
for which thereare various quark configurations,as illustrated in fig. 3. For the
fragmentationof the u-quark chain into D° mesons(favouredfragmentation,see
fig. 3), for instance,we have

D~°=a~(1—z)~~(1+a
1z

2), (7)

while for the (unfavoured)fragmentationof the u-quark chaininto a D~meson:

~ = a~(1~z)211”~, (8)

Here z is the fraction of energycarriedby the charmedmesonand A 0.5 [14].
The full list of fragmentation functionsand all of the parametervaluesaregiven

in ref. [14].
The QGSM has beenquite successfulin explaining the existing data[12,16] on

cross-sections,x and y spectra,multiplicity distributionsandother featuresof the
data such as the deviations from KNO scaling. It also describesquite well the
scarceexperimentaldataon charmproduction[14,16].Clean andreliable dataon
charmedmeson production have been obtained by the LEBC—EHS and the

a) ~ U~o ud ~

Fig. 3. Fragmentationof quark chains into D mesons.(a,b) Favoured fragmentationinto Do; (c)
Unfavouredfragmentationinto D andD°(D~).
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LEBC—MPC collaborations.The LEBC—EHS group has measuredthe inclusive
charmedmesonproductionin irp [17] collisionsa = 24.3 GeV andthe inclusive
andexclusive(D~,D, D°,D°)charmed-mesonproductionin pp collisions[18,19]
at = 27.4 GeV, while the LEBC—MPS collaboration observedthe inclusive
productionof D mesonsin pp collisions [201at = 38.8 GeV. The only dataon
charm production at high energy [21], V~= 630 GeV, has been obtained by
measuringthe productionof promptelectronsof relatively low p (0.5—2GeV) in
the CERNp~5collider ~.

In fig. 4 we show the differential cross-sections(expressedin the invariant form
Idcr/dx) for the different D mesonsmeasuredby LEBC—EHS, [19] andcompare

* At low energies,wherecharmproductionis a sensitivefunctionof the identity of the beamor target

hadron,thereare results[22,23]morecopious than theoneswe quoted.We are interestedin charm
productionin pp collisionsand we shall extrapolatethe data for this particular reaction.

10 - pp ~ D~+ X ~ 10 - pp ~ D + X

I ~

10 pp ~ + X 10 pp ~ D°+ X

~
Fig. 4. x distributionsfor thedifferentD mesonsmeasuredat = 27.4 GeV togetherwith theQGSM

predictionsfor o~= 0 (solid line) and a,~,= —2.2 (dashedline).
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them with the QGSM predictionsfor a~= 0 and a
1, = 2.2. The cross-sectionsfor

the chargedD ±mesonsarewell describedby the theory, while the dataon D°
(D°)distributionsare significantly harder(softer) than the model predictions.As
pointed out in ref. [19] this can be the result of bad particle identification: the
existenceof 16 D°/D°ambiguousdecayswith a hard x distribution compared
with the 29 D°and 22 D°candidatesintroducedan importantsourceof uncer-
taintyon the measurement.Notice that in pp interactionsat (relatively) low energy
we would expectD°(uë)to havea harderspectrumthan D°(üc),sincethe former
mesoncan be produceddirectly on the leadingu quarksof the colliding protons.
In the QGSM the fragmentationfunction for D° production (see fig. 3c) is
suppressedby a factor ‘~ (1 _X)

2”R2C’N relativeto that D°.Fig. 4 showsthat the
predictionsof the QGSMfor the two possiblevaluesof aq, areverysimilar.

In fig. 5 we show the inclusive spectraof D mesonsmeasuredby LEBC—MPS
[201togetherwith the model predictions.Again, the dataare fairly well described
with bothvaluesof a

1,. In fig. 6 the QGSMpredictionfor the evolutionof the total

>~. 102

pp—~D+X

1~0~10~0~0~40J

Fig. 5. x distributions for the inclusive productionof D mesonsmeasuredat ~ = 38.8 GeV together
with theQGSM predictionsfor aç(, = 0 (solid line) and a~,= —2.2 (dashedline).
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Fig. 6. Thecontinuouslines are QGSM predictionsfor the evolution of the total cross-sectiona(DD)
with energyfor aq, = 0 and a~= —2.2. Thepoints with error barsare the measurementsat ~ = 27.4,

38.8 and 630 GeV. The dashedlines arethe predictions for the a(BB) total crosssectionsfor a, = 0
anda1, = —8.

cross-sectioncr(DD) with energyis shown andcomparedwith the measurements

of the cited LEBC experiments.At high energies,the predictionsfor a1, = 0 and
2.2 differ by a factor close to 3. Unfortunately, the large error in the charm
cross-sectionmeasurementat = 630 GeVdoesnot allow oneto extracta useful
constrainton a1,. The predictionsfor the x distributionsof D5 mesonsat the four
centre-of-massenergiesof interestat the LHC and SSCare shownin fig. 7. The
figure illustrateshow the predictedincreaseof the cross-sectionis roughly linear
with energy, the predictions for the numberof neutrino interactionsare quite
insensitive to the value of a1,. In table 1 we compare the measuredtotal
cross-sectionsfor charmed-particleproductionwith the model predictions.

An interestingpoint concernsthe evolution with energyof the cross-sections
and x distributionsfor the different exclusivestatesD ~, D°,D°and~ If the
“leading” constituent-quarkeffect constitutesa dominantfeature,one expectsa
harderspectrumandlargercross-sectionsfor D°andD than for D°andD~The
productionof D0±,wherean additional s~chainhasto be produced,is expectedto
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102. 102
-~ 0. ‘Js=16TeV ‘, D. ~Js=40TeV

‘: ~ I I I ~: ~ I I I I

Fig. 7. QGSM predictionsfor the x distributionsof D, mesonsat (a) ~ = 123.2 GeV, (b) ~/ = 197.7

GeV,(c) ~/= 16 TeV, (d) ~ = 40 TeV, for a~,= 0 (solid line) and a~= —2.2(dashedline).

TABLE 1
Comparisonbetweendata atvariousenergiesandthepredictionof theQGSM for thetotal

cross-sectionof charmedparticleproduction.Theagreementis seento beslightly betterfor the
= —2.2variantof themodel.

‘/(GeV) D~+D D°+D° D~+D~ D+D

27.4 Data 12±1 18±2 30±1
QGSM(a

1, = 0.) 5 10 2 17
QGSM (ad, = —2.2) 6 14 3.5 27.5

38.8 Data 26±4 22±8 49±9
QGSM (ad, = 0.) 9 15 5 29

QGSM (cr~= —2.2) 12 23 8 43

630.0 Data 690±560
QGSM(ad, = 0.) 110 125 90 325

QGSM (ad,= —2.2) 255 300 245 800
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be more suppressedstill. But the increaseof cross-sectionswith energyoccurs

essentiallyat very low x and in the limit of very high energy (LHC or SSC
beam-beammodes) the individual charmed-mesoncross-sections(including D~)
are predicted to behave in the flavour-democraticfashion illustrated in fig. 8,
whereinwe showthe modelpredictions(for a

1, = 0) for thevarious x distributions
at the four relevantcentre-of-massenergies.

The QGSMcan also be used(or somewhatabused)to describethe production
of beauty.One practicalproblem is that the interceptay of the beautiful-meson
Regge trajectory has an even larger uncertaintythan that of a1,. As usual the
parametersof a linear trajectorycanbe reconstructedfrom the resonances,in this
caseT(9460), T(10023)and x(

99l5). Following ref. [161we takeap = —8 or 0 for

~ 10’ ~- 10’
~/s=123.2GeV.~‘ .. ‘/s=197.7CeV

b .

~ 1o2\ ~ III ~ ~

) ) 10
.Js=lGTeV ‘Is=4OTeV

b b

10’ 10’

102 \\~. 102 -

I ;.. I I I 10 I I . I I I I

0 0.5 1 0 05 1

Fig. 8. QGSM predictions (a~,= 0) for the x distributions of D~(solid line), D (dashedline), ~5°
(dottedline) and D,~(dash-dottedline) mesonsat(a) ‘/~= 123.2 GeV, (b) V~= 197.7 GeV, (c) ~/ = 16

TeVandv~=40TeV.
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Fig. 9. x distributionsfor beautifulmesonsat (a)v’~= 123.2GeV, (b) v’~= 197.7GeV, (c) V~= 16 TeV,
(d) ~ = 40 TeV. Solid anddashedlines correspondto ay = 0 and ay = —8 respectively.

the caseof a linear or non-linear trajectory, respectively. In fig. 6 the QGSM
prediction for the evolution of the total cross-sectiono-(bb)with energy is shown
for thesevaluesof ay. In fig. 9 we show the predictedB1 x distribution at the
four centre-of-massenergiesconsidered.As for charmedmesonsthe differences
are largelyerasedin the prediction for neutrino interactions;the model with the
highercross-sectionalso hasa softerenergydistribution.

To summarize, the QGSM is the most satisfactoryof the tools available to
describecharm production at modestmomentumtransfers.It describeswell an
impressivenumberof featuresof hadronicinteractionsandall the recentdataon
charmproductionat all the availableenergies.It canalso be appliedto describe
beauty production, although with much larger uncertaintiesin the results, the
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input parametersand,not least, the theoreticaljustification. The QGSM makes
possiblea calculationof the neutrino flux producedby the prompt decayof the
charmed-particlesproducedat the LHC and the SSC. That the B-inducedflux is
not predictabletheoretically(with the sameconfidence)is not a seriousproblem;
we will end up neglectingit, andit canonly help.

3. The transversemomentum distribution of charmedparticles

The QGSM has not been developedto the point of predictingthe transverse

momentumspectrumof the producedhadrons.And not only do current experi-
mental datapertain to small energiescomparedwith those of the LHC of SSC
beam—beammodes,but for charmedparticlesthe dataare ratherscarce.

To describe the transversemomentum distributions for the production of
particlesof massm in the forward—backwardconesof interestto neutrinophysics,
we adopt the classicalthermodynamicalmodel of Koppe [24] and Fermi [25], as
elaboratedby Hagedorn[7] andcollaborators.In this model the p ~ distributions

areessentiallyexponentialin mT/T, with m-~= ~ + m
2 the “transversemass”,

and T a “temperature”dependingexclusivelyon the centre-of-massenergy:

dcr

—a-——— ap
1T~m.~.e_mT~~’T. (9)p-i-

With this expressionwe havefitted the existingdataon the averagetransverse
momentumof chargedpions, kaons and antiprotons,for various trial functions
T(s). A reasonablefit for which (p1) increasesfast abovethe exploredenergies
(a pessimisticchoice,as far as neutrinophysics is concerned)is givenby:

T=a +b(log s/s0)’,

where a, b and c are constants,independentof the particle mass and s0 is 1
(GeV/c)

2. The numericalvaluesof theseconstantsare found to be:

a = 0.128±0.002GeV,

b = (1.5±1.4) X 10~GeV,

c = 5.9 ±0.8,

the parametersb and c being strongly correlated.
The behaviourof (p

1(m, s)~is illustratedin fig. 10, whereinthedatafor ir, K
and ~5are from ref. [26], the dashedanddotted curves are the predictionsof the
formula for the averagep1 of charmedand beautifulparticles,respectively,and
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Fig. 10. Fits with theempiricalexpression(9) to existingdata andextrapolationto higherenergies.

the existingdatapoint for charmedparticlesat = 28 GeV[17—19]is also shown.
At small energiesT(s) is practicallyconstantand (p ~> dependsonly on m. At
intermediates, T(s) beginsto grow significantly and so do the various (p

1(m)).

The mass of the produced particles becomesalmost irrelevant at very high
energies,as the various(p1) mergeinto a commoncurve.Fromour fits to eq.(7)
the predictionsof (p ~) for charmedparticlesat LHC colliding energiesis 2 ±1
GeV/c and3 ±2 GeV/c for SSC collisions.For bottomparticlesthesevaluesare

3 ±1.5 GeV/c at the LHC and4 ±2.5 GeV/c at the SSC.

4. Neutrino fluxes

Once the yield, longitudinal- and transverse-momentumdistributions for
charmedandbeautifulparticlesareknown, the calculationsof theneutrino fluxes
producedby their decayscanbe carriedout. The beautyproductioncross-section
is not negligible,but the detectorsof modesttransversesize that we shall consider
would miss a large fraction of the beauty-decayneutrinos,given their considerable
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transversemomentum.Their contribution to the final neutrino counting rate is
only at the level of a few percentof the charm-inducedrates.Thereforethe main
sourceof neutrinosis charmedparticles.We haveneglectedtherelativelyverysoft
neutrino flux (dominantlyvi,) dueto the decayof pions,kaonsandhyperons;only
a very small fraction of theseparticlesdecaybefore they hit the beampipe, the
magnetsor the plugs. We have also neglected (for lack of input data) the
productionand decayof charmedbaryonsand we thereforeconcentrateon the
inclusive productionof D~,D, D°,D°,D~ and D~.While va’s and v~,’sare
produced in the semileptonic decays of all the above mesons, vi’s are only
copiouslyproducedeither in the leptonic decayof the D~(D, —‘ ~ or in the
subsequenttau decay.The D,-decayneutrino i~ hasa relativelylow energy,owing
to the small differencebetweenthe r andD~masses,while theneutrino produced
by the decayof the T (v~)hason the averagea largerenergy.

The flux calculationsweredone with a Monte Carlo programthat generatesD
andB mesonswith cross-sectionsand x distributionsgiven by the QGSM andp1
distributions as describedin sects.2 and3. The producedmesonsare allowed to
decayaccordingto the Lund Monte Carlo [27]. We haveusedthe experimentally
measuredbranching ratios for D~,D°—s e~+X [28], and assumedthe same
branchingratio for D

1, D°—~I~+ X and D~—s e~(p.~)+ X. For the branching
ratio of the decayD~—s rv,., we use4%, the resultreportedin [29].The branching
ratios for all B decaysare computedin terms of the naïvespectatorapproach.
Table2 shows the branchingratios we usefor the different decaymodes.

Fig. 11 shows z~dN,/dz~distributions(z = E,/Ebeam) in an arbitrary scalefor
the four energiesof interestand for ~e (~~)and i-’~ (or their antiparticles).Since
the neutrino interaction cross-sectionis roughly linear in E~and the neutrino
beamsare naturally collimated in the forward direction, the quantity of choice
(besidesthe energy-weighedflux) is E,(cos 0) dN~/dcos 0, which we display in
fig. 12 for the samefour consuetudinaryenergies.From thesedistributions the
neutrino interactionratescan be obtainedin a detectorcoveringa given fraction
of the solid angle. Fig. 12 indicates that the e-folding apertureof the neutrino
beamfrom fixed-targetLHC collisions is of the orderof 1.5 mrad. It decreasesto

1 mradas onemovesto SSCfixed-targetcollisions; theaveragep ~ haschanged

TABLE 2
Branchingratios usedin our calculations.Seetext for references.

Decaychannel Branchingratio

D-*i’,(~)+X 0.19
D°(D°)—.v,(VE)+X 0.08

D,±—~ 0.04
B—~~,(r’~)+X 0.20

B-~v+X 0.10
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Fig. 11. z, dN/dz,, distributionsfor: (a) v~= 132 GeV; (b) ~ = 198 GeV; (c) v” = 16 TeV; (d) ‘~‘~= 40
TeV.

little and the extra boost makes the beam narrower. At ~ = 16 TeV the x
distribution is predictedto be much softer and the p ~ distribution considerably
wider thanat the lower energies,conspiringto bring the beamapertureback to
some 1.5 mrad. Once again, the predicted p ~ and x distributionschange little
from ~ = 16 to 40 TeV andthe beamnarrows down to a characteristic1 mrad
apertureat the higherenergy.

In sect5 we discusssome specific examplesof detectorsradially subtending(at
their up streamend)2 mrad of the neutrinobeam(s).To give a feelingfor their
response,we illustrate in fig. 13 the scatter plot of energyversusangleof tau
neutrinos produced in LHC beam—beaminteractions, as well as their energy
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Fig. 12. E, dN/d ens0 distributions for: (a) V~= 132 GeV; (b) 5c= 198 GeV; (c) ~‘~= 16 TeV; (d)

= 40TeV. Solid line is for thevariant 1 of the QGSM. Dashedline is for thevariant2.

distribution, integratedover emissionangles.The third plot in this figure illus-
tratesthe energydistribution of neutrinoshaving interactedin a detectorof the
aforementionedradial transversesize (2 mrad). The facts that the energetic

neutrinostend to be the forward ones and that the neutrino cross-sectionsare
roughly linear with energymakethe spectrumof interactingneutrinossignificantly
harder than the unrestrictedone.Also, the predicted rise in charm-production
cross-sectionsoccursmainly at low x, andan increasingfractionof neutrinosis lost
to the low-energy large-anglecomponent,as the parental collision energy is
increased.But at all energies,andfor a fixed weight, a longandnarrowdetectoris
alwaysthe optimal one,an admittedlyobviousfact.
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Fig. 13. Some propertiesof a v, beam produced in LHC collisions. The decayD, —~TV, and the
subsequentz decay are taken as an example.(a) Neutrino emissionangleversusneutrinoenergy;(b)
emitted neutrino’s energy;(c) energyof the neutrinosinterceptedby a 2 mrad-wide target,wherethe

“soft” andthe “hard” neutrinocomponentsof thebeamcanbesomewhatdistinguished.

5. Possibleneutrino experiments at the LHC

As an applicationof the abovecalculationswe considerspecific examplesof
experimentalset-upsat the LHC andcomputethe correspondingneutrino-interac-
tion rates. For completenesswe also give numbersfor the SSC, where similar
set-upscouldbe conceivablyenvisaged.

The identification of 11e and VE charged-currenteventswill be based, as in
presentdetectors,on the observationof the chargedlepton. The techniquesare
well known andvalid at LHC (SSC)energies.

The detectionof v, at high energiesmay bebasedon a varietyof techniques.A
first possibility is to exploit the fact that the produced T’S will in general fly a
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Fig. 14. (a)Energyof the r’s producedby a CC v, interaction in our standarddetector.(b) Meanfree
pathx,.. (c) Meantransversedecaylength.

considerabledistance(of the order of 1 cm) beforedecaying.This decaylength has
a broad distribution becauseof the wide v, energyspectrum.Contrarywise,the
transversedecaylength andthe transverseimpactparameter(of a trackproduced
in the decayT —÷ 1 chargedparticle+ X, with branchingratio 86%)with respectto
the primary vertex arenearly invariant,with a meanvalue of about250 ~m. We
illustrate theseconceptsin fig. 14. Fig. 14ashows the energyspectrumof the r’s
producedby a ~T CC interactionin a forward detectorintercepting2 mrad of
radial apertureof the p beamproducedin pp collisionsat the LHC collider, at a
centre-of-massenergyof 16 TeV. Fig. 14b shows the distribution of the pathsof
the producedr’s. Fig. 14c showsthe distribution of transversedecaylengths.

Detectorsaimed at the observationof secondaryvertices or at the measurement
of transverseimpact parametershaveto bevery fine-grained.Severalpossibilities
havebeendiscussed[301.Compact,very finely segmenteddetectorsof relatively
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Fig. 15. Definitionof the (f~1,,4I,,Ih) anglesusedto characterizea i’, interaction.This figure hasbeen
taken from ref. [1].

high density(i.e. 2 g/cm3) could be basedon bundlesof scintillating fibres (of
some 20 ~smdiameter)orientedin the direction of the v beam.They could also
consist of alternatinglayers of live targets (glass hodoscopes)and micro-strip
detectors(silicon or scintillating fibres). Alternatively, one can skirt the observa-

tion of the track of a T, focus on eventswith a chargedlepton (t= e, ~ in the
final state,andsieve the s.’, eventswith simple kinematicalcriteria [1]. The signal
(v. —~ T —si’vi) contains a large missing transversemomentum(~T’~’)while the
bulk of the background(ps,—s() doesnot. The main backgroundgiving Pn11s~±0
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Fig. 16. Scatterplotsof the anglein thetransverseplanebetweenthe~T1”andthe total momentumof
the hadronjet, versusthe correspondingangle betweenthe lepton (e or ~s)andthe hadronicjet. The
curve shows the region where s’,. interactions can be detectedwith high efficiency and very low

background.Seeref. [11.

(the v~inducedCC productionof charmedparticles)differs from the signalin the
angulardistributions(in the transverseplane)of PTiSS,the lepton momentum(Pa,

and the sum of the hadronmomenta(~h)~The eventdistributions in the angles

~m,h (betweenPT’~and ~h) and ~fh (between P, and ~h as in fig. 15) are a
powerful tool to discriminatebetweensignalandbackground.Fig. 16, from ref. [1],
shows the scatter plot (~h, ~m,h) for v.,, and v,. interactions at the LHC
(beam—beammode).The line indicatesthe region of the(~,h, ~m,h) plane,where

~T interactionscanbe detectedwith high efficiencyandvery low background.The
disadvantageof the currently plannedversion of such a device is its very low
density. Another interestingpossibility for T identification could be the observa-
tion of a jump in ionization in the decay T —s3 chargedtracks,which could be
achievedwith use of an “Icarus-like” [311liquid-argonTPC, a completelyactive
andrather densedetector.

In fig. 17 we show theproposedschemeof the LHC 450 m longstraightsections
[321.A possibleexperimentallocation is an existing or newly excavatedcavern
adjacent to the main tunnel, downstreamof the first bending dipoles, at the
beginningof the collider’s arches.Fig. 12 indicatesthat in order to intercepta
sizeable fraction of the neutrino flux (e.g. 2 mrad in the forward direction)) this
detector, located some 500 m away from the interaction point, should have a
transversediameterof about 1 m. High energy“conventional” ~ and ~E physics,
where secondaryvertex detectionis not needed,could be merrily pursuedin this
location, andso couldperhapsii, detectionwith kinematicalselection[1] or with a
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Fig. 17. Designof one half of an LHC straight section.D’s andQ’s are dipolesandquadrupoles.IP is
the intersectionpoint. P is a “plug”. BD is the first dipole bendingthe two beamsat the startof an

acceleratorarch.

denserbubble-chamber-likedevice [311. The finer-grain VT-identification tech-
niqueswould makesuch a largedetectorprohibitively expensive.

To detect the ~T by observingthe r flight one way or another, it might be

financiallywiser to locatethe detectormuch closer to the interactionpoint. This
possibility exists at the LHC. Fig. 17 shows that at about 100 m from the
interactionpoint (after the dipole D2) the two proton beamshavecomeapartto
circulate in rings separatedby 18 cm. The empty spacebetweenthe two beam
pipes(about10 cm) subtendsherean angleof 1 mradandis directly forward from
the interactionpoint. This regioncould be usedto locatethe fine-grainedcentral
part of a detector,perhapsto be completedwith otherelements,locatedaround
the beampipes, as schematicallyshownin fig. 18. Neutrino physicistsmay notbe
accustomedto huggingdetectorsaroundbeampipes,butcollider expertsmakea

living of it. Even two beampipes would not scarean ISR old-timer. Given the
small sizeof this detector,onecanafford the useof highly segmentedcomponents.
The dipole magnetsdeflectchargedparticlesup to energiesclose to that of the
LHC beam, thus reducing enormously the background coming from very forward

_ 8~8
~ W~//4 !HHII!!H!H ..~I~LfftI$~=D~a~9II9U4

____________ F ~

Fig. 18. Artist’s view of a possibledetectorlayout very close to an interactionpoint in betweenand
around the proton beam pipes. Notation is as in fig. 17. The dotted elements(also seen in the

transverseview) aretheactive target. Theremainingelementsstandfor trackersandcalorimeters.
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chargedsecondaries.Also shown in figs. 17 and 18 are the plugs F, a few tens of
metresof densematerialsupposedto reducethe neutral-particleradiation on the
acceleratorcomponentsdownstreamof the D1 dipole. Theseplugs are also a
shield for a possible r’ detectorlocatedin this neighbourhood.We havenot yet
attemptedto analysein detail the redisualbackgrounds,nor the active ways to
suppressthem.

Here we will simply compute the interaction ratesfor yE (t/e) and ~T in the
active targetof a genericdetectorsubtending2 mrad in the forward direction, 40
m long and with an averagedensity of 2 g/cm

3. As is clear from the previous
discussions,this targetwould weigh62.4 tonsif it is locatedin the cavity at 500 m
from the interactionpoint or 2.4 tons if it is located in the spacebetweenand

aroundthe beampipesstartingat 100 m from the interactionpoint.
A rather different approachwould be that of a fixed-targetexperiment.The

choice here is betweena (costly) beamdump, a dedicatedgas-jettarget,and the
exploitationof parasitic neutrinobeamsproducedin the beamscrapers.The latter
are hollow annular plugs insertedin the beam pipes to reducethe beam halo.
Again, we will assumethat a detectorof 2 mradtransversesize, a lengthof 40 m,
and an averagedensityof 2 g/cm3 can be located100 m away from a scraper.

Needlessto say, the resultsof our Monte Carloscan be understoodwithout a
Monte Carlo. We shall not dwell here in analytical approximations,but we offer
some preliminarycommenton the numberswe obtain,by way of example. In the
beam—beammode, the time-integratednumberof Dc-prompt-decayVT’S in one

hemisphereis, in a self-explanatorynotation:

N,=~(pp~D~)BR(D~—sr~~
1)~fLdt. (10)

The numberof f~.’sin the subsequentT~ decay is the same.For the fixed-target
mode,the correspondingnumberin the forward hemisphere(towardswhich, to a
good approximation,all neutrinosgo) is:

u(pp —s D
1)

N, = S BR(D~—*1-~PT)fNpdt, (11)~r(pp) -

where N~is the rate at which protons are intercepted(in a beam-dumpmodewe
would be neglectingthe softerneutrinosmadeby secondaries).

Let

o-,~(E,(_,)) = o,(C)10— 38E,(C)GeV—1 cm 2, (12)

(with if° = 0.63 and o~= 0.32) describethe CC neutrino cross-sectionson an
approximatelyisoscalartarget.Let NA beAvogadro’snumber,p the targetdensity
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TABLE 3
Meanenergy(in GeV)of thetau neutrinosproducedin thedecayD, — TV,, andin thesubsequenttau

decay,interactingin our standarddetectorfor thepp c.m.energiesof interest.

123.2 GeV 197.7 GeV 16.0TeV 40.0 TeV

465 795 620 1135
90 165 125 230

and Ld the detector’slength. Let x be the fraction of neutrinosthat reachour
standardtarget and let X be the fraction of the target’s length that these
neutrinos traverse, both of them averagedover neutrino energy. To a good

approximationthe total numberof CC ~T eventsfrom the D~—* T~VT branchis:

n(D~ v~)=N~,xXo~(E,)NApLd, (13)

with a similar expressionholdingfor the f’,.-induced eventsfrom the D~—~ ~

branch.
As an example,assumea “year” (i0~s) of runningin beam—beammode at the

LHC, with an averageluminosity of LLHC = 2 x i0~cm2 ~ Take o-(pp—~ D~)
= 1 mb, as in the a

1, = 0 variantof the QGSM. Read(E) from table3, x and X
from table4 andB(D~—~ Ts1~)from table 2, to obtain the estimate

n(D~—‘ 1/T) 110,

n(D~—~ ~‘T) 550. (14)

The total v~+ ~T rate is approximatelythe double of the sum of the above
numbers,as the neutrinosfrom the productionanddecayof D~haveto be added
to them.

In table 5 we give the resultsof a full Monte Carlo calculationof the numberof
neutrino interactionsper “year” for our generic detector in the four cases

considered.For the currently expectedLHC and SSCluminosities,we havetaken
the values LLHC = 2 x iO~cm

2 s~and L~
5~= 10B cm

2 s~.For the fixed-
targetcalculationswe haveassumeda total of 5 x 1017 protonson targetper year
of running for the LHC, and 1 x iO’~for the SSC (comparedwith the LHC, the

TABLE 4
~ andX (seetext) for the decayD, —‘ TV,, andthesubsequenttaudecay,at thefour energies

considered.

123.2 GeV 197.7 GeV 16.0 TeV 40.0 TeV

x 0.025 0.075 0.01 0.028
X 0.7 0.8 0.7 0.8
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TABLE 5
Numberof chargedcurrentneutrinoplus antineutrinointeractionsper yearin our standarddetector
for theenergiesconsideredandthetwo variantsof themodel (QGSMI standsfor to

4 = 0 (aT = 0),
while QGSM2standsfor a4 = —2.2 (aT = —8.). Thesymbol v1 standsfor V, or VE. The v,. entries

includeboth the V,’ and r’,~neutrinocontributions.

V + 0 QGSM 123.2GeV 197.7 GeV 16.0 TeV 40.0 TeV
interactions variant

QGSM1 17100 27400 11700 6700
(charm+beauty) QGSM2 21500 38300 15000 10700

V1 +0~ QGSM1 16750 26800 11400 6500
(charmonly) QGSM2 21100 36600 14900 10600

V,. + 0, QGSM1 1400 2600 1150 650
(charm+beauty) QGSM2 1950 4440 1750 1300

v, + 0,. QGSMI 1250 2240 1050 575
(charmonly) QGSM2 1800 3700 1700 1 250

SSC is supposedto store one quarter as many protons per beam, and we are

assumingits full-cycle period to be a little longer).
Our predictions are meant to be somewhatpessimistic,given the very soft

longitudinal-momentumandveryhardtransverse-momentumdistributionscharac-
terizing our modellingof the veryhigh energyproductionof charmedandbeautiful
particles.Evenso, we expectoneor two thousand~T +

1T interactionsperyear (in
our rather low-density standarddetector) for the totally non-intrusive LHC
beam—beammode of operation, at the design luminosity. This is more than

enoughto clearly establisha clean u, signal,thoughinsufficientto do ‘~~T physics”
at the level of precisionwe are accustomedto for other neutrino flavours. The
ratesfor SSCare (assumingan identicalset-up)reducedby about a factorof two,
mainly becauseof the much lower assumedluminosity. Fig. 19 indicatesthat the
placementof our standarddetector at the SSC, in the region where the beams
divergeafter a crossing,is not an unconceivabletask,though its averagedistance
to the interactionpoint may be 200 m, rather than the assumed120 m for the
LHC. It is straightforward to scale our results to detectorsplaced at different

distancesand/or with different column densities,providedtheir angularcoverage
staysput at some2 mrad.The useof otherangularapertures,on the other hand,
would requireoneto redothe calculations,althoughfig. 13 canhelp in an estimate
of the result.

Table 5 indicates that the “fixed-target” modes (i.e. beam scrapers,a thin
filament target, etc.)area very attractivepossibility, assumingas we are that one
can peeloff 5 x iO’~protonsper yearat the LHC and one fifth as many at the
SSC. Hereour predictionshavea smaller spreadand are more reliable than for
the beam—beammode, since they involve much less of an energyextrapolation.
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Fig. 19. Designof anSSCinteractionregion.

While in the beam—beammode the LHC is (by a modestfactorof two dueto the
assumedluminosities)“the winner”; the opposite,by a similar factor,is true in the
fixed-target option, all according to table 5. The assumedrelative scarcity of
protons on a fixed targetat the SSCis a little more than compensatedby the
higher D-productioncross-section,and by the bigger boost andconsequentneu-

trino energy,all at a meanp ~ that hasnot variedmuchfrom onemachineto the
other.

6. Conclusions

We have calculatedthe neutrino fluxes producedin beam—beamand beam—
fixed-targetinteractionsat the LHC andSSCby the productionandpromptdecay
of charmedparticles.We haveusedthe QGSMto calculatethe charm-production
cross-sectionat high energy and a fit to existing data, basedon the Hagedorn
model, to foretell the charmedparticles’ transverse-momentumdistribution. We
use thesefluxes to calculate the numberof ii interactionsper year in generic
detectorssubtending2 mrad in the forward directionof the interactionregions.

A smalldetectorlocateddirectly downstreamof the interactionpoint, at about
100 m distance,would be exposedto a neutrinoflux inducing a few thousandtau
neutrino interactionsper year, at the design luminosity of the LHC, a current
LLHC = 2 X iO~cm2 s1. The numberof v~and interactionswill be a factor
of 10 higher. Given the small size of the detector and with presentdetecting
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technologies,it seemspossible,at a low cost, to identify the tau neutrino. An
ambitiousneutrinoprogramup to TeV energies,for u~and seemsalso feasible
and could be carried out at a more distant location, some 500 m away from the
interactionpoint. The tau neutrino could also be discoveredat this more distant
location,provided detectiontechniques,suchas the “electronicbubble chambers”
we havequoted [1,311,could keepthe price of a massivedetectorwithin reason-
ablebounds.

We thank Anna Pascual for help with implementing the program to compute
the charmcross-sectionswith the QGSM. We had many useful discussionswith
ManuelTraseirawho greatlycontributedto our understandingof the approachto
the computation of the mean p1, and with Pilar Hernandez.A.B. Kaidalov
introducedus to the mysteriesof the QGSM. We also thank W. Scandalefor his
patient explanationsabout the LHC layout andM. Cavalli-Sforzafor discussions
on detectorsandbackgrounds.
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