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Production of leptoquark bosons in ultrahigh-energy neutrino interactions
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We consider the resonant production of leptoquark bosons, especially those present in
superstring-inspired E6 models, in neutrino-nucleon interactions with E„)1 TeV. Such interac-
tions might be probed in proposed large underwater detectors such as DUMAND using atmo-
spheric or astrophysical neutrinos. We also compare neutrino-induced production of leptoquark
bosons to the e-q fusion process available at ep colliders such as DESY HERA.

Leptoquark bosons (LQ's), particles which carry both
lepton and baryon number and which can mediate direct
lepton-quark transitions, are commonly present in many
extensions of the standard model. The Pati-Salam
unification scheme' which contains an SU(4)c group fac-
tor, for example, has gauge bosons with leptoquark-
boson couplings. Because these bosons can mediate rare
Qavor-changing decays with a gauge coupling of strong-
interaction strength, their masses are constrained to be
greater than =100 TeV and so cannot be produced in
any foreseeable accelerator. Other models, however,
such as technicolor schemes, ' certain composite mod-
els, left-right-symmetric models, and the strongly cou-
pled version of the standard electroweak model, all al-
low for the possibility of "light" ((1 TeV) leptoquark
bosons which might be accessible to planned or proposed
hadron, e +e, or ep colliders. More recently,
superstring-inspired models based on E6 grand
unification have been much discussed and seem to re-
quire the existence of "light, " exotic color-triplet parti-
cles which can, in some cases, have leptoquark-boson
coupling s. In these models, the gauge group is
SU(3) X SU(2) XU(1)XU(1) (Ref. 9) and requires an addi-
tional Z boson which, however, does not concern us.
The matter fields of each generation belong to the funda-
mental 27-dimensional representation of E6 which has
the SO(10) (SU(5)) reduction:

WDAiLQD+A2e u D+A3QQD+lt. 4u d D+ASDd'v

(2)

and there are three mutually exclusive choices of D cou-
plings and quantum-number assignments [8 (L)
=baryon (lepton) number] which allow for nucleon sta-
bility. They are (A) A, , = A, 2

——A, 3
——A,~=0 and 8 (D)= —,,

L (D)=0 in which case D acts as a quark, " decaying via
mixing with the usual d-type quarks with a phenomenol-
ogy similar to that of older "topless" models, '2 (B)
A,

&

——A2
——A5

——0, 8(D)= —
—,, L (D) =0 and D acts like a

diquark, and (C) A,3
——A,z ——A,

&
——0, 8 (D) = —,, L (D) = 1

and D (and D ) have leptoquark-boson couplings and it is
this case which we will study. [In a standard grand
unified theory, all of the Yukawa couplings in (2) would
be related by Clebsch-Gordan coefficients of order unity
and nucleon decay would be a severe problem but
superstring-inspired models offer the possibility of topo-
logical zeros' or more familiar, if less attractive,
discrete symmetries' which can allow for the patterns of
couplings above and for a phenomenologically accept-
able light D. ]

In case C, the R parity of the color triplets is given by
R (D)= —1, R (D. tt, Di)=+1 so that the Dt it are the
true leptoquark bosons which couple directly to l-q pairs
with interactions given by

L=A. , ( v'dL ——l 'uL )D it +A 2(luL )Dt +H. c. (3)

27= 16[10(Q,u', l')+5'(L, d')+ 1(N')]

+10[5(H',D)+5'(H, D')]+ 1(n)

which displays the left-handed fermion content. Each
such field also has its supersymmetric partner as well.
In this notation, Q and L are the usual left-handed quark
and lepton doublets, H and H' are new SU(2) doublets
(whose scalar partners act as Higgs bosons), and we wish
to concentrate on the isosinglet, Q = —

—,
' color-triplet D

and especially its superpartners D„,DL . The gauge cou-
plings of the 27-piet fields are completely determined but
the decays of the new, exotic particles in the 10 are
governed by unknown Yukawa couplings. The terms in
the superpotential allowed by E6 invariance involving
the D fields are'

and they can be produced singly in the interactions of
"normal" matter unlike the fermions D, which must be
pair produced. The D's couple to lq, lq and so decay via
D —+lqi (where j is the lightest neutralino, perhaps the
photino y), or D~DX (if kinematically allowed) and
their possible production in accelerator experiments'
has been discussed and we will not consider them fur-
ther. The leptoquark-boson coupling in Eq. (3) is not
specific to superstring models and is the most general
SU(3) X SU(2) X U(1)-invariant interaction involving gen-
erations of scalar LQ's which conserves 8 and L so that
our subsequent investigations will have applicability to a
wider variety of models. It should also be noted that, in
Eq. (3), generation indices are to be understood, i.e.,
k' l,-u~DI, . In addition, the DL and Dz will, in general,
not be mass eigenstates in which case one should rewrite
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(3) (for a one-generation model) in terms of
c——osODtt + sinODL, Pz ———sinODz +cosODL but we

will ignore such mixing in what follows for simplicity.
Buchrniiller and Wyler' and Campbell, Ellis, Gail-

lard, and Nanopoulos' have carefully analyzed the con-
straints that can be put on such SU(5) 5-piet leptoquark
bosons by their possible contributions to familiar low-
energy processes. For flavor-off-diagonal couplings, one
typically has A, &M(LQ)/100 TeV but in theories where
there is one leptoquark boson per generation, as in the
E6-motivated models we consider, flavor-diagonal cou-
plings as large as gauge couplings are still allowed for
light LQ's. Because of this, we will henceforth consider
LQ-mediated interactions within a single generation
only, i.e., consider the (v, d, eu)D, and (v„s,pc)Dz cou-
plings. Even for such flavor-diagonal couplings, one can
still have strong constraints (for the first generation, at
least) from helicity unsuppressed decays' such as
n.+~e+v, if the A,

&
and A, 2 terms couple to the same

LQ, e.g., (A, ,A2)' &M(LQ)/10 TeV. In our case, such
decays can only occur if there is mixing between DL and
Dz and so can be naturally suppressed if such mixing is
small. Thus, superstring-motivated leptoquark bosons
naturally evade the most stringent low-energy con-
straints. That leaves constraints from quark-lepton
universality in charged-current (CC) and neutral-current
(NC) processes within a generation. For the first genera-
tion, constraints from P decay require' that
A, &M(LQ)/1. 7 TeV while constraints from precision
atomic parity-violation experiments only provide the
constraint A, &M(LQ)/550 GeV (Ref. 19). For simplicity,
we will use the bound 1, & M(LQ)/2 TeV for first-
generation LQ's. For the second generation, the process
v&s~D2~v&sly c can contribute to muon-neutrino
charged- and neutral-current interactions but such con-
tributions are suppressed by the smallness of the s-quark
distribution in the nucleon and we find the relatively
weak limit A, &M(LQ)/400 GeV which we will use for
the second-generation LQ.

Limits on LQ masses that are relatively independent
of the unknown Yukawa couplings can be derived from
production processes at higher energies mediated by
their gauge interactions. Leptoquark bosons can be pair
produced in e+e collisions via their electromagnetic
coupling and a DESY PETRA search has placed a
lower limit of =20 GeV on their mass. They might also
be produced in Z decays at the Stanford Linear Collid-
er or CERN LEP (Ref. 21) but limits on their masses
which are, in principle, derivable from pp collider data
may well make such decays kinematically impossible.
The spinless, color-triplet D can be pair produced at
hadron colliders via gluon fusion and then decay via
D ~qv which leads to a jet(s) plus missing energy signa-
ture which is exactly the same as for the production and
subsequent decay of ordinary scalar quar ks
(pp~q q, q~qy). Thus, the analyses of UA1
monojet/dijet events which can be used to bound
M(q) could also be applied to leptoquark bosons to im-

ply M(LQ) &40—50 GeV, but no detailed analyses along
these lines have appeared. Limits from pp~jet-jet-I
l events would give similar or even more stringent lim-

its and future hadron colliders (Fermilab Tevatron or the
Superconducting Super Collider) would be able to extend
the search even further. (The virtual effects of third-
generation LQ's, whose Yukawa couplings are very
poorly constrained, may still be quite sizable in the de-
cays of t-quarkonium. ')

Because of their direct quark-lepton coupling, the
first-generation LQ could be produced resonantly in ep
collisions via eq fusion and several groups have ana-
lyzed the prospects for their discovery at DESY HERA
and at hypothetical, higher-energy ep machines. The
resonant nature of the eq production mechanism can
easily be made clear even at a fixed energy machine by
the appropriate binning of various kinematic variables.
Another possible resonant production mechanism in-
volving leptoquark bosons would be vq fusion in vN in-
teractions as could be probed in ultrahigh-energy (UHE)
neutrino interactions. Studies of such UHE vN reac-
tions, initiated by atmospheric neutrinos or even v's
from astrophysical point sources, would be one of the

major physics goals of the proposed large underwater
detectors [such as DUMAND (Ref. 25) or perhaps an
enhanced Kamiokande ] and it is this possibility that I
wish to discuss in this paper.

The suggestion to search for resonant production of
heavy particles in high-energy cosmic-ray (anti)neutrino
interactions is not new. Glashow suggested long ago
the process v, e ~W (where e is an atomic electron)
as a possible W production mechanism and Wilczek
has recently updated this notion. This process requires
E„=M /~2m, =6.6X10 GeV neutrinos and is likely
unobservable in any proposed detector because of the
small neutrino flux at these energies. More recently, res-
onant production of scalar quarks ' by the lightest su-
persymmetric particle (LSP, e.g. , the photino y, or sca-
lar neutrino '), i.e., yq~q, due to a LSP flux produced
by gluino production and decay in the atmosphere or
from some astrophysical point source has been con-
sidered. In this case, the required LSP energy is (naive-
ly) given by E(LSP)=M(q) /2m which can be much
lower than that required for neutrino-induced Fproduc-
tion since m =600m, for a constituent-quark mass
m =300 MeV (see more below). Because the atmo-
spheric (or astrophysical) flux of light, neutral, weakly
interacting particles is often a steep function of energy
[for example, d 4(v) IdE ~ E for atmospheric neutri-
nos (Ref. 33)] such a lower resonance energy can result
in dramatically increased event rates (or, equivalently,
much improved limits on particles with heavier masses
or smaller couplings) than for processes requiring large
resonant energies. Such supersymmetric processes, how-
ever, require light (&8 GeV) gluinos and may be ir-
relevant due to accelerator bounds on the gluino mass,
but the idea of resonant production on nucleon targets is
still a useful lesson. [Berezinskii, in fact, has very
briefly considered the production of leptoquark bosons
in UHE neutrino interactions but did so for Pati-Salam-
type vector-gauge-boson LQ's (M& 10 TeV) with univer-
sal gauge strength coupling, used somewhat older distri-
bution functions, and did not discuss the resonant pro-
cess we will find and so came to rather pessimistic con-
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clusions. ] Because the LQ's will have fewer decay chan-
nels open than 8 s and have smaller couplings, they
will be somewhat narrower and, therefore, perhaps,
easier to produce.

We feel that there are several motivating factors that
may make the UHE neutrino LQ production process
complimentary to searches at HERA. (i) Direct produc-
tion of leptoquark bosons at HERA (v s =314 GeV) will
be possible up to near the kinematic limit [i.e.,
M(LQ) & 300 GeV] and indirect searches via virtual
effects can be probed somewhat beyond, perhaps using
asymmetries. Higher center-of-mass energies are always
possible in cosmic-ray interactions (witness the fact that
the pp total cross section has been measured at i/s =20
TeV in this way ), albeit with reduced fluxes. To com-
pete energetically with HERA requires incident neutrino
energies of E„=314 /2 GeV=50 TeV=SX 10' eV. (ii)
While charged leptons couple to LQ's in both the A, i and
A, 2 terms in Eq. (3), neutrinos couple to LQ's only via A, ,
and so probe a different combination of Yukawa cou-
plings than ep collisions. Neutrino interactions, then,
will produce only DIi. (iii) While there is a measurable
Aux of atmospheric electron neutrinos, at a given energy
the Aux is predominantly muon neutrinos
[4(v, )=10 4(v&), Ref. 33] because of the neutrino
production processes at these energies (mostly ir and E
decay). This means that the process v„s~D2, although
suppressed by the strange-quark distribution in the nu-
cleon, can produce second-generation LQ's as well as
first-generation leptoquark bosons via v, d ~D, . HERA
will only probe the first generation via eu~D, . Last,
because the limits on Dz couplings are much weaker
than those for D „the prospects for discovery or much
improved limits may be better using v„ interactions. Be-
cause there are no final design specifications for any of
the proposed underwater detectors (size especially, but

lQ-32

IQ
33

also e vs p efficiency, etc.), we will not attempt to calcu-
late detailed event rates but rather limit ourselves to the
calculation of representative cross sections and draw
some general conclusions about the relative merits of the
two processes.

Considering only Dz and its decays into massless lq
and vq pairs, we find the decay width I (D~ )=A, M/Sir
(where A, —:A, &) and using the narrow-width approxima-
tion for this s-channel process we find the partonic cross
sections o(s =xs)=nA, x5(x —M /s)/4M for vq
~vq, lq' which gives the result for vN~vX, I X,

0(s)=irk, Q(x =M /s, g =M )/4M

where Q (x, Q ) =xq (x, Q ) is the momentum-transfer-
dependent probability of finding the desired quarks with
momentum fraction x inside the nucleon. (We will al-
ways assuine an isoscalar target. ) Interference terms be-
tween LQ- and W, Z-mediated processes are negligible.

In Fig. 1 we plot this cross section for the charged-
current-like reaction v, N —+e X for various M and I,
consistent with our bound on first-generation LQ's
[A, & M/(2 TeV)] where the distribution functions of
Duke and Owens (set I) are used and both valence and
sea d-quark distributions contribute. Also plotted for
comparison is the recently improved calculation of the
standard neutrino charged-current process of Quigg,
Reno, and Walker, who use the distribution functions
of Eichten, Hinchliffe, Lane, and Quigg (EHLQ) for
x & 10 and Gribov, Levin, and Ryskin (GLR) for
x &10 (i.e., for E„&10 GeV). Figure 2 shows the
resonant nature of the D

&
production more clearly

where the cross section increases dramatically from
threshold to a (very wide) resonance peak and then levels
off to an almost constant fraction of the standard cross
section. For D

&
production in the mass range

M =50-800 GeV, the resonance structure comes from
neutrino fusion with valence d quarks with x =0.2 (in-
stead of the naive x = —,

'
) and at larger energies (lower x)

both mechanisms are dominated by the sea contribution
and have a similar energy dependence. The distributions
of Duke and Owens are known to be good representa-

cr (Cm2)

1O-36

1Q 10lQ9lQ6lo+lO3JO2 los ~Q6

E„(GeV)
FIG. 1. The cross section for the reaction v, E~e X for an

isoscalar nucleon vs incident neutrino energy. The four lower
curves represent contributions from the first-generation
leptoquark-boson-mediated process for M=50 GeV, A. =0.025
(dash-dotted line), M= 100 GeV, A, =0.05 (dashed line), M=200
GeV, A, =0.1 (solid line), and M=800 GeV, A, =0.4 (dotted
line). The upper curve labeled CC is the standard 8'-mediated
charged-current reaction as calculated in Ref. 38 for compar-
ison.
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FIG. 2. The ratio of cross sections for the leptoquark-
boson-mediated process to the standard charged-current reac-
tion vs neutrino energy for the parameter choices in Fig. 1.
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FIG. 3. The v„N~p X cross section for second-generation
LQ-mediated processes for (a) M= 200 GeV, A, =0.4, (b)
M= 200 GeV, A, =0.1. In both cases the solid lines assume the
Duke-Owens distribution functions (Ref. 37) while the dashed
lines assume those of EHLQ/GLR (Refs. 39 and 40).
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tions for x & 10 and Q & (1 TeV) and so are quite sa-

tisfactory for the resonance region of interest [x =0.2
and Q =M &(800 GeV) t. In Fig. 3 we plot the cross
section for v N~p X induced by a second-generation

P
D2 via v„s ~D2 p c and, in this case, the lack of any
valence-quark distribution implies no resonance struc-
ture but the weaker limits on A, for this case mean that
large changes in this process are still possible. The solid
lines are those of the functions of Duke and Owens while
the dashed lines are my calculations using EHLQ distri-
bution functions supplemented by the double-
logarithmic approximation of Ref. 40 for small x. As
noted in Ref. 38, these improved distribution functions
result in an increase in the predicted cross sections but
not dramatically so in our application.

A few comments can now be made. (i) Because of the
strong limits on D, couplings, only first-generation LQ's
with masses up to =200 GeV will likely have observable
effects in v, -induced reactions, a region which will be
well explored by HERA. If such light leptoquark bo-
sons are seen they will appear as a real, if broad, reso-
nance in v, N~e X at E„=10—10 GeV. (ii) As men-
tioned above, the weaker limits on D2 couplings may
well allow for interesting limits to be set on second-
generation LQ masses and couplings using the v„ flux.
In this case, there will be no resonance structure but a
rapid rise above threshold to a value of the charged-
current cross section consistently higher than expected.
(There is a similar phenomenon in the case of neutrino
interactions with a spectrum of excited 8'bosons or oth-
er new thresholds. ') (iii) In addition to contributing to
the charged-current reaction v&N~l L, there will be an
identical contribution to the neutral-current interactions,
vIN~vlX, which might also be used as a probe. The
standard NC cross section is roughly —,

' smaller than the
CC cross section (at low energies) so bigger relative
effects are possible. (iv) More information on these reac-
tions than just the total cross section may be available.
The average value of y may be measured and will be
changed by the s-channel nature of the vq fusion pro-

cess. (v) Resonance reactions of muons via p c ~D2
will not be a significant muon interaction mechanism be-
cause of the smallness of the nucleon charm-quark con-
tent. Other types of models ' have Q =+—,

' leptoquark
bosons which could couple to ps but these reactions
would still have no resonant structure and would be
swamped by the muons electromagnetic interactions. In
such models, the process v, u ~first-generation LQ
would be possible and would have the same cross section
for v, N~e X as plotted in Figs. 1 and 2, at least for
the isoscalar nucleon targets we consider. The reaction
v„c —+second-generation LQ would then be negligible.
(vi) If the produced leptoquark bosons decay predom-
inantly into Dy with D~lqy, one would still have an
observable signal of leptons (e,p) and hadronic energy,
but with a very different kinematic structure. (vii) A
comment on Yukawa couplings might be made here.
From the current experimental lower bound on the top-
quark mass, we can infer that its Yukawa coupling to
the standard Higgs bosons must be larger than =0.13
while constraints from radiative corrections to neutral-
current phenomena imply that its mass must be less than
180 GeV (Ref. 42) which implies a Yukawa coupling less
than =1.0. So, while the LQ couplings may be much
smaller than we have considered, the values discussed
here are consistent with current data and perhaps not
unreasonable in this light.

We have argued that UHE cosmic-ray neutrino in-
teractions can indeed be complimentary to planned ac-
celerator ep experiments, perhaps most importantly be-
cause of the possibility of setting improved limits on lep-
toquark bosons which couple chiefly to the second gen-
eration, whether or not in the context of superstring
models. While violations of flavor universality are cer-
tainly testable using rare processes at low energies and in
the decays of new particles produced via their gauge
couplings (in a flavor-independent way), we argue that
interactions of UHE neutrinos with the strange-quark
content of the nucleon provide a unique laboratory, the
only direct collisions of second-generation particles at
large center-of-mass energies where possible new interac-
tions are not masked by strong or electromagnetic
effects. Such collisions allow one to test for violations of
flavor universality in the production process, as well as
in decays. In this context, neutrino interactions at
multi-TeV energies may prove to be the best laboratory
for investigating other new types of physics, e.g. , com-
positeness, as well as for doing neutrino astronomy and
astrophysics and should be thoroughly explored.

Note added in proof. The UA1 Collaboration has re-
cently presented limits on leptoquark-boson masses for
the second-generation LQ which decays into @+quark.
They find M(LQ) &33 GeV (at 90% C.L.). See S. Geer,
Proceedings of the International Europhysics Conference
on High Energy Physics, Uppsala, Sweden, 1987 (unpub-
lished). See also Report No. CERN-EP/87-163 (unpub-
lished).

This work was supported, in part, by the National Sci-
ence Foundation under Grant No. PHY-8620118.
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