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Charged-Higgs- andR-parity violating slepton-strahlung at hadron colliders
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It is shown that the radiation of a charged Higgs boson off a third-generation quark~charged-Higgs-
strahlung! provides an important channel for the discovery of the charged Higgs boson at hadron colliders.
Equivalently, in supersymmetric models with explicit lepton-number (R-parity! violation, sleptons may also be
produced in association with quarks~slepton-strahlung!. Higgs- and slepton-strahlung production cross sec-
tions are given for both the Fermilab Tevatron and the CERN Large Hadron Collider~LHC!. The LHC cross
sections imply that heavyO(TeV) charged Higgs bosons can be produced via charged-Higgs-strahlung and
that strahlung production of charged sleptons is possible even for smallR-parity violating couplings. The
possible discovery of sleptons through this channel offers a surprising handle on models of neutrino masses.
@S0556-2821~99!03821-7#

PACS number~s!: 14.80.Cp, 12.60.Jv, 13.85.Lg, 14.80.Ly
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I. INTRODUCTION
While the CERNe1e2 collider LEP experiments reac

their final phases, the upgraded Fermilab TevatronAs
52 TeV) and the CERN Large Hadron Collider~LHC!
(As514 TeV) will provide the next front in searches fo
particles associated with physics beyond the standard m
~SM!. In particular, since LEP cannot probe masses sign
cantly above the 100 GeV mark, the probe of heavier p
ticles will remain the task of these two hadronic machin
Sufficient production cross sections at these colliders, h
ever, may be difficult to achieve if the new particles ca
only weak charges. Effective couplings of these particles
~initial! gluons may be induced at the quantum level, b
they suffer from loop suppression and, hence, are generic
small. Sufficiently large and measurable production cr
sections require either some enhancement of the radia
gluonic couplings or an alternative production mechanism

In the case of the Higgs bosons present in supersymm
models, as well as non-supersymmetric two-Higgs-dou
models, there exist two potentially large parameters that
partially compensate for the otherwise small couplings:
intrinsically larget-quark Yukawa coupling and the ratio o
vacuum expectation values~VEV’s! of the two neutral Higgs
bosons tanb5v2 /v1, which is constrained from above to b
&60 by the perturbativity of Yukawa couplings. They ma
~i! enhance the radiatively induced gluonic coupling of t
neutral Higgs boson, in proportion to thet-quark Yukawa
coupling, leading to production viagg→H0 @1#, ~ii ! suffi-
ciently increase the rate for the decay of thet-quark into a
~light! charged Higgs boson,t→H1b @2–5#, or ~iii ! enhance
the Higgs-strahlung associate production through the 2→3
partonic processesgg,qq→qqH0,qq8H6 @6–10#, through
the 2→2 onesqg→qH0,q8H6 @9,11,12#, and through the
2→1 processb̄b→H0 @9,10#. ~For an overview, see, fo
example, Ref.@13#.!
0556-2821/99/60~11!/115011~11!/$15.00 60 1150
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From charge conservation, a radiatively induced gluo
coupling cannot lead, at the level of an elementary proc
to the production of only one charged Higgs boson. Hen
one needs to consider either the single production fr
t-quark decays or the production in association w
quarks—which is referred to as Higgs-strahlung. Product
in association with gauge bosonsWH0/ZH0, W6H7, and in
supersymmetric models, in association with squarks, is a
possible. The former mechanism, however, leads to suble
ing cross sections, which are difficult to observe@14,15#. The
latter @16–18# is more model-dependent and will not be co
sidered here. The production mechanisms with one sin
Higgs ~and quarks! in the final state, or ‘‘single production,’
are kinematically in advantage with respect to pa
production mechanisms. The latter include~a! the Drell-Yan
processqq̄→H1H2, which is suppressed by weak cou
plings, and, at the LHC, by the low quark luminosities~rela-
tive to the gluon one! and ~b! effective gluonic couplings,
which are now allowed by charge invariance,gg→H1H2

@19#. Pair production, therefore, does not allow the discov
of the charged Higgs boson at the Tevatron. At the LHC
provides a limited discovery reach of the charged Higgs
son in a non-supersymmetric two-Higgs-doublet model@19#,
but it may become more competitive in supersymme
where additional contributions to the effective gluonic co
plings arise@20,21#.

Our focus here is on the single production of a charg
Higgs boson. Single production fromt-quark decays plays
the most important role when it is kinematically allowe
that is for mH6,mt2mb , and was studied extensively b
various authors@4#. The charged-Higgs-strahlung in the
→3 channelsgg,qq→tH2b̄ encompasses the resonant pr
duction of a pairt t̄ followed by the decayt̄→H2b̄ in the
same kinematical regionmH6,mt2mb ; in addition, it pro-
©1999 The American Physical Society11-1
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BORZUMATI, KNEUR, AND POLONSKY PHYSICAL REVIEW D60 115011
vides the intrinsically off-shell associate production ofH6

beyond this kinematical limit, throughout all possible rang
of mH6. Strahlung from the 2→2 channelgb→tH2 is also
possible, since theb-quark is obtained from the proton via
gluon. Therefore, both types of partonic processes, th
→3 and the 2→2, give rise to inclusive processes that a
formally of the same order in anas expansion. Note tha
away from the resonance region,H2 decays dominantly into
t̄ b, and thet-quark into W1b. Thus, the 2→3 processes
gg,qq→tH2b̄ give rise to fourb-quarks in the final state
whereas only threeb’s are produced in the 2→2 process
gb→tH2. Both elementary processes contribute to the
clusive production of a single charged Higgs at hadron c
liders, when at most threeb-quarks are tagged and used
identify the final particle configuration. If fourb’s can be
detected, it is possible to measure each cross section s
rately. Otherwise, the two elementary processes have t
properly combined into an inclusive cross section, avoid
double counting of the contributions coming fromgb

→tH2 and fromgg→tH2b̄, when one of the two gluons
produces abb̄ pair collinear to the initial proton~or antipro-
ton!. Since identification and detection issues will not
discussed here, both the individual-channel and inclus
cross sections will be given below.

The charged-Higgs production cross sections are ca
lated and illustrated for the upgraded Tevatron and the L
in Sec. II, where all relevant issues are discussed in de
Attention is given to the prospects of discovery at the Te
tron, which may constrainmH6 beyond the kinematical limit
mH6,mt2mb . On the LHC front, it is found that a charge
Higgs as heavy asO(TeV) may be produced via the strah
ung processes at the LHC. The results shown are valid
the charged Higgs of supersymmetric and no
supersymmetric two-Higgs-doublet models. The charg
Higgs decay modes, however, may differ in the two clas
of models ifmH6 is sufficiently large@3,2#.

For reference, the indirect lower limit onmH6 coming
from the measurement of the inclusive decayb→sg
amounts ~at present! only to ;165 GeV @22# in non-
supersymmetric two-Higgs-doublet models. No substan
limit exists for charged Higgs in supersymmetric mode
when supersymmetric partners can be exchanged in the
mediating theb→sg decay. Direct lower bounds onmH6

are given by collider searches at LEP II and at the Tevatr
The LEP II bound,mH6*54 GeV @23# at As5130 GeV
(mH6*68 GeV at higher energy runs@13#!, applies to the
case of a charged Higgs boson present in two-Higgs-dou
models. The Tevatron searches give combined~and currently
modest! bounds in themH6 –tanb plane for supersymmetric
and non-supersymmetric charged Higgs bosons. B
searches have been critically discussed in Ref.@2#. Conser-
vatively, all results presented in this paper are shown
mH6*45 GeV, the model-independent limit extracted fro
the measurement of theZ width.

In supersymmetric models in whichR-parity and lepton
number are not conserved, the hyperchargeY521 Higgs
and slepton fields are not distinguished by any quan
numbers and could interact in a similar way. Thus, in th
11501
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models, sleptons can be produced via slepton-strahlung
as the~charged! Higgs boson. The relevant Yukawa cou
plings, i.e. the slepton-fermion-fermion couplings, are su
ject to various low-energy constraints but are otherwise
bitrary, since they do not relate to fermion masses~once the
two Higgs doublets are identified as those whose neu
components are aligned along the two large VEV’s!. They
are, however, related to radiative neutrino masses, as
plained below, and therefore measurements of lept
number-violating operators from slepton production prov
a unique and important window on this class of models
neutrino masses. The associate production cross sectio
the charged sleptons is presented for both the Tevatron
the LHC experiments in Sec. III. It is shown that charg
sleptons can be produced in abundance forR-parity-violating
couplings as small as 0.01. Relations and possible lesson
models of neutrino masses are also demonstrated in Sec
We also comment on the case of the neutral sleptons,
sneutrinosñ, which is complicated by the presence of th
gluon fusion channelgg→ ñ.

Results and discussions of the potential impact of th
strahlung channels on future searches are summarized in
IV, where we also comment on the possibility that bo
charged-Higgs and slepton-strahlung channels are prese

All calculations are done at the leading order in QC
Higher-order corrections may be important, as was show
the case of associate production of the neutral Higgs bo
@24#. Their inclusion is called upon, but this is left for futur
study.

II. CHARGED-HIGGS-STRAHLUNG

The charged Higgs boson interacts with quarks accord
to the Lagrangian

L5
g

A2
H S mdi

MW
tanb DVji ūL jdRi

1S mui

MW
cotb DVji* ūRidL j J H11H.c., ~1!

where the standard notations for the SU~2! coupling g, the
up- and down-quarksui anddi of a generationi, and for the
Cabibbo-Kobayashi-Maskawa~CKM! matrix V are used.
Hereafter, all intergenerational mixing terms are neglect
as well as all Yukawa couplings other than those for thet-
and b-quarks, which have, respectively, strengthht

.gmt /(A2MW sinb).1/sinb and hb.gmb /(A2MW cosb)

.0.017 tanb. The current massMb53 GeV is used hereaf
ter. Note that using the pole mass instead will increasehb
and ~in the large tanb regime! also the cross section. Sinc
all calculations are done to leading order, model-depend
radiative corrections to these relations@4,25# are also omit-
ted. They could, however, be large and play an import
role ~at the order in perturbation theory at which they mu
be included! by smearing the tanb dependence of the
H6-production cross sections.
1-2
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CHARGED-HIGGS- ANDR-PARITY VIOLATING SLEPTON- . . . PHYSICAL REVIEW D 60 115011
A. The 2˜3 process: cross-section calculation

Quarks produced in quark or gluon collisions can radi
a Higgs boson leading to the associate productiongg,qq̄

→tH2b̄. Diagrams describing the quark-initiated parton p
cesses are shown in Fig. 1, those describing the glu
initiated processes in Fig. 2. As explained in the Introd
tion, if the center-of-mass energy of the relevant collider
sufficiently large to allow the tagging of twob-quarks in
addition to theH6-decay products, the measurement of t
2→3 production cross section may be possible.

The production cross section for app̄ (pp) collider is
obtained as usual by convoluting the hard-scattering c
sections of the quark- and gluon-initiated processes with
quark- and gluon-distribution functions insidep and/orp̄:

s5
1

2sEtmin

1 dt

t E
t

1dx

x E dPS~q11q2 ;p1 ,p2 ,p3!

3H(
q

@q~x,m f !q̄~t/x,m f !1q↔q̄#uMuqq̄
2

1g~x,m f !g~t/x,m f !uMugg
2 J , ~2!

where qi (pi) are the four-momenta of the initial parton
~final-state particles!, the functionsq(x,m f), q̄(x,m f) and
g(x,m f) designate, respectively, the quark-, antiquark- a
gluon-density functions with momentum fractionx at the
factorization scalem f , and the indexq in the sum, runs over
the five flavorsu,d,c,s,b. Finally, s is the hadron center-of
mass energy squared, whereas the parton center-of-mas
ergy squared is indicated, as usual, byŝ5x1x2s[ts, with
tmin5(mH61mt1mb)2/s. The integration overdPS(q1
1q2 ;p1 ,p2 ,p3), an element of phase space of the 3-bo
final state, can be reduced to four nested integrals w
bounds explicitly given in Appendix.

When rewriting the third-generation vertext-b-H6 in Eq.
~1! as i (g/A2)Vtb(v1ag5)1H.c., with vector and axial
couplingsv anda given by

FIG. 1. Diagrams contributing topp̄(pp)→tH2b̄X through an
elementary quark-initiated 2→3 process.

FIG. 2. Diagrams contributing topp̄(pp)→tH2b̄X through an
elementary gluon-initiated 2→3 process.
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v5
1

2 S mb

MW
tanb1

mt

MW
cotb D ;

a5
1

2 S mb

MW
tanb2

mt

MW
cotb D , ~3!

the square amplitudesuMuqq̄
2 anduMugg

2 can be decompose
as

uMuqq̄
2

5S 4
GF

A2
MW

2 D ~4paS!2uVtbu2~v2Vqq̄1a2Aqq̄!,

uMugg
2 5S 4

GF

A2
MW

2 D ~4paS!2uVtbu2~v2Vgg1a2Agg!.

~4!

In this notation color factors are included in the reduc
squared amplitudesVqq̄, Aqq̄ andVgg, Agg, while the strong
coupling constant is explicitly factored out. The expressio
for the reduced amplitudes are too lengthy to be given he1

In the kinematical regionmt.mH61mb the above cross
section could be well approximated by the much simp
resonant production cross section, as given by the on-shet t̄
production cross section times the branching fraction for
decay t̄→H2b̄.

B. The 2̃ 3 process: numerical results

The production cross sections(pp̄→tH2b̄X) for the
Tevatron is shown by the solid lines in Fig. 3 as a function
the charged-Higgs mass for three different values

1The FORTRAN code for these amplitudes is available upon
quest.

FIG. 3. The leading-order production cross sections„pp̄

→t(b̄)H2X… as a function of the charged Higgs mass, forAs
52 TeV, is shown for three different values of tanb52,10,50. The
solid lines indicate the cross sections obtained from 2→3 elemen-

tary processesgg→tb̄H2 and qq̄→tb̄H2; the dashed lines show
the cross sections obtained from the 2→2 processgb→tH2.
Renormalization and factorization scales are fixed asmR5m f5mt

1mH2.
1-3
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BORZUMATI, KNEUR, AND POLONSKY PHYSICAL REVIEW D60 115011
tanb, tanb52, 10, and 50, and in Fig. 4 as a function
tanb for different values ofmH15100, 140, and 200 GeV
Notice that these figures show the cross section for sin
production ofH2 only and that identical results are obtain
for the processs(pp̄→ t̄ H1bX). All calculations are done a
the leading order in QCD. The leading-order parton distrib
tion functionsCTEQ4L @26# are used in all calculations, an
the renormalization (mR) and factorization (m f) scales are
always fixed to the threshold valuemt1mH6. The variation
of these scales results in general in changes in the c
section presented here: a variation in the interval betw
(mt1mH6)/2 and 2(mt1mH6) can produce deviations up t
630% with respect to the values shown in the figur
Higher-order corrections, therefore, may be important,
was shown in the case of associate production of the ne
Higgs boson. Their inclusion is called upon, but it is left f
future work. As a cross-check of our cross-section calcu
tion and phase-space integration procedure, we have re
duced, by taking the appropriate limit, the well-know
gg,qq̄→t t̄ h cross section@6# for the neutral Higgs bosonh
production in association witht-quarks.

As expected, the production cross section is enhance
the resonance regionmH6,mt2mb , whenH6 is obtained
as a decay product of one of twot-quarks produced on she
~see first diagram in Fig. 1 and the first and third diagrams
Fig. 2!. The resonantt-quark propagator is regularized by th
width of the t-quark, calculated from the SM decayt
→bW1:

G~ t→bW1!5
g2

64p
uVtb* u2

1

mtMW1
2 @MW1

2
~mt

21mb
2!

1~mt
22mb

2!222MW1
4

#l1/2S 1,
mW1

2

mt
2

,
mb

2

mt
2D ,

~5!

where l is the Källen function l(x,y,z)5„(x22y22z2)2

24yz…; and from the decayt→H1b:

FIG. 4. The production cross sections„pp̄→t(b̄)H2X… is
shown as a function of tanb for mH65100, 140, and 200 GeV
~from top to bottom!. As in Fig. 3, solid lines correspond to th
2→3 processes; dashed lines to the 2→2 process.
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G~ t→H1b!5
g2

32p
uVtb* u2mtH v2F S 11

mb

mt
D 2

2
mH1

2

mt
2 G

1a2F S 12
mb

mt
D 2

2
mH1

2

mt
2 G J

3l1/2S 1,
mH1

2

mt
2

,
mb

2

mt
2D , ~6!

for each value ofmH6 and tanb. In this region the cross
section is not distinguishable from the convolution ofs(pp̄

→t t̄ X) with the branching fractionB(t→H1b). The tanb
dependence, shown explicitly in Fig. 4, has the same typ
pattern as the branching ratioB(t→H1b), i.e. large en-
hancements for very small and very large values of tanb and
a minimum for tanb.Amt /mb. Away from the resonance
region, the cross section diminishes rather rapidly and
comes negligible ~at the Tevatron energy! for mH6

*250 GeV.
Results qualitatively similar to those found for the Tev

tron center-of-mass energy are obtained in the case of L
searches. They are shown in Fig. 5. Assuming integra
luminosity of 100 fb21, a significant production cross sec
tion is obtained formH6&1 TeV, even for tanb510, which
is near the minimum of the production cross section.

Our results generalize those of Ref.@7#, where contribu-
tions from the gluon-initiated diagrams were calculated
the LHC but only formt5150 GeV and for a fixed tanb51.
Both of these values are now experimentally ruled out. W
also note a disagreement between our calculation and th
Ref. @7#, which could be, in part, due to our usage of
current set of structure functions. A similar calculation f
the LHC case was also presented in Ref.@8#, for different
values ofmt . No immediate comparison with our results i
however, possible. The mechanism of associate produc
was also emphasized in Ref.@27#, and a preliminary study
was presented for the Tevatron center-of-mass energy@28#.

FIG. 5. The leading-order production cross sections„pp

→t(b̄)H2X…, for As514 TeV; is shown as a function of th
charged Higgs mass for three different values of tanb52,10,50. As
in Figs. 3 and 4, the solid lines indicate the cross sections obta
from 2→3 elementary processes; the dashed lines, the cross
tions obtained from the 2→2 process. Renormalization and facto
ization scales are fixed asmR5m f5mt1mH2.
1-4
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C. The 2̃ 2 process
As mentioned in the Introduction, for an inclusive me

surement of single production ofH2, or if only oneb-quark
can be tagged besides the decay products ofH2, the elemen-
tary processgb→tH2 has to be considered as well. Th
corresponding diagrams are shown in Fig. 6, and the h
scattering cross section reads

s~gb→H2t !

5S 4
GF

A2
MW

2 D ~4pas!uVtbu2

3
1

192p ŝ~12xb
2!3

$8C2xbxt@L~12xht
2 !22b#

1C1@2L„11xb
422xb

2xht
2 22xht

2 ~12xht
2 !…

2b„327xht
2 1xb

4~31xht
2 !12xb

2~12xht
2 !…#%, ~7!

whereC65v26a2; xi[mi /Aŝ, xht
2 5xh

22xt
2 ; b5@„12(xt

1xh)2
…„12(xt2xh)2

…#1/2, and L[ ln@(12xht
2 1b)/(12xht

2

2b)#.
The cross section originated from the 2→2 process only is

shown in dashed lines in Figs. 3 and 4 for the upgrad
Tevatron and in Fig. 5 for the LHC.~We note a disagreemen
with Ref. @12#.! All calculations are again done at the leadi
order in QCD, and renormalization and factorization sca
are fixed asmR5m f5mH61mt . The cross sections ar
plagued by the same large uncertainties due to scale v
tions already observed in the case of the 2→3 processes
Notice that, away from the resonance region,mH6,mt
2mb , the relative size of the two classes of cross sect
depends onAs andmH6. Indeed, at high energies, where th
gluon-initiated 2→3 processes dominate over the qua
initiated ones, the cross section arising from the elemen
processgb→tH2 is larger than that from 2→3 ones, which
is penalized by a 3-body phase space suppression. At
Tevatron center-of-mass energy, the quark-initiated 2→3
processes still have the dominant role for values ofmH6 that
are not too large. For the particular choice of scalesmR and
m f made here, the cross-over for the two cross sections
aboutmH6;265 GeV.

D. The inclusive single-H 6 production cross section

Before presenting the inclusive cross section, some ela
ration on the summation procedure used to add the 2→3 and
2→2 channels is in order. Since the initialb-quark is con-
tained in the proton or antiproton via a gluon, the 2→2 pro-
cess is of the same order inas as the 2→3 ones. The col-
linearity of the b-quark with the initial gluon induces th

FIG. 6. Diagrams contributing topp̄(pp)→tH2X through an
elementary 2→2 process.
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large factoras(mR)log(mf /mb), where the factorization scal
m f is O(mH6) and it was chosen to bem f5mt1mH6 in our
numerical evaluations. This factor is then resummed to
orders „as(mR)log(mf /mb)…

n when making use of the phe
nomenologicalb-distribution function. The first ordern51,
is also contained in the set of 2→3 partonic processesgg
→tH2b̄ when one of the two initial gluons produces a pa
bb̄ collinear to the initialp or p̄. ~See the last two diagram
of Fig. 2.! Thus, when summing the contributions from 2→2
and 2→3 cross sections, this term has to be properly s
tracted in order to avoid double counting. Given the r
evance of resummation for the large parame
as(mR)log(mf /mb), it is often concluded that the 2→2 pro-
cess gives the bulk of the cross-sections for the single p
duction ofH6. As was already noticed in the previous se
tions, however, the issue of the dominance of one cr
section over the other depends onAs andmH6.

The summation and subtraction procedure has been c
fully systematized in the case of neutral Higgs bosons p
duction @29,10#, for which, in a similar way, also the 2→1
process,b̄b→H0, and the 2→2 one, gb→bH0, partially
overlap. It was applied to the case of charged-Higgs prod
tion in Ref. @30#, where it was debated whether a 2→1 el-
ementary processtb̄→H1 also contributes to the inclusiv
cross section, once the theoretically calculatedt-distribution
function is folded in the proton beam. For the ranges ofmH6

that may be probed at the Tevatron and at the LHC, the t
log(mH /mt) is sufficiently small, and the 2→1 process can be
safely omitted@30#. We therefore disregard the processtb̄
→H1 in our analysis and in addition assume sufficie
b-tagging efficiency so that final states with three or mo
b’s can be distinguished@8,31#.

Following Refs. @29,10#, we introduce the distribution
function b̃(x,m f) given by the perturbative solution to th
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi equation:

b̃~x,m f !5
as~mR!

p
lnS m f

mb
D E

x

1dy

y
PgbS x

yDg~y,m f !, ~8!

where the splitting function isPgb(x)5„x21(12x)2
…/2 and

g(x,m f) is the usual gluon-distribution function at the fa
torization scalem f . The hard processgb→tH2, convoluted
with the distribution functionb̃ above, gives a contribution
that has to be subtracted from the sum of thegg-initiated and
~standard! gb-initiated process, convoluted with the phenom
enologicalb-distribution function.

The appropriately summed inclusive cross section
shown in Fig. 7 for the Tevatron and in Fig. 8 for the LHC
As in the case of only the 2→3 channels, a potential reach o
;250 GeV and ofO(1) TeV is found, respectively, for the
Tevatron~with 10–30 fb21 luminosity! and the LHC~with a
luminosity of 100 fb21 per year!. Background and other de
tection and identification considerations will somewhat
minish this reach@8#, which is therefore given only as
rough guideline.

III. SLEPTON-STRAHLUNG

In supersymmetric models, leptonL and baryonB num-
bers are not accidental symmetries, but have to be impo
1-5
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by hand, e.g. by imposing a discreteR-symmetry (R-parity!
@32# RP5(21)3B1L12J, whereJ is the particle spin. It is
possible, however, that onlyL or B correspond to a con
served number, which is sufficient to ensure the proton
bility. In particular, in supersymmetry the lepton and Hig
doublets are not distinguished by their spin as in the SM.
therefore natural to expect that some mixing exists betw
slepton and Higgs bosons as well as between leptons
higgsinos that carry the same quantum numbers, and, he
that the lepton numberL is generically not conserved. Th
realization ofL-violation is basis-dependent and it is usua
convenient to define the two-Higgs doublets as those wh
neutral components are aligned along the two large VEV
whereas the lepton doublets are along the orthogonal d
tions in field space. In this basis it is straightforward to sh
that neutrino masses arise from small tree-level mixing w
the neutralinos and at one- and two-loop levels fromDL
51 Yukawa-type interactions@33–36#. This offers an excit-
ing avenue for generating neutrino mass and mixing at
weak scale. It further suggests collider tests of models
neutrino masses since both radiative neutrino masses
slepton production are controlled by the same Yukawa c
plings.

FIG. 7. The leading-order production cross sections(pp̄
→tH2X), for As52 TeV, as a function of the charged Higgs ma
is shown for three different values of tanb52,10,50. The cross
section is obtained by adding the contribution of the 2→2 process,

gb→tH2, to those of the 2→3 ones,gg→tb̄H2 andqq̄→tb̄H2,
and subtracting overlapping terms. Renormalization and factor
tion scales are fixed asmR5m f5mt1mH2.

FIG. 8. Same as in Fig. 7 for center-of-mass energyAs
514 TeV.
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In the following, only models in which the lepton numbe
is violated byDL51 renormalizable operators are consi
ered. The low-energy Lagrangian is derived from the sup
potential operator

W5l lmn8 LlQmDn , ~9!

whereL,Q,D are the lepton and quark-doublet and dow
singlet superfields, respectively. The possibility of renorm
izable purely leptonic operators, also involving aDL51
lepton-number violation, does not affect our analysis a
such operators are neglected hereafter. In component fi
the slepton-quark interactions relevant to our purposes a

L L”.l lmn8 Vm jūL jdRnẽLl* 2l lmn8* d̄LmdRnñLl* 1H.c., ~10!

where f̃ denotes the sfermion superpartner of a fermionf and
all generation indices are arbitrary. In deriving Eq.~10! it
was assumed that the right-handed quark fields as well as
left-handed down-quark fields are already in the mass eig
state basis, and that the CKM matrixV coincides with the
rotation matrix of the left-handed up-quark sector. Had t
assumption not been made, both fermions in each of the
terms of Eq.~10! would be multiplied by the appropriat
rotation matrix. However, in the absence of any initial a
sumption on the texture of thel8 matrix, this would merely
correspond to a redefinition of its elements.

The DL51 couplings given above cannot be arbitrar
large as they lead to tree-level corrections to various obs
ables and correct neutral- and charged-current univers
@37#. With the exception ofl1118 &1024 and l1m18 &1022

from (bb)0n-decay and atomic parity violation, respectivel
one hasl11n8 &0.01, l l2n8 &0.2, andl l3n8 &0.4–0.5, for sfer-
mions with masses of 100 GeV. These constraints and t
derivation are summarized, for instance, in Ref.@38#. As an
example, the weak constraints onl l3n8 are derived from ei-
ther t-quark decays@39,40# ~this constraint, however, van
ishes as the slepton mass approaches thet-quark mass!, from
the one standard deviation in theZ width @41#, or from
b-quark semileptonic decays@40,42#, again at one standar
deviation. The above constraints scale as a power ofmf̃ and
are therefore significantly weaker for heavier sfermions. F
example, for squarks near the 500 GeV mark,l8;1 in the
third family is generally not excluded. On the other han
constraints on pairs of non-identical couplings~e.g. from me-
son mixing! often imply, further, that certain combination
of couplings cannot saturate their individual upper boun
simultaneously. In general, the hierarchy of couplings t
emerges from experiment is similar to the generational h
archy in the usual Yukawa couplings~with l3338 the most
weakly constrained!, an observation that we will adopt as
guideline.~A similar structure is also suggested by vario
theoretical models. See, for example, Refs.@33,35#.!

A. Production cross section

The terms~10! in the Lagrangian lead to new and excitin
possibilities for slepton production at hadron colliders:~i!
exotic t-quark decays t→ t̃b, if kinematically allowed

,

a-
1-6
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@39,40,43#, ~ii ! s-channel resonant production of slepto
@44# ~see, for instance, Ref.@40# for a discussion of resonan
production at LEP!, and, as proposed above,~iii ! associate

productionqq8 l̃ . ~In addition,~iv! gluonic couplings are in-
duced for the sneutrino, which could now be singly produc

gg→ ñ @45#.! Here, we focus on the charged-slepto

strahlung production, in particular, staut̃ production in as-
sociation witht- and b-quarks. Associate production of th
neutral sleptons will be discussed elsewhere@45#. Both 2

→2 and 2→3 channelsgb→t t̃2 and gg,qq→t t̃2b̄, will
be considered~at the leading order! and properly combined
As in the case of the charged Higgs production, the 2→3
processes encompass the production mechanism~i! in the
relevant kinematic region.

Concretely, the onlyR-parity-violating coupling that is
considered isl3338 . This choice is motivated by the fact tha
this is the least constrained coupling, and, as explai
above, it is expected to be the most significant among
DL51 couplings in some frameworks. In this case, the cr
section scales asl33382 in the kinematic regionmt,mt̃

1mb . In the complementary regionmt*mt̃1mb , sleptons
contribute to the width of thet-quark~in proportion tol33382 !,
violating this simple scaling law. This implies that, althou
our results may be taken as indicative for cases involv
otherl8 couplings, they cannot be used directly in cases
involving the t-quark. In addition, the subtraction procedu
to be followed when combining the different 2→2 and 2
→3 channels into the inclusive cross section, although c
ceptually similar, differs technically for cases with one
two light quarks associated to thet̃-production. For this rea-
son also, the results presented here cannot be simply ada
to production cross sections involving otherl8 couplings or
to the case of neutral-slepton production.~The latter is also
complicated by the presence of the gluon-fusion chann!
On the other hand, the slepton generation label does not e
our calculation but affects only the signal analysis~on which
we comment below!. Hence, our results can be generaliz
in a straightforward fashion to the production of oth
charged sleptons in association witht- andb-quarks.

It should be noted that the produced slepton is alw
left-handed, as a result of the structure of the operator~10!.
Of course, the physical eigenstates are, in general, ad
tures of left- and right-handed current eigenstates. For s
plicity, it is assumed in the following that the left–right mix
ing term in the t̃ mass squared matrix is small. As
consequence, left- and right-handed current eigenstates
cide already with the two mass eigenstates, with massesmt̃L

and mt̃R
. The first of these two masses, recurrent in t

analysis, will be simply denoted asmt̃ . ~A generalization is
straightforward and involves the introduction of a mixin
angle.!

The inclusive production cross sectionspp̄→t t̃LX, pp

→t t̃LX are obtained by combining the production cross s
tions arising from the 2→2 elementary processgb→t t̃L to
those induced by 2→3 partonic processes, which give rise
pp̄→tb̄t̃LX, pp→tb̄t̃LX. The 2→3 processes might be in
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dependently measured only if relatively complicated fin
states could be detected. The corresponding inclusive c
sections, formally given by Eq.~2!, is obtained by convolut-
ing the hard-scattering cross section of quark- and glu
initiated processes with the quark and gluon distribut
functions inp andp̄. The Feynman diagrams for the parton
processes are those of Figs. 1 and 2, withH2 replaced by
t̃L . Since the vector and axial couplingv and a for the
vertext –b–t̃L are now simplyv5a51/2, the square ampli-
tudesuMuqq̄

2 and uMugg
2 can be decomposed as

uMuqq̄
2

5
1

4
l33382 ~4paS!2uVtbu2~Vqq̄1Aqq̄!,

uMugg
2 5

1

4
l33382 ~4paS!2uVtbu2~Vgg1Agg!.

~11!

The reduced square amplitudesVqq̄, Aqq̄ andVgg, Agg coin-
cide with those obtained for the 2→3 charged-Higgs-
production processes, once the replacementmH6→mt̃L

is
made. In the kinematical region of a resonantt-quark, only
the two decay modest→W1b and t→ t̃1b are considered.
The latter has the width

G~ t→ t̃1b!5
l33382

32p
mtuVtb* u2S 11

mb
2

mt
2

2
mt̃

2

mt
2D l1/2S 1,

mt̃
2

mt
2

,
mb

2

mt
2D ,

~12!

For simplicity, the charged Higgs bosonH6 is assumed to be
sufficiently heavy, as to kinematically forbid the decay mo
t→H1b.

If only the t-quark can be detected in addition to the dec
products oft̃L , the contribution from the 2→2 process has
to be included. The Feynman diagrams for this process
those of Fig. 6, with the obvious substitutionH2→ t̃L ; the
hard-scattering cross section is obtained from Eq.~7! by re-
placing 4GFMW

2 /A2 with l3338 /2 and mH2 with mt̃L
. The

subtraction procedure to avoid double counting follows e

FIG. 9. The leading-order production cross sections(pp̄

→t t̃X), for As52 TeV, as a function of thet̃ mass, is shown for
different values ofl3338 . Renormalization and factorization scale
are fixed asmR5m f5mt1mt̃ .
1-7
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BORZUMATI, KNEUR, AND POLONSKY PHYSICAL REVIEW D60 115011
actly the pattern already described for the production of
charged Higgs boson. The final inclusive production cr
sectionss(pp̄,pp→t t̃X) are shown in Figs. 9 and 10 for th
Tevatron and the LHC, respectively, as a function of thet̃L
massmt̃L

*45 GeV. Note that, since lepton number is vi
lated, we conservatively apply the model-independent lo
limit mt̃*45 GeV extracted from the measurement of theZ
width.

The large cross section obtained in the case ofAs
514 TeV implies that at the LHC, with a luminosity o
100 fb21 per year, lightt̃ ’s may be produced in abundanc
even for couplings as small as 0.01, whereas for large c
plings, they may be produced up to masses ofO(1) TeV.

The t̃-decay modes are highly model-dependent in
case of lepton-number violation. In particular, all superpa
ners typically decay in the collider and the typical lar
missing energy signature is replaced with multi-b and lepton
signatures, which may be used for identification.~See, for
example, Ref.@46#.! Depending on couplings and pha
space, the main two-body decays fort̃ are, for example,t̃
→x̃0t,x̃6nt ,tb,cb,ts,ln, where we included the effect o
purely leptonic couplings.@There also exist two-body decay
due to tree-level Higgs-slepton, chargino-tau, and neutral
neutrino mixing. However, these are strongly suppressed
the small mixing angle;(mn /mZ)2.# In addition, various
three-body decay channels may be open, depending on
model parameters. The charginos and neutralinos, if p
duced, also cascade in a model-dependent way to leptons
jets. Therefore, detection and background studies canno
done in a model-~coupling-! independent fashion; particu
larly so, once our assumption that only the charged Higg
the stau~but not both! are produced in association witht is
generalized. Nevertheless, many promising multilepton
multi-b signatures are available. The study of detection
pects is well motivated by the potential reach in small co
pling and/or large mass, but it is left for future works.

Leaving detection issues aside, inL-violating models,
sleptons are potentially more accessible~depending on the
coupling! than in models with lepton-number conservatio
where their direct production relies on the Drell-Yan proce

FIG. 10. The leading-order production cross sections(pp

→t t̃X), for As514 TeV, as a function of thet̃ mass is shown for
different values ofl3338 . Renormalization and factorization scale
are fixed asmR5m f5mt1mt̃ .
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which allows a discovery reach for sleptons only up toml̃
&350 GeV at the LHC@47#. ~Cascade decays may provid
the bulk of slepton production in the lepton-numbe
conserving models, but such processes are highly mo
dependent. They also complement slepton production in
lepton-number-violating case studied here.! The potential
reach at the Tevatron is limited to large couplings and
light t̃ ’s. Nevertheless, the slepton-strahlung provides
unique slepton-discovery mechanism at the Tevatron as w

B. Exploring DL 51 models of neutrino masses

An obvious question is to know to what extent does t
discovery reach described above makes it possible to exp
the corresponding models of neutrino masses. It is strai
forward to show that the supersymmetry-rotated opera
~10! with a quark~sneutrino! replaced by a squark~neutrino!
lead, at one-loop order, to a Majorana neutrino mass as il
trated in Fig. 11. One obtains

mn

MeV
;l82S 300 GeV

mb̃
D S mLR

2

mbmb̃
D , ~13!

where ab-quark andb̃-squark are assumed to circulate in t
loop, andmLR

2 is theb̃ left–right mixing squared mass.~Note
that the sizemLR

2 here can be significant even if left–righ
stau mixing is suppressed.! The neutrino mass may vanish i
the limit of a continuous U~1!R symmetry, which corre-
sponds in our case tomLR

2 !mbmb̃ . It is further assumed tha
no other accidental cancellation among various contributi
to the neutrino mass takes place. In this case, the contr
tion ~13!, if it exists, constitutes probably the dominant co
tribution to the neutrino mass~another contribution may
arise from tree-level neutrino-neutralino mixing!. Imposing
laboratory limits on thene mass one can, for example, deriv
severe constraints onl1338 @48#.

Given all other constraints and the cross sections of F
9 and 10,l2338 andl3338 are the couplings that are likely to b
probed at hadron colliders through slepton-strahlung prod
tion. Assuming that associate stau production can be
served forl8*0.1(0.01), neutrino masses heavier than
keV ~30 eV! can be explored, formb̃&1 TeV and
mbmb̃ /mLR

2 of O(1) in Eq. ~13!. It is interesting to note tha
if the coupling is large enough to lead to slepton producti
it is probable that the corresponding neutrino cannot be
the sub-eV range, as is sometimes assumed, unless
b̃-squarks are in the multi-TeV range, and with negligib

FIG. 11. A one-loop contribution to the Majorana neutrino ma
arising from theDL51 operators of the superpotential~9!.
1-8
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left–right mixing. Furthermore, a large slepton producti
cross section may even imply a heavy neutrino spec
which decays on cosmological time scales. Alternatively
the b̃-squarks are not discovered at the LHC~when consid-
ering the R-parity-violating cascades!, the same range o
coupling would automatically imply much lighter neutrino
possibly in the sub-eV range, enhancing the coverage of
neutrino-mass parameter space.

Thus, collider studies in this case carry indirect but cruc
implications to models of neutrino masses and can help
veal the neutrino spectrum. This beneficial relation is due
supersymmetry, which relates the neutrino radiative m
operators and the slepton-quark Yukawa operators. Nega
search results can alternatively provide strong constraint
the l i338 couplings, especially if slepton masses are indep
dently measured. Such potentially strong constraints are
rently not available by any other method. Further handles
the couplings and on the neutrino spectrum are provided
the search for the sneutrinos@45#, in which case also the
gluon fusiongg→ ñ channel is available. The gluon-fusio
cross section also depends quadratically onl8 Yukawa cou-
plings, and it is given by a straightforward generalization
the Higgs gluon-fusiongg→H0 cross section@45#.

IV. SUMMARY AND OUTLOOK

In summary, we have shown that charged Higgs- a
slepton-strahlung provide important channels of single p
duction. Our study implies a significant production cross s
tion, in particular at the LHC, but also at the upgraded Te
tron energies. For example, charged Higgs bosons and s
as heavy as 1 TeV can be produced at the LHC~Figs. 5 and
10!. For lighter staus,R-parity-violating couplings as sma
as 0.01 may be probed~Fig. 10!. At the Tevatron~Figs. 7
and 9!, the kinematic reach may be significantly extend
with respect to that obtained from thet-quark decayst
→H1b and t→ t̃1b. Of course, more conclusive statemen
should await detailed background and detection studies.

Our calculations, at the leading order, include exact eva
ation of the three-body phase space, and special atten
was given to the correct summation of the various contri
tions to the inclusive cross section.

The importance ofb-tagging in separating the variou
channels was pointed out. In addition, various weakly int
acting particles may be produced simultaneously in asso
tion with quarks~e.g. the charged Higgs and one or tw
charged sleptons!, hence raising the issue of their separati
and identification. In particular, in the case of the stau st
ied here, the slepton signature could be similar to that of
charged Higgs.~Similarly, the neutral Higgs and sneutrin
could both be produced via the gluon fusion and/or strahl
process and could also decay similarly, extending the pr
lem to the neutral sector as well.! One may have to rely on
mass differences and on more suppressedL-violating or su-
persymmetric decays in order to distinguish the differ
bosons.

Detection of singly produced sleptons via the strahlu
process~or any other process! carries substantial benefits t
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the mapping of the lepton-number-violating potential~and
superpotential!. Hence, it also carries important cons
quences to models in which neutrino masses are obta
radiatively, since radiative neutrino masses are proportio
to the couplings of the slepton-quark Yukawa operato
Leaving detection issues aside, heavy sleptons could
abundantly produced inL-violating models and smal
L-violating couplings~and hence, small neutrino masse!
may be probed.

Though not discussed explicitly, a similar situation to t
one studied in this paper can arise in any other mode
which a weakly interacting scalar couples via a no
negligible Yukawa coupling to quarks. The most obvio
example, which corresponds to a straightforward general
tion of the slepton-strahlung case, is given by~scalar! lepto-
quark models.
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APPENDIX: THREE-BODY PHASE SPACE

In Eq. ~2! dPS (q11q2 ;p1 ,p2 ,p3) is an element of the
3-body final-state phase space normalized as@17#

E dPS5E ~2p!4d4~q11q22p12p22p3!

3
d3p1

~2p!32E1

d3p2

~2p!32E2

d3p3

~2p!32E3

→ 1

~2p!4

1

8E21

11

d~cosu!E
0

2p

df

3E
E1 ,min

E1 ,max

dE1E
E12 ,min

E12 ,max

dE12, ~A1!

where qi (pi) are the four-momenta of the initial parton
~final-state particles! and E1 , E2 can be chosen, e.g. as th
energies of the finalt and b, respectively, withE12[(E1
2E2)/2, andE3 the energy of theH6. The remaining inte-
gral in Eq. ~A1! is over appropriately defined anglesu and
f, describing the motion with respect to the beam axis of
three-momentap1 , p2 of the two produced quarks.@Of the
initial four angular integrations, one is eliminated from e
ergy conservation and another~azimuthal! angle integration
simply gives a factor of 2p included in Eq.~A1!.# The inte-
gration bounds for the energyE1 are as follows:
1-9
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E1,min5mt ; E1,max5
ŝ1mt

22~mb1mH6!2

2Aŝ
; ~A2!

those for the energyE2 are

E12,min/max5
2b7Ab224ac

2a
, ~A3!

with a, b, andc given by

a52E1Aŝ2 ŝ2mt
2,
s,
.

D

t.
A.

i, i
o

s.

’’

v
l,

11501
b52~Aŝ2E1!~mH6
2

2mb
2!, ~A4!

c5
1

4
$~E1

22mt
2!@~Aŝ2E1!224mb

2#

2~E1
21mH6

2
2mt

22mb
2!2%.

Finally, the resulting six-dimensional integral Eq.~2! over
the remaining phase space and over the parton luminositi
performed numerically with the standard VEGAS Mon
Carlo integration routine@49#.
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