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W6H 7 associated production at the CERN Large Hadron Collider
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We study the production of a charged Higgs boson in association with aW boson at the CERN Large
Hadron Collider in the context of the minimal supersymmetric extension of the standard model. This produc-
tion mechanism is particularly promising if the charged Higgs boson is too heavy to be generated by top-quark

decay. We compare the contributions due tobb̄ annihilation at the tree level andgg fusion, which proceeds at
one loop. Apart from the total cross section, we also consider distributions in transverse momentum and
rapidity. We also assess the viability ofW6H7 associated production at the Fermilab Tevatron after the
installation of the Main Injector and the Recycler.@S0556-2821~98!06123-2#

PACS number~s!: 12.60.Fr, 12.60.Jv, 13.85.2t
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I. INTRODUCTION

Despite the successful confirmation of the standard mo
~SM! of elementary particle physics by experimental pre
sion tests during the past few years, the structure of
Higgs sector has essentially remained unexplored, and t
is still plenty of room for extensions. A phenomenologica
interesting extension of the SM Higgs sector that keeps
electroweakr parameter@1# at unity in the Born approxima
tion is obtained by adding a second complex isospin-dou
scalar field with opposite hypercharge. This leads to the t
Higgs-doublet model~2HDM!. After the three massles
Goldstone bosons which emerge via the electroweak sym
try breaking are absorbed to become the longitudinal deg
of freedom of theW6 andZ bosons, there remain five phys
cal Higgs scalars: the neutralCP-evenh0 and H0 bosons,
the neutralCP-odd A0 boson, and the chargedH6-boson
pair. In order to avoid flavor-changing neutral currents, o
usually assumes that all up-type fermions couple to one
the Higgs doublets while all down-type fermions couple
the other one~2HDM of type II!. The Higgs sector of the
minimal supersymmetric extension of the SM~MSSM! con-
sists of such a 2HDM of type II. At the tree level, the MSS
Higgs sector has two free parameters, which are usu
taken to be the massmA0 of the A0 boson and the ratio
tanb5v2 /v1 of the vacuum expectation values of the tw
Higgs doublets.

The search for Higgs bosons and the study of their pr
erties are among the prime objectives of the Large Had
Collider ~LHC!, a proton-proton colliding-beam facility with
a center-of-mass~c.m.! energyAS514 GeV presently unde
construction at CERN@2#. At the LHC, the integrated lumi-
nosity is expected to reachL5100 fb21 per year and experi
ment. In this connection, most of the attention has been
cused on the neutral Higgs bosons, and even correct
from quantum chromodynamics~QCD! to their production
cross sections and decay widths have been computed@3#.
Here, we wish to discuss the prospects of detectingH6

bosons at the LHC. ForH6-boson massesmH,mt2mb , the
dominant production mechanisms aregg,qq̄→t t̄ followed
by t→bH1 and/or the charge-conjugate decay@2#. The
dominant decay modes ofH6 boson in this mass range a
H1→ t̄nt and H2→tn̄t unless tanb,Amc /mt'1 @2#. In
0556-2821/98/59~1!/015009~7!/$15.00 59 0150
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contrast to the SM top-quark events, this signature viola
lepton universality, a criterion which is routinely applied
ongoing H6-boson searches at the Fermilabpp̄ collider
Tevatron @4#. For larger values ofmH , the most copious
sources ofH6 bosons are provided bygb→tH2 @5,6#, gg

→tb̄H2 @7#, qb→q8bH1 @8#, and the charge-conjugate su

processes. The preferred decay channels are thenH1→tb̄

and H2→ t̄ b, independently of tanb @2#. Unfortunately,
these signal processes are bound to be obscured by

QCD backgrounds due togb→t t̄ b, gb̄→t t̄ b̄, and gg

→t t̄ bb̄, or by misidentification backgrounds due togg,qq̄

→gt t̄ andgq→t t̄ q @6#. H1H2 pair production, which pro-
ceeds at the tree level via the Drell-Yan processqq̄
→H1H2, where a photon and aZ-boson are exchanged i
the s channel @9#,1 and at one loop viagg fusion
gg→H1H2 @10#, is also severely plagued by such QC
backgrounds.

An attractive way out is to produce theH6 bosons in
association withW7 bosons, so that the leptonic decays
the latter may serve as a spectacular trigger for theH6-boson
search. The dominant subprocesses ofW6H7 associated
production are bb̄→W6H7 at the tree level andgg
→W6H7 at one loop. They were numerically evaluated u
der LHC conditions in Ref.@11#, for mb50. In this approxi-
mation, theb̄bh0, b̄bH0, and b̄bA0 couplings, which are
large for tanb@1, are nullified, and theb̄tH2 coupling is
wrongly suppressed for tanb@1. Thus, the analysis of Ref
@11# is only valid for tanb'1. In fact, the authors of Ref
@11# only selected values from the interval 0.3<tanb<2.3.
Furthermore, the values formt andAS and the parton density
functions~PDF’s! adopted in Ref.@11# are now obsolete. The
purpose of this paper is to generalize the analysis of Ref.@11#
for arbitrary values of tanb and to update it. Furthermore
we shall include the leading radiative corrections to the re
tions between the relevant MSSM parameters@12#, which
were not yet available at the time when Ref.@11# appeared.

1In the caseq5b, there are additional Feynman diagrams invo
ing the top quark in thet channel and theh0 andH0 bosons in the
s channel.
©1998 The American Physical Society09-1
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In contrast to Ref.@11#, which concentrated on the total cro
section, we shall also investigate distributions in transve
momentumpT and rapidityy. Finally, we shall also conside
W6H7 associated production at the Tevatron after
completion of the Main Injector and the Recycler~Run II!.
One expects the integrated luminosity per year and exp
ment then to be as high asL52 fb21, so that this process
might provide an interesting alternative, for moderate val
of mH , besides the usualH6-production mechanism via top
quark decay.

The literature also contains a discussion ofgg

→W6H7t t̄ @13#. However, since the top quark turned out
be so heavy, this process is less interesting due to the
stantial phase-space suppression relative togg,bb̄
→W6H7.

As for bb̄ annihilation, it should be noted that the trea
ment of bottom as an active flavor inside the colliding ha
rons leads to an effective description, which comprises c
tributions from the higher-order subprocessesgb

→W6H7b, gb̄→W6H7b̄, andgg→W6H7bb̄. If all these
subprocesses are to be explicitly included along withbb̄
→W6H7, then it is necessary to employ a judiciously su
tracted bottom PDF in order to avoid double counti
@5,13,14#. The evaluation ofbb̄→W6H7 with an unsub-
tracted bottom PDF is expected to slightly overestimate
true cross section@5,13,14#. For simplicity, we shall never-
theless adopt this effective approach in our analysis, kee
in mind that a QCD-correction factor below unity is to b
applied.

This paper is organized as follows. In Sec. II, we sh
present some analytic results for the cross section ofW6H7

associated hadroproduction viabb̄ annihilation andgg fu-
sion in the 2HDM and outline our calculation of the bo
amplitude. In Sec. III, we shall quantitatively analyze t
size of this cross section and estimate the number of
pected signal events at the LHC and the upgraded Teva
Section IV contains our conclusions.

II. DETAILS OF THE CALCULATION

We start by defining the kinematics of the inclusive rea
tion AB→WH1X, whereA and B are colliding hadrons,
which are taken to be massless. LetAS be the energy of the
initial state andy andpT the rapidity and transverse mome
tum of theW boson in the c.m. system of the collision. B
four-momentum conservation, mT coshy<(S1mW

2

2mH
2 )/(2AS), wheremT5AmW

2 1pT
2 is the transverse mas

of the W boson. The hadronA is characterized by its PDF’
Fa/A(xa ,Ma), where xa is the fraction of the four-
momentum ofA which is carried by the~massless! partona
(pa5xapA), Ma is the factorization scale, and similarl
for B. The Mandelstam variabless5(pa1pb)2, t5(pa
2pW)2, and u5(pb2pW)2 at the parton level are
thus related to S, y, and pT by s5xaxbS, t5mW

2

2xaASmT exp(2y), and u5mW
2 2xbASmT exp(y), respec-

tively. Notice thatspT
25tu2mW

2 mH
2 . In the parton model,

the differential cross section ofAB→WH1X is given by
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dydpT
2 ~AB→WH1X!

5(
a,b

E dxadxbFa/A~xa ,Ma!Fb/B~xb ,Mb!

3s
ds

dt
~ab→WH!

3d~s1t1u2mW
2 2mH

2 !

5(
a,b

E
x̄a

1

dxaFa/A~xa ,Ma!Fb/B~xb ,Mb!

3
xbs

mH
2 2t

ds

dt
~ab→WH!, ~2.1!

where x̄a5@ASmT exp(y)2mW
2 1mH

2 #/@S2ASmT exp(2y)#
and xb5@xaASmT exp(2y)2mW

2 1mH
2 #/@xaS2ASmT exp(y)#

in the last expression. The parton-level cross section is
culated from theab→WH transition-matrix elementT as
ds/dt5uTu2/(16ps2), where the average is over the sp
and color degrees of freedom of the partonsa andb.

We now turn to the specific subprocessesab→WH. For
generality, we work in the 2HDM, adopting the Feynm
rules from Ref.@15#. For definiteness, however, we sha
concentrate on the MSSM in the numerical analysis in S
III. We neglect the Yukawa couplings of the first- an
second-generation quarks. For later use, we define here
propagator functions

St~s!5
1

sin b S cosa cos~a2b!

s2mh0
2

1 imh0Gh0
1

sin a sin~a2b!

s2mH0
2

1 imH0GH0
D ,

Sb~s!5
1

cosb S 2sin a cos~a2b!

s2mh0
2

1 imh0Gh0

1
cosa sin~a2b!

s2mH0
2

1 imH0GH0
D ,

Pt~s!5
cot b

s2mA0
2

1 imA0GA0
,

Pb~s!5
tan b

s2mA0
2

1 imA0GA0
. ~2.2!

Here,a is the mixing angle that rotates the weakCP-even
Higgs eigenstates into the mass eigenstatesh0 and H0, mh

0

and Gh0 are the pole mass and total decay width of theh0

boson, respectively, and similarly for theH0 andA0 bosons.
At the tree level,W6H7 associated production proceed

via bb̄ annihilation. Here, we treat theb and b̄ quarks as
active partons inside the colliding hadronsA and B. This
should be a useful picture at such high energies,AS.mW
1mH . For consistency with the underlying infinite
momentum frame, we neglect the bottom-quark mass. H
ever, we must not suppress terms proportional tomb in the
9-2
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Yukawa couplings, since they generally dominate the rela
mt-dependent terms if tanb is large enough, typically for
tanb*Amt /mb'6. This is obvious for theb̄tH2 vertex,
which has the Feynman rule@15#

i221/4GF
1/2@mt cot b~11g5!1mb tan b~12g5!#,

~2.3!

where GF is Fermi’s constant and we have neglected
Cabibbo-Kobayashi-Maskawa mixing, i.e.,Vtb51. The rel-
evant Feynman diagrams are depicted in Fig. 1. The
grams involving theh0, H0, or A0 bosons are suppressed
tanb is of order unity, but they are indispensable if tanb
*Amt /mb. They were neglected, along with the terms p
portional tomb in Eq. ~2.3!, in Ref.@11#, where the restricted
range 0.3<tanb<2.3 was considered. The parton-lev
cross section ofbb̄→W2H1 reads

ds

dt
~bb̄→W2H1!

5
GF

2

24ps H mb
2

2
l~s,mW

2 ,mH
2 !„uSb~s!u21uPb~s!u2

…

1
mb

2 tan b

t2mt
2 ~mW

2 mH
2 2spT

22t2!

3Re„Sb~s!2Pb~s!…

1
1

~ t2mt
2!2 @mt

4 cot2 b~2mW
2 1pT

2!

1mb
2 tan2 b~2mW

2 pT
21t2!#J , ~2.4!

wherel(x,y,z)5x21y21z222(xy1yz1zx) is the Källén
function. The one ofbb̄→W1H2 emerges through charg
conjugation, by substitutingt↔u on the right-hand side o
Eq. ~2.4!.

An alternativeW6H7 production mechanism is provide
by gluon fusion, which proceeds at one loop via the triang

FIG. 1. Feynman diagrams forbb̄→W2H1.
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type and box diagrams depicted in Fig. 2. In the MSS
there are additional loop contributions due to squarks, wh
decouple in the limit of their masses being large. In a typi
MSSM scenario, these contributions are expected to be n
ligibly small. Although the parton-level cross section
gluon fusion is suppressed by two powers ofas relative to
the one ofbb̄ annihilation, it is expected to yield a compa
rable contribution at multi-TeV hadron colliders, due to t
overwhelming gluon luminosity. On the other hand, the b
tom PDF may be considered as being generated fromg

→bb̄ splitting via the Altarelli-Parisi evolution and is thus o
O(as) relative to the gluon PDF. Therefore, both mech
nisms are formally of the same order at the hadron level.
we shall see in Sec. III, these two mechanisms indeed c
pete with each other numerically. Since bottom does not
pear as a parton ingg fusion, we keepmb finite in this case.

The transition-matrix element ofgg→W2H1 corre-
sponding to the sum of the triangle-type diagrams in Fig. 2
given by

TD5
&

p
as~m!GFmW«l* ~pW!~pa1pb!l

3«m
c ~pa!«n

c~pb!F S pb
mpa

n2
s

2
gmnDS~s!

1 i«mnrsparpbsP~s!G , ~2.5!

whereas(m) is the strong coupling constant at renormaliz
tion scalem, «m

c (pa) is the polarization four-vector of gluon
a and similarly for gluonb and theW boson, it is summed
over the color indexc51,...,8, and

S~s!5 (
q5t,b

Sq~s!SS s1 i e

4mq
2 D ,

FIG. 2. Typical Feynman diagrams forgg→W2H1.
9-3
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P~s!5 (
q5t,b

Pq~s!PS s1 i e

4mq
2 D . ~2.6!

Here, we have introduced the auxiliary functions

S~r !5
1

r F12S 12
1

r Darsinh2 A2r G ,
P~r !52

1

r
arsinh2 A2r . ~2.7!

By analytic continuation, arsinhA2r 52 i arcsinAr
5arcoshAr 2 ip/2, where the first, second, and third e
pressions are appropriate forr<0, 0,r<1, and r .1, re-
spectively. Notice thatS(r ),P(r )→0 as r→`, so that the
bottom-quark contribution to Eq.~2.5! is suppressed, excep
for large tanb. For reference, we also list the contribution
the cross section ofgg→W2H1 that is obtained by squarin
Eq. ~2.5!:

dsD

dt
5

as
2~m!GF

2

2048p3 l~s,mW
2 ,mH

2 !

3„uS~s!u21uP~s!u2…. ~2.8!

We generated and evaluated the amplitudeTh corre-
sponding to the sum of the box diagrams in Fig. 2 with t
aid of the computer packagesFEYNARTS @16#, FEYNCALC

@17#, and FF @18#. The analytic expression is somewh
lengthy, and we refrain from listing it here. To gain con
dence in these tools@16–18# and our use of them, we
checked that they allow us to numerically reproduce the
ferential cross section ofgg→ZH @19# in the SM to very
high precision. Finite-mb effects Th are indispensable fo
tanb*Amt/mb, which follows from Eq.~2.3!. However, ne-
glecting mb in the bottom propagator, where it cannot
enhanced by tanb, should still be a useful approximation
Nevertheless, we also keepmb finite there. Due to Bose sym
metry, the cross sectionds/dt of gg→W2H1 is symmetric
in t and u. Due to charge-conjugation invariance, it coi
cides with the one ofgg→W1H2.

III. NUMERICAL RESULTS

We are now in a position to explore the phenomenolo
cal implications of our results. The SM input parameters
our numerical analysis areGF51.1663931025 GeV22 @20#
and the pole massesmW580.375 GeV,mZ591.1867 GeV,
mt5175.6 GeV @21#, and mb54.7 GeV. We adopt the
lowest-order set CTEQ4L@22# of proton PDF’s. We evaluate
as(m) from the lowest-order formula@20# with nf55 quark
flavors and asymptotic scale parameterLQCD

(5) 5181 MeV
@22#. We identify the renormalization and factorizatio
scales with theW6H7 invariant mass,m25Ma

25Mb
25s.

For our purposes, it is useful to select the MSSM input
rameters to be tanb and the pole massmH of theH6 bosons
to be produced. We vary them in the ranges 1,tanb,40
'mt /mb and 85 GeV,mH,1 TeV, respectively. For given
01500
e

f-

i-
r

-

values of tanb andmH , we determinea and the pole masse
mh0, mH0, and mA0 of the neutral Higgs bosons from th
appropriate MSSM relationships@15# including their leading
radiative corrections@12# as implemented in the program
packageHDECAY @23#. In the case ofgg fusion, these cor-
rections only modifyTD , sinceTh does not depend ona,
mh0, mH0, andmA0. Similarly, in the case ofbb̄ annihilation,
only the s-channel diagrams are affected. We sum over
W1H2 andW2H1 final states.

We first considerpp→W6H71X at the LHC with
AS514 TeV. In Fig. 3~a!, the fully integrated cross section
due tobb̄ annihilation andgg fusion are shown as function
of mH for tanb51.5, 6, and 30. For a comparison with fu
ture experimental data, these two contributions should
added. We observe thatbb̄ annihilation always dominates
Its contribution modestly exceeds the one due togg fusion,
by a factor of two or less, if tanb*1 andmH.200 GeV, but
it is more than one order of magnitude larger ifmH,mt .
The gg-fusion contribution is greatly suppressed if tanb
@6, independently ofmH . For all values of tanb, the latter
exhibits a dip located aboutmH5mt , which arises from
resonating top-quark propagators inTh . In Fig. 3~b!, the
tanb dependence ofs(pp→W6H71X) is displayed for
mH5100, 300, and 1000 GeV. In the case ofmH

5100 GeV, thebb̄ andgg contributions exhibit minima at
tanb'6. As mH increases, these minima migrate to smal
and larger values of tanb, respectively. It is interesting to
comparebb̄ annihilation andgg fusion with regard to their
kinematic behavior. This is done for thepT and y distribu-
tions in Figs. 4~a! and 4~b!, respectively, assuming tanb
51.5, 6, 30 andmH5300 GeV. In general, thebb̄ and gg
cross sections have similar line shapes and just differ in t
overall normalizations. In the case ofgg fusion, it is instruc-
tive to analyze the interplay ofTD and Th . Figure 5 com-
pares thegg-fusion results shown in Fig. 3~b! with the re-
spective contributions proportional touT Du2 @see Eq.~2.8!#
and uThu2. The latter two are comparable in size and up
one order of magnitude larger than the full result. Obvious
there is a strong destructive interference betweenTD andTh .
For a typical MSSM scenario@23# with tanb andmH in the
ranges considered here, the relative shift in thegg (bb̄)
cross section due to the MSSM radiative corrections@12#
does not exceed the order of 10%~1%! in magnitude.

As advertised in Sec. I, one of the potential phenome
logical advantages ofW6H7 associated production is th
circumstance that the charged leptons originating from
decayingW6 bosons can be utilized as a clean trigger. Is
lated, energetic electrons and muons will be hard to m
andt leptons should be identifiable with high efficiency v
their one-prong decays to electrons, muons, charged pi
or charged kaons, which have a combined branching frac
of about 85%@20#. Thus, approximately 30% of theW6H7

signal events should be more or less straightforwardly
tectable in this way. If we assume the integrated luminos
per year to be at its design value ofL5100 fb21 for each of
the two LHC experiments, ATLAS and CMS, then a cro
section of 1 fb translates into about 60 detectableW6H7
9-4
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FIG. 3. Total cross sectionss ~in fb! of pp→W6H71X via bb̄ annihilation~dashed lines! andgg fusion ~solid lines! at the LHC~a!
as functions ofmH for tanb51.5, 6, and 30; and~b! as functions of tanb for mH5100, 300, and 1000 GeV.
a
a

n,

ex-

ing

if
ri-
e

events per year. Looking at Fig. 3, we thus conclude th
depending on tanb, one should be able to collect an annu
total of between 650 and 14,000 such events ifmH
5300 GeV.

We now turn topp̄ collisions at the Tevatron withAS

52 TeV ~Run II!. In Fig. 6, the total cross sections due tobb̄
annihilation andgg fusion are presented as functions ofmH
for tanb51.5, 6, and 30. During Run II, the Tevatro
01500
t,
l
supplemented by the Main Injector and the Recycler, is
pected to deliver an integrated luminosity ofL52 fb21 per
year to each of the two detectors, CDF and D0. Assum
that theH6 bosons can be identified via their decays tot
leptons and that theW6 bosons can also be recognized
they decay hadronically, by requiring that the two-jet inva
ant mass be close tomW , a cross section of 1 fb henc
corresponds to about 20 detectableW6H7 events during five
FIG. 4. ~a! pT distributionsds/dpT ~in fb/GeV! and ~b! y distributionsds/dy ~in fb! of pp→W6H71X via bb̄ annihilation~dashed
lines! andgg fusion ~solid lines! at the LHC for tanb51.5, 6, 30 andmH5300 GeV.
9-5
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years of operation. From Fig. 6, we read off that, depend
on tanb, the total yield during that period should range b
tween 5 and 50 ifmH5100 GeV.

Finally, we should compare our analysis with the one
ported in Ref.@11#. If we adopt the input information from
Ref. @11#, we are able to nicely reproduce the results o
tained therein, except that ourgg-fusion cross section turn
out to be a factor of two larger. A possible interpretation
this difference is that, in contrast to the case ofbb̄ annihila-
tion, the results forgg fusion shown in Figs. 4 and 5 of Re
@11# actually refer to one of theW1H2 and W2H1 final
states rather than to their sum as declared in the text.

IV. CONCLUSIONS

We studiedW6H7 associated hadroproduction within th
MSSM, allowing for tanb to be arbitrary. We included the
contributions frombb̄ annihilation andgg fusion to lowest
order. For tanb*6, themb-dependent terms in the releva
Yukawa couplings give rise to significant effects in bo
channels and must not be neglected. In particular,
s-channel diagrams of Fig. 1 would otherwise be missed.
also incorporated the leading corrections to the relations
tween the relevant MSSM parameters@12#.

Using up-to-date information on the input parameters a
proton PDF’s, we presented theoretical predictions for
W6H7 production cross section at LHC and Tevatron en

FIG. 5. Total cross sections ~in fb! of pp→W6H71X via gg
fusion ~solid lines! at the LHC as a function ofmH for tanb
51.5, 6, and 30. The contributions due to the triangle-type~dotted
lines! and box diagrams~dashed lines! are also shown.
01500
g
-

-

-

f

e
e
e-
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gies. Apart from the fully integrated cross section, we a
analyzed distributions inpT andy. A favorable scenario for
W6H7 associated hadroproduction would be characteri
by the conditions thatmH.mt2mb and that tanb is either
close to unity or of ordermt /mb . Then, theH6 bosons
could not spring from on-shell top quarks, which are so c
piously produced at hadron colliders, and their decays tt
leptons, which are relatively easy to identify, would have
small branching fraction. On the other hand,W6H7 produc-
tion would have a sizeable cross section, and the lepto
W6 decays would provide a spectacular trigger. We fou
that theW6H7 signal should have a signicant rate at t
LHC unlessmH is very large. The search for this sign
could also usefully supplement the standard technique
looking for H7 bosons@4# during Run II at the Tevatron.

Note added in proof.After the submission of this manu
script, a paper@24# appeared which reports on a signa
versus-background analysis ofW6H7 associated hadropro
duction under LHC conditions.

ACKNOWLEDGMENTS

We thank Peter Zerwas for suggesting this project, Sa
Dawson, Karl Jakobs, and Gordon Kane for instructive d
cussions, Thomas Hahn and Georg Weiglein for useful
vice regarding the implementation and operation ofFEY-

NARTS @16# and FEYNCALC @17#, and Michael Spira for a
helpful remark concerning Ref.@23#. The work of A.A.B.B.
was supported by the Friedrich-Ebert-Stiftung through Gr
No. 219747.

FIG. 6. Total cross sectionss ~in fb! of pp̄→W6H71X via bb̄
annihilation~dashed lines! andgg fusion ~solid lines! at the Teva-
tron ~Run II! as functions ofmH for tanb51.5, 6, and 30.
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