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We investigate in detail tha°z° associated production procgsp— A°Z°+ X within the framework of the
minimal supersymmetric standard mod®MSSM) at the CERN Large Hadron CollidéLHC), considering
contributions from both the Drell-Yan and gluon fusion subprocesses. We focus on the deviations from the
general two-Higgs-doublet mod&2HDM) arising in the MSSM. We also discuss the contributions of the two
Az° associated production subprocesses in the MSSM at the CERN LHC and analyze the dependences of the
total cross section on neutr@lP-odd Higgs boson mass, and tang in the MSUGRA scenario. We find that
the contribution from the loop mediated gluon fusion subprocess can be competitive with that from the
Drell-Yan subprocess in some parameter space.

DOI: 10.1103/PhysRevD.66.095008 PACS nuntder12.60.Jv, 12.15.Lk, 12.60.Fr, 14.80.Cp

[. INTRODUCTION a future electron-positron collider can be found in Refs.
[8—12. The complete calculations of thé*W™* associated
The minimal standard mode(MSM) [1,2] has been production at hadron colliders both in the 2HDM and MSSM
proved by all precise experimental data so that the MSM is @re given in Refs[13-17. Analogously,A°Z° associated
very successful model of particle physics. But until now theproduction would also be an efficient way to search for the
symmetry breaking structure of the electroweak interaction§ieavy neutralCP-odd Higgs bosorA®. Although the A°
has not yet been directly explored experimentally. So thd>0son can be produced in pairs at future collidgt48], the
exploration of the SM Higgs boson is a major goal of presenfA"Z° associated production will be the kinematically favor-
and future colliders. As we know, any enlargement of the't® mechanism to produce t#€ Higgs boson for the heavy
Higgs sector beyond the sing®U(2), Higgs doublet of the A~ Higgs boson. And again tpeoleptonlq decay Zf may
MSM necessarily introduces other neutral Higgs bosons anfi€nefit from triggering  thez AO associated production
charged Higgs bosons. Like the general two-Higgs-doubIe‘laVemS' The cglculatlong of tZA assomated_ production at
model(2HDM), the minimal supersymmetric standard model2 electron—p03|_tron _colhder were presented in R{aIQ_.,Z(],.
(MSSM) [3,4] requires the introduction of two Higgs dou- at a muon coIhdqr in Refl21], and at a photon collider n
blets in order to preserve supersymmetry. These two Higggef' [22], resp_ectwely, and _Chun_g Kao_ga\_/e the_calculatlon
. . "998f A®Z0 associated production vigg fusion including only
doublets predict some more elementary Higgs bosons: Onc?uark loop diagrams at the SS23]
CP-even neutral Higgs bosorHP), one CP-odd neutral '
nggs boson &%), 'and two_charged ngg.s bosonbﬁ), ciated production at the LHC in the MSSM, considering both
which are absent in the MSM. Any experimental discovery — 050 050 ,
of these non-SM-like Higgs bosons will be direct verification SUbProcessegq—A"Z" and gg—A"Z". Ion (t)he calculation
of these extended versions of the Higgs sector. Therefore, Y the l00p mediated proceggp—gg—A~Z", we compare
study of various production mechanisms of the non-SM-like?nd discuss the cross sections in the general 2HDM and
Higgs bosons at present and future colliders is well moti-MSSM. In Sec. I, we present the calculation of the pro-
vated. cessepp—qq—A°Z° andpp—gg—A°Z°. Numerical re-
Searching for non-SM-like Higgs bosons and studyingsults and discussion are given in Sec. Ill. There we use the
their properties at future multi-TeV hadron colliders, such ad\SSM parameters constrained within the minimal super-
the CERN Large Hadron CollidefLHC), are possible, as gravity (MSUGRA) scenarig24]. Finally, a short summary
expected by supersymmeti8USY) theory[3,5]. The gluon is given.
fusion mechanismgg— ¢(¢=h°H° A% provides the
dominant production mechanism of neutral Higgs bosons at
the LHC in the entire relevant mass range up to about 1 TeV
for small and moderate values of t@rin the MSSM[6]. The In our calculation we use the 't Hooft—Feynman gauge
heavy neutral Higgs boson can be also produced in pairand adopt the dimension regularization scheme in the general
(A%A%,A%h° APHO) at the LHC, if it is kinematically al- 2HDM and the dimensional reductig®R) scheme25] in
lowed [7]. Studying the process of a heavy charged Higgshe MSSM. In the loop diagram calculation we adopted the
boson associated with th& boson is another attractive way definitions of one-loop integral functions in R¢R26]. The
to search forH™ bosons, because thW* boson’s leptonic  numerical calculation of the vector and tensor loop integral
decay may be used as a spectacular trigger. The calculatiofisnctions can be traced back to scalar loop integrals as
of the heavyH* production associated with th™ boson at  shown in Ref[27]. The Feynman diagrams and relevant am-

In this paper we concentrate on studying #z° asso-

II. CROSS SECTION CALCULATION

0556-2821/2002/68)/0950088)/$20.00 66 095008-1 ©2002 The American Physical Society



YIN JUN et al. PHYSICAL REVIEW D 66, 095008 (2002

b A (A ; A) (4ma)my )Sina/ “ky)
s,t,u)=— ———— -« €
TN — (ky+p1tp2)”
A X[U(Dz)u(pl)]m
(@) ® A e
FIG. 1. The relevant Feynman diagrams for the subprobéss B (4wa3)mbsin(,8— a)COSa (k)
—A%Z% in the MSSM at the tree leve(a) s-channel diagramsb) 4s2¢2, cosp !
u- andt-channel diagrams. Note théi) includes the diagram cre-
ated by exchanging two final states. — (ky+pi+p2)*
X[U(Dz)u(pl)]m,
plitudes are created by tlrEYNARTS package automatically H HoH
[28]. The numerical calculations of the loop integrals are
implemented by USINGIATHEMATICA programs. I 4ma)m —
Apy(s,t,u)=— #tanﬂfﬂ(klﬁ 5| v(p2)y°
A. Calculation of the subprocessqgq—A°Z%+ X X
. . . S
We denote theA®Z° associated production via the Drell- X (my— Ky + pl)yﬂ(?w— %) U(pl)}
Yan subprocess as
A(py)+a(po)—Z%(ky) + A%ky). (2.1 AT e (k)| D(p2)
ZmWSWCW u— mb

As a result of the feature of the Yukawa coupling that the
coupling strength between quarks and Higgs bosons is in
proportion to the corresponding quark mass, the cross sec-
tions of subprocessegq—A°Z°(q=u,d,s,c) should be
much smaller than those of subprocessgb)—A%z°.  wherem, andmy, represent the masses of bottom quark and
Considering the fact that the luminosity of the ta@mtitop W boson, respectively.

quark is much lower than that of bottoantibotton) quark
from a proton, we conclude that the cross section of the

processpp—>qa—>A°Z°_+X is approximately equal to the
cross section opp—bb—AZ%+X. Therefore, in this pa-

per we consider only the contributions from tipg—bb
—A%Z%+ X process. 9(p1,@)+9(p2,B)—Z%ky) +A%ky), (2.9

The Feynman diagrams of the subprocbss—A°Z° at
lowest order are depicted in Fig. 1. The differential crosswhere a, 8 are the color indices of initial gluons. As the
section of the subprocesdh—A°Z° can be expressed as  subprocesgg—Z°A° is loop induced, the one-loop order
calculation can be simply carried out by summing all un-
R 1 o o renormalized reducible and irreducible one-loop diagrams
dcrbgzszfl—z E |A@(s.t,u)+Ap(s,t,u)]?, (22  and the results will be finite and gauge invariant. We denote
spin o55°" and oy, >Mas the cross sections in the framework of
the general 2HDM and MSSM, respectively. The former is

v_vhere the summation is taken over the spir)s of the initial and o hiriputed by the Feynman diagrams involving only the
final states, andiP, denotes the two-particle phase spaceyyark loop diagraméshown in Fig. 2and the latter involves
element. The factor of 1/12 in the above equation comeghe contributions of both the quark and squark loop diagrams
from averaging over the spins and colors of the incomingshown in Figs. 2 and)3 The possible corresponding Feyn-
partons. The matrix elemeAy,) represents the amplitude of an diagrams created by exchanging the initial gluons or

the h°(H°) exchangings-channel diagraméshown in Fig. o final states should also be included in Figs. 2 and 3 and
1(a@)], and A, corresponds to the amplitude of thie and  jhyolved in our calculation.

sy P
><<mb+k1—rs2>w(gw—g)umg} 24

B. Calculation of the subprocessyg—A°zZ%+X

We denote theA®Z° associated production process via
gluon fusions as

t-channel diagramgshown in Fig. 1b)]. The Mandelstam e can see that each Feynman diagram in Figs. 2 and 3
kinematical variables are defined as contains one interacting vertex betweés)quarks and a
Higgs boson. As a result of the feature of the Yukawa cou-
s=(p1+p2)% t=(p1—ky)? U=(p1—ky)? pling as we mentioned above, we can consider only the dia-

(2.3 grams which involve the third generati¢s)quark in the cal-
culation of the subprocessg— A°Z°. The cross sections of
By using the relevant Feynman rules, we obtain the explicithe subprocesgg— A°Z° in the general 2HDM and MSSM
expressions of these amplitudes: can be expressed, respectively, as
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1 dlij~ . input: namely,Mq,, Mgy, Ag, the sign ofu, and tang,
Uii:j 2, 37, 7 (5= 7). @7 \WwhereMy;,, Mo, and A, are the universal i
(mz+mp)/s T 172, Mo, 0 . gaugino mass,
scalar mass at the ground unified the@UT) scale, and the
where trilinear soft breaking parameter in the superpotential terms,

respectively. In this work, we také,=120 GeV, A,
- 2y | T2 =300 GeV, andu>0. HereM is obtained quantitatively
irp(1,X1,Q) f val’Q from the inputm, value. All other MSSM parameters are
determined in the MSUGRA scenario by using the program
. 2 T, packagelSAJET 7.44. In this program, the renormalization
Firm(1.%1.Q%) Tirp "x_l’Q : (2.8 group equation$RGES [32] run from the weak scals; up
to the GUT scale, taking all thresholds into account in order
In Eq. (2.7), /s and s are the colliding proton-proton and f0 get the low energy scenario from the MSUGRA. It uses
parton-parton c.m. systefn.m.s) energies, respectively. The two-loop RGEs only for the gauge couplings and one-loop

notationay; represents the cross section of the parent proced3GES for the other supersymmetric parameters. The GUT
pp—ij —A°Z%+X. Hereds;/dr is the luminosity of in- scale boundary conditions are imposed and the RGEs are run

back tom;, again taking the threshold into account.
Here we give some comments about the choice of the

dg; 1 fldx1
ar 1rey )

+

coming partons wherg j can beb, Handg, T=X1X,. Also,

m, and m, represent the masses of td8 boson andA® . .
z A TEP decay width values of P-even neutral Higgs bosomg and

Higgs boson. The definitions of;, andx, can be found in 0 . .
Ref. [29]. In our calculation, we adopt the CTEQ5 parton H. - We know that some of the Feynman diagrastsown in

0 0 ;

distribution function[30] and take the factorization scaf@ Figs. 1-3 have s—chanr!elh and H _propagators, which
= i ) have analytical expressions, respectively, as

to be \/g Equation(2.7) can be rewritten as

< 1 s—imZ—myT'y, 5

ffiFszmAd saij(S)H;j(s), (2.9 S—m2+imgly  (5—m)2+mir2’ '

H s 1 J‘12dx1\/§ s—mi+imyTy  (s—md)2+mily .
ij(S)_1+5”- Vs XS

It is clear that the cross sections of the subprocess should

_ ) s ) o related to the decay widths &i° andH®. In this work the
X7 | Firp(i,x1, Q) Fjp J’x_ls’Q Hi=))) input parametem, is taken in the range of 200—650 GeV.
Then we have the following constraints in this parameter
(210 gpace:

Whenij=gg, 55" represents the cross section of the

parent procespp— gg—A°Z°+ X contributed only by the
quark loop diagrams shown in Fig. 2, whitey;>>" repre-

sents the cross section contributed by both the quark an@nd by using the packagepecAy [33] in the MSSM, we
squark loop diagrams shown in Figs. 2 and 3. In the nexfind

section we shall take different input data sets to demonstrate

the production rates of the parent procggs— A°Z%+ X. Ty, Th<10 GeV. (3.4
The numerical results af35°" and oy > would show the

importance of squark loop diagrams. The total cross section \/:> &~ m2 )25 M2 T2 h
of pp—A°Z°+ X at the proton-proton collider should be the BECAUSE VS=Ma+mz, we get §—my)*>ml'y. The

summation ofo, and oy, Quantitatively comparingryp propagator oH® boson can be expressed approximately as
with a4q will help us to know in which part of the parameter

space the contribution of the gluon-gluon fusion process is S— mﬁ—imHFH 1

dominant.

my~m,, mMR<150 GeV, (3.3

Gmrmry om0
I1l. NUMERICAL RESULT AND DISCUSSION _
It is obvious that the bigger the(; is, the less sensitive is the
cross section to the decay widths of neutral Higgs bosths

In the numerical calculation, we take the SM parametersaind h®. Therefore, we choosE,=TI",,=10 GeV in our nu-
as m=174.3 GeV, m,=4.2 GeV, my;=91.187 GeV, and merical calculations. Actually, our final numerical result of
I',=2.49 GeV[31] and take the supersymmetric parametershe cross section of the procegp—A°Z%+ X at the LHC
as being constrained within the MSUGRA scend£d]. In shows also that it is not sensitive to the choice of these two
this scenario, only five sypersymmetric parameters should beéecay widths.

A. Input parameters
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FIG. 6. The differential cross sectiondogy°/dp; and
FIG. 4. The cross sections and oy M of the process doMSSMdp; of the procespp—gg—A°Z2+X, as functions of
pp—>_gg—>A°Z°+ X, as functions of the mass of Higgs bO_SBPl the transverse momentupy in the MSUGRA scenario at the LHC
The input parameter tah is taken as 2, 7, and 32, respectively.  \yith Js=14 TeV, ma=350 GeV, and the pseudorapidity being in

the range of #|<2. The ratio of the vacuum expectation values
tang is taken as 2, 7, and 32, respectively.

2HDM

B. Discussion and analysis

Figures 4, 5, and 6 show the cross secti@rdifferential
cross sectionsof the processpp—gg—A°Z°+X at the
LHC as the functions of th€ P-odd Higgs bosom° mass,

the ratio of the vacuum expectapon values garand the and 32, respectively. From this figure, we find that in some
transverse momentumpy, respectively. The curves of the

. : : S ) parameter space the scalar quark contributions can enhance
cross sectiongor differential cross sectiopsnvolving the

i ; ; Ss 2HDM
contributions from quark loop diagramén the general the cross section obviously, that is to sa% M>099 ’
2HDM) and quark-squark loop diagraméin the MSSN)  While in other regions, we have;> "< o5i°" . The figure
are depicted separately in these figures for comparison of trghows that when we have small and moderatestamlues,
cross sections in these two models. And in these three figurdbe scalar quark loop contribution to th&z° associated
the solid lines are fow5°" (or doi®/dpy), and the production at the LHC is most obvious. We shall also see
dotted lines are fOb-gAgSS%/?(Or dggﬂgss Tdpy). later from Fig. 7 that when taf has a small or moderate
Figure 4 shows the relationship between the cross sectioy@lue, the contributions from the gluon fusion subprocess are
of the parent procegsp— gg— A%z%+ X andm, with col- dominant. Therefore, it is pos_5|ble to use 'Fhe experimental
liding energy\s=14 TeV. The input MSUGRA parameters Measurement of tha°Z° associated production at the LHC

are set to be the typical values mentioned in the last subsec-

tion (i.e., M1,=120 GeV,A;,=300 GeV, andu>0; My is
obtained quantitatively from then, value and tan3=2,7,

1000 ¢
10
—quark
--- quark +squar.
M =20 (
.'— 'Q
S ‘ =
= <
ﬁ N
A &
o o
o v
g
5 01 F
- 0.01 L I | I Ll Ll I | |
001 Lomrboiiee i 200 250 300 350 400 450 500 550 600 650
"0 5 10 15 20 25 30 35 40 45 50 M, (GeV)
tgp FIG. 7. The cross sections(®Y) and o™ of the procespp
2HDM MSSM

FIG. 5. The cross sectionsy,~ " and oy~ of the process —A%2%+ X as functions of the mass of the Higgs bosth The
pp—gg—A°Z°+ X, as functions of ta. The mass of the Higgs ratio of the vacuum expectation values fis taken as 2, 7, and
bosonAC is taken as 200 GeV, 400 GeV, and 600 GeV, respectively32, respectively.
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FIG. 8. The cross sections®Y) and (™ of the procesp q (ﬁ;?d g,f Ehe differential Ocrg)ss sec?onsl_o( )/?F;]T and )
—A%Z%+ X as functions of tag. The mass of the Higgs bosa@f 0" ’/dpr of the procespp—A'Z"+X, as functions of the trans
is taken as 200 GeV, 400 GeV, and 600 GeV, respectively. verse momentunpr in the MSUGRA _scena_rlo v_wth/§= 14 Tev,
m,=350 GeV, and the pseudorapidity being in the rangé sgf
< 2. The ratio of the vacuum expectation valuesfgas taken as 2,
to disentangle the MSSM from the general 2HDM in these7, and 32, respectively.

parameter space regions.

In Fig. 5, the cross section of the parent procegs  and the transverse momentupy, respectively. In these
—gg—A°Z%+X at the LHC versus tag is plotted. The three figures, the solid lines are for the cross sections or
values of the neutra® P-odd Higgs boso® mass are setto jifferential cross sections of the procepp— bb— A%Z0
be 200 GeV, 400 GeV, and 600 GeV, respectively. From the, x yia the Drell-Yang subprocess, and the dotted lines are
figure, we also find that scalar quark contributions can eithefy; ihe procesgp— A%Z%+ X via both Drell-Yang and gluon

enhancg or suppress the cross section' of the parent process@Son subprocesses. With the comparison betweenrthe
shown in Fig. 4. Figure 5 together with Fig. 4 shows that(orda(T)/de) ando®" (or de®V/d pr), we can know in

when the value oim, is greater than 400 GeV and 80\ hich parameter space in the constrained MSSM the contri-
<8, the contribution from the scalar quark loop diagramsy ition from the loop mediated subprocegs—A°Z° is im-
increases with the decrement of {@&nIn Fig. 5 the two portant.

curves form,=400 GeV and 600 GeV demonstrate that Figure 7 displays the cross sections mj—>b€—>A°Z°

when tarnB<8, the scalar quark contribution suppresses the 0-0 X
. ) : + + -
cross section, which meaw!SSMc 2HDM \uhile the sca- X andpp—A“Z"+ X at proton-proton colliders versus the

oo . mass ofA° with \'s=14 TeV. We choose tg8=2,7, and
lar quark contribution enhances the cross sect|_on whegz respectively. From Fig. 7, we find that in the region of
tanp>20. These fgaturgs can be also seen fm”h}sif%' .4' Th?anﬁs?, the contribution of the gluon-gluon fusion subpro-
curve for tan3=2 in Fig. 4 demonstrates thatg, is

b hirds of,2"0M itatively. while th tor 0GSS in the MSSM enhances the cross section, especially,
about two-thir SOMgQSM> ql;ﬁg:ﬂ'tat've Y, while the curve for e tang=2, the contribution of the gluon-gluon fusion
o .

tang =32 showso subprocess is about 80% of the total cross seaiidh. In
Figure 6 displays the differential cross sectaw/dpr of  fact, the gluon-gluon fusion subprocess is the most important
the procespp—gg—A°Z° at the LHC versus transverse A°Z° associated production mechanism in this parameter
momentumpy with \/s=14 TeV and the pseudorapidity be- space. From the figure we see also that whergta2 the
ing in the range of 7| <2. TheA® mass is set to be 350 GeV, difference betweew°Y) and ¢(" is very small; it means
and tang is taken as 2, 7, and 32, respectively. We find thatthat the contribution of the gluon-gluon fusion subprocess is
for tanB=2, the scalar quark contribution suppresses thenegligible in this parameter space.
differential cross sectiomlo/dpy. For tan3=32 and p The cross sections ofpp—bb—A%Z°+X and pp
>100 GeV, the scalar quark contribution enhances the dif-, A0704+ x at the LHC as functions of taB with /s
ferential cross section. But for t@h=7, the scalar quark —14 TeV are shown in Fig. 8. The mass of the Higgs boson
contribution can either enhance or suppress the differentigd0 is taken as 200 GeV, 400 GeV, and 600 GeV, respectively.
cross section in differeny regions. _ From this figure we can find also that gluon-gluon fusion
In Figs. 7, 8, and 9, we plot the the cross sections of thgypprocess enhances the cross section oAfZ8 associated
processpp—bb—A°Z%+X (o(®¥)) and the procespp  production at the LHC and will become a very important
—A%Z°+X contributions from both Drell-Yan and gluon- production mechanism when t@<10. In the region of
gluon fusion subprocesses in the constrained MSSN)( tan8>10, the cross sections of t#€Z° associated produc-
=P+ g3%Y), as functions of the P-odd Higgs boson  tion at the LHC are in the range of 1-Af. Even thes™
A% mass, the ratio of the vacuum expectation valuesstan can reach 300 fb when tg@ 48 andm,=200 GeV. So the
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A%Z° associated production process may be easily observenf their production rates is carried out with some typical

experimentally if tarB is large enough.

Figure 9 displays the differential cross sectiods(d py)
of pp—A°Z°+X and pp—bb—A%Z°+X at the LHC as
functions of the transverse momentuym with the pseudo-
rapidity being in the range of#|<2. We choosemy,
=350 GeV and take tai=2,7, and 32, respectively. From
this figure we can see that at the high region, when
tanB=<7, the difference betweahs(°Y)/dp; anddo"/dp;
is obvious, even when ta8= 2, thedo(®Y)/dp; can be less
than 1% ofdo("/dp;, which means that the contribution
from thepp—gg— A°Z%+ X process is dominant in this pa-
rameter space. But when tgr= 32, the contribution to the
total differential cross sectionsl¢("/dp;) is mainly from

the Drell-Yan A°Z° associated production subprocess, and®

the contribution from the gluon fusion subprocess is negli
gible.

IV. SUMMARY

In this paper, we studied the neutaP-odd Higgs boson
A production with the association of tZ& gauge boson via
both Drell-Yan and gluon-gluon fusion subprocesses in th

parameter sets in the MSUGRA scenario. Our results show
that the cross section in the MSSM is clearly enhanced by
the gluon-gluon fusion subprocess in the parameter space
with small or moderate taf values, and we should consider
the gluon-gluon fusion subprocess in this parameter space in
the calculation of theA®Z® associated production at the
LHC. We compared the above results of the procpgs
—gg—A°Z%+X in the MSSM with those in the general
two-Higgs-doublet model, where the cross section of subpro-
cessgg—A°Z%+ X is contributed only by quark loop dia-
grams. We find that the contributions from the scalar quark
loops in the MSSM can either enhance or suppress the cross
section obviously and cannot be neglected in some parameter
pace. The results show also that tZ° associated pro-
duction at the LHC is strongly related to the parametergtan
and the mass oA°. The total cross section increases with
increments of tay and decreases with incrementsrof .
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