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Enhancement of the Higgs pair production at the CERN LHC: The minimal supersymmetric
standard model and extra dimension effects
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Neutral Higgs pair production at the CERN LHC is studied in the MSSM, the large extra dimensional
~ADD! model and the Randall-Sundrum~RS! model, where the total cross section can be significantly en-
hanced compared to that in the SM. ThepT , invariant mass and rapidity distributions of each model have been
shown to be distinctive: The ADD model raises thepT and invariant mass distributions at high scales ofpT and
invariant mass; in the RS model, resonant peaks appear after the SM contribution dies away; the SM and the
MSSM distributions drop rapidly at those high scales; in the ADD and the RS models, the rapidity distributions
concentrate more around the center. We conclude that various distributions of Higgs pair production at the
LHC with restrictive kinematic cuts would provide one of the most robust signals for the extra dimensional
effects.
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I. INTRODUCTION

The standard model~SM! has been very successful
explaining experimental signals, including recent resu
from the CERNe1e2 collider LEP-II collider@1#. Neverthe-
less, one of the most important ingredients of the SM,
Higgs mechanism, has not been experimentally probed ye
is responsible for spontaneous electroweak symmetry br
ing, which leads to the mass generation of theW6 and Z0

gauge bosons and of the SM fermions. Recently, the ALE
group of the LEP-II has reported the observation of an exc
of events by 3s in the search for the SM Higgs boson, whic
corresponds to a Higgs boson mass of about 114 GeV@2#.
Since the operation of the LEP-II has been terminated,
decision on whether the observations are only the result
statistical fluctuations or the first signal of Higgs boson p
duction remains suspended until the start of the Ferm
Tevatron II and/or the CERN LHC experiments@3#. Thus it
is naturally anticipated that the primary efforts of future c
lider experiments are to be directed toward the search for
Higgs boson@4#.

In particular at hadron colliders, pair production of Hig
bosons plays an important role in the efforts toward und
standing the Higgs mechanism@5#. First, it may make pos-
sible an experimental reconstruction of the Higgs potent
as the triple self-coupling of Higgs particles is involved. T
establishment of the Higgs boson role in electroweak sy
metry breaking is crucially dependent on this measurem
Second, the signal-to-background ratio is significantly i
proved compared to that of single Higgs boson producti
The invariant mass scale ofsingleHiggs boson production is
fixed by the Higgs boson mass, of order;100 GeV. Thus
their detection, through heavy quark decay modes, suf
from large QCD backgrounds. In addition, one viable dec
modeh→gg has a very small branching ratio of order 1023
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@6#. For pair production of Higgs particles, the fourb jets in
the final states are energetic, reducing the main backgro

hbb̄ with soft b jets @7#. Third, this is a rare process in th
sense that the effects of physics beyond the SM can rem
ably enhance the cross section with respect to that in the
the minimal supersymmetric standard model~MSSM! @8#
provides some parameter space for the large enhanceme
the total cross section, which should accommodate the la
Yukawa coupling ofb quarks, the resonant decay ofH
→hh, and/or the dominantly large contribution of the squa
loops @7#; extra dimensional models provide tree level d
grams mediated by the Kaluza-Klein~KK ! gravitons, leading
to large total cross sections. In fact, these new theoret
approaches have drawn extensive attention as candidate
the solution of the gauge hierarchy problem, the existe
and stability of the enormous hierarchy between the e
troweak and Planck scales. Therefore, it is worth study
the production of a neutral Higgs pair with the effects of t
MSSM and the extra dimensional models, and finding
characteristic distribution of each model. We shall restr
ourselves to the procedure at the LHC, which is schedule
start operating in 2005. In spite of the assurance for the
tectibility of the lightestCP-even MSSM Higgs boson with
As*250 GeV and*Ldt*10 fb21 @9#, the LHC has a prac-
tical advantage over futuree1e2 linear colliders, since there
are no specific plans yet for construction of the latter.

The remainder of the paper is organized as follows. T
next section details neutral Higgs pair production at the LH
in the SM, the MSSM, the large extra dimensional@Arkani-
Hamed–Dimopoulos–Dvali~ADD!# model @10#, and the
Randall-Sundrum~RS! model @11#. In Sec. III, we discuss
various distributions useful to discriminate effects of ea
model from the others. The last section represents a b
summary and conclusions.
©2001 The American Physical Society09-1
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II. THEORETICAL DISCUSSION AND FORMULAS

The production of a Higgs boson pair at a hadron collid
proceeds through several modes:WW fusion, bremsstrah-
lung of Higgs bosons off heavy quarks, and gluon-gluon
sion. At the LHC,gg fusion is expected to play an importa
role, since the gluon luminosity increases with beam ene
In this paper, we focus on the processgg→hh, whereh is
the lightest Higgs boson in each theory.

The invariant amplitude squared is generally written as
terms of the helicity amplitudeMl1l2

for the initial gluon

helicitiesl1(2) @7#:

uMu252•
1

4
•

1

64
•

1

2
@ uM11u21uM12u21uM21u2

1uM22u2#, ~1!

where the factor of 2 refers to the color factor@Tr(TaTb)#2

52, the factor of 1/4 to the initial gluon helicity average, t
factor of 1/64 to the gluon color average, and the final fac
of 1/2 to the symmetry factor for the two identically pro
duced Higgs bosons. For the processes withCP conserva-
tion, the helicity amplitudes are related asM115M22 and
M125M21 .

For the numerical analysis, we use the leading or
Martin-Roberts-Stirling-Thorne~MRST! parton distribution
functions~PDF’s! for gluon in a proton@12#. The QCD fac-
torization and renormalization scalesQ are set equal to the

hh invariant mass, i.e.,Aŝ. TheQ2 dependence is expecte
to be weak in the distribution shapes, which are the m
subject of our interest. The center-of-momentum~c.m.! en-
ergy atpp collisions isAs514 TeV. And we have employed
the kinematic cutspT>25 GeV anduhu<2.5 throughout the
paper.

A. In the SM

In the SM, there are two types of Feynman diagrams
depicted in Fig. 1. One is the triangle diagram where a
tual Higgs boson, produced fromgg fusion through heavy
quark triangles, decays into a pair of Higgs bosons. T
other is the box diagram where the Higgs pair is produ
through heavy quark boxes. It is to be noted that the trian
diagram incorporates the triple self-coupling of Hig
bosons. For analytic expressions of all the one-loop heli
amplitudes of the processgg→hh, we refer the reader to
Refs.@7,5#. Figure 2 shows the total cross section of the S
Higgs pair production at the LHC, as a function of the Hig
boson massmh . At mh.100 GeV,s tot is of order 60 fb and
decreases rapidly with increasingmh .

FIG. 1. The Feynman diagrams of thegg→hh process in the
SM ~MSSM!.
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B. In the MSSM

The existence of a fundamental scalar particle in the
causes the well-known gauge hierarchy problem. Traditio
approaches to the problem are to introduce new symmet
motivated by the chiral symmetry for light fermion mass
and the gauge symmetries for gauge boson masses. S
symmetry is one of the most popular candidates for this n
symmetry.

MSSM Higgs pair production includes distinct contrib
tions coming from the new Higgs and squark sectors, wh
provide possibilities to greatly enhance the total cross sec
of the process. First, two doublets and thus two differ
vacuum expectation values of the Higgs fields allow t
Yukawa coupling of theb quark to be compatible with tha
of the top quark, which corresponds to the large tanb case.
The much smaller mass of theb quark may make its loop
contribution even larger than the top quark contribution@5#.
Second, two Higgs doublets imply the presence of a he
CP-even neutral Higgs bosonH, which can decay into two
light Higgs bosons if kinematically allowed. This resona
contributiongg→H→hh is shown to enhance the total cro
section with respect to the SM case by about an orde
magnitude. Third, the MSSM permits a parameter sp
where theb̃ or t̃ loop contributions can exceed the SM qua
loop contributions by more than two orders of magnitude@7#.
For the maximization of squark loop contributions whic
occurs through theb̃ loops, this parameter space should
low a large value of tanb, a considerably lightb̃1 mass, and
a large mass ofA and/or umu. Since the third enhancemen
possibility has rather restricted parameter space~for ex-
ample, the squark loop contributions are practically neg
gible unlessmb̃1

&120 GeV), we consider only the quar

FIG. 2. The total cross section of Higgs pair production as
function of the Higgs boson mass at the LHC withAs514 TeV in
the SM, the ADD and the RS cases. The string scales are s
MS52.5 TeV andLp53 TeV for the ADD and the RS cases
respectively. The upper boundsMhh,0.9MS(Lp) are employed.
9-2
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ENHANCEMENT OF THE HIGGS PAIR PRODUCTION AT . . . PHYSICAL REVIEW D 64 015009
loop contributions, as in Ref.@5#. The corresponding Feyn
man diagrams are the same as in the SM case, except fo
different coupling strengths and the presence of the neu
heavy Higgs bosonH ~see Fig. 1!.

The MSSM total cross section as a function of the Hig
boson mass shows a behavior similar to that of the S
except for the overall enhancement, as shown in Ref.@5#. As
anticipated, the total cross sections in the large and sm
tanb cases are much increased compared to the SM cas
particular, the large tanb value withmh.100 GeV leads to
an order of magnitude enhancement of the cross section

C. In the ADD model

The gauge hierarchy problem has been approached w
out resort to any new symmetry by Arkani-Hamed, D
mopoulos, and Dvali@10#. One prerequisite of the hierarch
problem itself is removed: The Planck mass is not fundam
tal; nature allows only one fundamental mass scaleMS
which is at the electroweak scale. By introducing theN>2
extra dimensional compact space, the observed huge Pl
mass is attributed to the large volume of the extra spa
since MPl

2 .MS
N12RN where theR is the size of the extra

dimension. The SM particles cannot escape into the e
space because the matter fields in the model are open st
whose end points are fixed to our four-dimensional world

Of great interest and significance is that this idea is te
able at colliders. The KK reduction from the whole (41N)
dimensions to our four-dimensional world yields towers
massive KK states in the four-dimensional effective theo
Even though the coupling of a KK graviton to ordinary ma
ter fields is extremely suppressed by the Planck scale, a
mass splittingDmKK;1/R ~which is about 1023 eV for the
N52 case! induces a summation over all KK states, whi
compensates for the Planck scale suppression. In additio
the single graviton emission processes as missing en
events@13#, the indirect effects of massive graviton exchan
on various collider experiments@14# have been extensivel
studied, as well as possible Lorentz andCPT invariance
violations through the change of the metric on the brane@15#.

For Higgs pair production through gluon-gluon fusio
there exists a tree level Feynman diagram mediated by sp
KK gravitons ~see Fig. 3!. Based on the effective four
dimensional Lagrangian@16,17#, the helicity amplitudes are
obtained as

M115M2250,

M125M215
16l

MS
4 ~mh

42ût̂ !, ~2!

FIG. 3. The Feynman diagrams of thegg→hh in the ADD and
the RS models.
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which are to be added to those in the SM. The interfere
effects between the ADD and the SM are proportional
1/MS

4 , which are, at the energy scale belowMS , dominant
over the pure ADD effects.

There might be a concern about our ignorance of the p
ton modeqq̄→hh mediated by KK gravitons. The concer
appears reasonable: The characteristic parton energy
Aŝ of the process in extra dimensional models is of the or
MS;TeV, unlike a few hundred GeV scale in the SM an
the MSSM; the dominant momentum fractionx may not be
so small as in the SM and the MSSM cases, and the ma
tude of the parton distribution functions of, in particular, t
valence quarks becomes substantial. In the following,
have taken into account the parton modeqq̄→hh, which has
the square of the scattering amplitude:

uMu2~qq̄→hh!5
1

9MS
8 ~ t̂2û!2~ t̂ û2mh

4!. ~3!

According to our numerical analysis, the contribution of t
qq̄→hh mode turns out to be at most a few percent of t
total cross sections, because the squared amplitude itse
smaller than that of thegg→hh mode~by a factor of about

1/36! while, at TeVAŝ, the PDF of a valence quark and
sea quark is of the same order of magnitude as that of
gluons.

Note that in the parton c.m. frame, the nonzero helic
amplitude can be written as

M12ugg-c.m.52
16l

MS
4

pT
2ŝ, ~4!

wherepT is the transverse momentum of an outgoing Hig
particle. Unitarity is apparently violated at high energie
which is expected from the use of an effective Lagrangian
is reasonable that we only consider the region where
perturbative calculations are reliable, which can be achie
by excluding the region with high invariant mass. In Re
@18#, the partial wave amplitudes of the elastic processgg
→gg in the ADD model have been examined, yielding

bound on the ratioMS /Aŝ, and a valid region is conserva

tively found to beAŝ<0.9MS . In the following analyses, we
impose an additional kinematic bound such as

Mhh,0.9 MS .

In Fig. 2, we present the total cross section as a func
of mh with MS52.5 TeV. As expected from the presence
a tree level diagram in the ADD model, the total cross s
tion is substantially increased with respect to the SM ca
For pair production of Higgs bosons with mass 115 GeV,
have obtained

sSM1ADD~mh5115 GeV, MS52.5 TeV!

sSM~mh5115 GeV!
'1.72. ~5!
9-3
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We note that ADD effects lead to a gentle drop-off of thes tot
with respect to the Higgs boson mass, contrary to the ra
decrease in the SM. Thus, if the Higgs boson mass is la
the ADD model could still produce a substantially lar
number of Higgs pairs at the LHC unlike in the SM case

D. In the RS model

More recently, Randall and Sundrum have proposed
other extra dimensional scenario where, without thelarge
volume of the extra dimensions, the hierarchy problem
solved by a geometrical exponential factor, called a w
factor @11#. The spacetime in this model has a singleS1/Z2
orbifold extra dimension with metric

ds25e22krcufuhmndxmdxn1r c
2df2, ~6!

wheref is confined to 0<ufu<p. The r c is the compacti-
fication radius which is to be stabilized by an appropri
mechanism@19#. Two orbifold fixed points accommodat
two three-branes, the hidden brane atf50 and our visible
brane atufu5p or vice versa. The allocation of our brane
ufu5p renders a fundamental scalem0 to appear as the four
dimensional physical massm5e2krcpm0, which solves the
hierarchy problem. And the effective Planck mass is

MPl
2 5~M3/k!~12e22krcp!,

where theM is the five-dimensional Planck scale. Note th
all MPl , k, andM are of the order of magnitude of the Plan
scale.

The compactification of the fifth dimension leads to t
following interaction Lagrangian in the four-dimensional e
fective theory@20#:

L52
1

MPl
Tmn~x!hmn

(0)~x!2
1

Lp
Tmn~x! (

n51

`

hmn
(n)~x!, ~7!

whereLp[e2krcpMPl . In contrast to the almost continuou
KK-graviton spectrum in the ADD model, we have one ze
mode of KK gravitons with the coupling suppressed by
Planck scale and the massive KK graviton modes with
electroweak scale couplingLp . The masses of the KK
gravitons are also at the electroweak scale, given by@21#

mn5kxne2krcp5
k

MPl
Lpxn, ~8!

where thexn’s are thenth roots of the Bessel function o
order 1.

The scattering amplitudes of the KK-mediated diagra
in the narrow width approximation can be derived from t
ADD ones with the following replacement in Eq.~2! @20#:

l

MS
4
→2

1

8Lp
2 (

n51

`
1

ŝ2mn
21 imnGn

, ~9!

where the total decay width of thenth KK graviton is Gn

5rmnxn
2(k/MPl)

2, andr, fixed to be 1, is a model-depende
parameter@20#.
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The observables based on the four-dimensional effec
theory are determined by two parameters (Lp ,k/MPl). The
value of k/MPl may be theoretically constrained to be le
than about 0.1@22#: The magnitude of the five-dimensiona
curvature,R55220k2, is required to be smaller thanM2

(.MPl
2 ), so that the classical RS solution derived from t

leading order term in the curvature remains reliable. TheLp

is expected to be below 10 TeV in order to explain the hi
archy problem. UnlikeMS in the ADD case,Lp does not
play the role of a cutoff, relieving the concern about t
unitarity violation. According to phenomenological studi
of the cross section ofe1e2→m1m2 in the RS model, only
the case with a large value ofk/MPl hints at the unitarity
violation; even fork/MPl;1, the unitarity violation can oc-
cur at a c.m. energy of several TeV@20#; current LEP-II
experiments and the Tevatron run-I have provided a low
bound onLp of about 1.5 TeV in the case ofk/MPl50.1.

In Fig. 2, we plot the total cross sections with respect
the Higgs boson mass within the RS model. We setLp

53 TeV andk/MPl50.1. For equity of comparison with th
ADD case, we have employed the upper boundMhh
,0.9Lp . Though smaller than in the ADD case, the to
cross section in the RS case is larger than that in the SM

sSM1RS~mh5115 GeV, MS53 TeV!

sSM~mh5115 GeV!
'1.51. ~10!

The rate of the drop-off ofs tot againstmh is similar to the
SM case.

In order to demonstrate the dependence ofk/MPl andLp ,
Fig. 4 shows the total cross section within the RS model a
function of Lp , considering three values of the ratiok/MPl
50.01, 0.1 and 0.3. The Higgs boson mass is set to 100 G

FIG. 4. The total cross sections only with the RS effects
functions of Lp , considering three values of the ratiok/MPl

50.01, 0.1 and 0.3.
9-4
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ENHANCEMENT OF THE HIGGS PAIR PRODUCTION AT . . . PHYSICAL REVIEW D 64 015009
and the upper bound inMhh is not applied. AsLp increases,
s tot drops rapidly. And it can be seen that a smaller value
the ratiok/MPl produces a larger cross section. This is due
the fact that the amplitude squared in the narrow width
proximation is inversely proportional to (k/MPl)

4 at each
resonance, which yields a dominant contribution.

III. NUMERICAL DISCUSSION AND DISTRIBUTIONS

In the previous section, we have shown the possibilities
Higgs pair production being greatly enhanced at the LHC
such circumstances, it is worthwhile to search for appropr
distributions which would enable us to distinguish the co
tributions of one model from the others. In a numeric
analysis of the distributions, we have employed the follo
ing parameters: The Higgs boson mass is set equal to
GeV; in the MSSM, tanb530, m52640 GeV, M t̃5Mb̃
51000 GeV, andAt5Ab52410 GeV; in the ADD model,
MS52.5 TeV; in the RS model,Lp53 TeV and k/MPl
50.1.

In Fig. 5, we present thepT distributions in the SM and
the ADD cases. While the SMpT distribution peaks at
around 150 GeV and drops rapidly with increasingpT , ADD
effects slowly increase the distribution with increasingpT in
the high-pT region. Note that the absence of a different
cross section atpT*1 TeV is due the employment of th
upper bound onMhh . Figure 6 shows thepT distributions in
the SM and the RS cases. The presence of Kaluza-K
gravitons in the RS model leads to a clear shape of the r
nance. We caution the reader that thepT axis is plotted on a
logarithmic scale: Even ifdsSM1 RS/dpT at pT.300 GeV
~which practically vanishes in the SM! is smaller than that a
pT,300 GeV by an order of magnitude, the extensive c
tribution in the high-pT region renders the total cross secti

FIG. 5. ThepT distributions of Higgs pair production in the SM
and the ADD cases.
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substantially enhanced. In Fig. 7, we demonstrate the MS
pT distribution for the large tanb case. It drops rapidly with
increasingpT , as in the SM case, while it peaks at around
GeV, lower than in the SM case. The magnitude of the d
ferential cross section is about 20 times larger than that in
SM case.

Figure 8 illustrates the invariant mass distributions of t
Higgs pair in the SM and the ADD cases. The SM ca
where the top quark loop contributions are dominant, pe

at around the thresholdAŝ.2mt . The ADD effects gently

FIG. 6. ThepT distributions of Higgs pair production in the SM
and the RS cases.

FIG. 7. ThepT distributions of Higgs pair production in the SM
and the MSSM.
9-5
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increase theMhh distribution in the high-Mhh region. It is
expected that the blind application of the effective Lagra
ian in Eq.~4! without any upper bound onMhh would yield
a continual increase in theMhh distributions, which would
lead to an apparent violation of unitarity. We display t
Mhh distribution of the RS case in Fig. 9. The high resonan
peak in addition to the SM distribution implies the first K
state of gravitons withm1.750 GeV. While in thee1e2

→m1m2 process the KK gravitons appear as almost re

FIG. 8. TheMhh distributions of Higgs pair production in th
SM and the ADD cases.

FIG. 9. TheMhh distributions of Higgs pair production in th
SM and the RS cases.
01500
-

e

-

larly spaced peaks@20#, the hadronic convolution of the par
ton level processes obscures successive and separated
such as the classical KK signature. Figure 10 displays
Mhh distribution of the MSSM case with large tanb, which
possesses the dominant contributions fromb quarks. Thus a

peak appears just above the kinematic threshold,Aŝ
.2mh .

Finally, we illustrate the rapidity distributions in Fig. 11
It can be seen that the extra dimensional models produ
Higgs pair somewhat more centrally in the rapidity than t
SM and the MSSM do. A more restrictive cut onh, such as

FIG. 10. TheMhh distributions of Higgs pair production in the
SM and the MSSM.

FIG. 11. Theh distributions in the SM, the MSSM, the RS an
the ADD cases.
9-6



nd

n
th
a

n
he
e
u
ic
el
d
se
ow
v

tw
e

th

S

c
de
. W
s

ffer-
sh

n

M
of a
ilar
s
cts

S
, re-
-
es
xis-
ra-
w

of
.K.

00-
ts,
sup-
r-
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h<1.0, would eliminate a substantial portion of the SM a
the MSSM contributions.

IV. CONCLUSIONS

The pair production of neutral Higgs bosons from gluo
gluon fusion at the LHC has been studied in the SM,
MSSM, the large extra dimensional model and the Rand
Sundrum model. We have shown that both the supersymm
ric and extra-dimensional models can substantially enha
the total cross section of Higgs pair production. In t
MSSM case, the large tanb value makes it possible that th
b-quark contribution dominates over the top quark contrib
tion and over the resonant decay of a heavy Higgs part
into two light Higgs particles. The extra dimensional mod
allow contributions from tree level Feynman diagrams me
ated by Kaluza-Klein gravitons, which significantly increa
the total cross section. Since the ADD model has been sh
to violate partial wave unitarity at high energies, we ha
employed an upper bound on the invariant mass of
Higgs bosons, which is obtained from an analysis of thJ
partial wave amplitudes of the elastic processgg→gg. In
addition, we have shown that the total cross section in
ADD case with an upper bound onMhh decreases gently
with increasing Higgs boson mass, whereas those in the
the MSSM and the RS cases decrease rapidly.

If Higgs pairs are produced at hadron colliders at a mu
higher rate than in the SM, the three non-standard mo
considered here are good candidates for an explanation
have shown thepT , invariant mass and rapidity distribution
aw
,

.

e,

B

s
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-
le
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n
e
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e

M,

h
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e

of each case. The distribution shapes are shown to be di
ent for each model, providing valuable criteria to distingui
one model from the others. ThepT distribution in the SM
peaks and drops rapidly; in the MSSM, and in the large tab
case, it peaks just above the threshold ofpT and also drops
rapidly; the ADD effects induce a slow increase after the S
peak; the RS effects can be discovered by the presence
resonance peak. The invariant mass distributions are sim
to thepT distributions: The SM and the MSSM distribution
have peaks at around a few hundred GeV; the ADD effe
gently increase theMhh distribution at high energies; the R
contribution yields a series of resonant peaks. Therefore
strictive cuts onpT andMhh would eliminate the main con
tributions of the SM and the MSSM cases, which provid
one of the most straightforward methods to detect the e
tence of low scale quantum gravity effects. Finally, the
pidity distributions in the ADD and the RS models sho
significantly narrow peaks aroundh50, which implies large
contributions in the high-pT region.
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