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Studying Higgs pair production in the processgg˜H 0H 0 in the two-Higgs-doublet model
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In the two-Higgs-doublet model the complete nonstandard Higgs boson helicity amplitudes for the Higgs
boson pair production processgg→H0H0 is calculated and explicit formulas for nonstandard Higgs boson
contributions to the helicity amplitudes are given. It is shown that the cross section is in the range of 0.03–30
pb at As51 TeV, for Higgs boson masses of 350,MH0

,490 GeV in monochromaticgg collisions. The
angular distribution for Higgs pair production is strongly peaked in the forward and backward directions. In
particular the angular dependence for Higgs pair production is due to the nonstandard Higgs boson getting
larger where the box diagrams constitute the dominant part of the differential cross section. For studying heavy
Higgs pair production the use of circularly polarized photon beams with equal helicities is advantageous.
@S0556-2821~96!04215-4#

PACS number~s!: 12.60.Cn, 12.15.Lk, 14.80.Cp
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I. INTRODUCTION

Since the discoveries ofW and Z bosons, the standard
model~SM! has been tested to high accuracy@1#. But, spon-
taneous symmetry breaking is not yet well understood, nor
there any experimental evidence to favor any particular sy
metry breaking. The simplest model is the minimal standa
model ~MSM! with a single neutral scalar Higgs boson t
activate the Higgs mechanism@2#. So far, direct searches
have set a lower limit Higgs boson mass of about 60 Ge
@1#. However, it is widely believed that the SM, despite it
experimental success, cannot be complete and that new p
ics, beyond the SM, should be expected. One of the ma
goals of the next generationpp, e1e2, ep and the newly
discussedgg colliders is to search for the Higgs boson@3#.
The Higgs boson of the MSM is still an explored area.
variety of options beyond the MSM are available to repla
the job of the standard Higgs mechanisms. Among them,
model with a mild extension of the SM such as the two
Higgs-doublet models~THDM’s! are constrained by the ex-
perimental value ofr5M W

2 /M Z
2 cos2uW51 at the tree level

@4# and by the strong limits on flavor changing neutral cu
rents~FCNC’s! @5#. The spectrum of physical states consis
of a pair of charged Higgs bosons~F6!, one neutralCP-odd
pseudoscalarH2, and two neutral scalar mix to form a pair o
neutralCP-even scalars (H0 ,H1) with mixing anglea. The
mixing angleb is given by tanb5V2/V1 , the ratio of the
vacuum expectation values. The quantity tanb plays a cen-
tral role in the theory because the couplings are often p
portional to either tanb or cosb. At the tree level the
THDM is identical, in most respects, to the SM.

The reactione1e2→H0H0 is studied@6#. It has a cross
section decreasing ass21, which make it hardly observable
even forMH0

>100 GeV. Thepp→H0H0 via WW/ZZ fu-
sion @7# has an increasing cross section, but stills&10 fb at
As540 TeV for intermediate and heavy Higgs boson
~MH0

>250 GeV!; therefore, in the hadron collider environ
ment the process can hardly be studied. For renormalizat
group analysis, the larger the Higgs bosons mass, the lo
540556-2821/96/54~5!/3563~7!/$10.00
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the scale where new physics will appear@8#. Therefore, for
heavy a Higgs boson one could expect to discover large d
viations from the SM predictions.

The photon fusion processgg→H0H0 vanishing in the
tree level has received much attention recently. The reason
that the emergence of a viable linear collider technique a
the development of a high power laser suggests that the p
sibility to create high energygg collisions may become a
reality @9#. Owing to the absence of large backgrounds, the
yield a relatively clean environment for the exploration o
the Higgs boson in the reactiongg→H0H0 and the search
for new particles.

In this paper we present the complete nonstandard Hig
boson set of diagrams contributing to the processgg→H0H0
within the THDM. The MSM set of Feynmman graphs con
tributing to the processgg→H0H0 has been given in Ref.
@10#. The neutral Higgs bosonsH0 have the same couplings
as the MSM Higgs bosons, so that we can evaluate a me
ingful nonstandard Higgs boson contributing within th
THDM. We specify the THDM with tanb5V2/V1@1, a5b
and flavor-changing neutral currents at the tree level a
avoided by one-Higgs-doublet~V2! coupling to down-type
quarks and charged leptons and the other~V1! to up-type
quarks. The minimal supersymmetric standard model b
longs to this class, so our results also apply to this model

II. THE gg˜H 0H 0 HELICITY AMPLITUDES

The momenta and helicities of the incoming photon an
outgoingH0 bosons are defined through~l1,2561!

g~k1 ,l1!g~k2 ,l2!→H0~p1!H0~p2!. ~1!

The Mandestam variables used in the following are given b

s5~k11k2!
25~p11p2!

2,

t5~k12p1!
25~k22p2!

2,

u5~k12p2!
25~k22p1!

2.
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In the center of mass system~c.m.s.! of the photon photon
the momenta read

k1,25
As
2

~1;0,0,61!, ~2!

p1,25
As
2

~1;6b sinu,0,6b cosu!. ~3!

u is the scattering angle between theg and theH0 and b
5A124MH0

2 /s. In order to define helicity amplitudes we

need to introduce the corresponding polarization vectors
different helicities in the c.m.s. of the initial photons ar
given by

«m~k1 ,11!5«m~k2 ,21!5
1

&
~0;21,2 i ,0!,

«m~k1 ,21!5«m~k2 ,11!5
1

&
~0;11,2 i ,0!.

Here «m is the g polarization vector with helicity61. All
momenta are taken to be on mass shell (k1

25k2
250,p1

25p2
2

5MH0

2 ). The electromagnetic gauge invariance tells us th

the ggH0H0 polarization tensor is transverse to the photo
momenta:

k•«50.

There are four helicity amplitudes,ml1 ,l2
,l1 ,l2561, of

the processgg→H0H0 . CP invariance leaves only two in-
dependent ones; one has

m115m225G0 ,

m125m215G2 ,

two Lorentz and gauge invariant amplitudesG0,2 contribut-
ing to the helicity amplitudes.

The normalizations are such that the helicity differenti
cross section is

ds

d cosu
5

a2aW
2

2sMW
4 ~ uG0u21uG2u2!

b

16p
, ~4!
for
e
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n
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where the parametersa5e2/4p51/128, aW5a/sW
2 ,

sW
2 512M W

2 /M Z
2 , MZ591.188 GeV, andMW580.22 GeV

have been used throughout the paper and for our numer
analysis we have chosen tanb570 and tanb510 well
within the limits listed in Ref.@11#.

The nonstandard Higgs bosons diagrams of the proc
gg→H0H0 in the THDM are presented in Fig. 1. The gaug
invariant subset for containing the usual box is label
‘‘box,’’ which contributes both toG0 andG2, and that con-
taining the usual triangle is called ‘‘triangle,’’ which is non
zero only for equal photon helicitiesG0. Each of the gauge-
invariant subsets is separately finite. The determine
formulas forG0 andG2 the diagrams in Fig. 1 have to be
calculated:

FIG. 1. The nonstandard Higgs bosons Feynman diagrams
the processgg→H0H0 in the THDM. The graphs contributing to
the nonstandard Higgs bosonsF6 loops are marked by the sym
bols. The wavy lines present the initial photons; the dashed lin
present the Higgs bosons. The graphs with the photon and Hi
permutations should be added when required.
G0~ triangle!5

MF
2 1

A

4
MH0

2 tanb

s2MH0

2 $~s2MH0

2 !@B022~C24
~1!1C24

~2!!#13@B022~C24
~1!1C24

~2!!#%1~k1↔k2 ,t→u!, ~5!

G0~box!524SMF
4 1

A

2
MH0

2 MF
2 tanb1

A2

16
MH0

4 tan2b D H 2D27
~1!1D27

~2!1D27
~3!1~s24MH0

2 !
sin2u

8
@2D23

~1!1D11
~2!2D13

~2!1D21
~2!

1D23
~2!22D25

~2!1D12
~3!1D22

~3!#1
1

2
~C0

~1!1C0
~2!!J 1~k1↔k2 ,t→u!, ~6!
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G2~box!52
~s24MH0

2 !sin2u

2 SMF
4 1

A

2
MH0

2 MF
2 tanb1

A2

16
MH0

4 tan2b D
3$2D23

~1!1D11
~2!2D13

~2!1D21
~2!1D23

~2!2D25
~2!1D12

~3!1D22
~3!%

1~k1↔k2 ,t→u!. ~7!
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In these formulasA5tan2a. The definition of the two,
three, and four point functionsB, C, andD can be found in
Ref. @12#. The arguments of the invariant integrals are

B05B0~k11k2 ,MF ,MF!,

C0
~1!5C0~p11p2 ,2p1 ,MF ,MF ,MF!,

C0
~2!5C0~2p2 ,2p1 ,MF ,MF ,MF!,

C24
~1!5C24~k1 ,2p12p2 ,MF ,MF ,MF!,

C24
~2!5C24~k2 ,2p12p2 ,MF ,MF ,MF!,

Di j
~1!5Di j ~k2 ,k1 ,2p1 ,MF ,MF ,MF ,MF!,

Di j
~2!5Di j ~2p1 ,k2 ,2p2 ,MF ,MF ,MF ,MF!,

Di j
~3!5Di j ~k1 ,2p2 ,k2 ,MF ,MF ,MF ,MF!.

Using the methods of Ref.@12# C andD functions can be
expressed in terms of Spence functions. Various checks w
carried out to make sure that the resulting helicity amplitud
are correct. Cancellation of divergences, transversality
photon momenta, and symmetry under the interchanget↔u
were explicitly checked.

III. NUMERICAL RESULTS

A. Polarized cross sections forH 0H 0 pair production
in monochromatic gg collisions

We present the nonstandard Higgs bosons contributions
the polarized cross sections forH0H0 pair production in
monochromaticgg collisions. In order that an idealized cas
will provide a clear physical understanding the behavior
the double Higgs boson production, we consider here t
extreme cases ofl1,l2561, i.e., full circular polarization for
the incoming photons. All integrated cross sections are o
tained from the angular range 9°<u<171°.

In Fig. 2 we present total cross sections for different p
larization of the initial photon versus Higgs boson mass f
MF5200 GeV at c.m. energiesAs51 TeV. The cross sec-
tion is dominated by the charged Higgs boson loop contrib
tion. The distinctive behavior of the cross section for larg
Higgs boson masses is the same as that observed for thW
boson loop contribution in Ref.@10#. This is due to large
coupling constants@present in Eqs.~5!–~7!# }aWMH0

2 /MF
2

and }aWMH0

4 /MF
2 of the virtual F6 and heavyH0. The

cross section lies in the range 0.03–30 pb forMH0

5350–490 GeV and is much larger than that for the MS
contribution~in Ref. @10#!.
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The corresponding cross sections for the opposite pho
helicitiesl152l251 are shown in Fig. 2. The cross sectio
is contributed only by ‘‘box’’ diagrams. The cross sectio
for opposite photon helicities is an order of magnitud
smaller than that for equal photon helicities.

In Fig. 3 we show the angular distributions for Higgs pa
production in the THDM for equal and opposite incomin
photon helicities withMF5200 GeV,MH0

5250, 350, and

450 GeV, respectively~atAs51 TeV!. We see the nonstand
ard Higgs bosons contribution to Higgs pair production
peaking in forward or backward directions for equal photo
helicities, while the angular distributions for opposite incom
ing photon helicities is rather flat between 30° and 160° a
smaller owing to the suppression of thet- and u-channel
poles.

The angular dependence of the nonstandard Higgs bos
contribution toH0 pair production for differentMF with
MH0

5400 GeV is plotted in Fig. 4 forAs51 TeV, the
dashed line is forMF5150 GeV, and the full line is for
MF5450 GeV, respectively,~a! equall15l251 and~b! op-
positel152l251 photon helicities. We see that the doub
Higgs production cross section grows with increasingMF .
The angular distributions shapes for opposite incoming ph
ton helicities is difference between the SM@10# and THDM.
The reason here is that the large nonstandard Higgs bo
masses enhance contributions by the couplings ofH0 with F.

The effect of the largeMH0
mass is illustrated in Fig. 5.

The angular distributions for equal and opposite initial ph

FIG. 2. The totalgg→H0H0 cross section atAsgg51 TeV for
MF5200 GeV as a function of the Higgs boson mass. The das
line is the total cross section forl15l251. The dotted line is the
total cross section forl152l251.
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tons helicities is shown for different typical values of Higg
boson mass~MH0

5400, 450, and 500 GeV, respectively! at

As51.5 TeV andMF5200 GeV. EnhancedH0H0 pair pro-
duction at high energies for heavy Higgs boson mass w
estimated in Ref.@10#. The heavier Higgs bosons mass, th
larger is the differential cross section of its double produ
tion almost up to the kinematical boundary.

The origin of the large nonstandard Higgs boson cont
butions to double Higgs production is revealed in Fig.
where separate contributions to the differential cross sect
of the gg→H0H0 are displayed for As51.5 TeV,
MH0

5500 GeV, andMF5650 GeV both with„G0~triangle!…
and without„G0~box!,G2~box!… the H0H0H0 coupling. The
box contributions toG0 andG2 have similar shapes. We see
that there are no numerical problems for forward or bac
ward Higgs production for opposite photon helicities whe
the cross section is equal to zero due to angular moment
conservation. From Fig. 6 we also see that for high energ
and small or large scattering angles the differential cross s
tion is dominated by the nonstandard Higgs bosons b
graphs contribution. This is due to the fact that the nonstan
ard Higgs bosons triangle graphs contribution, for larg

FIG. 3. The angular dependence of the differential cross sect
for the nonstandard Higgs bosons in the THDM and equal phot
helicities ~a! or unequal photon helicities~b! with MF5200 GeV,
MH0

5250 GeV,MH0
5350 GeV,MH0

5400 GeV, andAs51 TeV.
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MH0
~asMH0

5500 GeV!, is of orders21 for all scattering

angles. An analysis of the box contributions shows that th
involve terms behaving as 1/utu or 1/uuu for M F

2 !utu!s and
approaching a constant of the order ofaW/pM F

2 for ut u!
MF

2 . This behavior of the box contributions is familiar from
many other~t-channel! processes. The processgg→H0H0 is,
however, that the triangle contribution does not exhibit at or
u pole. But even at a 90° scattering angle, the different
cross section for unequal photon helicities is smaller than
one for equal photon helicities by at least a factor of 10.

In Fig. 7 we give the nonstandard Higgs bosons contrib
tions to the differential cross section of theH0H0 production
for tanb510 and tanb570 with MF5200 GeV and
MH0

5200 GeV atAs51 TeV. As can be seen the sensitivit
to the differential cross section is weak for tanb@1.

B. H 0H 0 pair production at a photon linear collider

By Compton backscattering of laser photons off the lin
electron or positron beams, one can produce high lumino
gg collisions with a significantly hardergg spectrum. In ad-
dition, a high degree of circular polarization for each of th
colliding photons can be achieved by polarizing the incom

ion
on

FIG. 4. Differential cross section for equal photon helicities~a!
or unequal photon helicities~b! andAs51 TeV at different values
of the charge Higgs mass:MF5150 and 450 GeV. TheH0 mass
is MH0

5400 GeV.
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ing electron or positron beams and laser beams@9#. The cross
section of theH0H0 pair production in polarizedgg colli-
sions is given by

ds5E
4MH0

2 /s

ym
2

dt
dLgg

dt F12 ~11j1j2!dŝ~11 !

1
1

2
~12j1j2!dŝ~12 !G , ~8!

where photon photon luminosity is

dLgg

dt
5E

t/ym

ym dy

y
f g~x,y! f g~x,t/y!,

t5 ŝ/s, y5Eg /Eb , ym5
x

11x
, x[

4Ebv0

me
2 . ~9!

HereEb is the energy of the electron beam andv0 is the laser
photon energy. The quantityy stands for the ratio between
the scattered photon and initial electron energy and its ma

FIG. 5. Differential cross section for equal photon helicities~a!
or unequal photon helicities~b! andAs51.5 TeV at different values
of MH0

: MH0
5400, 450, and 500 GeV. TheF mass isMF5200

GeV.
xi-

mum value isym . As(Aŝ) is thee1e2~gg! center of mass
energy. The photon momentum distribution functionf g(x,y)
and mean helicities of the two photon beamsji are given by
Eqs.~4! and~17! of Ref. @9#. The dimensionless parameterx
is taken to bex52~11&!, which leads to the hardest pos-
sible spectrum of photons with a large luminosity. In th
following we assume that 90% electron~positron! beam lon-
gitudinal polarization~le1,2560.45! and 100% laser beam
circular polarization~lg1,2561! are achievable.

In Fig. 8 we show the cross section of theH0H0 pair
production at the photon linear collider~e1e2 c.m.s. energy
Ase1e251 TeV! as a function of Higgs boson mass with
MF5200 GeV. We consider different polarizations of the
incoming electron ~positron! and laser beams:
le15le250.45, lg15lg2521 ~the dashed lines in Fig. 8!

FIG. 6. The angular dependence of the pair Higgs bosons forgg
collisions atAs51.5 TeV. The representative valuesMH0

5500
GeV andMF5650 GeV have been chosen. The contributions of th
different pieces are plotted separately.

FIG. 7. Thegg→H0H0 differential cross section for equal pho-
ton helicitiesMH0

5200 GeV,MF5200 GeV, andAs51 TeV. The
dot-dashed line and the solid line correspond to tanb570 and tanb
510, respectively.
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and le152le250.45, lg152lg2521 ~the dotted lines in
Fig. 8!. As for the case of monchromatic photon photon co
lisions the cross section peaking at large Higgs boson mas
observed. The cross section is smaller than that for the m
chromatic photon spectrum and lies in the range 0.001–1
for MH0

5320–400 GeV atAse1e251 TeV. For compari-
son, the double Higgs production cross section in MSM
the processgg→H0H0 is 1–1023 pb for 50,MH0

,250

GeV andmt.40 GeV forpp collision atAs540 GeV @13#
and WW fusion processe1e2→nnHH is 0.6–1.7 fb at
As51–2 TeV for MH525 GeV @6#. Surely, the process
gg→H0H0 will be the dominant mechanism for the doub
heavy Higgs boson production at future photon linear c
lider produced by the technique of the laser backscatter
off electron linac beams.

FIG. 8. The totalgg→H0H0 cross section for laser backsca
tered photon ine1c2 collisions atAse1e251 TeV as a function of
the Higgs boson mass. Curves of the mean helicities of the inco
ing electron and laser beamsle15le250.45, lg15lg2521,
le152le250.45, andlg152lg2521 are shown.
l-
s is
on-
pb

at

le
ol-
ing

IV. CONCLUSIONS

We have calculated the the nonstandard Higgs boso
contribution to processgg→H0H0 in the THDM. The
double Higgs boson production ingg collisions at TeV en-
ergies is feasible for studying at futuregg colliders, provided
that the producing high energy photon beams by Compto
backscattering of laser photons off high energy electrons w
be realized to study photon photon collisions. The calcula
tion shows that the cross section grows with increasin
Higgs boson mass almost up to the kinematical boundar
This effect is due to the nonstandard Higgs boson loop co
tribution for which the triple and quadruple coupling withH0
boson grow with increasingMH0

. The cross section lies in
the range 0.03–30 pb for 350,MH0

,490 GeV in mono-

chromaticgg collisions atAsgg51 TeV. Taking into ac-
count the real photon spectrum results in smaller cross se
tion for heavy Higgs pair production. To estimate the even
rates we have taken an integrated luminosity 10 fb21 for a
standard collider year, a thousand events per year would
observed. In order to observed these events, experimenta
needs the detailed study of the background processes~the
four gauge boson and two top quark pair production! in gg
collisions @10#. The angular distribution forH0H0 pair pro-
duction is strongly peaked in the forward and backward d
rections in monochromaticgg collisions owing to thet- and
u-channel poles at high energies and grows with increasin
Higgs boson massMF andMH0

. The dominating contribu-
tions of the differential cross section are from the nonstand
ard Higgs boson box graphs, which will always strengthe
for the coupling ofH0 with heavyF6. The differential cross
section for equal photon helicities is the larger than the on
for opposite photon helicities. It is clear that to study heav
Higgs pair production and search for new particles the use
the equal photon helicities is advantageous.
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