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Studying Higgs pair production in the processyy—H H in the two-Higgs-doublet model

Sun La-Zhen and Liu Yao-Yang
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In the two-Higgs-doublet model the complete nonstandard Higgs boson helicity amplitudes for the Higgs
boson pair production proceggy—HH, 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 ats=1 TeV, for Higgs boson masses of 35M H, <490 GeV in monochromatigry 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.
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PACS numbes): 12.60.Cn, 12.15.Lk, 14.80.Cp

[. INTRODUCTION the scale where new physics will app¢8t. Therefore, for
heavy a Higgs boson one could expect to discover large de-
Since the discoveries oiV and Z bosons, the standard Vviations from the SM predictions.

model (SM) has been tested to high accur4gy. But, spon- The photon fusion procesgy—HoH, vanishing in the
taneous symmetry breaking is not yet well understood, nor i§€€ level has received much attention recently. The reason is
there any experimental evidence to favor any particular symthat the emergence of a viable linear collider technique and
metry breaking. The simplest model is the minimal standardhe development of a high power laser suggests that the pos-
model (MSM) with a single neutral scalar Higgs boson to Sibility to create high energyy collisions may become a
activate the Higgs mechanisf@]. So far, direct searches reality [9]. Owing to the absence of large backgrounds, they

have set a lower limit Higgs boson mass of about 60 Ge\)/ield a relatively clean environment for the exploration of

[1]. However, it is widely believed that the SM, despite its the Higgs bgson in the reactiopy—HoH, and the search
experimental success, cannot be complete and that new ph)}?—r new particles. .
' In this paper we present the complete nonstandard Higgs

ics, beyond the SM, should be expected. One of the majotr) . -

. T oson set of diagrams contributing to the procggs>HgH,
gpals of the ne>_<t gen_eratmnp, ee.ep apd the newly within the THDM. The MSM set of Feynmman graphs con-
discussedyy colliders is to search for the Higgs bos3]. tributing to the processy—HoH, has been given in Ref.

The Higgs boson of the MSM is still an explored area. A 101. The neutral Higas bosors. have the same couplinas
variety of options beyond the MSM are available to replace[ ] 99 ¢ Ping

he iob of th dard Hi hani A h has the MSM Higgs bosons, so that we can evaluate a mean-
the job of the standard Higgs mechanisms. Among them, thg, ¢, nonstandard Higgs boson contributing within the

model with a mild extension of the SM such as the two- : ;

) \ . THDM. We specify the THDM with tarB=V,/V,>1, a=p
H|ggs—dou|blet| mOdeﬂ\—AHZD/':\AA%) ar§ co_nitramﬁd by thle e)l(_ and flavor-changing neutral currents at the tree level are
perimental value 0p=M /M7 cos’4,=1 at the tree leve avoided by one-Higgs-doubld¥/,) coupling to down-type

[4] and by the strong limits on flavor changing neutral cur-
\ . "~ "quarks and charged leptons and the otbéy) to up-type
rents(FCNC'’9) [5]. The spectrum of physical states ConS'StSquarks. The minimal supersymmetric standard model be-

of a pair of charged Higgs boso(®~), one neutralc P'Odd longs to this class, so our results also apply to this model.
pseudoscalat,, and two neutral scalar mix to form a pair of

neutral CP-even scalarsH,,H;) with mixing anglea. The
mixing angle B is given by tan3=V,/V;, the ratio of the Il. THE yy—HoHo HELICITY AMPLITUDES

vacuum expectation values. The quantity faplays a cen- The momenta and helicities of the incoming photon and

tral role in the theory because the couplings are often Pr%utgoingH, bosons are defined through, ,— = 1)
portional to either taB or cosB. At the tree level the '

THDM is identical, in most respects, to the SM. Ki A v(Ks Ao)—H H _ 1
The reactione”e”™ —HgH, is studied[6]. It has a cross vikeda) (ke ha) o(P1)Ho(p2) W

section decreasing a&s *, which make it hardly observable The Mandestam variables used in the following are given by
even forMH0> 100 GeV. Thepp—HyH, via WWZZ fu-

sion[7] has an increasing cross section, but sti#10 fb at s=(ky+ky)2=(p1+py)?,
Js=40 TeV for intermediate and heavy Higgs bosons

(My,=>250 GeV; therefore, in the hadron collider environ- t=(k;—p1)?=(ka—p2)?,
ment the process can hardly be studied. For renormalization

group analysis, the larger the Higgs bosons mass, the lower u=(ky;—p,)?=(k,—py)°.
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In the center of mass systeta.m.s) of the photon photon 5 , g
Ho v e, ¥
the momenta read = . q,
G bbb o \_g_,:t-/’/, o
S g o TE
kl,2:_ (110101il)1 (2) ' ! . @is i /, \\\Ho
? BN o I /
Js
P12="% (1;= B sink,0,* B cod). (€))
0 is the scattering angle between theand theH, and 8
= W/1—4MH20/3. In order to define helicity amplitudes we g
need to introduce the corresponding polarization vectors for < y_,g ¥ Ho
different helicities in the c.m.s. of the initial photons are ! TN T
. \\@ 1 ‘I’* F,
given by P o ! o N Ho
\k\ Eo S ~
1 _ T
sﬂ(k1,+1)=sﬂ(k2,—1)=ﬁ(0,—1,—|,O),
J
1 . . Hy
sﬂ(kl,—1)=sﬂ(k2,+l)=ﬁ(0,+1,—I,0). . e ¥ H,
] Hy .* H .-~
|§>’i,b---(\ H o q,i #,__‘ 4,
Here g, is the y polarization vector with heI|C|ty+1 AII v N “ea? s

momenta are taken to be on mass shkfi<(k5=0,p7=p3
= M ) The electromagnetic gauge invariance tells us that FIG. 1. The nonstandard Higgs bosons Feynman diagrams for

the processyy—HgHg in the THDM. The graphs contributing to
tmhgrzg:![aﬂo polarization tensor is transverse to the phOtonthe nonstandard Higgs bosods" loops are marked by the sym-

bols. The wavy lines present the initial photons; the dashed lines
present the Higgs bosons. The graphs with the photon and Higgs

k-£=0. permutations should be added when required.

There are four helicity amplitudeax,kl,xz,)\l,)\f +1, of
the processyy—HyHy. CP invariance leaves only two in-

2 _ 2
dependent ones; one has where the parametersa=e“/47=1/128, ay=alSy,

sd=1-M3/M2, M,=91.188 GeV, and!,,=80.22 GeV
have been used throughout the paper and for our numerical
analysis we have chosen tg8s70 and tarB=10 well
within the limits listed in Ref[11].

The nonstandard Higgs bosons diagrams of the process
vy—HyHg in the THDM are presented in Fig. 1. The gauge-
invariant subset for containing the usual box is labeled
| “box,” which contributes both toG, andG,, and that con-
taining the usual triangle is called “triangle,” which is non-
zero only for equal photon helicitigS,. Each of the gauge-

My =p-—=GCo,

My—=p_+=Gy,

two Lorentz and gauge invariant amplitud8g , contribut-
ing to the helicity amplitudes.

The normalizations are such that the helicity differentia
cross section is

do a2a2 ﬁ invariant subsets is separately finite. The determine the
— (|Go|2+|Gz|2) (4)  formulas forG, and G, the diagrams in Fig. 1 have to be
dcos 2sMy, calculated:

2 A 2
M‘D+Z M tang

Go(triangle) = {(s= M7 )[Bo—2(Chy +C)1+3[Bo—2(CLy + CEN I} + (ky—ka t—u), ()

2
_MHO

2

A A
Go(box)=—4| M3+ = M3 Mq)tanBJr—MHtanZ,B

2

nZ
( DY +D2+DY+(s—4M} )—[2D '+D{7-DF+DY

+D%-2D2+D¥+ <3>]+ (CH+CP)t + (kyoky, t—u), (6)




54 STUDYING HIGGS PAIR PRODUCTION IN THE . .. 3565

(s—4M, )sin’o DA, I
Ga(box) = — —————— | Mg+ 5 M Mitans+ M{ tarf B
x (2D + D}~ D+ D + DF - D + DY+ D)
+(kyka t—u). (7)
|
In these formulasA=tanZ. The definition of the two, The corresponding cross sections for the opposite photon
three, and four point functionB, C, andD can be found in  helicities\;=—\,=1 are shown in Fig. 2. The cross section
Ref.[12]. The arguments of the invariant integrals are is contributed only by “box” diagrams. The cross section
for opposite photon helicities is an order of magnitude
Bo=Bo(ki+k2,Mg,Mg), smaller than that for equal photon helicities.
o In Fig. 3 we show the angular distributions for Higgs pair
Co '=Co(pP1tP2,—P1,Mg ,Mg,Myg), production in the THDM for equal and opposite incoming

photon helicities withM =200 GeV,My =250, 350, and

450 GeV, respectivelfat \'s=1 TeV). We see the nonstand-
ard Higgs bosons contribution to Higgs pair production is
peaking in forward or backward directions for equal photon
helicities, while the angular distributions for opposite incom-
ing photon helicities is rather flat between 30° and 160° and
smaller owing to the suppression of tie and u-channel
poles.

The angular dependence of the nonstandard Higgs bosons
contribution toH, pair production for differentM4 with
My, =400 GeV is plotted in Fig. 4 for/s=1 TeV, the
dashed line is foiM =150 GeV, and the full line is for

Using the methods of Ref12] C andD functions can be Ma=450 GeV, respectivelya) equal\;=\,=1 and(b) op-
expressed in terms of Spence functions. Various checks weR9SiteA;=—A,=1 photon helicities. We see that the double
carried out to make sure that the resulting helicity amplituded1i9gs production cross section grows with increasmg.
are correct. Cancellation of divergences, transversality td he angular distributions shapes for opposite incoming pho-
photon momenta, and symmetry under the intercharga  ton helicities is difference between the $u0] and THDM.
were explicitly checked. The reason here is that the large nonstandard Higgs boson
masses enhance contributions by the couplindgspfith ®.

The effect of the largeM H, Mass is illustrated in Fig. 5.

The angular distributions for equal and opposite initial pho-

C'=Co(— P2, = P1, Mg, Mg ,Mg),

C% =Cou(ky,—P1—P2:Mg Mg, Mg),
CH=Couky, —P1—P2.Mg Mg, M),
ngl)zDij(kakla_pLM‘b7MCI>7MCI>1M<1>)y
Di<j2):Dij(_plak21_p21M(I>vM(IJvM(D:M(D),

ijs‘)=Dij(k1,—p2,k2,M¢,,M¢,M(p,M(p).

IIl. NUMERICAL RESULTS

A. Polarized cross sections foiH yH, pair production
in monochromatic yy collisions

. o i /i

We present the nonstandard Higgs bosons contributions to 10" kb /é =1 TeV ! ‘

the polarized cross sections fét,H, pair production in 3 o
monochromaticyy collisions. In order that an idealized case ol T A=A =1

will provide a clear physical understanding the behavior of o
the double Higgs boson production, we consider here the 2
extreme cases of; ,A\,=*1, i.e., full circular polarization for T : ‘
the incoming photons. All integrated cross sections are ob- x s
tained from the angular range99<171°. Lo i e

In Fig. 2 we present total cross sections for different po- 3 E
larization of the initial photon versus Higgs boson mass for -
M¢=200 GeV at c.m. energiegs=1 TeV. The cross sec- LN
tion is dominated by the charged Higgs boson loop contribu- [ h .
tion. The distinctive behavior of the cross section for large 10* "1... ;ll]
Higgs boson masses is the same as that_observed fak the 50 100 150 200 250 300 350 400 450 500
boson loop contribution in Ref10]. This is due to large M Gev
coupling constantgpresent in Eqs(5)—(7)] = awMf /M, "

and ocaWM‘,f'O/Mé, of the virtual ®* and heavyH,. The

-
L

. . . FIG. 2. The totalyy—HgH, cross section a{/s,,=1 TeV for
cross section lies in the range 0.03-30 pb MHO M =200 GeV as a function of the Higgs boson mass. The dashed
=350-490 GeV and is much larger than that for the MSMiine is the total cross section for,=\,=1. The dotted line is the
contribution(in Ref.[10]). total cross section fok;=—\,=1.
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FIG. 3. The angular dependence of the differential cross section FIG. 4. Differential cross section for equal photon helicitigs
for the nonstandard Higgs bosons in the THDM and equal photo®" unequal photon helicitie) and \'s=1 TeV at different values
helicities (a) or unequal photon helicitie) with M4,=200 Gev,  ©f the charge Higgs massM¢=150 and 450 GeV. Thél, mass
My, =250 GeV,My =350 GeV,My; =400 GeV, and/s=1TeV. IS My =400 GeV.

L . . . M, (asMy =500 GeV, is of orders™? for all scattering
tons helicities is shown for different typical values of Higgs ' ° 0 i o
boson mas§M,, =400, 450, and 500 GeV, respectivebt angles. An analysis of the box contributions shows that these
0 L ’ 7

B _ . involve terms behaving as|1/ or 1u| for M 2 <|t|<s and
Vs=1.5 TeV andM ;=200 GeV. EnhancetlioH, pair pro- approaching a constant of the order @f/7M 3 for |t|<

ggggﬁ;e‘f‘; izl%hefe[:?g]rg'lrehsefﬁ;;ﬁ:miHIgsgf)obsc())iosnmrgizs t‘;]vsﬁ/lfp. This behavior of the box contributions is familiar from
larger is the differen.tial Cross sectioﬁ%f its double pro’duc-many othet(t-chann_e) Processes. The proce§3$—>H0I—_|0_|s,
tion almost up to the kinematical boundary however, that the triangle contrlbut_lon does not exh_mnrm _
The origin of the large nonstandard Hig.gs boson contri-u pole. Bgt even at a 90° scatterlng .e.mgl_e, the differential
butions to double Higgs production is revealed in Fig. 6 cross section forunequal. photon helicities is smaller than the
where separate contributions to the differential cross se;:tic;ﬂne for equal phioton helicities by at Iegst a factor of lO..
In Fig. 7 we give the nonstandard Higgs bosons contribu-

of the yy—HH, are displayed for Js=1.5 TeV, tions to the differential cross section of thigH i
. X production
My, =500 GeV, andM 4, =650 GeV both with(G(triangle) ¢, tanB=10 and taB=70 with Mq)f?ooo GeV and

and without(Ge(b0x),G,(box)) the HoHoH, coupling. The 1, —200 GeV atys=1 TeV. As can be seen the sensitivity
box contributions td5 an_oIG2 have similar shapes. We see to the differential cross section is weak for a1,

that there are no numerical problems for forward or back-
ward Higgs production for opposite photon helicities where
the cross section is equal to zero due to angular momentum
conservation. From Fig. 6 we also see that for high energies By Compton backscattering of laser photons off the linac
and small or large scattering angles the differential cross se@lectron or positron beams, one can produce high luminosity
tion is dominated by the nonstandard Higgs bosons boxy collisions with a significantly hardeyy spectrum. In ad-
graphs contribution. This is due to the fact that the nonstanddition, a high degree of circular polarization for each of the
ard Higgs bosons triangle graphs contribution, for largercolliding photons can be achieved by polarizing the incom-

B. HyH pair production at a photon linear collider
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o FIG. 6. The angular dependence of the pair Higgs bosongor
10 collisions at\/s=1.5 TeV. The representative valuddy, =500
GeV andM =650 GeV have been chosen. The contributions of the
10" different pieces are plotted separately.
a mum value isy,,. s(\/S) is thee™e (yy) center of mass
g— 102 energy. The photon momentum distribution functig/ix,y)
4 and mean helicities of the two photon beaénare given by
8 ol Egs.(4) and(17) of Ref.[9]. The dimensionless parameter
5 107 is taken to bex=2(1+v2), which leads to the hardest pos-
sible spectrum of photons with a large luminosity. In the
10 |- following we assume that 90% electrgpositror) beam lon-
gitudinal polarization(\; ,==*0.45 and 100% laser beam
A ] circular polarization\ ; ,==1) are achievable.
L L In Fig. 8 we show the cross section of thiH, pair
0 40 80 120 160 production at the photon linear collidée™ e~ c.m.s. energy
8/° VSe+e-=1 TeV) as a function of Higgs boson mass with

M4=200 GeV. We consider different polarizations of the
FIG. 5. Differential cross section for equal photon helicitigs ~ incoming  electron (positron and laser beams:
or unequal photon helicitie) and /s=1.5 TeV at different values Ne1=Ne=0.45,\ ;=N ,=—1 (the dashed lines in Fig.)8
of MHO: MH0=4OO, 450, and 500 GeV. The mass isM =200

GeV. 107 ¢
ing electron or positron beams and laser bef@sThe cross F\ Js=1TeV
section of theHyH, pair production in polarizedyy colli- I
sions is given by 10° | —tang = 10
2 dL,, [1 . S tang=70
do= fym dr — 22 |2 (1+ & €)da(+ +) a B
am2 dr |2 @
HO/S s “
S 107k
1 R S i
+§(1_§1§2)d0(+_) , (8 3 i
. . . 10'5 =
where photon photon luminosity is F
dL,, (vym dy I
dr _fT/ymey(X'y)fy(X'T/y)’ 0% Loone e b
0 20 40 60 80 100 120 140 160 180
) X 4Epw, 8/°
7=8ls, y=E,IEy, Ym=Tryr X= —Z (9)

e
FIG. 7. Theyy—HgH, differential cross section for equal pho-

HereE, is the energy of the electron beam angiis the laser  ton helicitiesM; =200 GeV,M =200 GeV, and/s=1 TeV. The
photon energy. The quantity stands for the ratio between dot-dashed line and the solid line correspond t8ta0 and tag
the scattered photon and initial electron energy and its maxi=10, respectively.
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10" ¢ IV. CONCLUSIONS

f§ = 1TeV i We have calculated the the nonstandard Higgs bosons
0 e'e contribution to processyy—HgH, in the THDM. The
WE = da=dp=04 7 double Higgs boson production iy collisions at TeV en-

I Ap=Ap =1 £ 4 ergies is feasible for studying at futuse colliders, provided

—A = 045/ A that the prqducing high energy pho'ton beams by Comptc_m

¢ YA AR backscattering of laser photons off high energy electrons will
T . PR be realized to study photon photon collisions. The calcula-
';‘_ 102 | P tion shows that the cross section grows with increasing
- . b 5 . . .
v i i 4 Higgs boson mass almost up to the kinematical boundary.

. { i This effect is due to the nonstandard Higgs boson loop con-
i tribution for which the triple and quadruple coupling wihty
boson grow with increasini! Ho- The cross section lies in

the range 0.03-30 pb for 35(M},; <490 GeV in mono-

chromatic yy collisions at+/s,,=1 TeV. Taking into ac-
count the real photon spectrum results in smaller cross sec-
M, GeVv tion for heavy Higgs pair production. To estimate the event
’ rates we have taken an integrated luminosity 10'ffor a
FIG. 8. The totalyy—HgH, cross section for laser backscat- standard collider year, a thousand events per year would be
tered photon ire* ¢~ collisions atysyre- =1 TeV as a function of observed. In order to observed these events, experimentally

the Higgs boson mass. Curves of the mean helicities of the incorf1€€dS the detailed study of the background procetises

; —y  _ — four gauge boson and two top quark pair produdtionyy
ing electron and laser beamk, =Ag=0.45, N 1=\ ,,=—1, .S AR .
)\ng)\ —0.45 and\ = —X\ :eil aeé shown AT collisions[10]. The angular distribution foH,H, pair pro-

et 2 a ” ' duction is strongly peaked in the forward and backward di-
and Ao, = — A\, =0.45 \_,=—\.,=—1 (the dotted lines in rections in monochromatigy collisions owing to the- and
Fig. 8)e.1As fore%[he cas,e (y)lf mon?:zhromatic photon photon Col_u-_channel poles at high energies and grows with Increasing
lisions the cross section peaking at large Higgs boson mass l[élggs boson _masM(_I, andMy,. The dominating contribu-
observed. The cross section is smaller than that for the morflons Of the differential cross section are from the nonstand-
chromatic photon spectrum and lies in the range 0.001—1 pfd Higgs boson box graphs, which will always strengthen

—aon. —_ .~ tor the coupling ofH, with heavy®™. The differential cross
for My;,=320-400 GeV atySe+e-=1 TeV. For compari section for equal photon helicities is the larger than the one

son, the double Higgs production cross section in MSM afor opposite photon helicities. It is clear that to study heavy
the processgg—HqH, is 1-10° pb for 50<M}; <250  Higgs pair production and search for new particles the use of
GeV andm,>40 GeV forpp collision at\s=40 GeV[13] the equal photon helicities is advantageous.

and WW fusion processe”e”—vvHH is 0.6-1.7 fb at

Js=1-2 TeV for M =25 GeV [6]. Surely, the process ACKNOWLEDGMENTS
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