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Electroweak radiative corrections to tt HpHp in the two-Higgs-doublet model
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Electroweak radiative one-loop corrections to Higgs boson pair production in tt fusion processes
are calculated in the two-Higgs-doublet extension of the standard model. The numerical size of the
nonstandard corrections is discussed for the process tt ~ HOHO. The relative di8'erence between the
predictions of the two-Higgs-doublet model and the minimal standard model for a light scalar M~,
and heavy M~, and M@, easily exceeds —10/p in the forward and backward directions. In particular
the angular-dependence corrections owing to the nonstandard Higgs bosons get larger where the box
and cubic Higgs boson vertex corrections constitute the dominant part of the radiative corrections.

PACS number(s): 12.60.Cn, 12.15.Lk, 14.80.Cp

I. INTRODUCTION

Precision measurements of electroweak observables in
combination with corresponding radiative corrections al-
low upper limits to be set on the mass of the top quark,
which should be lighter than about 200 GeV in the min-
imal standard model (MSM) [1]. Recent experimental
evidence shows the top quark mass to be in the range
174 + 17 GeV [2]. However, the predictions of the stan-
dard model depend very weakly on the mass of the Higgs
boson. The present experimental information on the
Higgs sector is rather poor. The only essential restriction
is that the p parameter p = M~~/(M& cos20~) be close
to 1. In part for this reason, the simplest extension of the
MSM is the two-Higgs-doublet model (THDM), which
keeps not only the important relation p = 1, but also
eliminates Havor-changing neutral currents (FCNC's) [3].
As required for the THDM, the THDM has an extended
Higgs sector with two Higgs doublets of ppposite hyper-
charges 4q, responsible for the mass of the charged lep-
tons and the down-type quarks, and 42, which gives a
mass to the up-type quarks. After the Higgs mechanism,
there remain six parameters in the THDM; they are two
CP-even Higgs boson masses M~, and M~, , one CP-
odd Higgs boson mass M~, , one pair charged Higgs bo-
son mass M@+, and the mixing angles o. and P. cr is the
mixing angle of the CP-even Higgs bosons Ho and Hq.,
tan P = V2/Vj is the ratio of the vacuum expectation val-
ues (VEV's) of the two Higgs fields. One of the neutral
scalars (Ho) behaves similarly to that of the standard
model.

A lower limit on the Higgs boson mass of 58.4 GeV
at 95%%up C.L. for the MSM has recently been set at the
CERN e+e collider LEP [4]. In the search for this par-
ticle, LEP will cover the mass range up to approximately
90 GeV. New accelerators such as the pp colliders [the
CERN Large Hadron Collider (LHC), for example] will
be needed to continue the search if the Higgs boson is

t

heavier than the Z mass. The production of Higgs bo-
son pairs is preferable at future pp or pp collisions. For

heavier top quarks and Higgs boson, the tt fusion pro-
cess tt ~ HoHp overtakes WW/ZZ ~ HpHp [5], since
the ttHo coupling is mt/M~ and the tt fusion process,
the amplitude M, for s-channel Higgs boson exchange, is
proportional to the square of its mass in the SM. At the
tree level the THDM is identical to the SM. The THDM
differs &om the SM, however, in that radiative correc-
tions often depend rather sensitively on the details of the
Higgs sector. Since the general THDM has no theoretical
constraints on all its six parameters, it is particularly flex-
ible in radiative corrections to the process tt ~ HOHO.
Therefore the radiative corrections can be enhanced or
reduced and may show large deviations from that in the
MSM by adjusting P and other parameters.

In this paper we extend the on-shell renormalization
scheme of the SM [6] to the THDM. In particular, we dis-
cuss the radiative corrections to the process tt ~ HOHO
arising &om the additional Higgs bosons. We specify the
THDM with tanP = V2/Vj » 1, cr = P, and Havor-
changing neutral currents at the tree level are avoided
by having one doublet (V2) couple only to the up-type
quark and leptons and the other (Vq) only to the down-
type quark. The neutral Higgs boson Ho has the same
coupling as the MSM Higgs boson. Note that the masses
of the Higgs ghosts y and g~ are Mz and M~ also the
same with that in the MSM in the 't Hooft —Feynman
gauge. The electroweak radiative corrections in the con-
text of the MSM have been given in Ref. [7] so that we
can evaluate a meaningful additional electroweak correc-
tion within the THDM and keep the results of the MSM
corrections as one part of the THDM corrections.

II. NOTATION AND LOWEST ORDER

We consider the reaction

t(py, o'y) + t(p2, ~2) ~ Hp(ps) + Hp(p4)

where oq 2
——+2, —

2 and p, are the momenta of the1 1

incoming quark and outgoing Higgs bosons. The Man-
delstam variables are de6ned by
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s = (» l + P2)' = (» 2+»4)',
t = (Pl —PS)' = (P2 —P4)',
u = (p, p-4)' = (p. - p.)'.

The momenta read, in the center-of-mass system,
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FIG. 1. Born diagrams for tt ~ HOHO.
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(7)

Here 0 is the scattering angle between the top quark and
the Higgs boson.

%'e decompose the amplitude M into invariant func-
tions E, and standard matrix elements M;. Using Dirac
algebra and the Dirac equation for the amplitude, M can
be reduced to

with

Mo ——V(p2) U(p] ), M] ——V(p2)p5U(pl),

M2 v(p2)»~sU(pl) I Ms —v(p2) y5»~sU(pl)

= v(p )l U(p ) M = v(p )'y 8 U(p )

Ms —v(p2)»~4»~2U(pl) I M7 v(p2)$2/4 U(pl)

Then we can write the differential cross section

(d cos g)

s m2 s M2t
~MTHDM( t ) ~2

64~s (-; —m,2)

The three tree diagrams (Fig. 1) yield the Born amplitude MB,„.
Mp

MBorn ~gttHp gHp Hp Hp 2 + gttHpS —MH

2m, (M, —M, ) +
tt —m

2m, (MO —M4)
u —m 2

t

with

igmt —i3gMH2
gttHo 2M ~ gHo Ho Ho

W TV

25

20

»n~ = 155GeV

~= 175GeV

ny = 195GeV
The behavior of the lowest-order cross sections on c.m.

energy is illustrated in Fig. 2, aB,„(MH, ), as a function
of MH, for mq ——195, 175, and 155 GeV and ~s = 1 TeV.
We can find that the cross sections drop with increasing
MH, and are large for smaller MH, or large mt. The
spikes arise from thresholds at MH, 470 GeV. This is

due mainly to 0, oc MH4 s/4 —MH2 /(s —MH2 ) in the

cross sections originating from the s channel.

O
K)

30

III. RADIATIVE CORRECTIONS
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We have performed the calculation of radiative cor-
rections in the 't Hooft —Feynman gauge applying the

FIG. 2. Lowest order cross section for various masses of the
top quark.
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complete on-shell renormalization scheme as worked out
for the MSM in Ref. [6]. There 6elds are normalized in
such a way that residues of all renormalized propagators
are equal to 1. Consequently no external wave function
renormalization is required. At O(n) we therefore have
to take into account corrections to the Ho and t propa-
gators, corrections to the Ho and t vertices of the incom-
ing top quarks and the outgoing Higgs boson and box
contributions with the exchange of the additional Higgs
bosons.

Since the QED corrections in both the THDM and
MSM are identical and can be found in Ref. [7], we discuss
only the weak corrections here. In our specific THDM
case, we can split the one-loop weak corrections up into
parts. One part is &om the MSM, which has already
been presented in [7], and the other part is from the non-
standard (NS) Higgs bosons part of the THDM. For a
consistent treatment of the virtual one-loop corrections,
the squared transition matrix element ~M~2 has to be
expanded to a power series of the coupling constant to

~M~ = ~MB,„~ + 2Re~bM MB,„~

+higher order .

We denote the O(a) correction bM to the matrix
element by

7

bM(s t u) = ) b' E, M (s t u)
i=o

= bMsM+ bM"'
7

= ) 8E; M (s, t, u)
i=o

+) bE; M;(s, t, u) .
i=o

The invariant functions bE; are calculated in terms of
standard tensor integrals. The scalar one-loop integrals
are evaluated using the methods of [8]. Where UV di-
vergences are regularized by calculating in dimensions of
4 —2e, we treat IR divergences by the introduction of
an infinite small photon mass A. Of course, the A de-
pendence drops out when soft photon bremsstrahlung is
added. The UV and IR Rnite differential cross sections
including O(n) corrections in the soft photon approxima-
tion reads

) THDM

id cos 0) [(MB...)'(& + bsB) + 2RefbMMB. ,„)]

da. dc
(~+ bSM+ bNS) =

~ d g I
(&+ bTHDM)

I dcos0) B,„
where bsM and bsB denote the relative electroweak corrections and the soft photonic bremsstrahlung correction factor
in the MSM; b~s is the relative electroweak corrections of nonstandard Higgs bosons in the THDM. We now list the
different contributions to bM

A. Self-energies

As already mentioned, we do not have to deal with the self-energies of external fields. The internal Ho and top
quark self-energies ZNHsH (s) and Ett (t, u) arising from the nonstandard Higgs boson graphs in Fig. 3 contribute to
bMNs with

bMHpHp(s) = tgttHpgHpHpHpMO
( —MH j

V(p2) (Pz —Ps + mt) Ztt ( ) (Pz
—Ps + mt) U(»)

tt gttHp (t -,')'
bMNs . 2 V(» 2)(» i P4 ™t)~«'(u)(» ~ P4 ™t)U(»—)—

tt ~ttMp (u —mt)'

where ZH H (s) and Ztt (t, u) denote the renormalized nonstandard Higgs boson and top quark self-energies:
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FIG. 3. Self-energy corrections. I"IG. 4. Nonstandard Higgs tadpole graphs.

ZH, R, (s) = ZH, R, (s) + (s —Ma. )H Z', bMH

~ '(t) = (P, —P.)~-~"'(t)+ (8 —P.) +~"'"'(t)+ m ~'"(t)

m~ (bZR, NS + SZL+, NS) + h
NS

2

~"(~) = (P —8 )~-~' '(~)+(8 —P,)~+~ ' '(~)+m~~' '(~)

(bZR'NS + gZL+'NS)
2

For the THDM the renormalized constants and counterterms expressed in terms of unrenormalized self-energies can
be found in Ref. [9].

B. Higgs tadpole

The radiative correction influence the Higgs potential [6] such that its vacuum expectation value V is shifted. Since
V is not a physical quantity, its deBnition at the one-loop level is arbitrary. In order to correct for this shift, one
introduces a counterterm bt to the vacuum expectation value of the Higgs Beld, such that the Higgs field one-point
vertex and the one-loop tadpole contribution T deBned in Fig. 4 cancel, i.e. , T + bt = 0. This has the advantage, at
the tree level, that the tadpoles never enter a calculation that does not involve other observables of the Higgs sector.

The one-loop tadpole contributions of the nonstandard Higgs field from the diagrams of Fig. 4 lead in the t
Hooft —Feynman gauge to the expressions

TNS
(—6MR, + AMH, tan p)

' —(2MH, + 4M',Ap(MR, ) 2 2

64vr2Sw Mw 2

—AMtt, taa)4) * —(2Mtt + 4Ma —AMtt t P)A )aMa)Ia4Ap(MR, )

= bt NS S'wMwMH g~Ns

e t

In this paper, A = tan 2n. The definition of the one-point functions Ap can be found in Ref. [8].

C. Vertex correction

In the 't Hooft —Feynman gauge, all the one-loop vertex diagrams of the ttHO in the THDM have already been given
in Ref. [9] and will not be repeated here. Note that by using Ref. [9] here one of three external fields is off shell, such
as the 8-channel Higgs Belds, since corrections containing only virtual gauge bosons and fermions in the HOHoHO
vertex are identical in the THDM and MSM given in [7]. Therefore we need only calculate virtual weak corrections
within the THDM, more precisely only those involving the Bve Higgs bosons in Fig. 5. The one-loop corrections to
the amplitude can be written as
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The self-energies in the THDM were already calculated. Complete explicit expressions for the unrenormalized
self-energies and the renorrnalization constants are listed in Refs. [9,10].

The arguments of the invariant integrals are

Bp(1) = Bo(MH, i MHi i MHg ) i Bo(1') = Bo(s, MH, , MH, )

Bp(2) = Bp(MH, , MH, , MH, ), Bp(2') = Bp(s, MH„MH, ),

B (4) = B (MH, , MC„Mc,), Bo(4') = B (,Mc„M@),

Co(1) = Cp(P3i P3 P4i MHt i MHt i MHt ) i Cp(1 ) = Cp( P3i P3 + P4i MHt i MHi i MH, )

Cp(2) Cp(P3i P3 P4i MHg i MHg i MH2) i Co(2 ) Cp( P3i P3 + P4i MHg i MH2 i MHg ) i

CQ(C ) CQ (p3 p3 p4 Moro M4o M@) Cp (C ) = Cp (—p3, p3 + p4, Moro, Moro, M@)

The definition of the two- and three-point functions Bp and Cp can be found in Ref. [8].

D. Box correction

The additional Higgs contributions in the box diagrams as shown in Fig. 6 can be written

i=15
bM,.'„= )

i=1

The analytical expressions of bM&,. denoted by the internal particles are given in terms of the invariant integrals C
and D as

~ 2 2 -~2 4

iiM& — ' —3AMH Mtt cot p+ 9MHcot p I (,D„o—ooDoo)Mo —13ooM4])

2 2 2 4

16S~M~ 4

4M M c—ot P —4M, cot P [mq(D + D„)Mo+ D, M4]

bM

+AMH, m,'
l

2M+'+ M

—2ooo ton pDo Mo) ),
bM =bM, (p ++p),

(MH4 + 4MH2 Mg + 4M@)(2m5m&DQMQ —(m, cot p+ m5 tan p)[D,3(M4 —M5)]
16S~4 M~4

—m~ cot p[Dyy(MQ —Mx) + 2D&3M'] —m5mt, tan p[D&z(Mo + Mx) —2D&2M'])
AM

+AMH, m~
~

2M@ cot p+ MH, cot p — '
l

(D~3(M4 —M5) + mt[Dqq(MQ ™x)2DjzM&])
4 )

AMH3 tanP) 3 3 3 3 3
(mp tan P[D~~(Mp + Mz) —2D&2M'] + tan PD] 3(M4 + M5)

bM, =bM, (p, ++p),

bMN,' = bM"s(p, ++ p,),
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Z(1 mg cot p ( 2 AMH l 3 1' 1' 1' 1'
bMB7' =, , I 3MH, cot P — '

I MH. (D» —Dl. )Mp —(Dl. —D»)Mo16S' M'

+mt, [(Dp + 2D1, —3D12)M2 —2(D12 —D13)M4]

+2mo(Do —D( )MooCo(po po —po, porno, , Mp, , Mr)IM
)o

bMB& —
4 4 I

' —MH cot p —2MH cot P I MH, (D11 —D12)Mo + m~ (D() + 2D12)Mo16S~M~ ( 2 ' ' )

m, (D' y 2D'„—2D,'o)Mo+ (Doo —D, )(2moM4 o—Mo) —Co(po —po —po po mo Mp. Mp )~oI

Ns i(1 4 ( 2 2 AMKo nfl 2 3 — 3m,
I MK, +2M. — ' I([4Dp Mp-2tan P(D»-D»)(M4- 3)

16SA Mw

—2 tan pmqDlz(Mo —Ml) + tan p(Dp + 2D11 —2D12)(M2 + M3)]}+ 2m&(MH, + 2M@)
2

2 3' 3' 3' 3' 2 3' 2 2 2 AMH,x [m~MH, (Dll —D12)Mo —m~ (D12 —D») Me —m~ D12M2] + mmmm, cot P I MK cot p + 2M@, cot p—

—2mqmg
I MH, + 2M@—

x ((Dp + 2D1, —2D, 2) (M2 —M3) —2 (D» —D») (M4 —M3) —2m«ot pD» (Mp + Ml) }
AMH2 tan P )

r
I Co(p2 p3 —p4, p4, mS, Me Me)Mp

bMBlp —bMB7 (p3 f+ p4)
NS NS

bMB11 ™B8(p3 ~ p4)
NS NS

bMB12 bMB9 (p3 M p4)
NS NS

Ns i~ m~ cot P (AMH
bMB13 ——

I

—3MH cot p I [(C() —Cll)( —pl, pl + p2, mt, , MH, , MH, )]Mp,
16S~4M~4 ) 2 ' )

in'm3 cot P f AMH,
bMB14 =

4 4 I

' + MK cot p+ 2MH cot p
I

[(Co —Cll)( —pl pl + p2, mt, MH, MH, )]Mo,
16S~4 M~4 ( 2

bM = m cot p I

' —MH cot p —2M@ cot p I
[2C12M1 —Cll(Mo + Ml) 2mgmtCoMo]

ZO! (AMH, 2

r16S M~ ' ( 2

( AMK2
x (—pl, pl + p2, mg, M@, M@) + m~m( tan p I

' tan p —MK, —2Mc,
I

x (Coo (Mo —Mo) —2CooMo]( —po, po + po, mo, Mo, Mo) I,

with

D'. . = D, (—p„p, + p2, —p4, m„MK, , MK, , MK, ),
1D D ' i (p3 p2 p3 p4 p4 mg m't MH MH )
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D;, = D, , ( p—i, pi + p2, —p4, m«, MII„Ma„Ma, ),2

2' =D, , = D;,, (ps, p2 p3 p4, p4, m«, m&, MH„Ma, ),

D, = D;, ( p. g—, pg+ p2, —p4, mg, M@„,Mc. , M@),

3!
D; . = D, , (ps, p2 —ps —p4, p4, mb, mg, Mg„M@) .

IV. RESULTS AND DISCUSSION

For the numerical evaluations we use the set of parameters which is from more recent published values [4]:

n, = 1/137.0359895, Gp = 1..16637 x 10 GeV, M~ = 91.188 GeV,

m = 0.51099906 MeV, m„= 0.10565839 GeV, m = 1.7841 GeV,

m„= 41 MeV, mg ——41 MeV, m, = 150 MeV,

m = 1.5 GeV, mb ——4.7 GeV .

We use the known Fermi constant G~ as numerical
input, accurately measured in muon decay. The mass of
the W boson is calculated from the relation

as input parameters and set n = P. The experimental
data from CP violation and K and B physics [11] as
well as perturbative and unitarity considerations [12] can
indicate

M2
M' ) ~2Gp 1 +&THDM 0.5 ( tan P ( 100, 0 ( M~, , M~, ( 1 TeV,

Here LrTHDM depends on the weak corrections to this
decay calculated in the THDM, particularly on the top
quark and unknown Higgs boson masses [10].

For the numerical analysis, for the Higgs sector of the
THDM we choose P, n, MII, , M~, , M~, , Mc, ~, and m«

Therefore we restrict ourselves to values well within the
allowed parameter region. We have chosen tanP = 70.

Since in this paper we are only interested in deviations
of the THDM from the MSM, we split all corrections in

3.2
st

S Scolds &
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6
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0
0

( g ~~ y ) Born
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FIG. 7. Angular dependence of the differential cross sec-
tion for the one-loop corrections of the MSM, the one-loop
corrections of the THDM, and the additional Higgs boson
one-loop corrections with m~ ——175 GeV, M~, ——50 GeV,
M~2 = Mc, = 150 GeV, M~« = 400 GeV, and ~s = 1 TeV.
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FIG. 8. Angular dependence of b. Same signature as in
Fig. 7.



53 ELECTROWEAK RADIATIVE CORRECTIONS TO tt —+HpHp IN. . . 2419

0.2

0.5

-0.6

0
-1.4

-0.5 -2.2

+BOX

I I I J I I I I I I I I I I I I I I I I I I I I I I I I I I I ~ I I I I I I I I I I I1 I I I I I I

&Remaining

0 20 40 60 80 100 120 140 160 180 0 40 80 120 160

FIG. 9. Angular dependence of A for M~p ——200 GeV
(dashed line) and M~o = 400 GeV (solid line) with mq ——175
GeV, M~, = 50 GeV, and MH, = M@ = 300 GeV at +s = 1
TeV. The long-dashed line is the nonstandard box correction
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a standard model (MSM) part and a nonstandard (NS)
part. The latter is de6ed as the difference of the relevant
quantities in the THDM and MSM. We introduce the
quantities

THDM d~ MSM

dCT

d cos 8 Born

which directly give the nonstandard corrections.
In Fig. 7 we give the differential cross section in lowest

order, (&,",s)B,„, the one including the complete one-
loop corrections ( &

"
s )

sM in the soft photon approxi-

FIG. 11. Different contributions to A as described in Fig.
10.

mation with soft photon cutoff LE = 0.1E in the MSM,
the one including the one-loop corrections (&,",s)
in the THDM, and the one including the one-loop cor-
rection of the additional Higgs bosons, (&" s)Ns, to the
process tt M HpHp with mq ——175 GeV, M~, ——50 GeV,
MH, = M@ = 150 GeV, and MH, = 400 GeV (at ~s = 1
TeV) and show the contributions of different h in Fig. 8.
The origin of the large angular-dependent corrections is
due to the nonstandard corrections bNs. The 8sM cor-
rections exhibit a very weak angular dependence, which
gets only larger corrections in the forward and backward
directions; the nonstandard corrections, however, vary
strongly in our considering case.
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FIG. 10. Angular dependence of A for various masses of 4
with m~ ——175 GeV, MH, ——50 GeV, and M~p ——200 GeV
at +s = 1 TeV.

FIG. 12. Angular dependence of 6 for various masses of
the top quark with MHp: 200 GeV, M~, ——50 GeV, and
M~~ = M@ = 200 GeV at +s = 1 TeV.
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for M~, ——400 GeV. The corrections go upturned for
M~p 200 GeV, whereas in turn the corrections for
MH, ——400 GeV are upside down. The reason for this dif-
ference is mainly negative box corrections (see Fig. 9) for

MH, ——200 GeV, but the corrections for MH, ——400 GeV
become negative in the forward and backward directions
and become positive between 36 and 140 . The Higgs
boson mass dependence of the corrections strengthens for
MH, ——400 GeV. The nonstandard corrections become
rather big and the largest effect is from the nonstandard
box corrections as shown in Fig. 9. This is due to the
fact that the lowest-order differential cross section, for
larger MIi, (as MH, = 400 GeV), is of order I/s for all
scattering angles. An analysis of the box contributions
shows that these involve terms behaving as 1/t or I/u for
M@(M~ ) && [t] && s and approaching a constant of the
order of M, or M, for ]t] « Mg(M~~ ). This behav-

H2

ior of the box corrections is familiar from many other (t
and u-channel) processes. Thus the box corrections are
large because of the independent scattering angles of the
lowest-order differential cross section.

In Fig. 10 we show 6 as a function of angle when

MH, ——50 GeV, mq ——175 GeV, MH, ——200 GeV, and
MH, ——M@ ——200, 400, and 600 GeV, respectively. The
nonstandard corrections become particularly large if M@
is large and negative. The large corrections display an
angular dependence. In order to unravel the origin of
the large corrections, we show the separate contributions
to the 4 in Fig. 11. We give the box corrections, the
HQHDHO vertex corrections, and the sum of the remain-
ing corrections (self-energies, ttHo vertex of the s, t, and
u channels). We find in the calculation that the largest
effect of the nonstandard corrections is &om cubic Higgs
vertex corrections. The reason is that the large nonstan-
dard Higgs boson masses enhance the corrections by the
couplings of Ho with H2 and 4 [7]. If the nonstandard
Higgs boson masses are not very heavy, the remaining

and box corrections partially cancel, resulting in a total
correction from the cubic Higgs vertex corrections.

In Fig. 12 we give the nonstandard corrections L for
M~, ——200 GeV; the values of mq have been chosen
such that the allowed range is covered. Varying the top
mass within 155 GeV & mq & 195 GeV, the short-dashed
line (with mq ——195 GeV) has the large corrections of
the angular dependence. This is due to contributions
oc mq/M~ which are enhanced.

We emphasize that 6 is negative for most of the al-
lowed parameter case. So the MSM corrections are in
general partially canceled or even made into negative
ones.

V. CONCLUSION

We have calculated the one-loop corrections to the pro-
cess tt ~ HOHp arising from a two Higgs doublet. A nu-
merical evaluation of these nonstandard corrections has
been given for the case of Higgs boson pair production.
The calculation shows that the nonstandard corrections
are generally negative for a large top mass and grow with
the additional Higgs boson mass M@. The dominating
difference between the THDM and MSM arises not only
from the nonstandard self-energies and renormalization
constants, which will always strengthen for the coupling
of Ho with heavy H2 and 4, but also from the nonstan-
dard box and cubic Higgs vertex corrections. At the large
MH„mq, and M@, the angular dependence of radiative
corrections yields very large contributions in our THDM.
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