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Two-loop O(aGgM é) heavy-quark corrections to the interactions
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By means of a low-energy theorem, we analyze Q{tasG,:Mé) the shifts in the standard-model
W*W~™H andZZH couplings induced by virtual high-mass quatswith M o>Mz,My;, which includes the
top quark. Invoking the improved Born approximation, we then find the corresponding corrections to various
four- and five-point Higgs-boson production and decay processes which involve&/ié H and ZZH
vertices with one or both of the gauge bosons being connected to light-fermion currents, respectively. This
includese*e” — ffH via Higgs radiation, viawv*W~ fusion (with f=1w,), and viaZZ fusion (with f=e), as
well asH—2V—4f (with V=W, Z). [S0556-282(96)04309-3

PACS numbgs): 12.15.Lk, 14.70.Fm, 14.70.Hp, 14.80.Bn

[. INTRODUCTION Ref. [10], it was shown that this model is compatible with
precision data from low energies and LEP 1 or SLC. Very
The Higgs boson is the last missing link in the standardrecently, it was noticed11] that arguments favoring the
model (SM). The discovery of this particle and the study of presence of a fourth fermion generation may be adduced on
its characteristics are among the prime objectives of preseithe basis of the democratic mass-matrix apprdd@i. The
and future high-energy colliding-beam experiments. Follow-possible existence of a fourth fermion generation is also con-
ing Bjorken'’s proposal1], the Higgs boson is currently be- sidered in the latest Particle Data Group bda8], where
ing searched for with the CERN Large Electron-Positronmass bounds are listed. For a recent model-independet analy-
Collider (LEP 1) and the SLAC Linear Collide(SLC) via  sis, see Refl14].
ete"—Z—ffH. At the present time, the failure of this It is advantageous to trace such fourth-generation fermi-
search allows one to rule out the mass raNe<64.3 GeV ~ ons via their loop effects in the Higgs sector, since these
at the 95% confidence levéR]. The quest for the Higgs effec_ts are also sensitive to r_nass-degenerate i_sqdoublets via
boson will be continued with LEP 2 by exploiting the Higgs- fermion-mass power corrections. This has originally been
radiation mechanisn(3,4], e*e” —ZH—ffH. In next- observed in Ref.[15] in connection with the ffH,

e : .
generation e*e~ linear supercolliders (NLC), also W W™ H, andZZH couplings. Moreover, thggH coupling
e*e” —verH via WHW- fusion and, to a lesser extent, May Serve as a device to detect mass-degenergte isodoublets
e"e”—e*e H via ZZ fusion will provide copious sources of ultraheavy quarkg16], a_Ithough power corrections do not
of Higgs bosons. occur here. By contrast, in the gauge sect_or, power correc-

The study of quantum corrections to the production andions only appear in connection with isospin breakjag].
decay processes of the Higgs boson has received much abe influence of quarks is amph_fle.d relative to the one of
tention in the literature: for a review, see RES]. Since the |€Ptons because they come in triplicate. The quark-induced
top quark, with pole mas#l,=(180+12) GeV [6], is so corrections are greatly affected by QCD effects. The two-
much heavier than the intermediate bosons, thd0Op O(asGeMg) corrections tol'(H— ff) have recently
M,-dependent corrections are particularly important. On théeen evaluateL8]. In this paper, we shall extend that analy-
other hand, it is attractive to consider the extension of théiS to processes involving thé"W™H andZZH couplings.

SM by a fourth fermion generation, where such correctionsThe simplest processes of this kind afe-W*"W~ and
may be even more Signiﬁcant_ Some time ago, Hill and PasHHZZ We shall also allow for one or both of the interme-
chos[7] proposed an interesting fourth-generation scenaridliate bosons to couple to light-fermion currents. Specifically,
with Majorana neutrinos, which exploits the seesaw mechawe shall considere*e”—ffH via Higgs radiation, via
nism to evade the LEP 1 or SLC constraint on the number oV*W~ fusion (with f=w.), and via ZZ fusion (with

light neutrinos. The charged fermions of this model are asf=e), as well as the decays of the Higgs boson into four
sumed to be of Dirac type and to have standard couplingdermions via two intermediate bosons. In the case of five-
Subsequently, this model was further elaborated, and the pr@oint processes, we shall neglect interference terms with a
cise triviality bounds, renormalization-group fixed points, single fermion trace, since these are suppressed by
and related dynamical mechanisms were discu$8édin  I'y /My, with V=W,Z. For simplicity, we ignore the possi-
particular, it was demonstrated how this model is reconciledility of Cabibbo-Kobayashi-Maskawa mixings between the
with the fermion-mass constraints established in R&f.In  external light fermions and the virtual high-mass quarks.

The hardest technical difficulty that needs to be tackled

here is to solve the two-loop three-point integrals in connec-
“Permanent address: Max-Planck-Institiit fBhysik, Werner- tion with the W"W™H and ZZH vertex corrections in
Heisenberg-Institut, Awinger Ring 6, 80805 Munich, Germany. O(aSGFMé). Similarly to the analysis of th@(aSGFMtZ)
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corrections to T'(H—bb) [19], TI'(Z—ffH), and Ne (MZ+M3 M3ZM3 M3
o(ete” —ZH) [20], we may take advantage of a particular APF?G 5 MZ_M2 InW =0, 2
low-energy theorerfi3,21]. Generally speaking, this theorem v b D
relates the amplitudes of two processes which differ by th§yhere N,=1 (3) for leptons (quarkg and

insertion of an external Higgs-boson line c_arrying zero fqur'G=(G,:/27r2\/§). Here and in the following, the subscripts 1
momentum. It may be derived by observing the following and 2 markO(GFMé) and O(aSGFMé) contributions, re-

two points.(1) The interactions of the Higgs boson with the . ; ; : :

) . . : spectively. Equationi2) is valid for M, andM arbitrary. It
mass!ve_pamcles in the SM emerge f“’m their mass terms b?épwell kr?lowr? thatAmp)measures theUisospinDbreakingyin the
substitutingM;—M;(1+H/v), whereMj is the mass of the ¢ i, sectorA p, vanishes foM =M . By contrast, the
{/Zi%i?ﬂvgxpaergg?gnlsvgf G(;I)'gis S?ld’saggéc'; th?tr!_hggrso corresponding shiftsg, in the tree-level couplings of the

P . 99 . Higgs boson to physical particles are not quenched for

four-momentum is represented by a constant field. My=Mp. They have been calculated, in the one-loop ap-
This immediately implies that a zero-momentum Higgs rgxima?i(.)n for T(H fﬁ in I,?ef [24]  for
boson may be attached to an amplitud&(A—B), by car- IB(H—>W*V\’/*) in Refs. [25.26, and for F(H—>Z,Z) in

rying out the operation . ’ .
ying P Refs.[25,27). Writing the corrections to these observables in
the form K=(1+6)2 and considering the limit
Mi(? Mu,MD>Mz,MH,One hailS]

. , _ 1 Mio
Jim Z(A—B+H) UZi aMi.//d(A—>B), 1)

Ap, N
5gz%+ S G(M3+M3)>0, @3)

wherei runs over all massive particles which are involved in A N
the transitionA—B. This low-energy theorem comes with WWH_ zzH_ 2 P1 c 2 2
two caveats(1) The differential operator in Eq1) does not 81""= 5 2 ?G(M u+Mp)<0. @
act on theM; appearing in coupling constants, since this _
would generate tree-level vertices involving the Higgs bosorEquation(3) refers tol'(H— ff), wheref does not mix with
that do not exist in the SM(2) Eq. (1) must be formulated U orD, so that only the renormalizations of the Higgs-boson
for bare quantities if it is to be applied beyond the leadingwave function and vacuum expectation value contribute. The
order. superscripu is to indicate that this is aniversalcorrection,
This paper is organized as follows. In Sec. Il, we reviewwhich occurs as a building block in the renormalization of
the O(GFMé) corrections tol'(H—ff), T(H=W*'W™), any Higgs-boson production and decay process. On the other
and '(H—Z2Z) and derive those tar(e*e”—ffH) and hand, Eq.(4) also contains genuine vertex corrections. The
I'(H—2V—4f) by invoking the so-called improved Born €quality of51""'" and 57" is broken by subleading one-loop
approximation (IBA) [22]. In Sec. lll, we construct, by terms, ofO(GFMﬁ). We anticipate that it is also spoiled by
means of the low-energy theoreft), a heavy-quark effec- the leading two-loop QCD corrections, GI(aSGFMé), to
tive Lagrangian for thew*W H and ZZH interactions be calculated in Sec. Ill, unled$ andD are mass degener-
which accommodates tH®(GgM3) andO(asGeM3) cor-  ate.
rections, and apply it along with the IBA to the processes In order to describe the production of the Higgs boson in
discussed in Sec. Il. In Sec. IV, we numerically analyze théhigh-energy colliding-beam experiments, we have to con-
phenomenological consequences of our results. Section %ider the Feynman diagrams which emerge from the
contains our conclusions. W*W~™H and ZZH vertices by linking the intermediate-
boson legs to light-fermion lines. Then, EG}) must be
complemented by th@(GFMé) corrections which arise
Il. ONE-LOOP RESULTS from the gauge-boson propagators; the gauge-boson wave-
) ) . . function renormalizations, which appear in connection with
In this se_ctlon,_we re\ﬂevv_the leading one—lqop (_effects NP (H— W*W~) andl'(H—ZZ), do not receive such correc-
processes involving &V*W"H or ZZH coupling in the  ions, This may be achieved by invoking the IBA. The IBA
presence of a generic doublet of fourth-generation flavorsyrgyides a systematic and convenient method to incorporate
(U,D), with massesMy,Mp>Mz,My and quantum- the dominant corrections of fermionic origin to processes
number assignments as in the first three fermion generationg;ithin the gauge sector of the SM. These are contained in
For completeness, we also consider the implications for thgp and Ae=1—ala, which parametrizes the running of
ffH Yukawa couplings, assuming thatdoes not mix with  the fine-structure constant from its value, defined in
U or D. Throughout this paper, we employ dimensionalThomson scattering to its valuey, measured at the
regularization witm=4—2e€ space-time dimensions and a't z_poson scale. The recipe is as follows. Starting from the

Hooft mass,u, to keep the coupling constants dimension-gorn formula expressed in terms of,, s,, and a, one

less. As usual, we takgs to be anticommuting. We work in  gypstitutes

the on-mass-shell renormalization schdi2@], with G as a

basic parameter and the definitiofj=1—s3,=M3/M3. Y
First, we recall that, at one loop, an addition&l,D) R R

doublet contributes to the deviation of theparameter from

unity, Ap=1-1/p, the amounf17] To eliminatea in favor of Gg, one exploits the relation

Cy—Ca=1-87=ci(1—-Ap). (5
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S 1map) @ ko LT
7w F S2MZ, clsiM2 Pl 3 (1—Ap)?
i i ioni (v +af)(vi +af )A+4vr a vr ar B
which correctly accounts for the leading fermionic correc- Vg, T ag )Ug, T A, JA= AU As Vs, At
tions. ) 252 2
. ) vi +af )(vf +af )Ax4dv¢ as vs a: B
We shall first concentrate on the processes withZH (v, +ai)(vi,* RN
coupling. Combining specific knowledge &F“" with the 4c2 | Qr.vg Qv
IBA, we obtain the correction factors foor(ff—ZH), =1+28%%H+2/1- 1+V: 5 iaé 5 j_ag
['(Zz—ffH), and['(H—ffZ) in the form[20,2§ Ut ety U
(1+ 5722 vF+a? 2 (O Q|
K{"= 2, 2 1+1k p: (D
1_AP Uf+af vfl Ufz
v h
—1+26%2H+|1-8c2 ?f Clap, 7y Wnere
vitas
L i4vf1aflvf2af28
Wherevf:2|f_4s\%,Qf, Uf:2|f_4§v2va, af:2|f, Qf is r_(UfZ +a$ )(U% +af2 )A (12)
1 1 2 2

the electric charge of in units of the positron chargé; is
the third component of weak isospin of the left-handed comy, practice, one halr|<1 (see Table Ji, so that EqJ(8) is

1 2 4 H 1 gl L
ponent qff, and we have om!tted terms 6f(GgM) in the approximately recovered.
second line. The corresponding Born formulas may be found" 1o processes which correspond toA8 W™ H vertex
in Refs.[29,28,30, respectively. Furthermore, the correction ity one or both of the bosons coupled to light-fermion
factors for o(f,f;—f,f,H) (via fif; annihilation and  cyrrents do not receive additional dominant fermionic cor-
I'(H—f,f,f,f,) (via aZZ intermediate stajeread[31] rections beyond the factor
(1+ 672H)2 v +af vf +a7,

Kwwi= (1+8WWH?2, (13

(f1f2) _
2

_ 2 2 2 2 2
(1-Ap)® v +af vi tay, which already corrects (H—W*W~). This may be under-

— 1+ 28221 stood by observing thabg is definedthrough the radiative
correction to a four-fermion charged-current process, namely
Qs v Qv the_ _muon decay. The tree-level formulas for
) f,.Uf, f,Uf, — il s
+2|1=4cy| 52 2+a2) Ap. (8)  o(ff'=W™H), T'(H—=ff'W"), and T'(H—f,f|f)f,)
Ui e VT (with a WYW~ intermediate stajemay be found in Refs.

[35,30,33, respectively. Here and in the following, de-

The corresponding tree-level results are listed in R'afshotes the isopartner df. The lowest-order cross section of

[32,33, respectively. Here and in the following, we neglect PRI e N A= £ .
interference terms of five-point amplitudes with a singleflfzﬂflfﬂ_| viaW* W™ fusion is described by Eq#9) and
fermion trace, since these are strongly suppressed, byt0) With vi=a;= V2 andM replaced byM .

I'y/My, with V=W,Z. Such terms have recently been in- The alrr; of this paper is to con_1p|ete the knowledge of the
cluded in a tree-level calculation df (H—2V—4f) for O(asGegMg) corrections to the nggs—bos_on production and
M, <M,y [34]. The formulas become slightly more compli- decay rates. In the remainder of this section, we shall collect
cated if a fermion line runs from the initial state to the final the results which are already known. In the casé\pf we
state, e.g., in the case @Z fusion. In the latter case, the have[36]

Born cross section may be evaluated from 2 2
—5— +F(M} M)

N¢

4

3p 8 Ap,=——CraG <0, (19

o(f1fy—fafoH) = #ész[(v?ﬁ af ) (vf +af A
whereN.=3, Cg=(N2—1)/(2N,) =4/3, a= ag(u)/ 7, and
9

*+4p flaflvfzasz] ,

F(u,d)=(u—d)Li (1 d) 9 guf, Surd
where (U, d)=(u-d)Li “u)Tu=dd u_2(u—d) Nal
(15
1 1
A= JMZI daf(a), B=fM2/ dag(a), (100 Note thatF(u,d)=F(d,u). From Eq.(15), we may read off
HS S

H

the properties F(u,u)=—u and F(u,0)=¢(2)u. For
My=M,; and M=0, Eq. (14) reproduces the well-known

s is the center-of-mass energy{a) andg(a) are listed in
Vs ) 9(a) O(asGeM?) result[37]. For later use, we observe that

Eqg. (A9) of Ref.[29], and the plus/minus sign refers to an
odd/even number of antifermions in the initial state. For ex-
ample,e”e”—e" e H requires the plus sign. From the IBA
it follows on that the correction factor for E(P) is given by

M3
_QQ‘Apl 2=Apy;.
IMg ' '

>

Q=U,D

(16)
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The QCD correction to Eq.3) reads[18]

Ap, N
su==Pz_ 5 CraG(ME+M2)<0.

5 17

In the next section, we shall derive tﬁlz(asGFMé) cor-

rections tos"WH and 64" by means of the low-energy theo-
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We are now in the position to write down the heavy-quark
effective W W™ H interaction Lagrangian:

0

—~ _ 0,42 +\0 — OH
Pwwr=2(Mw) (W )Y(W ) 5 (1+E). (22)

Then, we have to carry out the renormalization procedure,

rem (1). The formalism developed in this section to find thei.e., we have to split the bare parameters into renormalized
O(GFMé) corrections to the four- and five-point processesones and counterterms. We fix the counterterms according to

with aZZH coupling readily carries over t@(asGFMé). If

the on-shell scheme. In the case of #heboson mass and

the external fermions are leptons, we just need to include i{vave function, we have

Egs.(7), (8), and(11) the corresponding terms @ 4" and

Ap. Similarly, the four- and five-point processes with a

W*W™H coupling are then simply corrected Ky given
in Eq. (13), with the O(sGgM3) term included.

Ill. EFFECTIVE LAGRANGIAN

In the following, we shall proceed along the lines of Ref.

[20], where theO(a GM?) correction to theZZH vertex
was found by means of the low-energy theor€ly) assum-

ing thatm,=0. We extend that analysis by keeping the quarkh

masses arbitrary and by considering also\WieW H cou-
pling. We shall explicitly work out th&V*W~H case, which
is more involved technically. Th&ZH results will then be
listed without derivation.

The starting point of our analysis is the amplitude charac-

terizing the propagation of an on-sh&ll boson in the pres-
ence of quantum effects due a doublet, D) of high-mass
quarks,

AW—W) = (M)~ (@) z- o2 (18)

where ITy,w(g?) is the transvers&V-boson self-energy, at
four-momentung, written in terms of bare parameters. Here
and in the following, bare parameters are marked by the

superscript 0. In th& representationl\(g?) is propor-
tional to (M 3\,)2, which originates from the twddDW gauge
couplings. Apart from this prefactor, we may pgt=0 in
Eq. (18), since we are working in the higltq approxima-
tion. The low-energy theorertl) now tells us that we may
attach a zero-momentum Higgs boson to We->W transi-
tion amplitude by carrying out the operation

lim . Z(W—W+H)
PH—0
_L s Mg Mud)
v\ oo &MOQ 8|\/|8V - '
(19

where we must treat the overall factdvif,)? of IT,(0) in
Eqg. (18) as a constant. This leads us to

. / 2(M{)?
purgo.//Z(WHWJrH): 0 (1+E), (20)
with
M2)29 TTy(0
e (Mg) ww(0) (21)

oSp AM2? (M§)?

(MQ)2=MG+ MG, (W)= (1+5Zy) W, ,

(23
with

MG =TIyw(0),  8Zy=—TLjy(0), (24)
where we have neglected,y, againstMq in the loop ampli-
tudes. For dimensional reason®,, does not receive cor-
rections inO(GgM3) and O(asGeMg). Furthermore, we

ave[18]

HO

F=21’4Gé’2H(1+ 8Y), (25)
where theO(GgM3) and O(aGeM3) terms of & are
given in Egs.(3) and (17), respectively. Putting everything
together, we obtain the renormalized version of &):

Lwwr= 2 GEMEW W EH(1+ VW) (26)
with
2
SWH= v N E, 27)
IVIW

In order for 8" to be finite througtO(asGM3), we still
need to renormalize the masses of thandD quarks in the
O(GeMP) expressions foBMg/M{, andE; i.e., we need to
substitute

MQ=Mq+ Mg, (28)

with [38]
Mo_ 80 (4700 1122 (g
WMo 4% Mg | T 9 @

wherel is Euler's gamma function.

For convenience, we introduce the shorthand notations
q=Mg and W= 8M{/M§,. Quantities with(without) the
superscript 0 are written in terms M% (Mg). First, we
shall check our formalism irO(GFMZQ). We extract from
Refs.[15,26] the O(G:M5) amplitudes:

41
M2
Q

)EI‘(l—F €)

o }
P (e)],
(30)

N



1 O €
( )

Substituting Eqs(3), (30), and(31) into Eq.(27), we repro-
duce Eq.(4). Furthermore, with the help of Eq16), we
immediately verify Eq(21) at one loop: viz.,

N, ) 4p?\e
Elepl—F?G% MQ(M—ZQ I'(l+e¢)

qd
By=—2 S Wi (32
Now, we shall proceed to two loops. We hd\a6|
N 4?2
W,=—Ap,+ —2CraG > Mg(—’;) T2(1+ )
8 Q<UD Mg
« 3 11 31 N 33
2t 5.t 10l (33

whereAp, is given in Eq.(14). Notice that Eq(33) already
contains the contributions proportional t6Mq which

emerge from the renormalization of the quark masses in Eq. 8

(30). We wish to computéE,. According to Eq.(21), we
have
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APZ 3
S22 — ~Ceadps+NCraG(ME+M?)

A
= =2P2_3ciasWWhsq,

; (40)

where 81" is given in Eq.(4). This completes the deriva-
tion of the effectiveW*W™H interaction Lagrangiar26).
We observe thatsy " weakens the negative effect of
5Y'WH In the cases of noMy=Mp) and maximum

(My>Mp) isospin breaking, we have
WWH 2 2
) =—§NCGMU(1—3CFa)

~—2GM7(1-1.27324),

9
5(2)—5“

5
~——GMJ(1-0.72704y,),

5
W= — = NG MY

3
1+ gCFa

(41)

respectively.
The derivation of the effectiv& ZH interaction Lagrang-

(44)

qd ian proceeds in close analogy to M& W™ H case and leads
9= W8 Gy P o
Furthermore, we have Lran=2"GEM3Z,ZHH(1+ 547, (42
Wo=W5+ 6W,, E,=EJ+ SE,, (35  with
where the counterterms are obtained by scaling the one-loop 5ZZH:£+ SZZH_ ﬂ (1-3C.a)
results: 2 1 2 F
59 qd 59 qd wwH, 3
=> 2 => =6"""t+ —CralAp;. 43
W,= > 3 r?qu’ SE,= > ] aqu‘ (36) 5 Cralpy (43)
Using Eqs.(32), (34), (35), and(36) along with Again, we haves;”"<0< 557", i.e., theO(GEMJ) term is
partly compensated by its QCD correction. Rd{;=Mp,
a9 éq _ &q 3 644 coincides with8VWH. For My>Mp, we recover the
iqq q’ B7  result of Ref.[20]:
i i 5 2) 3
which may be gleaned from EQ9), we find SZZH_ _ ﬂNCGMLZJ 1+3C;a 5(5 ) _ E”
J 69 qd
E,=— >, q—W2+E—q q—wl>. (38) 5
9q q Jq ~— ZGM?(1—1.49098,).

Obviously, knowledge of th©(€) term of W, is not neces-
sary for our purposes. Inserting Eq29), (30), and(33) into
Eq. (38) and employing Eq(16), we obtain the desired two-
loop three-point amplitude:

3
Ex=Ap,— ECFaAPl_ Y

XT?(1+e€) i+—1——+0(e) (39
€ '

2¢ 4

whereAp, andAp, are given in Eqs(2) and (14), respec-
tively. The sum of Eqs(17), (33), and (39) is devoid of
ultraviolet divergences and reads

8

It is interesting to observe tha"' may be written in a form
similar to the first line of Eq(43): namely,

A A 3
5“=7p+(5‘1’—%)(1—ZCFa . (45)
As a corollary, we note thasdy,, 815", and 575" also

satisfy identities similar to E(.16).

If the external fermions are leptons, then we may imple-
ment theO(aSGFMé) corrections to the four- and five-point
processes considered in Sec. Il by evaluatingdHactors in
Egs.(7), (8), (11), and(13) with the QCD-corrected expres-
sions for sWWH 5%2H and Ap. In the case of external
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quarks, we also need to include the leading-order QCD cor- N, ) Mp 3 Mp
rections to their couplings with the intermediate bosons, K=1+7GMyC, Mo 1+ 7CraC, Mo | (48

since these will combine with th@(GFMé) corrections to

give additionaIO(aSGFMé) terms. In the case of jet pro-
duction, we have to include an additional factor
[1+(3Cra/4)] for each quark pair in the final state. Our

formalism is also applicable to Higgs-boson production Viaality assume thaMp /M <

qguark-pair annihilation at hadron colliders and via
intermediate-boson fusion at hadron asl colliders. Then,

whereC, andC, are dimensionless functions My /My .
Since, in the higiM, limit, Ap, 8", s"WH and 6““" are
symmetric inMy andMp, we may, without loss of gener-

1. The specific forms of the
prefactors are chosen in such a way that, in the case of the
leading M-dependent contribution td p, the familiar val-

the pure QCD corrections to these processes may be convgag C,(0)=1 [17] and C,(0)=(2/3)[2£(2)+ 1]~2.860

niently incorporated by using the appropriate hadronic struc

ture functiong 39].
If we setM =M, andMp=0, our formulas may also be

used to describe the loop corrections induced by the to
quark. Then, however, special care must be exercised if there

is beauty in the external legs. Specifically, ifod pair is
produced via a virtualZ boson, e.g., byZ—DbbH,
H—bbzZ, and e"e”—bbH, then we must substitute,
=2l b_4§3va/(1+ 7) in the corresponding factor and in-
clude an overall factor (% 7)?, where[40]

. (46)

T= "5

2

G [ 3
M| 1-5¢(2)Cra

Consequently, the relevakHt factors in Eqs(7) and (8) be-
come

(1+7)2vi+ad

3
(b) ° ZZH\2
K{P'=| 1+ 7 Cra|(1+ 87" T=hp o27a

v
» Qb > | Ap+2

1+2622M+ o0,
Wv§+ab

1+3
4

= Cera 1-8c

> Qpup

X 1+4S\Nﬁ T
Uptay

-2 22 2
K(/b) (1+7')2 U/+a/ Ub+ab
(1-Ap)? vo+a® vi+al

2 (l+ 5ZZH)2

3
1+ ZCFa

Qu,

U/+a/

1-4cZ

3
1+ ZCFa

[1+2522H+2

Qb

2
Up

Quvp

v§+a§

b

=

Ap+2|1+4s? (47)

2
b

respectively.

IV. NUMERICAL RESULTS

[37] are recovered. Relative t¥,=180 GeV, we have
(N/4)GMZ~1.015%x (My/M,)2. The outcome of this
decomposition is displayed in Table I, wheEg andC, are

Rsted as functions oMp /My for various classes of pro-

cesses with a ZZH coupling. Specifically, K(lf)
(f=v,/,u,d) refers toZ—ffH and H—ffz, Ky to
H—vor'v", KYD to et e”—ffH via Higgs radiation, and
K" to ete"—e*e H via ZZ fusion. For completeness,
alsoAp and the correction factofs ¢y, Kywwh, andKzzy

for T'(H—ff), T(H—=W*'W"), and'(H—ZZ), respec-
tively, are considered. As explained in Sec. Hlywy also
applies to four- and five-point processes with\& W™ H
coupling, such as H—ff'w*, H-—f,f;f)f,, and
ete — v H via W"W~ fusion. Notice that there are ad-
ditional QCD corrections beyond E8) if external quarks
are involved. As discussed in Sec. lll, in the case of dijet
production via an intermediate boson, these give rise to an
overall factor[ 1+ (3Cra/4)] on the right-hand side of Eq.
(48). Such QCD corrections are not included in Table I.

In the case oK{ "), we have treated=B/A, whereA
and B are defined in Eq(10), as an additional expansion
parameter and discarded terms ®fx?). This is justified
because, in practicdx|<1, e.g., for ys=300 GeV and
My=100 GeV, we findx~—5.233%. In Table IlI, we list
—x (in %) and o(e*e”—e e H) (in fb) as functions of
My /s for LEP 2 energy and various envisaged Next-Linear
Collider (NLC) energies. We observe thaf decreases with
o increasing and is at the few-% level or below whenever
e"e”—e*e H is phenomenologically interesting.

Looking at Table I, we see that, for all quantities except
Ap, C, grows in magnitude aMp /M approaches unity.
As is well known,Ap is quenched in this limit. Moreover,
the majority of the Higgs-relatedK factors have
|C1(0)|>1, i.e., the corresponding observables are more
sensitive to the existence of fourth-generation fermion dou-
blets than thep parameter itself, even if isospin is badly
broken. WhileC;>0 for K, C1<0 for all other Higgs-
boson observables, with the exceptionkdt” . The case of
K™ is special, since thereC, changes sign, at
Mp/My~0.113. Except foK$™" with Mp /My, below this

We are now in a position to explore the phenomenologivalue, we always hav€,<0, i.e., the QCD corrections gen-
cal implications of our results. We take the values of ourerally reduce the leading one-loop terms in size. In the pres-

input parameters to bs,,=80.26 GeV andvi,=91.1887
GeV [41], so thatsZ=0.2253.
In Egs. (7), (8), and(11), we have presented correction

factors for various four- and five-point Higgs-boson produc-

tion and decay processes withZZH coupling in terms of

ence of aZZH coupling, this screening effect is considerably
stronger than in the case dfp. In fact, for theZZH-type
processes, we throughout ha@g(Mp/My)<C,(1)=—4.
Except in the small rang®l /M ;;<0.095, alsoKyH €X-
hibits a stronger QCD screening thap. Kywy and all

8771 @andAp. It is instructive to cast these correction factors ZZH-type K factors coincide ifMp/My=1, since then

into the generic form

SWWH= §7ZH and A p=0.
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TABLE I. CoefficientsC; (upper entriesandC, (lower entrie$ in Eq. (48) as functions oMy /M, for
the various Higgs-boson decay rates and production cross sections discussed in the text. In the last line,
x=B/A, whereA andB are given by Eq(10), and terms ofO(x?) have been neglected.

Mp /My 0 0.2 0.4 0.6 0.8 1
Ap 1 0.772 0.462 0.211 0.053 0
—2.860 —2.407 —2.166 —2.056 -2.011 -2
Kt 713 2.158 2.009 2.024 2.240 8/3
-1.797 —1.503 —1.268 -1.110 -1.024 -1
Kwwh ~5/3 —2.002 —2.631 —3.416 —4.320 —16/3
—2.284 —3.072 —3.620 —3.873 -3.975 -4
K2z —5/3 —2.002 —2.631 —3.416 —4.320 —16/3
—4.684 —4.614 —4.322 —4.120 —4.024 -4
K —2/3 —-1.230 -2.170 —3.205 —4.267 —16/3
—7.420 —5.999 —4.781 —4.256 —4.050 -4
K{?) -1.272 -1.697 —2.449 -3.333 —4.299 —16/3
—5.249 —5.010 —4.482 —-4.171 —4.034 -4
K{W —2.089 —-2.328 -2.827 —3.505 —4.343 —16/3
—4.315 —4.305 —4.173 —4.067 -4.014 -4
K{® -1.637 —-1.979 —2.618 -3.410 -4.319 —16/3
—4.717 —4.640 —4.333 —-4.124 —4.025 -4
K& 1/3 —0.458 —1.708 —2.995 —-4.214 —16/3
6.261 —12.050 —5.488 —4.410 —4.075 -4
K -0.272 -0.925 —1.987 -3.122 —4.246 —16/3
—14.025 —7.180 -5.021 -4.314 —4.060 -4
K -0.878 —1.393 —2.267 —3.250 —4.278 —16/3
-6.323 —5.579 —4.668 —4.225 —4.044 -4
K{W -1.695 -2.023 —2.644 -3.422 —4.322 —16/3
—4.654 —4.590 -4.311 -4.116 —4.024 -4
KYD —1.243 —1.674 —2.436 -3.327 —4.298 —16/3
—5.307 —5.045 —4.495 -4.175 —4.035 -4
KY) (—0.878 (-1.393 (—2.267 (-3.250 (—4.278 —16/3
—2.35%) - 1.816&) —1.08%) —0.496) —0.12%)
(—6.323 (-5.579 (—4.668 (—4.225 (—4.044 -4
+9.28XK) +4.134) +1.20x) +0.33K) +0.05%)
V. CONCLUSIONS provide useful approximations to the fuM o-dependent ex-

i 2ys 2 T2 2y :
The implications of the possible existence of a fourth_pr(.':'SSIons as long as mMﬁ,MD)>max(p\,l,p\,2,pH)/4 IS sa't
fermion generation for electroweak physics have been extersfied, wherepy , py,, andpy, are the four-momenta flowing

sively studied at one loop5,11,15-17, 24-27, 39Re- into theV,V,H vertex of the considered process. Assuming
cently, this study has been extended to the two-loop level by <m,, this implies Mp>/s/2 for Higgs radiation,

analyzing the virtual QCD effects @ (aGg MQ) duetoa 5> maxMy , s—MZ MZ)/2 for intermediate-boson fusion,
quark doublet, ¢,D), with arbitrary masses, in the gauge and Mp>M,/2 for Higgs-boson decay. In the case of

sector[36] and in theffH Yukawa couplings of the first : _
three generation§l8]. In the present paper, this researchHIggs “boson production, we haves=Mj for Z—ffH,

program has been continued by investigating the\/— My for e’e”—ffH, and Vs>Mz+My  for
O(aSGFMé) corrections to thaV*W-H and ZZH cou- e"e”—ZH, while, in the case of Higgs-boson decay, we
plings. In contrast to the vacuum-polarization analyses oPa"e My=>0 for H—4f, My>My for H—V+2f, and
Refs.[18,36], this involves two-loop three-point amplitudes, H>2MV for H—2V. We recovered the notion, estab-
which are usually much harder to compute. To simplify mat-lished in Refs[18,36], that, in the on-shell scheme imple-
ters, we assumed thafl, and M, are large against the mented withGg, the leadingD(G¢M%) terms get reduced
physical(invarian) masses of the on-shedlbff-shel) W, Z, in magnitude by their QCD corrections. It turned out that, in
and Higgs bosons, which allowed us to take advantage of thgeneral, this screening effect is considerably more pro-
low-energy theorentl) [3,21]. The range of validity of this nounced in theV*"W~H andZZH observables than in the
heavy-quark approximation may be defined more accuratelglectroweak parametef86] and Yukawa couplingg18].

by considering the thresholds in the relevant self-energy anblevertheless, the observables in the Higgs sector tend to be
vertex diagrams. Then, it becomes apparent that the leadingore sensitive to the presence of fourth-generation fermion
O(GFMé) terms and their QCD corrections are expected tadoublets, especially if isospin is only mildly broken, in
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TABLE Il. Values of —x in

o(e*e"—e*e H) in fb (lower entries as functions oM, /s

for selected values o2
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% (upper entries and

1/2

My /s Js [GeV]
175 300 500 1000 1500 2000
0.3 13.623 5.103 1.603 0.271 0.088 0.039
1.283 3.160 5.627 8.869 10.249 10.956
0.4 14.417 5.550 1.754 0.292 0.094 0.040
0.743 1.852 3.282 5.079 5.806 6.168
0.5 15.490 6.210 1.997 0.332 0.106 0.045
0.378 0.970 1.736 2.683 3.058 3.242
0.6 16.946 7.206 2.392 0.403 0.128 0.055
0.161 0.433 0.797 1.253 1.433 1.521
0.7 18.958 8.786 3.083 0.537 0.173 0.074
0.051 0.150 0.291 0477 0.553 0.590
0.8 21.837 11.535 4.473 0.838 0.276 0.120
0.010 0.032 0.069 0.124 0.148 0.160

which case the parameter fails to serve as a useful probe.

siderably relaxed foA in the few-TeV range. Another theo-
retical difficulty related toM g values in excess af is that

the QQH Yukawa coupling then becomes strong so that the
Higgs-exchange corrections may not be negligible anymore.
Without explicit calculation, it is very difficult to predict
above which values d¥1, these corrections will surpass the
QCD ones. In the case of Higgs-boson production via gluon
fusion, gg—H, at the CERN Large Hadron Collider, the
QCD correction increases the lowest-order cross section by
approximately 70%, while, even foM,=500 GeV, the
Higgs-related correction amounts to just §%2]. By anal-
ogy, this suggests that the two-loop Higgs-exchange contri-
butions ofO(GZMg) to theW" W H andZZH observables
are also likely to be small as long as the vacuum-stability
constraint is satisfied. However, final clarity concerning this
point can only come from a comple(dG%Mg) calculation,
which is a separate issue and lies beyond the scope of the
present work.
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