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The most general two Higgs doublet model potential without explidit violation depends on 10 real
independent parameters. There are two different ways of restricting this potential to 7 independent parameters.
This gives rise to two different potentialé, andV g . The phenomenology of the two models is different,
because some trilinear and quartic Higgs couplings are different. As an illustration, we calculate the decay
width of h°— vy, where precisely due to the different trilinear couplings the loop of the charged Higgs boson
gives different contributions. We also discuss the possibility for the existence of a light fermiophobic Higgs
boson.[S0556-282(99)04615-9

PACS numbgs): 12.60.Fr, 11.10.Gh, 14.80.Cp

I. INTRODUCTION Il. POTENTIALS

The Higgs mechanism in its minimal versi¢one scalar
Despite the great success of the standatd{2)xU(1)  double} introduces in the theory an arbitrary parameter —
electroweak modelstandard modeSM)], one of its funda- ~ the Higgs boson massy, . In fact, the potential depends on-
mental principles, the spontaneous symmetry breakin§vo parameters, which are the coefficients of the quadratic
mechanism, still awaits experimental confirmation. This@nd quartic terms. However, the perturbative version of the
mechanism, in its minimal version, requires the introductionth€ory replaces them by the vacuum expectation vaiue
of a single doublet of scalar complex fields and gives rise tg-247 GeV and bymy . If we generalize the theory intro-
the existence of a neutral particle with masg. The com- ducing a seconq doublet of complex fields, the number of
bined analysi$1] of all electroweak data as a functionmof, free parameters in the potent}algrows_from 210 14. Atthe
favors a value ofny close to 100 Ge\&? and predicts with same time, the number of scalar particles grows from 1 to 4.
a 95% confideHce level an upper bound of In this general form the potential contains genuine new in-
. . M teraction vertices which are in ndent of the v m ex-
<200 GeVk?. Hence, one can still envisage the possibility eraction vertices ch are independent of the vacuum e

fa Hi b di in the closi P ectation values and of the mass matrix of the Higgs bosons.
of a Higgs boson discovery In the closing stages of the,, yeyer, these new interactions can be avoided if one im-

A ) .
CERNe"e" collider LEP operation. _poses the restriction that be invariant under charge conju-
Nevertheless, even if this turned out to be true, one stillyation C. In fact, if ®; with i=1,2 denote two complex

would like to know if there is just one family of Higgs fields gcajar doublets with hyper-charge 1, un@ethe fields trans-

or, on the contrary, if nature has decided to replicate itself. Iffjorm themselves ad,—exp(a)®* where the parameters
our view this is the main motivation to consider multi-Higgs- . are arbitrary. Then, choosing;=a,=0, and defining

boson models. In this paper we continue the study of th%:(ﬂ(ﬁp Xo= dhdby, Xs=R{dlh,} and x, = ple,} it

two-Higgs-doublet mode{2HDM). Following our previous s easy to see that the most general 2HDM potential without
work [2], we examine models without explig@P violation  explicit C violation® is

and which are also naturally protected from developing a

spontaneou€ P breaking minimum. There are two different

ways of achieving this. To illustrate the different phenom- V= — u23x; — u3x,— u2Xg+ A1 Xa+ A pX5+ A g3+ N 4X5
enology we calculate, in both models, the decay width for
the proces£®— yv, which can be particularly relevant i

is a fermiophobic Higgs boson.

+ N5XXo+ NgX1 X3+ N7XoX3. (€h)
In general, the minimum of this potential is of the form

*Email address: barroso@alfl.cii.fc.ul.pt
"Email address: bruecher@alf1.cii.fc.ul.pt 1At this level C conservation is equivalent t6P conservation
*Email address: rsantos@alfl.cii.fc.ul.pt since all fields are scalars.
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in other words, it break€ P spontaneously. To use this po-
tential in perturbative electroweak calculations the physica
parameters that should replace th's and u's are the fol-
lowing:

(i) the position of the minimuny 4, v, and#, or alterna-
tively, v2=v2+v3, tanB=v,/v, and 6;

(i) the masses of the charged bosan,, and of the three
neutral bosonsm;, m, andms;

(iii ) and the three Cabibbo-like angles, «, anda; that

represent the orthogonal transformation that diagonalizes thgiy, N, =

3x 3 mass matrixof the neutral sector.

In a previous papef2] we have examined the different
types of extrema for potentidl. In particular it was shown
in [2] that there are two ways of naturally imposing that a
minimum with CP violation never occurs. This, in turn,
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ing occurs in a quadratic term, it does not spoil the renor-
malizability of the model. Hence, in both cases the terms that
were set explicitly to zero will not be needed to absorb in-
finities that occur at higher orders. The complete renormal-
ization program of the model based ¥, was carried out
in [5]. The results forV gy are similar but the cubic and
quartic scalar vertices have to be changed appropriately.
For the sake of completeness we will close this section
with a summary of the results that will be used later. As we
have already said they are not new and can be obtained either
from [3] or [4]. We agree with both.
For V(,y the minimum conditions are
0=Ty=vi(—ui+AVa?+ A v5?)

(48)
0=To=Vo(— 3+ AVo2+ N ;vq?) (4b)

3(A3+\s). They lead to the following solutions:

leads to two different 7-parameter potentials. The first one,

denotedV,, is the potential discussed in the review article
of Sher[3] and corresponds to setting?,=\g=\;=0 in
Eqg. (1). The second 7-parameter potential, which we shal
call Vg, is essentially the version analyzed in tHéggs
Hunters Guide[4] and it corresponds to the conditiong
=X\;=0 and\3=\,. As we have already pointed o] but

would like to stress again, these potentials have different

phenomenology. This is illustrated in Sec. Ill when we con-
sider the fermiophobic limit of both models.

SinceV () andV g, do not have spontaneo@P viola-
tion, the number of so-called “physical parameters” is im-
mediately reduced to 7. In facé=0 and only one rotation
angle, «, is needed to diagonalize thex2 mass matrix of
the CP-even neutral scalars. This is clearly seen if we trans
form the initial doubletsb; into two new onedH; given by

(Hl 1 Vi V2 (q)l) 3
Ho \/v§+v§ —Vvy Vi) \ D@y

In this Higgs basis, onlyH, acquires a vacuum expectation
value. Then, th@ 3=+ 3 component and the imaginary part
of theT3=— 3 component oH, are thew* andZ would-be
Goldstone bosons, respectively. Theodd neutral boson,
A%, is the imaginary part of th&;=—3 component oH,.
On the other hand, the light and hea®@fP-even neutral
Higgs bosonsh® andH?, are linear combinations of the real
parts of theT;=—3 component oH, andH,.

Notice thatV, is invariant under th&, transformation
®;—®,; and®,— —d,, whereas iV g, only the,u%2 term
breaks theJ(1) symmetry®,—e'“d,. Because this break-

°The mass matrix corresponding to the neutral componengs (
- %) of the doublets is a %4 4 matrix, but one eigenvalue is zero
because it corresponds to tAevould-be Goldstone boson.
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either(i)
Nopf =N 5
vis———— (52
AA,— A2
A ,u,z—)\ ,u,2
vi= 12—+21 (5b)
| AMA,—A2
or (ii)
vi=0 (6a)
2
M
vi= i (6b)

The masses of the Higgs bosons and the aagiee given by
the following relations:

C mie=—Ag(vEHv)) (73
2 _1 2 2
on—E()\4_)\3)(V1+V2) (7b)
maoyho:)\lV%‘F)\zV%
NV Av5) 2+ VIVE(A 3+ \s)? (70)
VoVi(N3+ A
tan 2 Y2Y1(AatAs) ®

Nvi—Aovg

On the other hand, fo¥ g, the minimum conditions are

2
y7i
0=T1~ 5"V, (9a)
Mz
0=T,— 712v1 (9b)

with the T, given by the previous equatioi¥). The solution
of this set of equations is
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vaT 200N ho) (100

Notice that, in this case, the solution with vanishing vacuum expectation value in one of the doublets is not possible. Now the
masses and the value afare given by

2,2
vi+v
2 1TV5
M+ = = Na(Vi+v3) + i Vv, (113
1 vZ+v2
2 21 "2
Moo= s K15 — (11b
AT 22y,
2 2 2, L 5 (V2 Vi 2 o 1, (va i) 1,
mHO,hOZ)\lV1+)\2V2+ZMlZ v_1+v_2 * )\1V1_)\2V2+ZM12 Vi v, + V1V2(7\3+)\5)—§M12 (119
2
2VVoN  — 5 M2
tan 2= VR (12
RV WAV N Ry et
V1 2Vo 4#12\/1 Vv,

IIl. FERMIOPHOBIC LIMIT mﬁozz)\1V%+27\+V§:mio_2()\+_)\1)V20052,3-

Despite the fact tha¥/(,, andV g, are different, it is ob- (139
vious that the gauge bosons and the fermions couplings to
the scalars are the same for both models. In particular, thid
introduction of the Yukawa couplings without tree-level fla-
vor changing neutral current is easily done extendingzhe maozz )\ng (143
symmetry to the fermions. This leads to two different ways
of coupling the quarks and two different ways of introducing )
the leptons, giving a total of four different models, usually mho=2)\1V§ (14b)
denoted as models I, II, 1ll and INtf. e.g.[5]).

In here, we use model I, where ondly, couples to the while v;=0 gives a massleds®. In this analysis we have
fermions. Then, the coupling of the lightest Higgs scaidy, assumed that;<v,. The reversed situation leads to similar
to a fermion pair(quark or leptoinis proportional to cos. conclusions since one is then interchanging the role of the
As « approachesr/2 this coupling tends to zero and in the two doublets.
limit it vanishes, giving rise to a fermiophobic Higgs boson.  The triple couplings involving two gauge bosons and a

Examining Eqs(8) and(12) we see that the fermiophobic scalar particle, like, for instancénzf‘ho, are always propor-
limit («=/2) can be obtained in potential in two ways: tional to the angleS=a— . In particular, the couplings for
either\, =0 orv;=0. In potentialB there is only one pos- h° are proportional to si@ whereas the correspondirtg’”
sibility 2v;v,h, =2u2,. In this latter case, Eqg11) and  couplings are proportional to c@s This general result can
(12) give immediately: be understood if one recalls the argument about the role

played by neutral scalars in restoring the unitarity in the scat-
tering of longitudinalW’s, i.e. in W W —W,W_ . The
2 _ 2.2 restoration of unitarity requires that the sum of the squares of
Mpo=2 X+ (Vi+Vy) (133 theW"W~h® andW*WH° couplings add up to a constant
proportional to theSU(2) gauge couplingg.
) 5 Current searches of the SM Higgs boson at LEP put the
Mio=2NaV5+2 N\ vi=myo+2(No— N, )vZsi? B mass limit at 89 GeW? [6]. Since the production mecha-
(13b) nism is the reactioe™e™—Z* —Zh?, this limit can be sub-

the former case\((»)), A . =0 gives
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FIG. 1. The contributing graphs to’— v in the fermiophobic limit.

stantially lower in the 2HDM if sinfis small. In our numeri- ~ authors[8]. Recently next-to-leading order calculatio
cal application to the twe decay of a light fermiophobin®  in the SM give a prediction for the branching ratir(B
we will explore the region si$<0.1[7]. —Xgy) Which is slightly larger than the experimental CLEO

Bounds on the Higgs masses have been derived by severaleasurementl0]. In model Il the charged Higgs loops al-
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o, Z-bremsstrahlungs reactiat* —Zh%(sirfé~10"1). If such
a boson exists, it will decay mainly via the proces®
-7

IV. DECAY h'—yy

- 0.0 The decayh®— yy is parti(_:ularly s_uitable to illustrate the
> fact thatV () andV g, give rise to different phenomenolo-
FIG. 1 (Continued. gies. In fact, the decay occurs at the one-loop level and for a
fermiophobic Higgs boson one has vector bosons and
ways increase the SM value. Hence, this process providé.'g'larged nggS boson contributions. The latter are different
good lower bounds omy+ as a function of tag [9] On the for modelsA andB, because the®H *H ™~ vertex is different.
contrary, in model | the contribution from the charged Higgs!t is interesting to point out h_ow this di_fference arises. Since
boson reduces the theoretical prediction and so brings it to 1€ term ink, does not contribute to this vertex, both poten-
value closer to the experimental result. This reduction idials give rise to the same effectiie’H "H™ coupling,
larger for small tarB, since in model | theH™ coupling to ~ 9now+1-: Namely,
quarks is proportional to tart3. However, a small tap
gives a large top Yukawa coupling which leads to large new 04 +H~]=2 v,\ ,co€ cosa + v \sSina coss sin 3
contributions toR,,, the B;-By mixing. A recent analysis by ] ] )
Ciuchini et al.[9] derives the bounds tg#>1.8, 1.4 and 1.0 —Vi\sCOSBsina—2 v\ ysiFBsina
for my+ ='85, 200 gnd 425 GeV¢?, respecuvgly. +V,\5SiM3 COSa— V ;A 5COSe COS Sin B.
The Higgs contribution to the parameter ig11]

(16)
However, as we have already said, what is relevant for

perturbative calculations is the position of the minimunyof
and the values of its derivatives at that point. This means that

1 f 2 2 2
Ap= m[smzb‘ F(mHt,on,mHo)

+cogé F(mai,mio,mﬁo)] (15) one has to express all coupling constants in terms of the
particle masses. This is simply done by inverting EQGS.
where and(11). The result is
bc b ab a ac a g coga+p)
_ = - e Oy +1g-— 2 2
F(a,b,c)=a+ b—clnc a—blnb a—clnc' [h"HTH ]p) mw<mh° Sin23

Since the current experimental value @ 1.0012+0.0013
+0.0018[12] exceeds the SM prediction by3 one should

at least try to avoid a positivap.3 A simpler examination of

the functionF (a,b,c) shows that this is impossiblerifi, - is  and
the largest mass. On the other handmifo>m,+, one ob-

tains a negative value faxp which grows with the splitting g
Mao-My=. In line with our limit (sirf6<0.1), negative values [h°HH ](B):—< (m—m
of Ap of the order of the experimental statistical error, i.e. M
Ap~—10"2, can be obtained essentially in two ways: either 1
with a largemy+~300 GeVkE? but with a modestno-my = - ( miﬁ— Emﬁo
splitting (mao~340 GeVt?) or with a smaller my=

~100 GeVk? but with mo=~200 GeVE?. The variation o, clearly shows the difference that we have pointed out.
of Ap W'thzmho is rather modegt, less than 10% for the range |, kig 1 we show all the diagrams that were included. A
20 GeVie=m;,e<100 GeVE?. With seven parameters in yrevious work by Diaz and Weildi4] did not include the
the Higgs sector it is difficult and not very illuminating to Higgs-boson diagrams. Our calculation, in the 't Hooft—

discuss in detail all possibilities. So this discussion should b‘Peynman gauge, was done withoops [15,16. We have
regarded as a simple justification for the fact that a fermioy,qap using this program to calculate other amplitudes in the
phobic Higgs boson scenario is not ruled out by the existing,, mework of the 2HDM[17]. Throughout this process we
experiments. We would like to stress that there could exist §5e made several checks of the computer results. In this
light h° almost decoupled from the fermiona w/2) and  haricular case we have verified that the contribution of the
at the same time with a small LEP production rate via the,ector boson loops agrees with a calculation done by Spira
et al. [18] using the supersymmetric version of the 2HDM.
In Fig. 2 we show the produchye times the decay width
3A more recent SM fit giveg =0.9996+ 0.0031(— 0.0013] 13]. (T") for the proces$®— yy in model A as a function ofé

2 1 2 .
—(mH+— imho)sm(a—ﬁ)> (17)

, coga+B)
AY"sin 2B

Sin(a—ﬁ)) (18
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FIG. 2. Dependence od and myo at my+=131 GeV ande  =0.29 andmy+=200 GeV andmo=250 GeV.

= /2 in potentialA.

gives the equivalent information for potentil
and for several values ofi,o and a fixed value ofy+. This In Fig. 4 we plot, as a function afy,, the ratioR, of the
function shows a gentle rise with,o which reflects the pro-  widths calculated with potentialdg andV,, respectively.
portionality betweery o+ - andmﬁo. Looking at this cou- According to the fermiophobic limit, we set= /2 and
pling constant one could naively assume that there would be=0.29. For the other relevant masses we have usgd
an enhancement fg8 approachingr/2, i.e. in our plot, when =200 GeVt? and mao=250 GeVt? In the range of
5 approaches zero. However, a close examination shows thariation of myo, i.e., 20 GeV£?<my <120 GeVk?, R
such an enhancement does not exist. On the contrary, thkecreases smoothly from 25 until 3. However, it is mislead-
coupling vanishes in this limit, sina@,o goes to zero when ing to assume that potential always gives smaller results.

B— /2. Alternatively, if one keepmyo fixed, then the mass This is clearly shown in Fig. 5 where we plot the same func-
relation tion R evaluated with the same parameters exceptnigs

that was set up to 120 Ged. Again, R is a decreasing
function of myo that has a zero fomyo around 70 GeW?
and increases afterwards. However, in this case, the values
_ _ ) _ obtained with potentiaB are smaller than the corresponding
imposes a lower bound fg8. In Fig. 2 the dotted line gives gnes for potential.

this limit, evaluated assuming,=1/2. The dashed area  This behavior can be qualitatively understood if one ex-
ShOWS the eXCIUS|On reg|0n Implled by the LEP eXpenmentabmines the Coup“ng Constantq hOHJrH*](A) and
results. In the work of Ackerstaft al.[19] an experimental [h°H+H_](B) given by Egs.(17) and (18), respectively. In
bound on the SMh— yy branching ratio is derived. For a the range ofmyo that we are considering, and for the same
fermiophobic Higgs boson witm,<myy the yy branching  values ofe, g andmy+, the coupling corresponding to po-
suppressed by a factor dih Hence, we have turned the —85 GeVk? untl —230 GeVt2. On the contrary, the
OPAL experimental bounds into a bound @h Figure 3 coupling constant corresponding to potentais positive.

th: \/2)\1V1: \ 2)\1V COSB (19)

Decay width of h .
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FIG. 3. Dependence oA and mye at my+=131 GeV anda
= /2 in potential B.

FIG. 5. Ratio of the decay widths fronV g, /V (s with &
=0.29 andmy+=200 GeV andm,o=120 GeV.
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TABLE |. Comparison between the widths for théW* and yy channels.

5=0.1 5=0.3
my, h— W W h— y¥(A) h—Ww h—yy(A)
90 2.6x10°6 0.4x10°3 2.3x10°° 0.6x10°°
120 2.2x1073 2.7x10°8 1.9x1072 2.2x10°°
150 5.7 1072 1.5x10°2 5.0<10°* 8.0x10°°

V. CONCLUSION

For large values ofnso (around 250 Gew), it decreases We have examined the 2HDM where the potential does

2 ; 2 2
from 930 Gez\/l: until 780 GeVE*® for 2(_) GeVE“<myo not explicitly breakC P violation and furthermore it is natu-
<120 GeVk<. These values of the coupling constant, whenra"y protected from the appearance of minima Witk vio-
compared with the corresponding ones for potentiabx-  |ation[2]. There are two ways of accomplishing this, leading
plain the qualitative behavior of the rat®given in Fig. 4.  to two different potentialy/, andVg. V, is invariant under
The explanation of Fig. 5 is more subtle, but again, it de-the discrete groug, andVy is invariant undeitJ(1) except
pends on the coupling constant of potenBalin fact, when for the presence of a soft breaking term. These two symme-
mao=120 GeVk? the coupling corresponding to potential tries ensure that the parameters that, at the tree-level, were

.. set to zero are not required to renormalize the models.
B starts at2100 .Ge\tlz and decreas_es smoothzly “T‘“' The potentialM, and Vg have different cubic and quartic
—60 GeVk?, having a zero arounthyo=95 GeVk®. This  geqjar vertices. Then, it is obvious that they give different

behavior has two consequences. When the coupling is posiiggs-boson—Higgs-boson interactions. However, even be-
tive, its order of magnitude is the correct one to almost canfore one is able to test such interactions, one could still sense
cel theW-loop contributions to the width. HencR,is small  these two different phenomenologies via Higgs-loop contri-
because potentid@ gives a small width. This cancellation is butions. o _ _ _
exact formyo around 70 GeW? and after that, because the 1 ° illustrate this point we have considered a fermiophobic

; . . - eutral Higgs boson, decaying mainly into two photons. The
coupling changes sign, the charged H_|ggs contribution add\gvidths for the decays calculated with both potentials can
up to the normalV-loop result. Henca increases.

) o differ by orders of magnitude for reasonable values of the
Despite the fact that thHehWW] coupling is suppresed by parameters. Clearly, with four masses and two angles as free

sin g, one should keep in mind that when, is larger than  parameters, it is not worthwhile to perform a complete analy-
my, the decay channéi—WW* —Wqq starts to compete Sis- Nevertheless, we believe that the results presented here
with the yy channel. We have evaluated téW* decay are sufﬁc!ent .for illustrative purposes. .The experlmgntal

) . . . searches in this area should be made with an open mind for
width and in Table | we show some results in compansonSurprises
with the width for theyy channel evaluated for potentiél '
andmy+=100 GeV. The table is representative of a situa- ACKNOWLEDGMENTS
tion that can be summarlzgd ql_Jalltatlver as fol_lowsz:for We would like to thank our experimental colleagues at
small 5(6=0.1) theWW" width is comparable with they | |p for some useful discussions and the theoretical elemen-

width for m,= 1220 GeVk?; (ii) for large 5(6=0.3) even at  tary particle physics department of Mainz University for al-
mp,=120 GeVkt* the WW* decay width is already larger |owing us to use their computer cluster. L.B. is partially sup-

than theyy width by a factor of 10. ported by JNICT contract No. BPD.16372.
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