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We show that a general two-Higgs-doublet model with a very li@R-odd scalarfA) can be compatible
with the p parameter, Bitf—svy), Ry ,A,, (g—2), of the muon, Bry —Avy), and the direct search via the
Yukawa process at CERN LEP. For its mass around 0.2 GeV, the ngie@Y,, and Br(Y —Ay) data require
tang to be about 1. Consequenth,can behave like a fermiophob®P-odd scalar and predominantly decay
into a yy pair, which registers in detectors of high energy collider experiments as a single photon signature
when the momentum &k is large. We compute the partial decay widthZef: AAA and the production rate of
ff-ZAASZ+ “yy,” f FSWEAASWE+ “yy,” and ff—HTH —W'W AASWW™ + “yy” at
high energy colliders such as LEP, Fermilab Tevatron, CERN LHC, and future Linear Colliders. Other pro-
duction mechanisms of a ligit, such agyg—h—AA— “ yy,” are also discussed.
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I. INTRODUCTION decrease rapidly when the di-muon chanme{u* 1) be-
comes available asM, increases. This is because the
One of the main tasks of the current and future high enYukawa coupling of A-u"-u~ is larger than that of
ergy colliders is to find the Higgs boson of the standardA-e™-e~ by the mass ratiorf, /m.)~200. Since we are
model (SM), or some other scalar parti¢#, if there is any, interested in the phenomenology of having a lightlecay-
predicted by the extensions of the SM. The mass spectrum a@fig into a pair of photons, we will restrict our discussion for
these scalars as well as their decay channels depend on thE, to less than about 0.2 GeV, though, in principle, that is
assumed model. Recently, the possibility of a Higgs bosomot necessary as long as the decay branching ratié Br(
decaying into a pair of ligh€ P-odd scalars was considered — yy) is not too small to be observed experimentally.
in Ref.[1]. As pointed out in that paper, a very lig8tP-odd A simple extension of the SM is the two-Higgs-doublet
scalar(A) can arise in some extensions of the SM, such asnodel (THDM) [3], which has been extensively studied
the minimal composite Higgs mod¢R], or the next-to- theoretically and experimentally. For example, a constraint
minimal supersymmetric modgB]. An interesting aspect of on the mass of the charged Higgs boséh in the THDM
a light A particle is that if its massNl 4) is less than twice was carefully examined at the CERN e~ collider LEP as a

that of the muonif1,), i.e., less than about 0.2 GeV, it can fynction of its decay branching ratios into thé v, andcs
only decay into a pair of electrons{\(—>e*9*) or photons  odeg4]. Studies on searching for a lightin its associated
(A—7y7). Hence the decay branching ratio BK-yy) can  production with a bottom quark pair were also dgbgas a
be sizable. Furthermore, at high energy colliders, the lightynction of M, and tang (the ratio of the two vacuum ex-
CP-odd scalaA can be produced with such a large velocity pectation values of the Higgs doublets in the THDM
that the two photons from its decay are highly boosted and'hough some useful constraints have been obtained by the
seen by the detector as one single-photon signature. ThereEP experiments, we show in this work that a very light
fore the production of a pair AA is identified by the de- (with M,<2m,,) is still allowed in the THDM. This lowM »
tector as a pair of photons when eakhlecays into its dipho-  value, in the context of a THDM, can induce large contribu-
ton mode. The subsequent signature as a diphoton resonart@ans to thep parameter unless other parameters of the model
(e.g., in the case that a Higgs boson decays into a pa) of adjust to counteract this effect. In particular, as to be dis-
or photon cascaddg.g., in the case thatAparticle is radi- cussed later, the masses of the charged schla) @nd the
ated from a fermion lineprovides an interesting window for heavyCP-even Higgs bosoiiH) have to be approximately
the experimental search for the scalar particles that may bequal. Also, the value of the mixing angiehas to be such
responsible for the breaking of the electroweak symmetry. Inhat cosf3B—«) becomes small in order to suppress the Higgs
general, we expect the decay branching ratiocAet yy to  boson contribution to the parameter.
Another important experimental data to constrain a light
in the THDM is the measurement of the muon anomalous

*Electronic address: flarios@belinda.mda.cinvestav.mx magnetic moment. The recent measurement at BHL
"Electronic address: yuan@pa.msu.edu strongly disfavors such a model when compared with certain
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theoretical calculationf7,8]. Nevertheless, other theoretical extensively discussed in Rdf9]. After comparing various
calculations of the SM contributions to the muon magnetictheory model predictions with the precise experimental data,
moment show a better agreement with the BNL d&h  which is

Consequently, a lighA in the THDM can still be compatible

with data though the parameter space of such a THDM is 10X a,,(experiment= 116 592 02& 140+ 60,

tightly constrained.

In the next section we will examine all the relevant low Ynduran concluded that the discrepancies between the

ener data[including the @—2), of muon, Br vv_or_ld averaged eXperiment dataxpy and the theory pre-
—>A3)y, o parameter?b—»s% %b’ ;Mnd A,] to determ%e diction of the SM contributior{theon are[9]

the allowed parameter space of the THDM with a very light 10% Aa (expt—theon =422+ 152 exph + 77(theo
A. In Sec. lll we consider the decay widths and the decay u(EXP ) Aexpy =71 ([I))H)

branching ratios of every Higgs boson predicted in this
model. In Sec. IV we study the potential of the lighboson 10*x Aa,, (expt-theon = 358+ 152 expt) + 112 theop

as a source of the distinctive photon signal at colliders. It can J),
happen in either the decay mode of the neutral gauge boson )
Z—AAA—" yyy,” or the production processes of+ Higgs 1011><Aaﬂ(expt—theor):233t 152 exph + 104theop
bosons, such asff—ZAA—Z+* vyy,” f'f—-WTAA (AY)
—W*+“yy,” and ff=H'H —W'W AA-W'W"~
+*“ yv.”” Section V contains our conclusion. 10*x Aa,(expt-theon = 119+ 152 exph + 115 theo

(CLY).

Il. CONSTRAINTS FROM LOW ENERGY DATA In the above result, DH stands for the analysis of Davier and

) _ ) Hocker [10], J for that of Jegerlehndi7], AY indicates the

In the THDM, the couplings of fermions to Higgs bosons resylt of Adel and Ynduitia [11], and CLY is the “old” result
are proportional to the fermion masses. In the type-l of theyf Casas, [pez, and Yndutia [12] after being corrected for
THDM, only one of the two Higgs doublets couple to fermi- the new favored value of higher order hadronic corrections
ons via Yukawa couplings, and in the type-II of the THDM, [q].
one of the Higgs doublets couples to the up-type fermions |n the general THDM, as well as in supersymmetric mod-
(with weak isospin equal to 1/2) and another couples to th@|s a  can receive radiative corrections at the one loop level
down-type fermions(with weak isospin equal to-1/2).  from the couplings of, h, andH to muons in triangle dia-
Hence the COUp”ngS of H|gg$ bosons to fermions genera”brams(see Appendix A[3,13,14 As expected, the size of
depend on the value of tgh In case the coupling of the the radiative corrections is proportional to the coupling of the
Higgs bosons to fermions is large and the mass of the Higgguon to Higgs bosons. Moreover, the loop integral reaches
boson is small, the radiative correction to the low energyits maximal value when the mass of the scalar boson in the
data can be sensitive to the Yukawa interactions. Hence th@op becomes neg|igib|e, and diminishes as the scalar mass
low energy data can be used to impose important constrainificreases. It was concluded in RES] that a lightC P-even
on the masses and the couplings of the Higgs bosons. Tgiggs boson(h) can be responsible for the apparent devia-
examine the allowed range & , and tang in the THDM,  tjon of the BNL measurement @f, from the DH prediction
we shall consider the precision data on the anomalous magsf the SM contribution, at the 90% confidence leg@lL.),
netic moment of the muon, the decay branching ratid’of jn the framework of a type-1Il THDM, in which the other
—Ay, b—sy, thep parameter, the decay branching ratio Higgs bosons are heavpf the order of 100 Ge) It was
of Z—bb, i.e.,, Ry, and the bottom quark asymmetdy,  found that the model parameters have to satisfy the following

measured at th& pole. requirements:
mysMp=2mg,
A. Constraint on tan g from the (g—2),, of the muon
The magnetic moment of the muon is defined as sin(f—a)=0, )
eh i (g—2) 30<tanB=35.
=1+ au)ﬁ with a,= 5 = (1)
© In the case that onl is light and the other Higgs bosons

are heavy, the one-loop contribution &, is negative:
wherea,, is the muon anomalous magnetic moment, which islherefore this type of new physics is strongly disfavored
induced from radiative corrections. The SM prediction in-according to the theory prediction of the SM contribution
cludes the QED, weak and hadronic contributions. Amongorowded by DH; however, it can still be compatible with the
them, the hadronic contribution has the largest uncertainty,
and the bulk of the theoretical error is dominated by the

hadronic vacuum polarizatiofhvp). There are a number of  *in contrast, the one-loop contribution of a lightto a,, is posi-
evaluations of the hvp corrections; four recent results wergive.
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other SM theory calculationgcf. Eq. (2)]. Furthermore, it Sprrrr T A RRALARAARRARAE RERRY RARE

was found in Ref[15] that a two-loop contribution ta,, can r = oLy

be sizable whem is light. As compared to the one-loop L= w L
graph, a two-loop graph can contain a heavy fermion loop. i .
The Yukawa coupling of the heavy fermidwith massm;) - 7

in the second loop together with the mass insertion of the 3| s e

THDM-I

heavy fermion will give rise to rhf/mM)2 enhancement 2 I s -
which can overcome the extra loop suppression factor of* [ e -
1/1672. Because the two-loop contribution can be even  2[ .~ .-
larger than the one-loop contribution, the contribution from a -
light Ato a,, can become positive whevl , is not too small.
Hence, in general, a two-loop calculation of a lightontri- r
bution to the muon magnetic momeaf, yields a better r THDMAI [
agreement with the experimental data than a one-loop calcu  op—-bomtbonbinbine o gronn o bon b Lo
lation. For that reason, in the following numerical analysis,
we shall apply the two-loop calculation presented in Ref.
[15] to test the compatibility of a ligh& THDM to the ex- FIG. 1. The regiongbelow the curves for type-1l and above the
perimental datdcf. Eq. (2)]. For completeness we summa- curves for type-l THDM in the tan3 vs M plane allowed by the
rize the relevant formula in Appendix A to clarify the contri- a, data at the 95% C.L. Three different curves are displayed de-
butions included in our numerical analysis. pending on whether the SM prediction is given by the CLY, AY, or
Although we are using a two-loop calculation for our nu- J calculation. There is no allowed region in this range of parameters
merical analysis, it is useful to examine a few features preaccording to the DH calculatioriHere, a two-loop calculation for
dicted by the one-loop calculation. Since a one-loop contrithe THDM contribution, cf. Appendix A, is used.
bution toa,, from a lightAis always negative and the central
value of a,(expt-theor) is positive, the potentially large nell Electron Storage RIN¢CESR [17]. For that we refer
loop contr|but|on toa, has to be suppressed by a small the readers to Ref3] which has an extensive discussion on
Yukawa coupling in order for the model to be compatiblethis data to constrain a ligl€ P-even orCP-odd scalar in
with data. For a type-ll THDM, this implies a very stringent the THDM. As noted there, various theory analyses indicated
bound on taB because the coupling of the muon Aois  that the high order QCD corrections to this decay rate can be
direcﬂy proportiona| to ta@. [The coupling strength of large. Because of that, we shall consider in this papegBtan
A-u"-u” in the type-Il model is h,/v)tanB, wherev is around 1 to be consistent with the CUSB data for a 0.2 GeV
the weak scale~246 GeV] In partlcular assuming the Pseudoscalar. Specifically, we shall take gato be either 0.5
CLY prediction for the SM contribution and applying the Or 2 in our following discussions.

e ———

M, [GeV] M, [GeV]

two-loop calculation to include the lighk contribution, we Finally, we note that a similar constraint on farcan be
find that there exists an upper bound on gaat the 95% obtained from examining the production ef e” —bbA at
C.L. For a 0.2 GeV pseudoscalar, LEP energieg5]. However, as shown in Ref16], the (g

—2), data gives a more stringent constraint than that ob-
tanB<2.6. (4)

10" —— T —— — ]

This new bound is stronger by a factor of 2 than a previ- 3

ous on€g[16], which was obtained from the one loop contri- i THDM-|
bution, together with the old experimental data with an error -
of 84x 10" ¥ in the measurement ofy-2),,. In Fig. 1 we

show the regions in the tgh versusM , plane allowed by

the a, data at the 95% C.L. Three different curves are dis-
played depending on whether the SM prediction is given by g 10°
the CLY, AY, or J calculation. There is no allowed region i
according to the DH calculation. For the type-lIl THDM the
allowed regions are below the curves, for the type-l THDM
they are above the curvédzor completeness, we also show
in Figs. 2 and 3 the allowed regions in the type-1 and type-II

THDM, respectively, for a wide range dfl , and tan3. In ” il i e itres

1

the above figures we did not show the constraints derivec Yo
from the CUSB Collaboration search fiir— Ay at the Cor- M, [GeV]

FIG. 2. The regiongabove the curvgsn the tanB vs M 5 plane
of a type-I THDM allowed by thea,, data at the 95% C.L. There is
2At the one-loop level, the pseudoscalar contributionde- @)y no allowed region in this range of parameters according to the DH
in a type-l model can be obtained from that in a type-1l model aftercalculation.(Here, a two-loop calculation for the THDM contribu-
replacing tarB by cotpg. tion, cf. Appendix A, is usedl.
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possible experimental upper bounds onE_BféXSy), rang-
ing from 3.0<10 % to 4.5<10 4. Currently, the reported

= THDM-I
et St experimental measurements are

o*
A

. "

. .

LI

Br(B—Xg¥) X 10#=3.15+ 0.35,¢ 0.32¢* 0.26,04e

2 by CLEO[20], (6)
- y Br(B— Xgy) X 10'=3.11+ 0.8 0.72c
10°F =
——1 by ALEPH [21], (7)
-—- AY []
L Br(B- = 05
r(B—Xgy) X 10*=3.36=0.53 ¢ 0.42d 329 model
10-1 - o ' o L1
10 10° 10’ 10° by BELLE [22], (8)

M, [GeV]

FIG. 3. Th ions in the t M. ol ¢ 1| THDM where stat, sys, and model stand for the statistical, systematic
- 3. The regions in the (g vs M, plane of a type- and model dependent error, respectively. In this study we

allowed by thea, data at the 95% C.L. The allowed regions based . - -
on the calculations of CLY, AY, and J are below the curves. TheWIII quote the resﬁlt given in Ref19] for an upper bound of

region allowed by the DH calculation is bounded by the dotted line4-9%X 10"* on Br(B—>XSy).+It was found that, for example,
(Here, a two-loop calculation for the THDM contribution, cf. Ap- if tan3=0.4, the mass dfi© must be larger than about 300
pendix A, is used. GeV. On the other hand, we will not use the detailed infor-

mation on the lower bounds ™, + for tanB<<1, because in

Yukawa process. from examining thebb decay rate of th& boson, i.e.R,
(see next section When targ is much greater than 1, the
B. Constraint on M+ from the decay of b—sy small effect from thetgb, H* coupling is compensated by

the large effect from the, bgH™ coupling; in such a way
that the Brp—sy) prediction tends to stay at a certain mini-
mal value. This minimum only requiréd ,+>165 GeV for
éanﬂ>1. In summary, for ta>1, the Bro—sy) data re-

The previous §—2), analysis is only sensitive to a light
pseudoscalah when the masses of tHéP-even scalaré,
H, and the charged Higgs boséh™ are all of the order of
100 GeV. To further constrain the parameter space of th
THDM, we now turn our attention to a low energy observ- qmresM_H+>_165—200 GeV at the 95% C.L. .
able that is sensitive to a charged Higgs boson in the case The situation for type-l models.|s different. In this case,
that tang is not large. That is the rare decay procéss bOth thetgb H™ andt bgH™ couplings decrease for values
—sy. of tanpB greater than 1. This does not mean that+ can
For the hadronic flavor changing neutral current decay?€come arbitrarily small. There is an unstable behatdae
processh— sy, new physics effects at the weak scale can be© the large scale dependepder the prediction of Brb
parametrized by the coupling&Vilson coefficients of an ~ —S¥) when My« is less than about 100 GeV and f&n
effective Hamiltonian[18]. The only scalar contribution to ~21 [19]. This problem of unstability gets worse when
the Wilson coefficienC, in a THDM comes from the stan- tang<1.
dard penguin diagram, where the charged Higgs sdafar
couples to top and bottom, and then to top and strange C. Constraint on My—My+ from Ap

quarks. . The effect of scalar fieldsA, h, H, andH™") on Ap have
The H~tb coupling in the type-Il THDM is given by been reported for a general THDM in the literat{i28—25.
My, . m; . When M, becomes negligible, the contribution fop can
L£=12Vy,| —tanpt bg+ —cotBtgb, [H" +H.c., (5  grow quadratically with the masses of the other scalsee
v v the Appendix of Ref[25]). The only way to keep\p small
is to have cancellations among potentially large loop contri-
whereVy, is the Cabibbo-Kobayashi-Maskaw&KM) ma-  pytions from each Higgs boson. For example, a&(gina)
trix element. TheH “ts coupling is defined similarly with the =1, this cancellation can take place between the contribu-
appropriate substitution—s. In the type-I model, the factor tions fromH* andH, and requires a certain correlation be-
tanp is substituted by-cotp. For a type-ll model, a value tween their massesa(is the mixing parameter between the
of tang<1 will induce a largetgb, H* coupling, which will  two CP-even Higgs bosonk andH.) As shown in the Ap-
strongly modify the Wilson coefficient, and then increase pendix of Ref[25], this correlation depends on the value of
the predicteco— sy rate. This can be alleviated only if the the coefficient sif(3—a). In Fig. 4 we show the different
chargedH * is massive enough. allowed regions in thévy+ versusM, plane for three dif-
Constraints on tap versusM+ have been obtained by ferent values of si{8—a). These regions obandscorre-
Borzumati and Greub in the first reference[t9] for a few  spond to the 95% C.L. limits foA p [25] with
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1200 grrrrrrr T LR LLLLLALY AR S R R LARRALARY ] 1 )
g S 9r=3 ST 99R-
E e ’ PRI
1000:_ // // /,,//./z E
’ 4 : f' e 2 Here 8g’s contain the SM as well as thaew physics
£ ) 3 (THDM) contributions at one loop order:
800:
s
8 F 69, = 8gM+ 6971 W= —0.4208+ 5gP", (11
EI 600;
E 5gr= 693"+ SgReW=0.0774+ 5gRe", (12
400F e . — sinfB-oy=1 |3
N - --= sinB-oy=038|] where the SM values are fom=174 GeV and My,
s00F /7 —— sitf(p-o =05 =100 Ge\? [28]. Because of the left-handed nature of the
E . L, L, L, i, L, L, E weak interaction, the value dj, is higher(by about five
100 200 300 400 500 600 700 800 900 t|me$ than gR
M, [GeV] As shown previously, theg—2), data requires tag to

. : be less than about 2.6 for a 0.2 GdWA In that case, the
_FIG. 4. Allowed regions foM; vs My at different values of o, uip ion from the neutral Higgs boson loops Ry is
si(—a). Regions inside the solid, dot-dashed, and dashed Imeﬁe ligible and the dominant contribution comes from the

are allowed for sif(8—a)=1, 0.8, and 0.5, respectively. giig

charged Higgs boson logj25]. For a small tag, the H*

loop contribution comes mostly from thgb, H* coupling,
which is proportional toify, /v) cotp, cf. Eqg.(13). Since the
type-l1 and type-ll models coincide on this coupling, the

For simplicity we shall assum#,~M+ and sif(8  bounds from ther,, measurement apply to both of the mod-
—a)=1 for our detailed numerical analysis. It should beels. TheH™ loop contributions taSg, and&gg are given by
noted that the allowed band for ${8—«)=1 only depends

—1.7<Apx10°<2.7. 9

on My and M+, whereas the allowed bands for %j8 1 R RlogR
—a)<1 do depend oM,,. In Fig. 4 we have used a low &9[°"=—— (m/v cotB)?| ——— (13
value of M,,=110 GeV. If we use a higher value, for in- 16m R-1 (R-1)
stanceM,=130 GeV, the bands keep the same width but )
slightly shift downwardgto a somewhat smaller slope new._ 1 b R RlogR

We have checked that within the allowed parameter spacé9r — T 162 Tta”ﬂ R—1 (R—1)2) (14

constrained by the parameter, the new physics contribution
from the THDM with a lightA to the S parameter is typically
small as compared to the current dateS=—0.07+0.11
[26]. Using the analytical result in RgR27], we find thatA S ogr" and 5g;
approximately equals-0.02 whenM, andMy+ are about
the same, and reache<.05 whenM; andM,+ differ by a Rp=Ry"'—0.7785g] *"+ 0.1409g5"", (15
few hundred GeV. AlthoughA S can reach—0.1 whenMy sm new new
andM -+ differ by about a TeV, this choice of parameters is Ap=Ap —0.29849, "~ 1.623%gr ", (16)
already excluded by the-parameter measurement. Hence sm o )
we conclude that the curretparameter measurement doesWith R5"=0.2158 andA5"'=0.935. As indicated in the
not further constrain this model. Needless to say that th@bove equationA, depends more ogg than ong, ; the
above conclusion holds for both the type-l and type-llopposite is true foR,. For this reason, and because the
THDM at the one-loop order. experimental uncertainty dR,, is significantly smaller than
that of Ay, the asymmetnA, is not nearly as effective in
constraining the parameter region of the THDM thBp
when tans is of the order of 1. Hence, in this work, we will
The contributions to th&— bb hadronic decay branching Only consider the constraints imposed by g measure-
ratio (Rp) and the forward-backward asymmeti) of the ~ ment, for which the experimental limits af29]
bottom quark inZ decays are given in terms of the effective

Zbb couplings[25]:

with R= mt/MH+. ExpandingR, and A, to first order in
'e", we obtain

D. Constraint on M+ versus tang from Ry, and A,

RE*P'=0.216 48-0.000 75. (17)

e — _
L=———(g.b_y"b_+grbry*br)Z,,
SWCW(gL LY Bt ORDRY DRIZ, %In the heavy top quark mass expansid?, depends onM,
through log\,,/my); therefore the dependence B, on M, is
small.
1 1 2 e . -
- Unless specified otherwise, we shall assume the theory prediction
=—_+-s2+48g,, 10 : e :
9= 3w o0 (10 by CLY in the following discussion.
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s T T T T T T T of tang in the type-I model cannot be too large because for
Fo 1 a very large value of tag, the decay width of the lighter
[ T - CP-even Higgs bosoith) can become as large as its mass,
:gﬁ ] and the model ceases to be a valid effective theory.

:§E ] In the next section we shall discuss the decay and produc-
R ] tion of the Higgs bosons in the THDM with a lighk. For

c bosy simplicity we shall only discuss the event rates predicted by
I — :b(cw)E a type-ll model, and the value of tghis taken to be either
a2 [ 0.5 or 2 to be consistent with all the low energy data dis-
L L a:(J) i cussed in this section. As shown in Fig. 5, in a type-ll
o SN THDM with a light A, the masses of the Higgs bosons other
Allowed 1 than the lightCP-even Higgs bosom have to be around 1

’"'~~.,EX°'“dele" | TeV when tarnB=0.5. Hence its phenomenology can be very

00 1000 . 1500 different from the model with tag=2, in which a few hun-
M, [GeV] dred GeV heavy Higgs bosad and charged Higgs boson
H=* are allowed.
FIG. 5. Allowed parameter region for a THDM with a light
pseudoscalaA. The upper bounds on tghderived from thea,, IIl. DECAY BRANCHING RATIOS OF HIGGS BOSONS
data is for a type-ll THDM withM ,=0.2 GeV. The lower bound
from R, holds for either type-l1 or type-Il THDM(when tang In this section we shall examine the decay branching ra-
~1). Theb—sy data does not provide any useful constraint for atios of the Higgs bosons predicted by the type-ll THDMs
type-I model when tag>1. with a very lightCP-odd scalarA. To be consistent with the
. . p-parameter analysis, the mixing angée as well as the
The allowed region, at the 95% C.L., in the JBrversus oo hoson massed, - andM,, have to be correlatively
My plane is shown in Fig. 5, in which the constraints im- oonsirained, cf. Fig. 4. Without losing generality, in this sec-
posed by thed—2), and theb— sy data are also included. i, e shall assume sifit@)=1 to simplify our discus-
It is interesting to compare oWwR, bound (the lower solid ;5.
curve with Fig. 6.1 of Ref.[25] (same as Fig. 5 of Ref. As noted in the previous sections,@P-odd scalarA
[24]). There, the experimental central value usedRgwas \ih its mass around 0.2 GeV, can or;ly decay inte "
0.216 80,t yvith a smaller (&) error of £0.000 73. Since the pair or a photon pair. Though the decay procass yy can
new Ry is only 0.81 above the SM value that we use gniy occur at loop level, its partial decay width may compete
here, the bounds oNl,,+ become less stringefit. with the tree level procesa—e e*. This is because the
In summary, Fig. 5 shows the allowed region in thefflan mass of the electron is very tiny as compared to the elec-
versusMy,+ plane for the type-l and type-ll models with a {roweak scale), and the partial decay width df—e e" is
light (0.2 Ge\) CP-odd scalai\. The (g—2),, data imposes  gyppressed byng,/v)2.
an upper bound on tg# for a type-1l THDM, and the value To clarify our point, we note that forr=g8— /2, the

of this upper bound depends on the model of theory calculagoyplings of Higgs bosons and fermions in the THDM are
tions. Note that there is no DH curve in the figure. This isgiyen py

because a THDM with a very lighk cannot be compatible
with data according to the DH calculation of the SM contri- M— Mg— m— L, Ma— .
bution toa,, . Similarly, the lower bound on tg8 imposed Lis=— ffh=X—=ddH+Y—“uuH+iX —=dy°dA
by the @—2), data for a type-l THDM can be easily ob-
tained from Fig. 1. The lower bound froRy, holds for either
type-l or type-ll THDM, and is not sensitive to the actual
value of the mass of the lighk, because for taf~1 the
charged Higgs boson loop dominates. A similar conclusiorwhere X=tang andY = cotg for the type-ll model, an
also holds for the constraint imposed by thessy data. = —cotg andY=cotg for the type-l model(Here,f stands
Furthermore, thé— sy data does not provide a useful con- for any fermion,u for an up-type fermion, and for an
straint for a type-l model when tg®>1. For clarity we down-type fermion. Therefore the partial decay widths of
summarize the constraints from the relevant low energy datiliggs bosons into fermion pairs are

in Table | for each type of THDM. Although in the type-I|

m
+iY TUUy5uA, (18

THDM, the value of targ is bounded from above to be less O Ne m? ¥
than about 2.6, it can take on any value above the lower Fsﬁff:gcfffsMS. 1_4W
S

bound imposed by thR, data. On the other hand, the value
with S=h or H, (19

SFor ourR,, analysis we used the same input parameters as those Ne m? 12
given in Appendix H of Ref[25] but with an updated value for FAﬁff*:ng—fAl\/lA 1-4—1 (20
Rgxpt_ MA
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TABLE I. Constraints from the low energy data for type-l and type-1l models, Wit=0.2 GeV. Here
we use the CLY calculation for the SM prediction @f . When sinf3—a) is fixed to be 1, there is nbl},
dependence ip, otherwise we assumd =110 GeV.

Constraint Type-| THDM Type-Il THDM
(9—2), tans>0.4 tanB<2.6
(tang>1)b—sy My+>100 GeV My+>200 GeV
(0.5<tanB<1)b—sy My+>200-350 GeV
(0.6<tanB<1)R, My+>200-600 GeV M, +>200-600 GeV
[sin(B—a)=1]Ap My~My+ My~My+
[sin(B—a)=0.8]Ap My~1.2M+ My~1.2M+
[sin(B—a)=0.5]Ap My~1. ™M+ My~1. ™M+

whereCis =(m¢/v) X (1,X, orY) is the coupling defined in
Lits, andN¢ is the color factofwhich is 3 for quarks and 1
for leptons.

The partial decay width oA— v+ at the one-loop order
arises from fermion loop contributions, which yidl8]

a292 Mi
I'A—yy)= —|H|?, 21
(A== e \2N|| (21
H=2 NIQZCmF(7), (22)

where 7=(2m¢/M,)%, N[=1(3) for leptons (quarks,
andQ; andms are the electric chargén units ofe) and the
mass of fermion, respectively. AlsG; = cotB(tang) for up-
type quarks(charged leptons and down-type quarks a
type-Il THDM. FurthermoreF (x) is given by

1 2
(arcsin— for x=1
X
F(x)= L i) (23
av
—| arccosh=— — for x<1,
( Vx 2)

r, m

tan B

FIG. 6. Lifetime of A for M,=0.05, 0.1, and 0.2 GeV. The units
have been converted from GeVto meters. The decay length Af

can be obtained after multiplyingI14 by |p|/M,, wherep is the
momentum ofA.

In Figs. 6 and 7 we show the lifetimenultiplied by the
speed of light of A and its partial decay branching ratio
Br(A— yvy) as a function of tap for variousM , values. As
indicated, the typical lifetime of a ligh€CP-odd scalarA
(with mass around 0.2 GeV and tgnaround 1} is about
102 m, so the decay length of a 50 GeVboson is about
0.25 m. This unique feature of a light scalaboson can be
used to improve identifying such an event experimentally.
For tanB~1, about half of the time, the lighh can decay
into a photon pair, other than @ e* pair. BecauseA is
usually produced with a large velocity in collider experi-
ments, the two decay photons will be largely boosted and
seen by the detectdthe electromagnetic calorimejegs if it
were a single-photon signal.

To discuss the decay branching ratios of the other Higgs
bosons, we need to specify all the parameters in the scalar
sector of the THDM Lagrangian. In@P-conserving THDM
Lagrangian with natural flavor conservatitensured by the
discrete symmetry ofp,— ¢, and ¢,— — ¢,), there are
eight parameters in its Higgs secf@5]. They arem;, m,,
N12345 andug,, or equivalentyMy, My, Mg+, My, a,
tang, v, andu4,. Of these eight free parameters, seven have
been addressed in the previous section: four Higgs boson
masses, two mixing anglesx(and 8), and the vacuum ex-
pectation valuev. There is yet another free parameter: the

Br{A>vy)

M, [GeV]

— 0.05
=== 01
i——— 0.2 4

R AT T T T T [T W RN ST [NV S A T Y T U A M S

tan

FIG. 7. Branching ratio oA— yy for M4=0.05, 0.1, and 0.2
GeV.
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soft breakingu, term that so far has not been constraified. 107 T T T
This is because up to the one loop ordef, does not con- i TR =
tribute to the low energy data discussed above. With the -
assumptiore= B— 7/2 we can write thdnAA, HAA, HAZ,
andH* AW couplings as follows:

L=5NphAA+ZNGHAA+ Ny pzZH(HI A=A H) =
8 BT~
+Apgranl W, (HT9*A—Ad*H™)+H.cl, (24) e
where the coupling constants are given by F 1 M_"[?TZ] 1
o Y - a
(2M2—M2) R 3 s |3
ANp="", . A e 250
v i
10-3 ......... Loy 000y Lo v w000 Ly w0000
2 2 0 50 100 150 200
\ :2MH—M 1, [GeV]
" vtan2p” FIG. 8. Total width of the lightCP-even Higgs bosor for
M,=100, 115, 130, and 250 GeV. This result holds for fan
N —€ =0.5or 2.
HAZ™ 25, Cunr’
W-W . 4+
For M,<2m,, wheremy, is the mass of th&V/~ gauge
N _ € boson,h—bb is the subleading decay mode except when
HYAW™ 25, M?2 is in the vicinity of M3/2. For M,>2m,,, the other

. 22 e . decay modege.g.,h—W*W~,ZZ,tt) can open, and in that
with M= u1/(sin S cosp). For a very lightA, both the total case, theAA mode is usually not the dominant decay mode.

width and the decay branching ratios of the other nggsSince we are interested in tihe— y+y signal we shall restrict

bosons in the model can be strongly modified to differ fromOur attention to values d¥l.. for which the decav branchin
the usual predictions of the THDNwith M, at the weak . . h . y 9
ratio of h— AA can be sizable. To give a few examples we

scalev). - : . —
At tree level, the partial decay width df—AA (or H show in Fig. 9 the branching ratios &f—AA,bb for My,
=100,115, and 130 GeV with tg8= 0.5. (Again, the simi-

AA) is given b
AN s g Y lar figure for tan3=2 is identical to that for ta=0.5,
)\(ZH)h In addition to theAA channel, a heav{ P-even Higgs

F(H)h*AA:m' (259 posonH can also decay into thAZ mode with a sizable
branching ratio. The partial decay width fer—AZ is
It turns out thath— AA is always the dominantmore than )
90%) decay channel ofi except when ®12=M?, in which MaazMuy (1-Rzp)®

case thenAA coupling is diminishing. When the parameter Pi-nrz="7¢6. Ryy (26)

Mo INCcreases, the decay width of the light Higgs boson can
become large. For instance, f, =110 GeV anduy, With Rzu=mZ/M7. (We note thatl,_», does not depend
=200 GeV, T, .aa=34 and 54 GeV for tap=1 and 2, ONui».) In Fig. 10, we show the total decay width kfas
respectively. Hence, in order for the considered model to be

a valid effective theory we shall restrict the range of the
parameternu, so that the decay width of any Higgs boson %8
should not be as large as its mass. For that reason, inthe re os
of this study, we shall consider the range @f, to be 0
<u1,<200 GeV’ In Fig. 8 we show the total decay width
(T"y,) of has a function ofu,, for a few values oM,. Here
we take the value of tg to be 0.5. The similar figure for 05
tanB=2 is identical to that for tag=0.5. This is because 04
we are consideringe=8— /2 and the partial decay width
of h—AA is unchanged after replacing tgnby cotp.

Br{h>X)

0.3

0.2

0.1

~—
F¥ T

- IV S T I | { T T T
30 35 40 45 50 55 60 65 70

5The parameteru,, is defined through the interaction term 0
— u2,R{pl¢,}, which softly breaks the discrete symmetry ¢f

and .. It is given by 2sv,v,cosé in Ref. [3]; it is sometimes by [GeV] B

written asmg, see Ref[30] for example. FIG. 9. Branching ratio oh—AA andh—bb as a function of
For simplicity we assumg, to be a positive value, though the w4, for differentM, values. From left to rightM,,=100, 115, and

same conclusion also holds for a negative valug. pf. 130 GeV. This result holds for tgg= 0.5 or 2.
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FIG. 10. Total width ofH as a function ofu,, with tang
=0.5 or 2 forMy= 180, 350, and 700 GeV.

FIG. 12. Branching ratios

=100 GeV.

a function ofu,, for a few values oM, . Its decay branch-
ing ratios into theAA and AZ modes are shown in Fig. 11
for various My values with tasB=2. To study the tag
dependence we also show in Fig. 12 the branching ratios of 165 GeV.
H—AA,ZA for u1,=100 GeV. In this case, the subleading

decay modes arel—bb,tt, etc. ForM less than twice of
the top quark mass, the curves in Fig. 12 are almost symmet-
ric with respect to tag=1. This is again because we have
seta=B— /2 and targ is of order 1.

The decay branching ratios bf* are also largely altered
in the THDM with a very lightA because théd*—AW"
channel becomes available. At the Born level, the partial—|

. . n
decay widthI'y+_, aw+ Can be calculated using the formula
given in Eq.(26) after substitutingd —H* andZ—W" 8 In

g ratio into theAA mode,

decay particleA with mass

M
N
@
w

tan p

foH—AA, andH—ZA as a func-

tion of tang, for M=180, 350, and 700 GeV withwq,

Fig. 13 we show the dominant branching ratiog-of for the
type-Il. model, in which theb—sy data requiresM+

IV. PROBING A LIGHT AAT HIGH ENERGY COLLIDERS

In this section we discuss the potential of the present and
future high energy colliders for detecting a ligBtP-odd
scalarA to test our scenario of the THDM. The exciting
feature of a lightCP-odd scalarA is that the lightCP-even
iggs bosorh in the THDM can have a large decay branch-

and each subsequently decays

into a photon pair. Foh with mass around 100 GeV, the

around 0.2 GeV will be signifi-

cantly boosted, so that the two decay photons frarare

1:',&'[('38'\,5 RN EY =N ERRRAAE produced almost collinearly in the detector. When these two
09F| 2 g0 = almost collinear photons cannot be resolved in the electro-
0sf| T 30 E magnetic calorimeter, they will be reconstructed as a single

i ] photon.(The angular resolution for discriminating two pho-
3 E tons in a typical detector will requirt/,/M,<40) As a
__06E =
2 ]
£0.5 ___________________ E l: LIRS A B A B B B BN B
T - Tr R L, okl S A W e Ut E F tan =2 E
04F" 3 0'9; ]
: ] El N mmmmee — X=AW'H
03F 3 0'8; S0 T - -- X=tb |
0'25_ _E 0.75— II, ~~~~~~~~~ —;
F E 06 ! 3
0.1F 3 s F ! ]
F T ok / =05 3
P I I T 05F tanf=05 3
0 50 100 150 200 @ E i E
04F 1t =
Wy, [GeV] £ 3
03 ! =
FIG. 11. Branching ratios dfi — AA andAZ with tang=2, for o2F ! Sz e E
My= 180, 350, and 700 GeV. el 0 T ]
ol 1 N BRREEE
E ,// tanf=2 ]
Bt b bo ey b b b b b n by o]
950 200 250 300 350 400 450 500 550 600
M, [GeV]

8The one loop corrections tBy,+ . aw+ have been calculated in
Ref. [31]; they can modify the tree level width up to a few percent
for the very low values oM, considered here.
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y4 /s z / f 7 f /A
AN .4 A /4 2oz
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N A \\ A \\ A f \\ A
(a) (b) ® ®)

FIG. 14. Tree level diagrams fa— AAA.

result, the decay process—AA will appear in the detector
as a diphoton signature, axd—AAA as a triphoton signa-
ture, etc. Similarly, the final state of the production process .
e e" —ZAA will appear as &+ 2y signature. FIG. 15. Diagrams foff —ZAA.
In the following we shall discuss in detail the prediction

of our scenario of the THDM on the decay branching ratio ofthis paper isA— yy which will likely register into detectors
Z— AAA and the production rate GfAA at the CERN LEP, as a single-photon signal. Given the information on the de-
Fermilab Tevatron, CERN Large Hadron CollideHC) and  cay branching ratio B&— yy), it is possible to further con-

the future Linear ColliderLC). Other relevant production gtrain this model by examining tHeby events. However, as
processes at the Tevatron and_ the LHC yvill also be disyiscussed in the previous sections, tige-@),, data has al-
cussed. Without losing generality, we again assumeS  yoady constrained ta to be small(less than about 2)6so
— /2, motivated by thep-parameter constraint. Further- h ducti 6 et SbDA | d b
more, we again tak#l 5 to be 0.2 GeV such that the decayt € production rate o e —DbbA Is not expected to be

' large at LEP. Here we would like to consider another pos-

branching ration oA— yv is large and the lifetime oA is ! . ; ; . .
short enough to be detected inside detectors of high energ?gguilt?;r?lpgé;é@gﬁj;,I&ip experiments, i.e., via the

collider experiments. The Feynman diagrams that contribute to the scattering
procesee" —ZAA at the Born level are shown in Fig. 15.
A. The decay branching ratio of Z—AAA With a= B— 7/2, the tree level couplingd-Z-H andZ-A-h

In the THDM, theZ boson can decay into teAA mode vanish. Since by its o_lefinition, the mass tofis Iarger than
via the two tree-level Feynman diagrams shown in Fig. 14j[hat ofh, the _producﬂon cross section is dominated by the
Since in the case of siBt-a)=1, the coupling ofZ-A-h diagram (a) with _h produced at resonance Whmh<_\/§
vanishes, only the diagram with the coupling®®-H sur- Mz where /S is the center-of-mass energy of taée”
vives. ForM,>m,, due to the suppression factor from the coII|d'er. Though the above observation is generally 'grue, itis
three-body phase space, the partial decay widthZof poss'b'?‘ to ha\_/e the value f,, such that the coupling of
—AAA, denoted a$’(Z—AAA), at the tree level, is small. h'A'.A [ie., An in Eq. (24)] bgcomes SO smgll that the_ pro-
For example, forMy=180 GeV, u,=100 GeV, and duction rate is instead dominated by the d_|agram vyltH a
tanB=0.5 or 2,1 (Z—AAA) =1.32x 10 8 GeV, which im- boson resonance. In that case, the event signature is to have

plies the decay branching ratio of ti# boson into three a resonance structure in the invariant mass distribution of the

isolated photongas identified by detectorss of the order of Z boson and one of th& particles (i.e., one of the two
108 and 10 for tanB=0.5 and 2, respectiveljWhen photons observed by the detegtomprovided M,<\/S

MA=0.2 GeV the decay branching ratio Be(> yy) is 0.87  —Ma. Obviously, whenM ;> \S—M,,, we do not expect

and 0.2 for tai8=0.5 and 2, respectively.For a much any gnhancement from the resonance structure, and the cross
heavierH this tree level decay rate becomes negligible. InS€ction becomes small. However, for a large valug.ef,

that case, a loop induced decay process might be more i€ Width ofh can become so largef. Fig. 8 that even for
portant. In Appendix B we show the fermionic loop correc- Mn>S—mz, the production rate cZAA can still be siz-

tions to the decay width & —AAA, assuming that the other a@ble. The same effect also holds when the widttHobe-
heavy Higgs bosons are so heavy that they decouple from trfgomes large. In Figs. 16 and 17 we show the production

low energy data. We find that in general, this decay width i<Cross section foe”e”—ZAA as a function ofu,, at the

tanB=2 and tanB=0.5, respectively(For completeness, we
also give its squared amplitude in Appendix C.
It is interesting to note that generally the whole complete
A light A could have been produced copiously at LEP-1gset of diagrams for the scattering amplitudee™ —ZAA
and LEP-2 experiments via the Yukawa processe”  should be included in a calculation. For example, as shown
—bbA [5]. By searching for a ligh€ P-odd Higgs boson in in Fig. 9, whenu,, is about 58 GeV, the coupling,, van-
the associate production of the bottom quark pair, LEP exishes forM,=130 GeV, and the bulk of the cross section
periments were able to exclude a rangeMof as a function comes from the diagranib) and(c) of Fig. 15. Furthermore,
of tanB, when A decays into a fermiorilepton or quark the effect of interference among the complete set of diagrams
pair. On the contrary, the decay mode we are considering inan be so large that the distribution of the production cross

B. The production rate of ZAA at LEP and LC
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FIG. 16. ZAA production cross section at LEP-2 and LC with FIG. 18. The allowed range qf,, derived from the LEP-2 SM
JS=210 and 500 GeV, respectively, for a few valueshdf and Higgs and photonic Higgs search results as a functioll pf with
My with Mp,=0.2 GeV and taB=2. MA,=0.2 GeV and taB=0.5. ForM,<120 GeV, this range is

not sensitive to the actual value bfy, .

section as a function oft;, does not have a similar dip o . . .
located at the same value pf.,. For example, as shown in useful for constraining this model with t#h~2. This is be-

Fig. 17, a broad dip in the distribution ef(e” e —zAA), ~ Cause In that case the decay branching ratief yy is
predicted for LEP-2 wittM, =130 GeV/(the dashed curye ~ @00ut 0.1(cf. Fig. 7) for M,=0.2 GeV, which largely re-
is located atu;,~42 GeV, not 58 GeV. duces theZ+'* yy'’ event rate. Nevertheless, for t#h

As noted previously, the experimental signature of the=0-5, only a small region oj;, is allowed forMy, less than
e"e" -ZAAevent is the associated production & hoson ~ apout 103 GeV. _
with two energetic photons. Based on this class of data There is another important piece of data from LEP-2, that
sample, the LEP-2 “fermiophobic Higgs” search has im- 'S theé LEP SM Higgs boson search based o —Z
posed an upper limit on the decay branching ratiohBr( —Zh with h decaying into abb pair. It was reported33]

— yy) for a givenM,, [32]. In that analysis, it was assumed that a handful of events have been found to be compatible
that the production rate & e~ —Zh is the same as the SM With the SM Higgs cross section fo, about 115 GeV. Can
and the decay width dii is identical to that of the SM. One a THDM with a lightA be compatible with such an interpre-
can express the experimental result on the photonic Higgtation of the data? One trivial answer is to hab,
search in terms of the upper limit on the produdte®e~ =115 GeV with a choice of the free parametey, such that
—Zh)XBr(h—AA— “yvy") as a function oMy,. This up-  the decay branching ratio Br{~bb) is about the same as
per limit can then constrain the allowed range of the paramthat in the SM. This would obviously require the range of
eteru, for a givenMy,, which is shown in Fig. 18. It turns w4, to be near the dip in Fig. 9. Fer=8— /2, w1, is about
out that the LEP-2 “fermiophobic Higgs” search data is not 53 GeV for a 115 GeV lighCP-even Higgs bosom. This
result implies a very specific production rate of the diphoton
uuuuuuuuuuuuuuuuuuuuuuuuuuu 3 pair produced viggg—h— AA at the Tevatron and the LHC.
i We shall come back to this production process in the follow-
ing sections.

Another solution to this question is to realize that the
ST e ] observede™e”—Zh(—bb) event rate at LEP-2 is deter-
R -7 E mined by the productr(e*e™ —Zh) X Br(h—bb). It can be

Pt ] the case thaiM,, is less than 115 GeV so that(e"e”
N, ! ] —Zh) is larger than that for the 115 GeV case. Because in a
NS light A THDM the additional decay channkl- AA is avail-

M, [GeV] | | able, the decay branching ratio Br&bb) decreases. This
— 110 | § reduction can compensate the increase in the production rate
5 Ak of Zh to describe the same experimental data.

) I Lo vinns Leviininns B wrererrr In Fig. 18 we show the corresponding range of the param-

etersu., and My, assuming that the kinematic acceptances

—
——
-
-
-
-

o(e'e —»ZAA) [pb]

Ky [GeV]

FIG. 17. ZAA production cross section at LEP-2 and LC with
JS=210 and 500 GeV, respectively, for a few valueshbf with Based on the data presented in R82], this is the highest value
MA,=0.2 GeV,Myu=1 TeV, and ta3=0.5. of My, for which we can obtain a useful bound on the valug.gj.
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of the signal and the background events do not change S I L R
largely asM,, varies'® Hence if we follow the LEP-2 con- 10°F
clusion on the SM Higgs boson search, i.e., at the 95% C.L.
the current lower bound ol , is about 113.5 GeV, then the
product of o(ete”—Zh)xBr(h—bb) cannot be larger
than the SM prediction foM,=113.5 GeV. For a given
My, Br(h—bb) cannot be too large. Therefore this data g
could exclude the values @f;, near the dips shown in Fig. '§
9. As expected, this set of data and that for photonic Higgs

10

ZAA) [pb]

search provide a complementary information on constraining 10°f S r M, [GeV]|
the model. Combining these two sets of data, a lightith : Red v
mass less than 103 GeV in the type-ll THDM is excluded L L L -'250 N
when tan3=0.5. ForM;>103 GeV, some constraints on 0 50 100 150 200
the range ofuq, can be obtained. The combined constraint is i, [GeV]

shown in Fig. 18 for tag=0.5. For tarB=1, a similar con-
straint can be obtained, and the region Wih<<95 GeV is
excluded.

In the following analysis we shall focus on the region of
the parameter space that is consistent with the LEP Higgs _
boson search result, i.e., at the 95% C.L. the current loweas Tevatron and LHC, viajg,gg—bbA or ttA, gg
mass bound on a SM Higgs boson is about 113.5 GeV, as;sh—AA, gg—H—AA, and qg—H H —W"W AA.

discussed above. Because of the potentially large background, b mode

is not likely to be observable. However, ttigd mode can be

easily identified by requiring an isolated photon with a large

transverse momentum. At the Tevatron Run-2, the inclusive
At the Run-2 of the Fermilab Tevatron, a 2 TeV proton—rate of ttA with a 175 GeV top quark is 9(8.6) fb for

antiproton collider, the production rate pp—ZAAis about  tang=0.5(2), and at the LHC it is 1(6.1) pb. The produc-

0.1 pb forM,=110 GeV, u,=100 GeV,My=1 TeV, tion rates for the last two processes can be easily calculated

and tan3=0.5 or 2. Being a hadron collider, Tevatron can by multiplying the known cross sections for the production

also produce a lighf pair via the constituent procesgq of gg—h or H [34] andqg—H*H™ [35] by the rel-
—W-=AA. The Feynman diagrams for this scattering proces@vant decay branching rati¢given in the previous sections
are the same as those depicted in Fig. 15 after replatlng For example, at the Tevatron Run-2, the production cross
W= everywhere andd by H= in diagram(b). For the same section ofgg—h—AA is 0.8 and 0.5 pb foM;=110 and
parameters given above, thi¢" AA production rate is about 130 GeV, respectively, withu;,=100 GeV and tap=0.5

0.2 pb. For completeness we show in Figs. 19 and 20 ther 2. Since we have setr=pB—7/2 (motivated by the
cross section foZ AA andW=AA productions, respectively, p-parameter constrainin all our calculations, the produc-
at the Run-2 of the Tevatron and the LH&14 TeV proton— tion rate ofgg—h is independent of taf. Furthermore,
proton collidej. It is interesting to note that when the mass

FIG. 19. ZAA production cross section at the Run-2 of the Teva-
tron and the LHC, for a few values ®fl,, with My=1 TeV, M,
=0.2 GeV, and ta=0.5.

C. The production rate of ZAA and WAA at Tevatron and
LHC

of the charged Higgs boson is not too laigensistent with 10' g T 3
the case of tag=2), and the coupling oh-A-A vanishes, F 3
the production rate oV=AA is dominated by the associate L L
production ofA and H* which subsequently decays into a  ,pg-===-==---=~ \ gmmmmmmmTTTTTITT tHe
W= boson andA. Since the experimental signal éfis an z i 3

“isolated photon,” this signal event appears as an event with i
a W™ and two photons, hence its SM background rate is; B
expected to be small. For completeness the squared ampl }

-

______

? ..... 3 ra
tude for this partonic process is also presented in Appendmn c T 4'”". - e
C. i W 1
10°F ] E
E ' M, [GeV] E
D. Other production mechanisms of a lightA at colliders r I
. . . r +=-= 250| 1
In addition to the above production processes, a light | L Ly Lo
can also be copiously produced at hadron colliders, suck — ° 50 100 180 200
Hp [GeV]

FIG. 20. W=AA production cross section at the Run-2 of the
O hile this assumption is valid whev,, is around 115 GeV, itis  Tevatron and the LHC, for a few values M, , with My==1 TeV,
likely to fail when M, is close to theZ-boson massr(;). MA,=0.2 GeV, and ta=0.5.
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o(gg—h—AA) [fb]

M, [GeV]] ]
— 110
-- 130 3
= 250 ]

200
Wy [GeV]

FIG. 21. Thepﬁpp(gg)HhHAA production cross section as
a function of u, at the Tevatron Run-2 with/S=2 TeV and the
LHC with S=14 TeV, for a few values ofM, with M,
=0.2 GeV and ta=0.5 or 2.

when w,=100 GeV, the decay branching ratio fdr

PHYSICAL REVIEW D 64 055004

o(gg—H—AA) [fb]

M, [GeV]
— 180
-~ 350
-=- 700

iy, [GeV]

FIG. 22. Thepﬁpp(gg)HHHAA production cross section as
a function of u,, at the Tevatron Run-2 with/S=2 TeV and the
LHC with \S=14 TeV, for a few values ofM,, with M,
=0.2 GeV and taB=2.

case, the scattering procqu-» H H =W W~ AA will

—AA is about 1, cf. Fig. 9. Therefore the above rates forbe seen by the detector as\aboson pair with two isolated
tanB=0.5 or 2 are about the same. At the LHC the rates ar@hotons. With a proper kinematic cut, this event can be sepa-

35 pb and 27 pb foM,,=110 and 130 GeV, respectively.
Hence this mode is important for further testing the THDM
with a very lightA. In Fig. 21 we show the production rate of
gg—h—AA at the Tevatron Run-2 and the LHC as a func-
tion of w4, for variousM,, .1t

The signal rate ofjg—H—AA is different from that of
gg—h— AA because the decay branching ratidof> AA is
not the same as that bf—AA and the coupling oH to t in
the loop has a factor of c@ cf. Eq.(18). For instance, the
branching ratio ofH—AA is about 0.12(0.47 for My
=180 GeV (350 GeV) withu,=100 GeV, so that the
cross section ofjg—H—AA is about 6 fb(2.6 fb) at the
Tevatron, and 0.48 pi0.89 ph at the LHC when ta=2.
For tan3=0.5, the low energy data requirdd, to be
around 1 TeV, so that its rate is negligible. In Fig. 22 we

show thepp,pp(gg)—H—AA production cross section as
a function of u,, at the Tevatron Run-2 and the LHC for a
few values ofM, with M,=0.2 GeV and taB=2. Note
that when the rate ajg—H— AA is small (for certain val-
ues ofuy,), the rate oigg—H—AZ becomes large because

rated from its SM backgroundgAlthough we have limited
ourselves to the discussion on the decay mod&-efyy, the
other decay mode into a@"e™ pair can also prove to be
useful for testing such a modeFor My+=180 GeV(350
GeV), the decay branching ratio ¢~ —W™A is about 1

(0.8, so that the cross section gfj—H "H™ —W*W~AA

is about 1.7 fb(0.01 fb) at the Tevatron, and 31 f1.5 fb) at
the LHC when taB=2. Again, when tamB=0.5, the low
energy data requirdd + to be around 1 TeV, so that its rate
is negligible.

In the THDM there is no tree level couplingrW=*-H ™,
therefore the cross section for the scattering proagss
—W*H"—=W"W~A at the tree level is dominated by the
bottom quark fusiorbb—W*H* —-W*W~A. At the Teva-
tron its rate is negligibldabout 0.1 f and at the LHC its
rate is about 0.1 pb foM+=200 GeV and tag=2.

At the future Linear Collidefa 500 GeVe' e~ collider),
the ZAA production rate is shown in Figs. 16 and 17 for a
few choices of parameters. Besides this production mode, a
light A can also be copiously produced véde —H H™

the sum of the decay branching ratios of these two modes is>W"W~AA provided that the cross sectioe”e”
about 1, cf. Fig. 11. Hence their roles to the discovery of a~H"H™ is not small. FoM ;- =180 GeV(200 GeV}, we
heavy Higgs boson in this model are complementary to eachxpect the rate ofV"W~AA to be about 41 fy22 fb) for

other.
Usually, a charged Higgs bosdth® in the THDM is as-

sumed to decay via the heavy fermion pairs, eithertthe

cb, or 7+ v modes. However, as shown in Fig. 13, whiers
light, the decay mode diV* A can become dominant. In that

tanB=2. [The BrH"—AW?") is about 1 and 0.9 for
My+=180 and 200 GeV, respectively.

V. DISCUSSION AND CONCLUSION

In this paper we examined the possibility of having a very
light CP-odd scalarA (with a mass about 0.2 GeMn a
general THDM. After examining the relevant low energy

UTo compare with the experimental data, one should also includélata we found that this model is either excluded alrg/ay

the decay branching ratio Bk yy), cf. Fig. 7, for eachC P-odd
scalarA decaying into its photon mode.

cording to the DH prediction of the SM contribution to the
muon @—2),] or its parameter space has been largely con-
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strained. Assuming the CLY prediction of the SM contribu-
tion, the muon ¢—2), data requires tad<2.6, regardless
of the other parameters of the type-Il THDMFor the type-I
THDM, the muon @—2), data requires tag>0.4.] For
such a lightA, the CUSB data on B — Ay) requires ta8
to be around 1. For a type-Il THDM, the— sy data requires
My+ to be larger than about 165—-200 GeV when fais
larger than 1. For a type-I THDM, the constraint bh,-+ is
much looser. The-parameter data also imposed a stringent ©
constraint on the difference betwedn, and Mg+ for a
given value of sinB—a). For sinB—a)=1, My, andMy+ A
have to be almost equal. ThHg, data also provides a strin- -
gent bound on the model. For example, whenga0.5, the 4 f p
Ry data requireM+ to be around 1 TeV in the THDM.
Consequently, due to theparameter constraini/,; should FIG. 23. Contribution from the THDM to the anomalous mag-
also be around 1 TeV. A summary of the low energy con-netic moment of muon: neutral Higgs bosofes, charged Higgs
straints on this model is given in Figs. 1-5 as well as Tabléoson(b), and the leading two-loop contribution from t@P-odd
I scalar(c).

After finding the allowed parameter space of the model, o
we examine the impact on the decay branching ratios analeted. C.P.Y. also thanks the warm hOSpItallty of the Na-
total decay width of the Higgs bosons due to the presence dfonal Center for Theoretical Sciences in Taiwan.
a light A. Depending on the value of the soft-breaking pa-
rameter wq,, present in the Higgs potential of a general APPENDIX A: ANOMALOUS MAGNETIC MOMENT OF

-
-

THDM, the total decay width oh, H, or H" can become MUON IN THE THDM

ggﬁnﬁg %lfigj ;hze) }iﬁiﬂff;ﬁ?ﬁg?{mﬁv{ﬁg _tq% decayGiven the THDM interaction Lagrangian

have a valid perturbative calculation, we only consider the —gm - o

values of w1, such that the total decay width of the Higgs L= “( 2 CouuS+iCauy’ uA

bosons is small as compared to its mass. Due to the small 2My | sF.n

mass ofA, the decay branching ratios for the decay modes

AA, AZ, or AW" can be sizable, which can result in a very +(N2Chyrpy H™ + H.c.)), (Al)
different detection mode for the THDM. In Figs. 9-11 we

showed a few of such examples. I . . -

The exciting feature of such a light is that when it the contribution from the diagrams depicted in Figs(a23
decays into a photon pair, because of the typical large energyd 230) reads[13]
of A produced from the decay of other heavy Higgs bosons, )
its decay photon pair will register in the detectors as a single a0ne loop_ am, E fldxC-Zgj(x)
photon signature. Hence the SM background rate for detect- " 8szmam T Jo ! '
ing such a signal event is expected to be generally small.
Therefore the Tevatron Run-2, the LHC, and the future LC\Nherej is summed oveh, H, A, andH=*. The respective
have a great potential to either detect a ligfin the THDM  gi(x) are
or to exclude such a theoretical model. A few potential dis-

(A2)

covery modes at various colliders were given in Sec. 1V, cf. x2(2—X)

Figs. 16—22. "= 5, (A3)
Note added During the preparation of this manuscript, X“+ Ay p(1—x)

two similar paperqd36] were posted to the hep-ph archive

very recently. For the part we overlap, our results agree. A —x3

Furthermore, after the submission of this paper, a new article g (x)= m, (A4)

[37] concluded a tighter bound oM+ from b—sy data
than the ond19] adopted in our analysis. Nevertheless, the

general conclusion about the phenomenology of a light Hi(x): X(x—1) (A5)
discussed in this paper remains unchanged. X+AHi_1’

ACKNOWLEDGMENTS with Aj=(M; /mﬂ)z. The respective; are given in Table II
for a type-I or type-ll THDM.
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TABLE Il. Higgs scalars-muon couplings in the THDM.

THDM CH Ch CA CH‘:
| sina/sinB cosalsin cotp cotp
Il cosal/cosp —sina/cosp —tanpg —tanpg

Because it is highly suppressed we will not take it into ac-

count. According t¢15], the dominant two-loop contribution
to a, is given by

two loop_

. 8ms2 M3,

a NIQZCx(f(xs), (AB)

f=t,b,7

with x¢=(m¢/M,)? NI=1(3) for leptons(quarks, m;

andQ; are the mass and charge of fermion, &dis given
by the interaction Lagrangian of tl@P-odd scalar to fermi-
ons:

.gCim

_ t. 5
L=i T fy5fA, (A7)

where C,=cotB for either a type-l or type-ll THDM,
whereasC;= —cotB and tan3 for a type-l and type-ll
THDM, respectively, forf=b, w, and 7. Finally, f(x) is
given by

Ereal
log z(1-2)
Xx—z(1—x) °

f(x)= foldz (A8)

PHYSICAL REVIEW D 64 055004

10°E T

THDM-II

-1 MR | o0l MR | L
10° 10 10
M, [GeV]

FIG. 25. The regiongbelow the curvesin the tan8 vs M,
plane of a type-ll THDM allowed by the,, data at the 95% C.L.,
based on a one-loop calculation. There is no allowed region in this
range of parameters according to the DH calculation.

APPENDIX B: THE FERMION-LOOP CONTRIBUTION TO
THE Z—AAA DECAY

Under the scenario that the branching ratiofef yy is
close to unity, it is possible that tHeéP-odd scalarA has a
large coupling to fermions only. This can happen when the
other scalars do not exist at all or are so heavy that they
would decouple from the low energy effective theory be-
cause of their small couplings o We consider this assump-
tion to examine the contribution of fermion loops to the de-
cay Z—AAA' One of the fermion loop diagrams
contributing to the Z(p)—A(ki)A(ky)A(ks) process is
shown in Fig. 26.(There are five other diagrams with the

For comparison we note that if only one-loop contribu- 5yious permutations of the pseudoscalar boson momenta.

tions are included in our analysis, we will derive a different

constraint on the parameters of f@randM 4. In that case,

The fermion loop contribution to the decay af—~AAA
was first roughly estimated in Rdf38], and then was reex-

the figures corresponding to Figs. 2 and 3 are shown as Fig§mined in Ref[39] by considering only the top quark loop

24 and 25.

10' F—T— — T T T

THDM-I

T T T TTTH

--- AY
== CLY

-3 MR | o0l L Ly
10° 10
M, [GeV]

10°

FIG. 24. The regiongabove the curvgsin the tanB vs M,
plane of a type-I THDM allowed by tha, data at the 95% C.L.,

contribution. A complete calculation, including also bottom

quark contribution with a largdéobA coupling, was never
presented in the literature. We consider an effective theory in

e Alky)

Z(ps) — — A(ks)

e A(ks)

FIG. 26. Representative fermion loop diagram to e AAA
decay.

based on a one-loop calculation. There is no allowed region in this 1The decay mod&— AA is forbidden by the Yang-Landau theo-

range of parameters according to the DH calculation.

rem.
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which the coupling of theCP-odd scalar to quarks is are primarily interested in examining the case of a very light
Cyqmg/v, where v(=2m,,/g) is the vacuum expectation pseudoscalar Higgs boson, we can safely neg#egctin our
value, m, is the mass of the quark, and the coeffici€ht calculation. In theM ,— 0 limit the scalar integrals become
depends on the choice of models. For a SM-like coupling[40]

assuming the existence &, Cy=1 for both up- and

down-type quarks. For a type-l or type-Il THDMC, ) 4m§ 4m§

=cotpB for up-type quarks. For down-type quark§q= Co(s)= 2| Fl— |~ Fl == | | (B7)

—cotB and targ3 for a type-1 and type-ll THDM, respec- —mz mz

tively, Since the coupling oZ to up- and down-type quarks )

is fixed by the SU(2) X U(1)y gauge interaction, the effec- _ < B 2

tive Lagrangian can be written as Do(s,)= st[G(s’t’S)+G(s’t’t) Glstmz)], (B8)

9 — aind_ G5 igmyCq — whereF is given in Eq.(23), andG can be written in terms

= —_— —_ + . ’

£=2 UgY*(9v—ga7")UgZa 2myy Ug Y UgA|. of Spence functions

(B1)

. . . . 1 a_ a, a_
Given the above interaction, the—AAA amplitude can be G(sit,y)=—3S -S +S
expressed, in terms of Mandelstam variakdes(k; + k,)?, ¢ a-—b a,—b b-a,
t=(k,+ks)?, andu=(k;+k3)?, as

—Sp( 2 +log 2
= 28T ke F kS Te(p). (B2) e :
= !u u! €a ]
165\4:10\4;’ 1 2 p y
Xlog| 1—ie— —a-ai |, (B9)
where m;

4
n=3 Cg(%) [(4M2 —5—1)(Dy(5,U) — Do(t,u)) with ¢= \/1+4m§(m§—s—t)/(st), a.=31(1*¢)/2, and
‘ b=1(1+V1-4(mi-ie)ly).
+(t—5)Dg(s,t) +4(Cp(t) — Cq(s))], (B3) It is easy to estimate the order of the scalar integrals aris-
ing from a heavy quark: iflng>2m; and M,—0, we can
with the scalar three- and four-point integrals given by use the heavy mass expansion approximation. The leading
. term of the three-point scalar integral i€(s,t)~
Cls)= 1 d’k B4 1/(2m3), which can be differentiated with respectrtg to
im2) [kl[k—=ks][k—=p]’ give D(s t)~ 1/(6mq) We then have C(s)~—1.62
X107 GeV 2 and D(s,t)~1.78<10 *° GeVv * for m,

dk =175 GeV, the top quark case. On the other hand, fobthe
Dy(s,t)= (B5)  quark loop, numerical evaluation give$C(s)|~10 4
[kItk=kaJlk=k;=k]lk=p]’ ~10°% GeV 2 and|D(s,t)[~10 —10 5 GeV 4, which

2 indicates that bottom quark contributions may compete with
where we use the shorthand notatjdf=1 m +ie. The that of the top quark, even if we consider the factor of

remaining scalar integrals can be obtained by permuting thgn /my)* in Eq. (B3). In conclusion, the decay branching
pseudoscalar bosons momenta. The squared amplitude, af lﬁo due to the top and bottom quark loop contributions is
averaging over th& boson polarizations, is

Br(Z—AAA) =1.3x 10 *8C8+2.47x 10" *'C3+ 7.63
2_
[(mz=Ma)"=1) X 107%8C3C} (810

2
M|?=3
3spE|ns| | (168\NC

w

X((Mz+Ma)?—t) which is many orders below the estimate given before. How-
5 2 4 ever, there is no contradiction because the authors of Ref.
XF (W[4 (MG = MZ) (t+u) + M + tu) [39] used a rough estimate to show that top quark loops
X Re(F(t,u)Ft(u,t)+ (t—u)]. (Be) ~ cannot enhance the branching fractionZobAAA beyond
10" %% in the case ofc,=1. From Eq.(B10) we can see that
Given this result, the decay width can be computed by théop quark contribution is smaller unle€s>1, while bottom
usual methods. Although our result is quite general, we onlyquark contribution is larger foC,>C;. A large C, in a
expect important contributions from both and t quark  type-ll THDM-like model implies large tag; however, be-
loops: contributions from lighter quarks are suppressed byause of the unitarity bound, the coupli@g cannot be ar-
the factor (nq/mz)"' and can be ignored unless, is ex-  bitrary large. By requiring the validity of a perturbation cal-
tremely large, which, however, is unlikely to be true becauseulation we can derive the upper bound Gp to be about
of the tree-level unitarity constraint on the couplings. As we120 which yields Brz—AAA) ~10"°.
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APPENDIX C: THE PROCESSES ff—ZAA AND qg’ 2 2 2.4
SWTAA - aa 213728l + 265,

. (3

Cw

1. Squared amplitude offf—ZAA

The Feynman diagrams contributing to the scattering otV hereas the;; are

ff—ZAAare shown in Fig. 15. The scattering amplitude for  Zy=4(k-p;)(k-p,)+ m3s, (C4a

f(p,)f(p,)—Z(K)A(k,)A(k,) can be written as
(PT(P2)=2(0AlAl) £1= (M25—4(Ky - py) (K- P2)) (M2m2— (K-ky)?),

M=Ur7,(9LPL+gRPRIU Fog "+ F 1k5ky (C4b)
+Fokikz]er (k), (C1) {o= (ki ka), (C4o
whereg! = I5—e;s2 andgh=—e;s2 , with |5 the weak isos-  £o1=2(mZ7(ky) — (k-kq) 7(K)), (C4d

pin of the fermion ane; its electric charge in units of that of

the positron. After averaging over the spins and colors of the foz= doa(ki~ka), (Cae

initial state and summing over the polarizations of the final
tate particlos we obtain. P L= 2(mB(ky-ka) = (k- k) (k-kg)) m(ky), (C4h
1 N.g®x?2 2 (1) =s(l-ky) =2((l- py)(Kz- p2) + (I - p2)(Kz- p1)),
C
2 S%JMIZ:m IZEO il &2 (Ca9
P z z ands=(p;+p,)?. The form factorst; are given by
2
+ > Gij Re(&i€)) |, (C2 G=E=E+ e (€9
i =0,>i

Diagrams with thezZAAandZZH(h) vertices contribute to
whereN.=1 or 1/3 for leptons or quarks, respectively. Fur- the &, form factor, whereas those with tiAH(h) vertex
thermore contribute to¢,

Ss_
. . ST[sz%z—s%BSS,Mi—s23<cac§;—sasz>Mﬁ], ¢=h
2p
=57 (C6a
(SZ_M¢) Co_ 2 2 2 3 3 2
g[ZS(L,UqZ—SZBC57MA—82‘B(CQSB+SQCB)MH], ¢=H,
B

l Cg Il ¢:h|
o= céb
*12 (k+ky)?—M2 |5, ¢=H, (Ceb

wheres. = B+ a ands,= (k; +kp)%. In addition it is under- mixing matrix element. Secondly in EC2) x? is now
stood that the Higgs propagators acquire an imaginary part igiven by

the resonance region, i.ep’—M35—p?—M3+il',M,, Vo |2
) . 2_1Vag
whereT 4 is the total width of¢. X == (C7)
- whereas the substitutian,— my, must be done everywhere.
2. Squared amplitude ofqg’ —=WTAA Finally, the ¢, form factors are defined now as
J— +
The partonic processq’ — W' AA receives contributions f=el=g+e've (Cy)

from just five diagrams if the quark masses are neglected.
These diagrams can be obtained from those contributing &
the processf—ZAA, cf. Fig. 15. After a few changes, the HY 1

above results can also be easily translated to obtain the re- 127 (k+k12)—2—|\/|2+
spective squared amplitude. First of all, in EG1) we have ’ H
gL =Vqq/2 andgg=0, together with the appropriate change Again, in the resonance region, the charged Higgs boson
of notation regarding the Dirac spinorg, is the CKM  propagator acquires an imaginary part.

hereg(‘f are the same as those in EG63, and

(C9
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