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Higgs boson decays t&CP-odd scalars at the Fermilab Tevatron and beyond
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In extended Higgs models, the Higgs boson may decay into a pair ofdihodd scalars, with distinctive
collider signatures. We study the ensuing Higgs signals at the upgraded Fermilab Tevatron, considering the
subsequent decays of the scalars into pairs of gluons or photon€.F~odd scalars lighter than a few GeV,
the Higgs boson manifests itself as a diphoton resonance and can be discovered up to masses of a few hundred
GeV. For heavierCP-odd scalars the reach extends at most upgMiig~120 GeV. We also discuss the
capabilities of the CERN LHC and lepton colliders in these channels.
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The Higgs boson is the only standard mog&\) particle  the existence of a scala® (we call it “axion” for short), of
that remains elusive. The next runs at the Fermilab TevatromassM ,<M /2, with a trilinear coupling
have the potential for discovering the Higgs boson for a mass
range beyond the current CERN e~ collider LEP limit[1].
Remarkable effort§2] have been devoted to designing the
best search strategy for a SM-like Higgs boson, with a large
branching intob jets orW bosons. However, a Higgs boson where v ~246 GeV is the electroweak symmetry breaking
h® with SM-like couplings to the gauge bosons and fermionsscale, anct is a model-dependent dimensionless parameter,
could nevertheless have decay modes dramatically differenyhich can be as large &8(1).
from the SM ones. The reason is that the SM is likely to be  The Higgs width into a pair of axions is
a part of a more comprehensive theory which may include an
extended Higgs sector. It is then possible for the Higgs boson c2p?2 Mf\
to decay into pairs of other neutral scalars, whenever they are I'(h°—A%A%) = o ( —4—>
lighter than half then® mass,M;, . m™nl My

An example of such an extended Higgs sector is given b
the minimal composite Higgs mod&WICHM) [3], which is
based on the top-quark condensation seesaw mechani
[4,5]. At low energy, the MCHM includes two composite
Higgs doublets and two gauge-singlet scalars, with lfe
and aCP-odd scalar,A°, being the lightest scalar mass
eigenstates. Another interesting example is the next-to- 100
minimal supersymmetric standard mod@MSSM) [6],
where the presence of two Higgs doublets and a gauge sin 51
glet allows a region of parameter space in whith is larger I
than twice the masM 4 of the lightestCP-odd scalarA°
[7]. In both the MCHM and NMSSM it is natural to have a
light A® because its mass is controlled by the explicit break-
ing of a spontaneously brokén(1) symmetry. In both mod-
els this globalU(1) symmetry has a QCD anomaly, and
therefore A® is an axion. Note though that various axion
searcheg8] place a lower bound oM ,, typically in the
MeV range, which requires expliclt) (1) breaking beyond 2
the QCD anomaly, so tha® does not solve the stror@P
problem. In other models, such as the chiral supersymmetric 10‘2100' — 2(')0' o '2;0' — '3(')0' e 200
models[9] or composite Higgs models from extra dimen- M, (GeV)
sions[10], h° could also decay into light P-even scalars. .

In this paper we study the Higgs boson decay into FIG. 1. Branching ratio of the Higgs boson into axion pairs, as
CP-odd scalar pairs at the upgraded Tevatron. We assumeefunction ofM,,, for M,<M,/2 and several values af
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> hPACAL, (1)
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Mhe decay to axion pairs can be essential for Higgs boson
%arches in collider experiments. This is illustrated in Fig. 1,
S . . . ;
where we plot the Higgs boson branching ratio to axions,
B(h°—APA%), versusM,,, for M,<M/2 and several val-

M,<<M,/2
|
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ues ofc. For M, below theW W threshold, the dominant SM has a mass given by|Cg/(S)|. Note that in the MCHM the

decay of the Higgs bosoh®—bb has a very small width, tadpole term is generated by a tree leyehass, and there is

and is therefore susceptible to the presence of new physidgixing betweeny andt once the electroweak symmetry is

beyond the SM, e.g. the interactiét). The decay to axions broken. These details are not relevant for the present study,

would then dominate over— bb for values ofc as small as  Put the coupling of the axion tg is essential since otherwise

~0.02(M /100 GeV). We also see that even above\¥e/ f[he_ a_lxion would be stable and the Higgs boson would decay

threshold,h%— AA® competes withh®—WW, providedc ~ INVisibly [14]. | _ , _

~0(1). Theh A°A cou.plmg may be easily computed in the SM
Experimental signatures of the Higgs bosofhe final ~ +Singlet model, with the result

state signatures fdn®— A°A° searches will depend on the

subsequent decays o_f the axions, which are quite model de- c=— \/5)\3@9”0_)\00039’ (5)

pendent. Here we will concentrate on the case where the v

axion couplings to light fermions are negligible. Such a situ-

ation may arise in the MCHM, e.g. when only one HiggsWwhere# is the mixing angle between the twP-even neu-

doublet is mainly responsible for electroweak symmetrytral scalars:

breaking and fermion masseg$ype | two-Higgs-doublet

model with large ta [6]). In the MCHM, however, the — 22\ qu(S)

axion has a large coupling to a heavy vector-like quatk, tan 20= NS 2 N2 C (S (6)

whose charges under the SM gauge group are the same as for s(9)" Ao~ Cs/(S)

the right-handed top quarkg. This coupling allows one-

loop decays of the axion into gluon or photon pairs. The cas

where the axion couplings to light fermions are significant

(e.g. in the NMSSNI provides interesting experimental sig- d

_ 9 u

natures as well, but we leave its investigation for future stud-

ies. _ 2
The constraints on a ligh€ P-odd scalar with small cou-

plings to SM fermions are loog&]. For example, no con- 16m(S)

straints on the axion mass have been set fmA%y at

LEP [11], from directA° production through gluon fusion Whereas («) is the strong couplingfine structurg constant,

via ay loop at the TevatrofiLZ], from fits to the electroweak G, (F,.) is the gluon(photon field strengthN. =3 is the

data’ or from meson decay@]_ The relevant lower bounds number of colors ancd!X=2/3 is the electric Charge of the

on M , come from beam dump experimefits], in the MeV vector-like quark. Naively, the dominant axion decay mode

range, and from star cooling rated,,=0.2 MeV [8]. is to a pair of gluons. However, the gluons must then had-
In the MCHM, the two Higgs doublets and two gauge- fonize, and for light axions the number of open channels is

singlet scalars arise as bound states of the top-bottom lefiery limited. Indeed, the two-body decaf§— m,w°y are

handed doublet oy, , with g or tg. At scales below a few forbidden byC P invariance and angular momentum conser-

TeV this is an explicit, renormalizable theory with scalarsvation, while the three body decaysA®—w%yy,

thatappearto be fundamental. The Higgs potential has beer? 7 y,7 "7~ y are significantly suppressed by phase space

analyzed in detail in3,5]. For the purpose of studying Higgs (note thatC andP parity need not be separately conserved in

boson decays in the MCHM it is however sufficient to intro- axion decays Therefore, forM,=3m,~405 MeV the

duce the following simpler model. Consider the SM with the branching ratio to two photons is close to 1. The axion decay

addition of a gauge singlet complex scafand the vector- Wwidth due to the two photon effective couplirig) is given

like quark, y. Besides the kinetic terms and Higgs Yukawa by

couplings, the following terms are present in the Lagrangian:

For a range of values of the six parameters from @y.the
iggs boson decay to axions is important.

The effective axion couplings to gluons and photons, in-

ced at one-loop by thg quark, are given by

A" (aG,,,G,,+Ne&laF , F,,), (7)

2n 3

727%(S)? ©

L= &Sy xp+H.c—V(H,S), (3) 'A% yy)=

where¢ is a Yukawa coupling, and the scalar potential is ) o
For M,=0.5 GeV the isospin-violating decay modéd

Ay g2 s fen2 ot 2001 — 37 open up a_nd_ star_t tp compett_a yvi@l‘?—> %2 _Because_
V(H,8)= 5 (H'H)"+ —-(S'9)"+ AHHS'S+ MyH'H of QCD uncertainties, it is quite difficult to estimate their
exact width, but recall that the measured branching fractions
+M3STS+Cg(S+3). (4)  of 5 decays intoyy, 37°, and=" 7 = are given by 39%,
32%, and 23%, respective[8]. Since » and A° have the
We assumeM? <0 andAAg>\3. In the limit where the  same quantum numbers, th8— yy decay mode is likely to
coefficient Cg5 of the tadpole term vanishes, the effective be significant even foM 5 of order 1 GeV. Fortunately, the
potential has a globdl (1) symmetry spontaneously broken study of theh®—APA® decay in thisM, range does not
by the vacuum expectation valyS) of S The associated require a precise determination of the axion branching ratios,
axion,A°, is part of the single§, and due to the tadpole term as we explain below.
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FIG. 2. Higgs boson decay topology into a “diphoton” final
state with(a) prompt and(b) cascade photons. t%': 1o-1
x :
The Higgs boson decays are quite peculiar in the scenarica
discussed here. Since the LEE5] and Tevatrori16] limits
would generally apply, we only consider the range of Higgs 1072 ¢
1 1

boson masses abovel00 GeV. Because of the relatively
heavy parent mass, each axion will be produced with a sig-
nificant boost, and will decay into a pair of almost collinear
photons. FOM ,=0.023M,, they will not be resolved in the FIG. 3. The Tevatron reach at 95% C.L. in the inclusive dipho-
e]ectromagnetlc calorimeter and will be reconstrupted as @n channel(solid lineg and|2yE; channel(dashed lings as a
single photon. As a result, tie—A°A°— 4y mode will ap-  function of M,,, for three different values df.

pear in the detector as a diphoton signature, as shown in Fig.

2(a).

The interesting twist is that th&°— 37° decay mode will
have the same signature in the detector, becaf&decay
promptly into photons. This situation is illustrated in Fig.
2(b). We can continue this line of argument for even hlgherreach is shown In Fig. 3, where we plot the prodict

Ma. If Mpa=1 GeV, thewy, py, and pmm axion decay 5 ; ) o
modes become relevant. Using the measured branching frac>:<-P (g‘Ty).aS a funCt'.Ond(}ﬂ\Ah' H(e)zre L '?dthe toltal |Inte
tions of ' into these states and the subsequent,» de- grated luminosity required for a 95% confidence Ie{@L.)

exclusion, and?(A— v) is the (M s-dependentprobability
cays, Co : ;
i , . . ' that an axion is reconstructed as a photon, including the
we find that the »’ branching fraction for final states . . : : :
. . X .~ .~ branching fractions of cascade decays of axions into multi-
with only photons is roughly 17%. Given the similarities

, . ity tA photon final states. We see that already run lla with 2'fb
petweenn and the axion, we ex.pect the probability t will be probing a range of Higgs boson masses well beyond
is reconstructed as a photon is of order 20% whép

the reach via conventional SM searcl{@3. Note the re-
~1 Gev. d ordering of the lines of low and high
For M,=2 GeV, new isospin-conserving modes with versed ordering of the fines of constanat Jow anc hig
A=< v 0 0 M,,. Below theWW threshold, the Higgs boson width,,,

large branching fractions open ug"—pp, ww, agm,

KKa0, etc. (i in-violating d h is dominated by the deca®) into axions; hence a larger
-, elc. (Isospin-violaling decays, such gy, are sup- requires a softem,, cut and leads to higher background.

presse?j Even_ thef" some of t_hese mesons have Ia.rg%\bove theWW threshold, wheré',, is dominated by the SM
branching fractions into states which subsequently decay 'maecays a largec is beneficial due to the increase&(h

photons, e.ga,— 7 [8], yielding the same diphoton sig- _A%A% (see Fig. 1

nature forh®. Only whenM, is increased above several For i : . . .
: . ght axions, associated/h/Zh production can give
Gev do the decay products &f look more like QCD jets alternative, very clean signaturég.yZ; andl *1~yy. Con-
instead of photons. ideri ly leptonic decays of th&/Z, we expectWh to
An important issue is whether th&® decays promptly. sidering only 1ep Y ' pec .
Using Eq.(8), we can estimate its decay length give a better reach, because of the larger leptonic branching
e fraction. Requiring events witlE;>20 GeV, at least one
4 lepton with pt(1)>20 GeV, and at least two photons with
1 Ge\/) 9) pr(y)>20 GeV andmw— M |<T},, we find the following
Ma | parametrization of the signal efficiency:e=0.32
—0.07(M,/100 GeV). The main background W1yvy and
For M ,=100 MeV the axion decays occur most of the timewe estimated it usingoMPHEP[22] to be less than 1 event
outside the detector, so the Higgs boson decay is invisiblafter cuts in 30 fol. The corresponding reach is shown in
[17]. In the following we shall instead concentrate on theFig. 3 (dashed lines We see that although this channel gives
mass rangevl ,=200 MeV, where the axion decays before a smaller absolute reach than the inclusive éhannel, it
reaching the electromagnetic calorimeter. will still enable the Tevatron to probe Higgs masses below
Tevatron reach for light axions=or M, less than a few WW threshold, for a wide range of values af
GeV, we have studied the Tevatron reach in the diphoton Tevatron reach for heavy axionf M, is above a few
channel, following the analysis of R¢fL8]. We usedYTHIA GeV, the decay products froi—gg look like QCD jets,
[19] for event generation ansHw [20] with minor modifi-  and the background is large. To make matters worse, at the

100 200 300 400
M, (GeV)

cations[21] for detector simulation. The Higgs boson is pro-
duced predominantly via gluon fusion, and the inclusive
diphoton channelwith an optimized cut on the invariant
diphoton massm,,,) provides the best sensitivijjt8]. The

Mp(S)?
m
(100 Ge\}®

LA~4 m
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parton levelA’— gg dominates oveA’— yy by a factor of  much larger signal rate will allow one to look for the photo-
(NZ—1)aZ/(4N;a’e})~265. Typically, forM,=20 GeV, nic decays of heavy axions, which were severely limited by
the resulting two gluon jets are separated well enough anstatistics at the Tevatron. Preliminary studies show that even
can both be individually reconstructed. Unlike the SM, thethe 2j2y channel, swamped by the QCD background at the
final states from Higgs boson production containgets,  Tevatron, is sensitive to a large range of Higgs boson and
but instead mostly gluon jets and very rarely photons. Sincexion masses at the LHC, due to the improved energy reso-
at present it is practically impossible to distinguish betweenution of the LHC detectors and the enhanced signal cross
gluon and quark jets, these searches appear quite challengsction.
Ing. _ ono _ A high energy lepton collidefsuch as the NLCwould be
Gluon fusion §g—h—A"A") can lead to 4, 2j2y or  deally suited for unraveling a non-standard Higgs sector,
4y events. The ﬂ- channel suffers from lnsurmoqntable like the one discussed in this paper, particularIWIfA is
packgrouqu, while the%qhannel hgs a tiny brgnchmg ra- bigger than a few GeV anB(A— y) is very small. Notice
tio, aqd will escape dgtephon even in run lib with f’(ﬂb ._that the jet-rich channels are the best to look for at a lepton
Lri];g?”zgt ?E:n{]:\l/;frs:[qléaiéozgheuss?r?ggctr;]eessfgrrni CZ?SSOQS!C collider, since they have the largest branching ratios. In this
. i e sense, lepton colliders are complementary to hadron ma-
for the inclusiveyy+ Njets channels of Ref18], we found .
no reach in run lib. chines, where these channels. suffer from large baqurounds.
Searches for associated Higgs boson production also a;yye also expect that LEP-II will be able to probe Higgs bo-

pear very difficult. The 6-jet final states from all-hadronic >°") Masses Up to its kinematic reach, once a dedicated search

decays of thaW (Z) andA° have large QCD backgrounds is done. We therefore urge the LEP Collaborations to present
Leptgnic decays of th&v andZ comb?ned withh—>4? give " Higgs boson mass limits with the data selection optimized

14jE7 and] ™| "4, respectively. The backgrounds are 'ar99f0r|;higrif3;z?\d \?vlgnr?;l:/reesc.onsidered several novel Higgs
and again no sensitivity in run Il is expected. Finally, requir- ' 99

ing that one axion decay tpy and the leptonic decays of the E?Zoo:\odlsfeogfg irf'?;‘:rt_]urees)’(teirézggH{rog stgsto(rjerr?éels
W or Z, we get the relatively cleal2 yE++ X and|*172y ' P y 99 .

1 X final states. Because of tB{A%— y) suppression, the Quite ironically, the best reach at the Tevatron is obtained

signal rates are too small to be observed in run lla, but rurgOr light axions, where the Higgs boson often decays to two

Ilb might be able to explore the mass range Z00, Jets, each of which “fakes” a photon.

=120 GeV. We thank A. Falk, J. Bagger, H. Haber, G. Hiller, H.
Discovery prospects at the LHC and future lepton collid-Logan, J. Lykken, S. Mrenna, U. Nierste, and D. Rainwater

ers It is interesting to contemplate the capabilities of futurefor comments. This research was supported in part by U.S.

colliders for our scenario. The LHC has enormous potentiaDepartment of EnergyDOE) grant DE-FG02-91ER40688.

for such Higgs boson searches. Just like at the Tevatron, orféeermilab is operated under DOE contract DE-ACO02-

will have to concentrate on the cleanest channels. But th6CH03000.
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