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Detecting a light Higgs boson at the Fermilab Tevatron through enhanced decays to photon pair

Stephen Mrenna and James Wells
Davis Institute for High Energy Physics, University of California, Davis, California 95616

~Received 26 January 2000; published 1 December 2000!

We analyze the prospects of the Fermilab Tevatron for finding a Higgs boson in the two photon decay mode.
We conclude that the standard model~SM! Higgs boson will likely not be discovered in this mode. However,
we motivate several theories beyond the SM, including the MSSM, which predict a Higgs boson with enhanced
branching fractions into photons, and calculate the luminosity needed to discover a general Higgs boson at the
Tevatron by a two-photon invariant mass peak at large transverse momentum. We find that a high luminosity
Tevatron will play a significant role in proving or constraining these theories.
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INTRODUCTION

In this paper, we investigate the possibility that the Hig
boson~s! h associated with electroweak symmetry break
may be found in theh→gg decay channel at the Fermila
Tevatron. Our intention is to augment the many import
studies preceding and associated with the run II at the Te
tron @1#. In these studies, standard model Higgs boson
tectability has been studied vigorously in its most promis
production and decay channels. The classic channel ofpp̄

→Wh→ lnbb̄ remains the most important channel in t
search for the SM Higgs boson; yet other modes can con
ute to the total signal significance and perhaps yield evide
for the Higgs boson if sufficient luminosity is attained.

We wish to study in detail the Higgs boson decays to t
photons for many reasons. First, in our estimation this de
mode has not received adequate attention in previous stu
The capabilities of Higgs boson discovery in this mo
should be carefully documented in order to better underst
the Tevatron’s full potential for Higgs boson detection. Se
ond, there are many interesting and motivated theories
predict an enhanced decay rate into thegg channel and si-
multaneous suppression of theh→bb̄ channel. Therefore, in
these cases, non-standard search strategies must be emp
to either find this Higgs boson or rule out its existence in
kinematically accessible mass range. And finally, we f
that studies such as these contribute to a more knowle
able discussion regarding the worth of a higher luminos
Tevatron~e.g., run III!.

Since there is no renormalizable and gauge invariant
erator in the standard model that leads toh→gg decays, it
must be induced by electroweak symmetry breaking effe
The decay proceeds mainly through loop diagrams cont
ing W6 bosons and thet quark. TheW6 boson loop is domi-
nant. The branching fraction for this decay in the light Hig
boson mass range 100&mh&150 GeV is never much large
than 1023 since thegg partial width must compete with th
larger partial widths associated withbb̄, t1t2, cc̄, gg, and
WW* decays. The branching fractions for the stand
model Higgs boson have been reliably calculated in Ref.@2#.
The maximum of the standard model branching fract
is 0.22% and is reached atmh5125 GeV. For mh
0556-2821/2000/63~1!/015006~7!/$15.00 63 0150
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.125 GeV, the branching fraction falls somewhat rapid
due to the increased importance ofWW* decays.

BEYOND THE STANDARD MODEL

It is widely recognized that the standard model is an u
satisfactory explanation of electroweak symmetry breaki
In this section, we review several well-motivated alternativ
to the standard model Higgs sector. The first of these is lo
scale supersymmetry, where the symmetry breaking tasks
shared by two fields:Hu and Hd . Hu receives a vacuum
expectation value and gives mass to the up-type qua
while Hd receives a vacuum expectation value and giv
mass to the down-type quarks. Both^Hu& and^Hd& vacuum
expectation values contribute to theW6 and Z0 masses. In
general, the sharing of the electroweak symmetry break
task between two or more fields will disrupt expectations
Higgs boson phenomenology based solely on the analys
the standard model Higgs boson. It is important to ident
regions of parameter space where our naive expectations
and where a more expansive search strategy must be eng
to find evidence of a Higgs boson.

The mass matrix for theCP-even neutral Higgs bosons o
supersymmetry in the$Hd

0 ,Hu
0% interaction basis is

M 25S mA
2sin2b1mZ

2cos2b 2sinb cosb~mA
21mZ

2!

2sinb cosb~mA
21mZ

2! mA
2cos2b1mZ

2sin2b
D

1S Ddd Dud

Dud Duu
D , ~1!

wheremA
2 represents the pseudo-scalar mass, whose valu

set by supersymmetry breaking, andD i j are quantum correc
tions whose form can be extracted from Ref.@3#.

In the limit mA@mZ the mass eigenstates of the abo
mass matrix are

hlight
0 5cosbHd

01sinbHu
0 ~2!

hheavy
0 52sinbHd

01cosbHu
0 . ~3!

One can immediately see that^hlight
0 &5v and ^hheavy

0 &50,
and it is also true that all interactions ofhlight

0 are equivalent
©2000 The American Physical Society06-1
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to the SM Higgs boson. It is instructive to rotate the Hig
boson mass matrix to the$hlight

0 ,hheavy
0 % basis,

M825S mZ
2cos22b 2mZ

2sin 2b cos 2b

2mZ
2sin 2b cos 2b mA

21mZ
2sin22b

D
1S D118 D128

D128 D118
D , ~4!

where theD i j8 can be expressed in terms of the more co
monly given correctionsD i j :

D118 5Dddcos2b12Dudcosb sinb1Duusin2b

D128 52Dddcosb sinb1Dudcos 2b1Duucosb sinb

D228 5Dddsin2b22Dudcosb sinb1Duucos2b.

‘‘Higgs decoupling’’ in supersymmetry means that o
Higgs boson stays light and couples just like the SM Hig
boson as supersymmetry breaking mass scales get very
This property of the supersymmetric Higgs sector can
immediately understood as a completeSU(2) Higgs doublet
becoming very heavy (hheavy

0 ,A0,H6), while another doublet
stays light (hlight

0 ,ZL
0 ,WL

6). In the expressions above, this
equivalent to noting thatmA

2 occurs only in theM228
2 element

of the hlight
0 2hheavy

0 mass matrix.
In supersymmetry model building, the supersymme

breaking scale is a free parameter and is cycled over a
large range. This gives the false impression that over the
majority of the parameter space,mA is sufficiently larger
than mZ to be in the ‘‘decoupling region’’ described in th
previous two paragraphs, and the lightest Higgs boson
well approximated byhlight

0 . However, a natural electrowea
potential — meaning a potential that has no large cance
tions to produce theZ boson mass — prefers supersymme
breaking near the weak scale. If we take naturalness and
tuning arguments seriously, we expectmA;mZ , which leads
to potentially significant deviations of the light Higgs bos
couplings to the SM particles.

An interesting departure from SM Higgs phenomenolo
occurs when the light Higgs boson mass eigenstate of su
symmetry is the weak eigenstatehu

0 @4–7#. This scenario, or
close approximations to it, can naturally occur in theor
with large tanb5^Hu&/^Hd&, which are motivated by super
symmetricSO(10) unification@8#, and by minimal gauge-
mediated supersymmetry theories that solve the
CP-violating phase problem@9#. The hu

0 eigenstate has no

tree-level coupling tobb̄ or t1t2, and the total width for
this light Higgs boson is greatly reduced. Loop correctio
can modify these arguments. For example, supersymm
breaking can induce couplings such aslb8Hu* bb̄ ~and

lt8Hu* bb̄) in addition to the usuallbHdbb̄. The most impor-
tant of these corrections often comes from gluino-squ
loops ~which do not contribute tolt8).

If a significantlb8 coupling is induced, the condition fo

shutting off thebb̄ coupling is to shift the Higgs rotation
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angle to tana5e/tanb ~or tana52e/tanb for the case
when the heavierCP even Higgs boson is standard mod
like! where e[Dmb /(mb2Dmb) and Dmb[lb8^Hu&. The
tt branching is not zero now, but is modified by a factor
e2 compared to the standard model~in the limit that lt8 is
small!. In contrast to the suppressed down-type fermion c
plings, the partial width to two photons is equal to that of t
standard model since no down-type quarks or leptons c
tribute significantly to the loop diagrams in either case. F
these reasons, the branching ratio for the two photon fi
state can be greatly enhanced. Furthermore, the produc
rates throughgg→hu

0 andqq̄8→Whu
0 are the same as in th

standard model, since neither of these rely on the down-t
fermion couplings.

Other interesting theories imply enhanced branching fr
tions to two photons. The bosonic Higgs fieldhbh

0 that gives
all @10#, or rather nearly all, the mass to the vector boso
and has no couplings to fermions is a good example o
Higgs boson with enhanced branching fractions to two p
tons. However, the production cross section ofgg→hbh

0 is
negligible in this model since the top quark does not cou
to this Higgs boson. One must rely completely on ele
troweak boson couplings for production of thehbh

0 , such as

in qq̄8→Whbh
0 or WW→hbh

0 .
Another example that has suppressed couplings to the

mions is an electroweak Higgs bosonhew
0 added to top-quark

condensate models@11#. In this approach, the top and botto
quarks are assumed to get their masses through a stro
coupled group that condenses top quark pairs@12#, and all
the remaining fermions and vector bosons get mass ma
through ^hew

0 &. A good approximation in studying the phe
nomenology of a lighthew

0 is to assume that it couples lik
the standard model Higgs boson to all particles except
top quark and bottom quark, to which it has zero couplin

In Fig. 1 we plot the branching fraction into two photon
for the four Higgs bosons that we mentioned above:hsm

0 ,
hu

0 , hbh
0 , and hew

0 . In each non-SM case considered, t

FIG. 1. Branching fraction into two photons for four differen
types of Higgs bosons:~1! hsm

0 is the standard model Higgs boso
~2! hu

0 is the Higgs boson with Yukawa couplings only with up-typ
fermions, which can be a mass eigenstate in large tanb supersym-
metric theories,~3! hew

0 is the Higgs boson that may help comple
top quark condensation models as described in the text, and~4! hbh

0

is a Higgs boson with tree level couplings only toW andZ bosons.
6-2
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branching fraction is larger than that ofhsm
0 . Some models

that we have not discussed here may have even hi
branching fraction or perhaps lower. It should be kept
mind thatany model of physics beyond the simple standa
model will likely have different branching fractions into tw
photons. Since the two photon partial width is a one-lo
process, it will also be sensitive to new particles in lo
diagrams. Hence, even greater variability is possible t
what we have shown here. For example, supersymme
partners in the loops may increase or decrease the ov
partial width of h→gg @13–15#. In general, we should be
prepared to discover and study a Higgs boson with
branching fraction to two photons, since that is perhaps
most likely branching fraction to be altered significantly
new physics.

There are several sizable sources of Higgs boson pro
tion within the standard model. At the Tevatron, they a
gg→h, which is the largest, followed byqq̄8→Wh and
qq̄→Zh. For a heavy enough Higgs boson, the vector bo
fusion processesWW,ZZ→h are also competitive. Although
the decay branching fraction ofh→gg is of orderg2/16p2,
there is hope that the narrowMgg peak of the signal can b
utilized to cut extraneous two photon backgrounds to su
ciently low levels that a signal can be detected. In the f
lowing two sections, we discuss search strategies base
inclusive and exclusive final states. A description of our c
culational methods is provided in the Appendix.

INCLUSIVE gg¿X PRODUCTION

First, we consider the total inclusive production of Hig
bosons, followed by their prompt decay togg, where all
Higgs boson production mechanisms can contribute.
study inclusive production, we apply cuts only on the pro
erties of the individual photons or the photon pair, witho
studying the rest of the event in great detail. Before apply
any cuts, the photon energyEg is smeared by a resolutio
function typical of run I conditions@16#:

DEg

Eg 5
0.15

AEg ~GeV!
% 0.03. ~5!

To optimize the acceptance of signal events, while reduc
the ‘‘irreducible’’ backgrounds and those from jets fragme
ing to photons, we apply the cuts

pT
g.20 GeV,uhgu,2 ~ triggering and acceptance!,

DRgg[A~h1
g2h2

g!21~f1
g2f2

g!2.0.7 ~separation!,

(
( i ),R,.4

ET
( i )2pT

g,2 GeV ~ isolation!. ~6!

The sum~i! is over all stable particles within a cone of siz
R50.4 centered on theg candidate. The highpT , central
photons constitute a suitable trigger. We failed to find a m
efficient pT

g cut than the one listed. With these cuts, t

dominant source of background comes from theqq̄→gg
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process. For each event, we treat the diphoton pair as a H
boson candidate with massMgg .

A further cut on the angular distribution of the photons
the rest frame of the Higgs boson candidate increasesS/B:

ucosu* u,0.7. ~7!

The angleu* is defined to be the angle that the phot
makes with theboost direction in thegg rest frame. The
signal is rather flat in cosu* whereas the raw backgroun
peaks atucosu* u51. This cut is somewhat redundant to th
other acceptance cuts, but will suppress fake backgroun

With the above cuts it would require well over 100 fb21

of integrated luminosity to even rule out a SM Higgs bos
~95% C.L.! at any mass~the details will be given later!.
Therefore, new physics that provides a significant enhan
ment of thegg1X total rate is required for this kind o
signal process to be a relevant search. Large enhancem
can occur either in the production cross sections or in
decay branching fraction to photons. In the standard mo
thegg→h process constitutes roughly two-thirds of the to
production rate up to aboutmh5160 GeV, while the rest of
the rate is mainlyqq̄→W/Z1h production. One does no
expect the production cross sectionsqq̄→W/Z1h to ever
greatly exceed the SM production cross section given
nature of Higgs boson couplings to electroweak vec
bosons. One does expect, however, that thegg→h rate could
be greatly enhanced by an increased coupling of the
quarks to Higgs bosons@17# or by many virtual states con
tributing to the one-loop, effectiveggh coupling, or from
higher dimensional operators induced in theories with la
extra dimensions@18#. In fact, these effects that increase t
rate ofgg→h production will usually also alter theh→gg
branching fraction. Therefore, we focus on the possibility
large enhancements of the ratio

Rgg5
s~gg→h!B~h→gg!

s~gg→h!smB~h→gg!sm
. ~8!

In the following we will investigate the inclusivegg1X
rate fromgg→h signal production alone. Although this un
derestimates the total cross section by not taking into acco
the W/Z1h andWW,ZZ→h contributions, it lends itself to
easy generalizations ofRgg@1 where there is hope to find
signal at reasonable luminosity and where the other con
butions are very small in comparison. Later on, we will s
that theqq̄→W/Z1h signature alone lends itself to a usefu
complementary analysis based on exclusive final states
Table I we list the total SM signal cross section (gg→h
only! and the differential background rate after all cuts ha
been applied.

The Higgs boson width in the standard model is less th
20 MeV for mh,150 GeV. Therefore, the invariant mas
measurement of the two photons will have a spread enti
due to the photon energy resolution of the detector, which
call DMgg . In Table II we showDMgg for various Higgs
boson masses, based on folding the photon energy resolu
function, Eq.~5!, with the photon kinematics.
6-3
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Based on Tables I and II, we are now able to determ
the significance of the signal with respect to background
ter all cuts. We use the formula

NS5
S

AB
5

0.96ssigAL
Aŝbkgd

, ~9!

where

ŝbkgd54DMgg

dsbkgd

dMgg
, ~10!

andL is the integrated luminosity. This formula counts t
significance of signal to background within a mass wind
Mgg62DMgg . This is a conservative and simple choic
When both the signal and background can be described
equately using Gaussian statistics, the signal itself ha
Gaussian shape, and the background is constant, the
window yielding the optimal significanceNS is Mgg

6A2DMgg . In our case, the background is not a consta
but the differential distribution is well approximated by
straight line with a negative slope. Therefore, an asymme
mass window~with respect to the peak! would most likely
yield the best significance. We also require everywhere
our analysis that no limit or discovery capability be possi
unless at least 5 events are present in this 2s spread mass
bin. On the graphs we show below, this is a limitation main
for the 2 fb21 integrated luminosity curve. From Eqs.~9!
and ~10!, it is worth noting that an increase in integrate
luminosity is equivalent to an improved energy resolution

In Fig. 2 we plot the 95% C.L. (NS51.96) exclusion
curves for a given luminosity in theRgg-mh plane. The SM
Higgs boson corresponds toRgg51 across the plot. We hav
put on a line on the graph corresponding tohu

0 to give a
non-SM reference example ofRgg . Other theories such a

TABLE I. The totalgg1X production rate~in fb! for a standard
model Higgs boson and the differential rate~in fb per GeV! for the
standard model backgrounds after applying cuts, Eqs.~6!,~7!.

mh @GeV# ssig(gg1X) @fb# dsbkgd/dMgg @fb/GeV#

100 1.49 39.3
110 1.43 27.6
120 1.29 20.2
130 1.02 15.1
140 0.73 12.3
150 0.42 9.8
160 0.13 7.4
170 0.029 5.7

TABLE II. The invariant mass resolution for a narrow sign
from our simulations. The resolution is the 1s value of a Gaussian
fit to the simulated signal after applying cuts, Eqs.~6!,~7!.

mh @GeV# 100 110 120 130 140 150 160 170
DMgg @GeV# 1.52 1.64 1.76 1.88 1.99 2.08 2.23 2.4
01500
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those discussed above can haveRgg much greater than tha
of hsm

0 or hu
0 . The plot is intended to be useful for comparin

any theory to Tevatron capabilities. For a given integra
luminosity, the region above the corresponding curve can
ruled out to a 95% confidence level. Therefore, w
30 fb21 one could exclude ahu

0 up to 120 GeV. The solid
lines never crossRgg51 which indicates that the SM Higg
boson could not be excluded in thegg mode by the Tevatron
even with over 100 fb21 of data. One interesting limit to
consider is a Higgs boson with only one-loop decays togg
andgg final states. In this case, the production cross sec
3 branching ratio is proportional toG(h→gg)BR(h
→gg).G(h→gg), and Rgg5G(h→gg)/G(hSM
→gg)BR(hSM→gg).103G(h→gg)/G(hSM→gg). There-
fore, large values ofRgg are not unreasonable.

The discovery of Higgs bosons with enhancedgg1X
production rates requires higher significance. ForNS55 we
plot in Fig. 3 the necessary enhancementRgg to see a signal
at this level at the Tevatron. With less than 30 fb21, discov-
ery is not likely for ahu

0 Higgs boson with mass greater tha
100 GeV. Therefore, the Tevatron detection sensitivity
this channel is not as good as the Higgs boson search ca
ity at CERNe1e2 collider LEP2@19#, which should exceed
105 GeV for bothhsm

0 andhu
0 . Nevertheless, other theorie

FIG. 2. 95% C.L. luminosity contours of Higgs boson detecti
in theRgg-mh plane. For a given luminosity curve, the region belo
the curve cannot be ruled out with Tevatron data.

FIG. 3. 5s discovery contours of Higgs boson detection in t
Rgg-mh plane for a given luminosity. For each luminosity curve, t
region above the curve can be discovered with Tevatron data.
6-4
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with larger enhancements ofs(gg→h)B(h→gg) may be
discovered in thegg1X mode first.

EXCLUSIVE WÕZ¿h\WÕZ¿gg SIGNAL
OF HIGGS BOSONS

We now attempt to gain more significance of signal
background by employing additional cuts. It is well know
that the kinematics of resonance production at hadron co
ers can be significantly affected by multiple soft gluon em
sion. Because of the different color factors associated w
the qq̄→gg andgg→h processes, thepT

gg spectrum of the
Higgs boson signal is harder than the background. One s
egy of CERN Large Hadron Collider~LHC! searches is to
exploit this difference to establish a Higgs signal@20#. How-
ever, the processW/Z1h→W/Z1gg typically has large
pT

gg even before including these QCD effects. At the Tev
tron collider, theW/Z1h production process is relativel
much more important than at the LHC, and quickly becom
the dominant process at even moderate values ofpT

gg with
respect toMgg . For this reason, and because many of
extensions of the SM considered here have nogg→h com-
ponent or only one of SM strength, we concentrate only
the W/Z1h signal in the following. For reasons discuss
later, theWW/ZZ→h signal is not as relevant for our analy
sis.

We have done an analysis of varying thepT
gg cut to maxi-

mize the total signal significance. We find that we optima
retain a significant portion of the total Higgs boson sign
while reducing the backgrounds with the requirement

pT
gg.Mgg/2. ~11!

Also, the two photons from the Higgs boson decay tend to
balanced inpT , so we demand

pT
g.Mgg/3 ~12!

as a further aid to reduce backgrounds and increaseS/B.
After demanding such a significant cut onpT

gg , the domi-
nant background becomes agg11 jet. However, the signa
will most likely not have this topology. Rather, the decay
W and Z bosons can lead to~1! two hard jets withM j j
.MW ,MZ , ~2! one or more high pT leptons from
W→e,m and Z→ee,mm, or ~3! missing transverse
energy from Z→nn, W→t→soft jet, and W→e,m
→soft or very forward leptons. Therefore, it is useful to co
sider gg signals that have one or two leptons,or missing
energy,or two leading jets withM j 1 j 2

.mW ,mZ . To this end
we require at least one of the following ‘‘vector boson a
ceptance’’ criteria to be satisfied:

~a! pT
e,m.10 GeV anduhe,mu,2.0.

~b! E” T.20 GeV.
~c! 2 or more jets with 50 GeV,M j 1 j 2

,100 GeV.

To perform this analysis, we constructed jets (ET
j

.15 GeV, uh j u,2.5 andR50.5) using the toy calorimete
simulation in PYTHIA with an energy resolution o
80%/AEj (GeV). E” T was calculated by summing all calorim
01500
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eter cells out toh54. The mass window in~c! was deter-
mined from the results of our simulation, and includes t
loss of jet energy from radiation outside of the defining co
R and from neutrinos.

The vector boson acceptance cuts eliminate a fair por
of the gg plus jet background, as well as a potential cont
bution from vector boson fusion. The total rate of the vec
fusion process~without cuts! is comparable toW/Z1h only
for Mh.160 GeV, where large values ofB(h→gg) are not
well motivated~see, e.g., Fig. 1!. Nonetheless, we examine
the effects of replacing cuts~a!–~c! by the requirement
M j 1 j 2

.100 GeV to accept the jets associated with vec

boson fusion:qq̄→q8q̄8h. The results were not as promisin
as those based on cuts~a!–~c!, and so we did not include a
M j 1 j 2

.100 GeV acceptance cut in our analysis.
In Table III we show the signal and differential cros

section rates after all cuts, including thepT
gg.Mgg/2 and

‘‘vector boson acceptance’’ requirements. Table III can th
be used to determine detectability of a Higgs boson given
mass andRV :

RV5
s~W/Z1h!B~h→gg!

s~W/Z1h!smB~h→gg!sm
. ~13!

The parameterRV is useful if we make the reasonable a
sumption that increases ins(W1h) and s(Z1h) scale
equivalently.

In Fig. 4 we plot the 95% C.L. (NS51.96) exclusion
curves for a given luminosity in theRV-mh plane. On the
curve we have put lines forhu

0 and the purely gauge couple
Higgs bosonhbh

0 . The SM Higgs boson corresponds toRV

51 across the plot. For a given integrated luminosity,
region above the corresponding curve can be ruled ou
95% confidence level. The luminosity curves never cro
RV51 which indicates that the SM Higgs boson could not
excluded in thegg mode by the Tevatron even wit
100 fb21 of data. However, with 30 fb21 one could ex-
cludehbh

0 up to 138 GeV andhu
0 up to 131 GeV in thegg

channel alone. ForNS55 discovery we plot in Fig. 5 the
necessary enhancement ofB(h→gg) to see a signal at this
level at the Tevatron. Discovery is possible up to 128 G

TABLE III. The total signal~in fb! for gg1V, whereV repre-
sents additional states passing the ‘‘vector boson acceptance’’
teria enumerated in the text. The last column is the calculated b
ground given the same cuts.

mh @GeV# ssig(gg1V) @fb# dsbkgd/dMgg @fb/GeV#

100 0.157 0.102
110 0.139 0.070
120 0.114 0.047
130 0.090 0.034
140 0.057 0.026
150 0.030 0.020
160 0.0092 0.014
170 0.0020 0.011
6-5
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for the bosonic Higgs boson as long as at least 30 fb21 is
obtained, andhu

0 can be discovered up to approximate
117 GeV. Both discovery reaches are beyond the expe
reach capacity of LEP II.

DISCUSSION AND CONCLUSION

We have analyzed the capability of the Tevatron to fin
Higgs boson decaying into two photons. We have found t
the SM Higgs boson cannot be probed beyond LEP 2 ca
bilities if the Tevatron accrues less than 100 fb21. However,
Higgs bosons in theories beyond the standard model ma
probed ~discovered or excluded! effectively with signifi-
cantly less luminosity. For example, a Higgs boson t
couples only to the vector bosons but has no couplings to
fermions can be probed up to 128 GeV with less th
;10 fb21 integrated luminosity. In the minimal supersym
metric ~MSSM!, whenh.hu

0 , so thath→bb̄ is suppressed

and theW/Z1h(→bb̄) signal vanishes, our analysis show
coverage up tomh5117 GeV with 30 fb21 and exclusion
capability up tomh5131 GeV.

In an attempt to be as model independent as possible
have presented graphs~Figs. 2–5! of exclusion and detect
ability as integrated luminosity contours in the plane
Higgs boson mass andRi (Rgg and RV), whereRi param-

FIG. 4. 95% C.L. luminosity contours of Higgs boson detecti
in theRV-mh plane. For a given luminosity curve, the region belo
the curve cannot be ruled out with Tevatron data.

FIG. 5. 5s discovery contours of Higgs boson detection in t
RV-mh plane for a given luminosity. For each luminosity curve, t
region above the curve can be discovered with Tevatron data.
01500
ed

a
at
a-

be

t
e

n

e

f

etrizes the enhancement of thegg signal cross section ove
the standard model. Therefore, any theories beyond the
that have predictions for production cross sections and de
widths of Higgs bosons can be compared with these gra
to attain an estimate of the Tevatron’s capability. Of cour
these figures are not applicable to a Higgs boson that ha
intrinsic width greater than the detector resolution. The th
ries discussed above are far from this case.

Finally, we comment on previous studies ofgg invariant
mass signals at the Tevatron@21–26#. Much of the earlier
work emphasized detectability at lower luminosities ofhbh

0

with mh
bh
0 ,100 GeV, where the branching fraction to tw

photons wasO(1). For example, this was the Higgs boso
and the mass region covered in Ref.@21#. They also per-
formed their simulations at the parton level and appl
much looser cuts than our analysis and much looser t
those typically used in the experimental analyses of DO” and
CDF in run I @16#.

Another important analysis was completed very recen
in Ref. @26# with results similar to ours, although the analys
differs in several ways~e.g., nopT

gg cut!. This study suggests
that a signal of two photons combined with a single jet
two jets is an effective method to search for a Higgs boson
the two photon decay mode, but it did not utilize cuts
stringent as ours. A careful comparison needs to be m
among all the observables in the various studies under
cisely the same assumptions to ascertain which observa
are the most effective. And, of course, a combination of
useful observables should be employed to maximize our s
sitivity to Higgs bosons. The suggested two photon obse
ables outlined in this paper appear to be useful addition
the list of Higgs boson search observables.
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APPENDIX: ESTIMATION OF SIGNAL
AND BACKGROUND

Signal

As mentioned in the text, we are mainly concerned w
the processesgg→h and qq̄→Vh ~with V5W or Z). The
gg→h→gg process is calculated based onb-space resum-
mation ~see, e.g., Ref.@27#!, and performed to next-to
leading order~NLO! accuracy. The total event rates~without
cuts! agree with other fixed order calculations@28#. Since the
multiple, soft gluon emissions are integrated out, the eff
of isolation cuts must be determined by some other mea
We use a constant isolation efficiency per photon,e iso
50.95, for these inclusive studies. Our results can be ea
scaled if necessary to account for a different efficiency.

Theqq̄→Vh process is calculated usingPYTHIA @29#, but
multiplied by a constantK factor based on the resumme
calculation of Ref.@30#. For completeness, the contributio
of vector boson fusion processes was also calculated u
6-6
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PYTHIA without any effective-W approximation and noK
factor. This process was never relevant for our analysis,
reasons discussed in the main text.

Background

The background estimate of the inclusive production
gg pairs—where kinematic cuts are applied only on t
properties of the individual photons or the diphoton pair
uses the next-to-leading order, resummed calculation of R
@31# applied to the 2.0 TeV collider energy. Since the r
summed calculation integrates out the history of the s
gluon emission, the photon isolation efficiency must be e
mated by another means, such as a showering Monte C
simulation or fromZ boson data. We use a constant isolati
efficiency per photone iso50.95 for the signal. No back-
grounds from fragmentation photons~e.g. p0,h→gg) are
included in our numbers. The results of Ref.@31# show good
agreement with run I data, and contain only a small com
nent of fragmentation photons. For simplicity, we have
nored it entirely. Of course, the actual contribution fro
fragmentation photons depends critically on the isolation c
teria and on the minimumpT

g . Note that the resummed ca
culation does include the final state bremsstrahlung pr
cesses, e.g.qg→qgg. We find that our calculational metho
01500
r

f

f.

t
-
lo

-

-

yields good agreement with the invariant mass distributi
presented in Ref.@23# without a large fragmentation compo
nent.

To estimate the backgrounds toW or Z1gg, where the
gauge bosons decay leptonically or hadronically, we need
determine the properties of the individual quarks and gluo
emitted in the standardgg production processes. This is no
straightforward, since parton showering is accurate at
scribing event shapes but not event rates, whereas the
NLO corrections to thegg production rate are known to be
important. For moderate values ofpT

gg relative to Mgg , a
fixed order~in as) calculation is as accurate in describing th
kinematics of the photon pair as a resummed one~the tran-
sition between the two perturbative schemes is handled n
rally in the resummation formalism, but the gluon emissio
are integrated out!. Therefore, we use the partonic subpro
cessesqq̄→ggg, qg→ggq, etc., to set the event rate, plu
the parton showering method to reconstruct the full histo
of possibly multiple gluon emissions. For thegg→gg1jets
background, we use parton showering with thegg→gg pro-
cess, but using the improvements of Ref.@32# to approximate
the NLO corrections~the effect of using the exact pentago
diagram for thegg→ggg process is not important@33#!.
The hard scale is set to the photon pair invariant mass. In
cases, we calculate the isolation efficiency explicitly.
.
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