
BROOKHAVEN NATIONAL LABORATORY 

16 August 1995 BNL -62125 

FINDING THE HIGGS BOSON: A STATUS REPORT* 

S. Dawson 

Physics Department 
Brookhaven National Laboratory 

Upton, NY 11973 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

* In the proceedings of International Symposium on Particle Theory and Phenomenology, 
May 22-24, 1995, Ames, IA. 

This manuscript has been authored under contract number DGAC02-76CH00016 with the U.S. Depart- 
ment of Energy. Accordingly, the U.S. Government retains a non-exclusive, royalty-free license to  publish or 
reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes. 

I f 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



a 

FINDING THE HIGGS BOSON: A STATUS REPORT 

S. DAWSON 
Brookhaven National Laboratory 

Upion, N .  Y. 11973 

ABSTRACT 
We review current limits on the mass of the Standard Model Higgs boson and 

survey the prospects for finding the Higgs boson at future accelerators. The case of 
a strongly interacting electroweak symmetry breaking sector is emphasized. 

1. Introduction 
The search for the Higgs boson of the minimal Standard Model has been 

a major focus of experimental high energy physics for some years now. Here, we 
review the current experimental limits and discuss the prospects for finding the 
Higgs boson at future accelerators, such as LEPII and the LHC. We consider oqly 
the Standard Model Higgs boson. Limits on non-standard Model Higgs bosons, such 
as those occurring in supersynimetric models can be found in Ref. 1. Since a null 
result which definitively excluded a Higgs boson below some mass scale would be 
extremely important, we emphasize the case where the Higgs boson is much heavier 
than the relevant collider energy (or where there is no Higgs boson at all). Many 
of the results given here are a summary of those obtained by the DPF Committee 
on Long Term Planning.' 
2. Current Limits 

Currently, the best experimental limit comes from the LEP searches for 
e+e-  -, Z ' H .  If the Higgs boson is heavier than 10 GeV, it decays almost exclu- 
sively to b7; pairs, while the most useful channels for the 2' decay are Z* +. m, e+e-,  
or p+p-.  The current limit is, 

M H  > 64.5 GeV. (1) 
This limit is not expected to improve significantly. Note that there is no allowed 
region for a low mass Higgs boson, since in the mass range below the b5 threshold, 
the LEP experiments systematically exclude each kinematically allowed Higgs decay 
channel. 

There are indirect limits from precision electroweak measurements at  LEP. 
Since the Higgs boson mass contributes only logarithmically to e1ectrowea.k ob- 
servables, the limits are weak and depend sensitively on which pieces of data are 
included in the fit. Using h~,,, = 174f 16 Gel/ and requiring M H  > 60 CeV in accord 
with the direct searches at LEP, a fit to the electroweak data? gives a x? minimum 
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at M H  = 60 GeV. This translates into a 90% confidence level limit, 

MH < 510 GeV. (2) 

However, the sensitivity to MH comes almost entirely from ra and A L R  which are 
both above the Standard Model predictions. If rb and ALR are omitted from the fit, 
then the x 2  is almost flat as a function of MH and in this case there would be no 
limit on the Higgs mass. 

There is an indirect limit from the requirement of vacuum ~ tab i l i t y :~  

Mrr(GeV) > 132 + 2 . 2 ( M ~  - 170) - .5 ( -- aa*;0;17). (3) 

This bound assumes that there is no new physics between the electroweak scale and - 1015 GeV. Other theoretical bounds, such as those from triviality arguments and 
lattice gauge theory, are reviewed in Ref. 4. 

3. Limits from L E P I I  
LEPII will have a sufficiently high energy to be able to search directly for 

the process e+e-  -+ Z H .  With 500 pb-I of data, it will essentially be able to reach 
the kinematic limit, 

hfH > 4- M z .  (4) 

Given sufficient luminosity (50-'fb for 4 = 500 GeV), a higher energy e + e -  collider 
will also be able to search to near the kinematic limit since there is very little 
background to this process. 

4. Limits froin t he  Tevatron 

It has long been considered hopeless to look for the Higgs boson at the 
Tevatron. However, the demonstration by CDF that b-tagging is possible at a 
hadron collider has caused a re-evaluation of the issue. At the Tevatron (or an 
upgraded Tevatron with a higher 1uminosity)'it is possible to search for the process 
p p  -, WH -+ The hard lepton from the W-decay provides a tag, while 6-tagging 
allows identification of the 6-Jets from the Higgs decay. There is, however, a large 
background from W67; and W - j e t  - j e t  production. Unfortunately, the event rate is 
small and with 1 f b - '  of data and a b-tagging efficiency of Q, - 30 %, Ref 4 estimates 
that the Tevatron will only be sensitive to MH - 60 - 80 GeV, a region which will 
easily be studied by LEI'. 

With 30 f6-'  of data at an upgraded Tevatron, it may be possible to reach a 
limit , 

A/r ,  > 95 GeV. (5) 

It will not, however, be possible to separate the Higgs peak from the W Z , Z  -+ 68 
background in this region. This mass range can also be studied at LEPII with 

= 190 GeV. It remains to be seen whether a larger Higgs boson mass region 
could be accessible with a more sophisticated analysis or by searching for the decay 



channel H -+ .r+r-. The H + T+T- decay may be observable for a Higgs boson 
significantly heavier than the Z mass (to allow separation from the Z - jet - jet, 
z + T+F background.) 

5. Limits from the LHC 
The LHC will be sensitive to a far greater range of Higgs boson masses than 

either LEPII or the Tevatron and should be capable of covering the entire mass 
region from 80 to 700 GeV.6*7 

For a Higgs boson mass below the W+W- or zz thresholds, the large back- 
grounds to the dominant decay modes necessitate a search in rare decay channels. 
The decay H + yy has received the most attention. The branching ratio for this 
channel rises with increasing Higgs mass until it reaches a maximum of - for 
M H  - 130 GeV and then decreases rapidly as the H + WW* and H + ZZ’ channels 
become accessible. Unfortunately, the H + 77 decay must be extracted from a huge 
irreducible background of yy events. 

For concreteness, we consider an 80 GeV Higgs boson. Its decay into two 
photons is an extremely narrow resonance, r(H -* 7y) - 1 KeV. After cuts to 
suppress the background, the ATLAS collaboration estimates that it will see 480 
signal and 41,600 background events in a mass bin with 6m = f1.2 GeV and assuming 
an overall photon identification efficiency of 80%. If “discovery” is defined as having 
a number of events such that R B  Signa l /  JBackground > 5, then it will take more 
than 5.4 years to find an 80 GeV Higgs boson with a luminosity of 1O3*/cm2/sec. 
Due to the rapid rise of the H +- yy branching ratio with increasing Higgs mass, 
it will take only .7 years to discover a 130 GeV Higgs boson in this mode. The 
CMS c~llaboration,~ on the other hand, due to its more finely grained calorimetry, 
estimates that it will be able to find a Higgs boson through the decay H --+ yy in the 
entire region 

85 GeV < M H  < 150 GeV. (6) 

with one year running ( L  = 1 0 ~ ~ b - l ) .  
As  the Higgs boson becomes heavier, it is easier to find since it is no longer 

necessary to use rare decay channels. For A 4 H  < 600 GeV, the decay modes H -+ Z1+1- 
and H + ZZ can be observed through the 4 charged lepton final state. The CMS 
collaboration7 predicts that with a luminosity of lo4 pb-’ ,  a mass reach of 400 GeV will 
be accessible, while with one year at design luminosity, io5 p b - ’ ,  they will discover 

M H  < 600 GeV (7) 

For heavier Higgs bosons, it is necessary to search in the decay channel H -+ ZZ + 

~ i + i - ,  which has a larger branching ratio than the 4 charged lepton channel. 
In Table 1, we summarize the discovery reach for the Standard Model Higgs 

boson at various accelerators. With the advent of the LHC, we see that the entire 
mass region below about 700 GeV will be covered. It is interesting to note that a 
1 TeV e+e- collider with an integrated luminosity of 200 fb-’ would cover roughly 
the same range of Higgs boson physics as the LHC. 



Table 1: Higgs mass reach of different accelerators for the most useful discov- 
ery modes. For b-tagged modes, a tagging efficiency of 30% and purity of 1% is 
assumed. 

Machine (&, L )  
1 LEPI 
ILEPII, (176 GeV, 500 pb-l) 
LEPII, (190 GeV, 500 pb-l) 
Tevatron, (2 TeV, 5 fb-') 
Tev*, (2 TeV, 30 fb-') 
LHC, (14 TeV, 100 fb-') 

NLC, (500 GeV, 50 fb-') 

NLC, (1 TeV, 200 fb-') 

Mode 
e+e- 4 Z * H  
e+e- + Z H  
e+e- - Z H  

p p -  W H ;  H 3 bb * *  

p p  --t W H ;  H 3 bb 
p p  4 zz(*) - 4L 
PP + H - 77 

p p  + t?H, W H ;  H + yy 
p p  3 tZH,WH;  H + bZ 

e+e- ---f Z H  
W W - H  

e+e- + t?H 
e+e- -+ Z H  
W W - H  

Discovery Region (GeV) 
r n ~  6 60 
r n H  6 80 
m H  2 95 

r n H  6 95 
m H  S 60 - 80 

120 6 r n ~  S 700 
80 S r n H  S 150 
80 6 m H  5 130 

m H  6 350 
r n H  6 300 
m H  ,S 120 
m H  6 800 
m H  6 700 

m H  6 120 

6. Strongly Interacting Syininetry Breaking 
Above around 700 GeV,  the Higgs boson interactions with gauge bosons be- 

come strong, as is evidenced by the breakdown of perturbative unitarity, and per- 
turbation theory can no longer be used to make predictions. The Higgs boson, if it 
exists at  all, will be an extremely broad resonance and it is interesting to ask if it is 
possible to learn anything about the nature of the electroweak symmetry breaking 
sector in this scenario. 

To study the physics of strongly interacting gauge bosons, we assume an 
SU(2)  x U (  1) gauge structure a.nd a custodial S1/ (2 )~  symmetry ( which assures that 
p = 1) and consider an effective Lagrangian. By assumption, we are far below 
the scale A at which new physics occurs (which presumably restores perturbative 
unitarity). The minimal Standard Model with no Higgs boson can be written in 
terms of the field = ezp ( iw  . T / v ) ,  where r3 are the Goldstone bosons which become 
the longitudinal components of the W and 2. The lowest order Lagrangian is 

We consider 3 typical scenarios in which there is a heavy scalar, a heavy iso- 
vector, or where there is no resonance at all. For all 3 cases, the interesting physics 
occurs via vector boson fusion. The vector boson fusion events have a distinctive 
topology which allows the signal to be extracted from the backgr~und.~ If we look 
at the leptonic decays of the gauge bosons, then these events have the properties: 
(1) the signal has an energetic lepton at low rapidity, (2) the leptons from the 
vector boson decays are essentially back-to-back, (3) there is little jet activity in 



the central region, and (4) there are 2 low p ~ ,  high rapidity spectator jets. Since 
in this picture, we are far below the scale of any possible resonances there is no 
structure to the signal, but rather we are searching for a small excess of events over 
the predicted number. Clearly, in any scenario, this type of physics will be very 
difficult to observe. 

The generic coupling of a heavy iso-vector, p H ,  to the gauge bosons at  the 
LHC has been considered in Ref. 10 using scaled up QCD to obtain an estimate of 
the decay width in terms of MPn. For MPH = 1.8 TeV, the optimal channel is W*Z with 
38 signal and 20 background events in 44 fb-I necessary to obtain RB > 5 ,  while for 
MPN = 2.5 TeV the optimal channel is W+ W+ with 16 signal and 6 background events 
in 105 fb-’ necessa.ry for discovery. A luminosity of 100- 140 fb” will suffice to see 
an iso-vector mass scale up to around 4 TeV if both the WfZ and W+W+ channels 
can be observed. (This is 1-2 years of running time at the design luminosity.) 
Qualitatively similar results were obtained by the ATLAS collaboration. 

The coupling of a heavy scalar to the gauge bosons can most generally be 
written as, 

If we take gH = 1, then the Standard Model couplings of the Higgs boson to gauge 
bosons are obtained. As a typical example, we consider a 1 TeV Higgs boson, which 
is too broad to be observed as a resonance. In order to obtain enough events, it will 
be necessary to look for the decay fl --* I/l.‘+W- and allow one W to decay hadronically 
to jets, while the other decays to a lepton pair. By tagging the spectator jets of 
the vector boson fusion process, the background can be significantly reduced. For 
example, the ATLAS collaboration estimates that for a 1 TeV scalar, they would 
see 57 signal events and 17 background events in 105pb-’ events.6 This naively gives 
a ratio RB - 14. However, there is no structure to the signal and observation relies 
on seeing a small excess of events over the predicted background. 

Finally, i t  is possible that there are no resonances within the energy reach of 
the next generation of accelerators. In this case, the best we can do is to write an 
effective Lagrangian as an expansion in powers of s/A2, where A is the high energy 
scale at which new physics occurs. If we assume CP conservation and a custodial 
SU(2)c symmetry then there are 5 possible types of new gauge boson self interactions 
at O ( s / h 2 ) ,  which are conventionally written in terms of the coefficients L1, La, L ~ L ,  
L9R,  and Llo. is related to the S parameter measured at LEP which parameterizes 
the Z - y mixing and the other coefficients give rise to new, non-standard 3- and 
4-gauge boson interactions. In Fig. 1, we show the limits which can be extracted 
from precision LEP measurements and compare them which those which will be 
obtained at LEPII.” The L,  are normalized such that in typical models they are of 
a l l .  
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Figure 1. Comparison of Ih.e 95% confidence level bounds f rom the Z partial widths (shaded region) 
with those obtainable at LEPII with ,,h = 190 G e V  and L = 500 pb-'. 

7. Conclusions 
The next geiieration of accelerators will certainly be able to observe a Stan- 

dard Model Higgs boson with a mass below around 700 GeV. Above this mass, the 
Higgs boson becomes strongly interacting and, in any scenario, observation of a 
signal will be extremely difficult and rely on a small number of events. 
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