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HIGGS SEARCHES AT LEP2: PRESENT AND FUTURE

I". Richard
Laboratotve de U'Accélératcur Lindatre, IN2P3-CNRS
et Universitd de Paris-Sud, F-91405 Orsay Ceder, France

Prospects of Higgs discovery at LEP?2 are discussed in the framework of MSSM.
Results obtained in 1996 on hZ. hA and H+ H™ are interpretedin the MSSM frame-
work and in some possible extensions. Preliminary results of 1997 are indicated.
Fistimates for a discovery at 200 GeV energy are discussed.

1 Introduction

LEP has reached a crucial energy domain for searching the Iliggs boson within
stupersymmetry. The minimal supersymmetric extension of the Standard Model
(SM), known as MSSM, predicts an upper limil. on the Higgs boson mass of
125 Gie V. [n section 2, | discuss in more detail a predictive scenario which gives
an upper limit ~ 103 GeV on the Higgs boson mass.

A lliggs boson mass below 103 GeV seemns within LEP reach and, in section
3, L will disenss the reguested machine performances for a discovery.

Present searches, in the SM (a limiting case of MSSM) and in the general
MSSM scheme, will he presented in section 4 and 5. Resnlts are based on
published data from 1996.

FFuture prospects based on the first results at 183 GeV and on expectations
at 200 GeV will be given in section 6.

[Finally, some more general searches, heyond MSSM, are described in see-
lion 7.

2 MSSM predictions

One may reeall that the SM, “stricto sensu™ (i.e. no new physics appears up
to Lhe Planck scale), predicts a Higgs boson mass well above LLEP2 reach.
Supersynumnetry, in its general version that is allowing for more than 2

Higgs donblets and/or with some singlets, gives an upper limit of about. 150 GeV.

The minimal version, called MSSM. gives a linit" at. 125 GeV. More precisely,

1"y, < n’{?l‘ 032/}|®48 )(Yl ‘ l” — 2 7 = @ /‘17-) my [l)
4 ) .

where the top mass my ~175 GeVoand where g are the stop masses. 'The
lirst. Lerm is the tree level result, the second aned third one are due Lo loop
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corrections.
The eritical dependence on tang comes from the tree level term of formula
(1), which can be written

tanp — |

—_—M
tanig 41~

(””7 )T"FP = 7
Mixing effects, not explicitly written, can also provide extra contributions.
This upper himit is reached when my4, the mass of the C'P odd boson A,
i above the upper hound on my,. When A is lighter, one should consider the
two complementary channels :
ote™ 5 7% — 7 proportional to sin®(o — ) and ete™ 5 7* 5 hA propor-
lional to cos®(n — f3), where v is the mixing angle between the two (P even
bosons [, and g appearing in the two doublets (the resulting physical states
heing b and 11).
The SUGRA scheme, with mass unification for sfermions and Higgs bosons,
leads to very definite predictions. Two solutions can be distinguished which
give different masses for the Higgs boson h.

21 a/Low tand scenario

At low tangd, well below my /o, renormalization group equations (RGE 2) are
influenced by the top Yukawa coupling. In particular electroweak symmetry
brealking (EWSB) is triggered in the SUGRA scheme hy the top Yukawa cou-
pling term. "lo see this, one can write the EWSB solution as :

M2 mf - m'f,utan.'“’/i y
‘ tan“pB — | (2)
where juis the Higgs mising Lerm appearing in the SUSY superpotential.

AL GUT scale m¥; and i, get a conunon value m3. Provided that. the
top Yukawa coupling is not. too small, the m%," lerin can become negative and
cancel the —p® term Lo generate M2 with the correct. sign.

In this scenario, given the R, the top Yukawa coupling converges Lo a
fixed gqnantity at My scale | irtespective of it’s value at the GUT scale (the so-
called infra-red-fixed-point solution IRFP). This solution, m, ~200 (GeVsing3,
gives tand ~ 1.6-2 and therefore a tight upper bound' on m;, < 03¢V,
Adding one s.d. on the measnred top mass increases the bound to 110 GeV.

I hias been argued® that Lhe generation of M3 in (2) results from a “fine-
tuned” cancellation between large (uadriatic terms. To see this, one can com-
pute A2 in terms of g and My, the common gaugino mass at GUT. For
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Lanid=2, one approximately gets :
2
% ~—p® 4+ mi +5MY,
Searches on right handed sleptons, which give a mass limit! approaching K0
eV together with searches on charginog’, allow to sel. combined lower limits
on g and My From these, one finds that g reaches 270 GeV, I is therefore
amatter of personal taste to decide if this value is too large compared to M2 /2.

[n the numerical example given ahove, one expects a Higgs boson h at.
R0 GeV and a heavy A with my ~ 1. Note that pis taken positive since
(he negative solution wonld lead to a Higgs boson mass (mixing terin effect)
helow present. limits from LEP. One could alternatively assume a small top
Yiukawa conpling at. GUT scale and depart from the IRFP solution. This
would imply me <200 GeVsing and therefore a larger tan/d. A heavier [liggs
mass is therefore possible.

This IRFP scenario has two degrees of freedom (M9 and i) and can
therefore be well tested experimentally. 1t provides’ a solution compatible
with :

- Grand unification including b-7 mass nnifiration

- Electro-weak symmetry breaking

- Heavy dark matter for cosmology

- Precigion measurements

2.2 b/Large tanf3 scenario :

When tanid ~ my/my, one can no longer neglect the impact. of botiom and
r Yukawa coupling constants in the RGE. IRFP solutions also occur in this
scenario but it seems that Ynkawa coupling constants cannot be casily unified
al the GUT scale,

Recently’ this problem has received renewed attention and it seems Lhal.
there is some mismatel between the resulting bottom ass value at the Ay
seale and the need to control the contributions to b— sy. ‘I'he solution would
he to increase 1o ~1 TeV level the masses of charginos and charged Higps.
which grossly fails the requirement of no "fine tuning”™. In this scenario, the
Iliggs gets heavy and escapes detection at. LEP.

As usual, there are ways ont which again consist. in relaxing® some of the
unification criteria. Some “fine tuning” cannot be however avoided.

To sunnnarize, scenario a/ with an IRFP solution can fulfill all require-
ments (unification, dark matter, precision measurenients). . predicts a light.
Higgs hoson and therefore LEP2, as discussed in the next section, can provide
a cdecisive test of this model,
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IFigure 1: Iso-mass discovery curves of a SM 1liggs boron in terms of energy and integrated
luminosity /experiment.

3 How to reach m; up to 103 GeV 7

During 1997, LEP has reached an energy of 184 GeV and provided up to 2 ph~!
per day to each of the four experiments. The integrated luminosity reaches
only 60 ph~! due to a late start-up (the fire) and to some low energy runs (7
data for calibration, 130-136 (GeV run). Next year more than 100 pb~’ should
he delivered per experiment.

The maximal energy of LEP depends primarily on the field gradient of
the supraconductive cavities. 98 % of the cavities are able to reach 7 MV/m,
while the nominal field is at at. 6 MV /m. With some reconditioning of the bad
cavilies, it seems therefore possible to reach 200 GeV (recall that the radiative
losses go like the 4th power of the beam energy). Cooling problems seem also
under control, while the choice of heam optics is still under investigation.

Figure 1 shows the discovery potential (i.e. more than 50 effect) of LEP2
for Lthe Higgs boson in terms of energy and luminosity delivered per experiinent..
One clearly sees that about 250 ph~! per experiment are needed to reach 103
(ieV. Since the 200 GeV energy would not be reached before 1999 (npgrade
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ol cryoplants and reconditioning of bad cavities), this means that LEP should
runin vear 2000 to collect the 250 pb~!. While technically feasible, this run
is not. vel. funded financially.
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Figure 2: Typical cross-sections at LEP2.

4 SM Search

In 1996, ~ 10 pb~! has been collected at 161 GeV and about the same at
172 GeV. 1n 1997, as already mentioned, more than 50 pb~! was collected at.
183-184 GeV. An update of the Higgs searches was presented at the Jerusalem
conference based on 5 pb~!, while recently’ the 4 experiments have given very
preliminary results based on the 1997 data (see section 6). As stated in section
2. the so-called SM search described here can be considered as a limiting case of
the MSSM search when A is heavy. hZ becomes accordingly the only relevant
channel with the same cross-section than in the SM case.

Figure 2 illustrates the hierarchy of processes involved in this type of
search. The hZ cross-section varies typically between 0.2 and 1 pb. h de-
cavs in about 90 % cases into bb. b-tagging therefore allows the necessary
rejection of W ochannels. 1u the recent years, LEP experiments have achieved
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of cryoplants and reconditioning of bad cavities), this means that LEP should
i in vear 2000 to collect the 250 pb~'. While technically feasible, this run
i= not. yvel. lunded financially.
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Figure 2: Typical cross-sections at I.EP2.

4  SM Search

In 1996, ~ 10 pb™! has been collected at 161 (eV and about the same at
172 GeV. ln 1997, as already mentioned, more than 50 pb~! was collected at.
183-184 GeV. An update of the Higgs searches was presented at, the Jerusalem
conference based on 5 ph™1, while recently’ the 4 experiments have given very
preliminary results based on the 1997 data (see section 6). As stated in section
2. the so-called SM search described here can be considered as a limiting case of
Lhe MSSM search when A is heavy. hZ becomes accordingly the only relevant
channel with the same cross-section than in the SM case.

Fignre 2 illustrates the hierarchy of processes involved in this type of
search. The hZ cross-section varies typically between 0.2 and 1 ph. h de-
cays in about 90 % cases into bb. D-tagging therefore allows the necessary
rejection of W ochannels. In the recent years, LEP expertiments have achieverl

5


http:releva.nt
http:st,at.eo
http:recent.IY
http:present.ed
http:nlreR.dy

impressive performances in the field, mainly driven by the measurement of R,.
The net result is a ~1.5 increase in efficiency as compared to the expectations
given during the LEP2 workshop.

19w

Figure 3: Hvo candidate at 1681 GeV with evidence for b-type secondary vertex. Estimated
h rass : GSi;.

The results of the 4 analyses' are given in table 1. One can see that there
are very few candidates with the noticeable exception of L3 for which one
considers the candidates as "weighted” by their probabilities of being signal-
like . An example of candidate is given in figure 3 showing a striking evidence
for a secondary vertex with large mass and large multiplicity incompatible
with a charm decay. This event is assigned to the H v category since it has a
missing mass compatible with a Z. The best SM explanation would be a ZZ*
with Z into vi7 and Z* into bb.

The 1996 data have been combined!! giving the limit :

ny > 77.1 GeV at 95 % (L.
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Table 1: Results on SM searches

IBxpt Eff | Expect | Seen | Mass Limit. | 5 pb-1 183 GeV
ALEPH | 29% 0.9 0 70.7 GeV 74.0 GeV
"DELPHI | 29% 4.3 2 66.2 GeV 73.0 GeV
L3 40% 38.3 33 69.5 GeV 72.0 GeV
OPAL | 31% 3.6 2 69.4 GeV -

Table 2: Results on hA searches at high tang

Ioxpt Eff | Expect | Seen | Mass Limit | 5 pbh-1 183 GeV
ALEPH | 54% 0.8 0 62.5 GeV 64.5 GeV
DIELPHI | 43% 2.4 0 59.5 GeV 62.0 GeV

L3 50% 5 58.4 GeV -
OPAL 38% 7.4 8 6.1 GeV -

for an expected limit of 75 GeV.

"

5 MSSM Search
5.0 hA Search

For large tan/3, h and A decay into bb in 92% of the cases and the rest into
r*r= (in fact the branching ratio for h depends also on the mixing angle rv).
"I'he 4 final state can be analyzed with high efficiency and low background.
iy, ~mpy in most of the relevant domnain. The decay of h into 2A occurs for
low tanj. at the lower limit of the physical domain (see fig. 4). Taking into
acconnt. the EWSB constraint which predicts a large 14 for these parameters,
one may ignore this possibility. Note also that for tang<1, the charged Higgs
scarch in top decayst? allows to set a limit on m4. The results obtained by the
ILIEP collaborations'® data are summarized in table 2 and 3 with preliminary
npelates based on 183 GeV data given at the Jernsalem conference.

5.2 Interpretation

MSSM results can be iuterpreted, al the tree level, in terms of two independent.
parameters. usvally chosen as my and tang or m4 and tang. Loop correction
mndify this picture and introduce some dependence on SUSY parameters as
can be seen in formula (1). The four LEP experimeunts have chosen the con-
ventions of the LEP2 workshop' with 2 extreme cases :
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Table 3: Results on hZ4hA searches

Expt limit on my | limit on 1n4
ALEPH 64.5 GeV 64.5 GeV
DELPHI 62.0 GeV 62.0 GeV

L3 58.4 GeV 58.4 GeV
OPAL 56.0 GeV 50.6 GeV

- Neglect mixing, and assume Mg ~ 1TeV, where Mg stands for the "av-

erage” stop mass.

- Maximal mixing, where the mixing coefficient is related to Mg such that
the loop correction maximizes the Higgs mass.
Figure 4 gives an example of the region covered by the 1996 search.

ton 8
8

‘." l 0 ) 120
m, (Gev/c?)

IFignre 4: The light shaded region is 95% C.L. excluded based on 1998 Delphi data. The
dark shaded regions are unphysical in MSSM.

It is not. yet, clear that this standard approach provides the correct limit.
on my, and my and whether it would not be possible to produce “holes™ by
earefully choosing the SUSY parameters.

R

141

From ', it seems that there are
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indeed such possibilities but. it is fair to say that they disappear when sufficient.
luminosity (i.e. combining the 4 LEP results) is reached.

5.3 HYH Search

In astrict. MSSM model one has m¥% 4 ~ 1% +mfy, and therefore this channel is
nol vel relevant. Possible extensions of MSSM may however allow this channel.

Iixperimentally, the signature is difficult due to WW contamination which
provides the same decay modes into ¢§ and 7.

H'H search at DELPHI
N
! -s 2

Prelimirary |

s
ax 'v
(Y]
s
mr

Exclusion limits ' o V'

Figure 5: HY H™ results based on 1996 data.
The present limit is given in figure 5 leading to :

Myt > 54.5 GeV at 95 % C.L. limit from DELPHIS

This limit. can be improved by the search!? t—Htb | leading to mys+ > 160
GieV for large tanf or when tanj<l.

6 Prospects at Higher Energies

With 183 GeV data one can expect an exclusion up to ahout 88 (GeV with the
four experiments. Preliminary limits were given at a LEPC, summarized in
table 4 .
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Table 4: Preliminary SM Higges boson miass limits

Expt limit Luminosity (pb™')
ALEPH | 88.6 GeV 55
DELPHI | 83.6 GeV 53.5

L3 82.2 GeV 36
OPAL 82 GeV 39

For MSSM, the exclusion limit from DELPHI is shown in figure 6. From
thege preliminary results one concludes that :

mp > 73 GeV and my4 > 75 GeV at 95 % C.L.

No update on the charged Higgs search was given, but one may expect a
combined limit better than 65 GeV.

At 200 GeV, as mentioned in section 3, a discovery reach of 103 GeV
is possible in the SM-like scenario. This would exclude the low tang (see
ciscussion of section 2) as shown in figure 7.

7 Beyond MSSM

Higgs bosons may decay invisibly into pairs of neutralinos. If this decay be-
comes dominant, one can still detect the hZ mode through the Z decays. The
limits'" are my >69.6 GeV for L3 and my >71.2 GeV for ALEPH.

One may also relax MSSM constraints and perform a general 2-doublet
scarch involving h and A. One may even allow for CP violation and consider
the interplay of 3 channels hZ,hA and AZ. As discussed in '¢, the 3 couplings
are related which allows a significant mass domain exclusion. Figure 8 shows
results obtained by DELPHI in this scheme!”. Note that the limits do not
cover the scenario of a very light A which corresponds to a set of complicated
detlection possibilities. Note also that the effect of relaxing the dominance of
the bb decays is also displayed.

8 Conclusion

Present Higgs limits are already tightly constraining the low tang scenario
of MSSM-GUT. Combining the 4 experiments, a complete coverage of this
scenario can be reached provided LEP can run for 2 years at 200 GeV.
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Figure 8: 95% C.L. exclusion contours based on 1997 DELPHI preliminary results.
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Figure 7: Discovery contours in MSSM with 200 pb~! at 200 GeV.
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Figure 8: Upper plot gives exclusions contours dbtained in a 2-doublet model with and
without use of b-tagging. Plot below gives the corresponding contours when CP is not

conserved.

12



Acknowledgements

Useful discussions with B. Murray, S. Pokorski, C. M. Rivero. and A. Sopczak
are gratefully acknowledged.

References

2.
3.

<t

12.
(3.

CERN 96-01. Workshop on Physics at. LEP2 by G. Altarelli, T. Sjostrand
and F. Zwirner ed. (1996)

See, for instance, W. de Boer et al. Z.Phys.C67:647-664,1995

P.H. Chankowski et al. hep-ph/9712234, Nov. 1997 and references
therein.

. LEP Working Group for SUSY, Status Report LEP Experiment Com-

mittee by L. Pape (Nov. 1997)

“Reports of ALEPH, DELPHI. L3 and OPAL at the LEP Experiment

Committee (Nov. 1997)

j. M. (‘arena and C.E.M. Wagner, Nucl.Phys.B452:45-79,1995
. Updated Combined Fit of Low Energy Constraints to Minimal Super-

symumetry by W. de Boer et al., PA12 at eps Jerusalem 1997

. H. Baer et al. hep/971104, Dec. 1997.
0.
10.

C'. Mariotti,Heavy quark production, PA7 at eps Jerusalem 1997
Search for SM Higgs :

ALEPH Coll. (R. Barate et al.) CERN-PPE-97-070, Jun 1997. Sub. to
Phys.Lett.B

DELPHI Coll. (P. Abreu et al.) CERN-PPE-97-085, Jul 1997. Sub. to
Zeit. . Phys.C

L3 Coll. (M. Acciarri et al.) CERN-PPE-97-081, Jul 1997. Sub. to
Phys.Lett.B

OPAL Coll. (K. Ackerstaff et al.) CERN-PPE-97-115, Aug 1997. Sub.
to Z.Phys.C

. LEP Working Group for Higgs Boson Searches, CERN/LEPC 907-11,

Nov. 1997

See, for instance, J.S. Conway, Fermilab-Conf-97-311-E, Aug. 1997.
Search for MSSM Higgs :

ALEPH Coll. (R. Barate et al.) CERN-PPE-97-071, Jun 1997. Sub. to
Phys.Lett.B

DELPHI Coll. (P. Abreu et al.) CERN-PPE-97-085, Jul 1997. Sub. to
Zeit.Phys.C

1.3 Coll. M. Felcini private communication.

OPAL Coll. (K. Ackerstafl et al.), contributed paper HEP'97 Clonference,
Jernsalem, Aug. 1997

13


http:Ackersl.(l.ff
http:Rymmet.ry
http:Upda.t.ed
http:mit.l.ee

. A. Sopczak, Proceedings 1st Int. Workshop on Non-Accelerator Physics,
Dubna July 1997 (hep-ph/9712283).

DELPHI Coll. PPE Paperl80 (to be sub. to Phys. Lett. B)

J.F. Gunion et al., Phys.Rev.Lett.79:982-985,1997

DELPHI Coll., C. Martinez-Rivero, DELPHI note 97-82 CONF 68, Jul.
1997, contributed paper HEP’97 Conference Jerusalem, Aug. 1997

14


http:contribut.ed



