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The various search modes for the Higgs bosons of the StandardModel
(SM) and its Minimal Supersymmetric Extension (MSSM) at the Inter-
national Linear Collider (ILC) will be summarized brie�y. I n particular,
as a unique discovery mode the production of heavy neutral MSSM Higgs
bosons for medium values oftan � in photon collisions will be presented.
Furthermore, � + � � fusion into MSSM Higgs bosons in the photon mode
will be shown to give access to the mixing parametertan � with a precision
of better than 10% for large values of this parameter.

PACS numbers: 12.15.�y, 12.60.�i

1. Introduction

One of the major endeavors of high energy physics at future colliders
is the experimental test of the Higgs mechanism which allowsto introduce
standard particle masses without violating gauge symmetries. Four steps
have to be taken [1]: First of all the Higgs boson(s) must be discovered.
Next, the spin zero nature of the Higgs �eld can be veri�ed through the
determination of the Higgs boson quantum numbers. In the third step, by
measuring its couplings to gauge bosons and fermions the proportionality to
the masses of the respective particles as predicted by the Higgs mechanism
can be checked. Finally, the triple and quartic Higgs self-couplings have to
be determined in order to reconstruct the Higgs potential itself, responsible
for the non-zero vacuum expectation value due to its speci�cform. In the
following, the �rst step in this program will be summarized brie�y. The
discovery modes at the ILC and the Photon Linear Collider (PLC) will be
discussed, complemented by a brief note on the extraction oftan � in � + � �

fusion at the PLC.
� Presented at the PLC2005 Workshop, 5�8 September 2005, Kazimierz, Poland.
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2. Higgs boson search at the ILC

2.1. The SM Higgs boson

The main SM Higgs boson production mechanisms are Higgs-strahlung,
e+ e� ! ZH [2] at lower energies andW W fusion, e+ e� ! H ��� [3] at
higher energies,cf. Fig. 1. The full electroweak (EW) corrections at one
loop have been calculated for both the Higgs-strahlung [4, 5] and the fu-
sion process [5, 6]. They are ofO(10%). Since the recoiling Z boson in
Higgs-strahlung is monoenergetic at leading order the Higgs mass can be
reconstructed independent of the Higgs boson decay. Combining recoil mass
techniques and reconstruction of the Higgs decay products,the expected
accuracy onM H is 40�80 MeV for intermediate mass Higgs bosons [7].

Fig. 1. SM Higgs boson production processes as a function of the Higgs boson mass
for two typical collider energies,

p
s = 500; 800GeV [8].

2.2. The MSSM Higgs bosons

Supersymmetry and the requirement of an anomaly free theoryrequire
the introduction of two complex Higgs doublets in the MSSM, leading after
EW symmetry breaking to 5 physical Higgs particles, 2 neutral CP-even
h; H , one CP-oddA and two charged bosonsH � . The neutral Higgs boson
production mechanisms [9] are Higgs-strahlung,e+ e� ! Z + h=H, gauge
boson fusion,e+ e� ! ���=e + e� + h=H, and associated production,e+ e� !
A + h=H. Charged Higgs bosons are produced in pairse+ e� ! H + H � or,
if kinematically allowed, in top decays, t ! H + b. The production processes
for h; H as well as the Higgs-strahlung and associated production process
are mutually complementary to each othercf. Fig. 2, coming either with
sin2(� � � ) or cos2(� � � ) so that the lightest Higgs boson can always be dis-
covered, its production cross section being large enough. All Higgs particles
can be discovered at

p
s = 500 GeV for masses below about 230 GeV. If the
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Higgs decay modes are complicated or invisible, missing mass techniques al-
low their detection. Experimental studies have shown, thatthe H; A masses
can be measured with several hundred MeV accuracy in Higgs pair produc-
tion far above the kinematical threshold [10]. The expectedaccuracy of
M H � is of order 1% forM H � = 300 GeV [11].
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Fig. 2. MSSM Higgs boson production as a function ofM h;H for tan � =3 :30 [8].

An interesting MSSM parameter scenario is the intense-coupling regime,
introduced in Ref. [12]. All Higgs bosons are rather light and similar in mass,
M h � M H � M A <� 130GeV, M H � <� 150GeV. For large tan � values, one
of the CP-even neutral Higgs bosons behaves asA with large couplings to
down-type fermions. The other behaves SM-like and couples strongly to
W; Z and top. Since the bosons are light, they are in principle allaccessible.
The masses being rather close, several search channels haveto be considered
at the same time, further complicated by sizable widths compared with the
mass di�erences. In addition, the couplings can be signi�cantly di�erent
from the SM or the MSSM decoupling limit. Experimental studies [13]
have shown that in a multichannel analysis the neutral Higgsmasses can be
extracted with an accuracy of 100�300 MeV.

3. Higgs bosons at the PLC

3.1. Heavy MSSM Higgs boson production in

 collisions

Heavy H; A bosons may escape discovery at the Large Hadron Collider
(LHC) for intermediate values of tan � and are not accessible in thee+ e�

mode of the ILC for masses above
p

s=2 [14]. The heavy H; A appear as
resonances in

 collisions [15]. Therefore,

 ! H; A o�ers a unique possi-
bility to search for heavy Higgs bosons not accessible elsewhere. The photons
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are generated by Compton back-scattering of laser light so that almost the
entire energy of the electrons/positrons at a Linear Collider can be trans-
ferred to the photons [16], with luminosities of about one third of the e+ e�

luminosity in the high-energy regime [17].
In Ref. [15] the search forH; A in 

 collisions with subsequent decay

into b�b was analyzed taking into account the NLO corrections to the signal
[18], background [19] and interference process. To enhancethe signal to
background ratio slim two-jet con�gurations have been selected in the �nal
state, the incoming e� e� beams have been chosen polarized and a cut on
the scattering angle of theb-quark, � , has been applied. The maximum of
the 

 luminosity has been tuned to M A . The b�b �nal states have been
collected with a resolution in the invariant mass M A � � , � = 3 GeV.
(For more details see also [20].) In

 fusion the mass reach can thus be
extended to� 80% of the total e+ e� energy,i.e. in the �rst phase of the ILC
H; A bosons can be discovered up to masses of about 400 GeV, and up to
800 GeV in the second phase, for medium values oftan � , as can be inferred
from Fig. 3. A detailed study taking into account all relevant theoretical
and experimental issues has shown that the cross section canbe determined
with a statistical precision of 10% and better [21].
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Fig. 3. H; A production cross sections in

 collisions as a function ofM A with
�nal decays into b�b and the corresponding background cross section. The MSSM
parameters have been chosen astan � = 7 ; M 2 = � � = 200 GeV; the limit of
vanishing SUSY-particle contributions is shown for comparison [15].

The analogous analysis [22] for the SM Higgs boson production in 


fusion [23] concludes that the partial width � (H ! 

 ) can be extracted
with 2% accuracy for M H = 120 GeV. This provides a sensitivity to new
charged particles running in the loop-inducedH

 coupling.
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3.2. Determination of tan � in � + � � fusion

Since the measurement of the important mixing parametertan � is a dif-
�cult task and expected accuracies at the LHC and the ILC are at the order
of 10%, any additional method for its determination is valuable. The � �
fusion to h; H; A at a PLC [24], provides a promising channel and is based
on the two-step process,cf. Fig. 4(a),
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Fig. 4. (a) The signal process� � fusion into h; H; A . (b) The annihilation and (c)
the di�ractive background process.

For the large tan � case studied in [24], 80 to 90% of the Higgs bosons
decay into a b quark pair so that the �nal state consists of a pair of � 's
and resonant b quark jets. The couplings of h; H; A to � pairs being of
the order of tan � (if M A is su�ciently light in the h case) [25], the signal
process is enhanced for largetan � values. The main background channels
are � + � � annihilation into a b-quark pair mediated by virtual 
=Z exchanges
(Fig. 4(b)) and thus suppressed by the electroweak coupling, and di�ractive


 ! (� + � � )(b�b) events (Fig. 4(c)), which is suppressed by choosing proper
cuts. The results of the numerical analysis taking into account the full set
of signal and background diagrams are shown in Fig. 5. Assuming standard
design parameters of a PLC an error� tan � � 1, uniformly for tan � >� 10,
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Fig. 5. The � � fusion into H=A (left) and h (right) for tan � = 30 compared to
the background process. Cuts as speci�ed in [24].

p
s denotes the

 collider c.m.

energy, i.e. 80% of thee� e� LC energy.
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may be expected, improving on complementary measurements at the LHC
and ILC.

4. Summary

At a future ILC the SM and MSSM Higgs bosons are accessible up to the
kinematical limit independent of their decay properties. The precision on
the masses isO(1%) and better. The PLC provides the unique possibility
to discover heavy MSSMH; A bosons in a wedge centered around medium
tan � values, not accessible elsewhere, and complements the Higgs boson
search at the ILC. Furthermore, the important mixing parameter tan � can
be extracted in photon collisions with a statistical accuracy of 10% and
better for large values of this parameter. The PLC can thus beconsidered
a valuable complement to thee� e� mode of a future ILC.

REFERENCES

[1] M. Muhlleitner, hep-ph/0411059.

[2] J.R. Ellis, M.K. Gaillard, D.V. Nanopoulos, Nucl. Phys. B106 , 292 (1976);
B.W. Lee, C. Quigg, H.B. Thacker, Phys. Rev. Lett. 38, 883 (1977); B.L. Io�e,
V.A. Khoze, Sov. J. Part. Nucl. 9, 50 (1978).

[3] D.R. Jones, S.T. Petcov,Phys. Lett. B84 , 440 (1979); R.N. Cahn, S. Dawson,
Phys. Lett. B136 , 196 (1984); G.L. Kane, W.W. Repko, W.B. Rolnick, Phys.
Lett. B148 , 367 (1984); G. Altarelli, B. Mele, F. Pitolli, Nucl. Phys. B287 ,
205 (1987); W. Kilian, M. Kramer, P.M. Zerwas, Phys. Lett. B373 , 135 (1996).

[4] J. Fleischer, F. Jegerlehner,Nucl. Phys. B216 , 469 (1983); B.A. Kniehl,
Z. Phys. C55 , 605 (1992); A. Denner, J. Kublbeck, R. Mertig, M. Bohm,
Z. Phys. C56 , 261 (1992).

[5] G. Bélanger, F. Boudjema, J. Fujimoto, T. Ishikawa, T. Kaneko, K. Kato,
Y. Shimizu, Phys. Lett. B559 , 252 (2003);Nucl. Phys. Proc. Suppl. 116, 353
(2003); F. Jegerlehner, O. Tarasov,Nucl. Phys. Proc. Suppl. 116, 83 (2003);
A. Denner, S. Dittmaier, M. Roth, M.M. Weber, Phys. Lett. B560 , 196 (2003);
Nucl. Phys. B660 , 289 (2003).

[6] H. Eberl, W. Majerotto, V.C. Spanos, Phys. Lett. B538 , 353 (2002);Nucl.
Phys. B657 , 378 (2003); T. Hahn, S. Heinemeyer, G. Weiglein,Nucl. Phys.
B652 , 229 (2003).

[7] J.F. Gunion, H.E. Haber, Nucl. Phys. B272 , 1 (1986); Erratum B402 , 567
(1993); P. Garcia-Abia, W. Lohmann, A. Raspereza, LC-PHSM-2000-062.

[8] J.A. Aguilar-Saavedra et al., ECFA/DESY LC Physics Working Group,
hep-ph/0106315.

[9] A. Djouadi, J. Kalinowski, P. Ohmann, P.M. Zerwas, Z. Phys. C74 , 93 (1997).

[10] K. Desch, T. Klimkovich, T. Kuhl, A. Raspereza, LC-PHSM-2004-006.



Higgs Boson Search ate+ e� and Photon Linear Colliders 1133

[11] M. Battaglia, A. Ferrari, A. Kiiskinen, T. Maki, e-Conf . C010630 , E3017
(2001).

[12] E. Boos, A. Djouadi, M. Muhlleitner, A. Vologdin, Phys. Rev. D66 , 055004
(2002); M.M. Muhlleitner, hep-ph/0210401.

[13] E. Boos, V. Bunichev, A. Djouadi, H.J. Schreiber, Phys. Lett. B622 , 311
(2005).

[14] M.M. Muhlleitner, P.M. Zerwas, Acta Phys. Pol. B 37, 1021 (2006)
[hep-ph/0511339], these proceedings.

[15] M.M. Muhlleitner, M. Kramer, M. Spira, P.M. Zerwas, Phys. Lett. B508 , 311
(2001).

[16] I.F. Ginzburg, G.L. Kotkin, V.G. Serbo, V.I. Telnov, Pisma ZhETF 34, 514
(1981); JETP Lett. 34, 491 (1981);Nucl. Instrum. Methods 205, 47 (1983);
I.F. Ginzburg et al., Nucl. Instrum. Methods A219 , 5 (1984).

[17] B. Badelek et al. ECFA/DESY Photon Collider Working Group, �TESLA
Technical Design Report, Part VI: Photon Collider�, Int. J. Mod. Phys. A19 ,
5097 (2004); E. Booset al., Nucl. Instrum. Methods A472 , 100 (2001).

[18] A. Djouadi, M. Spira, J.J. van der Bij, P.M. Zerwas, Phys. Lett. B257 ,
187 (1991); A. Djouadi, M. Spira, P.M. Zerwas, Phys. Lett. B311 , 255
(1993); K. Melnikov, O.I. Yakovlev, Phys. Lett. B312 , 179 (1993); M. Inoue,
R. Najima, T. Oka, J. Saito, Mod. Phys. Lett. A9 , 1189 (1994); M. Spira,
A. Djouadi, D. Graudenz, P.M. Zerwas, Nucl. Phys. B453 , 17 (1995);
A. Djouadi, M. Spira, P.M. Zerwas, Z. Phys. C70 , 427 (1996); E. Braaten,
J.P. Leveille, Phys. Rev. D22 , 715 (1980); N. Sakai,Phys. Rev. D22 , 2220
(1980); T. Inami, T. Kubota, Nucl. Phys. B179 , 171 (1981); S.G. Gorishny,
A.L. Kataev, S.A. Larin, Sov. J. Nucl. Phys. 40, 329 (1984); M. Drees,
K. Hikasa, Phys. Rev.D41 , 1547 (1990);Phys. Lett. B240 , 455 (1990); Erra-
tum B262 , 497 (1991).

[19] B. Kamal, Z. Merebashvili, A.P. Contogouris, Phys. Rev. D51 , 4808 (1995);
Erratum D55 , 3229 (1997); G. Jikia, A. Tkabladze, Phys. Rev. D54 , 2030
(1996); Phys. Rev.D63 , 074502 (2001).

[20] M.M. Muhlleitner, DESY-THESIS-2000-033, hep-ph/0008127.
[21] P. Nie»urawski, A.F. Zarnecki, M. Krawczyk, hep-ph/0507006.
[22] P. Nie»urawski, A.F. Zarnecki, M. Krawzcyk, J. High Energy Phys.0211, 034

(2002); K. Monig, A. Rosca, hep-ph/0506271.
[23] G. Jikia, S. Söldner-Rembold,Nucl. Phys. Proc. Suppl. 82, 373 (2000).
[24] S.Y. Choi, J. Kalinowski, J.S. Lee, M.M Muhlleitner, M. Spira, P.M. Zerwas,

Phys. Lett. B606 , 164 (2005).
[25] M. Gomez-Bock, M. Mondragon, M. Muhlleitner, R. Noriega-Papaqui, I. Pe-

draza, M. Spira, P.M. Zerwas,J. Phys. Conf. Ser.18, 74 (2005); S. Heinemeyer
et al., hep-ph/0511332.


