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Pseudo-scalar particles as ultra high energy cosmic rays?
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*This talk is based on the results of work (Gorbunov et al. 2001).

Abstract. If Ultra High Energy Cosmic Rays (UHECRs) was suggested in Farrar and Biermann (1998, 1999); Vir-
with E > 4 x 10'° eV originate from BL Lacertae at cos- mani et al. (2001), although other authors found them to
mological distances as suggested by recent studies, the abe insignificant Hoffman (1999); Sigl et al. (2001). Re-
sence of the GZK cutoff can not be reconciled with Standard-cently, a statistically significant correlation, at the level of
Model particle properties. Axions would escape the GZK chance coincidence below)—>, was found with the most
cutoff, but even the coherent conversion and back-conversiopowerful BL Lacertae, i.e. quasars with beams pointed in
between photons and axions in large-scale magnetic fields isur direction Tinyakov and Tkachev (2001b). The identi-
not enough to produce the required flux. However, one mayfied sources are at > 0.1, far exceeding the GZK distance
construct models of other novel (pseudo)scalar neutral paref Rgzk ~ 50 Mpc, so that the primary UHE particles can
ticles with properties that would allow for sufficient rates of not be protons. The photon attenuation length for energies
particle production in the source and shower production inaround10%° eV is of order the GZK cutoff distance, pri-
the atmosphere to explain the observations. As an explicimarily due to the extragalactic radio backgrounds. While
example for such particles we consider SUSY models withthe limiting magnitude of the radio backgrounds necessary
light sgoldstinos. to absorb UHE photons can be determined only by numeri-
cal propagation codes Kalashev et al. (1999), one can even
now conclude that UHECRSs with energies around’ eV
are very unlikely to be photons.

The only Standard-Model particles which can reach our
Galaxy without significant loss of energy are neutrinos. Two
different scenarios involving UHE neutrinos have been pro-

(1966); Zatsepin and Kuzmin (1966) were detected in all rel_posed.. In the first, ”e“‘T'”OS .prodL'Jce nugleons and pho-
evant experiments Takeda et al. (1998); Bird et al (1995)_tons via resonant -production with relic neutrinos clustered
Lawrence etal. (1991); Brownlee et al. (1968); Winn et al. within about 50 Mpc from the Earth, giving rise to angu-

: : . lar correlations with high-redshift sources Weiler (1982).
(1986);Afana3|ev (1996),_sugg_e sting that these particles Cap|owever for the intergction rates to be suﬁicientl§/ higrz
not originate at cosmological distances. On the other handfhis scen’ario requires enormous neutrino fluxes and an éx—

there are no apparent nearby sources in their arrival directioq.reme clustering of relic neutrinos with masses in the eV
Therefore, something fundamental appears to be missing in enng ) .
. . range Yoshida et al. (1998); Blanco-Pillado et al. (2000).
our understanding of the sources, nature, or propagation o.f ) a . .
UHECRS. he second neutrino scenario invokes increased high-energy

. neutrino-nucleon cross sections. This could be caused by the
th(;”;ij:::!'Zfsle(;mfﬁigngnoii;iff i?: \:jr;tsaslgsggreistztkré%éxchange of Kaluza-Klein graviton modes in the context of
P 9 y extra dimensions Nussinov and Shrock (1999); Jain et al.

and Tkachev (2001a). Se\_/er_a | astrophysical SOurces wer 000); Tyler et al. (2001) or by an exponential increase
suggested based on the coincidence of the arrival direction f the number of degrees of freedom in the context of string

of some of the highest-energy events with certain aStmphytheory Domokos and Kovesi-Domokos (1999).

ical objects Elbert and Sommers (1995). For example, a Anoth bility t id the GZK cutoff Il vi
correlation between compact radio quasars and UHECRs nother possibiiity 1o avoid the cutoltis a smafl vi-
olation of Lorentz-invariance, a hypothesis which can not

Correspondence tdD. V. Semikoz be tested in terrestrial experiments Coleman and Glashow
(semikoz@mppmu.mpg.de) (1997); Bhattacharjee and Sigl (2000).

1 Introduction

Ultra High Energy Cosmic Rays (UHECRSs) with energies
above the Greisen-Zatsepin-Kuzmin (GZK) cutoff Greisen
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The GZK cutoff can be avoided also if the UHECRSs con- if these particles are supposed to reach us from cosmological
sist of certain new particles. One possibility is a new stabledistances.
massive hadron with a mass around 2—-3 GeV Farrar (1996); Propagating through the Universe, the light sclamay
Chung et al. (1998); Albuquerque et al. (1999), shifting thealso disappear by interactions with the CMBR. Hoy =~
GZK bound to higher energieB > 102! eV into a range 102 eV, the CM energy iF., ~ (2Exwg)/? ~ 350 MeV,
where no UHECR event has yet been found. However, it nowwherew, ~ 6 x 10~* eV is the average energy of relic pho-
appears that these exotic hadrons are excluded by laboratotgns. Pairs of light charged particlels® are produced with
experiments Clavelli (1996); Albuquerque et al. (1997); the cross sectioa(Xy — ATA™) = ag?//16. With a relic
Alavi-Harati et al. (1999). photon number density of abodt0 cm~3 the requirement
Therefore, if the UHECRs indeed originate from point Rx~_, 4+~ > Runiverse 9iV€Sg, < 1 GeV~!. Similar esti-
sources at cosmological distances one is running dangemates apply to other possible processeslkg g — y7°.
ously short of plausible explanations for how this radiation Therefore, the tiny photon coupling required by Eqg. (2) guar-
can reach us. This perhaps desperate situation motivates @sitees the absence of a GZK cutoff for tkeparticles.
to consider other options for new particles which can tra- Both the production ofX particles at the source and their
verse the universe unimpeded at high energies. Specificallynteraction in the atmosphere require rather large cross sec-
we consider the possibility of axion-like particles, i.e. elec- tions, comparable to strong ones. BEdrparticles with the
trically neutral (pseudo)scalar particlés with a relatively ~ characteristic energy sca@g1 this is possible only if the
small massV/x < 10 MeV. CM energy in the system is close to this scale, but not sig-
Such particles must fulfill several requirements to be can-nificantly higher so that the effective interactions (1) are still
didates for UHECRs. They must live long enough to reachmeaningful. From the requirement that the mean free path
us from a cosmological distance. They must not lose tooof the scalar particle in the atmosphere is compatible to pro-
much energy in interactions with the CMBR and other back-ton’s one, we can estimatg as following (Gorbunov et al.
ground radiations or in extragalactic magnetic fields. They2001):
must interact sufficiently strongly in or near our Galaxy or in
the Earth’s atmosphere to produce the observed UHE events. _ _y [1020eV
Finally, their interactions must allow for the production of a gg > 11> 10 * GeV Ex ©)
significant flux at the source.
We considered proper axions and find that they seem to bd he inequalities (2) and (3) determine thgrange suitable
excluded as UHECRs (Gorbunov etal. 2001). In this talk wefor explaining the UHECRs above the GZK cutoff.
will discuss more general particles and study their necessary How are the X-particles produced at an astrophysical

properties to fulfill the above requirements. As an explicit source like a quasar? If our estimate for the cross section
example we study light sgoldstinos. is valid citewe2001, UHEX particles will be efficiently pro-

duced in the high-energy tail of the proton spectra by proton-

proton collisions while their production at low energies will
2 Generic Axion-Like Particles be negligible. Therefore, we can expect that the proton flux

from the source at low energies will continue with the same
Since proper axions are apparently not able to explain theslope at high energies due to thecomponent. Only part of
UHECR phenomenon (Gorbunov et al. 2001), we considetthe initial proton energy will be transfered to tieparticles;
a more exotic new scalak’; a similar analysis for pseu- probably they will be produced on the peak of the gluon dis-
doscalars is straightforward. The new particle is assumedribution function withE' ~ 0.1E,,. However, once produced
to couple to gluons and photons via nonrenormalizable interthey will escape more easily from the source compared with

actions of the fornt protons precisely because their cross section is smaller.
Many bounds on axion-like particles arise from cosmol-
a v v .
L=g,XG, Gy, L=g,XF,F". (1) ogy, astrophysics and laboratory measurements Groom et al.

onlv th Wo int . il be i ant (2000); Masso and Toldra (1995). Still, there remain regions
Ny Inese two interactions will be Important, SO We-assume; , parameter space whepé particles can explain UHECRs
that the coupling to other Standard-Model particles are sup-

db th dth hi without contradicting these limits. In Fig. 1 we present the
pressed because, say, In€y proceed through loops or are pr8>'<perimentally allowed regions in the spage,{//x) where
portional to small Yukawa constants.

i . theinequality (2) is satisfied. In each concrete model one can
If Mx < 2m, = 270 MeV, the dominant decay mode is

. h heref : evaluate the effective coupling constagntwhich has to be-
thltv;%gl)gtons. Therefore, we need to require (Gorbunovlong to the allowed regions shown in Fig. 1. Since generally

the interaction with gluons leads at higher order to an effec-
2 tive interaction with photons, the inequality (3) may shrink
—11 1 EX 10 MeV . . . .
gy < 1.6 x 107" GeV 50 2) the allowed regions in Fig. 1 in concrete models.
10 eV Mx From the general case one can see that constraints on the
1The axion-photon coupling of the previous section was basedX particle interactions favor a strong coupling to gluons
on the normalizatio ., = (ga/4)aFF = g.yaE - B. and a tiny one to photons. Hence the first extreme exam-
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‘ : : : : symmetry breaking and/.,., = M; cos? Oy + Mo sin® Oy
106 \\ with M; the corresponding gaugino masses. Therefore, the
=== _ sgoldstino coupling to photons is suppressed relative to glu-
;F 10-° | T~ ™ ons only by the “hierarchy among gauginos.” Therefore, this
bt ] B~ is an example for a model whepé couples to photons with
g 10-12 - _ a similar strength as to gluons. Fbf; = 5M.,, = 500 GeV
) ~ we obtain
S 1015 1020 eV\'* M
- F>15x10° X 4
_ VF > 5><0GeV( o ) TV )
10%® S i
10° 105 10° 107 10° instead of Eq. (2) and
M, eV o 1/4
F <13x10*GeV | ——— 5
VF <13x ¢ (1020ev> ®)

Fig. 1. The allowed region for the parametéfe/x, g, ) are shaded
in grey. The region traced by the long-dashed line is ruled out by theinstead of Eq. (3).

helium-burning life-time of horizontal-branch stars Raffelt (1996). A variety of experimental limits on models with light
The region surrounded by a thin solid line is ruled out by SN 1987A. Sgo'dstinos has been derived in Gorbunov (2000) In F|g 2
The region confined between short-dashed lines is ruled out by thgyq present the region of parameter space where sgoldstinos
photon background and the CMBR Masso and Toldra (1995). Be-ma_y act as UHECRs and are not excluded by other limits.
low the thick solid line the inequality (2) is valid.

This region corresponds to the upper region in Fig. 1.

ple is a light scala’X which interacts at tree level only with 20
gluons according to Eq. (1); a similar analysis applies to a we ol =
light pseudoscalar. The interaction with all other SM par- 10 =
ticles arises at higher order. In particular, because the qu—> 7 ] e P -
onic operator creates mesonic fields, the interacfiony e 5 9 o
emerges with a coupling constant respecting the hierarchy . —
Gv/94 ~ a/(47) ~ 1073 In view of this relationship the in- E 3 p
equality (3) allows only the region of parameter space which -
. . . 2 ~
corresponds to the upper shaded region in Fig. 1. Unfor- 15 -
tunately, this allowed region corresponds to a fairly small I
gg_l ~ 0.1-5 TeV. Therefore, our nonrenormalizable model 10 1520 30 50 70 100
for X-baryon scattering in the atmosphere becomes invalid M, keV

because it should proceed at 100 TeV in the CM frame.
This example shows that the lowest region in Fig. 1 is un-Fig. 2. Allowed region for the paramete($/x, v'F). The short-

physical, because the condition (3) requires the hierarchylashed line corresponds to the limit (3), the long-dashed line to (2).
Gv/9g ~ 10719, which is impossible due to loop contri- Sgoldstinos with masses less than 10 keV (vertical solid line) are

butions. TheMyx ~ MeV region in Fig. 1 can still exist ruled out by the helium-burning life-time of horizontal-branch stars.

in models with a hierarchy between photon and gluon cou-
plings, but this requires a two order of magnitude fine-tuning

for the ratiog, /g, down to values of order0—°. . :
RN . gs = consfA whereA is the scale of new physics, then
The other possibility is that the couplings to photons andat const~ 1 we haveA — 102-10° TeV. With Ex —

to gluons are of the same order. In this case only the up-

T o . 10 GeV we haveE.,, = 300 TeV for interactions with
per region in Fig. 1 is interesting because the gluon Coupllngprotons Certainly\ should exceed this value if we want to
should not be too small from Eq. (3). We now turn to an '

explicit example for a model which does not need any fine\Llijer:gse?\znrenorT:rl]';al?I/i'gﬁéa[ft;%rgsul(j)be':gr Sgroifmztrl]nos
tuning of the couplingg., andg,. soft g

E.,, = 300 TeV. Note thatF' is a parameter of supersymme-
try breaking and\ is something like the scale of mediation
of supersymmetry breaking which generally differs froff’
but should exceed/F if const is of order 1.

If Ex = 10%! eV or more, the allowed regions are larger,
though no event of such energies has been observed. If

3 Light Sgoldstinos

As an example of a realistic model fof particles we con-

sider the supersymmetric extension of the SM with a light4 Conclusions

scalar and/or pseudoscalar sgoldstino, the superpartner of the

goldstino. The sgoldstino couplings ayg = Ms/(2v/2F) We have suggested new (pseudo)scalar particles as Ultra
andg, = Mw/(Q\/iF), whereF is a parameter of super- High Energy Cosmic Rays beyond the GZK cutoff. Our
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analysis was particularly motivated by recent results suggestBhattacharjee P. and Sigl G. , Phys. Rept. , 327, 109, 2000 [astro-
ing that the sources of UHECRs are cosmologically point- ph/9811011].

like Tinyakov and Tkachev (2001a) and that at least some oBird D.J.et al, Astrophys. J. 441, 144, 1995.

the sources appear to be BL Lacertae Tinyakov and Tkacheflanco-Pillado J.J., Vazquez R.A. and Zas E. , Phys. Rev. D61,
(2001b) at cosmological distances. 123003, 2000 [astro-ph/9902266].

. Brownlee R.Get al,, Can. J. Phys., 46, S259, 1968.
Wg have calculated_ the rgquwed range of parameters ChaEhung D.J., Farrar G.R. and Kolb E\W. , Phys. Rev. D57, 4606,
acterizing these particles if we postulate that they should ;994 [astro-ph/9707036].
be produced in high-redshift sources, propagate through thejayeliiL. , hep-ph/9908342.
Universe without decay or energy loss, and interact in thecoleman S. and Glashow S.L., Phys. Lett. B405, 249, 1997 [hep-
Earth’s atmosphere strongly enough to produce extended ph/9703240].
air showers at energies beyond the GZK cutoff. The self-Domokos G. and Kovesi-Domokos S. , Phys. Rev. Lett. 82, 1366,
consistency of our analysis requires that the energy scale for 1999 [hep-ph/9812260].
new physics, which for SUSY models is the scale of me-ElbertJ. and Sommers P., Ap. J. 441, 151, 1995.
diation of supersymmetry breaking, should be close to thefamar G.R., Phys. Rev. Lett. 76, 4111, 1996 [hep-ph/9603271].

UHECR center-of-mass energy with nucleons &f, = Farrar G.R. and Biermann P.L. , Phys. Rev. Lett. 81, 3579, 1998
300 TeV. [astro-ph/9806242].

. . . . Farrar G.R. and Biermann P.L. , Phys. Rev. Lett. 83, 2472, 1999.
As a specific example we studied light sgoldstinos. We [astro-ph/9901315].

considered restrictions on the parameters of the model whiclgsorbunov D.S. , hep-ph/0007325.

come from laboratory experiments and observational dataGorbunov D. S. , Raffelt G. G. and Semikoz D. V. , hep-
We obtained the required region in parameter space of the ph/0103175.

model which obeys all existing limits. Greisen K. , Phys. Rev. Lett. 16, 748, 1966.

We note that our allowed region in Fig. 2 suggests that theGrifols J.A. , Mohapatra R.N. a_nd Riottq A., Phys. Lett_. B400, 124_,
supersymmetry breaking scaléF ~ 1-10 TeV. Hence our 1997 [hep-ph/9612253]. This paper is devoted to light sgoldsti-
light sgoldstino model can be tested in searches for rare de- nos, but their bounds_also apply to strongly coupled scalars.

. - . Groom D.E. et al. [Particle Data Group Collaboration], Eur. Phys.
cays of J/¢» and Y and in react(_)r experiments (for details J.C15. 1. 2000.
see Ref. _Gorbunov (2000)). This low scale of SUPEersymmeyioetman C.M. , Phys. Rev. Lett. 83, 2471, 1999 [astro-
try breaking may be also tested at new generation accelera- pr/9901026].
tors like Tevatron and LHC. Also, sgoldstino contributions to jain P., McKay D.W. , Panda S. and Ralston J.P., Phys. Lett. B484,
FCNC and lepton flavor violation are strong enough to probe 267, 2000 [hep-ph/0001031].
the supersymmetry breaking scale upt# ~ 10* TeV Gor- Kalashev O.E. , Kuzmin V.A. and Semikoz D.V. , astro-
bunov (2000) if off-diagonal entries in squark (slepton) mass ph/9911035. Kalashev O.E. , Kuzmin V.A. and Semikoz D.V.,
matrices are close to the current limits in the MSSM. Thus  astro-ph/0006349.
our light-sgoldstino scenario for UHECRSs allows only small La\ivrence M.A., Reid R.J. and Watson A.A., J. Phys. G, G17, 733,

flavor violation in the scalar sector of superpartners. 991.
Masso E. and Toldra R. , Phys. Rev. D52, 1755, 1995 [hep-

Light (pseudo)scalars emerge not only in the context of =, /9503593): Masso E. and Toldra R. , Phys. Rev. D55, 7967,
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models with extra dimensions. Probably, such scalars alsqyssinov S. and Shrock R. , Phys. Rev. D59, 105002, 1999 [hep-
can serve as UHECRs if their effective coupling with photons  ph/9811323].
obeys the limits presented in section 2. Raffelt G.G. , “Stars as laboratories for fundamental physics: The
Interpreting the UHECRs as new (pseudo)scalars is, of astrophysics of neutrinos, axions, and other weakly interacting
course, extremely speculative. However, we think it is note- _Particles,"Chicago, USA: Univ. Pr. (1996) 664 p

worthy that such an interpretation is at all possible and self—SiQAG' 5 Tsogr%z 1D352 ' gggﬁrd?qui h}éboasg‘égomero GE., Phys.
. . — N ev. D63, , astro-p :
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